Published by Avanti Publishers

Journal of Advanced Thermal

Science Research
ISSN (online): 2409-5826

-~

-~

JOURNAL O
ADVANCED
THERMAL
SCIENCE
RESEARCH

Liquid Hydrogen Storage and Supply Systems for Commercial
Vehicles: Technologies, Standards, and Global Progress

Wang Chi"® and Xie Fushou

Institute of Refrigeration and Cryogenic Engineering, Xi‘an Jiaotong University, Xi'an 710049, China

ARTICLE INFO

Article Type: Review Article
Academic Editor: Aixiang Ding

Keywords:

Cryogenic hydrogen technology

Liquid hydrogen storage systems
Hydrogen mobility and transportation
Hydrogen fuel cell commercial vehicles
Hydrogen refueling and supply systems

Timeline:

Received: April 01, 2026
Accepted: May 14, 2026
Published: July 13, 2026

Citation: Chi W, Fushou X. Liquid hydrogen storage
and supply systems for commercial vehicles:
technologies, standards, and global progress. ] Adv
Therm Sci Res. 2026; 13: 29-52.

DOI: https://doi.org/10.15377/2409-5826.2026.13.2

*Corresponding Author
Email: xiefushou@xjtu.edu.cn
Tel: +(86) 13993193921

ABSTRACT

Liquid hydrogen offers compelling advantages for heavy-duty commercial
transportation, including high storage density, rapid refueling, and high-purity
hydrogen supply, making it more cost-effective than high-pressure gaseous
hydrogen for long-haul applications. This paper systematically reviews the global
development of liquid hydrogen-fueled commercial vehicles, highlighting key
performance indicators from representative models: General Motors' "Hydrogen-
3" (400 km range, 90 kg storage system), Mercedes-Benz's GenH2 heavy-duty truck
(1000 km range, 80 kg storage system), and China's BAIC Foton 49-ton tractor
(1000 km range, 110 kg storage system). The technical progress in core
components is detailed, including onboard liquid hydrogen tanks (whose daily
evaporation rates have been optimized from 2%/day to < 6%/day), vaporized
hydrogen supply, refueling technology, and exhaust systems. Furthermore, this
paper summarizes domestic and international industry standards and identifies
the most critical challenges for large-scale commercialization. These priorities
include the lightweight and insulation optimization of onboard tanks, the domestic
production of key refueling components (e.g., liquid hydrogen pumps and nozzles),
and the safety control of liquid hydrogen sloshing under harsh driving conditions.
The results provide explicit technical guidance for the promotion of liquid
hydrogen commercial vehicles in China.
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1. Introduction

As a crucial component of future clean energy systems, onboard hydrogen storage technology is a pivotal
factor limiting the large-scale deployment of fuel cell vehicles. Current review literature predominantly focuses on
general onboard storage methods, such as 70 MPa high-pressure gaseous storage or solid-state metal hydride
materials. A systematic, full-chain review specifically dedicated to the liquid hydrogen pathway—particularly its
"storage, supply, refueling, and exhaust" systems for commercial vehicles—remains noticeably lacking [1-5]. Liquid
hydrogen offers unique advantages, including high storage density, low storage pressure, low transportation costs,
rapid refueling speed, and high vaporization purity, demonstrating significantly superior cost-effectiveness over
high-pressure gaseous hydrogen for large-scale, long-distance commercial transportation applications [6-19].
Consequently, major global commercial vehicle manufacturers are intensively developing liquid hydrogen-fueled
heavy-duty vehicles, with companies like BMW even achieving mass-production readiness. In contrast, related
research in China remains nascent, with few reports of commercially available liquid hydrogen-powered
commercial vehicles entering production [20]. Notably, the period between 2022 and 2023 marks a dense
breakthrough phase for liquid hydrogen heavy-duty truck technology worldwide. Landmark prototypes or
products were successively unveiled in China, Germany, and Japan, signaling the technology's formal transition
from early exploration to the eve of commercialization. Despite this progress, there is still a lack of focused,
systematic comparisons regarding the development status and critical system technologies (e.g., onboard liquid
hydrogen tanks, vaporized hydrogen supply systems, refueling systems, and exhaust systems) for these vehicles.
Therefore, this paper systematically focuses on commercial vehicles, comprehensively reviews and compares the
application history of global liquid hydrogen fuel commercial vehicles and the current status of key technologies in
the four core modules of storage and supply systems, and integrates the current industry standard systems for
domestic and foreign civilian liquid hydrogen commercial vehicles. By identifying the most pressing technical
challenges faced in the commercialization process of liquid hydrogen fuel vehicles and anticipating their future
development trends, this paper aims to provide a clear framework guidance for the research, development, and
promotion of liquid hydrogen fuel commercial vehicles in China, a timely and crucial field.

2. Commercial Applications

The development status of liquid hydrogen fuel commercial vehicles by major global automakers is shown in
Table 1. As indicated in the table, as early as the 1960s, the United States began developing commercial vehicles
powered by liquid hydrogen, leveraging its experience in liquid hydrogen applications within the aerospace and
military sectors. General Motors [21] developed the “FCEV Electrovan” truck in 1966, achieving a range of 193 km
and a top speed of 113 km/h. Seven years later, they introduced the Chevrolet Montero truck powered by liquid
hydrogen. Subsequently, countries such as Japan and Germany also initiated research into liquid hydrogen-fueled
commercial vehicles. In 1976, Japan developed the Musashi Il pickup truck prototype with a range of 650 km,
followed by testing of the Musashi Ill-VI liquid hydrogen vehicles. In 2000, General Motors' Hydrogen One liquid
hydrogen vehicle achieved a range of 400 km and a top speed of 140 km/h, with the entire hydrogen storage
system weighing 95 kg [22]. Three years later, the Hydrogen One Il [23], developed based on this model, further
reduced the hydrogen storage system weight to 90 kg and increased the top speed to 150 km/h. The vehicle
structure is shown in Fig. (1). In 2006, the hydrogen-powered BMW i7 series liquid hydrogen vehicle developed by
Germany's BMW AG first met mass-production standards, achieving small-scale production and global exhibitions.
In 2022, Tsinghua University, Beijing Foton Motor Co., Ltd., and the Beijing Aerospace Testing Technology Research
Institute collaborated to develop the world's first liquid hydrogen heavy-duty truck. The prototypes—35-ton and
49-ton models—achieved ranges of 700 km and 1000 km respectively, with hydrogen storage system weights of 60
kg and 110 kg. This marked exploratory research for China's liquid hydrogen commercial vehicle sector [24]. That
same year, Germany's Mercedes-Benz also developed the GenH2 liquid hydrogen heavy-duty truck, achieving a
range of 1,000 km with a hydrogen storage system weighing only 80 kg. In 2023, China's Changzheng Automobile
Corporation collaborated with Weishi Energy to launch the “New Changzheng 1 Liquid Hydrogen Heavy Truck”
equipped with the “Jupiter” onboard liquid hydrogen storage system. This vehicle employs onboard liquid
hydrogen supercritical pressure storage and supply technology, achieving comprehensive performance at a high
international level. Additionally, Toyota Motor Corporation unveiled the world's first liquid hydrogen fuel cell race
car, the GR Corolla H2, equipped with four liquid hydrogen fuel tanks. This vehicle successfully completed
endurance testing at the Fuji 24-Hour Race.
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Table 1: Development status of liquid hydrogen-fueled commercial vehicles.

Hydrogen |Maximum

(?;:‘f) State Model Category Purpose R(i:f)e Storage System| Speed
Weight (kg) (km/h)
1966 | United States General Motors “FCEV Electrovan”[21] truck develop 193 / 113
1973 | United States Chevrolet Monte Carlo automobile develop / / /
1976 Japan Musashi 2 pick-up truck test vehicle 650 / /

/ Japan Musashi 3-6 automobile test vehicle / / /

/ United States Ford F250 pick-up truck develop / / /
2000 | United States General Motors “Hydrogen-1" [22] automobile develop 400 95 140
2003 | United States General Motors “Hydrogen-3" [23] automobile develop 400 90 150
2006 | Germany BMW745hL automobile S“isrk;'cej:strigass / 165 230
2006 | Germany BMW760Li automobile s“it:rzlzljstri;:ass 700 / 290
2022 China BAIC Foton 35t class lorry [24] heavy-duty truck |  test vehicle 700 60 80
2022 China BAIC Foton 49t class lorry [24] heavy-duty truck | test vehicle 1000 110 90
2022 Germany Mercedes-Benz GenH2 heavy-duty truck develop 1000 80 /
2023 China Changzheng Company “New Long March 1” | heavy-duty truck |  test vehicle 1000 80 /
2023 Japan Toyota GR Corolla H2 racing car test vehicle / / /

Figure 1: General Motors “Hydrogen-3" Liquid hydrogen fuel cell vehicle.

3. Liquid Hydrogen Fuel Supply Process

The liquid hydrogen fuel vehicle storage and supply system primarily consists of five major modules: onboard
liquid hydrogen cylinders, hydrogen dispensing nozzles, vaporization and pressure regulation systems, control
modules, and safety venting systems, as shown in Fig. (2). The specific operational process is as follows: Liquid
hydrogen is dispensed from the refueling station into the onboard cylinders via dispensing nozzles and related
equipment. Once filled to the required level, the stable hydrogen supply system vaporizes the liquid hydrogen
within the cylinders and delivers it to the fuel cell system. Considering that liquid hydrogen continuously vaporizes
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and increases in pressure due to heat leakage—particularly prone to pressure buildup during vehicle parking—the
onboard hydrogen supply system is typically equipped with a safety monitoring, early warning, and response
system.
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Figure 2: Schematic diagram of liquid hydrogen fuel supply process.

4. Key Technologies for Liquid Hydrogen Storage and Supply Systems
4.1. Development of Vehicle-Mounted Liquid Hydrogen Cylinders

Compared to high-pressure hydrogen cylinders, cryogenic liquid hydrogen tanks offer advantages such as
greater hydrogen storage capacity and higher storage density. In terms of design, vehicle-mounted liquid
hydrogen tanks serve as the core component of liquid hydrogen fuel commercial vehicles, typically adopting
horizontal or cylindrical configurations [25]. They feature a double-walled structure with high-vacuum multi-layer
insulation between the walls [26].

The current global development status of vehicle-mounted liquid hydrogen tanks is summarized in Table 2. As
early as the 1960s, Germany's Linde Company developed the LSH-150 [27]liquid hydrogen tank, measuring 1.47
meters in length, 0.51 meters in outer diameter, and possessing an effective volume of 150 L, with a daily
evaporation rate reaching 2%/day. Eight years later, the American company MVE developed the LVH-150 liquid
hydrogen tank with a maximum working pressure of 0.207 MPa and an effective volume of 189 L, achieving a daily
evaporation rate of only 1%/day. In 1976, within the German DFVLR project, researchers developed the Type |
liquid hydrogen tank, weighing 88 kg with a maximum working pressure of 0.8 MPa and an effective volume of
120 L, exhibiting a daily evaporation rate of 9%/day. Based on this, the Type Il liquid hydrogen tank was designed,
reducing its weight to 60 kg. with a maximum working pressure of 0.8 MPa and an effective volume of 120 L,
exhibiting a daily evaporation rate of 9%/day. Building upon this, they designed the Type Il cryogenic tank,
reducing its weight to 43 kg while increasing the effective volume to 150 L and lowering the daily evaporation rate
to 5%/day. During the early 1980s LASL trials in the United States, researchers similarly developed two liquid
hydrogen cylinder models weighing 91.8 kg and 167 kg respectively, with effective volumes of 110 L and 155 L, and
daily evaporation rates of 10%/day and 4%/day. Subsequently, BMW of Germany developed a liquid hydrogen tank
with a 130 L capacity and 70 kg weight, achieving an evaporation rate as low as 2%/day [30]. In 2000, General
Motors introduced the “Opel” liquid hydrogen tank, weighing 95 kg with an effective volume of 75 L and an
evaporation rate between 1-3%/day. Three years later, the company introduced the “Hydrogen-3" tank with a
volumetric hydrogen storage density of 36.6 kg/m3. In 2003, supported by China's National 863 Program, a liquid
hydrogen tank with an effective volume of 70 L and maximum working pressure of 0.4 MPa was developed,
exhibiting a daily evaporation rate of 8.36%/day [32]. In 2022, China's Foton Motor Corporation collaborated with
the Beijing Aerospace Testing Institute and others to develop vehicle-mounted liquid hydrogen tanks suitable for
35-ton cargo trucks and 49-ton tractor-trailers. These tanks weigh 30 kg and 80 kg respectively, operate at a
maximum working pressure of 1.6 MPa, and exhibit a daily evaporation rate below 6% per day [24]. Fig. (3) [33]
and Fig. (4) [34] show structural diagrams and physical images of selected vehicle-mounted liquid hydrogen
cylinders.
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Table 2: Development status of vehicle-mounted liquid hydrogen cylinders.

Chi and Fushou

. . Maximum Daily Effective
Time Company/Project/ . . . .
(Year) State Experiment/Model Dimensions Working Evaporation | Volume
P Pressure (MPa) | Rate (/day) | (L)
1966 Germany |Linde Company LSH-150 [27] Length: 1.47 m, Outer diameter: 0.51 m / 2% 150
1974 |United States | MVE Company LVH-150 [27] Weight: 42.6 kg, Inner diameter: 0.711 m 0.207 1% 189
1976 Germany DFVLR project - tank | [27] |Weight: 88 kg, Diameter: 0.9 m, Height: 0.42 m 0.8 9% 120
1976 Germany DFVLR project - tank Il [27] Weight: 43 kg 0.8 5% 150
Musashi Institute of
0,
1976 Japan Technology [28] / / 2.5% 210
Early . LASLTest-1 Liquid Length: 0.66 m, Outer diameter: 0.9 m, Total
44 10% 11
1980s United States Hydrogen Cylinder weight: 91.8 kg, Volume efficiency: 0.35% 0.448 0% 0
Early ) LASLTest-2 Liquid Length: 1.22 m, Outer diameter: 0.712 m, 0
1980s United States Hydrogen Cylinder Total weight: 167 kg, Volume efficiency: 0.42% 0.448 4% 155
1988 Germany BMW?735i [29] / / / 120
/ Germany BMW?745 [30]i Weight: 70 kg / 2% 130
1997 German Meissner Company and Length: 5 m, Diameter: 0.42 m 0.5 / 350
y BMW Company [31] gth->m o :
. General Motors "Opel" o 0
2000 |United States Liquid Hydrogen Tank Weight: 95 kg / 1~3% 75
General Motors Length: 1 m, Diameter: 0.4 m, Weight
2003 |United States “Hvdrogen-3" Hydrogen storage density: 5.1%, Volume / / /
ydrog hydrogen storage density: 36.6 kg/m3
. National "863 Program" Inner container diameter: 0.35 m, Outer
2 h ' 4 .36% 7
003 China Liquid Hydrogen Tank [32] container diameter: 0.506 m 0 8.36% 0
BAIC Foton 35t Truck
2022 hi Weight: 30 k 1. <6% 44
0 China Prototype Development [24] eight: 30 kg 6 6% 3
BAIC Foton 49t Tractor
. N 0
2022 China Prototype Development [24] Weight: 80 kg 1.6 <6% 1109

Figure 3: BMW onboard liquid hydrogen tank system [33].
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In summary, although researchers have conducted extensive development, research, and design efforts on
onboard liquid hydrogen tanks for commercial vehicles fueled by liquid hydrogen, numerous technical challenges
remain to be overcome during the development process. First, to ensure operational safety, the material selection
for liquid hydrogen tanks must not only mitigate hydrogen embrittlement effects but also maintain design
strength requirements at cryogenic temperatures while exhibiting superior toughness and stability. This imposes
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(a) BMW vehicle-mounted liquid (b) Linde vehicle-mounted liquid () Air liquid, liquid hydrogen cylinder
hydrogen cylinder hydrogen cylinder

Figure 4: Actual image of vehicle-mounted liquid hydrogen cylinder [34].

stringent demands on the material's hydrogen embrittlement characteristics, adaptability, thermophysical
properties, and mechanical performance [37]. Currently, liquid hydrogen tanks typically employ materials with
excellent cryogenic mechanical properties, such as 316 or 304 austenitic stainless steel, aluminum alloys, or
titanium alloys [35] for the inner liner. Among these, austenitic stainless steel offers superior toughness, plasticity,
stability, hydrogen embrittlement resistance, and impact resistance at liquid hydrogen temperatures, making it the
most widely used material for liquid hydrogen tanks. Aluminum alloys also exhibit high impact toughness, high
specific strength, good machinability, and low hydrogen embrittlement sensitivity at cryogenic temperatures,
making them an ideal cryogenic material. Titanium alloys offer high specific strength, excellent corrosion
resistance, low thermal conductivity, and minimal thermal expansion coefficient [38], finding extensive application
in aerospace. However, their elongation, impact toughness, and fracture toughness decrease with decreasing
temperature, limiting their low-temperature use [39]. Simultaneously, carbon fiber composites can be wound
around the inner liner to prevent material failures such as cracking or deformation. For the outer shell of liquid
hydrogen tanks, materials like austenitic stainless steel or aluminum alloys can be selected to ensure the shell
remains stable [36]. Furthermore, significant challenges remain in understanding the mechanisms governing
cryogenic hydrogen tank materials. For instance, the relationship between material composition and brittle-to-
ductile transition temperatures remains unclear, and data on low-temperature mechanical properties in the liquid
hydrogen temperature range is scarce [40, 41]. Future research will inevitably focus on enhancing low-
temperature mechanical performance, reducing production costs, and minimizing tank mass [42-44].

Second, to minimize evaporation losses and mitigate safety risks from rising internal pressure—particularly
during long-term storage and transport—thermal insulation technology for cryogenic liquid hydrogen cylinders
represents a critical priority [45, 46]. Enhancing insulation performance not only improves storage efficiency,
reduces energy waste and economic costs, but also slows pressure buildup, thereby alleviating the burden on
safety systems [47].

The Mills research team [48] employed an engineering process involving concept selection, manufacturing, and
test validation to successfully develop a prototype liquid hydrogen tank suitable for high-altitude, long-endurance
unmanned aerial vehicles (UAVs). This prototype was applied to the Phantom Eye aircraft program. The study
emphasized the importance of balancing mass, thermal insulation, cost, and maturity. The tank employed spray-
on foam insulation (SOFIl) technology, utilizing either open-cell or closed-cell rigid polyurethane foam. This
insulation features numerous microscopic pores, offering low density, high technical maturity, and seamless
application. However, its thick insulation layer occupies significant space, and thermal expansion mismatch
between the foam and metal walls may cause cracking. Fig. (5) and (6) present the design 3D rendering and
physical prototype.

Sullivan [49] conducted a comparative study on various insulation methods for liquid hydrogen cylinders using
numerical simulation techniques: @ Vacuum jacket combined with multi-layer insulation (MLI); @ Vacuum jacket
without MLI; @ Single-wall liquid hydrogen cylinder with sprayed foam insulation (SOFI); @ Single-wall liquid
hydrogen cylinder combined with high-density, high-strength aerogel; ® Single-wall liquid hydrogen cylinder
combined with low-strength aerogel. Results indicate that the vacuum jacket combined with MLI design
significantly outperforms aerogel insulation methods.
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Figure 5: Spherical liquid hydrogen storage tank.

Figure 6: Actual image of a liquid hydrogen spherical tank utilizing. SOFI adiabatic technology.

The combination of high-vacuum MLI and a vapor-cooled radiation shield (VCS) is considered the optimal
configuration for minimizing heat leakage from liquid hydrogen cylinders [50]. Kim's team [51] employed
numerical analysis to evaluate three composite insulation configurations: O fully filled MLI with parallel double
vapor-cooled radiation shields (DVCS); @ Fully filled MLI with series-connected DVCS; @ Partially filled MLI with
single vapor-cooled radiation shield (SVCS). Results indicate that series-connected DVCS outperforms parallel-
connected DVCS, while the third configuration exhibits performance comparable to fully filled MLI with DVCS. The
Fig. (7) below illustrates the structural diagrams of the three insulation combinations.

- T,=300 K ] T,=300 K x T,=300 K
Q, MLI Qy ML Qy High vacuum ‘
©00o0dhEOCo0n000000EO0CRONR0N0D T, T ¥ — . T,
% MLI | | j,{-, Q
" c X oommocxmq@ccpm
(rcnx:rrnxfmm’ﬁ:uan?w T, c : Hah vacuum |
— Y _i_s i Y ; L.
T [on T,=20K A i
7 N S
............. I '
LH: LH2

(a) Combined insulation of fully (b) Combined insulation of fully (c) Combined insulation of partially
filled MLI and parallel-type DVCS filled MLI and series-type DVCS filled MLI and SVCS [51]

Figure 7: Structural comparison of three combined insulation configurations utilizing MLI and vapor-cooled shields (VCS).
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Babac [52] employed numerical simulation methods to establish a two-dimensional numerical model,
investigating liquid hydrogen cylinders combining MLI with both SVCS and DVCS. This study determined the
optimal VCS position for minimizing heat leakage under both insulation methods. The study indicates that the
thermal leakage rate of SVCS correlates with its radial position, achieving a 60% reduction in heat loss. For the
DVCS insulation method, the thermal leakage rate can be reduced by 59%. The combination of SVCS with MLI
appears to be the preferred insulation option. Fig. (8) shows the structural diagrams for both insulation methods.

T,=300K
T,=300K T' J.
1 i MLI 5
MU i mooooooooggoooooooooowoooo
P Ll s
R M i R
IT' rR| R T T=21K " ]
i T=21K . N :
L
(a) Single VCS+MLI structure (b) Dual VCS+MLI structure [52]

Figure 8: Combined structure of VCS+MLI with different layers.

The aforementioned scholars have focused on reducing heat leakage from liquid hydrogen cylinders through
thermal insulation methods. In contrast, Xu's research team [50] explored structural optimization. Xu et al.
employed a combined experimental and numerical simulation approach to optimize the thermal insulation
support structure for a 0.9-meter diameter spherical liquid hydrogen cylinder. The novel insulation support,
characterized by its point-contact structural design, reduced heat leakage through the support structure by at
least 85%. Fig. (9) and (10) show the corresponding design schematic of the liquid hydrogen tank and the thermal
insulation support structure, respectively.

Gas-liquid

Support
O

structure uten
container

Ceramic

balls

/ { Liquid

High vacuum
hydrogen

MII

Inner
Vacuum

container G ¥ S layer

Figure 9: New insulated support structure for spherical liquid hydrogen cylinder [50].

Li Hang et al. from Tsinghua University [24] , in collaboration with the Beijing Aerospace Testing Technology
Research Institute and Beijing Foton Motor Co., Ltd., addressed core technical challenges in the thermal insulation
design, vacuum design, support structure design, and lightweight design of liquid hydrogen tanks for heavy-duty
commercial vehicles. They employed a low-heat-loss support structure and an optimized MLI structure with a
vacuum jacket featuring small spacing to develop a horizontal liquid hydrogen tank. This led to the successful
development of the world's first distributed-drive liquid hydrogen fuel cell heavy-duty commercial vehicle. Fig. (11)
shows the structural diagram of the onboard cryogenic horizontal liquid hydrogen tank for heavy-duty trucks
proposed by the Beijing Aerospace Testing Technology Research Institute [53].
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Figure 10: Schematic Diagram and Actual Image of the New Thermal Insulation Support Structure [50]
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Figure 11: Structure diagram of vehicle-mounted liquid hydrogen cylinder [53].

Based on the above, thermal insulation optimization for vehicle-mounted liquid hydrogen cylinders can be
approached from multiple angles: selecting insulation materials, employing insulation methods (combining
vacuum jackets with multi-layer insulation materials and applying SOFI externally), and refining the cylinder's
internal structure to minimize heat leakage. These measures will further reduce heat loss from the cylinders and
extend the undamaged storage time of vehicle-mounted liquid hydrogen cylinders.

4.2. Liquid Hydrogen Cylinder Refilling Technology

Liquid hydrogen cylinder refueling technology constitutes a critical component of the storage and supply
system for liquid hydrogen fuel vehicles. When a liquid hydrogen fuel vehicle runs low on liquid hydrogen energy,
it must visit a hydrogen refueling station to replenish its onboard liquid hydrogen fuel [54, 55]. The typical
refueling/re-refueling process from the hydrogen station to the vehicle's liquid hydrogen cylinder using existing
technology involves the following steps: Controlled by a station button, helium flushes the coupling to cleanse the
enclosed cavity created by the connection; a locking mechanism establishes a gas-tight seal between the vehicle's
tank and the station; ball valves on both sides open simultaneously; the station-side cold finger of the coupling
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pneumatically extends into the vehicle side, ensuring proper cryogenic connection; Liquid hydrogen is pumped
from the station's liquid hydrogen pump to the vehicle's tank via the dispensing nozzle; evaporated hydrogen is
vented back into the station's high-pressure hydrogen storage cylinders; when the vehicle tank is full, a “tank full”
signal from the vehicle automatically halts the refueling process; the cold finger retracts, ball valves close, and the
locking mechanism disengages; the coupling returns to its support bracket [56-58].

Since the 1970s, Japan and Germany pioneered research into liquid hydrogen refueling technology,
encompassing refueling processes, hydrogen dispensers, and refueling nozzles. As early as 1986, BMW conducted
experiments using liquid hydrogen fuel in its BMW 745i model [59]. In 1999, a German-built liquid hydrogen
refueling station achieved full refueling of a 120 L liquid hydrogen tank within 1.5 minutes. This refueling system
and liquid hydrogen vehicle underwent demonstration applications at Munich Airport, marking the world's first
public refueling station for liquid hydrogen-powered passenger vehicles. It supported both fully automated and
manual refueling modes [60]. Domestically, although development began later, current technologies have reached
international standards. In 2021, the North American Clean Energy Research Center of the Beijing Low-Carbon
Clean Energy Research Institute under the State Energy Group developed liquid hydrogen refueling technology
based on submerged high-pressure liquid hydrogen pumps, achieving an average refueling rate of 4 kg/min per
pump [61].

In technical research related to liquid hydrogen refueling processes, multiple individual devices used during
refueling have seen significant technological advancements and development.

(a) Cryogenic Couplings: Cryogenic couplings requiring frequent disassembly during liquid hydrogen refueling
are prone to heat leakage, representing a weak link in the entire refueling process. Traditional cryogenic couplings
require specialized personnel wearing protective gloves and goggles for operation. Heat leakage may cause
freezing between connected pipelines, necessitating heating during disassembly—a process that wastes
considerable time. Additionally, components require cleaning after each use. Linde has developed a novel
cryogenic coupling (Fig. 12) that addresses these issues [58]. Under normal conditions, the ball valve within this
cryogenic coupling remains closed. It opens only when the corresponding pipelines are connected. Once opened,
the coupling forms a sealed tubular volume isolated from the external environment. The cold finger from the
hydrogen station side extends through this tubular structure to the vehicle side, establishing a coaxial, well-
insulated, and sealed connection between the two coupling sections. The innermost pipeline within this
connection structure transports cryogenic liquid hydrogen from the refueling station to the vehicle's liquid
hydrogen tank. The outer coaxial pipeline guides exhaust gas back to the refueling station. Upon completion of
the liquid hydrogen tank filling, the cold finger retracts to a secure position within the cryogenic coupling on the
station side. Only after the cold finger is fully retracted can the ball valve close, allowing the cryogenic coupling to
be disconnected from the vehicle. This decoupling process requires no preheating or cleaning, enabling
immediate initiation of the next filling cycle without additional waiting time between consecutive operations.

— Vacuum superinsulation

G2 GHy/GNG

= LH,ING

Vacuum

Fuel station [ Vehicle

Figure 12: Schematic diagram of the cryogenic coaxial coupling developed by linde company [58].
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(b) Liquid Hydrogen Refueling Machines and Nozzles: The primary manufacturers of liquid hydrogen refueling
machines in the United States are Plug Power and Air Products. Iwatani Corporation of Japan has independently
developed liquid hydrogen refueling machines and nozzles that are already in practical application at hydrogen
refueling stations. The main manufacturer of hydrogen nozzles in Germany is Linde. The independently developed
liquid hydrogen refueling nozzles by Linde and Nitto Corporation of Japan are shown in Fig. (13) [62]. Research on
liquid hydrogen refueling products for domestic hydrogen stations remains scarce, particularly the lack of testing
standards for civilian liquid hydrogen, which severely hinders the development of liquid hydrogen nozzles.
Currently, Zhongke Fuhai has established China's first commercial liquid hydrogen refueling station in Guangdong
by importing hydrogenation equipment from the United States. Additionally, Furui Hydrogen Energy plans to
independently develop liquid hydrogen dispensers and nozzles, advancing domestic liquid hydrogen refueling
technology. The Beijing Aerospace Testing Technology Research Institute has independently developed the liquid
hydrogen dispensing nozzle shown in Fig. (14). This product was exhibited at the China International Aviation &
Aerospace Exhibition and has reached mass production levels. It fills a critical technological gap in key
components for liquid hydrogen refueling stations in China and successfully breaks through foreign technical
barriers [63].

(a) Linde Liquid Hydrogen Refueling Nozzle (b) Nitto Liquid Hydrogen Refueling Nozzle

Figure 13: Actual image of liquid hydrogen refueling nozzle [63].

Figure 14: Liquid hydrogen refueling nozzle developed by the Beijing Aerospace Testing Research Institute [63].

The refueling process for liquid hydrogen nozzles typically includes: connecting the nozzle to the vehicle's
hydrogen inlet, gas purging, liquid hydrogen refueling, nozzle disengagement, recovery, pressure testing,
disconnecting the nozzle from the vehicle inlet, and self-sealing of the nozzle tip and vehicle inlet. Currently, the
technical challenges of liquid hydrogen refueling nozzles [62] primarily lie in: (1) Ensuring the realization of distinct
functions during each refueling stage, which imposes stringent requirements on the internal structural design of
the nozzle; (2) Significant heat leakage during liquid hydrogen refueling can cause vaporization, potentially
creating safety hazards. Therefore, the nozzle must maintain excellent thermal insulation while minimizing its
volume and weight; (3) Post-refueling, frost may form on the nozzle tip, potentially freezing it during subsequent
refueling or transferring frost into the vehicle's liquid hydrogen storage tank, compromising refueling safety.
Consequently, frost removal functionality at the nozzle tip must be incorporated into the design.
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(c) Vehicle-mounted liquid hydrogen pumps: In terms of liquid hydrogen pump technology, these pumps were
initially primarily used in aerospace and military applications for transporting cryogenic propellant fuels, and have
gradually expanded into the civilian liquid hydrogen fuel vehicle sector. Pumps suitable for cryogenic systems
include bellows pumps, centrifugal pumps, and piston pumps. However, bellows pumps exhibit low efficiency and
short service life, while centrifugal pumps have limited single-stage pressure and are unsuitable for placement
inside liquid hydrogen Dewars. Consequently, reciprocating piston pumps—which offer stable flow rates and can
generate significant pressure differentials—are the most suitable choice for liquid hydrogen pumping. As early as
the 1980s, BMW successfully applied a compact liquid hydrogen piston pump in the fuel delivery system of its
liquid hydrogen fuel cell vehicles. This hydraulically driven pump achieved a maximum pressure of 2.5 MPa with a
cooling time under 5 minutes [64]. In 2012, the U.S. Lawrence Livermore National Laboratory collaborated with
Linde to develop a high-pressure liquid hydrogen pump for refueling applications [65]. Linde's high-pressure liquid
hydrogen piston pump achieves a maximum refueling capacity of 120 kg/h, an outlet pressure of 87.5 MPa, and a
flow rate of 30 g/s, while consuming only 0.6 kWh/kg of energy. Zhan Ying designed a novel cryogenic liquid
hydrogen pump with a maximum cyclic displacement of 5 L/min and a maximum pressure differential of 0.5 MPa
[66]. The submerged liquid hydrogen pump developed by Li Qiang et al. offers the advantage of minimal refueling
speed variation with ambient temperature, achieving a flow rate of 6 L/min [67].

Liquid hydrogen piston pump assemblies typically include auxiliary equipment such as prime movers, gear
reducers, hydraulic ends, drive ends, lubrication systems, and cooling systems. The drive end primarily supplies
power to the hydraulic end, which consists of components including suction and discharge valves, cylinder heads,
valve covers, cylinder blocks, valve boxes, cylinder liners, inlet/outlet flanges, and pistons. The reciprocating
motion of the piston, driven by the piston rod, induces periodic volume changes within the pump chamber. This
volumetric variation synchronizes with the opening and closing cycles of the inlet and outlet valves, thereby
achieving the pump's function of drawing in and discharging liquid hydrogen [68]. Fig. (15) displays a cryogenic
liquid hydrogen pump used for refueling liquid hydrogen fuel vehicles [69]. Additionally, Lawrence Livermore
National Laboratory in the United States conducted performance tests using a liquid hydrogen pump

Figure 15: Actual image of cryogenic liquid hydrogen pump. [69].
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manufactured by Linde. This pump can extract liquid hydrogen from a container at a pressure of 0.3 MPa and a
low temperature of 25 K, achieving a flow rate of up to 100 kg/h. A schematic diagram of this liquid hydrogen
pump is shown in Fig. (16) [70].

Current liquid hydrogen pump technology still faces several key technical challenges [68]: (1) Sealing issues:
Gaps between the piston and cylinder in liquid hydrogen pumps cause significant leakage during operation,
reducing volumetric efficiency; (2) Wear issues: Friction between the piston and cylinder leads to wear on piston or
piston rod seals, necessitating the selection of highly wear-resistant materials and specialized processing to
minimize material degradation; (3) Liquid Hydrogen Vaporization: Heat leakage from the external environment
and friction-generated heat within the pump cause cooling capacity loss in liquid hydrogen, reducing pump
efficiency or triggering cavitation. Minimizing cooling capacity loss of the liquid hydrogen fluid within the pump is
therefore essential. Currently, the development of cryogenic liquid hydrogen pumps in China remains in its infancy,
lacking a mature production system. The country continues to rely heavily on imported liquid hydrogen pump
products, which has become a significant factor limiting the commercialization and development of liquid
hydrogen fuel vehicles domestically.
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to station Dewar
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..................

Check valve

N

Figure 16: Schematic diagram of liquid hydrogen pump. Structure [70].

(d) Liquid Hydrogen Loading Arm: The structure of the liquid hydrogen loading arm primarily consists of the
liquid arm, vapor arm, and vertical shaft. The liquid arm is mainly used to inject liquid hydrogen into the liquid
hydrogen fuel tanks of liquid hydrogen fuel vehicles, while the vapor arm recovers the vaporized gas (BOG) from
the liquid hydrogen tanks. The vertical shaft and pull plate form the support structure for the loading arm. The
vapor arm and liquid arm are mounted above and below the vertical shaft, respectively. Valves control the
opening and closing of the pipelines for both arms. Both arms can rotate freely around the vertical shaft through
swivel joints to any angle, enabling vehicle connection and refueling at any position via the arm-end interfaces. A
three-dimensional model of the liquid hydrogen loading arm is shown in Fig. (17) [71].

4.3. Liquid Hydrogen Vaporization Hydrogen Supply System

Pressure stabilization control during fuel hydrogen supply is one of the key technologies for onboard liquid
hydrogen storage and supply systems. Liquid hydrogen fuel is typically stored in vehicle-mounted cryogenic tanks
in a low-temperature liquid state. It cannot be directly supplied to power systems such as fuel cells. Before
entering the power system, liquid hydrogen must undergo heating and vaporization in a vaporizer, along with
corresponding temperature and pressure regulation. Only by maintaining the pressure of the vehicle-mounted
liquid hydrogen cylinder within a reasonable range can a stable hydrogen flow be supplied to the power system
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[72, 73]. Therefore, it is necessary to study pressure stabilization methods during the fuel supply process. Existing
common pressure stabilization methods for the fuel supply process typically include: self-generated
pressurization from the vaporizer, partial gas recirculation heat exchange pressurization, liquid hydrogen pump
pressurization, built-in electric heating pressurization, gas compressor pressurization, and thermal amplifier
pressurization [74-76]. The working principles and comparative advantages/disadvantages of each stabilization

method are shown in Table 3, while schematic diagrams of each method are presented in Fig. (18).

1~5- Rotary joint ; 6- Vertical scroll ; 7- Pull plate ; 8~10- Valve ; 11- Interface

Figure 17: Schematic diagram of the liquid hydrogen loading arm 3D model [71].

Table 3: Pressure stabilization methods during gas supply process [76].

h .
Method Working Principle Sc. ematic Advantages Disadvantages
Diagram
Vaporizer The hydrogen vaporized by heaqng Wlthm the heat ) The device has a relatively The driving force may be
. exchanger is transported to the air cushion space of | Fig. (18a) . . .
self-boosting 2o : o simple structure. insufficient.
the liquid hydrogen cylinder for pressurization.
. A portion of the hydrogen gas, after being vaporized (1) High reliability with intact
Partial Gas : Error! . .
. .~ _|and heated in the heat exchanger, re-enters the vessel container sealing structure;
Recirculation| . _ . |Reference -
Heat via a bypass loop. Within the heat exchanger tubes, it source not (2) The energy for reflux The driving force may be
Exchange exchanges heat with the liquid hydrogen in the vessel, found.Fi hydrogen is primarily insufficient.
Boostif increasing the evaporation rate of the liquid hydrogen (18l;) & supplied by cooling water
& to achieve pressurization. or ambient temperature.
(1) Self-adjusting outlet (1) The system structure is
pressure for liquid relatively complex, posing
Liquid hydrogen pumps; significant development
Hydrogen Directly supply inlet pressure via liquid Fig. (18¢) (2) Excellent dynamic challenges; (2) Liquid hydrogen
Pump hydrogen pump & response; pumps consume substantial
Boosting (3) No requirement for energy; (3) No mature liquid
high liquid hydrogen tank | hydrogen pump products are
pressure. currently available domestically.
. The electrical energy generated by the battery is used (1) The heaFlng wire pene.tra'Fes
Built-in ) o A the container wall, making it
. to heat the heating element inside the liquid hydrogen . .
electric . . ) . The boost effect is prone to failure due to external
. container. Under the heating effect of the heating | Fig. (18d) L )
heating . - . significant. gases entering the vacuum
element, the liquid hydrogen inside the container ) L
booster . layer; (2) It involves additional
evaporates to increase pressure. .
energy consumption.
Gas Hydrogen gas obtained by heating and vaporizing
liquid hydrogen through a water bath heat exchanger | _. Boosting effect is Additional low-temperature gas
Compressor K . . .2 Fig. (18e) . .
Boosting using a gas compressor is transported into the liquid quite good compressors are required.
hydrogen container for pressurization.
When heated, hydrogen storage metals release trace
Thermal ) L . - - . . .
Amolifier amounts of hydrogen gas, causing a reduction in the Fig. (18f) Requires minimal additional Boosting speed is relatively slow,
Boc’):)stin vacuum level within the vacuum jacket and an & energy consumption and the effect is not significant.
& increase in heat leakage from the container.
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Figure 18: Schematic diagram of pressure control methods during gas supply process [76].
4.4. Exhaust System

To maintain stable pressure within liquid hydrogen cylinders, venting of the cylinders is required during the
operation of liquid hydrogen fuel cell vehicles [77]. Due to hydrogen's flammability, venting systems for these
vehicles must prioritize safety considerations. Typically, stringent requirements are imposed on ventilation, alarm
systems, and fire prevention within the venting system, supplemented by additional measures to minimize the
likelihood and consequences of hydrogen leaks. However, beyond safety considerations, the venting system
design for liquid hydrogen fuel vehicles must also address the recovery and reuse of the cooling energy from the
evaporated gases in the vented stream. This represents a significant technical challenge that cannot be
overlooked in the system's design [78].

During storage in containers, liquid hydrogen readily evaporates due to external heat leakage, causing
continuous pressure buildup within the tank [79]. To ensure operational safety, vapor cooling screens [80] are
commonly employed to absorb the cooling energy from evaporated gases in the exhaust. This reduces container
heat leakage, minimizes hydrogen evaporation, and extends the undamaged storage duration of liquid hydrogen
tanks. As shown in Fig. (19) [81], during the venting process of a liquid hydrogen cylinder, BOG gas flows out from
the exterior of the liquid hydrogen filling sleeve. It then circulates around the cylinder through the inner piping of
the dual vapor cooling screen, converges, and subsequently exits via the outer piping of the dual vapor cooling
screen.

Fig. (20) shows a 6 L liquid hydrogen tank for a drone [82]. The tank body is axially supported and fixed,
employing vacuum multi-layer insulation combined with a vapor cooling screen for thermal insulation. BOG gas
inside the tank flows through a 6 mm pipe, passes through the vapor cooling screen, and is vented outside the
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tank before being directed to the fuel cell system to generate power. This approach can also serve as a technical
reference for liquid hydrogen fuel commercial vehicles.

Insulation

Vapor Outlet
(not shown)

e— LH, Inlet

Insulation
Purge Port

P Polymer Shells

Figure 19: Schematic diagram of liquid hydrogen cylinder venting [81].
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Figure 20: 6 L UAV liquid hydrogen cylinder [82].

The key technologies and development directions of the storage and supply system for commercial vehicles
using liquid hydrogen fuel are summarized and organized as shown in the Table 4. It includes a side-by-side
comparison of four key technologies (storage, supply, refueling, and venting), and proposes clear research
directions for the development bottlenecks in each technical field.

5. Industry Standards

Relevant domestic and international industry standards are shown in Table 5. As indicated in the table, early
domestic standards for liquid hydrogen applications primarily focused on military sectors, with limited standards
for civilian use. It was not until after 2021 that a comprehensive standard system for civilian liquid hydrogen
applications was gradually established and refined. As early as 2005, the General Armament Department of the
People's Liberation Army issued the National Military Standard “Safety Application Guidelines for Liquid Hydrogen.”
In 2014, the General Administration of Quality Supervision, Inspection and Quarantine (AQSIQ) correspondingly
released the national standard “Interfaces for Liquid Hydrogen Vehicle Fueling Systems” [83]. By 2021, the
National Technical Committee for Hydrogen Energy Standardization successively published “Fuel for Hydrogen
Vehicles - Liquid Hydrogen,” “Technical Specifications for Liquid Hydrogen Production Systems,” and “Safety
Technical Requirements for Liquid Hydrogen Storage and Transportation,” thereby establishing the preliminary
framework for China's civil liquid hydrogen standards system. Subsequently, in 2022, the Hazardous Chemicals
Storage Working Committee of the China Technical Supervision Information Association released the “Technical
Requirements for Fixed Vacuum Insulated Liquid Hydrogen Pressure Vessels and Projects” and completed the
drafting of the “Special Technical Requirements for Mobile Vacuum Insulated Liquid Hydrogen Pressure Vessels,”
which took effect in 2023. Additionally, the China Industrial Gases Industry Association successively released the
“Safety Technical Specifications for Liquid Hydrogen Dewars,” “Safety Technical Specifications for Vehicle-Mounted
Liquid Hydrogen Systems,” and “Safety Technical Specifications for the Use of Liquid Hydrogen Refueling Machines”
in 2022, laying the foundation for the development of China's civil liquid hydrogen industry. In January 2023, the
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Guangdong Special Equipment Industry Association successively released the group standards Liquid Hydrogen
Cylinders—Part 1: Design, Manufacturing, Inspection, and Testing and Liquid Hydrogen Cylinders—Part 2:
Operational Requirements, further filling gaps in China's industry standard references for the civilian liquid
hydrogen sector. International development of civilian liquid hydrogen technology began earlier, resulting in
numerous existing global standards. The International Organization for Standardization (ISO) published the
standards Liquid Hydrogen—Road Vehicle Refueling System Interfaces in 1999 and Liquid Hydrogen—Road
Vehicle Fuel Tanks in 2006 [34]. Subsequently, the European Automobile Directive, the United Nations Economic
Commission for Europe, Russia, the Compressed Gas Association (CGA) of the United States, the Society of
Automotive Engineers (SAE) of the United States, and the European Industrial Gases Association (EIGA) also
successively released relevant civil liquid hydrogen standards [85-88], providing important support for the
application and development of liquid hydrogen in the civil sector.

Table 4: Summary of key technologies and future directions for the storage and supply system of liquid hydrogen-
fueled commercial vehicles.
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6. Technical Challenges and Future Development Directions

The China Hydrogen Energy and Fuel Cell Industry White Paper indicates [89] that China's annual production of
hydrogen fuel cell vehicles will reach 5.2 million units by 2050. By 2060, China's annual hydrogen demand is
projected to increase to approximately 1.3x108 tons, with renewable energy-based hydrogen production expected
to reach 1x108 tons, accounting for about 20% of terminal consumption [90]. Domestic market demand for liquid
hydrogen fuel commercial vehicles is clearly on an upward trajectory, positioning these vehicles as a key future
development direction in the new energy vehicle sector. However, achieving large-scale commercialization of
liquid hydrogen fuel commercial vehicles currently faces numerous technical challenges [91], requiring further in-
depth exploration and research. Therefore, this paper summarizes the primary technical challenges currently
hindering the commercial application of liquid hydrogen fuel vehicles and proposes subsequent development
directions.
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Table 5: Relevant industry standards at home and abroad.
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distribution of liquid hydrogen) [87]
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2005 GJB 5405-2005 (Safety Application Issued by the General Armament Department of the
Guidelines for Liquid Hydrogen) People's Liberation Army of China and already implemented
March GB/T30719-2014 (Liquid Hydrogen Vehicle The General Administration of Quality Supervision,
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January L The China Industrial Gases Industry Association
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T/CCGA 40009-2021 (Safety Technical Specifications The China Industrial Gases Association announced that
for Vehicle-Mounted Liquid Hydrogen Systems) implementation has commenced.
T/CCGA 40010-2021 {Technical Specifications for the
Safe Use of Liquid Hydrogen Refueling Machines)
T/GDASE 0033.1-2022 {Liquid Hydrogen Cylinders—
Part 1: Design, Construction, Inspection, and Testing) Guangdong Provincial Special Equipment Industry
January | //GDASE 00332-2022 (Liquid Hydrogen Cylinders— Association Releases
2023 Part 2: Operational Requirements)
T/CATSI 05007-2023 {Special Technical The China Association for Technical
Requirements for Mobile Vacuum Supervision Information has announced
Insulated Liquid Hydrogen Pressure Vessels) that implementation has commenced.
1999 {Liquid hydrogen-land vehicle fueling system The International Organization for Standardization
interface) [Error! Reference source not found.] (ISO) has released
2006 ISO 13985 (Liquid hydrogen-land The International Organization for Standardization
vehicle fuel tanks) [83] (ISO) has released
No0.406/2010-EU {Implementing Regulation
2010 (EC)No‘.79/2009 of the European parliament and of the European Automobile Directive
council on type-approval of hydrogen-powered motor
vehicles) [85]
. 2013 {GTR13 : Global technical regulation on Prepared by the United Nations Economic
International hydrogen for fuel cell vehicles) [86] Commission for Europe
2014 rOCTP 56248-2.014 {Technical conditions of Russian State Standard
liquid hydrogen) [87]
CGA P-28-2014 (Risk management plan guidance -
2014 document for bulk liquid hydrogen systems) [87] Compressed Gas Association (CGA)
SAE | 2579-2018 (Technical Information Report for Fuel . . .
2018 Systems in Fuel Cell and Other Hydrogen Vehicles) [88] Society of Automotive Engineers
2019 Doc 06/19 (Safety in storage, handling and European Industrial Gases Association (EIGA)
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(1) On-board liquid hydrogen tanks require further design optimization. The liquid hydrogen tank system poses
significant challenges for vehicle space allocation, features complex vaporization and pressurization systems, and
presents difficulties in liquid level measurement. Unreasonable structural design and spatial layout can increase
heat leakage from the tanks, compromising the long-term, undamaged storage of liquid hydrogen fuel and
potentially affecting the operational safety of liquid hydrogen fuel vehicles. For vehicle-mounted liquid hydrogen
tanks, material development must advance toward new cryogenic materials that reduce tank mass, enhance
mechanical strength, and lower production costs. Structural design must also evolve to improve thermal insulation,
operational stability, safety monitoring capabilities, and refueling speed.

(2) Despite its clear advantages over gaseous hydrogen, liquid hydrogen retains drawbacks such as low density,
high volatility, and storage challenges. To extend the undamaged storage time of onboard cryogenic tanks, new
commercial vehicle technologies utilizing supercooled liquid hydrogen or slurry hydrogen as fuel can be
developed. Employing supercooled liquid hydrogen or even slurry hydrogen offers greater heat capacity and
volumetric cooling energy, presenting a potential solution to this challenge. Research institutions like NASA have
conducted extensive experimental studies on supercooled liquid hydrogen and slurry hydrogen for aerospace
applications [92-94]. Researchers at Xi'an Jiaotong University in China have also conducted relevant experiments
and numerical simulations on slush hydrogen [95, 96]. Furthermore, recognizing the significant advantages of
supercooled liquid hydrogen over standard liquid hydrogen, Daimler Trucks and Linde have partnered to explore
using supercooled liquid hydrogen as a vehicle fuel, aiming to achieve longer ranges for liquid hydrogen fuel
vehicles [97]. Future research can build upon these studies to further develop new fuels for commercial vehicles.

(3) Research on core components for domestic hydrogen refueling equipment remains relatively scarce, with
key devices still primarily reliant on imports. Therefore, in developing hydrogen refueling equipment, further
research and development are needed for critical components suitable for liquid hydrogen-fueled commercial
vehicles. These include cryogenic liquid hydrogen pumps, high-precision hydrogen mass flow meters, sensors,
highly reliable refueling nozzles, heat exchangers, and cryogenic valves designed for liquid hydrogen
environments. This will accelerate the localization of core components. Additionally, significant losses occur during
the refueling process. Even when using vacuume-insulated refueling hoses, 5%-10% of liquid hydrogen is lost
through vaporization. This necessitates further improvements in the sealing and insulation performance of
refueling equipment like nozzles to reduce fuel losses during refueling.

(4) During operation, liquid hydrogen fuel vehicles encounter scenarios such as emergency acceleration,
braking, and cornering. Due to liquid hydrogen's low viscosity, significant sloshing occurs within the tank under
these harsh conditions. This not only causes unstable internal pressure but also subjects the tank's support
structures and monitoring equipment to impact forces, potentially damaging structural components in severe
cases. Therefore, the impact of inertial forces on liquid hydrogen cylinders must be considered prior to designing
vehicle-mounted liquid hydrogen containers. While researchers have extensively studied liquid sloshing behavior
and the effectiveness of anti-sloshing plates in ambient-temperature or cryogenic LNG tankers under
accelerations like 2g and 5g, research on the sloshing characteristics of liquid hydrogen in vehicle-mounted
cylinders under significant excitation remains limited. Consequently, adapting the structural design of liquid
hydrogen cylinders to withstand harsh operating conditions remains a critical technical challenge. This
necessitates further investigation into the thermodynamic parameter variations within containers during
significant hydrogen sloshing, thereby providing a reference basis for the structural design of vehicle-mounted
liquid hydrogen cylinders.

(5) Further R&D is needed on cold energy storage and recovery technologies for vehicle-mounted liquid
hydrogen systems to enhance energy utilization efficiency. Current research has explored the recovery of liquid
hydrogen cold energy and boil-off gas (BOG). The liquid hydrogen cold energy recovery system shown in Fig. (21)
[98] reduces air compressor power consumption, shrinks intermediate cooler dimensions, and lowers pump and
radiator fan power requirements. The BOG recovery system for liquid hydrogen storage and supply designed by
researchers [24] (Fig. 22) utilizes the endothermic properties of liquid hydrogen vaporization to absorb part of the
heat dissipation pressure from the fuel cell system, enabling cold energy utilization. Future research should focus
on deeper development in cold energy recovery, exploring more efficient and diversified cold energy utilization
methods to maximize energy utilization efficiency.
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Figure 21: Liquid hydrogen cold energy utilization system for fuel cell heavy-duty trucks [98].
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Figure 22: Liquid hydrogen storage and supply system BOG recovery system diagram [24].

(6) Relevant laws, regulations, and standards in the field of civil liquid hydrogen applications remain urgently in
need of refinement. Efforts should be made to further elaborate and improve laws and regulations pertaining to
hydrogen energy utilization. Corresponding legislation should be enacted, including Hydrogen Storage
Management Laws, Hydrogen Safety Laws, Hydrogen Fuel Fire Protection Laws, and Liquid Hydrogen Fuel Vehicle
Safety Management Laws. This will provide legal and institutional support and safeguards for the application and
development of liquid hydrogen fuel commercial vehicles [99]. Regarding industry standards, efforts should
continue to develop and refine standards for hydrogen energy applications, standardizing the production and use
of liquid hydrogen fuel commercial vehicles to ensure liquid hydrogen applications are grounded in established
guidelines. Additionally, it is necessary to enhance public awareness of scientific knowledge concerning the safe
application of liquid hydrogen, boost confidence in its safety, and accelerate the construction of large-scale liquid
hydrogen refueling stations [100] to facilitate the widespread adoption and promotion of liquid hydrogen fuel
vehicles.

7. Conclusion

In conclusion, liquid hydrogen fuel is a vital pathway for future zero-emission commercial vehicles due to its
high cost-effectiveness in long-distance transport. This systematic analysis reveals that current heavy-duty trucks,
represented by the Mercedes-Benz GenH2 and China's "New Long March 1", have achieved performance
milestones of 1000 km range with an 80 kg-class hydrogen storage system, confirming the technical viability of the
liquid hydrogen approach. However, compared to developed nations like the U.S., Germany, and Japan, China's
liquid hydrogen commercial vehicle industry remains nascent. The core technical challenges hindering large-scale
commercialization are concentrated in three areas: (1) Insulation and lightweight design of onboard tanks,
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requiring new cryogenic materials and advanced insulation structures like vapor-cooled shields to further reduce
evaporation rates and extend dormancy; (2) Domestic production of core refueling equipment, where the
independent development of liquid hydrogen pumps and highly reliable refueling nozzles is imperative to reduce
costs and secure the supply chain; (3) Safety control under harsh conditions, demanding in-depth investigation
into the severe sloshing characteristics of liquid hydrogen under emergency braking and turning, along with the
development of efficient boil-off gas cold energy recovery systems to enhance overall vehicle energy efficiency.
Overcoming these challenges will be the key to transitioning China's liquid hydrogen fuel commercial vehicles
from demonstration to commercial reality.
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