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developers and some of the world’s leading research
institutes within in the sector. [3-5].

Abstract
The UK wave energy sector has received various
criticisms relating to a lack of collaboration and
linkage between academia and industry over the
past decade. Despite a large overall increase in
financing and a significant rise in research, there
seems to be a misalignment between this academic
work and the needs of emerging device developers
as best use is not being made of the results from
current academic research [2].
This paper investigates a methodology for exploring
and quantifying this disparity based upon Bergek’s
Technological Innovation System model and a novel
approach to quantifying levels of knowledge flows
within the sector incorporating social network
analysis (SNA). Through SNA (and qualitative
interviews) it is hoped that more robust measures of
emergent system functionality can be obtained
including an indicator for the influence on the
direction of search pertaining to the sectors internal
technical search heuristics, overall knowledge
development and diffusion, and general sector
formation and structure. It is also hoped that social
capital analysis can be used to provide insight into
the levels of collaboration occurring. Through the
various analytical methods, a more confident
understanding of functionalities could be created
allowing policy makers to assess the sector and
create normative policies to help rectify
functionality imbalances.

Additionally, over the past ten years, public funding for
the sector has seen a large upsurge, specifically
focussed on device R&D initiatives and test facility
expansion (see Figure 1) in the hope that the UK can
capitalise on an industry that has the worldwide
economic potential estimated at between £60b to £190b
per annum [6].

Figure 1: UK Ocean Energy Spend, [1].

Despite these advantages, there has been criticism that
industry is not making best use of current academic
research and that there is in general only limited
linkages between device developers, component
suppliers and universities [2, 4, 7]
One approach to the analysis of these claims (as well as
the overall ‘health’ of the sector), is to use an
innovation systems (IS) study. The IS approach
acknowledges that innovation has a systemic nature in
that it occurs through the interactions and linkages of
actors within a field of knowledge [8]. There is now a
rich vein of literature on the subject of innovation
systems going back around 20 years including;
National Innovation Systems [9, 10], Regional
Innovation Systems [11], Large Technological
Innovation Systems [12], Sectoral Innovation Systems
[13], and Socio-Technological Innovation Systems
[14]. This paper however focuses specifically on
Technological Innovation Systems literature as first
outlined by the likes of Carlsson, Jacobsson and
Johnson but specifically refined by Bergek et al. [15-
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1.

Introduction

The UK has a significant historical advantage over
many nations within the wave energy sector due to its
experience not only within offshore marine engineering
but a long history of marine renewable energy research
which has resulted in a high number of device

1

3rd International Conference on Ocean Energy, 6 October, Bilbao
17] as a useful tool for analysis of the wave energy
sector since it:
•

•

•

rough picture of knowledge flows in the innovative
process”[23]. Additionally, criticism can be made of
specific indicators such as patents since they; a) fail to
identify complex innovations where patentable
innovations may come from a diverse range of patent
classifications and be carried out by non-sector related
actors, (such as for example, hydraulic technologies
within the wave energy sector), can be known to
actually stifle innovation through ‘tragedy of the anticommons’ effects whereby innovators are ‘blocked in’
by over-patenting and a lack of ‘free’ knowledge space
[28, 29], fail to acknowledge the ‘patent paradox’
phenomenon, whereby despite the number of patents
globally increasing, their perceived value is decreasing
[30, 31]. This does not wholly detract from the value of
such insightful indicators but it does suggest that they
can be too abstracted away from the actual function of
knowledge development and diffusion as a proxy
indicator in some circumstances. This may be even
more evident in systems or actors with a low patenting
culture (such as innovation within universities and
some developing countries) or in early sector maturity.

Is technology-specific, in that it focuses on the
product(s) under investigation and not solely
national/regional or other aspects to the
detriment of this object-orientated detail.
Attempts to apply a clearly defined
methodology to the analysis, allowing for a
more practical, prescriptive and thus robust
approach to assessment.
Has a high level of focus on knowledge
diffusion and generation which are pertinent to
the complexities of the technology under
investigation (wave energy converter (WEC)
devices).

The methodology provided by Bergek et al supplies
useful indicative insight into an innovation system by
breaking down the health of the system into
‘Functionalities’ which relate to thematic processes
which are suggested as being desirable for the
successful fruition of a particular technological system.
These functions are; development of positive
externalities, influence on the direction of search,
entrepreneurial
experimentation,
knowledge
development and diffusion, legitimacy, market
formation, resource mobilization [17].

This skewered impression of functionality can be seen
within the UK wave energy sector when assessing
patents held by leading device development companies.
As shown in Table 1, a patent search under both
company
names
and
International
Patent
Classifications F03B13/14<24, the most relevant
patents for wave energy generation ( “Power stations or
aggregates… using wave energy” and following sub-set
[32]) reveals large disparities between device
developers such as OPT, (an American owned WEC
developer with UK offices) who hold over half of all
the UK's WEC patents and Aquamarine Power, (one of
the most technologically mature UK device developers)
who have only 2 (around 2%). The top 14 universities
researching marine energy engineering in the UK have
a combined total of only 8 patents using IPC
F03B13/14<24 as an indicator (this includes the
Universities of; Durham, Heriot-Watt, Imperial
College, Lancaster, Northumbria, Queens Uni. Belfast,
Southampton, Edinburgh, Exeter, Manchester, Oxford,
Plymouth, St Andrews and Strathclyde). Clearly,
patenting does not cover the large amount of university
knowledge being generated of the non-patentable form.
This could include testing standards and best practises,
resource assessments and resource modelling
techniques, electrical, environmental and policy
regulation development or ‘blue-sky’ research projects
that may yield fruitful rewards in the future. Although
bibliometrics and R&D spend may capture some of
these better, neither method provides insight as to the
perceived value of knowledge being generated.

This paper attempts to expand upon two of these
particular functions to assist in operationalizing the
assessment of a technological system through the
application of a more actor specific and insightful
methodology for early stage system development. The
first section assesses the ‘status-quo’ methods of
assessing knowledge development and diffusion as well
as influence on the direction of search. The second then
focuses on novel SNA approaches for assessing these
functions.

2.

Status-Quo Methods for Knowledge
Development and Diffusion and
Influence on the Direction of Search

Knowledge development and diffusion is clearly a
critical functionality within all innovation system
analysis and is cited by academics within the
innovation systems literature (as well as wider
economic literature) as a crucial development towards
viable commercialisation [9-11, 18-24]. Current proxy
indicators for knowledge generation within a system
focus upon analysis of; patents [23-26], R&D Spend
[17, 23-25, 27], bibliometrics [17, 23], citation analysis
[17, 24] and learning curves [17].
Although these indicators provide a valuable level of
information on the evolution of the system and the
knowledge generation that is taking place, they have
been criticized by the OECD as “…able to draw only a
2
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Total
Company
GB
Patents
2

Classified
Under IPC
F03B13/ 12<24
1

3

1

7
6

0
3

2

2

3
0

2
0

1

1

1

1

1

1

3

2

Neptune Renewable
Energy

1

1

Ocean Navitas Ltd

0

0

Ocean Power
Technologies Ltd

53

31

Ocean WaveMaster Ltd

0

0

Offshore Wave Energy
Ltd

1

1

Company
Aquamarine Power
AWS Ocean Energy
Ltd
Checkmate SeaEnergy
C-wave Ltd
Dartmouth Wave
Energy Limited
Embley Energy
FreeFlow 69 Ltd
Green Cat Renewables
Ltd
Green Ocean Energy
Lancaster Uni.
Renewable Energy
Group
Manchester Bobber
Company Ltd

Orecon
Pelamis Wave Power
Ltd
Pure Marine Gen Ltd

2

2

5

3

1

1

Scotrenewables (Marine
Power) Ltd

2

1

Trident Energy Ltd

4

2

Total Company Patents

98

56

Total UK Wide Patents

n/a

279

indicators as a form of analysis (since these may be
internally held forms of knowledge that are not
disseminated among the system) however it does allow
for an insight into the system value of a particular actor,
(i.e. whether a stakeholder has a large positive
knowledge generation effect on the system or not.)
The process of analysis starts by defining the
boundaries of the system under inspection. As with
Bergek’s model [17], this has dimensions of technical
focus and breadth of innovation under inspection,
application focus and breadth (relating to how the
innovation is used) and geographic focus and breadth
(relating to where the innovation study is being
conducted). These parameters should be selected so as
to minimise the potential influence of externalities to
the system under inspection while working within the
practical limitations of the assessment being conducted.
Clearly, some innovations (such as the aeronautics or
the IT sectors), have wider geographical dimensions
that cannot be ignored and indeed a strong
understanding of the international scene should always
be considered. For the UK wave energy sector analysis
however a national boundary was chosen for several
reasons;
•
The UK wave energy sector is still very
immature and as such much of the
development has been driven not only by
small, UK based developers but also by public
sector grant funding. This lends a strong
national identity to the innovation system.
•
The geographic constraints of both
deployment and grid integration on an island
such as the GB mainland means that the
emerging regulations for deployment, grid
integration and environmental assessment are
clearly issues faced at a national level.
•
The UK has a strong pedigree of (historically
solitary) marine energy development resulting
in a strongly national historical and cultural
relationship to marine energy development.

Table 1. UK Wave Energy Developers

3.

SNA Modelling Methods for
Knowledge Development and
Diffusion and Influence on the
Direction of Search

Regarding the technical and application dimensions,
the intent is to assess all wave energy converters that
convert wave kinetic or wave pressure energy into
electricity energy in onshore, near-shore and far-shore
applications.

One method to try and more insightfully investigate the
interaction among knowledge generating and
disseminating stakeholder bodies within a system of
innovation is to use SNA tools and methods found in
the field of social science. Using SNA and interviews
with system actors, one can trace different types of
knowledge flow within a system of innovation to create
a network ‘map’ of interaction between all the key
stakeholders. This method looks not at the direct
knowledge being generated but asks stakeholders what
the value of knowledge obtained from another
stakeholder is, therefore quantifying the perceived
value of a stakeholder directly. It does not replace other

The second stage is to identify the core actors that
make up the system under inspection. Within the wave
energy sector, this is considered to be the key actor
groups: Industry (in the form of device developers and
supplier companies (i.e. the ‘big 6’)), universities,
government bodies (and associated quasi-autonomous
non-government bodies (QUANGOs) such as the
Carbon Trust and Crown Estates)). This essentially
makes up the wave energy industry equivalent of what
Leydesdorff refers to as the triple-helix of innovation
[33]. Finally a unique group of WEC test centres are
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argues that innovation and economic growth come
from brokerage of structural holes within a network
[36]. For this case study however the fore-mentioned
theory of Walker et al. is better suited since the
network’s innovative capacity as a whole is under
investigation, (rather than the brokerage power of a
single actor). A more cohesive network will therefore
hold higher social capital and thus better facilitates
knowledge flow. In juxtaposition to this, a higher level
of structural holes would translate into an un-exploited
network
potential
which
individual
broker
‘entrepreneurs’ could exploit.

added to the sample due to their crucial role in
development of the sector.
Once these agents are identified and contacted,
interviews are conducted in which participants are
asked who they have collaborations with and how they
would subjectively rate the strength of that
collaboration from one to ten. This method assumes
that ‘collaboration’ implies knowledge transfer which
may not always be the case however conceptualising
who one received knowledge from and the valuation of
that knowledge proved too abstract as a concept for
initial interviewees to respond to coherently and with
confidence. As a result then, a subjective value of
collaboration was chosen to help ‘ground’ the question
from which knowledge flows was taken as implicit.
The
subjective
valuation
of
the
information/collaboration is valid since the value of
any collaboration holds different levels of worth to the
receiver however one of the complications with this
process is finding a single interviewee who can
represent an entire stakeholder body such as a
university or government department where there are
many interactions occurring across different
disciplines. One potential mitigation could be to
interview multiple actors within single stakeholder
bodies however this raises issues of unfairly biasing
institutes as well as ‘overlapping’ references. Typically,
the most senior individual representing the innovation
system under inspection would be the most applicable.
Three differing types of collaboration are identified;
technical, (relating to the technical knowledge of the
devices, resource measuring and modelling) market &
fiscal (related to project costs and revenues as well as
market wide threats and opportunities within the sector)
and institutional and regulatory (pertaining to
regulations, laws, licensing and constraints for
planning, environmental, electrical and maritime
statute). Should interviewees refer to another
stakeholder who matches the description of the core
system actors (as identified above) and who has not
been identified by preliminary desk-based research, this
referral is added to the interview list in a classic
‘snowballing’ fashion until full network saturation is
achieved.

For a fully optimised system however where all of the
finite network’s actors are included (i.e. a saturated
study), a wholly exploited, (or ‘closed network’[37])
must therefore give the optimum level of social capital.
Individual social capital is easily thought of in terms of
centrality [38] which shall be discussed below,
however the overall potential of the system is based on
its density. Density is a measure of the number of ties
within the network over the number of potential ties
within the network. Therefore, if all network ties are
joined, (i.e. the system is a closed network) a network
is said to have a density of 1. This is a good indicator of
systemic connectivity and thus system knowledge
diffusion; however it does not provide deep insight into
the individual stakeholder’s structural positioning
within the network that other centrality measures can.

From here a matrix of stakeholders (network nodes)
and their relative valuation of collaboration sources,
(network edges) are created which can be analysed
using varying tools from the field of SNA.

Other tools however have been built upon SNA
research which, although usually applied to individual
actors network analysis, (such as in policy debates and
power brokerage analysis) can be applied to the
collaboration network map created here to draw
conclusive findings. The first of these is ‘Degree
centrality’ which can be used to measure social capital
for individual actors (which are in this case stakeholder
bodies): Degrees centrality is simply a count of the
number of ties that an actor has, inclusive of their
strength of tie. (e.g. Four ties all of strength five and
one of six would give an actor a degree rating of twenty
six ((4 x 5)+(1x6)). These values can then be
normalised against the maximum value of degree for
the network to give a percentage level of normalised in
or out degree of knowledge flow. If for example the
maximum tie strength in a network was 32, then the
above example tie strength (of 26) would be said to
hold a normalised in degrees of 81%, (i.e. 100/32*26).

The notion of social capital is explained by Bourdieu in
Walker et al’s paper as, “The sum of the resources,
actual or virtual, that accrue to an individual or a group
by virtue of possessing a durable network of more or
less institutionalized relationships of mutual
acquaintance and recognition” [34, 35]. Walker then
goes on to state, “If all firms in an industry had
relationships with each other, interfirm information
flows would lead quickly to established norms of
cooperation [34]. This theory opposes that of Burt who

If an actor has a high normalised degree centrality of
out ties (i.e. many people use them as a source of
knowledge relative to other actors within the network)
then they are said to be influential whereas if an actor
has a high normalised degree centrality of in ties (i.e.
they use many sources for their knowledge relative to
other actors within the network) then they are said to be
prominent [39]. This simple measure can therefore be
used to assess the prominence or influence of actors
within the wave energy sector crucially providing an
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although labour intensive, could then be used to assess
various characteristics of the system under analysis and
provide a degree of insight that is not available with
other methodologies. We have outlined why a ‘socialcapital’ based valuation is more insightful to the sector,
(under this method of analysis) then one which assesses
brokerage and structural holes and given an example of
a few SNA analytical tools which can be applied to
assess characteristics of the sector. These
characteristics include the overall social capital, or
cohesion of the sector, (through density measures), the
prominence and influence of various different actors,
(through normalised degree centrality) and the
farness/closeness indicators which provides a more
insightful valuation of how ‘plugged in’ an actor is to
the sector which is indicative of their level of
contribution to the social capital of the network as
whole.

indicator for the overall internal influences on the
direction of search for the sector.
Another measure of centrality that can be applied is
that of closeness. Closeness is an indicator of how
embedded within a network a single actor is in respect
to the network as a whole, (as opposed to simply
having regards to alters). To calculate the closeness of
an actor, the geodesic distance to all other actors in a
network is summated (this is a measure of the farness
and could be said to relate to the level of isolation of
the actor) and the reciprocal of this is taken. It can then
also be normalised against the actor with the highest
closeness. This measure will indicate not only how
central an actor is within his local network but also
within the larger system as a whole. An example of this
could be a device developer who may have very strong
immediate links with (non-system) suppliers and
consultant bodies but be separated from the wider wave
energy community as a whole. This developer’s degree
centrality could therefore be strong, however since
none of its collaborators (alters) are strongly connected
to the sector, the developers closeness would be
extremely low, indicating that (although the company
may be a strong hub of knowledge generation,) its
knowledge diffusion to the sector is limited.

These tools provide an additional method for analysis
of an emerging sector and do not attempt to disqualify
the status-quo approaches which have clear value and
application when assessing an emerging sector. There
are potential pitfalls to blanket application and a
qualitative level of knowledge will always be needed to
gain an understanding of any innovation system under
analysis. Furthermore, issues of ‘transaction cost’,
‘knowledge space proximity’ (i.e. relevance of
knowledge flows to the sector) and longitudinal
applications were not addressed in this paper and need
further clarification. There is however clearly a much
wider potential for integrating SNA tools and
methodologies for use in quantifying a technological
innovation systems analysis and functionalities such as
legitimacy, influence on the direction of search,
entrepreneurial experimentation, and possibly even the
development of positive externalities could be assessed
further using different SNA tools. Additionally,
hitherto un-explored indicators or measures such as the
levels of system boundary relevance could potentially
be analysed using SNA which would provide feedback
for future iterations of system analysis.

These SNA measures allow policy makers to identify
what Jacobsson terms prime movers [40] to the sector
are and therefore assist in addressing questions such as
‘how much value and what directional influence is this
institute contributing to the system overall?’ This can
then be used in conjunction with other indicators to
assist in maximising the cost-benefit of government
support intervention.

4.

Conclusion

In this paper we have looked briefly at the emergence
of the UK wave energy sector and the current methods
for assessing it using an innovation systems
perspective. We have explained the advantages of using
a technological innovation analysis perspective over
other methodologies and (again briefly) looked at some
of the proxy indicators suggested for carrying out this
analysis. Although these indicators can provide insight
into the knowledge development within the emerging
sector, they fall short on several counts in that they; fail
to adequately capture the range of knowledge
development and exchange occurring within the
system, do not necessarily provide insight into the
value of the knowledge being developed to either the
generator or indeed the sector as a whole and finally,
fail to address cultural and institutional norms, (such as
patenting culture) which cast a skewed impression of
developments within the sector.
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