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Abstract: A new concept for hydrogen liquefaction with a capacity of 300 tons per day is
developed through the modification of an existing one. Pressure and temperature levels,
mixed-refrigerant composition, and different configurations are explored to achieve a new
concept with lower SEC and higher COP. Aspen HYSYS V9 is used to simulate the process.
Exergy and energy analyses are employed for evaluating the process to capture the effect of
changes. As different parameters of the liquefaction process are interlinked and depend on
each other, optimization is done using a trial and error procedure. Modified-Benedict—Webb—
Rubin and Peng-Robinson equations of state are utilized to simulate hydrogen and mixed
refrigerant streams to increase the accuracy of the results, especially for the ortho-para
conversion. Power consumption of the coolers is considered, and exergy destruction for all the
components is calculated. It is found that ortho-para converters and separators could affect
the total exergy destruction and efficiency of the process; however, their exergy efficiency is
nearly 100%. The SEC of the new concept is 5.97 kWhr/kg, which shows an 18.8%
improvement compared to the base concept. The COP and ¢ are improved by 14.4% and 15.5%
too. The results show that the liquefaction section is responsible for 85% of the total SEC of
the process, and it deserves to focus on this section for future studies.

keywords: Hydrogen liquefaction, Exergy analysis, Aspen HYSYS, Mixed-refrigerant, Ortho-

Para Conversion.

1. Introduction to hydrogen

Energy is a crucial subject since its significance
for the economy, environment, and many vital
aspects of human life have been proved. It is
expected that the world’s energy demands will be
doubled compared to today's amounts by the year
2040. Problems caused by the harmful gaseous
emissions are increasing, so the energy sectors
need low-emission and low-carbon sources of
energy [1]. Hydrogen 1is introduced as an
alternative to old fuels since it liberates a
considerable quantity of energy per unit weight
without producing COgz [2]. Hydrogen is an
abundant element, and it can be derived from
sustainable and environmentally friendly
resources, so it is expected to play a substantial
role in the future. Using hydrogen is tangled with
many challenges as it is the lightest material
except helium. Hydrogen typically occupies a

massive volume due to its low energy density [3].
The energy density of hydrogen can be enhanced
by liquefaction; however, the boiling temperature
of hydrogen is as low as 20 K, and nearly one-
third of its energy contents areconsumed in the
liquefaction process [1]. Until now, most of the
constructed hydrogen liquefaction plants are
similar to the first one established in the United
States, with exergy efficiencies between 20%-30%
[4]. It seems that optimization and development
of new technologies for mass production of liquid
hydrogen are indispensable for improving the
hydrogen economy [5]. Hydrogen shows
promising features; therefore, it could be the
right fuel for the future if the involved challenges
are conquered.

The first successful liquefaction of permanent
gases is attributed to Cailletet L.'s in 1877 [6]. Sir
James Dewar Scottish/British scientist in 1898,
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liquefied hydrogen with a flow rate of 4 cc/min
using the Joule-Thompson effect [7]. Baker and
Shaner [8] studied a large-scale liquefaction
process with a capacity of 250 tons per day (TPD)
and continuous ortho-para conversion. They used
nitrogen and the Claude cycle for pre-cooling and
liquefaction in turn. The exergy efficiency of the
process has been reported as 36%. Matsuda and
Nagami [9] introduced four different concepts for
hydrogen liquefaction in the WE-NET! project,
including a 300 TPD capacity with nitrogen pre-
cooling. They show that the Claude cycle is the
most  appropriate  process for  hydrogen
liquefaction. Quack [10] made a new large-scale
concept with the capacity of 170 TPD and
suggested dividing the hydrogen liquefaction
process into four sub-processes, including; pre-
compression, pre-cooling (ambient to 80 K), cryo-
cooling (80 K to 30 K) and liquefaction (30 K to
LHz: at 1 bar).

Staate [11] proposed a supercritical cycle with
helium as the refrigerant and high-pressure
hydrogen feed. Yuksel et al. [1] presented a novel
supercritical hydrogen liquefaction process with
helium cooling. The energy and exergy
efficiencies are reported as 70.12% and 57.13%,
respectively. Valenti and Macchi [12] presented
an innovative, large-scale concept with a mass
flow rate of 10 kg/s. The exergy efficiency was
reported as 47.73%. Berstad and Neska [13]
proposed a new concept with mixed-refrigerant
(MR) refrigeration and reversed helium-neon
Brayton cycle as pre-cooling and liquefaction,
respectively. They replaced expansion valves
with liquid expanders to yield higher efficiency.
Krasae-in et al. [14] simulated a 100 TPD
hydrogen liquefaction plant with MR and Joule-
Brayton cascade refrigeration as pre-cooling and
liquefaction, respectively. Valenti et al. [15]
studied the effect of thermodynamic modeling of
the fluid on large-scale hydrogen liquefiers. They
found that the process's accuracy is deeply
affected by choice of a heat capacity model.
Walnum et al. [16] divided the liquefaction
process into four sub-processes and focused on
the pre-cooling as it has the most degree of
freedom. Krasae-in et al. [17] modified a novel
100 TPD concept with two MR refrigeration
cycles for pre-cooling and four cascades Brayton
refrigeration cycles for liquefaction. The modified
plant has an overall power consumption of 5.91
kWh/kg,y,. Quack et al. [18] explored an
optimum hydrogen liquefaction process with a
mixture of helium and neon, called “Nelium”.
Results show that helium-rich mixtures can
exchange heat better, while neon-rich mixtures
have superior compression features. Turbo-
expanders with higher efficiencies could be
employed due to the presence of neon in the
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mixture. Asadnia et al. [19] proposed a novel MR
configuration for liquefaction of hydrogen with a
capacity of 100 TPD. They utilized a Joule-
Brayton refrigeration cycle for cooling feed
hydrogen from 25 °C to -198.2 °C and six Linde-
Hampson cascade cycles for more cooling to -
252.2 °C. A novel 130 TPD hydrogen liquefaction
concept, including a single MR cycle, is proposed
[20]. Cardella et al. [21] studied a novel approach
for the development of large-scale plants. Yin et
al. [22] proposed a hydrogen liquefaction plant
based on liquid nitrogen pre-cooling and helium
refrigeration. The coefficient of performance
(COP) and specific energy consumption (SEC)
were reported as 7.13 kWh/kgruz and 0.17,
respectively.

Kramera et al. [23] studied a large-scale
hydrogen  supply chain for automotive
applications and discovered that hydrogen
distribution in the liquid state might be
competitive to the compressed state. Kuendig et
al. [24] studied the integration of liquid natural
gas as pre-cooling into the hydrogen liquefaction
plant and found it is enormously useful to
decrease power input and construction cost. Yang
et al. [25] developed a new conceptual design
with a capacity of 300 TPD for hydrogen
liquefaction integrated with a steam methane
reforming process. It employs cold energy from
the vaporization of liquefied natural gas (LNG)
for the pre-cooling of hydrogen. Mehrpooya et al.
[26] developed an integrated process with 290
and 296 TPD of production capacity for liquid
hydrogen and natural gas, respectively. They
employed two different MR with novel
compositions and achieved 0.2442 for COP.
Chang et al. [27] investigated the concept of
using cold energy of LNG for pre-cooling of
hydrogen, aiming at minimizing power
consumption in hydrogen liquefiers. They found
that LNG at atmospheric pressure is much more
effective in pre-cooling than pressurized LNG and
identified a 2-stage expansion cycle as the most
suitable one for the pilot system.

Beylakov et al. [28] proposed a low-capacity
concept with helium cooling, six helium-hydrogen
heat exchangers (HXs), and six ortho-para
converters. The problems of liquid parahydrogen
production by catalytic ortho-para conversion at
cryogenic temperatures were studied [29].
Skaugen et al. [30] investigated using catalyst-
filled plate-fin and spiral-wound heat exchangers
for hydrogen liquefaction applications. An
advanced hydrogen liquefaction system with
catalyst-infused HXs was investigated
energetically and exegetically [31]. Different pre-
cooling alternatives, including typical conversion
of hydrogen to parahydrogen, were considered
and found that energy and exergy efficiencies are
15.4% and 11.5%, respectively. Ansarinasab et al.
[32] showed that HXs are responsible for the
highest exergy destruction in hydrogen
liquefaction plants. Different analysis methods,
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such as exergy, exergoeconomic, and exergy-
environmental for hydrogen liquefaction plants,
were investigated [33].

Kuz'menko [34] designed a medium-capacity
hydrogen liquefier with a mixture of helium and
nitrogen as the refrigeration system. The average
SEC and thermodynamic efficiency of the plant
have been reported as 13.85 kWh/kg,y, and
34.6% in turn. A small-scale hydrogen
liquefaction plant with 3 TPD capacity and
helium Brayton refrigeration was investigated
[35]. The results showed that the initial cost and
efficiency of the proposed liquefaction process are
lower than that of large-scale plants. Kumar et
al. [36] studied a helium refrigeration system
with a capacity of 470 W at around 20 K for the
field of hydrogen liquefaction application. Chang
et al. [37] studied a thermodynamic analysis to
design hydrogen liquefaction systems with
helium or neon Brayton refrigerators for domestic
applications in Korea. They showed that helium
Brayton refrigerator operating at much lower
pressures might be a good choice.

Stang et al. [38] developed a hydrogen
liquefaction prototype unit at NTNU-SINTEF.
They used a helium-neon mixture to pre-cool
hydrogen from 25 °C to near —193 °C. The results
showed that MR with high-temperature glide and
a low freezing point could play a significant role
in hydrogen liquefaction processes. Shimko and
Gardiner [39] did the designation and
construction of a small-scale pilot plant with a 20
kg/hr capacity as a model for scaling to a 50 TPD
plant. They applied helium as a refrigerant to
cool hydrogen from —193 °C to -253 °C. Krasae-in
et al. [40] investigated a small-scale laboratory
liquefier with a MR refrigeration system that
could cool down 2 kg/hr of feed hydrogen gas to
liquid hydrogen. A small-scale hydrogen
liquefaction plant with a novel MR refrigeration
cycle was constructed [41]. The experiments
showed that hydrogen MR pre-cooling is
preferred for liquefaction since it performs more
efficiently than conventional ones [41]. Asadnia
et al. [42] carried out a historical review of
hydrogen liquefaction systems and different
hydrogen production methodologies. They
introduced a novel classification of hydrogen
liquefaction and reviewed hybrid conceptual
plants.

Environmental problems and high energy
costs have directed attention to using renewable
energy sources such as geothermal and solar for
different applications. Ratlamwala et al. [43]
studied thermodynamic investigation of a novel
integrated process for three main outputs,
including liquid hydrogen, electricity, and
cooling. They analyzed the impact of different
design indicators such as geothermal water
temperature, reference temperature, and working
fluid concentration on the system. Yilmaz et al.
[44] analyzed the economic aspects of hydrogen

production and liquefaction. They employed a
high-temperature steam electrolysis process for
hydrogen production. Aasadnia and Mehrpooya
[45] proposed an innovative conceptual design for
hydrogen liquefaction with the help of an
absorption refrigeration system (ARS). They used
solar energy for feeding the ARS and reported

COP and SEC as 0.2034 and 6.47 kWh/kg, ,

respectively. A new configuration for hydrogen
liquefaction integrated with solar ARS and
organic Rankin cycle was proposed [46]. The COP
and SEC were reported as 0.202 and 4.02

kWh/kgLHz, respectively. Asadnia et al. [47]

investigated a hydrogen liquefaction cycle with
two ammonia ARSs from exergy, exergoeconomic,
and exergoenvironmental aspects. The ARSs
were fed by geothermal energy, and the capacity
was 260 TPD. Kaska et al. [48] utilized a
geothermal energy source with a temperature of
200 °C for hydrogen liquefaction. High-
temperature geothermal water was used for pre-
cooling of hydrogen down to -30 ° [49]. A novel
geothermal-based multigeneration system was
suggested for producing multiple commodities
[50]. Yilmaz [51] modeled a hydrogen liquefaction
process assisted by geothermal energy. He used
geothermal energy for precooling and producing
work through a binary geothermal cycle. For
minimizing the wunit cost, exergoeconomic
optimization was applied using a genetic
algorithm method. Seyam et al. [562] presented a
335 TPD hydrogen liquefaction system combined
with a geothermal and isobutene power plant. In
this concept hydrogen Claude refrigeration
system and nitrogen precooling were utilized.
The total power consumption and SEC of the
process were reported as 107 MW and 6.41
kWh/kg-LH2, respectively. Nouri et al. [53]
proposed a hybrid structure for simultaneous
production of liquid hydrogen and carbon dioxide.
Hydrogen and oxygen were produced by a
photovoltaic electrolyzer. The payback of the
plant was estimated as 4.79 years. Bae et al. [564]
used genetic algorithm for multi-objective
optimization for hydrogen liquefaction process
integrated with LNG system. The results showed
that the 38% reduction in CO2 emissions could
lead to 45% and 4% rise in the total investment
cost and SEC respectively. Ghorbani et al. [55]
proposed an integrated system composed of four
subsystems to use the waste heat in other
integrated structures at the time of liquefying
hydrogen. They used Aspen HYSYS for hydrogen
liquefaction section and applied Peng-Robinson
(P-R) equation of state (EOS) for simulation of
the whole process.

This study is dedicated to modifying a new
conceptual design by investigating and modifying
the liquefaction process proposed by Sadaghiani
et al. [56]. The novelty of this work lays in the



_ Gas Processing Journal, Vol. 10, No. 1, 2022

new configuration and new MR compositions.
Moreover for increasing the accuracy of the
results two different EOSs has been applied
instead of using one EOS for the whole process,
Modified-Benedict—Webb—Rubin (MBWR) EOS is
applied to the hydrogen streams, while for the
other streams in the process, P-R is used as
suggested by Rezaie Azizabadi et al. [57] and
Berstad et al. [58]. Using these two EOSs could
improve the overall results and lead to more
accurate data for conversion of ortho-para [57-
58]. The air cooler’s consumption power is
integrated, while for the base concept, it was
ignored. The critical operating parameters such
as temperature levels, lower and higher pressure
levels, and the number of compressors are
determined so that they lead to a lower SEC.
These items are integrated intensively; so, the
process is done through trial and error; a simple
and effective method. The exergy and energy
analysis is applied to the process while
simplification assumption in the base concept are
improve to increase the results. The chemical and
physical exergy are considered and none of the
components is ignored. The final process is
compared to the base one, and exergy and energy
analysis are discussed. The base concept has been
utilized in many researches so it will be of great
importance to improve this concept since could
affect many of the reseaches that will use this
concept.

2. Methodology and process description

The base concept shown in Figure 1 comprises
two independent sections; pre-cooling and
liquefaction. The choice of intermediate
temperature between pre-cooling and liquefaction
is of great importance. Lower temperature
transfers more loads to the liquefaction section,
which experiences lower efficiency. Higher
temperature will limit the selection of MR
components while choosing improper components
due to the low solidification temperature leads to
crucial problems in the process. Stang et al. [38],
Shimko and Gardiner [39], and Krasae-In et al.
[14] took —193 °C for this purpose, while a
temperature near -198 °C is appointed by
Asadnia et al. [19] and Berstad et al. [13]. In
large hydrogen liquefaction plants, such as
Ingolstadt, a nitrogen refrigeration system is
utilized for pre-cooling hydrogen gas from 25 °C
to equilibrium hydrogen gas at -198 °C [59].
Here pre-cooling section cools feed hydrogen with
a pressure equal to 21 bar from 25 °C to -195 °C,

and the liquefaction section is dedicated to
cooling from -195°C to -253°C. Pressure higher
than 15 bar as supercritical pressure avoids
condensation [56], at the same time higher feed
pressure leads to lower power input [9, 10, 12].
The MR wutilized in the pre-cooling section
comprises nine components, listed in Table 1, and
is compressed from 2 bar to 16 bar through two
steps. The first step is done through a compressor

(Com 1); however, the second step includes a
pump and a compressor (Com 2).

Table 1- Composition of the MR utilized
in the pre-cooling section [56].

Mole Mole
Componen f . Compon .
ts raction ents fractio

(%) n (%)

Methane 17.00 Propane 18.00

Ethane 7.00 n-Pentane 15.00
n-Butane 2.00 R-14 8.00

Hydrogen 1.00 Ethylene 16.00

Nitrogen 16.00

Outputs of these devices (pump and com 2)
are mixed and entered into Separator-2 as the
stream (M1). Then, outflows of the separator 2
move into HX-1 as M2 (gas) and M3 (liquid) to
cool down the hydrogen stream to -45 °C. Two
more HXs and three turbo-expanders (Exp-1,
Exp-2, and Exp-3) are employed to yield stream
H4 at -195 °C.

The MR wused in the liquefaction section
comprises 6.5% hydrogen, 10% neon, and 83.5%
helium. The MR stream (N5) is compressed from
1 bar to 10 bar by passing through three
compressors (Com-3, Com-4, and Com-5) and
three coolers (Cooler 3, Cooler 4, and Cooler 5);
later, the stream (N1) is divided into three new
streams. Every stream goes through HX to be
cooled with the return stream. Then they are
introduced to turbo-expanders and HXs (HX4,
HX5, and HX6) for cooling hydrogen to -253 °C.
At -195 °C and -240 °C, two ortho-para converters
are integrated into the cycle to yield liquid
hydrogen with a 95% parahydrogen
concentration. The cooled hydrogen stream (H9)
is finally introduced to a turbo-expander (Exp7)
to be expanded to 1.3 bar. The discharge stream
of the expander (Exp7) is separated into liquid
and vapor. The vapor fraction (H11) is sent to the
ejector, and the liquid stream (H12) is delivered
to the storage tank.

2.1. Ortho-para Conversion
Due to the relative orientation of the proton’s
spin in the nucleus, molecular hydrogen has two
spin  isomers named parahydrogen and
orthohydrogen [60]. Orthohydrogen is composed
of two atoms with similar spins, while
parahydrogen includes two atoms with opposite
spins. The equilibrium of ortho-para is a function
of temperature [61], and orthohydrogen has a
higher energy level. In-room conditions, the
equilibrium consists of 75% orthohydrogen and
25% parahydrogen, known as normal hydrogen.
Orthohydrogen converts to parahydrogen as the
temperature decreases. The conversion of ortho-
para has two significant effects, which should be
considered in the liquefaction process [62].

1. Itis s an exothermic reaction.

2. It occurs very slowly and needs to be
accelerated by catalysts.
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Figure 1- Flow-sheet of the base hydrogen liquefaction process [56].

If a catalytic conversion of ortho-para is not
included, the natural conversion will not proceed
at the proper rate; therefore, exothermic
conversion of ortho-para releases heat and results
in boil-off which leads to the evaporation of 50%

and 65% of liquid hydrogen after 100 and 1000
hours, respectively [63]. Here two catalytic ortho-
para converters at 78 k and 33 k are considered
in the liquefaction section.
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2.2. Process simulation and assumptions

In this study, the base concept is investigated
using Aspen HYSYS V9. Its ability to simulate
liquefaction processes has been utilized in many
researches [26, 46, 64, 65]. In the first step, the
base concept is simulated and investigated, then
the configuration, working parameters, and the
MR composition are determined to reach a new
concept with higher efficiency.

Most of the assumptions considered in this
study are the same as the base concept [56] and
are presented below:

e The reference condition is 25 °C and 101.3
kPa, and pressure losses are ignored.

e The components are working in steady-state
and steady flow conditions.

e HXs, compressors, and turbo-expanders are
assumed adiabatic.

e Pinch temperatures are adjusted between 1
°C and 3 °C as recommended by Barron for
cryogenic processes [66].

¢ Kinetic and potential terms in the energy
and exergy balance equations are negligible.

e Compressor, pump, and turbo-expander
efficiencies are set as 90%, 90%, and 85%,
respectively

It deserves to note that the efficiency of the

compressors, pumps, and expanders could affect
the overall efficiency of the concept crucially, so
they should be similar to the base concept to be
able to have a fair comparison. In the base
concept, the P-R equation of state is applied for
the whole process, while it could not estimate
important parameters for applications like
hydrogen liquefaction that experiences extremely
low temperatures. Rezaie Azizabadi et al. [65]
show that MBWR could be a perfect choice for
hydrogen in the temperature ranges typically
met in the liquefaction, while P-R could not yield
reliable data for this range of temperature.
Although P-R could not perform well for
estimating data in hydrogen streams, it has been
used for the whole process in many studies
conducted on hydrogen liquefaction [26, 45-47,
56, 64] due to its simplicity. Rezaie Azizabadi et
al. [65] have investigated four different EOSs and
found that MBWR for hydrogen liquefaction
applications could yield the most accurate
results. In Figure 2, the results of Aspen HYSYS
for conversion enthalpy using MBWR are
compared to the experimental data. Here P-R is
used for MR streams, while the MBWR is applied
to hydrogen streams to obtain more accurate
results.

800

700

== Experimental data

600

=== MBWR-HYSYS

500

400

™Y

300

200

100
0 T T T

Conversion enthalpy (Kj/Kg)

0 30 60 90

120 150 180 210 240 270 300

Temperature (K)

Figure 2. Comparison of experimental data for conversion enthalpy [65] to Aspen HYSYS results using
MBWR as a fluid package.

3. Energy and Exergy analysis

Using the first law of thermodynamics in
estimating power consumption and efficiency of
the process is called energy analysis. It balances
the useful output energy with the input energy
and involves mass and energy balances as of the
governing equations. Mass and energy balances
lead to the following equations for a general
control volume in the steady-state condition and
ignorable kinetic and potential energy.

D ritin = ) toue M
Q=W = touchoue = ) tiinhin @

There are two important quantitative indexes
in energy analysis, SEC and COP [67], which are

defined as below:

copr
_ Totalrate of rejected heat from hydrogen
" Total rate of consumped energy in components 3)
_ g (he — hp)

Wnet .

Net power consumption W,
SEC = p p = Dnet (4)

Mass flow rate mg
Where

mg : Mass flow rate of feed hydrogen.

hp/hp: Mass enthalpy of feed/product
hydrogen.

Wyee: Net power consumption rate of the
process.

Energy analysis is widely used to evaluate
thermodynamic systems. It could not show how
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or where irreversibility occurs in a system, so the
exergy analysis should be employed [68]. Exergy
is the amount of available energy or measure of
the energy quality within a system. This analysis
indicates in which direction efforts should be
concentrated to  improve the  system’s
performance [69]. In the absence of nuclear,
magnetic, electrical, and surface-tension effects,
the total exergy of a system Esy; consists of
physical exergy Epj, chemical exergy Ep, kinetic
exergy Ey;, and potential exergy Ej, [70]. For the
liquefaction processes, the changes in kinetic and
potential exergy could be neglected compared to
the chemical and physical exergy, so the total
exergy of the system is as follows. It must be
noted that when considering the conversion of
energy inside components such as turbo-
compressors, cryo-expanders, and ejectors, this is
not a valid assumption [58].

Esys =Epp + Ecp = m (eph +ecn) (5)

The rate of physical exergy associated with
the material stream is:
Epp = m[(h — hg) — To(s — 50)] (6)

The subscript 0 refers to the property values
at the dead point, Ty, =298.15K and P,=
1.013 bar. The chemical exergy rate for a mixture
of N ideal gases is as follows [70]:

N N

Ech = m(ech) =m |:Z xle_:) + RTOZ xiln(xi)] (7)

i=1 i=1

Where &) and x; are the standard molar
chemical exergy and mole fraction of the ith
component, respectively. R is the molar ideal-gas
constant and 1s 8.3144 kdJ/kmolK. For all
substances dealt with in this study, standard
chemical exergy could be gained from the
literature except R14 and parahydrogen. For
these two materials, the chemical exergy could be
calculated by defining a reaction and using the
Gibbs free energy of formation described by Kotas
[71].

Considering a control volume at steady-state,
exergy balance can be expressed as:
mein + Exg in = Megyr + EXg oue + W + 1 (8)

Exergy losses due to irreversibility in the
steady state for each component are defined as
follows [71].

I—TO[st—st—zT—hs ©)

out

Definitions of exergy destruction and exergy
efficiency for different components are presented
in Table 2.

Table 2 - Exergy relations for different components in the liquefaction process.

Equipment Exergy destruction & exergy efficiency
In Out jCom = (me)y, + Wln — (Mme)ous
Wxn (me)out - (me)ln
Ecom =~
Compressor Wi
In Out iPump = (ﬁle)m + Wln - (me)Out
Wn e (me)Out — (me)m,
Pump — i,
Pump Wi,
In Out iExp = (me), — WOut — (Me)owr
W()ul e — WOut
Expander B2 (he) m — (me)oue
Vaj : . . .
. ISep = (me), — (me)Vap - (me)Liq
In
Liq Esop = (me)Vazf + (The)Liq
P (me)m
Separator
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In
iCon = (me);, — (Me)ous
_ (he)out
Out feon = e
Ortho-para converter
Out In : . .
'5——\/\/\"—6 Iux = Z(me)ln - Z(me)Out
TV = (me); + (me)s + (me)s + (1hedrn — (me), — (1he),
—l--\/\/\-—g) ) - (ﬁfe)e — (me)ous
N > _ (Z(me)ln - Z(me)Out)Hot Streams
Eyx = ; 3
& me), — X(Mme)out) cotd streams
Heat Exchanger (1hie); + (mme)s + (1he)s — (1ie); — (he)y — (1ie)s
(Cold Stream: In/Out) = (he),, — (e)
(Hot Stream: 1/2, 3/4, 5/6) m out
+ Air,0 , .
In 9:Q Out Lyir cooter = (&) + (me)Air,l + Wiy, — (1e) gy — (me)Air,O
/\i'// T . .. __ (me)our = (Meairo
. G AT Co0ler ™ (tie) y, — (1) air,s + Win
Air cooler [47]
ipmcess = Summation of irreversibility of all devices
Process [56] _ Total exergy output Total irreversibillity of process
Eprocess = Troral exergy input Total exergy input to process

4. Modifying the base concept

In the first step, the base concept with the same
parameters and assumptions is simulated in
Aspen HYSYS V9. to investigate the assumptions
and reported data. The simulation results in the
pre-cooling section are the same as the base
concept; however, there is a considerable
inconsistency between the liquefaction section
results. A meticulous investigation shows that

the primary reason for this inconsistency lies in
the simulation of ortho-para conversion. Inlet and
outlet temperatures of the ortho-para converters
for the base concept and two simulated cases
with P-R and MBWR as a fluid package are
presented in Table 3. The parahydrogen fraction
in the outlet stream of the Ortho-para Converter
1 and Ortho-para Converter 2 is 50% and 95% in
turn.

Table 3 - Inlet and outlet temperatures of the ortho-para converters in the base concept and two simulated
cases in Aspen HYSYS with P-R and MBWR as a fluid package.

Base Concept [56] P-R MBWR
Ortho-para Inlet temperature °C -195 -195 -195
Converter 1 Outlet temperature °C -195 -189.5 -181.3
Ortho-para Inlet temperature °C -240 -240 -240
Converter 2 Outlet temperature °C -240 -235.2 -231.2

The outlet temperature for ortho-para
converters in the base concept is different from
the two simulated cases. It seems that in the base
concept the converters are considered as a
constant temperature that is not compatible with
physical concepts. Due to the exothermic reaction
in the ortho-para converter and adiabatic
assumption, it should be accompanied by a
temperature rise. Here MBWR is employed to
estimate conversion enthalpy since it is proved in
the previous research that it leads to a more
accurate simulation for hydrogen liquefaction
processes [65].

The base concept with confirmed assumptions
for the pre-cooling and liquefaction sections is
used to modify a new concept with lower SEC and

higher COP through exploring the below items:

1. The number of compressors.
Configuration modification.

Higher and Lower pressure levels.
Temperature levels.
. MR composition.

As some of the considered parameters are
interlinked and depend on each other,
determining their optimum values should be
done in a repetitive manner and step by step.

SN

4.1. Number of compressors

The number of compressors could be determined
independent of the other parameters, so in the
first step, it is investigated. The total power
consumption for the compression stages, average
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output temperature, and compression ratio are
selected as the comparison indexes for choosing
the number of compressors. In the pre-cooling
section, 4 cases with 1 to 4 compression stages,
and in the liquefaction section, 6 cases with 1 to 6
compressors are investigated. The cases with
more than one compression stage should be
optimized for the intermediate pressure. The
optimum pressure for two simple compression
stages with an intercooler is as follows:
P2 =P,.P, (10)

With some manipulating for the case in which

there are n compressors and n intercoolers, the
optimum pressure in the stage ith could be
defined as follows:
ppitl = pnot p, (11)

As the compressors are not simply series in
the pre-cooling section, a trial and error
procedure, which is functional and
straightforward [45], has been utilized for finding
the optimum number of compressors. The results
are presented in Figures 3 to 6.
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Figure 3 - Average temperature and average compression ratio for different numbers of compressors in the

pre-cooling section.
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Figure 6 - Total power consumption for different numbers of compressors in the liquefaction section.

Increasing the number of compressors could
reduce the total power consumption, average
outlet temperature, and compression ratio of
compressors while increasing the initial cost.
Therefore, finding the best number of
compressors is of great importance. Based on the
curves shown in Figure 4 and Figure 5, it is found
that just increasing the number of compressors to
three could affect the power consumption
significantly, while increasing more could not
create a sensible improvement. Therefore, the
optimum number of compressors in the pre-
cooling section is 3. Similarly, concerning Figure
6 and Figure 7, the optimum number of
compression stages for the liquefaction section is
4. The number of compressors is independent of
other parameters, so the presented numbers for
compressors in pre-cooling and liquefaction
sections are final.

4.2. Configuration modification

Different configurations for the pre-cooling and
liquefaction sections are investigated by
relocating the compressors, pumps, coolers, and
separators. Results are compared to the base
concept to find the best possible configuration. It
could be found that any change to the
configuration could lead to a significant
difference in the process efficiency. In the base
concept, the power consumption of the coolers is
ignored, while in this study, as depicted in Figure

7, coolers are replaced with air coolers, and their
power consumption are considered. This could
lead to more accurate results.

4.3. Pressure and temperature levels and
MR composition

Pressure levels, temperature levels, and MR
composition are important since they affect the
plant's SEC and COP. Due to several linked
equipment in the process, the considered
parameters depend on each other; therefore, any
change to one could affect the optimum value of
the others. Besides, for a successful run in the
simulator and to achieve reliable data, all the
limitations should be met simultaneously. A trial
and error method is used in this study, since
using a model-based optimization would be
complicated and may improve the results just
slightly [45]. The trial and error method is a
simple and functional method and has been
utilized in many similar studies [14, 45, 46].
Therefore, the considered parameters, including
pressure levels, temperature levels, and MR
composition, are changed in a repetitive
procedure with small increments aiming at
minimizing SEC. Every change is followed by a
simulator run to check the SEC and see that the
minimum approach temperature for all heat
exchangers remains in the acceptable range.
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Figure 7 - Flow-sheet of the new concept.

The effects of lower and upper-pressure levels third manner includes a constant pressure

on the SEC are investigated in 3 different
manners. In the two first cases, the higher and
lower levels are changed separately; however, the

difference. Lower and higher levels of the pre-
cooling section are altered in the range of 1 to 3
bar and 15 to 17 bar, respectively. For the
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liquefaction section, these ranges are 0.2 to 2 bar
and 9 to 11 bar. Investigations show that lower
pressure levels are more impactful than higher
pressure levels in both pre-cooling and
liquefaction sections. The temperature levels of
HXs are changed in the same way to yield
minimum SEC. In the next step, MR composition
in the pre-cooling and liquefaction sections
should be determined. Although determining MR
composition through a trial and error procedure
is time-consuming and boring, it could yield
desirable results.

5. Results and discussion

The final MR composition in the pre-cooling and
liquefaction sections is presented in Table 4. The
thermodynamic properties of the newly developed
concept, including pressure, temperature, mass
flow rate, and physical and chemical exergies for
the pre-cooling and liquefaction sections, are
presented in Tables 5 and 6 in turn.

The results show that chemical exergy in the
liquefaction process is essential and should be
considered since the intense changes through
ortho-para converters and separators could affect
the results crucially. Power consumption, exergy

efficiency, and exergy destruction for different
equipment of the process are presented in Table
7. The fraction of exergy destruction for
component i is defined as follows and shown in
Table 7 to have a better understating of the
exergy destruction.

I
Yp; = +—— x 100 12)

Total

Table 4. Final MR compositions in the pre-cooling
and liquefaction sections.

Pre-cooling section

Methane 0.165
Ethane 0.084
n-Butane 0.039
Hydrogen 0.007
Nitrogen 0.145
Propane 0.175
n-Pentane 0.155
Refrig-14 0.080
Ethylene 0.150
Liquefaction section

Hydrogen 0.080
Helium 0.890
Neon 0.030

Table 5 - Thermodynamic properties for the pre-cooling streams in the new concept.

Stream Temperature Pressure Mass flow Physical Chemical Total Exergy
No. (°C) (bar) (kg.s™) Exergy (kW) Exergy (kW) (kw)
Pre-cooling section
H1 25 21 3.45 12,964 404,023 416,987
H2 -51.6 21 3.45 13,492 404,023 417,515
H3 -104 21 3.45 14,803 404,023 418,826
H4 -195 21 3.45 20,669 404,023 424,692
M1 25 16 83.9 12,434 3,034,275 3,046,709
M2 25 16 28.76 1,219 1,675,941 1,677,160
M3 25 16 55.14 10,102 1,359,053 1,369,155
M4 -51.6 16 55.14 12,484 1,675,941 1,688,425
M5 -51.6 16 28.76 1,921 1,359,053 1,360,974
M6 -51.6 16 29.6 6,672 589,717 596,389
M7 -51.6 16 25.53 4,769 1,086,714 1,091,483
M8 -55.51 1.9 28.76 1,838 1,359,053 1,360,891
M9 -104 16 29.6 9,990 589,717 599,707
M10 -104 16 25.53 6,132 1,086,714 1,092,846
Mi11 -195 16 29.6 19,924 589,717 609,641
Mi12 -196.1 1.9 29.6 19,832 589,717 609,549
M13 -106.7 1.9 29.6 3,442 589,717 593,159
M14 -108.8 1.9 25.53 6,056 1,086,714 1,092,770
M15 -105.3 1.9 55.14 10,504 1,675,941 1,686,445
Mi6 -56.31 1.9 55.14 4,302 1,675,941 1,680,243
M17 -53.32 1.9 83.9 7,202 3,034,275 3,041,477
M18 15.01 1.9 83.9 3,119 3,034,275 3,037,394
M19 47.89 3.9 83.9 6,703 3,034,275 3,040,978
M20 25 3.9 83.9 6,593 3,034,275 3,040,868
M21 59.03 8 83.9 10,227 3,034,275 3,044,502
M22 25 8 83.9 9,791 3,034,275 3,044,066
M23 25 8 66.9 8,737 2,221,252 2,229,989
M24 25 8 17 290 337,925 338,215
M25 62.86 16 66.9 11,734 2,221,252 2,232,986
M26 25.41 16 17 312 337,925 338,237
M27 48.38 16 83.9 12,728 3,034,275 3,047,003
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Table 6 - Thermodynamic properties for the liquefaction streams in the new concept.

Stream Temperature Pressure l\f/'{zsvs Physical Chemical Total Exergy
No. ©C) (bar) (kg.s™) Exergy (kW) Exergy (kW) (kw)
Liquefaction section
H5 -181.3 21 3.45 19,724 401,333 421,057
Hé6 -220 21 3.45 25,119 401,333 426,452
H7 -240 21 3.45 36,329 401,333 437,662
HS8 -231.2 21 3.45 29,594 403,137 432,731
H9 -253 21 3.45 43,505 403,137 446,642
H10 -253.4 1.2 3.45 43,194 403,137 446,331
H11 -253.4 1.2 0 0 0 0
H12 -253.4 1.2 3.45 43,194 403,137 446,331
N1 25 10 41.5 54,407 431,778 486,185
N2.1 -181 10 7.5 15,195 78,032 93,227
N2.2 -227.5 1 7.5 11,333 78,032 89,365
N2.3 -182.5 1 7.5 5,411 78,032 83,443
N2.4 23.97 1 7.5 -56 78,032 77,976
N3.1 -221.3 10 14.5 38,903 150,862 151,251
N3.2 -247.7 1 14.5 32,944 150,862 183,806
N3.3 -223.3 1 14.5 20,329 150,862 171,191
N3.4 23.92 1 14.5 -109 150,862 150,753
N4.1 -234 10 19.5 59,358 202,883 262,241
N4.2 -254.2 1 19.5 52,280 202,883 255,163
N4.3 -236.5 1 19.5 34,866 202,883 237,749
N4.4 23.83 1 19.5 -147 202,883 202,736
N5 23.89 1 41.5 -312 431,778 431,466
N6 108.5 1.8 41.5 15,687 431,778 447,465
N7 25 1.8 41.5 13,654 431,778 445,432
N8 107.9 3.2 41.5 29,332 431,778 461,110
N9 25 3.2 41.5 217,328 431,778 459,106
N10 108.2 5.7 41.5 43,077 431,778 474,855
N11 25 5.7 41.5 41,052 431,778 472,830
Ni12 105.8 10 41.5 56,316 431,778 488,094

Table 7 - Exergy efficiency, exergy destruction, power consumption, and exergy destruction share for
different process equipment.

Equipment Power (kW) £ (%) I (kW) Yo (%)
Coml1 3,953.4 90.7 369.4 0.98
Com2 3,997.5 90.9 363.5 0.97
Com3 3,286.6 91.2 289.6 0.77
Com4 17,369.6 92.1 1,370.6 3.64
Comb 17,024.9 92.1 1,346.9 3.58
Com6 17,092.2 92.1 1,343.2 3.57
Com7 16,596.4 92.0 1,332.4 3.54
Pump 25.3 87.1 3.3 0.01

Sum 79,345.8 6,418.8 17.05

Air Cooler 1 35.4 96.6 54.7 0.15

Air Cooler 2 83.3 90.5 32.1 0.09

Air Cooler 3 90.3 95.2 147.5 0.39

Air Cooler 4 55.5 74.8 141.2 0.38

Air Cooler 5 55.5 86.6 141.1 0.37

Air Cooler 6 55.6 90.8 140.7 0.37

Air Cooler 7 55.6 93.3 139.1 0.37

Sum 431.2 796.5 2.12
Expl -66.5 80.1 16.5 0.04
Exp2 -58.1 76.4 17.9 0.05
Exp3 -53.6 58.3 38.4 0.10
Exp4 -1,703.9 44.1 2,158.1 5.73
Expb -1,820.7 30.6 4,138.3 10.99
Exp6 -1,826.3 25.8 5,251.7 13.95
Exp7 -79.9 25.7 231.1 0.61
Sum -5,608.9 11,852.1 31.48
HX1 0 89.7 421.3 1.12
HX2 0 96.7 204.9 0.54
HX3 0 96.4 595.8 1.58
HX4 0 91.2 523.6 1.39
HX5 0 88.7 1,420.1 3.77
HX6 0 79.9 3,502.5 9.30
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HX7
HX8
HX9
Sum
Separator 1
Separator 2
Separator 3
Sum
O-P converter 1
O-P converter 2
Sum
Total Sum 74,168.1

[eNeololoBolololol RN

98.0 107.0 0.28
97.3 552.2 1.47
96.5 1,226.0 3.26
8,5653.4 22.72
~100.0 510.7 1.36
~100.0 394.0 1.05
~100.0 553.0 1.47
1,457.7 3.87
~100.0 3,635.0 9.66
~100.0 4,931.0 13.10
8,566.0 22.75
37,644.5 100.00

In the base concept, it is assumed that the
power consumption of the air coolers is ignorable.
The results show that it could be a wvalid
assumption as the total power consumption of the
air cooler is 431.2 kW, less than 0.6% of the total
power consumption of the process. Meanwhile,
the exergy efficiency for air coolers is in the range
of 74.8 to 96.6. They are responsible for up to
2.12% of the total exergy destruction in the
process. Therefore, it may be better to consider
the air cooler in exergy destruction. Sadaghiani
et al. [66] had not evaluated separators and
ortho-para converters by exergy analysis in their
study. The exergy efficiency for these components
is nearly 100%; however, the total exergy
destruction for ortho-para converters and
separators is responsible for 22.75% and 3.87% of
the total exergy destruction, respectively.
Expanders are the only components that,
compared to the ortho-para converters, impose
more exergy destruction on the process.

Expanders have the lowest exergy efficiencies
and highest exergy destruction. The heat
exchangers are the third major source of exergy
destruction in the considered process, followed by
compressors (and pump), separators, and air
coolers. The results show that chemical exergy for
separators and ortho-para converters in the
liquefaction process is of great importance. The
main changes in chemical exergy for the
liquefaction process occur in these components
and could affect the total exergy destruction and
exergy efficiency.

The SEC, COP, and exergy efficiency (¢) for
the base concept and the modified new one are
reported in Table 8. Results show that the new
concept is improved compared to the base one so
that the SEC is increased by 18.8%, and COP and
exergy efficiency is decreased by 14.4% and 15.5%
in turn.

Table 8 - Comparing the SEC, COP, and exergy efficiency of the new concept to the base one.

Indexes
SEC (kWh/kg)
Pre-cooling section COP
& (%)
SEC (kWh/kg)
Liquefaction section COP
& (%)
SEC (kWh/kg)
COP
£ (%)

Complete liquefaction
process

Base concept

New concept New VS. Base (%)

1.09 0.909 -16.6
0.803 0.893 11.2
66.45 64.47 -3.0
6.26 5.06 -19.2
0.0713 0.083 16.4
38.49 45.51 18.2

7.35 5.97 -18.8
0.180 0.206 14.4
42.63 49.24 15.5

A comparison between the final concept of
this study and the concept presented by Asadnia
et al. [19] and Krasae-In et al. [14] is shown in
Table 9. The COP of the new concept is the best,
but for SEC and & the concept proposed by
Krasae-In et al. [14] seems to be better. It should
be considered that the SEC of the present study
compared to the existing plant such as Ingolstadt
(13.58 kWh/kg) is much better.

Table 9 - Comparing the SEC, COP, and exergy
efficiency of the new concept to other studies.

Asadnia et al. Krasae-In et al. This

[19] [14] study

SEC 7.69 5.35 5.97
COP 0.171 0.166 0.206
€ 39.5 56.9 49.24

6. Conclusion

A new 300 TPD conceptual plant for hydrogen
liquefaction has been developed through
parameter optimization and configuration
modification of the base concept proposed by
Sadaghiani et al. [56]. Aspen HYSYS V9. is
utilized for simulation since it has been used for
the base concept and many similar studies in the
field of hydrogen liquefaction. Ortho-para
conversion is simulated more accurately thanks
to the using MBWR equation of state for
hydrogen streams besides using P-R for other
streams of the process and applying an adiabatic
condition to the O-P Converters. Configuration of
the process is improved by changing the location
of different components in the process, such as
compressors and coolers. The number of
compression stages and intermediate pressure for
every stage is improved. Operating parameters



Developing a new hydrogen liguefaction process through configuration modification and parameter optimization

and MR compositions for the new configuration
are determined using a trial and error method,
leading to a lower SEC for the whole process.
This study is more accurate as two different EOS
are employed, the power consumption for the
coolers is considered, and exergy analysis is
performed on all components even the ones that
are ignored in similar studies.

The exergy efficiency for the air coolers is in
the range of 74.8 to 96.6, and they are responsible
for 2.12% of the total exergy destruction in the
process. Moreover, the exergy analysis is applied
to the ortho-para converters and separators. The
results show that ortho-para converters and
separators are responsible for 22.75% and 3.87%
of the total exergy destruction, respectively, while
their exergy efficiency is nearly 100%. Therefore,
they should not be ignored in the exergy analysis
as they could affect the exergy efficiency of the
process. Configuration and essential parameters
such as pressure levels and temperature levels
are of great importance in the liquefaction
process as small changes to them could lead to

considerable changes in SEC and COP, so they
are improved using the trial and error method. It
should be noted that in both pre-cooling and
liquefaction sections, lower pressure levels could
affect the process efficiency more than higher
pressure levels. The results show that the new
concept enjoys higher efficiency and lower energy
consumption. The SEC, COP, and ¢ of the final
concept are 5.97 kWhr/kg, 0.206, and 49.24%,
respectively, which shows 18.8%, 14.4%, and
15.5% improvement compared to the base
concept. Although the process is improved in
different aspects, the liquefaction section is still
responsible for 85% of the total SEC, and it
deserves to focus on this section for future
studies.  Utilizing systematic optimization
methods and applying exergoeconomic and
exergoenvironmental analysis to this concept are
subjects that should be considered for future
studies in this field as could yield useful data and
results.

Nomenclature
Symbols Ex, exergy associated with the min Minute
heat transfer
ey specific exergy, kd/kg hr time, hour P-R Peng-Robinson
. - MBWR Modified-Benedict—Webb—
m mass flow rate, kg/s € exergy efficiency Rubin
E,  the rate of exergy flow Abbreviations Subscripts
eyn  physical exergy, kW/kg Com compressor In inlet
e., chemical exergy, kW/kg Exp expander Out  outlet
h specific enthalpy, kd/kg HX  heat exchanger F feed
I exergy destruction, kW hs heat source P product
€ exergy efficiency L liter 0 standard condition
P pressure COP Coefficient of Performance Se separator
s specific entropy, kd/kg-k TPD Tone Per Day Vap vapor
) T temperature SEC Specific Energy Consumption Liq liquid
W  power consumption rate, kW 0O&M Operation and maintenance i ith stage
Q heat flow, kw MR  Multi component refrigerant n nth stage
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