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Abstract

In coastal cities, a large amount of cold energy is released into the nearby

seawater during the process of regasification of liquefied natural gas (LNG) at

the receiving terminal, and meanwhile, a large amount of exported and/or

imported foods need to be frozen by bulk cold energy near the sea. In this

paper, a new multistage cold energy recovery/utilization system is investigated

to link the LNG cold energy directly to supply the coastal cold store. This

design uses a realistic case in Ningbo LNG receiving station in China, and for

the very first time considers how to utilize the LNG cold energy in an efficient

manner regarding the technical, economic, and environmental benefits. A

three‐stage LNG cold energy utilization system is designed and evaluated by

considering different temperatures, pressures, and heat exchange parameters.

Compared to conventional electric‐driven cold stores, the proposed multistage

cold energy recovery/utilization system has a much cheaper capital cost

during the initial investment stage, and also avoids the utility power

consumption during the daily operation period. In the case study, from

Ningbo LNG receiving station to a 10MW class cold store, the proposed

multienergy system can save the energy of 20.05 kilotons of standard coal, and

the carbon emission reduction is up to 1.49 × 108 kg per year.
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1 | INTRODUCTION

As the global energy crisis and environmental pollution are
steadily deteriorating, the question that how to efficiently re‐
cycle and re‐use different energy resources has become a
wide concern over the recent years. As one of the clean
fuels,1,2 liquefied natural gas (LNG) mainly depends on long‐
distance shipping. Figure 1 shows a typical LNG supply

chain from a remote gas mining field to a local end‐user side.
The natural gas is exploited from deep underground and
then liquefied into LNG for high‐density fuel reserve.3 In
general, about 625m3 of natural gas at one atmosphere of
pressure can be compressed into 1m3 LNG.4,5 After then, the
LNG fuel is shipped to distant coastal cities. At the LNG
receiving terminals, the LNG fuel needs to be regasified and
finally transported to the end‐user sides.6,7
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As the temperature of LNG is −162°C under a normal
storage conditions, plenty of cold energy can be released
during the LNG gasification and the subsequent temper-
ature increase of cold natural gas.8 However, in many
cases the LNG regasification is implemented by the cold
energy exchange operations with nearby seawater.
During the regasification, a large amount of cold energy
is wasted. What's worse, the discarded cold energy also
causes negative impacts on the marine ecoenvironment.9

To avoid energy waste and potential environmental risks,
many scholars and institutions have put forward a number
of energy recovery and utilization solutions regarding LNG
regasification, such as electric power generation,10 air
separation,11 low‐temperature energy storage,12 dry ice
production,13 seawater desalination,14 food processing,15

and so forth.
Since the LNG regasification operates without stop-

ping, the released cold energy can be considered as a
continuous energy source, which fits well with relatively
stable energy loads. At present, although there are a series
of cold energy utilization schemes, there are still several
technical and economic challenges.16 For instance, LNG
cold energy is able to produce dry ice for cold energy
storage, but this phase‐change material is easy to block the
pipes, and the overall system needs relatively high
maintenance costs.17 LNG cold energy is able to generate
a certain amount of electricity for local use, but the overall
energy efficiency is relatively low. Although the efficiency
can be greatly improved when integrating with other
energy technologies and subsystems, the corresponding
capital investment cost is also greatly increased.10,18–20

To solve the technical difficulty and reduce capital costs
simultaneously, in this article we attempt to investigate a
new solution for the LNG cold energy recovery/utilization
for coastal cold store applications. The motivations, novelties,
and contributions are summarized as follows:

1) In terms of the actual application demand, there are a
large amount of goods and foods that need to be

frozen near the sea. One main part is the frozen foods
which have already arrived at the local seaport, and
the other part is the fresh foods which will be soon
shipped out. The frozen foods shipped from abroad
need to be kept at a suitable temperature for long‐
time food preservation, and the fresh foods should be
frozen before long‐distance sea transportation. There-
fore, building a local cold store near the seaport is
fairly necessary for the actual import and export.

2) In terms of the cold energy demand, conventional cold
stores consume a great amount of coal‐based utility
power and then cause indirect greenhouse gas emis-
sions. If the LNG cold energy can be kept at the
working temperature inside the cold store, there will be
no need to consume additional electricity for generating
cold energy.

3) In terms of capital investment for refrigeration
equipment, conventional cold stores need a lot of
compressors and air conditioners (ACs) to convert
electric energy into cold energy. By comparison, the
LNG‐based cold store requires very few compression
equipments, and then saves a lot of costs.

4) In terms of the capital investment for energy
exchangers, conventional LNG regasification needs
to configure a number of single‐stage heat exchangers
which releases the cold energy into seawater.21 For
the new cold store, the original cost for purchasing
single‐stage heat exchangers can be used to buy
multistage heat exchangers to meet the requirements
in a more efficient way.

2 | SYSTEM DESIGN AND
OPERATION PRINCIPLE OF
MULTISTAGE LNG COLD ENERGY
RECOVERY/UTILIZATION

2.1 | Cold store design

The Ningbo LNG receiving station includes an area of
46.9 ha and has a total capacity of 6 million tons of LNG per
year.22 Near the receiving station, there is a large amount of
cold energy released during the regasification. In this article,
about 5 million tons of LNG are assumed to be regasified
through the multistage heat exchangers and then supply the
recovered cold energy for a 10MW class coastal cold store.

The designed cold store is mainly composed of a meat
freezing room (MFR), aquatic product freezing room
(APFR), storage room (SR), ice making room (IMR), and
ice storage room (ISR). The overall area of the SR is about
33,000m2, and the volume utilization ratio is 65%. Inside the
SR, the stacking densities of frozen meats and aquatic
products are 0.4 and 0.47 t/m3, respectively. The overall area

FIGURE 1 Schematic diagram of the LNG supply chain with
the multistage cold energy recovery/utilization.
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of the ISR is about 1500m2, and the volume utilization ratio
is 49%. The freezing efficiency of the freezing room is
2.4m2/d/t, and the freezing area of the 5500 tons of goods
stored is about 13,200m2. The main parameters of the five
functional areas in the 10MW class cold store are shown in
Table 1. In addition to supplying the cold store, the three‐
stage LNG cold energy recovery/utilization system can also
provide an abundance of cold energy in the ACs, which are
normally used in nearby buildings and residents.

In normal operation, the cold storehouse purchases 1000
tons of fresh meat and 4500 tons of fresh aquatic products
every day. These fresh foods need to be firstly frozen and
then kept in constant cold storage. In addition, the local city
imports about 118,000 tons of frozen meat and 97,000 tons of
frozen aquatic products every year.23 During the subsequent
transportation process of aquatic products, about 5%–10% of
the ice needs to be added for ensuring the quality of aquatic
products. If a median value of 7.5% is adopted, about 380
tons of ice needs to be made every day.

2.2 | Energy exchange modeling

The multistage heat exchanger in the 10MW class cold
store has three different energy exchange stages. Thanks
to the advantages of low material cost and high latent

heat, liquid ammonia was used as the refrigerant in the
first stage (Stage I) and the second stage (Stage II). Under
the pressure of 0.15MPa, its freezing point and boiling
point are −77.7°C and 25.2°C, respectively. In the third
stage, liquid carbon dioxide is used as the refrigerant, and
its freezing point and boiling point are −56°C and
−5.55°C, under the pressure of 3MPa.

Table 2 summarizes the main parameters of the two
refrigerants in the three‐stage LNG cold energy recovery/
utilization process. Due to the phase transition of liquid
ammonia, the energy in the heat transfer process
includes three parts: (1) the energy absorbed or released
by the temperature change of liquid ammonia, (2) the
energy absorbed or released by the temperature change
of gaseous ammonia, and (3) the latent heat of
gasification of liquid ammonia into gaseous ammonia.
The temperature range of ammonia in the first stage and
the second stage is between −55°C and −25°C. In the
third stage, the temperature range of carbon dioxide in
the ice‐making module and the ice‐storage module is
between −20°C and 0°C, and the temperature range of
the air conditioning system is between −10°C and 10°C.
These two refrigerants in the heat transfer process will
not solidify and block the pipeline, and there is also a
process of gasification and liquefaction that will greatly
improve the cooling capacity.

TABLE 1 Main parameters of the five functional areas in the 10MW class cold store.

Module
Mass
(ton)

Cooling
load (W/t)

Mechanical
load (W/ton)

Total load
(W/ton)

Inlet
temperature (°C)

Outlet
temperature (°C)

Input
power (kW)

MFR 1000 7600 5800 13,400 35 −15 11,170

APFR 4500 7000 5600 12,600 20 −15 37,800

SR 40,590 28 21 49 – – 1989

IMR 380 – 7000 7000 20 −10 2660

ISR 2530 – 25 25 – – 63.25

Abbreviations: APFR, aquatic product freezing room; IMR, ice making room; ISR, ice storage room; MFR, meat freezing room; storage room.

TABLE 2 Main parameters of the two refrigerants in the three‐stage LNG cold energy recovery/utilization process.

Modules Medium
Inlet
pressure (MPa)

Outlet
pressure (MPa)

Inlet
temperature (°C)

Outlet
temperature (°C)

MFR Liquid ammonia 0.15 0.149 −25 −55

APFR Liquid ammonia 0.15 0.149 −25 −55

SR Liquid ammonia 0.15 0.149 −20 −55

IMR Liquid carbon dioxide 3 2.97 −20 0

ISR Liquid carbon dioxide 3 2.97 −20 0

AC Liquid carbon dioxide 3 2.97 −10 10

Abbreviations: AC, air conditioner; APFR, aquatic product freezing room; IMR, ice making room; ISR, ice storage room; LNG, liquefied natural gas; MFR,
meat freezing room; storage room.
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In order to evaluate the use of LNG for establishing
the cold store, we made the following assumptions20,24:

• The system is in a steady state.
• The energy loss of the liquid in the pipeline is ignored.
• The circulating pump is based on an isentropic efficiency
model.

• The temperature change caused by the boosting
process of the pump is ignored.

• Heat transfer complies with energy conservation and
pinch limits.

In the gasification process of LNG, the cold energy
released is:

W m h h h

h h h h

h h h

= × ( − +

− + − +

− + − ),

LNG LNG L−3 L−2,S L−4

L−3,S L−8 L−5,S L−9

L−6,S L−10 L−7,S

(1)

where mLNG is the mass flow rate of LNG, h stands for
enthalpy, and the subscript “s” stands for the isentropic
process.

The cold energy obtained by the refrigerant of each
module from the LNG can be calculated by:

W η m h h h

h m h h

m h h

= × ( × ( − +

− ) + × ( − )

+ × ( − )),

RE,r LNG L−3 L−2,S L−4

L−3,S L−5 L−8 L−5,S

L−6 L−9 L−6,S

(2)

where η is the heat transfer efficiency of the heat
exchanger.

The cold energy obtained by the refrigerant in the air
conditioning system from the LNG can be calculated by:

W m h h= × ( − ).L L LAC,r −7 −10 −7,S (3)

The cold energy obtained by each module of the cold
store can be calculated by:

W η m h h= × ( ( − )),RE e
i=1

8

E−i i,out i,in (4)

where mE‐i is the mass flow through the primary side
refrigerant of the E‐i heat exchanger, hi,out and hi,in are the
enthalpy values of the E‐i inlet and outlet, respectively. ηe is
the heat transfer efficiency of the heat exchanger.

The cold energy obtained by the air conditioning
system can be calculated by:

W m h h= ( − ).AC E−9 R−27 R−26,S (5)

The cold energy utilization efficiency of LNG is:

η
W W

W
=

+
.cold

RE AC

LNG
(6)

During the system operation, the energy consump-
tion to maintain the system pressure is

W
m h h

η
=

( × ( − ))
,P

i=1
6

P−i i,out i,in

P


(7)

where mP‐i is the mass flow through the P‐i booster
pump, hi,out and hi,in are the P‐i import and export
enthalpy values, respectively.

3 | OVERALL SYSTEM
MODELING AND ENERGY
EXCHANGE PROCESS

Figure 2 shows the overall system diagram of the three‐
stage LNG cold energy recovery/utilization system. The
main energy exchange process is described as follows.

(1) First‐stage cold energy utilization: The LNG is firstly
pressurized to 7MPa by a P‐1 compressor, and then
carried out the cold recovery between a heat exchanger
LNG‐1 and liquid ammonia. In this process, the LNG at
162°C is heated up to low‐temperature NG at −105.5°C,
while the liquid ammonia is cooled down from −25°C
to −55°C. After that, the liquid ammonia is pressurized
by a P‐2 compressor to maintain the pressure inside the
liquid ammonia pipeline. After being separated by the
S‐1 liquid diverter, the liquid ammonia is finally
transported to three heat exchangers (E‐1, E‐2, E‐3)
for freezing the foods inside the cold store.

(2) Second‐stage cold energy utilization: When the LNG
flows through the LNG‐1, the generated low‐
temperature NG at −105.5°C then enters the LNG‐
2 for the second‐stage heat exchange with liquid
ammonia. In this process, the low‐temperature NG is
further heated up to −60°C, and the liquid ammonia
is also cooled down from −25°C to −55°C. Note that
the total recovered energies in the first and second
stages are used in the frozen meat room, the frozen
aquatic product room, and the SR.

(3) Third‐stage cold energy utilization: After passing
through the S‐5, the low‐temperature NG at −60°C is
used to cool the liquid carbon dioxide through three
heat exchangers (LNG‐3, LNG‐4, LNG‐5). The three
channels of NG are designed to be heated up to
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−25°C, −25°C, and −15°C, and finally sent to the NG
main pipes for long‐distance transportation. Accord-
ingly, the three types of liquid carbon dioxide are
cooled to −20°C, −20°C, and −10°C, respectively.
Finally, the liquid carbon dioxide passes through the
three heat exchangers (E‐7, E‐8, E‐9) to provide the
cold energy demanded by the ice‐making, ice storage,
and air conditioning systems.

It should be noted that: according to different tempera-
tures of the cold store, the proposed system uses the high‐
quality cold energy with lower temperature (LNG from
−162°C to −60°C) for the frozen and SRs, while, the
relatively low‐quality cold energy with higher temperature
(NG from −60°C to −15°C) is used for the ice making,
ice storage, and air conditioning systems. Considering the
utilization efficiency of cold energy and the costs of the heat
exchange equipment,25 the LNG from −162°C to −60°C can
be further divided into two divisions: Division I and Division
II. For Division I, where the LNG is from −162°C to
−105.5°C, a part of the refrigerant is in the gas–liquid mixed
state, and thus the small and thinner pipelines for heat
exchange/convection can be used to reduce costs. For
Division II, where the NG is from −105°C to −60°C, the

refrigerant is fully gaseous with higher pressure, and thus
larger and thicker pipelines should be used for higher
flowing speed and better pipe stability.

The default operating parameters of the system are
listed in Table 3. The overall simulation model is based
on Matlab/Simulink. Relevant operating parameters of
LNG, liquid ammonia, and carbon dioxide can be found
in the software REFPROP 9.11.

4 | MULTISTAGE SIMULATION
AND ANALYSIS

4.1 | LNG gasification procedure

Before the process of LNG gasification, the pressure is
0.1MPa, the temperature is −162°C, and the mass flow rate
is 172.45 kg/s at the L‐1 node, as shown in Figure 3. After the
initial pressurization at P‐1, the pressure reaches 7.21MPa at
the L‐2 node. The enthalpy value is 5.94 kJ/kg. After passing
through two heat exchangers (LNG‐1, LNG‐2), the tempera-
tures at L‐3 and L‐4 nodes increase to −105.5°C and −60°C.
The pressures are 7.14 and 7.07MPa, and the enthalpies are
195.82 and 467.54 kJ/kg, respectively.

FIGURE 2 Schematic diagram of the three‐stage liquefied natural gas (LNG) cold energy recovery/utilization system for a 10 MW
class cold store.
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Through the S‐5 diverter, the low‐temperature NG is
divided into three parts. Their mass flows are 22.3, 0.53, and
149.62 kg/s, respectively. Finally, after passing through the
LNG‐3, LNG‐4, and LNG‐5 heat exchangers, the three
channels of low‐temperature NGs are heated to −25°C,
−25°C, and −15°C, respectively. The enthalpies are 653.83,
653.83, and 686.14 kJ/kg, and the pressure drop is 7.00MPa.

4.2 | First‐stage energy exchange
procedure

The first cold energy utilization stage uses liquid ammonia
as the refrigerant. After the cooling operation with the LNG‐
1 heat exchanger in Figure 4, the pressure at the R‐1 node is

0.147MPa, the temperature is −55°C, the enthalpy is
96.79 kJ/kg, and the mass flow rate is 17.74 kg/s. After the
P‐2 booster pump, the pressure at the R‐2 node is 0.15MPa.
The mass flow rates at the R‐3–R‐5 nodes are 3.89, 13.16,
and 0.69 kg/s, respectively. After the continuous cooling
operation with three heat exchangers E‐1–E‐3, the tempera-
ture of the refrigerant increases to −25°C, and the pressure
decrease to 0.149MPa again.

4.3 | Second‐stage energy exchange
procedure

The second cold energy utilization stage is similar to the
first stage. The pressure and temperature of each node
are the same as those of the first stage, as shown in
Figure 5. The difference is that both the mass flow of
refrigerant and the cold energy provided to each cold
store module have been changed according to the actual
cooling demands. To improve the utilization efficiency of
LNG cold energy, two stages of cold energy can be used
together in multiple cold store modules. The mass flow
rate at the R‐10 node is 252.2 kg/s. After passing through
the S‐3 diverter, the mass flow rates at R‐12–R‐14 nodes
are 5.57, 18.83, and 0.99 kg/s, respectively.

4.4 | Third‐stage energy exchange
procedure

In the third cold energy utilization stage, the NG cold
energy is mainly used for ice making, ice storage, and air
conditioning system. In the ice‐making module, the
pressure, temperature, mass flow, and enthalpy of carbon
dioxide at the R‐19 node are 2.94MPa, −20°C, 17.85 kg/s,
and 154.28 kJ/kg, respectively. The refrigerant is pressurized
to 3MPa through a P‐4 compressor and then used to

TABLE 3 Default parameters of the proposed cold store system.

Parameters Value

Ambient temperature 25°C

LNG inlet temperature −162°C

LNG inlet pressure 7.21MPa

Mass flow rate of LNG 172.45 kg/s

LNG outlet temperature −25/−15°C

Natural gas transportation pressure 7MPa

Pressure drop 1%20

Isentropic efficiency of compressor 80%26

Effectiveness of the heat exchangers 80%27

Pressure of pressurized carbon dioxide 3MPa

Pressure of pressurized ammonia 0.15MPa

Abbreviation: LNG, liquefied natural gas.

FIGURE 3 Parameter changes during the liquefied natural gas
(LNG) gasification.

FIGURE 4 Parameter changes during the first‐stage energy
exchange.

6 | YUE ET AL.



produce ice through the E‐7 heat exchanger. In this ice‐
making process, the refrigerant pressure is reduced to
2.97MPa and the temperature is raised to 0°C again. The
enthalpy is 442.84 kJ/kg. In the ice storage module, the
pressure and temperature of each node are the same as
those of the nodes of the ice‐making module. The difference
is that the mass flow of refrigerant is 0.42 kg/s.

In the air conditioning module, after the cooling
operation with the LNG‐5 heat exchanger, the pressure of
the refrigerant is 2.94MPa, the temperature is −10°C, the
enthalpy is 176.34 kJ/kg, and the mass flow is 119.2 kg/s at
R‐25 node. It is further pressurized to 3MPa through the P‐6
compressor and then provides cold energy through the heat
exchanger E‐9. The obtained cold energy is finally used in
the air conditioning systems for the use of nearby buildings
and residents. In this air conditioning process, the refriger-
ant pressure is reduced to 2.97MPa and the temperature is
raised to 10°C again. Under this condition, the enthalpy
changes to 456.47 kJ/kg.

4.5 | Results and analyses

For the overall simulation model of the 10MW class cold
store built in Matlab/Simulink software, the heat transfer
efficiency of the heat exchangers is set as 80%. The
dynamic parameters of temperature, pressure and mass
flow for each cold energy utilization module are obtained
based on the four simulation submodels in Figures 3–6.
Note that the unlabeled data is the same as the previous
data by default. Table 4 shows the main operating
parameter data of each node under a nominal condition.

Table 5 summarizes the simulation results regarding the
whole LNG cold energy recovery process. During the first
and second stages, the assignments for the cold energy
utilization are as follows: (1) The energy exchangers E‐1 and

E‐4 supply cold energy for the MFR; (2) The energy
exchangers E‐2 and E‐5 supply cold energy for the APFR;
(3) The energy exchangers E‐3 and E‐6 supply cold energy
for the SR. The total cooling power for each module is
11,172, 37,810, and 1989 kW, respectively. During the third
stage, the energy exchangers E‐7–E‐9 supply cold energy for
the IMR, ISR, and AC. The total cooling power for each
module is 2660, 63.3, and 20,850 kW, respectively. In sum,
the total cooling power is estimated to be about 74.5MW for
the whole cold store.

For most commercial electric‐driven air conditioning
systems in cold stores, the coefficient of performance
(COP) in cooling mode can be set as 4. Therefore, the
total cooling power corresponds to 18.6 MW of electric
power. This means that the annual electricity savings can
be up to 162.9 GWh.

5 | ECONOMIC ANALYSIS AND
ENVIRONMENTAL BENEFITS

5.1 | Investment cost estimation

The economic analysis covers the initial cost, operating
cost, and profit. To better present the economic analysis

FIGURE 5 Parameter changes during the second‐stage energy
exchange.

FIGURE 6 Parameter changes during the third‐stage energy
exchange.
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of the proposed system, some key simulation parameters
are set in Table 6.

The initial investment includes land, construction, and
equipment costs. The main parameters for the conventional
cold store are shown in Table 7. By comparison, a
conventional chiller contains a series of electric‐driven
compressors, but the LNG‐based cold store only uses heat
exchangers. So, the actual equipment cost of the designed
10MW class cold store can be calculated as: In Table 7, the
unit price of a conventional chiller subtracts the cost of
compressors and adds the cost of heat exchangers.

The cost calculation of a heat exchanger device is
usually based on an estimation of the heat exchange
surface area A. A typical initial cost Cin is as follows37:

C
A

= 32, 800
100

.in

0.68

 


 (8)

Since the actual cost also depends on the operating
pressure and temperature, as well as the materials of
construction, three factors (for cost correction) can be
used for a better estimation of the capital cost Cac:

C δ δ δ C= ,ac M P T in (9)

where δM, δP, and δT are the device material, pressure,
and temperature dependent factors. The materials of
construction use carbon steel (CS) shells and stainless
steel (SS) tubes, and the maximum pressure and
temperature are designed to be lower than 7MPa and
50°C. Then the three correction factors above can be set
as 1.7, 1.7, and 1, respectively.37

The heat exchange surface area A can be calculated by38:

∆
A

Q

U T
= ,

m
(10)

where Q is the heat load; U is the heat transfer
coefficient; ΔTm, the average temperature difference
between the hot and cold sides. From an engineering
perspective, the ΔTm is almost equal to the logarithmic
temperature difference ΔTLM:

∆ ∆T T
T T T T

= =
( − ) − ( − )

ln
,

T T

T T

m LM
h,in c,out h,out c,in

( − )

( − )

h,in c,out

h,out c,in

(11)

where Th,in and Th,out are the inlet and outlet tempera-
tures of the hot flow; Tc,in and Tc,out are the inlet and
outlet temperatures of the cold flow.

TABLE 4 Simulation data at each node under a nominal
condition.

m (kg/s) T (°C) P (MPa) h (kJ/kg) Fluid

L‐1 172.45 −162 0.1 −4.04 LNG

L‐2 172.45 −162 7.21 5.94 LNG

L‐3 172.45 −105.5 7.14 195.82 NG

L‐4 172.45 −60 7.07 467.54 NG

L‐5 22.3 −60 7.07 467.54 NG

L‐6 0.53 −60 7.07 467.54 NG

L‐7 149.62 −60 7.07 467.54 NG

L‐8 22.3 −25 7.00 653.83 NG

L‐9 0.53 −25 7.00 653.83 NG

L‐10 149.62 −15 7.00 686.14 NG

R‐1 17.74 −55 0.147 96.79 Ammonia

R‐2 17.74 −55 0.15 96.80 Ammonia

R‐3 3.89 −55 0.15 96.80 Ammonia

R‐4 13.16 −55 0.15 96.80 Ammonia

R‐5 0.69 −55 0.15 96.80 Ammonia

R‐6 3.89 −25 0.149 1574.1 Ammonia

R‐7 13.16 −25 0.149 1574.1 Ammonia

R‐8 0.69 −25 0.149 1574.1 Ammonia

R‐9 17.74 −25 0.149 1574.1 Ammonia

R‐10 25.39 −55 0.147 96.79 Ammonia

R‐11 25.39 −55 0.15 96.80 Ammonia

R‐12 5.57 −55 0.15 96.80 Ammonia

R‐13 18.83 −55 0.15 96.80 Ammonia

R‐14 0.99 −55 0.15 96.80 Ammonia

R‐15 5.57 −25 0.149 1574.1 Ammonia

R‐16 18.83 −25 0.149 1574.1 Ammonia

R‐17 0.99 −25 0.149 1574.1 Ammonia

R‐18 25.39 −25 0.149 1574.1 Ammonia

R‐19 17.85 −20 2.94 154.28 Carbon dioxide

R‐20 17.85 −20 3 154.27 Carbon dioxide

R‐21 17.85 0 2.97 442.84 Carbon dioxide

R‐22 0.42 −20 2.94 154.28 Carbon dioxide

R‐23 0.42 −20 3 154.27 Carbon dioxide

R‐24 0.42 0 2.97 442.84 Carbon dioxide

R‐25 119.2 −10 2.94 176.34 Carbon dioxide

R‐26 119.2 −10 3 176.34 Carbon dioxide

R‐27 119.2 10 2.97 456.47 Carbon dioxide
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For the conventional first‐stage heat exchanger, the LNG
inlet temperature is −162°C, and the NG outlet temperature
is set as 0°C; the seawater inlet temperature is 11.8°C, and
the outlet temperature is set as 6.8°C. For a given heat load
of 1.267× 108W, the cost of the conventional heat exchanger
can be calculated by (8)–(11), which is about 3.13M$.

In the proposed three‐stage heat exchanger scheme,
the two heat loads in the first and second stages are
3.28 × 107 and 4.69 × 107W, and the three heat loads in
the third stage are 4.16 × 106, 9.89 × 104, 3.26 × 107W,
respectively. For the nine different heat exchangers in
Figure 2, the sum of the capital costs is about 4.42M$.

In conventional cold stores, electric‐driven compres-
sors are usually used to convert electric energy into cold
energy. Functionally, the five heat exchangers
LNG1–LNG5 in Figure 2 are equivalent to the electric‐
driven compressors. Therefore, when a large amount of
LNG cold energy is recovered through the five heat
exchangers, there is no need to purchase additional
compressors. This results in an obvious cost saving for
developing the whole cold store.

The cost calculation of the compressor device is
usually based on an estimation of the compressing power
W.39 shows a typical empirical cost Ccom as follows:

C W= 7900 .com
0.62 (12)

For the 10MW class cold store in Table 1, there are
six heat loads inside different building modules. Consid-
ering a typical COP of 4 for the cooling operating, the six
compressing power ratings are estimated to be 2793,
9452.5, 497.3, 665, 15.8, and 5212.5 kW, respectively. The
sum of the purchasing costs is about 5.84M$ for the six
electric‐driven compressors.

In sum, according to the cold store design
parameters in Section 2.1 and related cost estimating
modules in Table 7, the 10 MW class cold store has the
main designing results as follows: total area 50,000 m2,
storage volume 214,700 m3, insulation area
106,900 m2, refrigerating power −74.54 MW. For the
proposed LNG‐based system, the total investment of
the cold store is 79.98 M$.

TABLE 5 Simulation data of power and energy savings in the 10MW class cold store.

Number Energy (kJ/day) Power (kW) Total (kW) Electric power (kW) Carbon emissions (kg) Module

E‐1 3.97 × 108 4593 11,172 2792.5 2111.1 MFR

E‐4 5.69 × 108 6579

E‐2 1.34 × 109 15,550 37,810 9452.5 7146.1 APFR

E‐5 1.92 × 109 22,260

E‐3 7.07 × 107 818 1989 497.3 376 SR

E‐6 1.01 × 108 1171

E‐7 2.30 × 108 2660 2660 665.3 503 IMR

E‐8 5.47 × 106 63.3 63.3 15.9 12 ISR

E‐9 1.80 × 109 20,850 20,850 5589.5 4424.2 AC

Abbreviations: AC, air conditioner; APFR, aquatic product freezing room; IMR, ice making room; ISR, ice storage room; LNG, liquefied natural gas; MFR,
meat freezing room; storage room.

TABLE 6 Parameters for the economic analysis.

Item Value

Unit cost of electricity 0.159 $/kW h28

Building discount rate 2%29

LNG power generation 45.24 kW h/t30

Equipment discount rate 5%31

Equipment durability (year) 2032

Maintenance cost 4.75% of initial capital cost33

Carbon dioxide emissions factor 756 g/kWh34

Number of workers 60

Water consumption 500 t/day

TABLE 7 Conventional cold store: initial investment.

Module Parameter

Land and construction

Land price 150 $/m235

Construction cost 8 $/m335

Insulation cost 30 $/m235

Investment in equipment

Chiller 215 $/kW35

Number of handling machinery (per unit area) 0.1236

Investment in single handling machinery ($) 925036
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As for the operating cost of the cold store, the main
parts include labor costs, water costs, refrigeration costs,
equipment maintenance costs, construction and equip-
ment depreciation costs, and so forth. For 60 workers and
an annual salary of 12 k$ per worker, the annual total
salary is 720 k$. For the daily ice production, the water
consumption is about 500 t per day, and the resulting
annual water cost is 73 k$ with a unit cost of 0.40 $/t.

Compared to the conventional cold store using electric
refrigeration, LNG‐based refrigeration has no electricity fee
but adds additional purchasing cost for LNG cold energy. For
estimating the cold energy cost, the consumed LNG in the
10MW class cold store is assumed to be used for power
generation. For a typical power generation capacity of
45.24 kWh/t, the annual LNG consumption in the 10MW
class cold store (5.44 Mt) can generate equivalent electricity
of 2.46 × 108 kWh. So the purchasing cost for LNG cold
energy is estimated to be 39.1M$ with a unit cost of
0.159 $/kWh.

In addition, based on the maintenance cost rate of 4.75%,
the annual equipment maintenance cost is about 3.21M$.
Based on the building discount rate of 2% and equipment
discount rate of 5%, the annual depreciation costs on
construction and equipment are 248 k$ and 3.38M$,
respectively. The overall annual operating cost is 48.13M$.

5.2 | Profit estimation

Based on the analysis of the investment cost and operating
cost, the main results of the income and expenditure of the
10MW class cold store are listed in Table 8.

The total profit of the cold store can be calculated by:

P P P P C= + + − ,h s c (13)

where Ph is the cargo handling charge, Ps is the daily
storage fee of the goods, Pc is the charge for moving the
goods, and C is the total operating cost:

C C C C C C C C= + + + + + + ,c e m w wc i e (14)

where Cc is the depreciation cost of cold storage
construction, Ce is equipment depreciation cost, Cm is
equipment maintenance cost, Cw is the cost for
workers' wages, Cwc is the water cost, Ci is the cost
for electricity fee and utilities, and Ce is the LNG cold
energy cost.

If the 10 MW class cold store operates at full
capacity, the daily processing capacity is 5500 tons, the
daily freezing capacity is 5500 tons, and the total
storage capacity of the storage is 40,590 tons and the
gross profit is about 97.1 M$/a.

The static investment payback period can be calcu-
lated by:

a
C

P P P η C
=
( + + ) × −

,s
ii

h s c
(15)

where Cii is the initial investment, and η is the ratio of
the actual operation of the cold store over the full load.

The dynamic payback period considers the influence
of time on the currency value. A discount coefficient f is
introduced as follows:

f
i

=
1

(1 + )
,

n (16)

where i is the discount rate, with a value of 6%,28 and n is
the production time and the value is 0 in the first year
and increases by 1 every year thereafter. The dynamic
income is:

P f P= × .d (17)

Net present value (NPV) can be calculated by28:

P

i
CNPV =

(1 + )
− .

j

n

n
=0

ii (18)

Thus the dynamic payback period can be obtained
when the NPV reaches 0:

TABLE 8 Parameters for the proposed cold store income and
expenditure.

Symbol Description Value

Ph Handling fee of 1 ton in the cold store ($/t) 4.436

Ps Storage/frozen fee of 1 ton for products ($/d/t) 1.5/3036

Pc Carrying fee of 1 ton in the cold store ($/t) 2.936

Cc Cold storage construction depreciation cost
(k$/a)

248

Ce Depreciation of cold storage equipment (k$/a) 3380

Cm Equipment maintenance cost (k$/a) 3210

Cw Wages of workers (k$/a) 120

Cwc Water cost (k$/a) 73

Ci Incidental expense (k$/a) 2000

Ce Cold energy cost of LNG (k$/a) 39100

Cii Initial investment (M$) 79.98

C Total operating cost (M$/a) 48.13
P

i
C

(1 + )
− = 0.

j

n

n
=0

ii (19)
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5.3 | Economic benefit analysis

The ratio of the cold storage operating load over the total
load has huge impact on both the static and dynamic
payback periods. As shown in Figure 7, the larger the
ratio is, the lower the cold storage vacancy rate and the
smaller the payback period will be. When the operating
load rate of the cold store is lower than 50%, the annual
income is lower than the operating cost, which means
there will be no economic benefits. Due to the influence
of time on currency value, the dynamic payback period is
always longer than the static value. For instance, when
the load rate increases to 58%, the static and dynamic
payback periods are about 11.08 and 13.82 years,
respectively.

Figure 8 presents the impact of the cold storage load
ratio on NPV. The trend can be seen: the larger the load
ratio is, with the same operating time the greater NPV,
and the shorter the payback period will be. Four typical
moderate‐level load ratios (56%, 58%, 60%, and 62%) are
given in Figure 8 The intersections of the horizontal line
(NPV= 0) and each NPV curve with different load ratios
represent the corresponding dynamic payback periods.
When the load ratio is 56%, there is no intersection,
which means the gross income over the cold store's entire
life cycle (20 years) is still lower than the initial
investment cost (79.98M$), and this load ratio will not
lead to any economic benefits. When the load ratio
increases to 58%, 60%, and 62%, the dynamic payback
periods are 13.82, 10.12, and 8.07 years, and after 20 years
of the cold store's entire life cycle, the NPZs become
19.57, 43.18, and 66.79M$, respectively. To sum up, the

proposed 10MW class LNG‐based cold store has signifi-
cant economic benefits from a life cycle perspective.

5.4 | Environmental benefit analysis

In general, conventional LNG gasification station uses
seawater as the refrigerant. A series of single‐stage heat
exchangers are used to directly gasify the low‐
temperature LNG at −162°C, to room‐temperature NG
at 0°C. The conventional technology of seawater heat
transfer will drain a large amount of LNG cold energy
into the sea. For the LNG receiving system in this work,
the LNG gasification capacity is 1.49 tons per hour. As
shown in Figure 9, it will produce 126.7 MW waste of
cold energy, and the annual waste of cold energy is up to
1109.9 GWh.

The multistage utilization of the LNG energy system
can use a large amount of cold energy. The heat leakage
in pipelines is negligible, and thus the heat exchange

FIGURE 7 Payback periods under different operating load
ratios.

FIGURE 8 Impact of load rate of the cold store on net present
value (NPV).

FIGURE 9 Energy flows in the conventional seawater
heat‐transfer scheme.
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efficiency of 80% is the only major influence factor. As
shown in Figure 10, the first two stages of cold energy
utilization are 26.61 and 37.51MW, respectively. The
third stage of cold energy branches can use 3.33, 0.064,
and 26.06MW, respectively. This means that the gasifi-
cation of the same mass of LNG can recover 93.574MW
of cold energy, and the annual recovery of cold energy is
up to 819.7 GWh.

More importantly, the proposed solution of using
LNG cold energy recovery avoids the utility power
consumption from the fossil fuel‐based main electric
grid. For the 10MW class cold store in Table 1, the
annual electricity saving is about 1.63 × 108 kWh, and the
saved electricity fee can be up to 16.32M$ per year. In
terms of fuel expenditure, it can save the energy of 20.05
kilotons of standard coal. Considering a typical coal
power emission factor of 756 g/kWh,34 the carbon
emission reduction is up to 12.3 × 108 kg per year. From
an economic perspective, this can reduce an annual
carbon trading cost of 738 k$ when considering a typical
carbon tax of 6 $/ton.

6 | CONCLUSION

In this article, a new multistage cold energy recovery/
utilization scheme has been proposed for enhancing
energy efficiency from the LNG receiving terminal to the
coastal cold store. A realistic case in Ningbo LNG
receiving station has been investigated for clarifying
how to utilize the LNG cold energy in a highly efficient
manner regarding the technical, economic, and environ-
mental benefits. The main novelties, contributions, and
conclusions are as follows:

(1) A new three‐stage LNG cold energy recovery/
utilization system has been designed by

considering three cryogenic temperature ranges
of −162°C to −105°C, −105°C to −60°C, −60°C to
−15°C/−25°C. The dynamic energy recovery and
utilization behaviors have been modeled, and the
cold energy obtained has been properly assigned to
different frozen areas inside a 10 MW class coastal
cold store.

(2) Compared to conventional seawater heat‐transfer
schemes having zero cold energy recovery,
the original cost for purchasing single‐stage heat
exchangers can be properly used to buy multistage
heat exchangers in the proposed multi‐stage
cold energy recovery/utilization system. More-
over, about 74.86 MW of cooling power can be
further used to supply the cold store when
considering a typical heat exchange efficiency
of 80%.

(3) Compared to conventional electric‐driven cold store
schemes using refrigerating compressors, the pro-
posed solution of using LNG cold energy recovery
avoids the utility power consumption from the fossil
fuel‐based main electric grid. For the 10MW class
cold store case study, the annual energy saving is
about 1.63 × 108 kWh, and the corresponding carbon
emission reduction can be up to 1.23 × 108 kg
every year.
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