
Abstract - An innovation model providing a solution for 
climate change and sustainable economic growth is required. 
In this scenario, renewable energy is one of the most 
promising technologies. Its research -requires a considerable 
amount of R&D expenditure and various core technologies. 
Therefore, international research collaboration is effective 
for prompt and efficient development.

With countries and organizations contributing to 
the rapid growth of knowledge, the meta-structure of 
international research and collaboration has become 
ambiguous. This paper aims to establish a knowledgebase 
that can help prepare international research collaboration
policies.

This paper demonstrates research capacity and 
international research collaboration in solar and fuel cell 
technologies, using MAPs gathered from 68,000 research 
papers. The two technologies are compared and 
international research collaboration is analyzed. A valley of 
research collaboration in Asia and a gap between the 
research collaboration structures of the two technologies are
identified, and the context of this gap is discussed. 
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I.  INTRODUCTION

At present, an innovation model that provides a 
solution for climate change and sustains economic growth 
is required. The development and extensive use of 
efficient and inexpensive renewable energy are key to 
innovation. World governments are speeding up the 
introduction of a scheme that provides incentives for the 
development of technology, such as Feed in Tariff (FIT) 
and subsidies for the introduction of equipments for new 
energy. They are also scaling up their support for 
advanced research. These social demands and policies are 
accelerating renewable energy research at an academic 
level, resulting in a rapid growth in the number of papers 
[2, 3].

Climate change is a common global issue. Advanced 
technology and the market for the products of current 
technologies to tackle the problem are spread throughout 
the world. Modern technology is increasingly complex 
and demands an ever-widening range of knowledge and 
skills. Often, no single country will possess all the 
knowledge and skills required. In addition to each 
country’s commitment, technology collaboration between 
leading countries with a high level of science and 

industrial technology in the field is important to promptly 
and efficiently address the problem. Previous studies have 
shown that a high level of collaboration is undoubtedly 
correlated with high paper productivity [4, 5, 6]. In fact, 
momentum toward international collaboration is growing 
among international organizations including OECD and 
APEC. Specifically, the New Energy and Industrial 
Technology Development Organization (Japan) is 
developing a program of international research 
collaboration through parallel funding with eight foreign 
public research organizations. It is also conducting 
international cooperative demonstration projects using 
photovoltaic power generation with ten other countries.

In recent years, there has been a significant 
improvement in knowledge and skills of renewable 
energy research in Asian countries, as well as the US, the 
EU, and Japan. This may have resulted from policies 
wherein these Asian countries have been investing in the 
development of world-class universities and encouraging 
doctoral degree holders, who studied overseas at leading 
universities, to return to their countries as key researchers 
[7]. Not many previous studies have been conducted on 
changes in geopolitical structures of renewable energy 
research by using objective data. In particular, there are 
few empirical studies that focus on dynamic changes in 
Asia and describe the structure of international 
collaboration.

This paper will first aim to use objective data and 
create MAPs that enable us to see both the distribution of 
worldwide research competency and the relationship of 
international collaboration in renewable energy research. 
MAPs will be a knowledge base to help design a policy 
for international research collaboration. Second, this 
paper attempts to specifically detect where a valley of 
international collaboration exists. This paper also 
discusses effective policies to bridge the valley by 
identifying various factors that would create and support 
strong international relationships, such as international 
research aids, inter-organizational agreements, and human 
relationships.

A bibliometric approach is used in this paper. The 
number of papers in a country or organization is used as 
an indicator for the research competency of the country or 
organization. The number of internationally co-authored 
papers—papers authored by scientists affiliated with 
organizations in more than two countries—is used as an 
indicator for international collaboration.

There are several studies that use co-authorship as a 
quantitative indicator [8, 9 as pioneering studies]. Co-
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authorship is used as an indicator of international 
collaboration [6, 10, 11, 12, 13]. Several studies using co-
authorship have been conducted in the EU. Thus, Katz 
and Martin point out four key advantages of using co-
authorship as an indicator of collaboration including its 
verifiability, statistical significance, data availability, and 
ease of measurement [14]. On the other hand, bibliometric 
analysis of multiple-author papers is not accurate as it can 
only be used to measure collaborative activities where the 
collaborating participants have entered their names on 
joint papers. We are aware of a bias where each research 
paper published separately despite the collaboration 
cannot be correctly identified. Nevertheless, this unique 
analytical method and data provides useful and clear 
empirical evidence, and when used with appropriate 
caution reveals new insights for international science 
policy.

The three types of bodies considered a main entity in 
collaboration are a country, an organization [15], and an 
individual researcher [16]. In this paper, a country or an 
organization is the unit of measurement. The factors 
creating collaborations, such as language, culture, 
distance, history, political and economic factors, are 
discussed based on previous bibliometric studies [6, 10, 
11, 13, 17]. To a limited extent, this paper discusses 
factors contributing to international collaborations, 
according to bibliographic information of papers.

This paper focuses on two academic research fields: 
fuel cell and solar cell. In recent years, both have been the 
latest growing technologies, and both are expected to 
become the ultimate solution for climate change in many 
countries. Previous studies indicate that the following 
factors have an effect on the frequency of research 
collaboration: how basic the research is [9], the scale of 
funds the research requires, and whether the research 
needs a large-scale experimental installation [10, 13]. In 
this paper, these factors are eliminated by selecting two 
relatively similar technologies on the basis of which 
similar numbers of papers are published, and then the 
structures of international collaborations are compared.

II.  METHODOLOGY

First, papers with the terms "fuel cell" and 
"photovoltaic cell" or "solar cell" in their bibliographic 
information are selected from all the papers published 
between 1945 and September 2009 using "Science 

Citation Index (SCI) " and "Social Science Citation Index 
(SSCI) ", a database by Thomson Reuters. The selected 
papers are defined as either the papers on fuel cell or the 
papers on solar cell. The papers with author information 
are then selected and grouped into two data sets: 33,136 
papers on fuel cell, and 35,322 papers on solar cell. 
Information such as the publishing year, author's 
organization, and country of the organization is extracted 
from the data sets. The numbers of organizations 
extracted are 6492 for fuel cell and 6660 for solar cell. 
The information of continent (Europe, Asia, North 
America, South America or Oceania) of the country 
extracted from is also attached to the country information. 
In this paper, analysis is conducted within the scope of all 
the above-mentioned data. 

Second, two types of data structure are developed: the 
data of research competency and of co-authorship. The 
data of research competency is obtained from the number 
of papers in each country or organization. It also provides 
time-series data. The data of co-authorship is led by 
calculating all combinations of co-authors based on 
information about the author’s organization. For example, 
if one paper is written by four different authors, and each 
author belongs to different organizations, the paper is 
considered to include six co-authorship relations. In 
addition, a co-authorship is defined as an international co-
authorship if the authors belong to organizations in 
different countries. Authors in co-authored papers are not 
weighed by the order listed.

Third, the data is visualized as a "research network 
diagram" with the author’s organization as a node and co-
authorship relation as a link between the nodes. In MAPs, 
organizations are grouped into the country they belong. In 
addition, combinations of organizations that have more 
co-authorship relations are identified. The number of 
international co-authorships for each continent is also 
obtained.

III.  RESULTS
Changes in the number of papers published in the top 

five countries and in the co-authorship rate in the top five 
countries are shown in Figure 1-1 (fuel cell) and Figure 1-
2 (solar cell). Although the order is different between the 
two figures, four countries simultaneously appear in both: 
US, China, Japan, and Germany. The figures also show a 
rapid surge in the number of papers published in China. 
According to the figures, co-authorship rate is higher in 
Germany and lower in Japan.
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Fig. 1-1, 1-2. The number of papers and percentage of international Co-authorship
As a difference between two figures, Korea ranks 

fifth in the number of papers on fuel cell, while India 
ranks fifth on solar cell research. There is a rapid growth 
in the co-authorship rate in India.

International research collaboration network 
obtained according to the information about research 
competency and co-authorship relations is shown in 
Figures 2-1 (fuel cell) and 2-2 (solar cell). Research 

organizations in the same country are placed together and 
shown as a node. The size of each node shows the number 
of papers written by authors from the country. Each link 
between two nodes of different countries indicates that 
there is a co-authorship between the organizations in 
those countries. The breadth of each link indicates the 
number of co-authorships between countries.

Fig. 2-1, 2-2. Network of International Co-authorship

Although both figures look similar, showing a well-
balanced structure between North America, Asia, and 
Europe, there are three major differences between the two 
MAPs. First, more countries are involved in co-authorship 
on solar cell than fuel cell, particularly in Asia and Africa. 
The second difference is the gap between North America 
and Europe—Europe contributes more in solar cell 
research than fuel cell research. Another difference is the 
link between Asia and other continents. Asia has a 
stronger link with North America in fuel cell research 
than in solar cell research. This appears to be caused by 
stronger gravitation towards North America, which has 
higher competency in fuel cell research than in solar cell 
research.

Table. 1-1, 1-2. Top Pairs of Continent co-authorship

Tables 1-1 (fuel cell) and 1-2 (solar cell) show the 
number of co-authorships for each continent pair. The 
number of co-authorships within Europe is prominent in 
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both fields of research. Especially in solar cell research, 
the number of co-authorships within Europe is two and a 
half times larger than that between Europe and Asia, the 
second largest pair. On the other hand, the number of co-
authorships within Asia is significantly smaller than that 
of Asia–Europe or Asia–America in both research fields. 
It is interesting to note that there are 334 co-authorship 
relations between Europe and Africa, despite the low 
research competency of Africa.

Finally, organizations with a larger number of co-
authorships are identified. In both research fields, pairs of 
organizations with a larger number of co-authorships are 
the ones within a same country. Furthermore, there are 
more co-authorship relations between organizations that 
have a high competency. The number of co-authorships
between Chinese organizations is remarkable in fuel cell 
research. Out of the top 30 co-authorship relations of 
organizations, there are only 2 international co-authorship 
relations (Japan-Australia and Portugal-Belarus) in fuel 
cell research and 5 (Germany-Australia, USA-Germany, 
Australia-USA, Australia-Netherlands, and Japan-Sri 
Lanka) in solar cell research. Therefore, it is considered 
that there are stronger international co-authorship 
relations of organizations in solar cell research.

IV.  DISCUSSION

A rapid increase in the number of papers published 
and a rise in the international co-authorship rate in 
renewable energy research are observed. It is evident that 
an increased R&D investment contributes to the surge in 
the number of papers. Major policies of this type include 
Advanced Energy Initiative (USA), Solar America 
Initiative (USA), Framework Program (FP5 & FP6, EU), 
Intelligent Energy-Europe (EU), Cool Earth 50 (Japan), 
PV Vision 12 (South Korea), Medium-term Development 
Plan for Renewable Energy (China), and the National 
Solar Mission (India). This is a typical field where a good 
innovation cycle can be observed: society’s demand is 
reflected in policies, the policies encourage knowledge 
accumulation, and the accumulated knowledge draws 
society’s attention.

There are more Asian and African organizations 
conducting research on solar cells that can be installed at 
a low cost in an area where the infrastructure for 
electricity is not well developed. Solar cells show a better 
performance in a high solar radiation area (e.g., Africa,
India). Therefore, it is inevitable that this difference in 
research competency is affected by the technical 
characteristics of solar cells. In India, the policy works as 
a link between technical advantage and research 
competency.

In terms of the structure of co-authorship, there are 
more co-authorship relations between organizations in the 
same country or a close spatial proximity in solar cell 
research and fuel cell research. This corresponds with 
other previous studies identifying the relationship 

between co-authorship of organizations and spatial 
proximity, culture, and language [6, 10, 11, 13, 17]. 
Furthermore, there are more co-authorship relations 
between organizations with high research competency. 
The motivation for this may include some of what [16] 
points out: access to expertise and equipment, to obtain 
prestige or visibility, to gain tacit knowledge, and to 
enhance productivity.

Dense co-authorship relations of solar cell research 
between organizations in Europe are identified. It is 
highly possible that this is aided by policies in Europe. 
Solar cell research has been mostly funded by the fifth 
and sixth EU framework programs (FP5, FP6) that fund 
research collaborations within EU. A network such as PV 
European Research Area Network may also contribute to 
it.

For the analysis of the context of research 
collaboration, an organization pair that has the highest 
number of international co-authorships is identified in 
both Figures 2-1 and 2-2, and the context of each 
organization is analyzed. The organization pair with the 
highest number of co-authorships in the fuel cell research 
is “National Institute for Materials Science” (Japan) and 
“University of Queensland” (Australia), with 18 co-
authored papers, ranked 27th on the whole.

The two organizations signed MOU (memorandum of 
understanding) in 2001, which was the first MOU for 
National Institute for Material Science. It is identified that 
all 18 co-authored papers always include the two same 
authors: Toshiyuki MORI PhD. (National Institute for 
Material Science) and John Drennan PhD. (University of 
Queensland) both belong to Nano-ionics Materials Group 
in the Fuel Cell Materials Center.

The organization pair with the highest number of co-
authorships in solar cell research is “Fraunhofer Institute 
for Solar Energy Systems” (Germany) and “University of 
New South Wales” (Australia), with 27 co-authored 
papers, ranked 7th on the whole. Many of their papers are 
on “Solar cell efficiency tables,” which is the international
official record of conversion efficiency for solar cell and 
module. It seems that their co-authorship is the outcome 
of the opportunity in which knowledge came across as 
knowledge. In recent years, “National Renewable Energy 
Laboratory” (USA) and “National Institute of Advanced 
Industrial Science and Technology” (Japan), both of 
which are leading organizations in their countries, have 
also been involved in this research.

A valley in Asia is found on the MAP of international 
research collaboration. The collaboration between 
research organizations within Asia is not as strong as 
within other regions, despite the recent rapid increase in 
their research competency. It appears that their potential 
has been untapped. Factors identified in this paper that 
contribute to research collaborations include the 
introduction of international research collaboration 
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programs, such as frameworks programs in EU, the 
development of a network that gathers knowledge and 
information, the promotion of agreement making on 
research collaboration between organizations, and the 
establishment of strong human relationships. Therefore, 
the development of “Asia Research Area,” which 
promotes these actions as a policy, is suggested in this 
paper.

V.  CONCLUSION

MAPs for research competency and research 
collaboration in two renewable energy technologies were 
developed in this paper. The MAPs show that research 
competency is influenced more by policies and market 
characteristics of the technologies, while research 
collaboration is affected more by spatial proximity among 
the countries or organizations, research competency of the 
country or organization, and research collaboration 
policies.

In addition, a valley of research collaboration in Asia 
in the international research collaboration network was 
identified. Asia shows a lack of policies that encourage 
regional research collaboration. Therefore, the 
development of “Asia Research Area” is suggested.

Factors contributing to research collaboration are 
complex and a further study will be conducted.
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