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� First systematic thermodynamic

approach to optimally design HPP

mixed-refrigerants.

� Specific energy consumption (SEC)

is remarkably 78.81% lower than

existing HPP.

� For optimized SEC ethylene, H2,

R14 instead of ethane, neon, NH3

are recommended.

� Eight-component MRs achieve

best optimal mixtures for cryo-

genic cooling processes.

� Seven-component MRs achieve

superior SEC and compactness of

heat exchangers.
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a b s t r a c t

Designing an optimal mixed-refrigerant (MR) composition for any cryogenic refrigeration

process plays a key role in the process overall performance. However, the existing ap-

proaches of developing mixed-refrigerants for these processes are difficult, time-

consuming, and semi-random trial and error approaches. Therefore, for the first time,

this study presents a systematic thermodynamic approach to optimally design mixed-

refrigerants for any cryogenic process. In particular, the developed approach is conduct-

ed for the hydrogen precooling process (HPP) with a precooling temperature less than

�193 �C. This approach consists of four criteria and seven major steps needed for the

development of an energy-efficient HPP. Using this approach, 15 new mixed-refrigerants

are created, analyzed, and compared based on the specific energy consumption (SEC)

and coefficient of performance of the HPP. Further sensitivity analyses for the major

operating conditions of the HPP are conducted for the best five cases. A minimum SEC of

1.03 kWh/khH2Feed at wet-cooling conditions and of 1.32 kWh/khH2Feed at dry-cooling

conditions are achieved, which is remarkably 78.81% lower than the SEC of the existing

HPP in commercial plants. This study also found that eight-component MR is the best
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Nomenclature

Symbol Description, (unit)

COP Coefficient of performance, (�
_mMR Mass flow rate of the mixed re

Ph High-pressure of the precoolin

Pl Low-pressure of the precoolin

Pim Intermediate pressure of the c

process, (bar)

QHX Cold duty of the heat exchang

ẆCom Compression power of a comp

SEC Specific energy consumption,

Tb Boiling-point temperature of a

Tf Freezing-point temperature of

(oC)

T4 Target temperature of the pre

(oC)

Abbreviations

CL1, CL2 Cooler 1 and cooler 2

Com-1, Com-2 Compressor 1 and com

EV1, .., EV3 Expansion valve 1, .., expan

GWP Global warming potential

HLP Hydrogen liquefaction process

HPP Hydrogen precooling process

HX1,.., HX3 Heat exchanger 1, .., heat e

HSCN Hydrogen supply chain netwo

MR Mixed refrigerants

MSHXs Multi-stream heat exchanger

M1, .., M3 Mixer 1, .., mixer 2

S1, .., S3 Separator 1, .., separator 2
option to create optimal mixtures for cryogenic cooling processes with perfect match be-

tween the composite curves of all heat exchangers of the HPP. While methane, nitrogen,

and hydrogen components are essential for the MR to achieve energy-efficient HPP, the use

of ethylene instead of ethane, H2 instead of neon, and R14 instead of NH3 is recommended

to optimize the SEC.

© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
)

frigerant, (kg/s)

g process, (bar)

g process, (bar)

ompression

er, (MW)

ressor, (MW)

(kWh/kgH2Feed)

component, (oC)

a component,

cooling process,

pressor 2

sion valve 3

xchanger 3

rk
Introduction

Hydrogen is considered as the fuel of the future that will play a

major role in the decarbonization of energy supplies and in

integration of renewable energy systems [1]. Thus, recently,

numerous research related to the different stages of the

hydrogen supply chain network (HSCN: production [2], con-

ditioning [3], transportation [4], and distribution [5]) were

introduced. At large-scale, the hydrogen liquefaction process

(HLP) is a key part of the HSCN from a technical and

economical point of view [6]. In particular, hydrogen lique-

faction is the best solution to transport large quantities over

extended distances in a cost-effective way [7]. Also, it offers a
low-pressure, high-energy density fuel to be used in a variety

of applications [8]. However, the HLP is a very energy-

intensive process [9], which forms a major barrier to its

large-scale commercialization [10]. For instance, the specific

energy consumption (SEC) of the most current operating

large-scale hydrogen liquefaction plants lies in the range of

13e15 kWh/kgLH2 [11]. This is much higher than even the least

efficient natural gas liquefaction processes, which have a SEC

of around 0.24 kWh/kgLNG [12]. Therefore, extensive research

efforts have been devoted to achieving significant reduction in

the SEC of the HLP as an essential step towards the economic

feasibility of the HSCN [13,14].

On one hand, several concepts were introduced to mini-

mize the electricity consumption in the overall liquefaction

process by its integration with other energy systems such as

organic Rankine cycle [15], absorption-based [16] or ejector-

based [17] refrigeration systems, Solid oxide electrolyzer [18],

and Kalina cycle [19]. However, these integrated systems in-

crease the capital investment of the plant and suffer from low

operating reliability. On the other hand, the hydrogen pre-

cooling process (HPP) has more degrees of freedom in the

design and consumes more than 30% of the total consumed

power by the hydrogen liquefaction plant. Therefore, several

efforts were devoted to reduce the SEC of the hydrogen pre-

cooling process (HPP) by developingmore efficient refrigerants

[20], introducing innovative designs and process structures

[21,22], and integrating the HPP with liquefied natural gas

plants [23].

From a thorough review of the literature, it is found that

the major HPPs can be categorized as: (a) nitrogen precooled

cycles [24,25], (b) helium precooled cycles [26,27], (c) liquefied

natural gas (LNG) precooled cycles [23,25,28,29], (d) Joule-

Brayton (J-B) precooled cycles [21], (e) Joule-Thomson pre-

cooled cycles [30], and (f) mixed refrigerant (MR) precooled

cycles [31e35]. As reviewed by Liang and Yonglin [21], the

average specific energy consumption (SEC) of the nitrogen and

helium precooled cycles is 11.47 kWh/kgLH2 which is 76%

higher than the J-B cycles (6.51 kWh/kgLH2), and 89% higher

than the MR precooled cycles (6.06 kWh/kgLH2). This mainly

caused by the need for a liquid nitrogen or helium to perform

the precooling process, which need extra plant to cool and

liquefy them. For the LNG precooled cycle, the SEC was

4.00 kWh/kgLH2, which is the lowest value of all precooled

technologies. However, this value excludes the consumed

energy to liquefy the natural gas itself. In addition, the avail-

ability of LNG to perform the liquefaction process is not al-

ways feasible and the use of LNG limits the precooling

temperature to less than �162 �C. In contrasts, the MR
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precooled cycles precool the hydrogen feed gas and themixed

refrigerants with minimal compression power and the pre-

cooling process could reach to a temperature of �198 �C.
Utilizing the mixed-refrigerants (MR) for the HPP success-

fully reduces the SEC of the HLP to the range of 5e8 kWh/kgLH2

compared to 10e13 for nitrogen-based cycles, and 7e9 kWh/

kgLH2 for J-B or J-T-based cycles [21]. This implies that the MR-

based cycles reduce the SEC by an average of 33% enjoying the

simplest configuration and largest capacities over the other

proposed cycles. Although the MR-based precooling processes

have superior performance compared to the other afore-

mentioned processes, their SEC is still very high in compari-

son to those used in the liquefied natural gas technologies. By

careful examination of the proposed MR-based precooling

processes available in the literature, it can be noted that their

high SEC is mainly caused by one or more of the following

factors:

(1) Inappropriate selection of the single components of the

refrigerant mixture. That means at least one of the

selected components should not necessarily be

included in the mixture. For instance, the presence of

“Neon” instead of “hydrogen” in MR composition pro-

posed by Berstad et al. [36] yields SEC of 2.051 kWh/

kgH2Feed, which is about two times higher than the SEC

in case of using “hydrogen” (1.082 kWh/kgH2Feed) as

conducted by Sadaghiani and Mehrpooya [37]. Another

example, the MR proposed by Asadnia and Mehrpooya

in Ref. [34] contains 11 components with unnecessary

existence for the “Propene” and “Ammonia” that form

14.31% of the mixture (molar-based). These compo-

nents cause poor performance for the multi-stream

heat exchangers (MSHXs) of the HPP as evidenced by

their composite curves with SEC of 1.588 kWh/kgH2Feed.

(2) Inappropriate proportions between the components of

the refrigerant mixture. That means the selected com-

ponents are right, however, their proportions yield

either a very light or a very heavymixture. In both cases,

the resulted poor composite curves mean that higher

refrigerant flow is needed, which maximizes the SEC of

the HPP. For example, the five-component mixture

presented by Krasae-in Ref. [33] is mainly composed of

lightweight components (74%) with an excess portion

for the hydrogen (4%), which causes large consumption

of the compression power with SEC of 1.416 kWh/

kgH2Feed. In contrast, the heavy components in the

nine-component mixture proposed by Ghorbani et al.

[32] form about 55% of themixture, which causes a large

gap between the hot and cold composite curves of the

MSHXs that operate at the first two stages of the HPP

with SEC of 1.113 kWh/kgH2Feed.

(3) Inappropriate determination of the suitable operating

conditions of theHPP. In some studies, the selection and

proportions of the mixture components are adequately

perfect, but the operating pressure of the HPP (such as

the high-pressure and low-pressure of the process)

were not the best conditions for the used compositions.

This returns to the lack of robust sensitivity analysis

over a wide range of the operating conditions and the

absence of the sensitivity analysis for component
portions in the mixture. For example, the nine-

component mixture introduced by Sadaghiani and

Mehrpooya [37] yields better composite curves than of

the aforementioned studies with SEC of 1.082 kWh/

kgH2Feed. However, the sensitivity analysis for the

operating conditions andmixture compositionwas only

conducted for the liquefaction part rather than the

precooling part of the overall hydrogen liquefaction

process, which could bring lower SEC as will be

demonstrated later in this study.

The major reason for these factors is that the determina-

tion of the MR composition is a difficult and time-consuming

step as it depends on a semi-random trial and error

approach. There is no work available in the literature that

provides prioritization guidelines for the MR component se-

lection. In addition, there is no systematic approach on how to

adjust the proportions of the selected components to achieve

the optimal MR composition for the HPP. Therefore, the main

objectives of the present study are:

� presenting principal thermodynamic guidelines for the

selection of the MR components with a particular focus on

the HPP. This is done by investigating the relationship be-

tween the thermodynamic properties of the selected

components and their effect on the performance of the

MSHXs of the HPP. The importance of this part is to avoid

the selection of unnecessary components that yield higher

SEC with no significant improvement on the performance

of the MSHXs.

� developing systematic procedures to adjust the pro-

portions of the selected components based on the results of

the aforementioned thermodynamic investigation.

� creating newMR compositions for the HPP (by applying the

developed systematic approach), which yield lower SEC

than those available in the literature. Further sensitivity

analysis is conducted to optimize the performance of the

best new mixed refrigerants with a detailed comparison

with the best compositions available in the literature.

The next four sections describe the configuration of the

MR-based HPP (Section Description of the mixed-refrigerant

hydrogen precooling process), the methodology of the study

(Section Methodology), the results and discussion, and the

main finding of this study (Section Conclusions).
Description of the mixed-refrigerant hydrogen
precooling process

The hydrogen precooling process (HPP) refers to the process of

cooling the hydrogen gas from ambient temperature to a

precooled temperature (refers to as a target temperature in

this study) of �193 �C at which equilibrium phase of ortho-

para hydrogen gas form is achieved [38]. It is worth

mentioning that the target temperature (T4) depends on the

method of the precooling process as well as on the composi-

tion of theMR in the case ofMR-basedHPP. For instance, in the

hydrogen liquefaction system proposed by Bian et al. [23], the

target temperaturewas�156 �C as it uses liquefied natural gas

https://doi.org/10.1016/j.ijhydene.2022.04.233
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(LNG) for the HPP. In the CO2-based precooling hydrogen

liquefaction process, the target temperature was �160 �C as

the composition of the MR contains no hydrogen or lighter

components, which is necessary to reach temperatures less

than the ortho-para equilibrium temperature (�193 �C).
However, even if high volatile (very light) refrigerants exist in

themixture, their proportionsmust be sufficient to reach such

very low temperatures as proved experimentally by Krasae-in

et al. in Ref. [39].

The typical configuration of the HPP using mixed refrig-

erant is depicted in Fig. 1. The hydrogen stream is fed to the

HPP at an ambient temperature of 25 �C and pressure of 21 bar

withmore than 75% as ortho-hydrogen. Then, it cools down to

a temperature less than �193 �C through three MSHXs (HX1,

HX2, and HX3). In this study, the target temperature (T4) is set

to �198 �C to increase the reliability on that the hydrogen gas

reaches the equilibrium phase between ortho-to-para forms.

For the cooling process, a single MR is compressed from low-

pressure (Pl ¼ 2 bar) to an intermediate pressure (Pim ¼ 7 bar)

through compressor 1 (Com-1). Then, the MR is cooled down

to an aftercooler temperature of 25 �C (using wet water-

coolers) or 37 �C (using dry air-cooler) in CL1. After that, the

liquid and vapor phases of the MR are separated in S1, the

vapor part is compressed in Com-2 and the liquid part is

pumped to a high-pressure (Ph > 16 bar). The pressurized

vapor stream (9) is cooled down again in CL2 and mixed with

the pressurized stream leaving the pump using a mixed (M3).

The pressurized MR splits again in S2 into vapor stream (14)

and liquid stream (26). The vapor stream is passed through the

first heat exchanger (HX1, 14e15) and separated again in S3.

The final vapor-phase mixture (state 16) is passed through

HX2 and HX3 and throttled through the expansion valve (EV3)

to a pressure of 2 bar and performs evaporation process (cold

duty of HX3) through the process 19e20. Similarly, the final

liquid mixture (at state 21) passes through HX2 (21e22), ex-

pands through EV2 (22e23), andmixeswith stream 20 inM2 to

perform the evaporation process of HX2 (24e25). The liquid-

phase mixture at state 26 passes through HX1 (26e27), ex-

pands through EV1 (27e28), andmixeswith stream 25 inM1 to

perform the evaporation process of HX1 and then the whole

mixture is directed back to the inlet of Com-1 (29e5). In the

present study, the temperature setting of the heat exchangers

was defined such that HX1 cools the hydrogen stream to

�45 �C, HX2 further cools it to �105 �C, and HX3 cools it to a

target temperature (�195 �C).
Methodology

In this section, the methodology of the developed systematic

approach for the selection and design of optimal MR compo-

nents is introduced and the assumptions and performance

indicators used to assist the results are described.

Process simulation

To evaluate the performance of the HPP under certain oper-

ating conditions with various MR compositions, two perfor-

mance indicators were used including: (1) the specific energy

consumption (SEC), and (2) the coefficient of performance
(COP) of the HPP. To calculate these indicators and to test the

validation of the developed MR compositions, the HPP is

simulated using Aspen HYSYS for each composition. For the

simulation process, the following assumptions were made:

� The adiabatic efficiencies of Com-1 and Com-2 are set

equal to 90%.

� The MR is cooled down to an aftercooler temperature of

25 �C through each cooler (wet cooling conditions).

� The pressure drops through the coolers and heat ex-

changers are neglected.

� The hydrogen gas is fed to the process at a temperature of

25 �C, pressure of 21.0 bar, and precooled to �195 �C.
� Peng-Robinson equation of state is implemented to calcu-

late the thermodynamic properties of all streams.

The SEC is calculated by dividing the net total compression

power of the precooling process by the mass flow rate of the

hydrogen feed as:

SEC¼
_WCom�1 þ _WCom�2 þ _WPump

_mHF
(1)

where _WCom�1, _WCom�2, and _WPump are the compression power

consumed by Com-1, Comp-2, and Pump, respectively. The

COP is defined as:

COP¼ QHX1 þ QHX2 þ QHX3

_WCom�1 þ _WCom�2 þ _WPump

(2)

where QHX1, QHX2, and QHX3 are the cold duty of HX1, HX2, and

HX3, respectively.
Selection of the mixed refrigerant components

From the available MR compositions used in the MR-based

HPP, different five-components to eleven-components mixed

refrigerants were found in open literature. The single com-

ponents of these mixtures with the boiling point temperature

(Tb), freezing point temperature (Tf), and the global warming

potential (GWP) of each component are presented in Table 1.

From an environmental point of view, all of these components

are considered low-grade GWP components except R14, which

is considered a high GWP element as it belongs to perfluoro-

carbon refrigerants. In addition, these components have zero

ozone depletion potential (ODP) [40]. In this study, these

components were divided into two categories: lightweight

components (includes C1, C2, C2*, R14, N2, and H2), and

heavyweight components (C3, i-C4, n-C4, i-C5, n-C5, CO2, and

NH3). All of the lightweight components have boiling point

temperatures less than �100 �C and freezing point tempera-

tures lower than �168 �C, which make them responsible for

providing the target temperature of the HPP and the cooling

process through HX3. In contrast, the heavyweight compo-

nents have boiling point temperature higher than �88 �C and

freezing point temperature (except C3) higher than �160 �C,
which make them responsible for the major specific refriger-

ation effect (cooling capacity) through HX1 and HX2.

After examining the available MR composition for the HPP

process using Aspen HYSYS, it was found that the nine-

component MR is sufficiently enough to obtain optimal

https://doi.org/10.1016/j.ijhydene.2022.04.233
https://doi.org/10.1016/j.ijhydene.2022.04.233


Fig. 1 e Process flow diagram of the MR-based hydrogen precooling process.
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composite curves for all MSHXs in the HPP. A higher number

of components leads to more compression power with no

further improvement in the performance of the MSHXs. In

contrast, four-componentMR yields large temperature gaps in

the composite curves of the MSHXs as it fails to smoothly

match the hot composite curve of the feed hydrogen. This, in

turn, increases the flow rate of the MR and thus the SEC of

HPP. Therefore, it is concluded that the MR should contain no

more than 9 components or less than 5 components for the

HPP. In the present study, five groups of MRs were developed

and compared to each other based on a systematic approach

explained in the next section. These groups were distin-

guished based on the number of the single components in

each MR; therefore, MR9, MR8, MR7, MR6, and MR5 denote the

group with nine-, eight-, seven-, six-, and five-components

MR, respectively. For each MR group, three different compo-

sitions were tested by either changing one or more of single

components or just by changing their proportions. As a result,

fifteen new mixed refrigerants (15 cases) for the HPP were

systematically developed, tested, and analyzed in this study.

Among the six lightweight components, C1, N2, and H2

have boiling temperatures much lower than of C2, C2*, and

R14, and thus they have more effect on the performance of

HX3. For the HPP with a target temperature less than �193 �C,
the presence of C1, N2, and H2 is essential and therefore they

were considered in all cases of the present study.
Considering that C1, N2, and H2 (which are the lightest

components) will exist in all cases, the other single compo-

nents for each group will be selected based on the following

four criteria (which are developed based on numerous simu-

lation processes conducted in Aspen Hysys):

(a) For MR5: one heavy component is needed to serve in

HX1 (such as C3, i-C4, n-C4, etc.) and one heavier

component than methane and lighter than propane to

serve in HX2 (such as C2, C2*, or R14).

(b) For MR6: similar to MR5 with heavier components to

improve the composite curve of HX1 (as the existed

lightweight components are enough to get optimal

composite curves for HX3). However, as noted through

the simulation process, the composite curve of HX2 will

need further improvement.

(c) For MR7: one heavier component than methane and

lighter than propane is needed to enhance the perfor-

mance of HX2 (such as CO2 and R14). It is found that

seven components sufficiently provide optimal com-

posite curves for the whole MSHXs in the HPP with

minimal SEC. However, the proportions of the light-

weight components can be reduced for further reduc-

tion in SEC by implementing the next term.

(d) For MR8 and MR9: other components heavier than

methane can be added to ensure the suitable

https://doi.org/10.1016/j.ijhydene.2022.04.233
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Table 1 e Thermophysical properties of the pure
components of candidate refrigerants [41].

Component Boiling
point

temp. (Tb)

Freezing
point

temp. (Tf)

GWP

[oC] [oC] [100 years-
based]

Lightweight components

Ethane (C2) �88.59 �182.80 6

Ethylene (C2a) �103.80 �169.20 6

Refrig-14 (R14) �127.90 �183.60 7390

Methane (C1) �161.50 �182.50 25

Nitrogen (N2) �195.80 �210.00 0

Hydrogen (H2) �252.80 �259.20 5.8

Heavyweight components

Carbon

Dioxide (CO2)

�87.84 �56.56 3

Propane (C3) �42.10 �187.70 4

Ammonia (NH3) �33.33 �77.65 0

i-Butane (i-C4) �11.68 �159.60 5

n-Butane (n-C4) �0.53 �138.30 5

i-Pentane (i-C5) 27.85 �160.50 11

n-Pentane (n-C5) 35.87 �129.70 11

a At a temperature of 25 �C and pressure of 1 bar.
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proportions between heavy and lightweight compo-

nents that yield minimal SEC at a higher coefficient of

performance (COP).

In the next section, the detailed procedures to develop an

optimal mixed refrigerant composition for the HPP are

explained taking the aforementioned criteria into account.

Developing optimal mixed refrigerant composition for
hydrogen precooling process

As shown in Fig. 2, the systematic procedures to develop an

optimal MR composition can be explained as follows:

(1) Select the target temperature of the precooling process.

This is an essential step to exclude unnecessary com-

ponents that cause either high compression power or

freezing possibility through the cryogenic stages of the

process. For instance, if the target temperature is less

than �162 �C, there is no need for hydrogen or lighter

components to be involved in the composition (see the

MR compositions presented in Refs. [31,42]). In contrast,

if the target temperature is lower than�193 �C, then the

existence of very light components (such as hydrogen or

neon) is necessary. From an energetic point of view, as

concluded from the simulation process, the use of

hydrogen is preferred instead of neon in the HPP.

(2) Determine the number of the single components that

need to be mixed to develop the MR composition. In the

LNG process, four- or five-component MR are suffi-

ciently enough to achieve optimal MR composition with

a target temperature of �162 �C for the entire liquefac-

tion process. However, with a target temperature lower

than �193 �C for the HPP, at least a five-component

mixture is needed to achieve valid composition with
reasonable SEC. on the other side, a nine-component

mixture is more than enough to obtain optimal MR

composition as will be explained further in Section

Analysis of the selected refrigerants.

(3) Select the candidate components from the heavyweight

and lightweight refrigerants taking into account the

aforementioned criteria in Section Selection of the

mixed refrigerant components.

(4) Start initializing the fraction of each component in the

mixture with a total fraction percent of 35% for heavy-

weight and 65% for lightweight components. For the

basic components C1, N2, and H2, start with initial

fractions of 21%, 17%, and 1%, respectively. These initial

fractions were recommended based on the simulation

results of numerous iterations were performed through

the development of the investigated cases in this study.

Initializing the composition with these fractions is

necessary to facilitate the iteration and to avoid the

appearance of thermophysical problems such as

temperature-cross or overlapping, which will be dis-

cussed in step (7). Also, it should be noted that the

fraction of H2 should not exceed 2% to prevent the

avoidable increase in the SEC as explained further in

Section Analysis of the selected refrigerants.

(5) Set the initial flow rate of the total MR stream. Using

the data obtained from the developed 15 MR cases in

this study, it is found that a close value for the optimal

mass flow rate can be estimated using the following

formula: _mMR ¼ 2:092� Number of single components�
_mH2Feed þ 40:98. Comparison between the initial esti-

mated values using this formula and the final optimal

values of the MR flow rates is provided in Appendix A

(Fig. A1). As shown in Fig. A1, for most cases, the

initial estimated values are slightly higher than the final

optimal values, which significantly reduce the time of

estimation.

(6) Set the low-pressure (Pl) and the high-pressure (Ph) of

the HPP. A low-pressure of 2 bar and a high-pressure of

20 bar are recommended as the initial set.

(7) Now, simulate the HPP to check if the developed MR is

valid or not. Valid MR means that there is no thermo-

physical problem (no temperature-cross, no large gap,

and no overlaps on the composite curves) on the oper-

ation of HX1, HX2, and HX3. If this is the case, then

further sensitive analysis for the process pressures and

MR flow rate will be needed to find their optimal values.

After that, the proportions of the MR can be further

tuned to reach the minimum SEC for that composition.

However, if there is one or more of the physical prob-

lems, the following strategy can be applied:
(I) Temperature-cross: as shown in Fig. 3(a),

temperature-cross means that the composite

curve of the hot fluid crosses over the composite

curve of the cold fluid. It can occur in any heat

exchanger of the HPP. Also, it appears at the left-

part (LP), middle-part (MP), and or right-part (RP)

of the composite curves. If it occurs in the LP, then

increase the portion of the lightest components

that existed in the selected heat exchanger. For
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instance, if it appears in the LP of HX3, increase the

portion of H2 and N2 in the MR composition. If it

appears in the RP section, increase the portion of

the less lightweight components (e.x. increase the

fraction of C2 or C2* if it appears in HX3). Similarly,

if it appears in HX1 or HX2, increase the portion of

the components assigned for that heat exchanger.

In particular, increase the lighter component frac-

tions for LP temperature-cross of heavier compo-

nents fractions for RP or MP temperature-cross.

(II) Large-gap: as shown in Fig. 3(b), large-gap stands

for the large temperature difference between the

cold and hot composite curves. This issue is

acceptable from a physical point of view, however,

the large-gap increases the irreversibility of the

process and consumes higher MR flow than

necessary. Thus, to eliminate this issue, gradually

reduce the MR flow until a minimum temperature
approach limit is reached. In some cases, a smaller

gap appears on LP than in MP or RP. If this is the

case, then reduce the fractions of the components

responsible for that MP and RP alongside the

reduction of the total MR flow rate.

(III) Overlap: as shown in Fig. 3(c), overlap is a kind of

temperature-cross, however, most of the cold

composite curve is above the hot composite curve.

As found through the simulation process, this

problem was simply solved by increasing the MR

flow rate, gradually.
Results and discussion

To ensure the validation of the selection criteria and design

procedures for the development of an optimal MR composi-

tion, theywere performed to develop 15 newMR compositions
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Fig. 3 e Thermophysical problems through the development process of an MR for the HPP. Note: in the presentation of this

figure, the hot stream composed of pure hydrogen and the cold stream composed of a refrigerant mixture (C1, C2, C2*, C3, n-

C4, n-C5, N2, and H2).
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and their energetic performance was evaluated as detailed in

Section Analysis of the selected refrigerants. In addition,

sensitivity analyses for the operating conditions of the HPP

and the composition of the best developed MR are conducted

and discussed in Section Sensitivity analysis, and Section

Composition sensitivity and comparisons, respectively.

Analysis of the selected refrigerants

The molar fractions of the 15 developed mixed refrigerants of

this study are reported in Table 2. As mentioned above, these

refrigerants were divided into five groups (MR5 to MR9) based

on the number of the single components in eachmixture. The

total compression power and COP of the HPP for each MR are

schematically presented in Fig. 4. The high-pressure (Ph), low-

pressure (Pl), andMR flow rate ( _mMR) for each case are listed in

Appendix A (Table A1). From Table 2, it is found that the

lightweight component portions exceed 55% in each case with

an average of 65% lightweight and 35% heavyweight compo-

nents for all cases. In particular, the fractions of C1, N2, and H2

form at least 34% of the total composition for each case.

Although the high portion of the lightweight components

causes higher compression power, it is necessary to meet the

refrigeration demand of the HPP at cryogenic temperatures.

Also, it is more reliable to have no wet phase at the inlet of the

first compressor (Com-1) that may damage it and negatively

affect its lifetime. From the dramatic variations of the SEC and

COP presented in Fig. 4, it can be stated that the nature of the

composition and the proportions of the single components

play a major role in the SEC of the HPP, as explained below.

Starting by considering the nature of the MR composition,

it can be noted that Case 1 (MR9) has the maximum SEC of all

cases (1.72 kWh/kgH2Feed) which is higher than both Case 10

(MR6) and Case 13 (MR5) by an average of 8.4%. Although Case

1 contains nine components, which is a positive factor for a

better match between the hot and cold composite curves of

the MSHXs, the inclusion of NH3 in the mixture causes a large
gap at the right-part of the composite curves (See Fig. 5, Case 1)

and requires MR flow of 143 kg/s, which is the highest flow of

all cases. Replacing NH3 by CO2, as in Case 2, reduces the SEC

to 1.34 kWh/kgH2Feed which is 22.2% lower than in Case 1.

Similarly, replacing CO2 by R14, as in Case 3, further reduces

the SEC to 1.11 kWh/kgH2Feed, which is 35.6% lower than of

Case 1 and 17.3% lower than of Case 3. This is explained by

that R14 has lower boiling point and freezing point tempera-

tures thanNH3 and CO2which increase the refrigeration effect

at a lower MR flow rate (98 kg/s in Case 3 compared to 143 kg/s

in Case 1 and 112 kg/s in Case 2). In addition, the density of

NH3 at the outlet pressure of Com-1 (7 bar) and aftercooler

temperature of 25 �C is 5.22 kg/m3, which is lower than of CO2

(12.89 kg/m3) and R14 (25.48 kg/m3) at the same conditions.

This makes the density of Case 1(11.59 kg/m3) lower than that

of Case 2 (12.15 kg/m3) and Case 3 (13.19 kg/m3), which in turn

further maximizes its compression power. Similar trends are

noted for the replacement of NH3 by CO2 or R14 in MR8 and

MR7 groups (Cases 4 to 6, and 7 to 9, respectively). In the last

two groups MR6 and MR5, the portions of the lightweight

components are higher than 64% and 76%, respectively. This

makes themixturemore volatile and yields poormatch for the

composite curves as shown for Case 10 and Case 13 in Fig. 4.

Therefore, the average SEC of MR6 andMR5 is 32% higher than

that of MR7. This implies that the most efficient MR compo-

sitions (MR7) are obtained by removing unnecessary compo-

nents such as NH3 or CO2 by avoiding the very high portions of

lightweight components.

As the replacement of NH3 by CO2 or R14 yields a heavier

mixture with lower SEC, the reduction of the number of single

components allows the designer to modify the proportions of

the components more accurately. For instance, unlike MR9

cases, the composition of MR7 cases has no C2 and n-C4 in the

MR composition. The fractions of these components are

substituted by increasing the fractions of C2* and C3. As C2*

and C3 have boiling point temperatures lower than of C2 and

n-C4, they increase the refrigeration effect of the mixture and
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Table 2 e Molar fraction-based composition of the 15 mixed refrigerant cases.

Group Case # C1 C2 C2* C3 n-C4 i-C5 n-C5 R14 N2 H2 CO2 NH3

MR9 1 0.17 0.07 0.16 0.18 0.02 0.00 0.15 0.00 0.16 0.01 0.00 0.08

2 0.17 0.07 0.16 0.18 0.02 0.00 0.15 0.00 0.16 0.01 0.08 0.00

3 0.17 0.07 0.16 0.18 0.02 0.00 0.15 0.08 0.16 0.01 0.00 0.00

MR8 4 0.19 0.07 0.20 0.15 0.00 0.00 0.18 0.00 0.16 0.01 0.00 0.04

5 0.21 0.00 0.18 0.00 0.00 0.18 0.24 0.00 0.14 0.01 0.04 0.00

6 0.19 0.06 0.19 0.18 0.00 0.00 0.17 0.04 0.16 0.01 0.00 0.00

MR7 7 0.21 0.00 0.25 0.14 0.00 0.00 0.18 0.00 0.16 0.01 0.00 0.05

8 0.21 0.00 0.24 0.18 0.00 0.00 0.18 0.00 0.14 0.01 0.04 0.00

9 0.18 0.00 0.23 0.20 0.00 0.00 0.15 0.06 0.16 0.01 0.00 0.00

MR6 10 0.21 0.00 0.30 0.00 0.00 0.00 0.16 0.00 0.19 0.01 0.00 0.13

11 0.21 0.00 0.23 0.25 0.00 0.00 0.11 0.00 0.19 0.01 0.00 0.00

12 0.21 0.00 0.25 0.20 0.00 0.00 0.14 0.00 0.20 0.01 0.00 0.00

MR5 13 0.25 0.30 0.00 0.00 0.23 0.00 0.00 0.00 0.18 0.04 0.00 0.00

14 0.25 0.32 0.00 0.00 0.23 0.00 0.00 0.00 0.18 0.02 0.00 0.00

15 0.26 0.30 0.00 0.00 0.24 0.00 0.00 0.00 0.19 0.02 0.00 0.00

Fig. 4 e Total compression power and COP of the 15 mixed refrigerant cases.
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require lessMR flow rate to accomplish the HPP (See Appendix

A, Table A1). However, Ph (22 bar) of the MR7 compositions is

higher than that of MR9 (16 bar) and MR8 (20 bar). Higher Ph
negatively affects the COP of the MR7 cases (3.3 as average)

compared to that of MR8 (3.5) and MR9 (3.95), see Fig. 4.

However, it yields better match between the hot and cold

composite curves of MR7 (See Fig. 5, Case 7), which is the

dominant factor in the reduction of the SEC.

For the quantitative analysis of the 15 cases presented in

Table 2, it can be noted that themolar fraction of H2 is only 1%

of theMR in themost efficient cases (cases 3, 6, and 9) which is

sufficient to achieve the target precooling temperature

(�195 �C). A higher fraction of H2 in the mixture increases the

compression power with no improvement in the quantity of

the evaporation capacity of HX3 and causes high SEC for cases

13, a4, and 15. For the fraction of C1, it is varying between 17%

and 26% in the 15MR cases. In the best performance cases, the

fraction of C1 did not exceed 19% as the unnecessary increase
of C1 maximize the compression power in a similar trend for

H2. For the C2 fraction, it is varying from0% to 32%as shown in

Table 2 with a fraction of less than 7% in the best cases. In

particular, C2 forms 0% of the composition of Case 9, which is

one of the best performance cases. However, the presence of

C2 in the MR is needed for some mixtures (especially for five-

component mixtures) to avoid the thermophysical problems

(temperature-cross or overlapped, presented in Fig. 3) in the

middle part of HX3. For C2*, its fraction forms 16%e30% in the

first 12 cases and 0% in the rest cases. The presence of C2* is

completive for C1 with less compression power and less

compression power. So, if C2* is removed and substituted

with lighter components (C1 or C2), higher compression

power will be needed which yields higher SEC as shown for

cases 13 to 15 in Fig. 4. Similar to C1, the presence of N2 is

essential and forms 14%e20% of the MR composition. How-

ever, the percent of N2 should be minimized to the least

possible fraction as its compression consumes high energy
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Fig. 5 e Composite curves of Case 1, Case 4, Case 7, Case 10, and Case 13. Note: the hot composite is pure hydrogen, and the

cold composite is a mixed refrigerant, which is presented in Table 2 for each case.
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close to that of hydrogen. Apart from the share of the light-

weight components, C3 and n-C5 have the largest share as

heavyweight components in the best performance cases with

an average share of 19% and 16% of theMR, respectively. Thus,

these components are recommended for the efficient perfor-

mance of HX1 with less power consumption considering that

the fraction of C3 should be minimized to the minimum

possible value.

From the above results, it is found that the MR in Case 3,

Case 6, and Case 9 have the best performance from an en-

ergetic point of view followed by Case 12. To have a close

insight into the effect of the MR composition on the design of
the MSHXs, the major properties of the vapor flows through

the cold section of each heat exchanger are plotted for Case

3, Case 9, and Case 12 as presented in Fig. 6. On one hand,

Case 9 has the minimum vapor flow and the highest cumu-

lative overall heat transfer coefficient (UA) through HX1 and

HX2 (see Fig. 6 (c, d), which is considered as a further

advantage for this case from an economic point of view. The

increase of the UA is caused by the increase of the heat

transfer coefficient (U) with a constant heat transfer area (A).

This implies that higher evaporation capacity could be ob-

tained in Case 9 with the same heat transfer area as of Case 3

or Case 12. In addition, higher UA with a lower flow rate for
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the MR minimizes the compression power, which is one of

the key variables that need to be minimized to reduce the

operational costs of the liquefaction system and enhance the

economic features of the process [23]. On the other hand, as

shown in Fig. 6 (a, b), Case 12 has the highest vapor Cp, the

lowest vapor density, and the lowest UA in HX1 and HX3

compared to that of Case 3 and Case 9. This implies that

larger heat exchangers are needed to be fit with the MR in

Case 12. It should be noted that there is a phase transition of

the lightweight components in the MR from the liquid phase

into the vapor phase at the cold side of HX3. This implies that

there are two phases (liquid and vapor) for each lightweight

component (C1, C2, C2*, R14, N2, and H2) in HX3. Also, the

locations at which the transition of the components from

liquid to vapor phase occurs through the HX3 evaporator are

not identical. Therefore, at the evaporator pressure in HX3

(2 bar) and over the temperature range of (�195 �C to 25 �C),
the specific heat of some components continuously in-

creases with the temperature such as H2, or first increases

then decreases as C1 and R14, or consciously decreases such

as C2 and C2*. Thus, the curves of the Cp are fluctuating

(Fig. 6 (a)) according to the nature of the specific heat of the

involved components in themixture. For the vapor density, it

generally decreases with the increase of the temperature

with a slight increase at the temperature range of (�145 �C to

�110 �C) in Case 3 and Case 9 due to the presence of R14 that

starts the evaporation process at �127 �C and has levelized

density near its boiling temperature.

In conclusion, Case 9 (MR7) introduces superior perfor-

mance in terms of SEC and compactness of the MSHXs

compared to that of MR3 (MR9) and Case 12 (MR6). To ensure

this result, further sensitivity analysis over a wide range of

operating conditionsmust be conducted for the best five cases

of the investigated compositions as presented in the next

section.

Sensitivity analysis

After the development of the 15 MRs using the criteria and

procedures developed in this study, the best five cases (Case 3,

Case 6, Case 9, Case 12, and Case 15) are considered for further

sensitivity analysis. This is a fundamental step to ensure that

the operating conditions of the HPP are optimally selected for

each case. Four major operating conditions (low-pressure Pl,

higher-pressure Ph, target temperature T4, and aftercooler

temperature) are tested to examine their effects on the total

compression power and MR flow rate of the HPP.

For the best-selected cases, the Pl of the HPP is changed

from the design point value (2 bar) to within the range of

1 bare5 bar as shown in Fig. 7. Ideally, as the Pl is increased,

the compression duty of the compressor is reduced, and

consequently, the compression power is decreased. However,

in the HPP, as the Pl is increased from 2 bar to 5 bar, the

compression power is increased for all cases (Fig. 7(a)). This is

explained by that higher Pl reduces the refrigeration effect of

the MR and a higher MR flow rate is needed to meet the same

cooling load of the process (Fig. 7(b)). In contrast, as Pl is

reduced to 1 bar, higher compression power is needed as the

MR flow rate remains mostly the same as at 2 bar. Case 12

shows higher sensitivity for the increase of Pl as its
compression power increased by 38% compared to less than

22% for the other cases.

For the high-pressure Ph effect, the five cases are simu-

lated at a low-pressure of 2 bar with a Ph range of

12 bare28 bar as shown in Fig. 8. It is noted that Case 15

shows the highest sensitivity for the variation of Ph. The

major difference between Case 15 and other cases simulated

in Fig. 8 is the high fraction of C2 in the MR composition (30%)

which is five times higher than in Case 6 (6%) and about four

times higher than in Case 3 (7%). In addition, Case 9 and Case

12 have zero fractions of C2. This implies that C2 causes poor

performance for the HPP as it is a lightweight component

with the least boiling point temperature compared to the

other lightweight components (See Table 1). As C2* gives a

better match in the composite curves of the MSHXs than C2

as shown in Fig. 5 (Case 10 with C2*, Case 13 with C2).

Therefore, it is recommended to replace the fraction of C2

with C2* to improve the MR performance in the HPP. Despite

the behavior of Case 15, the other cases show optimal per-

formance at Ph of 20 bar at which the minimum MR flow is

achieved (see Fig. 8(b)).

The cooling process of the MR at intermediate and high

pressures plays a key role in the compression power and the

distribution of the MR flow through the MSHXs. For instance,

if the cooling process is carried out at low temperatures

(20 �Ce30 �C) using water (wet-cooling), the liquid-phase

fraction at stream 7 (Fig. 1) will be more than if conducted

at higher temperatures (35 �Ce40 �C) using air (dry-cooling).

This means that a higher portion of the MR flow will be

pressurized to Ph through the pump rather than Com-2,

which significantly reduces the total compression power of

the process. Fig. 9 depicts how the compression power and

the MR flow change with the increase of the aftercooler

temperature from the wet-cooling range to the dry-cooling

range. The most important result here is that Case 6 shows

the least sensitivity for the aftercooler temperature. Unlike

other cases, the MR flow of Case 6 only increased by 7% as the

aftercooler temperature increased from 20 �C (86 kg/s) to

40 �C (92 kg/s).

Another important result in Fig. 9 is the behavior of Case

9, which has the minimum SEC over other cases. Case 9 re-

quires MR flow at 25 �C lower than at 20 �C (Fig. 9(b)) with a

negligible increase in the compression power (less than

0.52%). This is explained by that for Case 9, aftercooler

temperature less than 25 �C reduces the portion of the

lightweight components in HX2 and HX3, which dictates a

higher flow rate to avoid temperature-cross or overlapped

issues in these heat exchangers. From the above results, it

can be stated that Case 9 has the minimum SEC (1.08 kWh/

kgH2Feed) at an aftercooler temperature of 25 �C compared to

1.11 kWh/kgH2Feed for Case 6 at the same temperature.

However, Case 6 has the lowest compression power with SEC

of 1.32 kWh/kgH2Feed at aftercooler temperature higher than

37 �C compared to 1.45 kWh/kgH2Feed for Case 9. Therefore,

Case 9 is recommended for the wet-cooling conditions and

Case 6 for the dry-cooling conditions. But, even though the

wet-conditions yield lower SEC than dry-conditions, the

capital and operational costs of the wet-cooling system are

higher than of the dry-cooling system [43,44]. Therefore, for

accurate decision for the selection of the wet or dry cooling
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Fig. 6 e Variation the (a) vapor specific heat, (b) vapor density, (c) vapor flow rate, and (d) cumulative heat transfer coefficient

of cases 3, 9, and 12 through HX1, HX2, and HX3.

Fig. 7 e Effect of the MR low-pressure on the process (a) compression power, and (b) MR flow rate.
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conditions, further economic assessment is needed for each

situation and is recommended as a future work.

Composition sensitivity and comparisons

As Case 6 shows competitive performance for Case 9 at wet-

cooling conditions and the best performance at the dry-

cooling conditions, it is considered here for further analysis

by optimizing its MR composition. This is done by keeping the
single components of MR in Case 6 with further modifications

for their proportions as shown in Fig. 10. Two optimization

scenarios are presented in Fig. 10, referred to as Case 6-S1, and

Case 6-S2, respectively. In Case 6-S1, the fraction of C2 is

significantly reduced from 6% to 1.97%with a parallel increase

in the fraction of R14 from 4.00% to 8.28%. This mitigates the

negative impact of C2 on the SEC and improves the refriger-

ation effect of themixture. This resulted in decreasing the SEC

from 1.11 kWh/kgH2Feed in Case 6-Basic to 1.07 kWh/kgH2Feed
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Fig. 8 e Effect of the MR high-pressure on the process (a) compression power, and (b) MR flow rate.

Fig. 9 e Effect of the aftercooler temperature on the process (a) compression power, and (b) MR flow rate.
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in Case 6-S1 (reduced by 3.60%). In Case 6-S2, the component

fractions were further tuned with notable reduction for the

fraction of H2 from 1.42% to only 0.2%. Consequently, the SEC

is reduced to 1.03 kWh/kgH2Feed, which is 7.21% lower than

Case b-Basic, and 3.74% lower than Case 6-S1.

From the sensitivity analysis, it is found that the MR

composition in Case 9 has the minimum SEC (1.08 kWh/

kgH2Feed) at an aftercooler temperature of 25 �C. However, the

optimized composition of Case 6-S2 yields 1.03 kWh/kgH2Feed
(4.63 lower than Case 9) at the same aftercooler temperature.

Taking into account that Case 6 has superior performance at

dry-conditions, Case 6-S2 can be recommended for the HPP at

both wet and dry cooling conditions.

To reveal the features of the new optimized MR composi-

tion of Case 6-S2, the characteristics of four reference pro-

cesses (referred to as RC1, RC2, RC3, and RC4) available in the

literature were compared as shown in Table 3. The detailed

composition of the MR of each process is reported in Table 3

and schematically presented in Fig. 11. On one hand,

although both RC1 and RC4 have a nine-component mixture

(MR9), RC1 has higher capacity (87 TPD) and lower target
temperature (�198 �C) than RC4 (54 TPD,�195 �C). But, RC4 has

used H2 instead of Neon for the cryogenic section in HX3.

Therefore, the SEC of RC4 is 45.73% lower than of RC1. On the

other hand, both RC2 and RC3 have the same capacity (100

TPD) and the same target temperature (�198 �C). Although
RC2 has eleven-component mixture (MR11), its SEC is 12%

higher than RC3. This is caused by two reasons: (1) the pres-

ence of NH3 and propene (C3*) in theMR of RC2, (2) the portion

of the heavyweight components is larger than of the light-

weight components, which yield a poor match for the com-

posite curves of HX2 and HX3 of the process.

Comparing the MR composition of Case 6-S2 (MR8) pre-

sented in this study with the four reference processes, it can

be noted that there is no Neon, NH3, or C3* in themixturewith

the smallest fraction of C2. Also, the lightweight portion (63) is

larger than the heavyweight components (37%). In addition,

the capacity of the HPP with Case 6-S2 is 300 TPD, which is

about three to four times higher than of all reference pro-

cesses at a target temperature of �198 �C. For these reasons,

the SEC of Case 6-S2 is 49.78% lower than of RC1, 35.14% lower

than of RC2, 27.26% lower than of RC3, and 7.46% lower than of
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Fig. 10 e Results of optimizing the MR composition presented in Case 6. (a) Basic composition, (b) first scenario of optimized

composition, and (c) second scenario of optimized composition.

Table 3 e Comparison between hydrogen precooling processes available in the literature with the present process at the
optimal MR composition Case 6-S2.

Reference RC1 [1] RC2 [2] RC3 [3] RC4 [4] Present study (Case 6-S2)

Process capacity, [MTD] 87 100 100 54 300

Target temperature T4, [
oC] �198 �198 �198 �195 �198

Category MR9 MR11 MR5 MR9 MR8

SEC, [kWh/kgH2Feed] 2.051 1.588 1.416 1.113 1.030

MR molar-based composition, (%) Methane (C1) 16.60 10.20 24.00 11.30 17.00

Ethane (C2) 8.60 19.25 28.00 5.67 1.80

Ethylene (C2*) 11.80 0.00 0.00 12.15 20.50

Propane (C3) 19.40 5.32 0.00 19.92 21.50

i-Butane (i-C4) 0.00 2.43 0.00 3.18 0.00

n-Butane (n-C4) 6.60 2.35 26.00 0.00 0.00

n-Pentane (n-C5) 11.80 29.82 0.00 31.46 15.50

Refrig-14 (R14) 7.20 9.86 0.00 5.51 8.50

Nitrogen (N2) 15.60 6.42 18.00 10.21 15.00

Hydrogen (H2) 0.00 0.02 4.00 0.63 0.20

Neon (Ne) 2.40 0.00 0.00 0.00 0.00

Propene (C3*) 0.00 12.73 0.00 0.00 0.00

Ammonia (NH3) 0.00 1.58 0.00 0.00 0.00
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RC4. More importantly, the SEC of Case 6-S2 (1.03 kWh/

kgH2Feed) is much lower than of the commercial HPPs avail-

able in the industrial sector. For instance, the SEC of the HPP at

Ingolstadt is 4.86 kWh/kgH2Feed, about five times higher than

of Case 6-S2.
Despite that the optimized case (Case 6-S2) showed best

SEC performance, all the 15 MR cases presented in this study

have SEC lower than of RC1 in Table 3. Moreover, the SEC of

MR8 and MR7 groups are lower than that of RC2 and RC3. This

confirms that, by applying the systematic approach developed
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Fig. 11 e Schematic presentation of the MR composition in the reference cases (RC1, RC2, RC3, and RC4) compared to that of

Case 6 in the present study.
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in this study to design a MR for the HPP, an energy-efficient

HPP at various operating conditions (e.g., wet, and dry cool-

ing, large capacities, and very low cryogenic temperature) can

be obtained. With additional sensitivity and optimization

analysis, the SEC can be reduced to extremely lower values

than of the processes available in the literature.
Conclusions

In this study, a thermodynamic systematic approach for the

design of amixed refrigerant (MR) for the hydrogen precooling

process (HPP) is developed. The developed approach is

composed of four criteria as guidelines for the initial selection

of the candidate refrigerants. Then, detailed procedures to

develop an optimal MR are discussed through seven major

steps. The developed approach was tested by creating new 15

mixed refrigerants for the HPP with various compositions and

proportions. The 15 MRs (referred to as cases) were divided

into five groups, based on the number of the single compo-

nents in eachmixture. These groups contain nine-component

(MR9), eight-component (MR8), seven-component (MR7), six-

component (MR6), and five-components (MR5) based mix-

tures. The new compositions are analyzed from an energy

point of view using the specific energy consumption (SEC) and

coefficient of performance (COP) as the performance in-

dicators of the HPP. Then, further sensitivity and optimization

analyses are performed to improve the performance of the

HPP by obtaining the optimal SEC for each MR. Among the 15

investigated cases, it is found that:

� The candidate refrigerants must be divided into light-

weight and heavyweight refrigerants based on the boiling

point temperature.

� For the HPP with a target temperature less than �193 �C, it
is recommended to set the total portion of the lightweight

components larger than the heavyweight portions.
� Eight-component MR (MR8) is the best option to create an

optimal mixture for the cryogenic cooling process with a

sufficient match between the composite curves of all heat

exchangers of the HPP.

� The presence of methane (C1), nitrogen (N2), and hydrogen

(H2) components are essential to achieve an energy-

efficient HPP.

� The use of ethylene (C2*) instead of ethane (C2), H2 instead

of neon, and R14 instead of NH3 is recommended to opti-

mize the SEC of the HPP.

� At an aftercooler temperature of 25 �C (wet-cooling), MR in

Case 9 is recommended, while at an aftercooler tempera-

ture of 40 �C (dry-cooling), MR in Case 6 is recommended.

Finally, optimizing the MR composition of Case 6 reduces

the SEC to 1.03 kWh/khH2Feed, which is lower than the SEC of

all HPPs reported in literature. However, further robust

optimization analysis for the entire 15 MR cases with further

exergoeconomic assessment is recommended for future

work.
CRediT author statement

Ahmad K. Sleiti: Conceptualization, Investigation, Writing-

Original Draft, Review & Editing, Resources, Formal analysis,

Project administration, Funding acquisition, Supervision.

Wahib A. Al-Ammari: Conceptualization, Writing-Original

Draft, Investigation, Software, Data Curation, Validation,

Formal analysis.
Declaration of competing interest

The authors declare that they have no known competing

financial interests or personal relationships that could have

appeared to influence the work reported in this paper.

https://doi.org/10.1016/j.ijhydene.2022.04.233
https://doi.org/10.1016/j.ijhydene.2022.04.233


i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 7 ( 2 0 2 2 ) 2 0 9 1 5e2 0 9 3 120930
Acknowledgement

The work presented in this publication was made possible

by NPRP-S grant # [11S-1231-170155] from the Qatar National

Research Fund (a member of Qatar Foundation). The find-

ings herein reflect the work, and are solely the re-

sponsibility, of the authors.
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2022.04.233.
r e f e r e n c e s

[1] Lebrouhi BE, Djoupo JJ, Lamrani B, Benabdelaziz K,
Kousksou T. Global hydrogen development - a technological
and geopolitical overview. Int J Hydrogen Energy
2022;47:7016e48. https://doi.org/10.1016/j.ijhydene.2021.
12.076.

[2] Yukesh Kannah R, Kavitha S, Preethi, Parthiba
Karthikeyan O, Kumar G, Dai-Viet NV, et al. Techno-
economic assessment of various hydrogen production
methods e a review. Bioresour Technol 2021;319:124175.
https://doi.org/10.1016/j.biortech.2020.124175.

[3] Ishimoto Y, Voldsund M, Nekså P, Roussanaly S, Berstad D,
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