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Abstract: This publication explores current and prospective methods for hydrogen production and
purification, with a strong emphasis on membrane-based technologies for purification and separation.
This focus is justified by the ongoing shift towards renewable energy sources (RESs) in electricity
generation, necessitating strategic changes to increase hydrogen utilization, particularly in the au-
tomotive, heavy road, and rail sectors, by 2025–2030. The adoption of hydrogen from RESs in the
construction, energy, and industrial sectors (e.g., for process heat or fertilizer production) is also
under consideration, driving the need for innovative production, separation, and purification meth-
ods. Historically, industrial-scale hydrogen has been predominantly derived from fossil fuels, but
renewable sources such as electrolysis, biological, and thermal processes now offer alternatives with
varying production efficiencies (0.06–80%) and gas compositions. Therefore, selecting appropriate
separation and purification methods is critical based on specific usage requirements and the gas
composition. Industrial-scale hydrogen purification commonly employs pressure swing adsorption
(PSA) technologies, capable of achieving up to 99.99% purity. Cryogenic distillation is suitable for
applications needing up to 95% purity. Membrane technologies, including polymer, metallic, and
electrolytic membranes, have traditionally been limited to moderate volumes of pure gas production
but are crucial for hydrogen purification and separation. This publication critically evaluates the
potential of membrane technology for hydrogen separation, particularly in response to the anticipated
rise in demand for RES-derived hydrogen, including from renewable feedstocks.

Keywords: hydrogen production; renewable energy sources; membrane technology; hydrogen
purification

1. Introduction

Hydrogen, known for its versatility and environmental benefits as a clean energy car-
rier, plays a pivotal role in driving the global transition towards sustainable energy practices.
From powering transportation and industry to serving as a crucial component in energy
storage solutions, hydrogen presents a promising option to mitigate carbon emissions and
enhance energy security on a global scale. This review article embarks on a comprehensive
exploration of the key facets surrounding hydrogen utilization and purification, aiming to
underscore its critical significance in shaping the evolving energy landscape.

One of the most promising advancements in hydrogen technology is biohydrogen,
derived from biological processes. Biohydrogen holds immense potential as a renewable
energy source due to its production from biomass, wastewater, or organic waste materials.
This makes it a sustainable alternative to traditional fossil-fuel-based hydrogen production
methods. Purification of hydrogen is crucial to ensure its safety, efficiency, and suitability
for various industrial and energy applications. This article meticulously describes and eval-
uates different purification methods such as pressure swing adsorption (PSA), cryogenic
distillation, and membrane-based separation. Each method is assessed for its ability to
achieve the stringent purity levels demanded by modern energy systems while considering
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factors such as the environmental impact, economic feasibility, and scalability. In addition,
this review article covers several other critical topics. It discusses the escalating demand for
hydrogen amidst the ongoing transition towards renewable energy sources. The diverse
applications of hydrogen across various sectors are highlighted, emphasizing the specific
quality criteria that dictate its suitability for different uses, from high-purity industrial
processes to efficient energy storage solutions. Moreover, the article scrutinizes the methods
employed for hydrogen production, encompassing traditional fossil-fuel-based processes as
well as innovative renewable technologies like electrolysis, biological, and thermal methods.
By synthesizing these comprehensive aspects, including the topics of hydrogen demand
and the energy transition, areas of hydrogen use and quality requirements, methods of
obtaining hydrogen, and methods of hydrogen purification, this review aims to provide a
holistic understanding of hydrogen’s pivotal role in advancing sustainable energy solutions
globally. It underscores how advancements in biohydrogen and purification technologies
contribute significantly to shaping a cleaner and more resilient global energy future.

2. Hydrogen Demand and the Energy Transition

As the world increasingly prioritizes sustainability and the reduction of greenhouse
gas emissions, hydrogen has emerged as a crucial element in the transition to cleaner energy
sources. The growing demand for hydrogen is affording it a pivotal role in reshaping global
energy systems, given its potential to significantly reduce carbon footprints and support
the shift toward renewable energy. The advancement of civilization and technology brings
numerous benefits but also entails substantial consumption of natural resources and energy.
This often results in significant climate changes and environmental degradation. Despite
the advantages of technological progress, these activities pose serious threats to both Europe
and the global environment. In response, there has been a longstanding focus on ensuring
that development is sustainable and environmentally responsible. This presents major
social and economic challenges. To address these challenges, the European Commission
has introduced a comprehensive package of legislative proposals aimed at aligning EU
climate, energy, transport, and tax policies with the goal of reducing net greenhouse gas
emissions by at least 55% by 2030 compared to 1990 levels [1–29]. All 27 member states
have committed to transforming the EU into the world’s first climate-neutral continent
by 2050. This ambitious goal includes a pledge to achieve a minimum 55% reduction
in greenhouse gas emissions by 2030 relative to 1990 levels. In 2020, the Commission
adopted the Energy System Integration Strategy [1] and the Hydrogen Strategy [2]. The
provisions in these documents reflect efforts to accelerate the transition to a more integrated
and cleaner energy system, supporting a climate-neutral economy. The Energy System
Integration Strategy addresses the planning and operation of the energy system “as a
whole,” encompassing multiple energy carriers, infrastructure, and consumption sectors.
This document outlines thirty-eight actions aimed at implementing the necessary reforms,
including the promotion of renewable and low-emission fuels, such as hydrogen, for sectors
that are difficult to decarbonize.

On the other hand, the European Hydrogen Strategy aims to create favorable condi-
tions for increasing the supply of and demand for clean hydrogen for a climate-neutral
economy. According to the Hydrogen Strategy, hydrogen, as a gas with great potential,
can be used directly in the production of chemicals and transportation. Additionally, it
can serve as a carrier to support seasonal fluctuations by storing renewable energy or as a
transport medium connecting energy production sites with distant demand centers.

The European Hydrogen Strategy also outlines key actions and presents a program
with the ambitious goal of installing at least 6 GW of renewable hydrogen electrolyzers
in the EU by the end of 2024 and 40 GW of hydrogen electrolyzers by 2030. This strategy
aims to address the current issue that most hydrogen production is currently based on
fossil fuels. This situation is primarily due to the fact that the current state of low-emission
hydrogen production technology is not yet cost-competitive [2].
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The policy guidelines for implementing the EU Hydrogen Strategy were presented
in the conclusions regarding actions to create a European hydrogen market, adopted by
the EU Council in December 2020 [3]. In these conclusions, the Council recognized the
important role of hydrogen, especially from renewable sources. It also acknowledged the
need to organize the hydrogen market and significantly scale up its production. Once
again, the necessity of outlining a pathway to achieve the action plan’s goals, including the
installation of at least 6 GW of renewable hydrogen electrolyzers in the EU by the end 2024
and 40 GW by 2030, was emphasized. It was noted that this pathway should utilize joint
programs, be cost-effective, and lead to electrification from renewable sources. The Council
also recognizes the need to develop an ambitious action plan and hydrogen strategy aimed
at climate neutrality in end-user sectors.

On 19 May 2021, the European Parliament also adopted a resolution on the European
Hydrogen Strategy [4]. This document emphasized the need to maintain and further de-
velop the European Union’s technological leadership in the field of clean hydrogen. It also
highlighted the necessity of adopting an EU hydrogen strategy that should encompass the
entire hydrogen value chain, including both demand and supply sectors. The importance
of introducing innovative technologies related to electrolysis was noted as a significant
added value for the planned changes.

The resolution [4] also stressed that the hydrogen economy must comply with the
Paris Agreement, the EU’s climate and energy goals for 2030 and 2050, the circular economy,
the Critical Raw Materials Action Plan, and the UN Sustainable Development Goals. It
pointed out the merit of actions aimed at creating incentives for the value chain and the
market introduction of renewable hydrogen.

As part of the resolution [4], by emphasizing the important role in initiating the pro-
duction and use of renewable hydrogen across the European Union, the Commission was
called upon to utilize the so-called Hydrogen Valleys initiative. Additionally, the European
Parliament’s resolution focused on increasing production and developing infrastructure for
the production, storage, and distribution of hydrogen. It agreed to concentrate the demand
side on industry and transport and encouraged synergy with development funds [4].

On 28 June 2021, the first-ever European Climate Law [5] was adopted, incorporating
the goals set out in the European Green Deal. The first European Climate Law establishes
the goal of climate neutrality by 2050 and sets a binding EU climate target to reduce net
greenhouse gas (GHG) emissions by at least 55% by 2030. To achieve these ambitious goals,
on 14 July 2021, the European Commission adopted a package of policy proposals known
as the “Fit for 55” package [6], aiming to align EU climate, energy, land use, transport, and
tax policies.

As a first step in implementing the EU Hydrogen Strategy, the “Fit for 55” package
includes a series of actions aimed at promoting the production and use of hydrogen and
hydrogen fuels in various sectors of the economy.

The revised Renewable Energy Directive [7] proposes extending the EU-wide certi-
fication system for renewable fuels to include renewable hydrogen and sets targets for
transport and industry that encompass the use of renewable hydrogen.

Hydrogen is particularly promoted for use in the transport sector through three
additional targeted proposals:

• Stricter CO2 emission standards for passenger cars and light commercial vehicles [8];
• Amendments to the Regulation on alternative fuels infrastructure [9], which mandates

that by 2030, a hydrogen refueling station will be available every 150 km along the
core TEN-T network and in every urban node;

• The FuelEU Maritime proposal [10], which promotes the use of low-emission hydrogen
and hydrogen-based fuels (including methanol and ammonia).

Complementing the “Fit for 55” package are proposals for a new package on the
decarbonization of gas markets [11], published on 15 December 2021. This package aims
to enable the decarbonization of gas networks and review EU gas regulations. It seeks to
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facilitate the market entry of renewable energy sources and low-emission gases (mainly
biomethane and hydrogen) by removing unnecessary regulatory barriers.

Additionally, the revised Regulation on Gas and Hydrogen Markets [12] and the
Directive [13] aim to create a hydrogen market and a conducive environment for invest-
ments, enabling the development of dedicated infrastructure, including for trade with third
countries. These actions are intended to ensure that the gas market and its frameworks
align with the “Fit for 55” ambitions.

Changes in global and national policies aimed at reducing CO2 emissions have led to
efforts to limit the use of fossil fuels and replace them with less emissive, renewable energy
sources. However, the effective use of these renewable sources requires the application
of appropriate energy carriers. The most promising carrier in this regard seems to be
hydrogen. This gas has been used for years in many industrial sectors, but increasing
the potential applications of hydrogen and replacing more emissive fuels with it requires
the development of technologies related to hydrogen production and purification. An
overview of hydrogen production technologies in relation to primary energy sources is
presented below (Table 1).

Table 1. Overview of hydrogen production technologies in relation to primary energy sources [16,18–23].

Primary Energy Source Hydrogen Production Technology

RES Electrolysis

Biomass
Biomass gasification

Pyrolysis
Gasification in the presence of water vapor

Nuclear energy
Electrolysis
Pyrolysis

High-temperature reactors

Natural gas or petroleum

Steam reforming
A byproduct in refinery processes

Coke oven gas separation
Pyrolysis

Coal Coal gasification
CCS/CCU

In the context of the ongoing shift towards renewable energy sources and the strategic
transition to hydrogen as a key energy carrier, carbon capture and storage (CCS) technolo-
gies emerge as critical components in achieving carbon neutrality.

Carbon capture technologies can significantly mitigate the carbon footprint associated
with hydrogen production from fossil fuels, commonly referred to as “gray hydrogen”. By
capturing and storing the CO2 emissions generated during hydrogen production processes,
CCS can facilitate the production of low-carbon hydrogen. This is especially relevant as the
demand for hydrogen in various sectors—including transportation, construction, energy,
and industry—is set to rise by 2025–2030.

Moreover, CCS supports the transition to “blue hydrogen,” where fossil-fuel-based
hydrogen production is coupled with carbon capture, significantly reducing overall emis-
sions. This, in turn, aids in meeting stringent environmental regulations and achieving
long-term sustainability goals. As the hydrogen economy evolves, the integration of CCS
with renewable hydrogen production methods, such as electrolysis, becomes imperative.

The development and enhancement of CCS technologies are essential to ensure the
feasibility of large-scale hydrogen production while minimizing environmental impacts.
This aligns with the broader objectives of reducing reliance on fossil fuels and promoting
the use of renewable energy sources, thereby supporting a sustainable and low-carbon
future [14]. Future efforts should also prioritize the use of renewable and nuclear energy
for hydrogen production to maximize environmental benefits and ensure sustainability.
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Continued research and development in hydrogen infrastructure and technologies will be
essential for scaling up and integrating these solutions into global energy systems [15].

Promising hydrogen production technologies include biomass and municipal and
agricultural waste gasification processes, as well as photochemical and thermochemical
water decomposition technologies. Hydrogen can be utilized as a raw material, fuel, and
energy carrier and/or storage medium. Currently, it is predominantly used as an industrial
raw material and increasingly as a fuel in automobiles. Because its combustion does not
produce CO2 emissions, hydrogen can be utilized for decarbonizing industrial processes.
The carbon footprint of hydrogen varies depending on the primary energy source and the
substrates used in its production. This results in several distinct types of hydrogen, each
with its own environmental impact. The types of hydrogen, along with descriptions of
their production methods, are presented in Figure 1.
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If hydrogen production methods through electrolysis develop rapidly, hydrogen could
partially replace natural gas in the chemical, metallurgical, and transportation industries
by 2050, and in subsequent stages, also in aviation and maritime transport. However,
for hydrogen to play its role in decarbonization, it must be produced using energy from
renewable sources (known as “green hydrogen”). During the transition period, “blue
hydrogen” will also be produced. This type of hydrogen is derived from fossil fuels,
but the CO2 generated during production will be captured and stored in dedicated CO2
sequestration facilities [16,18–23].

3. Areas of Hydrogen Use and Quality Requirements

Qualitative requirements for various types of gaseous fuels depend on their intended
use. From this perspective, hydrogen can be identified for several primary applications:

• Hydrogen as a transportation fuel for powering PEM fuel cells;
• Hydrogen as a transportation fuel for powering internal combustion engines;
• Hydrogen for injection into gas grids and subsequent use in energy processes as a

blend with natural gas (NG-H2);
• Hydrogen as a substrate in chemical processes [16,23–28].
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Currently, the most significant industrial applications of hydrogen in terms of con-
sumption are petroleum refining (33%), ammonia production (27%), methanol production
(11%), and direct reduction of iron ore in steel production (3%) (Figure 2).
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Practically all demand for hydrogen is currently met by its production from fossil
fuels [29,30]. Hydrogen produced in processes that use fossil fuels is so-called “gray hydrogen”.

A significant portion of energy consumption in industry is associated with the produc-
tion of process heat. A large share (63%) of this demand relates to high-temperature thermal
processes conducted at temperatures above 200 ◦C, which consequently account for a sub-
stantial part of total industrial energy consumption. One low-emission option proposed for
these processes includes the use of solid biomass, biomethane, and hydrogen [29].

In terms of building heating and air conditioning, hydrogen as an energy source can
be delivered to end-users through existing gas networks as a blend of hydrogen and natural
gas, or potentially through dedicated local hydrogen pipelines. In both cases, there is a need
to investigate the technical feasibility of such transportation across various dimensions,
including transport quality and safety considerations [31–36].

Hydrogen is also a part of an industrial concept known as Power-to-Gas (P2G) technol-
ogy, which functions as a mechanism for balancing the electricity grid. It captures and stores
surplus energy that can be used during periods of limited supply (e.g., at night or when
there is low wind speed during renewable energy production). Essentially, P2G converts
excess renewable energy into a chemical carrier, such as hydrogen or methane [25,26,33].

Hydrogen is of particular interest as an energy carrier due to its high energy content
and versatility. It can be produced from electricity using electrochemical devices such as
electrolyzers, which split water into hydrogen and oxygen. The hydrogen produced can
then be converted back into electrical energy, making it a flexible option for energy manage-
ment. Hydrogen can be stored in various forms, including compressed gas in high-pressure
tanks, cryogenic liquid, or within chemical compounds like Liquid Organic Hydrogen
Carriers (LOHCs) and ammonia. Additionally, it can be adsorbed or absorbed onto spe-
cial materials such as metallic hydrides, chemical hydrides, and carbon nanostructures.
Another storage method involves large-scale storage in underground salt caverns, which
provide natural containment. These diverse storage options, combined with the ability to
produce hydrogen from renewable electricity and convert it back to power using fuel cells,
underscore hydrogen’s potential as a sustainable and adaptable energy carrier [26,37–41].

Hydrogen transport over long distances can be achieved via pipelines or tankers.
Hydrogen can also be converted into various forms of energy more efficiently than other
fuels. Additionally, hydrogen can be produced in an environmentally friendly manner,
with zero greenhouse gas emissions, using renewable energy sources during its production.
This gas also has the potential to supply energy to key sectors of the economy, including
transportation, construction, and industry. This, in turn, can lead to a low-emission energy
system known as the “hydrogen economy” [24,42,43].
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Due to hydrogen’s properties, there is recognized potential for its use in energy storage
applications as well. Analyses presented in the literature [44] have shown a continuous
increase in demand for hydrogen. Between 1975 and 2018, global hydrogen consumption
rose from approximately 29 million tons to 115 million tons per year. The development
and demand for new hydrogen-based technologies allow for forecasting significant growth
in both consumption and production of this gas. The mentioned new areas of hydrogen
application have substantial potential, provided that the costs associated with its production
are lower compared to other solutions [44]. Each of these applications is characterized by
its own requirements regarding the required quality of hydrogen.

3.1. Hydrogen as a Transportation Fuel for Powering PEM Fuel Cells

The highest quality requirements for hydrogen are necessary when used in transporta-
tion to power PEM fuel cells. For this type of fuel, the quality requirements are specified
by the standard PN-EN 17124:2022-08 “Hydrogen fuel—Product specification and quality
assurance for hydrogen refueling points—Applications for polymer electrolyte membrane
(PEM) fuel cells for vehicles”. Quality requirements for hydrogen for use in automotive
vehicles with polymer fuel cells (PEMs) [45] are shown in Table 2.

Table 2. Quality requirements for hydrogen for use in automotive vehicles with polymer fuel cells [45].

Parameter Permissible Value

Hydrogen fuel index (minimum molar fraction) >99.97%

Total maximum content of gases other than hydrogen <300 µmol/mol

Water <5 µmol/mol

Total hydrocarbons excluding methane <2 µmol/mol

Methane <100 µmol/mol

Oxygen <5 µmol/mol

Helium <300 µmol/mol

Nitrogen <300 µmol/mol

Argon <300 µmol/mol

Carbon dioxide <2 µmol/mol

Carbon monoxide <0.2 µmol/mol

Total sulfur compounds <0.004 µmol/mol

Formaldehyde <0.2 µmol/mol

Formic acid <0.2 µmol/mol

Ammonia <0.1 µmol/mol

Total halogen compounds <0.05 µmol/mol

Particulate matter content <1 mg/kg

The justification for specifying such a broad and stringent list of contaminants, as
presented in Table 2, that should be controlled in hydrogen gas fueling automotive fuel
cells lies in the impact of these contaminants on the proper functioning of the cells, as
described in standards such as ISO 19880-8:2019 [46], as well as in different publications
and materials [47,48]. According to these sources, contaminants can be categorized into
two groups based on their effects on PEM (proton exchange membrane) fuel cells.

Neutral contaminants such as methane, helium, argon, nitrogen, and carbon dioxide
present significant challenges in hydrogen systems due to their potential to dilute hydrogen
fuel. Managing these contaminants requires strict control measures to maintain optimal per-
formance and efficiency in hydrogen-based applications. For instance, helium can interfere
with hydrogen sensors, disrupting venting and fuel system control. Nitrogen and argon
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contribute to power loss, increased fuel consumption, and reduced efficiency. Nitrogen also
hinders carbon monoxide desorption and facilitates carbon dioxide conversion, adding to
operational complexities in hydrogen systems [46–48].

These challenges extend to catalyst poisoning, which can be reversible or irreversible.
Reversible catalyst poisons include hydrocarbons (excluding methane), formaldehyde,
formic acid, ammonia, and particulate matter, which can block active catalyst sites. In
contrast, sulfur compounds, chlorine and fluorine compounds, and carbon monoxide are
considered permanent catalyst poisons.

In hydrogen for vehicle applications with PEM fuel cells, specific interactions with
the powertrain are also noteworthy. Water, for instance, poses risks such as ice forma-
tion in hydrogen dosing systems and corrosion from liquid water. It can also act as a
solvent for cations like sodium, potassium, calcium, cesium, and ammonium in aerosol
form, which reduce proton conductivity in the membrane. Ammonia reduces ionomer
proton conductivity, while chloride ions promote platinum catalyst dissolution by forming
soluble complexes that may deposit in the fuel cell membrane. Dust and aerosols de-
crease membrane proton conductivity and may interfere with hydrogen sensors, potentially
compromising component integrity and causing fuel leaks [46–48].

The ISO 21087:2019 standard specifies recommended analytical techniques that can
be used for the determination of individual contaminants and for standardized methods.
It also references documents that specify how these analyses should be conducted [49].
Among the analytical techniques listed in the ISO 21087:2019 standard are the following:

• Gas chromatography coupled with mass spectrometry (GC-MS) [49–52];
• Fourier-transform infrared spectroscopy (FTIR) [53];
• Cavity ring-down spectroscopy (CRDS) [50,54];
• Ion chromatography (IC) [50,55];
• Gas chromatography (GC) with [51,56,57]:

− Helium pulse discharge ionization detector (GC-PDHiD): used for determining
oxygen, nitrogen, argon, carbon dioxide, and carbon monoxide in hydrogen samples.

− Thermal conductivity detector (GC-TCD): used for determining oxygen, helium,
nitrogen, and argon.

− Flame ionization detector (GC-FID): with or without a methanizer, used for
determining total hydrocarbons, carbon dioxide, and carbon monoxide.

− Sulfur chemiluminescence detector (GC-SCD): used for determining total sulfur.
− Flame photometric detector (GC-FPD): used for determining total sulfur.

• Others:

− Technique using a chilled mirror hygrometer, gravimetric technique using a quartz
crystal microbalance, and capacitive sensor technique for water content determination.

− Capacitive sensor technique for oxygen content determination, as described in
ASTM Standard D7607/D7607M-19 [58].

− High-performance liquid chromatography with a micro 2,4-dinitrophenylhydrazine
(DNPH) column for formaldehyde determination.

Analytical techniques for contaminant determination according to ISO 21087:2019 [49]
are presented in Figure 3.

Standard ISO 21087:2019 [49] recommends several analytical techniques for assessing
the quality of hydrogen used in PEM fuel cells, including some standardized methods.
However, analyses conducted at the Oil and Gas Institute—National Research Institute
by the authors of this publication have shown that standardization efforts are not keeping
pace with market developments. Currently, commercially available analytical techniques
allow for the determination of up to 11 analytes in a single analysis, surpassing the scope of
ISO 21087:2019 and presenting a viable alternative for evaluating the quality of hydrogen
used in PEM fuel cells. Recent publications in this field also confirm the dynamic growth
of this market sector [57–60]. Assessing the quality of hydrogen used in PEM fuel cells for
transportation requires methods with sufficiently low detection limits and high sensitivity
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and precision, rendering typical methods used for assessing gas fuel quality unsuitable in
this case.
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3.2. Hydrogen as a Fuel for Powering Internal Combustion Engines

While hydrogen fuel has traditionally been associated with PEM fuel cells, recent
years have seen a growing interest in solutions where hydrogen is directly combusted in
internal combustion engines, both spark ignition and compression ignition [61]. Among
hydrogen-powered internal combustion engines, there are configurations where hydrogen
serves as the sole fuel, as well as those where hydrogen can be co-fired with diesel oil,
gasoline, CNG/LNG gas, and even biogas [62–64]. The ability to use hydrogen in dual-fuel
engines and to co-combust hydrogen and natural gas in CNG/LNG engines suggests that
the quality requirements for hydrogen used in this way will be less stringent than those for
hydrogen powering PEM fuel cells.

Currently, quality requirements for hydrogen combusted in automotive engines have
not been standardized, and the literature reports in this area are limited. However, the
emerging literature suggests that hydrogen used as a transportation fuel in automotive
engines should meet the quality requirements outlined in Table 3.

Table 3. Quality requirements for hydrogen used as a fuel for internal combustion engines [65].

Parameter Permissible Value

Hydrogen >98.0%

Water Condensation cannot occur

Total hydrocarbons <100 ppm

Oxygen, nitrogen, carbon monoxide, argon Sum < 1900 ppm

Solid particles
Hydrogen must not contain dust, sand,

pollutants, rubber, oils, or other substances in
quantities sufficient to damage the fuel system

The quality requirements for hydrogen used in internal combustion engines primarily
concern contaminants that could negatively impact the fuel system’s operation (such as
water and particulate matter). Additional requirements related to hydrocarbon content and
gas impurities stem from the fact that their significant presence in hydrogen can alter its
physicochemical properties such as density, heat of combustion, etc. These changes can
hinder the proper combustion process in the engine and consequently lead to increased
emissions of pollutants.
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The specification of hydrogen quality for internal combustion engines poses challenges
for assessing the Oil and Gas Institute—National Research Institute’s readiness to conduct
quality control of this fuel. Notably, the conditions concerning water, such as the pressure
at which hydrogen should not condense, have not been clearly defined. Currently, the
use of pure hydrogen in vehicles is primarily limited to its application in PEM fuel cells,
for which the quality requirements are precisely established. In contrast, the authors of
this article suggest that employing hydrogen in dual-fuel engines and its co-combustion
with CNG/LNG present more significant challenges. However, this approach could repre-
sent a crucial step toward the broader adoption of hydrogen in transportation, given its
substantially lower quality requirements.

3.3. Hydrogen Injected into Gas Networks

The quality of hydrogen injected into gas networks has been specified by the European
association EASEE-gas, established in 2002 and currently comprising 85 companies operat-
ing in the European gas market [66]. Considering the association’s past activities, where
quality specifications for natural gas served as the basis for the EN 16726 Standard Gas
infrastructure—Gas quality—Group H [67], it can be assumed that these specifications will
be considered during the standardization of this issue. The quality requirements defined
by EASEE-gas for hydrogen injected into networks are summarized in Table 4.

Table 4. Quality requirements for hydrogen injected into gas networks [66].

Parameter Permissible Value

Hydrogen >98.0%

Carbon monoxide <20 ppm

Carbon dioxide <20 ppm

Oxygen <10 ppm

Hydrocarbons including methane <1.5% mol/mol

Inerts (helium, nitrogen, argon) <2.0% mol/mol

Total sulfur <21 mg/m3

Total content of halogen compounds <0.05 ppm

Water dew point <−8 ◦C at pressure of 70 bar

Hydrocarbon dew point <−2 ◦C at pressure ranging from 1 to 70 bar

In the case of contaminants such as oxygen, total sulfur, water dew point, and hydro-
carbons, the requirements of the EASEE-gas specification are analogous to those applied
to natural gases in gas networks. They aim to prevent the negative effects of conden-
sate formation in the networks and corrosion. Additionally, limits have been set for the
following [66]:

• Carbon oxides due to potential requirements of end-users of hydrogen or NG-H2 blends;
• Inerts due to changes in the physicochemical properties of hydrogen, including the

Wobbe index;
• Halogen compound content due to the formation of highly corrosive compounds such

as hydrochloric acid and hydrofluoric acid during combustion.

3.4. Other Ways of Using Hydrogen

Hydrogen can be used as a fuel or substrate in many industries. One of such industry
is the chemical industry. Hydrogen is a substrate in the synthesis of ammonia, methanol,
and hydrocarbons (Fischer–Topsch reaction). The quality requirements for hydrogen used
in synthesis reactions are presented in Table 5.
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Table 5. Examples of quality requirements for hydrogen used as a substrate in chemical reactions [68].

Parameter
Permissible Value

Ammonia Synthesis Methanol Synthesis Fisher–Tropsch Reaction

Total sulfur <1 ppb <50 ppb <100 ppb

Halogens <1 ppb <1 ppb <10 ppb

Carbon dioxide <5 ppm no data no data

Carbon monoxide <5 ppm no data no data

Oxygen <5 ppm no data no data

Water content <30 ppm no data no data

Nitrogen no data <0.5% 50 ppb

Methane as little as possible <3.0% no data

Iron no data <5 ppb no data

Nickel no data <5 ppb no data

Hydrochloric acid no data 2 ppb no data

Hydrogen cyanide no data no data 0.2 ppm

Ammonia no data no data 10 ppm

Nitrogen oxides no data no data 10 ppb

The contaminant content listed in Table 5 is related to the catalysts used in each process
and the need to protect them from poisoning.

Other important industries in which hydrogen is used are power generation and the
heavy industries, which can potentially use hydrogen for energy purposes.

The use of hydrogen for energy purposes is mainly with gas turbines or stationary
gas engines. For both gas turbines and gas engines, a more important parameter than
the composition of the gas burned is the stability of the Wobbe index. Variations in this
parameter should not exceed 5%, and in some cases, even 2% [68]. Therefore, no specific
quality requirements are specified for hydrogen used in power generation and heavy
industries, with the assumption that the impurity content of hydrogen should be limited at
an analogous level to that of natural gas for reasons of plant stability and environmental
aspects [68].

In the near future, hydrogen may also be used in gas appliances for domestic use
(e.g., gas boilers). Projects in this area, e.g., Hy4Heat [69], assume that these appliances
should be resistant to typical fluctuations in gas composition and that the range of limited
pollutants should be limited to ensure safety and have no negative impact on health and
the environment. Design quality requirements for hydrogen based on these assumptions
are shown in Table 6.

In addition to constituents that may adversely affect the appliance (e.g., hydrogen sul-
fide), human health (e.g., carbon monoxide), or the environment (e.g., sulfur compounds),
the proposal limits the contents of inerts, water, and hydrocarbons, the presence of which
may hinder the transport of gaseous fuel or increase transport costs.

The summary of the key quality requirements for hydrogen is presented in Figure 4.
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Table 6. Quality requirements for hydrogen used to supply domestic appliances [69].

Parameter Permissible Value

Hydrogen >98.0%

Carbon monoxide <20 ppm

Hydrogen sulfide <5 mg/m3

Total sulfur <50 mg/m3

Oxygen <0.2% mol/mol

Methane, hydrocarbons, carbon dioxide <1.0% mol/mol

Total argon, nitrogen, helium <2.0% mol/mol

Water dew point <−10 ◦C

Hydrocarbon dew point <−2 ◦C
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4. Methods of Obtaining Hydrogen

To address the increasing demand for hydrogen and its critical role in the energy
transition, it is essential to explore the various methods of obtaining hydrogen, each with
its own advantages and challenges that influence its feasibility and impact on sustainable
energy systems. Understanding these methods provides insight into their efficiencies,
environmental impacts, and suitability for different applications in hydrogen production.

As already mentioned, currently, the main source of raw materials for hydrogen
production is fossil fuels. Fossil-fuel-based technologies are developed and mature in-
dustrial technologies capable of producing high-quality hydrogen at relatively low costs
compared to new alternative technologies [15,25,70–79]. These methods (mainly reforming)
have high process efficiencies (60–85%), with a similar level of efficiency in the electrol-
ysis process. Other methods (e.g., pyrolysis, gasification, thermolysis, photolysis) are
less efficient (0.06–50%) but, based on the available literature data, are still being refined
and improved. The development of these methods is a result of the growing demand for
hydrogen, especially from renewable energy sources [78,79].

It should be noted that the effective processes that produce hydrogen differ both in
terms of the substrates used and the composition of the gas mixture that is the product of
the process:

• Gasification processes—use solid fuels such as coal, biomass, and solid waste to
produce hydrogen or syngas (this produces a mixture of mainly H2 with CO, and in
some cases, also CO2 [25,38];
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• Reforming processes—instead use liquid fuels in gaseous or liquid form to produce
syngas. In order to produce hydrogen from hydrocarbons, one of three reforming
processes can be used, i.e., steam reforming (SMR), partial oxidation (POX), and auto-
thermal reforming (ATR). In addition to hydrogen, reforming processes also produce
CO2 and CO [25,28,37,38,70,71,76].

Descriptions of other hydrogen reforming technologies can also be found in the
literature. These include hydrocarbon pyrolysis, plasma reforming, ammonia reforming,
and aqueous phase reforming, but these methods are not as common as steam reforming
(SMR) and coal gasification. Most of the processes listed above produce CO2 and/or CO in
addition to hydrogen [25].

Figure 5 illustrates the methods of hydrogen production. It provides an overview of
the various techniques used to generate hydrogen.
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A summary of example compositions of gas mixtures, depending on the production
method [16,23], is presented in Table 7.

Table 7. Summary of example compositions of hydrogen mixtures depending on the production
method [16,23].

Parameters
[%]

Coal
Gasification

Natural Gas
Reforming

Methanol
Reforming

Coke
Oven Gas

Methanol
Purge Gas

Synthetic
Residual Gas

from NH3

Biomass
Gasification

H2 25–35 70–75 75–80 45–60 70–80 60–75 25–35

CO 35–45 10–15 0.5–2 5–10 4–8 - 30–40

CO2 15–25 10–15 20–25 2–5 5–10 - 10–15

CH4 0.1–0.3 1–3 - 25–30 2–8 - 10–20

N2 0.5–1.0 0.1–0.5 - 2–5 5–15 15–20 1

Ar - - - - 0.1–2 - -

Total sulfur 0.2–1 - - 0.01–0.5 - - 0.2–1

H2O 15.2 - - - - 1–3 -

O2 - - - 0.2–0.5 - 10–15 0.3

Other - - - 2–5 - - -
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Analysis of the gas compositions summarized in Table 7 showed that the hydrogen
content varies depending on the method of generation. The highest percentage of hydrogen
in the post-reaction mixture is obtained from steam reforming and is in the range of
75–80%. The least hydrogen is contained in gas mixtures resulting from coal and biomass
gasification, with a hydrogen content of 25–35%. Gas mixtures from biomass and coal
gasification processes contain the highest percentage of CO, which is 30–40% for the biomass
gasification process and 35–45% for the coal gasification process, respectively. The highest
proportion of carbon dioxide is produced in the methanol reforming process (20–25%),
and the highest proportion of methane is produced in the coke oven gas production
process (25–30%). In addition, Table 8 summarizes the state-of-the-art hydrogen production
technologies with respect to their technology readiness level (TRL), process efficiency, and
impurities commonly contained in product streams [25,27,71,77].

Table 8. A summary of hydrogen production methods with respect to the level of technological
readiness, process efficiency and pollutants generated [25,27,71,77–79].

Method TRL Level Process Efficiency
[%] Main Contaminants Major Advantages (A) and Disadvantages

(DA)

Steam reforming (SMR) 10 65–75 CO2, CO, CH4, N2

A: Most developed technology,
existing infrastructure

DA: CO2 byproduct, dependence on
fossil fuels

Partial oxidation (POX) 7–9 60–75 CO2, CO, CH4, H2S, COS

A: Proven technology, existing
infrastructure, can handle a wide range

of feedstocks
DA: CO2 byproduct, dependence on

fossil fuels

Autothermal reforming
(ATR) 6–8 60–75 CO2, CO, CH4, N2,

sometimes Ar

A: Proven technology,
existing infrastructure

DA: CO2 byproduct, dependence on fossil
fuels, complexity and cost

Coal gasification 10 74–85 N2, CO2, CO, CH4, H2S
A: High hydrogen yield

DA: Environmental impact,
complex process

Biomass gasification 3 N/A COx, SOx, CH4

A: CO2-neutral, abundant and
cheap feedstock

DA: Tar formation, varying H2 content due
to seasonal availability and

feedstock impurities

Water electrolysis 9–10 60–80 H2O, O2

A: No pollution with renewable sources,
proven technology, existing infrastructure,

abundant feedstock, O2 is the only
byproduct, contributes to RES integration

as an electricity storage option
DA: Low overall efficiency, high

capital costs

A: major advantages of method; DA: major disadvantages of method; N/A: data not available.

The summaries presented in Tables 7 and 8, as well as other available literature data,
show that depending on the origin and method of production, hydrogen may contain
various impurities.

Table 9 provides a summary of the potential contaminants that may be present in
hydrogen depending on its production method and source [46].
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Table 9. A summary of potential sources of contaminants in hydrogen [23,46].

Contaminants Identification of Source

N2, O2, H2O, Ar • all methods of hydrogen production

He • all methods using natural gas as feedstock (not applicable to methods in which He was
removed from the gas during the process)

NH3

• NH3 production process in which excess hydrogen is generated
• biogas reforming
• coal gasification producing hydrogen as a byproduct
• the method of producing H2 with hydrazine

Halogen compounds

• a chloroalkali process producing excess hydrogen (excluding methods using ion
exchange membranes)

• hydrogen production from biogas produced from waste containing plastics
• coke oven gas
• water electrolysis (only where water quality is not guaranteed in the process by

adequate treatment)

Total sulfur compounds

• steam reforming (the sulfur compounds present in the process are only H2S)
• catalytic reforming
• partial oxidation
• auto-thermal reforming
• coal gasification (where hydrogen is a byproduct)
• hydrogen production methods where sulfur compounds are used for gas odorization

Total hydrocarbons
excluding methane • all production methods that use fossil fuels

CO

• steam reforming
• catalytic reforming
• reforming
• partial oxidation
• auto-thermal reforming
• coal gasification (hydrogen is a byproduct)

HCHO, HCOOH
Other than steam reforming, methods of hydrogen production using crude oil as fuel (steam
reforming was excluded because the HCHO and HCOOH contents of the products of this process
were found to be significantly lower than specified in the standards)

As shown in Table 9, all methods of obtaining hydrogen carry the risk of contamination
by N2, O2, H2O, and Ar. The presence of CO is associated with reforming, oxidation,
and gasification processes. Sulfur compounds may be a contaminant of hydrogen from
reforming, oxidation, coal gasification processes and be present wherever sulfur compounds
are used in the process (e.g., for gas odorization), while hydrocarbons will be a potential
contaminant wherever fossil fuels are the process feedstock. Halogen compounds can
contaminate hydrogen that is, e.g., a byproduct of the chloralkali process, and that produced
from coke oven gas or biogas from waste containing plastics. Also, hydrogen produced
from the electrolysis of untreated water may contain halogen compounds [23,46].

To ensure the effectiveness and reliability of hydrogen as a clean energy source,
it is crucial to understand the methods of hydrogen purification, including the quality
requirements and the latest advancements in purification technologies.

5. Methods of Hydrogen Purification: Quality Requirements and
Advancing Technologies

There are many hydrogen separation and purification technologies, some of which
have found industrial applications while others are still in the development phase. Tech-
nologies for hydrogen separation and purification can be classified as chemical and physical
methods. Chemical methods are based on chemical reactions, primarily catalyzed by met-
als or metal hydrides. Physical methods include adsorption (pressure swing adsorption,
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temperature swing adsorption, and vacuum swing adsorption) as well as cryogenic and
membrane separation [16,23,25,46,78,80]. The classification of these methods is presented
in Table 10 and in Figure 6.

Table 10. Comparison of hydrogen purification technologies [16,46,78,80].
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ds

Adsorption

PSA—Pressure Swing Adsorption
Scale of use: Large

Hydrogen purity: 99.999%
Principle: Capturing impurities through a solid adsorbent

Advantages: Continuous process, effective for various impurities
Disadvantages: Adsorbent regeneration technology,

pressure drop

TSA—Temperature Swing
Adsorption

VSA—Vacuum Swing Adsorption

Low-temperature Separation

Cryogenic Distillation --------

Low-Temperature Adsorption:
- Metallic membrane

- Carbon molecular site membrane

Scale of use: Medium/large
Hydrogen purity: >99%

Principle: Impurity separation based on differences in volatility
Advantages: High hydrogen recovery

Disadvantages: Energy consumption is high,
further purification of hydrogen is required

Membrane Separation

Inorganic Membrane
Scale of use: Small

Hydrogen purity: >99%
Principle: Selectively permeating impurities through a membrane

Advantages: High selectivity, flexible operation, and low
energy consumption

Disadvantages: Membrane fouling, limited to specific impurities
Organic Membrane:

- Polymeric Membrane

C
he

m
ic

al
M

et
ho

ds Metal Hydride Separation --------

Scale of use: Small to medium
Hydrogen purity: >99.9%

Principle: Reversible desorption and adsorption of hydrogen in a
metal alloy

Advantages: Minimal impurities, possible as safe hydrogen
storage method

Disadvantages: Metal hydride degradation, reaction of
adsorption is very slow

Catalytic Purification --------

Scale of use: Small to large
Hydrogen purity: >99.9995%

Principle: Impurity removal by catalyzed chemical reaction
Advantages: High selectivity

Disadvantages: Deactivation and/or poisoning of the
catalytical material
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The remainder of this article presents an analysis of the available information re-
lating to the physical methods used to separate hydrogen; these methods are currently
predominant, both in terms of the methods applied and developed.

As shown in Table 10, hydrogen can currently be purified using several techniques
such as cryogenic distillation, pressure swing adsorption, and membrane separation. Pres-
sure swing adsorption technology is the most widely used and advanced industrial pro-
cess for hydrogen separation. This process is capable of producing hydrogen with a
purity ranging from 96% to 99.999%. PSA technology is predominantly used in the chemi-
cal/petrochemical industry and for recovering hydrogen from industrial off-gases, includ-
ing off-gases from reforming, pyrolysis, and coking processes. Another application of PSA
technology is purifying biogas from carbon dioxide to obtain biomethane [25,78]. Currently,
approximately 85% of the hydrogen produced worldwide is purified using PSA.

In the PSA process, the hydrogen-rich gas mixture is passed through a high-surface-
area adsorber capable of adsorbing contaminants such as CO, CO2, CH4, H2O, and N2,
while allowing hydrogen to permeate through the sorbent material. Contaminants are
removed by changing the pressure within the system from feed pressure to outlet pres-
sure [23,25]. Typically, hydrogen separation requires a pressure ratio of approximately
4:1 between the feed gas pressure and the outlet gas pressure [23,25]. Hydrogen recovery
rates typically range from 60% to 90% [23,25]. Although the system is primarily classified
as a cyclic system (with cycles of operation and regeneration), continuous operation can
be achieved by employing multiple adsorbers in a cyclical process where each adsorber
undergoes cyclic operation and regeneration within the system.

Gas separation and purification in the PSA process are achieved through periodic pres-
sure changes based on the differential adsorption capacities of the adsorbent for different
gases. The effectiveness of PSA separation primarily depends on the type of adsorbent and
the specific process applied. Hydrogen differs significantly in static capacity from most
gas molecules (such as CO2, CO, and CH4), making it suitable for successful separation
and purification.

According to PN-EN ISO 19880-8 Annex D [46], hydrogen produced in steam reform-
ing processes using PSA purification may contain trace amounts of N2, CH4, CO, and He,
while the presence of the remaining 11 contaminants (including CO2, Ar, NH3, O2, H2O,
non-methane hydrocarbons, formaldehyde, formic acid, halogenated compounds, and
solid substances) is unlikely [46].

Traditional adsorbents used in PSA systems include zeolite molecular sieves, activated
carbon, activated alumina, and silica gel. In the literature, there are mentions of modi-
fications to these adsorbents aimed at various contaminants, but most research focuses
on removing carbon dioxide from gas mixtures [23]. Regarding potential modifications
of sorbent materials, attention should be given to the possibility of using hollow fiber
as an adsorbent in studies related to CO2 removal in experimental PSA devices. Studies
have also utilized hydroxy-aluminum-silicate clay (HAS-Clay) for hydrogen purification
from biomass, noting its relatively high selectivity for carbon dioxide adsorption [81]. This
sorbent material is also applicable for hydrogen sulfide adsorption and separation.

In the literature, research has also presented results focused on developing new ad-
sorbents suitable for simultaneous removal of multiple contaminants present in hydrogen.
For example, raw NaX zeolite was synthesized within the CaX and MgX molecular sieve
frameworks using ion exchange methods [82]. The described studies involved adsorption
simulations for gas mixtures such as hydrogen, methane, carbon monoxide, and carbon
dioxide (H2/CH4/CO/CO2). The research results indicated that all three tested adsorbents
could achieve hydrogen purity above 99.99%. Specifically, the use of the CaX molecular
sieve showed the highest hydrogen recovery and best purification process efficiency [82].
Additionally, studies have compared the effectiveness of four types of MOF adsorbents
(UiO-66(Zr), UiO-66(Zr)-Br, UiO-67(Zr), and Zr-Cl2AzoBDC), revealing that UiO-66(Zr)-Br
had the most significant impact in purifying hydrogen produced by steam methane re-
forming [23]. Further investigations introduced a new adsorbent, Cu-AC-2, for processing
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gas mixtures of H2/CH4/CO/CO2. The hydrogen purity achieved in these experiments
exceeded 99.97%, with the CO content reduced to 0.17 ppm, meeting purity standards
required for fuel cell applications [23].

Enhancing and optimizing the PSA process is crucial for increasing the efficiency of
hydrogen purification. One method to improve PSA efficiency is by using systems with
multiple adsorption beds. In the literature, it has been described that for hydrogen recovery
from coal gas, dual-bed and quad-bed PSA systems are employed. The quad-bed PSA
system has shown a better performance compared to the dual-bed system. In the quad-bed
configuration, hydrogen purity ranging from 96% to 99.5% was achieved, with recovery
levels between 71% and 85% [23]. Research also discusses the results of tests conducted
on an eight-bed PSA system, which achieved hydrogen purity of 99.99% with the highest
hydrogen recovery efficiency reaching 89.7%. These results were approximately 11% more
favorable compared to the quad-bed PSA system [23,83]. To further enhance PSA efficiency,
other methods include cycle modifications to adjust pressure levels and timing for optimal
performance, the use of advanced adsorbent materials with higher selectivity and capacity,
and the implementation of layered bed configurations to efficiently target and remove
different impurities at various stages of the process.

Furthermore, a six-step dual-bed PSA system has been presented for purifying hy-
drogen produced in steam methane reforming processes. In this process, hydrogen purity
exceeding 99.95% was obtained with a process efficiency of about 80%. It was observed
that in scenarios with high methane concentrations, increasing the adsorption pressure was
necessary to ensure the required purity of the produced hydrogen [84].

In another study, research results were presented on the development of quad-bed
PSA systems using a 5 Å molecular sieve as the adsorbent for purifying hydrogen from
residual gas (derived from synthetic ammonia). The gas mixture subjected to purification
consisted of proportions of H2:N2:CH4:Ar = 58:25:15:2. The study found that the hydrogen
purity achieved using the developed PSA purification method ranged from 99.25% to
99.97%, with hydrogen recovery rates ranging from 55.5% to 75.3% [85].

Numerous studies have explored methods to enhance the parameters of pressure
swing adsorption processes to increase the purity of recovered hydrogen while simul-
taneously improving the hydrogen recovery efficiency. One such approach is vacuum
pressure swing adsorption (VPSA), where desorption of highly adsorptive contaminants
occurs under vacuum conditions, facilitating the regeneration of adsorbents through
vacuum pumping.

In the study by You et al. [86], it was demonstrated that both VPSA and PSA pro-
cesses can produce hydrogen of similar purity under equivalent conditions. However, the
hydrogen recovery efficiency increased by approximately 10% when employing vacuum
pressure swing adsorption compared to traditional PSA methods [23,86]. This improve-
ment highlights the effectiveness of VPSA in achieving higher hydrogen recovery rates
while maintaining comparable purity levels.

Research has explored various modifications to pressure swing adsorption processes,
including rapid vacuum pressure swing adsorption (RVPSA), which has shown significant
improvements in hydrogen purification efficiency compared to traditional PSA methods.
According to studies by Lopes et al. [87] and Du et al. [23], RVPSA can enhance the efficiency
of hydrogen purification by nearly 410% when compared to classical PSA processes.

In another study comparing PSA, VPSA, and TSA (temperature swing adsorption), it
was demonstrated that VPSA can achieve hydrogen purity suitable for fuel cell applications
with reasonable cost-effectiveness and recovery rates. This method was suggested as
superior by Golmakani et al. [88]. Subsequently, Golmakani et al. [89] presented research
results on a sixteen-step, four-vessel VPSA model using a dual-layered bed of activated
carbon and 5A zeolite ((AC)/zeolite 5A) for producing ultrapure hydrogen from syngas.
The study aimed to investigate the impact of contaminants on the energy consumption of
the PVSA process. Simulated concentration profiles indicated that methane was removed in
the first half of the activated carbon layer, while CO2 and CO were predominantly removed
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towards the end of this layer. However, zeolite 5A (the second layer) could not completely
remove the remaining nitrogen from the mixture.

The study also evaluated the influence of the nitrogen concentration in the gas mixture
on the PVSA process efficiency. It was found that reducing the nitrogen concentration
by 2% in the syngas feed reduced the energy consumption of the PVSA process from
940 kJ/kg H2 to 430 kJ/kg H2, while hydrogen recovery increased from 47% to 55%. These
findings underscore the significant impact of a nitrogen presence on the recovery and
energy consumption of ultrapure hydrogen production processes, highlighting the need
for improved adsorbents with a better nitrogen removal efficiency [23,78,89].

A two-column VPSA process was used to purify and recover hydrogen from H2/CO2
mixtures. It was found that increasing either the operating pressure or the hydrogen
concentration improves hydrogen purity but reduces recovery. The best results were
achieved with a pressure of 1 kg·cm−2 and 50% hydrogen concentration, providing 99.171%
purity and 32.026% recovery [90].

The review conducted has revealed that despite the advanced and widely applied
PSA technology and its modifications at the industrial scale, there are ongoing efforts to
enhance this method and improve gas purification efficiency. Many innovative PSA devices
dedicated to various hydrogen contaminants and applications are currently in development
or implementation phases. Information gathered from the literature review indicates that
PSA methods used for hydrogen purification vary in terms of sorption materials employed
(such as activated carbon, zeolites, impregnated minerals), the number of columns filled
with adsorbents, and the number of cycles used in the process. Depending on the technol-
ogy applied and the composition of the feed gas mixture, hydrogen purity ranges from
96% to 99.9999%. The described processes exhibit hydrogen recovery efficiencies ranging
from 55.5% to 99.6%. It is noteworthy that PSA technologies and their modifications are
at different levels of advancement and implementation in industrial practices. There are
both widely used PSA purification methods in industrial applications and reports on the
development of new PSA method modifications.

Cryogenic distillation is a widely used gas separation process that relies on differences
in boiling points. This technique purifies hydrogen by cooling the gas mixture to condense
and remove impurities, leveraging hydrogen’s very low boiling point of −252.9 ◦C to
achieve separation. Once hydrogen is liquefied through this process, it can be stored
efficiently. However, the cooling and liquefaction stages are energy-intensive, contributing
to high operational costs [91].

In cases where the hydrogen stream to be purified contains substantial amounts
of CO, CO2, and N2, an additional methane wash column is required in the setup to
reduce the concentrations of these gases. Prior to cryogenic distillation, the feed gas (to
be purified) requires preparation to remove components that could cause freezing. The
water content in the feed gas must be reduced to below 1 ppm, and the CO2 content should
be less than 100 ppm for effective operation. Cryogenic distillation is not recommended
for producing high-purity hydrogen because satisfactory hydrogen recovery results are
typically achieved when purity requirements do not exceed 95%. Despite its drawbacks in
purity and high operational costs, cryogenic distillation finds extensive use in large-scale
industrial applications but is impractical for small portable applications.

In summary, while technologies involving cryogenic distillation and PSA processes
are commercially available, they are generally not cost-effective and are energy-intensive.
Therefore, cryogenic distillation is not suitable for purifying hydrogen intended for fuel
cell applications due to its limited efficiency in achieving high-purity hydrogen [23,78].

Metal hydride separation is an advanced technique used in hydrogen production and
purification, leveraging the properties of metal hydrides to efficiently absorb and release
hydrogen. This method is critical for separating hydrogen from mixed gas streams and
plays a significant role in hydrogen storage solutions.

Metal hydrides can absorb hydrogen gas at high pressures and release it upon heating,
facilitating selective hydrogen capture. The efficiency of this process is influenced by the
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material’s hydrogen storage capacity, absorption and desorption kinetics, and thermal
stability. Recent studies have demonstrated substantial improvements in metal hydride
materials. Enhanced storage capacities and faster kinetics have been achieved through
optimized compositions and structural modifications. The development of metal hydride
composites has addressed traditional limitations such as slow hydrogen uptake and release
rates. These composites, by combining different metal hydride phases or incorporating
additional materials, have shown enhanced performance in hydrogen separation [92,93].

The scalability of metal hydride separation technologies has also been explored. Re-
search indicates that these technologies can be effectively scaled up for industrial applica-
tions, though challenges related to system design, material costs, and operational efficiency
need to be addressed. Successful integration into large-scale hydrogen production systems
is essential for meeting the growing demand for high-purity hydrogen [94].

Metal hydride separation is a promising technique for hydrogen production and
purification, with ongoing improvements in material performance and scalability essential
for advancing efficient and sustainable hydrogen energy solutions.

Catalytic hydrogen purification is a critical process in various advanced technologies,
such as fuel cells and chemical synthesis, where high hydrogen purity is essential for opti-
mal performance and system longevity. Recent advancements in this field have introduced
significant improvements in catalytic materials and purification technologies, enhancing
both efficiency and selectivity.

Recent developments in catalytic hydrogen purification have centered around the
refinement and innovation of catalyst materials. New high-performance catalysts have
been developed, demonstrating substantial improvements in the efficiency of hydrogen
purification [95]. These catalysts have addressed key challenges such as catalyst deacti-
vation and poisoning, which are common in traditional purification methods. Advances
in materials science have led to the creation of more robust and selective catalysts that
can operate effectively under a range of conditions, thereby pushing the limits of what is
achievable in hydrogen purification.

In addition to new catalysts, there has been significant progress in the integration of
novel purification methods. The application of advanced materials, such as palladium
alloys and nanostructured materials, has proven effective in enhancing the selectivity
and capacity of catalytic purification systems [96]. These materials have demonstrated
improved performance in removing trace contaminants, such as carbon monoxide and
sulfur compounds, which can poison catalysts and degrade system performance.

The broader landscape of catalytic hydrogen purification technologies has also evolved.
New approaches have emerged that combine different purification technologies to achieve
higher levels of hydrogen purity. For example, hybrid systems that integrate pressure
swing adsorption with catalytic processes have been shown to enhance overall purification
efficiency. These hybrid systems capitalize on the strengths of each technology, addressing
various purification challenges and improving system reliability [97,98].

Catalytic hydrogen purification is rapidly advancing due to the development of new
catalyst materials, innovative purification methods, and the application of nanotechnology.
These advancements have led to notable improvements in efficiency, selectivity, and cost-
effectiveness. Continued research and development are essential to meet the growing
demand for high-purity hydrogen and to overcome the challenges associated with its
production and use.

5.1. Overview of Small-Scale Membrane Methods for Hydrogen Purification and Identification of
Development Areas

Membrane technologies have found wide applications in industries such as water
treatment, air separation, natural gas purification, and hydrogen recovery from process
gases generated during ammonia production [23,25,78,99–113].

Historically, membrane gas separation has been pivotal in recovering hydrogen from
waste gases in industries like ammonia production and synthesis gas generation, demon-
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strating continuous advancements and diverse membrane types tailored for hydrogen
selectivity [25,100–102,104–112].

Membrane separation is considered the most promising method for gas separation as
it can offer advantages over traditional techniques like cryogenic distillation and pressure
swing adsorption in terms of product purity and production scale [16,23,78,99–111].

Membranes for hydrogen separation can be divided into organic (polymeric), in-
organic, mixed (hybrid) types, and also electrochemical [23,25,78,101,103–112]. They
encompass various materials and structures aimed at optimizing separation efficiency
and durability.

An important fact is that processes using membrane gas separation do not require a
phase change or an additional thermal regeneration step. As a result, they show a competi-
tive potential for energy efficiency compared to other separation processes. Membrane gas
separation plants also require relatively little space for their application, typically consume
less energy, and have the potential for continuous operation and generation.

5.1.1. Metallic Membranes

The principle of selective metallic membranes for hydrogen purification is that hydro-
gen is catalyzed to protons and electrons on the compact metallic membrane structure. The
protons pass through the metallic membrane and bind electrons on the other side, again
forming hydrogen. The metallic membranes, while allowing hydrogen molecules to pass
through, simultaneously block the passage of molecules of other gases, i.e., CO2, N2, CH4,
and O2. This phenomenon results in the selective permeation of hydrogen through this
type of membrane.

Palladium membranes are among the most widely used of the metallic membranes.
They are characterized by their very good hydrogen permeability and the fact that they
have a high resistance to varying hydrogen quality and the ability to undergo autocatalytic
hydrogenation reactions [114]. However, the use of palladium membranes is associated
with high manufacturing costs and, unfortunately, these membranes are prone to hydrogen
embrittlement when used at low temperatures. A Pd–metal alloy membrane can be ob-
tained from a palladium membrane by adding other metals (i.e., Ag, Au, Cu, Ni, Y, etc.) at
the synthesis stage. The addition of another metal to the palladium membrane (palladium
alloy) allows an increase in the rate of hydrogen permeation through the modified mem-
brane, and the greater cross-linking of palladium reduces the risk of so-called hydrogen
embrittlement. Both pure Pd and Pd-alloy membranes are self-supporting membranes.
Their thickness is limited from tens to hundreds of micrometers, which provides sufficient
mechanical strength.

An excessively thick membrane increases the total cost of manufacturing and reduces
the hydrogen permeation rate. It is also possible to deposit a Pd membrane or a Pd alloy
membrane on the surface of a porous material to prepare a composite membrane. The
carrier increases the mechanical strength of the membrane, while it decreases its thickness
and the amount of palladium consumed for production, which has a beneficial effect on
the total production cost and hydrogen permeation rates.

Tests on palladium alloy membranes with other metals have been reported in the
literature. Tests were conducted with the following membrane types: PdCu53, PdAg24,
and bcc-PdCu (a membrane formed by electrodeposition of Pd and Cu on a ceramic
support membrane).

It should be noted that the hydrogen permeation capacity of palladium membranes
is not the strongest among metals. New information can be found in the literature on
vanadium group metals (W, V, Nb, and Ta), which are used to form alloy membranes. Such
membranes have better properties than palladium membranes, due to the fact that the
vanadium group metals have a different cross-linking structure than palladium, higher
hydrogen permeability, and mechanical strength. These metals also exhibit a weaker
hydrogen dissociation and absorption capacity than palladium. However, a dense oxide
layer is formed on the surface of membranes constructed from vanadates, which prevents
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hydrogen permeation. This effect means that the rate of hydrogen permeation through
thin membranes of vanadates is not as high as it could be due to the fact that vanadates
themselves have a strong hydrogen permeation lattice capacity. In addition, the vanadium
group metals are more susceptible to hydrogen embrittlement than palladium. As a result,
in order to exploit the properties of the vanadide group metals, symmetric composite
membranes were created in which a thin layer of palladium is deposited on top of the
vanadium layer. This solution allowed the palladium membrane to combine its ability to
adsorb and dissociate hydrogen with the very good hydrogen permeation capacity of the
vanadium group metals and thus reduced the overall cost of the membrane [23,115–122].

5.1.2. Polymeric Membranes

Polymeric membrane separation operates on the principle of differential gas perme-
ation rates through the membrane material. Currently, polysulfone (PS), polyimide (PI),
and polyamide (PA) are widely employed as materials for polymeric membranes. An ideal
polymeric membrane material should exhibit high selectivity, permeability, thermal stabil-
ity, and good mechanical properties. However, in practice, there is often a trade-off between
permeability and selectivity—polymeric membranes tend to prioritize one characteristic
over the other.

As the need to balance the pursuit of a selective and simultaneously permeable
membrane limits the use of polymeric membranes, mixed-matrix membranes (MMMs) are
increasingly being developed. Such membranes are created by adding materials to the
polymer to improve membrane performance; these are usually additions of zeolites, silicon
dioxide, and other inorganic materials [23,102,103,118].

Mixed-matrix membranes with zeolitic imidazole framework (ZIF-8 and ZIF-90) addi-
tives were tested for improving hydrogen purification from industrial waste gases. These
MMMs almost doubled the hydrogen permeability and increased selectivity compared to
the standard Matrimid® membrane. They performed well across different feed composi-
tions, but higher temperatures lowered selectivity and boosted permeability. ZIF-8 and
ZIF-90 both enhanced gas flow, though ZIF-90 had lower CO2 permeability. An increasing
temperature reduced hydrogen selectivity due to higher permeability of other gases. The
presence of CO2 in the feed streams also reduced hydrogen purity. Future efforts should
focus on optimizing membrane design, testing for long-term use, and considering new
configurations or hybrid systems to meet fuel cell standards [123].

Apart from membranes allowing for selective separation of hydrogen, there are also
solutions selective towards CO2. CO2-selective membranes require less surface area during
gas separation, leading to hydrogen production under high pressure. This results in a
significant reduction in mechanical energy loss [23,124]. In the case of polymeric CO2-
selective membranes, in order to achieve negative selectivity towards hydrogen, they
should exhibit a specific affinity towards CO2 [23,103,118].

5.1.3. Carbon-Based Membranes

Carbon-based membranes are advanced materials utilizing carbon as their primary
component for various separation and purification applications. These membranes capital-
ize on carbon’s unique properties, including a large surface area, tunable pore structures,
and chemical inertness, making them highly versatile and effective across diverse fields.

Carbon-based membranes offer exceptional selectivity due to their precise pore sizes
and molecular sieving capabilities, ensuring efficient separation of target molecules. They
are chemically inert and stable across varying temperatures and environmental conditions,
ensuring long-term reliability in industrial settings. Moreover, these membranes can be
tailored through functionalization and structural engineering to meet specific separation
needs, enhancing their versatility in applications.

Despite their advantages, manufacturing carbon-based membranes with uniform pore
sizes and defect-free structures remains technically challenging and costly. Balancing high
permeability with high selectivity presents an ongoing challenge in membrane design.
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Scaling up production to meet industrial demands while maintaining performance and
cost-effectiveness is also a significant hurdle.

There are three types of carbon-based membranes:

1. Carbon molecular sieve membranes (CMSs) are engineered with precise and uniform
pore structures, enabling selective gas permeation based on molecular size and shape.
They excel in separating gases with minimal size differences, such as hydrogen and
carbon dioxide, crucial for industrial applications requiring high purity and efficiency.

2. Graphene membranes consist of single layers of carbon atoms arranged in a hexagonal
lattice, providing exceptional mechanical strength, flexibility, and impermeability
to even the smallest molecules. These membranes are promising for applications
demanding ultrafast permeation rates, such as desalination and gas separation.

3. Carbon nanotube membranes, composed of rolled-up graphene sheets, offer high
mechanical strength and precise pore sizes. They find utility in water purification, gas
separation, and as electrodes in energy storage devices due to their high surface area
and conductivity.

The most conventional carbon membranes are carbon molecular sieve membranes
with amorphous microporous structures, which have been studied for over 50 years.
CMS membranes are produced in a neutral atmosphere or vacuum by carbonizing or
pyrolyzing various polymeric precursors such as poly(furfuryl alcohol), polyacrylonitrile,
phenolic resins, poly(vinylidene chloride-co-vinyl chloride), polyimide, and its derivatives.
Among these carbon precursors, polyimide and its derivatives are most commonly used.
The frequent use of these compounds arises from their structural variability through the
combination of different diamines and dianhydrides.

The pore system of CMS, typically consisting of wide openings with relatively narrow
constrictions, forms during polymer degradation. Larger pores (0.6–2.0 nm) contribute
to adsorption capacity, while smaller ones (around 0.6 nm) enhance molecular sieving
properties. The creation of micropore structures, and thus the gas transport quality and
selectivity of CMS materials, is influenced by the properties of polymeric precursors,
pretreatment, pyrolysis conditions, and final processing [23,103,125].

Currently, CMS membranes can mainly be classified into two categories: supported
membranes and unsupported membranes, such as membranes made from hollow carbon
fibers. Supported membranes are characterized by relatively high gas permeability and
good mechanical strength. For these CMS membranes, the properties of the support
material, such as surface roughness and pore structure, play a crucial role in forming
a thin, defect-free CMS layer covering the support. To avoid defects, multiple coating
cycles (i.e., pyrolysis) of the support are often necessary, which can result in reduced gas
permeability through the membrane. Therefore, to ensure the creation of a thin, pore-free
coating, a mesoporous intermediate layer is typically placed between the macroporous
supports and the microporous CMS layer. Moreover, to achieve an ultrathin, defect-free
coating, instead of the conventional spin-coating process, a method of chemical vapor
deposition assisted by plasma has been utilized [23,103].

As a typical example of unsupported CMS membranes, hollow carbon fiber mem-
branes are notable for their high packing density. Several newly developed CMS mem-
branes from capillary fibers have shown excellent gas separation performance, and cor-
responding modules have been successfully produced. However, the gas permeability
through hollow fiber CMS membranes has often been lower than expected when transi-
tioning from dense flat films to hollow fibers, primarily due to the densification of the
microporous structural morphology.

CMS membranes have been extensively studied for applications in air separation
(O2/N2), natural gas purification (CO2/CH4 and N2/CH4), CO2 capture (CO2/N2), and
hydrogen recovery (H2/N2 and H2/CH4) [23,103].

It should be noted that there are few reports available regarding the use of such
materials for separating H2/CO2 mixtures. According to data on pure gases for various
reported CMS membranes, the ideal selectivity of H2/CO2 for most CMS membranes
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does not exceed 20, and it is expected to be even lower for gas mixtures like H2/CO2.
It is important to highlight that CMS membranes are very brittle, which is a significant
drawback limiting their practical application. The brittleness of CMS membranes can be
partially reduced by selecting optimal precursor structures and technological parameters
during the pyrolysis process. To meet the practical requirements of CMS membranes, it is
crucial to enhance their mechanical strength under high-pressure conditions [23,103].

Another group of carbon-based membranes includes the relatively new graphene
membranes, which are based on graphene and graphene oxide. These membranes are
utilized in areas such as water desalination, ion-selective transport, and gas separation.
Graphene and its derivatives, due to their properties such as their structure, high mechan-
ical strength, and good chemical stability, are excellent precursors for the production of
separation membranes.

However, graphene is not inherently permeable to all gases and liquids. As a result,
methods are being developed to achieve selective gas permeability. Various physical and
chemical techniques have been employed to generate pores in graphene sheets, including
laser irradiation, helium ion bombardment, electron beam irradiation, and vapor etching.
A novel method involves producing porous graphene through the carbonization reaction
of graphene oxide etched by metal oxide particles, which are produced from oxometalates
(OMs) and polyoxometalates (POMs). In this process, the pore size can be controlled within
the range of 1–50 nm by adjusting the size of the metal oxide particles.

Graphene membranes have emerged as a promising material for gas separation due to
their unique structural and physical properties. One of their main advantages is exceptional
permeability. Thanks to the atomic thickness of graphene, these membranes allow for
extremely high flux rates, enabling gases to pass through rapidly. This high permeability
significantly enhances the efficiency of the gas separation process, reducing the energy
required compared to traditional membranes. For instance, graphene oxide (GO) lamellar
membranes have demonstrated excellent performance in water treatment applications.
However, their use in gas purification has seen far less progress. A critical aspect affecting
the gas permeability of GO lamellar membranes is the exposure of the underlying graphitic
framework, which is often overlooked during fabrication. In the literature, previous studies
presented nano-wrinkled lamellar reduced GO (rGO) sheets as gas separation membranes.
These membranes feature oxygen-rich domains serving as face-to-face spacers to block
CO2 and oxygen-poor domains to facilitate fast H2 permeation. There is an excellent size-
sieving mechanism of the nano-wrinkled channels and very good stability in separation
performance for the H2/CO2 gas mixture under long-term operation. Therefore, these
lamellar membranes with well-tuned reduced GO nanosheets hold great potential for gas
separation applications [125,126].

Another advantage of graphene membranes is their selectivity. Graphene can be
engineered to have precise pore sizes, allowing for the selective passage of specific gas
molecules while blocking others. This tunability ensures high separation performance for
various gas mixtures, which is particularly beneficial in applications such as carbon capture,
natural gas purification, and hydrogen production. Additionally, the mechanical strength
and chemical stability of graphene contribute to its suitability for gas separation. Graphene
membranes are robust and can withstand high pressures and harsh chemical environments,
leading to a longer operational lifespan and reduced maintenance costs.

However, there are several disadvantages associated with graphene membranes in
gas separation. One of the primary challenges is the difficulty in producing large-scale,
defect-free graphene sheets. Even small defects in the graphene lattice can significantly
impact its separation performance, leading to reduced efficiency and selectivity. Current
manufacturing processes are still being optimized to achieve a consistent quality on a
commercial scale. Graphene oxide membranes, while studied for their gas and liquid
separation properties, require optimization in terms of thickness, interspacing, and stability
under various conditions to be practical for large-scale applications. Factors such as the
functional groups on the basal plane and at the edges, as well as the stacking manner, also
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significantly affect their separation performance and need to be carefully engineered for
enhanced efficacy [127].

Moreover, the cost of producing high-quality graphene is relatively high. The syn-
thesis and transfer processes involved in creating graphene membranes are complex and
expensive, which can limit their widespread adoption in industrial applications. Research
is ongoing to develop more cost-effective production methods to make graphene mem-
branes a more viable option. Furthermore, integrating graphene membranes into existing
gas separation systems can be challenging. Compatibility with current infrastructure and
the need for specialized equipment pose hurdles for implementation. Addressing these
integration issues is crucial for the broader acceptance and use of graphene membranes in
the industry.

In summary, graphene membranes offer significant advantages for gas separation,
including exceptional permeability, high selectivity, mechanical strength, and chemical
stability. However, challenges such as production difficulties, high costs, and integration
issues need to be overcome to fully realize their potential in industrial applications.

Carbon nanotube membranes are another category of carbon-based membranes. Car-
bon nanotube membranes are a class of advanced materials characterized by their excep-
tional structural, mechanical, and transport properties. These membranes are composed of
carbon nanotubes (CNTs), which are cylindrical molecules formed from rolled-up sheets of
single-layer carbon atoms, known as graphene. Depending on their structure, CNTs can be
either single-walled (SWCNTs) or multi-walled (MWCNTs), with the former consisting of a
single graphene layer and the latter comprising multiple layers.

The creation of carbon nanotube membranes involves various methods, such as align-
ing the CNTs vertically or horizontally on a substrate, embedding them within a polymer
matrix, or employing self-assembly techniques. These methods result in membranes with
pores typically in the nanometer range, enabling them to selectively allow the passage
of small molecules while blocking larger ones. One of the standout features of carbon
nanotube membranes is their high permeability. The smooth, hydrophobic inner surfaces
of the CNTs facilitate rapid transport of fluids and gases, leading to significantly high
flow rates. This property makes them particularly advantageous in applications requiring
efficient filtration and separation processes.

Additionally, carbon nanotube membranes exhibit remarkable mechanical strength
and chemical stability, which enhances their durability and resistance to harsh conditions.
These attributes, combined with their selective permeability and high efficiency, make
carbon nanotube membranes highly suitable for a wide range of applications, including
water purification, gas separation, and molecular sieving.

Carbon-based membranes represent a significant advancement in separation tech-
nologies, offering notable advantages including high selectivity, chemical stability, and
versatility. These properties make them promising candidates for various applications.
However, continued research and development are essential to address existing challenges
and fully harness their potential in tackling global energy, environmental, and sustainability
issues. Despite their many benefits, it can be concluded that carbon-based membranes may
not currently be the most suitable option for achieving high-purity hydrogen. Advances in
material science and membrane technology will be crucial in improving their performance
to meet the stringent requirements for high-purity hydrogen production [23,128,129].

5.1.4. Electrochemical Membranes

Electrochemical membranes are seen as a promising alternative to pressure-driven
membranes. These membranes generate electricity (fuel cells) or use it (water electrolysis),
and they also serve for the purification/enrichment and compression of hydrogen streams.

Fundamentally, hydrogen separation using an electrochemical membrane is based on
the following process:

• Molecular hydrogen gas (or a gas mixture containing hydrogen) is supplied at low pressure
to the anode side of an electrochemical cell with a proton exchange membrane (PEM).
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• When hydrogen comes into contact with the anode electrode, it is oxidized into protons
and electrons under the influence of a Pt-based catalyst:

H2 → 2H+ + 2e− (anode reaction).

• The electrons then pass through an electric circuit, while the protons pass through the
proton exchange membrane to the cathode compartment.

• Finally, the protons and electrons reduce to H2 in the cathode compartment:

2H+ + 2e− → H2 (cathode reaction).

For hydrogen purification and separation, a hydrogen-rich gas enters the anode
compartment, and hydrogen is selectively transferred through the PEM. The described
reaction does not occur spontaneously. An external voltage (i.e., a DC power source) is
required to drive the reaction in the electrolytic mode.

The purity of the hydrogen produced on the cathode side is high. However, it largely
depends on the permeability of the membrane used with respect to the composition of the
gas being purified, the integrity of the membrane, and the water content in the membrane
(when Nafion is used) [25].

The main advantages of using electrochemical membranes compared to other hydro-
gen separation techniques are the following [25]:

• Hydrogen in the form of protons is selectively transported through the proton-
conducting electrolyte.

• A one-step operation provides pure hydrogen.
• The rate of hydrogen separation can be controlled using Faraday’s law. Faraday’s

law of electrolysis is a fundamental principle that explains the relationship between
the amount of substance produced at an electrode during an electrochemical reaction
and the quantity of electric charge passed through the electrolyte. According to this
law, the amount of hydrogen separated during electrolysis is directly proportional
to the electric charge applied. This means that by controlling the electric current, the
rate of hydrogen production can be precisely managed. The law is mathematically
represented as

m =
Q
F
·M

z
where m is the mass of the substance produced, Q is the total electric charge, F
is Faraday’s constant (approximately 96,485 C/mol), M is the molar mass of the
substance, and z is the number of electrons involved in the reaction. In the context
of hydrogen production, this allows for the efficient and controlled separation of
hydrogen by adjusting the electrical parameters.

• A high hydrogen recovery rate achieved.
• Capability for simultaneous hydrogen purification and compression.
• High hydrogen separation is achieved at low cell voltages.
• High selectivity and low permeability, resulting in very pure hydrogen (up to 99.99%

by volume) [25].

Additionally, it should be emphasized that using electrochemical membrane-based
methods allows CO2 separated from the gas mixture to take a concentrated form, which
can be captured and stored without further processing.

In terms of applications, electrochemical hydrogen separation can be advantageous in
many industrial fields, including the following:

• Hydrogen purification for use in fuel cell technologies;
• A cooling agent in turbines;
• Use in nuclear reactors (separation and concentration of hydrogen isotopes);
• Separation of hydrogen from natural gas mixtures (e.g., for pipeline transport).

Moreover, compressed high-purity hydrogen is required for fuel cells (>99.97%) and
during hydrogen transportation [16,45,47–49].
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The issue of hydrogen separation using electrochemical membranes has been widely
described in the literature for years, often through reports presenting research findings. The
most commonly described studies involve systems utilizing membranes made of Nafion
or polybenzimidazole (PBI). The catalysts used on the anode side are typically platinum
or platinum supported on carbon, while the catalysts used on the cathode side include
platinum, ruthenium, or platinum supported on carbon or ruthenium.

Materials for hydrogen separation membranes encompass a wide range, including
metal alloys, inorganic oxides, organic polymers, and composites. These materials are
classified as metallic (pure metals and alloys), inorganic (including ceramics, oxides, and
zeolites), carbons, polymers, and composites. Due to their distinctive chemical, mechan-
ical, and thermal properties, each class of membranes has its unique advantages and
disadvantages concerning hydrogen separation [25,100,101,104–108].

5.2. Parameters of Gas Separation Membranes

When selecting an appropriate membrane material for obtaining high-purity hydrogen,
the following membrane properties are crucial:

• Stability (mechanical, thermal, and chemical);
• Maximum hydrogen flux;
• Permeability;
• Selectivity;
• Low cost;
• Durability;
• Long lifespan.

After analyzing the available information regarding the characteristic features of dif-
ferent membrane groups, considering their selectivity for hydrogen, temperature resistance
(operating temperature range), flux (selectivity and flow rate), stability, costs, and mecha-
nism of action (contaminants and transport method), a summary of the analysis results is
presented in Table 11.

Based on the analysis of available data regarding the four primary types of membranes,
it can be concluded that in comparison to polymeric membranes, inorganic membranes
(such as ceramic, metallic, and carbon-based) exhibit high thermal, chemical, and mechani-
cal stability, lower flexibility, and better control over pore size and distribution, resulting
in higher selectivity and permeability. In these aspects, inorganic membranes have an
advantage over polymeric membranes.

Another significant aspect related to membrane technology, beyond the type of mem-
brane (e.g., polymeric, metallic, carbon, or ceramic), is the design of the membrane module.
This issue has been analyzed in terms of achieving optimal parameters such as process
efficiency, membrane degradation rate, manufacturing feasibility, maintenance and service-
ability, as well as operational costs [99,102].

Membrane modules are typically divided into two main categories: flat sheet and
tubular. The first type, flat sheet modules, are based on flat membrane geometries and
usually include plate-and-frame and spiral-wound modules. On the other hand, tubular
geometry involves tubular and capillary modules, which are hollow inside. These modules
can be combined in various ways to form larger units.

An important aspect regarding capillary and tubular membranes is that they have
different surface areas on the feed and permeate sides [102,105].
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Table 11. Summary analysis of the characteristics of the most relevant groups of membranes [99,101,117].

Polymer
(Dense)

Ceramic
(Microporous)

Carbonaceous
(Porous)

Metallic
(Dense)

Ceramic
(Dense)

Operating
temperature [◦C] <100 200–600 500–900 300–600 600–900

Selectivity toward
hydrogen Low Moderate/medium Low Very high Very high

Resistance (Strength) Medium High Low High High

Hydrogen flux
density Low High/high Moderate/medium High/high Moderate/medium

Membrane-
damaging substances HCl, SOx, CO2 - Organic compounds H2S, HCl, CO H2S

Stability Swelling, packing,
mechanical strength Stability in water Brittle (friable),

oxidizable Phase transition Stable in CO2

Costs Low High High Medium High

Lifetime Short Long Long Long Long

Materials Polyimide,
polybenzimidazole

Silica, aluminum
oxide, zirconium

dioxide
Carbon Palladium alloys,

Pd-Cu, Pd-Au
Proton-conducting

ceramics

Transport mechanism Dissolution/
diffusion Molecular sieves Surface diffusion,

molecular sieves Dissolution/diffusion Dissolution/diffusion
(proton conductivity)

Degree of
development

Commercial
solutions from air
products, Linde,
BOC, air liquid

Prototypes of
cylindrical silica

membranes

Commercially
available small

membrane modules

Commercially
available, Johnson

Matthey-
manufactured

prototype cylindrical
(tubular) membranes
up to 60cm2 in area

Small samples
available for testing

There are five mechanisms of gas separation [25,99–102,104–107]:

1. Knudsen diffusion: This occurs when gas molecules diffuse through small pores
where the mean free path of the gas molecules is comparable to or larger than the
pore size.

2. Surface diffusion: Gas molecules move across the surface of the membrane due to
differences in adsorption and desorption rates on the membrane surface.

3. Capillary condensation: Gas molecules condense inside small capillary-like pores due
to capillary forces, especially under conditions of high relative pressure.

4. Sieving: Gas molecules are separated based on differences in molecular size, with
smaller molecules passing through the membrane more easily than larger ones.

5. Solution–diffusion: Gas molecules dissolve into the membrane material and then
diffuse through it based on differences in solubility and diffusion rates.

It is worth noting that in some membranes, molecules can diffuse through the mem-
brane using more than one mechanism. For example, in porous stainless steel, combined
Knudsen diffusion and surface diffusion mechanisms are present. The contribution of
these mechanisms in a specific material enhances its overall separation efficiency. In such
systems, gases diffuse through porous membranes utilizing the first four types of diffusion
mechanisms, whereas for dense membranes like dense polymers and palladium-based
membranes, the solution diffusion mechanism predominates. Depending on the membrane
properties such as material, morphology, and the type of gas being separated, any mecha-
nism or combination thereof can be applied. Typically, for porous membranes, Knudsen
diffusion and molecular sieving methods are employed, with the average pore size post
Knudsen diffusion process ranging from 5 to 10 nm, whereas for molecular sieving, it
ranges from 5 to 20 Å. Knudsen diffusion occurs where the pore diameter is smaller than
the average free path of the gas molecule, and the molecule penetrates proportionally to its
molecular velocity and inversely proportional to the square of its molecular mass, while in
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molecular sieving, the membrane pores are approximately the same size as the diameter of
the gas molecule.

In the case of dense membranes, the solution diffusion method is employed, where
gas transport occurs through several distinct steps. In the first stage, gas molecules are
adsorbed on the membrane surface facing the feed side. In the second stage, the gas
molecules diffuse through the membrane material itself. Finally, in the third stage, the gas
molecules are desorbed from the membrane on the permeate side.

In addition to these mechanisms, surface diffusion and facilitated transport are other
types of mechanisms that gas molecules follow. They provide a relatively higher preference
for specific adsorbed gas molecules. For instance, facilitated transport mechanism utilizes
certain carriers that form a transient complex with the penetrating molecule, enhancing the
quality of purification and improving membrane separation technology.

Surface diffusion occurs at low temperatures, where gas molecules undergo strong
adsorption in the pores or along the walls of the membrane pores due to stronger in-
teractions between the gas molecule and the inner surface. The preferred adsorption
site facilitates the diffusion of reacting gas molecules, thereby increasing the permeation
rate [25,99–102,104–107].

It is important to also note that in reality, membranes cannot achieve 100% separation
efficiency through permeation alone. Therefore, more complex operational systems are
necessary to achieve high-purity separations, as a single passage through the membrane
cannot provide selectivity between two gases. Optimal membrane separation performance,
i.e., high throughput (defined as permeability) and obtaining a high-purity product (defined
as selectivity), can only be achieved for a process conducted under conditions suitable
for the membrane material and the feed gas undergoing separation. Hence, in practical
applications, it is necessary to develop specialized membrane system designs. Such systems
are assembled in modules.

Currently, there are two types of modules in which membranes are installed: flat mod-
ules and tubular modules. Flat membrane modules include spiral-wound and plate-and-
frame modules. Tubular membrane modules include capillary and tubular modules. The
choice of module shape depends on various factors such as cost, pressure, temperature, etc.

A particular feature of polymeric gas separation membranes is their ease of processing
into capillary fiber membranes. Modules with hollow fibers contain thousands of fibers
and have a large membrane surface area. These characteristics make hollow fiber modules
attractive for large-scale industrial applications, and they are widely used in industries
(e.g., membranes from companies like Ube, Linde Gas, and many others) [25,101,105].

Regarding hydrogen separation, the advantage of polymeric membranes lies in their
large surface area. High separation efficiency enables high performance and thereby
economic feasibility of production. If hydrogen production occurs within a membrane
module, the entire system is called a membrane reactor. To facilitate reactions within the
membrane module, catalysts need to be added inside the membrane reactor. The ability to
apply such solutions arises from the membranes’ ability to selectively permeate gases from
equilibrium reactions.

Significant development in membrane technology thus involves not only the develop-
ment of the membrane itself but also the creation of the entire module capable of effectively
separating gases from a stream.

6. Summary of Hydrogen Purification Methods

A comprehensive understanding of hydrogen purification methods is essential for
optimizing its quality and ensuring its suitability for various applications, from indus-
trial processes to fuel cells. This section provides a detailed summary of the key tech-
niques used to purify hydrogen, highlighting their effectiveness and relevance in achieving
high-purity hydrogen.

Analyses of current hydrogen purification and separation methods reveal a diverse
range of techniques, each with varying efficiency and effectiveness depending on the gas
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composition. While these technologies are at different stages of advancement, ongoing
research aims to enhance their performance. Membrane technologies, including polymeric,
mixed-matrix membranes (MMMs), ceramic, zeolite, metallic, and carbon membranes,
each face specific limitations such as poor thermal stability in polymeric membranes,
interfacial defects in MMMs, high production costs for ceramics, decreased permeability
in metallic membranes, and brittleness in zeolite membranes. Adsorption processes are
effective at removing many impurities but struggle with CO and inert gases, and thermal
swing adsorption is energy-intensive. Cryogenic distillation, while effective, is costly
and typically achieves hydrogen purity of only 95–98%. To meet the stringent quality
requirements for polymer electrolyte fuel cells (PEFCs), which demand hydrogen purity
levels of at least 99.97% and a minimal presence of 15 different contaminants, hybrid or
integrated separation systems are essential [130].

The analysis of documents produced the following findings:
- Cryogenic separation methods are not sufficiently efficient to achieve a hydrogen

purity above 99.97%. The low-temperature separation method assures a high H2 recovery
rate, but it is challenging to adapt the method for treating different feed gases. The
limitations of the use of cryogenic techniques are the need to remove some of the impurities
before the process (water, carbon dioxide) and the high energy demand of the process [23].

- PSA methods have been used for industrial gas separation, including hydrogen
extraction. PSA methods vary in terms of the sorbent material used, the number of columns
filled with adsorbents, and the number of cycles employed in the process. Depending on
the technology and the gas mixture composition, a hydrogen purity ranging from 96%
to 99.9999% can be achieved. These processes are characterized by hydrogen recovery
efficiencies ranging from 55.5% to 99.6%. PSA technologies and their modifications are at
different stages of technological advancement and industrial deployment. PSA is typically
a stationary solution, cost-effective for separating large quantities of hydrogen. Often,
hydrogen separated by PSA methods is further purified from remaining contaminants
using membrane methods. Pressure swing adsorption is a mature gas separation technology
that has been positioned at the forefront for hydrogen purification (85% share of hydrogen
purification worldwide) [131].

For many fluid-phase separations, membranes represent a lower investment cost
and lower energy consumption option than alternative and more conventional technolo-
gies [131]. Membrane techniques, with energy savings of up to 90%, are the fastest-
developing hydrogen purification technique [85]. Membrane methods vary depending on
the material used for the membranes.

- Metallic membranes, such as palladium membranes, selectively allow hydrogen
particles to pass while blocking the passage of other gases such as CO2, N2, CH4, and O2.
Palladium membranes are among the most commonly used metallic membranes and are
considered highly efficient, capable of purifying hydrogen even up to 99.999%. Their main
drawbacks include high production costs and susceptibility to hydrogen embrittlement.
Therefore, alternative and cheaper solutions include palladium alloy membranes, where
adding another metal to the palladium membrane can increase hydrogen permeation rates
and reduce production costs [119,120].

- Polymeric membranes either exhibit high permeability and low selectivity or vice
versa, limiting their application in hydrogen purification. Efforts are underway to improve
efficiency by developing membranes with mixed matrices incorporating zeolites or other
inorganic materials [102,103].

- Carbon molecular sieve membranes are very brittle, a significant disadvantage that
restricts their practical application. The brittleness of CMS membranes can be partially mit-
igated by selecting optimal precursor structures and process parameters during pyrolysis.
Enhancing the mechanical strength of CMS membranes under high-pressure conditions is
necessary for their practical application [75,129].

- Graphene membranes, relatively new and based on graphene and graphene oxide,
are mainly used in areas such as water desalination, ion transport, and gas separation.
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- Both CMS membranes and graphene-based membranes are considered for hydro-
gen separation from gas mixtures and hydrogen purification from contaminants, but all
solutions have been tested at the laboratory scale [125,128,129].

These findings underscore the diversity of available technologies for hydrogen separa-
tion and purification, each with specific advantages, limitations, and stages of development
and deployment. Continued research and development are crucial for advancing these
technologies toward practical industrial applications, especially in meeting the stringent
purity requirements for hydrogen used in polymer electrolyte fuel cells.

Electrochemical membranes are characterized by achieving high-purity hydrogen
separation in a single-step process, allowing simultaneous purification and compression of
hydrogen. In summary, for the separation/purification of large quantities of hydrogen, the
PSA method appears to be most effective, as evidenced by its widespread use in industry.
This method is costly and requires operation under high pressure. For smaller or mobile
installations, the use of metallic membranes primarily made from palladium or its alloys
seems appropriate [25].

One of the primary challenges hindering the future development of membrane separa-
tion technology is the significant energy consumption associated with existing dehydration
and purification processes. For applications such as bioethanol production, where achiev-
ing fuel-grade purity requires intensive energy input, the feasibility of scaling up these
processes to a commercial level is limited. High energy demands make it difficult to sus-
tain economical and efficient production on a large scale. Additionally, the complexity
of integrating membrane-based technologies with traditional methods presents another
barrier. While hybrid approaches that combine membrane separation techniques with
conventional processes like distillation show promise in reducing production costs, they
also introduce complexities in process systems engineering. This includes the need for
sophisticated mathematical models and simulations to optimize system performance and
ensure cost-effectiveness [132–134].

7. Conclusions

Hydrogen has been employed for many years across several industries, primarily in
petroleum refining processes, ammonia and methanol production, steel manufacturing,
and the food industry (for hydrogenation processes). Until recently, only a small fraction
of hydrogen has been produced for energy purposes, but this is changing. Broad changes
in hydrogen utilization and demand stem from current energy policies aimed at reducing
fossil fuel consumption and achieving climate neutrality by 2050. Consequently, hydrogen
is expected to play a significant role in both energy production and as a fuel in various
transportation sectors including heavy-duty, rail, aviation, and maritime.

One way to promote hydrogen utilization is its application as fuel for PEM fuel cells
used in vehicles. However, this technology requires high-purity hydrogen. Technical guide-
lines exist specifying the quality requirements for hydrogen used in different applications.
The quality of hydrogen and its potential contaminants largely depend on the method
of production. Leading hydrogen production methods include steam reforming, partial
oxidation, and electrolysis. There is also an increasing trend towards hydrogen produc-
tion from renewable sources, and continuous development of green hydrogen production
technologies is altering the composition of reaction gas streams.

To meet the growing demand for hydrogen with stringent quality requirements,
continuous advancements in hydrogen purification techniques are necessary. Available
methods for hydrogen separation and purification vary in efficiency and effectiveness, with
parameters depending on the composition of the gas being purified. These technologies are
at different stages of development, with ongoing research and development efforts aimed
at their improvement.

In the context of evaluating the suitability of different hydrogen purification/separation
methods for meeting the required quality standards for PEM fuel cell applications, pu-
rity levels of at least 99.97% and limited contents of 15 different impurities are crucial
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considerations. Widely used industrial methods for achieving high-purity hydrogen in-
clude pressure swing adsorption combined with membrane purification when necessary.
Literature analysis indicates ongoing efforts to enhance PSA adsorbent materials and to
develop membrane-based hydrogen purification methods. Metallic palladium membranes
and mixed metallic membranes (Pd/V) are suitable for achieving hydrogen purity levels
of 99.9999%. For separating hydrogen from natural gas–hydrogen mixtures where hy-
drogen is not the dominant component, mixed polymer membranes are frequently tested
and applied.

8. Methodological Approach for the Literature Review

For this review, the authors employed a comprehensive search strategy using Google
Scholar as the primary database. Google Scholar was selected due to its extensive coverage
of academic sources, including peer-reviewed journals, conference papers, theses, books,
and patents. This platform provides a broad and up-to-date overview of the available
literature, which is crucial for ensuring the inclusion of the most recent and relevant studies.

The search queries were constructed using a combination of key terms related to the
topic of interest. These terms included “hydrogen purification technologies”, “physical
methods”, “chemical methods”, “pressure swing adsorption”, “membrane separation”,
“cryogenic distillation”, “chemical absorption”, and “catalytic purification”. Boolean opera-
tors (AND, OR) were used to refine and focus the search results.

To ensure the selection of high-quality and relevant documents, the authors applied
specific inclusion and exclusion criteria. The inclusion criteria encompassed peer-reviewed
articles published in the last ten years, studies focusing on hydrogen purification tech-
nologies, articles available in English, and papers providing detailed methodological
descriptions. The exclusion criteria ruled out non-peer-reviewed articles and gray litera-
ture, studies published more than ten years ago (unless they are seminal works), articles
not available in full text, and documents not directly related to the topic.

The initial search yielded a large number of results. Each title and abstract were
screened for relevance, and full texts of potentially relevant articles were retrieved for
further assessment. Duplicate records were removed, and the remaining articles were
reviewed in detail to ensure they met the inclusion criteria.

While the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) methodology is recognized for its systematic approach to literature selection,
the authors opted for Google Scholar due to its comprehensive and user-friendly nature.
Google Scholar’s broad indexing capabilities allowed for the efficient capture of a wide
range of relevant literature. Additionally, this approach provided access to the latest
research developments in the field, essential for maintaining the currency and relevance
of the review. By clearly defining the search strategy, key terms, and inclusion/exclusion
criteria, the authors ensured a rigorous and systematic approach was taken to the selection
of scientific documents, thereby enhancing the validity and reliability of the review findings.
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https://www.gov.pl/web/klimat/polska-strategia-wodorowa-do-roku-2030 (accessed on 3 July 2024).
43. Lambert, M.; Schulte, S. Contrasting European Hydrogen Pathways: An Analysis of Differing Approaches in Key Markets. OIES

PAPER: NG166. March 2021. Available online: https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/03/Contrasting-
European-hydrogen-pathways-An-analysis-of-differing-approaches-in-key-markets-NG166.pdf (accessed on 3 July 2024).

44. Maj, M.; Szpor, A. Kierunki Rozwoju i Gospodarki Wodorowej w Polsce; Working Paper 2019; Polski Instytut Ekonomiczny: Warsaw,
Poland, 2019; ISBN 978-83-66306-61-5.

45. PN-EN 17124:2022-08; Paliwo Wodorowe—Specyfikacja Produktu i Zapewnienie Jakości Punktów Dozowania Wodoru—Zastosowania
Polimerowych Ogniw Paliwowych (PEM) dla Pojazdów. Polish Committee for Standardization: Warsaw, Poland, 2022.

46. ISO 19880-8:2019; Gaseous Hydrogen—Fuelling Stations—Part 8: Fuel Quality Control. ISO: Geneva, Switzerland, 2019.
47. Papasavva, S.; Veenstra, M.; Waldecker, J.; West, T. Impact of anode catalyst loadings and carbon supports to CO contamination

in PEM fuel cells. Int. J. Hydrogen Energy 2021, 46, 21136–21150. [CrossRef]
48. Shabani, B.; Hafttananian, M.; Khamani, S.; Ramiar, A.; Ranjbar, A.A. Poisoning of proton exchange membrane fuel cells

by contaminants and impurities: Review of mechanisms, effects, and mitigation strategies. J. Power Sources 2019, 427, 21–48.
[CrossRef]

49. ISO 21087:2019; Gas Analysis Analytical Methods for Hydrogen Fuel Proton Exchange Membrane (PEM) Fuel Cell Applications
for Road Vehicles. ISO: Geneva, Switzerland, 2019.

50. Brown, A.S.; Vargha, G.M.; Downey, M.L.; Hart, N.J.; Ferrier, G.G.; Hall, K.I. Methods for the Analysis of Trace—Level Impurities
in Hydrogen for Fuel Cell Application, NPL Report AS 64, 2011, ISSN1754-2928. Available online: https://eprintspublications.
npl.co.uk/5212/1/AS64.pdf (accessed on 3 July 2024).

51. ASTM D7649-19; Standard Test Method for Determination of Trace Carbon Dioxide, Argon, Nitrogen, Oxygen and Water in Hydrogen
Fuel by Jet Pulse Injection and Gas Chromatography/Mass Spectrometer Analysis. ASTM: West Conshohocken, PA, USA, 2019.

52. ASTM D7892-15; Standard Test Method for Determination of Total Organic Halides, Total Non-Methane Hydrocarbons, and
Formaldehyde in Hydrogen Fuel by Gas Chromatography/Mass Spectrometry. ASTM: West Conshohocken, PA, USA, 2015.

53. ASTM D7653-18; Standard Test Method for Determination of Trace Gaseous Contaminants in Hydrogen Fuel by Fourier Transform
Infrared (FTIR) Spectroscopy. ASTM: West Conshohocken, PA, USA, 2018.

54. ASTM D7941/D7941M-14; Standard Test Method for Hydrogen Purity Analysis Using a Continuous Wave Cavity Ring-Down
Spectroscopy Analyzer. ASTM: West Conshohocken, PA, USA, 2014.

https://doi.org/10.1016/j.ijhydene.2019.12.059
https://doi.org/10.1016/j.ijhydene.2014.12.035
https://www.lei.lt/wp-content/uploads/2020/09/Final-Report-Hydrogen-in-NECPs-28-8-2020-ID-9474232.pdf
https://www.lei.lt/wp-content/uploads/2020/09/Final-Report-Hydrogen-in-NECPs-28-8-2020-ID-9474232.pdf
https://www.iea.org/reports/the-future-of-hydrogen
https://doi.org/10.18668/NG.2020.12.08
https://doi.org/10.3390/en13236441
https://doi.org/10.3390/en13205428
https://doi.org/10.18668/NG.2019.10.04
https://doi.org/10.3390/en13113006
https://doi.org/10.1016/j.ijhydene.2024.02.227
https://doi.org/10.1016/j.enconman.2018.03.088
https://doi.org/10.1016/j.rser.2014.11.093
https://doi.org/10.4236/jpee.2019.71007
https://doi.org/10.18668/NG.2021.05.06
https://doi.org/10.18668/NG.2020.11.05
https://www.gov.pl/web/klimat/polska-strategia-wodorowa-do-roku-2030
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/03/Contrasting-European-hydrogen-pathways-An-analysis-of-differing-approaches-in-key-markets-NG166.pdf
https://www.oxfordenergy.org/wpcms/wp-content/uploads/2021/03/Contrasting-European-hydrogen-pathways-An-analysis-of-differing-approaches-in-key-markets-NG166.pdf
https://doi.org/10.1016/j.ijhydene.2021.03.204
https://doi.org/10.1016/j.jpowsour.2019.03.097
https://eprintspublications.npl.co.uk/5212/1/AS64.pdf
https://eprintspublications.npl.co.uk/5212/1/AS64.pdf


Energies 2024, 17, 3794 35 of 38

55. ASTM D7550-09; Standard Test Method for Determination of Ammonium, Alkali and Alkaline Earth Metals in Hydrogen and
Other Cell Feed Gases by Ion Chromatography. ASTM: West Conshohocken, PA, USA, 2009.

56. ASTM D7652-11; Standard Test Method for Determination of Trace Hydrogen Sulfide, Carbonyl Sulfide, Methyl Mercaptan,
Carbon Disulfide and Total Sulfur in Hydrogen Fuel by Gas Chromatography and Sulfur Chemiluminescence Detection. ASTM:
West Conshohocken, PA, USA, 2011.

57. ASTM D7675-15; Standard Test Method for Determination of Total Hydrocarbons in Hydrogen by FID-Based Total Hydrocarbon
(THC) Analyzer. ASTM: West Conshohocken, PA, USA, 2015.

58. ASTM D7607/D7607M-19; Standard Test Method for Analysis of Oxygen in Gaseous Fuels (Electrochemical Sensor Method).
ASTM: West Conshohocken, PA, USA, 2019.

59. Arrhenius, K.; Bacquart, T.; Schröter, K.; Carré, M.; Gozlan, B.; Beurey, C.; Blondeel, C. Detection of Contaminants in Hydrogen
Fuel for Fuel Cell Electrical Vehicles with Sensors—Available Technology, Testing Protocols and Implementation Challenges.
Processes 2022, 10, 20. [CrossRef]

60. Janßen, H.; Kroener, M.; Dyck, A.; Vehse, M.; Wark, M.; Agert, C. Development of a cross-contamination-free hydrogen sampling
methodology and analysis of contaminants for hydrogen refueling stations. Int. J. Hydrogen Energy 2022, 47, 35386–35397.
[CrossRef]

61. Onorati, A.; Payri, R.; Vaglieco, B. The role of hydrogen for future internal combustion engines. Int. J. Engine Res. 2022, 23, 529–540.
[CrossRef]
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