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1 Executive summary 

Groundwater quantity and quality needs more attention in order to enable and develop efficient 
protection policies for this important resource. To support this, KINDRA conducted analyses of European 
research and knowledge in order to make groundwater and its importance for most of the Horizon 2020 
Grand Societal Challenges (in short: Societal Challenges) more visible.  

DǊƻǳƴŘǿŀǘŜǊ ŘŜƭƛǾŜǊǎ ŘǊƛƴƪƛƴƎ ǿŀǘŜǊ ǘƻ ŀōƻǳǘ тр ҈ ƻŦ 9¦Ωǎ ƛƴƘŀōƛǘŀƴǘǎ ό9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΣ нлмуύ ŀƴŘ 
it sustains and supports agriculture, industry and important terrestrial and aquatic ecosystems all over 
Europe. The quantity and quality of groundwater resources is under increasing and severe pressure globally. 
Climate change will generally aggravate the groundwater related problems and result in water scarcity in 
some regions, flooding in others or both.  

This report analyses metadata on groundwater research and knowledge collected and available in the 
European Inventory of Groundwater Research (EIGR) developed in the KINDRA project, currently containing 
more than 2200 records. The fact that nearly 30 % of the records uploaded to EIGR are provided by just one 
country clearly indicates a huge potential for further development of the database and additional upload of 
data from other EU countries to serve a broad range of users.  

In addition to the data available in EIGR, information on groundwater research publications was added 
and analysed from (1) the Elseviers Scopus database ς ǘƘŜ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ŀōǎǘǊŀŎǘ ŀƴŘ Ŏƛǘŀǘƛƻƴ ŘŀǘŀōŀǎŜ ƻŦ 
peer-reviewed scientific literature including journals, proceedings and books, and (2) Web of Science (WoS) 
the first and possibly most widely known and used database globally on citations of papers in scientific 
journals. On average more than 6.000 groundwater research papers are published annually, and the number 
is growing significantly each year.  

 

From the analyses conducted on data available in EIGR, Scopus and Web of Science, the following key 
findings are highlighted on European groundwater research in a regional and global context:  

(1) The primary added value of the EIGR database is making metadata on reports and research projects 
and data, which are classified along the main Societal Challenges defined in Horizon 2020, Findable, 
Accessible, Interoperable anŘ wŜǳǎŀōƭŜ ŀŎŎƻǊŘƛƴƎ ǘƻ άC!Lwέ ǇǊƛƴŎƛǇƭŜǎ ƻŦ IƻǊƛȊƻƴ нлнлΦ ¢Ƙƛǎ ƻŦǘŜƴ ƴƻǘ ǇŜŜǊ 
reviewed, but usually quality assured, data source, providing extensive information is otherwise not available 
through single point access elsewhere; 

(2)  The Applicability of the developed and adopted classification of groundwater research and knowledge 
available from national databases has been demonstrated by classifying and accordingly structuring the 
content of the metadata uploaded by national experts into the EIGR. Development of future national 
sections of EIGR is feasible, at least where national association of geologists will support the inventory. 
Furthermore, comparison of EIGR and Scopus databases clearly indicates that the adopted classification 
HRC-SYS and related thesaurus of keywords are adequate and representative for classifying groundwater 
research and knowledge at European level; 

(3) The distinction in the adopted classification between research and knowledge highlights the relevance 
and value of non peer-reviewed (grey) documents for linking the hydrogeological data and knowledge 
available at primarily regional and national but also international levels; 

όпύ ¢ƘŜ άƘȅŘǊƻƎŜƻƭƻƎƛŎŀƭέ ŎƻƳǇƻƴŜƴǘ ƻŦ ǘƘŜ ƎǊƻǳƴŘǿŀǘŜǊ ƪƴƻǿƭŜŘƎŜ ƛƴ ǘƘŜ 9LDw Ŏŀƴ ōŜ ǊŜŀŘƛƭȅ ŀƴŘ Ŝŀǎƛƭȅ 
supplemented by adding information about groundwater research developed in other related research 
disciplines or be expanded to become a general database on subsurface studies and include information 
from studies on e.g. geoenergy and raw materials;  
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(5) The EIGR database contains information relevant for the implementation of (ground)water policies 
and sustainable management of water resources at national and European scale i.e. mainly the Water 
Framework Directive, the Groundwater Directive and the Nitrate Directives; 

(6) The EIGR and Scopus databases based analyses confirm that most groundwater research is conducted 
within Societal Challenge Ψ/ƭƛƳŀǘŜΣ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǊŜǎƻǳǊŎŜǎΩ ǿƛǘƘ ǎǘǊƻƴƎ ƻǾŜǊƭŀǇ ǘƻ especially Societal 
Challenge  ΨIŜŀƭǘƘΩ ŀƴŘ {ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ ΨCƻƻŘ ŀƴŘ !ƎǊƛŎǳƭǘǳǊŜΩ ƻƴ ǘƻǇƛŎǎ ǊŜƭŀǘŜŘ ǘƻ ŜƛǘƘŜǊ ƴŀǘǳǊŀƭ ŜƭŜƳŜƴǘǎ 
(arsenic) or pollutants (pharmaceuticals, emerging contaminants, nitrate and pesticides), harmful to both 
human health and groundwater dependent ecosystems;  

 (7) The EIGR supported content constitutes a significant additional contribution to the existing knowledge 
pertaining to groundwater research, especially concerning the more than 50% of the included records 
ōŜƭƻƴƎƛƴƎ ǘƻ ǘƘŜ άƎǊŜȅ ƭƛǘŜǊŀǘǳǊŜέΣ ƴƻǘ ŎƻƴǎƛŘŜǊŜŘ ƛƴ ǎŎƛŜƴǘƛŦƛŎ ŘŀǘŀōŀǎŜǎΤ  

(8) In a global perspective our findings show that European (EU28) groundwater research performs well 
in comparison with the other major regions (USA, China etc.). A Scopus based analysis showed that Europe 
had the largest scholarly output and number of scientific (peer reviewed) publications within groundwater 
research since 2007, when the Groundwater Directive and subsequent related requirements were adopted;  

(9) In 2007 Europe and USA both produced nearly 2000 research publications on groundwater, while 
China around 500. In comparison, in 2016 Europe produced slightly more than 3000 research papers, while 
USA and China produced slightly more and slightly less than 2000, respectively. Hence, groundwater 
research is significantly increasing in Europe and China reflecting growing attention to and importance of 
groundwater issues in Europe as a consequence of the adoption of the Groundwater Directive in 2006. 

 

It is apparent that a significant amount of groundwater research is conducted within all the considered 
Societal Challenges of Horizon 2020. However, there are large differences between the Societal Challenges 
ranging from 2600 research papers published wiǘƘƛƴ ŦƻǊ ǘƘŜ {ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ ΩǘǊŀƴǎǇƻǊǘŀǘƛƻƴΩ ǘƻ ƳƻǊŜ ǘƘŀƴ 
ппΦллл ǊŜǎŜŀǊŎƘ ǇŀǇŜǊǎ ŦƻǊ ǘƘŜ {ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ ΨŎƭƛƳŀǘŜΣ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǊŜǎƻǳǊŎŜǎΩ ŦƻǊ ǘƘŜ ǇŜǊƛƻŘ мффт 
ς 2016. We draw the following main key findings on gaps in groundwater research, specifically for the three 
Societal Challenges where groundwater research and knowledge has been found to be particularly relevant: 

{ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ м ΨIǳƳŀƴ ƘŜŀƭǘƘΣ ŘŜƳƻƎǊŀǇƘƛŎ ŎƘŀƴƎŜ ŀƴŘ ǿŜƭƭ-ōŜƛƴƎΩ: (a) an increasing amount of 
new emerging contaminants in groundwater and the rest of the hydrological cycle including e.g. 
pharmaceuticals and new pesticide degradation products is observed and a rapid increase in papers and 
citations for papers studying these is observed, but limitedly in most EU countries; (b) Studies on the natural 
backgrounds of arsenic and nitrate and derivation of groundwater threshold values is highly warranted; (c) 
Further, groundwater studies are needed on (i) pharmaceuticals, hormones, (ii) degradation products of 
micro-organics and related cocktail effects, (iii) nanoparticles and microplastics in groundwater and (iv) 
chemical status of groundwater in relation to human health and the ecological status of ecosystems.  

{ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ н ΨCƻƻŘ ǎŜŎǳǊƛǘȅΣ ǎǳǎǘŀƛƴŀōƭŜ ŀƎǊƛŎǳƭǘǳǊŜ ŀƴŘ ŦƻǊŜǎǘry, marine and maritime and 
ƛƴƭŀƴŘ ǿŀǘŜǊ ǊŜǎŜŀǊŎƘΣ ŀƴŘ ǘƘŜ .ƛƻŜŎƻƴƻƳȅΩ: (a) relatively low number of publications on biology, geology 
and mapping indicates a research gap on the topic of finding efficient tools for reducing nitrate (nitrogen) 
loadings to ecosystems; (b) knowledge gaps exists on (i) linking ecosystems to poor groundwater chemical 
status; (ii) groundwater threshold values e.g. for protection of ecosystems based on good status objectives 
of the WFD and GWD, requiring transdisciplinary research between hydrogeology and ecology. 

{ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ р Ψ/ƭƛƳŀǘŜ ŀŎǘƛƻƴΣ ŜƴǾƛǊƻƴƳŜƴǘΣ ǊŜǎƻǳǊŎŜ ŜŦŦƛŎƛŜƴŎȅ ŀƴŘ Ǌŀǿ ƳŀǘŜǊƛŀƭǎΩ: (a) This 
Societal Challenge constitutes the highest scholarly output of all considered societal challenges, but climate 
change (mitigation, impact and adaptation), urban hydrology and the significance of both deep and shallow 
groundwater, e.g. in connection to nature based and subsurface water solutions and green infrastructure 
are underrepresented and constitute a gap in research to be quickly filled. 
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The conclusions related to the considered societal challenges listed above are of value for (i) the further 
development of EU water policy and research, specifically for developing new mission-oriented research 
programmes and targets and (ii) for supporting the valuable activities of Working Group Groundwater within 
the Common Implementation Strategy (CIS) of the Water Framework Directive, currently dealing with e.g. 
common strategies towards developing a groundwater watch list for emerging contaminants, and 
assessment of groundwater threshold values and trends. In this framework, the data analysis demonstrates 
that groundwater directive directly promoted the scientific output in the last decade, where new research 
topics and management of emerging challenges have been respectively promoted and tackled by the 
fundamental role of CIS Working Group Groundwater, acting as catalizer of modern approaches. The 
conducted analyses and the increasing amount of research on the evolution of groundwater quantity and 
quality clearly demonstrate the need for expanding and making the importance of groundwater resources, 
research and knowledge more visible to and apparent for the public and politicians.  

The results of KINDRA clearly demonstrate and underpins the importance of the groundwater resources 
for the European societies and that groundwater research has relevance for all the societal challenges. 
Consequently, the following recommendations are delivered to the European Commission.  

We promote to continue pursuing and further enhance the following main guiding principle and vision 
for future mission-oriented groundwater research: Groundwater management and protection is based on 
sustainable and geoethical principles that ensure a good quantitative and chemical status of all 
groundwater bodies in the EU to the benefit of all EU citizens and ecosystems.   

To achieve this goal the EU needs to continuously strive towards sustainable and integrated 
management of the subsurface resources as well groundwater and surface water through the continuous 
support of innovative nature based and subsurface water solutions that e.g. make use of managed aquifer 
recharge and re-use of water in a general circular economy. Such solutions need new efficient tools for 
environmental monitoring and data management and visualization e.g. via efficient Internet of Things 
(IoT) solutions. This is an important market today for European companies and consultants, but it needs 
support to maintain a strong position in competition with especially American and Chinese water technology 
research and development. Generally, tools for improved integrated groundwater and surface water 
management and climate change impact assessment and adaptation need strong support. European 
policies towards improving Public-Private-Partnerships, conditions for competitive water related industry 
including groundwater and water patents in general need to be continuously adapted, optimised and 
further developed to the benefit of European societies. 

While EU28 currently performs very well for the scholarly output of groundwater research in comparison 
with other main regions and countries, globally, Europe has, however, much fewer patents related to 
groundwater technology in comparison with especially the USA. Europe has for instance a very low number 
ƻŦ ǇŀǘŜƴǘǎ ƻƴ ƴŜǿ ƛƴƴƻǾŀǘƛǾŜ ǘŜŎƘƴƛǉǳŜǎ ǊŜƭŀǘŜŘ ǘƻ ƴŜǿ ŘƛƎƛǘŀƭ ŘŜǾŜƭƻǇƳŜƴǘǎ ǎǳŎƘ ŀǎ άŎƭƻǳŘ ŎƻƳǇǳǘƛƴƎέΣ 
LƴŦƻǊƳŀǘƛƻƴ ŀƴŘ ŎƻƳƳǳƴƛŎŀǘƛƻƴ ǘŜŎƘƴƻƭƻƎƛŜǎ όL/¢ύΣ ƛƴǘŜǊƴŜǘ ƻŦ ǘƘƛƴƎǎ όLƻ¢ύ ŀƴŘ άōƛƎ ŘŀǘŀέΦ While the 
reasons for this include complex issues related to market mechanisms, legislation, language barriers, data 
protection rules and economic development, it is recommended to pursue more research on conditions for 
innovation and patent applications for groundwater relevant or related technologies in Europe. 

Finally, we conclude that the European Inventory of Groundwater Research was launched successfully 
and that it with more than 2200 records already contains a significant amount of valuable data on 
groundwater research and knowledge in Europe. Through discussions with the joint panel of expert and 
colleagues from other disciplines we also uncovered a significant potential for further improvement and 
development of EIGR, which include cross-reference with different databases containing information and 
data on the subsurface such as the knowledge platforms on subsurface water solutions developed in the 
SubSol project and EIP Water, where preliminary cross-reference is already established, and the GeoERA 
Information Platform to be developed within the European Geological Data Infrastructure. 
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2 Introduction  
 

This report presents the gap and trend analysis of groundwater research and knowledge, particularly 

groundwater research relevant for implementation of the Water Framework Directive and EU water policy 

in general. To support this a dedicated groundwater research and knowledge classification system was 

developed to enable population of the new European Inventory of Groundwater Research (EIGR) with 

Findable, Accessible, Inter-operable and Reusable metadata on groundwater research according to the 

άC!Lwέ ǇǊƛƴŎƛǇƭŜǎ ό²ƛƭƪƛƴǎƻƴ Ŝǘ ŀƭΦΣ нлмсύΦ ¢ƘŜ 9LDw ŘŀǘŀōŀǎŜ ǿŀǎ ǇƻǇǳƭŀǘŜŘ ǿƛǘƘ ōƻǘƘ ǎŎƛŜƴǘƛŦƛŎ ǊŜǎƻǳǊŎŜǎΣ 

i.e. peer reviewed literature as well as reports and other resources with little, uncertain or no peer review 

όάƎǊŜȅ ƭƛǘŜǊŀǘǳǊŜέύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŘŜǾŜƭƻǇŜŘ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ǎȅǎǘŜƳΦ ¢ƘŜ ƭŀǘǘŜǊ ŎŀǘŜƎƻǊȅ ƻŦ ǊŜǎƻǳǊŎŜǎ ƛƴŎƭǳŘŜ 

a large number of data reports, maps and other relevant work published by e.g. authorities, consultants and 

geological surveys, which contribute substantially to the knowledge pool, but which is often difficult to find 

(e.g. Lawrence et al, 2015). In order to develop a database system for population with heterogeneous data 

resources and determine the degree of (peer) review and other types of quality assurance within the KINDRA 

project, keywords and categories have been identified to allow for an effective and useful classification according 

to the FAIR principles i.e. with easy  access to and reuse of the resources. 

In the recent decades research performance and evaluations have developed from using expert judgement 

to advanced database analyses using a wide range of metrics, preferably the snowball metrics, which are: 

άǊƻōǳǎǘ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ƳŜŀǎǳǊƛƴƎ ǊŜǎŜŀǊŎƘ ǇŜǊŦƻǊƳŀƴŎŜέ ό/ƭŜƳŜƴǘǎ Ŝǘ ŀƭΦΣ нлмтύΣ ǘƘŜ ǾŀƭǳŜ ƻŦ ǿƘƛŎƘ Ŏŀƴ ōŜ 

decisive for individual researchers in pursuing academic careers (Leiden Manifesto, 2015). In 2002, the Web 

of Science was made available by Thomson Reuters and followed by ElseǾƛŜǊǎΩǎ {ŎƻǇǳǎ ƛƴ нллп ƛƴ ŀŘŘƛǘƛƻƴ ǘƻ 

these databases, a search engine dedicated to scientific literature: Google Scholar (beta version also in 2004) 

also emerged. These and other resources provide a fast increasing amount of accessible data on which to 

perform analyses like bibliometrics, scientometrics and recently altmetrics (Erdt  et al, 2016; references to 

science in social media ς see www.altmetric.com), giving many new possibilities for analyses and data 

visualisations.  

The US based National Science Foundation (NSF) uses bibliometric indicators in Science and Engineering 

Indicators 2016 and 2018 (NSB, 2016; NSB, 2018) based on the Scopus database which is a change from the 

bibliometric data set used in earlier volumes of Science and Engineering Indicators, which used a subset of 

Thomson Reuters Science Citation Index (SCI) and Social Science Citation Index (SSCI). This change in data 

sources is accompanied by several methodological changes intended to simplify the interpretation of the 

data and increase the cross-field and cross-country comparability of the data.   

The use of the Scopus database for Science and Engineering Indicators 2016 represents a substantial increase 

in the global coverage of bibliometric data compared to prior years. The SCI and SSCI data sets were originally 

chosen to provide good coverage of a core set of internationally recognized, peer-reviewed scientific 

journals. The included journals are notable for their high citation rank within their Science and Engineering 

(S&E) fields and thus can be considered to represent the journals containing the highest-impact articles. For 

Science and Engineering Indicators 2014, the National Science Foundation (NSF) analyzed 5,087 journals 

from the SCI and SSCI for 2012. The change to the use of the Scopus database allows NSF to present data on 

the most highly cited S&E publications as well as on a broader set of publications that provide insight into 

trends in emerging and developing countries. For Science and Engineering Indicators 2016, approximately 

17,000 S&E journals were analyzed. 

http://www.altmetric.com/
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In addition to expanded global coverage, the Scopus database used for Science and Engineering Indicators 

2016 and 2018 includes research output from books and expanded coverage of conference proceedings. 

Research output from books is particularly important in the social sciences (Hicks 2005; Mingers and 

Leydesdorff 2015), and conference proceedings are particularly important in computer sciences (Lisée, 

Larivière, and Archambault 2008; Moed and Visser 2007).  

This expansion of global coverage of S&E publications has costs as well as benefits. In particular, the move 

from SCI and SSCI to Scopus provides greater global coverage at the cost of a somewhat shorter time series 

ƻŦ ōƛōƭƛƻƳŜǘǊƛŎ Řŀǘŀ ōŜŎŀǳǎŜ {ŎƻǇǳǎ Řŀǘŀ ŎǳǊǊŜƴǘƭȅ ōŜƎƛƴ ƛƴ мффсΦ !ŘŘƛǘƛƻƴŀƭƭȅΣ {ŎƻǇǳǎΩǎ ŎƻƳǇǊŜƘŜƴǎƛǾŜ 

global coverage of journals may include some journals that are not highly cited or have limited international 

visibility.  

Another example is University Office, headquartered in Melbourne with offices in Perth and Sydney, an 

international leader in research management and administration applications and solutions. They work 

extensively with the university and research community to deliver solutions tailored for all research-driven 

institutions. The Scopus database provides the University Office CRIS system IRMA (Integrated Research 

Management Application) access to data, enabling users to automatically harvest data to populate IRMA 

(www.universityoffice.com). 

The EIGR is an important new tool for mapping and analysis specifically of groundwater research and 

knowledge that range somewhere between the peer reviewed research tools (Web of Science and Scopus) 

and other broader databases and tools such as Google Scholar, Mendeley and ResearchGate. The added 

value of EIGR is to provide direct access to important metadata about available groundwater research and 

ƪƴƻǿƭŜŘƎŜ ǇǳōƭƛŎŀǘƛƻƴǎ ƛƴŎƭǳŘƛƴƎ άƎǊŜȅ ƭƛǘŜǊŀǘǳǊŜέΣ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ŎƭŀǎǎƛŦƛŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ŀ ǇƻƭƛŎȅ ǊŜƭŜǾŀƴǘ 

classification system based on the grand societal challenges of the EU Horizon 2020 programme. 

In addition to the analyses performed on the data available in the developed EIGR database it was decided 

to evaluate the scholarly output for groundwater and hydrogeology research in Scopus (www.scopus.com) 

to supplement the EIGR analyses with analyses conducted specifically on peer reviewed research. Scopus 

contains the largest database for natural science and engineering (Mongeon and Paul-Hus, 2016) including 

groundwater research with build-in analytical tools, snowball bibliometrics and add-on tools for additional 

research benchmarking and trend analyses in SciVal. Scopus data were also classified by the classification 

ǎȅǎǘŜƳ ŀƴŘ ǘƻƻƭǎ ŘŜǾŜƭƻǇŜŘ ŦƻǊ 9LDwΣ ŀƴŘ ά±h{ǾƛŜǿŜǊέ ό9Ŏƪ ŀƴŘ ²ŀƭǘƳŀƴΣ нлмлύ ŀ ǘƻƻƭ ǊŜŎŜƴǘƭȅ ŘŜǾŜƭƻǇŜŘ 

for bibliometric and science mapping and visualization, and analysis of keyword co-occurrence etc.. All these 

tools proved to be useful in the assessment of gaps and trends in groundwater research and knowledge. 

 

 

 

 

 

 

 

 

http://www.scopus.com/


10 

3 Methods  

3.1 Background 
This chapter is intended for introducing the methodology employed to map gaps and trends in groundwater 
research by visualizing and analyzing the most prominent groundwater research categorized after research 
topics, operational actions related to groundwater management for EC Societal Challenges and active 
research communities in Europe. This has been done through analysis of groundwater research and 
knowledge data available from two main sources: uploaded data to the in KINDRA developed European 
Inventory of Groundwater Research (EIGR) and from Scopus scientific database and search engine in 
combination with the SciVal tool (see KINDRA D1.1 and 1.2). To establish a common terminology and approach 
to carry out the analysis presented here, various academic, industrial and research classification schemes have 
been reviewed to create a hierarchical structure and a selected list of keywords from relevant EU directive 
documents. Notably, the Water Framework Directive (WFD, European Commission, 2000), its daughter directive 
ǘƘŜ DǊƻǳƴŘǿŀǘŜǊ 5ƛǊŜŎǘƛǾŜ όD²5Σ 9ǳǊƻǇŜŀƴ /ƻƳƳƛǎǎƛƻƴΣ нллсύ ŀƴŘ ǘƘŜ .ƭǳŜǇǊƛƴǘ ǘƻ tǊƻǘŜŎǘ 9ǳǊƻǇŜΩǎ ²ater 
Resources (BWR, European Commission, 2012) as well as scientific literature (KINDRA D1.1 and D1.2). 

The analyses performed on data in EIGR and Scopus/SciVal focus on two main analyses identifying the most 
prominent groundwater research topics in relation to European societal challenges and the most active 
research communities, respectively. This includes (1) the analysis of the most frequent keywords, popular 
and emerging research topics and their trends in time and space (varying research interests depending on 
geographical, climatological and geological settings) ; and (2) the performance of regions, countries, 
institutions and scientists within groundwater research in general and within the different selected research 
and knowledge topics and the interactions among them e.g. identification of the strongest research 
networks on selected specific topics. This is expected to be helpful when selecting research partners on 
specific topics from different parts of Europe e.g. for EU research programmes.  

Emphasis is on (1) developing a better understanding of the contribution of groundwater research and 
knowledge to meet the European Societal challenges defined in Horizon 2020 and making the importance 
of groundwater research within each of the challenges more visible. Also, the focus of this report is ultimately 
to be able to define groundwater research gaps. This is not possible solely by analysing the resources 
available in the databases of e.g. the EIGR and Scopus and the recent research trends indicated by the 
analysis of these. These analyses have to be supported by expert judgement and active involvement in 
ongoing working groups within e.g. the Common Implementation Strategy of the Water Framework 
Directive, and through discussions with the Joint Panel of Experts.  

A list of keywords (listed in Appendix) from EU policy documents, WFD and GWD, and scientific literature 
has been identified and described in KINDRA deliverables D1.1 and D1.2. The keywords have been assigned 
to the three main categories in the Hydrological Research Classification System (HRC-SYS): (a) Societal 
challenges, (b) Operational Actions and (c) Research Topics. The main categories have been defined as 
follows: (a) Societal Challenges: 1. Health, 2. Food, 3. Energy, 4. Climate-Environment-Resources, 5. Policy-
Innovation-Society (in addition 6. Transport was explored, but not part of the overall analyses); (b) 
Operational Actions: 1. Mapping, 2. Monitoring, 3. Modelling, 4. Water Supply, 5. Assessment & 
Management; (c) Research Topics: 1. Biology, 2. Chemistry, 3. Geography, 4. Geology, 5. Physics & 
Mathematics. The 3-D structure of HRC-SYS is shown below in Figure 3.1 (refer to D1.2 for the details).  
For the sake of clarity, Societal Challenges were abbreviated in this report as follow. 

Full name Abbreviation 
Health, demographic change and wellbeing  Health 
Food security, sustainable agriculture and forestry, mar ine and 
maritime and inland water research, and the Bioeconomy  

Food 

Secure, clean and efficient energy  Energy 
Climate action, environment, resource efficiency and raw materials  Climate, Environment and Resources 
Europe in a changing world -  inclusive, innovative and reflective 
societies  

Policy, Innovation and Society 
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Figure 3.1 . The HRC-SYS classification system for groundwater research (D1.2). The legend indicates the 
number of resources at each intersection point (as an example) 

This classification system (HRC-SYS) constitute the basis for developing a database, European Inventory of 
Groundwater Research (EIGR), for storing resources (groundwater related research and knowledge: 
scientific journals, proceedings, book chapters, reports etc). These resources were uploaded by experts in 
hydrogeology from 20 countries from the member National Associations (EFG Linked Third Parties). EIGR 
contains metadata, not the resources themselves, and is built on an open source platform (Geonetworks). 

EIGR allows population of heterogeneous data, which compared to scientific databases, like Scopus and Web 
of Science, includes non-peer reviewed resources. The EFG people who uploaded the data have a 
background in (hydro-) geology on a more applied level. Therefore the EIGR resources are biased towards 
non-peer reviewed data. The resources uploaded to EIGR were categorized according to four classes (Figure 

3.2). The total numbers of records uploaded and published on the EIGR during the project is 2178, updated 
to 2200 during the final revision phase of the project. 

 

Figure 3.2. Classification of EIGR resources (refer to D1.2) 



12 

3.2 Gaps and trends analysis 
The gaps and trends analysis is conducted by means of three approaches: (1) HRC-SYS analysis in which for 
each of the societal challenge (SC) selected in the 3-D HRC-SYS representation (Figure 3.1) coincidences 
between operational actions and research topics are inspected; (2) Co-occurrence analysis to explore links 
between and clusters of keywords; and (3) Scopus - SciVal analysis by making use of tools included in Scopus 
database and the associated SciVal tool suite. These are briefly described in the following.  

3.2.1 HRC-SYS analysis 
The HRC-SYS three dimensional classification system is explored for resources at intersections for research 
topics (RT), operational actions (OA) 2-5 άǎƭƛŎŜǎέ όw¢Σ h!ύΦ !ƴŀƭȅǎŜǎ Ŏŀƴ ōŜ ǇŜǊŦƻǊƳŜŘ ƛƴ ŀƭƭ ǘƘǊŜŜ ŘƛǊŜŎǘƛƻƴǎΣ 
i.e. (RT, OA) for each SC, (RT, SC) for each OA and (OA, SC) for each RT, which complement each other (Figure 

3.3). As KINDRA is most concerned to explore gaps within societal challenges, the approach of exploring 
resources at the intersection between research topics and operational actions for societal challenges is 
adopted for both the EIGR and Scopus databases. As described in D1.1 and 1.2 (Figure 3.2), the EIGR both 
contains scientific literature (Class 1+2) as well as information which to a lesser degree has been reviewed 
or otherwise quality assured (Class 3+4). Clearly, the in this project developed EIGR has a population which 
is much smaller compared to large scientific databases as Scopus (or Web of Science) and also contains 
mainly Class 3 and 4 information (Figure 3.2). However, inspecting and analysing EIGR data gives insight in 
research topics and operational action, associated to groundwater management and operation, which is not 
available in the Scientific Scopus database, i.e. Class 3+4 resources. 

 

Figure 3.3. The HRC-SYS analysis approach 

 

3.2.2 Co-occurrence analysis 
For identification of gaps in groundwater research a co-occurrence analysis and bibliometric mapping 
approach has been deployed to visualize and map between keywords. For this, the VOSviewer has been 
deployed, a software tool for creating maps based on network data and for visualizing and exploring these 
maps (van Eck and Waltman, 2007, 2010, 2017). Bibliometric maps can be graph or distance based, where 
in the latter employs multidimensional scaling technique (Borg and Groenen, 2005) or VOS mapping 
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technique (van Eck and Waltman, 2007; van Eck et al., 2006). In KINDRA, VOSviewer has been used to 
construct networks of keywords (called items in VOSviewer) associated to the terminology of the KINDRA 
HRC-SYS: societal challenges, operational actions and research topic, as earlier explained. For the analysis 
presented here VOSviewer has been applied to four visualizations of a map: network, density, cluster density 
and the overlay visualization. Zooming and scrolling functionality allows a map to be explored in full detail, 
which is essential when working with large maps potentially containing thousands of items. Although 
VOSviewer is intended primarily for analyzing bibliometric networks, it can in fact be used to create, visualize, 
and explore maps based on any type of network data (van Eck and Waltman, 2017). For a discussion on other 
mapping techniques and tools pls. refer to Bornmann et al. (2015) and van Eck & Waltman (2010). The 
dataflow from EIGR and Scopus to VOSviewer is depicted in the diagram (Figure 3.4) below. In the gaps and 
trends analysis we are interested in identification of links between the groundwater research related 
keywords, the frequency of occurrence in the literature and also how keywords cluster as this provides 
indications for how prominent keywords are and how research areas to which keywords belong are 
distributed and linked. For example, the frequency of keywords may reveal the intensity of research in an 
area to which this keyword can be linked and links between keywords and research areas may be to a higher 
or lesser degree expected (by expert judgement on groundwater research) and give insight in research gaps. 
How prominence, links and clusters vary over time is crucial for exploring trends.  

 

Figure 3.4. Co-occurrence analysis from EIGR and Scopus data by visualizing density maps of items and 
clustering, exemplified for Societal Challenge Climate, Environment and Resources (SC4) 
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Figure 3.5. Co-occurrence analysis from EIGR and Scopus data by visualizing networks maps of items and 
clustering exemplified for Societal Challenge Climate, Environment and Resources (SC4) 

Thus, the idea is that links between keywords indicate research in which such keywords are related. Missing 
links, where they are expected, may signify a gap in research. Each link has a strength, represented by a 
positive numerical value. The higher this value, the stronger the link. The strength of a link may be 
interpreted as an indication of how keywords are coupled and interact. 

In the network visualization, items are represented by their label and by default also by a circle. The size of 
the label and the circle of an item is determined by the weight of the item (i.e. how many documents the 
keyword is present in). The higher the weight of an item, the larger the label and the circle of the item. The 
color of an item is determined by the cluster to which the item belongs. Clusters are determined by an 
optimization algorithm, that groups items based on association strength (Waltman et al, 2010). Lines 
between items represent links. The distance between two keywords in the visualization approximately 
indicates the relatedness of keywords found by searches in EIGR or Scopus. In general, the closer two 
keywords are located to each other, the stronger their relatedness. 

In the item density visualization, items (keywords) are represented by their label in a similar way as in the 
network visualization and the overlay visualization. Each point in the item density visualization has a color 
that indicates the density of items at that point. By default, colours range from blue to green to red. The 
larger the number of items in the neighbourhood of a point and the higher the weights of the neighbouring 
items, the closer the colour of the point is to red. The other way around, the smaller the number of items in 
the neighbourhood of a point and the lower the weights of the neighbouring items, the closer the colour of 
the point is to blue (van Eck and Waltman, 2017). 

The cluster density view is similar to the ordinary density view except that the density of items is displayed 
separately for each cluster of items. The cluster density view is particularly useful to get an overview of the 
assignment of items to clusters and of the way in which clusters of items are related to each other 



15 

3.2.3 Scopus ς SciVal 
Scopus was launched in 2004 and contains the largest abstract and citation database of peer-reviewed 
literature, including tools to track, analyze and visualize research (Figure 3.6). With 22,800 titles from more 
than 5,000 internatiƻƴŀƭ ǇǳōƭƛǎƘŜǊǎΣ {ŎƻǇǳǎ ŘŜƭƛǾŜǊǎ ǘƘŜ Ƴƻǎǘ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǾƛŜǿ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ ǊŜǎŜŀǊŎƘ 
output in the fields of science, technology, medicine, social science and arts and humanities 
(elsevier.com/scopus). 

 

 

Figure 3.6 Overview of Scopus database (source: elsevier.com/scopus) 

In KINDRA both the included tools in Scopus and SciVal are made use of in the gaps and trends analysis, some 
examples are shown below. 

 

Figure 3.7 SciVal generated word cloud to indicate keyword prominence and trend (left) and publication 
trends (right) 

Scopus database searches were based on search strings with keywords from the KINDRA thesaurus so as to 
be able to extract groundwater research relevant results.  HRC-SYS classified keywords for the three main 
categories (Societal Challenges, SC; Operational Actions, OA; and Research Topics, RT) and 5 sub-categories, 
refer to the 3-D HRC-SYS representation in Figure 3.1, in all 15 areas ς 298 keywords (see table  in appendix) 
and systematized the keywords into three different groups. The search terms from SC1-5, OA1-5 and RT1-5 
were combined into a search string and include the period for the search. This results in a search string like: 
TITLE-ABS-Y9¸όόDǊƻǳƴŘǿŀǘŜǊ hw έDǊƻǳƴŘ ²ŀǘŜǊέ hw ƘȅŘǊƻƎŜƻƭƻƎϝύ !b5 ғ{/ ǘŜǊƳǎҔ !b5 όh!м hw h!н hw 
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OA3 OR OA4 OR OA5) AND (RT1 OR RT2 OR RT3 OR RT4 OR RT5)) AND PUBYEAR > 1996 AND PUBYEAR < 
2017 

The KINDRA thesaurus terms of the three main categories (Societal Challenges (SC), Operational actions 
(OA), and Research Topics (RT)) are included in the search string to assure that every document in the search 
result will be linked to at least one coordination point in the HRC-SYS classification. 

The commands (TITLE-ABS(tract)-KEY(words)) were added as well as the Boolean Operators (AND, OR, 
NOT)and the defined periods of years (PUBYEAR > or <). Scopus restricts export operations to a maximum of 
2,000 documents per search . The files are saved as CSV files and different information is selected from the 
documents such as the information included in the following categories; Citation information, Bibliographical 
information, Abstract & Keywords, Funding details and other information.   

The CSV-files of each search set were then imported in VOSviewer to perform a co-occurrence analysis on 
ǘƘŜ ƪŜȅǿƻǊŘǎ ƻŦ ǘƘŜ ŘƻŎǳƳŜƴǘǎΦ ¢ƘŜ ƪŜȅǿƻǊŘ ΨƎǊƻǳƴŘǿŀǘŜǊΩ ǿŀǎ eliminated as it occurs in almost all 
ŘƻŎǳƳŜƴǘǎ ŀƴŘ ǘƘǳǎ ŘƛǎǘƻǊǘǎ ǘƘŜ ǾƛǎǳŀƭƛǎŀǘƛƻƴΣ ŦǳǊǘƘŜǊƳƻǊŜ ǘǊƛǾƛŀƭ ƪŜȅǿƻǊŘǎ όŜΦƎΦ ΨŀǊǘƛŎƭŜΩ ƻǊ ΨǊŜǾƛŜǿΩύ ǿŜǊŜ 
also filtered out, and the number of keywords were then limited to the strongest 500. The relatedness of 
items were normalized by association strength (As recommended by Eck & Waltman, 2009), and the 
resulting image were rotated and if needed flipped, to ease comparison with other search sets. 

 

3.2.4 Illustration of methodology applied in gap analysis 
 

Taking point of departure in the graphical representations of how keyword search data is extracted from 
either EIGR or Scopus database in Figure 3.4 and 3.5, this process is briefly exemplified to make the user 
familiar how this is used in the gap analysis and clarify potential and limitations. For this the Societal 
Challenge 'Climate, Environment and Resources' (SC4) for any selected time period is taken as example.  

For SC4 a gap analysis can be based on an intersection (bubble) plot in which the Operational Actions (OA) 
and Research Topics (RT) intersections are visible as bubbles of varying sizes. Gaps are thus directly visualized 
as smaller bubbles as compared to larger, more populated, intersections. This is illustrated in Figure 4.38 for 
EIGR and Scopus. The observations of varying intersection bubble sizes should ideally be subject of further 
examination by means of e.g. expert judgement to assess whether bubble sizes reflect actual gaps or a lesser 
need or prioritization. The method by inspecting gaps by means of intersection plots for SC4 is directly 
derived from the HRC-SYS design and can be further improved on basis of an extended EIGR database which 
is enabled by dynamically updating by current and future users.  

Gaps can also appear from co-occurrence analysis. In this case, gaps within the example of SC4 can be 
inferred from network and density maps (created in VOSviewer) based on EIGR or Scopus searches and for 
selected time periods. A network map visualizing links within SC4 for connected keywords, in Figure 4.52, is 
then used to analyze gaps by inspecting strong and weak links between keywords in this Societal Challenge. 
For example, weak links between keywords where strong links are expected represent gaps, in this case e.g. 
between 'groundwater resource' and 'agriculture'. Likewise, density maps show clusters of keywords and 
other (clusters of) keywords in the chosen example for SC4 may be at varying distance in which larger 
distances where close proximity is expected represent gaps. The powerful visual representation of clusters 
ƻŦ ΨƎǊƻǳƴŘǿŀǘŜǊ ǊŜǎƻǳǊŎŜΩΣ ΨŀǉǳƛŦŜǊΩ ŀƴŘ ΨǿŀǘŜǊ ǉǳŀƭƛǘȅΩ όFigure 4.52) shows expected strong interactions. 
¢ƘŜ ŎƭǳǎǘŜǊ ΨƎǊƻǳƴŘǿŀǘŜǊ ǇƻƭƭǳǘƛƻƴΩ ƛǎ ŀŘƧŀŎŜƴǘ ǘƻ ǘƘŜ ǇǊŜǾƛƻǳǎ Ŏƭuster, but not part of its which could be 
further explored. Clearly, as in the intersection plots, data visualizations should be subject to expert 
judgement for reaching strong conclusions on actual gaps or prioritized needs.  
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4 Results 
 

4.1 GAPS analyses 
 

Information included in the EIGR have been extracted by following search option tools available in the 
platform: in detail, searches have been performed by the three main categories (OA, RT, SC) and their 15 
overarching categories; additional searches refer to classes 1 to 4, to additional indicators TRL and PRL, and 
by geographical criteria (mainly for nations included as Linked Third Parties (LTPs), but also for other 
countries/area). In addition, searches for building VOSviewer maps are based on keyword extractions; only 
the keyword set included in the KINDRA classification system (KINDRA thesaurus in the EIGR) has been used, 
if not differently declared along the text.  

4.1.1 EIGR analyses  

4.1.1.1 EIGR record distributions 

 
Record data inserted into the EIGR comprises inputs from Project Partners as well as European Federation 
of Geologists Linked Third Parties (20 National Associations) participating in the project.  
 
The total amount of records uploaded during the project on the EIGR, successively validated by the project 
partners and published (available on-line) is 2178 at the end of 2017. All analyses conducted on the EIGR, 
illustrated in this report, are based on this number of records (2178). Successively, during the first three 
months of 2018, some additional records have been inserted and validated, reaching the final number of 
2200 published records. Remaining unpublished records inserted in the EIGR are about 130. These records 
cannot be published because they contain incomplete information and consequently are not useful for the 
gaps and trends analysis. Actually, it is mandatory when inserting records to specify the category and the 
overarching group of the classification system HRC-SYS; by this way, all records contain at least this 
information. Distribution in different sub-categories for the three main categories among published records 
is shown in Figure 4.1, Figure 4.2 and Figure 4.3 

 
The prevalent type of metadata uploaded to the EIGR are hydrogeology related reports (about 50 %) 
followed by scientific papers from international and national scientific journals, popular journals, newsletters 
and quality assured or reviewed papers (about 25 %) and the remaining part contain other publications such 
as conference proceedings, databases and maps (D2.4). The distribution of uploaded resources for 
Operational Actions (5 categories Research Topics (5 categories) & Societal Challenges (5 categories). For 
Operational Actions the distribution is shown in Figure 4.1 below. Clearly, the Assessment and Management 
category constitutes the main part with well above 50 % of all resources, followed by Modeling (18%); similar 
occurrences shows the other three groups, Monitoring, Water Supply and Mapping. This distribution 
confirms that information inserted in EIGR are directly related to real application of groundwater knowledge 
in societal contexts, offering assessment and management solutions for groundwater use and protection. 
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Figure 4.1 EIGR distribution of resources within Operational Actions categories 

For the same reason of resources uploaded by European Federation of Geologists LTP, the research topic 
ΨƎŜƻƭƻƎȅΨ ƛǎ ŘƻƳƛƴŀǘƛƴƎ ǿƛǘƘ ƻǾŜǊ тр ҈ ŦƻƭƭƻǿŜŘ ōȅ ΨŎƘŜƳƛǎǘǊȅΩ мн҈Σ ǊŜƭŀǘŜŘ ǘƻ ƎǊƻǳndwater quality, whereas 
the remaining research topics are smaller (Figure 4.2).  

The main reason for this unbalance is related to the origin and background of experts (LTP) who inserted 
data in the EIGR, who are geologists. This bias is a logical result of the project approach, which was originally 
concerned with hydrogeological issues with respect to more general groundwater issues. Nevertheless, 
undoubtedly hydrogeology is a fundamental part of the groundwater sciences and its prevalence therefore 
justified. 

However, keywords associated to research topics (and also operational actions) are developing over time 
and should be added by users to keep the EIGR updated. For example, the biology related keywords when 
the project was initiated did not, by extension, include the most recent topics and were added later to the 
analysis. The adding of keywords and quality assurance is a dynamic feature of the EIGR system and included 
to keep it up-to-date also beyond the lifetime of the projects. 
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Figure 4.2 EIGR distribution of resources within Research Topics categories 

Societal Challenges distribution (Figure 4.3) of EIGR records reveals the largest unbalance among overarching 
categories: Climate, Environment and Resources covers 87% of the records, confirming the strong influence 
and relationship of groundwater knowledge on this challenge. Resources as this is the main area of concern 
for the Linked Third Parties (EFG) partners who mainly populated the EIGR database. For that reason, the 
gaps and trends analysis focus on this part. A significant percentage of metadata refers to Policy Innovation 
and Society (7%), which demonstrates that the classification and the EIGR are capable to capture the 
information related to the application of knowledge in policy actions having societal impacts. Minor 
percentages are related to Health, Energy and Food sub-categories. 

 

 

Figure 4.3 EIGR distribution of resources within Societal Challenges categories 
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The cross relationships of EIGR metadata can be visualized in a 3D diagram (also refer to Figure 3.1), where 
the 125 intersections among the three axes can be visualized and verified by the occurrence of records. From 
Figure 4.4 ƛǎ ŎƭŜŀǊ ǘƘŀǘ ǘƘŜ ǊŜŎƻǊŘǎ ŀǊŜ ŘƛǎǘǊƛōǳǘŜŘ ǿƛǘƘ ŀ ŎƭŜŀǊ ŘƻƳƛƴŀƴŎŜ  ŦƻǊ wŜǎŜŀǊŎƘ ¢ƻǇƛŎ ΨDŜƻƭƻƎȅΩ ŀƴŘ 
{ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ п Ψ/ƭƛƳŀǘŜ 9ƴǾƛǊƻƴƳŜƴǘ wŜǎƻǳǊŎŜǎΩ р ǇƻǎƛǘƛƻƴǎΤ Ƴŀƴȅ ƻǘƘŜǊ Ǉƻǎƛǘƛƻƴǎ ƛƴ ǘƘe cube (19 of 
125) show significant content of records (10-100 metadata), but in several cases the occurrence is limited 
(less than 10 records for 58 positions), reaching 0 records for 43 positions. Detailed analysis on these data is 
in chapter 3.1.1.3 and 3.2.1.1. 

 

Figure 4.4 Resource occurrence in 3-D HRC-SYS structured EIGR of the main categories and their 
overarching groups 

The EIGR contains four different classes related to research and knowledge, as resumed in Figure 3.2. Classes 
1 & 2 represent official research products, classified in international academic databases, and represent 
about 1/3 of the inserted records (24% for peer-reviewed papers of class 1 and about 9% for proceeding 
papers), while the majority of the information are related to grey literature (classified in classes 3 and 4 as 
άƪƴƻǿƭŜŘƎŜέύΣ ǿƛǘƘ ŀōƻǳǘ нп҈ ƻŦ ǊŜŎƻǊŘǎ ƘŀǾƛƴƎ ǉǳŀƭƛǘȅ ŀǎǎǳǊŀƴŎŜ ŦǊƻƳ ǎƻƳŜ ŘŜƎǊŜŜ ƻŦ ǊŜǾƛŜǿΣ ŀƴŘ ŀōƻǳǘ 
43% (class 4) are report and information at national scale without quality assurance. The unbalance towards 
the knowledge classes is in agreement with the aim of the project which wants to reveal also information at 
various spatial scales published in proceedings, reports with limited quality assurance, e.g. peer review.  
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Figure 4.5 Distribution of EIGR records for research and knowledge classes 1-4 

 
The Technology Readiness Level (from TRL1 to TRL9, as classified by the European Community) was included 
in EIGR as additional indicator for estimating technology maturity of a product/publication. The resource 
inserted had to be assigned to one of the following levels: TRL 1: Basic principles observed; TRL 2: Technology 
concept formulated; TRL 3: Experimental proof of concept; TRL 4: Technology validated in lab; TRL 5: 
Technology validated in relevant environment (industrially relevant environment in the case of key enabling 
technologies); TRL 6: Technology demonstrated in relevant environment (industrially relevant environment 
in the case of key enabling technologies); TRL 7: System prototype demonstration in operational 
environments; TRL 8: System complete and qualified; and finally TRL 9: Actual system proven in operational 
environment (competitive manufacturing in the case of key enabling technologies; or in space).  
In addition, the Policy Readiness Level (from PRL1 to PRL4) was included as indicator for estimating the policy 
maturity of a product/publication. The product/publication inserted had to be assigned to one of the 
following levels: PRL 1: Not relevant for EU policy implementation; PRL 2: Potentially relevant for EU policy 
but additional research needed; PRL 3: Relevant for implementation of EU policy, basic research conducted 
but guidance need to be developed; and PRL 4: Guidance available: ready for implementation of EU. 
 
The distribution of TRL and PRL and also aggregated for TRL 1-4 and 5-9, and PRL 1-2 and 3-4 is shown in the 
Figure 4.6  below. It is clear that TRL 1-4 and PRL 1-2, requiring more research effort and demonstration 
before reaching market and policy implementation maturity are dominating. TRL information (Figure 4.6) is 
available for only 73% of the records and clearly shows a prevalence of lower classes, corresponding to not-
technologically advanced information (61% of classes 1 to 4), with a minority of records having mature TRL 
levels (16%). Looking at the keyword density maps for TRL  1 to 4 and TRL 5 to 9 (Figure 4.6), the former is 
concentrated on basic knowledge and research information on groundwater issues (as groundwater 
resources, aquifer, mapping, etc.), while the latter is clearly shifted towards possible solutions for 
management and assessment, with highest occurrence of keywords as drinking water, contamination, etc.). 
This different distribution confirms that TRL evaluation by the experts inserting data in the EIGR has been 
carefully attributed, classifying basic information with lower TRLs and advanced and technological 
information with higher TRLs. 
A similar analysis has been conducted for PRL (Figure 4.6). Also for this case, the prevalence of the records is 
for lower levels (2/3 having PRL 1 & 2), while minor percentages correspond to higher PRL. Differently from 
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the TRL case, the EIGR records seem to have a larger attitude with policy actions, and a significant number 
of data shows the possibility to be implemented in policy actions with limited efforts. 

 

 

Figure 4.6 EIGR distributions for Technology Readiness Level (TRL), Policy Readiness Level (PRL) and 
categorised after level 1-4 

An analysis of occurrence of records related to main EU research projects having connection with KINDRA 
has been performed in the EIGR. Results are resumed in the following table. The project focusing on 
groundwater are represented in the EIGR with a higher number of records (4-6), as BRIDGE, GENESIS, SUBSOL 
and AQUATERRA. 

tƭǎΦ ǊŜŦŜǊ ǘƻ Ψ{ǳǇǇƭŜƳŜƴǘŀǊȅ aŀǘŜǊƛŀƭ 9мΩ ŦƻǊ ƳƻǊŜ ŀƴŘ ŀŘŘƛǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ǇŜǊǘŀƛƴƛƴƎ ǘƻ ǘƘƛǎ ǎŜŎǘƛƻƴΦ 

EU Project Number of EIGR records EU Project Number of EIGR records 

GABARDINE 2 BRIDGE 6 

GENESIS 4 WATERDISS2.0 1 

RISK-BASE 1 SUBSOL 4 

WADE 2 DAIAD 1 

CIRCE 1 FREEWAT 1 

AQUATERRA 5 SmartH2O 1 

AQUAREHAB 1   

Table 1 Occurrence of previous EU projects in EIGR related to KINDRA 



23 

 

4.1.1.2 Groundwater research derived patents 

WIPO is the global forum for intellectual property services, policy, information and cooperation. WIPO is a 
self-funding agency of the United Nations, with 191 member states, with the mission lead the 
development of a balanced and effective international intellectual property (IP) system that enables 
innovation and creativity for the benefit of all. The mandate, governing bodies and procedures are set out 
in the WIPO Convention, which established WIPO in 1967 (www.wipo.int; WIPO, 2017). While WIPO is not 
explicitly included in the EIGR ǘƘŜ ǘŜǊƳ ΨǇŀǘŜƴǘΩ ƛǎ ŀ ƪŜȅǿƻǊŘ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ 9LDw ǘƘŜǎŀǳǊǳǎ ŀƴŘ ²Lth ƛǎ ƛƴ 
this section used to illustrate the extent of patents in groundwater research 

A patent is an exclusive right granted for an invention, which is a product or a process that provides, in 
general, a new way of doing something, or offers a new technical solution to a problem. To get a patent, 
technical information about the invention must be disclosed to the public in a patent application 

From fig 4.7 and 4.8 it is clear that in the field of groundwater research derived patents (intellectual 
property) is overwhelmingly dominated by the USA (under USPTO), followed by the European Patent Office 
and China. One of the reasons for this is that in this field research at the European level is financed by 
public funding and filing patents on derived products is restricted as compared to products funded in the 
private market Other reasons for US dominated patents could be related to (1) that there are no language 
barriers for products developed in the US, English being the dominant language in groundwater research 
and innovation, and (2) lower data protection rules, e.g. no GDPR data compliance, facilitating the 
development of tools and subsequent innovations. Clearly, the large volume of groundwater research 
derived patents for China and India is related to the increasing economic development and available 
resources for research in general, including groundwater topics (UNESCO Science Report: towards 2030). 

 

Figure 4.7 Groundwater research derived patents 
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Figure 4.8 Total number of groundwater research derived patents 

 

4.1.1.3 HRC-SYS analyses:  

In this section the HRC-SYS three dimensional classification system (refer to Figure 3.1) for the EIGR 
populated resources is explored for resources at intersections for research topics (RT), operational actions 
(OA) for each of the 5 societal challenges (SC) and selected for the analysis of gaps and trends. Analyses can 
be performed in all three directions, i.e. (RT, OA) for each SC, (RT, SC) for each OA and (OA, SC) for each RT, 
which complement each other. As we are most concerned to explore gaps within societal challenges, the 
resources at intersections are inspected between research topics and operational actions for each of the 
ǎƻŎƛŜǘŀƭ ŎƘŀƭƭŜƴƎŜǎ ΨIŜŀƭǘƘΩΣ ΨCƻƻŘΩΣ Ψ9ƴŜǊƎȅΩΣ Ψ/ƭƛƳŀǘŜΣ 9ƴǾƛǊƻƴƳŜƴǘ ŀƴŘ wŜǎƻǳǊŎŜǎΩ ŀƴŘ ΨtƻƭƛŎȅΣ LƴƴƻǾŀǘƛƻƴ 
ŀƴŘ {ƻŎƛŜǘȅΩ ŦƻǊ ǘƘŜ 9LDw ŘŀǘŀōŀǎŜΦ !ǎ ŘŜǎŎǊƛōŜŘ ƛƴ 5мΦм ŀƴŘ D1.2, the EIGR both contains scientific literature 
(Class 1+2) as well as information which to a lesser degree has been reviewed or otherwise quality assured 
(Class 3+4). Clearly, the in this project developed EIGR has a population which is much smaller compared to 
large scientific databases as Scopus (or Web of Science) and also contains mainly Class 3 and 4 information 
(Figure 4.6) and gives insight in research topics and operational action, associated to groundwater 
management and operation, which is not available in the Scientific Scopus database.  

In the 3D representation of HRC-SYS, the 125 positions (intersections) above described can be more easily 
analysed by slicing the cube along each axis, obtaining 15 plots representing the distribution of the 5x5 
positions for each overarching group. The most useful analysis for the KINDRA aim (gaps & trends analysis) 
is related to the five slices for each Societal Challenge. By this way, five plots resuming the occurrence of 
records for each SC as a function of OA and RT can be derived. 

For instance, in Figure 4.9 ŦƻǊ ǎƻŎƛŜǘŀƭ ŎƘŀƭƭŜƴƎŜ ΨIŜŀƭǘƘΩ ƛǘ ƛǎ ǎŜŜƴ ǘƘŀǘ ǘƘŜ ƛƴǘŜǊǎŜŎǘƛƻƴ Ψ/ƘŜƳƛǎǘǊȅΩ ŀƴŘ Ψ²ŀǘŜǊ 
{ǳǇǇƭȅΩ ƛǎ ǊŜƭŀǘƛǾŜƭȅ ǿŜƭƭ ǇƻǇǳƭŀǘŜŘΣ ǿƘƛŎƘ ƛǎ ŜȄǇŜŎǘŜŘ ŀƴŘ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ΨDŜƻƭƻƎȅΩ κ ΨaƻƴƛǘƻǊƛƴƎΩ ƛƴǘŜǊǎŜŎǘƛƻƴ 
ŦƻǊ ǎƻŎƛŜǘŀƭ ŎƘŀƭƭŜƴƎŜ ΨCƻƻŘΩ ǿƘŜƴ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ƛǎǎǳŜ ƻŦ ŎƻƴǘŀƳƛƴŀǘŜŘ ƎǊƻǳƴŘǿŀǘŜǊ ŦƻǊ Ǝeological layers. 

Looking at the SC Health intersection plot (Figure 4.9), counting 57 records, it is clear that population is 
related mainly to Chemistry and Geology RTs, while OAs connected with Health are clearly ΨAssessment and 
ManagementΩ, ΨWater SupplyΩ and, to a minor extent, Monitoring. In fact, chemical properties and 
withdrawals for drinking purposes are fields strictly connected with Health. Several zero-records locations 
appear for Geography, Physics & Mathematics, Modeling and Mapping, which seem to have no apparent 
relationships with Health. 
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Figure 4.9 EIGR data (RT, OA) plot for SC = Health. The size of the bubbles indicates the relative amount of 
data at a specific intersection, whereas the number indicates the number of available resources 

 

Figure 4.10 EIGR data (RT, OA) plot for SC = Food. The size of the bubbles indicates the relative amount of 
data at a specific intersection, whereas the number indicates the number of available resources 

Concerning the EIGR distribution of resources for the category Food (Figure 4.10.) it appears that there is a 
very limited number of records, it covers less than 1% (13 data) of the uploaded information. Assessment 
and management and Water supply are the most relevant concerning the Operational Actions, while for the 
Research Topics, that is the case for Geology and Chemistry. There is a clear gap in submitted research and 
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knowledge for this Societal Challenges, confirmed by 17 intersections on 25 show zero records. 
Consequently, no significant correlations can be inferred for this SC. 

¢ƘŜ {ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ Ψ9ƴŜǊƎȅΩ ŎƻǾŜǊǎ н.5% (Figure 4.11, 55 records) of the uploaded information, it shows 
correlations mainly with Geology, where 80% of occurrences are located. This is a promising issue 
demonstrating the link between hydrogeology and energy, while clear gaps appear for all other OAs (no 
ǊŜŎƻǊŘǎ ŀǘ ŀƭƭ ŦƻǊ .ƛƻƭƻƎȅύΦ !ƳƻƴƎ h!ǎΣ Ψ!ǎǎŜǎǎƳŜƴǘ ϧ aŀƴŀƎŜƳŜƴǘΩ ŀƴŘ ΨaŀǇǇƛƴƎΩ Ŏƻƴǘŀƛƴ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ 
records.  

 

Figure 4.11 EIGR data (RT, OA) plot for SC = Energy. The size of the bubbles indicates the relative amount 
of data at a specific intersection, whereas the number indicates the number of available resources 

 

The most of the EIGR records are related to SC4, Climate, Environment and Resources (Figure 4.12), where 
all 25 intersections include some records. The higher occurrence is, as usual, for Geology among RTs and for 
Ψ!ǎǎŜǎǎƳŜƴǘ ϧ aŀƴŀƎŜƳŜƴǘΩ ŦƻǊ h!ǎΦ ¢Ƙƛǎ ŦŀŎǘ confirms that EIGR content is oriented towards 
hydrogeological contributions for management and practical solutions, aimed at solving climatic and 
environmental critical issues, by using and protecting water resources. 
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Figure 4.12 EIGR data (RT, OA) plot for SC = Climate, Environment and Resources. The size of the bubbles 
indicates the relative amount of data at a specific intersection, whereas the number indicates the number of 
available resources 

Finally, a significant number of records deal with SC5 ΨtƻƭƛŎȅΣ LƴƴƻǾŀǘƛƻƴ ŀƴŘ {ƻŎƛŜǘȅΩ όFigure 4.13), with 22 
intersections containing records. A different distribution among RTs and OAs appears for this SC: beside 
Geology, Geography becomes prevalent specially for ΨAssessment and ManagementΩ, probably for 
correlation with Basin Management Plans. Also for OAs, Mapping and Modeling a percentage higher than 
other SCs, has been observed, revealing the importance of these instruments for policy and society. 
Conversely, Monitoring has a very limited importance respect with other SCs. 
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Figure 4.13 EIGR data (RT, OA) plot for SC = Policy, Innovation and Society. The size of the bubbles indicates 
the relative amount of data at a specific intersection, whereas the number indicates the number of available 
resources 

Slicing the 3D cube along the OA and RT axes is considered less important for gap analysis. Only a resuming 
plot has been included for OAs and RTs, compacting the occurrence of the other two categories. In the OA 
resuming plot (Figure 4.14), SC4 and SC5 are the most important, while among RTs, at distance, Geology and 
Chemistry show the highest occurrence. There is a clear gap for SCs Health, Food and ΨtƻƭƛŎȅΣ Lƴnovation and 
SoŎƛŜǘȅΩΦ 

The other resuming plot for RTs (Figure 4.15) clearly show the concentration of records for SC4 Climate, 
Environment and Resources and the above cited gap for Food and, to some extent, for Health; among OAs, 
Assessment and Management is prevalent, but others sub-categories have significant occurrences. 
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Figure 4.14  Resuming intersection plot of EIGR records for Operational Actions 

 

 

Figure 4.15 Resuming intersection plot of EIGR records for Research Topics 
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4.1.1.4 Co-occurrence analysis 

 

The co-occurrence analysis for the EIGR system is limited to the {ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ п ƻƴ Ψ/ƭƛƳŀǘŜΣ 
9ƴǾƛǊƻƴƳŜƴǘ ŀƴŘ wŜǎƻǳǊŎŜǎΩ ŦƻǊ ǿƘƛŎƘ мфло ǊŜŎƻǊŘǎ ƻǳǘ ƻŦ ŀ ǘƻǘŀƭ ƻŦ нмту ƘŀǾŜ ōŜŜƴ ƛƴǎŜǊǘŜŘΦ ¢ƘŜ ǊŜƳŀƛƴƛƴƎ 
records for SC1-Food (13), SC2-Health (57), SC3-Energy (55) and SC5-Policy, Innovation and Society (150) 
contain too few records to make reliable inferences. 

Detailed analysis of gaps is based on an in-depth approach, using the keywords of the KINDRA Thesaurus  
inserted by the EIGR user associated to each record, and analyse them by the VOS viewer tool, which allows 
to visualize not only the occurrence (frequency) but also the connections (co-occurrence) among keywords 
(see method chapter). 

Keywords are extracted from the EIGR database by selecting all the available records and exporting the 
selected dataset as a .txt file which can be imported in Excel for further analysis. In each cell, the keywords 
are separated by "###" characters, for next processing it is necessary to replace them with ", " (comma and 
space) and saved in a new .txt file, for VOSviewer processing, taking care that each row of the file 
corresponds to an EIGR record. For further processing in Excel only the KINDRA-EIGR dataset keywords are 
recognized, generating a suitable string for each record. These new strings contain only the EIGR-KINDRA 
keywords and can be saved in a .txt file for processing in VOSviewer. If the number of 256 characters is 
exceeded, some sequences of characters ", , , , , ," need to be deleted. The VOSviewer software does not 
always correctly recognize the EIGR-KINDRA dataset keywords where even the use of "###" characters leads 
to errors. Therefore, a specific thesaurus file was developed for creating graphs in VOSviewer which allows 
to determine which words have to be corrected (and how) or discarded during the VOSviewer processing. 
CƻǊ ǇǊƻŎŜǎǎƛƴƎ ƛƴ ±h{ǾƛŜǿŜǊΣ ǘƘŜ ά/ǊŜŀǘŜ ŀ ƳŀǇ ōŀǎŜŘ ƻƴ ǘȄǘ Řŀǘŀέ ƻǇǘƛƻƴ ƛǎ ǳǎŜŘ ŀƴŘ ŀŎŎŜǎǎŜŘ ōȅ ǇǊŜǎǎƛƴƎ 
the "Create" button in VOSviewer left menu. The output files contain the statistical information, e.g. the 
number of occurrences and links, as well as evaluations of their strength.The entire EIGR database has been 
analysed by different methodologies of the VOSviewer tool: the density map, the cluster map and the cluster 
density map, which combines the previous two. Some significant examples of these plots have been selected 
and inserted for evidencing the links and clusters of the EIGR population helping to identify gaps. 

In Figure 4.16 the density map of the whole EIGR database is shown. The map is structured in a way that 
supports the notion that the amount of records uploaded on the EIGR is sufficient for the aim of the project. 
In fact, different fields of groundwater research are clearly identified, as underlined by the red lines 
indicating the delineations and identifying main topics of groundwater. Clusters and keyword links can be 
identified as GroundWater (GW) budget, GW properties, GW quality, GW & Environment and GW use. The 
identification of keyword delineation and clusters e.g. represented by the keywords Aquifer and Drinking 
Water, seems to support the notion of representativeness of the EIGR catalogue. Indirectly, this result can 
be considered a confirmation of the adequacy of the adopted classification (and of the visualization tool) in 
representing the hydrogeological research and knowledge, because relationships between keywords are 
reflecting existing correlation in real world. 

A similar representation is available by network and cluster map analysis (Figure 4.17). Different colours have 
a correspondence to main topics identified in previous map, while the dimension of the bubbles is 
representing their frequency of occurrence. In line with previous results, the management of groundwater 
resources is linked with the GWD (blue cluster) in which the groundwater body is a prevalent keyword, 
comparable with the more scientific oriented keyword aquifer and linked with several clusters; GW quality 
(green cluster) is clearly located, as GW properties (red cluster). GW use (yellow cluster), including 
management and protection, shows clear links with geographical regions. 
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Figure 4.16 Density map of the entire EIGR database (2178 records, 242 keywords used) and delineated 
into regions 

 

 

Figure 4.17 EIGR network map of entire EIGR database (2178 items and 242 keywords) 
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Between the different classes of research & knowledge, some similarities and some differences can be 
inferred. As expected, Classes 1 & 2 show (Figure 4.18) more typical research keywords, highlighting the 
academic approach to hydrogeology; in this graph, management and policy keyword families are located far 
from the core area, as satellites. Conversely, in Classes 3 & 4 network and cluster map (Figure 4.19), the 
assessment and management keyword group is becoming central, showing higher occurrences and more 
strict relationships. This fact is a consequence of the application-oriented content of these classes of 
documents, more aimed at solving practical problems and offering management options rather than 
scientific explorations. 

 

Figure 4.18 Network map of Classes 1 & 2 (705 records) 

 

 

Figure 4.19 Network map of Classes 3 & 4 (1473 records) 
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Additional analyses have been performed for each overarching category of the three main categories OA, RT 
and SC. Some significant maps are shown below, for OAs and SCs. 

The cluster density network map of OA Mapping (Figure 4.20) is clearly centred on mapping keyword. Several 
keywords fall in the same cluster (green), but other clusters show direct links with mapping, as the one 
related to groundwater resources and drinking water (red cluster), while the blue and the yellow clusters, 
more related to groundwater properties, are far from the centre. The distribution is in agreement with the 
role of OA mapping in groundwater issues. 

A density map for OA monitoring (Figure 4.21) is showing the central location of the main keyword 
ΨƳƻƴƛǘƻǊƛƴƎΩ and the strong links with geochemistry, quality, pollution and characterization keywords, as 
expected. Very few links exist with important keywords as climate, protection, chemical status, which are 
far satellites in the map. 

 

Figure 4.20 Cluster density map of OA Mapping in EIGR (164 records) 
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Figure 4.21 Density map of OA Monitoring in EIGR (237 records) 

The corresponding density map for OA Modeling (Figure 4.22) is less fragmented. All keywords surround the 
main Modeling keyword, having links in different directions, as characterization (upper area in the map), 
properties (lower area) and policy and GWD (left area): this last link is very strong, revealing that modelling 
is a tool very important for policy applications. On the opposite side (right area), groundwater body, and 
geophysical methods, keyword has a large occurrence, but is less linked with the core area. 

 

Figure 4.22 Density map of OA Modeling in EIGR (397 records) 
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For OA Water Supply, the network map has been chosen (Figure 4.23) to illustrate the main links and clusters: 
the yellow cluster is centered on groundwater resources and include many different keywords related to 
management; other two important clusters are the red (monitoring and drinking water keywords) and the 
green (groundwater body-centered). Minor clusters are related to pollution and protection (blue cluster) 
and to environment and health (pink cluster). The clusters show overlapping which is particularly clear for 
ǘƘŜ ŘƻƳƛƴŀǘƛƴƎ ΨƎǊƻǳƴŘǿŀǘŜǊ ǊŜǎƻǳǊŎŜǎΩ όȅŜƭƭƻǿύ ŀƴŘ ΨƎǊƻǳƴŘǿŀǘŜǊ ōƻŘȅΩ όƎǊŜŜƴύ ǿƘƛŎƘ ƛƴŘƛŎŀǘŜǎ 
multidisciplinarity, which is useful and needed for complex and multifaceted research areas 

Finally, due to the highest (Figure 4.24) number of records, OA ΨAssessment and ManagementΩ has been 
represented by density cluster map. Groundwater resources is the central keyword, and its green cluster 
includes the GWD and the ecological keywords, which is important for groundwater dependent ecosystem 
research. Other clusters as the red (drinking water) and the yellow (contamination and remediation) are well 
represented, while minor clusters include the pink (GW properties) and the blue, related to the policy and 
society. The latter cluster illustrates the underrepresentation of policy and society in groundwater resources 
knowledge for the EIGR data 

The analysis of keyword distribution for RTs is difficult, due to the limited number of records for four of these 
fields. Consequently, only the map based on RT Geology is considered relevant. The density map (Figure 
4.25) is centered on groundwater resources, and many main keywords are located in the surrounding area. 
A gap seems to be epresented by the fact that, the groundwater body keyword is far from the main area, 
and also the pollution and contamination group is located at some distance from the centre. Some gaps 
seem to continue to exist between groundwater resources and groundwater body, which has to be tackled 
for reaching a direct interaction between groundwater use and related policies. 

 

Figure 4.23 Network map of OA Water supply in EIGR (215 records) 
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Figure 4.24 Density cluster map of OA Assessment and Management in EIGR (1165 records) 

 

Figure 4.25 Density map of RT Geology in EIGR (1655 records) 
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Similar analyses have been performed for other SCs, but limiting the presentation of visualization to SC4 and 
SC5. Analysis of SC1, SC2 and SC3, due to the limited number of records (less than 60 metadata available for 
each of these SCs) are therefore not included here. 

A very structured cluster map (Figure 4.26) has been obtained for SC4 Climate, Environment and Resource, 
where groundwater resources and groundwater body are in the same (pink) cluster; the other clusters are 
surrounding the core area, grouping the keywords in management (red), policy (blue), pollution (yellow) and 
monitoring (green), all of them well connected with the main keywords. 

 

Figure 4.26 Network and cluster map of SC4 Climate, Environment and Resources in EIGR (1903 records, 
231 keywords used) 

 

Finally, the network and cluster map for SC5 Policy, Innovation and Society, appears very scattered for many 
keywords and with overlapping clusters (Figure 4.27). Different satellites on modelling, ecosystems, aquifer 
recharge, waste and energy are very far from the core area, based on management and integrated 
management. This map reveals that policy actions are present and significant, but the coordination among 
them is very limited at the moment; consequently, a real integrated management has not been achieved 
until now. 
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Figure 4.27 Network and cluster map of SC5 Policy, Innovation and Society in EIGR (150 records) 

 

 

4.1.1.5 Geographical distribution of EIGR categories  

 

From the geographic point of view, EIGR records distribution strongly depends on the activities performed 
by each single national expert, uploading a different number of metadata. A simple analysis can be 
conducted for each of the main three categories. In Figure 4.28 the graph for Operational Actions is showing 
that the high percentage of OA Assessment and Management is influenced by the Czech expert, who 
uploaded about 600 records mainly classified in this OA, but also by the records inserted by the Consortium. 
For the other countries, the distribution among the OAs does not show a prevalent action, and records are 
distributed among them. 
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Figure 4.28 Distribution of Operational Actions by nations in EIGR records 

 

Geographic distribution of records for RTs (Figure 4.29) clearly shows the prevalence of Geology, which is 
only partially balanced by Chemistry, mainly for records uploaded by Denmark, Finland, France, Germany 
and from the Consortium. 

Finally, SCs distribution confirms the absolute prevalence of SC4 Climate, Environment and Resources in all 
countries, without significant differences per countries for the other SCs (Figure 4.30). 

tƭǎΦ ǊŜŦŜǊ ǘƻ Ψ{ǳǇǇƭŜƳŜƴǘŀǊȅ aŀǘŜǊƛŀƭ 9мΩ ŦƻǊ ƳƻǊŜ ŀƴŘ ŀŘŘƛǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ǇŜǊǘŀƛƴƛƴƎ ǘƻ ǘƘƛǎ ǎŜŎǘƛƻƴΦ 



40 

 

Figure 4.29 Distribution of Research Topics by nations in EIGR records 

 

Figure 4.30 Distribution of Societal Challenges by nations in EIGR records 

By VOSviewer, additional analyses on contribution by countries have been conducted. A particular series of 
cluster maps of the keywords has been prepared for each country, where the percentage amount of each 
keyword can be visualized. A limited number of these maps are shown below, for selected countries where 
distribution of keywords shows particular trends with respect to the general keyword cluster map for the 
whole database, shown in Figure 4.31.  
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4.1.1.6 Co-occurrence network map representations of geographical distribution of keywords 

Figure 4.31 below shows the entire EIGR database classified for the percentage keywords from EIGR 
resources that belong to the time period between 1997-2016. The blue, green, yellow-orange and red 
colours varying continuously from the blue to red represent percentage resources from 0 to about 15 %. 

 

Figure 4.31 EIGR network map for period 1997-2016 and % keywords (note that colour scale in following 
graphs does not correspond to Figure 4.32 to Figure 4.36) from a nation. All nations 

Interestingly, it is now possible to distinguish the distributions of percentage keywords for each individual 
country with respect to data submitted to EIGR. The use of this is demonstrated for a few countries with 
sufficient submitted data. Lǘ ƛǎ ǎŜŜƴ ǘƘŀǘ ǘƘŜ ƪŜȅǿƻǊŘ ΨƳŀǇǇƛƴƎΩ ŀƴŘ ΨŎƻƴǘŀƳƛƴŀǘƛƻƴΩ ƛǎ ŀƳƻƴƎ ǘƘŜ ƪŜȅǿƻǊŘǎ 
with high frequency for Belgium, Denmark and Hungary, but less so for Italy and Spain. In principle, these 
maps can be constructed for shorter or longer time periods and indicate trends in percentage keywords and 
clusters of keywords on a European regional scale. 
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Figure 4.32 EIGR overlay graph for period 1997-2016 and % keywords for Belgium 

 

 

Figure 4.33 EIGR overlay graph for period 1997-2016 and % keywords for Denmark 
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Figure 4.34 EIGR overlay graph for period 1997-2016 and % keywords for Hungary 

 

Figure 4.35 EIGR overlay graph for period 1997-2016 and % keywords for Italy 
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Figure 4.36 EIGR overlay graph for period 1997-2016 and % keywords for Spain 

 

tƭǎΦ ǊŜŦŜǊ ǘƻ Ψ{ǳǇǇƭŜƳŜƴǘŀǊȅ aŀǘŜǊƛŀƭ 98Ω ŦƻǊ ƳƻǊŜ ŀƴŘ ŀŘŘƛǘƛƻƴŀƭ ƛƴŦƻǊƳŀǘƛƻƴ ǇŜǊǘŀƛƴƛƴƎ ǘƻ ǘƘƛǎ ǎŜŎǘƛƻƴΦ 

 

4.1.2 Scopus analyses  
In order to enable comparison of popular research areas and research performance for the different research 
topics and operational actions within each societal challenge between Scopus and EIGR, a subset of the total 
Scopus database on groundwater research with publications was extracted, which contained at least one 
keyword from each of the three overall categories (SC, OA and RT). Thus every document in this subset can 
be placed in at least one of the 125 coordination points in the HRC-SYS classification. Figure 4.37 shows the 
scholarly output for groundwater and hydrogeology research (number of class 1 and 2 publications) for the 
period 1997-2016 according to Scopus and Web of Science using the baseline search string (BSS) = 
DǊƻǳƴŘǿŀǘŜǊ ƻǊ ά ƎǊƻǳƴŘ ǿŀǘŜǊέ ƻǊ ƘȅŘǊƻƎŜƻƭƻƎȅϝΦ For the complete set of search strings for Scopus based 
co-occurrence map pls. refer to Table 4. The search string that combines the baseline search string with any 
keyword from all three overall SC, OA and RT categories returns a publication set of about half (63.248) of 
the total number of groundwater research publications for the period 1997-2016 (125.003). This subset of 
publications was used to develop intersection plots for comparison with the classified EIGR resources. Figure 
4.37 furthermore illustrates that the Scopus database contains over 30.000 research publications (about 
30%) more than the WoS database, supporting the conclusion that Scopus has a better coverage of the 
natural science and engineering research areas than WoS (Mongeon and Paul-Hus, 2016).   
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Figure 4.37 Comparison of scholarly output on groundwater and hydrogeology research available in the 
Scopus and Web of Science databases. The publication set including any terms (keywords) from the OAs, 
RTs and SCs is used to develop intersection plots in the following 

 

Societal Challenges (refer to section 2.1 
on used SC abbreviations) 

Publications 

SC1 - Health 7.786  

SC2 ς Food, Agriculture* 15.899  

SC3 ς Energy 6.324  

SC4 ς Climate, Environment, Resources 44.465  

SC5 ς Policy, Innovation, Society 13.217  

SC6 ς Transport 2606 

Table 2 Number of class 1 and 2 groundwater research publications in Scopus for each of the selected SCs 
for the period 1997-2016 (both years included). Note that documents can be assigned to more than one SC, 
so the total exceeds the size of the dataset (63248). * SC óFood and agricultureô are used for searches in 
Scopus, SC óFoodô in EIGR 

Besides the societal challenges used in the HRC-SYS classification system listed in Table 2 we also performed 
ŀƴ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ƎǊƻǳƴŘǿŀǘŜǊ ǊŜǎŜŀǊŎƘ ǊŜƭŀǘŜŘ ǘƻ ǘƘŜ ǎƻŎƛŜǘŀƭ ŎƘŀƭƭŜƴƎŜ άǎƳŀǊǘΣ ƎǊŜŜƴ ŀƴŘ ƛƴǘŜƎǊŀǘŜŘ 
ǘǊŀƴǎǇƻǊǘέΦ ¢Ƙƛǎ {/Σ ƘƻǿŜǾŜǊΣ Ƙŀǎ ŀ ǎƛƎƴƛŦƛŎŀƴǘ ƭƻǿŜǊ ǎŎƘƻƭŀǊƭȅ ƻǳǘǇut than the other SCs, and half of these 
were already included among the publications related to the other SC. It was therefore decided not to 
include this as an additional SC. Keyword co-occurrence maps for this societal challenge is provided in Figure 
4.55 and Figure 4.56.  

4.1.2.1 HRC-SYS analyses:  

DǊƻǳƴŘǿŀǘŜǊ ǊŜǎŜŀǊŎƘ ǊŜƭŀǘŜŘ ǘƻ ǊŜǎŜŀǊŎƘ ǘƻǇƛŎ άDŜƻƭƻƎȅέ όw¢пύ Ƙŀǎ ōŜŜƴ ǘƘŜ Ƴŀƛƴ ŦƻŎǳǎ ƻŦ Řŀǘŀ ǳǇƭƻŀŘŜŘ 
to EIGR as the project is initiated by the European Federation of Geologists and primarily include work 
conducted by hydrogeologist (as shown in previous section). This, however, results in a clear bias towards 
hydrogeological research for the publication information in EIGR compared to searches performed in the 
Scopus database including all research topics (Figure 4.38), which clearly demonstrate that groundwater 
research is much more diverse than indicated by the EIGR database. However, the intersection plots of RT4 
άDŜƻƭƻƎȅέ ŦƻǊ 9LDw ŀƴŘ {ŎƻǇǳǎ Řŀǘŀ Figure 4.39 both demonstrate that most groundwater research is 
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ŎƻƴŘǳŎǘŜŘ ǿƛǘƘƛƴ {/п ά/ƭƛƳŀǘŜΣ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ǊŜǎƻǳǊŎŜǎέΦ Lƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎΣ ǿŜ ŀƴŀƭȅǎe results from the 
Scopus database and show examples of groundwater research gaps identified by these analyses one by one 
for the five societal challenges applied in the EIGR classification. 

A      
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B

 

 

Figure 4.38 Comparison of scholarly output with co-occurrence between keywords of SC4 ñClimate, 
environment and resourcesò, the five main research topics (x-axis) and the five main operation actions (y-
axis) in A) EIGR and B) Scopus for the period 2007-2016 
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A) 

  

B) 
 

 

Figure 4.39 Comparison of scholarly output with co-occurrence between keywords of research topic RT4 
ñGeologyò, the five main operational actions (x-axis) and main societal challenges (y-axis) in A) EIGR and B) 
Scopus, for the period 2007-2016 
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The plot below (Figure 4.40) ŦƻǊ {/м άIŜŀƭǘƘέ ǎƘƻǿǎ ǘƘŜ ǎŎƘƻƭŀǊƭȅ ƻǳǘǇǳt (number of class 1 and 2 
publications) of papers containing at least one keyword for each of the OAs and RTs as extracted from 
Scopus. 

 

Figure 4.40 Scholarly output for SC1 ñHealthò of the different combinations of related RTs and OAs 

Figure 4.40 illustrates that there is about an order of magnitude difference between the RT and OA 
combinations with the lowest (Physics and mathematics combined with Mapping) and highest (chemistry 
combined with assessment and management) number of publications, 435 and 4894, respectively, within 
research areas related to SC1. 

This clearly demonstrates that the dominant research interest is within biology and chemistry, which is 
logical as they closely relate to health issues controlled by water quality affected by e.g. microbial and 
chemical pollutants, but it does not reveal whether any of the combination of keywords in the 25 intersection 
ŀǊŜ ŎƻǾŜǊŜŘ ǇǊƻǇŜǊƭȅΦ h!м άƳŀǇǇƛƴƎέ Ƙŀs little research compared to the four other actions. This may reflect 
that research on human health in relation to the quality of groundwater resources and the geology of 
aquifers (groundwater bodies) have a relatively little relevance for society. However, recent research and 
assessments of health issues related to the occurrence of nitrate (Schullehner et al., 2018) and arsenic in 
groundwater (Wens et al., 2016) indicate that this is a research gap where more research is required. 

The intersection plot for SC2 ς άCƻƻŘέ ƛǎ ǎƘƻǿƴ ƛn Figure 4.41. The figure illustrates that there is a factor 7 
difference in the number of publications between the RT and OA combinations with the lowest (geology and 
biology combined with Mapping) and highest (Geography combined with water supply) scholarly output, 
1615, 1635 and 11401, respectively, within research areas related to SC2. 

Considering again the fact that nitrate is the pollutant most frequently causing poor groundwater chemical 
status in Europe, and that sources of nitrate are often dominated by pollution from agriculture, the relatively 
low number of publications on biology, geology and mapping may indicate a research gap on this topic. A 
large number of European coastal waters and ecosystems have poor ecological status (EEA, 2015), but little 
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knowledge exist about where these ecosystems are linked to poor groundwater chemical status etc. This is 
supported by assessments of recent technical report from Working Group Groundwater within the Common 
Implementation Strategy for the Water Framework Directive (e.g. European Commission, 2015). The report 
state that EU member states often argue that they do not have the necessary data and understanding of 
aquatic ecosystems to be able to derive groundwater threshold values based on good status objectives of 
the Water Framework and Groundwater directives. Hence, they are not able to assess groundwater chemical 
status for nitrate for the protection of ecosystems due to a lack of the understanding of ecosystem needs 
and the link between groundwater chemical status and the ecological status of groundwater associated 
aquatic ecosystems. The same is the case for many groundwater dependent terrestrial where both poor 
quantitative and chemical status of groundwater may cause failure to meet the environmental objectives 
and ensure good ecological status for these ecosystems. This support the call for more transdisciplinary 
research between hydrogeologists and ecologists as e.g. concluded in technical reports of Working Group 
Groundwater within the Common Implementation Strategy for the Water Framework Directive (European 
Commission, 2015). 

 

Figure 4.41 Scopus data (RT, OA) plot for SC = Food. The size of the bubbles indicate the relative amount 
of data at a specific intersection, whereas the number indicates the number of available resources 

The intersections for SC3-Energy (Figure 4.42) demonstrates, that the category of Energy covers a substantial 
amount of the obtained information. The distribution of the data along the Operational Actions and Research 
Topics is relatively even. 

This means that important hits can be found at each cross-section of the the Operational Actions and 
Research Topics axes. This highlights the importance of the conducted research activity connected to energy 
issues. A research gap cannot easily be detected in this energy sheet. On one hand, this proves the 
importance of the energy topic. On the other hand, it also proves that this energy topic is very complex and 
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broad. As it was mentioned earlier, geothermal energy utilization, heat pumps, thermal water resources, 
underground waste heat storage, conventional and non-conventional hydrocarbon resources are hot issues 
in the different European countries in order to solve energy related problems. The importance of the 
Assessment and management topic with 15929 data (28 % of the total uploaded data) is clearly indicated by 
the obtained Scopus data. 

 

Figure 4.42 Scopus data (RT, OA) plot for SC3 = Energy. The size of the bubbles indicate the relative amount 
of data at a specific intersection, whereas the number indicates the number of available resources 

¢ƘŜ ƛƴǘŜǊǎŜŎǘƛƻƴ Ǉƭƻǘ ŦƻǊ ǘƘŜ {ƻŎƛŜǘŀƭ /ƘŀƭƭŜƴƎŜ п Ψ/ƭƛƳŀǘŜΣ 9ƴǾƛǊƻƴƳŜƴǘ ŀƴŘ wŜǎƻǳǊŎŜǎ ƛƴ Figure 4.43 shows 
ǘƘŀǘ ǘƘŜ h! Ψ!ǎǎŜǎǎƳŜƴǘ ŀƴŘ aŀƴŀƎŜƳŜƴǘΩ ƛǎ ŘƻƳƛƴŀǘƛƴƎ ŀŎǊƻǎǎ ǘƘŜ р wŜǎŜŀǊŎƘ ¢ƻǇƛŎǎ ǿƘƛŎƘ ŀƭǎƻ ƛǎ ǘƘŜ ŎŀǎŜ 
for the EIGR data in Figure 4.38, but where RT4 Geology was clearly very dominant for EIGR, Scopus data 
displays a more even distribution across all research topics, as expected. OǾŜǊŀƭƭΣ ǘƘŜ h! Ψ!ǎǎŜǎǎƳŜƴǘ ŀƴŘ 
ƳŀƴŀƎŜƳŜƴǘΩ Ƙŀǎ ŀ ōǊƻŀŘ ǎŎƻǇŜ ǿƘŜǊŜ ƻǘƘŜǊ ƻǇŜǊŀǘƛƻƴŀƭ ŀŎǘƛƻƴǎ ƭƛƪŜ ΨǿŀǘŜǊ ǎǳǇǇƭȅΩΣ ΨƳƻŘŜƭƭƛƴƎΩΣ 
ΨƳƻƴƛǘƻǊƛƴƎ ŀƴŘ ΨƳŀǇǇƛƴƎΩ ŀǊŜ ƳƻǊŜ ƴŀǊǊƻǿƭȅ ŘŜŦƛƴŜŘ ŀƴŘ ƛƴ ǎŜŀǊŎƘŜǎ ŎƻƴŎŜƛǾŀōƭȅ ŀƭǎƻ ŎŀǇǘǳǊŜŘ ōȅ h! 
Ψ!ǎǎŜǎǎƳŜƴǘ ŀƴŘ ƳŀƴŀƎŜƳŜƴǘΩΦ 
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Figure 4.43 Scopus data (RT, OA) plot for SC = Climate, Environment and Resources. The size of the bubbles 
indicate the relative amount of data at a specific intersection, whereas the number indicates the number of 
available resources 

CƻǊ {/ ΨtƻƭƛŎȅΣ LƴƴƻǾŀǘƛƻƴ ŀƴŘ {ƻŎƛŜǘȅΩ in Figure 4.44 the same trend is visible: the OA-р Ψ!ǎǎŜǎǎƳŜƴǘ ŀƴŘ 
ƳŀƴŀƎŜƳŜƴǘΩ ƛs dominating, followed by OA-п Ψ²ŀǘŜǊ ǎǳǇǇƭȅΩ ǿƛǘƘ ŀǊƻǳƴŘ пл ҈ ƭŜǎǎ ǊŜǎƻǳǊŎŜǎΦ Lǘ ƛǎ ŜȄǇŜŎǘŜŘ 
that OA-5 is more prevalent as this operational action is closely associated to the political and societal sphere 
of interest, more than the other more specific O!Ωǎ: water supply, modelling, monitoring and mapping, which 
ǘȅǇƛŎŀƭƭȅ ŀǊŜ ǇŀǊǘ ƻŦ ǘƘŜ ōǊƻŀŘŜǊ Ψ!ǎǎŜǎǎƳŜƴǘ ŀƴŘ ƳŀƴŀƎŜƳŜƴǘΩΦ ²ƘŜƴ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 9LDw 
based diagram it again becomes clear that almost all intersections (RT, OA) are underdeveloped and biased 
towards the EFG submitted resources with focus on geology and OA-р Ψ!ǎǎŜǎǎƳŜƴǘ ŀƴŘ ƳŀƴŀƎŜƳŜƴǘΩ 
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Figure 4.44 Scopus data (RT, OA) plot for SC = Policy, Innovation and Society. The size of the bubbles 
indicate the relative amount of data at a specific intersection, whereas the number indicates the number of 
available resources 

4.1.2.2 Bibliometric maps and co-occurrence analysis 

 

Resources are extracted from Scopus database using search strings that contain all keywords belonging to 
each of the categories (5 for each axis in Figure 3.1ύΦ CƻǊ ƛƴǎǘŀƴŎŜΣ ǘƘŜ ǎŜŀǊŎƘ ǎǘǊƛƴƎ ŦƻǊ ΨhǇŜǊŀǘƛƻƴŀƭ !ŎǘƛƻƴΥ 
²ŀǘŜǊ {ǳǇǇƭȅΩ Ŏƻƴǘŀƛƴǎ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ƪŜȅǿƻǊŘǎΥ Table XX Keywords used in combination with the baseline 
ǎŜŀǊŎƘ ǎǘǊƛƴƎ ŦƻǊ h!п ά²ŀǘŜǊ {ǳǇǇƭȅέ 

Water suppl* Abstract* Extract* Energy produc* Food Produc* Drinking water 

Mining Industr* Farm* Agricultur* Touris*  

 

The complete research strings for constructing the VOSviewer co-occurrence maps for each of the figures 
below is listed in the Appendix Table 4 

Therefore a search in Scopus for OA {Water Supply} in the period 1997-2016 is: 

TITLE - ABS-KEY((Groundwater OR òGround Waterò OR hydrogeolog*) AND (ñwater suppl*ò OR 

abstract* OR extract* OR ñenergy produc*ò OR ñfood produc*ò OR ñdrinking waterò OR mining 

OR industr* OR farm* OR agricultur* OR touris*) AND [any term from SC 1 - 5] AND [any term 

from RT 1 - 5]) AND PUBYEAR > 1996 AND PUBYEAR < 2017  
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Figure 4.45 and Figure 4.46 analyses the relation between and co-occurrence of the most important 
keywords related to groundwater and human health. The plots clearly indicate and confirm the close relation 
between groundwater pollution in general, water supply, drinking water, cancer risk, human health as well 
as the contents of certain elements such as arsenic, radioisotopes and lead, which may occur in groundwater 
both as a result of natural and anthropogenic impact. The research publications on the occurrence of arsenic 
and the related health issues are mainly related to Asia (Bangladesh and India) due to high groundwater 
concentrations of arsenic in these countries, but recent studies in the Netherlands (van der Wens et al., 
2016) indicate that this topic should be higher on the agenda in Europe, and that health benefits of reducing 
arsenic in groundwater should be evaluated at a European scale.  

 

Figure 4.45 VOSviewer density map of most frequent keywords occurring within SC1 ï Health 

The Dutch study concluded that lowering of the drinking water standard (DWS) for arsenic from 10 µg/l to 
1.0 µg/l would reduce the occurrence of cancer and related deaths significantly (van der Wens et al., 2016, 
2017). Hence, research assessing the costs and effect of reducing the DWS for As to 1.0 µg/l in Europe in 
general is highly warranted, and such research requires hydrogeological and hydrochemical assessments of 
the current groundwater content of arsenic across Europe.  

Arsenic has the strongest link to human health issues according to co-occurrence network map (Figure 4.45, 
ōŜƭƻǿ ΨŘǊƛƴƪƛƴƎ ǿŀǘŜǊΩ), while groundwater pollution in general has a weaker but still significant link to 
human health. 

In the rim of plots in Figure 4.45 and Figure 4.46 one finds e.g. 1) pharmaceuticals, drugs and pathogens in 
the top/upper periphery of the diagram;  2) fluorides, cobalt, copper, manganese and selenium in the lower, 
3) chlorine compounds and ammonia to the left and 4) carcinogens to the right. All these contaminants have 
no or few links to health-related keywords (human, world health organisation) indicating that gaps may exist 
in the knowledge and understanding of the effects of these pollutants. That a gap exists at least for some of 
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these pollutants is e.g. indicated by the growing number of highly cited research papers on groundwater and 
emerging contaminants (e.g. Lapworth et al., 2012).  

Nitrate only appears as a minor keyword in the shown plots and hence does not appear to be a prominent 
research topic in relation to human health at a first glance although nitrate is the pollutant in Europe, which 
most frequently results in poor chemical status for groundwater bodies and non-compliance with EU 
directives. Based on a very recent paper on the link between nitrate in groundwater and drinking water and 
the occurrence of colorectal cancer in Denmark (Schullehner et al., 2018), this appears to be a severe cross-
disciplinary research gap, globally. 

 

Figure 4.46 VOSviewer network map for SC1-Health showing co-occurrence and links between most 
important keywords 

 

Figure 4.47 and Figure 4.48 show that the most frequently occurring keywords of SC2 are agriculture, 
irrigation, water quality, groundwater pollution and nitrate. Showing that both groundwater quantitative 
and chemical status are important research topics related to food security and sustainable agriculture. 
Agriculture, nitrate, ecosystem and wetland all occur quite centrally indicating that more research and 
knowledge in relation to nitrate and ecosystems than indicated by the previous figure may exist. However, 
nitrate or nutrient loads are not among the most frequent keywords indicating that the link between 
groundwater chemical status, nitrate and nutrient loads in rivers and further the nutrient loadings to the 
associated ecosystems in lakes (surface waters), transitional and marine waters are not properly understood 
and covered. This supports the conclusions of the Technical Report on groundwater associated aquatic 
ecosystems published by the European Commission (European Commission, 2015) that a gap exists on this 
research topic.  
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Figure 4.47 VOSviewer density map of most frequent keywords occurring within SC2 ï Food 

 

Figure 4.48 VOSviewer network map showing co-occurrence and links between most important keywords 
within SC2 ñFoodò 

 

Figure 4.49 and Figure 4.50 indicate that the most frequently occurring keywords of SC3-Energy are 
hydrogeology, geothermal energy, geothermal flow, geothermal fields, groundwater pollution, groundwater 
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resource, energy resource, water supply, soil, environmental monitoring and carbon dioxide. These 
keywords clearly reflect the international tendencies of how energy related issues and challenges are 
connected to groundwater resources. Geothermal energy prospecting and utilization are in close 
relationship with groundwater resources if renewable energy is cited. There are many regions all over the 
world where the natural conditions are favorable to produce geothermal energy. Hydrothermal systems 
cannot be operated in a sustainable manner without the proper knowledge of hydrogeology and reliable 
monitoring. It is also a well-known fact that energy production can cause environmental pollution in many 
cases reaching even the subsurface media and groundwater resources. This is the reason why strong 
connections were revealed among energy and groundwater and soil pollution. There are innovative solutions 
how groundwater treatment and soil remediation can be effective and reliable. The utilization of thermal 
water resources, geothermal energy and the increasing number of heat pumps for the heating of houses and 
buildings can support to reduce the human carbon dioxide emission and the carbon footprint. Although 
traditional carbon-based energy supply is still very important, that dominance of the research activity has 
been shifted to the direction of renewable energy resources all over the world. This tendency can be also 
recognized in the co-occurrence analysis of the keywords connected to the energy. 

 

 

Figure 4.49 VOSviewer density map of most frequent keywords occurring within SC3 ï ñEnergyò 


































































































