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Abstract

Analysis of electric power consumption
by LNG utilization

in hydrogen liquefaction process

Hyun Ji Kim
School of Electrical & Computer Engineering

The Graduate School

Seoul National University

In response to the climate change crisis, realizing hydrogen economy society that
has a higher interest in constructing hydrogen liquefaction plants for efficient
storage and transportation is emerging. However, the higher liquefaction cost of
hydrogen is a barrier to realizing a hydrogen economy society. Among several
methods to resolve the drawback of hydrogen liquefaction, adopting cold energy of
liquefied natural gas (LNG) in the hydrogen precooling process and nitrogen
re-liquefaction process after the hydrogen precooling is one of the approaches to
reducing the cost of hydrogen liquefaction. The Republic of Korea demanded an

LNG quantity of 33 Mtons in 2020, driven by power generation, heating, and in the
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vaporization process, 0.85 Mtoe of cold energy of LNG was meaninglessly
dissipated into the sea. This study introduced the 30 TPD large-scaled hydrogen
liquefaction plant-based hydrogen precooling that uses nitrogen only and hydrogen
precooling that uses not only nitrogen but also cold energy of LNG and analyzed
the three types of nitrogen re-liquefaction cycle (Claude, Linde-Hampson,
Dual-pressure Linde-Hampson cycle) that applied first two hydrogen precooling. In
addition, economic analysis was conducted based on a total of six case studies.
Analysis of total usage of liquid nitrogen and cold energy of LNG shows that the
case with hydrogen precooling using not only nitrogen but also cold energy of
LNG and application of Linde-Hampson cycle for nitrogen re-liquefaction and the
case with hydrogen precooling using not only nitrogen but also cold energy of
LNG and application of Dual-pressure Linde-Hampson cycle for nitrogen
re-liquefaction maximize the utilization of cold energy of LNG and minimize the
liquid nitrogen usage. In terms of net power consumption, the latter case shows the
lowest power consumption at 2109.46 kW, and its annual electrical cost was
calculated as 1.57 MUSD (85 ¢/kW). In conclusion, in the utilization of cold
energy of LNG, the case with hydrogen precooling using not only nitrogen but also
cold energy of LNG and application of Dual-pressure Linde-Hampson cycle for
nitrogen re-liquefaction has 66% lower net power consumption compared to the
case with hydrogen precooling using nitrogen and the application of Claude cycle

for nitrogen re-liquefaction.

Keyword: Hydrogen liquefaction, Hydrogen precooling, Liquefied natural gas
(LNG), Ortho-Para hydrogen conversion (OPHC), Nitrogen (N2) re-liquefaction
Student Number: 2020-24830
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Chapter 1. Introduction

1.1 Necessity and Background

As the climate change crisis is encountered, there are global aims to reach
carbon neutrality by 2050, and the world is gathering its capability in increasing
renewable power generation [1]. Whilst facing this crisis, renewable energy has its
own problems, such as being intermittent in nature, having a large varying power
output and having a low operating rate [2, 3]. Although the problems with
intermittency and varying power output may be inevitable, the operation stoppage
caused by the difference in supply and demand of the renewable power and the
power grid could be resolved by storing energy using Energy Storage System
(ESS) which stores and supply electrical energy when power is needed[4, 18].
Nonetheless, poor storage safety with relatively high capital cost is a drawback of
ESS [5, 19]. For the efficient operation of a renewable energy-based power system,
a water electrolysis that produces and stores energy in the form of hydrogen is one
of the alternative methods [6]. To realize a hydrogen economy society, more
concentration on producing green hydrogen through a water electrolysis process
using renewable energy resources is required [7]. Typically, hydrogen can be stored
in the form of gaseous hydrogen and liquid hydrogen. Gaseous hydrogen has low
energy density per volume and its stability is low since gaseous hydrogen is
highly-compressed with 700 bar, on the other hand, liquid nitrogen can be stored
with low risk since it is stored with normal pressure (10 bar) and its volume is
reduced by more than 800 times compared to gaseous hydrogen. Therefore
hydrogen liquefaction is required to store and transport hydrogen efficiently [8].
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However, high liquefaction cost is the drawback of liquid hydrogen. In order to
overcome high liquefaction cost, many studies have increased their scrutiny of
hydrogen liquefaction efficiency and cost reduction [9, 10, 11, 13, 15, 16, 20, 21,
22, 23]. In general, there are three ways of reducing the liquefaction cost. The first
is increasing the plant's capacity [8, 10, 11], the second is improving the efficiency
of the refrigeration cycle [11, 13, 17], and the last is adopting cold energy of

liquefied natural gas (LNG) for hydrogen liquefaction process [17, 20, 21, 22, 23].

1.1.1 Characteristic of hydrogen

Hydrogen consists of two forms, ortho-hydrogen and para-hydrogen. These
two are determined according to the direction of the nuclear spin of each atom of
the hydrogen molecule. If two hydrogen atoms rotate in the same direction, it is
called ortho-hydrogen, and it is entitled as para-hydrogen when each atom rotates

in the opposite direction.

Ortho-hydrogen Para-hydrogen

Figure 1.Ortho-Para hydrogen overview



As shown in Fig.1, at 300K, the fraction of ortho and para-hydrogen is 75:25, at
77K, the fraction becomes 50:50 and ortho-hydrogen to para-hydrogen fraction
ratio turns into 0.2:99.8 at 20.3K before liquefaction begins at 1 atm. In the process
of ortho-para hydrogen conversion, the heat of 527.138 kJ/kg is generated, and this
heat is greater than the latent heat of hydrogen, which is 448.71 kJ/kg [24, 25].
Therefore, it is essential to convert it into para-hydrogen before liquefaction using
an ortho-para hydrogen converter (OPHC), and liquefy it for long-term storage
purpose [26]. Fig.2 shows the overview of para-hydrogen. It represents the
theoretical exothermic heat and the actual exothermic heat of para-hydrogen
according to temperature. Theoretically, the exothermic heat which is 27.562 kl/kg
at 300K is the heat that already released into the air. Thus, it is unnecessary to
account for the hydrogen liquefaction process. The real exothermic heat that

represented as blue line is calculated according to the mathematical expression (1).

Para-hydrogen graph overview
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Figure 2.Para hydrogen graph overview



Para% — Para%@300K

Cex = 700% = Para%@300k /%9 1)
Where,
Qex = The actual amount of heat to be cooled at the specific temperature

Para% = Para hydrogen fraction at the specific temperature

Para%@300K = Para hydrogen fraction at 300K

1.1.2 Current state of hydrogen liquefaction plant

worldwide

0.25 tpd LH, 0.5 tpd 1tpd
Kimitsu, Japan Beijing, China Saggonda, India

Small Size (He Brayton Cycle)

>5tpd 13.5 tpd 30 tpd up to 100 tpd
5x in Japan Magog, Canada e.g. LaPorte, TX
2X Leuna, Germany

Medium Bulk Size R, | Future
(H, Claude Cycle) . -/ large-scale

Figure 3. Hydrogen liquefaction cycle per capacity

Fig.3 [27] shows the hydrogen liquefaction cycle depending on the capacity.
The hydrogen liquefaction plant uses different refrigeration cycles in accordance
with the plant capacity. In most cases, a liquefaction plant of 1~5 TPD or less
capacity uses the helium Brayton cycle, and the medium bulk size of 30 TPD or
less uses the hydrogen Claude cycle[24, 25]. As shown in Fig.4 [28], capacity of

about 30 TPD is the largest plant size among existing hydrogen liquefaction plant.



Continent/Country Location Operated by Capacity (TPD)  Commissioned in Still in operation
America
Canada Sarnia Air Products 30 1982 Yes
Canada Montreal Air Liquide 10 1986 Yes
Canada Inc.
Canada Becancour Air Liquide 12 1988 Yes
Canada Magog, Quebec BOC 15 1989 Yes
Canada Montreal BOC 14 1990 Yes
French Guyane Kourou Air Liquide 5 1990 Yes
USA Painsville Air Products 3* 1957 No
USA West Palm Beach Air Products 3.2° 1957 No
USA West Palm Beach Air Products 27° 1959 No
USA Mississippi Air Products 32.7* 1960 No
USA Ontario Praxair 20 1962 Yes
USA Sacramento Union Carbide, 54° 1964 No
Linde Div.
USA New Orleans Air Products 34 1977 Yes
USA New Orleans Air Products 34 1978 Yes
USA Niagara Falls Praxair 18 1981 Yes
USA Sacramento Air Products 6 1986 Yes
USA Niagara Falls Praxair 18 1989 Yes
USA Pace Air Products 30 1994 Yes
USA Mcintosh Praxair 24 1995 Yes
USA East Chicago, IN Praxair 30 1997 Yes
Subtotal 300
Europe
France Lille Air Liquide 10 1987 Yes
Germany Ingolstadt Linde 4.4 1991 Yes
Germany Leuna Linde 5 2008 Yes
Netherlands Rosenburg Air Products 5 1987 Yes
Subtotal 24.4
Asia
China Beijing CALT 0.6 1995 Yes
India Mahendragiri ISRO 0.3 1992 Yes
India India Asiatic Oxygen 1.2 - Yes
India Saggonda Andhra Sugars 1.2 2004 Yes
Japan Amagasaki Iwatani 1.2° 1978 No
Japan Tashiro MHI 0.6" 1984 No
Japan Akita Prefecture Tashiro 0.7 1985 Yes
Japan Oita Pacific Hydrogen 14 1986 Yes
Japan Tane-Ga-Shima Japan Liquid Hydrogen 14 1986 Yes
Japan Minamitane Japan Liquid Hydrogen 2.2 1987 Yes
Japan Kimitsu Air Products 0.3 2003 Yes
Japan Osaka Iwatani (Hydro Edge) 11.3 2006 Yes
Japan Tokyo Iwatani, built by Linde 10 2008 Yes
Subtotal 30.6
Worldwide 355

a Not included in the subtotal of the capacity for the year 2009.

Figure 4. Hydrogen liquefaction cycle per capacity



1.1.3 Current state of hydrogen liquefaction plant in the

republic of Korea

In 2019, Korean government announced a roadmap to activate the hydrogen
economy by increasing hydrogen use from 0.2 million tons per year to 3.9 million
tons and increasing the clean hydrogen ratio to 50% by 2030 and 100% by 2050,
by establishing a million tons of clean hydrogen production system. In the republic
of Korea, 0.5 (Korea Institute of Machinery and Materials), 5 (Changwon city +
Doosan Enerbility CO., LTD + Air Liquide), 30 (Hyosung + Linde), and 100 TPD
(SK E&S) liquefaction plants are currently under construction or in the process of
constructing. Changwon city is planning to commercialize the liquid hydrogen

from the year of 2023.

1.1.4 Current state of LNG usage in the republic of

Korea

Based on the data of LNG usage of Korea in 2020, the total quantity demand of
LNG for power generation and heating was 32 Mtons per year, and about 1.3 Mtoe
of cold energy was dissipated annually[29,30]. Many debates are being conducted
harvesting cold energy from LNG to construct a more economical hydrogen
liquefaction plant due to cold energy from LNG makes less consumption of liquid

nitrogen (LN2).



1.2 Literature review

In several similar conceptual studies using cold energy of LNG in hydrogen
liquefaction, Yang et al. [19] found that the usage of a combination of LN2 and
cold energy of LNG is more efficient than that of operating separately. Chang et al.
[15] investigated thermodynamic effect of precooling using cold energy of LNG
with standard and modified Brayton refrigeration cycles for hydrogen liquefaction
plant. Cardella et al. [12] analyzed the cost reduction of the overall hydrogen
liquefaction process, including the capital and operating costs of the liquefaction
plant. Riaz et al. [20] simulated the system that reduced the amount of refrigerant
required by 50% using Aspen HYSYS commercial software to remove unnecessary
precooling cycles of hydrogen liquefaction using cold energy of LNG, resulting in
a 40% reduction in specific energy consumption (SEC). Bian et al. [18] simulated a
hydrogen liquefaction process using a dual-pressure Brayton cascaded cycle and
precooling of hydrogen required for hydrogen liquefaction using LNG to reduce
the energy consumption and capital cost of hydrogen liquefaction. As mentioned
above, prior investigations have implemented cold energy of LNG usage in the
hydrogen liquefaction plant. However, little research has been conducted to show

the advanced application of cold energy of LNG.



1.3 Objectives

In order to liquefy hydrogen, it is essential to precool hydrogen from 300K to
about 80K using LN2. This work is to explore the utilization of cold energy from
LNG for not only hydrogen precooling but also for liquefying gaseous nitrogen that
heat exchanged with hydrogen to reduce the hydrogen liquefaction cost. The
capacity of 30 TPD was determined based on the commercialized large-scaled
hydrogen liquefaction plant worldwide. This work aims at maximize cold energy of
LNG in hydrogen precooling and nitrogen re-liquefaction, less usage of LN2 and
less usage of power consumption in nitrogen re-liquefaction showing several case
studies. Two hydrogen cooling types such as LN2 as a coolant only and the
combination of LN2 and LNG will be carried out primarily to compare the LN2
usage. Subsequently, two hydrogen precooling types with three different cycle for
the nitrogen re-liquefaction using Claude, Linde-Hampson cycle, and Dual
pressure Linde-Hampson cycle will be conducted. Upon the results of the total 6
case studies, the detail analysis of usage of cold energy of LNG and LN2, and the
net power consumption will be carried out towards the capacity of 30 TPD

hydrogen liquefaction plant.



Chapter 2. Case Overview

Table 1.Simulation case overview

N2 Re-liquefaction Cycle

CASE H2 precooling type
Cycle N2 precooling type
CASE 1 LN2
Claude cycle -
CASE2 LN2 and LNG
CASE 3 LN2
Linde-Hampson cycle LNG
CASE 4 LN2 and LNG
CASE 5 LN2
Dual-pressure
Linde-H 1 LNG
CASE 6 LN2 and LNG ide-Hampson cycle

The following is an overview of each case by applying the cold energy of LNG to
the hydrogen precooling methods and the re-liquefaction cycles of nitrogen. A total
of six case studies are conducted. Hydrogen precooling is divided into two methods
such as LN2 only and the mixture of LN2 and the cold energy of LNG. After
hydrogen precooling, nitrogen re-liquefaction is conducted, divided into three
cycles: Claude, Linde-Hampson, and Dual-pressure Linde-Hampson cycle. In
addition, this study tries to compare the general re-liquefaction cycle, which is the
Claude cycle, with other advanced cycles that adopt the cold energy of LNG. The
following Fig. 5 (a) shows the general process of hydrogen precooling from 300K
to 80K using about 80K of LN2 performing OPHC. The boiling point of nitrogen is
77K at atmospheric pressure; however, since the pressure value is 1.3, the
temperature changes to 79.53K. Fig. 5 (b) uses the same hydrogen and LN2 value,
but the application of the cold energy of LNG is a big difference. From Fig.6 to

Fig.8, the application of the nitrogen re-liquefaction cycle will be s;hq)wn._ The .
9 — .'. P | -



reason for re-liquefying nitrogen is that gaseous nitrogen needs to be re-liquefied
so that the LN2 cycle can precool hydrogen to 80K. In Fig.6 (a), the LN2 that heat
exchanged with hydrogen becomes gaseous nitrogen, a high-pressure,
high-temperature state through a compressor. After that, it passes the aftercooler to
release heat, and it becomes gaseous nitrogen at 300K with 97 bar. A three-stage
heat exchanger and adiabatic JT expansion reached the desired temperature, 79.53
K. In the separator, liquid par is used for hydrogen precooling, and the gaseous part
goes back to the three-stage heat exchanger. The gaseous nitrogen is combined
before the compressor, and it circulates. The expander in the middle of the heat
exchanger reduces the temperature difference between the heat exchanger. Fig.6 (b)
uses the same nitrogen re-liquefaction cycle as Fig.6 (a). However, the utilization
of cold energy of LNG for hydrogen precooling is the big difference between them.
Fig.7 (a), (b) represents the application of the Linde-Hampson cycle in two
hydrogen precooling types. Unlike Claude represented in Fig 6. (a), (b), the
Linde-Hampson cycle does not use an expander since LNG's cold energy
sufficiently lower the nitrogen temperature in the nitrogen re-liquefaction process.
Fig.8 (a),(b) shows the application of the Dual-Pressure Linde-Hampson cycle with
hydrogen precooling. The feature of the cycle is a dual compressor that reduces the
work of the compressor and increases the efficiency of the whole cycle, especially
in nitrogen re-liquefaction passes, two compressors, two aftercoolers, two JT
valves, and two-phase separators. This cycle is more efficient than the simple

Linde-Hampson cycle since its compressor work is reduced.
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Figure 5. Simplified diagram of hydrogen precooling
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Figure 6.Simplified diagram of Claude cycle for nitrogen re-liquefaction

(a) Hydrogen precooling with LN2 + Claude cycle

(b) Hydrogen precooling with LN2 and LNG + Claude cycle
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Figure 8.Simplified diagram of Dual-pressure Linde-Hampson cycle for nitrogen re-liquefaction

(a) Hydrogen precooling with LN2 + Dual-pressure Linde-Hampson cycle + N2 precooling with LNG

(b) Hydrogen precooling with LN2 and LNG + Dual-pressure Linde-Hampson cycle + N2 precooling with LNG
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Chapter 3. Methodology

3.1 Aspen HYSYS simulation

This study uses a process simulation program for thermodynamic design of
hydrogen liquefaction cycle called Aspen HYSYS. Following the flow chart in Fig.,
nitrogen, hydrogen and methane are chosen for the component list, and RefProp,
the property program that invented by NIST is selected as the fluid packages. After
the unit setting for the whole simulation process, the stream stetting and the
equipment setting need to be decided. Stream setting consists of two streams such
as flow stream and energy stream. The composition ratio of the fluid and the
thermodynamic state of the fluid are determined in flow stream, and the
information about heat and work can be decided in the energy stream. Through the
equipment setting, insulation efficiency of the compressor and the expander is

determined. Also, the pressure drop on the exchanger is determined.

Fluid
packages

Component
list

Simulation
nit setting

Model
palette
Equipment
setting

Finish

Stream
setting

Figure 9.Flow chart of Aspen HYSYS
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3.2 Conditions and assumptions in HYSYS

The following assumptions and conditions are made for the simulation.

(a) 30 TPD-based hydrogen liquefaction plant is selected as a plant capacity.
(b) The pressure mentioned is an absolute pressure

(c) The pressure drops are set to be 0.3 bar for a liquid-to-gas or gas-to-liquid,

0.1 bar for gas-to-gas, 0.5 bar for a liquid-to-liquid, and 0.1 bar for OPHC

(d) The minimum pressure of gaseous nitrogen after heat exchange is set to 1

bar

(e) The temperature value and the pressure value of LNG are set to 128K and

75 bar based on the reference from the Korea Gas Corporation (KOGAS)
(f) The composition of LNG is assumed as 100% of methane.

(g) The minimum temperature difference of the heat exchanger is set to 1.5%

by AT/T.

(h) REFPROP is chosen for the data on Aspen HYSY'S

(i) Adiabatic efficiency of the compressor and expander is set to 85% based

on the general liquid air energy storage (LAES) system

(j) 4-stage compression and 4-stage aftercooling are done based on the

general liquid air energy storage (LAES) system
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Chapter 4. Simulation Results

4.1 HZ2 precooling

4.1.1 Hydrogen precooling with LN2 only

GN2 LN2
Temperature = 295.5 | K Temperature | 79.53 | K
Pressure 1.000 | bar Pressure 1.300 | bar
Mass Flow 214.1 | tonne/d Mass Flow 214.1 | tonne/d
v LN2 GH2,4
Temperature | 80.74 | K
VA Pressure 2.100 | b
. ar
T WAAY —
= GH2,4 | Mass Flow 30.00 | tonne/d
GH2,1
LN2-HEX
GH2,1
Temperature | 300.0 | K OPHC
Pressure 2.300 | bar Duty 54.82 | KW GH2,2
Mass Flow 30.00 | tonne/d Feed Temperature 80.74 | K GH2,2 | Temperature | 80.74 | K
Ghza Product Temperature | 95.12 | K Pressure 2.200 | bar
- " Mass Flow 30.00 | tonne/d
Temperature | 95.12 | K
P . GH23 —
ressure 2.100 | bar b OPHC
Mass Flow 30.00 | tonne/d

Figure 10. Simulation result of hydrogen precooling with LN2 only

Case 1 shows the standard hydrogen precooling process. GH2, 1 (2.3 bar, 300K)
and LN2 (1.3 bar, 79.53K) exchanged heat in LN2-HEX. The output of GH2 was
set to 2.1bar in accordance with the assumption, and the output temperature was
determined according to the value of nitrogen temperature. In the OPHC process,
duty of 54.82 kW has occurred due to the heat generated by isothermal conversion.
In this process, an LN2 of 214.1 tonne/day(TPD) was calculated, which is almost
seven times higher than the mass flow rate of the GH2, 1. In the actual liquefaction
process, GN2 should go to the nitrogen liquefaction plant. However, this case
explains the hydrogen precooling partially. In cases (3), (5), and (6), this partial
stage will be applied as hydrogen precooling stage.
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4.1.2 Hydrogen precooling with LN2 and LNG

NG

LNG

Pressure

Mass Flow

2,000 | bar GH2:4

30.00 | tonne/d

op OPHC

Temperature | 295.5 | K ‘ Temperature | 128.0 | K Temperature | 133.0 | K ‘ Temperature | 80.21 | K
GH25
Pre 7470 [bar | [ Pressure 75.00 | bar Pressure 1100 [bar | Pressure 1.400 | bar
T ture | 8143 | K
Mass Flow | 6811 | tonne/d | | Mass Flow | 68.11 [ tonne/d | | Mass Flow | 91.46 | tonneld | Mass Flow | 91.46 | tonne/d emperature
Pressure 2.000 | bar
NG NG GN2 LN2 Mass Flow | 30.00 | tonne/d
GN2,1 AAA A
Temperature | 2955 | K GN21 BYVMIN VQ; [ oH25
Pressure 1.000 | ber ' L GH22 - '
LNG-HEX LN2-HEX
Mass Flow | 91.46 | tonneld oriad GH22
Temperature | 135.0 | K OPHC
GH21 Pressure 2.200 | bar Duty 53.68 | kW GH23
Temperature | 3000 | K Mass Flow | 30.00 | tonneld Feed Temperature | 81.43 | K GH23 | Temperature | 8143 [ K
Pressu 2.300 | bar P Product Temperature | 95.50 | K Press: 2.100 | b
Mass Flow | 30.00 | tonnefd Temperature | 9550 |K Mass Flow | 30.00 | tonnerd

Figure 11.Simulation result of hydrogen precooling with LN2 and LNG

In this case, two-stage heat exchangers, LNG-HEX and LN2-HEX were placed
to precool hydrogen. LNG-HEX contains LN2 and LNG and was used to cool
down hydrogen from 300K to 135K. The specification of LN2-HEX is the same as
the case (1). The output pressure and the temperature of hydrogen became 2 bar,
81.43K. GN2 from LNG-HEX heat exchanged in LNG-HEX once again. As a
result, the LN2 consumption became 91.46 TPD and the LNG consumption
became 68.11 TPD. By applying LNG heat exchanger, LN2 was reduced by 122.64
TPD compared to case (1). As already mentioned in case (1), GN2 should flow to
the nitrogen liquefaction plant. However, this case partially explains the hydrogen

precooling that adopting LNG-HEX. In cases (4), (7), and (8), this partial stage will

be applied as hydrogen precooling stage.
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4.2 Claude cycle for nitrogen re—-liquefaction
4.2.1 Case (1): Hydrogen precooling with LN2 + Claude

cycle

The inlet/outlet flow conditions of the LN2 HEX for hydrogen precooling are
the same as in case (1). After heat exchange with hydrogen, saturated liquid
nitrogen of 1.3 bar becomes a GN2 state of 295.5 K and 1 bar. This nitrogen is
combined with 589.3 TPD gas nitrogen with the same temperature pressure of
2955K from a liquefier. It passes GN2 HEX-1 under a
high-temperature-high-pressure state of 300K, 97 bar after four stages of
compression and four stages of aftercooler. The high-temperature-high-pressure
flow is then divided into GN2 HEX-2 or expanders. The flow to the expander
becomes a low-temperature — low-pressure state of 91.04K, 1.2 bar. After that, it is
injected into the low-temperature fluid inlet of GN2 HEX-2. The flow that does not
pass through the expander heat exchanges with low temperature-low pressure
nitrogen at GN2 HEX-2 and GN2 HEX-3 and is injected into the phase separator
under a saturated state through the isenthalpic expansion process through the J-T
(Joule-Thomson) valve. A liquid in saturated nitrogen in the phase separator is
injected into the LN2-HEX of the precooling hydrogen cycle as a low-temperature
fluid. In the phase separator, the gas in the saturated nitrogen works as a
low-temperature — low-pressure fluid that cool down high-temperature —
high-pressure nitrogen in the nitrogen liquefaction cycle. It was calculated that the

compression flow rate required to produce liquid nitrogen was 803.4 TPD. The net
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power consumption for the entire cycle is 4362.50 kW.
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GN2,12 GN2-EXP GN2,13
Temperature | 254.3 | K Temperature | 91.04 | K
Pressure 96.90 | bar Pressure 1.200 | bar
Mass Flow 550.3 | tonne/d Mass Flow 550.3 | tonne/d
—
GN2,12 GN2,13
GN2,1 GN2,2 GN2,3 LN2,4 LN2,5 L/GN2,6
Temperature | 300.0 | K Temperature | 254.3 | K Temperature | 254.3 [ K Temperature | 9243 | K Temperature | 91.43 | K Temperature | 79.53 | K
Pressure 97.00 | bar Pressure 96.90 | bar Pressure 96.90 | bar Pressure 96.60 | bar Pressure 96.10 | bar Pressure 1.300 | bar
Mass Flow 803.4 | tonne/d Mass Flow 803.4 | tonne/d Mass Flow 253.1 | tonne/d Mass Flow 253.1 | tonne/d Mass Flow 253.1 | tonne/d Mass Flow 253.1 | tonne/d
o] | JT
- m - =L - W -
GN2,1 — NA GN2,2 GN2,3 Iy LN2,4 \/W LN25 L/GN2,6
- Y - M - - -
GN2,11 — GN2,10 (S GN2,9 GN2,8 GN2,7
GN2,11 GN2-HEX1 GN2,10 GN2-HEX2 GN29 GN2,8 GN2-HEX3 GN2,7
Temperature | 295.5 | K Temperature | 222.0 [ K Temperature | 91.04 | K Temperature | 91.04 | K Temperature | 79.53 | K Separator
Pressure 1.000 | bar Pressure 1.100 | bar Pressure 1.200 | bar Pressure 1.200 | bar Pressure 1.300 | bar
Mass Flow 589.3 | tonne/d Mass Flow 589.3 | tonne/d Mass Flow 589.3 | tonne/d Mass Flow 38.99 | tonne/d Mass Flow 38.99 | tonne/d
GN2
LN2
AC Temperature | 295.5 | K
Temperature | 79.53 | K
Pressure 1.000 | bar l
LN2 | Pressure 1.300 | bar GH24
Mass Flow 214.1 | tonne/d
Mass Flow 214.1 | tonne/d Temperature | 80.74 | K
Nl N ~ | Pressure 2.100 | bar
GN2-COMP GN2 —
—- GH2,4 | Mass Flow 30.00 | tonne/d
GH2,1
LN2-HEX
GH2,1
Temperature | 300.0 | K OPHC
Pressure 2.300 | bar Duty GH2,2
Mass Flow 30.00 | tonne/d Feed Temperature GH2,2 | Temperature | 80.74 | K
Product Temperature Pressure 2.200 | bar
GH2,3
1[ Mass Flow 30.00 | tonne/d
Temperature | 95.12 | K
Pressure 2.100 | bar GH23
Mass Flow 30.00 | tonne/d
Figure 12.Simulation result of hydrogen precooling with LN2 + Claude cycle
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4.2.2 Case (2): Hydrogen precooling with LN2 and

LNG + Claude cycle

In Figure 9, after heat exchange with hydrogen, saturated liquid nitrogen
becomes a GN2 state of 133K and 1.1 bar. Afterward, 295.5K, 1 bar of gaseous
nitrogen is combined with 249.4 TPD of the same temperature pressure of 295.5K,
which is heat-exchanged with high-temperature-high-pressure nitrogen in a
nitrogen liquefier, and passes GN2-HEX 1 under high pressure of 300K, 102 bar
through four stages of compression and cooling. High-temperature-high-pressure
flow is then divided into GN2-HEX 2 or expanders. The flow passes through the
expander and turns into a low-temperature and low-pressure state of 92.27K and
1.3 bar. It is injected into the low-temperature fluid inlet of GN2-HEX 2. The gas
that does not pass through the expander heat exchanges with low-temperature -
low-pressure nitrogen at GN2-HEX 2 and GN2-HEX 3, then injected into the
phase separator in a saturated state through the isenthalpic expansion process
through the J-T valve. In the phase separator, a liquid in saturated nitrogen is
injected as a low-temperature fluid into the LN2-HEX of the hydrogen precooling
cycle. The gas of the saturated nitrogen in the phase separator, low-temperature -
low-pressure fluid, is working as a coolant for cooling high-temperature —
high-pressure. It was calculated that the compression flow rate required to produce
liquid nitrogen was 340.8 TPD. The net power consumption for the entire cycle is

1881.99 kW.
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GN2,13 GN2EXP GN2,14
Temperature | 256.5 | K Temperature | 92.27 | K
Pressure 101.9 | bar Pressure 1.300 | bar
Mass Flow | 231.8 | tonne/d Mass Flow | 231.8 | tonne/d
GN2,13 GN2,14
GN2,2 GN2,3 GN2,4 LN2,5 LN2,6 LGN2,7
Temperature | 300.0 | K Temperature | 256.5 | K Temperature | 256.5 | K Temperature | 93.73 | K Te 92.63 | K Temperature | 80.21 | K
Pressure 1020 | bar Pressure 101.9 | bar Pressure 1019 | bar Pressure 1016 [ bar Pressure 101.1 | bar Pressure 1.400 | bar
Mass Flow | 340.8 | tonne/d Mass Flow | 340.8 | tonne/d Mass Flow | 109.1 | tonne/d Mass Flow 109.1 | tonne/d Mass Flow 109.1 | tonne/d Mass Flow 109.1 | tonne/d
fod L ! o5
GN2.2 | ] GN2.3 GN24 W LN25 1l N2s LGN2.7
GN2,12 A GN2, 11 A4S GN2,10 GN2,9 [AaAS) GN2:8
e GN2.12 GNZHEXI e GN2HEX2 o s GN2-HEX3 o
Temperature | 2955 | K Temperature | 225.0 | K Temperature | 92.27 | K Temperature | 92.32 | K Temperature | 80.21 | K Separator
Pressure 1.100 | bar Pressure 1.200 | bar Pressure 1,300 | bar Pressure 1300 | bar Pressure 1400 | bar
Mass Flow | 2494 | tonne/d Mass Flow | 249.4 | tonneld Mass Flow | 2494 [tomerd | | Mass Flow | 1761 | tonnerd Mass Flow | 17.61 | tonne/d
_— GN2-COMP
GN2,1 o2 o
Temperature | 2055 | K Temperature | 1330 | K Temperature | 80.21 [ K
Pressure 1,000 | bar Pressure 1.100 | bar N2 [ Pressure 1400 | bar GH25
Mass Flow | 91.46 | tonne/d Mass Flow | 91.46 | tonne/d Mass Flow | 91.46 | tonne/d Temperature | 81.43 | K
o 2 WAAS Pressure 2.000 | bar
NG LNG /\/\/\/\ GH2,5 | Mass Flow 30.00 | tonne/d
Temperature | 295.5 | K Temperature | 128.0 | K LN2-HEX
Pressure 74.70 | bar Pressure 75.00 | bar
Mass Flow | 68.11 | tonne/d Mass Flow | 68.11 | tonne/d OPHC
Duy 53.68 | kW GH23
NG NG GH24 Feed Temperature | 8143 | K GH2,3 | Temperature | 81.43 | K
Temperature | 9550 | K Product Temperature | 95.50 | K Pressure 2.100 | bar
NGHEX Pressure 2,000 | bar i Mass Flow | 30.00 | tonne/d
Mass Flow | 30.00 [tonne/d | GH24
e GH2.2 Op OPHC
GH2,1 GH22
Temperature | 300.0 [ K Temperature | 135.0 | K
Pressure 2.300 | bar Pressure 2.200 | bar
Mass Flow | 30.00 | tonne/d Mass Flow | 3000 | tonnerd
Figure 13.Simulation result of hydrogen precooling with LN2 and LNG + Claude cycle
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4.3 Linde—-Hampson cycle for nitrogen re—liquefaction
4.3.1 Case (3): Hydrogen precooling with LN2 +

Linde-Hampson cycle + N2 precooling with LNG

Figure.10 shows that the nitrogen liquefaction cycle of hydrogen precooling by
applying a Precooling Linde-Hampson cycle to case (1). Unlike cases (3) and (4)
which applied the Claude cycle, 128K of LNG sufficiently cools high-pressure-
high-temperature of nitrogen GN2, 1 (300K, 230 bar) to GN2, 2 (155.2K, 229.9
bar). Unlike Claude cycle, precooling Linde-Hampson cycle does not require
expander, and only J-T valve is required. This means that flow rate ratio does not
need to be adjusted. Since it does not use an expander, investment costs are
reduced. Moreover, efficiency of the system is also better because it uses LNG's
cold energy. The conditions of LN2-HEX for hydrogen precooling are the same as
in cases (1) and (3). 295.5K, 1 bar of GN2 is combined with the GN2,7 from the
nitrogen liquefaction cycle to undergo a four-stage compression and a four-stage
after coolers. After the compression/aftercooling stages, the fluid passes through
GN2-HEX1 and GN2-HEX 2 to become GN2, 3 (131.2K, 229.8 bar). Then
expansion is done with J-T valve and it becomes G/LN2 2, 4 (79.53K, 1.3 bar).
This saturated temperature and pressure values are then injected into the phase
separator. The gaseous nitrogen from the separator go through GN2-HEX 2 and
GN2-HEX 1 to become GN2, 7 and this value is mixed with the nitrogen that
precooled hydrogen at LN2-HEX. The net power consumption consumed in this

cycle is 4196.29 kW.
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NG LNG
Temperature | 295.5 | K Temperature | 128.0 | K
Pressure 74.70 | bar Pressure 75.00 | bar
Mass Flow 99.16 | tonne/d Mass Flow 99.16 | tonne/d
GN2,7 GN2,6 GN2,5
Temperature | 2955 | K NG LNG Temperature | 1529 | K Temperature | 79.53 [ K
Pressure 1.100 | bar - Pressure 1.200 | bar Pressure 1.300 | bar
Mass Flow 300.1 | tonne/d J'V\/\/- Mass Flow 300.1 | tonne/d Mass Flow 300.1 | tonne/d
— A — AAA pa—
oN2.7 AM - oN26 A:"/\\'/\t - oN25 -
GN2,1 L GN2,2 (R GN2,3 JT G/LN2,4
oNzA GN2-HEX1 GN22 GN2-HEX2 e GILN2,4
Temperature | 300.0 | K Temperature | 155.2 | K Temperature | 131.2 | K Temperature | 79.53 | K
AC Pressure 230.0 | bar Pressure 229.9 | bar Pressure 229.8 | bar Pressure 1.300 | bar
Mass Flow 514.2 | tonne/d Mass Flow 514.2 | tonne/d Mass Flow 514.2 | tonne/d Mass Flow 514.2 | tonneld
GN2 LN2
ONaCOMP Temperature | 2955 | K ;empe’a‘“'e 7953 | K
Pressure 1.000 | bar ressure 1.300 | bar i
a:u Mass Flow | 214.1 | tonne/d Mass Flow | 2141 [tonne/d | 7',
o GH2,4
GN2 — Temperature | 80.74 | K
o CH24  [pressure 2100 | bar
LN2-HEX Mass Flow 30.00 | tonne/d
GH2,1
Temperature | 300.0 | K OPHC
Pressure 2.300 | bar Duty 54.82 | kW GH2,2
Mass Flow 30.00 | tonne/d Feed Temperature 80.74 | K GH2,2 | Temperature | 80.74 | K
GH2.3 Product Temperature | 95.12 | K Pressure 2.200 | bar
- r Mass Flow 30.00 | tonne/d
Temperature | 95.12 | K
Pressure 2.100 | bar GH2,;3 2 5pHC
Mass Flow 30.00 | tonne/d

Figure 14. Simulation result of hydrogen precooling with LN2 + Linde-Hampson cycle + N2 precooling with LNG

25

Separator



4.3.2 Case (4): Hydrogen precooling with LN2 and LNG

+ Linde—-Hampson cycle + N2 precooling with LNG

Figure 11. shows the modified version of the nitrogen liquefaction cycle of
hydrogen precooling by applying a precooling dual pressure Linde-Hampson cycle
to the case (1). The conditions of LN2-HEX for hydrogen precooling are the same
as in cases (1) and (3). 295.5K, 1 bar of GN2 is combined with the
low-temperature-low-pressure from the nitrogen liquefaction cycle to undergo a
two-stage compression and a two-stage after coolers. The fluid is mixed with GN2,
7 (295.5K, 13.3 bar) from the cycle and undergoes a two-stage compression and
after cooling process again to become 180 bar of GN2 at 300K then operates with
high-temperature - high-pressure fluid in GN2 HEX-1. The fluid heat exchanges
through GN2-HEX1 and GN2-HEX2 to become GN2, 3, and then injected into the
first phase separator as a saturated fluid of 108.6K, 13.5 bar by J-T expansion. The
fluid of the first phase separator operates as a low-temperature - medium - pressure
fluid and becomes the state of GN2, 7 as described above. The liquid in the first
phase separator reaches a saturation of 13.5 bar through adiabatic expansion. The
saturated fluid enters the separator 2 and reaches GN2, 12 through GN2 HEX-2
and GN2 HEX-1, and is mixed with nitrogen that precooled with hydrogen for a
compression and cooling process again. The LN2 liquefied in the separator 2 enters
the LN2-HEX for hydrogen precooling again. The net power consumption

consumed in this cycle is 3478.18 kW.
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NG NG
Temperature | 2955 | K Temperature | 128.0 [K
Pressure 74.70 | bar Pressure 75.00 | bar GN2,6 GN2,11 GN2.5
GN2,12 Mass Flow | 100.9 | tonne/d Mass Flow | 100.9 | tonne/d Temperature | 157.6 | K T 1576 K Temperature | 1086 [K GN2.10
Temperature | 2955 [ K - Pressure 13.40 | bar FEo— 200 oo Pressure 13.50 | bar Temperatore | 7953 K
Pressure 1100 | bar ‘E§| ’7LNG Mass Flow | 259.8 | tonne/d Mass Flow | 106.9 | tonne/d Mass Flow | 2598 | tonne/d Pressure 1.300 | bar
Mass Flow | 1069 | tonne/d AN, . Mass Flow | 106.9 | tonne/d
A [ N6 | W [ oNz5
GN2,12 )\ | | GN2,11 AR | GN2,10
- A‘/AVIAV R VAVV
1 GN2,1 ] GN22 [Rad] GN2.3 ‘J’J}f LIGN2,4 Separator,1
vy GN2-HEX1 oz GN2-HEX2 s : =
Ac2 Temperature | 3000 | K Temperature | 160.0 | K Temperature | 138.1 | K Temperature | 108.6 [ K
Pressure 180.0 | bar Pressure 179.9 | bar Pressure 179.8 | bar Pressure 13.50 | bar Separator.2
1 Mass Flow | 5607 | tonne/d Mass Flow | 5807 | tonne/d Mass Flow | 580.7 | tonne/d Mass Flow | 580.7 | tonne/d LN28 LGN29
LN2.8 UGN2.9
GN2 e Temperature | 1086 [K Temperature | 79.53 K
L Temperature | 2955 | K o [ 795K Pressure 13.50 | bar Pressure 1.300 | bar
Pressure 1.000 | bar . o Mass Flow | 3209 | tonne/d | |Mass Flow | 320.9 | tonne/d
Q‘ZCOM” Mass Flow | 2141 | tonne/d Mass Flow | 214.1 | tonne/d l
Iy I N2 GH24
i GNz —W =, 8074 [K
GN2.7 oreg) 4 [ Pressure 2100 | bar
GN2.7 LN2HEX Mass Flow | 30.00 [ tonne/d
Temperature | 2955 | K Gh21
1 Fo—" 7330 [bar Temperature | 300.0 [K OPHC
Pressure 2.300 | bar Duty 5482 | kW GH2,2
Mass Flow | 259.8 | tonne/d
Mass Flow | 30.00 | tonnerd Feed Temperature | 80.74 | K GH2,2| Temperature | 8074 [ K
ACA 1 s Product Temperature | 95.12 | K Pressure 2.200 | bar
emporare [ 9512 ]K Mass Flow | 30.00 | tonne/d
Pressure 2100 | bar GH2.3
\—A Mass Flow | 30.00 | tonne/d op orme
——
GN2-COMP, 1

Figure 15. Simulation result of hydrogen precooling with LN2 and LNG + Linde-Hampson cycle + N2 precooling with LNG
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4.4 Dual-Pressure Linde-Hampson cycle for nitrogen
re-liquefaction

4.4.1 Case (5): Hydrogen precooling with LN2 +
Dual-Pressure Linde-Hampson cycle + N2 precooling

with LNG

The conditions of LN2-HEX for precooling hydrogen are the same as those of
cases (2) and (4). In this cycle, precooling Linde-Hampson cycle is applied. 295.5K,
1 bar of GN2 is combined with GN2, 8(295.5K, 1.2 bar) from the nitrogen
liquefaction cycle to undergo a four-stage compression and a four-stage
aftercooling process. The fluid then becomes GN2.2 (300K, 230 bar) to go through
GN2-HEX 1 and GN2-HEX 2. After heat exchange with prior stages, the
temperature and the pressure becomes GN2, 4 at 131.4K with 229.8 bar. Then
reaches the J-T valve for adiabatic expansion. The nitrogen becomes a saturated
value at 80.21 K with 1.4 bar. The gaseous nitrogen from the phase separator flows
through GN2-HEX 2 and GN2-HEX to become GN2, 8. The liquid state from the
phase separator goes back to the cycle for precooling hydrogen. Through this cycle,

1783.38 kW of net power consumption is calculated.
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LNG,2

I Separator

NG,2
Temperature | 295.5 | K Temperature 128.0 | K
Pressure 74.70 | bar Pressure 75.00 | bar
GN2,8 Mass Flow 42.25 | tonne/d Mass Flow 42.25 | tonne/d GN2,7 GN2.6
Temperature | 295.5 | K Temperature | 152.8 | K Temperature | 80.21 | K
Pressure 1.200 | bar NG.2 LNG,2 Pressure 1.300 | bar Pressure 1.400 | bar
Mass Flow 127.1 | tonne/d Mass Flow 127.1 | tonne/d Mass Flow 127.1 | tonne/d
A AAA
GN2.8 A% GN2.7 A GN2.6
onz.2 L] oN2.3 L] oN24 aT LIGN2.5
GN2.2 GN2-HEX1 oN2.3 GN2-HEX2 N2 LoNzs
Temperature | 300.0 | K Temperature | 155.2 | K Temperature | 131.4 | K Temperature | 80.21 [ K
Pressure 230.0 | bar Pressure 229.9 | bar Pressure 229.8 | bar Pressure 1.400 | bar
Mass Flow 218.5 | tonne/d Mass Flow 218.5 | tonne/d Mass Flow 218.5 | tonne/d Mass Flow 218.5 | tonne/d
NG,1 LNG,1
Ac Temperature | 2955 | K Temperature | 128.0 | K GN2 N2
Pressure 74.70 | bar Pressure 75.00 | bar Temperature | 133.0 | K Temperature | 8021 | K
Mass Flow | 68.11 | tonne/d Mass Flow | 68.11 | tonne/d Pressure 1.100 | bar Pressure 1.400 | bar
-_— Mass Flow 91.46 | tonne/d Mass Flow 91.46 | tonne/d i
NG,1 LNG,1 — LN2 oo
GN2-COMP GN2 AN\ — T 81.43 | K
GH_Z',Z VWA GH2.5 Pressure 2.000 | bar
GN2,1 GH2,2 LN2-HEX Mass Flow 30.00 | tonne/d
Temperature | 295.5 | K Temperature | 135.0 | K OPHC
Pressure 1.000 | bar Pressure 2200 | bar Duty 53.68 | kW GH2,3
Mass Flow | 91.46 | tonne/d Mass Flow | 30.00 | tonne/d Feed Temperature | 8143 | K | GH2.3 | Temperature | 81.43 [ K
- m_ GH2,4 Product Temperature | 95.50 | K Pressure 2.100 | bar
GN2,1 AAN- Temp 95.50 | K Mass Flow 30.00 | tonne/d
GH2.1 LNG-HEX Pressure 2.000 | bar GH2.4
GH2.1 Mass Flow 30.00 | tonne/d op OPHC
Temperature | 300.0 | K
Pressure 2.300 | bar
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Figure 16. Simulation result of hydrogen precooling with LN2 + Dual-pressure Linde-Hampson cycle + N2 precooling with LNG
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4.4.2 Case (6): Hydrogen precooling with LN2 and LNG
+ Dual-Pressure Linde—-Hampson cycle + N2

precooling with LNG

Case (8) has the same LN2-HEX and LNG-HEX conditions as cases (2) and (4)
for precooling hydrogen. The precooling dual pressure Linde-Hampson cycle is
applied in this cycle. 295.5K, 1 bar of GN2 is combined with the low-temperature-
low-pressure from the nitrogen liquefaction cycle to go through a two-stage
compression and a two-stage aftercooling process. The fluid is mixed with GN2, 8
(295.5K, 13.3 bar) from the cycle and passes a two-stage compression and
aftercooling process to become 180 bar and 300K of GN2, 2. The value of GN2, 2
Operates as high-temperature — high-pressure fluid in GN2 HEX-1. The nitrogen
acquires cold energy of LNG at GN2 HEX-1, and this flow passes GN2 HEX-2 for
further heat exchange and then reaches the J-T valve 1 for adiabatic expansion. The
nitrogen becomes a saturated value at 108.8 K with 13.5 bar. The saturated state
value of the first phase separator operates as a medium-pressure — low-temperature.
The gaseous nitrogen from the first separator goes back to 2-stage compression and
2-stage aftercooling through GN2 HEX-2 and GN2 HEX-1. The liquid state from
the first phase separator reaches a 79.53K, 13 bar of saturated value through
adiabatic expansion with J-T valve 2. The saturated value enters separator 2, and
gaseous nitrogen reaches GN2-12 (295.5K, 1.1 bar) through GN2 HEX-2 and GN2
HEX-1, then mixed with GN2 that precooled hydrogen. The mixed value of GN2
goes back to the compression/aftercooling cycle, and the cycle circulates. The

liquid state from separator 2 enters the LN2-HEX for hydrogen precooling.
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Through this cycle, 1476.62 kW of net power consumption is calculated.
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Figure 17. Simulation result of hydrogen precooling with LN2 and LNG + Dual-pressure Linde-Hampson cycle + N2 precooling with LNG
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Chapter 4. Discussion

Table 2. Total LN2 and LNG usage

LN2 and LNG consumption

CASE1 CASE2 CASE3 CASE4 CASES CASEO6

LN2
[TPD] 803.4 340.8 5142 2185  580.7  246.8
LNG
[TPD] 68.11 99.16 110.4 100.9 111.1

Table 3. Total LN2 and LNG usage considering 30% heat loss

LN2 and LNG consumption ( 30% heat loss consideration)

CASE1 CASE2 CASE3 CASE4 CASES CASE6

LN2
1044 44 5 2841 49 3208

TPD| 0 3 6685 754.9

LNG ; 88.54 1289 1435 1312 1444

[TPD]

% = i
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Comparison of LN2 and LNG usage
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Figure.18 Comparison of total LN2 and LNG usage by cases

In order to identify the most economic nitrogen re-liquefaction cycle for the
hydrogen liquefaction plant, total usage of LN2 and LNG are compared in table. 2.
Table.3 shows the result that takes into account of 30% heat loss. In Fig.18 the grey
columns represents the LN2 usage and the grey with line shows the usage of LNG
cold energy. Since case 1 does not use the cold energy of LNG, only LN2 usage is
represented and it shows the highest consumption of LN2 at 803.4 TPD. Since the
purpose of the study is to reduce the usage of LN2 by maximizing the cold energy
of LNG, case 4 and case 6 were chosen for the highest cold energy of LNG
utilization cases which are at 143.5 and 144.4 TPD respectively. By comparing
case 4 and case 6, the most efficient case was determine as case 4 because its LN2

usage are 40 TPD less than case 6.
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Table.4 Total cost of electrical energy

Cost of electrical energy

CASE CASE CASE CASE CASE CASE

1 2 3 4 5 6
Net power
Consumption 6232 2689 5995 2548 4969 2109
[kW]
Total Cost
46 M 2M 45M 1.9M M 1.6 M
[USD/yr] 6 5 9 3.7 6
Total cost of electrical energy
5
I 4.5 I
4r 3.7 i
B
a 3r 7
»n |t
2 |
= 2F 2 1.9 ]
S | 1.6
1 ]

Case 1 Case2 Case3 Cased4 Case5 Caseb6

Case

Fig.19 Comparison of total cost of electrical energy by cases
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Table.5 Comparison of case 4 and case 6

Comparison of CASE 4 & CASE 6

High Pressrue Mass Flow Rate

CASE 4 1 bar - 230 bar 284.05 TPD

CASE o6 1 bar 13.5 bar 180 bar 158.29 TPD 320.84 TPD

Table.5 and Fig.19 compare the total cost of electrical energy by cases. As
mentioned before, case 4 and case 6 utilized the maximum cold energy of LNG.
Even in the total cost analysis, cases 4 and 6 show the lowest net power
consumption. However, contrary to the result of LN2 power consumption, case 6
shows the lowest net power consumption than case 4. This explains in Table.5.
Since case 4 compressed the gaseous nitrogen from 1 bar to 230 bar at once, but
case 6 compressed the gaseous nitrogen from 1 bar to 13.5 bar than 180 bar.
Therefore, case 4 required more work than case 6. Comparing case 1, which uses
the Claude cycle for nitrogen re-liquefaction and is known as the general
liquefaction cycle, with case 6, case 6 saved 66% of net power consumption. To
sum up all the analyses, Case 6 is suitable for hydrogen precooling with nitrogen

re-liquefaction.
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Chapter 5. Conclusion

30 TPD hydrogen liquefaction-based hydrogen precooling with nitrogen
re-liquefaction using cold energy of LNG was investigated, aiming at less usage of
LN2, higher utilization of cold energy of LNG and less power consumption in
nitrogen re-liquefaction. Two types of hydrogen precooling, along with ortho-para
conversion, were shown initially to compare the usage of LN2 by applying cold
energy of LNG in hydrogen precooling. After that, six case studies containing
hydrogen precooling with different types of nitrogen re-liquefaction cycles, such as
Claude, Linde-Hampson, and dual-pressure Linde-Hampson cycles, were simulated.
30% of the heat loss was considered as the result of LN2, cold energy of LNG, and
net power consumption. Compared to the usage of cold energy of LNG and LN2,
cases 4 and 6 showed the highest utilization of the cold energy of LNG. By
comparing these two, case 4 represented the lowest LN2 usage. Even though the
lowest LN2 usage was represented by case 4, which is 284 TPD, surprisingly, case
6 showed the lowest net power consumption, 2109 kW, after considering 30% heat
loss. This is because case 4 compressed the 284 TPD of nitrogen from 1 bar to 230
bar at once. Therefore, higher work is required for compression. On the other hand,
case 6 compressed 320TPD of nitrogen from 1 bar to 13.5 bar then the final
compression was done. This explains the existence of middle pressure, requiring
less work than in case 4. Consequently, it is revealed that using the cold energy of
LNG for hydrogen precooling and nitrogen re-liquefaction is far superior to that of
without using the cold energy of LNG. Also, applying the dual-pressure
Linde-Hampson cycle for nitrogen re-liquefaction saved 66% of net power

consumption than the general Claude cycle.
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