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Abstract

Technological change is argued to be taking place along ordered and selective pat-
terns, shaped jointly by technological and scientific principles, and economic and
other societal factors. Historical, descriptive analysis is often used to analyze these
‘trajectories’. Recently, quantitative methods have been proposed to map these tra-
jectories. It is argued that such methods have, so far, not been able to illuminate the
engineering side of technological trajectories. In order to fill this gap, a methodology
proposed by Hummon and Doreian (1989) is used and extended to undertake a cita-
tion analysis of patents in the field of fuel cells.
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1. Introduction

This paper is aimed at increasing the understanding of how technological knowledge devel-
ops and is applied in concrete commercial innovations. The emphasis is on studying the de-
velopment of detailed engineering knowledge in a particular field, which is fuel cell research.
Fuel cells are interesting from the point of view of the “hydrogen economy”, a notion that has
recently received a lot of attention (to the extent of perhaps even been hyped) and has raised
great expectations of a “clean” energy system.

The paper starts from the notion that such technological developments are shaped by socie-
tal factors, among which economic factors play a large role. Economic goals and restrictions
related to innovations shape the direction in which technology develops. This has been the
main argument in the literature on technological paradigms and technological trajectories.
This literature argues that technological development is above all “selective in technology
space”, i.e., of all the possible directions that a technology could have taken, only a small
fraction tends to be realized.

Although this theory has been used frequently in historical research as well as, e.g., in de-
bates around technology policy, there is surprisingly little systematic empirical material
available that can be used to put the idea of a technological trajectory to the test. Most of the
work in the area relies on specific data material that is often collected at relatively great cost,
but cannot be applied beyond the specific case under consideration.

While nothing is wrong with such an approach, it would undoubtedly be an advantage if a
general database could be applied in the analysis of trajectories in a range of technological
fields. An obvious candidate for such a data source is the information available in patent
documents. Patents are available for a long period (more than 2 centuries in the case of the
US patent system), and contain detailed technical information.

This paper applies a methodology proposed by Hummon and Doreian (1989) and applies it
to the fuel cell case. A similar analysis has been undertaken by Mina et al. (2004) in the field
of health care technologies. The present paper will attempt to draw conclusions on the spe-
cific results on fuel cells, as well as on the usefulness of the method for analyzing trajectories
in general.

The rest of the paper is organized as follows. Section 2 summarizes (very briefly) the most
important notions in the literature on technological trajectories. Emphasis is on Dosi’s no-
tion of a technological paradigm, and the role of trajectories in these. Although similar con-
cepts have been proposed by others (e.g., Nelson and Winter’s, 1977, natural trajectories and
Sahal’s, 1981, technological guideposts), these will not be discussed at length.

Section 3 introduces patent citation data for analyzing technological trajectories, and pre-
sents the methodology of citation networks, as proposed by Hummon and Doreian (1989),
but with several extensions. This section also introduces and operationalizes the research
questions, by focusing on the selective and persistent nature of technological trajectories.
Section 4 presents a brief primer in the technological history of fuel cells.



Section 5 presents the core of the analysis. The database of fuel cell patents is described, and
the citation network is analyzed. This section provides both a number of general network
maps, which provide an impressionistic view of developments in the field, and a relatively
detailed discussion of specific paths in the network that emerge as important ones. An at-
tempt is made to interpret the network structure and the individual citation paths, both at
the micro-level of chains of individual inventions, and at the level of organizations active in
fuel cell research.

Section 6 will draw some main lessons, both for the fuel cell case, and with respect to the
prospects of the methodology.

2, Technological trajectories

The history books are full of radical technological breakthroughs that have changed society
in fundamental ways. Examples of this are the steam engine, the automobile, and the com-
puter. But what is often less visible in the popular accounts is how relatively ‘minor inven-
tions’ contribute to these radical innovations. These incremental innovations are often linked
to the further refinement and development of basic breakthroughs that set the direction for
development for a long time. Consider, for example, the steam engine, which is commonly
associated with the mechanization of industry in the 19t century (Von Tunzelmann, 1978,
Nuvolari, 2004). The prototype steam engine usually referred to in the accounts of 19t cen-
tury industrialization is the engine invented by James Watt in 1775, who at the time was an
instrument maker at Glasgow University. What James Watt did was in fact to improve
greatly upon a design of a steam engine that was made earlier by Newcomen (1712). The
Newcomen engine was useful for pumping water out of mines, but it worked only with at-
mospheric pressure, and could not be employed as a source of power in other industries.
James Watt added a so-called separate condenser to the design, thereby changing the opera-
tion drastically, and actually making use of the steam pressure rather than atmospheric pres-
sure.

Watt’s engine greatly improved the possibilities for application of steam as a universal power
source in the emerging manufacturing industry (although during the period that is now
known as the Industrial Revolution, water wheels remained the dominant source of power).
But the standard set by Watt’s engine was hardly the best attainable in steam power. Ales-
sandro Nuvolari, following on work by Nick von Tunzelmann, has assembled evidence on
this for the region of Cornwall during the early 19th century. He shows how in a period of
approximately 30 years, the performance of steam engines introduced in this region in-
creased two- to threefold, without the basic design of the type of engine undergoing a major
change. In other words, it were relatively minor, or incremental changes to the engines’ cru-
cial parts, such as boiler and cylinders, that were responsible for the rapid increase in per-
formance, rather than a revolutionary change of the underlying technology.

The history of technological change is bound with such examples of initial radical break-
throughs followed by incremental improvements. These improvements take place during the
process of diffusion of the innovation. In fact, the invention - innovation - diffusion distinc-



tion has sometimes been taken too literally as a sequential process. What the example of the
steam engine shows, is that diffusion of a major innovation is often associated with incre-
mental innovations of the basic design, and these are often put on the market by firms that
compete with (try to imitate) the original innovating firm. Thus innovation, often incre-
mental innovation, is an essential part of diffusion, rather than a predecessor of diffusion.

It is this combined process of radical breakthroughs, incremental innovations and diffusion
that is described by the terms ‘technological paradigms’ and ‘technological trajectories’
(Dosi, 1982). By a technological paradigm, Dosi refers to a “model and pattern of solution of
selected technological problems, based on selected principles from the natural science and
on selected material technologies”. The term is borrowed from Kuhn’s philosophy of science,
which posits that the normal development path of scientific knowledge is heavily selective in
terms of a dominant framework jointly adhered to by the leading scientists in the field. From
all the possible directions scientific, or in Dosi’s notion, technological development may take,
only a small portion gets realized, and we use the term paradigm to describe the first general
selection made from all possible research directions.

We may think of a small number of basic innovations that set out a technological paradigm
and dominate techno-economic developments for a long time. Along the paradigm, the basic
design of the innovation is constantly altered by incremental innovations, but the basic di-
rections in which technology develops has already been limited by the choice of paradigm.
Still, there is some room for choices along the paradigm, and these choices are governed by
the specific circumstances in which the technology develops. This development is termed a
‘technological trajectory’ by Dosi. In the example of the steam engines in Cornwall, the en-
gines were employed in copper and tin mines. This means that the coal needed to operate the
engines needed to be brought into the mines (in fact, into the Cornish area over sea), and this
made it relatively expensive to operate an engine. Hence, the engineers in the business of de-
signing engines for Cornish miners set out to get as much power as they could per bushel of
coal, and this goal dominated their designing efforts. The engines they developed became
ever bigger (in terms of cylinder size) and more powerful. Under different circumstances, for
example, steam engines operating in locomotives used for transport, designers (such as
George and Robert Stephenson) had to work with a completely different aim, namely to get
as much power as possible while keeping the engine small so that it fitted on wheels and
could be moved. One may imagine that again a completely different set of engineering aims
applies to the case of a steam ship.

Thus, a basic innovation can be thought of as setting out developments in the techno-
economic domain for a number of years to come, but the success of the paradigm, and hence
of the basic innovation, depends crucially on how well incremental innovation is able to
adapt the paradigm to local circumstances. For the latter question, both societal and engi-
neering factors are important. Societal factors include the skills and capabilities of the work-
force that has to work with new machinery, as well as even broader factors such as certain
cultural aspects of the society in which the paradigm develops. Engineering parameters will
obviously differ between technological fields, but in general one will find tradeoffs between
performance in different dimensions.



This pattern of interaction between societal and technological factors along the development
path (trajectory) of particular technologies is an issue that is still relatively mystified. Even
the fundamental question of how to map a particular trajectory is one that has no obvious
answer, and quantitative attempts to describe particular trajectories have been scarce. One
notable exception to this has been the research tradition that started with the contribution of
Saviotti and Metcalfe (1984), who proposed to make a distinction between technological
characteristics and service characteristics (consumer value). They then propose to use spe-
cific indicators for both and developing the relation between the two dimensions.

This approach was applied to a number of cases, among which helicopters, by Saviotti
(1996). This contribution made it clear how the technological content of the trajectory be-
comes related to particular market niches, or a broader servicing of the market. The notion
of variety (both on the technological and consumer side) became crucial in describing the
trajectories under consideration. Frenken et al. (1999) related the notion of variety in design
space and function space to evolutionary dynamics, and includes notions such as branching
and merging trajectories. Frenken (2001) and Frenken and Nuvolari (2004) took this one
step further and applied the idea of NK-landscapes, which stems from theoretical evolution-
ary biology, to map evolutionary trajectories. In summary, what results from this line of re-
search is an analytical toolbox that links the evolution of technology to the evolution of con-
sumer demand, and provides useful insights into the joint causation between these two fac-
tors in shaping particular technological trajectories.

While this is a useful and fascinating undertaking, it is also fair to say that the approach lacks
a perspective on what Dosi (1982) has called the “inner dynamics” of the engineering dimen-
sion of technological paradigms, and the interaction with scientific developments. In fact,
such a “backward extension” of the research on quantitatively mapping technological trajec-
tories has largely been lacking in the literature. The insight on what occupies engineers who
are actually involved in developing the (incremental) innovations along a trajectory has
largely been limited to historical research with only limited quantitative underpinnings.
Bradshaw (1992) is an example of the type of research that has been taking place in the his-
torical tradition.

It is the aim of this paper to fill this niche of research that exists on mapping the engineering
dimension of technological trajectories. Following Mina et al. (2004), we propose to use pat-
ent citation networks to map technological trajectories. The particular case that will be stud-
ies is that of research on fuel cells, and US patents will be used to map the citation links be-
tween inventions in this field. The next section will lay out the basic methodology.

3. Using citation networks to map technological trajectories
3.1. Patent citations, trajectories and research questions

The notion of a technological trajectory as outlined above points to technological innovations
as sequential and interrelated events. One way that has been proposed in the literature to
measure the interrelatedness between innovations, is by means of patent citations.



The use of patent data as a technology indicator has a long tradition, but they are not, how-
ever, undisputed. Griliches (1990) provides a survey of the main advantages and disadvan-
tages of using patent statistics. Patent statistics are an output indicator of innovation rather
than an input indicator (such as R&D expenditures). Their main advantage is that patents
are available for a rather long period, and provide detailed technological information. The
main disadvantages are that simple patent counts do not take into account differences in the
quality of innovations, that many patents do not lead to innovations (i.e., are not applied),
and that the propensities to patent an innovation may differ between sectors and firms. In
the present context of a detailed study of one technological field (fuel cells), these disadvan-
tages do not seem to be very pressing. First of all, because we are looking at the "inner dy-
namics" of the trajectory, looking at commercial application is not the primary goal of the
analysis. Rather, the interest lies in trying to map the technological interconnectedness be-
tween the patents. Second, the fuel cell developments indeed seem to be documented well in
patents. The historical descriptions found in the literature (e.g., Chen, 2003) are indeed re-
flected in the patent database that we will present below.

Patent documents contain a detailed description of the patented innovation. In addition to
this, the name and address of the innovator and the applicant are given. But most impor-
tantly for the present study, patent documents also contain references to previous patents,
i.e. patent citations. These citations first of all serve a legal purpose: they indicate which
parts of the described knowledge are claimed in the patent, and which parts have been
claimed earlier in other patents.

Broadening this legal interpretation, it has been argued (e.g., Jaffe et al., 1993, and Jaffe and
Trajtenberg, 2002) that a reference to a previous patent indicates that the knowledge in the
latter patent was in some way useful for developing the new knowledge described in the cit-
ing patent. This is exactly the type of interpretation that allows us to use patent citations as a
tool for mapping technological trajectories in fuel cells. We will take individual patents as
pieces of knowledge, or ideas, and the presence of a citation to patent X in patent Y as an in-
dication that patent Y builds upon patent X. Obviously, a single patent may source knowl-
edge from multiple previous patents. Also, citing patents may themselves become cited in the
future, so that we will be able to map 'chains' of ideas as they develop over time.

Thus, the set of patents and the citations between them naturally lend themselves to be
viewed as a network of ideas and their relatedness. But a network of the size and density that
we will consider for fuel cells (details will be given in the next section) is not very easily
summarized beyond a rather general level that says little about the precise structure of the
flows of ideas in it. However, the notion of a technological trajectory suggests that within this
network, several main streams (or main paths) of knowledge exist that summarize the major
developments in the field. It will be the general aim of our analysis to describe these main
paths of knowledge flows in the fuel cells dataset that we employ.

More specifically, we will ask two interrelated questions about these main paths of knowl-
edge. First, the notion of a trajectory suggests that there is a degree of selectivity about the
main paths, in the sense that what emerges ex post as the main stream of ideas is focused in
a rather limited neighbourhood of technology space, and other neighbourhoods, although



they may have been searched to some extent, do not contribute to the main stream so much.
We will first operationalize this issue by asking whether the main paths that we can identify
in fuel cell research are convergent to a limited number of neighbourhoods (this would be
our expectation), or whether they wander in a non-converging way.

Second, we will look at selectiveness of the technological trajectory by asking whether the
main paths that we identify in the field of fuel cell research are selective with regard to the
organizations that have added to the paths. More specifically, we will ask whether those pat-
ents that we will identify as belonging to the main paths in the development of fuel cell tech-
nology involve a limited selection of all organizations active in fuel cell research (this would
be our expectation based on our interpretation of the idea of technological trajectories), or
whether they are just a random sample of all organizations active in fuel cells (this would re-
fute our expectations).

Second, the notion of a paradigm suggests that there is a high degree of cumulativeness
about the development along the main paths. Each new innovation builds upon previous
knowledge, and, in general, will extend existing ideas. Ongoing exploration of the technology
space is guided by research results from the past, and, up to a certain degree, new patents are
expected to extend existing paths. Hence, one would expect that a relatively high degree of
persistence (over time) of the main paths is evident in the data.

On the other hand, due to the fundamental uncertainty that exists in technological search,
and due to co-evolution with economic and other social factors, one may also expect that the
main paths also occasionally change direction. Thus, although persistence is expected, we
also expect to observe occasional splitting of the main paths, as well as convergence of sepa-
rate paths (fusion). In particular, we may expect that the relative mix of persistence and ex-
ploration of new directions would change over the life time of a technology. In the beginning
of the life cycle, not much knowledge exists, and hence we cannot expect much persistence.
Instead, one would expect a relatively high degree of exploration and variety of main paths.
Later on, one or several dominant main paths are expected to arise by the cumulative nature
of knowledge building, and persistence is expected to become a dominant feature of the data,
with only occasional switches of direction.

Below, we will propose a way of operationalizing the notions of persistence and exploration
in our citations dataset. On the basis of that operationalization, we will ask the question
whether we indeed observe a change over time in the relative mix of exploration, variety and
persistence.

3.2. Methodology

The methodology used in this paper draws on Hummon and Doreian (1989). They analyze
the network of citations between scientific publications on the discovery of DNA. Their aim is
to construct a “main path” through this network that corresponds to the main flow of ideas in
this field as represented in the formal publications. Similarly to Hummon and Doreian, we
are interested in discovering the “main flows of ideas” through a field of technological devel-



opment (by means of a patent citation network), and confronting these flows with the notion
of a technological trajectory.

This section will describe the methodology proposed by Hummon and Doreian, as well as
several modifications to it. The methodology rests on a number of basis concepts from net-
work analysis, which will be explained first.

We represent a patent citation network as a collection of vertices and edges. The vertices
(patents) represent pieces of knowledge that depend on each other. The edges are connec-
tions between them, in this case citations between two patents. In the particular case of cita-
tion networks, the edges are directed, i.e., they have an origin (the cited patent) and direction
(the citing patent). This convention corresponds intuitively to the idea of a piece of knowl-
edge flowing from the earlier patent to the later patent.

We represent the citation network by means of a matrix C, in which the element ¢; is equal to
1 if patent j cites patent 7, and zero otherwise. Define the matrix C* as the symmetric matrix
in which the elements are formed by taking the maximum value (in C) of below and above
diagonal elements. We define a (weak) component in the network C as a subset of patents in
which for every patent 7 and j, a path from i to j exists in the network represented by C*. We
use the concept of a (weak) component to represent a subset of the network that is somehow
connected by a complex set of relations.

The citation networks that we consider are acyclic, i.e., if a path from i to j exists in C, no
path exists from j to i. This follows logically from the nature of a citation: a patent can only
be cited by patents that are published after itself, but this implies at the same time that the
original patent cannot cite these later patents. This logic becomes flawed when citation to
“forthcoming” patents (or patent applications) is allowed, but this does not happen in the
database that will be used in this paper (it happens more frequently in scientific papers).

In the network matrix C, vertices may be distinguished into three categories: sources, sinks
and intermediate points. Sources are vertices that make no citations, but are cited, i.e., a
node i is a source if V;:¢ , = 0. Sinks are the opposite: they are not cited, but make citations,

Le, Vj:c, =0. Intermediate points both cite and are cited, i.e., Jj:¢, #0ATj:c, #0. A

somewhat trivial case is the isolate: a patent that does not cite and is not cited, and hence,
according to the above definitions, is both a source and a sink. Below, we will use the term
startpoint to refer to a node that is a source but not an isolate, and the term endpoint to refer
to a node that is a sink but not an isolate. We will use the (relative) number of isolates and
the number of (weak) components of a citation network as (loose) measures for the connect-
edness of the network.

The most important notion in Hummon and Doreian for our purposes is that we can use the
network structure to say something about the importance of the various individual edges (ci-
tations) in the network. Their analysis starts from the notion of a search path, which is any
path from i to j in the network represented by C. The simplest indicator from Hummon and
Doreian is the so-called search path link count (SPLC) measure. This simply enumerates all



possible search paths in the network, and counts how often an edge lies on such a search
path. Although Hummon and Doreian (seem to) suggest including even those search paths
involving intermediate vertices as the origin or final destination, one may also consider the
case of using only search paths from startpoints to endpoints.

A different measure is the search path node pair (SPNP) indicator. This “accounts for all
connected node pairs along the search paths” (Hummon and Doreian, 1989, p. 51), which is,
as Bataglj (2003) observes, a somewhat unclear and imprecise statement. We follow Bataglj
(2003) in using the following definition for the SPNP value of the edge c;. First, count all
nodes in C for which a path to 7 exists, and include 7 itself in this count. We denote this count
by ni. Then, count the number of patents to which a path exists from j, and include j itself in
this count. Call this number m;. Now the SPNP value for ¢; is defined as #, x . Thus, SPNP

represents the number of pairs of patents that can be formed by taking one patent that lies
“upstream” the edge c; and one patent that lies “downstream” this edge. As Hummon and
Doreain observe, as a result of the multiplication, compared to SPLC, SPNP tends to weight
patents on the middle of a path more heavily.

Once a measure of the importance of the edges is calculated (using either SPNP or SPLC),
Hummon and Doreian propose to define the “main path” through a network using the fol-
lowing heuristic algorithm.

1. For each startpoint in the network, pick the (outward) edge that has maximum value,
among all edges going outward of the startpoint, of SPx (where SPx is either SPLC or
SPNP). If there is a tie in SPx values, take all edges that tie.

2. Select the startpoint(s) for which the value obtained in step 1 is maximal. This is the
startpoint(s) of the main path.

3. Take the target(s) (citing patent) of the edge(s) identified in the previous step.

4. From the target(s) identified in the previous step, pick (again) the outward edge that
has maximum value among all outward edges from this target. In case of a tie, pick all
edges that tie. Add this edge(s) to the main path. If (all) these edge(s) point to an
endpoint of the network, exit the algorithm, otherwise move back to step 3 and con-
tinue.

The intuition behind this main path is that it represents at each step (edge) the option that
has attracted most weight in the SPx procedure, i.e., it represents the largest flow of ideas in
the network. In the small network of Hummon and Doreian (40 nodes), the single main path
that is identified in this way indeed represents a path that corresponds to the authors’ expec-
tations based on a (loose) historical analysis of the field. But as they observe, it is possible to
construct a main path for each startpoint in the original network C by keeping, in step 1 of
the above algorithm, the edge(s) with maximum value obtained for each startpoint. This is
the approach that we will take here.

In Hummon and Doreian’s case, these main paths for all startpoints converge to the single
main path obtained in the original version of the algorithm. Obviously, once a main path p
converges to another main path g, the two will never part again. The convergence, which is
by no means implied by the method, is taken by Hummon and Doreian as evidence of coher-



ence in the network, and on the basis of this, they argue that the single main path they iden-
tify can indeed be used as a representation of the single main flow of ideas through the net-
work (Hummon and Doreian, 1989, p. 53 ff). However, in a larger network as the one to be
studied below, such convergence cannot be taken for granted, and hence we will explicitly
consider the main paths originating from each startpoint in the network C. Obviously, these
main paths together can be considered as a network themselves, and we will use the symbol
C’ to denote the matrix corresponding to this “network of main paths”.

We will use C’ to investigate our research questions about selectivity of the main paths in the
fuel cells citation network. This is done in two different ways, corresponding to the two re-
search questions identified above. First, we will look at how many endpoints exist in the net-
work represented by C’. If convergence to a limited number of neighbourhoods in technology
space is a real phenomenon, we would expect that in C’, the number of startpoints is rela-
tively high as compared to the number of endpoints, or, in other words, that the main paths
originating from multiple startpoints will converge to only a few endpoints.

Second, we will look at the presence of different organizations (patents applicants) in the
patents in C’, as compared to the distributions of organizations in C. Here we would expect
selectivity to lead to the overrepresentation of a limited number of organizations in C’ as
compared to C.

In order to investigate our research question about persistence vs. exploration, we will mod-
ify the Hummon and Doreian methodology on one other account. We will construct a net-
work of main paths C’ (as described above) for every sub network C;, where C; is defined as
the subset of C that includes only rows and columns corresponding to patents granted in a
year smaller than or equal to t. Hence, C’: corresponds to the network of main paths that re-
flects the flow of ideas up to and including the year t.

Next, identify in the network C’ the single main path on which the sum of all edges is maxi-
mal, and call this path p:. Note that p: may or may not correspond to Hummon and
Doreian’s single main path in C;. The first edge on Hummon and Doreian’s single main path
is found by maximizing the value of SPx among all startpoints, and this does not necessarily
correspond to the main path found by our procedure of maximizing the sum of SPx over the
whole path. In particular, we have observed cases where the two methods yield different re-
sults, and in general, the Hummon and Doreain method seems to yield shorter paths.

The final step in our procedure consists of merging together the paths p: for all values of t =
To + a ... Ty, where T, (T,) is the earliest (latest) patent grant year in the dataset, and a is
some non-negative number. We denote matrix that corresponds to the resulting network P,
and take this as a representation of the temporal evolution of the main paths in the original
network C.

Our research question about the persistent nature of this network can be investigated by ob-
serving the nature of this network P. In particular, we would expect to observe the initial ex-
ploration phase of the technology by way of a part of P, corresponding to an early phase of
the period over which we map the developments, that is characterized by a limited degree of



overlaps of the paths p; for different values of t. After this, we would expect the overlap of
paths p: to grow, with only occasional splits. Below, we will investigate this graphically by
plotting the network corresponding to P.

4. Fuel cells: a short history and overview!

The modern fuel cell is a relatively simple piece of equipment that consists of a two elec-
trodes “sandwiched” around a layer of material called the electrolyte. Hydrogen passes over
one electrode, oxygen over the other. The hydrogen atom splits into a proton and electron.
The proton passes to the other electrode through the electrolyte, while the electron becomes
electric current. After being used, the current is returned to the oxygen side of the fuel cell,
where it unites with the protons and the oxygen to produce water. A so-called “reformer” can
be included in a fuel cell to produce hydrogen from other sources (typically hydrocarbons
such as natural gas or methanol).

The history books on fuel cells usually start with the work by William Grove in Wales, 1839.
Grove described an experiment in which he placed electrodes in aqueous sulfuric acid. He
administered hydrogen gas to one of the electrodes and oxygen gas to the other, and ob-
served a current flowing between the two electrodes. The “prototype for the practical fuel
cell” (Chen, 2003) was built by Ludwig Mond and Carl Langer in 1889 in the UK. The line of
research was carried on by Emil Baur in Switzerland (over the first half of the 20t century)
and Francis T. Bacon in the UK (during the second World War and onwards).

Table 1. Fuel cell types
Fuel cell type Technical characteristics Operating characteristics

Polymer Ex- A polymer electrolyte, clothed by Low operating temperatures (80 C),
change Mem- a catalytic material (usually operates only on pure hydrogen, 50
brane platinum), electric efficiency ~ — 250 kW
(PEMFC)> 50%
Alkaline (AFC)  Alkali electrolyte, electric effi- High operating temperature (200
ciency up to 70% C), operates only on pure hydrogen,
300 W — 5 kW
Phosphoric Electrolyte made of concentrated High operating temperature (200
Acid (PAFC) phosphoric acid, electric effi- C), tolerates CO. in fuel,
ciency ~ 40%
Solid Oxide Electrolyte of ceramic material Operates on very high temperatures
(SOFC) (e.g., zirconium dioxide), O dif- (1000 C), uses hydrogen or hydro-
fuses through the electrolyte, carbons as fuel (automatic reform-
electric efficiency ~ 65 % ing through high temperatures)
Molten Car- Electrolytes of molten salts, still ~ Very high operating temperature
bonate (MCFC) in development phase, automatic (650 C), uses many different fuels
reforming

1 This section is largely based on Chen (2003) and Ulutas (2003).

2 The Direct Methanol FC (DMFC) is often considered as a subtype of the PEMFC. It also uses a poly-
mer electrolyte, but it uses methanol as a fuel, by inclusion of a catalyst, which takes hydrogen directly
from the methanol.
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A second line of research was set in in pursuit of “electricity direct from coal”. Here, solid
coal was oxidized in a reaction with air. The work of William Jacques in 1896 in the US was
instrumental in this line of research. Although the low efficiency of the “coal batteries” ulti-
mately led to a dead end, the materials used in this line of research were applied in fuel cell
research after the Second World War, especially so in high temperature fuel cells.

After the Second World War, military uses were foreseen in the US, and this led to invest-
ment by the Department of Defense. A landmark in postwar research was the work of Bacon,
which led to the successful demonstration of a 5 kW fuel cell in 1959. Space missions also
became a successful market for fuel cells. The first Gemini mission used a so-called Polymer
Exchange Membrane Fuel Cells (PEMFC), but later on the Alkaline Fuel Cell developed
(AFC) developed by Bacon (and patented by Pratt & Whitney) became the NASA standard.
The Institute of Gas Technology (a research institute of the American gas companies) devel-
oped a research line in the 1960s on low temperature fuel cells used for generating electricity
in houses that were connected to a gas network.

In the 1970s, efforts devoted to fuel cell research diminished. However, after the oil crises,
interest was slowly regained, but now aimed at other applications, e.g., vehicles. During this
period, government attention in other countries than the US was also on the rise.

Currently, five types of fuel cells are distinguished, mainly based on differences between the
type of electrolyte used. These types are summarized in Table 1.

5. The patent citation network in fuel cells

We use the US Patent Office database to map the citation network in fuel cells research. The
field is defined in terms of technological classes, covering the (current) US patent classes
429/12 — 429/46 (inclusive). This is the heading in the classification that is called “fuel
cells”, but it provides only a relatively narrow definition of fuel cell research. Developments
outside this range of classes are important for fuel cell research, especially in other sub-
classes under the class 429. In order to keep the dataset manageable, we do not, however,
include these patents.

Data are available to us for the period from the beginning of the US patent system up to and
including 2002. 3371 patents are found in the technology classes under consideration, cover-
ing the period 1860 — 2002. The sources of the patent citations is the NBER citations dataset
(Jaffe and Trajtenberg, 2002), supplemented with data downloaded from the USPTO web-
site. Unfortunately, the NBER dataset only contains patent citations in which the citing pat-
ent was published in 1975 or later. Hence, the only way in which patents published before
1975 can be included in the NBER dataset, is when they are cited by patents published in
1975 or later. Also, patent citations were not systematically added or documented in the early
days of the US patent system: the first patent in our dataset that systematically documents
citations is from 1948.

3 Also: Proton Exchange Membrane.
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The problem of having only partial citation data was solved by manually adding patent cita-
tions from the pre-1975 period to the dataset. In the final dataset, citations appear for the
period 1948 — 2002 (dated by cited patents). For the periods 1860 — 1948, citations are lim-
ited to cited patents from these periods, while the citing patents are outside these periods.
15,506 citations are found between the 3371 patents in the database (which corresponds to a
0.3% density).

Figure 1 provides some basic statistics on the citation network that is obtained. The line on
top (labeled ‘patents’) shows the number of patents in the dataset up to the year specified on
the horizontal axis. Growth is slow in the beginning, with about 100 patents up to the point
in the 1950s where growth takes off at a higher speed. The spell of extremely rapid growth
holds on until the 1970s, when growth slows down to exponential speed (a linear trend on
the logarithmic vertical axis). Because of the absence of any citations until 1948, the network
consists of isolates only up to that year, and this is indicated by the overlap between the ‘pat-
ents’ line and the ‘isolates’ line up to that point. After this, the number of isolates fluctuates
at about 200, despite the growing number of patents in the network. The number of start-
points and the number of endpoints keeps growing over the whole period since 1948, al-
though at much slower rates over the period 1970 — 2002 than before. Towards the end of
the period, intermediates are by far the most general type of nodes. The general level of con-
nectedness of the network is fairly high, as the number of components (indicated in the line
in the bottom of the graph) shows. The maximum number of components found in the net-
work is 6. There is always one large component accompanied by a number of smaller ones
(these smaller components are typically smaller than 5 patents and never larger than 10).

10000
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100 R isolates

patents

5 intermediates
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A /\\ '\ e ]
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Figure 1. Development of the fuel cell citation network over time
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In order to identify the main knowledge flows in the network as they appear towards the end
of the period, we first look at the network of main paths as it emerges for the complete period
1860 — 2002. This is the network of the matrix C’ as identified above. We document results
based on SPNP (instead of SPLC) values throughout the whole analysis (SPLC values were
also calculated, and the results are rather similar). The network of main paths has 9 compo-
nents of 3 or more patents, 6 of those have less than 8 patents. Of the remaining 3 compo-
nents, one has 86 patents, one 91 patents, and one has 337 patents. We focus attention on
the largest component in the network of main paths (i.e., the one with 337 patents). This is
mapped separately in Figure 2.

The environments of converging paths in Figure 2 are identified by colors. The dominating
feature in the graph is a separation in two parts: a large set of patents on the right side (yel-
low/light), and a smaller number of patents on the left (red/dark). The yellow/light envi-
ronment consists of paths that all converge to the single (blue/dark) node in the center.
Within this environment there is a backbone that runs northeast to center, and to which a
multitude of other (shorter) paths converges. The (blue/dark) patent to which this environ-
ment converges, as well as the two that lie just before it, deal with air metal batteries. This is
a hybrid technology between conventional batteries and fuel cells. An air metal battery func-
tions as a conventional battery, but uses oxygen from an inflow of air as the cathode to react
with water. Zinc-air batteries have been used, for example, in hearing aids, but recent appli-
cations are also aimed at automotive applications.

Figure 2. The largest component in the network of main paths in fuel cell tech-
nology, 1860 — 2002
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The dark/red environment converges to a set of 16 patents, which share one common ‘ances-
tor’ (this is the star structure on the left-top). This specific structure is undoubtedly due to
the truncation of the patent data towards the end of the period (the common ancestor re-
ceives one citation by each of the patents in the star, and then the data ends), and it would
make more sense to look at the one common ancestor than at the 16 individual endpoints.
This common ancestor also deals with air metal batteries.

Based on the picture of Figure 2, we can indeed conclude that the network of main paths (C’)
is characterized by selectivity in the sense that the main paths from the various startpoints
converge to only a limited number of endpoints. In fact, while there are 19 startpoints in the
dark/red environment in Figure 2, all of these converge to a single direction (the star struc-
ture). For the light/yellow environment, this is even more extreme: there are 80 startpoints
that all converge to a single endpoint. Overall then, Figure 2 has 99 startpoints that converge
onto only two attracting neighbourhoods. Selectivity in this sense is indeed a relevant feature
of the fuel cell citations network.

Table 2. Number of patents per company or organization in the fuel cell patents

database (only patents that are cited or cite)
Fraction
Rank Organization name patents of total

1 UNITED TECHNOLOGIES CORPORATION 159 0.05
2 UNITED STATES OF AMERICA 139 0.04
3INTERNATIONAL FUEL CELLS 133 0.04
4 GENERAL ELECTRIC COMPANY 102 0.03
5 WESTINGHOUSE ELECTRIC CORP. 88 0.03
6 LEESONA CORPORATION 85 0.03
7SIEMENS AKTIENGESELLSCHAFT 84 0.03
8 UNION CARBIDE CORPORATION 72 0.02
9 EXXON RESEARCH + ENGINEERING CO. 68 0.02
10 BALLARD POWER SYSTEMS INC. 58 0.02
11 FUJI ELECTRIC CO., LTD. 49 0.02
12 HITACHI, LTD 49 0.02
13 MITSUBISHI DENKI KABUSHIKI KAISHA 49 0.02
14 ENERGY RESEARCH CORPORATION 48 0.02
15 GENERAL MOTORS CORP. 47 0.01
16 PLUG POWER INC. 39 0.01
17 ENGELHARD CORPORATION 37 0.01
18 VARTA AG 37 0.01
19 INSTITUTE OF GAS TECHNOLOGY 35 0.01
20 NGK INSULATORS LTD. 34 0.01
21 AER ENERGY RESOURCES INC. 33 0.01
22 ALLIS-CHALMERS CORPORATION 30 0.01
23 MATSHUSHITA ELECTRIC INDUSTRIAL CO., LTD. 30 0.01
24 ASEA BROWN BOVERI LTD. 28 0.01
25 RAYOVAC CORPORATION 28 0.01
26 TOSHIBA CORPORATION 28 0.01
27SANYO ELECTRIC CO. LTD. 26 0.01
28 TEXAS INSTRUMENTS, INCORPORATED 26 0.01
SUM of ABOVE 1641 0.52
OTHERS 1507 0.48
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Next, we turn to the issue of the organizations in the network C’ in Figure 2. In order to pro-
vide a benchmark for comparison, Table 2 documents all organizations in the database that
hold more than 25 patents. There are 28 such organizations, and together they account for
about half of all patents in the database. The top-5 organizations in this table hold 20% of the
patents. United Technologies Corp. is the largest firms, holding 159 patents. The US govern-
ment (a category that unites many instances where a government organization, such as a
ministry or the army, actually holds a patent) ranks second. Note that this category includes
only those patents where such a U.S. government organization acts as the patent holder,
there are also cases where the patents document a role of the U.S. government in the re-
search that led to the patent (e.g., funding), but where a non-government organization is the
patent holder. Overall, U.S. firms or organizations dominate the table, with only relatively
few European, Canadian or Japanese organizations being present as main players.

Table 3 compares the dominance of the key players in fuel cells research from Table 2 be-
tween the set of main path patents in Figure 2, and all patents in the database. The table
documents which organizations are the main players in the network of main paths in Figure
2. The top-2 in this table is the same as in Table 2, but the dominance of these players is even
stronger than in Table 2 (United Technologies holds 8% of all patents in the network of main
paths, vs. 5% of all patents; for the US government, this is 6% and 4%, respectively). In fact,
for 10 out of 12 organizations in Table 3, the fraction of patents they own in the network of
main paths is larger or equal to the fraction they own in the total network. The exceptions are
General Electric Corporation and Leesona Corporation, which both show equal shares be-
tween Table 2 and 3. There are only 3 organizations that are present in Table 3, but not in
Table 2, i.e., the are top players in the network of main path, but not so in the overall dataset.
These are the Standard Oil Company, Eltech Systems Corp. and Reveo Inc.

Table 3. Number of patents in Figure 2 per company or organization

Fraction of
Pat- main path Fraction o
RankCompany name ents patents total

1 UNITED TECHNOLOGIES CORPORATION 28 0.08 0.05
2 UNITED STATES OF AMERICA 20 0.06 0.04
3 REVEO, INC. 13 0.04 <0.01
4 AER ENERGY RESOURCES, INC. 12 0.04 0.01
5 EXXON RESEARCH + ENGINEERING CO. 11 0.03 0.02
6 GENERAL ELECTRIC COMPANY 11 0.03 0.03
7 UNION CARBIDE AND CARBON CORPO-

RATION 11 0.03 0.02
8 LEESONA CORPORATION 10 0.03 0.03
9 ALLIS-CHALMERS MANUFACTURING

COMPANY 7 0.02 0.01
10 ELTECH SYSTEMS CORPORATION 5 0.01 <0.01
11 INSTITUTE OF GAS TECHNOLOGY 5 0.01 0.01
12 THE STANDARD OIL COMPANY 5 0.01 <0.01

The comparison between Tables 2 and 3 also confirms that our second interpretation of se-
lectivity (i.e., firm-level) is present in the data: the network of main paths involves indeed a
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rather selective set of patent holders. The implication is that many companies or organiza-
tions that are active in fuel cell research are not present in the network of main paths.

Finally, we turn to the temporal network of main paths P, which we construct for the period
1960 — 2002. This is displayed in Figure 3. In this figure, the light/yellow dots represent pat-
ents that are on the maximal SPNP main path from C’,4., i.e., the backbone that we identi-
fied in Figure 2. This path represents the most recent map of the technological trajectory in
fuel cells research. The red/dark dots represent patents that were at one stage part of the
main trajectory, but subsequently dropped out. Note that in Figure 3, the years denote the ¢
in py, i.e., they indicate the periods for which the trajectories were calculated rather than the
year in which the patents were filed (e.g., p: for, say, 1980, may include a patent from, say,
1963, or 1923).

On the left of Figure 3, we see a collection of patents that represent the initial phase of the
development. This is the set of patents in the area marked 'pre-1980'. Indeed, 1980 emerges
from the analysis as the demarcation year between the phase of exploration and the building-
up of the cumulative trajectory identified by the light/yellow nodes. Before 1980, the main
path changes direction quite often, resulting in the relatively complex (compared to the 1980
— 2002 part of the graph) structure of the network. In this period, there are three main
branches (coming from above, below, and from the right) that converge on the path that
stretches into the lower-left corner. But as it turns out, this is a dead end, and, instead of
continuing this path, the 1980 — 2002 developments continue in a different direction, re-
starting from one the three braches that emerged in the pre-1980 period.
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Figure 3. The evolution of main paths over time (network P)
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The 'dead end' path in the pre-1980 period is one that is focused on the development of the
electrodes of fuel cells. It does not involve a single one of the organizations in Table 3. On the
other hand, the (yellow/light) path that does become the main focusing device after 1979, is
one that is associated with larger systems. Initially (this is the part of the trajectory that lies
before 1980), work on electrodes is also included (e.g., the work by Justi et al. on electrodes
for the AFC that comes just before the patent labeled 2980749). The latter patent, invented
by Broers in the Netherlands and filed in 1958, also includes an important part on electrodes.
This is the patent at which the two trajectories, i.e., the one that runs into a dead end in 1979
and the one that continues into the period 1980 — 2002, split off.

The resulting main trajectory (yellow/light) has three main sources, of which the one that
originates in the 1970s is the main one. These three sources converge on to the main trajec-
tory at the patent no. 3515593, which is a patent owned by the United Aircraft Company.
This patent describes a lamination bond used in joining fuel cells in a stack in such a way
that waste heat generated in the stack can be disposed properly. The three streams that feed
into the main trajectory at this point represent different type of fuel cells (in terms of Table
1). The part of the trajectory that is yellow-colored and is in the pre-1980 part of the graph
brings together knowledge on the MCFC, both in the patent by Broers that was already men-
tioned (2980749), and three of the four patents at the basis of this part of the trajectory,
which are invented by Gorin at the Pittsburgh Consolidation Coal Company in the early
1950s (Perry and Fuller, 2002). The second path that feeds into the main trajectory at patent
no. 3515593, is based in the ‘direct coal’ tradition of Jacques and later on Baur (Perry and
Fuller, 2002, Chen, 2003). At the basis of the third path that feeds into the main trajectory is
the work by William Grubb at General Electric Corporation on the PEMFC (Perry and Fuller,
2002).

From patent 3515593 onwards, the trajectory follows a completely linear path until 1996, at
which point it splits up. Thus, the 1980 — 2002 period indeed shows a high degree of persis-
tence as the main trend of fuel cell research. The trajectory that emerges in the years 1980 —
1995 is always along the main part of the yellow/light path in Figure 3. Between patents
3515593 and 4510212, this trajectory addresses the issue of temperature control (cooling) of
fuel cells and stacks of fuel cells. The only split-off that occurs, besides the small diversions
from the main track that are the result of truncation of the dataset at various points, is after
the patent no. 4510212. This patent is owned by the U.S. Department of Energy, and results
from research undertaken at the Argonne National Laboratory at the University of Chicago.
This is one of the basic patents for the SOFC. Both paths that diverge from this patent are
based initially in the development of the SOFC, but later on switch to the PEMFC. Interest-
ingly, towards the end of the period, the two paths converge again into the stream on air
metal batteries that was already observed in Figure 2.

We may summarize the picture in Figure 3 as one in which after initial exploration of various
paths, the main trajectory in fuel cell research emerged at the early 1980s. This main trajec-
tory was initially centered around several aspects of the basic design of a fuel cell, moving on
in the direction of building larger systems of fuel cells, with issues of cooling becoming
dominant, but turning back to the level of designing a specific type of fuel cell in the mid-
1980s (SOFC), and later on to the PEMFC and air metal batteries. Thus, we indeed observe
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the life cycle effect discussed above, and eventually observe a high degree of persistence in
the trajectory. Interestingly, the main trajectory that we find encompasses work in all main
types of fuel cells that were introduced in Table 1 above.

6. Conclusions

What can we learn from this analysis of citation networks in fuel cell technology? At the level
of fuel cell research, it seems as if the main lessons are as follows. First, the citation paths
that we have analyzed in detail suggest that technological trajectories in fuel cell research are
indeed selective and cumulative. Selectivity occurs both in terms of a small number of tech-
nological neighbourhoods to which the main flows of fuel cell research converge, and in
terms of small number of the organizations that are found to play an important role in the
main paths found in the analysis. Cumulativeness is observed by the persistent nature of the
main trajectory that comes out of the analysis. Persistence is a feature of the later stage of
fuel cell research (1980 and beyond), while exploration of a larger number of paths is the
dominant feature in the period before 1980.

We also find that the main trajectory in fuel cell research is not compartmentalized between
the five types of fuel cells that are often distinguished (PEMFC, AFC, PAFC, SOFC, MCFC).
Instead, the trajectory is fed by developments in different types of fuel cells, and seems to
transform itself rather gradually from one type of fuel cells into another type (e.g., from
AFC/MCFC to SOFC to PEMFC). In accordance with the general historical overview pro-
vided by Chen (2003) and Perry and Fuller (2002), the research Alkaline FC (AFC) and Mol-
ten Carbonate FC (MCFC) are particularly important for setting out some basic principles in
the late 1950s and early 1960s (e.g., the work by Justi & Winsel, Broers and Gorin). Devel-
opment of the SOFC and PEMFC dominates much of the subsequent paths in the late 1980s
and 1990s.

Second, the development in part of the citation network seems to move quite naturally be-
tween different levels of aggregation. This starts with work at the level of components of fuel
cells (such as electrodes or the electrolyte), then moves to single cells as the unit of research,
and then moves to systems (stacks) of fuel cells. Associated with this trend is a focus on dif-
ferent problem areas (e.g., from micro processes at the surface of electrodes to macro prob-
lems such as cooling a stack of cells). This is, however, not a linear trend towards ever-higher
levels of analysis, because the trend may also reverse.

More generally, with regard to the usefulness of the citation network method for mapping
technological trajectories, the results seem somehow promising, but also point to potential
problems. The main conclusions with regard to this part of the analysis are as follows. First,
there is a whole spectrum with regard to the level of detail that one may look at in the cita-
tion networks. At one extreme is the single main path proposed by Hummon and Doreian
(1989), which reduces the 3192 patents in our dataset to a path of 26. Looking at this path is
insightful, but the 26 patents (obviously) ignore important trends in other parts of the net-
work. At the other extreme is the complete set of patents (337) that is in the large component
of the network of main paths for the period 1860 - 2002. This is too large a set of patents to
easily overlook. Looking at particular environments of this set of citation paths reveals,
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again, interesting developments, but these are not obviously summarized into a single char-
acteristic of the technological trajectory in a field.

Of particular interest seems to be the application of the overview of the historical develop-
ment of the main paths as proposed in our network P. This is a methodological novelty as
compared to Hummon and Doreian (1989) that proved particularly insightful in the case of
fuel cell research. It brings out clearly the life cycle of fuel cell research as starting with broad
exploration of a number of different directions, and the subsequent lock-in to a persistent
path along which technological evolution is clearly interpretable. The application of this way
of representing the temporal evolution of main paths in a citation network may well be fruit-
fully applied to other fields as well.

Second and lastly, it is obvious that the network analysis heuristics that were applied in this
paper are in no way a substitute for detailed study of the engineering trends in the field.
Without additional (qualitative) insights into the engineering history of a field, it is hard to
make any sense of the paths in the citation network. Thus, a combination of an historical ap-
proach and the citation network methods explored here might be fruitful for bringing for-
ward the understanding of trajectories in knowledge space. The present analysis still lacks
importantly in this respect, and putting the result of the citation analysis to further historical
scrutiny must remain a priority for further research.
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