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HIGHLIGHTS

e Patent review on hydrogen production technologies from 2000 to 2019.

e Japan, US, China are the leading countries in the field.

e Recent developments are focused on renewable energy-based technologies especially water.
e Technology maturity rate of renewable-based technologies is about 57%.

e R&D expenditure strongly promotes hydrogen production innovations.
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Technology drivers

the field's development have received little attention. As a result, it is critical to monitor
technological advances in hydrogen energy production and investigate the key enablers of
these advancements. Against this backdrop, the current study employs patent analysis
tools to achieve four primary goals: (1) to track the development trends in the field of
hydrogen production from 2000 to 2019; (2) to identify and compare the recent develop-
ment trends in the last five years according to the feedstock, i.e., fossil fuel, water, and
biomass-based technologies; (3) to predict the technology life cycle of the two main groups
of hydrogen production technologies (fossil and renewable); (4) to identify and compare the
key drivers of hydrogen production technologies from a statistical standpoint. The findings
of the study may aid in identifying technical prospects in the field of fossil and renewable-
based hydrogen production, and decision-makers may use them as a reference in devel-

oping a strategic plan for future technological growth.
© 2022 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

The rapid expansion of global industrialization has resulted in
a gradual depletion of conventional energy resources. In 2019,
global energy consumption increased by 1.3% over the previ-
ous year to about 19 TW [1]. According to the International
Energy Agency (IEA), fossil fuels accounted for more than 80%
of the total global energy supply in 2018 [2]. Existing reserves
would not be sufficient to fulfill future energy demands. The
recently found reserves of oil, natural gas, and coal are
anticipated to last less than 40 years, 60 years, and 250 years,
respectively [2,3]. In addition to the depletion of these re-
sources, their excessive consumption negatively affects the
environment. Global energy-related carbon dioxide (CO,)
emissions totaled 3.31 billion tons in 2018, the highest amount
on record, according to the International Energy Agency [4],
and no decreasing pattern is expected soon. In 2018, global
CO, was 407.8 ppm, methane was 1869 ppb, and N,O was
331.1 ppb [5]. Furthermore, these harmful gaseous pollutants
harm human health by causing asthma, respiratory problems,
strokes, heart attacks, and premature mortality [6].

Most countries have recently made significant efforts to
reduce greenhouse gas emissions, such as carbon dioxide, to
avoid global warming and rapid climate change and to ensure
a safe and clean environment [7,8]. Now renewable energy
sources, such as solar [9], wind [10], hydro [11], biomass [12],
and geothermal [13], have received extensive attention.
Renewable energy is typically regional, unsustainable, and
challenging to store and transport. On the other hand,
hydrogen energy is considered one of the most promising
energy sources due to its great efficiency and cleanliness -
hydrogen is a renewable gas with high energy efficiency,
making it a viable alternative for a carbon-free environment
[14]. Hydrogen is regarded as the most appealing renewable
energy in the twenty-first century. It has tremendous poten-
tial to be used in key fossil energy-consuming sectors due to
its diverse sources, high calorific value, good thermal con-
ductivity, and high reaction rate [15]. The history of hydrogen
and energy can be traced back over two centuries. The first
demonstrations of water electrolysis and fuel cells captivated
engineers in the 1800s [16]. Hydrogen was used to power the

first internal combustion engines over 200 years ago.
Hydrogen-powered balloons and airships propelled humanity
to the moon in the 18th and 19th centuries and the 1960s [17].
The production and distribution of hydrogen have evolved
into a global business. Demand for hydrogen and hydrogen-
based products has increased by more than 300% since 1975,
and the IEA predicts that demand will continue to rise as new
applications emerge [18]. Fig. 1 illustrates the annual demand
for hydrogen in its pure form since 1975 [17]. The widespread
use of hydrogen in clean energy systems is gaining popularity
due to two factors: 1) it produces no direct emissions of air
pollutants or greenhouse gases, hydrogen combustion theo-
retically produces only pure water [19,20]; and 2) it can be
produced using a variety of low-carbon energy sources [17].
Renewable electricity, biomass, and nuclear power are all
feasible options for producing clean hydrogen. Low-carbon
fossil-based hydrogen production is also possible if com-
bined with carbon capture, utilization, and storage (CCUS)
while reducing emissions from fossil fuel extraction and
supply [17].

According to the IEA, the demand for hydrogen in 2020
stood at ~90 Mt, where nearly 80% was used as pure hydrogen
and the remaining mixed with carbon-containing gases for
manufacturing steel and producing methanol [21,22]. In the
Net Zero Emissions (NZE) scenario, hydrogen demand is ex-
pected to be nearly six times that of 2020, reaching 530 Mt by
2050. The industry and transport sector will share about 50%
of this demand. In comparison, the industry's hydrogen de-
mand will triple to around 140 Mt in 2050 from 50 Mt in 2020,
while transportation's demand will rise from less than 20 kt in
2020 to more than 100 Mt in 2050 [23]. In this context, the ever-
growing demand for hydrogen has led to a substantial evo-
lution of the field in recent years, ushering in a new era and
contributing to the design of future energy infrastructure.
According to the International Renewable Energy Agency
(IRENA), hydrogen is produced from various sources, with
roughly 95% coming from fossil-based fuels, including oil,
natural gas, and coal [24]. However, by 2050, the share of water
(electrolysis) and biomass might rise to 30% [25]. As a result,
hydrogen is presented as a viable zero-emission, infinitely
renewable resource, capable, and cost-effective cleanest fuel
for current and future energy demands [25]. Until recently,
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several hydrogen production technologies have been devel-
oped. Steam reforming, partial oxidation, and gasification can
all be used to produce hydrogen from fossil fuels [3,26].
Hydrogen production from renewable sources includes but is
not limited to biomass gasification and water splitting utiliz-
ing solar, wind, or nuclear energy [27].

Previous studies have extensively reviewed hydrogen en-
ergy from fossil fuels and renewables [28—36]. However, there
are some general limitations to these studies. The above-cited
studies are conventional reviews often characterized by
subjectivity depending on the authors' experience level in the
field. In traditional review articles, it is challenging to organize
quickly, thoroughly summarize, and quantitatively assess a
certain subject's development trend and characteristics across
a vast number of studies over a long period [37]. In addition,
these types of articles require a narrow scope of research and
thus, tend to include a lesser number of papers for review, e.g.,
between tens (e.g., 40) and low hundreds (e.g., 100—300) [38].
They could also be marred by interpretation bias from
scholars across different academic backgrounds [39]. As such,
the use of modern review methods such the bibliometric
analysis for investigating the evolutionary nuances and
research characteristics of a field has seen significant growth
in the field of energy and environmental science, of which
hydrogen energy is no exception. Based on 1275 documents
across 218 journals, Kar et al. [40] mapped the research field of
hydrogen economy over the last 50 years. Sillero et al. [41]
used 3071 documents from the Web of Science © database to
investigate the global research trend and characteristics of
hydrogen production from dark fermentation. 22,612 docu-
ments published from 1900 to 2019 were used to conduct a
bibliometric analysis on hydrogen storage by He et al. [42]. The
research nuances and hotspots in hydrogen safety based on
relevant publications from 1957 to 2021 have been studied by
Wei et al. [43]. Nabgan et al. [44] reviewed the research field on
catalytic biohydrogen production from organic waste mate-
rials through literature review and bibliometric analysis. Ac-
cording to Scopus-based literature over the last two decades,
advances in hydrogen production from food waste have been
presented in the work of Sridhar et al. [45]. Zhao et al. [46] have
used bibliometric and content analysis to map the research

field of hydrogen production using microbial electrolysis cells.
Despite making a significant contribution to the literature,
these studies lack discussions on the current state of the field,
technological development patterns, key actors (countries/
regions and assignees), and future possibilities from the
perspective of technological innovation. Furthermore, none of
these studies monitors the influence of the several in-
novations made in the field. Also, to the best of the authors'
knowledge, these studies hardly review the latest innovations
in the area of hydrogen production for both fossil fuel and
renewable-based production methods. In addition, the tech-
nological life cycle and assessment of hydrogen production
technologies is clearly missing in these studies, i.e., at what
stage of development are the various technologies, their
technology maturity rate, and saturation characteristics. To
fill these gaps in research on hydrogen production technolo-
gies, patent analysis tools are deemed fit.

Patent analysis has long been recognized as a valuable tool
for technology monitoring because it can represent in-
novation's current and historical development in a specific
technological sector. Common analysis applications include
the study of technological trends, the identification of
important technologies, the research of new technologies,
and the forecasting of technological progress. Over the years,
the use of patent analysis has been witnessed in the field of
hydrogen energy. Hwang et al. [47] investigated the technol-
ogy trend for water electrolysis. Noh et al. conducted a patent
analysis to reveal the technological characteristics of
hydrogen storage and its technology [48]. Similarly, Chan-
chetti et al. [49] adopted patent indicators to forecast tech-
nologies related to hydrogen storage materials. Chen et al. [50]
performed a patent analysis that considered hydrogen energy
and fuel cell technologies. Technologies for fermentative
hydrogen production from biomass have also been investi-
gated by Hsu et al. [51]. In a more recent study, Martinez-
Burgos et al. [52] investigated the current developments in
the field of renewable hydrogen production technologies. The
application of hydrogen technologies in the automotive in-
dustry from a technological trajectory point of view has also
been investigated by Rizzi et al. [53]. Olivo et al. [54] conducted
a patent analysis in the area of advanced biohydrogen
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technologies. The reviewed studies have made important
additions to the development of the field — however, they are
not spared from limitations as well. Some of these studies
were conducted more than a decade ago [47,48,50,54], and do
not qualify for revealing the ‘latest’ trends in a 2022 assess-
ment. In addition, some of these studies are more specific with
regards to the hydrogen production source. In other words,
these studies only focus on one source of hydrogen produc-
tion; renewables [47,51,52,54] instead of a holistical review of
all hydrogen sources (including fossil-based sources). Others
have rather focused on further stages of the hydrogen supply
chain such as storage [48,49] instead of production. Also, the
industry of application has been specific for some of these
studies, for example, the automotive industry [53]. According
to the discussions above, significant research gaps must be
filled sooner rather than later. To fully understand the
development and direction of this field, more work is needed
to forecast future technological trends, identify promising
innovative and technological competitors, and identify tech-
nological hotspots and vacuums. Against this backdrop, the
current review examines the field's technological develop-
ment from 2000 to 2019. The field's key innovators/assignees,
countries/regions, and novel technologies are thoroughly
discussed. Also presented in this study is the technology life
cycle of various hydrogen production technologies. Further-
more, a comparative trend analysis of fossil-based, water-
based, and biomass-based hydrogen production patents in the
last five years has been conducted.

In order to fully understand the development and direc-
tion of the technological growth of this field, studies should
go beyond technological trends, key innovators, and their
country of origin - the driving forces behind the development
need to be revealed alongside. The above-reviewed papers on
patent analysis related to hydrogen energy, as part of their
identified research gaps, have failed to consider this aspect of
technology determinants in their analysis. Econometrics is
the quantitative application of statistical and mathematical
models to data in order to generate theories or test hypoth-
eses in economics and forecast future trends based on his-
torical data. It performs statistical tests on real-world data
before comparing and contrasting the results to the hy-
pothesis or ideas under consideration. Previous studies have
made significant efforts to account for the driving forces
behind technological growth and innovation. Li et al. [55]
utilized econometric research to see if a country's current
knowledge base is technologically relevant to the growth of
renewables and if international knowledge spillovers assist it
in developing renewable energy technologies. Spatial char-
acteristics and the driving factors of low-carbon energy
technology innovation in China were also conducted by
Zhang et al. [56]. Similarly, the driving forces for low carbon
technology innovation in the building industry were critically
reviewed by Lai et al. [57]. Based on four main dimensions,
the enablers for innovation activities across Europe were
assessed by Corsatea [58] with wind, solar, and bioenergy
technologies as evidence. In an earlier work, Brunnermeier
and Cohen [59] presented novel findings on the determinants
of environmental innovation in US manufacturing industries.
Fujii and Managi [60] used patent application data in a
decomposition analysis framework to assess four driving

factors of Japan's environmental technology development.
Due to the identified research gap mentioned earlier, as part
of the current study's novelty, econometric tools are adopted
to statistically ascertain the key determinants of hydrogen
production technologies.

Because the scientific community, corporations, and gov-
ernments are all interested in perfecting the transition from
fossil fuels to clean fuels like hydrogen, this research aids in
making more informed judgments on where to allocate
financial resources and efforts. The study's findings may aid in
identifying technological opportunities in the field of
hydrogen production and act as a guide for decision-makers in
developing a strategic plan for future technological growth.
The remaining parts of the current review are as follows.
Literature review on patent analysis reviews the extant
studies of patent analysis in the field of energy and environ-
mental sciences. The various methods used to gather data for
the current study are discussed in Patent analysis: research
methodology. By way of patent analysis, the key actors, the
evolution, trends, core technology areas, and market focus in
the field are comprehensively reported in Results and
discussion. Enablers of hydrogen production technologies
presents statistical findings on the enablers of hydrogen pro-
duction technologies using econometric models. In Summary
of significant findings, significant findings of the current
investigation have been distinguished and summarized. The
key challenges, future perspective, summary, and recom-
mendation on the studied topic conclude the current work in
Key challenges and future perspective on hydrogen
production and Conclusion and recommendations.

Literature review on patent analysis

Patent analysis has been successfully employed in several
studies to track and monitor the evolution of technologies in
several fields of science. In recent years, the tool has gradually
gained popularity in the field of energy and environmental
sciences. In this section, previous related patent studies in the
field are reviewed, and some of the key findings from each
study are summarized.

Mao et al. [61] examined 11,840 patents relevant to indus-
trial wastewater treatment systems using a mix of patent
analysis and text mining (IWT). Their results showed that
China ranks top in the number of related patent publications.
Their study identified technologies related to method, device,
material, and associated industry as hot themes. According to
the study's findings, research into physical treatment devices,
advanced oxidation processes, and automated and energy-
saving treatment systems are the most promising areas in
the near future.

Li et al. [62] investigated previous patenting projects in the
area of Offshore liquified natural gas (LNG) storage and
transportation. The top five patenting countries were deter-
mined to be South Korea, the United States, China, France,
and Japan. LNG storage, LNG terminals, heat exchange and
cold energy usage, LNG regasification, and LNG transportation
were among the five technical areas identified by cluster
analysis. In the LNG storage and transportation domain, these
technologies provide the foundation for development.
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The work of Ma et al. [63] examines patents for electric
vehicles (EVs) from 1970 to 2016. According to them, over-
coming the challenge of safely and rapidly charging a battery
through a charging facility and distributing the energy to each
storage unit is a hot topic in the world of EV technology,
involving battery, charging facility, and power control system
technology. Wireless charging technology is the EV technol-
ogy's research frontier.

Patent filings in Brazil on ways to reduce pollution emis-
sions from agricultural machinery engines were analyzed by
Silveira et al. [64] using patent analysis. John Deere and
Cummins were acknowledged for their significant engage-
ment in the agricultural machinery sector and for being
among the top 30 firms in Brazil with the most patents pub-
lished. The Y02T-10/24, which describes the Selective Cata-
lytic Reduction system used to decrease NOx, was unveiled as
a core technology. Another technology discovered was the
Y02T-10/144, which aims to improve engine performance by
using a turbocharging system and extending its life.

Sinigaglia et al. [65] have researched the development of
internal combustion engines (ICE). According to their find-
ings, the internal combustion engine had a technology
maturity rate of 81.77% in 2018. Water injection, friction loss,
and hybrid technology are the sub-technologies with the
fastest diffusion rate among those compared. According to
their projections, internal combustion engines will reach
saturation in terms of patent families in around 27 years. In
the short to medium term, the technologies likely to provide
significant technological advances in internal combustion
engines are integrated exhaust manifolds, refrigerated
exhaust gas recirculation, variable geometry turbochargers,
variable valve lifting pre-combustion system chamber, cyl-
inder deactivation, variable compression ratio, and water
injection.

Patent citation analysis was used by Li et al. [66] to track the
technological transfer of battery-electric cars in China. They
discovered that while technology transfer networks have
become more complicated over time, technology transfers
across firms have been unequal. More crucially, large vehicle
manufacturers and newcomers have a significant role in
technology transfer, followed by leading automotive sup-
pliers, with universities making a minor contribution.

Severo et al. [67] investigated the state-of-the-art of
microalgae photobioreactors incorporated into combustion
processes using a technological mapping based on a patent
survey. According to their work, North America, China, India,
and the European Patent Office (EPO) are at the top of the list
for microalgae processes integrated with energy-based sys-
tems, such as combustion or heating. GreenFuel Technologies
Corporation is the most innovative firm in the area. The
company holds two major patents dealing with microalgae
culture and fossil fuel emissions to make biofuel. Their find-
ings also suggest that the corporations' patent portfolios are
mostly focused on biotechnology and environmental
technologies.

Lee [68] has mapped the impact of artificial intelligence on
electric car technological advancement through patent anal-
ysis. More innovations from the field of self-driving automo-
biles, as well as traffic control system technologies, have been
applied to EV technology. Since 2011, charging system

optimization, self-driving car technology, and traffic control
system technology have been widely applied to electric
vehicle technology, and this has been attributed to the
development and growth of deep learning algorithms after
2011 and extensively applying algorithms to electric cars.

Yuan and Li [69] have also mapped the technology diffu-
sion of battery electric vehicles (BEV) based on patent analysis.
Three key conclusions emerge from their investigation. To
begin with, the development of BEV technology is centered in
five countries: Japan, China, the United States, Korea, and
Germany. Second, the markets for securing innovations tend
to be concentrated, with China, Japan, the United States, and
Europe as the most important. Third, global technological
diffusion is unequal, focusing on the core group. There is a
strong closeness between China and the United States for the
transmission of BEV technology, as well as between China and
Germany.

To have a better understanding of nuclear waste manage-
ment technology, Suh et al. [70] conducted a patent study. The
findings reveal that geographical factors such as nuclear
weapons history, ideology, geological circumstances, resource
availability, and international affairs have a significant impact
on nuclear waste treatment technology trends. They discov-
ered that the majority of technological progress is focused on
long-term storage. European countries and the United States
choose geological disposal, but Japan has made significant
efforts to recycle all plutonium.

Based on patents, Yin et al. [71] assessed technological
cooperation in carbon capture and storage (CCS). They
discovered that the United States files the most CCS patents,
followed by Japan and China, indicating that these three na-
tions are the most active in CCS technology innovation.
Further findings indicated that American and Japanese firms
have a strong presence in the field of CCS and have consid-
erable technological advantages.

Leng et al. [72] recently investigated technology innovation
in China's rare earth sector. According to the findings, tech-
nologies represented by the development, extraction, and
smelting of rare earth resources are the key players in the
innovation network and serve as the power and control center
of the technical innovation network in terms of individual
networks. Further analysis reveals that China's innovation
environment, followed by research and development (R&D)
expenditure and resource retention capacity, is the most
important driving force for technology innovation in the rare
earth industry.

Spreafico et al. [73] bibliometric study of patents and pa-
pers reveals the evolution of pyrolysis technology. The find-
ings of this study show that the time distributions of annual
publications related to various pyrolysis technologies, both in
relation to the various processed materials and on a global
level, revealed a unified interest in the fluidized bed and hot
balls, with net growth that began about twenty years ago and
has remained constant in the last decade, while plasma and
laser are still in the embryonic phase, with growth that is yet
to begin.

Table 1 summarizes the extant literature on patent anal-
ysis in the field of energy and environment, highlighting their
titles, period of investigation, databases(s) used, and total
dataset analyzed.
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Table 1 — Description of extant literature.

ID Area Period Dataset Database Reference
1 Industrial wastewater treatment 1973—2020 11,840 Derwent Innovations Index [61]
2 Offshore LNG storage and transportation <2020 689 Derwent Innovations Index [62]
3 Electric vehicles 19702016 131,007 Derwent World Patents Index [63]
4 Agricultural machinery engines 2006—2017 134,780 Questel Orbit Platform [64]
5 Internal combustion engine vehicle 1980—2018 7037 Questel Orbit Platform (USPTO) [65]
6 Battery electric vehicles 1985-2019 24,862 Derwent Innovations Index [66]
7 Microalgae photobioreactors 2000—2020 3580 Questel Orbit Platform [67]
8 Artificial intelligence in electric vehicles 1980—2017 3104 Korea Intellectual Property Rights [68]
Information Service
9 Battery electric vehicles 1985-2019 24,862 Derwent Innovations Index [69]
10 Nuclear waste management 1972—-2014 5614 WIPSON [70]
11 Carbon capture and storage 2007—-2017 3206 Derwent Innovations Index [71]
12 China's rare earth industry 1967—2020 59,984 Derwent Innovations Index [72]
13 Pyrolysis technologies <2020 42,599 ORBIT [73]

According to the above literature review, there is an
increasing use of patent analysis to track and investigate the
development and trends in the environmental, energy, and
power research fields. The tool has proven to be extremely
useful in determining which areas of a specific field are the
most developed, developing, niche, emerging, and declining.
Researchers have also used patent analysis over the last two
decades in the field of hydrogen energy. Chanchetti et al. [49]
adopted patent indicators to forecast technologies related to
hydrogen storage materials. Their results reveal that the main
patenting territories were the USA, Japan, China and the Eu-
ropean Union. For patents originating from the USA, the main
classes of hydrogen storage materials were made of simple
hydrides and borohydrides. Chen et al. [50] performed a patent
analysis that considered hydrogen energy and fuel cell tech-
nologies. The researchers claimed that at the time of their
investigation, hydrogen production and storage technologies
were yet to reach the maturity stage whiles fuel cell technol-
ogies were already passed technological maturity. Technolo-
gies for fermentative hydrogen production from biomass have
also been investigated by Hsu et al. [51]. The researchers
developed five scenarios for commercial applications of
biomass fermentation for hydrogen production, including the
screening and cultivation of hydrogen-producing bacteria
with high hydrogen production yields, the production of
hydrogen/methane or other economically valuable products
via fermentative hydrogen production processes and devices,
and the use of waste material/all kinds of biomass materials/
treated waste water as potential feedstock sources. In a more
recent study, Martinez-Burgos et al. [52] investigated the cur-
rent developments in the field of renewable hydrogen pro-
duction technologies. In this study, it was found that amongst
the investigated routes of renewable hydrogen production,
only electrolysis is at the commercial stage and the advances
in this area are related to electrodes and new catalysts. The
application of hydrogen technologies in the automotive in-
dustry from a technological trajectory point of view has also
been investigated by Rizzi et al. [53]. It has been revealed that
the growth in electric drives determines the success of fuel
cells and storage technologies. Significant attention was given
to storage technologies as innovators attempted to tackle is-
sues related to the availability of hydrogen refueling stations

for hydrogen ICE vehicles and fuel cell (FC) vehicles. Also, in-
ventions related to FC were relatively higher than those of
hydrogen ICE. Olivo et al. [54] conducted a patent analysis in
the area of advanced biohydrogen technologies. This study
found China as the biggest patent contributor in the field.
However, the developments in the field are highly concen-
trated in academic institutions, with few of their patents
patented at the international level - thereby decreasing their
competitiveness.

However, as discussed in Introduction, the above-
mentioned studies have general limitations, and gaps in
research should be filled sooner rather than later. The current
work aims to provide the most recent developments in the
field of both fossil-based and renewable-based hydrogen
production technologies, reveal the lifecycle of the technolo-
gies in the field dating back six decades, and, finally, analyze
the key enablers behind the field's development using
econometric tools.

Patent analysis: research methodology

From the 18" of January 2022 to the 1%t of March 2022, the
Derwent Innovation Index (DII) was used to gather patent
documents on the reviewed subject. Over 50 patent granting
authorities are indexed in the database, which provides
unique value-added patent information. It is a large database
that contains information on over 39.4 million patent families
and updates its data on a regular basis. Since 1973, it has also
included references and citations from six main patent-
issuing authorities (PCT-Patent Cooperation Treaty, US,
Europe, Germany, the United Kingdom, and Japan). It also
includes patent citations, allowing for tracking of an in-
novation's impact in a certain sector. The current patent
analysis is approached from three directions. In the first
instance, the overall output and trend of the field of hydrogen
production from 2000 to 2019 are investigated and presented.
In the second instance, a comparison of the patent de-
velopments in the last five years according to the feedstock
used in the hydrogen production process is investigated and
presented. Also, the technology life cycle and assessment of
the two main types of hydrogen production technologies are
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analyzed. The search approach from the two instances was
purposely varied. The search strategy employed in retrieving
relevant patent documents is described below.

Global overview

Following the strategies of previous studies [61,62,74,75], for
the overall output of the field, we decided to go with the search
query based on generic terms and synonyms for ‘hydrogen
production’ instead of the technical names of the various
production technologies which were reserved for subsequent
analysis. The search terms are herein presented: Topic (TS) =
(“producing hydrogen” OR “hydrogen production” OR “gener-
ating hydrogen” OR “hydrogen generation”) AND International
Patent Classification (IPC) = (BO1* OR CO1* OR GO5* OR G21* OR
HO1M* OR HO02*) were entered in the DII database with a
customized timespan from 2000-01-01 to 2019-12-31. To
reduce data pollution as high as possible, the search strategy
was modified to include IPC that are expected to be assigned to
patents within the scope of the current review. BO1; Physical
or chemical processes or apparatus in general: C01; Inorganic
chemistry: GO5; Controlling/regulating: G21; Nuclear physics/
nuclear engineering: HO1 M; Processes or means: H02; Gen-
eration, conversion, or distribution of electric power. A total of
10,097 patent documents were initially obtained. At the
discretion of the investigators, the search was refined to
include documents only recorded in the subject area of “En-
ergy fuel” due to the scope of the current study. The process
resulted in a final dataset of 6103 patent documents, which
were downloaded in.txt format and exported into ITGInsight
[76], a powerful text mining and visualization tool for further
data cleaning, refinement, and analysis. After cleaning and
refining, a final dataset of 6041 patents was used to generate
the results. Data visualization has been done via VOSViewer ©
and Originlab2022 ©.

Technology-specific overview

To conclude the patent analysis, the search query was modi-
fied to obtain a comparative analysis of the latest trends in the
various technologies. Based on the feedstock, the technologies
were classified into three — fossil fuel-based technologies,
water-based technologies, and biomass-based technologies.
An analysis of DII patents within the last five years was made.
This not only highlights the field's current status but also
provides valuable insights as to what could be expected in the
near foreseeable future. Accordingly, the search query was
restricted to patents published in the last five years, and the
keywords are specified herein: Fossil fuels — TS = (hydrogen
AND "steam reform*") OR (hydrogen AND "partial oxidation")
AND (hydrogen AND "autothermal reform*") OR (hydrogen
AND "coal gasif*") OR (hydrogen AND "hydrocarbon pyroly-
sis"); Water — TS = (hydrogen AND electrolysis) OR (hydrogen
AND thermolysis) OR (hydrogen AND photolysis); Biomass —
TS = (hydrogen AND bio-photolysis) OR (hydrogen AND "dark
ferment*") OR (hydrogen AND "photo ferment*") OR
(hydrogen AND "biomass pyrolysis") OR (hydrogen AND
"biomass gasificat*") OR (hydrogen AND "biomass combust*")
OR (hydrogen AND "biomass liquefaction"). The subsequent
processes after obtaining the initial results are the same as the

steps outlined in Global overview. A total of 1971 patent doc-
uments were obtained for this part of the analysis.

Technology assessment and life cycle

The initial stage in technology planning is technology fore-
casting. Technology forecasting leads to the identification of
opportunities and the direction of technological advances [77].
As shown in Fig. 2, every technology has a life cycle that is
separated into four stages. The S-curve depicts the evolution of
innovation, from its slow start as the technology or process is
developed, to an acceleration phase (a steeper line) as it ma-
tures, and finally to its stabilization over time (the flattening
curve), with corresponding increases in the performance of the
item or organization that uses it. Technology eventually rea-
ches its technological limit of utility or competitive advantage.
At any time, there may be a technological breakthrough — a
radical innovation — resulting in a new S-curve.

The search query in this section was restricted to patents
published from 1966 to 2019, and the keywords search and filter
are the same as that of Technology-specific overview. In gen-
eral, the Gompertz and Logistic models are the most exten-
sively used approaches for fitting S-curves [79] and outperform
the other models [80]. Following the work of Chen et al. [50], the
Logistic curve model was used to study the growth curve S in
the current study. We utilized Loglet Lab 4, which is created by
Rockefeller University in 1994 and is a program used for this
type of forecasting analysis. The Logistic curve's primary co-
efficients were determined using Monte-Carlo iterations.

Three metrics may be calculated to describe the pace of
patent development. The technological maturity rate (TMR)
Equation (1), the estimated remaining life (ERL) Equation (2),
and the number of prospective patents to appear (PPA) Equa-
tion (3), are these indicators [81]. The first and third indicators
are easily determined using the growth curve's saturation
level k. The TMR has a value between 0 and 1 and represents
how close a technology has reached its maximal level of
development. When the TMR crosses the 0.5 development
range, the technology has reached maturity [82]. ERL is used to
estimate how much time it will take to attain saturation. A
technology's TMR, ERL, and PPA are defined as follows [83]:

TMR(t) = k”% (1)
ERL =Ti — Trow )
PPA =%k — Rnow ®3)

where k,,, represents the cumulative number of patents at
time t, Ty is the year that the cumulative number of patents is
expected to reach saturation, and Ty, is the present year.
The above methodology has been followed from Sinigalaglia
et al. [65].

Results and discussion
Technology output and geographical distribution

Fig. 3 shows the annual development of hydrogen production
technologies. Patent activities in the field are growing at an
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Fig. 2 — Technology life cycle diagram [78].

average annual rate of 4.21%. The five most productive years
for patent activities have been 2006 (390), 2015 (386), 2005 (375),
and 2004 (372). With respect to growth rate (with respect to
previous year), the order varies as 2015 (+65.67%), 2001
(4+59.42%), 2002 (+40.45%), 2003 (+10.03%), and 2004 (+9.41%).
IEA reports that between 2005 and 2011, governments across
the globe had allocated at least USDS5 billion for research,
development, and demonstration of hydrogen fuel, which is
about USD1.5 billion more than what was allocated in the
period of 2012—2018 [84]. This could explain the relatively high
patent activities in the first half of the study period in contrast
to the second half. In Fig. 4, we look at the relationship or
degree of consistency between the number of patent appli-
cations per year in contrast to innovators, assignees, and
countries/regions. It can be seen that the main peaks for
patents filed, innovators, or assignees occurred in 2006 whiles
that of countries/regions occurred a year later. Also, it is
observed that the activities in the field with respect to patents,
innovators, assignees, and countries/regions have largely
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Fig. 3 — Annual patent applications for hydrogen
production technologies.

been concentrated in the first half of the study period
compared to the second half. Furthermore, 2015 was one of
the major years (2nd for patents filed) for hydrogen production
development in the field in the last two decades. However, the
growth trend with respect to innovators, assignees, and
countries/regions shows that the field's growth in 2015 was
distributed among only a few innovators/assignees/countries/
regions. It is also worth noting that, because it takes around
18—20 months from patent application to publication [61], the
number of patents/innovators/assignees/countries decreased
significantly in 2019. The results show a fairly consistent trend
between the number of annual patents deposited and that of
the innovators/assignees/countries/regions involved. The
emergence of carbon-neutral/clean energy targets, policies,
and stringent emissions standards could ensure more
consistent and steady growth in the near distant future.
Data reveals that on 12% January 2000, one of the first
patent applications within the study period was made. This
patent (Patent No. JP2000233904-A) is on “Apparatus for car-
rying out catalytic endothermic reactions comprises a thin
porous vertical catalyst layer, a channel for oxidant and a
channel for collecting the final product”. This patent is for the
reforming or partial oxidation of methanol and subsequent
CO oxidation, especially for producing hydrogen in vehicles
[85]. This patent was later published on 29™ August 2000.
Similarly, one of the most recent patent applications was
made on the 23rd of October 2019, and published on the 26th
of January 2021. This patent (Patent No. CN110635510-B) is
titled “Non-grid-connected wind power system for producing
hydrogen by electrolyzing water, has control unit that is
respectively connected to wind turbine, quasi-Z source con-
verter, branch switch and power switch,” and it serves the
purpose of a non-grid-connected wind power system for
producing hydrogen by electrolyzing water [86]. This obser-
vation signifies the prospect of a growing share of hydrogen
production from renewables in the near foreseeable future.
The geographical distribution of the most dominant pat-
enting countries/regions in the field is shown in Fig. 5.
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Fig. 4 — Number of patent applications per year compared to that of innovators/assignees/countries/regions.

applications. Our top three countries on hydrogen production
patents are consistent with the findings of a recent study on
research publications on hydrogen production that has also
reported that the top three countries with the most contri-
butions to hydrogen production papers are China, the USA,
and Japan [87]. Besides, 1060 and 1511 patents were applied

Japan has led the way in terms of patent applications in the
field in the last two decades with 2829 patent applications for
hydrogen production technologies. Also featured in the list of
the top ten countries or regions are three other Asian coun-
tries, i.e., China (1,869), South Korea (709), and India (288).
Closely following Japan is the US, with 2032 patent

WIPO (1511) EPO (1060)
CANADA (407)
GERMANY
(323) SOUTH
CHINA (1869) KOREA (709)
USA (2032) JAPAN (2829)
INDIA (288)
AUSTRALIA
(388)

Fig. 5 — Total patent application of top patenting countries/organizations.
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through European Patent Office (EPO) and World Intellectual
Property Organization (WIPO), respectively. In Europe, Ger-
many takes the helm of affairs ranking 1stin its region and 8th
worldwide. Patent activities have not been recorded so far in
Africa and large parts of South America. With a majority of
these regions/countries classified as low- or mid-income level,
itis obvious that the main setback for the lack of contribution
to the field has to do with no or low budget allocation for the
development of clean fuels such as hydrogen [88]. Further-
more, the existence of clear and active policies on the future
adoption of hydrogen fuel influences the patent activities
across nations. For instance, in 2017, Japan became one of the
first countries to announce a basic hydrogen strategy, and it
has since detailed plans to transform into a hydrogen society.
The approach aims to attain cost parity with competitive fuels
for power generation, such as liquefied natural gas. It has also
established realistic cost and efficiency objectives for each
application, aiming for electrolyzer costs of $475/kW by 2030,
an efficiency of 70%, and a hydrogen production cost of $3.30/
kg. The Low Carbon Fuel Standard was revised in California
(US) to mandate a stricter decrease in carbon intensity by
2030, incentivize the establishment of refueling stations, and
allow CCUS operators to participate in earning credits from
low carbon hydrogen. By 2030, the California Fuel Cell Part-
nership has set a goal of 1000 hydrogen refueling stations [17].
In 2020, a hydrogen strategy was adopted by a number of EU
nations, including Germany, France, Italy, and Spain. In the
scope of the Next Generation EU, they also committed roughly
€11.5 billion to hydrogen fuel development from 2021 to 2026,
including €3 billion in Germany, €3 billion in Italy, €2 billion
in France, €1.5 billion in Spain, and around €1 billion each in
Poland and Romania [89].

Patenting activities vary with time from one jurisdiction to
another. Given the energy and environmental situations at the
time, a country may decide on which technology to invest
most of its resources. Hence, in Fig. 6, we compare the pat-
enting activities of the six major countries in the field with
respect to time. The study period has been divided into four
phases — each phase representing five years. It can be
observed that the trend in patent applications amongst these
six countries varies. Japan, for instance, was an active country
between 2000 and 2009, amassing 1984 patents within this
period. However, from 2010 to 2019, Japan only filed 845 pat-
ents which is less than half their activities in the first decade.
With the exception of China, the rest of the four countries
followed a similar pattern as that of Japan. In fact, China's
effort during the last ten years has increased almost three
folds relative to their activities between 2000 and 2009. Japan,
the US, South Korea, and Canada have all recorded their most
active periods between 2005 and 2009; whiles Australia is the
only country to have its most active patenting period between
2000 and 2004. It is clear from these statistics that there was
much interest in developing the field within the first decade
(2000—2009) compared to the last ten years.

International patent collaboration can have a favorable
impact on the growth of a technological field. Kerr and Kerr [90],
for example, looked at the quality of patented research projects.
They discovered that patents created collaboratively by global
research teams produce better discoveries than patents devel-
oped entirely by local scientists (i.e., only in the firm's home

suoneaydde yuaed

Fig. 6 — Patenting activities of six major countries from
2000 to 2019.

country). Patent collaboration or sharing across countries/re-
gions/organizations, collectively in the field of hydrogen pro-
duction, is depicted in Fig. 7. Each node in this network
represents a jurisdiction. A connection between two nodes in-
dicates that they are co-owners of a patent or that they jointly
applied for one, indicating technical collaboration. The goal of
measuring and analyzing the patent cooperation network is to
identify significant technology holders in the field of hydrogen
production and to investigate the cooperative relationships
between core jurisdictions. The node size demonstrates
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Fig. 7 — International patent collaboration among top 20
jurisdictions.
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jurisdictional dominance in information sharing with other
jurisdictions. The thickness of the links represents the degree
of patent sharing between any two jurisdictions. Per their node
sizes, the US shares the highest number of patents with other
jurisdictions, followed by WIPO, EPO, and Japan in that order.
The highest number of shared patents between any two
countries exists between Japan and USA, with 793 shared pat-
ents. One such relevant innovation shared by these two coun-
tries is "Efficient hydrogen production method, by culturing
microorganism with formate dehydrogenase gene under aer-
obic conditions, culturing obtained cells under anaerobic con-
ditions in the presence of formic acid, using cells for evolving
hydrogen". This innovation is useful for hydrogen generation
using microorganisms; the hydrogen generated by this method
is useful as a fuel for fuel cells [91].

Patent assignees and target markets

Table 2 presents the top 10 most active patent assignees in the
field of hydrogen production technologies. Data shows that all
ten assignees are Japanese companies, further emphasizing
the dominance of Japan in the development of the field.
Ranked in the first position with the most deposited patents
from 2000 to 2019 is the Panasonic Corporation, with 258
patent applications. During the study period, this company
filed one of the most recent patents relating to a "optical
semiconductor, a manufacturing method for the optical
semiconductor, an optical semiconductor device, a photo-
catalyst, a hydrogen generation device including the photo-
catalyst, and an energy system including the hydrogen
generation device" (Patent No. JP5165155-B2) [92]. Further-
more, Panasonic introduced the ENE-FARM, the world's first
domestic fuel cell cogeneration system, in 2009, which pro-
duces power using hydrogen derived from natural gas [93]. At
the same time, Panasonic has been researching and devel-
oping pure hydrogen fuel cell generators, which use hydrogen
directly supplied from the outside to produce power, antici-
pating the hydrogen society's emergence. Beginning in 2012 at
Yume Solar Kan Yamanashi, a facility promoting renewable
energy in Kofu City, the Panasonic corporation performed field
experiments using similar generators in several locations
around Japan. Panasonic Corporation launched a 5-kW pure
hydrogen fuel cell generator on October 21, 2021, which

Table 2 — Top 10 assignees of hydrogen production
technologies.

Rank Assignee Patents  Country
deposited
1 Panasonic Corporation 258 Japan
2 JX Nippon Oil & Gas Exploration 187 Japan
3 Toyota Jidosha 130 Japan
4 Panasonic Intellectual Property 95 Japan
Management
5 Nissan Motor Co Ltd 92 Japan
6 Toshiba KK 89 Japan
7 Tokyo Gas Co Ltd 82 Japan
8 Honda Motor Co Ltd 75 Japan
9 Toyota Chuo Kenkyusho 69 Japan
10 Mitsubhishi Jukogyo 68 Japan

creates power through a chemical reaction using high-purity
hydrogen and oxygen in the air. Consequently, it is feasible
to convert hydrogen to electricity effectively, allowing the
product to reach a high electrical efficiency of 56% [93].

The non-Japanese company with the highest number of
patent applications is also an Asian company from China,
Shanghai Hejide Dynamic Hydrogen Machine Co. Ltd, with 63
patent applications — ranking 12th in the field. Also, the non-
Asian company with the most deposited patents from 2000 to
2019 is a US-based company, Intelligent Energy Inc — with 31
patents filed and ranks 24th in the field. Finally, the academic
institution with the most contributions to the field is the
South China University of Technology (SCUT), with patent
applications of 24 and ranks 39th in the field. Since SCUT is the
only academic institution featuring in the top 40 assignees
with hydrogen production technology patents, we briefly
highlight one of their most recent innovations (Patent No.
CN109081308-A) on the subject. The innovation is titled “A
method of by glycerol and methane co-producing hydrogen
and synthesis gas”. It discloses a kind of methods by glycerol
and methane co-producing hydrogen and synthesis gas, and
the innovation can produce purity up to 97% hydrogen [94].

The target market of the top six assignees outside of their
home country (Japan) is explored using correlation analysis,
as illustrated in Fig. 8. The results show that the US is the
world's largest target market for these companies/institutions
because it's an innovative and stable market with the largest
economy. The results do not come as a surprise because evi-
dence from several financial indexes and reports shows the
US as the most attractive market worldwide: (1) In 2020, the US
ranked first in the Global Foreign Direct Investment Country
Attractiveness with an index value of 75.9 [95]; (2) Similarly,
according to the 2018 Global Entrepreneurship Index rankings,
US had the highest index (83.6) [96]; (3) The World Bank sta-
tistics on foreign direct investment (2019 inflows) [97] shows
that the US is the largest recipient (~USD 302 billion) of foreign
investment ahead of an economic superpower like China
(~USD 187 billion). The aforementioned statistics explain why
companies developing hydrogen production technologies
target the United States as their primary market.

As discussed earlier, one of the existing gaps in the avail-
able literature on the hydrogen energy-related patent analysis
is the lack of up-to-date findings on the annual output of
patent activities, key innovators, assignees, and their country
of origin. The results presented in Technology output and
geographical distribution to Patent assignees and target
markets contribute to the existing studies by revealing the
trend in these aspects of hydrogen production technologies.

Areas of technological development

Derwent Manual Codes (DMC) can be used to examine the
technological categories involved in hydrogen production
technologies (as illustrated in Fig. 9) to better understand the
core areas of development in the field. This categorization
identifies the innovation's new technical characteristics or
significant features, such as technical features and claim ap-
plications. This classification follows the same hierarchical
structure as the IPC, although with fewer details. Each patent
application in the DII is given at least one Derwent class based
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biomass [100]. Hydrogen production using these feedstocks
supplies dual benefits of energy generation and waste treat-
ment since agricultural and municipal wastes can be deposed
at the same time [100]. E10-J02D1 is for methane: the steam
methane reforming process produces almost 95% of the
world's hydrogen. Natural gas is reacted with steam at a high
temperature to form carbon monoxide and hydrogen in this
process [101]. Additional steam combines with the carbon
monoxide in a later process, i.e., the water gas shift reaction to
create more hydrogen and carbon dioxide. E31-NO5C relates to
CO, and includes carbonic acid: technologies involved in
removing or separating CO, during the production of
hydrogen are likely to be assigned under this technology class.
For example, Patent No. GB2466554-A; W02010073026-A1;
GB2466554-B; HK1142358-A1 describes such innovations. The
innovation is titled “Manufacturing town gas from landfill gas,
comprises recovering landfill gas, removing contaminants
and water, adjusting carbon dioxide level to give stream
comprising carbon dioxide and methane and mixing
hydrogen containing gas stream”. The advantage of this
technology is that it employs cryogenic capture units, which
are operated at temperatures and pressures that efficiently
separate some of the carbon dioxide contained in landfill gas,
decreasing the load on the hydrogen producing equipment
[102]. E11-W describes environmentally friendly innovations
— an example of such environmentally friendly innovations in
this category is seen in the works (Patent No. JP2016222781-A;
JP6570111-B2) of innovators Kano J and Toka S of the Tohuku
University. Their innovation is titled “Producing hydrogen
used for producing hydrogen gas used as an energy source as a
fuel of internal combustion engines, by mixing calcium hy-
droxide and nickel hydroxide in cellulose or sewage sludge as
biomass resources, and heating mixture”. The method is
environmentally-friendly, suppresses warming, strongly ex-
hibits low carbon society assembly, produces highly pure
hydrogen, and ensures a stable supply of energy [103]. Finally,
some innovations in the area involve either the simultaneous
production of hydrogen and CO or producing hydrogen whiles
limiting the production of CO. These types of innovations are
likely to be classified as E31-A01 (hydrogen + carbon monox-
ide). Two of such innovations are reviewed hereafter. Patent
No. EP1077198-A2 titled “Catalytic steam reforming of hydro-
carbon feedstock for producing hydrogen and/or carbon
monoxide rich gas, involves catalytic pre-reforming feedstock
followed by steam reforming” - the innovation's use is for
producing hydrogen and/or carbon monoxide rich gas [104].
On the other hand, Patent No. JP2005082436-A titled
“Hydrogen production apparatus has modification portion
having modification catalyst, and carbon monoxide
decreasing portion having carbon monoxide decreasing cata-
lyst and sulfur compound removal agent” - This hydrogen
generating device has enhanced carbon monoxide reduction
capabilities. The use of a noble metal catalyst prevents the
poisoning of the catalyst by sulfur compounds and the
lowering of catalytic properties [105].

Research thematic areas

Based on the technology focus of the 6041 patent documents
retrieved, text mining was performed with ITGInsight to

extract the relevant terminologies involved in hydrogen pro-
duction. The top 150 terminologies were used to construct a
cluster (Fig. 12) to group and summarize these innovations
according to their main thematic direction. Cluster analysis
has also been used in patent analysis to group patent data
based on its relevance [62]. As a result, three main thematic
directions were discovered. These themes can be directly
related to hydrogen production or the aftermath use or effect
of the hydrogen production process.

The largest cluster in the network (red) involves terms
related to hydrogen production by electrical means for fuel
cell use — and it can be speculated that, for the last twenty
years, the development in the field of hydrogen production
has been in this area. Hydrogen fuel cells emit no harmful
pollutants and eliminate the expenses involved in handling
and storing hazardous chemicals such as battery acid or diesel
fuel [106]. In fact, when powered by pure hydrogen, the only
byproducts are heat and water, making hydrogen a zero-
emission, sustainable source of energy. Many well-planned
corporate sustainability programs use hydrogen fuel cells.
According to the US Department of Energy [107], hydrogen fuel
cells typically exceed 60% energy efficiency. This range is
comparable to a normal internal combustion engine in a
vehicle, which is about 25% energy efficient [106]. The word
‘electric vehicle’ is also evident in this red community.
Hydrogen Fuel Cell Vehicles (FCVs) are a branch of electric
vehicles (EVs) in the sense that hydrogen gas from the vehi-
cle's fuel tank combines with oxygen (O,) from the sur-
rounding air to produce electricity, with only water and heat
as byproducts. In the last five years, two such innovations in
this community (red) are herein summarized: Patent No.
US9537167-B2 titled “Fuel cell for generating hydrogen gas,
electrical power, and mediation of electrochemical reactions
and reactant transport, comprises electrolyte membranes
disposed between anode and cathode, where an electrode is
disposed between membranes”. This innovation's advantage
is that the fuel cell uses hydrogen to generate electricity from
an alcohol fuel and provides increased power output [108].
Patent No. KR2017015822-A titled “Fuel cell system for use in,
e.g., diesel engine vessel has hydrogen generation part for
producing fuel, and control unit for controlling extraordi-
nariness for supply part in order to supply fuel to fuel anode of
cell in emergency occurrence”. The system reduces the
management cost and fuel wastage rate according to the
excessiveness production of fuel [109].

The second-largest community (green) relates to hydrogen
production via reforming methods — methane/methanol
steam reforming is all classified under this cluster. Steam
reforming, also known as steam methane reforming, is a
technique of creating syngas (hydrogen and carbon monox-
ide) by the reaction of hydrocarbons with water. Natural gas is
commonly used as a feedstock. The primary goal of this
technique is to produce hydrogen. When waste carbon dioxide
is discharged into the environment, hydrogen created by
steam reforming is referred to as ‘grey hydrogen,” whereas
‘blue hydrogen,” when the carbon dioxide is (mainly) absorbed
and stored geologically. On the other hand, methanol
reformer (methanol steam reforming) is a device used in
chemical engineering, particularly in fuel cell technology, that
may create pure hydrogen gas and carbon dioxide by reacting

Please cite this article as: Ampah JD et al., Investigating the evolutionary trends and key enablers of hydrogen production technologies:
A patent-life cycle and econometric analysis, International Journal of Hydrogen Energy, https://doi.org/10.1016/j.ijjhydene.2022.07.258



https://doi.org/10.1016/j.ijhydene.2022.07.258

16 INTERNATIONAL JOURNAL OF HYDROGEN ENERGY XXX (XXXX) XXX

ee % s
jynthw gas

(X
gas rthure

-

zinc.oxide

reforming chamber

methang! water

hydrogensroductlon devi

electrigienergy & hydl’
hyd rog@fuel celf

7electr|(*ne@y ~ "+

<

Fuel cells and powe‘upply
electrical means of electroic device & eloct
hydrogen production metaldydridg

electrolyte solution

g%b VOSviewer

hydrogen generation unit

End products from
, hydrogen production

” H&fdrogeari h gas
highigeri . @oxid‘e
, e®

wat% &

ste gas ot
hydwgwduc“ontwat&por % ohift reaction

e 5 0t B S -

"q“‘f”e' - refor‘d gas
“ raw ‘erlal oW
|'| lowpath - ®

A d’u'el C ste
r‘hugp Uv nL

electric power

Hydrogen production

* by methane and
methanol steam
reforming

Fig. 12 — Cluster analysis of research thematic areas.

a methanol and water (steam) mixture. It is worth mentioning
that while hydrogen energy use produces no CO,, a methanol
reformer, just like methane reforming, produces the gas as a
byproduct. However, methanol (made from natural gas) uti-
lized in an efficient fuel cell emits less CO, into the environ-
ment than gasoline [110]. Methane steam reforming typically
requires temperatures of up to 900 °C to achieve high equi-
librium yields [111]. On the other hand, higher-temperature
operations need additional insulation and thermal integra-
tion. Liquid fuels such as alcohols are potential possibilities
for portable hydrogen production. Liquid fuels such as alco-
hols are potential possibilities for portable hydrogen produc-
tion. Methanol, in particular, is an attractive fuel due to its
high energy density, high hydrogen-carbon ratio, and ready
availability [112]. Furthermore, methanol offers the benefits of
being sulfur-free and ultra-clean [113—115]. More specifically,
the steam reforming of methanol takes place at substantially
lower temperatures, typically within 250—300 °C. Further-
more, low operating temperatures can minimize heat losses
and reduce the undesired carbon monoxide [112], thereby
offering a significant advantage over hydrocarbon steam
reforming [116]. Chen et al. [111] made comparisons between
methane and methanol steam reforming in thermally inte-
grated microchannel reactors for hydrogen production
through a computational fluid dynamics study. Steam
reforming of both fuels was demonstrated to be feasible in
millisecond reactors under a variety of conditions, although
extremely careful design is required. Methanol reforming had
the potential to be more efficient, providing a better solution
not just for simplifying design but also for increasing power
and efficiency.

In the third and final community (blue), terms related to
the main/by-products from the hydrogen production process
are found. This includes hydrogen gas with a focus on its

richness and purity. Also, the goal of converting/eliminating/
reducing pollutants such as CO and CO, during the production
of hydrogen is represented in this community. We already
discussed the release of such pollutants from steam reforming
processes; however, coal gasification is another source of
carbon emissions during the production of hydrogen. Coal
gasification is a process that employs steam and oxygen to
break molecular bonds in coal and produce a gaseous mixture
of hydrogen and carbon monoxide. Some innovations made in
recent years belonging to this blue community had the goal of
producing rich hydrogen of high purity and, in the process,
reducing pollutants. Patent No. US9108894-B1 is one of the
latest innovations. This innovation is titled “Using biogenic
carbon dioxide derived from non-fossil organic material for
fuel production, comprises, e.g., converting biogenic carbon
dioxide and hydrogen that is sourced from hydrogen pro-
duction process to, e.g., biogenic carbon-based fuel”. By using
non-fossil organic material, the method improves product
yield and produces more fuel or fuel intermediate in a cost-
effective manner; reduces the life cycle greenhouse gas
emissions associated with the biofuel or biofuel intermediate;
provides the fuel with improved energy content; avoids the
harmful tailpipe emissions of conventional fossil-based fuels;
introduces low energy fossil carbon dioxide underground, and
thus does not contribute to atmospheric carbon [117].

Feedstock-based comparative trend

Technology life cycle and assessment

The life cycle of two main groups of hydrogen production
technologies according to feedstock (i.e., fossil and renewable)
is discussed in this section. The life cycle of the technology
begins with the introduction, to growth, then maturity, and
ends in saturation, where the research on the technology
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ceases and is expected to decline afterward. From Fig. 13, it is
seen that, for fossil-based technologies, the introduction
phase ended in 1995. The growth phase occurred between
1995 and 2013. By 2013, the technologies in the field had
already reached maturity. By 2031 and 2049, the technologies
will reach 90% and 99% saturation levels, respectively. For
renewable-based technologies, the introduction phase ended
in 2000. The growth phase occurred between 2000 and 2017. By
2017, the technologies in the field had already reached
maturity. By 2034 and 2051, the technologies will reach 90%
and 99% saturation levels, respectively.

In addition, the technology maturity rate (TMR), number of
potential patent applications (PPA), and the expected
remaining life (ERL) at a 90% saturation level of the various
groups of technologies are analyzed. It was observed that the
TMR of fossil-based technologies is about 66% compared to
approximately 57% of renewable-based technologies. This
implies that relatively, the growth of fossil-based hydrogen
production technologies is almost stagnant and has barely
little potential for further growth. The renewable-based
technologies, on the other hand, have a greater potential for
technological development with rapid growth. The PPA of
fossil and renewable-based technologies is 1609 and 2758
documents, with an estimated time remaining to reach satu-
ration in 12 and 15 years, respectively.

Trend analysis of technologies

Comparative mapping of the last five years of hydrogen pro-
duction development based on three different feedstocks is
discussed in this section. It is seen from Fig. 14 that in recent
years the main focus of development has been on renewable-
based technologies, especially water-based hydrogen pro-
duction options. The trend does not come as a surprise as the
share of hydrogen production from renewables, especially
water (electrolysis) and biomass, can increase from the cur-
rent 5%—30% by 2050 [25,118]. According to IEA [21], global
hydrogen demand by production technology in the Net Zero
Scenario 2020—2030 could see hydrogen production via elec-
trolysis reach 79.72 Mt by 2030 compared to 55.56 Mt (fossil
with CCS), 13.43 Mt (fossil with CCU), 52.78 Mt (fossil), and
10.67 Mt (by-product in refineries). Currently, steam methane
reforming and coal gasification have the lowest hydrogen
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production costs (1 $/kg H,), owing to huge existing structures
with a technology readiness level (TRL) of 9 and low feedstock
prices. However, biomass prices are projected to decline by
2050 at the expense of fossil resources. Biomass gasification
and pyrolysis are similar to methods that use fossil fuel. In the
following two decades, they are predicted to grow to a TRL of
up to 9 [119]. Furthermore, a significant increase in renewable
electricity production and a growing emphasis on the envi-
ronmental footprint of traditional production methods have
pushed innovators to develop efficient solutions with signifi-
cantly lower levels of environmental impact. Hydrogen pro-
duction via fossil fuels is the most economical and mature but
at the expense of serious environmental problems. Biomass
gasification provides an alternate solution because of its low
cost and lack of additional carbon emissions [2]. In the long
term, renewable-powered water electrolysis (e.g., wind or
solar) at central or semi-central facilities could also be an eco-
friendly alternative [29]. On the other hand, when compared
to steam methane reforming (without carbon capture), the
cost of electrolytic hydrogen is 6—27% higher. However, this

#7777 Fossil fuel
7777 Water
7777 Biomass

Fig. 14 — Share of hydrogen production patents according
to feedstock in the last five years.
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Fig. 13 — Technology life cycle of hydrogen production (a — fossil-based technologies; b — renewable-based technologies);
forecasted fit as dashed lines; HPT-hydrogen production technologies.
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cost becomes comparable to steam methane reforming once
carbon capture and storage are included in the analysis [120].
Therefore, it makes sense that, in the context of a future low
carbon society, major innovators in the field have recently
paid much attention to renewable energy-based technologies
for hydrogen production. The result above is consistent with a
patent analysis conducted by IRENA, which has revealed that
since 2016, the number of patent families for water electrol-
ysis technologies surpassed the number of patents related to
producing hydrogen from fossil sources (e.g., solid or liquid
coal and oil-based hydrogen sources) [121].

It is also worth noting that in the last five years, steam
reforming, electrolysis, and biomass pyrolysis remain the
main patent-deposited technologies under fossil, water, and
biomass-based technologies, respectively (Fig. 15).

Patent distribution among key countries and assignees. In
Fig. 16, the main patenting countries for the three groups of
technologies are displayed. It can be seen that, in the last five
years, China has been the most active patenting country in
both fossil and renewable-based technologies. This is
consistent with our earlier results in Technology output and
geographical distribution, Fig. 6, which revealed that China,
since 2015, has become the most dominant country in the
field, ahead of Japan and the US. Hydrogen is not a novel
concept in China. It is by far the world's greatest hydrogen
producer, generating 22 million tons of hydrogen per year,
accounting for one-third of global output [122]. China's
hydrogen energy industry is booming due to massive invest-
ment over the last five years, as the government strives to
attain carbon neutrality by 2060 and peak emissions by 2030.
China has increased its investments in hydrogen; the
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country's national and local governments have included the
hydrogen industry as one of China's six future industries in
the 14th Five-Year Plan (2021—2025) [123]. China's hydrogen
gas demand for 2025, 2030, and 2050 are estimated at 35.5
million, 37.15, and 97 million metric tons, respectively [124].
The China Hydrogen Alliance, a government-supported in-
dustry group, predicts that by 2025 the output value of the
country's hydrogen energy industry will reach 1 trillion yuan
($152.6 billion), and by 2030 that China's demand for hydrogen
will reach 35 million tons, accounting for at least 5% of China's
energy system [123]. The country hopes that hydrogen will
account for 10% of the Chinese energy system by 2040 [122].
Closely following China in all three groups of technologies is
the US. Furthermore, countries like Japan, South Korea, and
Canada are among the top ten active countries in the field
irrespective of the technology. However, for countries such as
India, Germany, and Australia, their dominance is witnessed
in water-and-fossil-based technologies, losing their spot to
Argentina, Russia, and Poland with respect to biomass-based
technologies.

In Fig. 17, the main assignees under each group of tech-
nology are presented. Under fossil-based technologies, the
most productive assignees are Sinopec, Haldor Topsge, and
Air Liquide SA. Using water as feedstock for hydrogen pro-
duction, Toshiba KK, Haldor Topsge, and Korea Institute of
Energy Research are the leading technology developers in the
last five years. The top assignees in this category are very
much distributed across multiple countries. It is seen that for
biomass-based technologies, the top assignees are mostly
Chinese-based companies, universities, or research in-
stitutions. The leaders in the production of hydrogen from
biomass are Henan Baiyoufu Biological Energy Co Ltd, Sinopec
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Fig. 15 — Share of patents on specific technologies in the last five years.
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increase in GDP implies an increase in energy demand. Future
trends show a shift towards clean hydrogen production ahead
of fossil-based production technologies as a result of carbon-
neutral targets. Based on the current cost of green hydrogen
relative to fossil fuel prices, technology readiness, and current
energy structure, among other issues inherent in green
hydrogen production, this would imply that fossil fuels must
meet the majority of this increase in energy demand. This
eventually reduces the relative growth of hydrogen produc-
tion as the production of fossil fuels increases. As such, poli-
cymakers should make a conscious effort to find the right
mechanisms to continue the development of green hydrogen
production technologies amidst the higher pressure for con-
ventional energy resources. The present work's negative
impact of GDP on the development of hydrogen production
innovation is consistent with previous works. The long-
lasting elasticity findings of Kumaran et al. [154] indicate
that there is a significant negative impact of GDP on the con-
sumption of renewables in ASEAN countries. Similarly, using
panel unit root tests and the system generalized technique of
moment estimation, Basak [155] points out that GDP had a
negative impact on the consumption of renewable energy in
the Balkans between 1998 and 2011.

Summary of significant findings

In summary, the current investigation has revealed that the
patent activities in the field are growing steadily at an
annual growth rate of 4.21%, with the most recorded growth
occurring in the first decade of the study period. Japan, the
USA, and China are the frontrunners in the field, seeing to
the development of hydrogen production technologies as
demand for the fuel is expected to increase six-fold by 2050
compared to 2020 levels in the NZE scenario. Basically, over
the last two decades, the research hotspot for development
can be categorized into three main groups; (1) fuel cells and
electrical means of hydrogen production, (2) hydrogen pro-
duction by methane and methanol steam reforming, and (3)
end product from hydrogen production. Fossil-based tech-
nologies for hydrogen production are the most advanced,
with a technology maturity rate of about 66% compared to
approximately 57% of renewable-based technologies. The
last five years have shown great attention to developing
renewable-based technologies compared to fossil-based
technologies with 67% and 33% of patent applications,
respectively. The main development in fossil-based
hydrogen production in the last five years is targeted at
the development of novel catalysts, enhancing hydrogen
separation, and reducing/converting carbon monoxide. For
electrolysis, the inclusion of wind or solar energy in the
electrolysis process is significantly ongoing. Efforts are also
being made to reduce the cost of production, develop elec-
trocatalysts, and protect electrodes. Innovators in the field
of biomass for hydrogen production are focusing on devel-
oping novel catalysts, reducing CO emissions, energy con-
sumption, and cost, whilst the increasing yield of hydrogen-
rich syngas is also of great importance. R&D expenditure
has had the most positive impact on the growth of hydrogen
production technologies since the start of the 21st century.

Key challenges and future perspective on
hydrogen production

It is obvious that considerable changes to the present energy
system are required if global carbon neutrality targets are to
be fulfilled. Hydrogen as a fuel offers a path to achieving a low-
carbon society. However, unlocking the whole promise of
hydrogen necessitates a commitment to ongoing research and
development, as well as scaling up demonstrations and de-
ployments alongside the private sector. Unfortunately, the
majority of traditional technologies for producing hydrogen
from fossil fuels are coupled with significant environmental
degradation and high energy consumption. As a result, greater
emphasis has been placed on the deployment of innovative
technologies for hydrogen generation from renewable and
nuclear sources, with increasingly stringent and applicable
environmental protection rules in place across the world [156].
Water electrolysis, biomass gasification, and nuclear thermal/
chemical pathways are examples of such technologies. Green
hydrogen has the potential to cut carbon emissions, but only if
the major hurdles, including the cost of production technol-
ogies, system durability, reliability, infrastructure, and safety,
are addressed [33].

The high production costs of green hydrogen are the pri-
mary impediment to the growth of a worldwide clean
hydrogen industry. Hydrogen is subject to market demand
preferences and competition from other energy sources in the
energy market. Green hydrogen production costs are currently
too high to compete economically with other energy sources
or hydrogen generated from fossil fuels, limiting the devel-
opment of a worldwide clean hydrogen market. Reports also
suggest that hydrogen generation from fossil fuels will
continue to be the most cost-competitive alternative through
2030. Low-carbon hydrogen is, in fact, significantly more
expensive than grey hydrogen: green hydrogen costs $ 2.5-5
per kilogram, blue hydrogen costs $ 1.50—3.50 per kilogram,
and grey hydrogen costs roughly $1.50 per kilogram [157]. In
addition, the life of equipment such as electrolyzer modules is
about one-third (10 years) of the design life of a hydrogen
production facility (typically 30 years). This results in
increased operating expenditure and a longer turnaround
duration due to the necessity to replace a number of electro-
lyzer modules in the cell house regularly to maintain installed
production capacity [158]. Similarly, another major impedi-
ment to the establishment of a low-carbon hydrogen economy
is the lack of an established clean hydrogen value chain.
Currently, the hydrogen value chain is dominated by fossil
fuels, with just a few pilot projects on low-carbon hydrogen. A
worldwide clean hydrogen market would thus necessitate the
development of whole new value chains. The primary prob-
lem is deciding which method to adopt because hydrogen may
be produced in a variety of ways. The biggest problem in terms
of production will be deciding whether to use green, blue, or
yellow hydrogen. While all of these approaches produce low-
carbon hydrogen, they have varied consequences in terms of
infrastructure, industry, and, most critically, the environ-
mental effect [157]. Green Hydrogen Technology makes use of
renewable energy sources such as the sun and wind to pro-
duce hydrogen, which is used as a source of water splitting.
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The inability of renewable energy to be available 24/7 is a
constraint on its use. As a result, operating electrolyzer
modules for hydrogen generation at baseload capacity is
problematic. Battery reserve power storage is insufficient to
cover the power needs of the electrolysis plant (cell house) and
hydrogen compression [158]. Large-scale biohydrogen pro-
duction is likewise hampered by two major drawbacks: poor
yield and high production costs. Furthermore, the production
of by-products during dark fermentation is a concern for
large-scale biohydrogen generation, which might lead to
waste management issues [159].

Aside from the obvious technical, commercial, and regu-
latory impediments to hydrogen production, there are issues
with public awareness and comprehension. To proactively
communicate the value of hydrogen to the public, community
acceptance of hydrogen as a ‘green’ alternative to energy
distribution will need to be pushed through focused engage-
ment efforts. Misconceptions about the safety and usage of
hydrogen must be addressed, as well as the gas's environ-
mental credentials as a tool to decarbonize the present energy
system [31,160].

Going forward, some common research development and
demonstration thrusts for hydrogen production (both fossil
and renewable sources) include: “New catalysts and electro-
catalysts with reduced platinum group metals; Modular gasi-
fication and electrolysis systems for distributed and bulk
power systems; Low-cost and durable membranes and sepa-
rations materials; Novel, durable, and low-cost thermo-
chemical and photoelectrochemical materials; Accelerated
stress tests and understanding of degradation mechanisms to
improve durability; Reduced capital costs for reforming tech-
nologies, including auto thermal reforming (ATR); Improved
balance-of-plant components and subsystems, such as power
electronics, purification, and warm-gas cleanup; Component
design and materials integration for scale-up and manufac-
turability at high volumes; Reversible fuel cell systems
including for polygeneration of electricity and hydrogen;
System design, hybridization, and optimization, including
process intensification” [161].

Conclusion and recommendations

Over the next decade, global greenhouse gas emissions need
to be cut by 25—-50% to meet the 2015 Paris Agreement goal of
containing global warming to 1.5-2 °C. These targets call for
immediate action, especially in the manner and rate at which
fossil fuels are consumed. Hydrogen has shown tremendous
promise as a future alternative fuel, and as such, its produc-
tion technologies have received a lot of interest in recent
years. Understanding the tendencies of evolution is critical for
policy and corporate decision-makers in order to make
appropriate decisions. Thus, this research aimed to trace the
technological evolution of hydrogen production technologies
and analyze the key enablers using patent and econometric
tools. Key findings from the current work are reported as
follows.

The main patents identified are in the field of hydrogen
production by ‘other’ means (e.g., steam reforming), fuel cells
(general), hydrogen production by electrical means, and

catalyst used in the production of hydrogen. About 60% of the
patents were deposited between 2000 and 2010, with 2006
being the most active patenting year. In the last two decades,
Japan, the US, and China have recorded the most patent
contributions toward hydrogen production development.
Companies mainly drive the patenting activities in these
countries, while academic institutions exhibit weak global
competitiveness. Based on the feedstock-based comparative
assessment, fossil-based technologies' technology maturity
rate was roughly 66%, compared to approximately 57% for
renewable-based technologies. This suggests that, in com-
parison, the growth of fossil-based hydrogen generation
technologies is essentially stationary, with limited room for
further expansion. On the other hand, renewable-based
technologies offer a higher potential for technical advance-
ment and quick expansion. In the last five years, China has
remained the most active contributor in all three categories of
technologies (i.e., fossil fuel, water, and biomass-based tech-
nologies). In addition, the trend shows that recent advance-
ments in the field (last five years) are more geared towards
water-based (60.3%), followed by fossil-based (33.2%) and
biomass-based technologies (6.5%) for hydrogen production.
Unlike water-and-fossil-based technologies, universities and
research institutions dominate biomass-based hydrogen
production technologies; hence, the progress to the
commercialization of these technologies is relatively imma-
ture. As expected, in the last five years, steam reforming,
electrolysis, and pyrolysis continue to be the main develop-
mental areas under fossil-based, water-based, and biomass-
based hydrogen production technologies, respectively. Also,
in the last five years, production and development of novel
catalysts for generating hydrogen from fossil and biomass
sources are advancing, whiles progress in the field of water-
splitting in the same period has mainly targeted electrode,
cell and electrolyte development.

Further results show that research and development
expenditure and low carbon energy consumption have a sta-
tistically significant positive effect on the development of
hydrogen production technologies. In addition, the increasing
levels of CO, emissions and primary energy consumption will
lead to the creation and development of more hydrogen pro-
duction technologies, but the effect is not as significant as
R&D expenditure. Conversely, economic growth and foreign
direct investment impede the development of hydrogen pro-
duction technologies. Investing more in hydrogen production
(R&D expenditure) appears the most effective enabler to
developing the field and should therefore be prioritized.

The current work is not spared from limitations. Patent
searches were undertaken from 2000 until December 2019.
Thus, developments before the 21st century have not been
accounted for. Also, patents that were not found in the Der-
went Innovation database (DII) were excluded. Prospectively
linked patents that were not referenced in the patent title or
abstract keywords were not included either. Furthermore,
owing to database restrictions, a few non-English full patents
were not accessible, and data was based on abstracts and
claims that were only available in English. These specifica-
tions may have led to the exclusion of relevant patent docu-
ments on the reviewed subject. The search strategy by
keywords and filtering is also subjective and was mainly
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according to the investigators’ discretion following the works
of previous studies in the field. However, we do not anticipate
a significant deviation from the current results obtained if
these limitations were to be addressed. Future works can
combine multiple databases such as DII, ESPACENET, USPTO,
etc., to trace the technological advancement in other aspects
of the hydrogen economy such as storage, transport, and end-
use.

To summarize, the current study adds to the ongoing dis-
cussion about hydrogen production from the standpoint of
technological trends. The existing reviews have already taken
significant steps in this direction, but they are distinguished
by alack of current trends, restrictions on individual hydrogen
production sources, a limited application area, or reviewed
stages beyond the production stage (such as storage). The
current study closes these gaps by identifying the technolog-
ical life cycle of both fossil and renewable hydrogen produc-
tion technologies. In this study, econometric tools were used
for the first time to determine the key drivers behind the field's
development. As far as we are concerned, this is the first study
in the field of hydrogen energy research to combine patent-life
cycle analysis with econometric analysis. The current work
could be crucial as a reference point for the field's develop-
ment and emerging studies over the next decade.
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