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a b s t r a c t

An analysis of scientific publications on solar energy was conducted to determine whether public
interest in the subject is mirrored by more intense research in the area. To this end, the research
published by Spain and Germany, the two EU countries with the highest installed photovoltaic ca-
pacity, was analyzed based on Web of Science data. The results show that: solar output has risen
substantially; solar research has a greater impact (measured in terms of citations) than publications
on other renewables such as wind power; scientific production on solar energy is high in Germany and
Spain, which together account for 51% of the total in the EU-27; the pattern of topics researched in the
two countries is very similar; and their international collaboration is more intense than the world
average and higher than in countries such as the USA, China or Japan. Collaboration between them is
likewise intense. The main conclusion is the divergence in Germany and Spain between solar energy
demand/output growth, being exponential, and the growth of research papers on the subject, which is
linear.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Research, development and innovation in the field of renewable
energy, is closely related to investment and national policies,
especially in regard to obtaining sustainable resources [1]. In this
respect, countries and institutions are the main actors of research
on this type of energy production.

The countries in the European Union have a huge interest in the
promotion of the use of renewable energy sources. By developing
less dependence on fossil fuels from countries outside the EU the
emission of CO2 is reduced, which is an advantage from both en-
ergy, environmental and economic perspectives. This interest is
specified in legislation with Directive 2009/28/EC [2] from the
European Parliament on promotion of the use of energy from
renewable energy sources which outlines a set of goals to be ach-
ieved by 2020.

Moreover, the OECD raises an awareness related to the impor-
tance of sustainable developments through various programs that
enhance their study and promotion, especially in the field of sus-
tainable growth and so-called “Green growth” [3,4].

Political decisions on renewable energy in the EU are becoming
increasingly important, as evidenced by the increased generation
and consumption of energy from alternative sources, with
continued growth in recent years, although they are still far from
reaching the goal set for the year 2020, where 20% of energy pro-
duction should come from renewable energy sources (Fig. 1) [5].
The target of 20% is an overall target for the entire EU, and indi-
vidual countries have their own targets.

An analysis of the evolution of this energy consumption by
country (Table 1), indicates that primarily in Scandinavia and
Eastern Europe the percentage of energy produced by alterna-
tive sources exceeds the overall 2020 target reaching well above
the countries of the Central European region and the Mediter-
ranean [5].

Among the renewable energy sources, the largest share of en-
ergy production capacity derives from wind and solar energies. As
shown in Fig. 2, especially wind power demonstrates a remarkable
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growth in the EU since the 90s [6], while a similar boost of solar
energy production initiates in the middle of the last decade (2005e
2006).

Energy production from solar sources as such already started in
the mid-90s. Germany and Spain are the two European countries
that are making the greatest effort with respect to this type of
energy (Fig. 3), which contributes to reducing emissions of signif-
icant amounts of CO2 to the atmosphere, as well as creating so-
called “green jobs”, largely related to the development, produc-
tion and installation of photovoltaic systems.

When looking at the data on the installed photovoltaic capacity
in the 27 EU countries at the end of 2009 Germany and Spain top
the list, followed by Italy, the Czech Republic and Belgium (Fig. 3).
The same top position applies in relation to the photovoltaic ca-
pacity per capita (Table 2), but with Italy at a lower ranking.
Furthermore, the Eurostat data (Table 3) show that Spain and
Germany have a much higher growth in production of solar energy
than the EU overall. While the production in the EU has increased
by a factor of 211995e2011, it has increased by factors of 52 and 58
in Spain and Germany, respectively [7].

From a bibliometric and scientometric perspective several
studies have been conducted that analyze different papers
have studied the literature on renewable energy in general and
solar energy in particular. For example, Garg and Sharma [8]
observed the great growth of publications on collectors and so-
lar cells after the 1973 energy crisis. Tijssen [9], based on co-
classification analysis shows the interdisciplinary structure and
sources of renewable energy research in the Netherlands. Cel-
iktas et al. [10] analyzed the different trends in renewable energy
research in Turkey and showed the important role played
by solar energy within them. Recent bibliometric research on
India highlights the importance of solar energy in this country,
and the significant weight of its scientific production on the
global scene [11,12].

Dong et al. [13] analyzed the literature on solar energy and also
observed an important growth of publications between 1991 and
2010 and concluded emphasizing the importance that research on
solar cells will have in the 21st century. Romo-Fernández et al. [14]
discuss research on renewable energy in different European
countries. They show the leading role of European institutions in
this field, with a large scientific production and a higher impact
than the world average. In a later article [15] they focus their
analysis on production of renewable energy research in Spain
compared to a global context. They point to the increasing presence
of publications authored by Spanish institutions in the area of
renewable energy and in particular to the increase in solar energy
research.

The overall aim of this paper is to determine whether the
increase in the societal interest in solar energy is reflected in an

increase of research on this type of energy, measured primarily
by analyses of publications. To do this, we have analyzed the
publications of the research institutions in Spain and Germany, as
they are the two EU countries with the highest installed photo-
voltaic capacity. The analyses will establish the publication pat-
terns in terms of temporal evolution, the main subjects, the
publication sources, the most productive institutions as well as
international scientific collaboration in the field of solar energy
research.

The article is structured as follows. First, a methodological
section describes the data collection, including the retrieval
profiles, and the means of data analysis in the form of indicators
used. This is followed by result sections that first provide findings
on renewable energy as such, followed by findings on solar en-
ergy research, particular topics, central journals, major research
institutions in Spain and Germany, and international collabora-
tion patterns. The article ends with a discussion of perspectives
and conclusions.

Fig. 1. Percentage of consumption from renewable energy sources (2004e2010).

Table 1
Percentage of consumption from renewable energy sources by country (2004e
2010).

2004 2005 2006 2007 2008 2009 2010 2020 target

EU-27 8.1 8.5 9.0 9.9 10.5 11.7 12.5 20
Belgium 1.9 2.3 2.6 2.9 3.3 4.5 5.1 13
Bulgaria 9.6 9.5 9.6 9.3 9.8 11.9 13.8 16
Czech Republic 6.1 6.1 6.5 7.4 7.6 8.5 9.2 13
Denmark 15.1 16.2 16.5 18.0 18.8 20.2 22.2 30
Germany 5.1 5.9 6.9 9.0 9.1 9.5 11.0 18
Estonia 18.4 17.5 16.1 17.1 18.9 23.0 24.3 25
Ireland 2.2 2.7 2.9 3.3 3.9 5.1 5.5 16
Greece 6.9 7.0 7.0 8.1 8.0 8.1 9.2 18
Spain 8.2 8.3 9.0 9.5 10.6 12.8 13.8 20
France 9.3 9.5 9.6 10.2 11.3 12.3 12.9 23
Italy 5.3 5.3 5.8 5.7 7.1 8.9 10.1 17
Cyprus 2.4 2.4 2.5 3.1 4.1 4.6 4.8 13
Latvia 32.8 32.3 31.1 29.6 29.8 34.3 32.6 40
Lithuania 17.1 16.9 16.9 16.6 17.9 20.0 19.7 23
Luxembourg 0.9 1.4 1.4 2.7 2.8 2.8 2.8 11
Hungary 4.4 4.5 5.1 5.9 6.6 8.1 8.7 13
Malta 0.1 0.1 0.2 0.2 0.2 0.2 0.4 10
Netherlands 1.9 2.3 2.7 3.1 3.4 4.1 3.8 14
Austria 22.9 25.0 26.6 28.9 29.2 31.0 30.1 34
Poland 7.0 7.0 7.0 7.0 7.9 8.9 9.4 15
Portugal 19.2 19.6 20.8 22.0 23.0 24.6 24.6 31
Romania 16.8 17.6 17.1 18.3 20.3 22.4 23.4 24
Slovenia 16.2 16.0 15.5 15.6 15.1 18.9 19.8 25
Slovakia 6.1 6.2 6.6 8.2 8.4 10.4 9.0 14
Finland 29.1 28.7 29.9 29.5 31.1 31.1 32.2 38
Sweden 38.7 40.6 42.7 44.2 45.2 48.1 47.9 49
United Kingdom 1.1 1.3 1.5 1.8 2.3 2.9 3.2 15
Norway 58.4 60.1 60.6 60.5 62.0 66.1 61.1 67.5
Croatia 15.2 14.1 13.8 12.4 12.2 13.2 14.6 20

Fig. 2. Renewable energy production capacity (in gigawatts) by energy type in the EU.
(1990e2010).
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2. Methodology

The study of scientific production is based on the records
included in the database of Web of Science (Science Citation Index,
Social Science Citation Index and the Proceedings databases)
accessible through theWeb of Knowledge [16]. The period analyzed
covers 1995 to 2009 and all documents containing an “Address”
including at least one Spanish or German institution are collected.

The thematic delimitationwas discussedwith renewable energy
experts [6]. We designed a search strategy to identify research
publications in areas related to “Renewable energy generation”,
which includes the subfields of “Renewable Energy”, “Wind Po-
wer”, “Solar Energy”, “Geothermal Energy” and “Wave (Marine/
Ocean) Energy”. The following search strategy was used for col-
lecting the documents on solar energy in the Science Citation Index
Expanded part of the Web of Science:

Fig. 3. Photovoltaic capacity installed in the EU at the end of 2009 (Source: EurObserv’ER).

E. Sanz-Casado et al. / Renewable Energy 68 (2014) 733e744 735
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TS¼(“solar energy*” OR “solar radiation” OR “solar cell*” OR “solar
photovoltaic*” OR “solar power” OR “solar heat*” OR “solar plant*”
OR “solar concentrate*” OR “solar thermal” OR “solar collect*” OR
“solar technolog*”) AND PY¼(1995e2009)
Refined by: Document Type¼(ARTICLE OR PROCEEDINGS PAPER OR
REVIEW) AND [excluding] Web of Science Catego-
ries¼(HORTICULTURE OR PLANT SCIENCES OR FORESTRY)

The records retrieved were downloaded and processed in Perl,
with the goal of treating the text and insert records into a rela-
tional MySQL database. Institutional name forms were cleaned
up post retrieval; country names as well as topical descriptors
are controlled at indexing time in the Web of Science (WoS)
database.

We have obtained a series of one-dimensional and multidi-
mensional indicators to achieve the proposed analysis objectives:

- Global Scientific Production about renewable energy in WoS.
- Scientific Production on solar energy in Spain and Germany
during the period 1995e2009.

- Main topics of publications on solar energy and their relation-
ships (both countries)

- Central Sources of publications on solar energy (both countries)
- Central research Institutions on solar energy (both countries)
- International Scientific Collaboration on solar energy research in
percentage of total national publication volume

3. Results

Below we present the results of our analysis of the overall
present situation of research on renewable energies, the scientific
production in solar energy in Spain and Germany as well as
the relation between solar energy research and energy production.
The publication sources and topics are also analyzed along with
the predominant institutions and patterns of international
collaboration.

3.1. Present situation of research on renewable energies 1995e2009

Table 4 shows the global evolution of research in renewable
energy included in WoS 1995e2009. The documents have been
grouped according to the main renewable energy types (wind,
solar, geo-thermal and wave) and into three time periods. They
consist of research and review articles published in journals and
conference proceedings papers; meeting abstracts as well as
editorial materials are excluded from the analyses. It should be
noted that there is some overlap between the documents consid-
ered in Table 4 because a publication may refer to one or more of
renewable energy types in which the results are broken down. This
overlap ranges in the three periods analyzed between 4% and 7%.

The table demonstrates how renewable energy production has
grown significantly since the first study period (1995e1999),
especially in the case of wind and solar energies. This growth can be
explained by the significant renewable energy penetration in
academia and research, due to societal recognition and develop-
ment and promotion policies that have been carried out in different

Table 2
Photovoltaic power per capita in the EU (Wp¼Watts peak).

Country Wp/inhab.

Germany 120.2
Spain 76.4
Luxembourg 52.4
Czech Rep 44.3
Belgium 33.5
Italy 17.1
Portugal 9.6
Greece 4.9
Austria 4.5
France 4.5
Cyprus 4.2
Slovenia 4.1
Netherlands 3.8
Malta 3.7
Finland 1.4
Sweden 0.9
Denmark 0.8
Bulgaria 0.8
United Kingdom 0.5
Ireland 0.1
Hungary 0.1
Slovakia 0
Estonia 0
Romania 0
Poland 0
Lithuania 0
Latvia 0
Total EU-27 31,6

Source: EurObserv’ER 2010

Table 3
Supply, transformation, consumption e renewables and wastes (total, solar heat, biomass, geothermal, wastes) e annual data (Tonne of Oil Equivalent e TOE).

Time\GEO Solar energy Renewable energies

European Union
(27 countries)

Germany (including
former GDR from 1991)

Spain European Union
(27 countries)

Germany (including former
GDR from 1991)

Spain

1995 282 38 26 82631 6095 5510
1996 305 48 26 86139 6278 6986
1997 329 61 24 89754 7228 6646
1998 362 77 27 92353 7795 6783
1999 391 92 29 92681 8069 6031
2000 430 115 33 96650 9094 6928
2001 482 150 38 99637 9747 8169
2002 533 184 43 97505 10898 7040
2003 594 216 48 103906 12969 9245
2004 683 262 58 111843 15780 8866
2005 806 353 65 115891 17502 8353
2006 988 472 83 123507 21678 9158
2007 1264 580 137 134057 27964 9996
2008 1730 735 352 142037 27968 10334
2009 2498 973 711 148776 27777 12158
2010 3720 1452 1035 166844 32746 14503
2011 6062 2218 1348 162559 31291 13762

E. Sanz-Casado et al. / Renewable Energy 68 (2014) 733e744736
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countries. Moreover, solar energy publications demonstrate
significantly higher citation impact, than other groups of renewable
energy areas: the citations per paper on solar energy are 10.5,
whilst in wind power it is 3.8, geo-thermal is 5.8 and in wave en-
ergy 4.4 as shown in Table 4 [6].

3.2. Scientific production on solar energy in Spain and Germany

In the period studied, the scientific production on solar energy
in all 27 EU countries amounted to 11672 publications, 5136 of
which have at least one author with a German affiliation, and 1813
having at least one author with an affiliation at a Spanish
institution.

Fig. 4 shows index numbers starting in 1995 for the scientific
production on solar energy of Spain and Germany, showing a
similar distribution in both countries, with a significant growth in
recent years in the case of Spain. The production of Spain has a
higher cumulative average growth (26.7%) followed by Germany
(26.1%) and EU-27 (16.9%).

Table 5 shows the distribution of solar energy production by
countries and the percentage of world production they represent in
this area. Germany appears in the first two periods as the second
country (behind USA); during the last period (2005e2009) Ger-
many drops to fourth place, decreasing its world share from 11.3%
to 13% in the first and second periods to 9.3% in the third. In the case
of Spain the situation is the opposite. The highest share of publi-
cations is found in the third period (4.0% versus 2.8% and 3.7% of the
previous periods). Spain raises its ranking position on the list of
countries to be ranked seventh in the world and second among the
European countries.

Fig. 5 shows the evolution of five selected countries with
different growth rates. Thus, countries with higher growth, espe-
cially in the last period, are USA, China and to a lesser degree Spain,
while Japan and Germany maintains a much more stable linear
growth. For China the recent growth is in particular caused by an
increased production of conference proceedings papers on solar
energy.

3.3. Relation between solar energy research and energy production

Fig. 6 shows the evolution of scientific publications on solar
energy in Spain and Germany as well as solar energy production in
both countries. It is noticeable that while the number of scientific
publications grows linearly, energy production grows exponen-
tially in both countries.

Fig. 7 shows the combined data on energy production and
scientific publications grouped in two different periods for each
country (1995e2001 and 2002e2009). We observe that the
former period corresponds in each case to a linear growth and
the second corresponds to exponential growth for energy
production.

The coefficient of determination obtained (Table 6) shows very
high values, being higher in the second period for both countries,
corresponding to the recent exponential growth phase of energy
production. These data also indicate that in this period the scientific
activity also experiences greater momentum and the growthmodel
is closer to exponential than compared to the linear development in
the previous period for Germany.

Although productivity in Germany is significantly higher than
that of Spain, these differences are reduced over the time period

Table 4
Global publication, citation and impact trends 1995-2009, cited 1995-2011 with up
to 7-year citation windows, Renewable Energy Generation research.

1995e1999 2000e2004 2005e2009 Total
1995e2009

Renewable
energy
(general)

Publ. 1583 2197 7104 10884
Cits. 2296 6947 52145 61388
c/p 1.5 3.2 7.3 5.6

Solar Energy Publ. 8622 12619 26585 47826
Cits. 38310 92578 369890 500778
c/p 4.4 7.3 13.9 10.5

Wind Power Publ. 1107 1650 7018 9775
Cits. 1518 4571 30693 36782
c/p 1.4 2.8 4.4 3.8

Geo-thermal Publ. 1743 1875 2615 6233
Cits. 7028 10535 18281 35844
c/p 4.0 5.6 7.0 5.8

Wave Energy Publ. 770 895 1444 3109
Cits. 3222 3673 6859 13754
c/p 4.2 4.1 4.8 4.4

Total Publ. 13825 19236 44766 77827
Cits. 52374 118304 477868 648546
c/p 3.8 6.2 10.7 8.3

Fig. 4. Scientific production of solar energy EU27, Germany and Spain (Index numbers).
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analyzed. In the first period Germany publishes almost 4 times
more than Spain, but in the second this difference is reduced to 3.5
times, and in the third to 2.3. Analyzing the citedness, i.e. the share
of publications receiving one or more citations, we see that this is
quite stable over time and of a similar, and high, level for both
Germany and Spain (see Table 7).

3.4. Publication topics

Fig. 8 shows the most published topics by Spanish and German
institutions. This representation is based on a dendrogram con-
structed using cluster analysis techniques followingWard’s method
[17], from the keywords of the publications themselves. Due to the
volume of keywords we have excluded keywords that appear 40
times or less to facilitate the presentation.

In the distribution of the dendrogram two groups of topics are
clearly distinguishable. To the left of the figure, the group is
composed of three large clusters, in which the keywords relate to
solar cells and collection techniques of this type of energy.
Furthermore, in the right group, much more cohesive, are located
topics relative to the storage of the energy captured by the solar
cells - more related to the topic of materials physics.

We have also analyzed the WoS categories of publications
retrieved as “solar energy” by our search strategy (see Section 2).
Table 8 shows the Top-10 categories in each of the two countries
and their percentage of total documents. There is a match be-
tween Spain and Germany in the order and preference of the
five core subjects (Physics, Material Science, Energy & Fuels,
Engineering and Chemistry) although the concentration of pa-
pers on Physics and Material Science is higher in the case of
Germany.

Comparing the publication profiles of solar energy research in
Spain and Germany with the EU-27 countries as a whole they are
overall quite similar, focusing the main research efforts in the same
subjects (Fig. 9). We see that Germany has a larger focus on
research in the Physics and Materials Science aspects of solar
research, while Spain focusses on a broader set of subjects.

3.5. Publication sources

Table 9 shows the top 10 sources of publications (journals and
conferences) on solar energy of the two countries analyzed. The
table shows the matches and differences in publication profiles in
both countries; for instance, 50% of the journals are the same in two
countries. However, for Germany we also observe a tendency to
publish in proceedings with two of the ten top sources being

Table 5
Top-20 countries producing research on solar energy research (1995e2009). German and Spanish rank position in bold.

1995e1999 2000e2004 2005e2009

Country Publ. % Country Publ. % Country Publ. %

USA 2526 28.8 USA 3021 23.8 USA 5990 22.3
Germany 988 11.3 Germany 1660 13.0 China 3524 13.1
Japan 836 9.5 Japan 1635 12.9 Japan 2627 9.8
India 483 5.5 China 635 5.0 Germany 2488 9.3
England 437 5.0 England 599 4.7 South Korea 1238 4.6
France 402 4.6 France 560 4.4 India 1215 4.5
Australia 329 3.7 India 506 4.0 Spain 1086 4.0
Spain 250 2.8 Spain 477 3.7 France 1068 4.0
Canada 244 2.8 Netherlands 458 3.6 England 1025 3.8
Italy 241 2.7 Australia 438 3.4 Italy 798 3.0
Russia 239 2.7 Italy 375 2.9 Taiwan 787 2.9
Switzerland 210 2.4 Switzerland 334 2.6 Australia 698 2.6
Israel 199 2.3 Canada 295 2.3 Netherlands 683 2.5
Netherlands 165 1.9 Russia 278 2.2 Switzerland 672 2.5
China 144 1.6 Sweden 276 2.2 Canada 635 2.4
Sweden 123 1.4 South Korea 252 2 Sweden 430 1.6
Mexico 117 1.3 Israel 223 1.7 Turkey 421 1.6
Greece 103 1.17 Brazil 194 1.5 Russia 368 1.4
Egypt 94 1.1 Mexico 188 1.5 Brazil 345 1.3
Turkey 90 1.0 Belgium 181 1.4 Greece 331 1.2
Total countries 128 Total countries 130 Total countries 143
Total docs. 8768 Total docs. 12717 Total docs. 26858
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Fig. 5. Research publications on solar energy in five countries 1995e2009. Fig. 6. Scientific publications and energy production on solar energy.
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conference proceedings, while in Spain all the main publications
are journals.

3.6. Institutions

The most productive institutions in both countries in solar en-
ergy are shown in Table 10. Both in Spain and in Germany the
universities have a strong scientific activity in this research field.

3.7. Patterns of international collaboration

In almost all the periods analyzed in the two countries, inter-
national collaboration shows similar trends in most of the in-
dicators (Table 11, Figs. 10 and 11). However, the percentage of
international collaborative papers presents different trends in the
last period during which Spain decreased and Germany continued
to increase their international collaboration efforts.

The profile of international collaboration in Table 12 shows that
the major collaborators for Spain and Germany are identical. The
intense direct collaboration observed between both countries is
very important; in the case of Spain the first country in collabora-
tive publications is Germany, while for Germany the collaboration
with Spain occupied the second place on par with France.

4. Discussion

The production and consumption of energy is increasing in all
countries, but this trend is further reinforced in industrialized na-
tions, because as shown in this paper the growth is following an
exponential model. This trend, far from diminishing, is expected to
continue to rise, since according to the World Energy Outlook [18]
in the New Policies Scenario, the world’s primary energy demand is
predicted to increase by 36% between 2008 and 2035, from around
12,300 Million Tons of Oil equivalent (MTOE) to over 16,700 MTOE,
or by 1.2% per year on average. Most of the energy thus produced as
consumed comes from fossil fuels (80%), and within these, oil is the
most important one. However, this heavy reliance on one type of
resources that has an expiration date and is extremely harmful to
the environment shows the fragility of the current system of energy

production on which the development of human activities depend.
Therefore, various international agencies recommend finding
alternative energy sources to eliminate problems caused by tradi-
tional sources and in turn ensure an unlimited supply at a lower
cost.

Renewable energy is seen by many as the best alternative
source, and many countries are devoting considerable efforts in
economic development and human resources to meet its energy
needs in a sustainable way and, in turn, occupy privileged positions
in the research and production of technologies that insure that
their business sectors maintain their competitive position in the
global energymarket. To this end, the EU-27 countries aremaking a
major effort with the expected result that by 2020 at least 20% of
the energy produced and consumed in the countries of the region
come from renewable sources [5]. However, it should be noted that
the situation across the EU countries is very different in terms of
achieving this goal, since there are countries where the goal already
currently is being met and even exceeded. Such is the case of the
Scandinavian countries, Lithuania and Austria, while others are still
far away from their goals, as in the case of United Kingdom, Ireland,
The Netherlands and France [5].

Wind and solar energy are the types of renewables that
demonstrate the largest growth in development and production
capacity. Thewind power industry has grown considerably over the
past 15 years. In 1997 there were 4.8 GW of installed wind power
capacity in the EU. By the end of 2011 this figure had risen to 94 GW,
able to produce 204 TWh of electricity and meet 6.3% of the EU’s
overall electricity demand [19]. The generation of electricity from
solar energy has increased 10-fold in the last 20 years, but only
contributed 3% of total energy produced. Germany and Spain are

Fig. 7. Relationship between scientific production and energy production on solar energy in two periods (1995e2001 and 2002e2009).

Table 6
Coefficient of determination between solar energy produc-
tion and scientific production on solar energy.

Country (period) R2

GER1 (1995e2001) 0.91467
GER2 (2002e2009) 0.93890
SPA1 (1995e2001) 0.85431
SPA2 (2002e2009) 0.85252

E. Sanz-Casado et al. / Renewable Energy 68 (2014) 733e744 739
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the two EU countries that make the largest effort in the generation
of this type of energy. In Spain solar energy already accounts for
9.8% of the total production of renewable energy, while in Germany
it is 7.1%. The increase in production and consumption of solar
energy in these two countries has been quite substantial, since from
1995 to 2011 it has increased by 58 times in Germany and by 52
times in Spain [5], notwithstanding the economic crisis.

In terms of scientific production in renewable energies a
sharp increase occurs worldwide in the last period (2005e2009),
with 65.3% of all documents published in this period which is
threefold the number of publications published in the previous
period (2000e2004). Similar results were obtained by Romo-
Fernández et al. [14], which considered that the increase occur-
ring after 2005 may be due to the entry into force in 2005 of the
United Nations Framework Convention on Climate Change, as
stated by Tsay [20], as well as the strong commitment by the EU
promoting renewable energy research within their Framework
Programs. However, we observed the volume of papers published
in renewable energies in Web of Science over a similar period
had a more linear increase.

The effort made in research on solar energy is higher than other
renewable sources and means that 60% of the publications on re-
newables are on this type of energy in the period studied.
Compared to the share of publications on wind power, which was
12% in renewable energy research in 1995e2009, one obtains an
impression of the magnitude of the effort in solar energy research.
Similarly, it is necessary to consider the impact of solar energy
research on the scientific community, which dominates the whole
area with 77.2% of all citations received by all publications on
renewable energy. The relative impact of solar energy research
(10.5 citations/doc.) is also significantly higher than those received
by any other type of renewable energy (3.8 citations/doc. in wind
power, or 5.8 in geo-thermal). Finally, although aggregate wind
power generation in major countries exceeds that of solar energy,
the total number of research papers and citations is far greater for
the latter [18,21].

The scientific production of Spain and Germany in solar energy
represents 51% of the total published in the EU-27 countries on this
topic, with Germany contributing 37% and Spain 14%. In an inter-
national context, Germany is one of the leading countries in terms
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Fig. 8. Cluster analysis of WoS author keywords (N > 40) from documents on solar energy (1995e2009) (Following Ward’s method, 1963).

Table 7
Publications and their citedness ratio on solar energy research.

1995e1999 2000e2004 2005e2009

Publications Citeness Publications Citeness Publications Citeness

Germany 988 0.83 1660 0.86 2488 0.84
Spain 250 0.87 477 0.88 1086 0.84

Table 8
Top-10 WoS categories (1995e2009). Note that percentages add up to more than 100% as each paper can have more than one associated category.

Spain Germany

WoS categories Total docs. % Of total docs WoS categories Total docs. % Of total docs

Physics 438 25.76 Physics 1876 43.07
Materials science 401 23.59 Materials science 1575 36.16
Energy & fuels 359 21.12 Energy & fuels 1024 23.51
Engineering 279 16.41 Engineering 592 13.59
Chemistry 262 15.41 Chemistry 579 13.29
Science & technology - other topics 86 5.06 Meteorology & atmospheric sciences 212 4.87
Optics 85 5.00 Optics 191 4.38
Environmental sciences & ecology 80 4.71 Science & technology - other topics 187 4.29
Meteorology & atmospheric sciences 79 4.65 Astronomy & astrophysics 117 2.69
Marine & freshwater biology 46 2.71 Polymer science 97 2.23
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of number of publications, however, its influence is decreasing
compared to countries such as Japan or China. Specifically the latter
moves into second place in the world in the period 2005-2009,
which shows the significant efforts being made to achieve pro-
duction that place China among the world leaders in this field of
science, although the main part of this production are conference
papers.

When comparing the scientific production with the primary
energy production from solar power we find an initial linear
growth followed by a strong exponential growth in both countries,
especially as regards energy production. This significant increase in
the second period is most likely related to the large increase in
funding for renewable energy worldwide which has grown seven-
fold over the period 2004e2008, from $ 17 billion to $ 126 billion
(IEA, 2010). In the paper we show that the funding effort being
made by countries in the European Union with its framework
programs [5], as well as China, Korea, Japan, etc., is responding to
the energy needs, multiplying the production of renewable energy
[22,18]. This has led to further research producing a larger number
of scientific publications in these countries in both periods
analyzed.

Regarding research topics, there is a great similarity in the
profiles of Germany and Spain for the top-10 topics. However, the
high concentration of papers observed in the German institutions
in the first two topics (Physics and Material Science) is noteworthy
as it represents almost 80% of the publications, while in the case of
Spain this percentage is only 60%. Comparing the German profile
with the EU-27 countries as a whole, the topics of greatest interest

are the same, but the percentages of Physics and Material Science
are still much higher in the German case. The high number of
German publications on these two topics would mean greater in-
dustrial use of research generated, because in general, the devel-
opment of new solar cell technology and applied devices, partly
justify the large number of publications related to Materials Sci-
ences [23].

The main sources of publication present some differences in the
two countries. Although 50% of the sources are the same journals in
both countries Germany also have several publications appearing in
proceedings, while for Spain all the top 10 publications sources are
journals.

The most productive institutions in both countries are univer-
sities, companies have a low representation. Obviously, this result
does not mean that companies do not investigate solar energy, but
it rather indicates that the primary purpose of companies is
achieving competitive advantage in the market based on the
development of innovative products or processes instead of pub-
lishing results through scientific channels.

Scientific collaboration on research in solar energy is another
aspect that should be highlighted. Collaboration is nowadays
essential for the development of science and technology, and
research increasingly requires financial and human efforts,
involving knowledge from different specialties. In this sense, the
international science and technology collaboration is an efficient
method of combining the advantages of multiple participants and
of increasing the output of research and development [22]. In solar
energy there is strong international collaboration; in general it is
estimated that on average it reaches a percentage of 27.3% [13]. We
found that the average collaboration by the German and Spanish
institutions is slightly higher than this percentage (33.7% for

Fig. 9. Distribution in percent of WoS categories on Solar Energy research for Spain,
Germany and EU-27 (1995e2009).

Table 9
Top-10 sources of publications WoS (1995e2009).

Spain Germany

Source Docs. Source Docs.

Solar energy 89 Thin solid films 427
Thin solid films 84 Solar energy materials and solar cells 290
Solar energy materials and solar cells 73 Applied physics letters 185
Progress in photovoltaics 39 Journal of applied physics 179
Journal of applied physics 35 Progress in photovoltaics 167
Journal of solar energy engineering-

transactions of the ASME
34 Solar energy 111

Renewable energy 34 Proceedings of 3rd world conference on
photovoltaic energy conversion, vols a-c

92

Journal of physical chemistry B 27 Conference record of the 2006 IEEE
4 th world conference on photovoltaic energy conversion, vols 1 and 2

65

Energy conversion and management 25 Journal of crystal growth 59
Desalination 22 Journal of geophysical research-atmospheres 52

Table 10
Most productive Spanish and German institutions on solar energy 1995e2009.

Spain Germany

Institution Docs. Institution Docs.

Univ Politecn Madrid 189 Hahn Meitner Inst Berlin GMBH 514
Ciemat 178 Fraunhofer Inst Solar Energy Syst 349
CSIC 163 Univ Stuttgart 284
Univ Barcelona 99 Forschungszentrum Julich 229
Univ Autonoma Madrid 82 Univ Erlangen Nurnberg 181
Univ Jaume I 75 Univ Konstanz 128
Univ Malaga 67 Univ Bayreuth 88
Univ Almeria 64 Univ Jena 84
Univ Valencia 50 Univ Bremen 79
Univ La Laguna 44 Univ Wurzburg 78
Univ Complutense Madrid 44 Univ Oldenburg 77
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Germany and 33.9% for Spain), but these values are very far
away from those found in other European countries like UK, France
and Switzerland, where more than half of the articles published in
solar energy research were published in international collabora-
tion. These values are significantly higher than those observed in
other countries such as the USA (28%), China (20.9%) and Japan
(21.6%) [13].

Likewise, the number of countries collaborating with Spain and
Germany in solar energy follows a very similar pattern in both
countries, with increased collaboration in all periods analyzed, and
with the final increase higher for Spain (17%) than for Germany
(15%). Also the number of institutions collaborating in research
increases in the 3 periods analyzed in the two countries, and in the
last period this increase is also higher in Spain than in Germany. A
similar situation to the Spanish case has been observed by Dong
et al. [13] in their bibliometric study of solar energy where inter-
national collaboration decreases, while the number of institutions
involved in the research increases.

Something similar happens with the average number of au-
thors per document. Spanish institutions are reaching higher
values in the last period (6.2 authors/doc.). However, in
both countries this indicator shows very high average values
during the entire period (5.4 authors/doc. in Germany and 5.2
authors/doc. in Spain), as well as a significant increase of the
number of authors in the whole period, 21.5% in Germany and
36.5% in Spain. Globally, the collaboration among authors in solar
energy is significantly lower than that of the two countries
analyzed, as it shows an average value for the same period of 3.9
Authors/doc [13].

The international collaboration profile of Germany and Spain in
solar energy is very similar, as they not only share 6 of the 10
countries with whom they collaborate most, but in the case of
Germany, Spain is the second most collaborating country behind
USA. For Spain Germany is the first chosen country for collabora-
tion, while USA holds the second position.

The collaboration phenomena by Germany and Spain observed
in this work, where USA and EU countries are the most frequent
collaborators, is very similar to that observed by other authors
[22]. For example, in the case of China collaboration focuses on
USA, EU countries such as France, UK, Italy, Sweden, and other
countries outside the EU such as Japan. The strong collaboration
that occurs in Germany and Spain with these countries can be
explained by the aid they have received the European institutions
from different EU framework programs (FP5, FP6) for research
grants and fostering collaboration with Asian countries like China
[21]. Of course, without the support of the EU, the situation of
solar energy would most likely have been quite different, with less
competition.

5. Conclusions

Some of the conclusions from the results of this work are related
to the effort made by a large number of EU countries to adapt to a
new friendly environment and sustainable energy production,
since many of them have already reached the target of the Euro-
pean Commission to produce 20% of the energy consumed from
renewable sources.

Solar energy, despite not being the biggest contributor to the
production of energy from renewable sources in the EU, has
increased more than 20 times in the last 15 years. Solar energy is
also the most active field of scientific production and the one with
greater impact in published research, attracting nearly 80% of the
citations of all publications of renewable energy.

The two European countries with the greatest installed capacity
and scientific production in solar energy are Germany and Spain. In
both countries, the growth in production and demand for solar
energy is completely different from the research publications on
this topic. In the first case, energy production shows an exponential
increase due to growing energy needs of today’s society, while for
research productivity this growth is linear andwould be affected, in

Table 11
International collaboration patterns.

Germany Spain

1995e1999 2000e2004 2005e2009 1995e1999 2000e2004 2005e2009

International Col. 25.9% 36.2% 39.0% 27.7% 38.1% 35.9%
No. of countries/doc 1.36 1.53 1.57 1.32 1.52 1.55
No. of institutions/doc 2.02 2.24 2.61 2.04 2.31 2.89
No. of authors/doc 4.96 5.19 6.02 4.52 5.05 6.17
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part, by the ability of countries to increase funding for research
groups working in this topic.

In the international arena an interesting result is the observation
that the evolution of scientific production in certain countries such
as China demonstrates a significant increase in scientific produc-
tivity. Also Germany and Spain increase their production, but do so
at a more moderate pace than some Asian countries.

It should also be pointed out that there are great similarities in
both countries regarding research topics and the type of in-
stitutions with the highest research activity. In the first case Physics
and Materials Science account for the majority of publications in
both countries. This profile matches the one shown in EU-27 as a
whole. In terms of institutions, the universities are the main pro-
ducers. The lack of companies among the top producers reflects
their lack of interest in the publication of their research and
development effort.

More than a third of the papers published by Spain and Ger-
many are made in international collaboration. This proportion is
higher than that observed globally or in other countries with great
research efforts in solar energy such as USA, China and Japan.
Finally, the intense scientific collaboration that occurs between
German and Spanish institutions in solar energy is noteworthy e

with Germany being the top collaborator for Spain, and Spain the
second most occurring collaborator for Germany.
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Appendix A. Retrieval profiles

Block A: Renewable Energy Generation
Renewable Energy Sub-field:
# 2 7,104 TS ¼ (“renew* energ*” OR “alternative energ*” OR

“green energ*” OR “energy polic*”) AND PY ¼ (2005e2009)
Refined by: Document Type ¼ (ARTICLE OR PROCEEDINGS PA-

PER OR REVIEW)
Databases ¼ SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH

Timespan ¼ 1995e2011.
Lemmatization ¼ On
Wind Power sub-field:
# 5 7,018 TS¼(“wind power” OR “wind turbine*” OR “wind en-

ergy*” OR “wind farm*” OR “wind generation” OR “wind systems”)
AND PY ¼ (2005e2009)

Refined by: Document Type ¼ (PROCEEDINGS PAPER OR
ARTICLE OR REVIEW) AND [excluding] Web of Science Catego-
ries¼(ASTRONOMY ASTROPHYSICS)

Databases ¼ SCI-EXPANDED, SSCI, CPCIeS, CPCI-SSH
Timespan ¼ 1995e2011

Lemmatization ¼ On
Solar Energy sub-field:
# 8 26,585 TS ¼ (“solar energy*” OR “solar radiation” OR “solar

cell*”OR “solar photovoltaic*”OR “solar power”OR “solar heat*”OR
“solar plant*” OR “solar concentrate*” OR “solar thermal” OR “solar
collect*” OR “solar technolog*”) AND PY ¼ (2005e2009)

Refined by: Document Type ¼ (ARTICLE OR PROCEEDINGS PA-
PER OR REVIEW) AND [excluding] Web of Science
Categories ¼ (HORTICULTURE OR PLANT SCIENCES OR FORESTRY)

Databases ¼ SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH
Timespan ¼ 1995e2011.

Lemmatization ¼ On
Geothermal Energy sub-field:
# 10 2,615 TS ¼ geothermal AND PY¼(2005e2009)
Refined by: Document Type¼(ARTICLE OR PROCEEDINGS PAPER

OR REVIEW)
Databases ¼ SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH

Timespan ¼ 1995e2011.
Lemmatization ¼ On
Ocean Wave Power Energy sub-field:
# 14 1554 TS ¼ (“wave power” OR “wave energy*” OR “wave

convers*” OR “marine energy” OR “ocean energy”) AND
PY ¼ (2005e2009)

Refined by: Document Type ¼ (ARTICLE OR PROCEEDINGS PA-
PER OR REVIEW) AND [excluding] Web of Science Categor
ies ¼ (ASTRONOMY ASTROPHYSICS OR REMOTE SENSING OR
PHYSICS APPLIED OR PHYSICS FLUIDS PLASMAS OR NANOSCIENCE
NANOTECHNOLOGY OR OPTICS OR CLINICAL NEUROLOGY OR MA-
TERIALS SCIENCE COATINGS FILMS OR TELECOMMUNICATIONS OR
ACOUSTICS OR CHEMISTRY PHYSICAL OR PHYSICS CONDENSED
MATTER OR RADIOLOGY NUCLEAR MEDICINE MEDICAL IMAGING
OR PHYSICS PARTICLES FIELDS) AND [excluding] Web of Science
Categories¼(HEMATOLOGY OR IMAGING SCIENCE PHOTOGRAPHIC
TECHNOLOGY OR ENGINEERING BIOMEDICAL OR TOXICOLOGY OR
BIOLOGY OR BIOPHYSICS OR CRITICAL CARE MEDICINE OR PHYSI-
OLOGY OR CARDIAC CARDIOVASCULAR SYSTEMS OR FORESTRY OR
GASTROENTEROLOGY HEPATOLOGY OR ENGINEERING AEROSPACE
OR HORTICULTURE OR MEDICINE GENERAL INTERNAL OR PE-
RIPHERAL VASCULAR DISEASE OR MEDICINE RESEARCH EXPERI-
MENTAL OR UROLOGY NEPHROLOGY OR PHARMACOLOGY
PHARMACY OR ELECTROCHEMISTRY OR PSYCHIATRY OR REHA-
BILITATION OR NEUROSCIENCES OR SPECTROSCOPY)

Table 12
Countries (�20 documents) collaborating with Spain and Germany in research on
Solar energy 1995e2009. (WoS, 2013).

Spain Germany

No. countries No. Docs No. countries No. docs

61 1716 81 4793

Germany 175 USA 411
Usa 103 France 175
France 78 Spain 175
England 67 England 169
Italy 47 Switzerland 155
Switzerland 44 Netherlands 153
Portugal 37 Japan 132
Mexico 29 Australia 114
Netherlands 26 Italy 104
Israel 24 Russia 98
Sweden 23 Austria 93
Austria 20 Sweden 71

Israel 70
China 62
India 53
Belgium 49
Canada 48
Greece 44
Brazil 38
Poland 38
Czech Republic 31
Finland 28
Norway 25
Argentina 24
Portugal 24
Bulgaria 23
Denmark 23
South africa 21
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Databases ¼ SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH
Timespan ¼ ¼1995e2011

Lemmatization ¼ On
Topics to be excluded from “OceanWave Power Energy” sub-field:#

15 414,737 TS¼(“micro wave*” OR microwave* OR electromagnetic
OR laser* OR quantum OR radio) AND PY ¼ (2005e2009)

Databases ¼ SCI-EXPANDED, SSCI, CPCI-S, CPCI-SSH
Timespan ¼ 1995e2011

Lemmatization ¼ On
Ocean Wave Power Energy sub-field - final:
# 16 1,444 #14 NOT #15
Renewable Energy Generation Block:
# 17 41,797 #16 OR #10 OR #8 OR #5 OR #2
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