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ABSTRACT: Driven by the global “dual-carbon” goals, hydrogen fuel cell electric vehicles (FCEVs) are being rapidly
promoted as a zero-emission transportation solution. However, their large-scale application is constrained by issues
such as inefficient operation, poor information flow between vehicles and stations, and potential safety hazards, which
are caused by insufficient intelligence of hydrogen refueling stations. This study aims to address these problems by deeply
integrating Cellular Vehicle-to-Everything (C-V2X) technology with hydrogen refueling stations, thereby building a
safe, efficient, and low-carbon hydrogen energy application ecosystem to promote the global transition to zero-carbon
transportation. Firstly, through literature review and technical analysis, this study expounds on the core technologies
and process flows of current hydrogen refueling stations, as well as the technical architecture and development evolution
of C-V2X technology. Then, based on the analysis of relevant literature, it proposes a “vehicle-road-station-cloud”
collaborative architecture that integrates C-V2X with hydrogen refueling stations. Combined with 5G communication
and big data technologies, it elaborates on the implementation path for achieving real-time data interaction among
hydrogen refueling stations, hydrogen-powered vehicles, and road infrastructure. This interconnection mode enables
hydrogen refueling stations to obtain real-time information of surrounding vehicles, which plays an important role in
building a safe, efficient, and low-carbon hydrogen energy application ecosystem and promoting the global transition
to zero-carbon transportation. Finally, the future development prospects and potential of this scheme are put forward.
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1 Introduction

Under the dual pressures of global ecological environment degradation and the gradual depletion
of traditional fossil energy, energy transition and sustainable development have become key issues that
need to be urgently addressed by countries around the world [I-3]. In the transportation sector, a key
industry for energy consumption and carbon emissions, the demand for energy conservation, emission
reduction, and green transformation has become particularly urgent, making the low-carbon transition of
the transportation sector a core task. Carbon emissions from traditional fuel vehicles account for 72% of
the global transportation sector. In recent years, new energy vehicles (NEVs), with their clean and efficient
characteristics, have become the main force driving the sustainable development of the transportation sector.
Among various types of NEVs, hydrogen fuel cell electric vehicles (FCEVs) have gradually emerged as the
focus of research and development due to their unique advantages and huge potential [4-6].
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FCEVs use hydrogen as fuel and convert chemical energy into electrical energy through electrochemical
reactions to drive vehicles. The energy conversion efficiency reaches 40%-60%, far exceeding that of internal
combustion engines [7,8]. Meanwhile, the hydrogen fuel cell system is unaffected by low temperatures,
capable of normal startup in —30°C environments with battery efficiency retention exceeding 95%. In
contrast, lithium batteries experience 30%-50% capacity degradation at —20°C, leading to a significant
shrinkage in driving range [9,10]. Finally, FCEVs achieve “zero emissions” through electrochemical reactions.
Their full-life-cycle carbon footprint is only 1/3 to 1/5 of that of fuel-powered vehicles. The only emission is
water, causing almost zero pollution to the environment. Moreover, they have remarkable advantages such
as high energy density, short hydrogen refueling time, and long driving range. Therefore, they are regarded
as one of the important directions for the sustainable development of the future automotive industry [11-14].

With the rapid development of FCEVs, the demand for intelligence of hydrogen refueling stations, as a
core infrastructure, has become increasingly prominent [15-17]. As the core infrastructure for energy supply
of hydrogen fuel cell vehicles, the number of hydrogen refueling stations and the rationality of their layout
directly affect the usability of the vehicles and market promotion [18-20]. By the end of 2024, although the
number of hydrogen refueling stations worldwide had increased, the overall quantity remained relatively
scarce and was extremely unevenly distributed, mainly concentrated in parts of cities in a few developed
countries and regions. Taking China as an example, despite having the largest number of hydrogen refueling
stations globally, with nearly 500 stations cumulatively built by the end of 2024, this still falls far short
compared to the huge number of vehicles in use [21]. Moreover, most of these stations are distributed in
economically developed regions with strong policy support, while the coverage rate of hydrogen refueling
stations in many small and medium-sized cities as well as remote areas is extremely low. This unbalanced
distribution often causes vehicles to be delayed due to excessive distances or queues at stations. Moreover,
the lack of real-time data support for on-site equipment scheduling further exacerbates resource waste. For
instance, the inefficient coordination between compressors and hydrogen storage systems frequently leads
to an imbalanced state where “vehicles wait for hydrogen” or “hydrogen waits for vehicles” [22,23].

At the information interaction level, there exists a severe information barrier between traditional
hydrogen refueling stations and vehicles. Vehicle owners find it difficult to obtain real-time key information
about hydrogen refueling stations, such as hydrogen source reserves, current queuing time, and equipment
operating status. As a result, they often arrive only to find that refueling is not possible [24]. Hydrogen
refueling stations, on the other hand, cannot obtain in advance data such as the hydrogen refueling needs of
surrounding vehicles and their estimated arrival times, making it hard to allocate resources in advance, which
leads to a significant decline in service efficiency. This information lag not only reduces the user experience
but also restricts the market promotion process of FCEVs.

In terms of safety supervision, hydrogen refueling stations involve high-risk links such as high-pressure
hydrogen storage and low-temperature liquid hydrogen, which have extremely high requirements for real-
time monitoring. However, existing technologies have obvious shortcomings [25]. Traditional monitoring
methods mostly rely on manual inspections and local sensors, making it difficult to achieve full-process and
high-timeliness risk early warning. Hidden dangers such as pipeline leaks and abnormal pressure are hard
to detect in a timely manner [26]. In addition, hydrogen refueling stations have high construction costs and
complex equipment maintenance. Once a safety accident occurs, it will cause huge economic losses and social
impacts [27,28]. The superposition of these problems makes it difficult for hydrogen refueling stations, as a
core infrastructure, to keep up with the rapid development pace of FCEVs, and there is an urgent need to
achieve intelligent upgrading through technological innovation.

Kalyoncu et al. [29] constructed and optimized a “hydrogen + electricity + heat trinity” hydrogen
refueling station system in HOMER, and introduced a machine learning econometric model to fill the gap
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in green hydrogen prediction modeling, providing technical references and cost paths for the promotion
of green hydrogen refueling stations in Germany and even globally. Mahmood et al. [30] proposed a local
hydrogen refueling system architecture combining photovoltaic power generation and water electrolysis
for hydrogen production to meet the operational needs of hydrogen-powered trains. The research shows
that hydrogen refueling stations integrating photovoltaics with PPA (Power Purchase Agreement) are more
economically feasible, and measures such as low-pressure storage, optimizing the scale of photovoltaics,
and selling surplus energy help reduce hydrogen costs, providing references for relevant stakeholders in the
industry. Yang et al. [31] proposed introducing a gas-liquid mixed precooling technology into the refueling
system to reduce the temperature of pipelines at the initial stage of refueling, minimize gasification losses, and
optimize key process parameters. The results show that gas-liquid mixed precooling can effectively reduce
the initial temperature of the refueling system, rapidly lowering the pipeline temperature to below —200°C.
The optimal gas-liquid ratio is 1:4.2, which balances the cooling rate and gas consumption. The optimal
precooling time is 48-60 s; exceeding this range will increase gas loss and the cooling effect will tend to
saturate. The liquid hydrogen refueling time is shortened by approximately 16%-21%. After optimization,
the system can avoid the “vapor lock phenomenon” caused by excessive temperature differences and the
failure of refueling nozzles due to frosting. In view of the limitations of existing safety evaluation methods for
hydrogen refueling stations, Li et al. [32] proposed to combine the biorthogonal B-spline wavelet (BBW) with
the support vector machine (SVM) to construct a biorthogonal B-spline wavelet vector machine (BBSWVM).
They also optimized its parameters using the improved lion swarm algorithm (ILSA) which incorporates
the genetic algorithm, thus forming the BBWSVM-ILSA safety evaluation model. Model verification showed
that the evaluation error of BBWSVM-ILSA is 1.16%-2.94% with no incorrect results, and its running time
is 4.53-5.44 s, making it optimal in both evaluation accuracy and efficiency. The conclusion points out that
BBWSVM-ILSA has strong optimization ability and generalization performance, and can provide technical
support for improving the safety level of hydrogen refueling stations.

In conclusion, traditional hydrogen refueling stations have certain drawbacks in terms of site layout,
information interaction, and safety supervision. Currently, there are numerous studies related to hydrogen
refueling stations, but most of them focus on the research and analysis of the technical configuration
and safety aspects of the hydrogen refueling stations themselves. Research on the integration with C-V2X
technology remains a blank field.

As a core communication technology in intelligent transportation systems, C-V2X enables comprehen-
sive information interaction between vehicles and vehicles (V2V), vehicles and infrastructure (V2I), vehicles
and pedestrians (V2P), and vehicles and networks (V2N) [33-35]. Through a hybrid architecture of “direct
communication + cellular network’, it not only ensures low-latency and high-reliability communication in
emergency scenarios but also leverages the wide coverage of cellular networks and the upgrade potential
of 5G technology to provide a scalable communication foundation for vehicle-road coordination and
autonomous driving [36,37]. C-V2X technology can not only promote the development and application of
intelligent transportation systems (ITS) but also facilitate the innovation of new smart transportation models.
It is of significant importance for further reducing traffic congestion, improving traffic safety and efficiency,
and achieving green transportation [38-40].

Currently, C-V2X technology has penetrated into multiple sectors of the automotive industry. Liang
etal. [41] proposed integrating C-V2X technology into the hydrogen storage system of FCEVs. By leveraging
the advantages of C-V2X technology in real-time data transmission, anomaly detection, remote diagnosis,
and data integration analysis, this approach addresses issues such as poor real-time performance and data
isolation in traditional monitoring technologies, significantly enhancing the performance and safety of
hydrogen storage and pressure monitoring systems for FCEVs. Ji et al. [42] proposed a resource allocation
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method combining Graph Neural Network (GNN) and Deep Reinforcement Learning (DRL) to address
the resource allocation problem in V2X communications. By constructing dynamic graphs and using the
GraphSAGE model to adapt to changes in graph structures, this approach ensures a high success rate for
V2V communications while minimizing interference with V2I links. The results show that although the
computational load increases slightly after introducing GNN, the decision-making quality of the agent is
significantly improved.

To address the communication challenges faced by tower cranes in complex construction environments,
Xu et al. [43] proposed integrating C-V2X technology into tower crane systems. Through its low-latency
and high-reliability communication capabilities, this approach enables real-time data interaction between
tower cranes, surrounding equipment, and cloud platforms. It solves the shortcomings of traditional wireless
technologies in signal stability, bandwidth, and dynamic adaptability, enhancing construction safety and
efficiency while providing a new solution for the intelligentization of tower cranes. Yue et al. [44] proposed
a signalized intersection speed optimization algorithm based on C-V2X technology to address the problems
of high fuel consumption (accounting for over 30% of urban fuel consumption) caused by frequent starting
and stopping at signalized intersections, and the collision risks in traditional speed optimization algorithms
due to the failure to consider queuing vehicles. By integrating the Intelligent Driver Model (IDM) and the
Fuel Consumption Evaluation Model (VT-Micro), an improved speed advisory algorithm was developed
considering vehicle queuing. The results show that compared with traditional algorithms, the new method
can effectively avoid collision risks and reduce fuel consumption by approximately 47% under queuing
conditions. Jiao et al. [45] proposed an analytical framework for downlink transmission in multi-connectivity
C-V2X networks. They modeled vehicles and base stations as one-dimensional Poisson point processes,
used stochastic geometry tools to derive performance metrics such as joint distance distribution, coverage
probability, and spectral efficiency, and analyzed the impact of path loss exponents and downlink base station
density on system performance. The results show that multi-connectivity technology can effectively improve
the coverage probability and spectral efficiency of C-V2X networks. For example, the spectral efficiency
improvements of dual-connectivity and triple-connectivity can reach more than 40% and 75%, respectively.
This study is of great significance for the research and application of multi-connectivity C-V2X in the 5G and
B5G eras. Liu et al. [46] proposed a high-precision positioning solution for C-V2X systems. By describing
the key performance indicators, challenges, and traditional positioning methods of C-V2X positioning, they
put forward two positioning architectures: UE-based and UE-assisted, and introduced key technologies such
as sidelink positioning, hybrid data fusion, synchronization technology, and 5G millimeter-wave vehicle
positioning. The feasibility of this solution was verified through tests and typical application cases, providing
long-term stable, high-precision, and low-cost positioning services for C-V2X systems in various application
scenarios. He et al. [47] proposed a collaborative autonomous driving framework (CCAD) based on C-V2X
technology, which addresses the safety hazards of limited perception in traditional single-entity autonomous
driving systems through multi-perspective perception collaboration of V2I and V2V. The study designed a
system architecture comprising intelligent infrastructure and smart vehicles, adopted standardized message
sets such as SRM, TIM, MAP, and BSM to realize safety-critical information transmission, and validated the
real-time performance and effectiveness of the framework through an infrastructure-assisted lane-keeping
(COLK) case. This framework provides new ideas for building safer autonomous driving systems and can
be extended to various safety scenarios such as forward collision warning and blind spot monitoring in
the future.

In terms of improving driving safety, Zhang et al. [48] proposed a C-V2X-based hierarchical velocity
optimization strategy (HVO-HMPC) to address the eco-driving problem of connected autonomous vehicles
(CAVs) at continuous signalized intersections. The upper-layer controller generates optimal velocity profiles
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by combining the multiple-shooting algorithm with model predictive control (MPC), while the lower-layer
controller achieves safe velocity tracking based on a car-following model. In the scenario of continuous
signalized intersections, this approach can reduce fuel consumption by 25.89%-27.21% and pollution
emissions by 25.3%-25.97%, effectively improving the energy efficiency and safety of CAVs. Wang et al. [49]
proposed an enhanced C-V2X Mode 4 resource selection scheme, aiming to support reliable in-platoon
message delivery for CAV (connected autonomous vehicle) platoons in multi-lane highway scenarios. The
scheme effectively addresses potential merge collisions and hidden node collisions in in-platoon message
delivery by introducing a resource partitioning mechanism, an intra-platoon collaboration mechanism,
and a data packet collision detection mechanism. Results show that compared with the standardized Sense
Semi-Persistent Scheduling (SPS) scheme, the enhanced scheme significantly improves the efficiency of in-
platoon message delivery. Wang et al. [50] studied a method of enhancing physical layer security in C-V2X
using artificial noise (AN). By establishing an analytical model based on stochastic geometry, this paper
evaluates the secrecy performance of multi-antenna C-V2X networks employing AN-aided secure trans-
mission strategies. The study finds that increasing the number of antennas and rationally allocating power
can effectively improve the network’s secrecy throughput while enhancing the robustness of transmission
strategies, providing strong theoretical support and practical guidance for the security of C-V2X networks.
Hakeem and Kim [51] proposed a multi-region authentication and privacy protection protocol (MAPP)
based on bilinear pairing cryptography, aiming to optimize vehicle communication security in 5G-V2X net-
works. Through dynamic key generation and three innovative authentication methods (transmitter-centric
authentication, signature-link authentication, receiver-centric authentication), the protocol significantly
reduces communication and computational overhead while meeting security requirements such as identity
authentication, message authentication, non-repudiation, privacy protection, unlinkability, and system
updates. This effectively enhances the security and usability of 5G-V2X networks.

Based on the above analysis, current hydrogen refueling stations suffer from problems such as inefficient
operation, unbalanced layout, information lag, and insufficient safety supervision. C-V2X technology
provides an effective solution to these issues. At present, research on applying C-V2X technology to the field
of hydrogen energy vehicles is almost non-existent. This paper innovatively interconnects C-V2X technology
with hydrogen refueling stations, realizing efficient interaction between hydrogen-powered vehicles and
hydrogen refueling stations through a vehicle-road-station-cloud collaborative architecture. Combined with
5G communication, edge computing, and big data technologies, it opens up a brand-new path for the
coordinated development of intelligent transportation and new energy fields.

This interconnection mode not only enables hydrogen refueling stations to obtain real-time information
about surrounding vehicles, such as their positions, driving directions, and energy demands, so as to achieve
precise scheduling and allocation of hydrogen refueling resources and improve the operational efficiency
and service quality of hydrogen refueling stations, but also helps vehicles plan hydrogen refueling trips in
advance, avoiding inconvenience in energy replenishment caused by unsmooth information flow at hydrogen
refueling stations, thus further enhancing the usability of hydrogen fuel cell vehicles. In addition, through the
interconnection between C-V2X and hydrogen refueling stations, remote monitoring and management of the
equipment status of hydrogen refueling stations can be realized, potential faults can be detected and handled
in a timely manner, and the safe and stable operation of hydrogen refueling stations can be guaranteed.

The organizational structure of this paper is as follows: Section 2 introduces the common core tech-
nologies and process flows of hydrogen refueling stations. Section 3 presents the technical architecture
and technological evolution of C-V2X. Section 4 discusses the application of C-V2X technology in the
hydrogen refueling station sector, specifically elaborating on the advantages and roles of integrating the
two. In the conclusion section, the innovative effects of interconnecting C-V2X technology with hydrogen
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refueling stations are summarized, and the current research challenges in this field and future prospects are
also addressed.

2 The Current Core Technologies and Process Flows of Common Hydrogen Refueling Stations
2.1 Hydrogen Refueling Station Technology and Equipment

Hydrogen refueling stations are infrastructure that provide hydrogen refueling services for hydrogen
fuel cell vehicles and are a key link in the downstream application of the hydrogen energy industry chain [52].
Their construction and development directly affect the popularization speed of hydrogen fuel cell vehicles
and are also an important part of the green transportation system under the “dual carbon” goals [53-55].
Hydrogen refueling stations safely and efficiently supply hydrogen to hydrogen fuel cell vehicles through
equipment for storage, compression, and dispensing. Their core functions include: Hydrogen Storage:
Hydrogen is stored in high-pressure gaseous form (35/70 MPa) or liquid form (cryogenic liquefaction at
-253°C) [56]; Hydrogen dispensing: hydrogen is rapidly refueled into vehicle hydrogen tanks via dispensers,
with dispensing pressures required to match vehicle design standards (e.g., 70 MPa is predominantly used for
passenger vehicles, and 35 MPa for commercial vehicles) [57]. Currently, major hydrogen refueling stations
are classified into three categories according to hydrogen supply sources, hydrogen storage states, and service
scenarios [58-60]. Table 1 presents the above-mentioned three common types of hydrogen refueling stations
and their technical characteristics.

Table 1: Classification of hydrogen refueling stations and their technical characteristics

Classification Subclass Technical characteristics
dimensions
Source of hydrogen Hydrogen Refueling Station ~ Suitable for the early stage of the hydrogen
supply with External Hydrogen energy industry and relies on external supply
Supply chains
On-site Hydrogen Realize the integration of
Production and Refueling “production-storage-refueling’, reduce
Station transportation costs, and increase the
proportion of green hydrogen
Hydrogen Storage Gaseous Hydrogen With mature technology and low
Form Refueling Station construction costs, the mainstream pressure

Service Scenario

Liquid Hydrogen Refueling
Station

Commercial Vehicle
Dedicated Station
Passenger Vehicle

Comprehensive Station

ratings are 35 MPa and 70 MPa

It has a high storage density, but requires
low-temperature liquefaction and thermal
insulation technologies, resulting in higher

costs

It is deployed in logistics parks, ports, bus

hubs, etc., with a large refueling volume
It is mostly co-built with gas stations and

charging stations to provide diversified
energy services

Hydrogen compression technology is one of the core technologies of hydrogen refueling stations,

aiming to increase the hydrogen pressure from low pressure (such as pipeline network pressure or the
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outlet pressure of hydrogen production units) to high pressure that meets the refueling requirements of
vehicles. The efficiency, energy consumption, reliability, and safety of the compression process directly affect
the operational cost and stability of hydrogen refueling stations. Common types of compressors include
piston compressors, diaphragm compressors, and centrifugal compressors [61]. Table 2 provides a technical
comparison of different types of compressors.

Table 2: Technical comparison of different types of compressors

Technical type Pressure Flow range Application scenarios
range
Piston compressor 1-100 MPa 50-2000 Mainstream hydrogen refueling
Nm?®/h stations (35/70 MPa)
Diaphragm compressor ~ 0.1-50 MPa 10-500 High-purity hydrogen,
Nm?/h small-scale stations
Centrifugal compressor ~ 0.5-10 MPa 500-10,000 Large-scale hydrogen
Nm’/h production, pipeline
pressurization

Hydrogen storage technology is a critical component for the safe and stable operation of hydrogen
refueling stations. Its core objective is to achieve high-capacity hydrogen storage within limited space while
ensuring the safety and reliability of the storage process. According to the physical state of hydrogen, the
storage technologies commonly used in hydrogen refueling stations can be divided into three categories:
high-pressure gaseous storage, liquid storage, and solid-state storage (emerging technology) [62,63]. Table 3
presents a technical comparison of different storage technologies.

Table 3: Technical comparison of different storage technologies

Technical Pressure/Temperature Hydrogen storage Application scenarios
type density (kg/m’)

High- 20-70 MPa 16-39 (35-70 MPa) Medium and small
pressure hydrogen refueling
gaseous stations, 35 MPa
storage scenarios

Liquid Atmospheric 70.8 Large hydrogen refueling
storage pressure/—253°C stations, 70 MPa

scenarios
Solid-state Atmospheric 50-150 (Theoretical Laboratory scenarios,
storage pressure/heating value) special safety
requirements

2.2 Process Flow of Hydrogen Refueling Station

The process flow of a hydrogen refueling station mainly includes core links such as hydrogen supply,
compression, storage, and dispensing, while possibly involving supporting processes such as on-site hydro-
gen production and purification [64,65]. The station equipment mainly includes gas unloading columns,
compressors, hydrogen storage tanks, hydrogen dispensers, and safety control systems.
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In the hydrogen receiving stage, high-pressure or liquid hydrogen is transported to the station by tank
trucks and connected to the gas unloading column via metal hoses. Operators manually open the valve of
the tank truck bottle group, and hydrogen enters the buffer tank after being filtered by the gas unloading
column. Environmental temperature must be monitored during this process: liquid hydrogen must be stored
below —253°C, and the pressure of gaseous hydrogen is typically 20 MPa [66]. After receiving, the pipeline
must be purged with nitrogen to prevent residual gas from mixing with air.

In the hydrogen compression stage, a diaphragm compressor is used to pressurize hydrogen to 45
MPa or higher. Pre-cooling treatment is required before the compressor operates to avoid failure of sealing
materials due to high temperatures. A cooling device is installed after each compression stage to control the
gas temperature within 50°C [67]. A check valve is installed at the compressor outlet to prevent gas backflow.
The system is equipped with pressure sensors for real-time monitoring, and a safety valve is automatically
triggered in case of overpressure.

Hydrogen storage is divided into two forms: high-pressure hydrogen storage bottle groups and low-
temperature liquid storage tanks. The high-pressure hydrogen storage bottle groups operate by connecting
high-pressure storage tank trailers to the station’s hydrogen unloading column, transferring hydrogen to
the storage tanks using the pressure difference between the trailer and the storage tanks (or starting the
compressor). Low-temperature liquid storage tanks operate by delivering liquid hydrogen to the station’s low-
temperature storage tanks through cryogenic pumps. During storage, part of the liquid hydrogen vaporizes
into gaseous hydrogen, which needs to be recycled.

In the dispensing stage, the pressure is regulated through a sequence control panel, and the hydrogen
dispenser is equipped with a mass flow meter and a temperature compensation system. Vehicle refueling
is divided into three pressure stages: rapid filling to 35 MPa in the initial stage, deceleration to 15 MPa in
the middle stage, and precise pressurization to the target pressure in the final stage [68]. The hydrogen
refueling nozzle adopts a self-sealing design, which automatically cuts off the gas supply in case of accidental
detachment. Each hydrogen dispenser is equipped with dual pressure sensors, and if the error exceeds 1%, the
machine will immediately stop for maintenance. Fig. | shows a typical process flow diagram of a hydrogen
refueling station.

Hydrogen - fuel - cell bus

Hydrogen . Hydrogen Hydrogen
[ transport vehicle ] »[Gas unloading column ]»[ St g ] - [ storage tank » refueling station O
20
5

Schematic diagram of high-pressure hydrogen storage hydrogen refueling station Hydrogen - fuel - cell vehicle

o

Liquid hydrogen Liquid hydrogen Liquid . Accumulator Hydrogen Hydrogen - fuel - cell bus
b Vaporizer . .
transport vehicle storage tank hydrogen pump bottle group refueling station /
<2}

Schematic diagram of low-temperature liquid hydrogen storage hydrogen refueling station Hydrogen - fuel - cell vehicle

Figure 1: Process flow diagram of a common hydrogen refueling station
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3 Technical Architecture and Evolution of C-V2X Technology
3.1 Working Principles and Basic Architecture of C-V2X Technology

C-V2Xis a vehicle wireless communication system based on cellular communication technology, which
realizes interactions between vehicles (V2V), vehicles and infrastructure (V2I), vehicles and pedestrians
(V2P), and vehicles and networks (V2N) through direct communication and cellular networks, enhancing
traffic safety, traffic efficiency, and driving experience. The technical architecture of C-V2X takes communi-
cation as its core, and through the coordination of terminals, networks, and cloud platforms, it constructs an
intelligent transportation ecosystem with all-round connections of humans, vehicles, roads, and clouds. Its
core advantages lie in combining the real-time performance of direct communication with the wide coverage
of cellular networks, which not only meets emergency safety needs but also supports diversified information
services. It is one of the infrastructure for the development of intelligent connected vehicles and autonomous
driving. Table 4 presents four types of C-V2X technologies.

Table 4: Four technologies of C-V2X

V2X Communication Equipment Application field Specific applications

object type

V2V Vehicle On Board Unit Avoid or reduce traffic Forward collision

accidents, vehicle warning, vehicle
supervision and out-of-control warning,
management, etc. etc.

V2I  Infrastructure Road Side Unit Real-time information Red light warning, speed

services, vehicle monitoring limit warning, etc.
and management, etc.

V2P Pedestrian Electronic Avoid or reduce traffic Road pedestrian warning,
devices such as accidents, information reversing warning, etc.
mobile phones services, etc.

V2N Network Base station Vehicle navigation, remote Traffic information, data
(NB, eNB, gNB) vehicle monitoring, etc. sharing between vehicles

and cloud, etc.

As a core technology of intelligent connected vehicles, C-V2X has evolved from technical verification
to large-scale commercialization. With the deepening of 5G deployment, strengthened policy support, and
industrial chain collaboration, it will play a greater role in traffic safety, autonomous driving, and smart
cities [69,70]. Fig. 2 shows the panoramic view of C-V2X technologies.

The technical architecture of C-V2X takes the communication network as its core. By integrating termi-
nal devices, communication networks, cloud platforms, and application services, it constructs an intelligent
transportation ecosystem with coordinated “human-vehicle-road-cloud” interactions. The architecture is
divided into four core components: the terminal layer, network layer, platform layer (cloud), and application

layer, with each layer collaborating to realize diverse functions of vehicle networking. Fig. 3 shows the
architecture diagram of C-V2X.
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Figure 2: Panoramic view of C-V2X technology
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Figure 3: The overall framework of C-V2X
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3.2 Evolution of C-V2X Technology

C-V2X technology is a vehicle wireless communication technology evolved from cellular network com-
munication technologies such as 3G, 4G, and 5G, defined by the 3GPP organization, aiming to enable direct
wireless communication between vehicles [71,72]. C-V2X provides two complementary communication
modes: one is the direct communication mode, in which data transmission between terminals is carried out
through a direct link (PC5 interface) without passing through a base station, enabling direct communications
such as V2V, V2I, and V2P, and supporting both scenarios within and outside cellular coverage; the other
is the cellular mode, which follows the traditional cellular communication mode, uses the Uu interface
between terminals and base stations to achieve V2N communication, and can realize V2V, V2I, and V2P
communications through data forwarding based on base stations [73,74].

With the evolution of cellular mobile communication systems, the LTE-V2X standard was first intro-
duced in 3GPP Release 14, laying the foundation for the development of C-V2X technology. Designed based
on LTE technology, LTE-V2X introduces terminal support for direct communication between vehicles and
between vehicles and infrastructure, adapting to the direct communication characteristics of connected
vehicles and meeting the requirements of low-latency and high-reliable transmission. It mainly includes
technical enhancements in physical layer architecture design for direct links, resource allocation, HARQ
mechanisms, synchronization, and other aspects [75,76]. LTE-V2X is primarily oriented toward basic
safety services, such as safety warnings between vehicles and collision warnings between vehicles. NR-
V2X represents a stage of continuous development and evolution from LTE-V2X technology [77]. Based
on the new wireless transmission technology of 5G, it does not need to consider backward compatibility
with LTE, offering a more flexible design and the ability to meet broader service requirements [78-80].
NR-V2X has improved data rates and transmission delays, supporting more flexible V2X communication
services with shorter latency and higher data rates. It also supports further developments such as inter-vehicle
coordination and power-saving mechanisms [81,82]. Fig. 4 shows the specific research progress of C-V2X.
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Figure 4: Specific research progress of C-V2X technology

4 Application of C-V2X in the Hydrogen Refueling Station Sector

The application of C-V2X technology in the hydrogen refueling station sector enables real-time data
interaction between hydrogen refueling stations, vehicles, and infrastructure, significantly enhancing the
operational efficiency of hydrogen refueling stations and the user experience. Through V2I communication
of C-V2X technology, vehicles can send hydrogen refueling requirements to hydrogen refueling stations
in advance (such as vehicle type, hydrogen storage tank capacity, estimated arrival time, etc.). Hydrogen
refueling stations can dynamically allocate hydrogen refueling positions based on real-time status (such as
the current number of waiting vehicles and equipment availability), and feedback confirmation information
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to vehicle navigation systems through V2N. Meanwhile, hydrogen refueling stations can collaborate with
traffic lights and road sensors to monitor surrounding traffic conditions, avoid congestion, and guide vehicles
to reach the station efficiently. In addition, hydrogen refueling stations can interact with traffic management
systems via V2N (Vehicle-to-Network) to push real-time status updates of the hydrogen refueling stations
to surrounding vehicles during peak hours, guiding traffic diversion to prevent congestion. Fig. 5 shows the
flow chart of the vehicle energy charging mode.
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Figure 5: Flow chart of vehicle energy charging mode

Key equipment in hydrogen refueling stations, such as compressors, hydrogen storage tanks, and
hydrogen refueling guns, can upload operational data (such as pressure, temperature, and fault codes)
to the cloud management platform through V2N communication of C-V2X. Maintenance personnel can
remotely monitor the health status of the equipment, provide advance warnings of potential failures (such
as pipeline leakage risks), and issue real-time control commands through edge computing nodes (such as
RSU) to achieve automated maintenance or emergency shutdown. When a leak or anomaly is detected, the
system automatically triggers multi-level warnings, sending alarms to on-site staff terminals via V2I and
coordinating with the fire protection system to activate sprinklers or cut off the gas supply. Dangerous area
information (such as a no-entry order within a 500-m radius) is synchronized to the traffic management
system via V2N, automatically adjusting traffic lights, issuing detour prompts, and pushing emergency
evacuation commands to nearby vehicles through the PC5 interface. In addition, the identity authentication
mechanisms based on C-V2X (such as digital certificates and commercial cryptography technologies) can
ensure the authenticity and security of communication data, prevent malicious attacks or data tampering,
and reduce security risks.

Finally, the collaboration between hydrogen refueling stations and intelligent transportation systems
can position hydrogen refueling stations as key nodes in the transportation network. Through V2N com-
munication of C-V2X, they can connect with city-level smart transportation platforms to share real-time
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operational data (such as hydrogen reserves and service capacity). The platform optimizes the layout and
scheduling strategies of hydrogen refueling stations based on traffic flow forecasts and the distribution of
hydrogen-powered vehicles. For example, in logistics parks with a high concentration of hydrogen-powered
heavy trucks, hydrogen refueling stations can receive the driving routes and demands of freight vehicles via
V2N, allocate resources in advance, and reserve refueling positions, achieving coordination among “vehicles,
stations, and roads” Fig. 6 shows the basic schematic diagram of the collaboration between C-V2X and
hydrogen refueling stations.
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Figure 6: Basic schematic diagram of interconnection between C-V2X and hydrogen refueling station

Collaborative scheduling of renewable energy and hydrogen energy. For integrated hydrogen produc-
tion and refueling stations (such as those using photovoltaic or wind power for water electrolysis to produce
hydrogen), in C-V2X, V2N communication can link the real-time hydrogen production capacity of hydrogen
production equipment with the power grid and energy storage systems [83]. When there is excess power
generation from renewable energy, it is preferentially used for hydrogen production, and the hydrogen
refueling station is notified via V2N to increase hydrogen storage; during peak power grid loads, the hydrogen
production equipment can receive demand response signals via V2N to adjust production capacity and
balance power grid fluctuations. This “source-grid-load-storage” collaborative model can reduce the energy
costs of hydrogen refueling stations and improve the consumption efficiency of renewable energy.

C-V2X technology provides critical communication support for the intelligent upgrading of hydrogen
refueling stations, with its applications covering multiple dimensions such as resource scheduling, safety early
warning, traffic coordination, and user services. With the popularization of 5G networks and the large-scale
development of the hydrogen energy industry, C-V2X will become the core link for the deep integration of
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hydrogen refueling stations with vehicle networks and energy networks, driving the collaborative develop-
ment of “zero-carbon transportation” and “smart energy”. Fig. 7 shows the advantages of C-V2X integration
with hydrogen refueling stations.
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Figure 7: Advantages of C-V2X integration with hydrogen refueling stations

5 Conclusion

The interconnection between C-V2X and hydrogen refueling stations is a critical link to promote the
large-scale application of hydrogen-powered vehicles, demonstrating multiple advantages over traditional
hydrogen refueling stations: In terms of real-time data interaction, relying on a three-level communication
architecture of “vehicle-station-cloud” (PC5 direct connection + 5G cellular), it achieves millisecond-level
data closure. Vehicles can obtain real-time dynamic information such as hydrogen reserves and nozzle
status, which improves route planning efficiency and shortens queuing time. In terms of safety protection,
by integrating functions such as hydrogen concentration monitoring, vehicle status linkage, and encrypted
early warning, the accident response time is shortened and the risk of misoperation is minimized; In terms
of energy management, dynamic matching algorithms are used to couple hydrogen energy supply and
demand with power grid loads, reducing hydrogen production costs during off-peak electricity periods
and decreasing equipment standby energy consumption. Additionally, in emergency scenarios, vehicle
energy storage can be converted into emergency power for the power grid; In terms of transformation and
collaboration, modular design shortens the transformation cycle of hydrogen refueling stations, significantly
cutting costs. Customized data protocols address cross-industry interface standard issues, establishing a
commercial closed loop for data interoperability among “vehicles, energy, and networks”. In terms of user
experience, AR navigation for refueling, unmanned operations, and personalized services (such as carbon
footprint labels and off-peak discounts) reinvent the energy refueling scenario and enhance user satisfaction.
This technological integration not only achieves dual upgrades in safety and efficiency but also reshapes the
hydrogen energy refueling ecosystem through cross-domain collaboration, providing critical support for the
large-scale adoption of hydrogen-powered vehicles and the implementation of the “dual-carbon” goals.
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Despite the multiple advantages demonstrated by the interconnection of C-V2X technology with
hydrogen refueling stations, numerous challenges remain. First, in terms of technological integration, C-V2X
needs to integrate 5G cellular communication (Uu interface) and direct communication (PC5 interface), but
these two types of networks have contradictions in latency (average latency of cellular networks is 20-50 ms,
while the PC5 interface can achieve below 5 ms but has limited coverage) [84], anti-jamming capabilities, and
spectrum resource allocation. Hydrogen refueling station control systems mostly use industrial protocols,
while C-V2X devices rely on LTE/5G standard protocols. Data interoperability between the two must be
achieved through protocol conversion gateways, but existing conversion modules suffer from data loss rates
and processing latency issues. In addition, during the hydrogen refueling process, real-time synchronization
of nozzle status and vehicle energy storage status is required, but existing sensors struggle to meet the demand
for millisecond-level coordination. Therefore, it is necessary to accelerate the research and development
of dual-link redundant communication technologies, adopt a dynamic switching mode of “5G cellular +
PC5 direct connection”, and integrate channel status prediction algorithms (such as LSTM-based signal
attenuation models) to improve communication reliability.

In addition, in terms of data security, although the PC5 interface supports direct communication, the
lack of base station relay increases the difficulty of encryption. The deployment efficiency of the national
cryptographic algorithm SM4 on mobile terminals struggles to meet the demands of high-concurrency
data transmission. If attackers forge hydrogen reserve information, it may cause vehicles to misjudge routes
or trigger misoperations of hydrogen refueling station equipment. Existing C-V2X test scenarios do not
cover the unique environmental factors of hydrogen refueling stations (such as corrosion of communication
equipment caused by hydrogen leaks), leading to insufficient verification of equipment reliability. At the
same time, in terms of privacy protection, the association between vehicle VIN codes and hydrogen
refueling data may disclose user trajectories, and existing anonymization technologies cannot meet GDPR
compliance requirements.

Finally, in terms of energy management and costs, the utilization rate of hydrogen production equip-
ment during oft-peak electricity consumption periods is relatively low, and the response time of bidirectional
energy storage regulation fails to meet the frequency modulation requirements of the power grid. The cost of
intelligent transformation for a single hydrogen refueling station is approximately 2 million yuan. However,
the construction subsidy for hydrogen refueling stations does not cover C-V2X equipment, and the priority
of spectrum resource allocation is relatively low, resulting in a low coverage overlap rate. It is necessary to
research and develop electricity-hydrogen collaborative optimization algorithms, integrate real-time power
grid tariffs and vehicle hydrogen refueling demands, and develop multi-objective optimization models to
increase the proportion of hydrogen production during off-peak electricity periods.

Despite the challenges mentioned above, the interconnection technology between C-V2X and hydrogen
refueling stations has broad development prospects and potential. In the future, this technology will
follow a development path characterized by “policy guidance, standardization, scenario deepening, and
ecological closed-loop”. Meanwhile, with the enhancement of 5G-A/6G communication, optimization of
Al edge computing, and blockchain security protection, it is expected to achieve a new hydrogen energy
transportation business format featuring the trinity of “smart scheduling, safety control, and commercial
closed-loop”. In the future, leveraging the global interconnection capabilities of C-V2X, China can lead the
construction of the “Belt and Road” hydrogen energy corridor. Through C-V2X, transnational dynamic
scheduling will be realized, forming a new international cooperation model integrating hydrogen energy
standard export, equipment export, and energy trade, and providing systematic solutions for the carbon
neutrality goal. In summary, integrating C-V2X technology into the hydrogen energy sector holds significant
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strategic and practical value for building a safe, efficient, and low-carbon hydrogen energy application
ecosystem and advancing the global zero-carbon transportation transition.
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