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Simulation and analysis of a novel hydrogen liquefaction process based on liquid nitrogen and helium Joule-Brayton cycle
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ABSTRACT: To facilitate the design, analysis, and optimization of the hydrogen liquefaction system, this study developed a
MATLAB-based independent simulation program encompassing unit equipment models and exergy analysis models. The program
incorporated REFPROP software to accurately calculate fluid physical properties and the heat of conversion between ortho- and
parahydrogen. The proposed hydrogen liquefaction process utilized LN, precooling, the helium Joule—Brayton cryogenic cycle, and
a throttle valve to efficiently produce liquid hydrogen. The simulation results were rigorously validated using the industry standard
Unisim Design software. For the 0.5 t/d hydrogen liquefaction system, the exergy efficiency stood at 28.82%, accompanied by a
specific energy consumption of 9.82 kW h/kg 1;,. Notably, the compressor contributed the highest exergy loss ratio, accounting for
38.79% of the total. Increasing the compressor efficiency could significantly improve the exergy efficiency and reduce energy
consumption. A comparative analysis revealed that at a larger scale of 50 t/d, the exergy losses of both the compressor and expander
decreased, whereas the heat exchanger accounted for 36.29% of the total. In conclusion, the independent simulation program
established in this study served as a valuable tool for simulating and analyzing the hydrogen liquefaction system, providing a crucial
reference for design improvements and optimization efforts.

1. INTRODUCTION pressurized to 35—70 MPa, but the increase of energy density

As a versatile energy carrier that can be derived from diverse is still limited (density 39.05 kg/m’, 70 MPa at 300 K). Liquid
sources, hydrogen stands as a crucial bridge in the transition hydrogen has high energy density (density 70.85 kg/m?, 0.1

from fossil fuels to renewable energy, heralding novel MPa @ 20 K), low storage pressure, and high purity.’
transformations in the realm of clean energy utilization." However, the cost of hydrogen liquefaction restricts further
Amidst the introduction and implementation of the ambitious application of liquid hydrogen. Given considerations such as

goals of “carbon peaking” and “carbon neutrality”, over 20
nations and economic systems, including the United States,”
China,’ Germany,4 _]apan,5 etc, have unveiled national
strategies for hydrogen energy. Within the application of
hydrogen energy, addressing challenges spanning production,
storage, transportation, and utilization is paramount, with Received:  October 11, 2024

hydrogen storage density, economy, and safety, it is anticipated
that liquid hydrogen could emerge as a primary means for
large-scale storage and transportation, provided that the

storage and transportation being pivotal components for its Revised:  January 23, 2025
widespread adoption. At present, compared with immature Accepted:  February 12, 2025
chemical hydrogen storage, mature hydrogen storage and Published: February 22, 2025
transportation methods mainly include high-pressure gas

hydrogen and liquid hydrogen. Gas hydrogen needs to be
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efficiency of hydrogen liquefaction undergoes further enhance-
ment.

The principle of large-scale hydrogen liquefaction plants’
commonly is based on the Linde—Hampson liquefaction
cycle,”” helium Joule—Brayton liquefaction cycle,'’ and
Claude liquefaction cycle,'" including the ortho—parahydrogen
conversion to meet the long-term storage requirements of
liquid hydrogen.'”'® The Linde—Hampson cycle has the
characteristics of a simple process, low efliciency, and high
energy consumption, suitable for small hydrogen liquefaction
units at the laboratory level. The Joule—Brayton helium cycle
uses a helium turbine expander. Compared with the hydrogen
expander used in the Claude cycle, helium is an inert gas,
which avoids safety risks such as hydrogen embrittlements,
hydrogen leakage, and polyphase expansion. In addition, liquid
nitrogen (LN2) is easy to obtain, and the throttle valve is
simple and stable. The remarkable feature of the proposed
process is that it is expected to be applied in large-scale
engineering under the conditions of existing technology and
equipment. At present, the specific energy consumption (SEC)
of large-scale hydrogen liquefaction plants in operation is 10—
15 kW h/kg; 115, and the exergy efficiency is only 20—30%. The
actual representative plants are Linde’s large-scale hydrogen
liquefaction plants in Ingolstadt and Leuna, Germany, with a
capacity of 5 t/d and an SEC of 13.6 and 11.9 kW h/kg;p,
respectively.''> The plants operated by Praxair have a
production capacity of 18—30 t/d, with an SEC ranging
from approximately 12.5—15 kW h/kgy ;. '

There are a series of challenges in the hydrogen liquefaction
system, including wide temperature range, complex process,
high energy consumption, and low efficiency.'”'® With the
escalating demand for hydrogen energy, the research focus in
recent years has shifted toward optimizing the overall
performance of the hydrogen liquefaction system. In the
exploration of large-scale conceptual devices, initial efforts were
directed toward enhancing the thermodynamic cycle, sub-
sequently shifting to improvements in the composition and
performance of refrigerant, and the current trend is heavily
focused on the integration and optimization of both aspects.
Kuz’Menko'® refined the hydrogen liquefaction system
designed by Belyakov,”’ introducing an enhanced LN2
precooling device and a helium Joule—Brayton cycle. This
modified system boasted a production capacity of 54 t/day,
elevating the exergy efficiency by 6% and achieving an SEC of
12.7 kW h/kg; 11,. Valenti designed a four-stage helium Joule—
Brayton cycle. The helium refrigeration cycle was applied in
both the precooling stage and cryogenic stage, and the SEC of
the system was 5.8 kW h/ kgLHz.21 The refrigeration of a mixed
refrigerant with low energy consumption has become a hot
research spot of hydrogen liquefaction recently.”” Since the
boiling points of the mixed refrigerant components are
different, the endothermic boiling process is a variable
temperature process, so the temperature difference between
heat flow and cold flow in the heat exchanger is relatively low,
which reduces the cooling loss and improves the exergy
efficiency. Sadaghiani*® opted for the ideal mixed refrigerant in
the precooling stage and cryogenic stage. Moreover, the
integration of the heat exchanger and expander suitable for a
wide temperature range contributed to an SEC of 4.4 kW h/
kg and an energy efficiency of 55.5%. Zhang and Liu™*
implemented a mixed refrigerant Claude liquefaction cycle for
the precooling stage, along with a nitrogen and two other
mixed refrigerants Joule—Brayton cycle for the cryogenic stage,
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creating a four-stage independent cycle. This plant boasted a
production capacity of 288.9 t/day with an SEC of 5.9 kW h/
kg, and an exergy efficiency of 5$5.3%. Bi*> optimized the
components of the mixed refrigerant in the precooling cycle
through genetic algorithm. The study results showed that the
SEC at 5 t/day could be reduced to 9.7 kW h/kg; 11, with an
exergy efficiency of 39.1%. Faramarzi’® proposed a hydrogen
liquefaction process with LNG precooling and a mixed
refrigerant cryogenic cycle. The feedstock hydrogen was
cooled to 131 K by the cold energy of LNG vaporization,
then cooled to 20 K, and converted into liquid hydrogen
through the cryogenic cycle with a mixture of helium,
hydrogen, and neon, where the SEC was reduced by 34%
compared to Ansarinasab.”” Naquash®® added hydrofluoroole-
fin into the mixed refrigerant to improve the exergy efficiency,
reducing the SEC of the precooling cycle by 41.8%, but the
equipment investment cost also increased significantly.

At present, the SEC of a large-scale commercial hydrogen
liquefaction plant is generally high (12.5—15 kW h/kg;;;,). In
the above literature studies, most of these efficient solutions
are based on the premise of improving equipment efliciency
and production capacity and have not been applied in practice.
In addition, some of the simulations lack accurate physical
property data of O-hydrogen and P-hydrogen and ignore the
ortho—parahydrogen conversion reaction or adopt approx-
imate means to simulate the conversion process.””” In this
study, REFPROP V10.0 is invoked to obtain accurate physical
properties of the O-hydrogen and P-hydrogen and realize
equilibrium hydrogen physical property calculation and
simulation of ortho—parahydrogen conversion. By integrating
the unit equipment models, the independent and flexible
simulation program based on Matlab is developed. A simple
and efficient hydrogen liquefaction process incorporating LN,
precooling, helium Joule—Brayton cycle, and final-stage
throttling was proposed. The results of this simulation were
further corroborated through commercial software validation,
and a comprehensive analysis of energy consumption and
exergy loss was presented. This study is expected to realize
large-scale engineering application under the condition of
existing technology and equipment, providing reference for the
design, simulation, and optimization of hydrogen liquefaction
system.

2. THEORETICAL BASIS

2.1. Process Description. According to the fundamental
design principles of industrial production, encompassing
adaptability, cost-efficiency, reliability, technological advance-
ment, flexibility, and simplicity, the precooling, cryogenic cycle,
and liquefaction stage of the hydrogen liquefaction system
were designed successively. Specifically, for a capacity below 5
t/d, the design principle of a simple refrigeration process and
stable operation should be followed, while also taking into
account energy consumption.

In this liquefaction system, the precooling process used LN,,
while the cryogenic process utilized the helium Joule—Brayton
cycle. The choice of helium as a refrigerant could avoid
numerous technical challenges associated with the Claude
liquefaction cycle. First, helium, as an inert gas, poses minimal
environmental risk in the event of a leak and does not corrode
equipment. Second, helium remains in its gaseous state
throughout the temperature range of the liquefaction system,
thus eliminating issues related to polyphase expansion.
Moreover, the helium expander, which is commonly employed
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in helium liquefaction systems, exhibits greater efficiency than
the hydrogen expander.

The liquefaction system exhibits a direct correlation between
the number of expansion stages and its SEC, with an increasing
number of stages resulting in lower SEC and higher
thermodynamic efficiency. However, an excessive number of
expansion stages can introduce complexities to the process,
thereby diminishing the stability and reliability of the
liquefaction system. Additionally, it can lead to an increase
in the equipment cost and maintenance requirement.
Consequently, the helium Joule—Brayton cycle in this
liquefaction system has been designed to employ a three-
stage expansion. The feed hydrogen, undergoing the
precooling and cryogenic process, was typically converted
into liquid hydrogen through throttle expansion and then
directly routed into the liquid hydrogen storage tank, such as
Linde’s hydrogen liquefaction plants in Ingelstadt and Leuna."*
In this study, a straightforward and reliable throttle valve was
also employed to achieve hydrogen liquefaction.

During the cooling process, the constant-pressure specific
heat of hydrogen undergoes substantial variations, especially
below 2 MPa. To minimize heat-transfer losses resulting from
this dramatic change, the pressure of the feed hydrogen should
also be increased as much as possible. In addition, Quack’” has
emphasized that increasing the pressure of feed hydrogen was
beneficial in terms of SEC. However, this higher pressure
posed significant challenges in the design and development of
hydrogen compressors, while also posing potential safety risks
to the liquefaction system. Considering the influence of
pressure on the plate-fin heat exchanger and expander, the
pressure of feed hydrogen in this study was selected as the
conventional operating parameter, 2.1 MPa. For the hydrogen
liquefaction system with the helium Joule—Brayton cycle, it
was not sensitive to variations in helium pressure when the
pressure was maintained at approximately 1 MPa.** Con-
sequently, the helium pressure was selected as 1.2 MPa in this
study. Based on pertinent research studies,’** the helium
compressor’s efficiency ranged from 0.65 to 0.8, while the
turbine expander’s isentropic efficiency ranged from 0.75 to
0.85. Notably, both compressor and expander efficiencies
increased with an increasing system scale. In this study, for a
liquefaction system of 0.5 t/d, the helium compressor and
expander eficiencies were selected as 70% and 75%,
respectively.

There exist two distinct spin isomers of hydrogen:’
orthohydrogen (O-hydrogen) and parahydrogen (P-hydro-
gen), as shown in Figure 1. At a standard temperature, the O-
hydrogen constitutes approximately 75% of the total hydrogen
content, while the P-hydrogen accounts for the remaining 25%.
As the temperature decreases, a spontaneous conversion of O-
hydrogen to the oxygen occurs in hydrogen, aiming to establish
a new equilibrium state. This ortho—parahydrogen conversion
is characterized as a slow exothermic reaction. However, if this
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Figure 1. Configuration of O-hydrogen and P-hydrogen.
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reaction takes place within a liquid hydrogen storage tank,
approximately 50% of liquid hydrogen evaporates within 10
days due to the fact that the heat released by the reaction (527
kJ/kg)** surpasses the latent heat of vaporization of liquid
hydrogen (443 kJ/kg).”> The heat of conversion of the O-
hydrogen to the P-hydrogen is as shown in Figure 2. To avoid
this issue, it is necessary to add a reaction catalyst to the
liquefaction system to speed up the conversion.
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Figure 2. Heat of conversion of O-hydrogen to P-hydrogen.

Integrating the heat exchanger with the catalyst actually
brings the conversion process closer to the ideal of a
continuous, minimal energy consumption process. Never-
theless, this approach faces challenges such as complex
structural design, requirement of a large amount of catalyst,
and high airflow resistance. Given the costs associated with
processing and manufacturing, most hydrogen liquefaction
systems opt for a multistage ortho—parahydrogen conversion
approach as a means to approximate the ideal continuous
conversion. This liquefaction system incorporated a five-stage
ortho—parahydrogen conversion to emulate the conversion
reaction. The reaction in the reactor is as follows

O-hydrogen — P-hydrogen + heat

In summary, the process flow diagram of the proposed
hydrogen liquefaction system is shown in Figure 3, and the
selection of hydrogen liquefaction process parameters is shown
in Table 1. The liquefaction system incorporated three distinct
fluids: circulating helium, feed hydrogen, and LN,. Recycled
helium and LN, served as refrigerants, effectively cooling feed
hydrogen. Within the helium Joule—Brayton cycle, low-
pressure helium was pressurized by a compressor (COMP)
and cooled to room temperature via a heat exchanger (HEX).
This helium then traversed heat exchangers HEX1, HEX2, and
HEX3, reaching a temperature of approximately 77 K through
the combined cooling of low-temperature helium and LN,.
Further cooling occurred in heat exchangers HEX4, HEXS,
HEX6, and HEX7, where the helium was divided into three
streams and expanded to 0.2 MPa through expanders EXP-1,
EXP-2, and EXP-3. The resulting low-pressure, low-temper-
ature helium then provided cooling for heat exchangers HEXS8
to HEX1 in sequence. LN, provided the cooling through the
ortho—parahydrogen conversion reactor (O—P converter) OP-
2, heat exchanger HEX3, O—P converter OP-1, heat exchanger
HEX2, and heat exchanger HEX1 in turn. After passing

https://doi.org/10.1021/acsomega.4c09299
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Figure 3. Process flow diagram of the proposed hydrogen liquefaction system.

Table 1. Selection of Process Parameters for the Hydrogen
Liquefaction System

item numerical value

capacity (t/d) 0.5

H2 feed pressure (MPa) 2.1

H2 feed temperature (K) 300

LH, product pressure (MPa) 0.1

LH, product temperature (K) 20.2

LH, product P-hydrogen fraction (%) >95
efficiency of compressors (%) 70
efficiency of expander (%) 75
ortho—parahydrogen conversion S stages

through heat exchangers HEX1 ~ HEX8 and O—P converters
OP-1 ~ OP-4 in turn, the feed hydrogen was cooled down to
about 20 K by LN2 and low-pressure helium. Subsequently, it
was throttled to 0.1 MPa through a throttle valve (VLV),
forming a gas—liquid two-phase. This generated flash hydrogen
was further liquefied in HEX9 and entered the liquid hydrogen
storage tank. In this liquefaction system, it was considered to
reduce the feed hydrogen temperature before throttling as
much as possible, so as to reduce throttling loss and simplify
the process.

2.2. Methodology and Building. The thermodynamic
submodel for unit equipment was crafted utilizing MATLAB
software, and the overall liquefaction system model was further
integrated. Furthermore, REFPROP was utilized to obtain and
invoke crucial physical property data. Next, the thermody-
namic submodel of the system was elaborated in detail. For the
convenience of analysis, the hydrogen liquefaction system was
simplified based on the following assumptions:

(1) The pipeline and heat exchanger’s flow pressure drop
and heat leakage were disregarded;

(2) The power of the expansion machine could be
recovered, and the mechanical power-transfer efficiency
was assumed to be 100%;

(3) The ortho—parahydrogen conversion occurred exclu-
sively within the reactors and could eventually reach the
equilibrium at the corresponding temperature;

(4) The system was assumed to be in a steady state, ignoring
the influence of kinetic energy and potential energy;

(5) The minimum logarithmic mean temperature difference
(LMTD) in the multistream heat exchanger was >0.5 K.

Atmax - Atmin
At
At,

LMTD: At, =

In

(1)

min
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For a detailed analysis of the liquefaction system, an exergy
assessment of all components has been conducted, encompass-
ing both the quantity and the quality of energy. Exergy, a state
parameter that is comprehensively addressed by the first and
second laws of thermodynamics, offers an objective and unified
evaluation of the overall performance of a hydrogen
liquefaction system.*® It further pinpoints the location and
magnitude of the energy losses. These exergy losses encompass
external losses flowing directly to the environment, as well as
internal losses arising from the irreversibility in the actual
process.”” The exergy loss of each component could be
precisely determined by solving the exergy balance equation.
The detailed formulas are as follows

Exergy per unit mass: e = (h — h,) — T.(s — s,) (2)
Exergy loss: AE=Z E, — Z E . (3)
Exergy loss rati aE
xergy loss ratio: r, =
u Y AE, (@

In the formula, h (kJ/kg) and s (kJ/(kg'K)) are the enthalpy
and entropy of the fluid in a specific state, respectively; h, and
s, are the enthalpy and entropy of the fluid in an environmental
state, respectively. T, is the environmental temperature, K. E;,
is for the inlet exergy of the fluid, and E, is for the outlet
exergy of the fluid, kW. AE; is the exergy loss of unit
equipment i, and r; is the exergy loss ratio of unit equipment i.

The liquefaction system is typically evaluated by using two
key systematic indices: SEC and exergy efliciency. SEC is the
ratio of total system energy consumption to liquid hydrogen
capacity. Exergy efficiency is the ratio of theoretical minimum
energy consumption to actual energy consumption. This
efficiency measure reflects the irreversibility of the liquefaction
system, where higher exergy efficiency indicates the lower
energy loss and more economy. The detailed formulas are as
follows

W+ W, — W,
Specific energy consumption: SEC = —= LN2 ex
My iy
(5)
m h —h) — T(s —s
Exergy efficiency: E, = it (P ) (sum — 5)
T/Vco + I/VLNZ - Wex

(6)

In the formula, Wy, is the energy consumption of LN,, kW;
W, is the energy consumption of the compressor, kW; W, is
the output power of the expander, kW; myy, is the hydrogen

https://doi.org/10.1021/acsomega.4c09299
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liquefaction flow rate, kg/s; hyy, and spy, are the enthalpy and
entropy of liquid hydrogen, kJ/kg and kJ/(kg-K), respectively.

The following is an analysis of the energy and exergy losses
of key equipment in the hydrogen liquefaction system. The
compressor, as a critical moving component in the liquefaction
system, significantly affects the overall energy consumption.
Helium is initially compressed by a compressor to achieve high
pressure and then cooled to room temperature within a heat
exchanger. The detailed formulas are as follows

Isentropic efficiency of the compressor i: 7,

— houts,coi - hin,coi
hout,coi_hin,coi (7)
Power consumption of the compressor i: W,
— mcoi((hout,coi_hin,coi) T(Sout,cm m,cm))
ncoi (8)
Exergy loss of compress i: AE_;
= E;;, — Eoy
= mcoi(ein,coi - out co1) + W, coi (9)

In the formula, n; is the compressor efficiency i; hy, ., and
Poutcoi are the specific enthalpies of the inlet and outlet fluid,
kJ/kg, respectively; oy, oi is the specific enthalpy of the outlet
fluid under the ideal condition; W is the energy consumption
of compressor i; m; is the compressor flow rate, kg/s; s, o;
and s,,,; are the specific enthalpies of the inlet and outlet
fluid, kJ/(kg-K), respectively; and e, .,; and e, are the
specific exergies of the inlet and outlet fluid, kJ/(kg:K),
respectively.

Helium expansion refrigeration is a key source of hydrogen
cooling energy below 80 K. The helium expansion process is
approximated as an isentropic expansion. The detailed
formulas are as follows

Isentropic efficiency of the expander i: 7],

_ hin,exi - hout,exi

- hin,exi - houts,e)d (10)
Output power of the expander i: W

Mesi (i i = Moutexs) (11)

Output power of the expanders: W, = Z W, (12)
Exergy loss of the expander i: AE_

= Ej, — Ep

= mexj(ein,exj - eout,exi) — Wei (13)
Exergy loss of the expanders: AE, = z E., (14)

In the formula, hy, . and Ky, .y are the specific enthalpies of
the inlet and outlet fluid, kJ/kg, respectively; Mgy o is the
specific enthalpy of the outlet fluid under the ideal isentropic
condition; W is the power consumption of expander i; m.y; is
the expander flow rate, kg/s; and e .; and ey, are the
specific exergies of the inlet and outlet fluid, kJ/(kg:K),
respectively.
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Throttling is the last stage of hydrogen liquefaction, which is
an isoenthalpy process. Low-temperature hydrogen is con-
verted to liquid hydrogen in the throttle valve. The detailed
formulas are as follows

Valve: my by, o, = Memhcuuy + Mimahim, (15)
Exergy loss of valve: AE,

= Ein - Eout

= Mininylv — MGH26GH2,viv — MLH26LH2,vIv (16)

In the formula, ki, ), €1, is the specific enthalpy and exergy of
the inlet hydrogen, kJ/kg, respectively; hgp, i, and hyy, , are
the specific enthalpies of the outlet fluid, GH2 and LH2, kJ/kg,
respectively; and egy, i, and erg, ), are the specific exergies of
the outlet fluid, GH2 and LH2, kJ/kg, respectively.

The multistream heat exchanger is the most common unit
equipment in the hydrogen liquefaction system, following the
energy conservation principle during the heat-exchange
process. In existing studies on hydrogen liquefaction,”®*’ the
commonly used formula is as follows

Heat exchangers: Z i€ hi T,

_Z mq pq out,q - (17)

In the formula, m and my,; are the flow rates of cold fluid j and
hot fluid i, kg/s, respectively; ¢, and c,, are the specific heat
of cold fluid j and hot fluid i, k_]/ (kg ‘K), respectively; T, and
Touepi are the inlet and outlet temperatures of hot fluid i, K;
and T, and Ty, are the inlet and outlet temperatures of
cold fluid j, K

The profiles of heat capacities of hydrogen as a function of

temperature are as shown in Figure 4> Due to the

hi — ]zmt,hi)

T, .)

in,¢j

18
—— O-hydrogen
Normal Hydrogen
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14 |
=
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Figure 4. Profiles of heat capacities of hydrogen as a function of
temperature.

temperature-dependent variation in the specific heat of fluids,
and the deviation of hydrogen’s physical properties from the
ideal gas at low temperature, heat-transfer calculation using the
specific heat often resulted in significant deviations. To address
this issue, this study adopted the enthalpy difference as the
fundamental basis for heat-transfer calculation, thereby
ensuring greater accuracy in the computations. The detailed
formulas are as follows

https://doi.org/10.1021/acsomega.4c09299
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Heat exchangers: Z my, (i p = Pouehs)
:Z mc,j(hout,cj - hin,cj)

(18)
Exergy loss of heat exchanger: AEx
= Ein - Eout
n
= Z M (ini = Cout,i)
i=1 (19)

In the formula, hy,;,; and k. are the specific enthalpies of the
inlet and outlet hot fluid i, kJ/(kg-K), respectively; h;, ; and
hou are the specific enthalpies of the inlet and outlet cold
fluid j, kJ/(kg-K), respectively; m; is the fluid i flow rate, kg/s;
and ¢,; and e,,; are the specific exergy of the inlet and outlet
fluid i, kJ/(kgK), respectively.

Give an example, for the heat exchanger HEX-2, as shown in
Figure S, He-4 and He-6 represent the inlet and outlet high-

Figure S. Schematic diagram of the inlet and outlet fluids in heat
exchanger HEX-2.

temperature helium, He-5 and He-3 represent the inlet and
outlet low-temperature reflux helium, H2—2 and H2-3
represent the inlet and outlet hydrogen, and N2—7 and N2—
8, respectively, represent the inlet and outlet low-temperature
nitrogen, respectively. Energy conservation equation and
exergy loss calculation formula are as follows

Mgy (a—y = Prgp—3) Fmige (e 4 — By )

(20)

= myy (g —g = Png—7) + g (g 3 —hyge )

AEypyx., = E, — E

out
= mHZ(eHZ—Z - eHZ—S) + mNz(eN2—7 - eN2—8)

(21)

For the O—P converter OP-1, as shown in Figure 6, H2—3
and H2—4 represent the inlet and outlet hydrogen, and N2—6
and N2-7 represent the inlet and outlet low-temperature
nitrogen, respectively. Energy conservation equation and
exergy loss calculation formula are as follows

g (€rge g + €es = Crro6 —Cmr—3)

Mgy (Mgy—y = Mgy —y) = My (a7 — o) (22)

Figure 6. Schematic diagram of the inlet and outlet fluids in O—P
converter OP-1.
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A‘EOP-I = Ein - Eout
= myp (&3 — em-a) + Mulena6 — ena—7)
(23)
Due to the wide temperature range in the hydrogen
liquefaction system, the working fluids include gas phase,
liquid phase, and two phases. Therefore, reliable physical
property data are essential to ensure the accuracy of
simulation. The physical property databases used in this
project include helium (He), nitrogen (N2), normal hydrogen
(H2), orthohydrogen (O—H2), and Parahydrogen (P—H2),
which are obtained by calling REFPROP V10.0. During the
cooling process, the P-hydrogen fraction of feed hydrogen
changes continuously, and its physical properties are close to
those of equilibrium hydrogen at the corresponding temper-
ature. REFPROP 10.0 offers comprehensive physical property
data for both O-hydrogen and P-hydrogen. Through invoking
the REFPROP physical property database, the entropy and
enthalpy of equilibrium hydrogen at a given temperature,
pressure, and P-hydrogen fraction could be calculated. The
calculation formulas are as follows"’

i = X1y + x5k, (24)

Smix = %5, T %8, — R(x,In x, + x,In x,)

mi

(23)

The equilibrium fraction of P-hydrogen is solely dependent
on temperature;33 in particular, the change in the P-hydrogen
fraction is the most drastic at 50 K, as shown in Figure 7. In
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Figure 7. Fraction of P-hydrogen as a function of temperature.

this study, O-hydrogen and P-hydrogen were completely
converted within the O—P converter, where the P-hydrogen
fraction was determined by the temperature of the outlet
hydrogen. Therefore, the conversion heat of the O-hydrogen
and P-hydrogen was equal to the enthalpy difference between
the inlet and outlet hydrogen within the O—P converter. Table
2 shows the P-hydrogen fraction of H, streams from feed to
the product versus temperature. The calculation formula is as

follows*!

https://doi.org/10.1021/acsomega.4c09299
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Table 2. P-Hydrogen Fraction of H, Streams

stream ID para (%) stream ID para (%)
H2-1 24.95 H2-8 65.37
H2-2 24.95 H2-9 65.37
H2-3 24.95 H2-10 77.04
H2—4 30.97 H2-11 77.04
H2-5 30.97 H2-12 77.04
H2-6 48.24 H2-13 95.18
H2-7 48.24 H2-14 95.18
LH2-1 95.18
—1 3
-5.313 4 T
ey, = O1fexp| ———| + 01| —25x 107" —
,p T/T, T,
2
ST T
+37%X10 71— —2.0Xx 10 °|—| — 0.0027
I I
(26)

In the formula, yy, , is the P-hydrogen mass fraction. T is the
equilibrium hydrogen temperature in a specific state, K.

To provide a clear procedural overview, combining Section
2.1 (Process Description) and Section 2.2 (Methodology and
Building), a flowchart of this research was drawn, which
included the key process of hydrogen liquefaction and the
corresponding equations and methodologies, as shown in
Figure 8. In addition, this simulation model contains the unit
equipment (heat exchanger, compressor, expander, and
throttle valve) required for the gas liquefaction process, and
it has flexibility to adapt to other gases liquefaction processes,
such as natural gas.

3. RESULTS AND DISCUSSION

This section contains results of the simulation, energy, and
exergy analysis of the proposed liquefaction system. First of all,
energy analysis is explained; then, the exergy analysis is

elaborated and discussed. Finally, the influences of compressor
performance and system scale are presented and described.
3.1. Energy Analysis. According to the energy analysis of
the liquefaction system, the energy consumption of the
compressor, LN,, ideal liquid hydrogen, and expander output
power is shown in Figure 9. The compressor energy

200
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140 I
120 I
100 I
80 [
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Exergy consumption, W (kW)

40

LN2

Ideal liquefaction

Compressor Expander

Equipment

Figure 9. Energy consumption of the main part of the liquefaction
system.

consumption was 171.43 kW, the LN, energy consumption
was 43.15 kW, the expander output work was 9.89 kW, and the
total energy consumption was 204.68 kW. Notably, the
compressor was the main energy consumption source,
accounting for 83.75% of total energy consumption. The
SEC of the liquefaction system was 9.82 kW h/kg; y,.

The greenhouse gas (GHG) emissions in hydrogen
liquefaction come from three branches: refrigerant, infra-
structure (capital goods), and electricity (operating). In Kim’
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Figure 8. Flowchart of simulation model development in this study.
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Table 3. Thermodynamic Parameters of Each Stream in the Liquefaction System

stream ID

unit

H2-1
H2-2
H2-3
H2—4
H2-5
H2-6
H2-7
H2-8
H2-9
H2-10
H2-11
H2-12
H2-13
H2-14
GH2
LH2-2
LH2-1

He

He-1
He-2
He-3
He-4
He-S
He-6
He-7
He-8
He-9
He-10
He-10—-1
He-10-2
He-11
He-12
He-12—1
He-12-2
He-13
He-14
He-15
He-16
He-17
He-17-1
He-17-2
He-18
He-19
He-21
He-21-1
He-21-2
He-23

LN2-1
LN2-2
N2-3
N2—4
N2-$
N2—-6
N2-7
N2-8
N2-9

temperature T (K)

300.00
210.00
130.00
130.00
80.00
80.00
60.00
60.00
50.00
50.00
39.00
33.00
33.00
20.00
20.26
20.26
20.26

591.94
288.46
300.00
201.92
210.00
124.97
130.00
76.88
80.00
53.27
59.10
59.10
59.10
52.02
41.16
41.16
41.16
40.34
39.00
39.50
31.88
36.44
36.44
36.44
19.48
27.59
25.29
25.29
25.29
19.90

77.33
77.33
77.33
77.33
77.33
77.33
79.52
178.83
298.61

pressure P

(kPa)

2100
2100
2100
2100
2100
2100
2100
2100
2100
2100
2100
2100
2100
2100

101

101

101

1200
200
1200
200
1200
200
1200
200
1200
200
1200
1200
1200
200
1200
1200
1200
200
1200
200
1200
200
200
200
200
200
200
200
200
200

101
101
101
101
101
101
101
101
101

mass flow m

(kg/s)

0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0058
0.0002
0.0002
0.0056

0.1073
0.1073
0.1073
0.1073
0.1073
0.1073
0.1073
0.1073
0.1073
0.1073
0.1073
0.0468
0.0605
0.1073
0.0605
0.0240
0.0364
0.1073
0.0364
0.1073
0.0364
0.1073
0.0468
0.0605
0.0364
0.0605
0.0605
0.0240
0.0364
0.0364

0.074S
0.0269
0.0476
0.0269
0.0269
0.074S
0.074S
0.074S
0.074S

mass enthalpy h

(kJ/kg)
H, stream
4492.14
3219.88
2165.02
2133.38
1524.29
1405.87
1158.75
1038.68
900.88
819.04
595.71
352.58
226.57
50.66
479.94
33.65
33.65
He stream
3082.99
1503.83
1567.02
1054.39
1099.52
654.69
683.60
404.75
422.95
281.90
313.43
313.43
313.43
275.43
218.59
218.59
218.59
214.54
207.06
210.13
168.76
194.17
194.17
194.17
10S5.12
147.83
135.77
135.77
135.77
107.34
N, stream
5.20
—-121.93
77.14
—96.47
77.14
77.14
79.59
184.89
309.74
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mass entropy s

() /kg K)

50.07
45.03
38.74
38.53
32.63
31.42
27.86
26.11
23.60
22.11
16.97
10.26

7.23

0.70
23.25

123

123

26.41
26.39
22.88
24.54
21.02
22.05
18.53
19.52
16.00
17.61
14.41
14.41
14.41
17.49
12.50
12.50
12.50
16.17
12.21
16.06
11.13
15.64
15.64
15.64
12.34
14.18
13.72
13.72
13.72
12.46

4.48
2.84
541
3.16
5.41
5.41
5.44
6.30
6.84

mass exer

(K /kg K

3769.31
4007.83
4842.13
4872.11
6032.15
6278.94
7099.79
7501.86
8119.40
8485.10
9801.08
11571.35
12355.82
14138.22
7802.52
13962.42
13962.42

2002.82

427.23
1545.59

533.51
1633.92

881.47
1966.04
1389.06
2464.81
1838.93
2831.36
2831.36
2831.36
1869.36
3310.47
3310.47
3310.47
2206.10
3385.26
2234.86
3672.36
2345.07
2345.07
2345.07
324322
2735.84
2860.70
2860.70
2860.70
3211.62

403.02
769.08
195.85
695.78
195.85
195.85
188.91
35.50
0.00

€

exergy flow E
{iow)

21.81
23.19
28.02
28.20
3491
36.34
41.09
43.41
46.99
49.10
56.72
66.96
71.50
81.82

1.73

3.09
77.71

214.90

45.84
165.84

§57.25
175.32

94.58
210.96
149.05
264.47
197.32
303.81
132.58
171.22
200.58
200.20

79.58
120.62
236.71
123.34
239.80
133.81
251.63
109.81
141.82
118.17
165.45
173.00

68.77
104.23
116.77

30.02
20.71
9.32
18.73
5.27
14.59
14.07
2.64
0.00
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study,"”” the GHG emissions of the hydrogen liquefaction
system were 67.85 kg CO,.q/kg y, mainly from one-time
purchased refrigerants. The hydrogen liquefaction process
proposed in this study did not use mixed refrigerants
(methane, ethane, propane, etc.) and therefore had lower
GHG emissions. The GHG emissions of electricity con-
sumption (SEC = 9.82 kW h/kg y, @0.5 t/d) in this study,
5.47 kg CO,,q/kgy1p, were calculated based on the average grid
carbon emission coefficient (0.557 kgCO,/kW h) released by
the National Bureau of Statistics of China according to its own
power structure statistics. However, the GHG emissions of
electricity consumption (SEC = 9.477 kW h/kg ;, @1 t/d) in
Kim’ study were 0.26 kg CO,.,/kg1y; The indirect carbon
emission from using electricity depends on the type of
electricity and whether it is renewable. Without a detailed
description of the electricity source, these results are difficult to
compare. Nevertheless, based on economic and environmental
aspects, we believe that the proposed process has enough
potential for large-scale applicability to meet the clean energy
goals. In addition, the use of clean electricity to electrolyze
water for hydrogen production and hydrogen liquefaction will
further reduce carbon emissions.

The SEC of the liquefaction system was quite a low value
compared to the current plant in Ingolstadt with an SEC of
13.58 kW h/kg;;p,'* but slightly higher than that of the
conceptual liquefaction system mentioned in the previous
literature (S—7 kW h/kg ;) (18, 20, 21, 36). The primary
factors contributing to this difference are as follows: First, the
efficiency of the compressor and expander in this study was
70% and 75%, respectively, while in large-scale hydrogen
liquefaction simulation (>50 t/d), the efficiency was typically
set at 80% or above.”"”” Second, ortho—parahydrogen
conversion heat was considered in this study.

3.2. Exergy Analysis. Table 3 presents the thermodynamic
properties of each stream in the liquefaction system. Figure 10

Compressors work input
171.43kW

H,(L) exergy output
80.80kW

Ha(g) exergy input
21.81kW

hydrogen liquefaction system

N, exergy input
0.00kW

LN, exergy input
30.02kW

Exergy destruction
of main equipments
132.57kW

Expander work output
9.89kW

Figure 10. Various exergy input and output items in the liquefaction
system.

shows various exergy input and output items in the liquefaction
system. Notably, the highest input exergy flow was the
compressor, 171.43 kW, and the second input exergy flow
was LN,, 30.02 kW, which were also the main source of energy
consumption for the system. The output exergy flow mainly
included the exergy destruction of equipment and liquid
hydrogen. The exergy efliciency of the system was 28.82%,
revealing that the proposed process had better thermodynamic

8097

performance than current processes, but there was still
potential to improve the liquefaction process.'*

Table 4 illustrates the exergy loss of each piece of equipment
within the liquefaction system, including multistream heat

Table 4. Exergy Loss of Each Equipment in the Liquefaction
System

equip. exergy exergy loss equip. exergy exergy loss
ID loss (kW)  ratio (%) D loss (kW)  ratio (%)

HEX-1 3.19 2.41 OP-1 0.34 0.26
HEX-2 8.30 6.26 OoP-2 0.55 0.41
HEX-3 7.69 5.80 OP-3 0.94 0.71
HEX-4 4.19 3.16 OP-4 0.97 0.73
HEX-S 3.59 2.70 OP-5 3.01 227
HEX-6 1.49 1.12 EXP-1 17.19 12.96
HEX-7 2.93 2.21 EXP-2 8.82 6.65
HEX-8 222 1.67 EXP-3 13.32 10.05
HEX-9 0.04 0.03 COMP 5143 38.79
VLV 2.38 1.80

exchangers, compressors, expanders, O—P converters, and
throttle valve. Various types of exergy flow in the liquefaction
system as a Sankey diagram are shown in Figure 11. Notably, a
compressor had the highest exergy destruction with an energy
loss ratio of 38.79%, and expanders had the second exergy
destruction among other equipment. Furthermore, refer to
Table 3, since the inlet and outlet pressures of three expanders
were the same, the exergy losses of EXP-1, EXP-2, and EXP-3
were positively correlated with the flow rate. The exergy loss of
the heat exchanger is related to heat-exchange temperature
difference and flow rate.”> The exergy loss of HEX-2 was the
largest, 8.30 kW, accounting for 24.68% of the heat-exchange
exergy loss. Because the four-stream heat exchanger, HEX-2,
had the highest flow rate and the largest LMTD that reached
40 K. Some LMTDs are low, around 2 K. A low LMTD means
a significant heat-transfer effect, which can reduce SEC and
exergy loss and improve exergy efficiency. It does put forward a
higher requirement for the heat exchanger. According to the
Field Synergy Principle by Guo,"* in a convective heat transfer,
the field synergy of velocity and temperature could enhance
the heat-transfer coeflicient, and the field synergy of cold and
hot fluid temperature could improve the heat-transfer
efficiency. The enhancement of heat-transfer performance
can be achieved through the optimization of heat exchanger
design and manufacture, including refining the structural
design, enhancing the thermal conductivity of materials,
improving the temperature and velocity distributions, etc.
With the commercial application of hydrogen liquefaction, the
processing and manufacturing technologies of related equip-
ment will be further improved.

So the exergy loss of the heat exchanger could be reduced by
the following methods: refining the design and manufacturing
of heat exchangers, such as optimizing the structural design,
enhancing the thermal conductivity of the material, improving
the temperature and velocity field, etc., and optimizing the
temperature distribution of cold and heat flows in the
hydrogen liquefaction process.

Figure 12 shows the exergy loss of the main equipment in
the liquefaction system. In fact, it depicts the total results of
Table 4 and Figure 10 to get a quick overview of the
irreversibility through total equipment. The exergy loss of the
liquefaction system was 132.57 kW, while the exergy losses of

https://doi.org/10.1021/acsomega.4c09299
ACS Omega 2025, 10, 8089—-8102
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HEX-9 0.04W
OP-1 0.34W
OP-2 0.55W
OP-3 0.94W

OP-4 0.97kW

HEX-6 1.49%kW
HEX-8 2.22kW

Total Exergy input
201.45kW

Figure 11. Various types of exergy flow in the liquefaction system.

VLV 2.38kW
HEX-7 2.93kW

OP-5 3.01kW
HEX-1 3.19kW
HEX-5 3.59kW
HEX-4 4.19kW

X-3 7.69kW
HEX-2 8.30kW
EXP-2 8.82kW

EXP-3 13.32kW
XP-1 17.19kW

COMP 51.43kW

Exergy Product 58.99kW

Expander work output
9.89kW

Il Hcat exchanger
B O-P converter
[ Compressor
I Expander
[ Throttle

AE, ., 39.30 kW

EXP

o 29-66%

AE,,, 5143 kW

38.79%,

rCOI’

E, ,2.38 kW

VLV

AE,,5.81 kW Foy 1.80%

Top4.38% AL, 33.63 kW
Py 2537%
Figure 12. Exergy loss of the main equipment in the liquefaction
system.

the heat exchanger, compressor, expander, O—P converter, and
throttle were 33.63, 51.43, 39.33, 5.80, and 2.38 kW,
respectively. For the compressor, expander, and heat ex-
changer, the overall exergy losses were at a quantitative level.

Specifically, compressors exhibited a loss of 38.79%,
expanders recorded 29.66%, heat exchangers accounted for
25.37%, and the O—P converters and throttle contributed only
4.38% and 1.80%, respectively. Notably, compressors ac-
counted for the largest share of exergy loss, followed by
expanders and heat exchangers, which was consistent with
Xiong’s conclusion.®® As a result, optimizing these three
primary components, particularly compressors, held significant
potential for enhancing exergy efficiency and minimizing
energy consumption.46‘4

In reality, there was always irreversibility in the various
processes of the liquefaction system. The internal process of
the helium compressor was irreversible compression.*’
Compressor design should maximize the compression
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efficiency, such as multistage compression and interstage
cooling, to reduce exergy loss.*’ The primary source of exergy
loss in the heat exchanger was in the temperature gradient
between the internal cold and hot fluids, as well as the heat
exchange that occurred between the exchanger and its
surroundings. Therefore, reducing the temperature difference
between the cold and hot fluids, as well as improving the
adiabatic capacity of the liquefaction system, such as high
vacuum insulated cold box, were the main measures to reduce
the exergy loss of the heat exchanger.** The primary source of
exergy loss in the expander laid in the internal irreversible
process, which was related to many factors such as enthalpy
drop, flow rate, impeller size, and working temperature of the
expander. Enhancing the isentropic efficiency of the expander
was crucial in reducing the total exergy loss, such as adjusting
the flow through part of the expansion process to reduce flow
loss and optimizing the cold end structure of the expander to
avoid large heat leakage.45

3.3. Analysis of Influence Factors. Given the pivotal role
of the compressor in the liquefaction system, which accounted
for the largest share of energy consumption and exergy loss,
the influence of helium compressor efficiency on both SEC and
exergy efficiency was analyzed. As depicted in Figure 13, a
notable and linear upward trend in exergy efliciency was
observed. Specifically, as the compressor efficiency rose from
65% to 90%, the exergy efficiency experienced a substantial
increase, climbing from 27.07% to 35.41%. Concurrently, the
SEC decreased from 10.46 to 8.00 kW h/kg;y,. The energy
consumption of the hydrogen liquefaction system mainly came
from the compressor. This trend accorded with the expectation
and quantified the impact of compressor on the system, which
validated the rationality of the simulation.

https://doi.org/10.1021/acsomega.4c09299
ACS Omega 2025, 10, 8089—-8102
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Figure 13. Impact of helium compressor efficiency on SEC and
exergy efficiency.

Figure 14 illustrates the influence of compressor efliciency
on the exergy loss ratio of the main equipment. With the

improvement of compressor efficiency, the exergy loss ratio of
the compressor exhibited a linear decline trend, whereas the
exergy loss ratio of other equipment increased. Specifically, the
heat-exchanger HEX-1, positioned downstream of the
compressor (COMP), effectively reduced the outlet stream
(He) to room temperature. Subsequently, the temperature and
pressure at the outlet stream (He-2) remained constant at 210
K and 1.2 MPa, respectively. It indicated that the stream
parameters of the subsequent process were not affected by the
compressor efficiency. However, there was a notable change in
the energy consumption and exergy loss of the compressor
itself, whereas other equipment in the system remained
unaffected.

It was widely acknowledged in the research community that
scaling up the hydrogen liquefaction system could lead to
significant reduction in SEC. That was attributed to the
enhanced efficiency of equipment such as compressors and
expanders, as well as reducing relative leakage losses.””’
Furthermore, the SEC and exergy loss of the 50 t/day
hydrogen liquefaction system were analyzed in this study.
Notably, as the system’s scale increased, the efficiency of both

34%
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Figure 14. Impact of compressor efficiency on the exergy loss ratio of the main equipment.
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the compressor and the expander exhibited a positive trend.
Compared with the 0.5 t/d case, the compressor and expander
efficiency in the 50 t/d case were set to 80% and 85%,
respectively, and other parameters are consistent with Table 1.
The simulation result showed that, in the 50 t/d case, the SEC
of the liquefaction system was 7.35 kW h/kg;y,, while the
exergy efficiency was 38.45%. The corresponding carbon
emission was 4.09 kg of CO,.q/kgy -

Figure 15 shows the exergy loss of the main equipment in
the liquefaction system. A statistical analysis revealed that the

I Hecat exchanger

B O-P converter
- C asS
AE,, 24433 kW L] -Ompressor
. 20.84% I :xpander
Teor #7- [ Throttle

AE

“EXP

2010.1 kW

o 24.55%
AE,, 5250k X ’
rop 641%
AE,,, 238.1 kW
Fopy 2.91%

Vi

AE, 29710 kW, 7,y 36.29%

HEX

Figure 1S. Exergy loss of the main equipment in the liquefaction
system.

exergy loss of the liquefaction system was 8187.65 kW, while
the exergy losses of the compressor, expander, heat exchanger,
O—P converter, and throttle were 2443.34, 2010.11, 2971.03,
525.03, and 238.14 kW, respectively. Specifically, the exergy
losses of the compressor, expander, heat exchanger, O—P
converter, and throttle were 29.84%, 24.55%, 36.29%, 6.41%,
and 2.91%, respectively.

In comparison to the 0.5 t/d system, the exergy loss of the
compressor and expander in the 50 t/d system exhibited a
reduction, with the heat exchanger’s exergy loss emerging as
the primary contributor. This was mainly due to improvement
of the efficiency of the mechanical equipment. Compared with
the exergy loss of 33.6 kW in the 0.5 t/d system, the exergy loss
of the heat exchanger in the 50 t/d system was 2971.0 kW,
which did not increase proportionately. That was attributed to
the better temperature distribution of cold and heat flows
throughout the system and the smaller heat-transfer temper-
ature difference. In the heat exchanger, the better the field
synergy of cold and hot fluids, that is, the reasonable fluid
organization and uniform temperature difference field, the
higher the heat-transfer efficiency. By optimizing the temper-
ature distribution of cold and heat flows in the hydrogen
liquefaction process, the matching between hot and cold
composite curves within the heat exchanger could be
improved, reducing irreversible loss caused by the temperature
difference. This was a large optimization space in the design of
the hydrogen liquefaction process, which was also mentioned
in Sadaghiani’s and Ansarinasab’s studies.”>*¢ Therefore, in the
development of large-scale hydrogen liquefaction, minimizing
exergy loss during the heat-exchange process served as a
significant research direction for enhancing exergy efliciency
and reducing SEC.
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4. CONCLUSIONS

In this study, an independent hydrogen liquefaction simulation
model and simulation program based on MATLAB and
REFPROP were built, and a hydrogen liquefaction process
with LN2 precooling and helium Joule—Brayton cryogenic
cycle was proposed. Furthermore, the effects of the liquefaction
scale and compressor efficiency on the overall thermodynamic
performance of the system were analyzed, providing reference
for the development of hydrogen liquefaction equipment. The
key conclusions are outlined below:

1. The equipment model and exergy analysis model in the
hydrogen liquefaction system (including a compressor, a
heat exchanger, an expander, an O—P converter, a
throttle valve, etc.) were constructed, and ortho—
parahydrogen conversion heat and the physical proper-
ties of equilibrium hydrogen were calculated. Finally, the
independently built simulation program has achieved the
simulation and analysis of the hydrogen liquefaction
system successfully. The accuracy of simulation results
was validated against commercial software Unisim
Design.

. For the 0.5 t/d hydrogen liquefaction system, the SEC
was 9.82 kW h/kg;yy,, while the exergy efficiency was
28.82%. The compressor had the highest power loss
ratio of 38.79%. The increase of compressor efficiency
could improve exergy efliciency and reduce SEC
significantly.

. Compared with the 0.5 t/d case, the exergy losses of the
compressor and expander decreased in the 50 t/d case,
and the exergy loss of heat exchanger became the
primary contributor, accounting for 36.29%. In the
development of large-scale hydrogen liquefaction,
refining heat-transfer performance and optimizing the
temperature distribution of cold and heat flows in the
hydrogen liquefaction process were the significant
direction to improve exergy efficiency and reduce SEC.
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B NOMENCLATURE SYMBOLS SUBSCRIPTS

h: specific enthalpy kJ/kg; s: specific entropy, kJ/(kg-K); T:
temperature, K; P: pressure; e: specific exergy, kJ/kg; E: the
rate of exergy flow, kW; E,: exergy efficiency; c,: specific heat,
kJ/(kg-K); r: ratio; W: power, KW; m: mass flow rate, kg/s; A:
gradient; 1: efficiency of equipment; a: environmental state; in:
inlet; out: outlet; c: cold; h: hot; co: compressor; ex: expander;
O: ortho; P: para; i: equipment j; j: equipment j; 1,2, ... to n: 1,
2, ... to n/of stream numbers
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