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Preface

The 10th World Hydrogen Technology Convention (WHTC2023), organized by the
International Association for Hydrogen Energy, China Association for Science and
Technology and China Machinery Industry Federation was held in Foshan, Guangdong
Province, China, during 23-26 May 2023.

These proceedings highlight the latest advances in fundamental research, technolo-
gies and applications of hydrogen energy and fuel cells. In recent years, energy conver-
sion between electricity and hydrogen energy has attracted increasing attention as a way
to adjust the load of the grid. These conference records discuss and exchange cutting-
edge findings and technological developments in fields such as new proton exchange
membrane electrolysers, new electrode materials and catalysts, renewable energy, off-
grid/grid-connected water electrolysis for hydrogen production, key materials and com-
ponents of fuel cells, high-temperature solid oxide water electrolysis, energy storage
technologies and research, CO, hydrogenation to methanol, nitrogen to ammonia and
other applications with industrial potential.

The main topics of the proceedings include but are not limited to:

(1) Policies and strategies for hydrogen energy and fuel cells;

(2) Advanced proton exchange membranes, electrodes and catalyst materials for water
electrolysis;

(3) Advanced hydrogen compression, storage, transportation and distribution technolo-
gies;

(4) Safety and related standards; and

(5) Manufacture and R&D of key materials and components of fuel cells and stack

systems.
Shijiazhuang, China Hexu Sun
Beijing, China Wei Pei
Tianjin, China Yan Dong
Dalian, China Hongmei Yu

Kongens Lyngby, Denmark Shi You
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Analysis and Treatment of Gas Pulsation
in the Pipeline of a Hydrogen Diaphragm
Compressor

(&)

Jun Xiao and Maofei Geng

National Key Laboratory of High-End Compressor and System Technology, Hefei General
Machinery Research Institute Co., Ltd., Hefei 230031, China
xjcompressor@l63.com

Abstract. Based on the plane wave theory and the transfer matrix method, the
modeling, calculation and analysis of gas pulsation in a complex pipeline system
of a hydrogen diaphragm compressor were carried out. The calculations show that
the gas pulsations of the intake and exhaust pipelines of the cylinder gradually
attenuate along the pipeline upstream and downstream, and the gas pulsation of
the exhaust pipeline of the second stage cylinder is larger. The gas pulsations of
the exhaust pipelines of the first and second stage cylinders are significantly higher
than the limit values of API 618. From the perspective of pulsation control, an
attempt was made to add orifice plates at appropriate positions of the pipeline to
reduce the pulsation amplitude. The trial calculations show that the added orifice
plate can effectively reduce the maximum gas pulsation of the pipeline, and can
provide a useful reference for the treatment of gas pulsation.

Keywords: Gas pulsation - Hydrogen diaphragm compressor - Pipeline system -
Plane wave theory

1 Introduction

Hydrogen energy, as an important technology path for sustainable energy development
and strategic transformation, is becoming a hot spot in the field of global energy and
transportation. With the rapid development of the hydrogen energy industry, the demand
for terminal hydrogen will increase significantly. Hydrogen compressor is an impor-
tant power source for compressing and transporting hydrogen, which is widely used in
hydrogen storage and transportation, hydrogen station and gas hydrogen canning. As the
core equipment of the pressurization system in the hydrogen storage and transportation
process, the reliability of the diaphragm hydrogen compressor has received increasing
attention. The diaphragm hydrogen compressor is a positive displacement compressor.
The intermittent suction and discharge will cause strong gas pulsation in the pipeline.
Gas pulsation not only affects the working performance of the compressor, but also
induces severe vibration of the pipeline, which has a significant impact on the safe oper-
ation of the hydrogenation station. Therefore, studying the gas pulsation characteristics

© The Author(s) 2024
H. Sun et al. (Eds.): WHTC 2023, SPPHY 393, pp. 1-14, 2024.
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of the hydrogen compressor pipeline and finding the methods to suppress the gas pul-
sation have important theoretical significance and application value for improving the
long-term safety and reliability of the hydrogen compressor and the hydrogen storage
and transportation system.

At present, the existing studies on pipeline gas pulsation, mainly adopt the electro-
acoustic analogy method [1, 2], transfer matrix method [3] based on the plane wave
theory [4], full three-dimensional CFD method [5] and one-dimensional CFD method
[6-8]. Pipeline gas pulsation is essentially a fluid dynamics problem, which can be
solved theoretically by CFD. However, there are many branches and pipeline elements
in the actual pipeline system, and the internal structures of mixers, separators, heat
exchangers, valves and other elements as well as the suction and exhaust passages of
cylinders are very complex, which brings huge modeling difficulties and time costs to
the three-dimensional flow field analysis. The frequency domain method based on the
plane wave theory is suitable for the acoustic analysis of complex pipelines, which can
directly obtain the accurate analytical solution of gas pulsation. It has low computational
complexity and can accurately simulate the pressure pulsation of the pipeline gas flow. In
this paper, the gas pulsation of a two-stage diaphragm hydrogen compressor is analyzed
based on the plane wave theory, and the gas pulsation is effectively suppressed by adding
orifice plates at appropriate positions of the pipeline.

2 Calculation Method of Gas Pulsation

2.1 Plane Wave Theory

The pipeline gas flow is an oscillating system. According to the combination of different
pipeline elements (such as constant cross-section pipe, snubber, tee branch) and different
boundaries (such as close end, open end, anechoic end, etc.), the gas pulsation presents
different characteristics. In the early 1960s, Kinsler and Frey [4] proposed the plane wave
theory. Based on the continuity equation and motion equation, the theory describes the
transfer of mass and momentum in the pipeline fluid, and can accurately simulate the
pressure pulsation of gas flow.

Under normal circumstances, the pulsation value of the gas pressure in the pipeline is
a small value relative to the average value of the pressure (generally within 8% in terms
of amplitude), which conforms to the assumption of the plane wave theory. Therefore,
the gas pulsation in the pipeline of the reciprocating compressor can be analyzed using
the plane wave theory. The wave equation with linear damping can be expressed as

0 2171 R 0p; 1 3217:

ax2  a? 9t a? ar?

=0 (1)

where p is the pressure, and the subscript # denotes the pulsation value. a is the sound of
speed, R = 4fu/D is the damping coefficient along the pipeline, f is the friction coefficient
between gas and pipe wall, D is the pipe diameter, and u is the average flow velocity of
pipe gas. The solution of (1) is

pr = [A % @HO/DX 4 By = (@Hjo)a)x) ot )
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where o = R/(2a).
The equation of motion with damping can be expressed as

9&; ap:

— +R§{+S— =0 3
oy TR P 3)
where &, = pSu, is the pulsation massflow, and S is the cross-sectional area of pipe. The

solution of (3) is
£ = —[A % @HO/OX _ By o=@ Ho/ax)jotg g )

A complex pipeline system is composed of basic elements such as constant cross-
section pipes, vessels, confluence points, reducers, etc. During the calculation, the
pipeline system is first divided into many elements, each element representing differ-
ent pipeline elements. First the transfer matrix of each element is obtained, and then
the relationship of the pulsating pressure and the pulsating velocity between the nodes
of each element can be established according to the transfer matrix. Assuming that
the pulsating pressure and pulsating velocity at the beginning and terminal end of the
compressor pipeline system are p; | ~ us1 ~ Pran~ Uy respectively, then the following
transfer relationship exists

[pt’"} =Mn,n—1Mn—1,n—2~-~M21[pt’l} @)

Ut.n Uz, 1

where M- is the transfer matrix between nodes. According to the boundary conditions
at both ends of the pipeline system, the natural frequency of the gas column in the pipeline
system can be obtained.

2.2 Limitation of Pipeline Pressure Pulsation

The fifth edition of API 618 defines the pressure pulsation p-p value of general pipes
with average pressure below 350 bar as follows:

a 400
Pi= s (6)
350 (P, x Dy x f)™

where P is the p-p value of pulsation pressure corresponding to fundamental frequency
and harmonic frequency, expressed as a percentage of the average pipeline pressure
P;. Dy is the inner diameter of the pipe, f is the fundamental frequency and harmonic
frequency, and a is the speed of sound. The pressure pulsation p-p value of the suction
and exhaust pipes of the compressor cylinder is limited as follows:

Py =0.03R (7

where P is the same as the above, and R is the exhaust/suction pressure ratio of the
cylinder.
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3 Acoustic Analysis

The research object is a two-stage double cylinder water-cooled hydrogen diaphragm
compressor. The secondary exhaust pressure is more than 20 MPa. The gas pulsation
in the inlet and outlet pipeline may cause strong vibration of pipeline components. The
compression process of the two-stage double cylinder water-cooled hydrogen diaphragm
compressor is to compress the hydrogen stored in the hydrogen storage tank to a pressure
of more than 20 MPa through two stages and send it into the high-pressure hydrogen
bottle. The inlet pressure range is 1.6 ~ 2.0 MPa, the rotation speed is 420 rpm, the piston
stroke is 180 mm, the exhaust pressure is 20 ~ 22 MPa, the exhaust temperature is <
150 °C, and the capacity of the compressor is 1000 Nm>3/H. Figure 1 shows the CAD
modeling of the compressor cylinder and intake and exhaust pipeline. In the drawing, the
primary intake pipeline is marked with white, the primary exhaust to secondary intake
pipeline is marked with blue, and the secondary exhaust pipeline is marked with purple
and red.

Fig. 1. Pipeline system model of a two-stage hydrogen diaphragm compressor

The compressed working medium is hydrogen. For the interstage pipeline, the first
stage exhaust temperature is 6.2 MPa, and the second stage inlet pressure is 6 MPa.

Any changes to the drawings and process parameters can lead to changes in the cal-
culation results. Considering that the primary intake snubber and the secondary exhaust
snubber are connected to the upstream and downstream pipelines respectively, and the
pulsation boundary conditions of upstream and downstream pipelines cannot be accu-
rately given, and the volume of the snubber is much larger than the stroke volume, the
primary intake snubber and its upstream pipeline, the secondary exhaust snubber and its
downstream pipeline are not modeled in this study, and the open end boundary condition
is given at the position of the pipeline connecting the snubber for pulsation calculation.
The first stage cylinder is close to the intake snubber, and the pressure pulsation of this
segment of pipeline is low. The calculation shows that the pressure pulsation of the intake
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pipeline is far lower than the limit value in API 618, so the following discussion is only
for the interstage pipeline and the second stage exhaust pipeline.

3.1 Pipeline from Primary Exhaust to Secondary Intake

The acoustic model of the pipeline from the 1st-stage exhaust to the 2nd-stage intake is
shown in Fig. 2. The calculation results show that the pressure pulsation of the pipeline
segment from the 1st-stage cylinder to the outlet of the Ist-stage cooler significantly
exceeds the limit value of API 618. The pulsation amplitudes excited by the 6th and
14th harmonics are the largest. Within the £ 5% change range near the rated speed, the
maximum pressure pulsation is excited by the 14th harmonic of 420 rpm. The maximum
pressure pulsation location is the cylinder outlet node. The pressure pulsation of the
pipeline after the outlet of the primary cooler is significantly reduced, and the pressure
pulsation of the pipeline segments before and after the snubber downstream of the cooler
is not weakened.

Fig. 2. Acoustic model of interstage pipeline

Figures 3, 4 and 5 respectively show the time-domain and frequency-domain data of
pressure pulsation at the outlet node of the Ist-stage cylinder, the inlet node of the Ist-
stage cooler and the outlet node of the 1st-stage cooler. The time-domain curve shows the
pressure pulsation in several cycles under the rated speed, and the spectrum distribution
shows the pulsation amplitude of each harmonic within the £ 5% speed change range
and the curve representing the limit value of API 618. It can be seen from the figure that
the sixth and fourteenth harmonic amplitudes of the pressure pulsation at the inlet node
of the primary cooler have exceeded the limit value of API 618, and the sixth harmonic
amplitudes at the outlet node of the cooler have been fully attenuated, but the fourteenth
harmonic amplitudes are still significantly higher than the limit value.

3.2 Secondary exhaust pipeline

The acoustic model of the secondary exhaust pipeline is shown in Fig. 6. The calculation
results show that the pressure pulsation of the secondary exhaust pipeline has greatly
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Fig. 3. Temporal and spectrum diagrams of pressure pulsation at the outlet node of 1st cylinder
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Fig. 4. Temporal and spectrum diagrams of pressure pulsation at the inlet node of 1st cooler

exceeded the limit value of API 618. The pulsation energy is basically contributed by
the 4th and 14th harmonic components. Within the + 5% change range near the rated
speed, the maximum pressure pulsation is excited by the 4th harmonic of 421 rpm. The
maximum pressure pulsation is located at the outlet node of the secondary cylinder.
After the cylinder outlet, the pressure pulsation gradually decreases with the decrease of
the distance from the exhaust snubber, and the pressure pulsation in the cooler pipeline
segment decreases greatly.

Figures 7, 8 and 9 respectively show the time-domain and frequency-domain data
of pressure pulsation at the outlet node of the secondary cylinder, the inlet node of
the secondary cooler and the outlet node of the secondary cooler. It can be seen from
the figure that the amplitudes of the 4th harmonic and the 14th harmonic of pressure
pulsation at the inlet and outlet nodes of the cooler are much higher than the limit value of
API 618, and the amplitudes of the 14th harmonic at each node are similar. However, the
limit value of the cylinder outlet pipe calculated according to formula (7) is higher than
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Fig. 5. Temporal and diagrams of pressure pulsation at the outlet node of 1st cooler

the limit value of the general pipe calculated according to formula (6), so the pulsation
excited by the 14th harmonic here does not exceed the limit value.

Fig. 6. Acoustic model of 2nd discharge pipeline

4 Study on pulsation suppression

In the relevant standards of petrochemical pipelines, it is clearly required that for the
pulsation suppression of super-high pressure pipelines, the rectification scheme must be
determined through acoustic analysis. On the basis of acoustic calculation of pipeline
and from the perspective of pulsation control, this paper attempts to add orifice plates at
the proper positions of pipeline to weaken the pulsation amplitude.

4.1 Pulsation suppression scheme of interstage pipeline

An orifice plate was added to the interstage pipeline from the primary exhaust to the
secondary intake to control the gas pulsation. It was found that the orifice plate with
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Fig. 7. Temporal and spectrum diagrams of pressure pulsation at the outlet node of 2nd cylinder
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Fig. 8. Temporal and spectrum diagrams of pressure pulsation at the inlet node of 2nd cooler

a thickness of 35mm and a hole-diameter ratio of 0.25 was added after the primary
cylinder outlet and before the reducer pipe in front of the cooler, which had a better
effect on suppressing the high-order pressure pulsation. After the orifice plate is added
at this position, the pulsation amplitudes excited by the 6th and 14th harmonics at the
cooler and its front and rear pipeline segments are significantly reduced. The pipeline
model near the location where the orifice plate is added is shown in Fig. 10, and the
yellow component in the drawing is the added orifice plate. Figures 11, 12 and 13 are
time-domain and frequency-domain diagrams of pressure pulsation at the outlet of the
primary cylinder, the inlet and outlet nodes of the primary cooler after adding orifice
plates. It can be seen from the figures that the low-frequency pulsation amplitude at the
cylinder outlet node increases, but it does not exceed the limit value of API 618, and the
highest amplitude pulsation component caused by the 14th harmonic has been seriously
weakened.
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Fig. 9. Temporal and spectrum diagrams of pressure pulsation at the outlet node of 2nd cooler
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Fig. 10. Pipeline near the orifice plate (interstage pipeline)

4.2 Pulsation Suppression Scheme of 2nd-Stage Exhaust Pipeline

It is found that adding orifice plates with a thickness of 35mm and a hole-diameter ratio
of 0.2 in front of the elbow after the outlet of the secondary cylinder and before the cooler
has a better effect on suppressing gas pulsation. After the orifice plate is added at this
position, the pulsation amplitudes excited by the 4th and 14th harmonics in the whole
pipeline is greatly reduced. The pipeline model near the location of the added orifice
plate is shown in Fig. 14. Figures 15, 16 and 17 are time-domain and frequency-domain
diagrams of pressure pulsation at the outlet of the secondary cylinder, the inlet and outlet
nodes of the secondary cooler. It can be seen from the figure that after the orifice plate is
added, the low-frequency pressure pulsation of the 1st to 3rd harmonics at the cylinder
outlet is slightly enlarged, but it is still far below the limit value of API 618. The large-
scale pressure pulsation component of the 4th harmonic is greatly suppressed, and the
high-frequency pressure pulsation including the 14th harmonic basically disappears.
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Fig. 11. Temporal and spectrum diagrams of pressure pulsation at the outlet of 1st cylinder after
adding orifice plate
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Fig. 12. Temporal and spectrum diagrams of pressure pulsation at the inlet of 1st cooler after
adding orifice plate

5 Conclusions

Aiming at the analysis of gas pulsation in complex pipeline system of hydrogen com-
pressor, on the basis of mastering the compressor parameters and pipeline data, the gas
pulsation modeling and calculation analysis of two-stage pipeline of compressor are
carried out based on the plane wave theory and transfer matrix method. The results show
that the pressure pulsations of the primary intake and secondary exhaust pipelines grad-
ually attenuate along the pipeline upstream and downstream. The pressure pulsation of
the primary intake pipeline is relatively small, and the pulsation value is lower than the
limit value of API 618. The pressure pulsation of the exhaust pipeline of the secondary
cylinder is larger, and the pressure pulsations of exhaust pipelines of the primary and
secondary cylinders are significantly higher than the limit values of API 618. On the
basis of pulsation analysis, the attempt to add orifice plates to suppress gas pulsation is
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Fig. 13. Temporal and spectrum diagrams of pressure pulsation at the outlet of 1st cooler after
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Fig. 14. Pipeline near the orifice plate (2nd discharge pipeline)

further carried out. The results show that the added orifice plates effectively reduce the
maximum pressure pulsation of the pipeline, which can provide a useful reference for

the follow-up pulsation treatment.
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Abstract. Hydrogen fuel is an extremely ideal aviation power with its character-
istics of high power density and zero carbon emission. Hydrogen fuel is stored
in a low-temperature liquid state in aircraft, and the liquid hydrogen needs to
be warmed up to hydrogen gas by heat transfer before entering the combustion
chamber to participate in combustion. Since liquid hydrogen has the traits of low
temperature and high specific heat capacity, large amount of heat is required to
complete the heat transfer process. And the engine thermal cycle process can be
fully utilized for heat transfer of liquid hydrogen. This paper presents the design
and verification of unconventional thermal cycle system based on an unconven-
tional thermal cycle configuration for hydrogen aero-turbine engines under the
existing airworthiness regulations. This paper can provide support for the airwor-
thiness design and verification of hydrogen aero-turbine engines with unconven-
tional thermal cycle configurations, and provide a reference for the introduction
of the airworthiness validation special conditions policy applicable to hydrogen
aero-turbine engines.

Keywords: Hydrogen - Unconventional thermodynamic cycle - Airworthiness

1 Introduction

The rapid growth of the air transport industry has made aviation emissions one of the
main sources of pollution emissions in the transportation sector, and the impact of air-
craft on climate and the environment has become more and more significant, among
which carbon dioxide emissions have received the most attention from governments.
The United Nations Framework Convention on Climate Change, adopted in June 1992,
first proposed comprehensive control of carbon dioxide emissions [1]; the Kyoto Pro-
tocol, signed in 1997, began seeking to cut greenhouse gas emissions from aircraft and
ships and proposed the idea of carbon trading [2]. The European Union adopted Direc-
tive 2008/101/EC in November 2008 to include the aviation industry in the Greenhouse
Gas Emissions Trading System (ETS) [3]; ICAO added the “Environmental Technical
Paper Annex 16, Volume 3” in March 2017, which specifies the calculation method and
limitation standards for aircraft carbon emissions [4]; China’s 2021 In the 14th Five-Year
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Plan of China, the goal of “double carbon” is also clearly proposed, striving to achieve
peak carbon emissions by 2030 and neutral carbon emissions by 2060 [5]; in the newly
revised CCAR-34 “Turbine Engine Emissions and Exhaust Emissions” by Civil Avia-
tion Administration of China (CAAC) in 2022 In 2022, “Aircraft Fuel Discharge and
Exhaust Emissions Regulations” of the Civil Aviation Administration of China (CAAC)
also clarified the calculation method and limitation requirements for aircraft carbon
emissions [6].

Under the guidance of a series of civil aviation transportation low-carbon and energy-
saving emission reduction requirements, in addition to the continuous optimization of
traditional gas turbine engine design and aircraft operating procedures, new aviation
power technologies such as hydrogen energy and electric motors have also seen vigorous
development. Among them, hydrogen aero-turbine engine has the advantage of high
power density because it directly uses part or all of liquid hydrogen as fuel, and can
be adapted on the basis of the existing configuration of gas turbine engines, without
making disruptive design changes to the current aircraft and aero-engine configuration, so
hydrogen aero-turbine engine has a great potential to realize the civil aviation industry’s
“double carbon” goal in civil aviation.

Hydrogen fuel is stored in ultra-low temperature liquid form in aircraft and needs to
be heated to gaseous state by unconventional thermodynamic cycle which is different
from that of conventional gas turbine aero-engine before participating in combustion.
In this paper, the design and verification of the unconventional thermodynamic cycle
configuration of hydrogen aero-turbine engine is proposed based on the safety principle
under the existing CCAR33 aero-engine airworthiness regulations.

2 Unconventional Thermodynamic Cycle Hydrogen Power Scheme

The ultra-low temperature (usually below — 260 °C) liquid hydrogen fuel in the aircraft
storage tank cannot be directly mixed with petroleum hydrocarbon fuel through direct
atomization but needs to be transformed into hydrogen gas through heat exchange and
warming before entering the combustion chamber. Liquid hydrogen is one of the liquids
with the highest specific heat capacity, which is about 5000 J/(kg K), and it consumes
a lot of heat in the heat exchange process. In this context, the onboard electric heating
supplemented by unconventional thermodynamic cycle engine modification design, so
that the hydrogen as a fuel at the same time takes on the cooling function of the engine
thermal cycle, can greatly reduce the extra energy consumption of liquid hydrogen heat
exchange warming and improve the engine performance [7, 8], and thus improve the
economy of the engine.

The purpose of using unconventional thermodynamic cycle hydrogen power scheme
is to make full use of the engine thermal cycle to raise the temperature of liquid hydrogen
and improve the performance of the engine. The current unconventional thermodynamic
cycle schemes that can better heat the liquid hydrogen and significantly improve the
engine performance are mainly two kinds of compress flow path pre-cooling (CPC) and
turbine cooling gas pre-cooling (TPC).

The core structure of the compressor flow path pre-cooling scheme is the pre-cooler
installed on the wall of the booster stage cassette. The lead pipe introduces part of the air
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after the fan into the pre-cooler, which is cooled down by liquid hydrogen pre-cooling
and then pressurized and discharged into the core. The principle of this scheme is to
reduce the total inlet gas temperature in front of the core machine booster pole, increase
the total temperature rise of the compressor and thus increase the pressurization ratio
of the compressor, thus improve the efficiency of the compressor and reduce the fuel
consumption rate. For the gas entering the compressor, the isentropic temperature ratio
can be simplified as a relationship with the pressure ratio, see (1).

k=1
K

Tas = (&) (1)
Ty Py

T1 is the inlet temperature of the compressor (K), T2s is the end temperature of the
isentropic compression process (K), T2 is the end temperature of the actual compression
process (K), and k is the adiabatic index. Considering the specific heat and adiabatic
index of the work mass as temperature-independent constants, the isentropic efficiency
is therefore given in (2).

_ szK;l p) (o5t n
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where Ttc is the total pressure ratio of the compressor and k is taken as a constant value
of 1.4.

The schematic diagram of the compressor flow path pre-cooling scheme is shown in
Fig. 1.

: Hydrogen Pre-
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Fig. 1. Compressor flow path pre-cooling scheme

The core structure of the turbine cooling gas pre-cooling solution is an external pre-
cooler installed between the high-pressure compressor and the turbine. The lead pipe
introduces the turbine cooling gas from the high-pressure compressor into the external
pre-cooler, where the cooling gas is further cooled by liquid hydrogen and then used for
impact cooling and air film cooling of the turbine blades.

The turbine efficiency is used to measure the extent to which hysteresis isentropic
work is converted to actual turbine output work, as shown in (3).

k-1, s
nr4 = N7 /N1y = N1 /Wy . RT{(1—1/7p 3)
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where NT is the shaft work, NTs is the stagnant isentropic work, R is the gas constant;
n'T* is the expansion ratio; k is the specific heat ratio; W4 is the sum of the mainstream
flow and the cold gas flow in front of the blades, and T4* is the total turbine inlet
temperature.

Reducing the turbine cooling gas temperature through the heat exchanger can sig-
nificantly improve the cooling effect of the turbine, allowing the turbine to withstand
higher temperatures based on the existing design, increasing the turbine inlet tempera-
ture T4* and improving the turbine efficiency nT4, while reducing the fuel consumption
rate (Fig. 2).

Hydrogen-Bleed
Heat Exchange

Fig. 2. Turbine flow path pre-cooling scheme

In the European cryogenic civil aircraft project CRYOPLANE, researchers have
simulated the performance of a turbofan engine in two hydrogen-fueled unconventional
thermodynamic cycle modes based on the performance parameters of a V2527-A5 engine
[9]. The result indicates that engine using unconventional thermodynamic cycle has
significant improvement on efficiency, as shown in Fig. 3.

The hydrogen turbine engine with unconventional thermodynamic cycle design has
excellent performance, however, there are differences in configuration between the mod-
ified engine and the pre-modification engine, whether using the pressurized flow path
pre-cooling or turbine cooling gas pre-cooling scheme, and the design changes need to
be supplemented with the airworthiness design and verification of the unconventional
thermodynamic cycle system.

3 Unconventional Thermodynamic Cycle Airworthiness
Compliance Design and Verification

According to the two solutions of unconventional thermodynamic cycle hydrogen power,
the main differences between the configuration and before modification are mainly in the
compressor flow path pre-cooling device and turbine cooling gas pre-cooling device, and
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Fig. 3. Performance improvement with unconventional thermodynamic cycle

the airworthiness design should be carried out for the compressor flow path pre-cooling
structure and turbine cooling gas pre-cooling structure under the principle of security
analysis.

3.1 Design of Pre-cooling Device for Compressor Flow Path

The pre-cooling device of the compressor flow path does pre-cooling on the front end
of the engine thermal cycle, and is also installed on the front end of the engine, which
bring the influence of icing and foreign matter inhalation into consideration when doing
the airworthiness compliance design.

According to the icing requirements of the airworthiness regulations for the intake
system, the engine should not have icing conditions on engine components that affect
engine operation or cause serious loss of power or thrust during its operation over its
entire flight power range. A pressurized flow path pre-cooling device installed in front of
the booster pole will make the risk of icing near the manifold ring significantly increased,
especially in the high-altitude and low-temperature environment, traditional gas turbine
engines often need to install hot gas anti-icing devices to prevent the manifold ring icing,
the aero-engine icing phenomenon is shown in Fig. 4.

Therefore, it is necessary to carry out the airworthiness compliance design of the
control system for the pre-cooling device of the compressor flow path accordingly, and
open the pre-cooling device in front of the booster pole when the total temperature of the
inlet air is high to reduce the total temperature in front of the fan booster pole to improve
the boost ratio, and keep the pre-cooling device closed when the total temperature of
the inlet air drops to a certain threshold. In addition, the total temperature sensor is set
at the outlet of the pre-cooling device, and the low-temperature shutdown temperature
control logic is also set to automatically shut down the pre-cooling device if the airflow
is excessively cooled during the normal operation of the pre-cooling device and the total
outlet temperature drops to a level that may cause icing.

In accordance with the requirements of the Airworthiness Regulations for inhalation
of foreign objects, no unacceptable mechanical damage, loss of sustained power or thrust,
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Fig. 4. Aero-engine icing

or engine stoppage shall be caused in the event that flying birds, ice, or large hail are
inhaled, the aero-engine suction bird is shown in Fig. 5.

Fig. 5. Aero-engine bird strike

The pre-cooling device of the compressor flow path is installed on the wall of the
booster box, and there is a certain probability that birds, ice, and large hailstones will
hit the pre-cooling device when it is sucked into the engine, and there is a large amount
of liquid hydrogen used for heat exchange in the pre-cooling device, which may cause
liquid hydrogen leakage and fire if it is hit by foreign objects. Therefore, it is necessary
to design the airworthiness of the pre-cooling device of the compressor flow path for
structural strength and conduct strength assessments to ensure that its structure and
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installation will not be damaged under the conditions of inhalation of foreign objects as
required by airworthiness regulations.

3.2 Turbine Cooling Gas Pre-cooling Device Airworthiness Compliance Design

Turbine cooling gas pre-cooling device to do pre-cooling of the engine thermal cycle of
the cooling gas, in doing airworthiness compliance design should mainly consider the
impact of the cooling gas temperature range.

According to the airworthiness regulations for engine cooling, the engine must be
designed and constructed to provide the necessary cooling under the intended operating
conditions of the aircraft. Conventional configurations of aircraft turbine engines usually
use a high-pressure compressor intermediate or final stage to induce gas to cool the
turbine blades. The gas from the high-pressure compressor enters through the induced
gas line from the hollow turbine blade roots and forms a gas film on the turbine blade
surface to cool the turbine blades, which can isolate the flame and significantly reduce
the temperature of the turbine blade body, the air film cooling structure is shown in
Fig. 6.

Fig. 6. Schematic diagram of hollow turbine blade air film cooling

The temperature of the air after multi-stage pressurization by the high-pressure com-
pressor has a significant increase, and the total temperature of the high-pressure compres-
sor outlet of large turbofan engines can usually reach more than 350 K. After using the
turbo cooling air pre-cooling device to pre-cool the air leading from the high-pressure
compressor, the temperature of the cooling air can be effectively reduced to enhance
the cooling effect and further increase the temperature before the turbine. However, the
turbine cooling air is not allowed to be overly pre-cooled. If the cold air is used directly
for cooling the hot end components, it may produce too large a temperature gradient
and lead to thermal stress problems in the turbine blades and other hot end components.
Therefore, it is necessary to design the turbine cooling gas pre-cooling device to comply
with the temperature range of the cooling gas. Determine the temperature range of the
cooling gas that can be used for direct cooling according to the temperature field and
thermal stress calculation results of the turbine blades and other hot end components.
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Then, set the control logic of the turbine cooling gas pre-cooling device according to the
determined temperature range of the cooling gas.

3.3 Unconventional Thermodynamic Cycle System Airworthiness Compliance
Verification Ideas

The pre-cooling device in the unconventional thermodynamic cycle system designed
according to the above principles, as an accessory of the engine, also needs to pass the
corresponding environmental test according to the requirements of 33.91. The design and
verification of the piping for transporting liquid hydrogen needs to meet the requirements
of 33.17 Fire Resistance, 33.63 External Component Vibration, 33.64 Overpressure,
etc. Therefore, the design and verification of the unconventional thermodynamic cycle
system, represented by the pre-cooling of the compressor flow path and the pre-cooling
of the turbine cooling gas, is shown in the Fig. 7.
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Fig. 7. Unconventional thermodynamic cycle system design and verification ideas

When carrying out airworthiness verification, under the current system of aero-
engine airworthiness regulations, the verification of unconventional thermodynamic
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cycle systems can fall under the existing CCAR33.68, CCAR33.77 and dozens of other
provisions of the conformity work, and the specific conformity verification methods
can be determined in consultation with the airworthiness authorities in conjunction with
the industrial side’s technology maturity assessment and verification strategy. For all
evidence of conformity shown to the bureau, it is necessary to prove the validity of the
evidence through test verification or validated methods.

3.4 Potential Special Conditions

During the airworthiness review process, the Bureau will establish special conditions
for novel and unique design features that do not contain sufficient safety requirements in
the regulations. According to CCAR-21 Civil Aviation Product and Component Quali-
fication Validation [10], Section 21.16 of the regulations governs the special conditions
as follows (Table 1).

Table 1. Civil aviation administration of China special conditions requirements

Elements Safety level

Novel or unique The intended use of Experience from the use | Same as applicable

design features the product is of similar civil aviation | regulation
unconventional products or civil aviation

products with similar
design features indicate
that unsafe conditions
may arise

The design of turbine engines using hydrogen as fuel, especially the unconventional
thermodynamic cycle design in this paper, is highly novel, and the physical and chemical
properties of hydrogen differ greatly from those of conventional fuel, which is highly
flammable and explosive. In the previous paper, we have carried out airworthiness design
and verification of unconventional thermodynamic cycle system, taking the verification
of piping for liquid hydrogen transport as an example. If not, when the applicant adopts
the design of unconventional thermodynamic cycle, the corresponding special conditions
should be introduced by the airworthiness authority.

4 Conclusion and Outlook

This paper focuses on the unconventional thermodynamic cycle scheme adopted in
conventional aero-turbine engines, and carries out the airworthiness design and verifi-
cation of the unconventional thermodynamic cycle system, which can provide ideas for
the airworthiness of conventional gas turbine engines converted to hydrogen-powered
configurations. At the same time, due to storage, transport, ignition, and explosion char-
acteristics, compressibility of hydrogen differ greatly from those of traditional fuel, and
there is hydrogen corrosion effect on metal materials, further design and verification of
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fire protection, component durability, and operating characteristics of the whole engine
are needed in addition to the design and verification for compliance of unconventional
thermodynamic cycle systems focused on in this paper, and based on the results of safety
assessment, the airworthiness authorities and industry will identify the current novel or
unique design features, and timely introduction of the corresponding special conditions.
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Abstract. The flammability limits of the hydrogen-oxygen mixture are extremely
wide, and the ignition energy is low. Due to its excellent combustion properties,
the hydrogen-oxygen mixture can be used as fuel in internal combustion engines
(ICEs). However, the combustion of hydrogen-oxygen mixture is too intense,
which results in limited research on its application in ICEs and is limited to low-
temperature conditions in aerospace. This research aims to numerically discuss the
coupling effects of equivalence ratio and ignition timing on the port fuel injection
hydrogen-oxygen ICE under the low-temperature intake condition. The three-
dimensional geometric model of a single-cylinder ICE was established using the
CONVERGE software and validated against the mean in-cylinder pressure and
reaction mechanism. The results indicate that adjusting equivalence ratio and igni-
tion timing operating parameters is beneficial for controlling the temperature and
pressure in the cylinder within a reasonable range during the total combustion
process. In general, under the low-temperature intake condition, adopting a high
equivalence ratio and optimal ignition timing strategy improve the combustion
process and power performance of the port fuel injection hydrogen-oxygen ICE.

Keywords: Hydrogen-oxygen internal combustion engine - Port fuel injection -
Combustion characteristics

1 Introduction

Liquid rocket engines are considered the preferred power device for launch vehicles and
various spacecraft due to their advantages such as reliable operation and long working
time [1]. Liquid hydrogen and liquid oxygen have significantly high specific impulse
characteristics, and their combustion products are pollution-free, making them partic-
ularly suitable for the upper stage [2, 3]. The sub stage with an independent control
system added based on the basic stage of the rocket is called the upper stage, which
has the ability to fly independently and work in orbit for a long time. It is widely used
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in tasks such as orbital gliding and deep space exploration [4—6]. With the continuous
development of space technology, the duration of astronauts’ deep space exploration
missions has increased from 1 to nearly 2000 days [7]. It is difficult to control the evap-
oration of liquid hydrogen and liquid oxygen propellant and the evaporation gas cannot
be used, which greatly restricts the development of the hydrogen-oxygen upper stage
[8]. Liquid hydrogen and liquid oxygen propellant has a low boiling point and is easily
vaporized into low-temperature gas hydrogen and gas oxygen when heated, resulting in
an increase in pressure inside the storage tank. It is necessary to discharge gas hydrogen
and gas oxygen to meet the safety pressure standards of the storage tank. In order to
avoid fuel waste, gas hydrogen and gas oxygen are introduced into the ICE to burn and
provide power.

As early as the 1960s, NASA (National Aeronautics and Space Administration) [9]
proposed the concept of the hydrogen-oxygen ICE in the Apollo program. ULA (United
Launch Alliance) [10] proposed an integrated vehicle liquid system in 2011, which
introduces low-temperature hydrogen and oxygen into the ICE for combustion and work.
ULA[11, 12] successively manufactured a single-cylinder ICE, a Wankel engine, and a 6-
cylinder ICE using hydrogen-oxygen mixture as fuel, and conducted performance tests.
Furuhama et al. [13] found that adopting a fuel strategy with a larger equivalence ratio of
3 to 6 can significantly suppress abnormal combustion in the hydrogen-oxygen ICE. Li
et al. [14], based on the two-zone quasi-dimensional model, found that with the increase
of the equivalence ratio, the indicated thermal efficiency (ITE) of the ICE increases
to 40%. Fu et al. [15] conducted numerical simulation research on the combustion
characteristics of the hydrogen ICE under oxygen-pure conditions.

The above research indicates that the application prospects of hydrogen-oxygen ICEs
are extremely broad. However, previous research was mostly limited to the structural
parameters and operational stability of hydrogen-oxygen ICEs, and there has been no in-
depth study on the combustion characteristics of hydrogen-oxygen ICEs. In order to study
the combustion characteristics of the hydrogen-oxygen ICE in detail, a three-dimensional
geometric model was established and verified based on experimental data. The effects
of different equivalence ratios and ignition timing on the combustion characteristics of
the hydrogen-oxygen ICE were compared.

2 Model Establishment and Validation

2.1 Geometric Model and Boundary Conditions

This research is based on a commercial hydrogen internal combustion engine, whose
geometric model is established by CONVERGE software. 2 mm mesh with adaptive
mesh refinement (AMR) was used in this study to improve computational efficiency
while ensuring accuracy. The geometric model and its mesh refinement are shown in
Fig. 1. Table 1 lists the main technical parameters of the engine.

In order to improve the accuracy of the calculation, the boundary conditions of the
engine model are set according to the experimental conditions. The ambient temperature
of the model is set to 293 K. The engine speed is 1500 rpm, and the inlet pressure of the
intake port and the outlet pressure of the exhaust port are both set to 100 kPa.
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Fig. 1. The geometric model and mesh refinement.

Table 1. Main technical parameters of the engine.

Specification Value
Engine type 4-stroke
Compression ratio 10.7
Bore/mm 74.5
Stroke/mm 85.9
Rod length/mm 140

2.2 Selection of Mathematical Models

Choosing a suitable turbulence model can accurately calculate the in-cylinder flow field
of the engine. The turbulence situation in the cylinder of this model is predicted using
the RNG k-¢ model [16]. The SAGE model with detailed chemical reaction mechanisms
developed by Li et al. is used in this study [17]. The wall heat transfer loss of the model
is characterized and calculated by the wall-function model [18] to describe the influence
of various parameters on wall heat transfer loss.

2.3 Experimental Setup and Model Validation

Experimental setup and uncertainty analysis. The entire test bench includes an engine
system, adynamometer system, a hydrogen supply system, and a data acquisition system.
The schematic diagram of the test bench is indicated in Fig. 2. There is a PowerLink eddy
current dynamometer in the dynamometer system used to control engine speed and load.
The hydrogen supply system is composed of a hydrogen bottle group, pressure regulat-
ing valve, flame arrester and integrated hydrogen flowmeter (S4-33 A/MT, SevenStar,
China). The Tociel 20 NO60 thermal flow meter is used to measure the air mass flow
rate. The data acquisition system consists of an electronic control unit (ecu), a horiba
mexa-730\ lambda analyzer, and a kistler kibox combustion analyzer. The measurement
uncertainty of the above experimental parameters is shown in Table 2.
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Fig. 2. The schematic diagram of the test bench of the engine.

Table 2. The information of main measurement devices.

Parameter Manufacture Type Uncertainty
Engine speed Power link GW160 < + 1rpm
Torque Power link GW160 < £ 0.28 Nm
Air mass flow rate Tociel 20 N060 < % 0.1 L/min
Hydrogen mass flow rate Seven star S4-33A/MT £ 0.1 L/min
Air-to-fuel ratio Horiba MEXA-730\ < +0.1
Cylinder pressure Kistler 6177BCD17 < % 0.3 bar

Model validation. In order to demonstrate the accuracy of the engine model, the mean
in-cylinder pressure of the model was simulated and compared with the experimental
results. Due to limitations in experimental conditions, only hydrogen-air experiments
were conducted on this engine. In this study, the engine speed was 1500 rpm and the
equivalence ratio was 0.5. According to the results in Fig. 3, the curves of the simulation
results and the experimental values are nearly overlapped. The mean cylinder pressure
difference under different crankshaft angles is less than 0.2 bar. The above verification
result indicates that the simulation results have achieved good consistency with the
experimental values, and the predictive ability of the engine model has been verified.
In order to validate the accuracy of the hydrogen/oxygen reaction mechanism, the
ChemkinPro software was used to calculate the laminar flame velocity. Based on the Gri-
mech and Li schemes, the improved CANTERA was used by Kuznetsov et al. to calculate
the laminar flame velocity of hydrogen-oxygen mixture under different initial pressures
[19]. Figure 4 shows the calculation results of laminar flame velocity using ChemkinPro
and compares them with Kuznetsov et al. The results indicate that this mechanism has
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excellent consistency with the laminar flame velocity results in the literature, and the
error is within an acceptable range.

Laminar flame velocity(m/s)

Fig. 4. The laminar flame velocity of hydrogen-oxygen mixture.
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3 Result and Discussion

3.1 Combustion Analysis

In this study, the equivalence ratio was taken as 3.4, 3.6, 3.8, 4.0, 4.2, and 4.4, and
the ignition timing was set to — 2°CA after top dead center (ATDC) and 0°CA ATDC,

respectively. Figure 5 shows the variations of in-cylinder pressure with equivalence ratio
at different ignition timing. As shown in Fig. 5, the variations of in-cylinder pressure
with equivalence ratio at different ignition timing are consistent. During the compression

stroke, the upward movement of the piston causes in-cylinder pressure to gradually
increase, reaching a value of 2.2 MPa at TDC. After ignition, in-cylinder pressure rises
to peak instantly. This is determined by the combustion characteristics of the hydrogen-
oxygen mixture, which is well mixed in the cylinder and burns rapidly after ignition.
After ignition, in-cylinder pressure decreases as the combustion of the mixture ends and
the cylinder volume increases.
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Fig. 5. Variations of in-cylinder pressure with equivalence ratio at different ignition timing.

It is necessary to investigate the peak in-cylinder pressure (Pmax) during the com-
bustion process. Figure 6 shows the variations of Pmax with equivalence ratio at different
ignition timing. From Fig. 6, it can be seen that when the equivalence ratio is 3.4 and
the ignition timing is 0°CA ATDC, Pmax is 6.0 MPa. On the contrary, when the equiva-
lence ratio is 4.4 and the ignition timing is — 2°CA ATDC, Pmax is 5.3 MPa. When the
equivalence ratio is 4.0, Pmax at different ignition timing is similar. It can be observed
that as the equivalence ratio continues to increase, Pmax decreases. This is because
the increasing equivalence ratio leads to a continuous decrease in the mass of oxygen
entering the cylinder, which determines a decrease in the mass of burned hydrogen and
leads to a decrease in Pmax. Moreover, the combustion rate of the hydrogen-oxygen
mixture is inhibited by excess hydrogen, which reduces Pmax. At the same time, The
Pmax is decreased with the delay of ignition timing. This indicates that by increasing
the equivalence ratio and adjusting the ignition timing, Pmax is reduced to ensure that
it does not exceed the maximum pressure that a typical engine withstand.

n=1500rpm, MAP=1bar

—&—[T=-2°CA ATDC
—o—IT=0°CA ATDC

34 3.6 3.8 4.0 42 4.4

Equivalent ratio

Fig. 6. Variations of Pmax with equivalence ratio at different ignition timing.

Due to the way of low-temperature intake, the analysis of the cylinder tempera-
ture is particularly crucial. Figure 7 shows the variations of cylinder temperature with
equivalence ratio at different ignition timing. When the ignition timing is advanced to
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— 2°CA ATDC, the equivalence ratio increases from 3.4 to 4.4, and the peak tempera-
ture decreases from 2700 to 2550 K. It can also be seen that the trend of in-cylinder
temperature change is consistent with that of in-cylinder pressure change. The in-
cylinder temperature instantly rises to its peak after ignition and gradually decreases
after combustion.
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Fig. 7. Variations of in-cylinder temperature with equivalence ratio at different ignition timing.

Figure 8 shows the temperature distribution in the cylinder at the time of intake
bottom dead center under different equivalence ratios. From the figure, it can be seen
that 150 K gas with different equivalence ratios enters the cylinder, which is cooled
by low-temperature gas. After the end of the intake, the temperature distribution in the
cylinder tends to be consistent, except that the temperature near the spark plug is higher.
This indicates that low-temperature hydrogen has an inhibitory effect on the formation
of hot areas in the cylinder.

300 320 340 360 380 400 420 440 460 480 500
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Fig. 8. The temperature distribution in the cylinder under different equivalence ratios.

3.2 Engine Performance

Indicated mean effective pressure (IMEP) is used to evaluate the operational performance
of engines. Figure 9 shows the variations of IMEP with equivalence ratio at different
ignition timing. From the figure, it can be seen that under the condition of engine speed
of 1500 rpm and intake pressure of 1 bar, IMEP gradually decreases as the equivalence
ratio gradually increases. When the ignition timing is postponed to 0°CA ATDC, the



32 C.Jietal

equivalence ratio increases from 3.4 to 4.4, and the IMEP decreases from 0.40 to 0.31
MPa.

n=1500rpm, MAP=Ibar
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Fig. 9. Variations of IMEP with equivalence ratio at different ignition timing.

When the equivalence ratio is specific, delaying the ignition timing will increase
the IMEP. When the equivalence ratio is 4, the IMEP at ignition timing of — 2°CA
ATDC and 0°CA ATDC are 0.32 MPa and 0.34 MPa, respectively. This is because when
the ignition timing is delayed to 0°CA ATDC, the hydrogen-oxygen mixture burns and
releases heat instantly at TDC, completing the constant volume combustion process.
On the contrary, when the ignition timing is — 2°CA ATDC, the combustion process is
completed before reaching the compression TDC, resulting in the negative work during
the compression stroke.

ITE is a parameter that measures the effectiveness of converting thermal energy into
indicated work and is used to evaluate the economic performance of engines. Figure 10
shows the variations of ITE with equivalence ratio at different ignition timing. From
the figure, it can be seen that the ITE at ignition timing of — 2°CA ATDC and 0°CA
ATDC are around 21% and 22%, respectively. When the ignition timing is 0°CA ATDC,
the maximum ITE is 22.5% at the equivalence ratio of 3.4, and the minimum ITE
is 21.7% at the equivalence ratio of 4.0. It can be observed that at different ignition
timing, ITE first decreases and then slightly increases with the increasing equivalence
ratio. This is because as the equivalence ratio increases, the mass of oxygen entering
the cylinder to participate in the reaction decreases, resulting in a decrease in the mass
of hydrogen burned. However, the mass of hydrogen entering the cylinder increases,
and the heat release of fuel per unit time decreases, resulting in a decrease in ITE.
Furthermore, for a specific equivalence ratio, delaying ignition timing increases the
ITE. As the ignition timing is further delayed to TDC, the ITE is improved due to the
extremely fast combustion speed of the hydrogen-oxygen mixture which instantly burns
at the TDC.
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Fig. 10. Variations of ITE with equivalence ratio at different ignition timing.

4 Conclusion

In this study, the CONVERGE software is used to numerically study the combustion
characteristics of the port fuel injection hydrogen-oxygen ICE at different ignition timing
as a function of equivalence ratio. The main conclusions are as follows:

(1) The strategy of using a large equivalence ratio can effectively reduce the peak tem-
perature and pressure in the cylinder, and as the equivalence ratio gradually increases,
the peak temperature and pressure in the cylinder further decrease.

(2) Preliminary results indicate that low-temperature intake is beneficial for the uniform
distribution of temperature inside the cylinder and reduces the formation of hot areas
inside the cylinder.

(3) When the equivalence ratio is specified and the ignition timing is delayed, the IMEP is
increased. On the contrary, when the ignition timing is specified, the IMEP decreases
with the increase of the equivalence ratio.

(4) The variations of the ITE with equivalence ratio are irregular. When the equivalence
ratio is specified, the ITE increases with the delay of ignition timing.
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Abstract. Diaphragm compressor is widely used to pressurize hydrogen and is
one of the key equipment in hydrogen refueling station. And the Diaphragm is
one of the wearing parts of diaphragm compressor. The failure of the diaphragm
makes the maintenance cost of diaphragm compressor high. Because of the large
deflection of the diaphragm in the diaphragm compressor, its mechanical behavior
has strong nonlinear characteristics, especially after considering the constraints
on the diaphragm by the cavity of the cylinder head, it is difficult to accurately
calculate with the analytical method. Therefore, considering the constraint con-
dition of the cylinder, the finite element model of the diaphragm working in the
diaphragm compressor is established. By the calculations of the diaphragm defor-
mation and stress, the fractures of the hydrogen side of the diaphragm in the fault
cases are analyzed. The results of static structure analysis and dynamic analysis
are compared with diaphragm fault cases respectively, which shows the necessity
of dynamic analysis in the failure analysis of diaphragm. Besides, the mechanical
behavior of the diaphragm’s deformation indicates that the inertial effect of the
diaphragm and collision between the diaphragm and the cavity cannot be ignored.

Keywords: Diaphragm compressor - Finite element analysis - Diaphragm failure

1 Introduction

Hydrogen refueling station is a hub connecting the production, transportation and appli-
cation of hydrogen, where the pressurization of hydrogen is a necessary step to improve
the energy density and practicality of hydrogen as an energy source. In this process,
hydrogen needs to be pressurized to an extremely high pressure of 45 MPa or 90MPa,
while its high purity must be guaranteed [1]. Diaphragm compressor is widely used as
the hydrogen compressor in hydrogen refueling stations due to its high compression ratio
and superior sealing performance [2]. However, as the core component of diaphragm
compressor, the diaphragm is also one of the vulnerable parts [3]. Due to the fact that
the cost of compression devices can account for about half of installed capital cost of
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a hydrogen refueling station [4], and the failure of diaphragm will further increases
the operating cost of the station, reasonable analysis of diaphragm failure is of great
significance for reducing the cost of the hydrogen refueling station.

The diaphragm of the diaphragm compressor is generally composed of three plates,
which are the process plate contacting with hydrogen, the hydraulic plate contacting
with hydraulic oil, and the middle plate avoiding possible leaks while the diaphragm’s
failure happens. Usually, the failure of the diaphragm occurs on the process plate, i.e.,
the hydrogen side plate, or hydraulic plate [5], while the former is more frequent. Fur-
thermore, the fracture of the process plate can be found at the edge, the center and the
middle area [5].

Most literature used static structure analysis of the diaphragm when it clings to the
cavity of the cylinder head or the perforated plate and concluded that the stress at the
edge or center of the process plate or the middle area of the hydraulic plate exceeds the
allowable stress, which gave the reasons for the cracks at these locations [5—-8]. However,
little literature discussed the cracks appearing in the middle area of the process plate.
The static structure analysis and dynamic analysis based finite element method (FEM)
simulation are applied to the diaphragm respectively, and the results are compared and
discussed in this paper. It is found that the result of dynamic analysis is more consistent
with the failure mode of the diaphragm, which explain the reason for the failure in the
middle area of the process plate.

2 Fault Cases

In some diaphragm failure events of the diaphragm compressors for hydrogen refueling
station, cracks are found in the middle area of the process plates. Figure 1(a, b) display
two fault cases of the diaphragm with the cracks of the process plates appearing in the
middle area near the exhaust holes. The cases belonged to the diaphragm compressors
with the same design parameters which are listed in Table 1.

Table 1. Parameters of diaphragm compressors with diaphragm failure.

Parameters Values
Radius of the diaphragm/mm 187.5
Thickness of the diaphragm/mm 0.5
Radius of the cavity/mm 165
Young modulus E/GPa 210
Poisson’s ratio p 0.3
Allowable stress o/MPa 450
Discharge pressure p(A)/MPa 45
Maximal pressure difference between oil and gas/MPa 10
Rotational speed/rpm 382
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Fig. 1. Fault cases of the diaphragm

3 Failure Analysis of the Diaphragm

In the diaphragm compressor, the diaphragm is clamped by the cylinder head and cylinder
block at the edge, and the middle part undergoes reciprocating deformation. Since the
diaphragm is constrained by the cavity of the cylinder head and the perforated plate,
which means it is not free to deform, the deformation cannot be calculated with theoretical
method of thin-plate large deflection theory neither small deflection theory, particularly
for the state when the diaphragm has not yet fully fitted the cavity. Thus, the FEM
simulations are used to analyze the failure of the diaphragm. In which, the process plate
is subjected to the uniform pressure of hydrogen with the maximum of 45 MPa and the
minimum of 15 MPa, while the hydraulic plate to the uniform pressure of hydraulic oil
with the maximum of 55 MPa and the minimum of 5 MPa. Furthermore, the hydrogen
pressure and the oil pressure are assumed to change according to the sinusoidal manners
represented by Egs. (1) and (2) respectively.

pg = 30 + 15sin(wr) ()
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Po = 30 + 25sin(wr) 2)

In addition, the cavity surface of the cylinder head is generated by the traditional
generatrix Eq. (3) which is a single exponential polynomial with the exponential term z
taking 3.

W= i[Z(L)ZH @+ 12+ - 1)] 3)

- 1\165 ¢ ¢

where r and w are the radius and the height of any point on the cavity. Considering
the additional stress may be caused by the discharge holes and suction holes, the fine
structure is added on the cylinder head model. To carry out the simulations, each plate
of the diaphragm is divided into two layers with uniform thickness and 21,024 elements
with 31,755 nodes in total. Particularly, the elements at the center area are refined to the
size of 0.1 mm to capture the impact of discharge holes, and those in the edge where is
clamped are refined to the size of 0.3 mm to capture the effect of clamping conditions
on the deformation of the diaphragm. The modeling of the diaphragm and the mesh
division are illustrated in Fig. 2(a) and (b) respectively. Besides, it is supposed that the
deformation three plates always remain consistent and adhere tightly to each other, while
the friction coefficient at the contact between the process plate and the cylinder head, as
well as at the contact between the hydraulic plate and the cylinder block, is 0.15.

Fig. 2. Modeling of the diaphragm and its mesh division.

3.1 Static Structure Analysis

In the traditional analysis of the diaphragm of diaphragm compressor, inertia effect and
collision of the diaphragm and the cavity is ignored, the loads and the structure’s response
are assumed to vary slowly with respect to time. And any state during the diaphragm’s
deformation process is believed to be at static equilibrium. Thus, the analysis becomes a
statics problem. In this section, static structural analysis is used to obtain the deformation
and the stress of the diaphragm as the pressure difference between the oil and hydrogen
varies.

Figure 3 shows the von-Mises stress distribution cloud map of the diaphragm while
the maximum stress happens. Figure 4(a)—(f) illustrate some representative moments of
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the deflection distribution and the stress distribution of the process plate along the radius,
from undeformed state to fitting the cylinder head. According to the static structure
analysis, the maximal von-Mises stress of the diaphragm appears at the center of the
process plate when the diaphragm clings to the cylinder head. In the beginning, the stress
at the center of the process plate is smaller than that at the edge. As pressure difference
rises, the stress at the center gradually increases and always occupies the maximum value
of the entire plate. In addition, the deflection at the center of the process plate is the largest
and those of other positions decrease as the radii increase. From the results, the value of
the maximal von-Mises stress is 248 MPa which is lower than the allowable stress limit
of the diaphragm material. Apparently, the results of the static structure analysis cannot
explain the fault cases shown in Fig. 1.

Unit: MPs
Time: 422004 =
24813 Max
22056
19299
16542
13785
11028
s
55141
a7
0 Min

Fig. 3. The von-Mises stress distribution cloud map of the diaphragm while the maximum happens
obtained by static structure analysis.

3.2 Dynamic Analysis

As the deformation of the diaphragm is actually a dynamic process, the inertial effect of
the diaphragm and the collision between the diaphragm and the cavity of cylinder head
should be considered to obtain more accurate results. Explicit dynamics is used in the
dynamic analysis to obtain the transient response of the diaphragm during deforming.
Figure 5 shows the von-Mises stress distribution cloud map of the diaphragm while
the maximum happens. Figure 6(a)—(f) illustrate some representative moments of the
deflection distribution and the stress distribution of the process plate along the radius
during the deformation from the undeformed state to fitting the cylinder head. According
to the dynamic analysis, the maximal von-Mises stress of the diaphragm appears at the
process plate, particularly, at the center and the ring with a radius of about 60 mm before
the diaphragm clings to the cylinder head. From the beginning, the stress near the edge
is higher than that at the center. Though the stress on the entire diaphragm increases as
pressure difference rises, the maximum stress is distributed on the ring near the edge
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Fig. 4. The deflection and von-Mises stress of the process plate along the radius at different

moments calculated by static structure analysis.

of the process plate and the ring shrinks towards the center during the deformation
process. On the other side, the stress at the center of the process plate oscillates in the
deformation and reach the highest at t = 0.78 ms before the diaphragm clings to the
cavity. Correspondingly, the deflection of the maximum stress ring is largest before t =
0.78 ms. After that, the largest deflection of the process plate occurs at the center during
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the oscillation of the center area which clings to the cavity finally. From the results, the
value of the maximal von-Mises stress is 564 MPa which is higher than the allowable
stress limit of the diaphragm material and is able to cause the diaphragm cracking at
these regions. This conclusion is consistent with the fault cases shown in Fig. 1.

ime: 15004 =
Cycle Number: 137520
Custom

5641 Max

50143
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8811

12545

&2182

211731 Min

Fig. 5. The von-Mises stress distribution cloud map of the diaphragm while the maximum
happens, which is obtained by dynamic analysis.

4 Conclusions

By calculating the deformation and stress of the diaphragm, the fractures of the process
plate of the diaphragms of the diaphragm compressor in the fault cases are analyzed. The
results of statics structure analysis and dynamics analysis are compared with diaphragm
fault cases respectively, in which the latter can explain well the cause of the diaphragm
rupture. During the deformation, the center area of the diaphragm oscillates and collides
with the cavity of the cylinder head as the pressure difference changes, which leads to
the maximum stress at the center and on the ring nearby. The process of deformation is
very different from the results of static structure analysis, which shows the inertial and
the collision of the diaphragm cannot be ignored, as well as the necessity of dynamic
analysis in the failure analysis of diaphragm.
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Fig. 6. The deflection and von-Mises stress of the process plate along the radius at different
moments calculated by dynamic analysis.
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Abstract. As one of the representative new energy, hydrogen has received widely
attention in recent years. PEM electrolyzer plays a central role in hydrogen produc-
tion process. In this paper, 411 publications related to PEM electrolyzer collected
from Web of Science released between 2005 and 2022 were analyzed through
bibliometric to explore research hot-spots and future trends by analyzing publi-
cation and citation, countries and authors, journals and keywords. According to
statistics and analysis, (1) Iran and Dincer Ibrahim were the most productive coun-
tries and authors, respectively. (2) International Journal of Hydrogen Energy was
the mainly journal of PEM electrolyzer related publications. (3) Component and
Hybrid System are likely to remain prominent areas of research in the foreseeable
future. (4) Current hot-spots, such as Two Phase Flow and Hybrid System, may
receive even more attention in the foreseeable future.

Keywords: PEM electrolyzer - Bibliometric - Hydrogen energy - Trend
expectation

1 Introduction

Hydrogen has become one of the most promising clean and sustainable energy [1] due
to its non-carbon emissions, which could make great contributions to the construction of
global carbon neutral energy system. Hydrogen can be produced from various resources
including fossil fuels [2—4], biomass [5], biological sources [6], and water electrolysis
[7]. In contrast, electrolysis is the most economical method for large-scale production of
high-purity (> 99.99%) hydrogen, which could be further classified into alkaline water
electrolysis (AWE), solid oxide electrolysis (SOE), and proton exchange membrane
(PEM) water electrolysis.

SOE is easy to achieve high producing efficiency [8], but the technology is still
trapped in the laboratory stage and lacks of industrial application. AWE has become
a well matured technology for hydrogen production up to the megawatt range, and
constitutes the most extended electrolytic technology at a commercial level worldwide
[9]. Butits disadvantages including low partial load range and limited current density [10]
limit the promotion of this technology and the enthusiasm of relevant academic research.

© The Author(s) 2024
H. Sun et al. (Eds.): WHTC 2023, SPPHY 393, pp. 44-60, 2024.
https://doi.org/10.1007/978-981-99-8631-6_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-99-8631-6_5&domain=pdf
https://doi.org/10.1007/978-981-99-8631-6_5

Global Trends in PEM Electrolyzer Research 45

PEM by contrast, as a novel electrolysis method, has the advantages of high flexibility,
compact equipment and high current density [11]. With the trial of non-noble metal
catalysts utilization [12], more and more important achievements were accomplished in
recent years, and in summary, the disadvantages of PEM are gradually overcome and
the number of published papers related to PEM electrolysis is rapidly increasing (as
summarized in Sect. 3.1).

Over the past two decades, more than 400 articles are published on the R&D of PEM
electrolyzer, and the development road map of PEM electrolyzer over the years has been
gradually clear. Thus, the purpose of this paper is to analyze the modification of research
hot-spots in the field of PEM electrolyzer based on the publications, in order to offer
beneficial inspirations and new frontiers for relevant scholars.

2 Methods

2.1 Data Collection

Relevant articles are identified from the Web of Science Core Collection (WoSCC)
database. To avoid issues due to daily updates of the database, we conducted our search
and downloaded relevant items on January 3, 2023, Tuesday (Fig. 1). We used search
formulae as TS = (“PEM Electrolyzer”). The search terms were selected from the
Science Citation Index Expanded (SCI-EXPANDED). A total of 444 publications were
retrieved. After excluding 33 publications including early access, proceeding paper,
corrections, meeting abstract, 411 articles were included in the final data set. Full records
and cited refernces were exported as plaint text files for further analyses.

Fig. 1. Screenshot of web of science searching

The obtained data were imported into Citespace software (version 6.1.6) for dedupli-
cation. The number of publications, citations, countries, authors, journals, highly cited
references, keywords, and other data were extracted by several independent researchers
(JH Li, ZF Deng, H Tan, L Li) for data recheck. The H-index and average citations per
items (ACI) utilized in the paper are calculated by ZW Bai based on information at WoS
Online.
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2.2 Data Analyses

Data collected from WoSCC needed to be further analyzed to accurately acquire the
impact of each part. Citespace (version 6.1.6) and VOSviewer were introduced to bib-
liometric analysis and visual display. Microsoft Excel (version 16.58) was used to sum-
marize relevant information in tables. Flow chart of publication filtering and analysis
was shown in Fig. 2.

Retrieval strategy Retrieval mode: Advanced research o .
,,,,,, Retrieval database: Core Collection of WoSCC b Step 1: Data collection
A total of 444 records were identified

TS=(“PEM Electrolyzer”) Retrieval time span: 2005-2022

Retrieval date: January 3, 2023
Step 2: Data screening
—————— 411 publications were included in our final
analysis

Inclusion criteria:
Articles or Review articles

411 publications and 13705 cited ‘¢4{ Analysis of publication outputs and citation
‘ Iran, China, USA ‘44{ Analysis of most productive countries
Dincer Ibrahim, Friedrich K. Andreas, Ahmadi, Pouria 44{ Analysis of most productive authors
Step 3: Bibliometric and Visualizaion
Citaspace and VOSviewer were used
‘ International Journal of Hydrogen Energy ‘44{ Analysis of core journals
‘ PEM electrolyzer, performance, optimization ‘44{ Analysis of keywords }-—

Fig. 2. Flow chart of publication filtering and analysis

3 Results

The above mentioned 411 samples published in 99 Journals were completed by 1382
authors from 60 countries/regions and affiliated to 506 organizations. These contents
would be further described and analyzed through Publication and Citation, Regions
and Countries, Authors, Journals, and Keywords, respectively. Details are shown as
following.

3.1 Publication and Citation

As can be seen from Fig. 3, the total publications was relatively flat before 2017, and
then the numbers displayed a sharply increasing trend since 2018. Almost 73.6% of total
were published between 2018 and 2022. Citations almost rose straightly after 2018 too.
It can be seen that the PEM Electrolytic is a research hot-spots indeed. Relevant research
increases year by year.

The top 10 most-cited articles were listed in Table 1 in order to outcome the most
influential paper in this field. The most-cited paper [13] is written by Barbir, F with 708
times cited, followed by papers [14—16] which has been cited for 307 times, 294 times,
and 286 times, up to now, respectively.
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Fig. 3. Trends of publications and citations

The first mentioned one [13] is the first published paper related to PEM electrolyzer
which discussed several possible applications for PEM electrolyzer including grid con-
nected hydrogen generation, grid peak shaving, and power storage cooperated with fuel
cell. Furthermore, several specific issues including size, operation, and efficiency are
discussed in the paper. The second article [14] in the table should be paid specially
attention. Because it published recently and been cited for 43.9 times annually. This
paper is mainly study about the active and highly stable catalysts and several experi-
ments and analysis were cleverly made. The fourth publication [16] in Table 1 is the
most-cited article in 2022 which is mainly focus on the Energy and exergy analysis of
a PEM electrolyzer system, and offered better understanding of the characteristics of
PEM electrolyzer plant. This paper represents the boom of PEM electrolyzer system
related research.

3.2 Publication and Citation

Figure 4 displays the distribution of total publications about PEM electrolyzer. Iran
(88), China (61), USA (59), Germany (52), Canada (50), Turkey (50), Italy (32), France
(27), South Korea (14), Japan (12) as the top 10 most productive countries up till 2022.
These countries are mainly located in Asia, Europe and North America. Data in Fig. 4
is not directly equal to value in Fig. 3, because some articles are finished through global
cooperation and will be duplicated statistics.

3.3 Authors

Tabel 2 summaries the top 10 authors in terms of the number of publications. Dincer,
Ibrahim from University of Ontario was the most productive author with 22 publishments
up to 2022. His outstanding investigation has significantly increased the number of
related papers published from Canada, accounting for about 44%. In the same way, Iran,
as the most productive country mentioned in Sect. 3.2, also owes its outstanding scientific
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0 20 40 60 80 100

Fig. 4. Geo visualization of research distribution of PEM electrolyzer. Note Color relates to the
paper released (Note Taiwan belongs to China; England, Northern Ireland, Scotland and Wales
belongs to UK.)

research contributions to research teams led by Afshari, Ebrahim and Baniasadi, Ehsan.
As can be seen, the rise of an outstanding scholar (team) has a significant impact on the
research status of the country in relevant fields. While it is also important to find that as
the second largest publication country, China, do not have any outstanding researcher
being recorded in Table 2. It is considered as up to now, this topic has been greatly
attracted by Chinese researchers but no one has become the academic leader.

3.4 Journals

There were 99 journals used to publish PEM electrolyzer related papers, in which the
International Journal of Hydrogen Energy contributed the most articles with total pub-
lications of 147 (33.1%), and Energy Conversion and Management ranked second (36,
8.1%), followed by Journal of Power Sources (23, 5.2%) (Fig. 5).

3.5 Keywords

VOS viewer which could be used to classified the similar keywords was introduced, 411
publications contained 1891 keywords, and 180 left after merging of similar items.
Heat map of Keywords (Fig. 6) highlights the top keywords including PEM Elec-
trolyzer, Performance, Energy, Hydrogen Production, and Optimization. These keywords
related to the deep research around PEM electrolyzer especially on catalyst and system
performance.
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Table 2. Most productive authors in PEM Electrolyzer.
Rank | Author Country | Counts | Institutions H-Index | ACI*
1 Dincer, Ibrahim Canada |22 University of Ontario | 104 34.43
2 Friedrich, K. Andreas | Germany | 14 University of Stuttgart |48 35.09
3 Ahmadi, Pouria USA 12 University of Illinois at | 47 54.68
Urbana-Champaign
4 Bazylak, Aimy Canada |11 University of Toronto | 34 20.17
Afshari, Ebrahim Iran 11 University of Isfahan 25 27.98
Ozturk, Murat Holland |11 Isparta University of 20 19.40
Applied Sciences
7 Gago, A. Saul Germany | 10 Helmholtz Association | 23 33.72
Baniasadi, Ehsan Iran 10 University of Isfahan 21 23.52
9 Guilbert, Damien France 9 Universite de Lorraine | 13 12.11
10 Alirahmi, S. Mojtaba | Denmark |9 Aalborg University 10 33.07

*ACI average cited index

I nternational Journal of Hydrogen Energy [0 Energy Conversion and Management

[ Journal of Power Sources
I Electrochimica Acta

45.05%

Journal of the Electrochemical Society

[ JOthers

3.6% 4.95%

5.18%

Fig. 5. Pie chart visualization of the top journals of PEM electrolyzer

4 Discussion

4.1 Countries and Authors

Figure 7 demonstrates the annual publications of top 10 most productive countries since
2014. Iran, China and USA are the top 3 countries who contributed the most publications
as previous shown in Fig. 4. Iran has far more publications than any other country (20%),
most of which are finished in recent 5 years [17-21]. Iran remains the most producer in
recent five years, until been surpassed by China (23) in 2022.
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Fig. 6. Heat map of keywords in 2022
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Fig. 7. Trends of publications of the top 10 countries/regions

Author cooperation analysis revealed inter-author connection networks. In the PEM
Electrolyzer research area, Dincer Ibrahim (22), Friedrich K Andreas (14), Ahmadi,
Pouria (12) are the top 3 authors with the most paper publications. And it can be seen
from Fig. 8, which summarised the authors with more than 4 papers published, as some
of these authors have quiet close stable team cooperation. Dincer, Ibrahim and Ahmadi,
pouria used to co-work on the energy analysis and optimization of electrolyzer included
system since 2013 [22-25]. Friedrich, Wang, Abouatallah, and bazylak are together
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engaged in the characteristics investigation of gas diffusion layer and bipolar of PEM

electrolyzer [26-31].
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Fig. 8. Network visualization map of co-authorship. Notes the size of the nodes reflects the

strength of their cooperation.

4.2 The Changing of Keywords

The keywords clarification through these papers are summarized as Fig. 9. It could be
seen as three cluster are summarized with different colors, System type (Exergy Anal-
ysis, Multi-objective Optimization, et al.), component type (Two Phase Flow, Oxygen
Evolution Reaction, et al.), and modeling type (Simulation, Design, et al.), which may
related to system, component, and electrolyzer, respectively. Furthermore, the annual
keywords in Fig. 10b clearly shows that the keywords on the right are newer, which
emphasize that the research focus shifted from system into component gradually. This
phenomenon is predictable, as technical research should gradually modification from
application demonstration to theoretical verification.

Moreover, the verification of the keywords are summarized as Fig. 10. It is partial
similar with the result presented in Fig. 9. Not only the component study related key-
words, such as Modelling and Degradation [32-35] shows increment these years, but
also the Hybrid System related keywords, such as Geothermal and Photovoltaic [21,
36-38], show a boom increment these years. As for the System Optimum Analysis and
Oxygen Evolution Reaction, these keywords fail to present a continuous research trend
and seem suspended.

4.3 Recent Research Trends

To analyze the subtle changes in research over recent years, the heat map of keywords
till 2020 is drawn(as shown in Fig. 11) to compare with Fig. 6. The hot keywords related
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Fig. 9. Analysis of keywords for PEM electrolyzer (Notes the size of the nodes reflects the strength

of their frequency)

to Performance and Optimization are slightly decreased during 2020-2022, which are
replaced by publications about Modelling and Two Phase Flow. This trend modification
is consistent with the research topic timeline as shown in Fig. 10.

Moreover, several outstanding authors are chosen for case analysis for the trend
modification on researching area in PEM electrolyzer. The most prolific authors in the
area are summarized in Table 3 as basic data, and their latest publications during 2020—

2022 are utilized for special analysis.
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Based on the chosen publications, it should be mentioned that Aimy and Kieran are
closely cooperated [32, 39, 40] around porous transport layers research. Meanwhile,
Mojtaba and Ehsanolah were deeply co-worked [41—-43] on electrolyzer related hybrid
system investigation. Ibrahim is one of the greatest researchers who has made a signifi-
cant contribution on PEM electrolyzer utilizing renewable energy [44, 45]. Marcelo was
devoted to improve the electrolysis efficiency through novel components and operating
conditions [46, 47]. These researchers have carried out their previous research directions
in the past three years.
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Table 3. Most productive authors in PEM electrolyzer during 2020-2022

Rank Author

2020 2021 2022

Summary

Guilbert, Damien

Bazylak,Aimy

Alirahmi, Seyed Mojtaba

Fahy, Kieran F.

Assareh, Ehsanolah

Dincer,

Ibrahim

~N | N0 RN =

Carmo,

N | = | O W || W
_— W =N =N W
N | = |~ O|lWwW | OO

Marcelo

[ IV, IRV, I RV, I e W e N e o]

Summary 17 13 10

Damien engaged in electrolyzer modeling and experimental verification for sev-
eral year. His latest publication on ‘Journal of Processes’ in 2021 turn to study elec-
trolyzer related testing applications [48]. This slightly variation maybe signify the further
development of electrolysis related technology in application level.

Journal statistics help researchers choose the most suitable journal for their work.
The publication Journal clusters show a clearly verification for the chosen publications,
changing from ‘Journal of International Journal of Hydrogen Energy’ into other Journals
instead, such as Energies and sustainable energy technology, which can easily be seen

in Fig. 12.
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Fig. 12. Analysis of publication journals

However, even the weight of ‘International Journal of Hydrogen Energy’ among the
articles significantly decreased, this Journal is still the mainly journal for publishing
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work about PEM electrolyzer for most researchers. Data analysis indicates that some
Journals, such as Sustainable Energy Technologies, Journal of Power Sources, Energies,
are becoming more attractive to the related research. This phenomenon maybe related
to the transfer of the research topics of the journals, so that gives authors more choices
(Fig. 13).
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energy conversionand manageme
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Fig. 13. Overlay visualization of journals co-occurrence year (Notes the size of the nodes is
weighted by publications)

5 Conclusion

Based on the bibliometric analysis of the 411 PEM Electrolyzer publications released
between 2005 and 2022, it is found that the research has increased explosively with the
Iran being the leading producer, especially in recent 5 years. China lacks top scholars
and core leader in the field. Most researchers have stable cooperative relationships, and
continues their research direction in recent years. Component and hybrid system related
study are investigation hot-spots recently. Furthermore, keywords including two phase
flow and geothermal hybrid systemare more concerned than ever. More journals are
joining the publications about hydrogen, but the status of the main journal (International
Journal of Hydrogen Energy) is still unshakable.

Overall, electrolysis is a novel production method for clean energy. Bibliometrics is
a useful tool to discover the current research hot-spots and future trends of a field. PEM
electrolyzer related analysis in this paper clearly exhibits the research topic modification
and research trend in recent years. This paper is hoping to offer beneficial inspirations
and new frontiers for relevant scholars.
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Abstract. Oxygen evolution reaction (OER) is the main factor limiting the large-
scale development of proton-exchange membrane (PEM) hydrogen production.
It is urgent to develop catalysts with excellent OER catalytic performance and
stability. Herein, several Iridium-based catalysts were prepared by simple mix-
ing and calcination, the OER properties of catalysts with different melting points
of nitrates as calcinating additives were investigated. The RbNO3 treated cata-
lyst displayed a low overpotential(n) of 297.6 mV versus RHE, which is lower
than the catalyst calcinated without nitrate (323.8 mV vs. RHE). Moreover, the
RbNOj3 treated catalyst displayed good acid stability over 20 h Chronopotentio-
metric test. The high OER catalytic activity and stability of RbNO3 treated catalyst
may be attribute to the smaller nanoparticle morphology, pure IrO, structure and
high electrochemical surface area (ECSA), which increase the number of active
sites and the intrinsic catalytic activity. This work indicated that the catalyst with
excellent OER performance can be obtained by selecting nitrate with moderate
melting point as the calcinating additive. Nitrates (like RbNO3) treated catalyst
with excellent catalytic activity and stability has good application prospect in
hydrogen production of PEM water splitting.

Keywords: Oxygen evolution reaction - Nitrates - PEM water splitting

1 Introduction

Hydrogen energy [1-3] is a kind of renewable energy, which has the advantages of
high energy density, environmental protection and pollution-free, so it has obtained the
support of a number of national policies. At present, hydrogen production by proton-
exchange membrane (PEM) electrocatalytic water splitting is regarded as a promising
technical route. However its practical application is influenced by the slow kinetics [4,
5] of the oxygen evolution reaction (OER). Hence, it’s urgent to develop catalysts with
excellent OER performance.
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Among OER catalysts, Iridium components are widely studied because of the good
catalytic activity as well as acid stability. There are various IrO; preparation method
such as Adams Fusion method [6, 7], sol-gel method [8, 9], liquid reduction method
[10], template method [11] and so on. Adams Fusion method is a traditional method
having the advantages of simple preparation process and low cost, but the catalyst’s
overpotential prepared by this method is relatively high compared with other method
[7]. Traditional Adams Fusion method mixes metal chloride precursor with NaNO3 and
then calcinate at proper temperature, NaNOs3 acts as an oxidation in the formation of
new oxides. The presence of chlorine in the precursors can adversely affect PEM, and
many studies have shown that chlorine-contained precursor should be avoided in future
work to get rid of C1~ contaminations [12]. Catalyst with nano size often shows better
catalytic performance. With the increase of calcinating temperature, the grain grows
[13, 14]. Research [15] shows that the addition of salt has effect on crystal growth. In
consequence, inspired by above researches, several nitrates with different melting points
(low melting point nitrate: Fe and La nitrate; middle melting point nitrate: Na and Rb
nitrate; high melting point nitrate: Mg and Ba nitrate) were introduced to control grain
size. After simple mixing and calcination with Ir black, Iridium based catalysts were
prepared.

In this work, we have developed an innovative additive oxidation process that on
the one hand effectively inhibits particle size growth during calcinating and on the other
hand extends the raw material from harmful chloride precursor to iridium black. The
properties of different catalysts were studied by electrochemical measurement, and the
reasons for the differences were explored by a series of characterization methods.

2 Experimental

2.1 Catalysts Preparation

The catalysts were prepared by mixed drying and calcination. Firstly, the nitrate and
iridium black (Premetek, P40V40) were weighed at a mass ratio of 20:1, after which
20ml deionized water was added for ultrasonic mixing for 30 min. Then the solvent was
evaporated and dried, the resulting mixture was placed in a crucible and transferred to a
furnace with a temperature control system. The calcinating treatment was performed at
600 °C for 6 h with a heating time of 3 h. The obtained product was centrifuged, washed
with deionized water three times, and then dried at 80 °C in a drying oven for 12 h. For
comparison, the sample prepared by direct calcination without adding nitrates was used
as the contrast.

2.2 Physical Characterization

X-ray diffraction (XRD) data were collected on a Rigaku D/MAX 2500 X-ray diffrac-
tometer equipped with a Cu Ka source. The morphology and compositions of the sam-
ples were examined by scanning electron microscopy (SEM, SU8020) and transmission
electron microscopy (TEM) on a Tecnai G2 F30 configured with scanning transmission
electron microscopy (STEM).
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2.3 Electrochemical Analysis

The electrochemical performance (activity and stability) was performed in a typical
three-electrode system by using CHI 660E instrument. The catalyst ink was prepared
by adding 10 mg catalyst, and 100 wL Nafion (Alfa Aesar, D520 dispersion) into 1
mL ethanol and then ultrasonicating for 30 min. A certain amount of ink was loaded
on the surface of the pre-polished glassy carbon electrode (GCE, ¢3.0 mm) or carbon
paper for drying, and the load of the catalyst is 0.5 mg cm™2. A catalyst-modified
GCE or carbon paper was used as the working electrode, and a Pt wire and a saturated
calomel electrode (SCE) electrode were used as the counter and reference electrodes,
respectively. A 0.5 M H,SO4 solution was chosen as the electrolyte, and oxygen was
bubbled into the electrolyte for at least 30 min to reach saturation before testing. The
saturated calomel electrode was calibrated by the reversible hydrogen electrode (RHE),
giving their conversion equation: E(RHE) = E(SCE) 4 0.059PH + 0.24 V. The current
densities are normalized by the geometric area.

3 Results and Discussion

3.1 Structural Characterizations

Figure 1 shows the X-ray diffraction (XRD) patterns of the nitrate treated catalysts and the
contrast. As can be seen from the figures, different phases were formed after calcinating
with nitrates with different melting point ranges. As the temperature rises, the crystalline
water is removed first at a relatively low temperature and then the decompose of nitrate
occurs, the melting point of anhydrous nitrates is shown in the Table 1. As for the NaNO3
and RbNOj treated catalyst and the contrast, the diffraction peaks correspond well to
IrO; phase (PDF No. 43-1019, tetragonal, P42/mnm, and a = b = 4.4983 A, c=23.1544
A). Additionally, with the addition of nitrates, XRD diffraction peak widened. As for low
melting point Fe(NO3)3-9H,0 and La(NO3)3-6H,0, IrO, was observed, but the main
phase is Fe; O3 for Fe(NO3)3-9H, O treated catalyst and La(OH)3 for La(NO3)3-6H,O
treated catalyst. For high melting point nitrates, Ba(NO3), treated catalyst contains IrO»
and BalrO; 73 phase, and Mg(NO3)2-6H,O treated catalyst has IrO; and Ir phase. The
XRD results proved that different structure may be formed by introducing different
melting point nitrate. By introducing nitrates with appropriate melting points, pure IrO,
can be synthesized.

Table 1. Melting points

Fe (NO3)3 |La(NO3)3 |NaNO3 |RbNO3 | Mg (NO3); |Ba(NO3),
Melting point (°C) |47.2 40 306.8 310 648 592

The SEM images of the synthesized catalysts are shown in Fig. 2. As can be seen from
the figures, the contrast showed a nanoparticle morphology. After adding sodium nitrate
and rubidium nitrate with moderate melting points, the size of the particles is reduced.
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Fig. 1. X-ray diffraction (XRD) patterns of the catalysts.

In order to further explore the morphology of catalyst, TEM and HRTEM images are
shown in Fig. 3. Same as the morphology that observed by SEM, NaNO3, RbNO3 treated
catalyst and the contrast has the morphology of nanoparticle, the average particle size
of RbNO3 and NaNOs treated catalyst is about 8 and 11 nm, which is smaller than
the contrast (about 16 nm). The HRTEM images of the two catalysts revealed a lattice
fringe spacing of 0.318 nm, which correspond to the (1 1 0) plane of IrO,, which further
verified the formation of pure IrO;.

Fig. 2. SEM images of the catalysts. (a) NaNO3, (b) RbO3, (c) Contrast.
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Fig. 3. TEM and HRTEM images of the catalysts. (a, d) NaNOs3, (b, e) RbNO3, (c, f) Contrast.

3.2 Electrochemical Characterizations

To investigate the OER performance, the catalysts treated with several nitrates and the
contrast were applied as anodic materials in a three-electrode system in 0.5 M H>SO4.
The mass loading of all samples is 0.5 mg cm™~2. The OER activities of all catalysts were
evaluated by LSV with 85% iR-compensation. As shown in Fig. 4(a), catalyst treated
with RbNO; displayed a low overpotential(n) of 297.6 mV at 10 mAcm™2, which is
lower than that of contrast (323.8 mV). Figure 4(b) gives the OER activity at 1.55 V
(vs. RHE), the current density of RbNO3 treated catalyst is the highest, about 3 times
higher than that of the contrast one. And Nitrates of Fe and La have almost no catalytic
performance, which may because the calcinated material is basically oxide or hydroxide.

Tafel slope is a vital parameter for evaluating catalytic activity, as can be seen in
Fig. 4(c) (the data is obtained from the LSV plots), these catalysts can be roughly
divided into two classes according to the tafel value. Different tafel slope indicates that
the catalyst has different rate-determining step (RDS) [16]. The contrast and RbNO3
treated catalyst have a tafel slope approach 40 mV/dec, the NaNOs treated catalyst has a
tafel slope about 60 mV/dec. The RbNOj treated catalyst’s slope is much lower, which
indicates a fast reaction kinetics. Moreover, cyclic voltammetry (CV) curves were con-
structed at different scan rate to obtain double-layer capacitance (Cq;), further evaluate
electrochemical surface area (ECSA). RbNOjs treated catalyst has a larger Cq; (73.32
mF cm~2) than the contrast (23.52 mF cm™2), implying the RbNO; treated catalyst has
more active sites [17]. Due to that ECSA is a parameter to reflect intrinsic activity of
the catalyst, it can conclude that RbNOj treated catalyst has a larger intrinsic catalytic
area. Catalysts prepared with nitrates at different melting points showed different OER
catalytic performance, RbNO3; and NaNO3 with moderate melting points are more supe-
rior, probably because they really act as calcinating aids at the calcinating temperature
of 600 °C.

In addition to electrocatalytic activity, stability is another crucial parameter to eval-
uate the performance of the catalyst. The stability of RbNO3 treated catalyst and the
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contrast were recorded by a chronopotentiometry technique. As can be seen in Fig. 5,
the RbNOj treated catalyst is extremely stable during the 20 h test at 10 mAcm ™2, having
a smaller voltage rise rate than the contrast. Chronopotentiometry test results indicated
that the RbNOs treated catalyst has a good stability in acid media.
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Fig. 5. Chronopotentiometric stability for RbNO3 treated catalyst and the contrast (without iR

compensations).
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4 Conclusion

To summarize, we synthesized Iridium-based catalyst by introducing several nitrates
with different melting point. The simple mixing and calcinating process makes the
preparation of iridium-based catalysts easier for industrial operation. By introducing
different melting point nitrates, different crystal structure characteristics were produced,
which affected the performance of OER. The results revealed that the as-prepared cata-
lysts exhibited different OER catalytic activity. The addition of moderate melting point
nitrates facilitated the formation of pure IrO;, achieving a low overpotential, especially
for RbNO3 (n = 297.6 mV vs. RHE). Meanwhile, RbNO3 treated catalyst showed a
long-term stability of 20 h. Sufficiently good catalytic activity and stability of RbNO3
treated catalyst may attribute from the smaller nanoparticle morphology and high ESCA.
This work put forward an innovative chlorine-free method to prepare high OER perfor-
mance iridium-based catalyst, which can be well used in the acid media like PEM water
splitting and other energy device applications.
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Abstract. Fuel cell (FC) vehicle is an important technology route to achieve
carbon neutrality in transportation. This paper examines the integration, system
control, and performance test of a high-power self-humidifying fuel cell system
for passenger cars. Firstly, a high specific power FC system integration scheme
is designed, and a highly integrated 100 kW self-humidifying fuel cell system is
realized based on the installation requirements of passenger cars. Then, the system
controller application layer is developed using Matlab/Simulink and the controller
rapid development prototype for complete closed-loop control of each subsystem,
such as hydrogen supply, air supply, cooling, and electrical management. Finally,
the performance dynamics experiment of the 100 kW FC system is conducted
based on the developed system controller. The results show that the developed sys-
tem controller provides high-quality control effects of operating parameters such
as air flow and pressure, hydrogen supply pressure, and cooling water temperature
for the stack to meet different operating requirements. The highest efficiency of
the system reaches 62%, and the coefficient of variation (Cy) of the cell voltages is
controlled to be less than 1%. This study contribute to accelerate the deployment
and application of high-power FC systems in passenger cars.

Keywords: Fuel cell system - System controller - Software development -
Performance test

1 Introduction

Proton exchange membrane fuel cell is an energy conversion device with high power
density, high efficiency, zero pollution, and good low-temperature starting characteris-
tics, which is an important research orientation for the revolution of future automotive
power systems [1]. Fuel cell vehicles equipped with fuel cell systems have the advan-
tages of short hydrogen refueling time, long range and good environmental adaptability
to become an important technological route to achieve carbon neutrality in new energy
vehicles worldwide [2]. The performance and durability of automotive fuel cell systems
during service are two extremely important objectives [3].

Currently, the development route of fuel cell systems for passenger cars is mov-
ing toward high integration, high power density, and long durability [4]. Toyota motor
released its state-of-the-art fuel cell passenger cars in 2014 and 2020 [5-7], The 2nd-
generation MIRAI has a volumetric power of up to 5.4 kW/L [6], and system components
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such as DC/DC converters, auxiliary components, and controller hardware are highly
integrated with the electric stack. China’s fuel cell vehicle technology is booming but
still falls short of the world’s most advanced level. FC systems are subject to variable
environmental conditions and operating conditions, which is a huge challenge for per-
formance and durability [8]. Innovative designs from the perspective of key materials
and structures to achieve performance and endurance improvements from monolithic
cells to systems have made significant contributions, but it takes a long lead-time as
well as a great expense [9]. The development of superior controllers based on existing
materials to improve the net power output, power generation efficiency, and durability
of the system has been strongly demanded [10]. The system controller regulates the
operating parameters such as airflow, pressure, and temperature at the macroscopic level
to improve the electrochemical reaction efficiency and mitigate material degradation
such as carbon corrosion, platinum agglomeration, and membrane dry cracking at the
microscopic level [11-13]. The automotive fuel cell system controller consists of air
supply subsystem, hydrogen supply subsystem, cooling subsystem, electrical manage-
ment subsystem and monitoring subsystem. Coordinated control of each subsystem to
achieve high performance and long life operation of the fuel cell system.

In this study, a 100 kW-class high specific power self-humidification fuel cell system
is integrated for the R&D requirements of FC passenger cars. On the developed system
bench, the system controller software is developed using Matlab/Simulink and Moto-
hawk rapid development prototype. The developed FC system controller ensures optimal
conditions in the FC stack by manipulating system components considering hardware
limitations to achieve maximum system performance such as system efficiency and
power.

2 FC System Integration

Air supply DC/DC Electronic load

Cooling
water loop

Fig. 1. 100 kW-class high specific power self-humidifying fuel cell system schematic and bench
diagram.

The integrated solution of FC system starts from the demand of the whole vehicle,
targeting high specific power density, and puts forward the requirements for fuel cell
system, power stack, and components level by level. The schematic and the integrated
system are shown in Fig. 1. The innovation of the system integration is the removal of
the traditional external humidifier and instead the self-humidification function through
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material and structural innovation, hydrogen recirculation and hydrogen-air counter-flow
configuration, which is significant for the high integration of the whole system.

3 FC System Controller Development

Figure 2 shows the software architecture of the FC controller application layer and
the Simulink flow diagram. SECM-112 controller has 33 analog input interfaces for
all temperature, pressure, flow and other sensors in the fuel cell system. The system
contains 7 CAN signals for air compressor, circulation pump, thermostat, DCDC, PTC,
CVM, and water pump. The information interaction between FCU and each component
is realized through CAN bus. Some valves and fans involved in the system are driven by
low-side output (Boolean or PWM) and H-bridge.

In this developed system controller, setpoint of the FC-system net power, the ambi-
ent temperature, and atmospheric pressure are inputs. The calculated system net power
is the output as well as the other values in the FC system, the polarization state of the
stack, such as current, voltage, the state variables of system, such as flow rate, pressure,
temperature, humidity, and oxygen concentration, the actuation values of components,
such as compressor speed, pump speed, valve position, and fan speed. According to the
vehicle operating conditions, the system state machine consists of nine states: power on,
self-test, standby, automatic operation, purge, discharge, shutdown, and emergency stop.
Different control calculations are performed within each state, and then the components
are driven to achieve the appropriate function. The controllers in Fig. 2 consist of the
electric power controller, the monitoring controller, and the actuator controllers for the
system components in air, H2, and cooling subsystems. Such a hierarchical and sim-
ple controller architecture enables independent investigation of optimal stack operating
conditions and hardware specifications.

Control commands from host computer —

FCU (Motohawk SECM-112 controller)

Controfler 1. (oL
Gororvans)_ [l trcmos]|  p1c -
——
commscr [ o i
£

Fig. 2. Software development architecture and closed-loop control procedures for the entire FC
system.

In general, the control of the air subsystem is the key to determine the high efficiency,
high performance and long life of the FC system [14]. The control goal is to quickly
provide precise air flow and pressure to the stack during cyclic load changes to avoid
oxygen starvation and excessive air compressor power consumption. In this study, a
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decoupled flow and pressure control algorithm is implemented for the air subsystem.
The stack current and is given to the pre-determined functions, which are built based
on experimental data to achieve the maximum system net power considering the stack
power, compressor power loss, and pump power loss. Then, the setpoints of air pressure
and flow are is determined. The setpoints of the flow and pressure are converted to the
compressor speed and back pressure valve opening by a double PI controller including the
supplemental functions of integral anti-windup and feedforward compensation methods
for the stable operation.

Figure 3 shows the results of the close-loop setpoint tracking performance of the
air flow rate and pressure by a series of step load profile. The current operation curves
are shown in Fig. 5(a), and the results show that the DC/DC responds to the set current
command almost indistinguishably, indicating that the reactant supply adequately meets
the current loading demand. It is also confirmed that the air flow rate could trace the
setpoint within an acceptable deviation less than £ 2.5 g/s as shown in Fig. 5 (b), the
OER fluctuation range within 0.2 as shown in Fig. 5(c), and pressure fluctuation within
=+ 1.5kPa. It indicates that the error effect is within the acceptable range and meets the
practical application requirements considering the influence of sensors and controllers
in acquisition, measurement, and noise.
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Fig. 3. Performance evaluation of closed-loop setpoint tracking with decoupled air flow and
pressure.

4 FC System Performance Discussion

4.1 System Power and Efficiency

The developed system control algorithm is written into the fuel cell system controller,
and performance experiments of the 100kW system are conducted. Figure 4 shows that
the average output voltage of the individual cell is 0.62 V when the current density is
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loaded to 1781 mA/cm?, and the output power of the stack reaches a peak of 120.2 kW,
at which the peak net power of the system reaches 97.8 kW and the power consumption
of the auxiliary components accounts for 18.6%.With the rise of the net power of the
system, the efficiency shows a decreasing trend. The maximum efficiency of the system

reaches 62%, which is the advanced level of current FC systems for passenger cars.
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Fig. 4. 100 kW-class FC system output performance analysis with the implementation of the
developed system controller.

4.2 Stack Consistency

Figure 5 shows the cell voltage coefficient of variation (Cy) during the load variation.
The trend of C, is observed during the period when the stack is loaded from start-up
to 70 kW. In the start-up phase (around 0 s), the instability of the cell voltage is due
to the lagging response of the hydrogen and air supply, which results in a C of 4.5%.
Afterwards, the voltage stabilizes quickly and C, drops rapidly. The C, is kept within
1% during the entire load variation, which is a really bright result and provides the basis
for the high reliability and durability of the system operation. After 2100 s, the system
enters into the shutdown procedure, the reactants are cut off and start discharging, thus
Cy increases.

5 Conclusions

In this paper, we developed a system controller for high efficiency and long durability
on an integrated 100 kW passenger car fuel cell system. The complete control program
is developed in conjunction with Matlab/Simulink and the Motohamk rapid control
prototype. The closed-loop control performance of the controller is discussed, repre-
sented by the air subsystem. With the implementation of the developed FC system
controller, the dynamic performance of the entire system is investigated. The results
show that the FC system demonstrates excellent potential in terms of net power, system
efficiency, and consistency. The implementation of this study is important for advancing
the commercialization of fuel cell passenger vehicles.
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Fig. 5. Consistency analysis of 100 kW-class FC system under dynamic conditions output
performance analysis with the implementation of the developed system controller.
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Abstract. With the increasing application of the AWES, the dynamic thermal
detection of the electrolyzer inspires great interest. The dimension of dynamic
thermal detection of the AWES is currently limited to only the inlet and outlet
temperatures. This study proposes a dual-layer characteristics temperature model
for AWES temperature monitoring. The DLCT model deals with the difficulty of
extracting characteristic temperature with its first layer of multi gaussian distri-
bution regression. The second layer model can clarify the disturbing signal using
linear regression and provide a quantized temperature distribution pattern of the
surface temperature. This DLCT model does not require additional modifications
to the AWES, nor any temperature sensor inside or on its surface. With the DLCT
model implemented during dynamic operation, the AWES can be more compre-
hensive monitored, and more insights can be gathered regarding the DLCT for
better thermal uniformity.

Keywords: Alkaline electrolyzer - Dynamic thermal detection - Characteristic
temperature - Multi gaussian regression - Machine learning

1 Introduction

Hydrogen energy system can replace the fossil fuel system as a solution for many global
environmental issues, and water-electrolysis-based hydrogen production has gain its
maturity in term of both technology [1] and economic [2]. The alkaline water electroly-
sis system (AWES) is one of the most widely used, technically mature and cost-effective
high-power water electrolysis hydrogen production technology [1]. The AWES is con-
sidered to be able to provide medium term large-scale Renewable Energy-based green
hydrogen for the hydrogen energy system [3]. However, the fluctuating power out-
put of the renewable power system requires AWES to operate under similar unsteady
conditions, which brings up the necessity of thermal detection over AWES for more
detailed dynamic response. As status quo, in the operation and maintenance of AWES,
the only thermal parameters recorded are normally inlet and outlet temperature for the
electrolyzer.
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For the dynamic thermal detection of AWES, only recording the inlet and outlet
temperature means only acquiring the temperature of the inlet fluid and the gas-liquid
mixture at two positions on the end-face of the electrolyzer. The temperature of the
bulk structure is not recorded, neither on the surface nor from the inside. Such a lack
of understanding of dynamic thermal detection leads to the inability for the uniformity
of its temperature distribution and may even cause the ignorance of its inside hot spots.
In addition, the limit of indicative temperature also leads to over-simplification of the
evaluation criteria of the electrolyzer and brings difficulties in collecting sufficient tem-
perature distribution data over the dynamic operating conditions. In conclusion, only
recording the inlet and outlet temperature of the electrolyzer makes it difficult to under-
stand the thermal characteristics of the AWES, and, also, to provide more improvement
guidance as well as more analysis dimensions for the AWES, such as multi-physics
approaches [4, 5].

Hence, this study puts forward the dual-layer characteristic temperature (DLCT)
model, which is composed of two layers of the characteristic temperature (CT) regression
analysis over the side surface of the electrolyzer.

2 Modeling Method

As demonstrated in Fig. 1(a), the IR recorder is stationed to the side of the electrolyzer,
the captured IR image is drawn in Fig. 1 (b). As can be seen, due to characteristics of
the lye-gas mixture in the electrolyzer [5], the temperature is higher in the upper region
of the electrolyzer. The temperature of the metal plate (70.4 °C) is quite higher than the
gasket region (57.52 °C) in its adjacency. This unevenness is the first problem to be dealt
with, in collecting the CT of the electrolyzer surface. And there are the current collectors
with higher temperatures near the bottom, the CT analysis must be able to distinguish
these disturbing signals.

- 60

(a)
— e

RS

[ 50

+37.59°C
+60.22°C

Fig. 1. (a) The apparatus of the infrared image collection, and (b) the recorded IR image with
temperature noted at different locations.
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The second problem comes with the obstacles and auxiliary parts on the electrolyzer.
AsinFig. 1 (b), the clamping bolts of the electrolyzer are positioned at the top, middle and
the bottom blocking the direction detection of the surface temperature. With larger rated
power, the AWES grows in size, and the number of clamping bolts also grows, leading
to more blocked surface area. And finally, the model should filter out the obstacles and
provide the overall surface temperature distribution with quantized parameters.

This study aims to tackle these two problems with two layers of CT analysis model.
The first layer CT model can extract the CT of the metal structure within the segment of
the IR image, implemented with MGD regression. The second layer model can clarify the
disturbing signal using linear regression, resume the surface temperature over the side of
the electrolyzer and provide an overall quantized temperature distribution pattern of the
surface temperature of the electrolyzer. This DLCT model does not require additional
modifications to the AWES, nor does it attach any temperature sensor inside or on the
surface of the electrolyzer.

3 First-Layer Characteristic Temperature Model
The IR image is first segmented as in Fig. 2 (a). The image is segmented into 12 vertical

segments as demonstration, and the IR image can also be horizontally segmented or
divided into a mesh grid.
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Fig. 2. (a) The violin graphs of each segment in an IR image, (b) the temperature distribution and
MGD analysis results of segment No. 4, (c) the temperature distribution and MGD analysis results
of segment No. 5, and (d) the temperature distribution and MGD analysis results of segment No.
8.
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3.1 Multi-Gaussian Distribution Analysis

Here, MGD regression is performed to extract the CT within each segment. The gaussian
distribution is also called the normal distribution [6]. In this study, for convenience, the
gaussian distribution is converted to the frequency of occurrence, rather than probability.
As a result, the temperature gaussian distribution formula can be changed into:
MEN
ht)y=hxe w +h (1)

In which,  represents temperature, h(7) represents the frequency of occurrence of a
certain temperature within in the adjacency of z. h represents the height of the frequency
peak and is used to determine the significance of this distribution. #( is the expectation
of the distribution, and the potential CT in the segment. w represents the width of the
gaussian distribution and the % represents the bottom noise of the segment.

However, as in Fig. 2 (b), (c), (d) the complexity of the distribution within on segment
does not fit a single gaussian distribution. Hence, this study combines several gaussian
distributions into the MGD model [7]. Within each segment, the distribution of the
temperature signals can be described by:

_(01)? _(02)’ NG

hi(t) =h; xe 20} +hy xe w3 +h3 xe w3 + ho )

(h1.10,1.,w1), (h2.10,2,w2) and (h3,t9,3,w3) three sets of parameters represent the relevant
parameters of three Gaussian distributions, among which #y 1, #9 2, #p,3 are the three
potential CT of the region. In this paper, SciPy based on python is used to carry out the
regression of the above equation [8].

3.2 First Layer CT Model Results

The result CTs within each segment come from the actual surface of the electrolyzer.
For in Fig. 2 (b) and compared with Fig. 1 (b), the higher CT represents the temperature
of the metal plate, whereas the lower CT represents the gasket. Likewise, the clamping
bolts, and the current collectors, can also be screened out of the CTs. Finally, the CT
with higher height of frequency of occurrence is chosen as the CT of the temperature of
this segment. Likewise, in Fig. 2 (c), the lower, however, more concentrated represents
the clamping bolts at the middle in Fig. 1 (b), and the peak with higher temperature is
the surface of the electrolyzer, which is recognized as the CT of the segment. And in the
Fig. 2 (d), there are also two peaks in the figure. The peak with higher CT represents the
hot current collectors near the bottom of the IR image, and the lower peak represents
the surface temperature of the electrolyzer and should be acknowledged as the CT of the
segment.

4 Second-Layer Characteristic Temperature Model

4.1 Regression Method

The potential CTs of each segment of the IR image are plotted in the Fig. 3(a), and CTs
have been selected. In the top and bottom segment, there is no CT of the surface because
a large proportion of the image is taken up by the clamping bolts and background. Rest
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of the segments have CT on the surface, except segment No. 6 where the clamping bolt
is dominant. And the linear relationship between CTs on the electrolyzer surface and

segment positions is explicit.

(@)

—— CTof each position

60

Surface temperature {* C)
Surface temperature {* €

2 4 6 8 ) o 1 2 3 4 5 6 7 8 9 10
Electrolyzer seament position (left is the top, right is the bottom) Electrolyzer seqment position (left is the top, riaht is the bottom)

Fig. 3. (a) The potential CTs of each segment, and (b) the result of the second layer CT model.

Hence linear regression should be applied to analyze the distribution pattern. The
temperature distribution of each segment on the electrolyzer surface can be expressed
as:

T,=axx;+b,ie[l,n] 3)

In which, T; represents the CT of a certain segment, x; € N represents the position
of the segment, and a, b € R are the parameters for the temperature distribution pattern.
a Stands for the slope of the linear equation and b for the intercept. This study also
employs the built-in method from SciPy to conduct the second layer CT model.

4.2 Second Layer CT Model Results

The Pearson correlation is 0.97, which means the segment position has a very strong
linear relationship with the CT [9]. As shown in the Fig. 3(b), the slope of the linear
relationship between CT and segment position is — 3.06, which means every time we
check one segment just beneath another, the CT will likely be 3.06 °C lower. The intercept
of the equation is 79.80 °C, which means based on the estimation of the second-layer
model, the CT on the top of the electrolyzer surface will be near 80 °C. And the CT s of
any other segments hindered by obstacles can be derived from this linear relationship.

More importantly, the second-layer CT model provides us with the quantized tem-
perature distribution pattern on the electrolyzer surface, which can be introduced to
examine the thermal uniformity of the electrolyzer design and operation. The slope in
linear regression can describe the significance of the temperature variation of the elec-
trolyzer, and the intercept can predict the maximum temperature on the electrolyzer
surface.
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S5 Conclusion

In summary, this study introduces the DLCT model to deal with two major problems of
AWES dynamic thermal detection, the extraction of characteristic temperatures and hin-
derance of auxiliaries. The first layer employs MGD regression to evaluate the segment
temperature and produces multiple potential CTs. The CT is then selected for each seg-
ment, and fed into the second layer, where linear regression is implemented to provide
quantized distribution pattern.

And the results of the DLCT not only provide global AWES CT, but also quantized
temperature distribution pattern, which will bring in richer dimensions for detecting and
optimizing the dynamic operation of the electrolyzer. As a result, the AWES can be
more comprehensive monitored during dynamic operation, and more guidance can be
gathered with the DLCT for better thermal uniformity.
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Abstract. Ammonia is a crucial hydrogen carrier. This paper explores small-
scale green ammonia production from two-stage sorption-enhanced gasification
of biomass. ASPEN Plus was used to calculate the mass and energy balance of
two novel process designs; configuration (a) employs fractional flue gas recycling
to supply nitrogen for producing carbon-neutral ammonia without air separation,
and configuration (b) uses air separation to produce carbon-negative ammonia by
efficiently capturing CO,. The mass balance shows that the ammonia yield of
configuration (a) is about 5% higher than that of configuration (b). The energy
analysis shows that additional biomass fed to the combustor is the primary energy
penalty in configuration (a), while the primary energy penalty in configuration (b)
is from the electricity consumption by the ASU and CO; compressor. The energy
penalty for configuration (a) is considerably higher than that for configuration
(b); hence, configuration (b) has lower energy consumption.(36.4 GJ/t NH3 vs.
40.2 GJ/t NH3). Overall, configuration (b) is superior to configuration (a) from a
techno-environmental standpoint.

Keywords: Green ammonia - Bioenergy - Carbon capture - Process simulation

1 Introduction

About 27% of the hydrogen produced annually is used for producing ammonia via the
Haber-Bosch process [1]. Ammonia is a vital hydrogen carrier due to its high hydrogen
content(18 wt%) and relatively low energy demand for liquefaction. The maturity and
flexibility of ammonia supply chains are set to make ammonia a key player in low-carbon
economies [2]. Currently, blue or grey hydrogen from coal and natural gas and nitrogen
air separation is used for ammonia synthesis. Hydrogen production accounts for most of
the energy consumed in ammonia plants. Existing ammonia production routes have the
following shortcomings: (i) high carbon footprint, accounting for up to 1.6% of annual
global CO; emissions [3], (ii) rigorous and energy-intensive syngas cleanup to meet the
standards required for the synthesis loop.

Green ammonia from biomass gasification has recently received interest as a pathway
for lowering the carbon footprint. Carbon-negative ammonia can be produced from
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biomass when carbon capture is employed. This study evaluates simplified and efficient
biomass conversion to ammonia using two-stage sorption-enhanced gasification (SEG).
Two processes for small-scale, decentralized ammonia production are analyzed using
ASPEN Plus simulation. One process produces carbon-neutral ammonia, while the other
produces negative-carbon ammonia by capturing CO;.

2 Process Design and Simulation

2.1 Process Design

The proposed process is based on two-stage SEG of biomass. As shown in Fig. 1, the
first stage involves steam gasification of biomass in a fluidized bed gasifier at 650—
750 °C. Then the product gas from the gasifier undergoes sorption-enhanced reforming
at 550-650 °C in an autothermal moving bed reformer with gas-solid countercurrent
contacting. Continuous in situ separation of CO; by CaO (carbonation) in the gasifier and
reformer promotes the WGS, resulting in a hydrogen-rich product gas with > 90%mol
hydrogen(dry basis) [4-6]. CaO also catalyzes tar reforming. The CaCO3 from the
gasifier and reformer is decomposed back to CaO in a fluidized bed combustor using
heat from char and supplementary fuel combustion.

Configuration (a)

Configuration (b) 7>

J—

Fig. 1. Process flow diagrams of ammonia production using two-stage SEG of biomass; con-
figuration (a) carbon-neutral ammonia synthesis; configuration (b) carbon-negative ammonia
synthesis.

Figure 1 shows two routes for ammonia production. In configuration (a), part of the
flue gas (mainly N and COy) is introduced into the moving bed reformer, where CaO
recaptures CO», and the N required for ammonia synthesis is released into the syngas.
The size of the flue gas recycle is adjusted such that H»/Nj is close to 3. Employing a
flue gas recycle to supply nitrogen takes advantage of in-situ carbon capture by CaO to
separate N, and CO», effectively eliminating the need for an air separation unit (ASU).
After compression, methanation and temperature-swing adsorption (TSA) convert and
remove oxygen compounds that can poison ammonia synthesis catalysts. Configuration
(b) uses an ASU to supply nitrogen. Oxygen is used for combustion to capture CO,. After
compression, pressure-swing adsorption (PSA) removes almost all traces to produce pure
hydrogen. The PSA tail gas supplement fuel for the combustor. The low inert content of
syngas lessens the purge size for configuration (b) compared to configuration (a).
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Ammonia synthesis uses a low-pressure loop (82 atm) based on the ICI leading con-
cept for small-scale, modular ammonia production [7]. The purge gas from the synthesis
loop supplements fuel for the combustor in both configurations. Waste heat recovered
throughout the plant generates electricity in a three-stage steam turbine [8]. Steam for
gasification and reforming is drawn after the medium-pressure turbine.

2.2 ASPEN Plus Simulation

This study considered a decentralized small-scale plant processing at least 128 tonnes
per day (t/d) of dried wheat stalks (Table 1). This translates to 24 MWth of fuel fed to the
gasifier. The mass and energy balance of the two designs was calculated using ASPEN
Plus under steady-state conditions. Physical properties and thermodynamic relationships
were calculated using steam tables and the Peng—Robinson equation of state with the
Boston-Mathias modifications (PR-BM).

The operating parameters of each unit operation are shown in Fig. 1. The simulation
used four-stage compressors with inter-stage cooling. The isentropic and mechanical
efficiency of the compressors, pumps and turbines were assumed to be 80% and 95%,
respectively. A 10 °C minimum temperature approach was assumed for all heat exchang-
ers. The hydrogen recovery rate during PSA was assumed to be 85% [9]. Water removal
by TSA is assumed to be 99.99% [10].

Table 1. Composition of wheat stalks biomass (dry basis) [11]

Proximate analysis (wt%) Ultimate analysis (wt%) Heating value
(MJ/kg)
Moisture | Ash | Volatiles | Fixed C H (0] N S LHV |HHV
carbon
6.21 7.61 |73.3 19.09 [45.63 | 544 |40.37 [0.73 |0.22 |16.36 |17.55

3 Results and Discussion

3.1 Mass Balance

The mass balance of the two configurations is summarized in Table 2. The flow rates
and product distribution for the gasifier are identical for both processes. 53.1 t/d (40,545
Nm?/h) of syngas are produced from the gasifier. The product gas composition is com-
parable to pilot-scale results for SEG [12]. The steam fed to the reformer is also equal
due to identical raw syngas compositions. Hence, almost equivalent hydrogen yields are
obtained from both cases. The calcium oxide flow rate of configuration (a) is double that
of configuration (b) due to the additional CO; introduced by recycling 28% of the flue
gas to the reformer. This higher sorbent load for configuration (a) results in a supplemen-
tary fuel demand for the combustor that is nearly six times higher than in configuration
(b). Configuration (a) emits 3.1 tonnes of CO; per tonne of NH3_ while configuration
(b) captures > 99% of the total carbon fed into the process.
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After syngas cleanup, the syngas contains almost no oxygen compounds. Around
380 t/d and 353 t/d of syngas are fed to the synthesis loop of configuration (a) and
(b), respectively. The hydrogen conversion in the synthesis loop is slightly higher for
configuration (b) because of a lower inert content (6.4% vs. 1%). The overall ammonia
yield from configuration (a) is 5% higher than from configuration (b) due to the higher
syngas feed in the former.

Table 2. Mass balance of key unit operations

Unit operation Parameter Configuration (a) Configuration (b)
Gasifier Biomass feed [t/d] 128 128
Steam flow rate [t/d] | 35 35
CaO flow rate [t/d] 132 132
Product gas 75.4% Hj, 14.1% CO, | 75.4% Hj, 14.1% CO,
composition [mol%, |3.4% CO», 6.5% CHg, | 3.4% CO7, 6.5% CHy,
dry basis] 0.4% N» 0.4% N»
Reformer Steam flow rate [t/d] | 69.2 69.2
CaO flow rate [t/d] 242.3 121.1
Product gas 75.1% Hj, 23.8% Ny, |98.4% Hj, 0.3% CO,
composition [mol%, |0.3% CO, 0.3% CO,, |0.3% CO, 0.06% CHy4
dry basis] 0.1% CHy
Combustor Supplementary 29.3 54
biomass fuel [t/d]
Flue gas recycle [%] |27.7 0
Product gas 52.4% No, 45.4% 95.8% CO3, 3.3% N>,
composition [dry COy, 1.3% Oy 0.8% O,
basis]
Specific COpe 3.1 0
emissions [t COp/t
NH3]
Carbon capture rate | 0 99.99
[%]
Ammonia synthesis | Hy conversion each | 18.4 18.8
pass [%]
Purge rate [%] 2 0.1
Ammonia yield [t/d] | 65.6 62.5

3.2 Energy Balance

Table 3 shows the overall energy balance for the two process designs. As seen in the
material balance (Table 2), the supplementary fuel demand for configuration (a) is higher;
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thus, the total biomass input of configuration (a) is about 16% higher than for configu-
ration (b). Meanwhile, the electricity demand for configuration (b) is 40% higher than
for configuration (b). The relatively higher power demand is mainly due to electricity
used in the ASU and CO; compressor. The overall energy input of configuration (a) is
higher than configuration (b).

The energy output in ammonia is higher for configuration (a) due to a higher overall
yield (see Table 2). As shown in Fig. 1, configuration (a) has an extra stream avail-
able for waste heat recovery. Hence, configuration (a) generates more electricity than
configuration (b). It should be noted both processes have a power deficit; 300 kW, for
configuration (a) and 2341 kW, for configuration (b).

The biomass-to-ammonia efficiency of configuration (a) is relatively lower due to
its high biomass requirement. Likewise, the biomass-to-ammonia + power efficiency
of configuration (b) is relatively lower due to its high power demand. Therefore, the
primary energy penalty in configuration (a) is from the combustor, while the primary
energy penalty in configuration (b) is from the air separation and CO, compression.

The efficiency of ammonia production is typically measured by the net energy con-
sumption per tonne of ammonia. As shown in Table 3, configuration (a) consumes 40.2
GJ to produce one tonne of ammonia. Configuration (b) consumes 36.4 GJ per tonne
of ammonia. This indicates that the energy penalty of configuration (a) is higher than
configuration (b). Therefore, better energy efficiency clearly makes configuration (b) the
superior option.

It is worth mentioning that the energy consumption of the two configurations is sig-
nificantly lower than processes based on coal gasification (42 GJ/t NH3), electrolysis (43
GJ/t NH3), biogas reforming (42 GJ/t NH3) and biomass oxy-gasification (58 GJ/t NH3)
[13]. However, the proposed processes remain inferior to modern methane reforming
plants (28 GJ/t NH3).

4 Conclusions

This study used ASPEN Plus to analyze the mass and energy balance of two novel
designs for small-scale green ammonia production using two-stage SEG of biomass.
Configuration (a) uses flue gas recycling to produce carbon-neutral ammonia without air
separation. Configuration (b) uses air separation to produce carbon-negative by capturing
COs.

Results showed that the syngas and ammonia yield of configuration (a) is higher than
configuration (b). Configuration (a) emits 3.1 tonnes of CO, per tonne of NH3 while
configuration (b) captures > 99% of the total carbon fed into the process. The primary
energy penalty in configuration (a) is from additional fuel for sorbent regeneration, while
the primary energy penalty in configuration (b) is from the ASU and CO, compressor.
The energy penalty for configuration (b) is lower than for configuration (a); thus, con-
figuration (b) retains a higher energy efficiency. Therefore, in addition to a lower carbon
footprint, better energy efficiency makes configuration (b) the superior process.
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Table 3. Overall energy balance of the process

Configuration (a) Configuration (b)
Energy input
Biomass input [kWth, LHV basis] 30,182 25,251
Gasifier fuel 24,226 24,226
Combustor supplementary fuel 5956 1025
Electricity input [kWe] 2837 4019
Air compressor 298 -
Water pumps 41 29
ASU - 681
CO; compressor - 964
Syngas compressors 2026 1675
Miscellaneous (20% of total power input) 473 670
Total energy input [kW] 33,019 29,270
Energy output
Ammonia [kWth, LHV basis] 14,122 13,464
Electricity generated [kWe] 2532 1678
Total energy output [kW] 16,655 15,142
Efficiency
Biomass-to-ammonia efficiency [%] 46.8 53.3
Biomass-to-ammonia + power efficiency [%] 45.8 44.1
Energy consumption [GJ/t NH3] 40.2 36.4
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Abstract. In order to enhance the stability of the energy regulation of the
hydrogen-electric hybrid train and reduce the impact on the train bus of the hybrid
system during the energy regulation process, an improved rule-based instanta-
neous power control strategy is proposed, in which the bus voltage is introduced
into the control link to enhance the system stability. The simulation results prove
that the optimized control strategy improves the stability of the high-voltage DC
link of the hybrid system, avoids the high-voltage surging to the super-capacitor
system and the traction system, and extends the service life of the super-capacitor
at the same time.

Keywords: Hydrogen energy - Hybrid - Energy management strategy -
Optimization

1 Introduction

Among many sources of energy, hydrogen is relatively abundant, with high efficiency
in conversion to electricity and only water as the conversion product, which is green and
clean. At present, the capacity of hydrogen fuel cell is about 120 kW, the technology
is relatively mature, and it can achieve the technical breakthrough of 200 kW capacity
in a short time, so the application potential of hydrogen fuel cell in rail transit vehicles
is infinite. Compared with diesel or electrical locomotive, the obvious advantages of
hydrogen-electric hybrid train are as follows, such as no need to set up contact networks,
saving line construction, operation and maintenance costs; green and pollution-free; short
project construction cycle and low fixed investment.

Since the electrical output characteristics of hydrogen fuel cells are relatively "soft"
and the demand power response is slow, the design of rail vehicles requires the use
of super-capacitors or lithium-ion batteries to provide transient response energy for
trains and to recover the braking energy generated under train braking conditions [1,
2]. Since trains are equipped with multiple energy sources to power the trains, unified
energy management and energy distribution for different energy sources are required to
ensure safe and stable operation of the vehicles. For multi-energy coupled power supply
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technology, scholars at home and abroad have conducted a lot of research work. In the
paper [3], the frequency of hydrogen consumption and power fluctuation of the hydrogen
fuel cell is used as a reference in the control strategy, and a power-following control
strategy is used to optimize the control of the fluctuation rate. In the paper [4], the control
strategy of the state machine is optimized and a voltage equalization algorithm is used so
that the train can guarantee the discharge equalization of the non-functional power supply
under different operating conditions. Other scholars have proposed different optimal
management control strategies in order to improve the economic effect of the power
system, and the papers [5, 6] proposed an optimal control strategy with the minimum
hydrogen consumption as the control objective, which can improve the efficiency of the
power supply system and thus reduce the cost of hydrogen refueling. In the paper [7],
an optimal control strategy based on dynamic planning was proposed, which is able
to achieve coordinated control of the hybrid power system. Although scholars at home
and abroad have proposed numerous optimal control strategies, the control strategies
are relatively complex and not conducive to engineering practice, while a large number
of optimal control strategies are based on optimization under fixed working conditions,
without taking into account the complexity of the actual operating conditions of rail
vehicles, and therefore do not have the feasibility of practical engineering applications.

In this paper, the rule-based instantaneous power control strategy is widely used as
the benchmark of the whole vehicle energy management control strategy, and according
to the problems encountered in the process of engineering practice, the control strategy is
optimized, and an improved rule-based instantaneous power control strategy is proposed,
which reduces the high-voltage impact on the super-capacitor system and traction system
during the power regulation of the train, and helps to enhance the system stability and
reduce the failure rate of the high-voltage system.

2 Train Configuration and Operation Mode

2.1 Train Configuration

In a typical series hybrid system, there shall be two or more power sources, including
one energy storage system (ESS), and the traction equipment (TE) which serves as the
primary power sink. The system may contain a secondary energy consuming device, such
as a braking resistor (BR), in case the power system cannot fully recover or partially
recover the energy regenerated by the traction system during regenerative braking. These
subsystems shall be electrically connected to enable the exchange of energy between
them. In addition to these main circuit subsystems, a series hybrid system may have
one or more auxiliary power supplies (APS). The auxiliary loads have a large impact
on energy consumption and should be considered if the APS is connected to the main
circuit.

Figure 1 shows an example block diagram of the series hybrid system, which has
four main subsystems, i.e. one main primary power source (PPS) with a hydrogen fuel
cell as the main energy source, one energy storage system (ESS) with a super-capacitor
as the auxiliary power source, a traction unit (TE), and an auxiliary equipment (Aux).

Key
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Fig. 1. Block diagram of a series hybrid system

Ppps Power of primary power source (PPS)
Prg  Power of traction equipment (TE)
Prss Power of energy storage system (ESS)
Pgr Power of brake resistor (BR)

Paux Power of auxiliaries (AUX).

2.2 Major Operation Mode

In Fig. 1, when the train is in operation, there can be power flows in the power supply
system for four main subsystems, namely

(a) between the PPS and the electrical link, denoted as Pppg in Fig. 1.

(b) between the ESS and the electrical link, denoted as Pggss in Fig. 1.

(c) between the electric link and the traction equipment, denoted as Ptg in Fig. 1.
(d) between the electrical link and the Aux, denoted as Payx in Fig. 1.

Among these:

(b) and (c¢) are bidirectional and their values Pgss and Ptg can both be positive and

negative;
(a) is unidirectional and its value Pppg can only be positive;
(d) is also unidirectional, but unlike (a), its value Payx is always positive and

non-zero when the system is running.

In Fig. 1, the possible symbols of these variables (+, 0 and —) and the corresponding
directions are also marked. Note that the directions are defined so that the power flow
from the power subsystem to the electrical link and from the electrical link to the power
subsystem becomes positive, e.g. when the hybrid vehicle is accelerated with electrical
energy from the PPS or ESS.

Using these symbols, the major modes of operation of the system can be classified
according to the symbols of these variables, as shown in Table 1.
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Among the modes shown in Table 1, Mode II (pure power source) is a power supply
mode in which the PPS provides all the power required by the traction equipment.
Similarly, Mode VI (idling) is a mode in which the PPS provides all the power required
by the auxiliary equipment when the power required by the traction equipment is zero. In
addition, Mode VII (sliding) is a mode in which the PPS and ESS provide all the power
required by the auxiliary equipment when the power required by the traction equipment
is zero. The train charges the ESS in Modes I (supplementary charging during motoring),
IV (Power source charging ESS) and V (supplementary charging during braking).

Table 1. Major operating modes of the series hybrid system

Mode Ppps PEgss PTE Paux Description

I + - + + Supplementary charging during motoring
II + + + Pure power source

I + + + + Boosting

v + - 0 + Power source charging ESS

\Y + - - + Supplementary charging during braking
VI + 0 + Idling

VII + + + Sliding

3 Energy Management Control Strategy Determination
and Optimization

3.1 Proposal of Energy Management Control Strategy

In a typical series hybrid system, the control strategy generally uses a thermostat-based
control strategy and a power-following-based control strategy. In the thermostat-based
control strategy, the SOC limits of the super-capacitor need to be set according to the
train operating conditions. In the case of super-capacitor discharging condition and the
SOC value is lower than the pre-set lower limit, the output power of hydrogen fuel
cell is adjusted to provide energy for the train and charge the super-capacitor; in the
case of super-capacitor charging condition and the SOC value is higher than the pre-set
upper limit, the output power of hydrogen fuel cell is adjusted to standby power and
the super-capacitor and hydrogen fuel cell jointly provide energy for the train. Under
this control strategy, the hydrogen fuel cell can be operated in the optimal working area
for a long time and the consumption of hydrogen fuel can be reduced. However, the
super-capacitor is frequently charged and discharged, which shortens the service life of
the super-capacitor. In the power following-based control strategy, the operating state
of the hydrogen fuel cell is adjusted according to the SOC of the super-capacitor and
the power demand of the train. When the super-capacitor is full and there is no power
demand of train, the hydrogen fuel cell runs in standby mode and provides the minimum
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power output for the train; when the super-capacitor is hungry and there is power demand
of train, the hydrogen fuel cell outputs power according to the demand and the power
value is adjusted with the demand of train. Under such control strategy, the cycles of
super-capacitor charging and discharging are reduced, which helps to extend the service
life of super-capacitor, but the output power of hydrogen fuel cell fluctuates more and
damages the fuel cell more.

The rule-based instantaneous power control strategy combines the advantages and
disadvantages of the above two control strategies to realize the control of the super-
capacitor SOC and the proper regulation of the hydrogen fuel cell output power to
ensure the efficiency of the hydrogen fuel cell. This control strategy can make use
of the fast response characteristic of super-capacitor energy output and alleviate the
dynamic response requirement of hydrogen fuel cell power output. However, this control
strategy is a switching control strategy based on a given threshold value. Under the
extreme operating conditions of the train, such as when the super-capacitor is close to
the discharge cutoff zone or the charging cutoff zone, the switching control strategy
will cause a step change in the traction or electric braking load of the train, which will
cause a shock to the high-voltage power supply system of the train. To address this
problem, this paper proposes an optimized control strategy and introduces a bus voltage
control strategy to realize the regulation of bus voltage, so as to avoid the high bus
voltage caused by load fluctuation or other extreme operating conditions, which will
impact on the hydrogen fuel cell and traction system and prolong the service life of the
super-capacitor system.

3.2 Optimization of Energy Management Control Strategies

The main factors affecting the energy distribution of super-capacitor and hydrogen fuel
cell in the hybrid system are the power demand of the train, such as the traction power,
regenerative braking power and auxiliary power supply of the train, and the SOC of the
super-capacitor (characterized by the voltage of the super-capacitor in this project), and
the bus voltage control link is introduced in the energy management control strategy
to enhance the stability of the system. This summary is presented in two aspects of
super-capacitor’s operating area division and rule-based optimization of transient power
control strategy.

(1) Super-capacitor working area division

According to the output characteristics of the hybrid super-capacitor, the output voltage
stability is relatively poor when the SOC of the super-capacitor is too higher or too lower,
and the service life of the cell is seriously affected. In order to improve the smoothness of
the power system during the train operation, avoid the over-charging or over-discharging
condition of super-capacitor, and prolong the service life of super-capacitor, the working
interval of super-capacitor is divided. According to the train operating conditions, the
super-capacitor charging and discharging intervals are divided into five parts, namely,
discharge reserve area, traction discharge area, SOC maintenance area, brake recovery
area and charging reserve area, and the corresponding super-capacitor voltage judgment
thresholds are set according to these five intervals for the energy management control
strategy, details of which are shown in Fig. 2 and Table 2.
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Fig. 2. The division of super-capacitor SOC working area
Table 2. The parameter description of voltage

Symbols Description
Vdis_lim Discharging limit voltage
Vira_lim Allowable traction voltage
Vmid Operating median voltage
Vbrk_lim Upper limit voltage of hydrogen fuel cell charging
Vchg_lim Charging limit voltage

In order to fully protect the super-capacitor and provide backup energy for emergency
train traction, 20% SOC of the super-capacitor is reserved for this function. If the super-
capacitor voltage is lower than Vi, jim in non-traction conditions, the hydrogen fuel
cell must be activated to charge the super-capacitor to ensure the traction demand of the
train. In the electric braking condition, the super-capacitor needs to absorb the braking
energy and ensure that the super-capacitor will not be overcharged, so it is necessary to
set the upper limit of hydrogen fuel cell charging voltage Vik_1im and the upper limit of
charging voltage Vchg fim-

(2) Control strategy optimization

According to the vehicle operating conditions, such as stopping, idling, starting accel-
eration, traction and braking conditions, and combined with the real-time voltage of the
super-capacitor, the rules of the output power Pg. of the hydrogen fuel cell were formu-
lated according to the demand power of the train, as detailed in Table 3, where Py is the
power consumed by the train, V. is the voltage of the super-capacitor, P,y is the power
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consumed by the train auxiliary equipment, Pr; max is the maximum power output by
the hydrogen fuel cell, and Pg. i, is the minimum power output by the hydrogen fuel
cell.

The hydrogen fuel cell outputs power according to the above rule-based control
strategy. If there is a sudden jump in the train power demand, the hydrogen fuel cell
cannot change the output power, it will cause a sudden rise in the train high-voltage bus,
which will endanger the super-capacitor system and the train traction system. Therefore,
a bus voltage controller is introduced in the train energy management control strategy to
stabilize the train bus voltage within the target voltage DC1450-DC1950 V to ensure the
safe operation of the vehicle. The equivalent control structure diagram of the optimized
rule-based instantaneous power control strategy is shown in Fig. 3, where Vg, is the
hydrogen fuel cell output voltage, If, is the hydrogen fuel cell output reference current,
and I is the hydrogen fuel cell output current output by the controller. From the figure,
it can be seen that two compensation loops are introduced in the control link, which
are PI control compensation based on the lower limit voltage DC1475 V as the target
and PI control compensation based on the upper limit voltage DC1925 V as the target,
and after this compensation, the bus voltage can be effectively controlled in the range
of DC1450-DC1950 V.

4 Simulation Verification

Matlab/Simulink simulations were performed to verify the proposed improved rule-
based instantaneous power control strategy, and the key parameters involved in the
simulations are shown in Table 4. To verify the effect of load fluctuation on the bus volt-
age, the pre-optimized and post-optimized control strategies were compared by abruptly
removing traction at 70 s to simulate the effect of power fluctuation on the bus voltage.
From Fig. 4, it can be seen that the peak bus voltage fluctuation after optimization is
1947 V, which does not exceed the upper bus voltage limit, but the bus voltage before
optimization is nearly 2000 V, which far exceeds the upper bus voltage limit.

5 Summary and Prospect

The improved rule-based transient power control strategy proposed in this paper has
significant effects on improving the train bus voltage stability and avoiding the shocks
to the components. It can help to improve the stability of train operation, reduce the
impact on the component life and reliability because of the voltage jumping, and reduce
the operation and maintenance cost.

In view of the rule-based control strategy in the rail vehicles, there are still problems
such as low conversion efficiency of hydrogen fuel cell, frequent charging and discharg-
ing of power battery, etc. It is necessary to optimize the control strategy in the future to
enhance energy utilization and extend the service life of components.
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Table 4. Key parameters
Symbols Value Symbols Value
Vdis_lim 1602 V Vchg_lim 1917 Vv
Vira_lim 1717V Vork_lim 1894 V
Vmid 1765V Paux 202 kW
Pte max 800 kW Pt min 80 kW
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Abstract. As one of the many energy alternatives, the interest in hydrogen-
powered rail transport is gradually increasing worldwide, and some railway vehi-
cles powered by hydrogen are currently in operation or undergoing experimental
projects. However, due to the unsafe and unstable nature of hydrogen energy,
hydrogen has potential leakage and explosion hazards in all rail transport appli-
cations. This paper summarizes the main application technologies of hydrogen
safety in light of the research progress and unsafe factors in the process in the field
of hydrogen-powered rail transport in various countries, at the same time clarifies
the development challenges and difficulties of hydrogen-powered rail transport in
the future, and makes suggestions for the development of hydrogen-powered rail
transport safety in China.

Keywords: Hydrogen-powered rail transport risk - Hydrogen safety
technology - Hydrogen-powered rail transport challenges

1 Introduction

After the signing of the Paris Agreement in 2016, countries all over the world have
started looking for a new type of energy that can replace traditional fossil fuels. Hydro-
gen energy is gradually favored by countries for its advantages of zero carbon emission,
non-toxicity and high energy density. With the maturity of the technology, hydrogen
energy is developing rapidly and gradually applied to passenger cars, subways and
trams, becoming an important part of the urban transportation network. In the rail trans-
port industry, hydrogen-powered vehicles are involved with the operation of hydrogen
refueling, hydrogen storage and hydrogen reaction, which may lead to accidents such
as hydrogen leakage and explosion. That raises more requirements on the engineering
process and the safety measures. Therefore, how to apply hydrogen energy safely, stably
and efficiently in the rail transport industry has become a key and difficult point for all
countries today.

2 The Exploration of Hydrogen-Powered Rail Transport

More than 10 countries are implementing or planning to implement hydrogen-powered
rail vehicles to date [1] and the first delivery peak of hydrogen-powered rail vehicles is
expected to be in 2025.
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The U.S. signed a related agreement in 2020 and expects to deliver the country’s
first commercial hydrogen-powered passenger train (Flirt H2) in 2023 and officially
put it into service in 2024. The Korea Railway Research Institute announced on April
20, 2021 that it is researching on a 150 km/h liquid hydrogen-powered train with a
maximum range expected to be 1.6 times that of the 700 bar gaseous hydrogen-powered
trains. And the time required to refill with liquid hydrogen is expected to be 20% less
than gaseous hydrogen, and the research is expected to continue until 2025. Germany
was the first country in the world to put hydrogen-powered trains into commercial use,
and has worked with Alstom on hydrogen fuel cell trains several times in recent years,
with the first fleet of 14 iLINTSs going into regular operation in Germany by the end of
2022. The first hydrogen-powered test train of Japan, the Hybari, was jointly developed
by JR East, Hitachi Ltd. Toyota Motor Corp and unveiled in 2022. The train is scheduled
to enter service in 2030 (Figs. 1 and 2).

Fig. 2. Japanese “Hybari” train

By the end of 2022, the first hydrogen-powered locomotive jointly developed by
Southwest Jiaotong University and CRRC Datong has exceeded 20,000 kilometers of
safe operation, saving about 110 tons of fuel consumption and reducing carbon emissions
by about 350 tons. In Guangdong, Foshan Gaoming tram, the first hydrogen -powered
railway system in China has been operated commercially since 2019, and the train can
travel 100 km when fully filled with hydrogen. The first hydrogen-powered regional
express vehicle in the world was released by the end of 2022, which can achieve a long
range of 600 km (Figs. 3 and 4).
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Fig. 3. The first hydrogen-powered locomotive

Fig. 4. The world’s first hydrogen-powered regional express vehicle

3 Safety Risks of Hydrogen in Rail Transport

3.1 Failure of On-board Hydrogen Energy Devices

For on-board hydrogen storage, hydrogen needs to be compressed, liquefied or materi-
ally combined to achieve higher energy density [2]. Compared to conventional diesel,
hydrogen shows significantly lower volumetric and mass energy density at the stor-
age system level, which severely limits the operation distance as well as the refueling
process of the vehicle. During the refueling process, the rapid filling of hydrogen can
lead to a rapid temperature increase in the hydrogen storage tank, and since the lateral
stretching of the hydrogen storage tank can be significantly affected by temperature
changes, the tank may fail under excessive pressure, thus triggering hydrogen leakage.
Hydrogen storage tanks are also susceptible to accidents caused by human handling,
material problems, etc. When hydrogen storage tanks are mixed with other gases, there
is a risk of explosion due to dangerous chemical reactions under certain conditions. At
the same time, hydrogen storage tanks have to face the problem of compatibility between
hydrogen and its materials [3]. The phenomenon of “hydrogen embrittlement” threatens
the material safety of certain equipment working in hydrogen environment for a long
time, and the deterioration of metallic materials can be a serious threat to the safety of
hydrogen systems.
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3.2 Lack of Safety Regulations for Hydrogen Vehicles

There are no applicable regulations and standards for on-board hydrogen storage of rail
transport. Although most hazardous accidents can be controlled by combining exist-
ing regulations in other hydrogen applications with existing rail-specific standards, the
hydrogen technology standardization system of China suffers from a low number of
industry standards, weak dominance of hydrogen industry consortia in industry stan-
dard development, and low coverage of some technology categories [3]. An acceptable
level of residual risk must be reached to solve the residual risk. China has not yet formed
a comprehensive risk evaluation system for hydrogen energy systems and mastered the
identification method of major hazards related to hydrogen energy infrastructure in the
field of hydrogen-powered rail transport, and at the same time has not established effec-
tive measures to deal with hydrogen-powered vehicle accidents and emergency safety
response mechanisms [4].

In terms of the quality of hydrogen vehicle-related components, China’s hydrogen
safety quality evaluation system still needs to be improved, and there is still a lack of
authoritative and commonly recognized third-party hydrogen safety testing and research
center. At the same time, the capacity of safety testing, measurement and certification
of relevant departments needs to be improved.

3.3 Inadequate Hydrogen Fire Prevention and Control Technology in Tunnels

Generally speaking, most of the hydrogen storage systems of railway vehicles are
installed on the roof or in the engine room, and once the hydrogen fuel cell leaks in
the open space, the released hydrogen gas will quickly dissipate upward by virtue of its
small density and strong diffusivity, and cannot accumulate. However, in such a narrow
and restricted space as tunnel, hydrogen gas is very easy to accumulate above the train,
and due to the dangerous nature of hydrogen gas such as low ignition energy, flammable
and explosive, the accumulation of hydrogen gas is more likely to cause combustion
to form a jet fire or explosion. At the same time, the wind speed and direction inside
the tunnel as well as the location of hydrogen leakage inside the tunnel also affect the
diffusion process of hydrogen leakage [5].

In the event of a hydrogen ignition in a tunnel, the formation of a jet fire can quickly
pyrolyze the surface materials or parts of the train, spreading smoke and flames through
the cars and tunnel, resulting in reduced visibility, difficult evacuation, and even fatal
poisoning of personnel. In addition to the ventilation conditions, the flammability and
thermal response time of the interior materials and the mass of combustible materials,
which are the main factors affecting the heat release rate of a train, the geometry of the
tunnel entrance can also have an impact [6].

4 Hydrogen-Powered Rail Transport Safety Technology

4.1 On-board Hydrogen Safety Technology

Many researches have conducted to reduce the safety risks associated with the oper-
ation of hydrogen-powered vehicles in different aspects. Hydrail has made significant
progress in passenger rail by deploying a highly visible demonstration system to monitor
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the real-time status of fuel cells. China Railway Siyuan Survey and Design Group Co.,
Ltd. Has released a hydrogen-powered tram hydrogen power system temperature moni-
toring device [7], which will cool down and extinguish fire when abnormal temperature
or open flame source is monitored and alarm occurs simultaneously, thus solving the
problem of hydrogen-powered tram power system temperature rise and spark genera-
tion, which threatens the safety of hydrogen power system. For the problem of hydrogen
leakage when the hydrogen-powered trams are parked in the depot, the hydrogen leakage
monitoring and elimination system of hydrogen-powered tram depot [8] can automati-
cally turn on the exhaust fan to discharge the hydrogen out of the depot, thus saving time
for emergency treatment and greatly reducing the possibility of danger. Qingdao CRRC
Sifang Rolling Stock Co., Ltd. Has invented a rail vehicle hydrogen energy equipment
installation device [9], which enables the ready assembly and disassembly of facilities
and equipment through modular design, and at the same time can be adjusted in size
according to hydrogen energy equipment or similar products to meet the needs of dif-
ferent specifications of products, and uses cylindrical pressure cylinders to reduce the
storage capacity under consideration of additional installation space such as pipes and
shells.

4.2 Related Hydrogen Safety Standards

In recent years, the government of China has paid more attention to renewable energy,
which aims to ensure safe production and application, and encourages all parties to
pay attention to the production, storage and transportation processes and firefighting
needs of hydrogen-powered vehicles. In terms of hydrogen refueling process and safety
management of hydrogen-powered vehicles, temporary hydrogen refueling equipment
configuration, temporary hydrogen refueling process, safety measures for hydrogen refu-
eling operation and emergency treatment plan for hydrogen trains have been focused
and effectively discussed [10], which provides partial reference for the hydrogen energy
industry. Regional quantitative risk evaluation software is also gradually developed and
recognized by many domestic safety evaluation agencies, gradually realizing that safety
of hydrogen-powered vehicles can be measured, prevented and followed. Zhang Feng
et al. [11] put forward requirements for hydrogen-related area management, hydro-
gen storage module safety design of trams and hydrogen storage module maintenance
requirements in the safety design and maintenance management of hydrogen—powered
trams, and elaborated the application practice of hydrogen-related component overhaul
and maintenance of hydrogen energy trams, which provides action guidelines for sub-
sequent operation and management. At present, relevant safety technical specification
documents of hydrogen refueling stations have been released, in which further require-
ments are unified for technical requirements of hydrogen storage pressure vessel, safety
assurance during transportation and hydrogen risk identification.

4.3 Tunnel Hydrogen Explosion Prevention and Control

The researchers analyzed the consequences and causes of railway tunnel fire safety
accidents around the world by establishing relevant mathematical and physical models
[12—-18], studied the development of railway tunnel fire laws in more depth, and proposed
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numerous measures to help reduce railway tunnel fire safety accidents and reduce the
scale of train fires in tunnels, in order to further improve the level of safety operation
inside railway tunnels and ensure the smooth operation of hydrogen-powered vehicles
after entering the tunnels. These include the application of flame retardant technology,
the use of partially non-combustible materials on the surface of the train, strict control of
the size of the natural wind speed in the tunnel, the lowest possible number of open train
doors and windows when meeting the requirements for personnel escape, and ensuring
that the spacing between firefighting facilities in the tunnel meets the standards. In
recent years, with the development of the Internet of Things, domestic and international
institutions are currently developing an integrated information platform for fire safety
and disaster mitigation and relief in tunnels [6], which mainly covers fire prediction
and alarm system, tunnel fire intelligent consultation system, fire management system
and safety emergency response system, etc. Under the normal working environment,
each system automatically adjusts its working status through dynamic monitoring and
real-time monitoring, etc. The system is designed to meet the requirements of tunnel fire
safety and disaster mitigation and relief in a modern, informative and intelligent way
[19, 20].

5 China’s Hydrogen-Powered Rail Transport Challenges

5.1 On-board Hydrogen Device Research Needs to be More In-depth

Several challenges remain in using hydrogen fuel cells to power railway vehicles, and the
safety of the hydrogen storage tank determines the level of risk for hydrogen-powered
vehicles and becomes the basis for achieving smooth operation of hydrogen trains.
Although it is technically possible to reduce the storage space required for hydrogen
by compressing the hydrogen to high pressure, however, the mechanisms of hydrogen
spontaneous combustion, flame acceleration and ignition-detonation transition are still
unclear, there is a lack of test data on materials under the operating environment of
hydrogen-powered vehicles over a long period of time, and the validity and applicability
of risk assessment models still need to be further tested, all of which are technical
challenges limiting the rapid development of hydrogen-powered rail transport.

5.2 Hydrogen Safety Regulations Need to be Improved

The technical standards and safety regulations related to hydrogen energy are not yet
perfected and unified. According to statistics, the number of hydrogen energy-related
standards in China is more than the sum of European, American and Japanese hydrogen
energy standards, but they fail to effectively support industrial development, and there
is still a cross-regional information gap.

5.3 Hydrogen Rail Accident Rescue Technology Still Needs to be Improved

Although numerous analytical studies have been conducted previously to evaluate the
operational risk of vehicles in special transportation scenarios such as tunnels, ports and
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high altitude areas, there is still a lack of data and experience in the field of hydrogen-
powered rail transport to quantify the risk, and it is difficult to summarize the specific
laws for the possible fire hazards. For different types of vehicles entering the tunnel, the
level of tunnel operation management in China needs to be improved, and the emergency
rescue countermeasures corresponding to the safety level of fire prevention in the tunnel
still need to be unified.

6 Conclusion

Hydrogen energy is regarded as the second most important secondary energy source
after electricity in the future by many countries, and it will occupy a large proportion
in the transportation field. In the future, China still needs to strengthen the research on
the safety technology of hydrogen energy infrastructure equipment operation, improve
the accuracy of relevant risk assessment methods, accurately identify the major sources
of danger in the abnormal operation of hydrogen-powered rail vehicles, form a mature
risk response system for special transportation scenarios, and establish a rapid response
mechanism. At the same time, we should further improve the hydrogen safety quality
system in China, set up a professional research center for hydrogen equipment, strictly
control all the industry chains involved with the domestic production and import and
export of hydrogen equipment, accelerate the development of relevant standards, and
form a standard on which the hydrogen-powered rail industry chain can jointly rely.
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Abstract. China attaches great importance to the development of hydrogen
energy and fuel cell industry, and a series of industrial policies and relevant national
departments have repeatedly mentioned the direction of industrial development.
This paper comprehensively sorts out and analyzes the relevant domestic and
foreign standards focusing on fuel cell system for vehicle use, suggest that the
standard system construction of them should center on key components and per-
formance indicators, and establishes a four-level system from performance indica-
tors to components. On several key performance indicators that restrict the large-
scale industrialization of fuel cell vehicles, the entire industry should strengthen
research.

Keywords: Hydrogen energy - Fuel cell - Standards

1 Introduction

Hydrogen energy and hydrogen fuel cell are an important way to realize clean energy
utilization and optimize the energy consumption structure in China. Hydrogen energy
has characteristics and advantages such as diverse sources, large-scale stable storage,
transportation and utilization, rapid replenishment, etc. It can be widely used in many
fields, such as transportation, industrial production, domestic life and aerospace, etc. The
development of hydrogen energy technology is an important way to realize the clean
energy utilization.

As an important application scenario of it in transportation, hydrogen fuel cell vehi-
cles are an important direction for transforming and upgrading the electric power system
of vehicles worldwide. Hydrogen fuel cell vehicles have the advantages of “zero emis-
sion” during the use phase, efficient energy utilization, long driving range and short
refueling time, etc. If renewable energy is used to produce hydrogen, fuel cell vehicles
can even achieve zero emissions throughout their life cycle.
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In 2020, the Chinese Society of Automotive Engineers published Technology
Roadmap for Energy Saving and New Energy Vehicles 2.0, which covers the hydro-
gen energy system supply chain and the key system technology chain of the vehicle for
hydrogen fuel cell vehicles [1].

Based on the classification of this roadmap, this paper focuses on the standard system
of fuel cell systems for vehicles. Section 2 of this paper presents the guiding measures
of national and local policies on the standard system of fuel cell system. Section 3
presents the paper’s hierarchical classification of current standards for automotive fuel
cell systems. Section 4 presents statistical information and a brief analysis of the cur-
rent national, local, group and international standards on automotive fuel cell systems.
Section 5 gives the conclusion and outlook for the future.

2 National and Local Policy Guidance on Fuel Cell System
Standards

2.1 Purpose and Importance of Investigating Fuel Cell System Standards

In the past, the lack of an industry standard system was considered to be one of the
obstacles to the rapid development of the hydrogen energy and fuel cell industry. China
attaches great importance to the development of them, and a series of industrial policies
as well as many mentions by relevant state departments have clearly defined the direction
of industrial development. In 2019, hydrogen energy was included in the State Council’s
“Government Work Report” for the first time. In the same year, Ministry of Industry and
Information Technology summarized work essentials of new energy vehicle standard-
ization of 2019 which clearly included five key research areas, such as fuel cell electric
vehicles [2].

With the introduction of a large deal of industrial standards in recent years, the
domestic industrial standardization system is being rapidly established, but there are
still a large number of sub-discipline areas with standard vacancies. At this stage, the
requirements of national standards are becoming stricter and stricter, mainly applied
to basic safety and major project support, while local and industry are encouraged to
actively participate in the subdivision standard clauses.

Standardization is the feedback of science and technology and the accumulation of
experience, and the process of “development-implementation-revision” of a standard
is the process of “innovation-application-re-innovation” of science and technology. If a
country wants to promote technological progress and the rapid and standardized develop-
ment of a certain industry, it will certainly actively promote the development of relevant
standards to guide society to rationally allocate the resources invested in this industry.
If enterprises hope to win, they must use technical standards as a means to enhance the
ability of enterprises to compete in the industrial market.

2.2 National Policy Guidelines for Fuel Cell System Standards

The National Development and Reform Commission pointed out in the mid-term and
long-term plan for the development of the hydrogen energy industry (2021-2035): “A
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perfect standard system for the hydrogen energy industry should be established. Lead-
ing enterprises are encouraged to actively participate in the development of various
standards, and conditional social groups are supported to develop and publish relevant
standards” [3]. In 2020, the Ministry of Finance, together with other four ministries,
issued a notice on demonstration and application of fuel cell vehicles. In this notice,
they proposed that, given the current situation of industrial development, incentives will
be given to eligible city clusters to carry out the industrialization of fuel cell vehicle key
core technologies and demonstration applications, forming a new model of fuel cell vehi-
cle development with reasonable layout, focus and synergy. The notice emphasized that
in the demonstration content to promote the establishment and perfection of hydrogen
fuel cell vehicle-related technical indicator system and testing and evaluation standards,
and continuously improve the technical level of the industrial chain and product safety
and reliability [4].

3 Local Government Planning for Fuel Cell System Standards

Guangdong Province’s planning for fuel cell system standards

Guangdong Province has been a key region in China’s hydrogen energy industry, and in
September 2021, the Ministry of Finance, with other four ministries, officially approved
Guangdong fuel cell vehicle demonstration city cluster as the first demonstration city
cluster [5].

In August 2022, Guangdong Provincial Development and Reform Commission
issued an action plan accelerating construction of fuel cell vehicle demonstration city
cluster for next four years. In this plan, it specified that they would support quality
metrology supervision and testing institutions and relevant testing enterprises to estab-
lish professional standard research platforms for fuel cell vehicles. They would support
leading enterprises, universities and research institutes to jointly develop technical stan-
dards for inspection and testing of key components of fuel cell vehicles and improve
professional testing capabilities [6].

As early as September 2020, Guangdong Provincial Development and Reform Com-
mission and other four institutions released Guangdong Provincial Hydrogen Fuel Cell
Vehicle Standard System and Planning Roadmap (2020-2024). This is the first clearly
proposed and comprehensive provincial-level hydrogen fuel cell vehicle standard and
technology system plan in China. The roadmap comprehensively summarizes the exist-
ing standards related to hydrogen fuel cells at home and abroad, compiles the framework
of the hydrogen fuel cell industry standard system, and puts forward the recommenda-
tions for the creation and revision of key standards and the standardization roadmap for
the hydrogen fuel cell industry [7].

This standard system framework sorts and classifies national, industry, local, and
group standards at all levels, and collects 127 national standards, 11 industry standards,
2 local standards, 3 group standards, and 94 standards to be developed for hydrogen
fuel cell vehicles. As for the current standard system, the standards for storage and
transportation, fuel cell system and vehicle application are relatively perfect, while the



Research of Standard System on Fuel Cell Systems 111

standards for foundation and management, preparation and refilling are relatively lack-
ing. However, there are not many standards for automotive fuel cell systems and their
subdivisions.

Beijing’s Planning for Fuel Cell System Standards

In August 2021, the Ministry of Finance and other four ministries jointly approved the
Beijing-Tianjin-Hebei hydrogen fuel cell vehicle demonstration city cluster under the
leadership of Beijing [8]. In November 2022, Beijing Municipal Bureau of Economy
and Information Technology and the Bureau of Market Regulation released Beijing Fuel
Cell Vehicle Standard System, in which the existing standards were sorted out according
to the whole industrial chain and various links of fuel cell vehicles, a total of 151 items.

The standard system considers the requirements of fuel cell vehicle demonstration
application and the needs of industrial development, and builds the standard system
with the whole vehicle and key components as the core. Considering that the fuel cell
system is the power center of fuel cell vehicles, the standard system chooses to subdivide
under the first-level catalog of key components to further accelerate the research and
application of new technologies.

Compared with the hydrogen fuel cell system standard system developed in Guang-
dong Province, this standard system clearly states that the standards related to the three
main auxiliary systems of the fuel cell system, namely the hydrogen supply system, the
air supply system and the thermal management system, should also be included in the
construction of the standard system [9]. However, this standard system does not continue
to subdivide the automotive fuel cell system downward according to the system-auxiliary
system hierarchy.

3.1 A Four-Level Classification of Fuel Cell System Standards in This Paper

The above information shows that both national and local policies clearly point out that
the construction of a standard system of automotive fuel cell system is a necessary ele-
ment for the establishment of fuel cell vehicle industrialization. The standard system of
automotive fuel cell system should land on key components and performance indica-
tors. On this basis, the classification of the standard level of fuel cell system should be
clarified. Only then can the outline of the standard system be verified, the gaps be filled,
and the required standards be prepared or revised in a targeted manner.

In the development process, the industry usually classifies fuel cells according to the
three-level structure of system, auxiliary system and components, and carries out the
corresponding design development work. Therefore, the three major auxiliary systems
of fuel cell systems should not be neglected in the development of standards. After
research, there are indeed relevant standards for all three layers.

Meanwhile, the national industrial policy has set clear performance indicator require-
ments for both the fuel cell system and its major components. Although performance
indicators can be further subdivided as a separate classification dimension, such as envi-
ronmental adaptability, safety, and durability. However, these performance indicators
are too abstract, and in practice they are realized through different levels of the fuel
cell system, and it is not conducive to establishing a connection with key components
if the performance indicators are singled out as the main level. Therefore, in this paper,
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standards for automotive fuel cell systems are divided into four levels: performance
indicators, systems, subsystems, and components.

In terms of standard types, standards for fuel cell systems can generally be divided
into two categories: technical conditions and test methods. In the past, when some
standards were prepared, some products with simpler principles and structures or more
mature industrial development were prepared by combining technical conditions and
test methods. However, the fuel cell system industry is still in the cultivation stage, and
the technical routes of various products have not yet been completed. Therefore, this
paper still divides the types of standards for automotive fuel cell systems into these two
categories.

4 Domestic and Foreign Related Standards Statistics and Brief
Analysis

4.1 Relevant National Standards Statistics and brief Analysis

The search yielded a total of fourteen existing national standards related to automotive
fuel cell systems, as shown in Fig. 1 and eight of them are in the type of technical
conditions, and six are in the type of test methods. There are nine standards at the system
level, no standards at the subsystem or component level, and five standards related to
performance indicators. There are also some standards under preparation, see Fig. 2.

0,0%- 0,0%

5,36%

8,57%

® Technical condition @ Testmethod = Design method =System = Performance Indicator = Subsystem = Component

Fig. 1. Current national standards of fuel cell systems for vehicles

_—3,37%

= Technical condition = Testmethod = Design method = System = Performance Indicator = Subsystem = Component

Fig. 2. National standards in preparation of fuel cell systems for vehicles

From the above information, the national standard mainly focuses on system-level
standards and does not include key components. In terms of performance indicators,
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the national standard is mainly concerned with environmental adaptability, safety, and
durability.

4.2 Relevant Local Standards Statistics and Brief Analysis

Among the existing local standards, there are four standards related to automotive fuel
cell systems, as shown in Fig. 3. Three of them are in the technical condition type and
one is in the test method type. There is one system-level standard, one component-
level standard, and two standards related to performance indicators. Local standards are
also mainly concerned with safety and durability two performance indicators, and local
standards have a strong access nature, so more attention to the technical conditions of
the standards.
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Fig. 3. Current local standards of fuel cell systems for vehicles

4.3 Relevant Group Standards Statistics and Brief Analysis

There are twenty-three group standards related to automotive fuel cell systems, as shown
in the figure below. Among them, there are fifteen standards of technical conditions and
eight standards of test methods. There are nine standards of system level, one standard of
subsystem level, six standards of component level and seven standards of performance
indicators (Fig. 4).
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= Performance Indicator
= Testmethod
= Subsystem
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Component

Fig. 4. Current group standards of fuel cell systems for vehicles
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4.4 Relevant International Standards Statistics and Brief Analysis

The search yielded ten international standards related to automotive fuel cell systems,
as shown in Fig. 5. Five of them are technical conditions, four are test methods and one
is a design development method. There are eight standards at the system level and two
standards at the performance indicator level.

The American Society of Automotive Engineers (SAE) has developed a relatively
comprehensive set of international standards for fuel cell vehicles, mainly based on
test methods. However, some of the standards were published relatively early and their
contents may have lagged the development level of the industry. In addition, since SAE
standards are not developed by international standards organizations, China rarely adopts
SAE standards when developing relevant standards. Therefore, SAE standards have some
significance for the development of national standards, but they need to be carefully
selected in the process of specific transformation [10].

1,10% ) ~0,0%
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Fig. 5. Current international standards of fuel cell systems for vehicles

The International Electrotechnical Commission (IEC) has also published a few stan-
dards for automotive fuel cell systems, and the publication time is more recent, and
the types of standards are mostly technical conditions, so these standards have more
reference value for the preparation of national standards.

5 Conclusion and Outlook

The standard system of automotive fuel cell system should focus on key components and
performance indicators. Whether it is an international standard, or a national standard,
local standard or group standard, all have the role of guiding industrial development,
so the concentration point should be on technical conditions and test methods from the
type of standard. In the process of construction, it should be clearly established from the
performance indicators, systems, auxiliary systems to parts of the four-tier system. In
terms of level, national and international standards are more concerned with the system
level, while group standards are more focused on the component level.

Although there are fewer standards dealing with the subsystem level, there are also
relevant groups that have been established. Although the fuel cell subsystem cannot be
a separate product at present, with the gradual development and growth of the fuel cell
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industry, it is foreseeable that strong component suppliers in the industry will form strong
alliance to provide separate fuel cell subsystem products and solutions to fuel cell system
suppliers and even OEMs. Standards related to fuel cell subsystems will also gradually
increase in the future. From the point of view of performance indicators, whether it is
the national standard or the industry standard or the local standard, the most important
performance indicators are mainly environmental adaptability, safety and durability,
which are also the neck indicators that limit the large-scale industrialization of fuel
cell vehicles. The whole industry should strengthen research and breakthrough in these
performance indicators.
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Abstract. Alkaline water electrolysis is the important pathway for the green
hydrogen production, where oxygen evolution reaction (OER) is the rate-limiting
step due to the sluggish reaction kinetics. Transition metal heterogeneous catalyst
is the kind of important OER catalyst for alkaline water electrolysis due to its
good performance, low price and environmental friendliness. In this work, the
porous sulfide nickel @nickel iron alloy catalyst (i.e. NM/NS @Ni3Fe) is prepared
by the designed high-temperature vulcanization and multi-step electrodeposition
method. The NM/NS @NizFe catalyst exhibits an outstanding OER performance
in an alkaline environment, with a low potential of 1.53 V at high current density
of 1000 mA cm~2 and a low Tafel slope of 89 mV dec™L. The excellent OER
performance is attributed to the unique electronic structure of Ni3 S»/Ni3 Fe hetero-
geneous interface and the catalyst layer with porous structure. The results indicate
that NizS; provides good electronic conductivity and the low electronegativity
S atoms increase the formation of oxygen vacancies, which effectively improves
the OER performance. In addition, the hydrophilic and porous structure of the
electrode facilitates bubbles release and electrolyte flow at high current density. It
provides the guidance for the design of porous heterogeneous OER catalysts with
good-performance.

Keywords: Alkaline water electrolysis - Oxygen evolution reaction - Porous
heterogeneous catalyst - High current density

1 Introduction

Green hydrogen, a “zero carbon emission” clean fuel, has been identified as having a cru-
cial role in future energy innovation [1]. The eco-friendly energy gas can be obtained by
many paths, such as water electrolysis to produce hydrogen, photo-splitting of water to
produce hydrogen, biomass to produce hydrogen, and nuclear power to produce hydro-
gen [2]. Among them, the coupling of renewable energy power generation (such as wind
energy, and solar energy) and water electrolysis hydrogen production technology is con-
sidered to be the main technical path to obtaining green hydrogen in the future [3, 4].
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However, water electrolysis is limited by the slow oxygen evolution reaction (OER) [5].
Therefore, the high-performance OER catalysts that can speed up the electrochemical
reaction and promote the decomposition of HoO molecules are crucial for the electrolysis
of water, especially for high current density conditions (>500 mA cm~2) [6, 7].

In order to accelerate the decomposition of water molecules and obtain superior
electrochemical performance at high current densities, the fabrication of heterojunction
catalysts has become a research hotspot [8]. For NiSx/NizFe, low reaction activation
energies and unique coordination structures, are considered potential catalysts for water
electrolysis [9, 10]. In this work, porous Ni3S,/NizFe heterojunction catalyst electrodes
are successfully prepared to rely on vulcanization and multi-step electrodeposition tech-
niques. The prepared NM/NS@NisFe catalyst exhibited an impressive OER perfor-
mance in alkaline environment, showing a low high current potential of 1.53 V@ 1000
ma cm~2 and a low Tafel slope of 89 mV dec™!. This heterogeneous catalyst shows
good practical applications, especially for OER reactions at high currents.

2 Materials and Methods

2.1 Chemicals

All chemicals used in this work are analytical grade. NiCl,-6H,O, NH4Cl, FeCl,4H,0,
H3BO3, sulfur powder and HCI are purchased from Sinopharm Reagent Co. Commercial
RuO3 is purchased from Aladdin Reagent Co., and NM (wire diameter of 100 pm, 80
mesh) is purchased from China Kangwei Wire Mesh Co.

2.2 Preparation of NM/NS

The nickel mesh (1 x 2 cm?) is submerged in 3 M HCI for 20 min to remove the
surface oxides, then ultrasonic cleaning in deionized water three times to remove HCl
residue. Next, the cleaned nickel mesh is taken as the cathode and the high-purity nickel
rod (99.5 wt%) as the anode. The electrodeposition solution is a mixture of 0.15 M
NiClp'6H20 and 2 M NH4CI. Electrodeposition is operated at room temperature for
10 min at a current density of 1000 mA cm™2 [11]. After drying at 60 °C for 4 h, it is
placed in a crucible and vulcanized in a tube furnace containing 60 mg of S powder at
300 °C for 60 min. Then annealed in the air for 60 min to room temperature and it is
denoted as NM/NS.

2.3 Preparation of NM/NS@Ni3Fe

Continuously, 0.21 M FeCl,-4H,0 and 0.6 M H3BOs are added into the solution and the
solution is heated to 80 °C. Next, NM/NS is maintained for 3 min at an electro-deposition
current density of 10 mA cm™2. The target electrode is denoted as NM/NS @NisFe.

2.4 Materials characterization

X-ray diffraction (XRD) data are acquired by X-ray scanning using a device (Bruker D8
Advanced) with a Rigaku 2550 light source (Cu Ka, & = 1.5418 A). The scanning range
is 10-90° with a scanning rate of 0.2°/s. The surface morphologies are investigated by
scanning electron microscopy (ZEISS GeminiSEM 300) at a scanning voltage of 3 kV.
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2.5 Electrochemical Characterization

Electrochemical performances are estimated by a three-electrode system connected to
an electrochemical workstation (Reference 3000) in 30 wt% KOH solution (pH = 14.6).
A high-purity graphite rod is used as the counter electrode accompanied by a HgO/Hg
reference electrode. Linear scanning voltammetric (LSV) curves are performed with
the scan range of 1.0-1.9 V versus the reversible hydrogen potential (vs. RHE) and the
scan rate is 5 mVs~!. The potential (vs. RHE) is converted by the equation: ERHE) =
EHeomg) + 0.0591 x pH + 0.098. All LSV curves are corrected by ir-compensation in
the three-electrode system. Tafel slopes are obtained using a logarithmic transformation
base on LSV curves. EISs are tested at a constant potential (0.49 V vs. HgO/Hg) scanning
from 0.01 to 100,000 Hz.

3 Results and Discussion

Commercial NM is used as a substrate because of its lower price, resistance to alkaline
corrosion, and two-dimensional planes conferring fast bubble release. The preparation
process is shown in Fig. 1a. Initially, the high-current (1 A cm™2) is used to electro-
deposited porous nickel (PN), its porous property can confer a large loading area for
catalysis. Then, the PN is vulcanized, the sulfur vapor reacts with the metallic Ni to
produce Ni3S, at high temperatures. Finally, the electrode NM/NS @NisFe is prepared
by electro-depositing the nickel-iron alloy again in the nickel-iron solution. Figure 1b and
¢ show NM/PN electrode that reflects a distinct porous property, which provides a large
area for the active sites. Figure 1c shows the SEM image of NM/NS @NizFe, showing
filamentous nickel sulfide on the surface relative to PN. The filamentous morphology
can increase the roughness of the catalyst surface, which can improve the catalytic
performance through its super-hydrophilicity.

As shown in Fig. 2, the composition of the prepared electrodes is determined by
XRD testing. NM and PN exhibit strong characteristic response peaks at 44.50 (111)
51.85 (113) and 76.38 (220), respectively, indicating that Ni metal is the predominant
component. After vulcanization, PN is vulcanized to generate Ni3S;, showing a strong
response at the characteristic angles 21.75° (101), 31.10° (110), 37.78° (003), 49.93°
(113), 55.16° (122), respectively. When the NiFe alloy is deposited on the surface, the
characteristic peaks of NizFe do not emerge. The signal peak is blocked because of its
low content and its close response to the Ni metal.

The alkaline OER performance of the prepared electrodes is examined in a 30 wt%
KOH solution, illustrated in Fig. 3. NM/NS @NisFe exhibits a lower potential of 1.53
V at a high current density of 1000 mA cm™2, which is much lower than the NM/NS
(1.71 V) and commercial RuO» (1.60 V). At high current density (100—-1000 mA cm2),
NM/NS@Ni3Fe possesses a small Tafel slope of 89 mV dec™!, which is smaller than
201 for NM/NS and 110 for RuO;, indicating that NM/NS @NisFe has a faster electro-
chemical reaction kinetics. The excellent OER performance is attributed to the Ni3 S, and
NisFe heterostructures, whose unique electron transport properties confer a low reaction
energy barrier to the active site. Moreover, NM/NS @NisFe exhibits a smaller electro-
chemical impedance value of 0.62 2, which is smaller than 3.8 Q for NM/NS and 1.2
2 for RuO;, demonstrating the faster electron transfer ability of NM/NS @NisFe. The
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Fig. 1 a Schematic diagram of the preparation process of NM/NS @Ni3Fe; b and ¢ SEM images
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Fig. 2. XRD patterns of various electrodes (NM/PN; NM/NS; NM/NS @NisFe).
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correlation between phase shift and frequency further confirms that NM/NS @Niz Fe pos-
sesses better electron transfer capability with phase peaks shifted to higher frequencies
(Fig. 3d).
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Fig. 3. Electrochemical properties of various electrodes (NM/NS@NizFe, NM/NS, RuO; and

NM): a LSV curves, b Tafel slope, ¢ EIS spectrum and d Relationship between frequency and

phase shift.
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4 Conclusion

Porous heterogeneous Ni3 S, @NizFe electrodes are successfully prepared using a contin-
uous hydrogen template method, high-temperature vulcanization and electrodeposition
methods. NM/NS @NisFe exhibits a potential of only 1.53 V for a current density of
1000 mA cm~2 and a lower Tafel slope of 89 mV dec™!, superior to commercial RuO,. Its
good performance is attributed to the unique electronic structure of the Ni3S; and NizFe
and the porous properties of the electrodes. Such porous heterogeneous NM/NS @NizFe
electrode not only exhibits good catalytic properties but also has the potential to be
applied due to its facile and inexpensive fabrication.
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Study on Safety Risk of Railway Vehicle
Hydrogen Refueling Station Based on T-S Fuzzy
Fault Tree and Bayesian Network

Lei Shi! & Yang Gao!, Jian Wangm, Shijie Sun!, Limei Chen'!, and Weiran Xiang1

I cRRC Changchun Railway Vehicles Co., Ltd., Changke Road 2001, Changchun, Jilin, China
shilei8.ck@crrcgc.cc
2 Central South University, Lu Shan Nan Road 932, Changsha, Hunan, China

Abstract. According to the requirements of operation safety in railway vehicle
hydrogen refueling station, the risk factors affecting the operation safety were
selected, the calculation formula of evaluation index was derived, and the Bayesian
network model based on T-S fuzzy fault tree was constructed. The triangular
membership function, the fuzzy subset of failure probability and the posterior
probability formula were used to verify the availability of the safety risk assessment
method.

Keywords: Railway vehicle hydrogen refueling station - T-S fuzzy fault tree -
Bayesian network - Safety risk

1 Introduction

As arenewable, clean and efficient secondary energy source, hydrogen energy has many
advantages such as wide source, high calorific value, pollution-free combustion and vari-
ous forms of utilization. Hydrogen energy is widely used in the field of rail transportation
[1]. The construction of hydrogen refueling stations is the basis for the large-scale appli-
cation of hydrogen vehicles, and the safe operation of hydrogen refueling stations is a
necessary guarantee for the movement of hydrogen rail vehicles. At present, more than
300 hydrogen refueling stations have been built nationwide, and the number of hydro-
gen refueling stations in China ranks the first in the world [2]. For the safe operation of
hydrogen refueling stations for rail transportation, it is necessary to regularly evaluate
the safety of hydrogen refueling stations and develop an effective emergency treatment
plan.

Fault tree analysis method, as an effective tool for reliability and safety analysis
of large complex systems, is widely used in safety risk evaluation [3]. However, the
inadequacy of the probability, bimodal and with-or-with relationship assumptions in the
traditional fault tree severely restricts the further application of the fault tree analysis
method. In the literature [4], fuzzy set theory was introduced to describe the connection
between events with T-S gates instead of with-or-gates, while the effects of multiple
fault degrees on the system were considered to solve the problems of traditional fault
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trees. Compared with the T-S fuzzy fault tree analysis method, Bayesian networks have
advantages in dealing with logical relations of events, system polymorphism and compu-
tational simplicity. The literature [5] introduced fuzzy set theory into Bayesian network
analysis to solve the problem of over-reliance on exact fault probability and success-
fully applied it to urban road traffic accident analysis. However, the study was only
for two-state systems, and the conditional probability parameters of Bayesian networks
are difficult to determine, making it difficult to perform real-time dynamic evaluation.
In view of the superiority and complementarity of T-S fuzzy fault trees and Bayesian
networks.

This paper proposes a safety risk evaluation method of rail transit hydrogen refueling
station based on T-S fuzzy fault tree and Bayesian network. Through the transformation
of T-S fuzzy fault tree to Bayesian network, the Bayesian network model and node
conditional probability table are determined, and the fault states and fault probabilities
of nodes are described by using fuzzy numbers and fuzzy subsets, and the safety risk
evaluation method of rail transit hydrogen refueling station is calculated.

2 Basic Theory and Methods

2.1 Constructing Bayesian Networks Based on T-S Fuzzy Fault Trees

The T-S fuzzy fault tree model is shown in Fig. 1, where x;, x2, and x3 are the bottom
events, y; is the middle event, y; is the top event, and a and b are T-S fuzzy gates.

Fig. 1. T-S fuzzy fault tree

A Bayesian network is a loop-free network consisting of a conditional probability
table and a directed acyclic graph. Vx and V in a Bayesian network denote node vari-
ables, and if there is an edge from V, to Vy, V, is said to be the parent node of V,
while Vy is the child node of V. The structure of a simple Bayesian network is shown
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Fig. 2. A simple Bayesian network

in Fig. 2. The nodes without a parent are called root nodes (V1, V>), the nodes without
children are called leaf nodes (V3), and the rest are called intermediate nodes (V4).

Firstly, the top event, middle event and bottom event in the T-S fuzzy fault tree corre-
spond to the leaf node, middle node and root node of the Bayesian network, respectively,
and then the corresponding nodes in the Bayesian network are connected with directed
edges according to the T-S gate relationship, and the flow of the Bayesian network
constructed based on the T-S fuzzy fault tree is shown in Fig. 3.

T-S Fuzzy
Fault Tree

Assignment

Conditional
probability
table

Bayesian
Network

Fig. 3. A flow chart of Bayesian network based on T-S fuzzy fault tree construction
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2.2 Node Description

In this paper, the fuzzy set represented by the triangular affiliation function is chosen to
describe the failure probability of each node, and a fuzzy subset of the failure probability
of xj = xj% is set.

FOi) = (f"=AF " "+ AFT) 1)

In the above equation: f ™is the center of the fuzzy subset, Af' and Af" are the
left and right fuzzy regions, and the magnitude of the two values indicates the level of
fuzziness. If Af ' = Af" = 0, the fuzzy subset is the exact value, F (x;.lj ) is shown in
Fig. 4 according to the triangular affiliation function.

max{O,l—fo_lf Josr=pm
max{O,l—f;]{;n },f’"(ffl

2)

nE @) () = [

HE (5, )(f)

0 - Af e frearr 1

Fig. 4. Trigonometric affiliation function

2.3 T-S Fuzzy Fault Tree Inference Based on Bayesian Networks

If the fuzzy subset of fault probabilities of each node at each fault state is known to be

F (x{lll ), F (x;2 ), ..., F(xii"), the fuzzy subset of fault probabilities at T = T, is obtained
by the bucket elimination method.

F(T =Ty =) Fpiyg: T =Tn)

XpiYq
=Y F(T =Tuln(T) x Y Foilx(n))
(T) 7 (y1)
X Y Flm(y2) x - x Y Flyg|r(vg))
7(y2) ()
x F(x]') x F(x3?) X -+ x F(xi") 3)

In the above equation, 7 (T) is the set of parent nodes for T and 7 (yq) is the set of
parent nodes for yq. In the practical case the current fault state of the root node is unique,
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then the root node state importance is as follows.

QDe () = max{(P(T = Tylxi = xi’)
Ty

— P(T =Ty xi =0)), 0} 4)

In the above equation, P(T = T,|x; = x;/) is the T = T, probability of occurrence
when x; = x;/ is the probability of occurrence of T = T, when the current fault state is
0.

Using the Bayesian conditional probability formula, the probability atx; = x?i when
T = T can be found as follows.

P(x =x"|T =T,)

:E(P(x’:x"i|T=Tq)) (5)

P(T =T,

In the above equation, P(x,- :x;"'|T = Tq) is a fuzzy subset of the posterior
probability of x; = x{ when T = T,,.

3 Safety Risk Assessment of Rail Transit Hydrogen Refueling
Stations Based on T-S Fuzzy Fault Trees and Bayesian Networks

The workflow steps of a rail transit hydrogen refueling station are hydrogen supply,
compression, storage, and refueling. The main safety risks come from gas leakage and
fire during hydrogen transportation, storage and hydrogen refueling [6].

Combined with the relevant literature to analyze the process flow of hydrogen refu-
eling station, the safety risk factors of hydrogen refueling station are mainly seven cate-
gories of station process, pressure system, control system, safety system, environmental
factors, human factors and regulations.

From these seven categories as the top events of the assessment system, 26 possible
basic events of safety accidents in hydrogen refueling stations were collated and the fault
tree model constructed is shown in Fig. 5.

The T-S fuzzy fault tree in Fig. 5 is transformed into a Bayesian network graph,
and the intermediate events corresponding to the intermediate nodes y1-y7 are shown
in Table 1. Then the conditional probability table of the Bayesian network nodes is
assigned by the T-S gate rule and the conditional probability of each node is determined
according to the historical data survey weight method to complete the establishment of
the Bayesian network.

In this paper, the likelihood level of occurrence of the nodes to be evaluated is
determined according to the risk occurrence likelihood level criteria, as detailed in
Table 2.

In this paper, a weighted average method is used for processing and analysis to obtain
the fault probability f™ of each root node; the results of the survey are summarized, and
fuzzification of f™ is performed to determine Af! and Af". The fuzzy subset of fault
probability of the root node is finally determined.



Study on Safety Risk of Railway Vehicle Hydrogen 127

— Pipeline damage in the station | X8

ml Station pipeline non-stop gas renovation X9

| Station 1 Station equipment renovation X10

X process — Safe distance of equipment in the tation X1

— Hydrogen compression system |x12

— High pressure piping system | X13

xp H Pressue —1 Drying system %14

system — Hydrogen storage system | ¥15

Central control equipment in the station X16

x3 H Control @ Hydrogenation machine control system |X17

system Field data acquisttion equipment |x18

[ Data transmission cable |X19

X4 L Security —( Hydrogen leak monitoring system |X20

system — Lightning protection and anti-static system X21

Rail h\/d rogen ml Firefighting equipment in the station X2
refueling station . ] Station cooling system |x23
safety risk | Environme — Extenal fire source |x24
X5 || ntalfactor — Alr temperature and humidity |25

— Thunderstorm earthquake natural disaster | x26

Y6 H Human \—{ Power outage | X7

factor — Manual misuse X28

— Problems not found by inspection X29

\7 . — Smoking in the station |x30

4 Regulation S — Inadequate safety training &

Gate 8 Safety drills Inadequate |X32

— Inadequate emergency planning \ X33

Fig. 5. Rail hydrogen refueling station safety risk fault tree

Based on the established Bayesian network, the fuzzy subset of failure probability
of each node is obtained by reasoning using Eq. (3). According to the fault state of each
root node, the posterior probability of each root node state is calculated using Eqgs. (4)
and (5), and the relative weakness of the system is determined under the condition that
only the fault state of the root node is known, which facilitates the safety management
of the rail transit hydrogen refueling station.

4 Application Analysis

In this paper, we assume that the fault states of root nodes X8 and X9 are no fault and
severe fault, which are represented by fuzzy numbers 0 and 1, respectively, and the fault
states of the remaining nodes are no fault, medium fault and severe fault, which are
represented by 0, 0.5 and 1, respectively. Combined with the workflow of the rail transit
hydrogen refueling station and the percentage of each safety risk factor in the operation
of the station, the fuzzy subset F'(X; = 1) of failure probability with failure state of each
node is obtained, as shown in Table 3. Where the fuzzification parameter Af! = Af" =
0.15f™, and the middle element is the center of the fuzzy subset.
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For the purpose of analysis, this paper assumes that the fuzzy subset of failure
probabilities for root node failure states of 0.5 and 1 are the same. According to the
root node failure probability subset, the conditional probability table of the intermediate
node y1 of Bayesian network is listed as shown in Table 4, where rule 1 indicates that
the probability of y1 being 0, 0.5 and 1 is 0 when X8 is 0 and X9 is 0, and other rules
and so on.

F(y1=0)= ) F(xg,yo:y1 =0)
X8;Y9
= Y F(y =0lxg, y9) x F(xg) x F(xo)
X839

= (0.77565, 0.73276, 0.69835)
Fy1=0.5 =) F(xs,y0; y1 =0.5)

X8:Y9

= Y F(y = 0.5x3,y9) x F(xg) x F(x0)

X8:Y9

= (0.10452,0.12107, 0.13705)
Fyi=1) =) F(xyoy1=1)

X859

=Y F(1 = llxs, y9) x F(xg) x F(xo)
X859

= (0.11852, 0.14255, 0.16002)

Based on the constructed Bayesian network, the conditional probability table of the
nodes is combined with the inference using Eq. (3) to obtain the fuzzy subset of failure
probabilities when the failure states of the leaf nodes are 0, 0.5 and 1.

P(T = 0) = (0.14855, 0.08732, 0.04123)
P(T = 0.5) = (0.12687,0.11872, 0.10982)
P(T = 1) = (0.72562, 0.77851, 0.85625)

In practical application, it is also necessary to consider the influencing factors that
play a significant role in the safety risk of rail transit hydrogen refueling stations and
pay attention to the order of each influencing factor. The posterior probability of each
root node is calculated using Egs. (4) and (5), as shown in Table 5.

The above calculation results show that the probability of moderate or serious failure
is small, while the probability of no failure is large, which is consistent with the actual
situation and verifies the accuracy and feasibility of the method in this paper. According
to the principle of maximum affiliation, the safety risk level of this hydrogen refueling
station can be determined and the countermeasures that should be taken can be analyzed.
According to the existing safety risk management scheme, it is enough to strengthen the
monitoring, but it is also necessary to pay attention to the changes of each influencing
factor and take corresponding measures.
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Table 1. Intermediate events corresponding to intermediate nodes

Node Event Node Event
yl Station process yS Environmental factor
y2 Pressure system y6 Human factor
y3 Control System y7 Regulation
y4 Security Systems - -

Table 2. Risk occurrence likelihood level criteria
Level Possibility Probability
1 Frequent [0.1,1]
II Probable [0.01,0.1)
111 Occasional [0.001,0.01)
v Rare [0.0001,0.001)
v Impossible [0,0.0001)

Table 3. Subset of root node failure probabilities
Root node FXj=1) Root node FXj=1
Xg (0.00042,0.00050,0.00058) X21 (0.00067,0.00080,0.00093)
X9 (0.00681,0.00800,0.00919) X922 (0.00686,0.00800,0.00914)
X10 (0.00050,0.00060,0.00070) X23 (0.00033,0.00040,0.00047)
X11 (0.00339,0.00400,0.00461) Xo4 (0.00062,0.00070,0.00078)
X12 (0.00680,0.00800,0.00920) Xos (0.00511,0.00600,0.00689)
X13 (0.00008,0.00010,0.00012) X26 (0.00007,0.00008,0.00009)
X14 (0.00420,0.00500,0.00480) X27 (0.00005,0.00006,0.00007)
Xis (0.11020,0.13000,0.14980) Xog (0.08500,0.10000,0.11500)
X16 (0.00007,0.00010,0.00013) X9 (0.00685,0.00800,0.00915)
X17 (0.12744,0.15000,0.17256) X30 (0.68000,0.80000,0.92000)
X138 (0.02122,0.02500,0.02878) X31 (0.17000,0.20000,0.23000)
X19 (0.68000,0.80000,0.92000) X32 (0.00542,0.00650,0.00758)
X290 (0.00575,0.00700,0.00825) X33 (0.00008,0.00010,0.00012)
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Table 4. Intermediate node y1 conditional probability table

Rule X3 Xog yl=0 yl=0.5 yl=1
1 0 0 1 0 0
2 0 0.5 0.2 0.7 0.1
3 0.5 0 0.2 0.8
4 0.5 0.5 0.4 0.1
5 1 0.5 0.1 0.5 0.4
6 1 0 0 1
Table 5. Root node posterior probability
Root node P(X;=0) Root node P(X;=0)
Xsg 0.02752 X1 0.05416
X9 0.01625 X2 0.03258
X10 0.03251 X23 0.03577
X11 0.06106 Xo4 0.07741
X12 0.07565 X75 0.06231
X13 0.03758 X26 0.04157
X4 0.06583 Xo7 0.02896
X1s 0.00785 X728 0.03741
X16 0.00228 X29 0.01227
X17 0.01571 X30 0.05214
X8 0.04332 X31 0.07541
X19 0.02771 X302 0.01513
X0 0.00225 X33 0.05936

5 Conclusion

In this paper, the safety risks affecting the operation of rail transit hydrogen refueling
stations are studied. Firstly, the safety risk factors affecting the operation of hydrogen
refueling stations are selected and the formulae for the evaluation indexes are derived;
then a Bayesian network model based on the T-S fuzzy fault tree analysis method is
constructed and the conditional probability table of Bayesian network nodes is assigned
with the basic events of potential hydrogen refueling station safety accidents; finally,
the triangle affiliation function, the fuzzy subset of failure probabilities and the poste-
rior probability formulae are used for the calculation. The usability of this safety risk

evaluation method is verified.
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Abstract. Hydrogen liquefaction is a crucial process in the liquid hydrogen indus-
try, and the use of liquid hydrogen is becoming increasingly important for storing
and transporting hydrogen over long distances. Hydrogen has two spin isomers,
that is ortho and para hydrogen. One of the challenges in this process is the con-
version of ortho to para hydrogen in the heat exchanger. As the conversion process
releases heat and is a spontaneous behavior, it is important to ensure that the con-
tent of para hydrogen in the final product is at least 95%. Unfortunately, there are
currently no known commercial models that contain catalyst-filled heat exchang-
ers for converting ortho hydrogen to para hydrogen. In this paper, Aspen Hysys is
used to construct a new design method for hydrogen liquefier with O-P hydrogen
conversion heat exchanger. Using this model, one 5 ton per day hydrogen liquefier
is designed, and the key parameters of the process are obtained, which will provide
a new method for the design of hydrogen liquefaction process in the future.

Keywords: Hydrogen liquefaction - Catalyst-filled heat exchanger - Ortho
hydrogen - Para hydrogen

1 Introduction

Hydrogen energy is an essential renewable energy carrier that provides a critical technical
pathway to achieve low-carbon goals. Liquid hydrogen, with its high storage density and
low storage pressure, is a crucial component of building hydrogen energy storage and
transportation systems. As future hydrogen consumption gradually increases, the design
of the liquefaction process is becoming a widely researched topic in liquid hydrogen
production technology.

Hydrogen consists of two spin isomers, which are ortho-hydrogen and para-
hydrogen, and their concentration ratio varies with temperature [1]. The common con-
version of ortho- to para-hydrogen is an exothermic reaction that can occur with the help
of catalyst, but this phenomenon can also occur in liquid hydrogen without the catalyst.
In order to reduce the vaporization of liquid hydrogen products caused by conversion
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heat, catalytic conversion is arranged in multiple temperature ranges of the liquid hydro-
gen production process. Catalytic conversion reaction can be categorized as adiabatic
convention, isothermal convention and continuous convention. It is challenging to inte-
grate the catalyst in the heat exchanger to realize the multistage continuous reaction.
However, continuous reaction consumes the least amount of work, so it is more suitable
for large-scale hydrogen liquefaction plant.

Despite being commercially available, current software lacks a heat exchanger
model integrated with the ortho to para conversion reaction. Therefore, effectively and
accurately designing a hydrogen liquefier with continuous conversion is the focus of
researchers’ attention. Son et al. [2] adopted an equivalent heat exchanger model using
a conversion reactor unit to simulate the catalytic reaction, but the limitation of this
work is that if a large amount of ortho- is converted to para-hydrogen, the results will
be infeasible. Guocong et al. [3] replaced the module with a heater and heat exchanger,
which is more suitable for adiabatic conversion. Meanwhile, Berstad et al. [4] used equi-
librium hydrogen to optimize the design process. However, in the above design process,
these methods have some limitations. Furthermore, if the hydrogen in the outlet of heat
exchangers can’t reach the equilibrium hydrogen,there is still a lack of a mature solution.
In the present study, we provide a new design method for a hydrogen liquefier with ortho-
and para-hydrogen conversion heat exchanger based on the Aspen Hysys V12.1. This
will not only improve the calculation accuracy, but also provide a reference for other
similar processes.

2 Hydrogen Liquefaction Process Model

2.1 Liquefaction Process Description

To assess the suitability of Aspen Hysys for simulating hydrogen liquefaction systems
with continuous conversion, a 5 TPD (ton per day) liquefier system was chosen for the
study. Different working media, such as hydrogen, helium, neon, and mixed working
media, were evaluated for the pre-cooling component of the system.Considering the
technical maturity, complexity and energy consumption, liquid nitrogen pre-cooling and
helium cryogenic cooling scheme was ultimately selected, as shown in Fig. 1. There-
fore, The system consists of a compressor, a liquid nitrogen pre-cooling section, a
turbo-expander pre-cooling section, and a liquid hydrogen storage system. Hydrogen
gas is gradually cooled in heat exchangers (HEX1-7) from 300K to 20K through throt-
tling valves, with HEX3-7 containing a catalyst HEX3 is designed as the thermosiphon
heat exchanger where hydrogen undergoes isothermal conversion. HEX4-5 is used for
near-continuous conversion.In this scheme, there are the following characteristics: (1)
the cooling path and the liquefaction path are relatively independent. (2) the cooling
medium is inert working medium, resulting in higher safety levels, and non-explosion
compressors can be used to reduce initial equipment investment. (3) a thermosiphon
heat exchanger is used for isothermal conversion in the liquid nitrogen temperature
zone. Under the temperature of 80K, the continuous convection with catalytic filled heat
exchangers were used. (4) two throttling valves are employed to further utilize the J-T
effect of hydrogen.
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Fig. 1. Flow chart of hydrogen liquefaction
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Fig. 2. Flow chart of hydrogen stream in HEX3-5

In the process shown in Fig. 1, HEX1-2 are typical plate-fin heat exchangers, and
their calculations can be done using the LNG heat exchanger model in Aspen Hysys.
As for the hydrogen properties, normal hydrogen (0-H2:75%, P-H2:25%) from NIST is
used for HEX1-2. On the other hand, HEX3-7 are filled with a catalyst, so the hydro-
gen properties used in these heat exchangers employ the equilibrium hydrogen physical
property method. This method can be obtained by modifying the heat capacity of the
para hydrogen from NIST. By using these properties in Aspen Hysys, we can relative
accurately simulate the performance of the heat exchangers in the hydrogen liquefaction
process. Since Aspen Hysys doesn’t have a built-in heat exchanger model for ortho-para
H2 conversion, equivalent heat exchanger models need to be customized to simulate this
process in catalyst-filled heat exchangers like HEX3-7. In cases where the para hydrogen
content at the outlet doesn’t reach the equilibrium state, the non-equilibrium conversion
efficiency is used to calculate the actual exit para hydrogen fraction. This is done by
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dividing the exit para hydrogen fraction by the equilibrium hydrogen fraction. The dif-
ference between the equilibrium and non-equilibrium conversion heat is then calculated
and set as the heat loss in the heat exchanger. This can be implemented in Aspen Hysys
using spreadsheets to perform the necessary calculations and provide a more accurate
model of the heat exchanger’s performance. The specific implementation process can be
further explained as shown in Fig. 2, which shows a schematic diagram of the catalyst-
filled heat exchanger and the attached hydrogen stream. The cutter is placed between
HEX1 and HEX3 to convert the property package model of hydrogen. This is necessary
because the hydrogen properties used in HEX1 and HEX3-7 differ due to the ortho-para
H2 conversion process taking place in the catalyst-filled heat exchangers. The hydrogen
outlet temperature of each heat exchanger is represented by T1-T6. At each temper-
ature, the corresponding equilibrium hydrogen content is represented as Xeqi —Xeqs.
After conversion through the catalyst-filled heat exchangers, the para hydrogen content
is represented as X' —X'¢. By using these values, we can calculate the non-equilibrium
conversion efficiency as the ratio of the para hydrogen content after conversion to the
equilibrium hydrogen content at the corresponding temperature. The difference between
the equilibrium and non-equilibrium conversion heat is then calculated and set as the
heat loss in the heat exchanger, which can be implemented using spreadsheet tools.
This allows for a more accurate simulation of the heat exchanger performance in Aspen
Hysys.

In Fig. 2, the temperature decreases from left to right, so the corresponding para
hydrogen content increases. The blue line represents the conversion heat that is released
as the ortho-para H2 conversion takes place in the catalyst-filled heat exchangers.
Hignorea in HEX3 represents the heat duty difference between the enthalpy of normal
hydrogen and the equilibrium hydrogen at T1, which needs to be taken away in HEX3.
In each stage of heat exchanger, the equilibrium hydrogen enthalpy change is denoted
as Stream dH(i), where the H represents the mass enthalpy in kJ/kg, as shown in Eq. 1.

Stream dH(i) = HXeq(Ti+1) — HXCq(Ti) fori=1-6 (1)

When the actual outlet para hydrogen content X'(i) does not reach the equilibrium
content Xeq(i) at stage i, it creates an excess heat difference in the heat exchanger,
Hexcess(i) represents the influence of this part which is shown in Eq. (3).

Hignored = HXeq(T1) - H(T1,0.25) (2)

Hexcess(i) = 2(Xeq(i) - Xi/) X Hreaction(i) fori=2-6 3)

where the Hreaction(i) 1S the reaction heat duty at temperature Tj. In addition to the excess
heat term, the heat duty at each stage of the heat exchanger also includes the equilibrium
hydrogen enthalpy change, Stream dH(i). Equations (4) and (5) represent the actual
heat duty and the heat correction value of the heat exchanger that needs to be added
to the actual heat duty to account for any deviations from the expected heat transfer
performance of the heat exchanger, respectively.

Qactual duty = Stream dH + Hexcess(i) - Hexcess(i+1) “)
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Heatloss = Hexcess(i) — Hexcess(i+1) ®)
For i = 1-6,when i = 1, Hexcess(1) = Hignored
Validation of the equivalent heat exchanger

In Aspen HYSYS, the stand-alone conversion process of O-H2 to P-H2 can be achieved
through a conversion reactor. The conversion reactor is modeled by setting the reactants,
feed rates of reactants, reaction conditions (such as pressure, temperature, and catalyst),
and reaction kinetics models. To validate the accuracy of the conversion heat value
achieved by the equivalent heat exchanger unit, comparisons with data are performed in
this study. Following the model shown in Fig. 2, a calculation model for the conversion
reactor can be established as shown in Fig. 3 which shows a calculation model for the
conversion reactor, which consists of feed-in streams for normal hydrogen and catalyst,
a reactor, and an outlet stream for non equilibrium hydrogen.
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Fig. 3. Conversion reactor units to model the process of o-p hydrogen in HEX3-5

The conversion heat that is released during the conversion process is calculated based
on the inlet and outlet conditions of the reactor. In order to ensure consistency between the
conversion reactor and heat exchanger models, the parameters needed during the reaction
process, such as temperature, pressure, flow rate, and other data, can be transferred to the
corresponding variables in Fig. 3. Besides, the conversion rate in the conversion reactor
can be calculated using the actual para-hydrogen content, which is obtained from the
calculations in the equivalent heat exchanger model. The conversion rate is shown in
Eq. (6):

/

X, =X
Conversion rate% = —=1—1 % 100% (6)
1-X

In this equation, X/ represents the para hydrogen content at the inlet of stage i, and
X! 1 represents the para hydrogen content at the outlet of stage i 4 1. The conversion rate
calculation takes into account the fact that not all of the normal hydrogen is converted
to para hydrogen in the conversion reactor due to equilibrium limitations.

As shown in Table 1, the results of heat duty of hydrogen stream calculated by
the conversion reactors and customized heat exchanger models are compared with the
HEX3-7. The results show that the customized models were able to produce accurate
predictions for the heat duty of the hydrogen stream, with errors ranging from 0.84 to
5.55%. These errors are within an acceptable range and indicate that the customized
models can be used to simulate the performance of the hydrogen liquefaction process.
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Table 1. Heat duty compared with the conversion reactor and customized heat exchanger

Heat duty of Heat duty of Absolute error | Relative error
equivalent heat conversion reactor
exchanger model
kW kW kW %
HEX-3 | —19.04 —-19.2 0.16 0.84
HEX-4 | —32.75 —33.02 0.28 0.84
HEX-5 | —41.53 —40.94 —-0.59 1.45
HEX-6 |—6.02 —5.71 —0.32 5.55
HEX-7 | —10.15 -9.73 —0.42 433

Process optimization

The performance of the hydrogen liquefaction cycle is influenced by the process orga-
nization and operating parameters. The behavior of these parameters is complex, and
can be difficult to understand without the help of a process simulator. In this study, a
commercial process simulator, Aspen Hysys V12.1, was selected to model and analyze
the hydrogen liquefaction process. Aspen Hysys is a widely used process simulator that
allows for the simulation and optimization of a range of chemical and physical pro-
cesses. The use of a process simulator allows for the analysis of how different operating
parameters and process organization can affect the performance of the hydrogen lique-
faction process. By simulating the process under different conditions, we can optimize
the design and operation of the process to achieve maximum efficiency and performance.
The study has been performed on the basis of the following main assumptions:

(1) The pressure drop of each streams in the heat exchanger is SkPa;

(2) The inlet and outlet helium state of the compressor are respectively 4bar, 298Kand
20 bar, 300K;

(3) Liquid nitrogen gas holdup of the thermal siphon heat exchanger outlet is 0.2;

(4) The temperatures difference of the heat exchangers in the same end is determined
by set;

(5) The nitrogen vent temperature is 298K

(6) Non-equelium conversion efficiency of the hydrogen is 95%;

(7) The design mass flow rate of the hydrogen is 231kg/h.

Optimization objectives is in Eq. 7 and the optimization variables and variable bounds
are showed in Table 2:

£ min = (WL + WiN — W2 — W3 —W4)/Q (7

W1 is the power consumption of the compressor, kW; W is the power consumption
of liquid nitrogen (0.6 kWh/Kg), kW; W2-W4 is the work of expander K-1, K-2, K-3,kW;
Qvru is the mass flow rate of liquid hydrogen, kg/h.
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This paper uses the Eq. 7 without recover the turbine power as the objective function

with the optimizer in Hysys and the equivalent heat exchanger model to optimize the
process under the premise of the above variables and constraints.

Table 2. Optimization variables and variable bounds.

Variables Stream Lower bound Upper bound
Turbine pressure(bar) 6 21
Heat exchanger temperature T HX3 OUT 77 85
(X) T HX4 OUT 50 80
T HX5 OUT 30 70
T HX6 OUT 20 30
T HX6 OUT 20 30
3 Results

Specific power consumption is a crucial parameter in the design and operation of a
hydrogen liquefier. It represents the direct operating cost of the process, and optimizing
it is essential for maximizing the energy efficiency and reducing operating costs. The
unit energy consumption of the optimized hydrogen liquefaction process was found to
bel2.61 kWh/kglLH2. From Fig. 4, the study found that the compressor and liquid nitro-
gen power consumption account for 68.34% and 31.66% of the total power consumption,
respectively. This information is useful for identifying areas where energy efficiency can
be improved. The total output power of the three expansion machines was found to be
104.4 kW, which accounts for about 3.58% of the total power consumption, so this part
of power is not necessary to be recovered.

19'91 T T T T

Power (kW)

Compressor LN2 K-1 K-2 K-3

Fig. 4. The power of the critical components in the hydrogen liquefier
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Fig. 5. The heat load and minimum temperature difference of the heat exchanger

To ensure that the heat exchangers operate efficiently and effectively, it is important
to consider the temperature difference between the hot and cold fluids. By limiting the
minimum temperature difference to 0.3-2K, the goal is to minimize the irreversible
loss of energy. This requires careful consideration of the thermal characteristics of the
system, including the design of the heat exchangers and the total investment. As shown
in Fig. 5, HEX1 has the largest heat load among all the heat exchangers in the system
and accounts for 78% of the total heat load. Therefore, its on-site installation limitations
should be carefully considered in the actual design. HEX2 and HEX3, on the other hand,
are designed as liquid nitrogen thermosiphon heat exchangers, which take advantage of
the latent heat of evaporation of liquid nitrogen. This facilitates the provision of a cold
source for isothermal conversion in HEX3. Below the liquid nitrogen temperature zone,
the heat load of HEX4-7 decreases sequentially.

—m—Reaction heat ratio
—m—P-H2 ratio

T T T T T 1.0

50
0.9
40
los
30

T
o
3

20

P-H2 ratio

Reaction heat ratio
T
o
o

0.4

T T T T T
HEX3 HEX4 HEXS5 HEX6 HEX7

Fig. 6 Conversion heat ratio and para hydrogen content of hydrogen stream from HEX3-7

The conversion heat of HEX3 is the largest among all the heat exchangers in the
system, accounting for about 50%, and the para hydrogen ratio is varied from 25 to
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47% .The final exit para hydrogen content reaches 95%, meeting the requirements of the
design requirement of the process, which shown in the Fig. 6.

4 Conclusion

In the process design of hydrogen liquefaction, the integral model of ortho and para
hydrogen conversion heat exchanger is crucial to accurately calculate the process param-
eters. In this study, an equivalent heat exchanger model was constructed using Aspen
Hysys to provide a new design method for hydrogen liquefaction, using the helium refrig-
eration hydrogen liquefaction model of 5tpd as an example. The method was validated
through an analysis of the key process parameters. By using this simulation methodol-
ogy, it is expected that future studies related to hydrogen liquefaction processes could
be facilitated. This approach allows for a more efficient and accurate design of hydrogen
liquefaction systems, which is crucial for the development of clean fuel technologies
and the transition to a more sustainable energy future.
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Abstract. Crack is always considered as a kind of defect on a catalyst layer in
a proton exchange membrane fuel cell (PEMFC), and its enhancement on mass
transfer ability has always been ignored. In this work, the crack effect analysis on
in-plane (IP) diffusivity on a catalyst layer is numerically evaluated by a D2Q9
lattice Boltzmann method (LBM). The effects on some key parameters like crack
length, width, quantity and shape are carried out. The IP concentration distribution
of crack CL shows deviation from the theoretical value, and this is because of the
tortuosity caused by the CL cracks. The crack shape has almost no effect on the
IP effective diffusivity, and the crack length shows a little bit more influence than
the crack width and quantity. The crack ratio of the CL is the dominant effect on
the IP mass diffusivity enhancement, and the lower the CL porosity is, the higher
this enhancement achieve.

Keywords: Proton exchange membrane fuel cell - Catalyst layer - Crack

1 Introduction

Cracks formation on CLs during the operational process mostly bring unexpected
defects, mostly regarded as degradations and failures. These defects occur at the crack
formation reign, including crack propagation to membrane pinholes, increasing in-plane
(IP) resistance (Rjp) of CLs, formation of flooding areas and catalyst degradation [1].
Some operation conditions are prone to crack initiation, such as freeze-thaw (F-T) cycles
[2], dry-wet cycles [3], cyclic loadings [4], and ionomer degradation [5]. However, some
work has claimed the mass transfer enhancement by the cracks on CL [6-8].

In this work, to understand the crack effect on the PEMFC catalyst layer IP diffusivity,
a lattice Boltzmann method D2Q9 model was employed. The normalized concentration
of air in the cracked CL was acquired, and the effective diffusivity of the complex crack
zone was calculated by the flux field. This model was validated by the analytical result
and shows relatively high accuracy. The effects on some key parameters like crack length,
crack width, crack quantity and crack shape were carried out.
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2 Random Crack Domain Regeneration

A processed base crack regeneration method was employed to obtain a computational
field. The details of this method were described in our previous work [9]. The circle
cracks were introduced in this simulation because some former work showed a significant
enhancement in mass transfer using this CL structure [10]. The non-crack area (NCA),
the intact porous catalyst layer, and the crack area (CA), the chapped crack, were defined
in the computational domain. These two different regions have different properties on
diffusion.

3 Physical and Mathematical Model

3.1 Physical Description

In a cracked CL, the effective diffusivity D¢ is determined by the NCA phase and CA
phase properties. Although the exact value of the D¢ is hard to estimate, its value is in
the range of Dcs and Dyca.

DY € [Dca, Dncal (1)

The NCA and CA phase in this research are porous CL structure and air, respectively.
The mass diffusivity D’éz in the nanostructure is reported to be sensitive to the porous
CL structure due to the effect of Knudsen diffusion [11], which is shown as

o 1, 1
o, = D T Do, 2

2

The Do, is oxygen diffusivity is equal to the Dyca, and the Dk, is Knudsen
diffusivity. These values can be calculated as

1.5
Do, =022 x 10~ LE320 — 3)
Dy = 4850d,,,/ L 4)

where p is the absolute pressure in atm, and is set to 2.5 atm (absolute pressure). T is
temperature in K, and is set to 353 K. M is the molecular weight of oxygen in g/mol,
and is set to 32 g/mol. d), is the characteristic pore size in cm [11]. The mean d,, is used
in the modeling and an empirical correlation of the mean d), is given as

dy = 140.50s% + 68.35¢ + 38.08 (5)

To obtain the diffusivity Dyca in the NCA media, a Bruggeman-like power law is
employed as [11]

— 1.75
DNCA =1.07¢ X D[éz

Combining Eq. (2)—(6), the diffusivity of NCA media at different porosities are
acquired. In this research, the porosity is in 0.25~0.45.
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3.2 Governing Equations

A 2D model is employed for the IP mass transfer analysis. Figure 1 illustrates the
computational domain of a cracked CL, and the governing equations for mass diffusion
can be expressed as following equations,

. 2 a2

5 = Dyea (%5 +25) (7a)
9C — pea (LS + € (7b)
ar — cA 9x2 ay2

The boundary conditions are described as

C=C,y=L0<x<L
C=0(C,y=0,0<x<L
J1.58 k=0 =f1,5.8 lx=t
13.6.7x=1 =13.6,7 lx=0

®)

where C is the concentration. The top and bottom boundary are maintained at C; and
C5 using famous Zou-he boundary conditions [12]. To ensure stability of the numerical
method, a small difference which is 0.01 is set between these two boundaries. The
periodic boundary is set at the left and right boundaries as previous works [13].
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Fig. 1 Computational domain of cracked CL.

3.3 2D LBM Model Description

In this research, a two-dimensional (2D) LBM single relaxation time (SRT) model is
employed to solve the mass transfer phenomenon in different phases. The density distri-
bution function g, evolution equation for a two-dimensional nine-speed (D2Q9) LBM
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in both NCA and CA can be given as,
Sa(r +ed t +8) — ga(r,t) = —Lga(r, 1) — g2l (r, )] )

where r is the position vector, 7 is the real time, §, is the iteration time step, g,? is the
equilibrium distribution function of the evolution equation.

The gases phase in the NCA is assumed to be static, because the Peclet Number (Pe)
in the porous structure is relatively low. Thus, the g,¢? shows as [14].

0, i=0
gl n=14tc, i=1-4 (10)
1 —
ﬁC, i=5-8
The velocity vector e; for D2Q9 scheme is
0,0) i=0
ei = 1 e(cos[5(i — )],sin[”(z’— D]) i=1,2.734 (11)

x/_e(cos[ 1)] s1n[ i— 1)]) V2i=5,6,7,8

and t is the dimensionless relaxation time for NCA and CA, which is determined by the
diffusivity coefficient [15],

3D
and

3D

INCA = jm +05 (13)

where c is a pseudo sound speed, Dc4 and Dycy are the diffusivity coefficient in crack
area and non-cracked area, respectively. To ensure the continuities of the flux and density
distribution functions at the interface of different phases, the pc is set to 1 in this model
[16]. Then the calculation of macroscopic quantities of the density and flux can be
obtained by

T=>f (14)

J=<chﬁ>1_05 (15)

1

At the end of each computational loop, the effective diffusivity coefficient D/ can
be obtained by Fick’s law [17, 18]:

pf — xS Jdd (17)
(C2—Cy) fdA
where C> and C are the boundary values of inlet and outlet boundaries, respectively.
L, is the distance between these two boundaries, and A is the computational width of
the domain.
The normalized effective diffusivity coefficient D" is defined as [19],

D" = DU /Dyca. (18)

The Dycy is equal to the D92, which is the oxygen diffusivity in bulk. This normalized
method makes the crack effect obviously on the diffusivity change of the CLs.
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4 Results and Discussion

4.1 Model Validation

Two typical structures, the “parallel” and the “series” model which are introduced in the
previous work are used to validate the LBM model [20]. In the model validation section,
the CR is set to 0.5. The Dca/Dyca value is set to 1-1000. Meanwhile, the domain side
length effect is also taken into consideration which is set from 300 to 5000 pm at the
resolution of 10 pwm. The model validation result is shown in Fig. 2. When the domain
side length is small, the error value is big, and the error is sensitive to the ratio between
two conductivity values. To balance the computational consumption and an error less
than 1%, the domain side length is set to 3000 pwm, and the conductivity ratio is limited at
1:100. In another word, the representative element volume (REV) in this case is 3000 pm
x 3000 pm.

50.0 - —=— parallel model, 1: 1
: —e— parallel model, 1: 10
—=aA— parallel model, 1: 100
45.0 - —v— parallel model, 1: 1000
—&— series model, 1:1
series model, 1:10
~40.0 - series model, 1: 100
X —=e— series model, 1: 1000
=
E 5o 5.0 %
25+
0.0 L
300 1000 3000 5000

Domain side length (um)

Fig. 2. Comparison between model prediction value and theoretical value.

4.2 1P Effective Transfer Properties Influenced by Cracks

Normalized Concentration with Diffusion Time. To evaluate the effect of diffusion
time on normalized concentration in the crack area, a bunch of simulations are designed.
The porosity of NCA is 0.3, and five different crack quantities are selected from 20 to
180. The triangle crack with 25 wm crack width are reconstructed, and every crack arm
length is random from 0 to 200 wm. As shown in Fig. 3, the average temperature at each
coordinate with 180 cracks is higher than that of 20 cracks. The D¢ is significant than
the Dyca, thus a higher CR is good for mass transport in the CLs. After 15e5 lattice
steps, the computing converges, but none of the concentration reaches the theoretical
linear line. This is because the existence of cracks changes the real tortuosity of the mass
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Fig. 3. The normalized concentration distribution with different time steps.

transfer. Furthermore, the more crack quantity, the farther the concentration deviates
from the theoretical value.

Normalized Concentration with Crack Shape. To evaluate the effect of crack shape on
the on normalized concentration in the crack area, three kinds of domains with different
crack shape, which are linear cracks, circle cracks and triangle cracks were employed.
The porosity of NCA is 0.3, and the CR were set to 0.15 & 0.05. The triangle cracks
case shows a little higher normalized concentration than that of linear crack and circle
crack cases. However, when the calculation converges, all three cases shows similar
normalized concentration distribution. In addition, the deviation of the computational
value from the theoretical value is caused by the cracks affecting the tortuosity of the
computational domain (Fig. 4).

Crack Ratio Effect on Diffusivity. To understand the effect of crack ratio on effective
diffusivity, the relationship between crack ratio and normalized diffusivity was carried
out. The NCA porosity is set to 0.2 and the Dyca/Dpyx is 0.04111. Different crack width,
length and quantity cases are carried out. Meanwhile, the parallel model and series model
are also used as the upper and lower limit of the normalized diffusivity. With the CR
increase from O to 0.15, the normalized diffusivity of crack width case, crack length case
and crack quantity case increase from 0.0411 to 0.0682, 0.0780 and 0.0866, respectively.
Thus, the crack length shows the highest influence on the IP mass transfer enhancement.
The computational model result is between the parallel model and series model results
(Fig. 5).

NCA Porosity Effect on Diffusivity. A lower porosity will cause a lower Dyc4, and the
relationship between these two parameters is shown in Egs. (2)—-(6). When the porosi-
ties are 0.2, 0.3, 0.4 and 0.5, the Dyca/Dpur are 0.0411, 0.089, 0.1579 and 0.2452,
respectively. And the simulation is carried out for these four cases. Result shows, with
the crack ratio increase from 0 to 0.17, the IP diffusivity enhancements of 0.2, 0.3, 0.4
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Fig. 5. Diffusivity change caused by crack ratio change.

and 0.5 porosity cases are about 96.93%, 63.86%, 43.40% and 30.08%, respectively.
Considering the relative low porosity of CL structure, this enhancement shows great
potential to enhance the IP mass transportation of oxygen phase and water vapor phase
(Fig. 6).
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Fig. 6. Diffusivity change caused by NCA porosity change.

Conclusions

In order to understand the crack effect on the PEMFC catalyst layer IP diffusivity, a
lattice Boltzmann method D2Q9 model was employed in this research. The normalized
concentration of mass transport was acquired, and the effective diffusivity of the complex
crack zone was calculated by the flux result. The following conclusions were mainly
obtained:

1.

The LBM model shows good accuracy when the diffusivity ratio is bigger than 1:
100. The error is below 5% when the domain size is 300 wm x 300 pm, and the error
is below 0.5% when the domain size is 3000 wm x 3000 pwm.

. For a triangle crack, the crack length shows a little bit more influence than the crack

width and quantity. However, comparing to the parameter including length, width,
quantity and shape, the CR plays the dominant role in the diffusivity enhancing.

. Considering the relative low porosity of CL structure, there is a great potential to

enhance the IP mass transportation of oxygen phase and water vapor phase by design
the cracked morphology.
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Abstract. Countries worldwide are shifting to a hydrogen economy in response
to stringent environmental regulations, and hydrogen transport between coun-
tries is expected to increase in the medium to long term. Although hydrogen is
traded between countries in different forms such as ammonia, liquid hydrogen,
and methanol, from the perspective of volume density and production/demand
area without a separate process, the transportation of hydrogen in liquid form
is the potential way for large-scale transportation of hydrogen in the future.
This article aims to highlight the opportunities and challenges technical for the
ocean-going liquid hydrogen carriers. An overview of development state-of-the-
art and key technical challenges of liquid hydrogen carrier ships are summarized,
including regulation, the cargo containment structure and insulation, boil off ratio
(BOR) evaluation, boil-off gas (BOG) handling system and propulsion system.
Finally, detailed technical route of the key technology required by future liquid
hydrogen carrier is extrapolated, and securing a possible design through various
technological alternatives.

Keywords: Liquid hydrogen carrier - Insulation - Boil off ratio - BOG
handling - Propulsion system - Technical insight

1 Background and Motivation

With the strengthening of international environmental regulations and the geopolitics
of the Russia-Ukraine war, the energy market will undergo rapid changes in the future.
The Paris Agreement adopted on December 12, 2015 is not only a substitute for emotion
in Kyoto, but also a consensus of the international community on greenhouse gases
(GHGsS) [1]. Most advanced and developing countries have participated in the agreement,
186 countries put forward the goal and contribution plan of reducing greenhouse gas
emissions. Investment in new renewable energy has being increased in recent years, but
the fluctuations in new renewable energy production and difficulties in trading renewable
energy resources across countries are considered the biggest hurdles obstacles to the
utilization of renewable energy. To break through the limitations of this new renewable
energy, hydrogen energy has attracted attention. Hydrogen uses fuel cells to generate
carbon free electric energy and heat energy that can be easily converted into renewable
energy [4]. Hydrogen energy produced by water electrolysis with renewable energy is
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best solution to balance the problem of renewable energy fluctuation and imbalance in
various countries. China is today the largest hydrogen consumer in the world, at about
24 MtHj/year in 2020 [5].

Niermann et al. investigated hydrogen exports from Algeria to Hamburg [6] and
analyzed the feasibility of different liquid organic hydrogen carriers (LOHC), pipeline
transportation and bulk transportation of liquid hydrogen. In a similar study, chain energy
efficiency and costs for ammonia and LH» sea transport from northern Norway to Rot-
terdam and global (Tokyo) were estimated by Ishimoto et al. [7]. The energy efficiency
and life-cycle costs of energy transported by submarine high-voltage cables are com-
pared with pipeline hydrogen transport, compressed hydrogen ship and liquid hydrogen
with different distances in [8]. Hydrogen can be transported by ship in the form of
LOHC, ammonia or liquefied hydrogen and ammonia carriers have been commercial-
ized and widely used in industrial. For LOHC carriers, ordinary chemical carriers can
be used, so it is not necessary to further develop new technologies [9]. The above three
recently published overlap papers, they all agree that liquid hydrogen (LH>) is the most
promising option for long-distance seaborne hydrogen transport. Coincidentally, the lig-
uefied hydrogen transport ship aims to the demonstration of liquefied hydrogen transport
between Australia and Japan. At the end of 2019, Kawasaki Heavy Industry of Japan
built a world’s first liquid hydrogen carrier with two 1250 m* double-shell vacuum lig-
uid hydrogen storage tank, which horizontal cylindrical pressure vessel freely enable
thermal shrinkage for transporting LH» [10].

Several economic analyzes on the hydrogen supply chain including maritime trans-
portation of liquefied hydrogen have been performed, but few studies has been done on
the technical characteristics of liquefied hydrogen carriers. Although Japan has com-
pleted the construction of liquid hydrogen ships, this is only an experimental attempt.
Therefore, this is a comprehensive and difficult task, because the volumes are vast and
data sets, and the necessary methodology statement may not be fully available. A com-
prehensive comparison of theories and assumptions, methodological choices and levels
of technical abstraction is beyond scope of this paper. Therefore, we review and discuss
the most obvious differences in the existing liquid hydrogen carrier or conceptual design
assumptions, and extrapolate the preliminary technical appearance of the future liquid
hydrogen ship. While identifying detailed technologies necessary for the development
of liquefied hydrogen carriers in the future and securing various technical alternatives,
the technical feasibility of liquefied hydrogen carriers is analyzed.

2 Classification of Liquid Hydrogen Carrier Tanks

The capacity of the liquefied hydrogen carrier depends on the economics of the lique-
fied hydrogen supply chain which have a significant impact on the analysis. Therefore,
referring to the LNG ship type, the possible capacity of each tank type of the liquefied
hydrogen carrier is analyzed. As shown in Fig. 1, membrane and type B tanks are applied
to large LNG carriers, and Type C tanks are mainly applied to small LNG carriers or
bunkering ships.

The Type C tank has the advantage of higher design pressure and ability to store
BOG in the tank due to its relatively pressure build-up (accumulation) system locking
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Fig. 1. Classification of cargo tanks for ships

BOG into the cargo tank, but has the disadvantage of being difficult to enlarge due to
its shape and having low space efficiency. Hyundai Heavy Industries Group completed
the conceptual design of a 20 K class liquid hydrogen carrier and received Approval in
Principle (AIP) certification from the Korean Register of Shipping. Based on this, it is
expected that it will be possible to manufacture up to 5000 ~ 6000 m> per type C tank,
and it is judged that the capacity of the liquefied hydrogen carrier can be up to about 20
K depending on the number of tanks.

Membrane type tanks have high space efficiency and can be manufactured with a
capacity of 160 K or higher based on LNG carriers. However, since this is a judgment
from the viewpoint of manufacturability of the tank, it is also necessary to consider the
possibility of applying an appropriate insulation system according to the capacity.

3 State of the Art and Extrapolations of Hydrogen Tanks Boil
off Ratio

3.1 Type-C Tank

Liquid hydrogen storage and handling technology was first developed and applied by
NASA aerospace projects [11]. The world’s largest spherical LH, storage tank with
approximately 3200 m® LH, capacity was built in the 1960s. The absolute value of
the boil off gas is reported about 530 gal/day, which corresponds to boil off ratio of
approximately 0.0625% per day [12]. Different types of LH, tanks have been designed
and brought to market by Linde, the BOR of which is decided by size, shape, insulation,
environment and usage pattern. For example, a cylindrical tank with a capacity of 300 m3
has a boil off ratio of 0.3% per day, while a spherical tank with a capacity of 1100-
2300 m?> has a boil off ratio of less than 0.1% per day [13].

In the 1980s KHI built spherical LH; tanks with a volume of 600 m? and 540 m* LH,
capacity which achieves a boil off ratio of 0.18% per day [ 14]. After 30 years of operation,
no degradation in insulation performance has been detected by KHI [15]. By 2020, 1250
cubic meters of horizontal cylindrical seaborne tank have been put in operation [16],
the spherical onshore terminal tank achieves thermal insulation performance with <
0.1% per day boil off ratio [17]. Recently, a basic principle design of 11,200 m® volume
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spherical LH; tank with < 0.1% per day boil off ratio performance have been completed
by KHI and certified by the classification society [18].

Most hydrogen storage vessels are double-layered with a vacuum in the middle.
The space between these can also contain other materials, such as aluminum-coated
polyester sheets, alternating layers of aluminum foil as well as fiberglass. The vacuum
aims to reduce losses by conduction and convection, while the alternated layer aims to
reduce losses by radiation [19]. Heat loss can also be reduced by reducing the ratio of
the exposed surface to the volume of the tank, which is the reason why spherical tanks
are often used to store the liquid hydrogen. That can be seen as a trade-off with cost.
Although the surface-volume ratio of cylindrical tanks is higher than that in spherical
tanks, they are easier to manufacture due to the low costs, thus making them more
common. The boil-off ratio depends on the size of the tank and the intended pattern of
use. For example, a 300 m* small tank has boil off ratio of 0.3% per day, while tanks of
1100-2300 m? can already achieve boil off ratio of less than 0.1% per day [20].

Based on the brief review above, it is reasonable to assume that low boil off ratio
can also be achieved when LH, cargo tanks are sized close to the capacity of today’s
Liquefied Natural Gas (LNG) carriers. Since boil off ratio of 0.06-0.25% per day is
already achieved for tanks between 100 and 4000 m?3, a natural question is that whether
it will facilitate or impede achievable performance of low boil off ratio if further scaling-
up tanks volume. Under the assumption of well insulated tank with a uniform temperature
distribution inside, the heat flow into tank LH; will proportional to the difference between
the ambient temperature and the LH, temperature (K), overall heat transfer coefficien
t(W m—2 K~!) and the tank surface area (m?), as shown in Eq. (1).

Qin = (Too,ambient - Too,LHz ) U, overallAsurface (1 )

The boil off ratio is defined as the ratio of the amount of evaporated gas produced
per unit time to the full tank inventory, but [% per day] is a more commonly used unit
for cryogenic storage tanks. Qin is heat (kW), Vank is volume (m3), pLHj> is the density
of liquid hydrogen (kg/m>), Levap,LH, is the latent heat of vaporization (kJ/kg), Asurface
is the surface area (m?), and Ugyeran is overall heat transfer coefficient (W m~2 K.
The boil off ratio (% per day) can be expressed as:

Qin
BOR(%/day) = -24-3600 - 100% 2)
Levap,LH, - PLH, * Viank

where the units in the equation are international standard.

From (1) and (2), it can be found that the boil off ratio is proportional to the ratio of
surface area to volume, which is usually called specific surface area. For spherical and
cylindrical tanks, Fig. 2 gives how the specific surface area changes with size. It can be
observed that it will decline sharply with the increase of trading volume, while on the
other hand, it will rise sharply for sufficiently low trading volume.

To further illustrate the effect of size on the boil off ratio at the achievable design
point, Fig. 3 shows the change of daily the boil off ratio with the total heat transfer
coefficient and spherical tank volume. The ambient temperature is set at 288 K. For
simplicity, it is assumed that the storage tank contains 1.2 bar (a) of pure saturated liquid
to hydrogen, and the air-fuel rate is 10%. The liquid density and temperature can be
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Fig. 2. Relation between internal surface area and volume for cylindrical and spherical tanks

retrieved respectively from the thermophysical properties in REFPROP [21], and the
specific heat of evaporation (heyap. LH3) is 443.17 kJ/kg. For any fixed value of U, the
daily the boil off ratio decreases significantly with the increase of tank size. The daily
boil off ratio decreases by about 54% when the volume increases by 10 times (e.g.
for 1000 m? relative to 100 m?). Apart from these correlations based on equation, the
rough data of three spherical tanks existed of different sizes and vintage [22], and the tank
performance of other two indicators [ 13, 18] are also plotted in the same chart. Reference
[6-8] is also included. The estimated value of the total heat transfer coefficient U of each
tank can be read from the curve intersected with the data point, and it indicates that [12,
13, 17] is about 0.004 W m~2 K~!. In theory, if the storage tank [13, 14] or [17] can
be further scaled with U unchanged, the boil off ratio would be reduced to about 0.07%
per day with a volume of 10,000 m3. The corresponding figure of [22] would eventually
reach about 0.17% per day.
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Fig. 3. Evaluation for the relation between spherical LH; tank volume, overall heat transfer
coefficient and daily BOR.

As these illustrative examples show, due to the reduction of surface-to-volume ratio,
the increase of size and diameter is usually beneficial to the low-voltage insulation system
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[23]. It is still to be identified what is the best technical and economic boil off ratio of
large LH, transport carriers in the future [24], and its size is equivalent to the current
LNG tanker. This is an overall research and development task. It is necessary to weigh
tank design and thermal insulation layout with a series of trade-offs, some of which may
relax some restrictions, such as balancing boil off ratio and energy demand of propulsion
and auxiliary systems. Multidisciplinary capabilities at different levels are required,
including construction and materials technology, thermodynamics and fluid dynamics,
mass and heat transfer, thermal process, naval architecture, and power and propulsion
systems. In the research project, “LH, Pioneer—Super Insulated Marine Containment
System for Global LH, Ship Transportation” led by SINTEF, LH; containment and
thermal insulation, cargo loading and marine hydrogen re-liquefaction process are the
key research topics [25].

3.2 Membrane Type Cargo Tank

Therefore, in order to determine the thermal insulation performance of membrane tank
insulation, it is assumed well insulated membrane cargo tank with a uniform temperature
distribution both inside and outside of insulation layer. Excluding insulation mounting
members, piping, support members and cargo handling systems, only the thermal insu-
lation and heat transfer around cargo tank which volume is assumed to be cubic are
considered. The heat flowing into the cargo tank will be proportional to the difference
between the outer surface temperature of the insulation layer and the LH, temperature
(K), the outer surface area and the thermal conductivity, as represented in the Eq. (3).

(Too,out - TOO,LHQ)
Drhickness
Qin
BOR(%/day) = .24 -3600 - 100% 4)
evap,LH, * OPLH; * Viank

Qin =A- 'Asurface (3)

This paper only considers heat conduction for the outer surface temperature of the
insulation layer of 0 °C and the inner temperature of — 253 °C, the volume of the
cargo tank varies from 1000 to 60,000 m?, and the thickness of the insulation layer is
between 0.5 and 2.5 m. Due to the different areas of the hot and cold ends, the average
value of the insulation outer area is considered as the outer area of the cargo volume
for the conduction heat input calculations and following calculation formula is shown
in (4). Dihickness and N represent the thickness (m) of the insulation layer and thermal
conductivity (W m~! K—1).

Through the summary of the above literature, it is reasonable to assume that the boil
off ratio of the liquid hydrogen cargo tank which is supposed to cube cargo tank is set
at 0.2% per day. Figure 4 shows the requirements for the thermal conductivity of the
thermal insulation layer in liquid hydrogen ships with different capacities and thicknesses
of the thermal insulation layer. As mentioned above, since this is a calculation for a fully
enclosed cargo tank that does not include other heat input components, it is necessary to
apply an insulation with a lower thermal conductivity than that shown in this result when
other heat leaking components are considered. It is obvious from the figure that with the
increase of the volume of the cargo hold, the thermal conductivity gradually increases
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but its increase rate gradually decreases, which means that when the volume of the cargo
tank reaches a certain value, the benefits obtained by improving the thermal insulation
performance of the insulation material are significantly reduced and the benefits are more
pronounced with the thickness of the insulation. However, increasing the thickness of
the insulation layer will affect the usable space of the cargo tank and bring about the
problem of lower loading economy. Therefore, this is a pair of contradictions and need
to find the best balance point.

0 10000 20000 30000 40000 50000

Cargo volume/m’

Fig. 4. Thermal conductivity of thermal insulation materials required for liquefied hydrogen tanks
with different volumes

Table 1 shows the conductivities of insulation materials applicable to tanks of cryo-
genic cargo which are commonly used in current industry. Among the proposed mate-
rials, VIP is the only material with x < 0.01 W m~! K~! and MLI exists as a better
heat-insulating property than VIP. But considering the vacuum structure transformation
of the membrane insulation system, it is judged to be technically difficult to apply.

Table 1. Thermal conductivity of insulation material

Insulation material Thermal conductivity (W m™! Kil) Source
Mineral wool 0.035-0.045 [26]
Polyurethane 0.017-0.024 [26]
Expanded polystyrene 0.035-0.04 [26]
VIP 0.002-0.008 [26]
Glass bubble 0.047-0.2 [27]

When VIP is applied to the inter barrier space (IBS) of the liquefied hydrogen
membrane tank, the temperature is lower than that of the IBS of the existing LNG cargo
tank, so there is a difference in operating concept. The IBS of the existing LNG cargo
tank was operated in the form of nitrogen purging, but the IBS of the hydrogen cargo
hold cannot perform nitrogen purging because there is an area where the temperature
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is lower than the freezing point of nitrogen (— 210 °C). A method of applying helium
instead of nitrogen is also possible.

It is possible to apply a vacuum to the IBS space, but it is necessary to develop and
verify the technology for applying/maintaining a vacuum in a large space. In the case
of an LNG membrane tank, a vacuum of — 800 mbar is applied through a global test
to confirm the airtightness of the primary barrier, so it is expected that a certain level of
vacuum application is structurally possible. However, in a liquefied hydrogen carrier, it
is necessary to verify whether the vacuum can be maintained during the life cycle of the
ship and whether freezing of nitrogen or the like occurs at the corresponding level of
vacuum. When vacuum is applied to the IBS, the effects of air condensation and oxygen
enrichment due to air inflow in case of vacuum loss should be considered. In addition,
the correlation between the reduction in vacuum and the amount of BOG generated
due to VIP aging should be considered. Figure 5 is an example of an insulation system
arrangement for a membrane tank.

Primary Barrier

Vacuum or Inerting

Fig. 5. Example of an insulation system for LHy membrane tank in the future.

4 BOG Handling System and Propulsion System

The development of BOG handling and propulsion systems needs to be considered
together with the tank insulation system. In other words, it is anticipated that it will be
necessary to develop an insulation system that will control BOG generation to levels
required for propulsion/power generation. Furthermore, re-liquefaction of BOG and
combustion via Gas Combustion Unit (GCU) is also possible. However, in the case of
re-liquefaction, a large amount of energy is consumed compared with the re-liquefaction
of LNG, so its application is limited and it is unrealistic to apply it in the short to medium
term [28]. Example of BOG handling system and propulsion system in illustrated in
Fig. 6.

LNG-based rules prohibit the release of BOG into the atmosphere except in emer-
gency situations because air pollution is closely related to the greenhouse effect and
methane emissions [29]. In the case of hydrogen, there is no risk of air pollution, so it
is considered necessary to establish a certain area around the exhaust point as a safety
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Fuel Cell
& DFDE

Fig. 6. Example of BOG handling system and propulsion system.

zone to eliminate the risk of fire/explosion, and to examine whether natural discharge
after dilution can be performed without a separate BOG treatment facility.

Hydrogen can be usually used in the field of fuel cells (see Table 2). Due to the absence
of moving parts, fuel cells have some advantages like very low noise, low vibration
and low pollutant emissions. However, the tolerance to impurities are their challenges,
especially the proton exchange membrane fuel cells (PEMFCs) and shock resistance.
PEMFCs and solid oxide fuel cells (SOFCs) are both effective at about 60%. Besides,
SOFCs has an additional advantage [30]. They can operate under high temperature (700—
1000 °C), which implies that they can be used to generate steam and power needed in
steam turbine. The overall system efficiency can be increased to about 80% [31]. As
for the both technologies, the additional ancillary components (e.g. plant balancing)
reduce the overall efficiency of a few percent. These losses become higher as long as
the fuel cells become larger. The specific power (kg/kW) of SOFCs is lower than that of
PEMFCs. They have high operating temperatures, long start-up times and poor tolerance
to load variations. Internal combustion engines (ICEs) become more efficient owning to
the larger sizes, which have a higher average power density, lower costs as well as more
tolerance to load changes, and lasts longer. Some disadvantages of them can be noticed
such as noise, vibration and low efficiency.

5 Conclusions

Trade of hydrogen between countries will be carried out in the form of ammonia, lig-
uid hydrogen, LOHC, etc., taking into account the renewable energy resources of the
exporting country and the hydrogen usage type and technological maturity of the import-
ing country, and will not be traded in only one form. Therefore, in this article, the key
technology or potential demand technology are listed.

(1) Development of efficient insulation system.

e For type C tank, vacuum and MLI/glass bubble insulation technology need to
develop application technology.
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Table. 2. Comparison between direct hydrogen use in fuel cells and ICEs

Performance ICE PEMFC SOFC GAS TURBINE
Conversion efficiency (%) 50 52 60 35
System efficiency (%) 50 56 80 58

Cost (USD/kW) < 500 > 1500 > 4500 |-
Specific power(kg/kW) 2-11 4 50 1.25-2
Partial load efficiency High High High Low
Tolerance to load variations High Medium Low High
Maturity High Medium Low High
Lifetime High Low Low -
Noise/vibration High Low Low High
NOy and hydrocarbon emissions Medium Low Low Medium

e For Membrane tank, IBS vacuum maintenance and VIP aging technology research
are required.

(2) Development of an efficient hydrogen BOG treatment system and propulsion system
are needed.

e Large-capacity fuel cell (PEM or SOFC) needs to be developed.
e Hydrogen BOG dilution emission method needs further verification and inspec-
tion.

(3) Considering the low density of liquefied hydrogen, stability, propeller immersion,
draft changes (cargo loading/unloading), etc., it is necessary to optimize the linear
design of the hull.

At the beginning of the introduction of liquid hydrogen carriers, about 20,000—
40,000 m> capacity liquid hydrogen carriers equipped with type C tanks with relatively
low technical hurdles are suitable, and in the long term it is considered necessary to
develop membrane-type liquid hydrogen carriers. In order to succeed in the commer-
cialization of liquefied hydrogen carriers, the reliability and safety of the technology
have to be ensured, and there are still technical challenges to be overcome. It is expected
that domestic shipyards will successfully enter into the technology of liquefied hydrogen
carriers by utilizing their know-how in developing LNG carriers, which is their strength,
and that liquefied hydrogen will play an important role in the hydrogen supply chain.
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Abstract. Hydrogen fuel cell has great potential in replacement of traditional
fossil energy systems to decrease carbon dioxide emission. Vortex blower is a key
device in the hydrogen recirculation system, which need to be studied deeply to
improve the performance of the whole fuel cell. In this paper, the steady internal
flow of a hydrogen vortex bower was numerical simulated, and the effect of blade
number and blade flapping angle on the performance was studied. The simulation
results were compared with experimental data, and the deviation of simulation
in choking condition was observed. With the validated simulation method, the
influence of blade number and flapping angle was studied. Higher blade number
causes more friction, and less blade number leads to flow separation. The negative
flapping angle also has the effect on depressing low-pressure region. This research
illuminates the simulation method can be further applied to the aerodynamic study
and structure optimization of vortex blower.

Keywords: Hydrogen vortex blower - Experiment - Blade number - Angle

1 Introduction

Hydrogen fuel cell is considered as a promising option in replacement of traditional
fossil energy systems with high efficiency, low emission, and short refueling time. In the
automotive industry, polymer electrolyte membrane fuel cell (PEMFC) is used widely.
To ensure the operation stability and the duration of membrane, adequate hydrogen is
critical for the anode, and same to the cathode with air. The hydrogen ratio defines the
ratio of hydrogen inlet mole flow and mole flow consumed by fuel cell stack and it is
usually greater than 1. Therefore, hydrogen recirculation system is required to reuse the
excess hydrogen from anode exhaust gas, which improves the total efficiency of PEMFC
and minimizes environmental pollution [1]. There are many researchers [2, 3] focusing
the control strategy and control system simulation of hydrogen recirculation system.
Vortex blower is the key device in hydrogen recirculation system, which inputs work
to anode exhaust hydrogen, and it is one of the most energy-consuming devices in
PEMFC. Hence, a high efficiency vortex blower is desired for a superior performance
PEMEFC. Many researchers analyze vortex blower through experimental analysis, theo-
retical analysis, and simulation analysis. Song [4] discussed about the experimental char-
acteristics of forward and backward bending impeller, which showed little difference in
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large flow condition. Badami [5] proposed a theoretical model with the consideration of
clearance to study leakage. Han [6] analyzed the effect of different blade thickness and
blade number, and also predicted fatigue life of blade through simulation. Cai and Zhang
[7, 8] studied the influence of blade bending direction and bending angle on flow charac-
teristic of vortex blower with simulation method. In addition, many researchers focus on
aero-acoustic and noise simulation [9—11]. This study simulated the flow characteristic
of a compact hydrogen vortex blower with experimental data.

2 Numerical Simulation

2.1 Geometry Modelling

As shown in Figs. 1 and 2, the vortex blower consists of two main parts, stational flow
path with inlet and outlet, and impeller with rotational flow path. The rotational speed of
impeller is 10,000-23,000 rpm. The diameter of inlet and outlet is 5 mm. The impeller
inner diameter is 27 mm and outer diameter is 76 mm. The impeller has 36 blades. The
thickness of blade is 0.8 mm. The fluid domain was calculated by interference operation.
To ensure the full development of the flow, extension is added to both inlet and outlet,
with length as same as the impeller outer diameter of 76 mm.

()

Fig. 1. Stator of vortex blower.

2.2 Mesh Generation

Poly-Hexcore meshes were generated separately on stational flow domain and impeller
domain by Fluent Meshing 2020 R1, Fig. 3 shows the Poly-Hexcore meshes of impeller
domain and stational flow domain. Mesh independency was checked by refining the
impeller domain and checking the pressure difference between inlet and outlet. The
inlet flow of mesh independency checking state was set as 12.60 m3/h with rotational
speed 17,000 rpm. Four groups of impeller domain mesh were generated with 921,221,
1,228,781, 3,872,419, and 5,853,783. The static pressure differences between inlet and
outlet were simulated, and compared with the result from experiment (see Table 1). By
consideration of both accuracy and computational resource, mesh group 1 was finally
chosen for following numerical simulation.
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Fig. 2. Impeller of vortex blower.

Table 1. Mesh independency checking results.

Mesh group Mesh number Static pressure difference Error (%)
1 921,221 3189.4 7.24

2 1,228,781 3146.9 5.81

3 3,872,419 3146.8 5.81

4 5,853,783 3205.9 7.80
Experimental data - 2974.0 -

Fig. 3. Poly-hexcore meshes of impeller domain and stational flow domain.

2.3 Solver Setup

In this study, all numerical simulations were conducted by Fluent 2020 R1. To achieve
temporal accuracy and numerical stability in transient simulation, Courant number Co
is required less than 1. The Courant number is defined as:

5t|U|
0 =

Sx

6]
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where 6t is the where is the time step, |U| is the magnitude of the velocity and éx is
the cell size. Because the rotational speed of the vortex blower is at the scale of ten
thousand, according to Co, the time step should be chosen little than 1073 s, which
will cause enormous computational effort. Therefore, in this study, simulations were
completed with MRF method. The interface between the stator and the impeller is not
conformal. In Fluent, there are several methods dealing with non-conformal interface,
periodic boundary condition, periodic repeats, coupled wall, matching, and mapped.
Because the couple wall interface has no flow exchange between two sides of interface,
it is not suitable for the simulation in this study, and neither is mapped method, which
is always combined with coupled wall.

The viscous model was selected as realizable k-& two equation model, which is suit-
able for high Reynolds number flow. With k-& model, near-wall treatment method should
be selected. Scalable wall functions, non-equilibrium wall functions, and enhanced wall
treatment are all suitable for this kind of simulation. By comparison with experimental
data, enhanced wall treatment was finally chosen. Coupled scheme was used for pres-
sure velocity coupling, with all velocity-relative terms in second order upwind scheme.
For better convergence, pseudo transient option was chosen. As to boundary conditions,
mass flow inlet and pressure outlet were selected.

3 Results and Discussion

3.1 Internal Flow Simulation

The flow characteristic of the vortex blower was obtained by four groups experiments
on a standard blower test rig. In every group of experiments, the valve opening was set
as a constant, and by increasing impeller revolution speed from 10,000 to 23,000 rpm,
the mass flow and pressure difference were recorded.

The internal flow simulation was conducted based on the experiments. The rotational
speed and inlet mass flow were set as same as experimental data, and the pressure
difference was computed numerically. The error was acceptable in engineering with
less than 20%. Hence the validation of internal flow simulation was checked. In Fig. 4,
four groups of simulation results and experimental data were plotted. From group 1 to
group 4, the valve opening was increased. Black squares represent experimental data
and red circles are simulation results. From left to right on x axis, the rotational speed
is increased from 10,000 to 23,000 rpm.

From Fig. 4(a)—(d), the deviation between simulation results and experimental data
is growing. The reason for this deviation is that the mass flow was increasing from group
1 to group 4, and the vortex blower was operated with over inlet flow outside the design
region, which caused choking condition. This is also a characteristic phenomenon of
vortex blower, that it is more sensitive to choking condition than surging condition.

In Fig. 5, the pressure contours of interface between stator and rotator was plotted.
The fluid is pressured sequentially by blades with the high-speed rotation of impeller, and
the blade structure has influence of the flow pattern on the interface. The flow pathlines
were shown in Fig. 6 and a series complex eddy structures near inlet were observed
with low velocity. The low-energy flow was gathered around the inner circle of impeller,
which will cause flow separation. Because of the centrifugal force, the flow separation
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Fig. 4. Experimental data and simulation results of the vortex blower. Black squares represent

experimental data. Red circles represent simulation results. The rotational speed is increased from
10,000 to 23,000 rpm from left to right on x axis.

near outer circle region was depressed. In the Fig. 7, the pressure contour of impeller
also showed pressure gradient both from inlet to outlet and inner circle to outer circle.
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Fig. 5. Pressure contours of interface between stator and rotator.



168 H. Li et al.

Fig. 6. Pathlines colored by velocity magnitude.
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Fig. 7. Pressure contour of impeller.

3.2 Influence of Blade Parameters

In following simulation, the operation point with rotational speed of 17,000 rpm and
inlet mass flow of 12.60 m3/h was selected to study the influence of blade parameters to
the performance of the vortex blower.

Firstly, the effect of blade number was studied. With the blade number changing
evenly from 34 to 42 by 2, six new impeller models were generated. Under the selected
operation point, the pressure difference between inlet and outlet was simulated as shown
in Fig. 8. With the decrease of blade number, the pressure rise of the vortex blower is
increasing. With the same revolution speed, the more blade number means the more
friction between fluid flow and blades, which explain the tendency. Besides, the more
blade number makes choking condition more easily to happen. So, higher blade number
does not benefit the internal flow of vortex blower.

The pressure contours of the interface between stator and rotator are shown in Fig. 9.
Blade number is 34 on the left. Blade number is 42 on the right. The main flow patterns
with blade structure are observed on both sides. However, the pressure contour of 34-
blade-number impeller is much more uneven compared with 42-blade-number impeller,
though the pressure rise is higher.
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Fig. 8. The pressure rises of vortex blower with different blade number at rotational speed of
17,000 rpm and mass flow of 12.60 m3/h.
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Fig. 9. Pressure contours of interface between stator and rotator. Blade number is 34 on the left.
Blade number is 42 on the right.

Figure 10 shows that, in the 34-blade-number impeller, there is a large low-pressure
region at the suction surface near inlet, which means sever flow separation. With flow
separation, larger secondary flow and other eddy structures will lead to higher energy loss.
To ensure the performance of vortex blower with less blade number, further experiments
should be done, and there will be an optimal number of blades for specific vortex blower
structure.

Secondly, the influence of blade flapping angle was simulated. Blade flapping angle
is defined as the space angle between rotation axis and blade plate. In addition, the
blade flapping angle is positive when the flapping direction is the same as the rotational
direction. In the baseline impeller, all blade plates are parallel to rotation axis, and
the blade flapping angle is 0°. New impeller models with blade flapping angle of 5°
and — 5° were shown in Fig. 11 left and right. The rotational direction of impeller is
counterclockwise face to the paper.

These two impeller models were simulated and compared with baseline impeller as
shown in Table 2. The positive flapping angle got higher pressure rise than baseline,
and the negative flapping angle got lower pressure rise than baseline. By observing the
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Vs

Fig. 10. Pressure contours of suction surface near the inlet. Blade number is 34 on the left. Blade
number is 42 on the right.

-1500
-2030
-2560
-3090
-3620
-4150
-4680
-5210
-5740
-6270

-6800
[ pascal ]

Fig. 11. Impeller models with blade flapping angle. Left: 5°. Right: — 5°.

pressure distribution on interface in Fig. 12, the positive blade flapping angle impeller
has similar flow structure as low blade number, and the negative blade flapping angle
influences flow like high blade number. The reason for negative flapping angle impeller
has more smooth pressure contour is that the structure of the suction surface depressed
the flow separation relatively. For further optimization of vortex blower, the optimal
blade number combined with proper blade flapping angle is worth to discuss.

Table 2. Simulation results of impellers with different blade flapping angle.

Blade flapping angle Static pressure difference (Pa)
5° 3900.2
0° 2609.4
—5° 2484.5
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Fig. 12. Pressure contours of interface between stator and rotator.

4 Conclusions

In this paper, a simulation method of the steady internal flow in a vortex blower for
hydrogen recirculation system was detailly illustrated. Multiple reference frame method
was used to dealing with the relative motion between rotor and stator. The energy charac-
teristic of the vortex blower was recorded through experiments. With the validated sim-
ulation method, the influence of blade number and blade flapping angle was discussed.
The following conclusions can be drawn:

e The simulation of operation states within design condition region agreed well with
experimental data. When the mass flow over the design region, choking condition
will happen.

e Higher blade number causes more friction loss between fluid flow and blade because
of the higher blade frequency. Lower blade number will get higher pressure rise.
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e Positive blade flapping angle improves the pressure rise of the vortex blower. Negative
blade flapping angle has the influence of depressing the flow separation at the impeller
and make pressure field more even.
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Abstract. The current density of proton exchange membrane fuel cells (PEM-
FCs) is directly linked to their electrochemical reaction. Its distribution over the
active area can give the local performance of the cells, which is significant for
exploration of internal process and optimization of performance. In this paper, seg-
mented cell technology is applied to investigate the current density distribution for
a commercial PEMFC with different clamping strategies. The stress distribution
and current density distribution as well as the overall performance of the cell are
tested under the same operating conditions. The results show that a more uniform
stress distribution can lead to a more uniform reaction current density distribution
and the good uniformity of the stress distribution and current density distribution
has a positive impact on the improvement of the cell overall performance. Thus, it
is significant to improve the clamping strategy in order to improve the uniformity
of the stress distribution and reaction current density distribution, which ultimately
improves the cell overall performance.

Keywords: Commercial proton exchange membrane fuel cells - Clamping
strategies - Stress distribution - Contact form - Current density distribution

1 Introduction

The PEMFC is regarded as one of the most promising power sources for vehicles and
various portable electronic applications due to its high energy conversion rate, high reli-
ability and low pollution emission in operation [1]. Currently, commercial fuel cells
usually need hundreds of cells and large active area for each single cell to realize high
power applications [2]. Scaling up the active area from no more than 50 cm? in labora-
tory level to over 150 cm? for commercial use encounters challenges in reaction gas flow
distribution, water-heat management, and reaction uniformity [3]. In order to optimize
the design of commercial PEMFC, it is necessary to carefully consider the coupling rela-
tionship of various uneven parameters such as temperature, reaction gas concentration,
stress distribution and current density distribution [4].

Conventional fuel cell diagnostic methods such as polarization curve can give an
overall performance but lack of spatial information at different positions for the large
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reaction active area. As current density is directly linked to electrochemical reaction
of fuel cells, its distribution over the active area can give the local performance of the
cells [5]. Thus, relevant diagnostic methods need to be developed to obtain the current
density distribution in the reaction process of commercial PEMFCs with large active
area. So far, various researches have been conducted to investigate the current density
distribution inside PEMFCs with large active area. In order to study the influence of
relative humidity (RH) on the performance and durability of reversal-tolerant-anodes
(RTAs) during hydrogen starvation, Wang et al. [6] employed an advanced segmented
technique to examine the coupling reactions by simultaneously measuring current den-
sity, RH and temperature in a PEMFC with large active area. It is found that the inlet of
RTAs undergoes degradation earlier than the outlet and the membrane electrode assem-
bly (MEA) with a RTA has an optimal humidity during cell reversal. Lin et al. [7] studied
the changes of the overall performance and current density distribution of commercial
PEMFCs under dynamic gas operating parameters especially transient process through
fast segmented cell technology. The results showed that the cathode stoichiometric ratio
has a more significant effect on the cell performance than the back pressure. The work
leads to suggestions on the control strategy during dynamic load demands and lays a
foundation for further study into the durability under variable gas operation parameters
of the fuel cell operation.

Moreover, some researches have been conducted to study the relationship between
stress distribution and current density distribution as well as the cell overall performance.
Vijayakumar et al. [8] measured the current distribution profile along the cathode flow
field channel using a segmented current measurement plate to understand the influence
of uneven clamping pressure distribution on the MEA. Although scholars have done
some research on the relationship between the stress distribution and the current density
distribution affected by the clamping force, few studies on the stress distribution and
its relationship with the current density distribution caused by the cell structure and
clamping strategy have been conducted so far inside commercial PEMFCs with large
active area.

In this work, two different clamping strategies are applied to a commercial PEMFC
with the active area of 360 cm?. The current density distribution is tested by segmented
cell technology (from Yuanzhu technology, www.szfcet.com) and the stress distribution
is obtained. The results of both strategies are compared not only to analyze the influence
of different structures on stress distribution but also to examine the relationship between
stress distribution and current density distribution as well as the cell overall performance.

2 Experimental Part

The research is carried out on a commercial single PEMFC with the active area of
360 cm? with two different clamping strategies (strategy 1 and strategy 2) under the
standard operating conditions. The conditions contain: coolant temperature of 75°C,
anode/cathode back pressure of 100/95 kPa, anode/cathode stoichiometry of 1.5/2.2,
anode/cathode RH of 80%/80%. The segmented cell technology is from Yuanzhu tech-
nology (www.szfcet.com), which is applied to test the current density distribution of the
fuel cell and the stress distribution is obtained by pressure measurement film.
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3 Results and Discussion

3.1 Influence of Different Structures on Stress Distribution

(a)
(d)
rib
e
channel
(b) ®

Fig. 1. The stress distribution (a) and the flow field structure (¢) of the contact interface of the cell
with strategy 1; the stress distribution (b) of the cell with strategy 2; cross section of the parallel
areas (d) and the vertical areas (e, f) of the flow field structure.

Figure 1 analyzes the influence of different structures on stress distribution. It can
be found that the stress distribution of the cell with strategy 1 (Fig. 1(a)) is less uniform
than the stress distribution of the cell with strategy 2 (Fig. 1(b)). As shown in Fig. 1(c),
the contact interface of the cell with strategy 1 can be divided into two parts. One is the
area where the ribs on the contact interface are vertical to each other (the triangle areas
of Fig. 1(c)), and the other is the area where the ribs on the contact interface are parallel
to each other (the oval areas of Fig. 1 (c)). Comparing the stress distribution and the
flow field structure on the contact interface, we can find that the contact where ribs are
vertical to each other is better than that where ribs are parallel to each other. In vertical
areas, the ribs and channels on both sides of the interface are interlaced. The contact
forms of the interface can be divided into three types: rib to rib, rib to channel, channel
to channel (Fig. 1(e, f)). From Fig. 1(a) we can find that both the rib-to-rib form and
the rib-to-channel form can achieve good contact stress, while the channel-to-channel
form gains poor contact. As most of the vertical areas are rib-to-rib and rib-to-channel
forms, these areas generally result in good contact. On the other hand, the parallel areas
only have rib-to-rib and channel-to-channel forms. And as the proportion of the channel-
to-channel form which has poor contact is considerably large (near 50%), the parallel
areas generally result in poor contact. As shown in Fig. 1(b), the interface of the cell
with strategy 2 only has rib-to-channel and rib-to-rib forms (Fig. 1(e)). Thus, the stress
distribution on the entire contact interface is more uniform and generally better.
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3.2 Relationship Between Stress Distribution and Current Density Distribution

Current Density

0 200 400 601 800 1000 1200 1400 1600 1800
(@)
Current Density (mA/cm?)

0 200 600 0 1000 1200 1400 1600 1800

(b)

Fig. 2. The current density distribution of the cell with strategy 1 (a) and the cell with strategy 2
(b) at 1000 mA/cm?.

Figure 2 shows the current density distribution of the cell with two clamping strate-
gies at 1000 mA/cm? respectively, which investigates the relationship between stress
distribution and current density distribution. As shown in Fig. 2(a), it is found that the
local current density in some areas (the oval areas of Fig. 2(a)) is lower than the normal
value. It can be found from the stress distribution and flow field structure in Fig. 1(c)
that these low current density areas are consistent with the poor contact areas (parallel
areas). Therefore, the local poor contact may affect the reaction in these areas and lead
to low local current density. On the other hand, by comparing the triangle areas of the
stress distribution (Fig. 1 (c)) and the current density distribution (Fig. 2(a)), the results
show that local good contact contributes to the reaction in these areas, which leads to
the increase of local current density. Moreover, the current density distribution of the
cell with strategy 2 (Fig. 2(b)) is much more uniform than that of the cell with strategy 1
(Fig. 2(a)). By combining the phenomenon with the stress distribution of the cells with
two clamping strategies respectively (Fig. 1(a) and (b)), we can find that a more uniform
stress distribution can lead to a more uniform reaction current density distribution.

3.3 Relationship Between Current Density Distribution and the Cell Overall
Performance

As shown in Fig. 3, the red line is the polarization curve of strategy 2, and the black line
is the polarization curve of strategy 1. It can be found that the overall performance of the
cell with strategy 2 is better than that of the cell with strategy 1, especially at medium and
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Fig. 3. Polarization curves of the cell with both clamping strategies.

low current density region. Since the stress distribution and current density distribution
of the cell with strategy 2 is more uniform than that of strategy 1 (Figs. 1 and 2), it
can be deduced that the well uniformity of the stress distribution and current density
distribution has a positive impact on the improvement of the cell overall performance.

4 Conclusions

In this study, two different clamping strategies are applied to a commercial PEMFC
with the active area of 360 cm?. The stress distribution and current density distribution
as well as the overall performance of the cell in both cases are tested under the same
operating conditions. The results show that the vertical areas where rib-to-rib and rib-to-
channel forms occupy the majority have good contact while the parallel areas where the
proportion of the channel-to-channel form which has poor contact is considerably large
have poor contact, which leads to the uneven stress distribution of the cell with strategy 1.
The cell with strategy 2 of which the contact interface only has rib-to-channel and rib-to-
rib forms has more uniform and generally better stress distribution on the entire contact
interface. By comparing the relationship between the stress distribution and the current
density distribution of both strategies, it is found that a more uniform stress distribution
can lead to a more uniform reaction current density distribution. From the results of
the overall performance of the cells in both strategies, it can be considered that the
good uniformity of the stress distribution and current density distribution has a positive
impact on the improvement of the cell overall performance. Thus, it is significant to
improve the clamping strategy and the contact form of the flow field in order to improve
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the uniformity of the stress distribution and reaction current density distribution, and
ultimately improve the cell overall performance.
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Abstract. Gas sensor has been widely used in flammable gas detection. In order
to solve the problem that gas sensors are susceptible to drift in hydrogen leakage
detection in confined spaces, a drift compensation framework based on subspace
alignment is proposed. First, global domains and subdomains are aligned simul-
taneously in the new subspace, thus reducing the distribution difference between
the source domain and the target domain. Then, the proposed method utilizes
extreme learning machine (ELM) to iteratively refine the prediction results of the
target domain, and continuously optimizes the subspace and classifier. In this way,
the proposed method realizes drift compensation at the feature level. Compared
with the existing methods, the proposed method achieves the highest accuracy of
79.83% in the long-term drift scenario. Therefore, the experimental results show
that the proposed method is competent for hydrogen leakage detection with drift,
and can provide a reference for the design of drift compensation method based on
gas Sensors.

Keywords: Gas sensor - Hydrogen leakage detection - Drift compensation -
ELM

1 Introduction

Compared with oil and natural gas, hydrogen energy has a higher conversion rate and
lower carbon emissions, which is regarded as one of the feasible solutions to solve the
problem of fossil fuel environmental pollution and energy crisis [1]. However, hydrogen
is a flammable gas and hydrogen leakage in confined spaces may occur in the process
of hydrogen transportation and hydrogen storage. In this case, it has potential risks
of combustion and explosion. Therefore, it is necessary to design hydrogen leakage
methods.

With the development of material science and artificial intelligence, gas sensors have
been widely used in the field of explosive detection [2]. Most gas detection methods uti-
lize gas sensors + machine learning to identify flammable gases. They generally assume
that the training and test sets are independent and equally distributed. The prediction
model is built on the training set and applied to the test set. However, due to aging,
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temperature and humidity interference, even the same concentration of the target gas,
the response of the gas sensor is still different, i.e., sensor drift. In this context, the
methods which assume that the training set and the test are identically distributed are
not competent for gas detection in the drift scene in practical application.

For gas detection with sensor drift, Zhang et al. [3] proposed a machine learning
method based on subspace projection to suppress gas sensor drift. Artursson et al. [4]
introduced a drift counteraction method based on principal component analysis and par-
tial least squares, and thus suppress sensor drift by removing drift direction component.
Vergara et al. [5] designed a machine learning approach, namely the integration of clas-
sifiers, to solve the problem of gas identification over long periods of time. However, the
accuracy of existing methods is still low. Therefore, a gas sensor compensation method
based on subspace alignment is proposed. This method is suitable for gas identification
in drift scene with high accuracy by aligning global domains and subdomains in the new
subspace.

2 Methodology

The source domain with D-dimension are denoted as Xg = [xsl, x%, cee xévs] € |PxNs |

and the target domain with D-dimension are denoted as X7 = [x}, x%, . ,x]}/T] €
MPXNr p e jyDxd represents a base matrix. ||-||, is the /,-norm. #r(-) denotes the trace
operator.

2.1 Subspace Alignment Method (SAM)

To suppress sensor drift, the proposed SAM utilizes P to achieve domain alignment, and
thus reduce distribution divergence between source domain and target domain. First, we
focus on the alignment of the global distribution based on marginal distribution distance
in the subspace.

1 1 M ’

. 2 . i j

min — = min| — - — 1

tinllps — prll; = mi No ;_ly o jE_ly’T (1)
- - 2

where u denotes the centre of the domain in the subspace. yg = PTxfg i=1,2,...,Ns)

and y’T = PTx/T (G = 1,2, ..., Nr) are the projected samples in the subspace. Then we
rewrite (3) as:

1 % 1 %T: ’
min| — e — — y’T
Ns i3 Nr i3 5 2)

= n}gn tr(PT (us — ur)(us — ur) P)

where u is the centre of the domain in the original space. For example, us = NLS Zivzsl x;

_ 1 Nr _j
anduT = N_sz:le'
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We then consider aligning subdomains with the same category between domains,
which is formulated as follows

2
mmZ Ne L g 2 %
yseclassc T yseclassc 2 3)
o T, c AcC c ~c\T
= rrgntr(ZP (us — uT)(uS — uT) P)
c=1

where j/T represents the j-th sample whose classifier prediction result belong to class ¢
from the target domain. N; is the number of samples whose classifier prediction result
belong to class c. i is the centre of c-class samples from the target domain.

To prevent data distortion from source and target domains, it is necessary to maximize
the following term

max((l —ay) x tr(PTXsXI P) + a1 x tr(PT X7 X} P))

T T T T S
= IfI)laX(l‘r((l —ay) X P' XgXg P+ ay x P* X7 Xy P))

where a; € [0, 1][0, 1].
Finally, the proposed SAM simultaneously optimizes (2), (3) and (4), which is
formulated as:

C
oy x tr(PT (us — ur)(us — ur)"P) + a3 x tr(Y PT(ug — i) (ug — i)’'p)

c=1

tr((1 —ay) x PTXsXIP + oy x PTXrX]P)

min
P
&)
To achieve a unique solution, (5) is rewritten as

C
min (@) x tr(PT (us — ur)(us — ur)"P) + oz x tr()_ PT(uS — ) (S — )T P)
c=1
st.(1 —ay) x PTXsXIP +ay x PTXpX]P =1

(6)
where I € %t9*¢ is the identity matrix.
After that, the Lagrange function L is introduced:
C
L=ay x tr(P" (us — ur)(us — ur)" P) + a3 x tr(Y_ PT (uS — ) (u — 45)" P)
c=1
T T T T
—tr((d — (1 —a1) x P* XsXg P+ a1 x P* X7 X7 P))®) (7

where @ = diag(¢1, ¢2, ..., ¢g) € N4*? denote the Lagrange multipliers.
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According to g—ﬁ = 0, we can get
(1 —an) x XsX{ + a1 x XpX7)) ™ (2 (us — ur) (us — ur)”
c
toz Y @ — i) — )P = P (8)
c=1
P can be solved by eigenvalue decomposition based on A. i.e.,
AP = P 9)
where

A= ((1 = a) x XsX{ + a2 x XpX]) ™ (1 = ) x (s — ) (us — up)”

C
tar x Y (S — 85 — a;ﬂ).

c=1
Therefor, P* is formulated as
P* =[Py, Py, ..., Pq] (10)

where Py (k = 1,2, ..., d) denotes the eigenvector with respect to the k-th minimum
eigenvalue.

2.2 The Proposed Framework

The proposed framework first calculates P according to (10), and the source domain and
target domain are projected into the subspace, thus reducing the distribution differences
between domains. Then, the data of the subspace is input into ELM [6] for training,
and thus obtain the prediction result of the target domain. Finally, the target domain is
iteratively optimized to predict the results and P (see Fig. 1).

3 Experiments

3.1 Dataset

The benchmark sensor drift dataset was collected over 36-month from UCSD [5], includ-
ing acetone, acetaldehyde, ethanol, ethylene, ammonia, and toluene. There are 13,910
samples in the data set and each sample consists of 128-dimensional feature vector. The
benchmark sensor drift dataset is divided into ten batches, as shown in Table 1.
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Table 1. The sensor drift dataset.

Batch | Month | Acetone | Acetaldehyde | Ethanol | Ethylene | Ammonia | Toluene | Total
ID

Batch | 1,2 91 99 82 31 71 75 445
1

Batch |3-10 | 165 333 101 108 531 6 1244
2

Batch | 11-13 | 366 491 214 241 274 0 1586
3

Batch | 14,15 |65 42 13 31 10 0 161
4

Batch |16 29 41 21 43 62 0 197
5

Batch | 17-20 |515 573 111 28 604 465 2300
6

Batch |21 648 663 361 745 631 567 3613
7

Batch | 22,23 |32 31 41 34 142 18 294
8

Batch | 24,30 |60 56 101 76 76 100 470
9

Batch |36 600 600 600 600 600 600 3600
10

3.2 Experimental Results

The experimental environment is an Intel(R) core (TM) i7-10750H CPU@2.60 GHz,
16 GB memory, Windows 11 and Python 3.6. We set batch 1 as the training set (source
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domain) and batch ¢ (r = 2, 3, ..., 10) as the test set (target domain). The proposed
method is compared with several drift compensation methods, including SVM, ELM
and DRCA [3].

The experimental results are shown in Table 2. Compared with SVM, ELM and
DRCA, the proposed method achieves the highest classification accuracy by reduc-
ing the distribution difference. Therefore, these results show that the proposed drift
compensation strategy is competent for gas detection in long-term drift scenarios.

Table 2. Experiment results.

Method | Batch2 | Batch3 | Batch4 | Batch5 | Batch6 | Batch7 | Batch8 | Batch9 | BatchlO | Aver.
SVM 7233 6444 5254 |1886 |30.17 2920 |21.46 |40.22 |34.06 40.37
ELM 69.63 | 6525 |6575 |65.13 |68.54 |5275 |48.65 |50.92 3449 57.89
DRCA 9046 |9145 |85.21 |94.88 |87.14 |63.46 |61.53 |71.04 |53.55 77.65
Our 91.01 |89.38 [88.65 |90.75 |88.14 |6881 |70.15 |7233 |59.27 79.83

During training we hope to use as few iterations as possible to achieve the highest
accuracy. Figure 2 shows the average accuracy of the proposed method with iterations.
The results show that the proposed method is effective and the highest average accuracy
is achieved in fewer iterations.
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Fig. 2. Average accuracy with different Iterations.

4 Conclusion

Hydrogen leakage detection in confined spaces is the guarantee of successful hydrogen
transport and hydrogen storage technology. In this paper, focusing on the practical appli-
cation scenario, a drift compensation method for gas sensor is proposed. In this method,
subspace alignment is realized by aligning subdomains and global domains, and thus
reducing the distribution difference due to sensor drift. Experimental results show that
the proposed method achieves the highest classification accuracy in the long-term drift
with an average accuracy of 79.83%.
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Abstract. With the global focus on energy and environmental issues, hydrogen
energy development has become more and more important. The liquid hydrogen
pump is an important equipment for hydrogen transportation, whose performance
is significantly decided by the impeller. In this paper, we designed an integrated
impeller with an inducer and an centrifugal impeller and optimized the axial length
and outlet angle of the centrifugal impeller. Grid independence and cross validation
prove that the simulation model and results are reliable. It is worth noting that a
high roughness is given to the impeller surfaces in our simulation to obtain results
closer to the real situation. By analyzing the pressure and relative liquid flow angle
distribution in the fluid domain, the structural design of the impeller is optimized,
and then the performance curve is obtained. The simulation results will provide
a guidance for the manufacture of our liquid hydrogen pump, and also provide a
reference for the design and manufacture of other liquid hydrogen pumps.

Keywords: Liquid hydrogen pump - Integrated impeller - High speed

The development of hydrogen energy has attracted global focus, which is greatly con-
cerned with energy and environmental issues. Recently, many countries around the world
have deployed hydrogen energy-related technologies. Due to the advantages of low
energy consumption and high efficiency, the liquid hydrogen pump is widely valued
for liquid hydrogen transferring. The impeller is the most important part of the pump.
Considering the cavitation issue, we used an integrated impeller with an inducer and
centrifugal impeller to improve the performance.

At present, there is less literature to be investigated. In 2015, Li et al. [1] designed a
semi-open integrated impeller for aviation fuel pumps. The performance requirements
are 8000 rpm, 77,000 L/h, and the inlet and outlet pressure difference is 0.956 MPa.
According to calculations, the pump does not produce cavitation in the operating range,
and the efficiency is 65%. And then, they optimized the profile line to improve the
performance [2]. Liu et al. [3] optimized the blade wrapping angle. In 2018, Li et al.
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[4] designed a fuel centrifugal pump with an integrated inducer and impeller influenced
by an inlet flow ejector. The pump performance requirements are 1500 L/h, 10678 rpm,
23.07 m. And the simulation efficiency is 69%. The experiment efficiency is 65%. Tian
et al. [5] designed an integrated impeller for an aero fuel pump and optimized the
centrifugal impeller blade wrapping angle. The pump performance requirements are
3.9 kg/s, 9000 rpm, AP > 80 kPa. And the simulation efficiency is 81.5%.

In this paper, we designed an integrated impeller with an inducer and centrifugal
impeller and optimized axial length and outlet angle. By analyzing the flow field pres-
sure and relative liquid flow angle distribution, the structural design of the impeller is
determined, and the performance curve is obtained.

1 Preliminary Design of Integrated Impeller

1.1 Performance Parameters

Table 1. Performance parameters

Parameters Q Head Rotating speed Inlet pressure Outlet pressure

Value 10L/s 145 m 18000 rpm 1.3 bar 20.5 K

According to Table 1, the liquid hydrogen integrated impeller is designed as shown
in Fig. 1. The impeller has 3 main blades and 3 auxiliary blades.

a. Overall impeller structure b. Impeller blade

Fig. 1. Closed integral impeller

1.2 Calculation and Boundary Conditions

Adopt the SST k — o turbulence model and secondary windward space discrete format.
The convergence residual is set to 107, Set the inlet as pressure boundary condition as
1.3 bar and outlet as volume flow rate boundary as 10 L/s. Set wall roughness as 1.2 pm.

1.3 Results of Preliminary Impeller Design

The results of the preliminary design are shown in Table 2. The efficiency is 89.65%.
The flow field pressure and velocity distribution are shown in Fig. 2.
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Table 2. The results of preliminary impeller design

Parameters | rpm Efficiency (%) |Head (m) |Power (W) | Outlet pressure (bar)
Value 18000 | 89.65% 167.92 1299.65 2.46

a. Total pressure b. Absolute velocity

Fig. 2. Total pressure and absolute velocity of the preliminary design

2 Optimization of the Integrated Impeller Structure

2.1 Optimization of the Axial Length

After changing the axial length of the centrifugal impeller from 15 to 40 mm with the
interval of 5 mm, we get the calculation results as shown in Fig. 3. When the axial length
of the centrifugal impeller is 25 mm, the efficiency is optimal.

ength (m

a. Efficiency b. Head
Fig. 3. Efficiency and head change with the axial length of the centrifugal impeller
20 mm 35 mm 45 mm 55 mm

O H O O

Fig. 4. Relative flow angle of each plane when axial length of the centrifugal impeller is 25 mm.

The relative flow angle contribution is shown in Fig. 4. 20, 35, 45, and 55 mm corre-
spond to the inducer plane, the inlet, the middle, and the outlet plane of the centrifugal
impeller. On each plane, with the increase of radius, the circumferential direction veloc-
ity increases, and the relative flow angle decreases. At the 20 mm plane, the relative
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flow angle is about 35° at the roof of the blade and about 18° at the top of the blade.
The relative flow angle is consistent with the f angle of the blade design. At the 35 mm
plane, the relative flow angle is about 34° at the roof of the blade and about 26° at the
top of the blade. The design § angle is 43° and 23°. The low relative flow angle area at
the inner diameter is affected by the leading edge of the auxiliary blade. At the 45 mm
plane, the relative flow angle is about 39.5° at the roof of the blade and the design p angle
is 41.5°. The relative flow angle is about 42.4° at the top of the blade and the design
B angle is 24.5°. The p angle of the blade limits the development of fluid flow and the
counter-current zone appears. At the 55 mm plane, the relative flow angle is about 45° at
the roof of the blade and the design § angle is 32°. At top of the blade, the flow angle is
25°, which is close to the design of § angle 27°. In general, the impeller structure needs
to be improved.

2.2 Optimization of the Outlet Angle

The outlet angle affects the pump performance including hydraulic efficiency, and char-
acteristic curve. Six groups of outlet angles are shown in Table 3. And the calculation
results are shown as follows.

Table 3. Impeller performance at different outlet angles

@ @ ® @ ® ®
0% 28 30 32 34 36 38
100 23 25 27 30 32 34
H (m) 147.8 154.4 169.64 178.74 183.89 188.71
Efficiency (%) 87.74 88.07 91.3 91.11 91.6 92.63
@ @ ® @ ® ®
== PR 'ﬁ‘\ N o "~ - (o : -
- S O IO 16 16D
B A CC S Y ) Y

et ol et et el
) M./ L) JZO S “\4 )
Fig. 5. Relative flow angle distribution at different outlet angles

As shown in Table 3, when selecting a larger outlet angle such as ®, the efficiency is
highest under the design working conditions. Due to 2.1, the area where the blade angle
is not reasonable is between the length of 45 and 55 mm. And the distribution of liquid
flow angle at the shaft length section of 45 mm and 55 mm under the condition of six
groups of blade shapes was analyzed.



Design of 10 L/s Liquid Hydrogen Pump with Integrated 191

As showed in Fig. 5, in group @, at 45 mm plane, the liquid flow angles at the root
and top of the leaf at 45 mm were about 35° and 24°, and the design B angles of the
leaves were 38° and 23°, respectively. The design angle is appropriate. At 55 mm plane,
the liquid flow angle at the root and top of the leaf is about 48° and 32°, and the design
B angles of the blade are 28° and 23°. It can be seen that the outlet angle setting is too
small. In group @, at 45 mm plane, the design angle is appropriate. At 55 mm plane, the
liquid flow angle at the root and top of the leaf is about 40° and 23°, and the design
angles of the blade are 30° and 25°. It can be seen that the outlet angle setting is small
but has improved compared to ®. @, @, ® is also gradually improving compared to the
previous one. In group ®, the liquid flow angles at the root and top of the leaf were
about 43° and 29° at 45 mm plane, and the design § angles of the leaves were 43° and
28.5°. At 55 mm plane, the liquid flow angle at the root and top of the leaf is about 38°
and 33°, and the design P angles of the blade are 38° and 34°. The design outlet angle is
appropriate. So we adopt the group ®.

3 Results

(
H{m)

1 6 8 10 12 1
Q (L/s)

Fig. 6. Impeller performance curve

The Impeller performance curve is shown in Fig. 6. Under the design flow rate
condition of 10 L/s, the impeller efficiency reaches the optimal value of 92.63%, and
the head is 167.24 m (Fig. 7).

a. Total pressure b. Absolute velocity

Fig. 7. Total pressure and absolute velocity of the final design

Finally, the complete structure of the impeller and volute under the design condition
was calculated, and the efficiency was 85.69%. The efficiency loss in volutes was 6.9%.
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4 Conclusion

The liquid hydrogen pump impeller is designed with an integrated inducer and centrifugal
impeller in this paper. After the axial length of the centrifugal impeller and are outlet
angle are optimized, simulation is performed on the impeller with the design conditions.
Even with the high surface toughness, the impeller efficiency and overall efficiency
with the volute shell reach 92.63% and 85.69%, respectively. With the reliable results
shown in this paper, our liquid hydrogen pump will build up and test soon, and the test
performance will be published. This paper will benefit for the development of the low
energy consumption and high efficiency liquid hydrogen pump.
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Abstract. As the infrastructure to provide hydrogen for hydrogen fuel cell vehi-
cles, hydrogen refueling station is a very important part of hydrogen energy uti-
lization. However, due to the characteristics of hydrogen, such as flammability
and explosion, low density, wide range of explosive limit concentration, hydrogen
refueling station accidents often occur. The existing research on hydrogen refuel-
ing stations often uses the method of numerical simulation, and mainly considers
the leakage of hydrogen storage tank. There are few relevant experimental stud-
ies and little consideration is given to the case of hydrogen pipeline leakage. In
order to explore the phenomenon and rule of high-pressure hydrogen leakage and
diffusion in the pipeline of hydrogen refueling stations, a full-size high-pressure
hydrogen leakage test facility is built based on a real hydrogen refueling sta-
tion. The vehicle-mounted high-pressure hydrogen storage tank is used as the
high-pressure hydrogen gas source to provide constant hydrogen pressure to the
test section through the combination of different valves in the pipeline and the
instrument control system. By changing different leakage sizes and pressures, the
concentration distribution and influence factors after hydrogen leakage are ana-
lyzed, which provides an important basis for the optimal layout and operation and
maintenance of the safety facilities of the existing hydrogen refueling station.

Keywords: Hydrogen leakage - Hydrogen refueling station - Test facility

1 Introduction

Hydrogen refueling station as the infrastructure to provide hydrogen for hydrogen fuel
cell vehicles, hydrogen refueling station is a very important part of hydrogen energy
utilization. However, due to the characteristics of hydrogen, such as flammability and
explosion, low density, wide range of explosive limit concentration, hydrogen refueling
station accidents often occur. The existing research on hydrogen refueling stations often
uses the method of numerical simulation, and mainly considers the leakage of hydrogen
storage tank. There are few relevant experimental studies and little consideration is
given to the case of hydrogen pipeline leakage. In order to explore the phenomenon
and rule of high-pressure hydrogen leakage and diffusion in the pipeline of hydrogen
refueling stations, a full-size high-pressure hydrogen leakage test facility is built based on
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a real hydrogen refueling station. The vehicle-mounted high-pressure hydrogen storage
tank is used as the high-pressure hydrogen gas source to provide constant hydrogen
pressure to the test section through the combination of different valves in the pipeline
and the instrument control system. By changing different leakage sizes and pressures,
the concentration distribution and influence factors after hydrogen leakage are analyzed,
which provides an important basis for the optimal layout and operation and maintenance
of the safety facilities of the existing hydrogen refueling station.

2 Experimental System

2.1 Experimental System Design

Based on the design of pipelines and valves for typical hydrogen energy facilities and
equipment, a high-pressure hydrogen storage tank (with a pressure more than 35 MPa)
is used as the high-pressure hydrogen gas source. through the combination of different
valves in the pipeline and the instrument control system, a constant hydrogen pressure
is provided to the pipeline in the test section, and a high-pressure hydrogen gas leakage
diffusion test facility is built.

Using hydrogen concentration sensors, sound sensors, fiber optic sensors, and
infrared sensors to monitor the diffusion behavior of hydrogen after high-pressure leak-
age, analyze the flow field structure and concentration spatiotemporal distribution of
hydrogen under different leakage pressures and leakage ports, analyze the diffusion
behavior, acceleration, and changes in hydrogen leakage vibration measured by sound
sensors, and comprehensively analyze the impact of different fracture sizes on hydrogen
diffusion behavior, Provide data support for the hydrogen leakage diffusion dynamics
model and the prediction method of combustion and explosion risk areas.

2.2 Test Facility

The high pressure hydrogen leakage test facility is shown in Fig. 1.

The system mainly consists of a gas supply system, a pressurization system, a test
section, and a relief system. Vibration sensors are arranged on the test section, sound
sensors are arranged near the leakage port, and several hydrogen concentration sensors
are arranged above the leakage port to monitor the leakage behavior of hydrogen. The
actual test facility is shown in Fig. 2.

The experimental system is equipped with two leakage nozzles with diameters of
0.05 and 1 mm. The nozzle can be horizontal and vertical. The hydrogen booster can
pressurize the hydrogen gas to a maximum of 35 MPa. The input parameters of this
experimental system mainly refer to the relevant parameters of the actual demonstration
hydrogen refueling station, as is shown in Table 1.

The material of the test section pipeline is Q345 or 316 L seamless steel pipe, and
the maximum size of simulated leakage in the test section is the inner diameter of the
pipeline. According to the actual operation of a hydrogen refueling station, the pipeline
size is 3/4 inch, with an outer diameter of 19.05 mm, which corresponds to an inner
diameter of 10.97 mm (0.432 in) at a working pressure of 35 MPa.
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Fig. 2. High pressure hydrogen leakage and diffusion test facility
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Table 1. Overall parameters of the test facility

Test parameters Unit Value
Operation pressure MPa 0-35
Operation temperature °C —30to 50
Leakage nozzle size Mm (diameter) 0.5/1

Test section length m 2.0

Outer diameter of test section mm 19.05

Inner diameter of test section mm 10.97

Mass flow rate g/s 26 (maximum)

3 Test Results

3.1 Horizontal Hydrogen Ejection Condition

Horizontal hydrogen ejection condition is shown in Fig. 3. Three sensors were arrange
at a distance of 1m downstream of the nozzle, the lower sensor is located directly in front
of the nozzle, and the distance between the upper two sensors is 50 cm. The pressure
at the nozzle is 52 bars. Within 2 s after the start of hydrogen injection, the hydrogen
sensor measures the hydrogen concentration value. The hydrogen sensor facing the
nozzle measures the maximum value, and the middle hydrogen sensor delays for 1 s
to measure the hydrogen concentration data. The top hydrogen sensor hardly measures
the hydrogen gas data. When the hydrogen injection ends, the wake concentration is
measured to be about 1%.

3.2 Vertical Hydrogen Ejection Condition

Vertical hydrogen ejection condition is shown in Fig. 4. Three sensors are arranged.
The middle sensor is located directly above the nozzle, and the distance between the
sensors on both sides is 70 cm from the middle sensor. The pressure at the nozzle is 42
bars. Within 2.5 s after the hydrogen gas is sprayed, the hydrogen sensor measures the
hydrogen concentration value, while the middle hydrogen sensor measures the maximum
value. The two symmetrically arranged side sensors measure a smaller value, and the
maximum hydrogen concentration values of the two are almost the same.

4 Conclusions

1. Hydrogen will diffuse quickly (< 2 s) even under lower pressure (45 bars), sensors
need to be arranged above the pipelines.

2. Acceleration sensors can be used since they are not affected by wind or other factors.

3. Hydrogen will not spontaneously ignite under 50 bars.

Further research need to be done such as obstacles, different nozzle shapes and higher
pressures (700 bars).
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Abstract. High temperature heat exchanger is a crucial equipment in the BOP
of SOFC. Replacing the commonly used metal materials with high-temperature
resistant SiC ceramic materials for the manufacturing of SOFC high-temperature
heat exchanger is a revolutionary technology with great application potential.
This paper focused on SiC-based cathodic air preheater which is a novel SOFC
high temperature heat exchanger, and firstly investigated the coupled radiation-
conduction-convection heat transfer characteristics between flue gas and air at
extremely high temperature conditions. The DO model in ANSYS Fluent was
utilized to analyze the radiation heat transfer characteristics of high-temperature
flue gas and the effect of gas absorption coefficient, and the simulation results
were compared with the S2S model and non-radiation model. The results showed
that radiation heat transfer cannot be ignored at high flue gas inlet temperature.
With flue gas inlet temperature in the range of 800-1100 °C and low air/flue gas
flow rate ratio, the gas radiation heat transfer and the effect of flue gas absorption
coefficient can be ignored.

Keywords: SOFC - Cathode air preheater - SiC - Heat radiation - Coupled heat
transfer characteristics

1 Introduction

In China, Solid oxide fuel cell (SOFC) is favorable in heat power cogeneration and is
of great significance in supporting the “dual carbon” target [1]. At present, the fledgling
SOFC industry in China mainly focused on the research of stack, however the focus
on the BOP (Balance of Plant), which is another major component of SOFC, is not
enough. BOP is the crucial technology in SOFC including functions of inlet/outlet gas
heat exchange, fuel/air flow distribution, waste heat utilization and so on. It is the key to
ensure the efficient and stable operation of the stack.

The operating temperature of SOFC is in the range of 700—1000 °C. It is required that
the cathode inlet air temperature of the stack should not be less than 700 °C after stable
operation. The BOP recovers the unreacted anode fuel and cathode air of the stack, and
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sends them to the catalytic combustion chamber for full combustion. The combustion
exhaust preheats the cathode air in the high temperature heat exchanger to an appropriate
temperature range and then enters the stack to participate in the reaction.

For the high temperature heat exchanger, on the one hand, the increasing stack reac-
tion temperature has the risk of exceeding the temperature tolerance limit of metal heat
exchanger represented by superalloy materials. On the other hand, the long-term use
of typical commercial metal alloy heat exchanger suffers from the risk of chromium
volatilization, which is a known cathodic degradation mechanism, reducing the perfor-
mance and lifetime of SOFC [2]. Furthermore, the strength of metal alloy heat exchanger
decreases rapidly above temperature of 550 °C [3], thus the long-term operation under
adverse conditions such as high temperature and oxidation will affect the dynamic service
performance of alloy heat exchangers. SiC ceramics and their composite materials are
considered as the most promising ceramic materials for high temperature heat exchang-
ers due to their high intensity at high temperature, low density, low thermal expansion
coefficient, high thermal conductivity, anti-oxidation, low creep at high temperature and
excellent thermal shock resistance [4, 5], thus the application prospects of SiC in SOFC
power generation system are promising.

For the high temperature nonmetal heat exchanger, relevant research in China has
not been carried out yet, while the international research is just getting started. José
Luis Cérdova et al. [6, 7] designed and developed a novel cathode air preheater made
of alumina ceramics for SOFC. The heat exchanger comprised a group of overlapping
quasi-spiral flow channels with rectangular cross section, which was tested to achieve
high heat transfer efficiency of 92% and low pressure drop. M. Dev Anand [8] and
Umayorupagam P. et al. [9] compared the performance of compact heat exchangers
with rectangular channels using SiC and AIN materials. Moreover, researchers have
also investigated the application of SiC based high temperature heat exchangers in other
fields [10—-12]. The research on heat transfer and flow process is relatively simple, and
the effect of heat radiation is also ignored in order to simplify heat transfer calculation.
However, the temperature of flue gas in SOFC cathode air preheater can be as high as
1100 °C, and the flue gas side contain polar molecules such as CO, and H» O, thus the flus
gas has a certain radiation capacity. Furthermore, SiC ceramic heat transfer element has
a dark color and rough surface, thus exhibits high blackness at high surface temperature,
which can be approximately considered as blackbody. Therefore, the effect of thermal
radiation may not be negligible.

To sum up, replacing the commonly used metal materials with high-temperature
resistant SiC ceramic materials for the manufacturing of SOFC high-temperature heat
exchanger is a revolutionary technology with great application potential. However, the
research on coupled radiation-conduction-convection heat transfer characteristics of SiC
high temperature heat exchanger in SOFC needs to be carried out urgently. This paper
focused on SiC-based cathodic air preheater which is anovel SOFC high temperature heat
exchanger. Based on ANSYS Fluent, the coupled heat transfer characteristics between
flue gas and air at extremely high temperature conditions were firstly investigated and
the effect of radiation heat transfer were analyzed.
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2 Structure and Operating Parameters of SOFC Air Preheater

SOFC cathode air preheater comprises a series of high-temperature flue gas channels
and air channels. In order to study the coupled radiation-conduction-convection heat
transfer characteristics between flus gas and air, the heat exchanger is simplified as a
tubular heat exchanger composed of a hot channel and a cold channel. Figure 1 shows
the structure and operating conditions of tubular heat exchanger simulated in this paper.
Table 1 shows the simulation parameters of the structure and operating conditions of
a natural gas SOFC air preheater. The hydraulic diameter of the internal air channel is
5-10 mm, the internal diameter of the external flue gas channel is 10-20 mm, and the
length along the channel is within 500 mm. The heat exchanger material is SiC. The
flue gas inlet temperature is in the range of 800—1100 °C, with pressure of 1 bar and
flow rate of 1-5 m/s. The flue gas components are H,O (20-30%), CO; (10-20%), O,
(0-10%) and Ny. The inlet air temperature is 25 °C, with pressure of 1 bar and flow rate
of 1-5 m/s. The outlet air temperature is required no less than 700 °C.

Shell Tube
"
Gasoutlet Gas inlet Gas inlet Vgas,i
= " agmm  Gasoutlet «— R <« I-W "
Syall gas gas,in
ﬂ me“ Alr inlel /P 1
Airinlet W Airoullel e Ry, —— Air outlet
airin
A X
(a) Structure of heat exchanger (b) Two-dimensional axisymmetric operation conditions

Fig. 1. Structure and operating conditions of simulated heat exchanger

3 Numerical Model

3.1 Radiative Transfer Equation

Considering the effect of heat radiation, the radiation heat flux must be introduced into
the energy equation. In order to calculate the radiation heat flux, the Radiative Transfer
Equation (RTE) must be introduced, and the temperature field should be solved by
coupling the energy equation and RTE.

The RTE for radiation participating medium at position 7, in the direction s is as
follows:

dI(7,s)
ds

4
R T4 I
F(a+0)IF3) = anZUT + :—;/1(;’, V)03, 5)d (1)
0

where, s is the position vector. 7 is the direction vector. s is the scattering direction
vector. s is the path length. « is the absorption coefficient. n is the refractive index. oy is
the scattering coefficient. o is the Stefan-Boltzmann constant. / is the radiation intensity.
T is the local temperature. @ is the phase function. €’ is the solid angle.
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Table 1. Simulation parameters of the structure and operating conditions.

Parameter Value
Inlet gas temperature 800-1100 °C
Inlet gas velocity 1-5 m/s
Inlet gas pressure 1-2 bar
Gas components Np 40-70%
H,O 20-30%
COy 10-20%
(07) 0-10%
Inlet air temperature 25 °C
Inlet air velocity 1-5 m/s
Inlet air pressure 1-2 bar
Inner diameter of air channel 5-10 mm
Inner diameter of gas channel 10-20 mm
Thickness of channel 1-3 mm
Channel length 400-500 mm

3.2 Optical Thickness

Optical thickness (7)) represents the heat radiation attenuation ability of radiation par-
ticipating gas at a specific wavelength along given path length. High optical thickness
value corresponds to high attenuation effect of the radiation participating gas on the
incident radiation energy. 7, is the line integral of the attenuation coefficient along any
path in a scattering and absorbing medium which can be expressed as follows:

L

o= [ @)

0
where, k; is the spectral attenuation coefficient which depends on the gas components,
pressure, temperature and the wavelength of incident radiation energy. «; is the sum

of the spectral absorption coefficient (c;) and spectral scattering coefficient (os,;) at a
specific wavelength:

Ky = ) + 05, (3)

For uniform medium, spectral attenuation coefficient is constant along the path length
L, thus optical thickness has a simple physical interpretation as the length of a path in
units of mean free path which can be expressed as follows:

T\, = K)LL (4)
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In this simulation, the diameter of flue gas channel is in the range of 510 mm, and
the flue gas contains two polar molecules, CO, and H>O. The absorption coefficient of
CO, is about 0.5 m~!, and the concentration of CO, is in the range of 10-20%. The
absorption coefficient of H>O is about 0.4 m~!, and the concentration of H,O is in the
range of 20-30%. Thus, the optical thickness of flue gas is less than 0.005, which belongs
to optical thin gas. In engineering estimation, the absorption effect of CO, and H,O on
incident radiation energy cannot be ignored, but their scattering effect can be ignored.
Therefore, to preliminarily analyze the effect of flue gas radiation on heat exchanger
performance, the pure absorption and non-scattering condition of gray gas is simulated
in this study.

3.3 Radiation Heat Transfer Model

In this paper, DO model was selected to simulate the radiation heat transfer between
high-temperature flue gas and air. In addition, S2S model calculation results can be used
as comparison to analyze the effect of gas radiation.

(1) DO model

DO model is applicable to radiation problems in entire range of optical thicknesses.
It allows the solution of enclosure radiative transfer without participating media and
participating radiation. The DO model solves the RTE of a finite number of discrete
solid angles, and the solution precision is controlled by the precision of the discrete solid
angles. DO model considers the RTE in the position 5 as a field equation as follows:

4
GS - o/ - o/ /
— | I(r,s)P(s,s)dQ 5

4
0

s - T
VU(r,s)s)+ (ax +o)l(r,s) = omza— +
T

(2) S2S model

The S2S model is suitable for the solution of enclosure radiative transfer without partic-
ipating media, however it assumes that all surfaces are diffuse and gray radiation. Thus,
S2S model cannot be used to model participating radiation problems. The emissivity
(¢) equals the absorptivity () and the transmissivity could be neglected. When radiant
energy (E) is incident on the surface, part (pE) is reflected, part (¢E) is absorbed, and
part (E) is transmitted. Considering the conservation of energy, that « 4+ p = 1. Since
a=¢,thusp=1-—c¢.

The radiation heat flux leaving a given surface consists of directly emitted heat flux
and reflected heat flux. The reflected heat flux depends on the incident heat flux from the
surroundings, which can be expressed by the radiant heat flux leaving all other surfaces.
The radiation heat flux leaving from surface k can be expressed as follows:

Goutk = ek0T* + Pk Gin i (6)

where, gout, 1S the radiation heat flux leaving the surface. g is the emissivity. p is the
reflectivity. gin x is the radiation heat flux incident on the surface from the surroundings.



Coupled Heat Transfer Characteristics of SiC High Temperature Heat Exchanger 205

The radiant heat flux incident from one surface to another can be calculated by
the surface to-surface view factor (Fjx). Therefore, incident radiant heat flux can be
expressed as radiant heat flux leaving all other surfaces as:

N

Gink = ) Figqout, (7)
j=1

Then, the total radiant heat flux leaving surface k can be rewritten as:

N
Gouk = ek0 T + pi Y Fijqout, ®)
=1

Equation (8) can be written as follows:

N
Je=Ex+ o Y Figlj ©)
j=1

where, Jj represents the heat flux given off from surface &, and E}, represents the emissive
heat flux of surface k.

3.4 Grid Independence Study

A two-dimensional axisymmetric model of coupled radiation-conduction-convection
heat transfer between flue gas and water was built according Fig. 1a. The flue gas domain,
air domain and channel domain were divided into grids as shown in Fig. 2. The RTE and
energy equations are solved based on ANSYS Fluent. A grid independence study was
conducted to assess the appropriate number of grid elements. Different grid elements of
2 x 103, 5 x 103, and 1 x 10* were evaluated. Figure 3 showed the comparison of air
temperature variation along the channel length calculated with different grid elements.
It is found that grid elements of 5 x 103 is adequate for the simulation.

Fig. 2. Meshing of simulated heat exchanger

4 Results and Discussion

4.1 Radiation Model Comparison

In this section, DO model and S2S model in ANSYS Fluent were utilized to analyze
the coupled radiation-conduction-convection heat transfer characteristics between high-
temperature flue gas and air, and the simulation results were compared with the non-
radiation model to analyze the effect of radiation. The detailed simulation parameters
were listed in Table 2.
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Fig. 3. Air temperature variation at different grid elements

Table 2. Simulation parameters of different cases.

T T

0.2 0.3

Location (m)

0.4

Parameter Case 1 Case 2 Case 3
Inlet gas temperature 800 °C
Inlet gas velocity 3 m/s
Inlet gas pressure 1 bar
Gas components N» 40%
HyO 30%
COy 20%
(0] 10%
Inlet air temperature 25°C
Inlet air velocity 3m/s
Inlet air pressure 1 bar
Inner diameter of air channel 5 mm 10 mm 10 mm
Inner diameter of gas channel 15 mm 20 mm 15 mm
Thickness of channel 1 mm
Channel length 400 mm

Figure 4 showed the temperature distributions of coupled heat transfer calculated by
the DO radiation model, S2S radiation model and non-radiation model at case 1. It was
found that the air outlet temperature was low without considering the radiation while
the air outlet temperature is high considering the radiation. This means that the effect of
radiation heat transfer cannot be ignored at high flue gas inlet temperature. Comparing
the results of different radiation models, it can be seen that the calculation results of
DO radiation model and S2S radiation model are very close. Thus, it was preliminarily
considered that the effect of gas radiation on coupled heat transfer is tiny, and the effect
of gas radiation can be ignored in the coupled heat transfer process, which indicates that

the gray gas hypothesis is reasonable.
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Fig. 4. Comparison of temperature distribution of different radiation models at case 1

Figures 5 and 6 showed the temperature variations of flue gas and air calculated by
the DO radiation model, S2S radiation model and non-radiation model at case 1. It was
found that the air temperature along the channel increases slightly when considering the
radiation. When the flue gas inlet temperature is 800 °C, the air outlet temperature can
only be heated to 600 °C. The air temperature along the channel increases greatly when
considering the radiation, and the air outlet temperature can be heated to 700 °C. With
high flue gas inlet temperature, the contribution of radiation heat transfer to air heating
can be as high as 100 °C, thus the influence of radiation heat transfer is very important.
Comparing the results of different radiation models, it can be seen that the calculation
results of DO radiation model and S2S radiation model are very close, so the influence
of gas radiation on heat transfer can be ignored at case 1.
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Fig. 5. Air temperature variation at case 1

Figures 7 and 8 showed the temperature variations of flue gas and air calculated by
the DO radiation model, S2S radiation model and non-radiation model at case 2. The
diameter of air channel in case 2 is larger than that in case 1, thus the ratio of air flow
rate to flue gas flow rate in case 2 is larger than that in case 1 under the same inlet
velocity, which leads to lower air outlet temperature in case 2. Regardless of radiation
heat transfer, the air outlet temperature can only be heated to 320 °C. Considering the
radiation heat transfer, the air outlet temperature calculated by S2S radiation model is
420 °C, and air outlet temperature calculated by DO radiation model is 400 °C. On one
hand, the contribution of radiation heat transfer to air heating at case 2 is up to 100 °C,
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Fig. 6. Flue gas temperature variation at case 1.

which further proves the importance of radiation heat transfer to coupled heat transfer.
On the other hand, comparing the results of different radiation models, it is found that
there is a deviation between the DO radiation model and the S2S radiation model results,
that is, the gas radiation will affect the proportion of radiation heat transfer at case 2,
which indicates that the gas radiation has a certain effect on the coupled heat transfer
when the air/gas flow ratio is large. In addition, the air outlet temperature calculated by
the S2S radiation model is higher than that calculated by the DO radiation model, which
indicates the existence of radiation participating gases slightly reduce the coupled heat
transfer characteristics.

4004 Non-radiation 4
— - —Do model 0=0.5 e
S2S model

300

200 4

Air temperature ©0)

100 4

T
0.0 0.1 0.2 03 0.4
Location (m)

Fig. 7. Air temperature variation at case 2

Figures 9 and 10 showed the temperature variations of flue gas and air calculated by
the DO radiation model, S2S radiation model and non-radiation model at case 3. The
diameter of flue gas channel in case 3 is smaller than that in case 2, thus the ratio of air
flow rate to flue gas flow rate in case 3 is larger than that in case 1 and case 2 under the
same inlet velocity, which leads to lower air outlet temperature in case 3. The air outlet
temperature can only be heated to 250 °C without considering radiation heat transfer.
Considering the radiation heat radiation heat transfer, air outlet temperature calculated
by the S2S radiation model is 290 °C and the DO radiation is 270 °C. On one hand, the
contribution of radiation heat transfer to air heating is 20—40 °C in case 3, which means
the effect of radiation heat transfer on coupled heat transfer is reduced in case 3. On the
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Fig. 8. Flue gas temperature variation at case 2.

other hand, comparing the results of different radiation models, it can be seen that the
air outlet temperature calculated by S2S radiation model is higher than that calculated
by DO radiation model, which further proves that gas radiation has certain effect on the
coupled heat transfer when the air/gas flow ratio is large.
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Fig. 9. Air temperature variation at case 3.
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Fig. 10. Flue gas temperature variation at case 3.
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4.2 Effect of Absorption Coefficient

According to above analysis, the gas radiation has a certain impact on the coupled
heat transfer characteristics only at large air/gas flow ratio. Since the SOFC cathode air
preheater in this study is designed to heat the air to above 700 °C using high-temperature
flue gas, the air/ gas flow ratio is generally small, thus the effect of gas radiation is
unapparent. In addition, the optical thickness of flue gas is very tiny (less than 0.005),
thus the gas radiation effect is very tiny. Based on the above analysis, the flue gas radiation
has little effect on the coupled heat transfer characteristics.

To further verify the effect of flue gas radiation on the coupled heat transfer char-
acteristics, the gray gas assumption is adopted in this section considering the flue gas
absorption coefficient to be independent of wavelength, thus the average absorption coef-
ficient is used in calculation. The DO radiation model is used to analyze the effect of the
absorption coefficient on the coupled heat transfer characteristics of flue gas and air with
the flue gas absorption coefficient in the range of 0—1 m~!. Figures 11, 12 and 13 showed
the air and flue gas temperature variations along the channel with different absorption
coefficients at case 1-3. It is found that the absorption coefficient of flue gas in the DO
radiation model has little effect on the air and flue gas temperature variation with inlet
flue gas temperature of 800 °C at each case. Thus, when inlet flue gas temperature is not
very high, the effect of gas radiation can be ignored.
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Fig. 11. Airand flue gas temperature variation along the channel at case 1 with different absorption
coefficients.

Figures 14 and 15 showed the effect of absorption coefficient on air and flue gas
temperature variation at case 2 with inlet flue gas temperature of 1100 °C and 1500 °C,
respectively. It is found that the absorption coefficient of flue gas has little effect on the
air temperature variation with high inlet flue gas temperature, while has small effect on
the flue gas temperature variation. Moreover, the higher the inlet flue gas temperature,
the greater the effect on the flue gas temperature variation. Since the flue gas temperature
in the SOFC cathode air preheater is in the range of 800—1100 °C, the effect of flue gas
absorption coefficient and gas radiation can be ignored.



Coupled Heat Transfer Characteristics of SiC High Temperature Heat Exchanger

T T T
400 A
01 Do model a=0 e
|— - —Do model 0=0.25 e
— Do model 0=0.5 /,/
& 3009 Do model 0:=0.75 7 ]
g_; - - - - Do model o=1 //
g /./
o 2004 ,
g y
£ 7
2 S
=
B 7/
< 100 /
//
.-,l
0 T T T
0.0 0.1 0.2 03 0.4

Location (m)

800 T T T 7
e
= Do model a=0 V4
(— - — Do model ¢=0.25 v
S 7004 Do model 0=0.5 ’/‘ |
L Do model 0=0.75 r
E - - - - Do model o~1 /'/
51 -
3 P
& o
£ 600 ~ |
8 -~
a -~
S o
o
500 4~~ T
T T T
0.0 0.1 0.2 0.3 0.4

Location (m)

Fig. 12. Airand flue gas temperature variation along the channel at case 2 with different absorption
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Fig. 14. Effect of absorption coefficient on flue gas temperature variation at inlet flue gas
temperature of 1100 °C.

5 Conclusions

(1) The air outlet temperature calculated by the non-radiation model is apparently lower
than that of DO radiation model and S2S radiation model, thus the effect of radi-

ation heat transfer is very important and cannot be ignored at high flue gas inlet
temperature.
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Fig. 15. Effect of absorption coefficient on flue gas temperature variation at inlet flue gas
temperature of 1500 °C.

(2) Comparing different radiation models, the calculation results of DO radiation model
and S2S radiation model are very close at small air/gas flow rate ratio, while the
calculation results of S2S radiation model is slightly higher than DO radiation model
at large air/gas flow rate ratio. Thus, the participating radiation effect of flue gas
slightly deteriorates the coupled heat transfer characteristics.

(3) The absorption coefficient of flue gas has little effect on the air temperature vari-
ation, while has tiny effect on flue gas temperature variation at high flue gas inlet
temperature of 1100-1500 °C. The higher the flue gas inlet temperature, the greater
the effect on the flue gas temperature variation.
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Abstract. With emergence of new materials, more and more materials are avail-
able for adsorption and separation processes. The adsorption selectivity of adsor-
bent to adsorbate is one of the important indicators in choosing materials. Because
the adsorption experiment of the mixture is time-consuming and difficult, the selec-
tivity of the adsorbent is generally calculated by the ideal adsorbed solution theory
(IAST). Taking the CO>/H, gas mixture as an example, this paper proposes a new
adsorption selectivity calculation method based on a deep neural network (DNN)
with 5 hidden layers, which takes the molar fraction of CO;, adsorption pressure
and Langmuir adsorption isotherm parameters as the inputs of DNN. Combin-
ing the DNN and the NIST/ARPA-E database to quickly and accurately calculate
the adsorption selectivity, the hydrogen purification and carbon dioxide storage
materials can be quickly screened.

Keywords: Hydrogen purification - Ideal adsorbed solution theory - Langmuir
isotherm - Selectivity - Deep neural network

1 Introduction

Integrated gasification combined cycle (IGCC) is an advanced power system that com-
bines coal gasification technology and an efficient combined cycle. IGCC will produce
alot of CO; and Hy. It has a good development prospect to capture CO, efficiently and
obtain high-purity Hy by pressure swing adsorption (PSA) technology [1]. The com-
monly used commercial adsorbents are activated carbon (AC) and zeolite. However,
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with the emergence of new materials, metal-organic frameworks (MOFs) are increas-
ingly proven to be effective as adsorbents to separate CO; and Hy. Therefore, quickly and
accurately selecting the appropriate adsorbent as the separation of CO, and Hy becomes
particularly important.

At present, the selectivity of the adsorbent is one of the important indicators to
evaluate the performance of the adsorbent. Adsorption selectivity is the thermodynamic
characteristic of the equilibrium-based separations system, which determines the separa-
tion efficiency [2]. The method commonly used to solve selectivity is the ideal adsorbed
solution theory (IAST). The main practical advantage of IAST is that the adsorption
selectivity of adsorbent can be estimated simply from the adsorption isotherm of a sin-
gle gas, so no special equipment is required for the separation measurement of mixed gas
[3]. However, the solution of IAST requires integral calculation from different adsorption
isotherm models to solve the spreading pressure. Different adsorption isotherm models
will obtain different analytical models, and the solution of selectivity is also relatively
complex [4].

Deep neural network (DNN) has good advantages in processing non-linear charac-
teristics and has been increasingly used in the simulation, prediction and optimization
of gas adsorption and separation. In this paper, a DNN model is used to predict the
separation selectivity. The inputs of DNN are CO; molar fraction, adsorption pressure
and Langmuir adsorption isotherm parameters, and the output of DNN is separation
selectivity. The training data of DNN comes from the selectivity by IAST calculations.

2 Mathematical Model

2.1 Langmuir Model for Calculating Adsorption Amount

Langmuir adsorption model is the most widely used isotherm model. The basic Langmuir
adsorption model has simple from:

_ ngbp

_ 1
" 1w M

where n represents the equilibrium adsorption amount, p represents the equilibrium
adsorption pressure, and ng and b are saturation capacity and affinity, which are obtained
by fitting the experimental values.

The extended Langmuir is used for the adsorption of multi-component gas:

nsibip;

— S 2
1+Zibipi @

n;
where i is the gas component.

2.2 Ideal Adsorbed Solution Theory (IAST) for Calculating Adsorption Amount

The ideal adsorbed solution theory (IAST) assumes that the adsorbed mixture is an ideal
solution at constant spreading pressure and temperature. From the IAST, the spreading
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pressure 7 is given by [5],

P}

) (p}) = I% / ndlnp 3)

0

where a is the adsorbent specific surface area, R is the molar gas constant. p? is the gas
pressure of component i that corresponds to the spreading pressure 7.
The spreading pressure for a Langmuir isotherm via Eq. (3) is

A
ﬁnio (p?) = ng log(l + bp?) “4)

At a constant temperature 7, the spreading pressure of a single component is the
same.
For binary adsorption of component 1 and 2, combining Egs. (3) and (4),we can get,

nsi 1og(1+ bip}) = nya log(1 + bap3) )
The IAST requires

yipe = x1p), (1 —y)pr = (1 —x1)p) (6)

where y; and x; are the molar fractions of component i in gas phase and adsorbed phase,
respectively, and p; is the total gas pressure.

2.3 Selectivity Calculated by IAST and Extended Langmuir Equation

Adsorption selectivity in a binary mixture of components 1 and 2 is defined as

=G =GIE-GIE) o

The adsorption selectivity can be solved by combining Eqs. (5) and (6). If the
extended Langmuir equation is used to solve the adsorption selectivity, combining
Egs. (2), (7) becomes

nslblpl ns2b2p2 2 ns1by
Siz= / =)= (8)
L+ bipi” 14 bipi )\ ngby

where p; is calculated from the total pressure p; by multiplying the mole fraction y;. In
this paper, component 1 represents CO,, and component 2 represents Hy. So here Sy2
represents the selectivity of an adsorbent for CO, compared to H,. Higher S5 is good
for hydrogen purification.
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2.4 Deep Neural Network (DNN) for Selectivity

Artificial neural network (ANN) has strong nonlinear processing ability, which includes
an input layer, hidden layers and an output layer. A deep neural network (DNN) is a
neural network with multiple hidden layers. The more the number of hidden layers, the
better the nonlinear fitting characteristics of the ANN, and the better it is to deal with
complex problems. In this paper, the number of hidden layers is set to 5, and the number
of neurons in each hidden layer is 10. The structure of the DNN in this paper is shown
in Fig. 1. The inputs of DNN are CO, molar fraction, adsorption pressure and Langmuir
adsorption isotherm parameters. And the output of DNN is separation selectivity. The
chosen method of training data generation is via Latin hypercube sampling (LHS). The
significant advantage of LHS is that a small number of samples can represent the entire
sample space. The upper and lower boundaries of the LHS are shown in Table 1. The
total number of sample points is set to 6000, and the adsorption selectivity values of the
selected sample points are calculated by IAST. Due to the large difference between the
input parameter values, the calculated selectivity difference is also large. The adsorption
selectivity values are set between 3 and 1500. Finally, 3602 sample points are selected
to train DNN.

CO, molar fraction

Pressure

— Selectivity

Output layer

Tnput layer Multiple hidden Tayer
0] ® o

Fig. 1. DNN structure for predicting separation selectivity.

Table 1. Lower (Ib) and upper (ub) boundaries of Latin hypercube sampling (LHS).

Condition | CO, molar | Pressure | nco, (mol/kg) | bco, (bar—1) ny, (mol/kg) | by, (bar—1)
fraction (bar)

Ib 0.1 0.1 5 0.1 0.5 0
ub 0.9 30 20 1.5 6 0.6
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3 Results and Discussion

The NIST/ARPA-E database of Novel and Emerging Adsorbent Materials is a free,
web-based catalog of adsorbent materials and measured adsorption properties of numer-
ous materials, thus making it a treasure trove for data-driven analysis [6, 7]. As shown
in Fig. 2, the Isotherm Visualization Tool of the NIST/ARPA-E database can quickly
obtain the adsorption isotherm and Langmuir fitting parameters by searching the adsor-
bent material and gas species. The adsorption of CO; and H» on activated carbon and
CuBTC is randomly selected in the NIST/ARPA-E database. Therefore, by combining
NIST/ARPA-E Database and DNN model, the selectivity of different adsorbents to CO,
and Hj can be quickly calculated so as to achieve the purpose of fast screening materials.

The algorithm of DNN is completed by Matlab software. The correlation coefficients
of the training set, validation set, test set and whole data set of the DNN are 0.99998,
0.9998, 0.99688 and 0.99948, respectively, indicating that the DNN model can well
predict the selectivity. In order to further verify the accuracy of the DNN model, the
selectivity of activated carbon and CuBTC under different pressures and CO, molar
fractions is calculated by extended Langmuir, IAST and DNN. As shown in Fig. 3,
by comparison, the selectivity values calculated by the IAST agree well with the values
calculated by the DNN model, which further verifies the robustness of the DNN model. In
Fig. 3 (a), for an 80:20 H>/CO, mixture, CuBTC selectivity under different adsorption
pressures is greater than activated carbon. In Fig. 3 (b), at 10 atm, the selectivity of
CuBTC is also greater than that of activated carbon at different mole fractions of carbon
dioxide. Therefore, for ideal Hy purification and CO, capture materials, CuBTC is
more suitable than activated carbon. Compared with activated carbon, CuBTC has a
larger surface area and higher pore volume. There are also related articles about the
application of CuBTC in PSA hydrogen purification. For the 81:19 H>/CO, mixture,
the purity 99.99+ of hydrogen can be obtained by a 4-step PSA cycle with CuBTC as
an adsorbent [8].

Besides, after nonlinear treatment by DNN, the process optimization design of
adsorption and separation can be carried out. For example, Ref. [9] predicts and opti-
mizes CO, adsorption capacity, selectivity and adsorption heat through DNN and multi-
objective optimization algorithm. It is worth noting that the selectivity at a fixed tem-
perature calculated by extended Langmuir is a constant value, and the selectivity value
does not change with adsorption pressure and mole fraction. Obviously, the calculation
error of extended Langmuir is large. Ref. [10] points out that the IAST gives the most
accurate predictions than the extended Langmuir and LRC for three binary systems.
Therefore, more and more researchers use IAST to develop corresponding application
programming interfaces (APIs) for calculating selectivity, such as pyIAST, pyGAPS and
GraphIAST [11].

Compared with IAST, another advantage is that the DNN does not need to solve the
integral solutions of different isotherm models. Actually, the DNN proposed in this paper
can calculate the selectivity of any two-component gas, such as CO>/CH4, CH4/H3, etc.
When the input parameters of DNN exceed the lower and upper boundaries of training
data, the predicted results may deviate from the IAST theoretical calculations. The
robustness of the DNN can be enhanced by increasing the dimension of input parameters
and adjusting the structure of the DNN, which is not the focus of this paper. The DNN
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Adsorption v. Pressure Adsorption v. Composition
@ Carbon/Carbon Dioxide (10.1007510450-013-9527-2.isotherm1) — La(Feo: 12.19, K: 0.1887) R2=0.9972 @ CuBTC/Carbon Dioxide (10.1007510450-013-9527-2.isotherm18)
— La(Tw: 1011, K: 0.5146) R2=0.9932 @ Carbon/Hydrogen (10.1007510450-013-9527-2.isotherm4) — La(F: 2.650, K: 0.03472) R?=0.9982
@ CuBTC/Hydrogen (10.1007510450-013-9527-2.isotherm21) — La(: 4.592, K- 0.009257) R2=0.9960
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Fig. 2. Adsorption isotherms of CO; and Hy on CuBTC and AC at 298K on NIST/ARPA-E
(equilibrium data from Ref. [12]).
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Fig. 3. Extended Langmuir, IAST and DNN calculated selectivities of activated carbon and
CuBTC for a 20:80 CO,/Hy mixture at different pressure (a) and a 10 atm CO,/H; mixture
at a different molar fraction of CO» (b).

model is a new attempt at calculating selectivity and can improve the efficiency of
adsorbent screening. In addition, the DNN model can also be extended to the calculation
of adsorption selectivity of multi-component gases to optimize the design of layered
beds with multi-adsorbent.

4 Conclusion

The deep neural network model constructed in this paper can quickly predict the adsorp-
tion selectivity of CO,/H,. The results show that the correlation coefficient of the
DNN model for the whole data set can reach 0.99948. In addition, by combining with
NIST/ARPA-E Database, this paper takes activated carbon and CuBTC as examples to
compare the adsorption selectivity of the two adsorbents under different pressures and
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CO; molar fraction at the same temperature. The results show that the adsorption selec-
tivity of CuBTC is greater than that of activated carbon, so CuBTC is more suitable for
H; purification and CO; storage than activated carbon.
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Abstract. Hydrogen energy has various advantages such as cleanliness, storage
and high energy carrier, which is considered to be one of the key paths to achieve
the goal of “double carbon”. Utilization of hydrogen production in renewable
energy is an important technical means to achieve new energy amazing and energy
cleaning utilization. In response to the uncertainty characteristics of local scenery
resources and local electricity load and hydrogen load demand, considering the
investment cost of hydrogen storage system and the influence of flexible load of
electric load on the optimal operation of the system, a two-stage distributed robust
optimization model for hydrogen production system (H2-RES) from renewable
energy is established, the capacity of the first stage hydrogen production system is
determined by the system economy, and the second stage is designed to optimize
the real-time scheduling of the system, aiming at the total operating cost, which
is solved by C&CG algorithm, finally, an example is given to verify the validity
of the proposed model.

Keywords: Renewable energy - Hydrogen production - Two stage robust -
Optimal configuration - Operation optimization

1 Introduction

With the “carbon peak-carbon neutral” goal proposed, power, transportation, and pro-
duction links to speed up the transition to a deep low-carbon clean, hydrogen energy as
an important clean energy, several developed countries have promoted the development
of hydrogen energy industry as a national strategy. China also plans to include hydrogen
energy in the energy category [1]. And from the central to the local issued a number
of renewable energy to promote the development of hydrogen and hydrogen vehicles
[2, 3]. Now, during the Beijing Winter Olympic Games, hydrogen energy has been
fully demonstrated in this Beijing Winter Olympic Games, including more than 1,000
hydrogen-powered vehicles, equipped with more than 30 hydrogen refueling stations,
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in order to ensure the demand for hydrogen energy for the Winter Olympic Games, con-
struction of large-scale hydrogen production projects in Zhangjiakou and other places.
From the perspective of hydrogen demand, hydrogen-powered vehicles are more suit-
able for the “three north” winter low-temperature environment than electric vehicles
because of their fast hydrogenation speed, long range and environmental friendliness, in
recent years, it has gained wide attention and developed rapidly [4]. Hydrogen stations
will also proliferate in the future, as they are a prerequisite for the rapid development
of hydrogen-powered cars. The integration of renewable energy hydrogen production
and power generation into the grid will not only enable new energy consumption and
promote green energy development, but also be in line with the current situation of the
Zhangjiakou region’s energy supply for the Beijing Winter Olympic Games. Therefore,
hydrogen production system based on renewable energy and supported by DC microgrid
will be the best way to achieve low-carbon environmental protection, and zero-carbon
power plus hydrogen energy is the only way to optimize the energy structure in the future
[5], this has also become the current hot spot of scholars.

Literature [6] optimizes the operation of the comprehensive energy system of the
hydrogen production unit containing wind power, which can meet the needs of electric-
ity, hydrogen and heat at the same time. Reference [7] established a two-tier model for
configuration optimization of grid connected offshore wind power hydrogen energy sys-
tem, and studied the configuration and economy of the system by means of net present
value. Literature [8] designed a hybrid new energy system including wind power, pho-
tovoltaic and hydrogen energy storage, and used the objective fitness function to model,
and achieved good capacity optimization results Literature [9] designed the hydrogen
energy storage system with heat balance system, established the wind hydrogen hybrid
system, and proposed the optimal allocation method of hydrogen energy storage capac-
ity of wind hydrogen hybrid system considering the uncertainty of heat balance. The
above research optimizes the static capacity configuration of the integrated energy sys-
tem containing hydrogen energy, and there is no subsequent dynamic optimization of
the static configuration.

Literature [10] cooperates with three main body of the scene, based on the Nash
negotiation theory, the operation model is established. Finally, through example verifi-
cation, the operational operation of the proposed cooperative operation can be greatly
improved. And the overall benefits of the cooperation alliance. Literature [11] is opti-
mized by hydrogen energy-natural gas multi-energy storage systems, and the economics
and environmental protection of electric hydrogen and electricity gas are verified. Liter-
ature [12] constructed the optimal scheduling model of wind hydrogen system with the
optimization objective of hydrogen production efficiency, solved the optimal hydrogen
production power by using artificial bee colony algorithm, and verified the effective-
ness of the proposed method through simulation analysis. Literature [13] established
the optimal scheduling model of integrated energy system with hydrogen production
system with the goal of minimizing operation cost and environmental cost, and solved
the optimal daily operation scheduling scheme of the system by using NSGA-II algo-
rithm., Literature [14] proposed a low-carbon operation method of integrated energy
system considering electrothermal flexible load and fine modeling of hydrogen energy.
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The static capacity configuration of hydrogen production equipment is not considered
in the above literature.

Literature [15] established an island microgrid model including hydrogen production
system and cogeneration, used robust optimization method to deal with the uncertainty
related to photovoltaic output, electric load and heat load demand, and verified the
effectiveness of the robust optimization used to deal with relevant risks, but static con-
figuration optimization was not considered in the system. Literature [16] is electrically
and hydrogen into the energy carrier, and a double-layer mixed integer planning model
is proposed. The upper layer model is intended to improve system economy, optimize
the device configuration to meet regional energy demand; The lower layer model aims to
minimize the average cost of hydrogen production in order to promote the development of
hydrogen. Among them, in the upper equipment capacity configuration, the economy of
the system is the goal to determine whether the equipment is put into construction, rather
than determining the equipment to be put into construction first and then optimizing the
optimal capacity. Literature [17] uses a two-stage distributed robust optimization model
to deal with the uncertainty of load. In the first stage, it optimizes the equipment safety
capacity and time in the integrated energy system. In the second stage, it mainly opti-
mizes and determines the “worst” operation scenario that the integrated energy system
may encounter in the future and optimizes the system operation scheduling. Literature
[18] For the renewable energy area integrated energy system to improve economic and
scheduling flexibility, a double robust game model is proposed, and multi-target whale
optimization algorithm is used to address constraint complex mixing integers nonlinear
planning issues, verify the feasibility of the model and the effectiveness of the algorithm
of the model by case analysis. The system in the above two documents did not con-
sider hydrogen energy. Based on this, aiming at the uncertain load and renewable energy
output, a two-stage distributed robust optimization model based onH2-RES system is
established. Firstly, the capacity of hydrogen production system is statically optimized,
and then the dynamic operation of the system is scheduling optimized.

During the operating scheduling of theH2-RES system, the flexible load of the elec-
tric load can be changed by changing its own size and time period, and further optimizing
the smooth load curve to improve the operational flexibility and economic benefits of H2-
RES.Literature [19] For the problem of low-carbon economy optimization operation in
the integrated energy system of hydrogen energy to energy conversion medium, the
impact of flexible load on adjustment system optimization operation, and established
flexible load model. Literature [20] established IES two-stage distribution robust opti-
mization scheduling model considering flexible loads, verifying that flexible loads can
improve the economic benefits of the IES system operation.

Based on the existing literature, this paper takes the hydrogen production system from
renewable energy sources as the research object. Firstly, the capacity of the hydrogen
production system is optimized for the uncertainty of renewable energy sources and the
local electric load and hydrogen load. After the static configuration optimization, the
daily operation scheduling of the hydrogen production system from renewable energy
sources is optimized. For the uncertainty of renewable energy, considering the investment
cost of hydrogen production system and the impact of the flexible load of electric load
participating in the electric load regulation on the optimal operation of the system. A
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two-stage distributed robust optimization model of hydrogen production system from
renewable energy driven by the worst scenario is constructed and applied to practical
engineering projects, which has good feasibility.

The structure of the remainder of this paper is as follows. Section 2 introduce the
structure and model of renewable energy hydrogen production system, Sects. 3 and
4 respectively introduce the objective function and model of static configuration and
dynamic scheduling of the system, Sects. 5 and 6 respectively introduce the two-stage
robust programming model and its solution method of the system, and Sect. 7 introduces
the case analysis of the method proposed in this paper.

2 H2-RES Structure and Model

Figure 1 shows the complete structure diagram of renewable energy hydrogen production
system. It mainly includes fan, photovoltaic, storage battery, power grid, alkaline water
electrolyzer, hydrogen compressor, hydrogen storage tank, etc. Part of the fans and
photovoltaic power generation is used for residential power load, and the other part
is used for hydrogen load of hydrogen fuel vehicles. The hydrogen produced by the
electrolytic cell is compressed by the hydrogen compressor and then sent to the hydrogen
storage tank. The compressed hydrogen gas is transported to the hydrogenation station
through the hydrogen long pipe trailer to supply the hydrogen demand of hydrogen fuel
vehicles. The battery in the system plays a buffer role. When the available energy is
insufficient, it is discharged through the battery first. If the electric load and hydrogen
load are still not met, it is necessary to purchase electricity from the power grid. When
there is still electricity left after the electricity load and hydrogen load can be met by
generating electricity from renewable energy, the battery can be charged or sold to the
power grid according to the actual situation. In order to deal with the uncertainty of wind
and solar output, the worst scenario driven distributed robust method is used to optimize
the system. In terms of power load demand, flexible load is considered in this paper.
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Fig. 1. H2-RES structure
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3 The H2-RES Capacity Configuration Phase

The capacity configuration stage of H2-RES is mainly to configure the optimal capacity
of electrolytic cell, hydrogen compressor and hydrogen storage tank in the hydrogen
production system. The goal is to minimize the daily average investment cost on the
premise that the system can operate normally under all the worst probability scenarios:
. PEDMED + pHCMHC + pHSMHS
minF1 = €))
N
In the formula, pgp represents the unit capacity investment cost of the electrolyzer,
pHc represents the unit capacity investment cost of the hydrogen compressor, pys rep-
resents the unit capacity investment cost of the hydrogen storage tank; Mgp, Mpyc,
Mys represents the capacity of the electrolyzer cell, hydrogen compressor and hydro-
gen storage tank respectively, and N represents the total number of days in a year, taking
365 days.
The upper and lower limits of the capacity of the electrolyzer, hydrogen compressor
and hydrogen storage tank are as follows:

0 < Mgp < MED max 2
0= Mpc < Muc max (3)
0 =< MHS =< MHS,max (4)

MED, max> MHC,max> MHS,max represents the maximum capacity of the electrolyzer,
hydrogen compressor, and hydrogen storage tank, respectively.

4 The H2-RES Optimal Scheduling Phase

After determining the optimal capacity configuration of the hydrogen production system
in the first stage, the next stage is to optimize the operation and scheduling of the hydrogen
production system from renewable energy based on the optimal capacity of the hydrogen
production system determined in the first stage. In view of the characteristics of difficult
prediction and strong randomness of fan and photovoltaic output, the “worst” operation
scenario that may be encountered by the microgrid is considered and the economy of its
operation is estimated, and the flexible load in the electric load is considered to improve
the economy of the system.

4.1 Flexible Electrical Load Model

The electrical load in the hydrogen production system of renewable energy includes
flexible electrical load and rigid electrical load. The flexible electrical load is mainly
used to regulate the overall load curve of the system and improve the overall energy
consumption level of the system on the premise of meeting the basic rigid electrical
load of the system. In order to tap the scheduling potential of flexible electric load
and improve the economy of the system, two flexible load mathematical models are
established, namely transferable and reducible flexible load.
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4.1.1 Transferable Electric Load Model

The load can be transferred according to the real-time electricity price, the user carries
on the transfer to some non-essential time period load, for example washing machine,
water heater and so on. And the working hours of the transferable load and the size of
the transfer time have no time continuity constraints, and have higher flexibility, the total
power of the pre-and post-dispatch transferable loads must satisfy uniform invariance
on the transferable interval [tgtart, tend]-

T tend
ZF{’A: = Z PI" At (5)
t=1 =lstart

b;rprz:in = Pttr = b;rpir:ax (6)

In the formula: F{" and P{" denote the power of the transferable electric load at t
time before and after the transfer respectively, P'r. and Pl denote the transferable
minimum electric load and the transferable maximum electric load respectively, b is
the 0-1 variable, which represents the transition state of the transferable electrical load
t period and b{" = 1 means that the electric transfer load occurs during the time period.

When electric load transfer, the user is transfer compensation adjustment

T
Cor=rir y_bIP @)

=1

In the formula: ri; represents the unit compensation price of the transferable electric
load.

4.1.2 Reduction of Electric Load Model

Reducible electric load refers to a certain reduction of load power within the allowable
range without changing the purpose of users’ power consumption, which alleviates the
tension of energy consumption. The reducible load in each period after dispatching can
be expressed as:

P = (1 — b{"e)F{" (8)

In the formula: F{" and P{* for t time can reduce the electrical load before and
after the reduction of electrical load power, b{" for 0-1 variables, that can reduce the
electrical load cut state, the load can be reduced by t when b{" is equal to 1, & represents
the reduction of the load at t time, 0 < ¢ < 1, when g = 1 represents the complete
reduction of the load.

T
Con = ey Z bfu (Pfu - Ffu) )]

t=1

In the formula: r., represents the unit power compensation cost that can reduce the
electrical load.
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4.2 Objective Function

The optimization objective of the second stage is to minimize the total cost under the
operation of the hydrogen production system with renewable energy, and finally deter-
mine the start-up and shutdown plan of each unit, the power generation capacity, the
charge and discharge plan of the energy storage system, and the power purchase and
sales plan for trading with the power grid. The total cost includes the power purchase
and sale expenses with the power grid, the flexible power load dispatching compensation
cost of the microgrid, and the operation and maintenance expenses of the battery and
hydrogen production system.

minFp, = an‘d + Cir + Cop (10)
In the formula: Cgiq, Cqr, Cop represents the transaction costs between the power grid,
flexible load compensation costs, the operation and maintenance costs of equipment.
(1) transaction cost between system and power grid

Transaction costs between the system and the grid include the purchase of electricity to
the grid and the sale of electricity to the grid

T
Cyrid = Z lfmy Pfuy _ livell P;ell a1
t=1

In the formula: l?uy represents the purchase price of t time Grid, 15!

. . .. buy b
sale price of t time grid, P>, P,

system.

represents the
represents the purchase and sale power of t time

(2) flexible electric load dispatch compensation cost

The flexible power load dispatching compensation cost mainly includes the power load
compensation cost which can be reduced and the power load compensation cost which
can be transferred:

Cir = Cir + Ceu 12)

In the formula: Cy, C, respectively represents the transferable electric power
compensation cost and can reduce the electric power compensation cost, its specific
mathematical model is shown in the formula (7) and formula (9).

(3) system equipment operation and maintenance costs

System equipment operation and maintenance costs mainly include the main components
of the system operation and maintenance costs. The main components of the hydrogen
production system are based on the unit power consumption, and the storage battery is
based on the charge/discharge capacity. The model is as follows:

Cop = C58 + CB3T (13)
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Cop = Zr b (PLD + P{C) (14)
CBAT Z rBAT (PBATC + PBATD) (15)
t=1
In the formula: Cgll',[, CBAT represents the operation and maintenance cost of hydrogen

production equipment and storage battery respectively; rog, rg/;T represents the unit

operation and maintenance cost of hydrogen production system and storage battery
respectively; PEP, PHC represents the consumption power of electrolyzer and hydrogen
press at time t, PFATC, P?ATD represents the charge and discharge power of battery at
time t.

4.3 Constraints

The constraints of the optimal scheduling model ofH2-RES mainly include power bal-
ance constraints, power storage equipment constraints and hydrogen production system
constraints.

(1) Power balance constraint

PP pPV 4 pBATD | pBUY _ pEL | pir  peu y pBATC
+ PP+ pjiC 4 P (16)

In the formula: P?VD, PFV represents the fan output power and photovoltaic output
power at time t respectively; PFATC, P?ATD represents the battery charge/discharge power
at time t respectively; P?UY, PtSELL indicates the purchasing power and selling power
between the hydrogen production system and the power grid at time t, PEL, P, pU
represents the rigid electric load at time t, the transferable electric load and the reduced
electric load respectively, and PFD, P{{C represents the consumed electric power of the
electrolyzer and the hydrogen compressor at time t.

(2) Constraint of storage equipment

BAT PBATD
E = noEpar + nenPPATC — o

BATD
Ex = Ex_1 + napPPATC — P;d 2<k<24
NminEBAT < E; < NmaxEar, 1 <t <24

0< PBATC < IChPrl[?lzng
0< PBATD < [dis pBATD a7

max
0 glfh + 145 < 1

T T ,BATD
S neanPPATC AL — 3 P Ar =0
=1 =1 Ndis

E7 = noEpar




230 L. Xia et al.

In the formula, E{, E; denote the capacity of the battery in the first time period and t
the t time period battery capacity, Egat denote the total capacity of the battery, ET denote
the capacity of the battery in the last time period of a dispatch period, Ng, Mmin, Nmax
represents the ratio coefficient of initial capacity, the minimum energy storage coeffi-
cient and the maximum energy storage coefficient, nch, 1gis represents the efficiency
of charge/discharge energy, Ifh, I{ﬁs represent the Battery t time charge and discharge
energy mark bit O-1 variable.

(3) Constraints of hydrogen production system

The hydrogen production system consists of an electrolytic cell, a Hydrogen compressor,
and a hydrogen storage tank.

@ Electrolytic cell model

At present, the most commonly used electrolyzer in industrial production is alkaline
water electrolyzer, which has fast reaction speed and mature technology. The hydrogen
production efficiency of the electrolyzer and the power of the electrolyzer can be regarded
as a linear relationship under stable operation [21]. The unit hydrogen production rate
is assumed to be ng,, kg/(kW h),The hydrogen yield thz at t time is the product of the
hydrogen yield ny, and the power PEP input to the cell [22]:

mi? = yy, PEP (18)

The electrolyzer shall meet the minimum safe power and maximum power constraints
during operation:

ED ED ED
P min = P t = P max

19)

In the formula: PEI?H, Pglzx respectively represents the minimum safe power and the
maximum operating power when the electrolyzer is running.
At the same time, the electrolytic cell should also meet the power climbing

constraints:

t+1

pED _ PfD‘ < PP (20)

In the formula: PI%D indicates the maximum climbing power of the electrolyzer.
@ Hydrogen compressor model

To facilitate storage and transportation, hydrogen is compressed into high pressure
hydrogen using Hydrogen compressor, and the power consumption of the hydrogen
compressor [23] needs to be satisfied:

Ry m 2 Ty Pt
PHC:;’"[P Pin)'F —1] 21
" = So00mmcae Ty L Four/ P @)
0 < PHC < pHC (22)

In the formula: Ry, is the specific heat capacity of hydrogen Changshu, T;, is the com-
pressor input hydrogen temperature, ngc is the compressor efficiency, k is the isentropic
index of hydrogen, Py /Piy is the compression ratio.
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® Hydrogen storage tank model

The hydrogen storage tank is used to store the compressed hydrogen, and its mathemat-
ical model and constraints are:

Hy o H
m{lS = poMps +m* — L,

mitS = mfS | +m> — L2 <k <24
pminMps < mS < pmaxMps, 1 <t <24
mi#S = poMpys

(23)

In the formula, mI;IS represents the hydrogen storage capacity of the hydrogen storage
tank in the first period of the dispatching period, m?s represents the hydrogen storage
capacity of the hydrogen storage tank in the k period of the dispatching period, m¥s
represents the hydrogen storage capacity of the hydrogen storage tank in the last period
of the dispatching period, po, Pmin, Pmax represents the initial hydrogen storage ratio
coefficient, the minimum hydrogen storage ratio coefficient and the maximum hydro-
gen storage ratio coefficient respectively, and Mys represents the total capacity of the
hydrogen storage tank.

5 Two-Stage Robust Programming Model for H2-RES

The first stage of the two-stage distributed robust optimization model based on renewable
energy hydrogen production system proposed in this paper is to optimize the capacity of
the hydrogen production system according to the local renewable energy characteristics,
electric load and hydrogen load, including the capacity configuration of electrolytic
cell, hydrogen compressor and hydrogen storage tank. The optimization goal is the
construction cost. The second stage is to optimize the real-time scheduling scheme with
the lowest system operation cost under the “worst” operation scenario that the system
may encounter in the future. Then feed back the optimization results of the second stage
to the first stage to further formulate the best planning scheme. The two-stage planning
model is shown in Fig. 2.

—

Objective 1: minimize the investment cost
Optimize the capacity of the hydrogen Feedback
production system according to the local
scenery characteristics, electric load and

Stage |
hydrogen load

Objective 2: minimum system operation cost
Optimize the operation scheduling of the
whole system according to the configuration

Stage Il of hydrogen production system

Fig. 2. Two-stage programming model
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The two-stage robust optimization model is as follows:
F3 =min{F1 —l—maxmin{Fz}} 24)
X u y

In the formula: x is the decision variable of the first stage, that is, the capacity
configuration of the hydrogen production system; u is the scene of the worst scenery; y
is the decision variable of the second stage, that is, after the configuration of the hydrogen
production system and the worst-case scenario of the most economic scheduling scheme.

In this paper, we use the k-means Clustering Method to reduce M wind power and
photovoltaic power scenes into typical discrete scenes with uncertain and random char-
acteristics ul, u2, ..., uk, the occurrence probabilities of various scenarios are obtained
to simulate the output uncertainty of renewable energy. The initial probability of each
discrete scenario is expressed in pg.

The purpose of scene reduction analysis is to replace a large number of complex
scene features with a small number of representative scenes, and construct an uncertain
set to describe the distribution of scenery output. The comprehensive norm constraint set
composed of [22] 1-norm and co-norm restricts the probability distribution of renewable
energy output scenario, as shown in Eq. (25).

pr>0,k=1,2,...,K
10
Yore=1
k=1
10 0
Z|Pk—l7k| <Al
k=1

k:{’fgqu‘Pk AR

(25)

In the formula: €2 is the probability distribution feasible region of renewable energy
output scene, where Py is the probability of the typical scene ug, which A, h is the
probability allowable deviation value of 1-norm and co-norm respectively, which can
be obtained from Eq. (26).

_ k 2k
M= g In =0
vy (26)
Aoo = »17 In —=—
oo M I—aoo

In the formula: o, o is the confidence level of 1-norm and co-norm uncertainty
probability respectively.

The two-stage distribution robust optimization model is a min max min structure.
In order to facilitate analysis, the worst scenario of renewable energy output is repre-
sented by the worst probability distribution of renewable energy output. The two-stage
distribution robust model of the proposed system can be transformed into the following
form:

10
F3 :mxin{Fl +max{2pkm){n{F2}}} 27

k=1
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6 Two-Stage Robust Model Solving Method

To solve the two-stage distributed robust optimization problem, a column constraint
generation algorithm (C & CG) is used to solve the decomposition problem. Compared
with Benders decomposition algorithm, C & CG algorithm has fewer iterations and
higher accuracy. C & CG algorithm is used to decompose the two-stage distributed
robust problem into main problem and sub-problem.

The main problem is to solve the optimal capacity allocation of the hydrogen pro-
duction system based on the probability distribution of the initial worst-case scenario,
and to obtain the maximum real-time operating cost with the lowest operating cost as
the objective in the worst-case scenario, and provide a lower bound for the model:

minATx + U

10 28
U= Y pumin{B v 29
k=1

In the formula, A7 is the coefficient matrix of the primary decision variable, x is
the primary decision variable, U is the auxiliary variable of the main problem objective
function and B is the coefficient matrix of the secondary decision variable.

Based on the optimal capacity configuration of the hydrogen production system
solved by the main problem, the sub problem calculates the operation with the lowest
operation cost as the goal in each scenario in parallel, and provides the upper bound
value to the model. The worst scene probability is updated in the probability distribution
feasible region €2 of the data-driven wind and solar output scenario, and the scheduling
optimization of the system is carried out. The sub problem can be expressed as:

K
q . \T . g
s, i i (59 @

The iterative solution process of the main problem and sub problem by using C &
CG algorithm is as follows:

Step 1: Initialization, set the maximum number of iterations npax ; cOnvergence accu-
racy ¢ = 1073, the number of initialization iterations n = 1, set the scenery output
benchmark scenario ug as the worst scenario uq, initialization U = +o00, The upper
bound of the objective function is U = +oo and the lower bound is L = —oo, the
historical data are clustered to obtain K discrete scenes with typical time and the initial
probability distribution pg.

Step 2: substitute the worst scenario ug into the main problem for solution, obtain the
optimal capacity solution x4 of the hydrogen production system, and take the optimal
solution obtained from the main problem as a new lower bound L.

Step 3: substitute x9 into the subproblem and consider the uncertainty of wind power
output, and calculate the output plan of each unit when the operation cost is the lowest
in each scenario in the subproblem in parallel.

Step 4: find the wind power output expectation and corresponding decision variables
y9 that maximize the operation cost in the probability distribution feasible region 2 of
the data-driven wind power output scene, take the sum of the sub problem optimization
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result Yk P{[(B)Ty;] and the main problem result (A4)"x9 as the upper bound, and

update the bad scene ug41 and probability distribution PEH.

Step 5: determine U9—L9 < ¢ whether satisfied, if satisfied, the iteration convergence
and get the optimal solution; If not satisfied, then update the worst scenario and its
probability, n = n + 1, and return to step 2 (Fig. 3).

Initialization: U =+ oo, | =-00 ,
initialization of the worst

probability distribution, N = 1
l

Given a set of initial worst-case
scenarios, the optimal solution

of the main problem is
obtained, and the lower bound
is updated

l Update the
The capacity allocation scheme worst scenario
of the hydrogen production distribution,
system in the main problem is n=n+1
replaced by the uncertain 3

variables in the sub-problem
and the worst-case scenario,
and the upper bound is updated

>

end

Fig. 3. Solution flow of two-stage robust optimization model

The framework of two-stage distributed robust optimization model based onH2-RES
is shown in Fig. 4.

7 Case Analysis

7.1 Basic Data and Model Parameters

In order to verify the feasibility of the model and method in this paper, an example is
constructed based on the actual data of Chongli renewable energy large-scale hydro-
gen production project in Zhangjiakou, Hebei Province. Taking the renewable energy
hydrogen production system shown in Fig. 1 as the research object, CPLEX commercial
solver is used for modeling and solving in matlab 2020a.

In Zhangjiakou renewable energy hydrogen production project, there are three fans
and one photovoltaic array. The rated power of each fan is 2 MW and the rated power of
photovoltaic array is 3 MW. Set the optimal scheduling cycle as 24 h, and take 1 h as the
unit period. The renewable energy output data of the past one year is taken and reduced
to 10 typical discrete renewable energy output scenarios with uncertain and random
characteristics by K-means clustering method, and the corresponding probability of
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—| Two-stage distribution robust optimization model | __
r framework based on H2-RES

(1) Objective fanction:  minF, = Cyne + Cee + Cop
(11) Flexible electric load model: Eqs.(5)-(9)
(1) Constraint condition: Eqs.(16)-(23)

|
|
|
|
|
|
|
| 1
|
|
|
|
|
|

Co

dis

(1) Model building: rwxmin{Fz)}
(I1) K-means clustering renewable  energy
output scenario

(I11) Reduction analysis of the scene: Eqs.(25)
(IV) Using C&CG algorithm to solve the model

min(Fy + m

il

The optimal configuration of hydrogen
production system is obtained by iteration

Fig. 4. The whole frame

each scenario is obtained to drive the two-stage distributed robust optimization model
of H2-RES. The data of renewable energy output before and after clustering is shown
in Figs. 5 and 6. Figure 5 (a) and (b) respectively show the historical data of fan output
and photovoltaic output in the past year Fig. 6 shows the 10 types of renewable energy
output scenarios obtained by clustering.

Wind Turbine Power Output

PV Power Output

(b)

Fig. 5. Historical data of available in process energy output

During the 2022 Winter Olympic Games, more than 400 hydrogen buses were applied
to Zhangjiakou competition area, and their daily hydrogen load was supplied by the
renewable energy hydrogen production project in Zhangjiakou area. This paper selects
the hydrogen load and electric load of typical days and the renewable energy output data
of the next day predicted according to the historical renewable energy output data, and
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Energy cluster clustering results
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Scheduling time/h

Fig. 6. Clustering results of renewable energy output

makes a case analysis on the dynamic scheduling optimization after the static configu-
ration ofH2-RES hydrogen production system in the first stage. Figure 7 shows typical
daily load demand and predicted renewable energy output data.

The purchase and sale price in the calculation case adopts the pricing method of time

of use price. The prices of electricity purchased and sold in different time periods are
shown in Fig. 8.

50 Load daily demand and renewable energy force prediction data

[5=Fan output ——Photovolaic output —=—Electic load —— Hydrogen load]

3000 0

2500 - 60

_—

Electric power/KW

500

1203 4 5 6 7 8B 9 101 12131 15 16 17 18 19 20 21 22 23 2
Scheduling time/h

Fig. 7. Load daily demand and renewable energy force prediction data

Purchase and sale price
12 —B— Purchase electricity from the power grid
—&— Selling electricity to the grid

1

08F

0.6 -

Electricity price/RMB

04-

02l . . . )
0 5 10 15 20 25
Scheduling time/h

Fig. 8. Purchase electricity-based electricity price
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The parameter values of main equipment of the H2-RES system are shown in Table 1.

Table 1. Important parameter values of H2-RES.

Parameter Value Parameter Value
PED 6027 Neh 0.95
PHC 1071 Ndis 0.96
PHS 3549 no 0.3
MED max 5000 Nimin 0.1
Mpc, max 1000 Nmax 0.9
Mg, max 1000 Ry, 14.304
Fir 0.05 Tin 40
Teu 0.5 NHC 0.7
rEd 0.04 K 1.4
rBal 0.01 00 0.25
NH, 0.0192 Pmin 0.2
Epar 600 Pmax 0.9

7.2 Analysis of Optimizing Static Configuration Stage

In this paper, the historical scenery output data are clustered by K-means method, and
10 groups of initial scenes and their probabilities are obtained. The comprehensive norm
constraint set is used to constrain the probability distribution of wind and solar output
scenarios, in which the 1-norm constraint confidence is set to 0.5 and co-norm con-
straint confidence is set to 0.99. Build a two-stage robust optimization model forH2-RES
system. The static configuration of hydrogen production system obtained by iteration
according to C & CG algorithm is shown in Table 2.

The capacity configuration of the optimized hydrogen production system is close
to that in the actual project. The capacity of the actual hydrogen production system in
Zhangjiakou renewable energy hydrogen production project is shown in Table 3. Accord-
ing to the configuration obtained from the simulation of the example, it is suggested to
increase the capacity of the hydrogen storage tank in the project to 220-250kg.

Table 2. Optimized capacity configuration of hydrogen production system

Equipment
Capacity/kW (kg)

Electrolyzer

2715.3 93.5 213.4

Hydrogen press Hydrogen storage tank
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Table 3. Actual capacity of hydrogen production system on site

Equipment Electrolyzer Hydrogen press Hydrogen storage tank
Capacity/kW (kg) 3000 132 210

7.3 Flexible Electric Load Optimization Analysis

The response of electric load demand after considering flexible load is shown in Fig. 9.
The blue bar represents the electric load predicted at the dispatching time, the orange
bar represents the flexible electric load that can be transferred at the dispatching time,
the yellow bar represents the flexible electric load that can be reduced at the dispatching
time, and the red curve represents the electric load after considering the flexible load,
which can also be expressed as the electric load after demand response.

It can be seen from the figure that the transferable electric load in period 1, period 3,
period 5, period 7, period 9—-10 and period 22-24 is transferred to period 14-21, and the
reducible load in period 2, period 4, period 6, period 8-9 and period 11-21 is reduced
on the basis of meeting the acceptable reduction times of users. It effectively smoothes
the power load curve of the system, and then improves the wind power consumption and
economic benefits of the dispatching plan.

Electric power/kW

10 15
Scheduling time/h

Fig. 9. Response of electric load demand

7.4 Optimized Dynamic Dispatching Operation Analysis

Based on the capacity configuration of hydrogen production system, the dynamic dis-
patching operation ofH2-RES system is optimized. The optimal operation strategy of
each unit of the system is shown in Fig. 10. The blue bar represents the renewable energy
output plan, the orange bar represents the power purchase plan of the system to the power
grid, the green bar represents the power sales plan of the system to the power grid, and
the yellow bar represents the charging and discharging plan of the battery. Above the
horizontal axis represents the charging plan, below the horizontal axis represents the
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discharge plan, the purple bar represents the power consumption plan of the hydrogen
production system, and the red curve represents the power load after demand response.

It can be seen from the figure that in these 24 periods, most of the power output of
renewable resources is used for the power consumption of hydrogen production system.
In periods 1-7 and 14, the output of renewable energy can not meet the power load and
power consumption of hydrogen production system. It is necessary to purchase power
from the power grid to meet the power demand. In periods 10, 12-13, 15 and 17, 22-24,
the output of renewable energy can fully meet the electrical load and the electrical power
required by the hydrogen production system, and the excess electricity is used to sell
electricity to the power grid and charge the battery. In this strategy, more electricity
is purchased to charge the battery in the first and seventh periods when the output of
the available energy is insufficient and the electricity price is low, and the battery is
discharged in the eighth to ninth periods, the eleventh periods, the fourteenth periods
and the eighteenth to twenty-first periods when the output of the available energy cannot
meet the required electric power, so as to achieve the effect of peak shaving and valley
filling. The charging and capacity status of the battery are shown in Fig. 11. The total
capacity of the battery set in this paper is 1000 kW, the minimum capacity is limited
to 100 kW and the maximum capacity is limited to 900 kW. The maximum charging
and discharging power is 400KW. It can be seen that the charging power of the battery
reaches the maximum charging state in period 1, 11 and 17, and the discharging power
reaches the maximum discharging state in period 6 and 21. The capacity of the storage
battery is 300 kW at the beginning of the dispatching period, reaches the allowable
maximum capacity state in 11, 13 and 18 periods, and returns to the initial state at the
last moment of the dispatching period.

Optimal opreation strategy of system

5000 IRenenable energyoutut

Q00

I
[
[

20~
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Electric power/kW

2000
000

4000
0

15 2 >

gcheduling time/h

Fig. 10. Electric power optimal operation strategy

7.5 Hydrogen Load Supply Situation

The hydrogen load supply is shown in Fig. 12. The green curve represents the real-
time change of hydrogen in the hydrogen storage tank during the 24-h dispatching
period, the red curve represents the change of hydrogen load during the 24-h dispatching
period, and the blue curve represents the real-time change of hydrogen production of
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Fig. 11. Battery charging and discharging power and electric quantity status

the hydrogen production system during the 24-h dispatching period. During the period
1-7, the hydrogen production of the hydrogen production system has excess hydrogen
load. The excess hydrogen is stored in the hydrogen storage tank. It can be seen that
the hydrogen in the hydrogen storage tank has been increasing. During the period 8§,
the hydrogen load has excess hydrogen production. At this time, the hydrogen in the
hydrogen storage tank makes up for the hydrogen load. There is little difference between
the hydrogen load and the hydrogen production during the period 9-13. In the period
14-21, except for the period 18, the hydrogen load is more than the hydrogen output,
and the hydrogen load is far more than the hydrogen output in the period 15 and 19. In
this period, the hydrogen load in the hydrogen storage tank is used to supplement the
hydrogen load, the hydrogen load in the period 22-23 is nearly equal to the hydrogen
output, and the hydrogen output in the period 24 is more than the hydrogen load, It can be
seen that the hydrogen storage tank plays a role in maintaining the stability of hydrogen
load during the whole dispatching period.

The capacity status of the hydrogen storage tank is shown in Fig. 13. It can be
seen that the initial capacity proportion of the hydrogen storage tank is 0.25. When the
hydrogen production of the hydrogen production system exceeds the hydrogen load, the
hydrogen capacity status in the hydrogen storage tank will increase, otherwise it will
decrease. In the last period of the dispatching period, the capacity status of the hydrogen
storage tank will return to the initial capacity proportion, ensuring the normal and stable
operation of the hydrogen storage tank in the next dispatching cycle.
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Fig. 12. Hydrogen load supply situation
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Fig.13. Capacity status of hydrogen storage tank

8 Conclusion

This paper takes the hydrogen production system from renewable energy sources (H2-
res) as the research object, fully considers the uncertainty of wind and solar output and the
flexible load of electric load, and establishes a two-stage distributed robust optimization
model. In the first stage, the system economy is taken as the optimization objective
to determine the capacity of the hydrogen production system. The second stage takes
the system operation cost as the goal, aims to optimize the real-time scheduling of the
system, and uses the CCG algorithm to solve it. Finally, an example is given to verify
the effectiveness of the proposed model, and the following conclusions are drawn:

(1) Different from the previous two-stage distributed robust optimization of pre schedul-
ing and re scheduling of microgrid system, this paper is the static configuration of
H2-RES system considering the uncertainty of wind and solar output and the two-
stage distributed robust optimization model of system dynamic scheduling based on
static configuration.

(2) The flexible load of electric load is considered in the operation optimization of H2-
RES system, which can reduce the cost of dispatching scheme and improve the
economic benefit of the system.
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(3) By considering the wind solar output scenario under the worst scenario, the capacity
of the hydrogen production system obtained through the iteration of the algorithm
is very close to the actual project, which can provide practical application value.
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Abstract. A hydrogen fuel station is an infrastructure for commercializing hydro-
gen energy using fuel cells, especially in the automotive field. Hydrogen, produced
through microgrid systems of renewable energy sources such as solar and wind,
is a green fuel that can greatly reduce the use of fossil fuels in the transportation
sector. In this study, taking the Winter Olympics as the background, hydrogen pro-
duction was carried out through the wind-solar hybrid microgrid system installed
in Chongli, Zhangjiakou, so as to meet the fuel supply of hydrogen buses dur-
ing the Winter Olympics. This analysis is the capacity optimization configuration
design of the microgrid including the hydrogen production system, and the sim-
ulation analysis is carried out by using the Homer simulation software. In this
study, NASA’s ground-based meteorology and solar databases were used. There-
fore, the annual average wind speed of the site is 5.72 m/s, and the annual average
solar radiation is 5.08 kWh/m?2/d. According to the optimization results obtained
for the proposed configuration, different system configuration schemes are found,
and a variety of schemes are compared to select the most economical capacity
configuration scheme. It was finally shown that a microgrid including a hydrogen
production system powered by renewable energy is economically feasible.

Keywords: Microgrid - Energy storage system - Hydrogen energy storage -
Storage battery - HOMER Pro software

1 Research Status

1.1 Research Status of Microgrid Capacity Optimization Configuration

Inrecent years, with the construction of complementary microgrid optimization projects,
my country has overcome many technical difficulties in energy. In the energy develop-
ment stage, the “Eleventh Five-Year Plan for Energy Development” in 2007 proposed a
renewable energy industrialization project [1], by reducing construction costs and adopt-
ing renewable energy as a key development technology on a large scale. Make full use
of the abundant renewable energy sources such as wind energy, solar energy, biomass
energy, etc., to drive the development of energy industrial production, and realize the
scope construction. This is also the first time that the “distributed energy supply system”
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has been identified as the key to develop cutting-edge technologies. In terms of electric
energy, the energy system adopts the dispatching method to realize the interactive oper-
ation between renewable energy such as wind and light and the energy storage system.
In terms of electric energy demand, the complementary electric energy system realizes
the co-generation of cooling, heating and electricity, and configures and operates in an
optimal way according to the load demand, so as to realize the coordinated operation
between energy sources [2]. In 2016, the country proposed the “Internet+” smart energy
model, and the development time was determined in the interval of 2016-2030 [3].
Therefore, in the future, the complementary model will occupy an extremely important
position in energy utilization.

In the aspect of capacity optimization design of microgrid, many scholars have made
in-depth research on it. Qi Yan and other scholars have used intelligent algorithms such as
the improved gray wolf algorithm and particle swarm algorithm to study the scheduling
problem and economic optimization of the microgrid system from the perspective of
intelligence, so as to obtain the optimal solution of the microgrid [4, 5]. Due to the
late start of microgrid technology and related technologies have not yet matured, the
investment in technology will generate huge costs, so economy is the key inspection
criterion [6, 7]. Shao Zhifang and other scholars comprehensively considered the power
supply side and the load side, studied the configuration optimization of the coordinated
operation of the supply and demand sides of the off-grid microgrid, and obtained the
configuration result with the minimum cost of the distributed microgrid system [8].
Zhang Zhiwen et al. took the remote areas of Guizhou as the background, and studied
the capacity optimization configuration scheme of wind, solar, water, and storage power
stations [9]. Tan Ying and other scholars have achieved the goal of reducing pollutant
emissions by introducing renewable energy on the basis of diesel generators [10].

1.2 Research Status of Hydrogen Energy Technology

Hydrogen energy is a green and efficient secondary energy, so in the future, hydrogen
energy will inevitably become an important part of my country’s energy structure. At the
same time, the relevant links of hydrogen production, hydrogen storage and hydrogen
consumption have great economic value. As an intermediate medium, hydrogen energy
can realize the conversion between electric energy and other energy sources. It is an
ideal energy medium and can realize large-scale application of energy storage medium
in the future [11].

A large number of foreign scholars and researchers use hydrogen as a renewable
resource to generate energy savings. Hydrogen is a novel energy storage method. By
combining with wind power and photovoltaic power generation systems, the impact of
distributed power generation systems on the power grid can be improved [12, 13]. In
remote mountainous areas, traditional resources cannot guarantee power quality, and the
investment cost is high. As an energy carrier and conversion medium, hydrogen has the
advantages of hydrogen-hydrogen refueling station-hydrogen bus construction.

The United States is the first country to use hydrogen and fuel cells as energy sources.
Around the 1960s and 1970s, the United States had put forward the concept of “hydrogen
economy”’. The United States has solved a series of technical problems in the hydrogen
industry through a large amount of human and financial investment. In 1990, the United
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States formulated the “Five-Year Plan for Hydrogen Energy Research and Develop-
ment”, and in 1996, the “Hydrogen Energy Prospects Act” was promulgated, with the
purpose of creating the universality of hydrogen energy. In 2012, US President Barack
Obama submitted a financial plan totaling 3.8 trillion US dollars, of which 6.3 billion
yuan was used for the development and construction of hydrogen energy, automotive
alternative fuels and other projects. As of 2019, the United States has adopted hydro-
gen fuel vehicles as commercial vehicles, and at the same time has invested heavily in
related hydrogen energy innovations. A series of events have proved that the hydrogen
energy industry occupies an extremely important position in the energy development of
the United States.

The EU is also one of the early regions involved in the field of hydrogen energy,
and the EU has taken hydrogen energy as an important guarantee for energy security
and transformation. In 1956, the University of Cambridge invented the total temperature
alkaline fuel cell, which opened the prelude to the development of fuel cells. The EU
has promulgated a series of policies to ensure the development and construction of the
hydrogen energy industry, and plans to reach 33% of power generation by renewable
energy in 2020, 45% by 2030, and 50% by 2040., the proportion of power generation will
reach 97% in 2050 [14]. In 2011, Germany built the world’s first wind-hydrogen power
station with a power generation scale of 6 MW. In 2013, the German Audi company built
a 6-megawatt E-Gas power conversion hydrogen project, marking that Audi became the
world’s first automobile company to use renewable energy. In 2019, Germany invested
a total of 250 million euros in research on hydrogen energy vehicle projects, and plans
to build 400 hydrogen energy filling stations by 2030.

China is also a big country in the use of hydrogen energy. In the “Energy Technol-
ogy Revolution Innovation Action Plan (2016-2030)” [25], hydrogen energy has been
classified as a key project of the energy technology revolution, and the construction and
development of the hydrogen energy industry has also been included in my country.
Energy strategy: My country has always focused on replacing some fossil fuels such as
coal and oil by abandoning wind, water and other renewable energy sources, which can
reduce costs and improve stability, which is more conducive to the construction of the
hydrogen energy industry system and the construction of a national hydrogen energy
industry network.

The continuous development of hydrogen energy technology has not only carried
out in-depth research in key laboratories of universities, but also built a large number of
hydrogen energy industry demonstration projects. In terms of hydrogen energy demon-
stration projects, it is mainly for applications in distributed power generation and new
energy vehicles. Up to now, the number of hydrogen energy stations in operation in
China has reached 14, which are located in Shanghai, Beijing, Guangdong and other
places, and the first hydrogen refueling station in China that uses wind-solar hybrid
electrolysis of water to produce hydrogen has been in Dalian has been completed, and
the scale level has reached 70 MPa, which can provide energy for hydrogen vehicles in
the three northeastern provinces [15].
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2 Microgrid Structure and Modeling Research

2.1 Microgrid Structure

Complementary microgrid is based on the characteristics of various distributed power
sources to perform joint power generation, thereby effectively avoiding the disadvantage
of poor reliability of a single power source. Through the differences in the output char-
acteristics of distributed power sources such as wind power generation, photovoltaic
power generation and lithium-ion batteries, they are combined into a complementary
micro-grid system to ensure that the output power of the micro-grid remains balanced at
various time periods and under different conditions, and improve the micro-grid. System
stability: The complementary microgrid takes its own structural characteristics as a ref-
erence, and obtains the effects of the lowest total cost, the best power supply reliability
and stability. Figure 1 is the microgrid architecture diagram of the research object of
this paper. Among them, wind turbines and solar cells are the main power sources of
the system, which are set to maintain the maximum output power all the time, and the
lithium-ion battery system is the backup power supply of the system. When the output of
wind turbines and solar cells is insufficient, the stable operation of the microgrid system
is guaranteed.
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Fig. 1. Overall structure of the wind-solar-hydrogen integrated microgrid system
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2.2 Distributed Power Model
2.2.1 Fan Model

Wind power generation is a process of energy conversion. First, wind energy is con-
verted into mechanical energy of a motor by a fan and then converted into elec-
trical energy. At present, three-phase permanent magnet synchronous generators are
mostly used in small wind power generation systems, and grid-connected generators
such as double-feedback asynchronous generators, cage asynchronous generators, and
permanent magnet synchronous generators are also widely used [16].

The size of the wind speed directly determines the power generation of the wind
turbine, because the wind resource has relatively large fluctuation and randomness.
At present, domestic and foreign scholars have carried out a lot of research on the
distribution of wind speed, among which the most representative is the two-parameter
Weibull distribution model [17]. This model has a good fit to the wind speed, and the
probability density formula is as follows:

k
—(
c

f0) == exp[ ()] M
c c
where: v represents the wind speed here; k represents the Weibull shape factor, k > 0; ¢
represents the Weibull scale parameter, ¢ > 1; v, represents the cut-out wind speed; v,
represents the rated wind speed.

The Weibull shape factor, the scale parameter is calculated as follows:
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where o represents the standard deviation; v represents the average wind speed; I’
represents the Gamma function.

The functional relationship between the output power of the wind turbine and the
wind speed can be obtained as the output power function [4]:

0, 0<v<v
V—Vei
Pyr(v) =\ Pri=os Vei SV <y “4)
Py, Vr SV < Voo

In the formula: Pyt represents the real-time power generated by the fan; v represents
the real-time wind speed; v.; represents the cut-in wind speed; v, represents the cut-out
wind speed; v, represents the rated wind speed.

Fans are mainly divided into two categories: fixed pitch fans and variable pitch fans.
The pitch of the fixed pitch fan cannot be changed, so when the actual wind speed is
greater than the rated wind speed, the power output of the fan will decrease instead; since
the variable pitch fan can change its own pitch, when the wind speed is greater than the
rated wind speed, its output power remains rated Power does not change. In this paper,
the variable pitch fan is selected as the research object (Table 1; Fig. 2).
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Table 1. Air fan parameters

Number Fan parameters Value

1 Rated capacity 2 MW

2 Rotor diameter 82 m

3 Control mechanism Pitch control

4 Rotor type Reverse wind rotor

5 Hub height 85 m
2500 : ; ; .
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Fig. 2. Power output curve of the wind power generator

2.2.2 Photovoltaic Model

As a kind of renewable energy, solar energy comes from the energy generated by the
continuous nuclear fusion reaction inside the sun [18]. It can be regarded as a kind of
energy with huge reserves and no pollution. With the continuous consumption of fossil
resources, photovoltaic power generation has received more and more attention due to
its cleanliness and pollution-free. Photovoltaic power generation has the characteris-
tics of safety, no resource consumption, random installation, and simple construction.
The principle of solar photovoltaic power generation is to use the photovoltaic effect
(Photovoltaic effect) [19] generated when semiconductor materials receive light, thereby
converting light energy into direct current electricity.

There are many factors that affect the output power of photovoltaic cells, such as
light intensity, temperature of photovoltaic cells, panel shadows, etc. [30]. The output
power of photovoltaic cells is as follows:

Lc(?)
Ppy(t) = Psrc 7

[14+ u(Tc — Tsro)l &)
STC
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In the formula: P, represents the actual power generated by the solar photovoltaic
panel; Psrc represents the rated power of the solar photovoltaic panel; L¢ represents the
current ambient light intensity; Lsrc represents the light intensity in the ideal environ-
ment, 1 kW/mz; w represents the power temperature coefficient, — 0.0047 °C; T¢ repre-
sents the solar photovoltaic panel during operation Surface temperature; Tsyc indicates
the surface temperature of the solar photovoltaic panel in an ideal environment.

Among them, the comprehensive calculation of real-time temperature and light
intensity is adopted through the HOMER Pro simulation software, as follows:

Gr
GT,noct

Te = Ta + (Te.nocr = Tanoe) (G——)(1 = 25) (©)
In the formula, 7, represents the actual temperature; Tc ;.. represents the photo-
voltaic panel temperature under the rated state; T ,0c: represents the actual temperature
defined by NOCT; Gr represents the light intensity; G 0. represents the light inten-
sity defined by NOCT,; 7, represents the efficiency of the solar photovoltaic panel; 7, a
indicates the care for the penetration and absorption rate of solar photovoltaic panels.

2.2.3 Lithium-Ion Battery

The service life and discharge degree of a lithium-ion battery have a great relationship
with the number of times the battery is charged and discharged. The degree of discharge
of the battery is the ratio of the amount of electricity released by the battery to the rated
capacity, expressed by. Usually the condition is less than or equal to 80% to prolong the
life of the battery. The state of charge represents the ratio between the battery capacity
and the rated capacity of the battery in a steady state at a temperature of 25 °C, and is
generally expressed. The state of charge of the lithium battery is constantly changing
dynamically, and its state of charge will calculate the amount of electricity consumed or
absorbed in the previous period and update it at each time point.

The state-of-charge formula for charging and discharging a lithium-ion battery is
shown in. The relationship between the state of charge and the depth of discharge is
shown below.

Ppar (1) - At

SOC(r + 1) = SOC(t) — —————"— Pgar(t) > 0 (7)
R * Ndis

SOC( + 1) = Soc() — PRAT®D AL <0 ()
QR *Nch

DOD =1 - S0C 9

In the formula, SOC(t + 1), SOC(¢) represents the state of charge of the lithium
ion battery at ¢t 4 1, t; Ppar (¢) represents the charge and discharge power of the lithium
ion battery per unit time, the value during charging is less than 0, and the value during
discharging is greater than 0; n4;, represents the discharge efficiency of the lithium ion
battery; 1., represents The charging efficiency of a lithium-ion battery; Qr is the rated
capacity of the battery.
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2.2.4 Electrolyzer Model

The working process of the electrolytic cell is a redox reaction, which conforms to
the law of conservation of matter. In the process of electrolysis of water, 96485.31 C of
electricity will be consumed for every 1 mol of electron change. Therefore, the amount of
gas produced by the electrolysis process is positively related to the current. The alkaline
solution is only to improve the conductivity of the solution, and does not participate in
the actual electrolysis process, so it will not produce consumption.

According to the formula, it can be concluded that 1 unit of hydrogen is generated
by electrolysis and 2 units of electrons are transferred. The specific relationship between
the rated power of the electrolyzer and the hydrogen content is expressed as follows:

OnN -2-Ny 1
Py_¢fe = ———Vy— 10
N—ele Vas - Co - 3600 Nnele (10)
Ptank
= On 1
Pn_cle

In the formula: Py .y, is the rated power of the electrolysis process of the electrolytic
cell; Qy is the rated hydrogen production rate; Py ¢ is the equivalent power of volume
hydrogen; Ny is the constant 6.021023; V), is the molar volume, 24.5 L/mol; 7 is the
electrolytic cell efficiency of 75%.

2.2.5 Hydrogen Storage Tank Model

The hydrogen storage tank is a device that stores the hydrogen produced by the elec-
trolyzer and provides fuel for the fuel cell. The hydrogen storage tank is generally
composed of a container, a valve, a hydrogen storage material, and a gas guiding struc-
ture. The hydrogen storage method of the hydrogen storage tank has the advantages of
large capacity and high safety factor. By electrolyzing water to produce hydrogen from
excess electrical energy, it not only reduces the charging and discharging pressure of
batteries in the microgrid, but also can store hydrogen to meet the use of hydrogen. The
specific energy conversion relationship:

Pei—tank (1) = Pgen—el(t) X Nel (12)

In the formula, P, anx (f) represents the energy of hydrogen charged in the time
hydrogen storage tank, P, () represents the excessive power generation in the micro-
grid and the energy flowing to the electrolyzer, n,; is the efficiency of the alkaline
electrolyzer.

2.2.6 Converter Model

As a device that converts electrical energy, converters are generally divided into DC/AC
inverters, DC/DC choppers, AC/DC rectifiers, AC/DC/AC voltage conversion and fre-
quency conversion, etc. [20]. The use of current transformers can meet the input and
output requirements of distributed power and energy storage equipment.

In the microgrid system, wind turbines and solar photovoltaics can generate alter-
nating current and direct current, and the converter can convert the electric energy to
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alternating current and direct current. In the entire microgrid system, converters are
required between the supply and demand of equipment to ensure the power exchange
between AC and DC system components. The capacity expression of the converter is
shown below.

Eload,max (13)

P inverter —
Ninverter

In the formula: Ej,uq max represents the maximum load in the microgrid; nimverser
represents the power conversion efficiency of the converter, and the calculation formula
is as follows.

POMT
nmverter Pl'n (14)

When the converter is working, the input electrical power will be consumed as the
energy inside the device, and no power will be generated. An electrical power propor-
tional to the input is then output. When the rated power is reached, the output will be
limited due to temperature and its own limitations. When the input is too large, the output
power remains unchanged, and the efficiency is reduced by the formula. The converter
selected in this paper has a conversion efficiency of 90%.

3 Optimization Objectives and Constraints

3.1 Optimization Goals

In this microgrid system, the optimization objective is selected as the total net present
cost of the system (Net Present Cost, NPC).

Total System Cost

The total net cash cost of the system refers to the difference between the total cost
and the benefit obtained in the whole life cycle of the microgrid. The cost of microgrid
mainly includes initial equipment investment, operation cost, replacement consumption,
fuel consumption cost, environmental pollution control cost and power grid purchase
cost. The total benefit of the microgrid is the grid-connected benefit of the residual
value of equipment and excess electricity. The microgrid system in this paper is an off-
grid type and does not require an external power grid. Moreover, the distributed power
sources in the microgrid system are all renewable and clean energy sources, and there is
no environmental pollution problem. Therefore, the pollution emission penalty can be
ignored in the net cash cost of this system. Compared with the power purchase cost of
the power grid, only four parts are considered: the investment cost of the equipment in
the system, the operation and maintenance cost, the replacement cost and the equipment
residual [21].
The total net cash cost of the microgrid system is:

Cnpc = Cenec + Craec + Csnec + Comnec (15)

In the formula, Ccypc represents the investment cost of related devices in the micro-
grid; Crypc represents the replacement cost of the device in the microgrid; Csypc repre-
sents the residual value of the device in the microgrid; Copnpc represents the operation
and maintenance cost of the device in the microgrid.
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3.2 Constraints
3.2.1 Equipment Operation Constraints
(1) Power generation constraints of the fan system
0 < Pwr < Pwr.max (16)
In the formula, represents the maximum generating power of the fan system.
(2) Power generation constraints of photovoltaic solar panels
0 < Ppy < Ppv.max a7

In the formula, represents the maximum power generation of photovoltaic solar
panels.

(3) Li-ion battery output power and SOC constraints

SOCuin < SOC(f) < SOComax (18)
_Pbat.a’ max = Pbat = Pbat.cmax (19)
P (1) At
SOC(t + At) = SOC(1) — % (20)
bat

In the formula: SOCpyin, SOCnax respectively represent the minimum and maximum
state of charge of the lithium-ion battery; Ppar.c max> Phar.d max respectively, represent
the maximum charge and discharge power of the lithium-ion battery; 1., represent the
conversion efficiency of the lithium-ion battery; Ep,, represent the lithium-ion battery
capacity; At represent the time step.

3.2.2 Capacity Constraints of Microgrid-Related Equipment

Swr.min < Swr < Swr.max (21)
Spv.min < Spv < SPV.max (22)
SBAT. min < SBAT < SBAT.max (23)
SHESS. min < SHESS < SHESS. max (24)
ScoN.min < SCON =< SCON. max (25)

In the formula: Swr.max, Swr.min respectively represent the maximum and mini-
mum capacity of the fan system; Spy.max, SPv. min respectively represent the maximum
and minimum capacity of the photovoltaic solar panel; SpA7. max, SBAT. min r€Spectively
represent the maximum and minimum capacity of the lithium-ion battery; SyESS. max»
SHESS . min Tespectively represent the hydrogen energy storage system capacity The max-
imum and minimum values; Scon. max> SCON. max represent the maximum and minimum
values of the converter capacity.
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3.3 Comparison of Hydrogen Production Capacity and Gasoline Production
Capacity

In this paper, the use of hydrogen generated by wind and solar resources can effectively
reduce the demand for gasoline, thereby greatly reducing the production of carbon diox-
ide, carbon monoxide and other particulate matter. According to the lower heating value
of hydrogen and gasoline fuel [22], the microgrid system is calculated. The consumption
of gasoline (kg) that can be replaced by the hydrogen produced, the specific calculation
relationship is as follows:

ZVIH2 X LHVH2

(26)
LHVGFyel

MgGFuer =
where: represents the annual hydrogen production of the microgrid system; represents
the minimum heating value of hydrogen (119.9 MJ/kg) [23], and represents the minimum
heating value of gasoline (43.4 MJ/kg) [24].

Therefore, the annual emissions of carbon dioxide and carbon monoxide that can be
reduced by hydrogen production in the microgrid system are expressed as follows:

Aco, = MGFuel X SEco, 27

Aco = MGruei X SEco (28)

In the formula:, respectively represent the specific emission factors of carbon dioxide
and carbon monoxide in the combustion process of gasoline, in which the emission coef-
ficient of carbon dioxide is 2.3 kg per kilogram of gasoline, and the emission coefficient
of carbon monoxide is 0.00766 kg per kilogram of gasoline [25].

4 Simulation Results and Analysis

4.1 Introduction of HOMER Simulation Software

The HOMER simulation software is developed by the US Department of Energy Renew-
able Energy Laboratory (NREL) based on C/C++. It has been widely used in microgrid
systems and distributed power sources in renewable energy. HOMER contains a large
number of ready-made models, mainly including wind turbine models, solar photovoltaic
models, grid models and load models, and operators can build new models according to
their own needs. The biggest advantage of this simulation software is that it can convert
the microgrid system model built by the operator into a set of related schemes, and
use the scheme sensitivity to analyze, and can conduct simulation on the investment
situation, energy and capital flow conditions in the simulation on the premise of actual
operation. Simulation: After building the microgrid system model, the operator can use
the HOMER software to obtain the capacity configuration with the lowest net cash cost,
and perform data analysis on the required results [22, 26]. HOMER simulation software
has the following features.

(1) System simulation
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The characteristic of HOMER software is that it can simulate the system model. By
simulating a system, the operator can obtain the model of the combination of various
equipments. By setting different parameters, HOMER software can generate a large num-
ber of simulated systems. The operator can set the time step of the simulation according
to the needs, which is generally between 1 min and 1 h. During the simulation process,
the software takes into account the investment cost of the equipment. Operation and
maintenance costs. Replacement costs and environmental treatment costs, etc.; finally
obtain the corresponding system configuration results, the cost ratio of each equipment,
the proportion of power generation, the operation of the equipment, etc.

(2) Process optimization

The HOMER software considers all possible combinations during operation and ranks
the system results according to the selected optimization variables. Due to the “no-
derivative” algorithm, the design process of determining the minimum cost of the micro-
grid system can be greatly simplified, and the simulation optimization results of the
system will be arranged in an increasing manner according to the total net cash cost.

(3) Sensitivity analysis

Under normal circumstances, the built system is relatively complex, and the operator
cannot master all aspects of the system. Therefore, a large number of simulations and
comparisons are required to better understand the importance of some variables and
parameters. HOMER software has a sensitivity analysis function, which can provide the
operator with the functions of all variables, such as light intensity, wind speed, etc., and
can also understand the changes of various variables and parameters in the microgrid
system under the optimal state conditions. At present, HOMER software has become
the software of choice when many foreign scholars study the economics of distributed
energy and microgrid.

4.2 HOMER Software Principle and Evaluation Index

4.2.1 Software Principle

HOMER simulation software has now been widely used in the planning and construction
of smaller-scale microgrid systems. In the construction of the model, the first step is to
select the constituent equipment and models in the microgrid system, such as fan systems,
photovoltaic solar panels, electrolyzers, hydrogen storage tanks, energy storage batteries,
etc.; in the second step of the model system Input of relevant parameters, such as the
local geographical location of the research object, natural resources such as wind and
light, the relevant cost of the equipment in the system, and the service life, etc.; Finally,
through simulation, various combination schemes and each equipment in the system can
be obtained. Sensitivity analysis can also be used to obtain the influence of different
parameter conditions on the capacity configuration results of the microgrid system. For
the situation that cannot be run, the HOMER simulation software will give specific
adjustment parameters [26]. The flow chart of the calculation principle of the simulation
software is shown in Fig. 3.
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Fig. 3. Flowchart of software calculation principle

4.3 Microgrid System Modeling Based on HOMER Software

4.3.1 Optimal Capacity of Microgrid System

Taking Chongli, Zhangjiakou as the research object, the capacity allocation optimization
of the microgrid system is carried out through the timing load and local wind and solar
resources. The installed capacity of the hydrogen storage tank and the installed capacity
of the converter.

S = [Swr, Spv, Spat, SELE, ST, Scon ] “4.1)

where: Syr represents the installed capacity of the fan system; Spy represents the
installed capacity of the solar photovoltaic system; Spar represents the installed capacity
of the lithium-ion battery energy storage system; Sgy g represents the installed capacity
of the electrolyzer; Syr represents the installed capacity of the hydrogen storage tank;
Scon represents the installed capacity of the converter.

4.3.2 Microgrid System Structure

In this paper, Zhangjiakou Chongli (latitude: 40.5; longitude: 114.5; altitude: 1200 m;
the test wind speed altitude is 10 m) is used as the research object. The specific local
data are shown in Table 2. Build a simulation structure through the HOMER simulation
software, and set relevant parameters: the power of the electrical load is 2400 kWh/d,
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of which the peak power is 183.32 kWh/h, and the demand of the hydrogen load is
730 kg/d, of which the peak demand is 72.11 kg/h; The initial capacity of the hydrogen
storage tank is 80%, the initial capacity of the lithium-ion battery is 80%, the minimum
capacity is 30%, and the working efficiency of the electrolyzer is 75%. The life of the
simulated system is 35 years, the maximum allowable power shortage rate is 0.5%,
the actual annual interest rate is 8%, and the expected expansion rate is 2%. The load
following strategy (LC) and the cyclic charging strategy (CC) are adopted. Controls the
run strategy.

Table 2. Local scenery and natural resources of the study subjects

Month Solar light intensity (kWh/mZ/day) Wind speed (m/s)
1 2.73 6.55
2 3.66 6.40
3 4.80 6.88
4 5.96 7.35
5 6.34 6.54
6 6.31 5.37
7 5.69 4.63
8 5.16 441
9 4.68 5.07
10 3.79 6.09
11 2.84 6.62
12 2.37 6.82

According to Table 2, it can be concluded that the local wind energy and sunlight
resources of the research object are sufficient, and a micro-grid system with wind turbine
system and solar photovoltaic power generation based on renewable energy can be built.
In this microgrid system, the installed capacity of the distributed power generation is
restricted by its own volume and floor area, and the optimal variables of the microgrid
system are in the range of (units), kW, kg, and kW. Other equipment variables in the
microgrid system are not constrained, and the given equipment optimization variables
are optimally configured and combined within the specified variation range. Figure 4
shows a typical local daily load curve. The cost parameters of related equipment in the
microgrid system are shown in Table 3.

According to the data in Table 2, the HOMER simulation software is used to obtain
the discrete data of local wind energy, light resources and load throughout the year. The
discrete annual hourly wind speed data and light intensity data are shown in Figs. 5 and
6. The obtained discrete data is used as the input data of the system simulation, and the
system simulation is carried out.

In the HOMER simulation software, by referring to the inputted microgrid system
parameters, load data and the local wind speed, light intensity and other data of the
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Fig. 4. Typical daily load curve
Table 3. Cost parameters of the equipment related to the microgrid
Equipment Installation cost | Replacement cost | Operation & Life
maintenance cost
(year)
Wind turbine generator | 9500000 7000000 600000 20
(Yuan)
Photovoltaic cell 4300 3500 25 15
(Yuan/kW)
Lithium-ion battery 45000 30000 700 6
(Yuan)
Electrolytic tank 5000 4000 400 10
(Yuan/kW)
Hydrogen storage tank 6000 5000 300 25
(Yuan/kg)
Converter (Yuan/kW) 3000 2500 200 13

research object, the power generation of the distributed power generation in the microgrid
system for 8760 h in a year can be obtained. The hourly power generation is compared
with the load. The simulation step size of each hour not only proves the accuracy of the
simulation optimization results, but also reduces the calculation time of the optimization

process. The discrete hourly load data for the whole year are shown in Figs. 7 and 8.
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4.4 System Simulation Results and Analysis

4.4.1 Optimization Results and Analysis

Compared with other professional optimization software, HOMER simulation software
simulates with the conditions set in advance, arranges the simulation results and the
size of the net cash cost, and outputs the equipment configuration scheme required by
the load, and the configuration scheme of the final equipment optimization results. As
shown in Table 4.
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Table 4. Capacity configuration results of the microgrid system

Project 1 2 3 4
Wind turbine generator (table) 2 4 2 2
Solar PV cell (kW) 2000 - 2000 2500
Lithium-ion battery (block) 86 86 108 1000
Electric tank (kW) 2800 2700 3000 950
Hydrogen container (kg) 600 600 600 450
Changer (kw) 2682 2292 2786 692
Control strategy LF LF CC CC
Total net and present cost (one million yuan) 138.75 155.38 | 145.04 |3908
Investment cost (one million yuan) 57.12 65.85 59.42 2565
Operation & maintenance cost (one million yuan) | 52.87 61.43 54.58 743.3
Renewable energy utilization rate is (%) 100 100 100 100

From Table 4, it can be concluded that after the HOMER simulation software sets
specific conditions and performs system simulation, the optimal combination scheme
of microgrid system equipment is 2 wind turbines, 2000 kW solar photovoltaic battery,
and 2000 kW lithium-ion battery capacity. 86 pieces, electrolyzer capacity 2800 kW,
hydrogen storage tank capacity 600 kg converter 2682kW, system control operation
strategy is load following control strategy. In this scenario, the total net cash cost of
the microgrid system is 138.75 million yuan. In all simulation schemes, the utilization
rate of renewable energy is 100% because they are based on wind energy and solar
energy, which ensures the non-polluting of the microgrid system, which is in line with
the “carbon peak and carbon neutrality” advocated by the current society. Dual carbon
policy.

In the optimal system configuration scheme, the electric energy in the microgrid
is mainly supplied by wind energy and solar energy jointly, but in other combination
schemes, the electric energy is only supplied by wind energy or solar energy alone. A
microgrid system where energy sources are mixed for power supply has more economic
advantages than a single system. In the microgrid system, the distributed power gener-
ation units are all renewable resources. With the continuous development of distributed
renewable power technology, the corresponding microgrid costs will continue to decline,
so the integrated microgrid system technology has a very broad development. Prospect:
From the results of the scheme in Table 4, the total net cash cost of the optimal scheme
and the capacity configuration of the related equipment in the microgrid system can
be obtained. The summary chart of the cash flow of the microgrid system according to
different investment cost types of the optimal scheme is shown in Fig. 9. As shown in the
figure, it can be concluded that in the initial investment cost, wind turbines account for
the largest proportion of 38.28%, the investment cost of solar photovoltaic cell systems
accounts for 14.85%, and the investment cost of electrolyzers accounts for 23.82%. The
investment cost of the hydrogen storage tank accounted for 9.92%, the investment cost
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of the converter accounted for 8.25%, and the investment cost of the lithium-ion battery
energy storage system accounted for 4.88%. It is comprehensively explained that the
wind turbine system occupies most of the investment cost in the microgrid system, so it
is also the main power generation unit of the microgrid system.
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Fig. 9. Summary of system cash flow distinguished by cost type

From Fig. 9, it can be clearly seen that, except for the lithium-ion battery energy
storage system, the initial investment cost of related equipment in the microgrid system
is far greater than the maintenance and replacement costs of the equipment. The main-
tenance cost and replacement cost of the lithium-ion battery energy storage system are
far greater than the initial investment cost, which is completely different from the total
cost distribution of other related equipment. The initial investment cost, replacement
cost and operation and maintenance cost of the lithium-ion battery energy storage sys-
tem account for the proportion of its own total investment cost is 23.69%, 42.28% and
34.03% respectively. The replacement cost of the fan system and the solar photovoltaic
cell system is far greater than the operation and maintenance cost of the equipment.

Figure 10 shows the cash summary of the microgrid system according to the oper-
ating years. It can be concluded that the initial investment in the microgrid system is
13.96 million yuan, the equipment replacement cost is 3.777 million yuan, the operation
and maintenance costis 139,700 yuan, and the system recovery costis 173.5 10,000 yuan,
Fig. 10 shows the cash flow of the hybrid microgrid system over its useful life.
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4.4.2 Optimum Scheme Determination and Analysis

On the premise of the known wind energy, light energy resources and the specific cost of
related equipment, the simulation software has made the best equipment configuration
plan: 2 wind turbines, 2000 kW solar photovoltaic battery capacity, 86 lithium-ion battery
capacity, Electrolyzer capacity 2800 kW, hydrogen storage tank capacity 600 kg and
converter 2682 kW. In the optimal combined configuration system, the power generation
amount and the power generation proportion of the relevant power generation units in
the system operation for one year are shown in Table 5. From the data in the table, it can
be concluded that the power generation proportion of the wind turbine system is 80.6%,
and the solar photovoltaic power generation proportion is 80.6%. The power generation
of the battery accounts for 19.4%, which is far less than the power generation of the wind
turbine system. Therefore, the wind turbine plays the main role of power generation in
the microgrid system.

The output of the power generation unit in each month of the year is shown in Fig. 11.
From the figure, the output of the power generation unit in each month can be obtained.
The output of the wind turbine system is much larger than that of the photovoltaic cell.
However, the output of photovoltaic cells is greatly affected by the environment. From
June to September, the power generation of photovoltaic cells accounts for a larger
proportion than other times of the year. The power generation ratio of wind turbines
is relatively small from June to September compared with other times. Therefore, the
wind-solar complementary power generation method can make up for the volatility and
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Table 5. Power generation and proportion of power generation units of the microgrid system

Equipment

Power generation (kWh/year)

Power generation ratio is (%)

Solar photovoltaic cell system

3690613

19.4

Wind turbine system

15382070

80.6

Aggregate

19072683

100

intermittent shortcomings of natural resources to a certain extent, and ensure sufficient
power generation. Ensure the stable operation of the microgrid system. Figures 12 and
13 show the heat maps of wind turbines and solar photovoltaic cells in the microgrid
system at different times of the year. From Fig. 12, it can be concluded that in spring
and winter, the power generation output of wind turbines is relatively sufficient, which
is more in line with the local wind energy situation of the research object. From Fig. 13,
it can be concluded that the power generation of solar photovoltaic cells in a day varies
greatly, generally concentrated between 11:00 and 14:00. In the horizontal time span,
solar photovoltaic cells generate more electricity during summer than at other times.
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Fig. 11. Monthly power generation of the system components in the optimal configuration

When the simulation software is used to configure the capacity of the microgrid, the
hydrogen storage level of the hydrogen storage tank and the SOC state change of the
lithium-ion battery in the system for 8760 h in a year are obtained, which are shown in
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Figs. 14 and 15, respectively. From the pictures, it can be seen that the hydrogen storage
capacity of the hydrogen storage tank in summer and autumn is less than that in spring
and winter, but the hydrogen storage capacity of the system can well meet the hydrogen
demand of the hydrogen filling station, which proves that the relevant capacity selection
of the system is correct. The overall level of the SOC state of lithium-ion batteries in
summer and autumn is lower than that in spring and winter. Therefore, compared with
the two seasons of summer and autumn, the power supply in spring and winter is more
abundant, and the reliability of power supply of the system is more stable.

4.5 Hydrogen’s Ability to Replace Gasoline and Reduce Carbon Emissions

From the hydrogen produced by the microgrid system, the amount of gasoline that can
be replaced with hydrogen as a transport fuel can be calculated. From this, it is possible
to calculate the amount of carbon dioxide and carbon monoxide emissions that can be
reduced by using hydrogen as a fuel. The specific results are shown in the following table.
According to the data in the table, the use of hydrogen as fuel can replace 495.21 tons
of gasoline every year, which can lead to a reduction of 1138.98 tons and 3.80 tons
of carbon dioxide and carbon monoxide emissions respectively. It can greatly reduce
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carbon emissions, which is more in line with the “dual carbon” policy advocated by the
government (Table 6).
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Table 6. Annual gasoline replacement and carbon emission reduction

Hydrogen production Gasoline replaced CO; reduction CO reduction
(ton/year)ﬁ) (ton/year) (ton/year) (ton/year)
264.89 495.21 1138.98 3.80

5 Conclusion

In this study, the simulation results show that the optimized hybrid microgrid system
consists of 2000 kW photovoltaic modules, 2 wind turbines, 86 batteries, 2682 kW
inverter, 2800 kW electrolyzer and 600 kg hydrogen tank. The total net cash cost and
renewable energy utilization rate of the optimized microgrid system are 138.75 million
yuan and 100%, respectively. In this way, the supply of hydrogen bus fuel during the
Winter Olympics is guaranteed, and it is also in line with the dual-carbon policy of
“carbon peaking and carbon neutrality” advocated by the current society. At the same
time, the annual hydrogen production of the micro-grid system can replace the use of
495.21 tons of gasoline, and it is expected to reduce carbon dioxide and carbon monoxide
emissions by 1,138.98 tons and 3.80 tons, respectively.
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Abstract. Electrolytic water hydrogen production systems are highly coupled
and operate under complex and dangerous conditions, making it difficult to carry
out extreme experiments on physical objects. In this paper, the alkaline elec-
trolyzer is studied and mathematical and three-dimensional models are developed
for it. The System operation data shows that temperature, pressure and alkaline
flow rate all have effects on the hydrogen concentration in oxygen and voltage.
Among them, hydrogen concentration in oxygen is one of the important factors
affecting the safety of the system, and changing both pressure and alkali flow rate
respectively will cause significant changes in hydrogen concentration. Based on
the system operation data, a multivariate nonlinear fitting of the empirical equation
using Matlab was performed to establish the voltage model, Faraday efficiency
model, hydrogen concentration in oxygen model and system pressure model of the
alkaline electrolyzer. And the model simulation results were analyzed and verified
theoretically, which were consistent with the actual engineering. The mathematical
model of the alkaline electrolyzer is combined with the 3D model, and the digital
twin model of the alkaline electrolyzer is controlled in real time by PLC. The map-
ping of the alkaline electrolyzer in the virtual space is realized, which provides an
experimental platform for the subsequent study of wide power fluctuation.

Keywords: Alkaline electrolyzer - Digital twins - Mathematic model -
Multivariate - Nonlinear

1 Introduction

As the “ultimate energy source for mankind”, hydrogen energy has the advantages of high
calorific value, recyclability, cleanliness and non-pollution, which have strengthened the
position of hydrogen energy in the future energy system in various countries [ 1]. Globally,
more and more cities are actively adopting hydrogen strategies, and the development and
innovation of hydrogen production technology is in full swing [2, 3]. “Green hydrogen,
which is produced by powering electrolytic cells with renewable energy sources such as
wind and light, is favored by scholars worldwide because of its low cost and zero carbon
emission [4, 5]. The alkaline solution with high capacity and low cost is widely used
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to produce hydrogen by electrolysis [6], but due to the randomness and fluctuation of
wind and light, the safety parameters of the system will exceed the critical value after
acting directly on the alkaline electrolyzer, and the efficiency of hydrogen production
will be greatly reduced by frequent starting and stopping, so the alkaline electrolyzer is
not well adapted to the wide power fluctuation of renewable energy sources. In order to
better study the control strategy to adapt to the wide power fluctuation, it is necessary to
build a high-power alkaline electrolytic water hydrogen production digital twin system
to realize the virtual mapping of the hydrogen production system in order to test the safe
and stable operation conditions of the alkaline electrolyzer with wide power.

Alkaline electrolyzers with wide power fluctuations can reduce the efficiency of
hydrogen production and increase the hydrogen content in oxygen of the system, thus
increasing the danger of the system, and a lot of studies have been conducted at home and
abroad to in