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ARTICLE INFO ABSTRACT

Keywords: A thermodynamic process is investigated and designed for hydrogen liquefaction system to utilize the cold
Hydrogen energy of liquefied natural gas (LNG). This study is an initial effort of newly launched five-year governmental
Liquefaction project in Korea, aiming at efficient hydrogen liquefiers. Since Korea is a major LNG import country, the cold

Brayton refrigerator

energy is abundantly available and could be useful in reducing the liquefaction cost. Hydrogen gas at ambient
LNG cold energy

temperature is pre-cooled by LNG and then fed into a closed-cycle Brayton refrigerator. Rigorous thermo-
dynamic analysis is carried out on the process with standard or modified Brayton cycles for the optimal condition
to minimize the power consumption. It is revealed that LNG at atmospheric pressure is much more effective in
pre-cooling than pressurized LNG (for pipeline distribution), because of the temperature pinch problem in heat
exchanger. By taking into consideration the efficiency and other factors such as safety, compactness, and sim-
plicity of operation, 2-stage expansion cycle with LNG pre-cooling is identified as most suitable for the pilot
system with a capacity of 0.5 ton/day. Full details of liquefaction process are presented with the optional use of

catalysts for ortho-para conversion.

1. Introduction

Hydrogen is emerging as new energy carrier for various applications
to take advantage of carbon-free energy system. As liquid hydrogen is
used for high-density storage and transfer [1-3], a variety of hydrogen
liquefiers [4-8] will be widely furnished in near future. In preparation
for the infrastructure of hydrogen supply, the Korean government
launched a five-year project in 2019 for the development of efficient
liquefaction technology under the funding by the Ministry of Land,
Infrastructure, and Transportation (MOLIT). An immediate goal of this
project is to design, construct, and demonstrate a pilot system of hy-
drogen liquefier with a capacity of 0.5 ton/day, which can utilize the
cold energy of liquefied natural gas (LNG).

From thermodynamic point of view, the cold energy is an exergy (or
availability) added by the input power in the liquefaction process of
natural gas [9-11]. Since Korea is one of the major LNG import coun-
tries in the world, the cold energy is abundantly available and could be
useful in reducing the liquefaction cost. While there have been nu-
merous efforts to utilize the cold energy of LNG in different areas
[12-14], this is the first systematic study to apply it for hydrogen li-
quefaction, as far as the authors are aware.

In practice, the cold energy of LNG is available at two distinct
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pressure levels, as schematically shown in Fig. 1. Large portion of LNG
is pressurized (typically, up to 7 MPa) and then re-gasified at the va-
porizers for pipeline distribution to various users. This primary source
of cold energy will be called HP (high-pressure) LNG in this paper. On
the other hand, some LNG is re-gasified at much lower pressure (at or
just above atmospheric pressure) for local use or for smaller-scale ap-
plications by truck delivery. This secondary source of cold energy will
be called LP (low-pressure) LNG.

The re-gasification process of LNG is thermodynamically compli-
cated, depending upon the pressure level [10,15], because natural gas is
a mixture of several hydrocarbons and minor gases. For natural gas
with a typical composition, some isobars are drawn on temperature-
entropy diagram in Fig. 2(a), and the specific heat is plotted as a
function of temperature at the corresponding pressures in Fig. 2(b).
Two isobars (7 MPa and 0.1 MPa) are highlighted by bold curves, re-
presenting the HP LNG and the LP LNG, respectively. Even though the
actual pressure of LP LNG may vary between 0.1 and 0.3 MPa, its lower
limit (0.1 MPa) is primarily considered.

The re-gasification of LP LNG consists of two processes: evaporation
(the phase change from liquid to vapor) and super-heating of vapor. On
the contrary, the re-gasification of HP LNG consists of three processes:
warm-up of sub-cooled liquid, evaporation, and super-heating of vapor.
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Fig. 1. Schematic illustration of LNG supply process where the cold energy is utilized at two pressure levels: high-pressure (HP) for pipeline distribution and low-

pressure (LP) for local use or truck delivery.
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Fig. 2. Thermodynamic properties of typical LNG (with a composition of 91% methane, 5% ethane, 2% propane, 1% butane, and 1% nitrogen on mole basis) at

different pressure levels.

As shown in Fig. 2(b), the specific heat at 7 MPa has a sharp peak
around the pseudo-critical point of mixture. This radical variation of
specific heat has a very significant implication for the nature of cold
energy, as discussed later.

Recently Chang et al. [8] published a comprehensive thermo-
dynamic work on the selection of suitable cycle for smaller-capacity
liquefaction, taking into account the efficiency and the low-pressure
operation for safety. In their work, the concept of refrigerator for li-
quefaction was presented in comparison with refrigerator or liquefier,
as schematically shown in Fig. 3. A closed-cycle Brayton refrigerator in
Fig. 3(a) takes the thermal load (Q;) at low temperature and release the
heat to ambient (Qp). An open-cycle Claude liquefier in Fig. 3(b) re-
ceives gas at ambient temperature and delivers cryogenic liquid. In
most liquefiers, the gas itself is the working fluid of the open cycle. A
Brayton refrigerator for liquefaction in Fig. 3(c) is a combination of
them, since the refrigerator works in a closed cycle, but the refrigera-
tion load is distributed over the stream from gas to cryogenic liquid.

It was reported in [8] that the open-cycle Claude liquefier is
dominant in thermodynamic efficiency, as widely used in full-scale
hydrogen liquefiers. For small-scale liquefaction, on the other hand, the
closed-cycle Brayton refrigerators for liquefaction can take advantage
of easier operation and no need of high-purity gas. It was also reported
that reasonably high efficiency can be achieved with Brayton re-
frigerators operating at considerably lower pressures. Specifically,

standard Brayton cycle with liquid-nitrogen pre-cooling and 2-stage
expansion Brayton cycle without pre-cooling were preferably re-
commended for 100 L/h liquefaction.

This study is a design effort to investigate the similar Brayton re-
frigeration cycles for hydrogen liquefaction, but with a focus on the
effect of pre-cooling with LNG. A major issue is to estimate how much
input power can be reduced by the cold energy of LNG and to identify
the most suitable cycle for small or medium scale liquefaction with LNG
pre-cooling. The national institute hosting this governmental project
has set a thermodynamic goal in terms of required work per unit liquid
mass at 51.5 MJ/kg (14.3 kWh/kg), assuming that the cold energy is
provided with no cost. This goal is based on the performance of com-
mercial products with similar capacity [5,6]. It is also intended in this
study to examine the effect of two distinct pressure levels of LNG on the
thermodynamic performance. Upon the results of thermodynamic
study, the details of process design will be carried out towards the pilot
system with a capacity of 0.5 ton/day (294 L/h).

2. Brayton refrigeration cycles for liquefaction

Standard and two modified Brayton refrigeration cycles with LNG
pre-cooling are shown in Fig. 4. In all cycles, helium is the working
fluid, and the compressors (C) and the after-coolers (AC) are located at
ambient temperature. The compression may be multi-staged as
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Fig. 3. Comparison of thermodynamic cycles for refrigeration and liquefaction: (a) closed-cycle Brayton refrigerator, (b) open-cycle Claude liquefier, and (c) closed-

cycle Brayton refrigerator for liquefaction.

described later, even though only single-stage is drawn for simplicity.
Hydrogen gas (GH,) at ambient temperature enters the pre-cooling heat
exchanger (PHX), and then is fed into the main heat exchangers of re-
frigeration cycle. PHX is a counter-flow heat exchanger that may play
the role of an LNG vaporizer (as shown in Fig. 1) at the same time. The
first heat exchanger (HX1) has two streams, but next heat exchangers
(HX2, HX3, HX4) have three (i.e. one cold and two warm) streams. The
coldest heat exchanger is called liquefying heat exchanger (LHX) for
liquid delivery.

The standard Brayton cycle has one turbine (E) at the cold end, as
shown in Fig. 4(a). The helium temperature at the exit of turbine is
lower than liquid hydrogen temperature (20 K). In order to achieve a
higher efficiency, the standard cycle can be modified by employing two
turbines. In Fig. 4(b), two turbines are arranged in series, as called 2-
stage (expansion) cycle [17]. In Fig. 4(c), on the contrary, two turbines
are arranged in parallel, as called dual-turbine cycle [17]. The flow rate
is same for two turbines in 2-stage cycle, while the pressure levels are
same for two turbines in dual-turbine cycle.

Since the pre-cooling behavior is quite different by the pressure
level of LNG, both HP LNG and LP LNG are considered in each cycle.
Consequently, three different cycles are analyzed with two different
LNG pressure levels so that the total number of cycles to analyze and

optimize will be six. In order to examine the effect of LNG pre-cooling,
three corresponding cycles without pre-cooling will be compared as
well.

3. Analysis and thermodynamic optimization
3.1. Performance index and assumptions

Thermodynamic performance of a liquefaction system can be eval-
uated by the required work per unit mass of liquid [4].

W _We-We
my my 1
where W¢ and Wy are the power input to compressors and the power
output from expanders or turbines, respectively, and my is the mass flow
rate of liquid. The turbine power may be actually used for compressing
gas or may be electro-mechanically dissipated. In this paper, the “net”
power input is counted as performance index. As the LNG cold energy is
utilized, the exergy or flow availability of LNG can be considered as
additional input power, but is not counted here, because the cold en-
ergy is regarded as being free.

For the purpose of cycle analysis and optimization, the simplifying

AC

AC2 : Glf2 |_.NG » : Glfz |_.NG
[ému%} [3Pux3 ]| [sux1g] [3pPux3|
3 0 |a L« NG 3 th |« Leine
[% - E]HXZ [42 > 2]HX2

(a) Standard cycle

(b) 2-stage cycle

g | mxs

LHX

(¢) dual-turbine cycle

Fig. 4. Standard and two modified Brayton refrigeration cycles for liquefaction with LNG pre-cooling.
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assumptions are made:

® The ambient (hydrogen feed and after-cooling) temperature is
300 K.

® Hydrogen at the exit is saturated liquid at 20 K and the flow rate is
5.79 g/s (0.5 ton/day).

® LNG temperature is 111 K, and LNG pressure is 7 MPa for HP LNG
and 0.11 MPa for LP LNG.

@ The composition of LNG is 91% methane, 5% ethane, 2% propane,
1% butane, and 1% nitrogen on mole basis.

® The minimum temperature approach is 1.5 K for PHX and HXI,
and 1.5% of the absolute temperature of hot stream for other heat
exchangers (HX2, HX3, HX4, LHX).

® In all heat exchangers, the pressure drop of each stream is 10 kPa.
@ In refrigeration cycles, the upper and lower limits of pressure are
1 MPa and 0.1 MPa, respectively.

The adiabatic (isentropic) efficiency of all compressors (C) is 75%,
and the compression is multi-staged with a pressure ratio of 1.6 ~ 2
at each stage.

® The adiabatic (isentropic) efficiency of all turbines (E) is 70%.

Assumptions ® and @ are the same LNG conditions as Fig. 2. As-
sumption ® means that the heat exchangers are sufficiently effective
and optimized [8,14], as discussed later. Assumption ® is a fairly
simplified one, since the pressure drop is actually dependent on the
capacity or size of heat exchangers. But it is also true in plate-fin heat
exchangers (to be used in pilot system) that most of pressure drop oc-
curs at the inlet and the exit. Assumption @ is a safety constraint in
accordance with the gas regulations. The component performance in
Assumptions ® and ® is rather conservative in order to simulate the
pilot system under construction.

Cycle analysis is carried out with a general purpose process simu-
lator (Aspen Technology HYSYS), and the standard database is in-
corporated for the thermodynamic properties of helium, hydrogen
[18,19], and natural gas mixture. Hydrogen feed is assumed to be
normal hydrogen (i.e. 25% para-hydrogen) in the cycle analysis and
optimization, and the catalysts for ortho—para conversion will be con-
sidered later in the process design.

3.2. Pre-cooling heat exchanger (PHX)

In PHX, the temperature distribution of two counter-flows (hy-
drogen and natural gas) is calculated and plotted in Fig. 5(a) and (b) for
HP LNG and LP LNG, respectively. In both cases, two inlet temperatures
are same (300 K and 111 K), and the minimum temperature approach is
set at the same value (1.5 K). The temperature profile is notably dif-
ferent, mainly because of the location of pinch point (the point of
minimum temperature difference). As indicated by arrows, the pinch
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point is located at two ends of heat exchanger in case of LP LNG, but at
a point in the middle of heat exchanger and the warm end in case of HP
LNG. As a result, the exit temperature of hydrogen is sufficiently low
(112.5 K) with LP LNG, but is considerably higher (129.6 K) with HP
LNG.

An obvious reason for the contrasting behavior is found in the
variable specific heat of LNG shown in Fig. 2. Specifically, the local
peak of specific heat is a detrimental obstacle to pre-cool by HP LNG
[20], however highly effective the heat exchanger may be. It can be
shortly confirmed by the simulation that the lowest possible pre-cooling
temperature would be 111 K with LP LNG, but as high as 127.5 K with
HP LNG, if the PHX were infinitely large or the minimum temperature
approach were zero. The key point here is that LP LNG is far superior to
HP LNG as pre-coolant, even though their temperature may be same.

3.3. Standard cycle with LNG pre-cooling

In the analysis of LNG pre-cooled standard cycle shown in Fig. 4(a)
(excluding the PHX), there are two independent variables, as the
number of unknowns is 17 (7 temperatures, 9 pressures, 1 flow rate)
and the number of given conditions is 15 (7 HX, 7 AP, 1 Turbine). The
cycle is completed if two variables are given, for example, the high
pressure (Py) and the low pressure (Pr). The calculated work per unit
liquid mass is plotted in Fig. 6 as a function of P;, when Py = 1 MPa.
There exists an optimal P; to minimize the work per liquid mass, which
is 0.17 MPa for HP LNG and 0.18 MPa for LP LNG. In the optimized
conditions (indicated by dots in Fig. 6), the minimum work per unit
liquid mass is 72.9 MJ/kg for HP LNG and 65.0 MJ/kg LP LNG.

The optimization presented above is repeated with lower values of
Py. Noting that the liquefaction process is based on Brayton cycle, a
dominant design parameter is the pressure ratio (Py /P;) [4]. In other
words, the thermodynamic performance is determined principally by
the ratio and is independent of pressure values in ideal Brayton cycle. In
practical cycle based on the given assumptions, however, it can be
readily shown that as the pressure level decreases (for a given pressure
ratio), the effect of pressure drop becomes more detrimental, thus the
work per liquid mass increases [16]. The final decision on operating
pressures is made with Py = 1 MPa and the optimized P;, as given
above.

3.4. Two-stage expansion cycle with LNG pre-cooling

In the analysis of LNG pre-cooled 2-stage cycle shown in Fig. 4(b)
(excluding the PHX), there are three independent variables, as the
number of unknowns is 25 (11 temperatures, 13 pressures, 1 flow rates)
and the number of given conditions is 22 (10 HX, 10 AP, 2 turbines).
The cycle is completed if three variables are given, for example, the
high pressure (Py), the intermediate pressure (P;), and the low pressure
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Fig. 5. Comparison of temperature profile in pre-cooling heat exchanger (PHX) with HP LNG and LP LNG.
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pre-cooled 2-stage cycle.

(Pp). P; is defined as the exit pressure of first turbine (E1). The calcu-
lated work per unit liquid mass is plotted in Fig. 7 as a function of Py, for
various values of P;, when Py = 1 MPa. There exist unique optimal
values for P; and P; to minimize the work per liquid mass, which are
0.65 MPa and 0.22 MPa for HP LNG, and 0.67 MPa and 0.23 MPa for LP
LNG, respectively. In the optimized conditions (indicated by dots in
Fig. 7), the minimum work per unit liquid mass is 48.8 MJ/kg for HP
LNG and 45.7 MJ/kg LP LNG.

The 2-dimensional optimization demonstrated above is repeated
with lower values of Py. In the same context as standard cycle, it can be
readily shown that as the pressure level decreases, the work per liquid
mass slightly increases. The final decision on operating pressures is
made with P;; = 1 MPa and the optimized P; and Py, given above.

3.5. Dual-turbine cycle with LNG pre-cooling

In the analysis of LNG pre-cooled dual-turbine cycle shown in
Fig. 4(c) (excluding the PHX), there are three independent variables, as
the number of unknowns is 32 (15 temperatures, 15 pressures, 2 flow
rates) and the number of given conditions is 29 (13 HX, 13 AP, 2 tur-
bines, 1 mixing). The cycle is completed if three variables are given, for
example, the high pressure (Pp), the low pressure (Pr), and the flow
ratio of warm turbine (x).

Cryogenics 108 (2020) 103093
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dual turbine cycle.
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The calculated work per unit liquid mass is plotted in Fig. 8 as a
function of P; for various values of x, when Py = 1 MPa. There exist
unique optimal values for P; and x to minimize the work per liquid
mass, which are 0.26 MPa and 0.32 for HP LNG, and 0.26 MPa and 0.30
for LP LNG, respectively. In the optimized conditions (indicated by dots
in Fig. 8), the minimum work per unit liquid mass is 48.7 MJ/kg for HP
LNG and 45.8 MJ/kg LP LNG.

The 2- dimensional optimization demonstrated above is repeated
with lower values of Py. In the same context as standard cycle, it can be
readily shown that as the pressure level decreases for a given pressure
ratio, the work per liquid mass increases. The final decision on oper-
ating pressures is made with P, = 1 MPa and the optimized P; and x
given above.

4. Results and discussion
4.1. Selection of refrigeration cycle

In order to identify the most suitable refrigeration cycle for lique-
faction process, the optimized cycles are plotted in temperature-entropy
diagram (Fig. 9), and also compared in terms of work per liquid mass,
pressure ratio, and flow rate (Fig. 10). In Fig. 9, two horizontal dashed
lines indicate the temperatures of LNG and liquid hydrogen as re-
ference. In Fig. 10, the white, light grey, and dark grey columns re-
present the cycles with no pre-cooling, with HP LNG pre-cooling, and
with LP LNG pre-cooling, respectively. The work per unit liquid mass is
the major economic factor on thermodynamic performance, while the
pressure ratio and flow rate are closely related with other factors, such
as the operational safety and the compactness of system.

The reduction of power consumption by LNG pre-cooling is esti-
mated at 64-67% for standard cycle, and at 37-41% for two modified
(2-stage and dual-turbine) cycles. The effect of pre-cooling is relatively
smaller in modified cycles, because the cycle is already composed of
two turbines (in series or parallel) and the pre-cooling plays a less
important role as third stage [8]. In every cycle, LP LNG pre-cooling is
noticeably superior to HP LNG pre-cooling. As the target (51.5 MJ/kg)
is indicated by the horizontal dotted line, the standard cycle does not
reach the goal in work per liquid mass, but two modified cycles satisfy
the requirement. It is noted that both cycles barely meet the criterion
with HP LNG, but satisfy it with some margin with LP LNG. Conse-
quently, either 2-stage or dual-turbine cycle could be selected in terms
of thermodynamic efficiency.

To compare two modified cycles more closely, the work per liquid
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mass is nearly identical, but the pressure ratio is slightly lower in dual-
turbine cycle and the flow rate is slightly lower in 2-stage cycle. It can
be therefore declared that 2-stage cycle has a potential advantage in
compactness. Another factor to consider in the cycle selection is the
operational simplicity. In 2-stage cycle, the flow rate is same over the
entire single loop, as the turbines are placed in series. In dual-turbine
cycle, on the contrary, two flow rates should be optimally controlled for
the designed performance, as the turbines are placed in parallel.

In summary, 2-stage expansion Brayton cycle with LNG pre-cooling
is selected for the next step of process design, taking into consideration
the thermodynamic efficiency and other factors such as safety, com-
pactness, and simplicity. For the pre-cooling of the cycle, LNG at at-
mospheric pressure is most effective, while the compressed LNG is
useful as well with a minor penalty of added input power.

4.2. Optional ortho—para conversion

Hydrogen molecules can exist as either ortho-hydrogen or para-
hydrogen. The equilibrium fraction of para-hydrogen is 25% (normal
hydrogen) at ambient temperature, but gradually rises to 99.8% as
temperature decreases down to 20 K. Since the ortho-para conversion is
a slow process, proper catalyst is commonly used in hydrogen liquefier
to speed up the conversion [4].

In reality, however, the use of catalytic conversion is optional, de-
pending on how long the liquid will be stored before re-gasification. For
example, if the storage period is a few days or shorter, liquid of normal
hydrogen is useful enough, because the boil-off by delayed conversion
is not so significant. But if the storage period is a month or longer, the
catalytic conversion is mandatory to avoid an excessive loss by boil-off.
It is proposed in this process design to install the catalyst with a bypass
valve for optional use.

As shown in Fig. 11, three stages of catalyst are installed along the

hydrogen stream. The first is placed at the cold end of PHX to utilize the
additional cold energy of LNG, even though the increase of para-frac-
tion is so great. The second is placed between HX2 and HX3 in parallel
with the first turbine (E1). The third is placed at the cold end of HX4.
The first and third conversions are basically isothermal around at 111 K
and 20 K, respectively. On the contrary, the second conversion is
adiabatic, and the gas temperature will increase by conversion heat.

In order to illustrate the three stages of conversion, the fraction of
para-hydrogen is plotted as a function of temperature in Fig. 11. It is
assumed that the conversion occurs only in the catalysts and the
equilibrium fraction is reached at the exit. It is further assumed that the
pressure drop is 10 kPa in each stage of catalytic conversion. The dotted
curve at top is the equilibrium fraction, and the dashed horizontal line
at bottom indicates the simple liquefaction of normal hydrogen (with
constant fraction of 25%), when the bypass valves are open. The step-
wise graph is the designed process with catalytic conversion, including
the first small step of isothermal conversion, the second step of adia-
batic conversion (accompanying the temperature increase), and the
third step of isothermal conversion nearly at 20 K. The fraction of para-
hydrogen steps up from 25% to 34.3%, 59.1%, and then 99.6% with LP
LNG pre-cooling. Alternatively, the liquid of 34.3% para-hydrogen will
be obtained, if only the first catalyst is used, and the liquid of 59.1%
para-hydrogen will be obtained, if the first and second catalysts are
used and third bypass valve is open.

4.3. Plan for pilot system and key components

The liquefaction process for 0.5 ton/day pilot system is summarized
as tables in Fig. 11. Two different cases are presented for the lique-
faction without or with ortho-para conversion. The detailed values of
temperature [K], pressure [MPa], vapor fraction, flow rate [g/s], and
para-hydrogen fraction are listed at each point of the process. In case of
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H.-M. Chang, et al.

Cryogenics 108 (2020) 103093

GH,
L NG 1.0 LI-..I,Z T T T T T
2 |
HX1 PHX 5
@ 081 .
3 10 a ING g -
3
HX2 =
Sl & 06 L 3b2 .
4 bl = c
- Bypass S_-:
3\ 9 Valve 5}
S i
5 b2 Catalyst g
131
&
[ HXG 3 | £ GH]]
LHX 00 L L L L 1
0 50 100 150 200 250 300
Temperature [K]
(No conversion) 1 2 3 4 5 6 7 8 9 10 GH2 a b ¢ LH2 LNG NG
Temperature [K] 298.5 300.0 111.4 515 464 228 178 204 460 1098 300.0 1125 51.5 228 203 111.0 2985
Pressure [MPa] 023 1.00 099 098 0.67 066 027 026 025 024 014 0.3 012 0.1 010 011 0.10
Vapor fraction 1.00 1.00 1.00 1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.00 0.01 1.00
Flow rate [g/s] 204 204 204 204 204 204 204 204 204 204 579 579 579 579 579 167 167
(O-P conversion) 1 2 3 4 5 6 7 8 9 10 GH2 a bl b2 ¢ LH2 LNG NG
Temperature [K] 298.5 300.0 111.8 49.7 448 225 17.6 20.5 451 1102 300.0 113.4 49.7 662 225 203 111.0 2985
Pressure [MPa] 023 1.00 099 098 0.67 066 027 026 025 024 0.17 0.15 0.14 013 012 0.10 0.11 0.10
Vapor fraction  1.00 1.00 1.00 1.00 1.00 1.00 1.00 100 100 100 1.00 1.00 1.00 1.00 100 000 001 1.00
Flow rate [g/s] 279 279 279 279 279 279 279 279 279 279 579 579 579 579 579 579 170 17.0
Para fraction - - - - - - - - - - 0.250 0.343 0.343 0.591 0.591 0996 - -

Fig. 11. Details of hydrogen liquefaction process (0.5 ton/day) with 2-stage expansion Brayton refrigeration cycle pre-cooled by LP LNG and with or without ortho-

para conversion.

LNG pre-cooling, the power consumption is 264 kW or 362 kW for the
0.5 ton/day liquefaction of normal hydrogen or equilibrium hydrogen,
respectively. The consumption of LP LNG is approximately 1.47 ton/
day. In case of HP LNG pre-cooling (not included in the graph and table
of Fig. 11), the power consumption is 282 kW or 388 kW for the 0.5
ton/day liquefaction of normal hydrogen or equilibrium hydrogen, re-
spectively. The consumption of HP LNG is approximately 1.45 ton/day.

The key components in the construction of pilot system are com-
pressors, turbines, and heat-exchangers. The detailed component design
is beyond the scope of this work, but a few comments are made about
their preliminary specifications. As presented above, the specifications
of components may vary by the pressure level of LNG and by the op-
tional use of catalysts. Since the pilot system will use LNG delivered by
truck, the specifications are taken from the designed process with LP
LNG. In regards to ortho-para conversion, the pilot system should be
able to demonstrate the liquefaction at various fractions of para-hy-
drogen between 25% and 99.8%.

The helium compressor requires a flow rate of 0.279 kg/s with
suction and exhaust pressures of 0.23 MPa and 1.0 MPa, respectively. A
single-stage screw compressor or two-stage reciprocating compressors
with inter-cooling may be selected. The specifications of two turbines
are quite different each other. The inlet temperature is 49.7 K for the
first turbine (E1) and 22.5 K for the second turbine (E2), and the
pressure ratio and output power are 1.5 and 7.2 kW for E1, and 2.4 and
6.8 kW for E2, respectively. It is interesting that while the pressure ratio
of E2 is much greater than that of E1, the output power is no so dif-
ferent each other for two turbines. Typical radial flow-in turbo-ex-
panders may be selected for this application.

Five different heat exchangers are needed in the pilot system, in-
cluding 3 counter-flow heat exchangers (PHX, HX1, LHX) and 2 multi-
stream heat exchangers (HX2, HX3). As commonly used in cryogenic
liquefiers, the plate-fin heat exchangers (PFHX) are selected, taking

advantage of compactness and design flexibility [20]. It is crucial that
every heat exchanger should meet the condition of minimum tem-
perature approach by Assumption ®, as being imposed in accordance
with the well-known optimization subject to constraints [16,17]. A
close attention should be paid to the condensing heat exchanger (LHX),
because the pinch point is always located in the middle (at the position
of saturated vapor for hydrogen), as previously reported for the me-
thane liquefaction process by cold nitrogen gas [16].

The pressure drop in heat exchangers by Assumption ® should be
also carefully checked for validity, since the overall liquefaction per-
formance is significantly affected. As mentioned, the pressure drop in
PFHX occurs mainly at inlets and exits, and it is strongly recommended
that two or more heat exchangers be combined together in order to
reduce the number of inlets and exits [21]. For example, HX2 and HX3
can be manufactured as one piece, as demonstrated in Fig. 12. The flow
passage with fin layout is shown for three layers of high-pressure he-
lium (Layer A), low-pressure helium (Layer B), and hydrogen (Layer C).
The resulting configuration of PFHX is schematically presented with a
stack of A-B-C-B-A. It is noticeable that the low-pressure helium stream
in Layer C is straight all the way with one inlet (8) and one exit (10)
only.

5. Conclusion

Hydrogen liquefaction process with standard and modified Brayton
refrigeration cycles is rigorously studied, aiming at the effective utili-
zation of LNG cold energy. A special attention is paid to two distinct
pressure levels of 7 MPa (HP LNG) and 0.1 MPa (LP LNG), at which the
cold energy is available in practice. The operating condition is suc-
cessfully optimized in each cycle to achieve the minimum input power
per unit liquid mass. The effect of LNG pre-cooling on the liquefaction
performance is quantitatively examined, and three (standard, 2-stage,
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Fig. 12. An example of schematic configuration for plate-fin heat exchanger (PFHX) to combine HX2 and HX3 with three different layers (A, B, C) by A-B-C-B-A stack

(not to scale).

and dual-turbine) cycles are compared in terms of power consumption,
operating pressure, and flow rate. It is revealed that LP LNG is far su-
perior to HP LNG in pre-cooling of hydrogen, because of the tempera-
ture pinch problem in counter-flow heat exchanger. Two-stage expan-
sion Brayton cycle with LP LNG pre-cooling is identified as most
feasible, taking into consideration the thermodynamic efficiency and
other factors such as safety, compactness, and simplicity in operation.
Full details of the liquefaction process with “optional” ortho-para
conversion are designed for immediate application to the pilot system
with a capacity of 0.5 ton/day.
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