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Abstract - The widespread adoption of fuel cell electric 
vehicles (FCEVs) has prompted intensive research into 
efficient methods for measuring hydrogen consumption 
within these vehicles. Among these methods, flowmeter-
based measurement systems have emerged as a promising 
avenue due to their accuracy, reliability, and compatibility 
with onboard vehicle systems. This review paper provides a 
comprehensive overview of flowmeter-based measurement 
techniques employed in the quantification of hydrogen 
consumption in FCEVs. It explores various types of 
flowmeter technologies, including thermal, ultrasonic, and 
mass flow sensors, highlighting their principles of operation 
and performance characteristics. Furthermore, the paper 
discusses key considerations in the design and 
implementation of flowmeter-based measurement systems, 
such as calibration procedures, sensor placement, and data 
processing techniques. Additionally, it examines the 
challenges and limitations associated with flowmeter-based 
measurements, such as sensitivity to operating conditions, 
accuracy under dynamic flow regimes, and potential sources 
of error. Through a critical analysis of existing literature 
and case studies, this review aims to provide insights into 
the state-of-the-art methodologies and emerging trends in 
flowmeter-based hydrogen consumption measurement in 
FCEVs, offering valuable guidance for future research and 
development efforts in this burgeoning field.  
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1.BACKGROUND 

Fuel cell technology has a rich history spanning over two 
centuries. Its roots can be traced back to the 
groundbreaking work of Sir William Grove in 1839 when 
he first demonstrated the principle of converting chemical 
energy into electricity through hydrogen and oxygen. 
Throughout the 20th century, fuel cell research 
progressed steadily, buoyed by interest from both 
scientific and industrial communities. NASA's involvement 
in the 1960s propelled fuel cells into the spotlight, 
especially with the development of the Proton Exchange 
Membrane (PEM) fuel cell for space missions. Despite 
early successes, commercialization faced hurdles due to 
high costs and technical challenges. However, the late 20th 
century saw significant strides in cost reduction and 

performance improvement, leading to niche applications 
such as backup power and forklifts. With ongoing 
advancements in efficiency, hydrogen infrastructure 
development, and integration with renewables, fuel cell 
technology is poised to play a vital role in a sustainable 
energy future, particularly in transportation and 
stationary power generation. 

2.INTRODUCTION  
 
The transition to sustainable transportation has fueled the 
development and adoption of fuel cell electric vehicles 
(FCEVs) powered by hydrogen. These vehicles offer zero-
emission operation and the potential to significantly 
reduce greenhouse gas emissions compared to 
conventional internal combustion engine vehicles. Central 
to the efficient utilization of hydrogen in FCEVs is the 
accurate measurement of hydrogen consumption. Among 
various methods employed for measuring hydrogen 
consumption in FCEVs, flowmeter-based techniques have 
emerged as a promising solution. Flowmeters provide 
direct and real-time measurements of hydrogen flow 
rates, offering advantages such as high accuracy, rapid 
response times, and compatibility with dynamic operating 
conditions. 

This review paper aims to provide a comprehensive 
overview of flowmeter-based measurement techniques for 
hydrogen consumption in FCEVs. It will delve into the 
principles underlying flowmeter operation, highlighting 
the different types of flowmeters utilized in FCEV 
applications, including thermal mass flowmeters, Coriolis 
flowmeters, and volumetric flowmeters. Furthermore, the 
paper will explore the calibration procedures and 
accuracy considerations essential for ensuring precise 
measurement of hydrogen flow rates. In addition to 
technical aspects, this review will also address the 
practical challenges and limitations associated with 
flowmeter-based measurement systems in FCEVs, such as 
sensitivity to temperature and pressure variations, 
maintenance requirements, and cost considerations. 
Moreover, the integration of flowmeter-based 
measurement systems into onboard hydrogen storage and 
dispensing infrastructure will be discussed, emphasizing 
their role in enabling efficient refueling operations and 
extending the driving range of FCEVs. The review will 
highlight recent advancements and emerging trends in 
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flowmeter technology, including the development of 
miniaturized and cost-effective flow sensors suitable for 
mass-market adoption of FCEVs. Additionally, the 
integration of flowmeter data with onboard vehicle 
systems and telematics for real-time monitoring and 
optimization of hydrogen consumption will be explored. 
By synthesizing the current state-of-the-art and 
identifying areas for future research and development, 
this review aims to provide valuable insights for 
researchers, engineers, and policymakers working 
towards advancing the adoption of FCEVs as a sustainable 
transportation solution. 

3.HYDROGEN FUEL CELL FOR ELECTRIC VEHICLE 

Hydrogen fuel cell technology presents an innovative 
approach to powering electric vehicles (EVs), operating 
through an electrochemical reaction between hydrogen 
and oxygen. This reaction generates electricity to drive the 
vehicle, emitting only water vapor as a byproduct. Notably, 
hydrogen fuel cell EVs offer distinct advantages, including 
rapid refueling times, extended driving ranges, and 
potentially lighter vehicle weights without bulky battery 
packs. However, significant challenges remain, foremost 
among them being the sparse infrastructure for hydrogen 
refueling stations. Moreover, the current high costs 
associated with hydrogen production, storage, and 
distribution pose obstacles to widespread adoption. 
Efficiency concerns also linger, as hydrogen fuel cell 
technology continues to improve but still falls short of the 
energy efficiency achieved by battery electric vehicles. 
Despite these challenges, hydrogen fuel cell EVs find 
promising applications in heavy-duty transportation 
sectors like buses and trucks, where long ranges and quick 
refueling are crucial. Furthermore, ongoing research and 
development efforts aim to enhance the technology's 
efficiency, lower costs, and increase scalability, potentially 
paving the way for a more sustainable future in 
transportation. 

 

Figure-1: Hydrogen Fuel Cell for Electric Vehicle 

3.1.MECHANISM OF HYDROGEN FUEL ELECTRIC 
VEHICLE 

A hydrogen fuel cell electric vehicle (FCEV) operates 
through a sophisticated mechanism that harnesses the 
energy potential of hydrogen gas. Stored in high-pressure 
tanks onboard the vehicle, hydrogen is drawn into a fuel 
cell stack alongside oxygen from the surrounding air. 
Within this stack, numerous individual fuel cells, each 
containing an anode, a cathode, and an electrolyte 
membrane, facilitate an electrochemical reaction. At the 
anode, hydrogen molecules split into protons and 
electrons, with the latter flowing through an external 
circuit, generating an electric current that powers the 
vehicle's electric motor. Meanwhile, protons migrate 
through the electrolyte membrane to the cathode, where 
they combine with oxygen and electrons, forming water 
vapor as the only byproduct. This seamless process 
produces electricity for propulsion, with the vehicle 
emitting only water vapor, making FCEVs an appealing 
option for clean and sustainable transportation. Despite 
these advantages, challenges persist, including the need 
for infrastructure development and cost reduction to 
realize their full potential in the automotive market. 

 

Figure-2:Mechanism of Hydrogen Fuel Electric Vehicle 

3.2.IMPROVEMENT OF HYDROGEN FUEL 
ELECTRIC VEHICLE. 

Improving hydrogen fuel electric vehicles (HFEVs) 
involves advancements in several key areas to make them 
more efficient, practical, and widespread. Here are some 
potential areas for improvement: 

Hydrogen Production: The primary challenge with HFEVs 
is the production of hydrogen. Currently, most hydrogen is 
produced through steam methane reforming (SMR), which 
generates greenhouse gases. Advancements in renewable 
energy-powered electrolysis, such as solar or wind, could 
make hydrogen production more sustainable and 
environmentally friendly. 
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Storage and Distribution: Developing more efficient and 
lightweight hydrogen storage solutions is crucial. 
Research into advanced materials like carbon nanotubes 
or metal-organic frameworks (MOFs) could enhance 
hydrogen storage capacity and safety. Improving 
distribution infrastructure, including pipelines and 
refueling stations, is also necessary for widespread 
adoption. 

Fuel Cell Technology: Enhancements in fuel cell 
technology can improve efficiency, durability, and cost-
effectiveness. Research efforts should focus on increasing 
power density, reducing platinum catalyst usage, and 
improving heat and water management within the fuel cell 
stack. 

Cost Reduction: Cost is a significant barrier to the 
widespread adoption of HFEVs. Continued research and 
development to reduce the cost of hydrogen production, 
storage, and fuel cell components are essential. Economies 
of scale in manufacturing can also help drive down costs. 

Performance and Range: Increasing the driving range of 
HFEVs and enhancing their performance are crucial for 
consumer acceptance. This involves improving fuel cell 
efficiency, optimizing vehicle aerodynamics, and reducing 
weight through advanced materials and design. 

Safety: Addressing safety concerns associated with 
hydrogen, such as its flammability and potential leakage, is 
vital. Developing robust safety protocols, implementing 
effective leak detection systems, and improving 
crashworthiness of hydrogen tanks are essential steps. 

Regulatory Support and Infrastructure Development: 
Governments play a critical role in supporting HFEV 
technology through incentives, subsidies, and regulations. 
Policies that encourage investment in hydrogen 
infrastructure and research and development can 
accelerate progress in this field. 

Public Awareness and Acceptance: Increasing public 
awareness and acceptance of HFEVs is essential for 
market growth. Education campaigns highlighting the 
benefits of hydrogen as a clean energy carrier and 
addressing misconceptions about safety and practicality 
can help drive consumer interest. 

Integration with Renewable Energy: Leveraging surplus 
renewable energy to produce hydrogen through 
electrolysis can help address intermittency issues and 
facilitate the transition to a low-carbon energy system. 
Integrating HFEVs with renewable energy sources can 
enhance sustainability and reduce reliance on fossil fuels. 

 

 

4.ADVANTAGE OF HYDROGEN FUEL ELECTRIC 
VEHICLE 

Hydrogen fuel cell electric vehicles (FCEVs) offer several 
advantages over traditional gasoline or even battery 
electric vehicles (BEVs). Here are some key advantages: 

Zero Emissions: FCEVs produce zero tailpipe emissions, 
only emitting water vapor and heat as byproducts. This 
makes them environmentally friendly and helps reduce air 
pollution, particularly in urban areas where air quality is a 
concern. 

Longer Range: Hydrogen fuel cells typically offer longer 
driving ranges compared to battery electric vehicles. 
FCEVs can refuel much faster than charging a battery, 
allowing for longer journeys without extended downtime 
for recharging. 

Fast Refueling: Refueling a hydrogen fuel cell vehicle is 
comparable in time to refueling a gasoline vehicle, taking 
just a few minutes. This is much faster than charging a 
battery electric vehicle, which can take significantly longer 
depending on the charging infrastructure and the battery's 
capacity. 

Energy Density: Hydrogen has a higher energy density 
compared to batteries, meaning more energy can be 
stored in a given volume or weight. This contributes to the 
longer range capabilities of FCEVs. 

Versatility: Hydrogen fuel can be produced from a variety 
of sources, including natural gas, biomass, and renewable 
energy sources like wind and solar. This versatility means 
that FCEVs can be powered by domestically produced and 
renewable sources of energy, potentially reducing 
dependence on imported fossil fuels. 

Reduced Dependence on Rare Earth Metals: While 
battery electric vehicles require significant amounts of 
rare earth metals for their batteries, hydrogen fuel cells 
use more common materials like platinum and carbon. 
This can reduce concerns about the scarcity of rare earth 
metals and their environmental impact. 

Potential for Energy Storage: Hydrogen can serve as a 
means of storing excess renewable energy generated from 
sources like wind and solar power. This stored hydrogen 
can then be used to generate electricity in fuel cells when 
needed, helping to balance the intermittency of renewable 
energy sources and support grid stability. 

5.LITERATURE REVIEW 

In the section of the literature review,we have studeid the 
previous research work on the hygroen fuel in the electric 
vehicle, and technique used in those research paper, the 
summary of the previous research given below: 
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Tao Ma (2024): In this paper , a Q-learning-based 
algorithm was used to reduce the variation of the SOC 
battery by about 0.7 per unit, while a Deep Deterministic 
Policy Gradient (DDPG) based energy management system 
(EMS) started operating the fuel cell at a higher efficiency 
rate comparatively while using the battery. Q-learning-
based algorithm reduced SOC battery variation by 0.7 per 
unit. DDPG-based EMS operated fuel cell at higher 
efficiency. 

Jinchao (2023): In this article , the development of 
hydrogen fuel cell vehicles is comprehensively introduced, 
and the related characteristics of hydrogen energy, 
hydrogen fuel cells work are discussed, while the use of 
the hydrogen fuel car and challenges, analysis of the cases 
of several existing hydrogen fuel-cell cars and hydrogen 
fuelcell vehicles in China in the future are given in this 
paper. The development and characteristics of hydrogen 
fuel cell vehicles are discussed. The future of hydrogen 
fuel electric vehicles is presented. 

Guangjin et.al (2023): In this article , the authors provide 
reference and guidance for the future development of 
renewable hydrogen energy and hydrogen fuel cell hybrid 
electric vehicles, and summarize the existing hybrid power 
circuit topology, categorizes the existing technical 
solutions, and finally looks forward to the future for 
different scenarios of hydrogen fuelcell hybrid power 
systems. Summarizes existing hybrid power circuit 
topology for hydrogen fuel cells. Provides guidance for 
future development of hydrogen fuel cell vehicles. 

Dinda et.al (2023):  The research paper presents a 
system using Node-RED software and RS232 flowmeter to 
monitor hydrogen output in Fuel Cell Electric Vehicles, 
achieving 1.38 with 1.46 l/min speed.  In this article , a 
serial flowmeter monitoring system for hydrogen output 
in FCEVs using Node-RED software application and RS 232 
output was presented. But the authors did not provide 
new knowledge regarding the monitoring system. Design 
of a monitoring system for hydrogen output in FCEVs 
using Node-RED software and RS 232 flowmeters. 
Flowmeter testing experiment obtained hydrogen output 
data. 

Tiande et.al (2023): The automotive industry is 
undergoing a profound transformation driven by the need 
for sustainable and environmentally friendly 
transportation solutions as discussed by the authors , and 
the automotive industry needs to be transformed to meet 
the needs of the future. Fuel cell vehicles have lower 
energy consumption costs and total cost of ownership 
compared to traditional and electric vehicles. The maturity 
of fuel cell system technology determines the development 
prospects of fuel cell vehicles. 

Aiman et.al (2023): In this paper , the authors 
investigated whether hydrogen vehicles will replace 

electric vehicles in the future, and they concluded that 
hydrogen vehicles are unlikely to compete with electric 
cars, at least before 2050. Fuel-cell electric vehicles 
(FCEVs) are unlikely to compete with electric vehicles 
(EVs) due to advancements in EV technology and charging 
infrastructure. Hydrogen vehicles may be beneficial for 
heavy transport in remote areas, but niche markets may 
not be large enough to support fuel-cell electric truck 
commercialization. 

Yang et.al (2022): In this article , a power-source sizing 
model based on the Pontryagin's Minimum Principle 
(PMP) was developed to minimize the fuel consumption of 
FCHVs, considering different driving cycles (i.e., FTP-72 
and US06) and battery state of charge (SOC) ranges. Fuel 
consumption is significantly affected by different SOC 
ranges and driving cycles. Power-source size is positively 
correlated with fuel consumption, with fuel cell size 
having a greater impact than battery size. 

Murphy (2022): In this article , an approach combining 
traditional multiphysics analyses, design of experiments, 
and machine learning is an effective blend for accelerated 
data supply and analysis that accurately predicts the fuel 
consumption peaks in fuel cell electric vehicles. AI-based 
machine learning is effective for fuel cell electric vehicle 
assessment and optimization.The combination of 
traditional multiphysics simulation, design of experiments, 
and machine learning accurately predicts fuel 
consumption peaks with less than 1% error. 

Kang et.al (2022): Flowmeter calibration methods for 
hydrogen refueling stations are developed, ensuring 
accurate measurement of hydrogen flow rates for fuel cell 
electric vehicles, aiding in precise consumption 
monitoring. In this paper , a flow measurement 
characteristic test of the hydrogen mass flowmeter under 
identical density conditions of the refueled hydrogen was 
conducted using the high-pressure gas flow standard 
system of the Korea Research Institute of Standards and 
Science to assess the effects on the medium and pressure 
of the mass flow meter in a density-matching approach. 
Developed calibration methods for hydrogen flow meters. 
Established a standard to verify measurement accuracy in 
Korea. 

David (2022): A comprehensive overview of real and 
current applications is presented in this article concerning 
existing prototypes and commercially available vehicles, 
with a focus on the main key performance indicators, such 
as efficiency, mileage, and energy consumption. The paper 
provides a comprehensive analysis of hydrogen-fuel cell 
hybrid powertrains. It presents different layouts, 
operating solutions, and energy performance of fuel cell 
applications in the road sector. 

Igor & Andrii (2022): In this article , the influence of the 
radial and axial heat flux of the thermal flowmeter tube on 
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the accuracy of fuel flow measurement is investigated. And 
the authors make recommendations on the choice of 
design parameters of a thermal flow meter at the stage of 
its design, development or use under the condition of 
reducing the influence on the radial heat flow on the axial 
one, which will reduce the total error in the measurement 
of the fuel flow rate. nfluence of design parameters on 
thermal flowmeter's accuracy analyzed. 
Recommendations for reducing total error in fuel flow rate 
measurement. 

Lan et.al (2022): In this paper , the authors provide a 
comprehensive overview of fuel cell electric vehicles' 
hydrogen dispersion and the burning behavior and 
introduce the relevant work of international 
standardization and global technical regulations. 
Hydrogen safety is both a technical and psychological 
problem. Fuel cell electric vehicles have a high level of 
safety. 

Tarek et.al (2022): A review of EVs focusing on hydrogen 
FCEVs with the above matters in mind is presented in this 
paper , where an examination of the FCEV technology and 
their prospective worldwide is investigated in this work. 
FCEVs have minor issues but promising solutions have 
been proposed. Countries are setting deadlines for fossil 
fuel-based cars, leading to a shift towards electric vehicles. 

Thomas et.al (2022): In this paper , the authors 
presented the first FCEV sampling system and its 
comparison with the hydrogen fuel sampling from the HRS 
nozzle (as requested by international standard ISO 
14687). The prototype FCEV sampling system provides 
representative samples. The system can be an alternative 
to determine hydrogen fuel quality. 

Kyoungho & Hesham (2022): In this article , a simple 
hydrogen fuel cell vehicle (HFCV) energy consumption 
model was proposed to evaluate the energy consumption 
effects of transportation projects and connected and 
automated vehicle (CAV) transportation applications 
within microscopic traffic simulation models. Proposed 
model accurately estimates HFCV energy consumption. 
Model can be used in transportation projects and CAV 
applications. 

Dong et.al (2020): In this article, a new test method for 
the hydrogen consumption, electric energy consumption, 
and range of FCVs is proposed without the use of 
additional hydrogen supply, measurement instruments, or 
energy consumption correction, which can improve the 
operability of the test and avoid the conversion between 
electric energy and hydrogen.  New test method meets fuel 
economy requirements for FCVs. Operability improved 
without additional instruments or energy consumption 
correction. 

Stephen et.al (2020): In this paper, the authors evaluated 
the possibility of replacing the IC engine in the existing 
hybrid vehicles with the Hydrogen fuel cell system and 
validated the fuel economy performance of the vehicle 
using experimental data. Possibility of replacing IC engine 
with hydrogen fuel cell system. Reduction in CO2 and 
pollutants by replacing IC engines with hydrogen fuel cell. 

Hoon et.al (2011): The indirect hydrogen recirculation 
flow rate measurement method for fuel cell vehicle is 
presented and the total flow rate was calculated by means 
of the mass balance and heat balance at Anode In/Outlet. 
Indirect hydrogen recirculation flow rate measurement 
method presented. Hydrogen recirculation flow rate 
calculated using mass and heat balance. 

Nicalo et.al (2011): In this article, different low-polluting 
vehicles and fuels have been proposed to improve 
environmental situation, which include advanced internal 
combustion engine (ICE), spark-ignition (SI) or 
compression ignition (CI) engines, hybrid electric vehicles 
(ICE/HEVs), battery powered electric vehicles and fuel cell 
vehicles (FCVs). SOFC systems suitable for small and 
hybrid vehicles. Emphasized theoretical basis and design 
guidelines for electric vehicles. 

5.CONCLUSION 

In conclusion, the utilization of flowmeter-based 
measurement systems presents a promising avenue for 
accurately quantifying hydrogen consumption in fuel cell 
electric cars. Through a comprehensive review of the 
literature, we have highlighted the various methodologies, 
advancements, and challenges associated with this 
approach. Flowmeter-based systems offer advantages 
such as high accuracy, real-time monitoring capabilities, 
and compatibility with different fuel cell architectures. 
However, challenges such as calibration accuracy, 
temperature sensitivity, and cost remain areas for 
improvement. Future research efforts should focus on 
addressing these challenges to further enhance the 
reliability and applicability of flowmeter-based 
measurement systems in advancing the efficiency and 
performance of fuel cell electric vehicles. Overall, the 
insights gathered from this review underscore the 
importance of continued innovation and collaboration 
within the scientific community to propel the development 
and widespread adoption of hydrogen fuel cell technology 
in the transportation sector. 
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