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Abstract: Hydrogen used as an energy carrier can provide an important route to the decarbonization
of energy supplies, but realizing this opportunity will require both significantly increased production
and transportation capacity. One route to increased transportation capacity is the shipping of liquid
hydrogen, but this requires an energy-intensive liquefaction step. Recent study work has shown that
the energy required in this process can be reduced through the implementation of new and improved
process designs, but since all low-temperature processes are affected by the available heat-sink
temperature, local ambient conditions will also have an impact. The objective of this work is to
identify how the energy consumption associated with hydrogen liquefaction varies with heat-sink
temperature through the optimization of design parameters for a next-generation mixed refrigerant
based hydrogen liquefaction process. The results show that energy consumption increases by around
20% across the cooling temperature range 5 to 50 °C. Considering just the range 20 to 30 °C, there is a
5% increase, illustrating the significant impact ambient temperature can have on energy consumption.
The implications of this work are that the modelling of different liquified hydrogen based energy
supply chains should take the impact of ambient temperature into account.
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1. Introduction

Hydrogen used as a fuel, as an energy source for industrial processes or for generating
electrical power can provide an important route to the decarbonization of energy supplies
and the integration of renewable energy systems. The study of Acar and Dincer [1], for
example, identifies that hydrogen can play “eight significant roles” in the green energy
transition. Recent studies have also made the case that achieving a transition to carbon-free
energy in the EU is impossible without a large increase in hydrogen production [2], and
energy system modeling has found that “hydrogen and synfuels add up to between 20%
and 50% of [EU] energy demand in transport in 2050” [3]. This positive view of the role
that hydrogen could play in future low-carbon development is also reflected in political
intent via the EU hydrogen strategy [4].

Reflecting this political support, research related to hydrogen energy has increased
over recent years [5]. Important research topics include energy demand and supply
modelling [2,3], the novel integration of renewable energy sources such as solar power [6],
the development of enhanced electrolysis based production methods [7], the development
of new applications such as use a reductant in steel manufacturing [8] and the assessment
of alternative sources such as methanol [9].

In all envisaged future hydrogen-based economies, a significant increase in the trans-
portation capacity for hydrogen is required. It is possible to transport hydrogen as a
compressed gas or as a liquid at low temperature, in pipelines as a gas. The optimum trans-
portation strategy will depending on both transportation capacity and the distance [10].
When the distance is significant it is reasonable to expect that shipping of hydrogen will
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be favored, and while researchers such as Ishimoto et al. [11] have studied the economics
of shipping liquefied hydrogen, some commercial steps have also been made, with the
world’s first liquid hydrogen carrier ship launched in Japan in 2019 [12].

If hydrogen is transported at large-scale as a liquid, a key part of the supply chain will
be the liquefaction process, which is very energy intensive. The specific energy consump-
tion (SEC) of the most efficient currently operating large-scale hydrogen liquefaction (LHL)
plants lies in the range 13 to 15 kWh/kg [13], which is much higher that even the most
efficient LNG processes, which have a SEC of around 240 kWh/tonne. Because of this,
there is significant interest in the development of new and improved LHL technologies
that can help reduced SEC.

Research topics relating to improved LHL technologies include the integration of
renewable energy sources, such as solar energy [14] and geothermal energy [15]; the
use of mixed refrigerants (MR) for pre-cooling [16-18]; and the use of helium in the
cryogenic cooling and liquefaction part of the process [19,20]. Other research has focused
on the impact of the conversion of ortho-hydrogen to para-hydrogen on the liquefaction
process [21,22] and the relative performance of different heat exchanger types [17,22,23].
The suggested efficiency of the proposed concepts for LHL studied lie in the range 5 to
8 kWh/kg [13], which represents a substantial motivation for the implementation of these
technologies in the next generation of LHL plants.

The proposed use of a MR in the pre-cooling part of LHL processes represents a close
parallel to the use of MR in the design of some of the largest and most efficient natural gas
liquefaction processes and because of this, represents one of the most promising near-future
improvements to LHL design. LNG plants based on the use of MRs include the Snehvit
plant located at Melkoya in northern Norway, which uses a cascade of three MR loops
and is claimed to be the most efficient LNG plant in the world [24]. While the efficiency
achieved by the Snehvit LNG plant is due, in part, to its advanced design, the plant also
benefits from its cold-climate location and subsequent access to a lower temperature heat
sink than most other LNG plants.

The study of Rian and Ertesvég [25] looked at the impact of ambient temperature on
the Snehvit LNG plant, finding that a reduction in the available heat sink temperature
from 20 to 4 °C gives a reduction in exergy destruction of 10.9%. A small number of other
studies have also considered the impact of ambient temperature on the performance of
other types of LNG process [26-29] providing similar results. The study of Park et al., for
example, finds that specific power consumption of single MR process increases by between
16% and 42% over the temperature range 10 to 25 °C, varying with the approach used
in process optimization. This significance of this variation in energy consumption with
ambient temperature is not only relevant to the design of LNG plant itself, it is large enough
to affect the whole energy supply chain. For example, the study of Jackson et al. [29] finds
that the CO, emissions for a power plant supplied by gas from an LNG plant located
in northern Norway will be between 0.8 and 1.3% lower than if it were supplied by the
same design of LNG plant located in the Middle East. It is therefore logical to expect
that the performance of LHL plants using MR pre-cooling and the performance of energy
supply chains based on LHL will be significantly affected by the ambient temperature at
the liquefaction plant location.

Given the close parallel between MR based LNG processes and MR pre-cooled LHL
processes and given the demonstrated impact of ambient temperature the performance
of LNG processes, ambient temperature can be expected to have a significant impact
on the performance of the type of LHL processes likely to be used in the near future.
Although several studies have been made into the performance of MR pre-cooled type LHL
process and studies have looked at the impact of ambient temperature on LNG process
performance, no studies quantifying this impact of ambient temperature on LHL processes
are currently found in the literature. The aim of this study is, therefore, to generate a set of
data illustrating the impact of ambient temperature on the performance of MR pre-cooled
type LHL process.
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2. Materials and Methods
2.1. Selection of the Modeling Basis

Although only a handful different types of liquefaction process are used in current
operating LHL plants, a wide range of improved processes have been proposed. In the
present study a comprehensive review of the various improved liquefaction technologies
is outside the scope of work. Instead, a single, representative, improved process was
selected to be used as the basis for the present study. The details of the selection process
are described below.

Because the results from this study are intended to support further research in future
low-carbon energy supply and, specifically, how different supply chain configurations
affect efficiency, the improved concepts of most relevance are those technologies likely to
be used in the near future. Taking the techno-economic analysis of Cardella et al. [30] as a
basis, the improved technology that fits best with the aim of the study is the use of a mixed
refrigerant (MR) for pre-cooling of the hydrogen feed stream.

Most current, and much improved, hydrogen liquefaction processes are based on
the division of the overall process into two parts: a pre-cooling step and a cryogenic-
cooling step. In conventional LHL plant designs, the pre-cooling stage often uses liquid
nitrogen (LIN) as a refrigerant, whereas the cryogenic-cooling step uses either helium in
a Brayton cycle, or hydrogen in a Claude cycle [18]. In the cryogenic step, the hydrogen
feed is generally cooled from below around —90 °C to the final liquefaction temperature.
Although the break-point temperature between the pre-cooling and the cryogenic step,
Ty, is potentially an optimization variable, the present study assumes that the impact of
ambient temperature on operating parameters in the cryogenic step is small and, therefore,
that Tj, can be fixed.

Typical of the concepts for improved energy consumption using MRs is the process
studied in the work of Skaugen et al. [17], which is based on a Claude cycle in cryogenic-
cooling step and a MR in the pre-cooling step. In this process the pre-cooling step and
the portion of the cryogenic step that operates above T, are not integrated. This allows
the present study to consider the optimization of the pre-cooling process independently
from the operation of the cryogenic-cooling process. In addition, because the details of the
composition and operating conditions for the proposed MR cycle are clearly set-out in the
work of Skaugen et al. [17], the present study uses the work of Skaugen as the basis for
model development and validation.

Although the operating parameters in the cryogenic-cooling step are assumed fixed in
the present study (i.e., they are not affected by ambient temperature), the energy consump-
tion of the cryogenic-cooling cycle compressor is still affected by the exit temperature that
the inter and after-coolers, T, are designed to operate with, which would normally be set
relative to the ambient temperature of the seawater, or air, used as the heat-sink. Because
of this, modelling of the performance of the cryogenic cycle compressor as it varies with Tt
does form part of the present study.

Another important factor in the design and optimization of hydrogen liquefaction
processes is the conversion of ortho to para hydrogen. This process releases a significant
quantity of heat, affecting both the process design and the selection of optimum operating
parameters. The conversion of the ortho isomer during liquefaction is typically promoted
using a catalyst. The effectiveness of the catalyst and the residence time in the heat
exchangers affects the approach to the equilibrium concentration and, subsequently, the
temperature profile in the heat exchangers. However, across the range of temperatures
experienced in the pre-cooling process, the equilibrium concentration of para hydrogen
varies by less than 5% [21]. Moreover, as in the study of Skaugen et al. [17]—which is a
reference case for this study—catalytic conversion is assumed after the pre-cooling process.
This will result in a low approach to the equilibrium conversion in the pre-cooling process
and, therefore, in this study the modelling of the conversion of ortho to para hydrogen is
set outside the scope of work.
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2.2. Process Model Development

As described above, the process model used in this study consists of two separate
parts: a model of the MR pre-cooling step, and a model of the cryogenic-cooling step cycle
compressor. The development of these two models is described below. A block diagram
showing the relationship between the cryogenic-cooling step and the pre-cooling step is
also presented in Appendix A.

Figure 1 illustrates the process flow scheme used for the MR pre-cooling process,
which is based on the flow scheme used in the reference study of Skaugen et al. [17].
The main equipment items shown in Figure 1 are a compressor (comprising RC-1 and
RC-2), two process coolers (PC-1 and PC-2), a MR separator (VV-1), a pump (PP-1), and
the main heat exchanger (HX-1). The MR compressor comprises two stages (RC-1 and
2), both with after-cooling (PC-1 and 2) to T.. Any liquids condensed liquids after the
first stage are separated in VV-1. Liquids separated in this way are pumped (PP-1) to the
compressor discharge pressure—bypassing the second stage of compression (RC-2)—and
mixed with the vapor stream entering the main heat exchanger (HX-1). The main heat
exchanger is modelled as a multi-stream type heat exchanger with two hot streams: H and
high-pressure MR, and one cold stream: low-pressure MR. The low-pressure MR stream
exiting the main heat exchanger returns to the MR compressor. Hydrogen leaving HX-1 is
cooled to Tp.

Ho Feed
VoA PC-2 -,

PC-1 RC-2
O
RC-1 —

T. LTC

1\

HX-1

Pre-cooled Hyp
Figure 1. Flow diagram for the MR H, pre-cooling process.

To allow the calculation of process energy consumption a simplified model of the
process presented in Figure 1 was developed in MATLAB [31] with the TREND software
package [32] used to calculate thermo-physical properties. Table 1 presents the set of fixed
modelling parameters, MP, used in the model of the MR pre-cooling process. In general,
the parameters in Table 1 were selected to reflect those used in the reference study [17].
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Table 1. Summary of MR process fixed modelling parameters.

Parameter Value Units

Hydrogen Feed Pressure 20 bara
Hj pre-cooling temperature, T) —159 °C
Compressor/ pump efficiency 85 % *
HX-1 pressure-loss (hot streams) 0.5 bar
HX-1 pressure-loss (cold streams) 0.1 bar
PC-1 and 2 pressure-loss 0.5 bar

* Isentropic efficiency.

For simplicity, the pressure-loss in the main heat exchanger was scaled linearly with
temperature and the two MR streams were assumed to be mixed before entering the heat
exchanger and the combined MR stream enters the main heat exchanger at the H, feed
temperature.

The temperature profiles for the combined hot streams and the cold stream in HX-
1—the hot and cold composite curves—were estimated by splitting the heat exchanger
into n equally sized temperature intervals, each sized (Ti, — Tout) /1 and stream enthalpies
calculated for each temperature point (1 + 1, total). Then the heat exchanger duty was also
split into n equally sized intervals (Qpx_1/7), and the hot and cold composite temperatures,
Thc and Tcc, interpolated at each point (1 + 1, total) using linear interpolation of the
temperature-enthalpy data. Finally, the temperature approach was calculated for each
point, AT = Tyc — Tcc. In both cases, n was set to 50 to give a high degree of accuracy to
the calculations.

Figure 2 provides a sketch of the cycle compressor (comprising H2-1 to 4) for the
cryogenic-cooling step which forms the basis of the present study. The stream LP Hj
represents the low-pressure hydrogen stream returning from the liquefaction process. This
stream is compressed in two compressor stages (H2-1 and H2-2) before blending with
medium-pressure hydrogen. The combined stream is then compressed in two further com-
pressor stages (H2-3 and H2-4) before being passed-back to a multi-stream heat exchanger
(HX-2), which cools the HP stream down to Tp,. The compressor inter-stage pressures are
calculated assuming equal stage pressure ratios.

PC-6

MP Ho

LP Ho

] § HPHL T,

HX-2 =

>

1 T

Figure 2. Flow diagram of the cryogenic-cooling step H, cycle compressor.

The model of the cryogen-cooling step compressor shown in Figure 2 was also de-
veloped in MATLAB using the same basis as the MR process model. Table 2 presents the
fixed modelling parameters used in the study performance of this compressor, which are
based on the reference model [17]. The outlet temperature of the four after-coolers (PC-3 to
6) were assumed equal to T, and the inlet temperature of the LP and MP streams to the
compressor was assumed to have a 2 °C approach to T, in all cases.
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Table 2. Summary of fixed modelling parameters for the cryogenic-cooling cycle compressor.

Parameter Value Units

LP H2 Feed Pressure 1.1 bara
LP H2 flowrate 51.5 tpd
MP H2 feed pressure 8.0 bara
MP H2 flowrate 11215 tpd
HP H2 return pressure 29.8 bara
PC-3 to 6 pressure-loss 0.5 bar

Isentropic efficiency.

In addition to the cycle compressor, the reference study describes several turbo-
expanders within the cryogenic cooling step. These produce 2.8 MW of shaft power, which
is assumed in the reference study to be recovered as electrical energy with as efficiency
of 80% [17]. Assuming, as before, that the parameters in the cryogenic process remain
constant with varying T, this recovered energy equates to a specific energy production
for the expanders, SECgy, of approximately 0.43 kWh/kg, which is a constant value for all
cases studied in this work.

Where operating parameters were not available in the reference study, they have been
inferred from the data that is presented there. Because of this, it cannot be claimed that
there is any direct equivalence between the results presented here and the reference model.

2.3. MR Pre-Cooling Model Validation

An important aspect of successful optimization is the minimization of temperature
differences in HX-1, and since the targeted minimum approach temperature is only 1 K, the
accuracy of the property predications used in the process model is very important. In the
TREND software package, several properties methods are available; to select the basis that
is most appropriate for the present work, three of these were compared against results from
the reference study: Peng Robinson (PR), Soave-Redlich-Kwong (SRK) and the TREND
Helmholtz free energy model. Tables 3 and 4 present the parameters used in the validation
work. The results of the validation work were used to select the properties method used in
the later optimization work.

Table 3. Validation case MR composition.

Component Mole Fraction
Nitrogen 0.101
Methane 0.324

Ethane 0.274
Propane 0.031
n-Butane 0.270

Table 4. Validation case MR modelling parameters.

Parameter Value Units
Hydrogen Feed Flow 125 tpd
MR feed temperature 12 °C

MR return temperature -1.0 °C
MR feed pressure 35 bara

MR return pressure 4.25 bara
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2.4. Optimization Problem Defenition

The objective of the optimization study was to minimize the energy consumption of
the MR pre-cooling process whilst satisfying a minimum temperature approach constraint.
The objective function was formulated as described in Equation (1):

Ib; < OP; < lb;
min{SECyr }, such that ¢ ATpin — ATace >0 . 1)
mMR >0

In Equation (1), SECyR is the specific energy consumption of the MR process, OP;
are the set of i optimization parameters (see Table 5), Ib; and ub; are a set of lower and
upper bounds for each parameter, AT, is the minimum approach temperature in HX-1
(ATmin = min{ATy}), ATacc is the minimum acceptable approach temperature in HX-1 and
myr is the mass flowrate of the MR. SECy\r was calculated from the sum the compression
stage energy consumptions, Wyir, which are, in turn, a function of OP;, MP; (see Table 1)
and T is described by Equation (2):

SECmr = ) Wwmr (OP;, MP;, Tc) /titp. ()

Table 5. Summary of Optimization Parameters with Initial (OP; y) and Constraint Values.

Parameter Description Ib; < OP;( < ub;
OP; MR mole fraction N2 0.05<0.11 <0.25
OP, Mole fraction CH4 0.20<0.32 <0.50
OP; MR mole fraction C2 0.15<0.27 < 0.50
OP, MR mole fraction C3 0.00 <0.03<0.10
OP;5 RC-1, Pin (bara) 2.00 < 4.25 < 6.00

In Equation (2), myy; is the mass flowrate of hydrogen in the pre-cooling process.

The set of optimization parameters, OP;, used in the study are summarized in Table 5
along with the initial values used (OP; o) and initial values of the boundary constraints (Ib;
and ub;).

Although the ultimate purpose of the boundary constraints shown in Table 5 was to
limit the optimization process to physically meaningful solutions—e.g., component mole
fractions greater than zero—the initial boundary constraints were also used to limit the
search area around the likely optimum values. This was done to reduce optimization time.
The initial values of Ib and ub shown in Table 5 were set based on results from the reference
case, but where the optimization solution was found close to the initial limits, the bounds
were extended to ensure that the overall optimum solution was not missed.

In addition to the optimization parameters listed in Table 5, the MR compressor
inter-stage pressure, MR compressor discharge pressure and HX-1 warm-end approach
temperature could be considered as optimization parameters. However, in this work
these have been excluded to limit complexity. The MR compressor discharge pressure is,
therefore, fixed at the value used in the reference study, the MR inter-stage pressure set in
each case to maintain equal stage pressure ratios, and the HX-1 warm-end approach set to
5 °C. The MR mole fraction for butane is also not identified as an optimization parameter
because it is calculated from the sum of the other components.

2.5. Optimization Algorithm

In a phase of initial testing the Fmincon (FMC) algorithm with the SQP option was
found to provide fast and generally accurate optimization results, although in some cases
local minima were found. In all subsequent cases, FMC was used with the solution
tolerance set to 0.001 kWh/kg and all other options left as default.

To help identify the global minimum solutions for each T, the boundary constraints
shown in Table 5 were evaluated in a manual, stepwise, process: after the initial results



Energies 2021, 14, 6090

8 of 18

had been gathered, new initial guesses were specified when the original initial guess was
found to be a long way from the solution. When a stable set of bounds enclosing the global
solution had been found, the MultiStart, MS, and GlobalSearch, GS, algorithms were used to
help test the quality of the results. In both cases the MS and GS runs were again based on
the FMC algorithm with the parameters as before.

The quality each optimization result was assessed qualitatively using the results from
other T, cases. The basis of this assessment was the assumption that a simple, monotonic,
relationship was likely between each of the optimization parameters and T¢. In addition to
this assessment, the temperature profiles in HX-1 for each case were reviewed qualitatively
to determine if AT, was consistently approached throughout the heat exchanger.

2.6. Performance Variation with Cooling Temperature

Performance variation with cooling temperature was studied for the MR pre-cooling
process by finding the optimum operating parameters, OP;, for each cooling temperature,
T case. The fixed modelling parameters shown in Table 2 were used as the basis in all
cases. The cooling temperature range studied was 5 to 50 °C.

In the model developed for the cryogenic-cooling step, process parameters were not
optimized: flowrates and pressure levels in the cryogenic cycle were held constant at
the values shown in Table 3. The variation of the energy consumption of the cryogenic
cycle compressor with T, was modelled using the more simplistic assumption that, since
the composite cooling curves in HX-2 are straight and parallel, a constant warm-end
approach temperature exists across the range of cooling temperatures studied. The energy
consumption of the cryogenic cycle compressor was calculated using the same basis as
that of the MR pre-cooling process. A 2 °C warm-end approach temperature was assumed
across the cooling temperature range 5 to 50 °C.

The overall SEC for the hydrogen liquefaction process was calculated as the sum of
the energy consumption for the MR pre-cooling step, SECyr, and the cryogenic-cooling
step, SECcy, which was—in turn—calculated as the sum of the cycle compressor stage
energy consumptions minus the energy recovered in the cryogenic-cooling step expanders
as described in Equations (3) and (4):

SEC = SECwmg + SECcy 3)

SECcy = )_ Wi (MPrp, T¢) / titpp — SECEx 4)

In Equation (3), Wi is the energy consumption of the cycle compressors shown
in Figure 2, and in Equation (4), MPyy is the set of fixed modelling parameters for the
cryogenic-cooling cycle compressor (see Table 2).

To provide an independent means of reviewing the trends shown in the results, the
SEC for an ideal process that cooled the hydrogen from T to a final temperature of —259 °C
was also calculated. This ideal energy consumption, SECjp, was then used to calculate
a second law efficiency, #7;¢ = SEC/ SECp, for the overall process. The method used to
calculate SECyp was to summate the ideal Carnot cycle energy consumption for a set of
very small temperature steps along temperature-enthalpy data for hydrogen as explained
previously by Jackson et al. [29].

3. Results and Discussion
3.1. Process Modelling and Validation

Table 6 shows the results from the model validation work. In addition to the re-
sults from the reference study, three sets of results are presented in Table 6: Case A uses
the TREND implementation of the Peng Robinson (PR) equation of state; Case B the
TREND/SRK equation of state; and Case C the TREND/ Helmholtz free energy proper-
ties method.
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Table 6. Summary of modelling parameters for the model validation work.

Reference Case A Case B Case C
Properties method - PR SRK Hel.

MP supply pressure 35.0 35.0 35.0 35.0 bara
MR return pressure 4.25 3.0 ** 4.25 4.25 bara
MR return temp. 112 112.8 1123 109.6 °C
MR mass flowrate 1600 * 1395 1703 1709 tpd
HX-1 min. approach 1.00 1.05 0.49 0.51 °C

HX-1 duty 12.6 11.2 13.2 12.9 kW

* Given only as an approximate value in the reference case. ** Adjusted to give a positive value for min. approach.

Of the three cases compared in Table 6, Case C—using the TREND/ Helmholtz free
energy properties method—is considered to represent the closest match to the reference
case, but since Case B also offers good agreement and significantly reduced calculation
time, SRK is selected as the basis for further work.

Figure 3 presents the composite temperature profile data for Case B and C in Table 6.
The results show that, although the shape of the curves differs between the two cases, the
results from both cases show a very good fit between the warm and cold curves throughout
the heat exchanger. These results, therefore, add confidence to the validation work and the

Temperature (°C)

selection of Case B as the modelling basis.

F 125 I 125
Hot Composite Hot Composite
Cold Composite Cold Composite
———————— Approach Temp. . -------- Approach Temp. .
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(a)

Exchanger Duty (%)
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Figure 3. Composite Curves and Key Performance Parameters for HX-1, MR Pre-cooling Process: (a) Case B; (b) Case C.

While Table 6 and Figure 3 show that the selection of a good modelling basis is
important to the determination of the optimum operating parameters for this process, no
claim is made here that the modelling basis selected is the one that is most accurate for the
modelling of this process, just that it provided a good match with the reference case in the
validation work presented.

Alimitation of the present study is that the heat generated during ortho-para hydrogen
conversion is omitted form the model. This is a simplification that limits the extent to
which this modelling work reflects the performance of a hydrogen liquefaction process
operating in the real world. The main claim made here regarding the modelling basis is
that it provides provide a consistent basis to study performance across the operating cases
considered. The implication of this for further work is that the study of the variation in
energy consumption with cooling temperature made here is valid and can provide some
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insight into how the performance real hydrogen liquefaction processes can be expected to
vary when designed for utility cooling at different temperatures.

3.2. Performance Variation with Cooling Temperature

Figures 4 and 5 show how the five optimization parameters vary with T., and
Figures 6 and 7 provide two examples of the optimized cooling curves resulting from
these runs. In Figures 4 and 5 all of the data collected over the final set of optimization
runs (two using GS and two using MS) are presented as points and the overall optimum
datasets are connected by dotted lines.

0.5 17
. 46.5
S04}
o )
el LR S ¥irnraRaznnr Krimmzm S e ds5 & |-------- Nitrogen
S 0.3F it} ¢ =T I )
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g R i @ -------- Propane
% 0.2+ e 3T . _455: ”””””” Butane
2, e A o MR Press.
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Figure 4. Variation in OP for the MR pre-cooling step with cooling temperature.
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0.7} &
A
[
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Figure 5. Variation in SEC for the MR pre-cooling step with cooling temperature.

The results presented in Figure 4 for MR composition show quite clear trends with the
component mole fraction of each component a monotonic function of cooling temperature
in the majority of cases. The impact on butane is largest, which is due to the steadily
increasing heat duty at the warm end of HX-1 as the cooling temperature increases. The
impact on the optimum nitrogen content in the MR is affected least by cooling temperature,
reflecting the relatively static conditions at the cold end of HX-1.
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The data presented in Figure 4 that represents optimum MR pressure solutions is less
consistent with a slight upward trend visible across the range of cooling temperatures
considered. This indicates that the optimum combination of MR composition and MR
operating pressure is more difficult to determine and that the overall minimum may not
have been found in all cases. However, Figure 5 shows a very consistent trend in how
the SEC for the MR pre-cooling process varies with T,, which provides confidence that a
solution close to the overall minimum was found in all cases.

Figures 6 and 7 present the hot and cold composite cooling curves for the overall
minimum SEC solutions found for T. = 5 °C and T. = 50 °C. Generally, the results in
Figures 6 and 7 show that the optimization algorithm has found a good fit for the cooling
curves, with the 2 °C pinch temperature approached in multiple locations within HX-1 in
both cases. The cooling curves for each of the temperature points studied between T, = 5 °C
and T, = 50 °C are presented in Figures A2—-A9, which are contained in the Appendix A.
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Figure 6. Composite curves in HX-1 and key performance parameters, 5 °C cooling temperature
case.
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Figure 7. Composite curves in HX-1 and key performance parameters, 50 °C cooling temperature
case.
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Comparing the variation in minimum approach temperature data presented in Figure 6
for T. = 5 °C with that presented in Figure 7 for T, = 50 °C, it can also be observed that the
optimization process has found a set of parameters that better minimize the temperature
approach in HX-1 for the T, = 5 °C case. Looking at the T, = 50 °C case, we see that it
becomes more difficult to maintain a close approach at the warm end of the heat exchanger
suggesting that SEC could be reduced further through the addition of heavier components
to the MR.

Figure 8 presents the SEC for the pre-cooling step, the cryogenic-cooling step, and the
overall process. Figure 9 presents the same data in terms of the % change relative to the
25 °C case. Moreover, presented in Figure 9 are the corresponding second law efficiencies
expressed as a percentage.

——— Cryogenic-cooling
TF % Overall

SEC (kWh/kg)

1 1 1 L L
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Cooling Temperature (°C)

Figure 8. Variation in SEC with cooling temperature for the pre-cooling, cryogenic-cooling and
overall cooling processes.
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Figure 9. Percentage variation in overall SEC and second law efficiency for the pre-cooling, cryogenic-
cooling and overall cooling processes.
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Figure 8 shows that the contribution of the pre-cooling process to overall SEC across
the range of cooling temperatures investigated is approximately 10%. In addition, Figure 8
shows non-linear variation in SEC with cooling temperature for the pre-cooling part of
the overall process that contrasts with the linear relationship between SEC and cooling
temperature for the cryogenic process. This non-linear relationship for the pre-cooling
process reflects the fact that lower cooling temperatures both reduced cooling duty and
increase efficiency, whereas the close to linear impact on the cryogenic process is a result
of only reduced increased efficiency. Further insight into this is provided by the results
presented in Figure 9.

The results presented in Figure 9 show that energy consumption for the overall lique-
faction process increases by around 20% across the cooling temperature range 5 to 50 °C
and 5% over the range 20 to 30 °C. For the pre-cooling process the increase is close to 80%
over the full temperature range. Figure 9 also shows that while the second law efficiency
of the cryogenic-cooling process increases slightly across the range of temperatures consid-
ered, the efficiency of the pre-cooling process drops above 25 °C. The cause of this drop in
efficiency as the cooling temperature increases can be seen in Figures 6 and 7, which show
that the mean temperature approach for the higher temperature cases is higher than that of
the lower temperature cases. It is this reduced level of optimization as cooling temperature
increases above 25 °C that accentuates the non-linear behavior notable in Figure 8.

The implication of the results presented in Figure 9 is the same as discussed earlier: that
design changes in the MR process could help to improve performance for the cases where
the cooling temperature is higher than 25 °C. Both the addition of heavier components to
the MR mixture could provide a more optimized design or the division of the MR loop into
additional pressure levels. Both of these design alternatives could form the basis of further
study work.

4. Conclusions

A model for a hydrogen liquefaction process has been developed and validated
against results from an independent study. Although the validation process highlighted
the significant impact that different properties models can have on model predictions, the
validation results also indicate that the present model is suitable for the study of the impact
of ambient temperature on process performance.

A set of optimization parameters were selected, and an optimization method devel-
oped that was shown to be suitable for the study of process performance across a range
of process cooling temperatures through the consistency of the results obtained. The MR
studied is limited to a mixture of five components. It is indicated in the results presented
that the addition of heavier components could be used to improve efficiency for cooling
temperatures above 25 °C, although the available gains would be small.

The results of the optimization work show that the specific energy consumption,
SEC, of the MR pre-cooling process increases by around 80%, from approximately 0.57 to
1.0 kWh/kg, across the cooling temperature range 5 to 50 °C. These results, combined with
the calculated process performance for the cryogenic-cooling step (not optimized here),
show that total energy consumption for the hydrogen liquefaction process increases by
around 20%, from 5.8 to 7.1 kWh/kg, across the same temperature range. Considering
just the range 20 to 30 °C, there is a 5% increase, which illustrates the significant impact
ambient temperature can have on energy consumption.

The variation in energy consumption with cooling temperature implies a significant
benefit for liquefaction processes operating in low ambient temperature locations, especially
given that the hydrogen liquefaction process represents a very energy intensive step in
the supply of liquid hydrogen. The aim of further work is to combine these results into a
larger system model that considers the impact of ambient temperature on the supply of
low-carbon energy from natural gas.
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Appendix A
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Figure A1. Block flow diagram of the overall liquefaction process.
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Figure A2. Optimized composite cooling curves for 10 °C cooling temperature.
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Figure A3. Optimized composite cooling curves for 15 °C cooling temperature.
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Figure A4. Optimized composite cooling curves for 20 °C cooling temperature.
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Figure A5. Optimized composite cooling curves for 25 °C cooling temperature.
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Figure A6. Optimized composite cooling curves for 30 °C cooling temperature.
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Figure A7. Optimized composite cooling curves for 35 °C cooling temperature.
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Figure A8. Optimized composite cooling curves for 40 °C cooling temperature.



Energies 2021, 14, 6090 17 of 18

50 F
Hot Composite

Cold Composite {125
Approach Temp. =
OH----n--- Minimum App. &
5 SEC = 0.916 kWhkg |20
= T = 450°C 8
o L ¢ 3]
g S0 =00 155
= min 5
3 =
g =
s 1108
& 100 %
<

)
e s e m e e S e P it

Exchanger Duty (%)

Figure A9. Optimized composite cooling curves for 45 °C cooling temperature.
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