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Abstract

In this article we analyse and evaluate the German Research and Development (R&D) system related to the development
of hydrogen technology for mobile applications. We analysed both research projects and patents in the period 1974–2002.
The paper focuses on an analysis of the main technological trends, the role of governments in steering the transition and
an evaluation of the speed and direction of the transition to hydrogen. Our findings show that the attention for hydrogen is
strongly increasing and that overall the variety in research projects is increasing. This is positive. However, some technologies
receive more attention than others. The number of projects and patents related to infrastructure and refuelling is very low
while on board production of hydrogen is a clear winner. In terms of storage, liquid hydrogen receives most attention. We are
concerned about these directions in R&D strategy since different well to wheel studies have shown the drawbacks of these
options in terms of energy efficiency. Different governments play an active role in stimulating research and development, which
broadens the variety of research topics, which is positive. However, the distance between government and industrial interests
may be too large to lead to a significant influence of policy efforts. We therefore recommend stronger policy coordination to
counteract the risks of premature lock-in in suboptimal hydrogen technologies.
� 2005 International Association for Hydrogen Energy. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Hydrogen is considered by many a promising future
energy carrier. The advantages of using hydrogen are the
avoidance of harmful emissions when converted into useful
energy (electricity or heat) and the potential to produce
hydrogen based on renewable resources. Another advantage
is the promise of a very efficient conversion technology, the
fuel cell, that runs very well on hydrogen and less on other
fuels. Since, the dependence on fossil fuels, the issue of
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climate change and the local air pollution in large cities are
high on political agendas, the high expectations of hydrogen
as fuel can be well understood.
Hydrogen as fuel also has disadvantages. Hydrogen has a

low energy density. Therefore, compression or liquification
is necessary, which requires a significant amount of energy
and makes the fuel more difficult to handle. Furthermore,
changing the current system into a system that supports
hydrogen as energy carrier is amassive operation concerning
massive costs. Finally, the fuel cell is not fully developed
which results in suboptimal performance and high costs.
So, even though hydrogen is considered a promising en-

ergy carrier, the road towards large scale use of hydro-
gen is uncertain. To increase the chance that a transition to
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hydrogen will take place sufficient knowledge on the pro-
duction, transport, storage and conversion of hydrogen is
necessary. This knowledge production takes place in a so-
called hydrogen innovation system.
An hydrogen innovation system consists of all the ac-

tors, institutions and their relations that influence the devel-
opment, diffusion and ulilization of hydrogen as an energy
carrier (after[1]). To increase the chance that hydrogen will
become the dominant energy carrier of the future, it is nec-
essary that the hydrogen innovation system performs well.
The aim of this paper is to evaluate the German hydrogen
innovation system.
In the EU, Germany is a frontrunner in the amount of

hydrogen research and development projects[2]. In Ger-
many, many R&D projects are aimed at the transport sector.
Most major car manufactures in Germany, especially Daim-
lerChrysler and BMW, invest large amounts of money in
the R&D of hydrogen and fuel cell technologies. Besides
spending of these organizations, the German federal gov-
ernment stimulated the development of hydrogen and fuel
cell technologies since 1980 by funding research projects
(BMBF1 and BMWi2 funding). The focus of these funded
projects in the period 1980–1995 wasmainly on electrolysis,
demonstration and fleet test of automotives with hydrogen
propulsion, and the use of hydrogen in fuel cells[3]. Since
1996 until 2000 hydrogen and fuel cell research is part of
the Fourth Energy Research and Technology Program and
has a budget of¥10 million per year[4]. The BMBF funded
projects in this period focuses on the development of system
components that will serve to improve the potential for hy-
drogen production, storage and conversion. Cost reductions
of key components like fuel cell technologies and electrol-
ysis are considered important.
In the evaluation of the German hydrogen innovation sys-

tem a number of criteria are considered to be important.
First, for innovation systems that are in an early stage of de-
velopment variety in the knowledge base is of crucial impor-
tance since it may reduce the chance of heading for a subop-
timal lock-in. Various studies show that when technologies
are competing, the sequence of adopters determines the final
outcome of the competition, i.e., there is path dependence
in technology selection. When returns are increasing with
the number of adopters of a particular technology, a small
degree of dominance of a technology in the early stages be-
comes self-reinforcing. Therefore, early adoption decisions
for one or another technology have a major effect on fu-
ture adopters that will follow previous decisions and cause
lock in of an industry within one technology[5]. When this
technology is suboptimal, a problem exists. Examples of
suboptimal technologies that were locked in are the Qwerty
layout of keyboards, the VHS standard in video equipment
and light water nuclear reactors[5]. An undesired premature
lock in of a poor performing hydrogen system is less likely

1 BMBF: Federal Ministry of Research and Technology.
2 BMWi: Federal Ministry of Economy and Technology.

to occur when all actors in the hydrogen innovation system
remain flexible in their choice of technology. This requires
variety in the knowledge base.
Second, for a succesful transition towards hydrogen it is

important that a minimal amount of knowledge regarding
all major subsystems of the hydrogen system (production,
transport, storage, conversion) is to be present in a country or
region (seeTable 1for an overview of these subsystems and
the potential technological diversity per subsystem). This is
not only important for the obvious reason that building an
hydrogen system requires knowledge of all building parts
of such a system but is also important in terms of ‘advo-
cacy coalitions’. With the latter, we mean that a process of
change requires a community of people that believe in the
new system and lobby for a process of change. When this
advocacy coalition has roots in all subsystems of the new
system, chances increase that a change really will take place.
Third, it is important that public and private initiatives are

in line. It works both ways: when public policy initiatives
dominate and the market lags behind a process of change
is not likely to take place. When market initiatives are frus-
trated by slow or opposite public initiatives a process of
change is also likely to slow down.
Therefore, in this paper we evaluate the German hydrogen

innovation system based on three criteria: variety of the
knowledge base, missing aspects in the knowledge base and
the interaction between public and private initiatives. Since
Germany has strong automotive sector we focus on hydrogen
as fuel for the transport sector.
In the next section, we will explain which methodology

we used and then we will discuss the German hydrogen
innovation system per subsystem of the hydrogen system.
We will end with discussion and conclusion.

2. Methodology

To evaluate the German hydrogen innovation system we
constructed a database with R&D projects and patents per
subsystem of the hydrogen system. The data of the R&D
projects is collected from different databases. The Cordis
database[6], the Fökat database[7], and the German hydro-
gen database[3] have been used. The projects are selected
using two main criteria. Firstly, only projects that focus on
hydrogen or fuel cell technologies for the transportation sec-
tor are taken into account. Projects that focus on, for in-
stance, methanol production and storage are not taken into
account. Secondly, only projects are selected where at least
one German actor is a participant of the project. In total
229 projects are collected for the time period 1974–2003.
To complete the information on the content and organi-
zation of the R&D projects found in the databases, addi-
tional information was collected by contacting the project
coordinator or R&D manager. Furthermore, an overview of
all the demonstration projects on hydrogen powered vehi-
cles, busses, and refuelling stations[8] and the Deutsche
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Table 1
Overview of system, subsystem and technological options

System Hydrogen-based transportation sector

Subsystem Production Distribution Refuelling Storage Conversion

Technological options Steam reforming Pipeline Gaseous Gaseous Hydrogen Internal combustion engine (ICE)
Partial oxidation Truck Liquid Liquid PEM Fuel cell (FC)
Electrolysis Ship Metal hydride

Carbon nanotubes
Graphitic nanofibres
Zeolites

Table 2
Sources of the R&D projects and patents collected

Source Number of

projects patents

EU-Cordis 52
Deutsche Wasserstoff Verband (DWV) 11
German hydrogen database - Hyweb 111
BMBF - Fökat 43
Other 12
European Patent Office (EPO) 241

Total 229 241

Wasserstoff Verband[9] are used. The data on R&D projects
are dominated by (partly) public funded R&D projects since
the disclosure of publicly funded projects is much larger
than private R&D projects. To ensure that also the private
R&D initiatives are taken sufficiently into account for all
German actors involved in R&D projects a patent search is
conducted. Patents can be seen as one of the outcomes of
R&D projects. The patents are collected from the database
of the European Patent Office[10]. European and national
patents are evaluated. In total, 241 patents are added to our
database for the time period 1974–2003.Table 2provides an
overview of the sources from which the projects and patents
are collected.3

3 Patents are an indicator for R&D activity since it is used by
firms to benefit commercially from its technology. This indicator,
however, is far from perfect since firms also have other ways of
appropriating the effects of its investments, for example, secrecy.
Sometimes the product characteristics do not make it necessary
to patent since e.g. product complexity is so high that imitation
is very difficult or many complementary assets are necessary to
make an invention successful. Therefore, only a part of all R&D
is covered by patent research.

2.1. Technology focus

The technology focus per subsystem is analyzed by calcu-
lating the cumulative amount of R&D projects and patents
for each technological option per year. The slope of the
curve indicates the acceleration of the R&D activity and is
used to indicate if the technology focus shifts over time.
For both patent and project data, we constructedcumula-
tiveannual distributions rather than the conventional annual
distributions. We use cumulative distributions to underscore
the effects of increasing returns in R&D activity. Lock-
in phenomena result from increasing returns to adoption,
which are modelled as dependent on all previous adoption
decisions[5].

2.2. Technological variety

The technological variety is determined by using the con-
cept of ‘entropy’. The entropy of a distribution of R&D
projects or patents among technologies is given by (1)[5,11]:

H = −
m∑

i=1
pi ln pi , (1)

whereH indicates the technological variety present in the
distribution of R&D projects and patents among technolo-
gies.pi indicates the share of R&D projects or patents of one
technological optioni (i = 1 . . . m) in all the R&D projects
or patents. The distribution is characterized by minimum
entropy when one single technology completely dominates
the amount of R&D projects or patents. In this case,H =0.
A distribution is characterized by maximum entropy when
all technologies have an equal share in the total amount of
R&D projects or patents. In this caseH = 1/m.

3. Results

Section 3.1 shows a descriptive overview of the amount
of R&D projects and the patents present in the hydrogen
system. The next section gives a descriptive overview of the



1048 M.P. Hekkert et al. / International Journal of Hydrogen Energy 30 (2005) 1045–1052

0

10

20

30

40

50

60

70

80

90

100

1974 1980 1990 2000

R
&

D
 p

ro
je

ct
s

Production Distribution Refuelling
Storage Conversion

Fig. 1. Cumulative amount of R&D projects in time for the different
subsystems.

amount of R&D projects and patents present in subsystems
production (Section 3.2), storage (Section 3.5), and conver-
sion (Section 3.6). The subsystems distribution and refu-
elling are left out of the technology analysis, because there
is not enough data to show any interesting results.

3.1. Complete hydrogen system

Fig. 1 presents the cumulative amount of R&D projects
per subsystem. This figure shows that themost R&D projects
focus on the conversion of hydrogen, followed by storage
and production of hydrogen. The R&D activities in the sub-
systems distribution and refuelling seem to be of less im-
portance, given the small amount of projects in these sub-
systems. The slopes of the production, storage, conversion
curves show an increasing acceleration of the R&D projects
from 1990 until period 2003. The R&D activities in the sub-
systems distribution and refuelling show less acceleration.
Fig. 2 presents the cumulative amount of patents for

the five different subsystems. This figure shows that most
patents are applied in the subsystem production followed by
the conversion subsystem. For the subsystems distribution
and refuelling, no patents are found. The subsystem storage
shows the highest amount of patents until 1995 but then the
strong growth of patents in the subsystem production and
conversion overtake the storage initiatives.
WhenFigs. 1and2 are compared, several observations

can be made. Firstly, there is a time lag of 6 years (for
production) and 9 years (for conversion) between the accel-
eration of the amount of R&D projects and the amount of
patents in the subsystems production and conversion. Sec-
ondly, Fig. 1 shows that, after conversion, the most R&D
projects are conducted in the subsystem storage. On the
other hand,Fig. 2 shows that the amount of patents in the
subsystem storage is very low compared with the amount
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Fig. 2. Cumulative amount of patents in the different subsystems.
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Fig. 3. Entropy for the hydrogen transport system.

of patents for the subsystems production and conversion. A
possible explanation is that the storage problem is regarded
as very important in public R&D programs but less impor-
tant in private R&D programs.
Fig. 3shows the entropy for the R&D projects and patents

in the hydrogen transport system. The entropy is based on
the distribution of R&D projects or patents among the five
subsystems.A scale form 0.0 to 1.6 is used, because themax-
imum entropy value for five technology fields is ln 5= 1.6.
The entropy of the projects shows a fluctuating pattern of
increasing and decreasing entropy between 1974 and 2003.
However, the trend of the projects entropy is increasing un-
til 1989 and then stabilizes around 1.4. This is close to the
maximum value, which indicates a great variety of the R&D
projects among the five subsystems. A lock-in of R&D ac-
tivity into one subsystem is not likely to occur. The entropy
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Fig. 4. Cumulative amount of projects for the subsystem production
for the categories onboard and central production of hydrogen.

value for the patents shows a different pattern. There is a
peak in 1983 and 1992, but from 1992 the patents entropy
decreases. Comparing this with the results ofFig. 2, the de-
crease in patents entropy is caused by a patent focus on the
subsystems production and conversion.
These results suggest that in the (partly) public funded

R&D programs the creation of variety in the knowledge
base is high on the agenda while the private R&D programs
seem to focus on hydrogen production and conversion.

3.2. Subsystem production

In the subsystem production four technological options
are present, namely electrolysis of water, partial oxidation,
steam reforming, and purification of hydrogen. These tech-
nologies can be either categorized as onboard production or
central production of hydrogen. Steam reforming and par-
tial oxidation are technologies can be used both onboard the
vehicle and for central production of hydrogen. Electrolysis
of water is classified as a central production technology ei-
ther at large scale or on-site at the refuelling station. Based
on the project or patent description, the technologies are
characterized as onboard or central production technology.
Fig. 4 clearly indicates that most projects focus on tech-

nological options for the central production of hydrogen,
but technologies for the onboard production of hydrogen
grow in importance from 1989 onwards. The acceleration
rate between 1989 and 1994, and between 1995 and 2000
is higher for onboard technologies than for central produc-
tion technologies. This indicates that onboard production of
hydrogen is growing in importance compared to the cen-
tral production of hydrogen in these years. However, central
production is still considered most important in terms of the
number of R&D projects.
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Fig. 5. Cumulative amount of patents for the subsystem production
for the categories onboard and central production of hydrogen.

Fig. 5shows the amount of patents for the categories on-
board and central production of hydrogen. The pattern dif-
fers strongly from the R&D projects. In this case the number
of patents explode for on board production in recent years.
This dwarfs the patent number for central hydrogen pro-
duction. Apparently, the infrastructural problems of hydro-
gen distribution are taken seriously in the German industry,
which results in an R&D shift towards on board production.
WhenFigs. 4and5 are compared, several observations

can be made. Firstly, it is shown that most R&D projects
focus on central production (especially electrolysis), while
most patents are applied for onboard production of hydrogen
(especially on steam reforming). Secondly, a time lag of 6
years between the R&D projects and patents focusing on
onboard production is noted.
Again, a difference in technology focus is observed be-

tween the amount of R&D projects (central production tech-
nologies) and the amount of patent (onboard technologies).

3.3. Subsystem storage

In the subsystem storage four technological options are
present, namely storage of gaseous and liquid hydrogen,
storage in metal hydrides, and other storage techniques like
carbon nanotubes, graphite nanofibres, and zeolites.
Fig. 6 shows the cumulative amount of R&D projects

for the technological options in the subsystem storage.
Most R&D projects focus on the gaseous and liquid stor-
age of hydrogen. The amount of R&D projects for these
two options accelerates strongly from 1992. From 1992
until 2003 a slower acceleration of R&D projects focussing
on other technologies to store hydrogen, like carbon nan-
otubes, nanofibres and zeolites, took place. Between 1974
and 1994, many R&D projects focussed on the storage of
hydrogen in metal hydrides, but from 1992 the number of
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Fig. 6. Cumulative amount of projects for the subsystem storage.
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Fig. 7. Cumulative amount of patents for the subsystem storage.

R&D projects focussing on metal hydrides is decreasing
and shows no new activity in the following years.
The cumulative amount of patents for the technological

options in the subsystem storage is shown inFig. 7. The
figure shows that the number of patents related to hydrogen
storage is relatively small. Also, in the period before 1990,
both gaseous and metal hydride storage received most at-
tention in the patents. After 1990 liquid storage of hydrogen
is clearly the most intensively patented option.
WhenFigs. 6and7 are compared it clearly shows that

the R&D projects dedicated hydrogen storage in liquid or
gaseous form and in metal hydrides as mainly led to patents
in liquid storage. This may have a number of explanations.
First, the research projects focusing on the other two storage
techniques were not as successful, or the R&D projects were
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Fig. 8. Cumulative amount of projects for the subsystem conversion.

focusing more strongly on the development and testing than
on new fundamental insights.

3.4. Subsystem conversion

For the subsystem conversion two technological options
are considered in the field, namely the hydrogen combus-
tion engine and the PEM fuel cell. Only the figure for the
R&D projects is presented, since no patents were found for
the hydrogen ICE. All patents were related to fuel cell tech-
nology.
Fig. 8 shows the cumulative amount of R&D projects

for the technological options in the subsystem conversion.
Most R&D projects focus on the technological option PEM
fuel cell. Between 1974 and 1991 the hydrogen ICE has the
highest amount of R&D projects and greatest acceleration
in R&D projects. In 1991 this changes when the slope of
the PEM fuel cell curve accelerates more strongly than the
slope of the hydrogen combustion engine. This trend still
continues.

4. Discussion of results

Based on the trends in projects and patents for the German
hydrogen R&D system, it is now possible to answer the fol-
lowing questions:What are the major technological trends in
the German R&D system?What is the role of public-funded
projects? And, is the transition towards a hydrogen econ-
omy developing in the right direction? By answering these
questions we will also reflect on the key-questions stated in
the introductions regarding variety of the knowledge base,
missing aspects in the knowledge base and the interaction
between public and private initiatives.
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4.1. What are the major technological trends in the
German hydrogen R&D system?

The first trend that is clearly visible is that the atten-
tion for hydrogen has been growing explosively in the last
decades. Overall, a sharp rise of R&D projects and patents
is visible. However, not all technological options have
received equal attention. In terms of patents, on board pro-
duction of hydrogen is a clear winner and so is the fuel cell
as conversion technology. This combination of technologies
needs to be seriously taken into account as a possible win-
ning combination. The lack of projects and patents that are
devoted to distributing and fuelling of hydrogen supports
this.
When hydrogen will be produced off board, our anal-

ysis shows two options that have the best assets. The
project analysis shows a sharp rise of gaseous and liq-
uid hydrogen storage in recent years at the expense of
physical-chemical absorption technologies. The patents
clearly show an increasing interest in the storage of liquid
hydrogen. This is a logical trend since liquid hydrogen
has the highest energy density. However, when the future
hydrogen system will be based on liquid hydrogen the well
to wheel efficiency of the hydrogen chain will be quite
low due to the high-energy requirements of liquefaction
[12].

4.2. What is the role of public-funded projects?

A higher variety in technological options is visible for the
projects than for the patents. This means that due to public
funded projects specific options are researched more intense
than that would be the case without the public funding.
Since we already indicated that variety in the knowledge
base is important in this stage of technological development,
the effects of public funded projects on the system can be
regarded as positive.
However, the results also show that the attention distribu-

tion over the technological options strongly differs for the
projects and patents. This means that companies that are in-
volved in (partly) publicly funded research focus on a wide
range of subjects but that their patent activity is limited to
a smaller range of options that are of specific interest to
them. A clear division is visible between the public focus
on off-board production of hydrogen while the private focus
is more related to on-board production of hydrogen. Fur-
thermore, public research is more strongly focused on elec-
trolysis as production method while the market interest is
more strongly focused on chemical conversion of fuels into
hydrogen.
Therefore, based on the results we conclude that policy

effort succeeds in increasing the variety of the knowledge
base but that the difference in interest between government
and industry may be too large to steer the R&D activities in
a desired direction.

4.3. Is the transition towards a hydrogen economy
developing in the right direction?

Evaluation of the hydrogen related R&D projects and
patents leaves us with mixed feelings regarding the speed
and direction in which the R&D system is progressing. On
one hand, it is positive that hydrogen as a research topic
has clearly taken of in Germany. On the other hand we have
concerns about the direction in which the R&D system is
developing. This is based on two visible preferences in the
system: on board production and liquid hydrogen. Fromwell
to wheel studies we have learned that on board production
of hydrogen leads to inefficient systems[12,13]. The same
holds for using liquid hydrogen[12].
Since the whole idea of using hydrogen as transportation

fuel is the reduction of environmental impacts of mobil-
ity, we have concerns about the seemingly preferences of
the German R&D system which seems to prefer inefficient
routes.
These seemingly preferences are not difficult to explain.

The car manufacturing industry dominates the commercial
interest in hydrogen technology in Germany. Their compe-
tences are related to developing and building cars andnot to
the development of a hydrogen infrastructure. The fact that a
hydrogen infrastructure is essential to sell hydrogen-fuelled
cars creates a large uncertainty for car manufacturers since
they are dependent on third parties to ensure their economic
viability.
Two possible strategies can be followed by car manufac-

turers, which are currently both visible. The first is to reduce
these uncertainties by focusing on their own competences
and developing cars that fit on the existing infrastructure.
This strategy is clearly supported by our patent analysis. A
second strategy is being active in social network building
to mobilize sufficient commitment to create a collective ef-
fort in infrastructure development. Examples of these activ-
ities are the Californian Fuel Cell partnership, the hydrogen
experiments in Iceland and the German Transport Energy
Strategy[14].
The second strategy does not eliminate the uncertainties

regarding dependency on other actors. This can be under-
pinned by the following example. Oil companies are in-
volved in the Californian Fuel Cell partnership and are
involved in testing hydrogen-refuelling stations. This sug-
gests an interest in a hydrogen infrastructure. On the other
hand, one of these oil companies initiates collaborative R&D
projects with the car manufacturing industry to test technol-
ogy, which is focused on on-board production of hydrogen
(Shell - Daimler projects). This ambiguity is fully under-
standable, since they have large sunk costs in the current
fuel infrastructure and the costs for upgrading this infras-
tructure towards a hydrogen infrastructure are likely to be
on their shoulders, but creates inherent uncertainties for car
manufacturers.
What is the logical way out of this visible trend in the Ger-

man R&D sector? As argued earlier, the R&D behaviour of
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the car manufacturing industry can be explained by the un-
certainties they perceive in terms of infrastructure develop-
ment and these uncertainties are very difficult to manage. A
way out therefore, depends strongly on reducing the uncer-
tainties regarding infrastructure. This requires a strong party
that acts as a system intermediary. The role of this inter-
mediary is to bring together the parties involved in a future
hydrogen economy (like is done in the Californian Fuel Cell
Partnership) but is also capable of arranging strong com-
mitments in terms of infrastructure development. Hereby
reducing the uncertainty for all actors involved. Since the
stakes are so high and the process so capital intensive this
is a role that most likely only a strong government can play.
This is in line with history that shows that the majority of
our current infrastructures (roads, electricity, natural gas)
are controlled and coordinated by governments. When the
transition to hydrogen is really taken seriously by govern-
ments, just funding of R&D is likely not to be sufficient. A
strong coordination effort should accompany these financial
initiatives.

5. Conclusions

Our evaluation of the R&D part of the German hydro-
gen innovation system shows that the attention for hydrogen
during the last 30 years is strongly increasing and that the
variety of hydrogen related R&D projects has increased dur-
ing the last 30 years. These are both positive trends when
one considers a hydrogen economy desirable.
However, our evaluation also shows a clear threat. The

variety of patents is decreasing during the last 10 years.
The patent intensity of German firms involved in hydrogen
research indicates a preference for on board reforming of
hydrogen in contrast to central production. In case of cen-
tral production, liquid hydrogen receives significantly more
attention than other forms of hydrogen storage. Since both
technologies are suboptimal in terms of sustainability an
early lock-in of these technologies not desirable. It might
very well lead to a suboptimal hydrogen system that may
be difficult to alter.
Finally, our analysis showed that public influence on the

hydrogen R&D system increased the variety in terms of
research project, which is positive. A clear threat, how-
ever, is that the distance between visions of a desirable

hydrogen energy system of public and private actors, respec-
tively, seems to be too large for successful steering of R&D
focus by German or European government. A stronger coor-
dination effort by governments therefore seems necessary.
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