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• Cold energy of LNG is utilized for
hydrogen liquefaction.
• Integrated hydrogen liquefaction pro
cess is optimized using external
optimizer.
• Overall refrigerant quantity was
reduced by approximately 50%.
• Maximum conversion of 99% from o-p is
realized using adiabatic equilibrium
reactors.
• The exergy efficiency of the proposed
process is 42.25%.
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Hydrogen serves as an energy vector; however, its storage and bulk transport are challenging because of its low energy
content per unit volume. Similar to liquefied natural gas (LNG), pure hydrogen is liquefied prior to trans
portation—particularly for transportation over long distances. Liquid nitrogen is widely used as a refrigerant in the
precooling phase of the liquefaction; however, considering the scale of the predicted hydrogen energy network, alter
native sources must be considered. LNG is a promising candidate because the cold energy obtained during the regasifi
cation process of LNG is conventionally released in seawater. In the present study, a simple integrated scheme is proposed,
wherein LNG cold energy is used to facilitate hydrogen liquefaction by eliminating the precooling refrigeration cycle. The
proposed integrated process was designed and analyzed using the well-known commercial simulator Aspen Hysys® v10.
The design of the proposed process was optimized via the modified coordinate descent methodology. The results indi
cated that the overall refrigerant quantity was reduced by approximately 50%, which resulted in a reduction of
approximately 40% in the specific energy consumption, i.e., it was reduced to 7.64 kWh/kgLH2 . The exergy efficiency of
the proposed process was 42.25%, which is significantly higher than that reported for commercial plants (21%). The
coefficient of performance of the proposed process was 40.2% higher than those of previously reported processes. The
figure of merit of the proposed process was 0.422. The proposed process is expected to change the value chain dynamics of
LNG and hydrogen liquefaction, promoting a shift toward a hydrogen economy.
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Nomenclature
E
H
R
S
T
y
W

μ

Exergy
Enthalpy
Ideal Gas Constant
Entropy
Temperature
Molar Composition
Work required/ done
Efficiency

Abbreviations
BC-I
Base Case I
BC-II
Base Case II
bcm
Billion cubic meter
CHX
Cryogenic Heat Exchanger
CMR
Cooling Mixed Refrigerant
COP
Coefficient of Performance
ET
Expansion Turbine
FOM
Figure of Merit
GCC
Grand Composite Curve
GH2
Gaseous Hydrogen
LH2
Liquid Hydrogen
LMR
Liquefaction Mixed Refrigerant
LN2
Liquid Nitrogen
LNG
Liquified Natural Gas
ṁ
Mass flowrate
MCD
Modified Coordinate Descent
MFC
Mixed Fluid Cascade

MITA
MR
MTPA
NG
OPC
PMR
RLNG
SEC
TDCC
THCC
tpd

Minimum Internal Temperature Approach
Mixed Refrigerants
Million Tons per Annum
Natural Gas
ortho-para Conversion
Precooling Mixed Refrigerant
Regasified Liquid Natural Gas
Specific Energy Consumption
Temperature Difference Composite Curve
Temperature–Heat Composite Curve
Tons per Day

Subscripts
d
e
ex
i
k
o
q
w

destruction
outlet
Exergy
inlet
kth component
Reference state
heat transfer
work

Superscripts
Tot
Total
Chem
Chemical (representing Chemical Exergy)
Kin
Kinetic (representing Kinetic Exergy)
Phy
Physical (representing Physical Exergy)
Pot
Potential (representing Potential Exergy)

production rate surpassed the gas consumption rate in 2019 owing to the
inter-regional trade of LNG. In 2019, the largest LNG trade volume of 54
bcm was recorded [16]. The global LNG regasification capacity
increased to 821 MTPA as of February 2020 [17], which is equivalent to
21,608 MW of energy [18]. Japan, South Korea, China, the U.S., and
Spain are the top five consumers and account for approximately 63% of
the global regasification capacity. The LNG supply chain terminates with
regasification, before distribution over the network for power, indus
trial, or domestic use.
Generally, most of the LNG cold energy (830 kJ/kg) is released
(wasted) in seawater [19] with a phase change from liquid (114 K) to gas
(298 K) or partly warmed before being compressed and fed into pipe
lines or distributed elsewhere as regasified LNG (RLNG). Currently, this
cold energy is utilized in separation processes, desalination, cold food
storage, cryogenic carbon dioxide capture, and power generation [20].
Tianbiao et al. [21] discussed potential applications of LNG cold energy,
such as data-center cooling, NG liquid recovery, cold chains for food
transportation, and energy storage. Among them, liquid air has recently
attracted attention as a cold energy carrier and storage medium [22].
The unique nature of LNG cold energy in the cryogenic range should
be utilized for low-temperature applications such as hydrogen lique
faction. The concept is not novel, and the first related patent was
awarded to Air Products in 2005 [23]. The earliest reference in the
literature is Kuendig et al. [24], who proved the thermodynamic efficacy
of this scheme. Depending on the intensity of the process configuration,
the input energy savings can range from 30% to 50%. Yun [25] pre
sented a basic simulation study wherein liquid nitrogen was replaced
with LNG cold energy at the precooling stage of the hydrogen lique
faction process. The energy-saving rate was reported to be approxi
mately 75%. Furthermore, increased interest and infrastructure
development, increased prices, and a shift in industrial and power plants
toward LNG have supported the use of LNG cold energy to improve the
efficiency of the overall cycle. Yang et al. [26] used liquid nitrogen with

1. Introduction
The shift from a carbon-based economy to a hydrogen-based econ
omy is significantly dependent on the effective utilization of the most
abundant element—hydrogen—which has the highest specific energy
among all conventional fuels. The use of hydrogen to limit carbon
emissions has attracted attention because of the decreasing costs asso
ciated with renewable hydrogen-production technologies [1]. Addi
tionally, the International Energy Agency [2] reports that the use of
hydrogen is currently favored by the unprecedented political and busi
ness policies, as well as government policies [3] and initiatives.
Hydrogen can limit the use of carbon in a wide range of sectors, thereby
improving the air quality and enhancing energy security and storage,
transportation, heat, and electricity [4,5]. However, the use of hydrogen
is limited owing to the costs of production, transportation, infrastructure
development, and global acceptance [6,7]. Furthermore, the price of
renewable energy production has decreased, which has facilitated eco
friendly hydrogen production [8,9]. Hence, the present is an appropriate
time for scaling up the technologies to reap the potential benefits of
hydrogen; however, a novel solution for the underutilization of renew
able energy sources must be adopted [10,11]. However, making a sig
nificant impact on the global energy mix will take decades, and until
then, fossil fuels are expected to dominate.
Over the past 50 years, the share of fossil fuels in the world energy
mix has decreased slightly (by 5.3%) because of positive changes that
have been made in natural gas (NG), allowing it to replace oil [12]. NG
has attracted attention owing to the wide-scale adoption of liquefied
natural gas (LNG). Hence, it is expected to function as the major bridge
during the transition from a fossil-fuel economy to a hydrogen economy
[13,14]. This transitional period may be long but promises the sus
tainability of future energy systems. NG is the cleanest fossil fuel and has
the lowest CO2 emissions, and its share in the world energy mix has
increased by 5% from 2015 to a record high of 24.2% [15]. The gas
2
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LNG to reduce the load and nitrogen use in a 300-tpd plant. A combi
nation of GH2- and LN2-based Brayton cycles was used for the base case,
and LNG was introduced alongside the LN2 cycle. The base case was a
slight modification of the commercial process. The specific energy
consumption (SEC) thus obtained, i.e., 11.05 kWh/kg, was slightly
lower than that of the commercial liquefiers. A similar approach was
adopted by Chang et al. [27] for a laboratory-scale unit with a capacity
of 0.5 tons/d. Standard and modified Brayton cycles were used for
liquefaction, with varying LNG pressures. However, the SEC remained
within the 12.6–13.6 kWh/kg range. The commercial processes are
mostly based on the Claude and Brayton cycles, and with their varia
tions, they could only slightly improve the energy consumption. Even
multi-objective optimization based on energy, cost, and CO2 emissions
[28] did not yield better results; rather, the resulting SEC and cost
exceeded those of the base case [26]. However, a high energy demand
reflects process incompetence, as acknowledged by the authors.
Notably, from the foregoing discussions, the prospect of using LNG for
replacing precooling refrigerants has not been investigated in detail.
Further, the integration of LNG into the hydrogen liquefaction processes
may be ineffectual unless an innovative approach or state-of-the-art
process is designed.

units. Considering the scope of the hydrogen economy and plausibility
of large-scale hydrogen liquefaction plants, the employability of LN2 can
be hindered by the limited global requirements of pure oxygen. There
fore, the choice of refrigerants is vital. Fig. 1 shows the temperature
stages used in commercial plants, i.e., 80, 30, and 20 K, and highlights
some of the potential substitutes for LN2. Helium is the only component
with a lower boiling point than hydrogen; however, its availability and
cost can be problematic. In case of liquid oxygen, the precooling tem
perature can be reduced to approximately 90 K, but it can face a similar
challenge to LN2. Conversely, liquified methane (i.e., LNG) is a prom
ising candidate, considering availability and cost, with an evident
compromise in the precooling temperature. Several MRs have been re
ported with varying precooling temperatures because the boiling point
of the mixture depends on the composition; hence, MRs are not included
in Fig. 1.
The ease of design and operation are crucial; several conceptual
designs claim to realize exceptional SEC values and thermodynamic
efficiencies, but these processes are overly complex. Hydrogen lique
faction is inherently difficult and complex. Configurations have been
proposed to improve the process, but the resulting schemes are even
more complex and difficult to operate. A poorly conceived or optimized
process will likely ignore useful techniques. Recently, a novel attempt to
use MFCs with Joule–Brayton and Linde–Hampson cycles involved uti
lizing a large number of exchangers and ortho–para conversion (OPC)
reactors [44]. Another example is the integration of the absorption
refrigeration cycle into the hydrogen liquefaction cycle [45]. However,
they are conceptually complex and hard to commercialize.
A low SEC and high exergy efficiency are the hallmarks of a suc
cessful process design. As discussed previously, the integral concepts
presented thus far have not been able to achieve the desired charac
teristics. In the present study, new MFC-type hydrogen liquefaction
processes were developed. The novel compositions of MRs and H2 and
He mixture were optimized, along with suction and discharge pressures
of the compressors and expanders. Additionally, new and unique tem
perature stages were adopted to optimize the SEC. The base case was
integrated with the LNG regasification process to exploit the latter’s cold
energy at the precooling stage. The efficacy of the processes was ther
modynamically analyzed, and the results were compared with those of
similar studies and commercial processes. It is essential to estimate the
energy savings that can be obtained using LNG cold energy in a largescale LH2 plant, assuming that the cold energy is free. A thorough in
tegral study was performed and analyzed using the conventional exergy
analysis tool, which has not been used in RLNG-LH2 integral studies. It is

2. Problem statement: Hydrogen liquefaction
Hydrogen is a saturated liquid at 1 bar and 20 K (− 253 ◦ C). However,
the liquefaction of hydrogen requires a large amount of energy. Hence, if
hydrogen itself is used to provide this energy, 25–35% of the initial
hydrogen can be consumed; in comparison, approximately 10% of the
initial load is consumed for NG [2]. The latest hydrogen liquefaction
plants exhibit SECs in the range of 10–12 kWh/kgLH2 , whereas their
exergy efficiencies are in the range of 20–30%. Theoretically, the min
imum work required for a gaseous hydrogen (GH2) feed at 25 bar is
approximately 2.7 kWh/kgLH2 , as reported by Stolzenburg et al. [29] in
the IDEALHY project report and by Asadnia and Mehrpooya in their
review of hydrogen liquefaction methods [30]. To facilitate future en
ergy applications, it is crucial to reduce the SEC and increase the exergy
efficiencies. Nevertheless, the estimated liquefaction cost is 40–50% of
the total investment for a new 100-tpd plant [31].
Hydrogen liquefaction is a three-step process that includes precool
ing, cooling, and liquefaction. Several process configurations and in
tegrations have been suggested and reviewed by Yin and Jun [32].
Claude’s cycle is perhaps the most widely used process at the industrial
scale [33]. For such a wide temperature range, only a few working fluids
can be employed. Liquid nitrogen (LN2) is used in the precooling stage at
almost all the commercial large-scale liquefaction plants [34]. LN2 cools
hydrogen gas from 298 to 80 K; subsequently, a liquid hydrogen-based
refrigeration system in tandem with expansion turbines and Joule–
Thomson valves cool the GH2 to 20 K [35]. Motivated by the techno
logical advancements in the LNG processes, mixed refrigerants (MRs) as
precooling working fluids have been examined [36,37]. The number of
components, their composition, and the precooling temperature varied
widely among the configurations. This is similar to in the cascade pro
cess, wherein multiple refrigeration cycles complement each other and
share the load of cooling and liquefying the primary gas stream. The
mixed fluid cascade (MFC) employs MR streams with varying compo
sitions at all stages of the NG liquefaction process [38,39]. The process
scheme is relatively complex, but it is useful for increasing the capacity
and energy efficiency and reducing the unit cost [40]. Recently, MFCs
have been examined for hydrogen liquefaction processes using advanced
exergy, exergoeconomic [41], and exergoenvironmental techniques
[42]. For the cooling and liquefaction stages, hydrogen, helium, and
neon are the only candidates that are studied individually and in mixture
compositions [43].
To utilize LN2 with ease, small-to-mid-scale hydrogen liquefaction
plants are often placed in close proximity to cryogenic air separation

Fig. 1. Common low-boiling fluids used as refrigerants for hydrogen liquefac
tion. The limit temperature of each fluid and different cooling zones of the
process are highlighted.
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Fig. 2. Process flow diagram of BC-I for hydrogen liquefaction (three MFC-based cycles without LNG).

believed that by utilizing cold energy of LNG in the precooling section of
H2 liquefaction, multifaceted benefits such as lower energy and refrig
erant requirements and a higher exergy efficiency can be achieved. To
the best of the authors’ knowledge, no other study of a similar nature
and scale has been reported.

The hydrogen feed stream, i.e., n-GH2, is precooled in a cryogenic
heat exchanger (CHX-21) to 118 K before being sent to the first of the
OPC reactors (R-21). At this temperature, 13.77% conversion is realized,
which increases the p-H2 share from 25% to 35%. The reactor outlet
stream H-23 is then cooled to 34 K in CHX-22 and fed to the second OPC
reactor (R-22). With 88.5% conversion in R-22, the p-H2 composition
increases to 92.6%. Stream H-26 is passed through CHX-23, where its
temperature is reduced to 22 K. The H2 is in a liquid state at a stream
pressure of 18 bar. It is then fed to the third and last OPC reactor (R-23)
to increase the p-H2 concentration to 99.4% with a conversion rate of
92%. In the final step, the pressure of stream H-29 is reduced to an LH2
storage pressure of 1.3 bar using an expansion turbine (ET-H2). Hence, a
100% saturated LH2 product is obtained.
The compression section of each cycle comprises flash columns to
ensure separation between the liquid and the compressor. The vapors
are sent to the compressor, whereas the pressure of the liquid is
increased to that at the compressor discharge. The vapor stream is
cooled via the intercooler and subsequently mixed with the liquid
stream before the next compression stage. According to the desired final
output pressure, multiple sets of this arrangement are used in each cycle,
except in the case of an LMR, where only compressors and intercoolers
are used. The pressure levels at the discharge end of the PMR, CMR, and
LMR cycles are maintained at approximately 42, 59, and 34 bar,
respectively. The hot pressurized streams from each cycle are cooled to a
temperature equivalent to that of the hydrogen stream. Each cold stream
is passed through a separate expander; cold energy is recuperated in the
preceding CHXs and finally returned to the compression section to close
the loop. For example, high-pressure stream (P21) is cooled to a tem
perature identical to that of H-21, i.e., 118 K, before it is expanded
through ET-P2 to 3.8 bar. As a result of the expansion, the temperature

3. Proposed integrated process: Description and simulation
To highlight the importance of LNG cold utilization, an MFC-based
hydrogen liquefaction process was separately developed, referred to as
Base Case I (BC-I) in this study. The base case comprises three refrig
eration cycles: precooling, cooling, and liquefaction. Additionally, a
variation of the MFC-based liquefaction process was developed with two
refrigeration cycles: precooling and liquefaction. The process was
designed for analog industrial processes wherein an MR is used in the
precooling phase, and a combined H2–He stream is used to cool and
liquefy H2 as opposed to LN2 and LH2. Finally, the proposed process
utilizes the LNG cold energy only in the precooling cycle, and the
remainder of the scheme is similar to that of BC-I.
3.1. Process description
The BC-I process uses different MRs to perform precooling, cooling,
and liquefaction of hydrogen. A flow diagram is shown in Fig. 2. The
following refrigerants are used.
• Precooling MR (PMR) cycle: C1, C2, C3, and N2
• Cooling MR (CMR) cycle: C1, N2, and H2
• Liquefaction MR (LMR): H2 and He
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Fig. 3. Process flow diagram of the proposed case for hydrogen liquefaction (with RLNG integration).

decreases further to 114 K. Therefore, the P23 stream is used as a pre
cooling stream in CHX-21 not only for hydrogen but also for the hot
streams of the CMR and LMR, i.e., A21 and L21, respectively, before it is
sent to the compression section to close the loop. The CMR cycle hot
stream (A21) is cooled to 118 and 34 K in CHX-21 and CHX-22,
respectively, and expanded in ET-A2 to 2.9 bar at an even lower tem
perature of 20 K. The cold energy of the cold stream (A24) is then
extracted to hydrogen and LMR streams prior to entering the compres
sion section for loop closure. Similarly, the LMR cycle high-pressure
stream L21 is cooled stepwise in CHX-21, CHX-22, and CHX-23 to
118, 34, and 22 K, respectively. The pressure in stream L24 is reduced to
4.4 bar through expansion in ET-L2, reducing the temperature to 20 K.
The cold stream is used to liquefy the hydrogen stream and supply cold
energy in CHX-21 and CHX-22. Finally, the loop is closed by connecting
stream L28 to the compression section.
Fig. 3 shows the process flow diagram of the proposed case, wherein
LNG is utilized as the precooling medium. In the proposed case, there is
no PMR cycle, while the CMR and LMR operation remains the same as
BC-I. The LNG fed into the process at 1.3 bar and 111 K is pumped to 300
bar via P-30. The pumping of LNG in the liquid phase is significantly
more economical than compressing it in the gaseous phase [46]. The
cold energy of pressurized stream (P41) is passed to the hydrogen stream
in CHX-31; thus, the temperature reaches 288 K. The high-pressure
RLNG stream is expanded to a gas-phase transmission pressure of 70
bar. The generated power can be used as an energy source for pump P-30
and for other applications, which exceed the scope of this study. The
hydrogen streams H-41, H-44, and H-47 exit exchangers CHX-31, CHX32, and HX-33 at 124, 38, and 21 K, respectively. The reactors that are
expected to be inside the exchangers are simulated externally because of
the limitation in the simulation software; thus, they are operated adia
batically. The exothermic heat of reaction increases the temperature,
which is considered in the following exchanger. The conversion per
centages of the OPC reaction in R-31, R-32, and R-33 are 8.3%, 25.6%,

and 99%, respectively. The final stream (H-49) is expanded via ET-H3 to
the hydrogen storage pressure.
The CMR cycle in this process differs in composition from that of BCI, with C1, C2, C3, N2, and H2 as components. The discharge and suction
pressures of the CMR cycle are 58.5 and 3.5 bar, respectively. The LMR
cycle operates in the pressure range of 35.8–2.8 bar.
The stream conditions of BC-I and proposed case, along with basic
thermodynamic information, are presented in Tables S1 and S2 of the
Supplementary Material. The Table S4 presents the composition of se
lective hydrogen side streams of the proposed process.
3.2. Process Simulation: Design parameters and assumptions
The entire process was simulated in Aspen Hysys® v10.0 because it
provides an extensive database of thermodynamic properties under
varying operating conditions. The Peng Robinson fluid package was
used for the determination and estimation of pure components and
mixture thermodynamic properties [47]. This equation of state is widely
accepted and recognized for its accuracy in predicting the behavior of
petrochemicals and gases over wide ranges of temperatures and pres
sures. With regard to OPC, the conversion of normal hydrogen to p-H2 is
usually considered. However, in this study, the actual OPC was
considered as per the following reaction:
o − H2 →p − H2 + ΔH

(1)

Commercial simulation software have specific input requirements
for reaction kinetics; therefore, researchers usually employ a conversion
reactor. In the present study, an equilibrium reactor was used, under the
assumption that the OPC follows the equilibrium behavior. Equilibrium
data were obtained from previously reported experimental studies
[48,49].
Given that this study can potentially serve as a reference for coun
tries such as South Korea, which are heavily dependent on LNG and are
5
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rates in the refrigeration cycles (i.e., precooling, cooling, and liquefac
tion), refrigerant condensation pressure, evaporation pressure, pre
cooling temperature, cooling temperature, LMR that returns to the
precooling exchanger inlet, and outlet temperature. The minimum in
ternal temperature approach (MITA), which represents the driving force
of the heat transfer between the hot and cold streams inside the main
cryogenic heat exchangers, was considered as the main constraint, with
a range of 1.0–2.0 ◦ C, which is consistent with previously reported
values [50,59]. Table 3 presents the mathematical formulations of the
objective function, constraints, and decision variables for the design
optimization of proposed integrated H2 liquefaction process.

Table 1
Feed conditions and molar composition (mol%) of gaseous hydrogen and LNG.
Gaseous Hydrogen
Temperature, K
Pressure, bar
Mass Flowrate, kg/s
o-Hydrogen
p-Hydrogen

LNG [46]
298.0
21.0
31.71
74.92
25.08

Temperature, K
Pressure, bar
Mass Flowrate, kg/s
Methane
Ethane
Propane
n-Butane
i-Butane
Nitrogen

111
1.30
1,151
91.15
5.55
2.16
0.51
0.51
0.12

4. Results and discussion: Performance analysis
Table 2
Design parameters for the base cases and the proposed case.
Parameter

Value

Adiabatic efficiency of Compressor
Isentropic Efficiency of Expanders
Pressure Drop across Intercoolers, bar
Pressure ratio across compressors
Pressure Drop in Hot side of CHXs, bar
Pressure Drop in Cold side of CHXs, bar
Approach temperature in CHXs, K
H2 liquefaction rate
LH2 pressure, bar
Compressors discharge Temperature, K

80%
80%
0.25
≤3.0
1.0
0.1
1–2
100%
1.3
295

The results of BC-I and the proposed case are presented from the
energy and exergy viewpoints. Their performance is evaluated in the
following subsections by analyzing the respective composite curves and
thermodynamic efficiencies. The most significant advantage of utilizing
the cold energy from the LNG regasification process is presented, and the
results are compared with data from recent studies and accessible in
dustrial values.
4.1. Energy analysis
Energy analysis provides insight into the process power and utility
requirements. The optimal design of any process is evaluated according
to the specific energy requirements. In any refrigeration and liquefaction
process, the quantity of refrigerants employed is crucial. The choice of
refrigerants and their boiling-point ranges dictate the temperatures that
should be realized in CHXs and directly affect the SEC of the process. The
quantities of refrigerants consumed in the base cases and proposed case
are presented in Table 4. The three heat exchanges used in each of the
processes denote the precooling, cooling, and liquefaction stages for
different sets of refrigerants, except for BC-II, wherein no separate
cooling refrigerants are used. Thus, the quantity of refrigerant required
in the liquefaction section is the largest. In the cooling zone, BC-I and the
proposed case consume similar quantities of refrigerants. The proposed
case requires the smallest quantity of refrigerants in the liquefaction
section: approximately 17% less than BC-I. No additional refrigerant was
required, given that the cold energy of LNG was utilized in the pre
cooling section of the proposed case. Hence, the overall refrigerant
quantity required for the liquefaction of hydrogen was the smallest in
the proposed case.
Another important consideration is the temperature reached on the
hydrogen side in each cycle. As shown in Table 5, the lowest tempera
tures are observed for BC-I, which is potentially due to N2 in the
refrigerant stream. The large amount of N2 reduces the temperature to
35 K compared with the proposed case. However, in the proposed pro
cess, a slightly higher temperature of 38 K is obtained using a combi
nation of C2 and C3 along with N2, which share the load of N2. The high
flow rate of N2 in the case of BC-I is likely due to the final temperature,
which is close to the critical temperature of hydrogen (33 K). The
increased flowrate of N2 is attributed to the spike in the heat capacity of
hydrogen near the critical point. Overall, the integration of the LNG
regasification process with the hydrogen liquefaction process reduces
the use of refrigerant by approximately 50%.
The effects of the refrigerants on the power required and overall
energy consumption are presented in Table 6. The proposed case and
BC-II exhibit the lowest and highest SEC values, respectively. The
breakup of the power consumed in each cycle provides a clearer pic
ture—particularly when considered in conjunction with Table 4. In the
precooling cycle of BC-II, the power requirement is considerably higher
than that for BC-I, although the overall refrigerant flowrate is signifi
cantly lower. This is attributed to the presence of hydrogen because it
takes the bulk of the load alongside C3, whereas C1 and C3 take the bulk
of the load in the case of BC-I. The same effect is observed in the

planning to move toward the hydrogen economy, an optimistically highcapacity plant was anticipated. The production rate of LH2 was fixed at 1
MTPA, and the corresponding LNG requirement was calculated. The
feed-gas compositions and design parameters are presented in Tables 1
and 2. Further specifications of imoprtant equipment are presented in
Table S5 of the Supplementary Material.
3.3. Simulation and validation approach
In most cases, the processes reported in the literature differ, being
novel; therefore, the classic comprehensive validation approach may be
unsuitable. In this regard, the partial validation methodology followed
by Bahram et al. [50] is adopted, wherein previously authenticated
approaches and methods are utilized in combination with the new ones
to substantiate the end results. In this regard, a unique MR composition
was used, and thermodynamic stream data were validated by Krasae-In
et al. [51] and partially validated by Asadnia and Mehrpooya [44]. The
OPC reactors were validated against experimental data reported by
Wooley et al. [48] and Harkness and Deming [49]. Finally, the key
factors were compared with industrial data (when accessible) and
verified published research results.
3.4. Simulation–optimization framework
In this study, a simulation–optimization framework was established
by linking Aspen Hysys® v10.0 with Microsoft Visual Studio using COM
functionality. The objective was to identify the optimal design of the
proposed integrated H2 liquefaction process corresponding to the min
imum SEC, which was used as an objective function. The modified co
ordinate descent (MCD) methodology [52,53] was used to determine the
optimal design of the proposed process. The MCD approach was adopted
because of its proven ability to optimize the designs of conventional and
various complex and highly nonlinear LNG processes [54–57], as well as
retrofitted NG liquid recovery processes [58]. The optimization pro
cedure is summarized in the flowchart in Fig. 4.
Rigorous identification of design variables and constraints is crucial
for obtaining the desired benefits via design optimization. For the design
optimization of the proposed integrated H2 liquefaction process, the
following were selected as the key design variables: the refrigerant flow
6
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Fig. 4. Detailed optimization flowchart of the MCD algorithm [53,57].

liquefaction cycle. Specifically, the high flow rate of hydrogen increases
the power requirement. Thus, BC-II exhibited the highest SEC among the
processes examined in this study. The proposed case does not involve
any refrigerants in the PMR cycle, although pumping the LNG to a
pressure of 300 bar requires energy. In the CMR cycle, although the
overall refrigerant flow is almost identical, the power requirement dif
fers significantly. In the case of BC-I, the bulk of the load is consumed by
the low-boiling components, i.e., N2 and H2, with a slight contribution
from C1. However, the load is equally shared among the low- and high-

boiling components in the proposed case. This compensates for the
lower power requirements of the proposed case. The LMR cycle indicates
that hydrogen is responsible for the higher power requirement in the
PMR and CMR cycles, considering that BC-I and the proposed case
exhibit similar flow rates and power requirements. Nevertheless, the
slight increase in He in the refrigerant stream reduces the power
requirement of BC-I while keeping the MITA within its limits.
It is observed that the presence of either a low- or high-boiling
component, by itself, as a refrigerant is not thermodynamically
7

A. Riaz et al.

Applied Energy 301 (2021) 117471

Table 3
Objective function, constraints, and decision variables with their lower and
upper limits.
Objective function:
Specific energy consumption (kWh/kgLH2 )

Table 5
Temperatures and pressure levels on the hydrogen side from each cycle for all
processes.

Minimize f(X) = Min.
(
)
∑n
Wi
i=1
mLH2
where,
Wi = WPrecooling + WCooling +
WLiquefaction

Constraints:
Minimum internal approach temperature (K)

1.0 < MITA(X)CHX - 1 < 2.0
1.0 < MITA(X)CHX - 2 < 2.0
1.0 < MITA(X)CHX - 3 < 2.0
and,
Xlower < X < Xupper
where X is a vector of the decision
variables.

Decision Variables

Lower limit

Pre-Cooling cycle
mN2 (kg/s)

5.0

80.0

10.0

200.0

mC2 (kg/s)

5.0

60.0

mC3 (kg/s)

200.0

700.0

50.0

300.0

Suction pressure (stream-P4), PP4 (bar)
Discharge pressure (stream-P12), PP12 (bar)
Precooling temperature (stream-P2), TP2 (K)
Cooling cycle
mH2 (kg/s)

1.1
15.0
112.0

4.5
45.0
140.0

50.0

200.0

mN2 (kg/s)

150.0

800.0

mC1 (kg/s)

30.0

250.0

mC2 (kg/s)

50.0

200.0

25.0

200.0

Suction pressure (stream-I6), PI6 (bar)
Discharge pressure (stream-I15), PI15 (bar)
Cooling temperature (stream-I3), TI3 (K)
Liquefaction cycle
mH2 (kg/s)

1.1
30.0
30.0

4.5
65.0
95.0

20.0

750.0

0.1

10.0

Suction pressure (stream-S8), PS8 (bar)
Discharge pressure (stream-S11), PS11 (bar)
LMR temperature-1 (stream-S7), TS7 (K)

2.5
30.0
125.0

10.0
70.0
155.0

mC3 (kg/s)

mHe (kg/s)

Discharge/Suction
Pressures (bar)

Precooling
C1
C2
C3
N2
H2
Cooling
C1
C2
C3
N2
H2
Liquefaction
H2
He
Total

BC-I

BC-II

148.5
45.6
580.0
65.8
839.9

13.8
10.5
285.0
12.3
224.0
545.6

72.3
730.0
101.0
903.3
52.0
5.5
57.5
1,800.7

-

%p-H2 in LH2
MITACHX-x1 (K)
MITACHX-x2(K)
MITACHX-x3(K)
Power Required (kW)
Precooling
Cooling
Liquefaction
Total
Power Generated (kW)
Net Power (kW)
SEC (kWh/kgLH2 )

615.0
2.9
617.9
1,163.5

46.7
0.9
47.6
953.0

118.15
34.95
21.35
42.0/3.8

121.15
98.15
21.35
18.2/
2.1
-

Cooling

59.00/
2.9
33.50/
4.0

65.2/
8.3

123.65
38.15
21.35
59.0/3.5
36.0/2.8

BC-I

BC-II

Proposed Case

99.52
1.039
1.026
1.026

99.52
1.048
1.031
1.086

99.52
1.015
1.070
1.012

186,969
895,374
211,313
1,293,656
16,358
1,277,298
11.19

919,387
2,339,367
3,258,754
169,808
3,088,946
27.06

99,830
641,065
237,913
978,808
106,527
872,281
7.64

Process

SEC (kWh/kgLH2 )

Relative Saving (%)

Ingolstadt Plant [51,60]
Leuna Plant [51,60]
Kuendig et al. [24]
Yang et al. [26]
Chang et al. [27]
Chang et al. [27]
Bae et al. [28]
Proposed Process (This study)

13.58
11.90
12.80
11.05
13.53*
12.72**
11.13
7.64

43.7
35.8
40.3
30.9
43.5
39.9
31.4

*
**

LNG at 70 bar.
LNG at 1 bar.

efficient. An optimal combination of both is needed to reduce the energy
consumption. Hence, a little imbalance can lead to a higher SEC, as
evident from the PMR cycle of BC-II. Moreover, when following the
design constraints of the MITA, the role of the suction and discharge
pressures cannot be ignored—particularly in the CMR cycle. A low
suction pressure can increase the load on the PMR cycle, increasing the
SEC. However, the desired cooling temperature must be compromised at
higher pressures; this type of compromise can lead to a higher load on
the LMR cycle. Hence, the flow rates and pressure ratios of the LMR cycle
must be adjusted to reduce the SEC. The pressure ratios of the CMR and
LMR in BC-I and the proposed case are similar (Table 5). Thus, the
reduction in the mass flow rate reduces the SEC, while enforcing the
design constraints of the MITA. A p-H2 composition of 99.52% is real
ized in the process, which exceeds the previously reported values.
Table 7 presents a comparison of the SEC for all LNG integrated
hydrogen liquefaction processes. The commercial processes at Ingolstadt
and Leuna are included. The relative savings in the SEC for the proposed
process are a maximum of ~43.7%. On average, the SEC of the proposed
case is approximately 40% lower than those of the reference cases. The

-

0.0

Precooling
Cooling
Liquefaction
Precooling

Proposed
Case

Table 7
Comparison of the SEC for previously published LNG integrated hydrogen
liquefaction processes and the proposed process.

Proposed Case

171.0
155.4
119.0
340.0
120.0
905.4

BC-II

Table 6
Comparative assessment of design constraints and power requirements for all
processes.

Table 4
Comparison of refrigerant flow rates (kg/s) for BC-I, BC-II, and the proposed
case.
Component

BC-I

Liquefaction

Upper limit

mC1 (kg/s)

mH2 (kg/s)

Temperatures (K)

Cycle
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Fig. 5. THCCs of all CHXs in BC-I (a–c) and the proposed case (d–f).

reduced SEC confirms the energy savings, which reduce the operational
cost of LH2 production.

curve analysis is widely used to determine the efficiency and fluid
behavior of the heat exchangers or their network. The temperature–heat
composite curve (THCC), temperature difference composite curve
(TDCC), and grand composite curve (GCC) are widely used to analyze
the performance of a heat-exchange system. Fig. 5 shows the THCCs of
all three CHXs for BC-I and the proposed case, and Fig. 6 shows the
TDCCs for both cases. BC-II is excluded from further analysis owing to its

4.2. Composite-curve analysis
CHXs play a crucial role in the liquefaction process, and their effi
ciency directly affects the heating and cooling required. Composite9
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and the proposed process exhibit higher efficiencies than the other
processes examined in the present study because of the small gaps be
tween the cold and hot composite curves. Additionally, BC-I exhibits a
wide gap and sharp turn near the hot end owing to the phase change of
one of the refrigerants (most likely C3). The cold stream P23 includes
96% liquid and leaves CHX-21 in the vapor phase at 278 K. Furthermore,
the C3 content in LNG is significantly lower than that in BC-I, resulting in
good compliance with the MITA value. Additionally, the load is shared
by C2 and (primarily) C1 in the proposed study. However, after the
optimization, the pinch point is realized at the hot end. In the proposed
process, it likely corresponds to the phase change in C2, which creates a
wide gap near the cold end. BC-I includes a considerable quantity of N2
to counter this effect; thus, other researchers have suggested using N2
alongside LNG in the precooling phase [26]. However, this nullifies the
benefits of using LNG cold energy, which is considered to be freely
available.
In the cooling zone, the proposed case exhibits far better results
because of an exceptional mix of refrigerants. As mentioned previously,
a good balance of low- and high-boiling components is needed to
address the associated increase in the heat flow. A larger heat flow im
parts larger compressor duties, increasing the SEC. The presence of C2
and C3 enhances the performance of C1 and reduces the load on N2;
therefore, the N2 flowrate is high in BC-I, and large gaps are visible in the
upper middle area. The sharp turn at the hot end is due to the phase
change in C1 occurring at approximately 120 K. The wide-open cold end
in the proposed case is influenced by N2 and H2. Their respective flow
rates below 50 K significantly affect this region, as observed in both the
cases. The higher concentration of p-H2 and the specific heat capacity
variations, along with n-H2, are likely responsible for this behavior.
The THCC of the LMR cycle is interesting because a divergent curve is
obtained in the case of BC-I. In both cases, the same components—H2
and He—are used as refrigerants. The hot end of the CHXs is signifi
cantly affected by the H2 flow rate. The smoothness of the curve is ob
tained by increasing the flow rate. However, this widens the gap,
resulting in entropy generation. Similarly, the cold end is sensitive to the
He flow rate. Although reducing the flow rate reduces the gap, it also
increases the gap on the hot end. This tradeoff is a challenging optimi
zation problem that has been solved in the proposed case, as shown in
Fig. 5(f). The horizontal part at the cold end denotes the boiling of the
refrigerant stream. It is known that the boil-up can absorb more heat per
mass flow rate owing to the latent heat of the phase change, resulting in
lower flow rates and energy consumption.
Fig. 6 shows the TDCCs of all three CHXs for BC-I and the proposed
case. Ideally, the height of these curves should be within the MITA limits
of 1–2 K. As the height of the curve increases, the entropy generation

Fig. 6. TDCCs of all CHXs in BC-I and the proposed case.

high SEC value.
The gap between the hot and cold composite curves in a THCC is
attributed to entropy generation. However, for the TDCC, it is indicative
of the effects of MR components on the performance of CHXs. The
irreversibility of the process is inversely related to the efficiency, i.e., a
smaller gap corresponds to a higher efficiency, and vice versa [39]. BC-I

Fig. 7. GCCs of BC-I and the proposed case.
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increases. CHX-21 exhibits the maximum MITA value, i.e., 27 K, at the
hot end, whereas CHX-31 exhibits the maximum MITA value of 20 K at
the cold end. The difference is due to the LMR stream L27 at 117 K; in
contrast, L47 enters the first exchanger at − 135 K. As the temperature
decreases in CHX-21, the MITA value also decreases. The contrasting
behavior in CHX-31 is perhaps due to the phase change of C2 content of
the LNG. However, the rise in the MITA is still smaller in the proposed
case than for BC-I. Regarding the CMR cycle, the proposed process ex
hibits excellent conformity with the target MITA values throughout
CHX-32, with an exception of a slight variation at the cold end, where
the relative flow rates of N2 and H2 exhibit sensitivity. For both pro
cesses, the suction pressure in the CMR cycle can be adjusted to
accommodate the cold-end divergence. The LMR cycle in the case of BC-I
exhibits a large deviation from the pinch point, whereas the proposed
process exhibits compliance at each end. The highest MITA value of
approximately 12 K is observed in the proposed case, which is attributed
to the spontaneous temperature rise due to the sudden phase change.
The suction pressure levels of L25 and L45 exhibit greater potential for
fine tuning in tandem with the H2 and He flow rates to ensure a higher
probability of satisfying the target MITA values.
Fig. 7 shows the temperature–heat flow diagram, which is commonly
known as the GCC, of the hydrogen side for BC-I and the proposed case.
GCCs provide a complete picture of the process depicting even slight
changes in the temperature and heat flow across the equipment used for
heat transfer. The sloped lines represent CHXs, whereas the straight or
nearly straight lines represent the OPC reactors. The heat load under the
same initial feed conditions for the two processes is evident; BC-I re
quires 1.1 × 106 kW as opposed to 9.0 × 105 kW. The increase in the heat
load is due to the exothermic OPC reaction. The slope of the heat-load
increment differs between the two cases. The base case considers the
reactors in the isothermal mode and is in accordance with previous
studies. The researchers either assume their effect to be negligible or
ignore the heat of reaction when considering a simple conversion reactor
[44,59]. In this context, the BC-I is a representation of all such cases,
whereas the proposed case considers the OPC reactors as adiabatic re
actors. The heat loads associated with the reactors are almost identical,
because the pinch temperatures are similar (118–123 K). However, a
significant temperature increase due to reaction heat can substantially
impact the performance of successive CHXs. The magnified portion of
Fig. 7(b) reveals a sharp temperature rise in the liquefaction section. In
this region, a maximum OPC rate of 99% is realized. Furthermore, OPC
is dominant in the cryogenic region; therefore, the hydrogen equilibrium
profile must be considered when placing the reactor. Accordingly, the
GCCs presented in Fig. 7 are useful from the viewpoint of the heat flows
in OPC reactors and CHXs.

Table 8
Exergy-destruction equations for all equipment.
Exergy destruction (kW)

Compressors & Pumps

E = ṁ(Ei − Ee ) − Ew

After coolers
Multi-stream exchangers
Turbine
Phase separators / Reactors

E = ṁ(Ei − Ee )
∑
∑
˙
˙ e
E = (ṁ)Ei −
(ṁ)E
E = ṁ(En − Ee ) + Ew
E = ṁ(Ei − Ee )

contribute to the exergy rates of inlet and outlet material streams.
ETot = EKin + EPot + EPhy + EChem

(3)

EKin and EPot are neglected because the system is considered to be at rest
with respect to the environment. Aspen Hysys® v11.0 can directly
calculate the physical exergy of the streams, which is associated with the
temperature and pressure of the system relative to the reference or dead
environmental state (at P = 1 atm and To = 298 K), using the following
equation:
EPhy = (H − Ho ) − To (S − So )

(4)

where H and S represent the enthalpy and entropy of the mixture under
the given conditions, respectively, and Ho and So represent the enthalpy
and entropy at the reference temperature and pressure, respectively.
Currently, Aspen Hysys® v11.0 does not calculate chemical exergy.
Therefore, all the thermodynamic properties and flow data for each
stream were imported to MS Excel. The chemical exergy was then
calculated using the following equation for an ideal mixture of gases and
liquids:
)
(∑n
∑n
EChem = m
(5)
yk eCh
yk lnyk
k + RTo
k=1
k=1
where m represents the molar flow rate, yk represents the composition of
the kth component, and eCh
k represents the standard molar chemical
exergy of the kth component, which is obtained from the literature [61].
The exergy destruction for all types of equipment involved is calcu
lated using the equations [62] presented in Table 8.
Furthermore, the overall process exergy efficiency is calculated as
follows:
(
)
(Ex ) − ExGH2
(6)
μex = LH2
Wtotal
The exergy destruction for each piece of equipment in each process is
calculated, and the results are presented in Fig. 8. It is evident that
>70% of the exergy is destroyed in cryogenic exchangers and OPC re
actors. Large temperature differences, specific heat capacity variations
near the critical region, a high rate of conversion to p-H2, and conse
quent exothermic reaction heat result in higher exergy destruction.
However, the exergy destruction in the CHXs for the proposed case is
significantly lower than for BC-I. The relatively high value for the OPC
reactors in the proposed case is probably due to the nature of the re
actors employed. Although the reaction and equilibrium data used for
simulating the two cases are identical, the OPCs were operated
isothermally in the case of BC-I to mimic the conversion reactor
approach used by other researchers. In such cases, the OPC reaction heat
and exergy destruction due to temperature and enthalpy changes in the
material streams were not considered. In contrast, in the proposed case,
adiabatic reactors were used, and the reaction heat was evinced as a
change in the temperature of the outlet stream. Thus, the OPC reactors in
the proposed case exhibit higher exergy destruction. The role of chem
ical exergy inclusion in the calculations should also be considered in this
case. However, other researchers have ignored the exergy calculations
for OPC reactors altogether. The extra load on the refrigeration cycles
due to incorporation of OPC heat is compensated by the changes in the

4.3. Exergy analysis
Exergy analysis is an important thermodynamic tool for assessing
thermal systems. In contrast to energy analysis, exergy analysis aids in
identifying and locating the source of thermodynamic inefficiency. This
section presents the exergy loss (destruction) with respect to different
equipment and sections for both processes, i.e., BC-I and proposed case,
to highlight the thermodynamic inefficiencies.
In contrast to mass and energy, the exergy of a system is not neces
sarily conserved. An increase or decrease in exergy is associated with
exergy destruction within the same boundary. At the system and sub
system levels and under steady-state conditions, the exergy balance is
expressed as follows:
Ei − Ee + Eq + Ew = Ed

Equipment

(2)

where Ei, Ee, Eq, Ew, and Ed represent the exergy rates of the inlets,
outlets, heat transfer, work, and destruction, respectively. The kinetic
(EKin), potential (EPot), physical (EPhy), and chemical (EChem) exergies
(excluding nuclear, magnetic, electrical, and interfacial effects)
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Fig. 8. Percent exergy destruction across all equipment for BC-I and the proposed case.

those reported in the literature. The higher value is mainly attributed to
the simple process configuration and design as well as the optimal
refrigerant composition, which result in comparatively low entropy and
cycle pressure ratios. The higher relative energy consumption and H2
and/or He flow rates in the liquefaction zones lead to moderately inef
ficient processes. The MFC configuration, which has already shown
promise in the case of LNG, has the potential to achieve similar (if not
better) results for hydrogen liquefaction.
BC-I and the proposed case were further evaluated according to the
performance of their refrigeration cycles, as shown in Fig. 9. The pre
cooling section exhibited a reduction of approximately two-thirds in the
exergy destruction. The use of LNG minimized the compression exergy,
although it was impossible to ignore the pumping share, given that it
accounted for 4% of the overall exergy. However, the high pressure of
RLNG section for reducing the energy consumption and exergy reduc
tion, depending on its end use, remains unused. The temperatures
realized in the CMR and LMR, compressor pressure ratios, and total
refrigerant flow rates in these cycles were close. However, the difference
in their power consumption due to the refrigerant composition was
evident in terms of exergy destruction. The consumption of low-boiling
components, i.e., N2, H2, and He, in CMR and LMR was primarily
responsible for this and facilitated more rigorous optimization.

Table 9
Comparison of the overall process exergy efficiencies of BC-I and proposed
case with those of commercial plants and previously published cases.
Process

Exergy Efficiency (%)

Base Case-I
Proposed case
Asadnia & Mehrpooya [44]
Ingolstadt Plant (1992) [60]
Leuna Plant (2007) [60]

28.64
42.25
39.50
21.00
23.60

4.4. Thermodynamic efficiency
A thermodynamic evaluation of the liquefaction process was con
ducted based on the efficiency of heat removal from the system. The
coefficient of performance (COP) and figure of merit (FOM) were
employed. The COP for the liquefaction process is defined as the ratio of
the heat removed from the system to the work required to remove that
energy and is calculated as follows:

Fig. 9. Exergy destruction in refrigeration cycles of BC-I and the proposed case.

discharge and suction pressures of the proposed case, as shown in
Table 5. Thus, the overall energy consumption evinced as the SEC and
the exergy destruction across equipment are the lowest.
Given the large scale of the study and for conducting a fair com
parison with commercial processes and other published cases, the
overall process exergy efficiency serves as a good criterion. A compari
son with the earlier LNG integrated LH2 processes cannot be made
because a rigorous exergy analysis was not performed in those studies. In
Table 9, the efficiency values for the processes considered in this study
are compared with those of commercial plants of Ingolstadt and Leuna,
as well as the recent novel work of Asadnia and Mehrpooya [44]. BC-I is
more efficient than the aforementioned commercial plants, whereas the
proposed case exhibits the highest value (42.25%) when compared with

COP =

ṁ × (hGH2 − hLH 2 )
Wtotal

(7)

where hGH2 and hLH2 represent the enthalpies of hydrogen in the gaseous
and liquid states, respectively; ṁ represents the mass flow rate of
hydrogen; and Wtotal represents the amount of work required to convert
the GH2 to LH2.
The FOM is determined by comparing the COP of the actual lique
faction cycle to that of the ideal case (Carnot cycle). Therefore, the FOM
depends on the actual available energy (exergy) and is useful for eval
uating the process performance. It is calculated as the ratio of the
minimum required work to the actual work provided, as follows:

12

A. Riaz et al.

Applied Energy 301 (2021) 117471

was granted financial resources from the Ministry of Trade, Industry &
Energy, Republic of Korea (No. 20204010600100).
Appendix A. Supplementary material
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.apenergy.2021.117471.
References
[1] Staffell I, Scamman D, Velazquez Abad A, Balcombe P, Dodds PE, Ekins P, et al. The
role of hydrogen and fuel cells in the global energy system. Energy Environ Sci
2019;12(2):463–91. https://doi.org/10.1039/C8EE01157E.
[2] International Energy Agency (IEA). The Future of Hydrogen - Seizing today’s
opportunities; 2019. https://doi.org/10.1787/1e0514c4-en.
[3] Stangarone T. South Korean efforts to transition to a hydrogen economy. Clean
Technol Environ Policy 2021;23(2):509–16. https://doi.org/10.1007/s10098-02001936-6.
[4] Mehrpooya M, Ghorbani B, Ekrataleshian A, Mousavi SA. Investigation of hydrogen
production by sulfur-iodine thermochemical water splitting cycle using renewable
energy source. Int J Energy Res 2021;45(10):14845–69. https://doi.org/10.1002/
er.v45.1010.1002/er.6759.
[5] Bogdanov D, Gulagi A, Fasihi M, Breyer C. Full energy sector transition towards
100% renewable energy supply: Integrating power, heat, transport and industry
sectors including desalination. Appl Energy 2021;283:116273. https://doi.org/
10.1016/j.apenergy.2020.116273.
[6] Ren X, Dong L, Xu Di, Hu B. Challenges towards hydrogen economy in China. Int J
Hydrogen Energy 2020;45(59):34326–45. https://doi.org/10.1016/j.
ijhydene.2020.01.163.
[7] Chaube A, Chapman A, Shigetomi Y, Huff K, Stubbins J. The role of hydrogen in
achieving long term Japanese energy system goals. Energies 2020;13:4539.
https://doi.org/10.3390/en13174539.
[8] Aasadnia M, Mehrpooya M, Ghorbani B. A novel integrated structure for hydrogen
purification using the cryogenic method. J Clean Prod 2021;278:123872. https://
doi.org/10.1016/j.jclepro.2020.123872.
[9] Ghorbani B, Mehrpooya M, Sadeghzadeh M. Process development of a solarassisted multi-production plant: Power, cooling, and hydrogen. Int J Hydrogen
Energy 2020;45(55):30056–79. https://doi.org/10.1016/j.ijhydene.2020.08.018.
[10] Cloete S, Ruhnau O, Hirth L. On capital utilization in the hydrogen economy: The
quest to minimize idle capacity in renewables-rich energy systems. Int J Hydrogen
Energy 2021;46(1):169–88. https://doi.org/10.1016/j.ijhydene.2020.09.197.
[11] Seo S-K, Yun D-Y, Lee C-J. Design and optimization of a hydrogen supply chain
using a centralized storage model. Appl Energy 2020;262:114452. https://doi.org/
10.1016/j.apenergy.2019.114452.
[12] International Energy Agency (IEA). Statistics report Key World Energy Statistics
2020; 2020.
[13] Safari A, Das N, Langhelle O, Roy J, Assadi M. Natural gas: a transition fuel for
sustainable energy system transformation? Energy Sci Eng 2019;7(4):1075–94.
https://doi.org/10.1002/ese3.v7.410.1002/ese3.380.
[14] Bramstoft R, Pizarro-Alonso A, Jensen IG, Ravn H, Münster M. Modelling of
renewable gas and renewable liquid fuels in future integrated energy systems. Appl
Energy 2020;268:114869. https://doi.org/10.1016/j.apenergy.2020.114869.
[15] Ritchie H. Energy Mix. Published online at OurWorldInData.org. 2020; Retrieved
from: https://ourworldindata.org/energy-mix#gas-what-share-of-energy-comes
-from-gas [accessed March 17, 2021].
[16] BP. Statistical Review of World Energy 2020; 2020.
[17] International Gas Union (IGU). World LNG Report 2020; 2020.
[18] Hirakawa S, Kosugi K. Utilization of LNG cold. Int J Refrig 1981;4(1):17–21.
https://doi.org/10.1016/0140-7007(81)90076-1.
[19] He T, Lv H, Shao Z, Zhang J, Xing X, Ma H. Cascade utilization of LNG cold energy
by integrating cryogenic energy storage, organic Rankine cycle and direct cooling.
Appl Energy 2020;277:115570. https://doi.org/10.1016/j.apenergy.2020.115570.
[20] Kanbur BB, Xiang L, Dubey S, Choo FH, Duan F. Finite sum based thermoeconomic
and sustainable analyses of the small scale LNG cold utilized power generation
systems. Appl Energy 2018;220:944–61. https://doi.org/10.1016/j.
apenergy.2017.12.088.
[21] He T, Chong ZR, Zheng J, Ju Y, Linga P. LNG cold energy utilization: prospects and
challenges. Energy 2019;170:557–68. https://doi.org/10.1016/j.
energy.2018.12.170.
[22] Qi M, Park J, Kim J, Lee I, Moon Il. Advanced integration of LNG regasification
power plant with liquid air energy storage: enhancements in flexibility, safety, and
power generation. Appl Energy 2020;269:115049. https://doi.org/10.1016/j.
apenergy.2020.115049.
[23] Allam RJ, James PS. (12) United States Patent. US007559213B2, 2009.
[24] Kuendig A, Loehlein K, Kramer GJ, Huijsmans J. Large scale hydrogen liquefaction
in combination with LNG re-gasification. In: Proc. 16th World Hydrog. Energy
Conf. 2006 (WHEC 2006), Lyon, France: Association Française pour l’Hydrogène et
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Fig. 10. Thermodynamic evaluation of BC-I and the proposed case compared
with the results of a previous study [44].

FOM =

ṁ × (ExLH 2 − ExGH2 )
Wtotal

(8)

where ExLH2 and ExGH2 represent the exergy values of gaseous and liquid
H2, respectively, and ṁ represents the mass flow rate of H2.
Fig. 10 compares the results of BC-I and the proposed case with the
results of previous studies [44]. The proposed case exhibits the best
results, given the low SEC and high exergy efficiency.
5. Conclusions and future works
An innovative and efficient process for large-scale hydrogen lique
faction was presented. LNG cold energy is utilized in the precooling
phase of the complex and energy-intensive hydrogen liquefaction pro
cess. The results indicated that a p-H2 concentration exceeding 99.5%
was obtained with an overall SEC of 7.64 kWh/kgLH2 and exergy effi
ciency of 42.25%. Given the simplicity and effective utilization of LNG
cold energy, the proposed process outperforms industrial and previously
reported processes, with ~43.7% SEC savings. The present study was
conducted with a specific liquid hydrogen capacity. However, for other
cases, the available LNG flow rate can be adjusted according to the
integration scenarios and objectives. Additionally, multiple scenarios for
RLNG can be investigated to complete the LNG value chain. For further
improvement, the exergy destruction can be minimized by identifying
avoidable exergy losses. In this context, optimizing hydrogen liquefac
tion is challenging because of the complex nonlinear relationships
among the SEC and MR flow rates, pressure ratios, and intermediate
cycle temperatures. Furthermore, to study the feasibility of value chains
and their implications for the hydrogen economy, a detailed economic
analysis of the process is needed.
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