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ABSTRACT

Hydrogen is a promising future energy carrier due to its high energetic content and sus-
tainable appeal when produced via clean manufacturing processes. One of the techno-
logical challenges concerns its storage in a safe, compact, low mass and high gravimetric
capacity manner. In this sense, many Hydrogen Storage Materials (HSM) have been
investigated to house this source of energy, such as Simple Hydrides, Borohydrides, Metal-
Organic Frameworks (MOFs), Alanates, AB5 Alloys, Ammonia Borane, Carbon Nanotubes
and Graphene. Scientific advances aside, less attention has been paid in establishing a
panorama of the technological developments in HSM. To assess the technological ad-
vances in HSM, patent analysis can be carried out using bibliometrics and text mining
approaches in order to forecast the future trend of development and the main players
involved in this process. In this work, we evaluated the technological life cycle stage, HSM
class prominence and the role of different countries in HSM patenting. The results show
that overall HSM patenting decreased after 2007, except in the case of China. On the other
hand, the USA, Japan, China and the European Union (EU) were the main patenting terri-
tories. Simple Hydrides and Borohydrides were the main classes of HSM that received more
attention from the USA and the EU, while Japan had a high share in Solid Solution Alloys.
The life cycle stage of HSM seems to be between the first prototype market experiences and
full market deployment, even though future assessment is needed to fine-tune the anal-
ysis. The developed indicators may also support the funding of new projects and decision
making.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
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Introduction

Hydrogen is considered a promising energy carrier for the
future, due to its abundance, high energy content (142 MJ/kg)
and its ability to be employed both in fuel cells and combus-
tion engines, in stationary or mobile applications, potentially
producing only H,O as an environmentally benign by-product.
Hydrogen can also be generated from water using renewable
energy in a sustainable closed-cycle [1]. Nevertheless, the
wider use of hydrogen energy still depends on the overcoming
of technological challenges, in particular, the development of
safe and effective hydrogen storage technologies, since the
more traditional high pressure or liquefied H, storage
methods require high capital costs and raise safety concerns,
as well as having low gravimetric and volumetric storage ca-
pacities [2].

Solid-state hydrogen storage in Hydrogen Storage Mate-
rials (HSM?) has been extensively investigated in recent years
[3]. Different attributes must be evaluated during the devel-
opment and selection of HSM, such as the gravimetric and
volumetric hydrogen capacities, its ease of activation (first
hydrogenation), reversibility and cyclability, recyclability,
toxicity, the cost of the raw materials and processing, and the
temperature and pressure operation ranges. Several materials
classes are being considered for hydrogen storage solutions
both for mobile and stationary applications [4]. Table 1 pre-
sents the storage materials classes considered in this study,
with example materials and typical operating conditions. The
classes are: Simple Hydrides, AB5 Alloys, BCC Solid Solution
Alloys, AB Alloys, AB2 Alloys [5], Borohydrides, Alanates,
Amides [6], Nitrogen-Boron Compounds (N-B* Compounds)
[7], Carbon Nanotubes, Activated Carbon, Carbon Nanofibers,
Fullerene, Graphene [8], Metal-Organic Frameworks (MOFs) [9]
and Zeolites [10].

Although several types of HSM have been investigated,
none of them possess an ideal set of properties for all appli-
cations. Therefore, niche applications are being developed
taking advantage of the strong points of the individual classes.
For example, vehicular applications require the storage ma-
terials to be lightweight, since they implicate in extra curb
weight, and the use of off-site regeneration of cartridges in
chemical plants is feasible. For stationary grid storage appli-
cations, the weight of the system is less important. However,
they require excellent reversibility, since the off-site regen-
eration is not feasible, and the cost per kWh of storage ca-
pacity must be low, since the amount of energy to be stored is
very high [3].

Technological advances in HSM can be tracked using Sci-
ence and Technology (S&T) Indicators. According to Moed,
Glanzel and Schmoch [16], these quantitative indicators aim
at supporting S&T policies by monitoring the output of
research and development (R&D). Mogee [17] argues that these
indicators may update the technological advances for com-
panies and increase the security of business investments. S&T
indicators are elaborated employing concepts, tools and

1 HSM: Hydrogen Storage Materials.
2 N-B Compounds: Nitrogen-Boron Compounds (e.g. Ammonia
Borane).

procedures researched in Bibliometrics, which is a discipline
that quantifies registered communications, such as scientific
articles, technical reports and patent documents. Recent ad-
vances in Bibliometrics include the use of information from
non-structured text, such as the title, abstract, and manu-
script corpus. This process is called ‘Text Mining’ and it ex-
tracts specific and relevant terms that can be used to develop
content-oriented indicators [18]. For instance, a mined term
‘MgH,’ in the title or abstract of a document may be used to
relate it to a specific material class, e.g., Simple Metal
Hydrides.

Patent documents constitute an important source of
technological information, since they contain detailed de-
scriptions of inventions and are used by patent assignees to
request the exclusive rights to commercial exploitation [17].
Patent documents constitute a rich source of technical and
business information, and their use can provide high-value
information, for example, detailing which companies and
institutes are investing in which technologies and to what
extent, and thus supporting the assessment of technological
life cycles and policies of countries and companies in specific
technological developments [17,19,20].

The use of patent document information is, however, not
uncontroversial, and some characteristics must be taken into
consideration [17,21]:

e The legal framework, filing procedures and patenting cul-
ture varies among different countries

e Patents are not only filed for registering inventions. Given

their legal value, they become strategic assets for potential

market reservation and commercial blocking, among other

uses. And especially in research, they may merely be a way

of turning research results into a tangible output.

Patents do not cover all inventions. Technologies may be

maintained as industrial secrets, for example.

After their deposit, patent documents remain confidential

for 18 months. Furthermore, with third party databases,

there is an indexing delay, and not all patent documents

may be indexed.

e The propensity to patent varies among different areas,

although it may be assumed homogeneous within a single

area.

In patent counting, the same weight is given to each

document, regardless of, for example, economic value,

unless a specific methodology is applied.

Nevertheless, patent-based indicators are extensively used
by enterprises and entities such as the Organization for Eco-
nomic Co-operation and Development (OECD?) [22] and the
United States National Science Foundation (NSF) [23], indi-
cating their high value.

The life cycle of technologies is considered to typically
follow an S-curve type of development, and is divided into
four stages, as shown in Fig. 1 [21]. The emergence stage is
characterized by the first market trials and prototypes. Tech-
nological progress tends to be slow, as the complete under-
standing of the fundamentals is still in progress. The

3 OECD: Organization for Economic

Development.

Co-operation and
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Table 1 — Hydrogen storage classes.

HSM classes (this work) = Example material, capacity,

operation conditions

Comments

AB Alloys TiFeH, g; 1,9 wt%; 5 bar, 303 K [5]
AB2 Alloys ZrV,Hss; 3 wt%; 2 bar, 323 K [5]
ABS Alloys LaNisHe; 1,4 wt%; 2 bar, 298 K [5]

BCC Solid Solutions TiVH, 7; 2,6 Wt%,; 1 bar, 298 K [5]

Alanates LiAlHy; 7,9 wt%; up to 420—470 K [6]
Amides Mg(NH,); 7,4 wt% (with MgH,) [6]
Borohydrides NaBHy; 10,8 wt% by hydrolysis [6]

N-B Compounds NH;3BH3; 9,1 wt% by hydrolysis [7]

Intermetallic alloys classes are classified according to their crystalline
structure. They are composed of an element A, which forms a stable simple
hydride, and an element B, that forms an unstable simple hydride. The
hydrogen absorption occurs trough surface adsorption, followed by
dissociation and interstitial diffusion [11].

Complex hydrides classes comprise compounds formed by a metallic
cation and an anionic complex containing hydrogen. They generally have
high capacities but also high hydrogen binding energies, implicating in high
operation temperatures and often needing ex-situ regeneration [6]
Ammonia Borane is 19.6 wt% hydrogen and operates in the 150 °C region.
However, it undergoes only partial desorption. The reaction kinetics with
hydrogen are generally slow, and ammonia, a fuel cell poison, may be
released during desorption [12]

Storage of hydrogen in Carbon based materials, Zeolites and MOFs occurs
via adsorption in the internal surfaces, without rupture of the H-H bond of
the H, molecule. Their storage properties depend on their specific surface

[9] area (m?%/g), pore volumes, temperature and pressure [14].

C-Based Activated carbon; 5 wt%; 20 bar,

77 K [13]
MOFs Zn,0(BDC)s; 7,1 wt%; 40 bar; 77 K
Zeolites ZEO-Na-LEV; 2,07 wt%,; 16 bar, 77 K

[10]

Simple Hydrides MgH,; 7,6 Wt%; 1 bar, 573 K [5]

Simple hydrides can be classified in ionic, covalent or metallic hydrides,

according to the nature of the metal-hydrogen bond. Storage properties
vary greatly with composition [15]

consolidation stage is characterized by increasing perfor-
mance returns per unit of value invested, as a better under-
standing of the fundamentals is achieved. Product
development is based on the experiences of the first stage,
addressing the observed issues. The market penetration stage
is when the technology finally reaches a significant portion of
the potential market. In this stage, each performance incre-
ment demands higher investments, as the technology ap-
proaches its full potential. In the final stage, maturity, most of
the market potential is being explored. Even small perfor-
mance increments demand high investments, as the potential
of the technology tends to saturate. After this stage, the
technology may become a base technology (e.g. carbon steels),
or descend into obsolescence, as it is substituted by new and
improved solutions.

The S-curve approach, however, considers only techno-
logical development factors [21]. Actual deployment of a
technology may also depend on economic and sociological
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Fig. 1 — The S-curve for technological development. Source:
Ernst [21].

factors. These are especially important for radical innovation,
as economies of scale, lock-in effects, lobbying, among others,
may hinder the adoption of new technologies. A common
dynamics for radical innovation are waiting games (the
“chicken and egg” problem) [24]. As a hypothetical example:
Since there is little hydrogen infrastructure, hydrogen car
sales will potentially be low. And since there are few hydrogen
cars, there is little incentive to build the hydrogen
infrastructure.

For some technologies, we may also encounter a hype cycle
type of development [25,26]. In this case, during the initial
stages of technological development, bold claims are made
about the technological potential, often amplified by media
coverage, generating a peak of inflated expectations. As the
technological development turns out slower than the original
inflated claims, a disappointment phase takes hold, again
with media hype, but this time negatively. The hype cycleis a
superposition of a hype-disappointment bell-shaped curve of

Hype Level

Engineering or Business
Maturity

Hype Cycle

Technological expectations

Time

Fig. 2 — The hype cycle for technological development.
Source: Steinert, Leifer [26].
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Table 2 — Search expression employed for HSM Patent Document retrieval.*

TS=((hydrogen-stor* OR stor*-of-hydrogen OR h2-stor* OR stor*-of-h2) OR (hydrogen-absor* OR absor*-of-hydrogen OR absor*-hydrogen OR h2-
absor* OR absor*-of-h2 OR \ “absor* of h(2) \ ) OR (hydrogen-adsor* OR adsor*-of-hydrogen OR adsor*-hydrogen OR h2-adsor* OR adsor*-of-h2
OR \ “adsor* of h(2)\”) OR (hydrogen-sorption OR sorption-of-hydrogen OR h2-sorption OR sorption-of-h2) | OR IP=C01B-006* NOT [

TS=(batter* NOT fuel*) OR IP=A61K*)

& The search field TS seeks key terms in the title and abstracts of bibliographic records, while IP searches records by their International Patent

Classification (IPC).

expectations with the S-curve of actual technological devel-
opment, as shown in Fig. 2 [26]. A recent example of hype cycle
type of development are technologies related to the Human
Genome Project [27].

Although from an initial point of view, hype cycles may
seem negative, they constitute useful tools for breaking out of
technological waiting games and triggering innovation races
[24].

Previous patent analyses studies in the field have been
identified. Bakker (2010) [28] analyzed patent applications for
different storage technologies from car manufacturers:
gaseous storage, liquefied hydrogen, metal hydrides, carbon
and on-board reforming, concluding that neither was domi-
nant and, therefore, preferred. Shih and Yen [29] depicted the
evolution of patent applications, main companies and main
inventors for hydrogen storage technologies in Taiwan. Chen
et al. [30] analyzed fuel cell technologies patents by extrap-
olation of logistic curves, concluding that they are mature
technologies.

In this study, we aimed at mapping and evaluating the
stage of development of individual HSM technologies using
patent indicators and text mining techniques, in order to
obtain a panorama of the technological development of the
different HSM choices, with an end to gaining insights and
helping in planning and decision making in the HSM field. The
time evolution, technological life cycle stage and role of
countries were assessed, as well as the prominence of each
HSM class. The results were elaborated into graphical tech-
nological indicators and their analysis is presented.

Materials and methods
Procedure for retrieving HSM patent data

Technological indicators were developed using bibliographic
data of patent documents indexed in the Derwent Innovations
Index (DII*) database. The patent document retrieval proced-
ure comprises two main steps. First, we retrieved general
hydrogen storage patents applying the search expression
presented in Table 2.

This search expression combines general hydrogen storage
key terms with the International Patent Classification (IPC")
code for metallic hydrides (CO1B-006) [31]. We filtered docu-
ments concerning Ni-MH batteries and health-related in-
ventions (IPC A61K), which were not associated with the goal
of this study. We chose the Derwent Innovations Index (DII)

4 DII: Derwnt Innovations Index.
5> IPC: International Patent Classification.

database since it covers more than 40 patent offices, and
consolidates patent families® into single records. Moreover,
DII improves the retrieval process by allowing the use of
complex Boolean search and enhancing the titles and ab-
stracts of the indexed bibliographic records with information
from the full text patent document [32]. A total of 11,260
bibliographic records of patent documents were collected in
September, 2015.

The second retrieval step consisted in limiting the analysis
to materials-based hydrogen storage. To achieve this goal, we
imported the retrieved documents in VantagePoint (v. 7.0)
text-mining software [33], separating the Titles, Abstracts and
Technological Focus fields in short Noun-Phrases using Nat-
ural Language Processing available in the software. We
compared these phrases with a list of terms related to
Hydrogen Storage Materials Classes proposed by Chanchetti
[3] and expanded in this study. This list comprises the
following HSM classes: Simple Hydrates, Borohydrides, Com-
plex Magnesium Hydrides, AB alloys, AB2 alloys, AB5 alloys,
Solid Solution Alloys, Alanates, Zeolites, Metal Organic
Frameworks (MOFs), Carbon Nanotubes, Fullerenes, Gra-
phene, Carbon Nanofibers, Nitrogen-Boron Compounds and
Amides. Finally, a total of 2026 records were obtained in the
timespan from 1994 to 2013.

Elaboration and analysis of technological indicators

Technological developments of HSM were assessed quanti-
tatively according to the guidelines and procedures recom-
mended by the OECD Patent Statistic Manual [22] and by
seminal studies in the field of quantitative analysis [16,17].
The analysis of the compiled indicators also took into account
technical documents and official reports. The text-mining
software VantagePoint [33] supported the process of creating
frequency distribution lists of priority filling years, priority
countries, and relevant noun-phrases associated to HSM. We
divided the patent documents in five periods: 1994-1997,
1998—2001, 2002—2005, 2006—2009 and 2010—2012. We
assessed the worldwide number of patent applications for
these periods and their distribution by priority countries.
Triadic patents’ are considered to have higher economic
value, since it is assumed that their higher cost of protection is
worthwhile (although there is a possibility of a home advan-
tage bias) [22]. Therefore, we also elaborated indicators of

6 A patent family comprises patent documents filed in different
countries referring to the same invention. A patent document
may concern a deposited or a granted patent [50].

7 Triadic patents are patent families with at least one USPTO
patent number, one EPO patent number and one JPO patent
number concerning the same invention.
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Fig. 3 — Technological life cycle assesment framework.
Source: Mogee [17].

temporal evolution, country distribution and material class
distribution for triadic patents.

The HSM co-occurrence patent network analysis was per-
formed with support of Gephi [34] software by applying its
Modularity Algorithm [35]. This algorithm approximates
strongly connected classes in order to reveal clusters.

Life cycle assessment

Two approaches have been applied for assessing the techno-
logical life cycle stage of HSM. The first, proposed by Campbell
[36] and developed by Mogee [17], hypothesizes that the evo-
lution of the number of patent applications versus the number
of active companies in the field, taken year-by-year, can reveal
the technological life cycle stage (Fig. 3). The graph is divided
in four quadrants by the average number of active companies
per year and the average number of patent deposits per year in
the analyzed period. Quadrant I characterizes the emergence
or obsolescence of the technology, depending on the direction
of migration. Quadrant IV comprises key technologies, in
process of growth or maturity, depending on the direction of
migration. Quadrant III with many companies and few pat-
ents, characterizes a maturity stage where the technology
analyzed is not the basis for competition. Quadrant II char-
acterizes a maturity stage where the technology or product is
concentrated in few companies, but the technological
competition is high. However, the “correct” value for the av-
erages can only be taken in hindsight.

The second approach, proposed by Ernst [21], hypothesizes
that patterns in the time evolution of the number of patent
applications can be correlated to the life cycle stages, as
shown in Fig. 4. The emergence stage is characterized by a
growing number of patents, with an upward inflection
somewhere in the stage. The consolidation stage is charac-
terized by a decrease or a deceleration in the number of patent
applications. The market penetration stage shows a sharp

peak in the number of patent applications, which starts to fall
as the technology reaches maturity.

One must however consider that the number of patent
applications may follow the expectations curve of the hype
cycle. In this case, it is expected that the patents have a more
“market reserve” characteristic, than describing actual tech-
nological developments.

Results and discussion
Overall patent trend for HSM

The worldwide number of HSM patent documents increased
rapidly in the initial periods, peaked in the 2006—2009 interval,
and decreased in the 2010—2013 period, as shown in Fig. 5. In
fact, HSM technology developments experienced a steep in-
crease in the late 90's and early 2000's. Japan pioneered
research funding through its “New Sunshine Plan” [37] and
this might be related to its leadership in the patent filings until
2005, as shown in Fig. 6. The USA led patenting in the
2006—2009 period, with initiatives such as the 1.2 Billion US$
“Hydrogen Fuel Initiative” [38] and the FreedomCAR program
[39] driving technological developments in this period. The EU
also launched similar initiatives to promote developments in
this area throughout these periods [40], and this might have
stimulated patent applications in that region. Korea also has
important players and followed the worldwide trend. More-
over, China has been continuously increasing its number of
documents in all periods and reached the leading position in
2010—-2013.

In spite of China's leadership, this country filed no triadic
patents in the whole period, which raises questions con-
cerning the economic value of HSM technologies developed
there, as shown in Fig. 7. Literature studies [41,42] demon-
strate that subsidy patenting programs by the Chinese and
regional governments are greatly responsible for the observed
surge in patenting, especially for universities and research
institutes, where patent applications can be important for
career and promotion, without much concern for their use or
economic value. The steep increase in patenting is thus not
accompanied by a similar increase in patent quality.

(2]
c
L
=2
2
2 |
)
<| ey I v
= 1
g '
® [
Q| '
I 1 Consoli- Market )
Emerging ! dation ! Penetration Maturity

Time

Fig. 4 — Number of patent applications along the different
stages of the technological life cycle. Source: Ernst [21].
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Although Japan filed more patents than the other coun-
tries, the European Union and the USA had more triadic pat-
ents in the period, which may indicate that firms from these
countries are highly interested in protecting their inventions
in different markets [22].

Itis worth noting that Russia filed 31 patents and India 4 in
the whole period, none of which are triadic.

140
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100 A\/f\
60 /

40
20

Number of Patents

1994 +
1996 -
1998
2000 -+
2002 +——
2004
2006
2008
2010
2012

—— Companies Universities/Institutes

Fig. 8 — Comparison of patent applications from companies
and universities/research institutes.

Fig. 6 also highlights a recent decrease in American, Japa-
nese, European and Korean patents, which coincides with a
reduction of technological development incentives [43]. Bak-
ker (2010) [44] argued that Hydrogen Energy experienced a
technological hype cycle, in which expectations in the tech-
nological development peaked at around 2002, followed by a
disappointment phase at the end of the decade, as the
development of the technology turned out to be slower than
originally foreseen. The 2009 interview with US Secretary of
Energy Steven Chu corroborated this view with his “hydrogen
needs four miracles, saints only need three” quote, referring to
the technological challenges in the production, distribution
and storage of hydrogen and in fuel cell development [45].
Despite Chu's statement, he reconsidered his point of view in
2012, due to the abundance in natural gas made possible by
fracking [46]. Starting in 2015, one of the world's largest au-
tomakers, Toyota, has been actively marketing a hydrogen
fuel cell car [47], even though it uses high pressure gaseous
storage and not HSM. Nevertheless, we have so far not seen a
new rise in HSM patents up to the publication date of this
article.

Fig. 8 shows the distribution of patents among companies
and research institutions. After 2009, the number of patents
from research institutions exceeded that of companies, indi-
cating that the field possibly still requires more advances in
basic research.

The analysis of the HSM technological life cycle by the
Mogee framework, as shown in Fig. 9, suggests that the de-
velopments are migrating to the maturity/obsolescence re-
gion [17]. However, one may also claim that the future of HSM
is uncertain, due to the fact that the last point is close to the
center of the graph, so that the technology may still migrate to
any quadrant. Alternatively, Ernst [21] argues that a reduction
in patenting is expected in the Consolidation Phase of the
technology life cycle, after the Emerging Technology stage,
with the first marketing experiences driving the patenting
(Figs. 4 and 5).

On the other hand, the initial surge in patenting followed
by a steep decrease is consistent with a hype cycle, as pro-
posed by Bakker (2012) [24]. In this model, the initial period is
marked by a peak of inflated expectations that characterizes
the hype, followed by the Trough of Disillusionment, where
the expectations become driven by the actual pace of tech-
nological advance rather than by the hype (Fig. 2). Further
evidence for this case resides in the fact that scientific
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Fig. 9 — Technological life cycle assesment for hydrogen
storage materials by the Mogee framework.

productivity in the area has been increasing continuously [3].
The first startups for stationary hydrogen storage in materials
were founded in around 2010 [48,49], and the first commercial-
scale hydrogen vehicle sales started in 2015.

Technological developments on HSM classes

Fig. 10 depicts the total number of patent documents (world-
wide and triadic) for each HSM class. Much effort has been
applied in developing technologies of Simple Hydrides and
Borohydrides. As a consequence, they accumulated a high
number of patent applications in the worldwide and triadic
perspectives. Moreover, both presented a trend of constant
increase in their patenting, according to Fig. 11, despite the
decrease observed in the last period of the analysis for the

Number of Patent Families
0 100 200 300 400 500

Simple Hydrides ]
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Carbon Nanotubes
ABS5 Alloys ¥

Solid Solution +
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Fig. 10 — Total patenting activity and percentage of triadic
patents per HSM class.

general field. Technologies associated to Alanates and Zeolites
have also been the object of valuable developments, even
though their number of patent applications decreased
recently. In the case of carbon nanotubes, despite the high
number of patent documents, a low percentage are triadic.
Furthermore, the patenting on Carbon Nanotubes peaked in
2002—2005 and suffered a steep decline, which, along with
weak reported performance figures [13], indicates signs of
abandonment.

Simple hydrides show a trend similar to that of the general
field, peaking in 2006—2009 and declining slightly in
2010—2013, according to Fig. 11. Borohydrides display steady
growth, reaching leadership in the most recent period. The
recent growth in ABS is explained by the recent growth of
Chinese patents (Fig. 6).

It is usual for a single patent document to claim two or
more HSM classes as a consequence of their proximity to
solving the technical problem (i.e. hydrogen storage). Fig. 12
shows the proximity of HSM technologies, in which three
clusters were highlighted, since they share a similar concept
of how to store hydrogen. The first one includes Interstitial
HSM, whose main representative classes are AB5 alloys and
Solid Solution Alloys. The second cluster refers to High Ca-
pacity HSM, whose main classes are Simple Hydrides and
Borohydrides; and the adsorption-based Storage Cluster,
whose main class is Carbon Nanotubes.

High capacity HSM was the main cluster with 44% of the
total of 2026 patent documents analyzed. Simple Hydrides and
Borohydrides were the main classes of this cluster, being
associated to 53% and 46% of the cluster's patents, respec-
tively. The second cluster comprised adsorption-based HSM in
which carbon nanotubes is the most representative class from
the group (42%). Finally, interstitial HSM constituted 24% of
the sample. AB5 alloys and solid solutions were the main
classes of materials in this cluster with 48% and 47% share in
the cluster.

Due to their higher assumed economic value, analysis of
triadic patents permits an extrapolation of possible future
technological prominence of territories in specific classes.
Fig. 13 shows the distribution of each triadic patents class
throughout the priority territories. To illustrate, Japan has 4
and South Korea has 2 triadic patents in AB2.

Among the main HSM classes, Simple Hydrides show
equilibrium between the USA and the EU, with 23 triadic
patents each. Borohydrides are clearly dominated by the USA.
In Alanates, the USA and EU lead with 14 and 11 triadic pat-
ents, respectively. Japan is highly prominent in Solid Solu-
tions, and AB5 shows a progressively higher share from the EU
to Japan to the USA, although without dominance.

Conclusions

There was a significant reduction in HSM patenting in recent
years, with the exception of China. While this could be a sign
of technological abandonment, a reduction in patenting is
expected in the Consolidation Stage of the technological life
cycle. This decrease may also be related to a technological
hype cycle disappointment phase, where the initial inflated
expectations of the hype phase converge with the actual
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e -

Fig. 12 — Network of co-occurrence of patenting among HSM classes. N.B.: The area of the circles represents the number of
patents mentioning the class, and the thickness of the connections represents the number of patents mentioning both the

connected classes.

technological progress. This seems to be the case, since sci-
entific research on the theme is increasing, and hydrogen
vehicles and stationary materials-based hydrogen storage
solutions are starting to enter the market in commercial scale.

Although some HSM classes, like Carbon Nanotubes, show
signs of abandonment, there is not yet a dominant

technology, so the array of technological alternatives to the
problem is still open. There was, however, a higher patenting
in the High Capacity HSM cluster, particularly for Simple Hy-
drides and Borohydrides.

While China has increased its patenting dramatically in
recent years, opposing the general trend, it does not deposit its
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patents internationally, raising concerns about their economic
value. Considering triadic patents, the most prominent terri-
tories are the USA and EU for Simple Hydrides, the USA for Bo-
rohydrides and Japan for Solid Solution Alloys. This could be
indicative of future key players for these technologies.

There is still some uncertainty over HSM technological
development, concerning both the technological life cycle
stage and the selection of HSM classes. Continued monitoring
is therefore necessary in the coming years for a better
comprehension of the technological evolution of the field.
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