e

Kk
*
* *
* K
European
Commission

ISSN 18319424

CLEAN ENE]
TECHNOLC
OBSERVARIM




This publication is a Technical report by the Joint Research Centre (JRC), the European Commission’s science and knowledge service. It aims

to provide evidencéased scienfic support to the European policymaking process. The contents of this publication do not necessarily
reflect the position or opinion of the European Commission. Neither the European Commission nor any person acting orf liedalf o
Commission is respondibfor the use that might be made of this publication. For information on the methodology and quality underlying
the data used in this publication for which the source is neither Eurostat nor other Commission services, users shoutditentéerenced
source. The designations employed and the presentation of material on the maps do not imply the expression of any opingnewdrat

on the part of the European Union concerning the legal status of any country, territory, city or area or of its authont@s)cerning the
delimitation of its frontiers or boundaries.

Contact information

Name:Eulaerts Olivier

AddressEuropean Commission1049 Brussels- Belgium
Email:olivier.eulaerts@ec.europa.eu

EU Science Hub
https://jointresearchcentre.ec.europa.eu

JRC135619
EUR 31807 EN
PDF ISBN 97892-68-11357-8 ISSN 18319424 doi:10.2760/711 KJINA31-807-ENN

Luxembourg: Publications fitfe of the Europan Union, 2024

© European Union, 2024

()

The reuse policy of the European Commission documents is implemented by the Commission Decision 2011/833/EU of 12 Deckinber 20
on the reuse of Commission documents (OJ L 330, 14.12.2011, p. 39). Uatesswise noted, the reuse of this document is authorised
under the Creative Commons Attribution 4.0 International (CC BY 4.0) licktipe:{/creativecommons.org/licenses/by/%.0’his means

that reuse is allowed provided appropriate credit is given and any changes are indicated.

How to cite this report: Eulaerts, O.D., Grabowska, M. and BergamiBariy.stage technologies in the field of Ener&yblications Office
of the European Unior,uxembourg, 2024doi:10.2760/711, JRC135619.


https://joint-research-centre.ec.europa.eu/
https://creativecommons.org/licenses/by/4.0/

Contents

Abstract................ RPN
Executive Summatry................ SR S
Foreword on the Clean Energy Technology Observatary.......... 4
Acknowledgements................ SR - S
1. Introduction................. B........
1.1 Technology foresight............... B......
1.2 Methodology................. SR AR
2. Description of the Weak signals related to Energy............ 15...
2.1 Weak signals related to Batteries.............. 15..
2.2 Weak signals related to Biomass.............. 22...
2.3 Weak signals related to Carbon Capture, Utilisation and Storage.......... 2o,
2.4 Weak signals related to District Heating.............. 2
2.5 Weak signals related to Ener@torage................. LS T
2.6 Weak signals related to Geothermal............. ST i S
2.7 Weak signals related to Ocean Energy............. et e 1 34........
2.8 Weak signals related to Photovoltaics.............. et mm—— 34.......
2.9 Weak signals related to Renewable Fuels............ .38.......
2.10 Weak signals related to Smart Grid.............. S 0 B
2.11 Weak signals related to Solar Fuels............. S
2.12 Weak signals related to Wind Energy............. et e 1 44........
2.13 Miscellaneous weak signals.............. A5
3. Discussion................ 49......
4. Conclusions................ 56.....

5. List of acronyms................ B AU
5. Annexes............... DB
Annex 1: List of wak signals with search query............... h3....
Annex 2: List of all raw weak signals reconstructed in TIM Technalagy.......... .B63.......

Annex 3- RTA by country for weak signals (by CETO categories)......... [P . A




Abstract

Within the context of the Clean Energy Technology Observat@rgmerging technologies related to
Energy have been detected using a hybrid approach that combines text mining with expert knowledge.
The report providesa concise description of these 7Technologies, includingey indicators.
Furthermore, the report inctles a short analysis outlining the involvement of public and private
entities, patenting activity, and theelative performance of major economies (EUS, CN, KR,)JR

these emerging technologies.



Executive Summary

Detecting and understanding emergingdhnologiesenables policymakers to make informed
decisions about regulation, fundirglocation and strategic planningSuch foresight activity allows
them to create a policyframeworkthat is conducive to the development anddespreadadoption of
thesetechnologiesConsidering the potential of certain technologies to significally alter the economic
landscape and disrupt markets, establishing a sowegdulatory evironmenis crucial as it can support

the creation of new business and job opportunitiesnd drive economic growth and competitiveness

in the global marketlt is equally important for policymakers tanticipate and address the broader
implications of these technologies, including ethical considerations, societal impact, environmental
sustairability, and public health and safetgoncerns.Additionally, energing technologiescarry
significant implications fornational and EU security and are pivotal in maintaining Europe’s
technological sovereigntgy addressing these complex challenges frtime onset policymakers can
strike a balance that promotes technological advancement while ensuring the welfare and security
of society.

For the present exercise, process that integrates the JRC TIM Technology software with expert
knowledgewas used Ths approachinvolves the use of customized text mining and keyword
extraction techniques, as well as novelty indicatais identify technology weak signals from two
document corpuses: the Scopus database of scientific publicatfoo® Elsevierand the Péastat
database of patents from the European Patent Office, both from 1996 onwards. Throughout the
process, expert knowledge was leveraged to enhance the recall of relevant documents related to the
identified tedinologies and validate the listf potential weak signals.

As a result of this process{7 early stage technologiegelated to the field of Energyhave been
detectad and are presented in this reporEnvironmental considerations and the transition to
renewable energy sourceappear todrive the development ofmost of the identified early stage
technologiesas many of thesedirectly relate toenergystorageand to photovoltaics.

The analysiseveak that public research organisations playcaucialrole infundamental research on
theseearly stage technologiess evidenced by their prominent contribution to scholarly publications.
As these technologies mature and progress towatlas patentingphase the engagement of private
companies increases, aseflected by their larger share of ptent filings. When it comes to
specialization, lie revealed technological advantagdRTA) indéxindicates that Europe is more
specialized in areas such as carbon capture, sequestration and utilization, district heatingiadd w
energy compared to other rajor economiesAt the same time,Europeanorganisationsare less
focused onR&Din technologies related tbatteries, geothermal energy, solar fuels, energy storage
and smart grids as evidenced by fewer patents and scientific publications, and lower iRGeX
values In contrast,China aad South Koreamerge as frontrunnersn most of these technologies
whereas Japarand, surprisinglythe US, do not showigh levels of specialition in any category

A dashboardhas been set up in TIM Technology to allow further exploration of Ziiecarly stage
technologies.

1 This index is adapted from the OECD definition of the RTA and gives an indication of the relative specialisation
of a country in a weak signal. See point 5 page 13 for more details.

2 http://www.timanalytics.eu/TimTechPublic2/dashboard/index.jsp#/space/s2185?ds=298852
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Batteries
Aluminium suflur
Agueous zinc
Dendrite-free lithium ion batteries
Dual ion
Flexible zinc ion
Human-robot recycling
Potassium metal
Lithium CO2
Lithium argyrodite
Magnesium sulfur
Multivalent ion
QOrganic flow
Quasi-solid-state lithium-metal
Retired batteries
Small molecule organic cathode
Zinc graphite
Zinc air
Zinc CO2

Geothermal energy
Deep borehole heat exchanger
Hybrid nanofluid
Medium deep geothermal eneregy

Miscellaneous
Interfacial solar evaporation
Hemispherical solar distiller
Microgrid island clusters
Lacustrine shale oil
Energy injustice
Levelized cost of hydrogen/heat/storage

Ocean energy
Triboelectric nanogenerator

Biomass
Chemical looping gasification

Carbon Capture, Utilization, Sequestration
Blue hydrogen
Deep eutectic solvents

Photovoltaics
Agrivoltaics
Bifacial perovskite solar cell
Hydrovoltaics
Indoor organic PV
Offshore solar power
Perovskite/silicon tandem solar cells
Ternary organic photovoltaics
Tin perovskite solar cells

Vehicle integrated PV

District heating
5th generation
Digital twin
Urban building energy

Energy storage
Agqueous hybrid supercapacitors
Agqueous supercapacitors
Cloud energy storage
Compressed CO2
Electrochromic storage
Geological hydrogen storage
Hydrogen in aquifers
Liguid organic carrier for hydrogen
Metal foam phas change materials
MOF-based supercapacitors
Mxene supercapacitors
Nanoencapsulated phase change materials
Polyetherimide
Potassium hybrid capacitors
Potassium hybrid supercapacitors
Shared energy storage
Shell-and-tube thermal storage
Zinc hybrid supercapacitors

Solar fuels
Covalent organic framework
PEC reduction of CO2
Photocatalytic CO2 reductio
S scheme heterojunction catalysis
Z scheme heterojunction catalysis

Renewable fuels
Cold direct ammonia fuel cel
Direct seawater electrolysis
sustainable ammonia
Sustainable aviation fuel

Smart grids
Blockchain
Edge computing
Electricity theft detection
Machine learning
Internet of things

Wind energy
Wake steering
Fast frequency support




Foreword on the Clean Energy Technology Observatory

The European Commission set up the Clean Energy Technology Obsei(EEI@n 2022 to help
address the complexity and mulfaced character of the transition to a climataeutral society in
Europe. The EU’s ambitious energy and climate policies create a necessity to tackle related challenges
in a comprehensive manner, recognizing the importané riar advanced technologieshovation in
the process.

CETO is a joint initiativef the European Commission Joint Research Centre (JRG)yumrthe
observatory, and Directorate Generals Research and Innovation (R&l) and Energy (ENER) on the policy
side.lts overallobjectives are to:

- monitor the EU research and innovation activities on clean energy technologies needed for the
delivery of the European Green Deal

- assess the competitiveness of the EU clean energy sector and its positioning in the global energy
market

- build on existing Commission tudies, relevant informatiokhowledge in Commission
servicesagencies, the Low Carbon Energy Observatory (22020)

- publish reports on the Strategic Energy Technology PEifPlar) online platform

CETO providea repository of techneand socieeconomic data on the most relevant technologies
and their integration in the energy system. It targets in particular the status and outlook for innovative
solutions as well as the sustainablmarket uptake of both mature and inventive technologies. The
project serves as primary source of data for the Commission’s annual progress reports on
competitiveness of clean energy technologidisalsosupports the implementatiomnd development

of EU research and innovation policy.

The observatorproduces a series of annual reports addressing the following themes:

- Clean Energy Technologya8is, Value Chains and Market: covering advanced biofuels, batteries,
bioenergy, carbon capture utilisation and storage, concentrated solar power and heat, geothermal
heat and power, heat pumps, hydropower & pumped hydropower storage, novel electricity and
hea storage technologies, ocean energy, photovoltaics, renewable fuels ofiangical origin
(other), renewable hydrogen, solar fuels (direct) and wind (offshore and onshore).

- Clean Energyechnology System Integration: buildinglated technologies, dital infrastructure
for smart energy system, industrial and district heat & cold management, standalone systems,
transmission and distribution technologies, smart cities and innovative energy carriers and supply
for transport.

- Foresight for Future Clean Ergy Technologs using Weak Signal Analysis
- Clean Energy Outlook#nalysis and Critical Review

- System Modelling for Cn Energy Technology Scenarios

- Overall Strategic Analysis @lean Energy Technology Sector

More details are available on th€ETQveb pages
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1. Introduction

1.1 Technology foresight

Technologyforesight plays a crucial role in identifyingpew emerging technologies thatave the
potential to reshape odisrupt society andnarkets. In an era marked byaccelerating technological
change and hyperconnectivity, early awarereof disrupting technologies and ofiew scientific
breakthroughs is of strategic importance for thenely development of innovatio policies aimed at
promoting bdh a stable business environment and a safe, secure society for citZéngarly
technology awreness is especially relevant in the context of Energy and Climate policies, the
effective design and implementation of which might be disrupted by shiftsthe technological
frontier®.

Proactively shaping policies not only guides and frames the devaka of emerging technologies
but can also catalyze the generation of new knowledge andrkets andincrease EU technological
sovereignty In the context of Energy and Climate policies, it hélpto achieve decarbonization goals
and to establish a sugtinable and resient energy future for the EUTo noone’s surprise forward-
looking initiatives have increasingly played a pivotal role in pelitgking processes since the 1990s
Among other methods, technology foresight has gainaebstantialmomentum and now holds a
central position insupportng policymaking mechanismsparticularlyin areasheavily impacted by
the rapid evolutionof newtechnologies and innovations.

Many techniques can be applied to perfotachnology foresight from interactive and creative
processes involvingcientists, technologists, futurologistsy other experts to sophisticated data
analytics processedn the last decads, there has beergrowinginterest among academics in the
identification of emergig technologies through the use of dataBibliometrics techniquesre often
used in that context as thegnable researchers to explore, organize and analyse large amounts of
data to identify ‘hidden patterns®. These techniquesapply mathematical and stastical methods to
scientific publications, books and other metliand are used extensively in the quest for detecting
emerging technologies®®.

Other scientometric approaches use for example patent databases to detect the emergence and
maturation of techmlogies*'®, text mining of online news articles from the Wéb network

3 Bakhtin, P., Saritas, O., Chulok, A. etal. Trend mon itoring for linking science and strategy
Scientometric s 111, 2059 i 2075 (2017).

4 Martin, B.R. , Technology Analysis & Strategic Management, Volume 7, Issue 2, 1 January 1995, Pages 139 -
168, Fores ight in Science and Technology.

5 Henry Small, Kevin W. Boyack, Richard Klavans, Identifying emerging topics in science and technology,

Research Policy, Volume 43, Issue 8, 2014, Pages 1450 -1467.

6 OECD, Energy and Climate Policy: Bending the Technological Trajectory, OECD Studies on

Environmental Innovation, OECD Publishing (2012)

7 Martin, B. R. (1995). Foresight in science and technolog y. Technology Analysis and Strategic Management,

7(2), 139 i 168.

8 I. Miles, The development of technology foresight: a review, Technol. Forecast. Soc. Change, 77 (9) (2010),
pp. 1448 -1456 .

9 Rotolo, D., Hicks, D., & Martin, B. R. (2015). What is an emergin g technology?. Research policy, 44(10),
1827 -1843.

10 M.J. Norton, Introductory concepts in information science ; Information Today Inc., for the American Society
for Information Science, Medford, NJ: 2000, v, 127, [3] pp.

11 Pritchard A., Statistical biblio graphy or bibliometrics?, Journal of Documentation, 25 (4) (1969), pp. 348 -349

12 John Mingers, Loet Leydesdorff; A review of theory and practice in scientometrics, European Journal of
Operational Research,Volume 246, Issue 1, 2015, Pages 1 -19.

13 Abercrombie, R.K., Udoeyop, A.W. & Schlicher, B.G. A study of scientometric methods to identify emerging
technologies via modeling of milestones. Scientometrics 91, 327 1342 (2012).

14 Changyong Lee, Ohjin Kwon, Myeongjung Kim, Daeil Kwon, Early identificat ion of emerging technologies: A
machine learning approach using multiple patent indicators, Technological Forecasting and Social Change,
Volume 127, 2018, Pages 291 -303.

15 Liu, S. J., & Shyu, J. (1997). Strategic planning for technology development with pa tent analysis. International
journal of technology management, 13(5 -6), 661 -680.

16 Janghyeok Yoon, Detecting weak signals for long -term business opportunities using text mining of Web news,
Expert Systems with Applications, Volume 39, Issue 16, 2012, p. 12 543 -12550.



analysis’*®, the use of information extracted fronthe internet?, other alternative data sources like
social medi&’, or mixed approaches e.g. combining citations indicators and couanlafie clicks on
scientific publications platforms to determine the prominence of scientific toptés

The JRCinitiated the development of an in-house quantitative process for technology foresight
2018%24%, This datadriven approachis designed to identifyearly sgns of emerging technologies
and scientific developmentsoften calledweak signal®) using a mix of text mining techniques and
scientometric indicatorglerived froma corpus of peetreviewed scientific publicationgpatents and

EU R&D projects®*. Methods to extract weak signals and predict the emergence of new
technologiesbased on text mining techniquesemain subject of ongoing exploration within the
academic communityfor examplewith some recentattempts at developig predictive modelof
emergence based on thanalysis of keywords occurenae/er time®,

1.2 Methodology
1.2.1 Data

Two sets of data have been used tietect early stage technologiescientific publicationgScopus
database of scientific publicationfom Elseviet* dating 01/1996 to 04/2023) and patents (Spring
2023 edition of Patstat? from the European Patent Offige The underlyingassumption is that
promisingtechnological developmesrin a specific domain are typically accompanied by a noticeable
surge in the number ofscientific publicationsor patentsfillings (as illustrated in Figurel). When
signals are reconstructed in TIM Technology (&eeonstruction in TIM” below), a third database is
used in addition to Scopus and PatstaCordi&, the repository of EU funded R&D projects and
activities

17 Huang, L., Chen, X., Ni, X., Liu, J., Cao, X., & Wang, C. (2021). Tracking the dynamics of co  -word networks
for emerging topic identification. Technological Forecasting and Social Change , 170, 120944.
18 Fefie Dotsika, Andrew Watkins, Identifying potentially disruptive trends by means of keyword network analysis,
Technological Forecasting and Social Change, Volume 119, 2017, p.114 -127,I1SSN 0040 -1625,
19 Dirk Thorleuchter, Dirk Van den Poel, Weak signal identification with semantic web m ining, Expert Systems
with Applications, Volume 40, Issue 12, 2013, Pages 4978 -4985, SSN 0957 -4174.
20 X. Zhou et al., "Identifying and Assessing Innovation Pathways for Emerging Technologies: A Hybrid Approach
Based on Text Mining and Altmetrics," in IEEE Transactions on Engineering Management, vol. 68, no. 5, pp.
1360 -1371, Oct. 2021.
21 https://joint -research -centre.ec.europa.eu/system/files/2018 -06/fta2018 -paper -b3-rota.pdf
22 Alan L. Porter, Denise Chiavetta, Nils C. Newman, Measuring tech emergence: A ¢ ontest, Technological
Forecasting and Social Change, Volume 159, 2020.
23 Eulaerts O., Joanny G., Giraldi J., Fragkiskos S., Perani S., Weak signals in Science and Technologies - 2019
Report, EUR 29900 EN, Publications Office of the European Union, Luxembou rg, ISBN 978 -92-76-12386 -6.
24 Eulaerts O., Joanny G., Perani S., Weak signals in Science and Technologies 2019 - Analysis and
recommendations, EUR 30061 EN, Publications Office of the Eur opean Union, Luxembourg.
25 Eulaerts et al, Weak signals in Science an d Technologies 1 Weak signals in 2020, EUR 30714 EN, Publications
Office of the European Union, Luxe mbourg.
26 Mari Holopainen, Marja Toivonen, Weak signals: Ansoff today, Futures, Volume 44, Issue 3, 2012, Pages 198 -
205,
27 G. Joanny, S. Perani, O. Eulaerts, Detection of disruptive technologies by automated identification of weak
signals in technology development. Proceedings of the ISSI, International Society for Scientometrics and
Informetrics (2019), pp. 2644 -2645.
28 A. Moro, E. Boelman, G. Joanny, J.L. Ga rcia, A bibliometric  -based technique to identify emerging photovoltaic
technologies in a comparative assessment with expert review, Renewable Energy, 123 (2018), pp. 407 -416
29 A. Moro, G. Joanny, C. Moretti, Emerging technologies in the renewable energy se ctor: a comparison of expert
review with a text mining software, Fut ures, 117 (2020).
30 Taehyun Ha, Heyoung Yang, Sungwha Hong,Automated weak signal detection and prediction using keyword
network clustering and graph convolutional network, Futures, Volume 152, 2023.
31 https://www.elsevier.com/solutions/scopus
32 https://www.epo.org/fr/searching -for -
patents/business/patstat#:~:text=PATSTAT%20vous%20aide%20%C3%A0%20effectuer,juridiques%20en
%20mati%C3%A8re%20de%20brevets.&text=PATSTAT%20contient%20des%20donn%C3%A9es%20brev
ets,grands% 20pays%20industriels%20et%20d%C3%A9velopp%C3%A9s
33 https://cordis.europa.eu/fr
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https://cordis.europa.eu/fr

1.2.2 TIM Technology

The software used for the present exercise, created and developed by the JRC, ishamaed
monitoring system called TIM Technologhis systenintegrates science, technology and innovation
data from several data sources including Scopus, PATSTAT and Cordis. This platform is designed
track the development oboth established and emerging technologiessing semantic analysis,
robust data minig, and sophisticated data visualization techniques. TIM Technology assesses activity
levels, such as R&Mrticles and patents, and uncovers collaboration patterns and technological
evolution. It has the capability to track the progression of keywords dirae and across different
domains. Additionally, TIM employs network analysis to detect events related to technology change
by identifying, clustering, and visualizing intricate relationships and connections among topics,
institutions, and countries or régns.

1.2.3 Detection of raw weak signals

The detection of weak signal®lieson a textmining generated dictionary of mukivords concepts
which is built using theorpus of scientific publications and patent documentgieved from Scopus

and Patstatrespectively Single and compaend words as well as acronymare extractedfrom the

title, abstractand keyword fields in the reference corpus. To capture the most recent vocabulary used
in scientific publications, documents from the last seven years (2@B2023) of the Scopus
database (~12 million scientific publications) are used to compile the dictionEimng extracted words

are subsequently processed to group instances of the same conceptove inconsistenciesich as
spelling or wording variationsank the concepts by relevanaesing a modified TFIDfmethod,and

store them in the dictionary. For the present exercise, the resulting dictionary was composed of around
8 millions concepts. A similar process is appligrithe corpus of patents, using thiast 5 yearsof
Patstat to build the dictiaary.

This dictionary is used to build document collections througi tomplementary processes. In the
first one,referred to asthe “large process”, all keywords from the dictionnargre used in individual
search queriedo build collections of documents that are then ranked and selected according to
various indicatorsin the second processeferred to asthe “targetedprocess”’, targeted searchesre
made directly in TIM Technology tbuild specific colleions of documents that are then explored
through various functionalitiesSignals detectethroughthesetwo processes are then reconstructed
in TIM technolog for final validation.

1.2.3.1 “Large” process

Eachkeywordcontained in the above describatictionary is used in an automategemanticquery
process that builds an equivalent number dbcument collectionsEach query retrieves scientific
publicationspatents and EUfunded projectsdating from 01/1996 to 04/2023%.

A custombuilt indicator called "activeness" is then used itank the datasets obtained by the
automated query process. This indicator is defined as the ratio between the number of documents
retrieved for a certain period and the total number of documenttrieved for the full period

34 Term Frequency, Inverse Document Frequency is a measure of importance of a word/concept to a document
in a collection or corpus, adjusted for the fact that some concepts appear more frequently . For each of these
concepts, the Inverse Document Frequency (IDF) is calculated:

IDF = log (number of documents with the concept / total number of doc uments)

The idea behind the IDF calculation is that more weight is given to the terms that are rarer. In TIM Technology,

a ranking is then calculated as follow: Ranking = frequency x IDF x mod_field

where frequency is the number of times the concept appear s in the dataset and mod_field is a modifier that gives

more or less weight to the terms depending on where they are found (title, abstract or keyword). In this specific

case, the modifier is calculated as follows: Title: 1 Abstract: 0.5 Keyword: 2 This is made so that the more
Ai mportanto words are attributed a higher rank.

35 https://knowledge4policy.ec.europa.eu/text -mining/tim_technology_editor_en

36 Detecting weak signals implies looking into the past to verify novelty.



01/1996-04/2023%". A high actveness score means that a higtercentage ofthe documentsin the
dataset have been publised during the selected period.c#veness indicatorcoveringdifferent
periods are used to detect raweak signals in Scopus and Patst&t Theunderlyingassumption is
that datasets of scientific articles or patents with a high activenessoreare related to emerging
topics in science or emerging technologies.

Another type of indicator, called “coverage” is used to isolate raw weak signals on specific topics. This
indicator is defined as the percentage of documents in whickpacifictext value appears in specific
fields, such as title, abstract, journal categories, Cooperative Patent Classification (@RS) The
coverage indicator thus allows to prioritize raw weak signhals that exhibit a certain threshold of
relevance, as determined by the occurrencesefected keywordsFor instance, in a scenario where
the focus is on advancements in photovoltaic tectogy, the coverage indicator can be calibrated to
highlight only those signals where at least 50% of the documents feature the term "photovoltaic”
within their titles. The outcome of the large process consists of lists of document collections ordered
by activeness, which serve as the raw data to identify raw weak signals.

Figure 1: Typical shape of a weak signal on a graph #documentsaKi) Vs years (6xis).The graphic shows the
distribution of documents with time for a document collection in TIM Technology for “S scheme heterojunction catalyst”.
The sudden increase of the number of scientific articles over the last years indicates emerdemaee: TIM Thaology,
search query: topic:("s scheme heterojunction"~2)

Yearly Distribution

——
B S S S S S S T T TR i S
e P . A .

Article [l Book chapter [l Conference proceedings [l Review

1.2.3.2 “Targeted” process

In this process,argeted semanticsearchesare madein TIM Technology to collect a maximum of
documents foreachspecific topic. The selection of potenti@w weak signals isnade byanalysing
lists of extracted keywords rankedby activenesq2020-2023], for each of the datasetsSome of the
specific topics covered by CETO have also been used dirextlydak signals detection (seables

1 and 2below).

Variots types of keywordsre available in TIM Technology andn be used to deteciveak signals
Author keywordsbut alsokeywords calculated with the following algorithmeatomatic KWKPminer,

37 For exampl e, theindicator activeness[2020 -2022 ]corresponds to the ratio [#documents published during the
period 2020 -2022 ]/ [#documents publi shed during the period 1996 -2022 ]

38 An activeness indicator for patent is usually slightly shifted to the past to account for the 18 month s grace
period inherent to the patent process e.g. activeness 18 -20 will be used for analysis made in 2021



TextRank, PositionRank, YdRak& 404142434445 The selection of potentialaw weak signals is made

by evaluatingthe activeness indicatofor the various keywordsfor each of thetargeted semantic
search The implementation of sophisticated keywords extraction algorithms like KPminer, Textrank,
Positon Rank, Yake and Raladlowed to reduce the noisén the lists of calculated keywordée.g.

stop words, ambiguous words, jargons pecific words, fluff words, filler phrases, misspelings). In
particular, the TextRaniind PositionRank methods significantiecrease the level of noise, which
facilitates the analy$s and selection of potential weak signals.

Theoutcomeof the targeted processconsists inlists of keywordsordered by activenesswhich are
then reconstructed in TIM Technology amdiewed by analysts to isolate raw weak signals.

1.2.3.3 Additional focused searches

To further detect potential raw signalseveral additionatargeted searches have also beemadefor
some subtopicsthat have beendetected during the analysis of th@otential raw weak signals
obtainedby the two processeg.g. solidstate batteries @ termochemical energy storage (table).3
The Ists of keywords are then reviewed using the activeness indicator to detect the most novel
concepts for each document cotiton, and each potential weak signal is reconstructed in TIM
Technologyor further analysis and validation

1.2.3.4 Processes and searches

Thethree tables below list the searches and type of processes that have been used tothailditial
set of 280 raw weak signalgsee annex 1 for this list)lEmerging technologies suggested by JRC
experts have also been added to the list of potential raw weak signals.

®RAEmerging technologies in the renewable energy sector: A compar.i
softwareodo, Al berto Mor Ohyistigd Morettit Faitures&/olume HLH, A0R0, 102511, ISSN 0016 -
3287.

“APositionRank: An Unsupervised Approach to Keyphrase Extraction f
and Cornelia Caragea, Computer Science and Engineering, University of North Te Xxas, USA. 0
https://www.cs.uic.edu/~cornelia/papers/acl17.pdf

41 fBringing Order into Texts 0, Rada Mihalcea and Paul Tarau, Department of Computer Science, University of
North Texas https://ww  w.researchgate.net/publication/200042361_TextRank_Bringing_Order_into_Text

42 fBiased TextRank: Unsupervised Graph -Based Content Extraction 0, Ashkan Kazemi, Veronica Perez  -Rosas,
Rada Mihalcea, Department of Computer Science & Engineering, University of Mic higan, Ann- Arboro
https://arxiv.org/abs/2011.01026
4 fiKP-Miner: A keyphrase extraction system for English and Arabic documents 0, SamhaaR. El -Beltagy a, Ahmed
R a f e-alrformation Systems, Volume 34, Iss ue 1, March 2009, Pages 132  -144
4 RYAKE! Keyword extraction from single documents using multiple local features 0.
Ricardo Campos, Vitor Mangaravite, Arian Pasquali, Alipio Jorge, Célia Nunes, Adam Jatowt
Information Sciences 509 (2020) pages 257 1289 »
% fAutomatic Keyword Extr ac ocuneents. Text Mimng! Apglicatonsdindarheonp 1 0 ;Rose,
Stuart & Engel, Dave & Cramer, Nick & Cowley, Wendy. (2010): - 20.10.1002/9780470689646.ch1.
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Table 1: Processes andearchesusedfor detecting raw weak signals using scientificiblications.

Topic
Advanced Biofuel
Battery
CCUS
biomass

geothermal

renewable fuels
energy storage
smart grid
district heating
ocean energy
Hydropower
PV
Wind
Bioenergy
Energy

Energy

Detection of weak signals using Scientific Publications

Process
targeted search
large process
targeted search
large process

targeted search

targeted search
targeted search
targeted search
targeted search
targeted search
large process
large process
large process
large process
large process

large process

Search
topic:("advanced biofuel”) AND source:scopus
coverage "battery” on field description
topic:("carbon capture” OR CCUS) AND source:scopus
coverage "biomass" on field description
topic:("geothermal power"~2 OR "geothermal electricity"~3 OR
"geothermal heating"~2 OR "geothermal energy” OR "geothermal direct
use") AND source:scopus
topic:("renewable fuels") AND source:scopus
topic:("energy storage") AND source:scopus
topic:("smart grid") AND source:scopus
topic::("district heating") AND source:scopus
topic:("ocean energy") AND source:scopus
coverage "hydropower" on field description
coverage "photovoltaics” on field description
coverage "wind" on field description
coverage bioenergy on field "description”
coverage energy on field "description”
coverage "2100;2101;2102;2103;2104;2105" on field "scopus journal
categories”

Table 2: Processesind searchesusedfor detecting raw weak signals using patents.

Advanced Biofuel
Battery
CCus

biomass

geothermal
renewable fuels
energy storage
smart grid
district heating
ocean energy
Hydropower
PV
Wind
Bioenergy
Energy

Energy

Detection of weak signals using Patents

targeted search
large process
targeted search

targeted search

targeted search
targeted search
targeted
targeted
targeted
targeted
large process
large process
large process
large process
large process
large process

topic:("biofuel") AND source:patstat
coverage battery on field "description”
topic:("carbon capture” OR CCUS) AND source:patstat
topic:(biomass AND (energy OR power) AND (production OR generation))
AND source:patstat
topic:("geothermal”)
topic:("renewable fuels") AND source:patstat
topic:("energy storage") AND source:patstat
topic:("smart grid") AND source:patstat
topic::("district heating") AND source:scopus
topic:("ocean energy") AND source:patstat
coverage hydropower on field "description”
coverage photovoltaics on field "description”
coverage Wind on field "description”
coverage bioenergy on field "description”
coverage energy on field "description”
coverage "Y02E" on field "CPC classes”
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Table 3: search queries for sutopics.

Search queries for subtopics

Subtopics Search queries
Air energy storage topic:("air energy storage"~2)
Biofuel feedstock topic:("biofuel feedstock"~4)
topic:("biomass heat production"~5 OR "biomass heat generation"~5 OR " biomass power production"~5 OR "biomass power
Biomass in energy generation"~5 OR "biomass electricity production"~5 OR "biomass electricity generation"~5 OR "biomass heat and power"~3 OR

"biomass chp production"~5 OR "biomass chp plant"~2 OR "biomass energy source"~3 OR "biomass energy production"~3)
Compressed Air Energy Storage  topic:("Compressed Air Energy Storage"~2)

Concentrated solar power topic:("concentrated solar power" OR "solar thermal electricity")

Deep geothermal topic:("deep geothermal”)

Energy storage supercapacitors  topic:("energy storage supercapacitors"~2)

Heat pumps topic:("heat pumps") AND emm_year:[2012 TO 2023]

High-performance supercapacitor topic:("high-performance supercapacitor")

Hydrogen storage topic:("hydrogen storage" OR "H2 storage") AND emm_year:[2012 TO 2023]

Organic Rankine cycle topic:("Organic Rankine cycle")

Photovoltaic waste topic:("photovoltaic waste"~2 OR "PV waste"~2 OR "solar waste"~1 OR "photovoltaic recycling"~2 OR "PV recycling"~2)

topic:((renewahle AND fuel) AND (RFNBO OR "non biclogical" OR electrofuel OR "electro fuel” OR "synthetic fuel” OR "recycled
carbon fuel” OR efuel OR "e-fuel" OR ammonia OR "e-alcohol" OR "synthetic alcohol” OR "e-diesel" OR "synthetic diesel" OR "e-

Renewable fuels gasoline" OR "synthetic gasoline” OR "synthetic petroleum" OR "e-methane" OR "e-jet" OR "e kerosene" OR "synthetic kerosene"
OR "e-butanol" OR "synthetic butanol” OR "e-methanol" OR "synthetic methanol" OR "e-ethanol" OR "synthetic ethanol" OR "e-
ammonia" OR "synthetic natural gas" OR "synthetic methane"))

Renewable fuels 2 topic:("renewable fuels")

Smar grids ti:("smart grid") AND emm_year:[2012 TO 2023]

Smart energy topic:(("smart energy"~1 OR "smart grid") AND ("digital infrastructure” OR "IT infrastructure" OR "ICT infrastructure"))
Smart grid topic:(blockchain AND "smart grid")

Solar fuel topic:("solar fuel")

Solid state batteries topic:("solid state batteries")

Thermo chemical energy storage topic:("thermo chemical energy storage"~2 OR "thermochemical energy storage"~2)

1.2.3.5 Reconstruction of raw weak signals in TIM Technology

Toarrive at the final selection of weak signalsew sets of documentsre created foreach ofthe
280 promising raw weak sigra in the TIM Technology systemvhich, in addition to scientific
publicationsand patents also contains EU R&D granthis phase involves extensive manual wask
well as expet validationto maximize the recall of relevant documentghis irvolvesoptimising the
search queries to increase the recall of documehyse.g.including synonyms and alternative wording
that are commonly used within the fielcind to further validatethe list of signalsby analysing the
documents they containBecause of the semantic nature of the process, it may be that what was
initially identified as a weak signal appears in aéity to be a strong signale.g.a well-established
trend or along-known issue. For example, a new term @emantic conceptan appear in the context
of a technologyafter a few years creating the appearance of novelty although the teclogy itself

is not new. False positives can also include typographical errors or neéexeto specific conference
names.Domain knowledgean beused to enrich the search queries for a particular scientific area or
policy field. For the present exercise, experts from JRC have been consaoliegbrove the search
queries.

1.2.3.6 Selection of the Weak Signals

After careful revision and improvemeiff the queriesfor the 280 raw weak signalsthe selection of
weak signals has been made using two criteria:

- raw weak signals with activenes)20-2023] between 70% and 100% have been automadity
considered as weak signals.

- raw weak signalsctivenes§2020-2023] between 50% and 70%but with astrongincrease of the
number of scientific publications over the last three years have been added to the list of weak signals
as well.

As a result77 weak signalsvere selected and are presented in this repdrhey are listedin Table 4
below, grouped bCETQ@ategories.
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1.2.3.7 Description of the Weak Signals

Chapter2 of this report presents the 77%veak signals detected. In addition to a shortseiption, five
visualisatiors are provided for each signal

1. A time series of the docuents behind each weak signahcluding6 document types: scientific
articles, book chapter, conference proceedings, patents, EU projects, review papers. Theocihaur
is the same for all weak signals.

Figure 2: time series for the document types for the weak signal “sustainable aviation fuel”.

2. Top 5 Organisations worldwide, based on the number of docum@nilsimum 2 documents)

3. Top 5 organisatios in EU (2M™MemberStates), based on the number of documents.

4. Share of public institutions (universities, governmental organisations and research centres) and of

private entities (companies, fundations).

5. Revealed Technological Advantage (Radgpted to weak signals, for therited States, Japan,
China, Korea, and the EU (B®emberStates). This index is adapted from th@ECDiefinition of the

RTA® and gives an indication of the relative specialisation of a country in a weak signal. It is based

on scientific publications in Scopus and defined as a country’s share of scientific publications in a
particular weak signal divided by the country’s share in all scientific publications. The index is equal

to zero when the country holds no scientific pigilations in a given weak signal, is equal to 1 when
the country’s share in the WS equals its share in all fields (no specialisation), and is above 1 when a
specialisation is observed.

46 OECD (2023), "OECD Science, Technology and Industry Outlook: Revealed technology advantage in selected
fields", OECD Science, Technology and R&D Statistics (database), https://doi.org/10.1787/data -00673 -en
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Table 4: List of weak signalgwith the value foractivenesg2020-2023]).

Dataset

batteries - Zn CO2

hatteries - quasi-solid-state Li-Metal
hatteries - aqueous zinc

batteries - K metal

hatteries - flexible Zinc ion

hatteries - small molecule organic cath
hatteries - human-robot recycling
hatteries - Zinc graphite

batteries - retired batteries

batteries - dendrite-free

hatteries - multivalent ion

Batteries - Li CO2

batteries - dual icn

batteries - Al suflur batteries
hatteries - Zn air

hatteries - Mg Sulfur

hatteries - Lithium Argyrodite
hatteries - Organic Flow

hiomass - chemical looping gasification

CCUS - Blue h2
CCUS - deep eutectic solvents

district heating - 5th generation
district heating - digital twin
district heating - urban building energy

geothermal - hybrid nanofluid
geothermal - medium deep geothermal ener
geothermal - deep borehole heat exchange

ocean - triboelectric nanogenerator

other - interfacial solar evaporation
other - hemizpherical solar distiller
other - energy injustice

other - microgrid island clusters
other - lacustrine shale oil

other - Levelized cost of hydrogen
other - Levelized cost of storage
other - Levelized cost of heat

Wind - wake steering
Wind - fast frequency support

act20-23

94 83
93.33
38.43
85.23
81.25
76.00
75.00
75.00
74.25
74.07
28.531
65.22
64.65
62.67
59.67
57.69
57.33
56.90

67.39

S90.67
55.56

92.31
9091
63.94

100.00
78.43
66.57

68.10

94.00
89.74
74.07
73.68
54.49
82.08
82.03
G7.67

7417
6491

Dataset

energy storage - Zn hybrid supercapacitor
energy storage - K hybrid capacitor

energy storage - polyetherimide

energy storage - aqueous hybrid supercap
energy storage - K hybrid supercapacitor
energy storage - mxene supercapacitors
energy storage - h2 in aquifers

energy storage - electrochromic

energy storage - shared energy storage
energy storage - compressed C02

energy storage - MOF-based suprcapacitor
energy storage - cloud energy storage
energy storage - nanoencap phs chang mat
energy storage - mohile energy storage
energy storage - aqueous supercap

energy storage - liquid organic h2 carr
energy storage - metal foam phas chng ma
energy storage - shell-and-tube thermal

PV - indoor organic PY

PV - Agrivoltaics

PV - tin perovskite solar cells

PV - bifacial perovskite solar cell

PV - wvehicle integrated PV

PV - Perovskite/silicon tandem sol cells
PV - offshare salar power

PV - hydrovoltaics

PV - ternary organic photovoltaics

Renewfuel - Direct seawater electralysi
RenewFuel - sustainable ammonia
RenewFuel - cold direct ammonia fuel cel
RenewFuel - geological H2 storage
RenewFuel - Sustainable aviation fuel

smart grid - blockchain

smart grid - edge computing

smart grid - electricity theft detection
smart grid - machine learning

smart grid - Internet of things

Solar fuel - 5 scheme heterojunction cat
Solar Fuel - covalent organic framework
Solar fuel - Z scheme heterojunction cat

Solar Fuel - photocatalytic CO2 reductio
Solar fuel - PEC CO2

act20-23
S90.09
86.51
85.48
B80.56
80.00
79.48
78.26
77.24
75.71
72.39
71.04
B63.77
61.76
61.25
51.16
59.25
56.30
55.45

88.41
87.63
77.15
75.61
71.88
66.87
62.76
60.55
54.72

89.15
85.84
79.17
7257
0.06

76.25
7254
566.05
64.60
53.26

99.20
85.71
82.97
63.47
56.52
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2. Description of the w eak signals related to Energy

2.1 Weak signals related to Batteries

Zinc CO2 batteries

These batteriesoperate on the principles of ©
electrochemial reactions involving zinas :
the anode naterial and carbordioxideas the -
cathode materid Theyhave gained attention -
for their potential advantages: high energ -

H H Ui Tm T oam o Codw ome ome | e a0 oan | Toas ')‘7»\'
density, abundance and low cost materials, o
low environmenta_l impact, long Iifgl CYCl€Top organisations Tvave 2 [
carbon capture, high safety; scalability, faschinese Academy of Sciences T 18

i i i i i Zhejiang University T 10 . ]
Chargl.ng/dISCha.r.g@’ ease tO In.tegratlon .to Tianjin University of Technology T8 Couniry RTA
the grid, versatility for applications ranging znengznou universiy Y7 N 3.95
from portable electronics to stationary Central South University x5 EU 0.40
energy storage. Still at laboratory stage, ZinT; (¢ czrisaions Ve~ p 0.50
CO2 batteriesmight become asustainable Technische Universitat brasden Y2 KR 0
energy storage solution for the future. Cniesielelemontaiverane Vi

gy g Technical University of llmenau T1 s 0.81

\

Top organisations

® Public = Companies

~

v
Chinese Academy Of Sciences T8
Karlsruhe Institute of Technology KIT T3
Helmholtz Institute Uim X3 ]
Cheongju University T3 COUI"I‘IW RTA
Shenzhen University T2 CM 3.50

: —~ —~ EU 1.10

Top EU organisations < Value P 0
Karlsruhe Institute of Technology KIT T3
Helmholtz Institute Ulm Y3 KR 4.07
University of the Basque Country UPV... T 1 us 0
University of Oulu T1
Politecnico di Torino Y1
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Quasi-solid-state Li -metal batteries

This type of battery is an advancedi-ion
battery technology that incorporates a solid
or getlike electrolyte material, to replace or
enhance the traditional liquid electrolyte
found in conventionali-ion batteries. These
batteries offer several advantages due to
their unique design: enhanced safety, high
energy density, longer life cycle, a wide
operating temperature range, a reduced risk
of dendrite formation, improved fast
charging, flexibility intieir designand use of
more environmentally friendly materials.
There are still challenges to address related
to manufacturing scalability, cost reduction,
and further improving their performance and
safety.



Aqueous Zinc batteries

These use a waterbased electrolyte and -
offer several advantages that make them .
attractive for various applicationsThey are :.

safer compared to other cheniges and are
costeffective (anc is abundant and relatively
low-cost). They have the potential for high
energy density, a low selflischarge rate and
can endure many rapid charge/discharge
cycles. Their durability, long cycle life, and
ability to withstand harsh conditions make
them suitable for remote and offgrid
applications (telecommunications towers,
remote sensors)Finally, they are considered
environmentally friendly due to their water
based electrolyte and the high recyclability of
zinc. Various aqueous zinc battesiare being
investigated e.g. zinaickel batteries, zinc
iron batteries, zinamanganese batteries,
zincair batteries, zinesilver batteries, zinc
chlorine flow batteries, zindvlanganese
dioxide flow batteries, zincerium batteries

\

= Public ® Companies

Top organisations £ Value

Central South University T 164

Chinese Academy Of Sciences T 142 Country | RTA

Nankai University Y77 CNi 3.58

University of Science and Technology ... T 56

Fudan University T 56 EU 0.16
Ip 0.34

Top EU organisations & Value KR 1.28

Leibniz Institute for Sclid State and Materials Resea... T 9 us 0.36

Karlsruhe Institute of Technology KIT T9

Universitat Bremen T7

Helmholtz Institute Ulm T7

Fraunhofer Institute for Manufacturing Technology a... ¥ 3

® Public = Companies

Top organisations S Value 2

University of Texas at Austin T9

University of Science and Technology of China T6 _

Central South University T6 C()untry RTA

Tsinghua University T5 —_—

Shanghai University T5 CN 3.26
EU 0.44

Top EU organisations  Value o Jp 0.78

Karlsruhe Institute of Technology KIT T2 KR 1.08

International Graduate School T1 ) electrolyte

Fraunhofer Institute for Ceramic Technologiesand . T 1 us 1.35

CNRS T

Avenida Mestre Jose Veiga Y1
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Potassium metal batteries

Theyuse potassium aghe anode material
and are interesing for energy storage
applications due to: potential for high energy
density, abmdant and lowcost material
(potassium), high charge and discharge rates
for rapid energy transfer and higipower
performance, low seldischarge rate,
increased safety comparetb other types of
batteries, and finally potassium is a more
environmentally friendly material compared
to some other metals used in batteries, such
as lithium or cobalt. Research is ongoing to
avoid the formation of dendrites, increase
compdbility, and optimize
production costs. As the technology matures,
it has the potential to become a competitive
energy storage solution for vasus industries
and applications.



Flexible zinc-ion batteries

They are a promising energy storage
technology for various applications,
particularly those requiring flexibility,
lightweight design, and safe operation. These
batteries are indeed lightweight and can
conform to various shapes and sizes without
compromisng their performance, which is
particularly valuable for applications like
wearable electronics where traditional rigid
batteries are impractical. They are also safer
and have a lower environmental impact than
some other battery chemistries, shcas
lithium-ion batteries. As inc is affordable
and relatively abundant, zinon batteries
are also costeffective. This is still an
emerging battery type, which requires
research to optimise their performance
(notably to improve the energy density) and
explorenew applications.

m Public W Companies

Top organisations

City University of Hong Kong Yo Countr\r RTA
University of Science and of China T6 — 71
Nanjing Forestry University T6 CN 3.60
Nankai University TS5
DONGHUA UNIVERSITY T4 EU 0.15
JP 0
KR 0.64
Top EU organisations o Vae us 0.57
Universidad de Alcala T — 1=

Top organisations

TU Braunschweig
Unis Br
SKODAAUTO AS
Harbin University of Science and Technology
DIRECT CONVERSION AB

Top EU organisations

o valve  §

ERION COMPLIANGE DRGANIZATION SCARL
FUNDACIO EURECAT

SKODAAUTO AS

Technische Universitdt Braunschweig

T
T
i
T

WASTE OF ELECTRICAL AND ELECTRONICAL EQUIPMENT FORUMAISBL T 1

® Public = Companies

Country

CN
EU
JP

KR
us

RTA
2.05
0.71
0
0
0.90

Human-robot collaboration in battery
recycling

This involves assisting humans with robotic
systems to enhance the recycling process of
batteries. This‘collaboratiori offers various

advantages: increased safety (robots can
handle hazardous materials), improved
efficiency (continuous, precise robotic work),
better quality control, and the ability to

collect and analyse data. Robots bring
flexibility, scalability, and adaptability to

recycling opeations, and they help reduce
the environmental impact of batteries by
recovering valuable materials. Additionally,
they address labour shortages, ensuring that
recycling facilities can operate effectively

Small molecule organic cathode

This type of cathode matesi used in
batteries consists ofelatively simple organic
molecules with low molecular weights. These
offer several advantages in battery
applications. Téy provide high energy
density @llowing them to stoe a significant
amount of energy)and @an be lightweight
and flexible,which makes them particularly
suitable for applications like portable
electronics and electric vehicles. Additionally,
they support fast charge and discharge rates,
are customizable, evironmentally friendly,
and costeffective. However, they also face
challenges when it comes to their lortgrm
stability and research and development are
ongoing to address this.

even with limited human resources.

Top organisations

= Public = Companies

University of Electronic Science and Technology of China

Wuhan University
Mational Cheng Kung University
Chinese University of Hong Kong
Chinese Academy Of Sciences.
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Country | RTA
CN 3.46
EU 0
JP 1.39
KR 0
us 0.85




Zinc Graphite battery

These batteries offer several advantages
particularly in spcific applications They
have a low production cost, a long shelf life
andbecause thg contain nortoxic materials
they can easily be disposedf regular
household waste. However, zigcaphite
batteries also have limitations, including
lower capacity and performance compared to
more advanced battery technologies like
alkaline, nickelmetal hydride (NiMH), and
lithium-ion (Ltion) batteries. Therefore, while
zincgraphite batteries offer advantages in
terms of cost and simplicityadditional R&D
is needed to make thensuitable for high
drain or demanding applications.

Top organisations $ Value 2
STATE GRID LAk
Tsinghua University T 17
Shandong University T 17
Shanghai University of Electric Power T 14 CO““"‘Y
China University of Mining and Technology T 14 CN
Top EU organisations  value 8 EU
School of Elecirical Engineering T4 P
University of Limerick T2
RWTH Aachen University T2 KR
Aalto University T2

i us

Institut de Recerca en Energia de Catalunya

Dendrite -free lithium -ion batteries

Getting rid of dendritdormation is one of the
important quess in the development of
lithium-ion batteries Dendritefree batteries
will be safer, more reliable andhave an
extended lifetime Dendrites are tiny needie
like stuctures that can form on the
electrodes of certain types of batteries,
particularly lithiumtion. Recent efforts in
battery research focus on preventing
dendrite formation through the use of e.qg.
advanced materials or improved battery
designs. The absencef alendrites would
significantly reduce the risk of short circuits
and thermal runaway, making batteries much
safer, particularly in applications like electric
vehicles and consumer electronics.

Top organisations S value
= Public = Companies

Chinese Academy Of Sciences Y5
Technische Universitét Dresden T3
Leibniz-Institut fir Polymerforschung Dresden EV. T 2 =
Chulalongkom University Y2 CO'—'“"’V RTA
Czech Academy of Sciences !

= CN 3.01
Top EU organisations { Value 2 EU 141
Technische Universitét Dresden T3 IP 1.76
Leibniz-Institut far Polymerfarschung Dresden E.V. T2
TU Chemnitz T KR 0
Technology Centre T
Czech Academy of Sciences T1 Us 0.36

= Public = Companies

RTA
3.19
0.43
0

0.74
0.40

Retired batteries

This refers to batteries that are no longer
suitable for their original mtended purpose.
They have typicaly undergone numerous
charge/dischargecycles and have reduced
capacity and overall performanceTheir
residual capacitymakes them nonetheless
potentially adequate for less demanding
applications, such as energy storage for
stationary systems. Recycling and proper
disposal of retired batteriesire essential to
mitigate environmental impacts and recover
valuable materials like lithium, cobalt, and
nickel. Recycling can also help reduce the
demand for new raw materials and promote
sustainability in the battery industry.

Top organisations S value 2
Chinese Academy Of Sciences T 243 = Public = Companies
Tsinghua University T 120
University of Science and Technology of China T 86 —
Central South University T 84 Country | RTA
Zhengzhou University T 67

CN 3.55
Top EU organisations £ value 2 EU 0.23
Helmholtz Institute Ulm T 16 JP 0.42
Karlsruhe Insfitute of Technology KIT T 13
International Graduate School To KR 1.78
Uppsala University T7
Technische Universitdt Dresden T7 us 0.57
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- |
A e e ]
Top organisations $value 2
Chinese Academy Of Sciences T 12

Wuhan University of Technology T
National University of Singapore Y7
Argonne Naticnal Laboratory T6

TS5

Count

Nanyang Technological University 7”
CN

Top EU organisations  Value 3 EU

CNRS. T3 P

Helmholtz Institute Ulm T3

Institut de Ciéncia de Materials de Barcelona T2 KR

Max Planck Institute for Solid State Research T2

Borbonne University T2 US

Lithium -Carbon Dioxide batteries

An experimental battery technology with
several potential advantages: high energy
density, the use CO2 from the atmosphere,
showing therefore potential for carbon
capture and utilization. LCO2 batteries can
offer a long cycle life (many
charge/dischargeand can be used in various
applications, from storing intermittent
renewable energy to powering portable
electronics and electric vehicles. -CiO2
batteries are still in theR&Dphase, and many
technical challenges need to be addressed
before they can bewidely adopted (e.g.
improving CO2 reduction, ensuring safety in
practical applications).

\

Top  organisations S value 2

Chinese Academy Of Sciences T 12

University of Science and Technology of China T 48

City University of Hong Kong T 25

Nartheast Narmal University Y 22 -

University of Munster v 21 Country
CN

Top EU organisations $ Value & EU

University of Minster T2 P

Forschungszentrum Jiilich T 18

Technische Universitdt Dresden T KR

Helmholtz Institute Ulm T4

CNRS T4 us

= Public ® Companies

RTA
2.60
0.39
0.66
3.36
0.81

Multi -ion batteries

A promising type of rechargeabletterythat
utilises the movement and storage of
multiple types of ions, extending beyond
traditional lithiumion batteries. Their
advantages include a higher energy density,
faster charging and discharging rates, and a
reduced risk of lithium dendrite fonation.
They also use materials that are both
abundant and ecologically responsible. Their
characteristics make them suitable for a
variety of applications, including electric
vehicles, renewable energy storage, and grid
scale energy storage.

Top erganisations

= Public = Companies

Chinese Academy Of Sciences T
Nanjing University T 17
Zhengzhou University T 15 S
Fu:!n un:ar:t\;em T 14 Country | RTA
Jilin University Y9 N 3.49
Top EU organisations S value 2 EU 0.05
Callége de France T2 P 1.50
CNRS T2
LAMPERT RICO T KR 1.38
Bosch Corp T1 us 0.48
ALISTORE-Eurapean Research Institute T

Dual-ion batteries

A specific type of multion battery

= Public = Companies

RTA
2.93
0.42
1.30
1.13
0.43
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technology that uses two different types of
ions (usually lithium andone othe). These
batteries  offer several advantages:
potentially higher energy density and faster
charging/discharging rates, improved cycle
life, and reduced environmental impact
through the use of ecdriendly materials.
They also tend to generate less heat during
operation and mitigatéssues such as lithium
dendrite formation, enhancing overall safety.
Dualtion batteries are still in theR&Dphase,
and theirwide adoption may take some time.



Aluminium-sulphur batteries

Experimental rechargeable battery systems
that offer several potential advantages like a
high energy density, relying on the use of
abundant and sustainable materials
(@luminium and sulphu), environmental
friendliness due the use of nontoxic and
nonflammable  components, potential
contributions to reducinggreenhouse gas
emissions, long cycle life and fast
charging/discharging capabilities, and the
potential to operate efficiently at high
temperatures. HoweveR&D is still ongoing
to address issuedike cathode degradation
and more suitable electrolytes

o

Top  organisations L Value 2

Chinese Academy Of Sciences T 426 = Public

Tsinghua University T 132

University of Science and Tachnology of China T 130

Beijing University of Chemical Technology T 19 ]

Tianjin University T Country
CN

Top EU organisations L Value 2 EU

Technische Universitit Dresden T 18 P

Ulm University T 13

Technical University of Denmark Y13 KR

Helmholtz Institute Ulm T 12 us

University of Salento i

Magnesium-sulphur batteries

These are a typef rechargeable battery that
utilizes magnesium as the anode and phur

as the cathode, with an electrolyte facilitating
ion movementThey have gotential for high
energy density, low cost, and environmental
friendliness, as magnesium igbundant and
non-toxic, and sulpbr is also readily
available. During discharge, magnesium ions
migrate from the anode to the cathode,
reacting with sulphur to form magnesium
sulphide releasing energy. Rechargeability is
achieved by reversing this processélthough
still in the R&D phasethe Mg S batterymight
become of interest for energy storage
applications

= Companies
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Top organisations £ Vvalue ~ u Public = Companies

Chinese Academy Of Sciences T8

Ghina University of Mining and Technology T7 —

University of Southampten T5 Country | RTA

University of Science and Technology of China Y5 T

Shanghai Jiao Tong University TS5 CN 2.81
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Top EU organisations S Vale 2 P 0.64
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Zinc-air batteries

This type of batteryis under development for
its various advantages: high energy density,
costeffectiveness and ecdriendliness (zinc
is both nontoxic and cheap), long shelie,
safety, reliable voltage output throughout the
discharge cycle (stable power suppljyon
rechargeable inc-air batteries find use in
various applications, including hearing aids,

RTA medical devices, remote sensors, and backup
345 power systems. Researchers are actively
g:g; exploring the development of rechargeable
164 variants, a promising advancement that
0.38 would extend their lifespan and educe

waste. Another concern is the limited cycle
life in certain designs and the gradual
consumption of the zinc anode, fostering
research efforts to optimize the technology
and expand its applications.

Top  organisations S valie 2

Chinese Academy Of Sciences T 24

Helmholtz Institute Uim Y 15 = Public = Companies

‘Shanghai Jiao Tong University T 13

Karlsruhe Institute of Technology KIT T 13

Tsinghua University T 10 Country | RTA
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Top EU organisations $ value 2 EU 1.50

Helmholtz \nstrilule Uim T 15 P 0.33

Karlsruhe Institute of Technology KIT T 13

University of Stuttgart TN KR 0.93

Ulm University TS5

Max Planck Institute for Solid State Research TS5 us 0.82
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Top  organisations S value 2

Justus-Liebig-University Giessen Y9 . .
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Organic flow batteries

This type of flow battery uses organic
molecules dissolved in an electrolyte solution
to store electrical energy, offering distinct
advantages over traditional solidtate
batteries. They use two separate tanks for
the electrolyte solution, with the energy
stored and released by reversible redox
reactions in the organic molecules. Organic
flow batteries are scalable, adaptable
(variety of organic molecules) safe, and
environmentfriendly. They find applications
in e.g.grid-scale energy storage, renewable
energy integration, backup power systems, or
load shifting within electric grids. Ongoing
research focuses on enhancing their energy
density and costeffectiveness to make them
more competitive in various energy storage
applications.

ompanies

RTA
1.69
1.41
3.39
4,70
0.97
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Lithium argyrodite

A solidstate electrolyte material under
investigation for advanced lithiuaion
batteries, known for its potential to enhance
battery safety and performance. This
material conducts lithium ions as a sold
state material, reducing the risk of
flammability and thermal issues associated
with liquid electrolytes. It can support higher
energy density, potentially enabling the use
of lithium metal anodes and extending cycle
life. Practical implementation is still in the
research and development phase, with
challenges related to scalability, cost, and
electrode interface to be overcome before
commercial adoption.

~

Top  organisations
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& Value

Harvard University
CHINASALT JINTAN CO., LTD,

Joint Center for Energy Storage Research
Pacific Northwest National Laboratory

T 28
T 23
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University of Science and Technology of China T 18 Country | RTA
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Aalto University T9

Technical University of Denmark Ts KR 2.95
CNRS T7
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2.2 Weak signals relate d to Biomass

Chemical looping gasification

This process is used to convert biomass, coal,
or naturalgas, into high purity sygas for the

production of clean energy, chemicals, or
fuels. When biomass is used, it not only

provides a cleaner way tproduce syngas but T e e

also has the potential to be carbeneutral

when the carbon emissions are captured and ~ Proemeser e © o = compaes

stored. The use of biomass in chemical fuesimess e

looping gasification aligns with the goals of oo cannes cecsc e Country | RTA

reducing carbon emissions, promoting CN 2.81

sustainable  energy  productp and Top EU organisations Svave ¢ EU 113

minimizing the environmental iMpact  amusumomyoremon v P 0.88

associated with energy and fuel production. s reesa e conve ~ KR 0
csic i us 0.27

Itis a promising technology for a cleaner and
more sustainable energy future.

2.3 Weak signals related to Carbon Capture, Utilisation and Storage

Blue hydrogen

Name given to hydrogeproducedby natural
gas through a process called steam methane
reforming. The primary advantage of blud42

is its potential to significantly reduce carbon -

emissions compared togtey' hydrogen. By R e A

capturing and storing CO2missions, blue

hydrogen production processes can achieve a saaare EALEL T

much lower carbon footprint, making it an ~ grevorcae e

attractive.option fqr industries SeeKiNg tO i vt ot i snd ety G ~Country | RTA

decarbonize. Ongoing research efforts focus N loss

on making itsproduction more efficient and DT A G EU 1.51

sustainable while corihuing to reduce its T — ‘ T ”» 0.41
R . . . HL DRGANISATIE VODR TOCGEPAST NATUURWETENSCHAPPELWK ONDERZOCK THO 7 2

carbon footprint (it still relies on natural gas, e . up KR 170

a finite fossil resourcg The future of blue us 1

hydrogen depends on the effective
implementation of carbon capture and
storage technologies and the availability of
suitable storage sites.
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Deep eutectic solvents for Carbon

Capture, Utilization, and Storage

This emerging and promising class of
materials can be used as absorbents to
capture CO2 from flue gas emissions of
industrial processes, such as power plants,
cement plants, ad refineries. The solvents
chemically react with CO2, effectively
removing it from the exhaust gases. They can

Top organisations o Vvalue ¢ = Public = Companies . .

Luled University of Technology M also be used in postombustion carbon

Umea University TO . .

Uy e e Yo capture technologies, where they are used in

University of Science and Technolo: T9

s e — oy WA Contactor columns o packed beds to capture

CN 1.38 g ' .

eplERlorganisaton glld & EU 1.24 energy input, have a high CO2 absorption

Lulea University of Technolegy TN . e

Abo Akadem niversity T P 0.29 capacity, and have low volatility hence low

T I KR 0.80 solvent loss and minimized emissions to the

e i us 0.35 atmosphere. Their properties such as
viscosity, density, and polarity, can be

adjusted to suit specificconditions to allow
not only CO2 capture but alstie capture of
other industrial gases. They have a low
environmental impact and can be
regenerated and reused for multiple capture
cycles, reducing the overall cost of capture.
Practical implementation in akge-scale
industrial settings may require further
refinement and cost reduction. However, the
potential of deep eutectic solvent for more
sustainable and energgfficient carbon
capture solutions makes them an exciting
area of development in CCUS.

2.4 Weak signals related to District Heating

5th -Generation District Hea ting

These systems promisto provide efficient,
sustainable, and environmentally friendly
heating and cooling solutions for urban and

rural areas They are characterized by several

key features and technologies that
differentiate them from earlier generations:
low-temperature heat sources, energy
efficiency by using advanced heat
exchangers and heat pumps, smart control
systems, integration of various heat sources
(including renewald sources), storage of
excess heat produced during low demand
periods, low environmental impact by using
renewable and waste heat sources. These
systems are cost effective, flexible and
scalable, making them adaptable to different
geographical areas and vging energy
demands

~
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Top organisations S Value 2 = Fublic = Companies
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® Public ® Companies

Top organisations $ value 2

Technical University Darmstadt T2
Country
CN

Top EU organisations s Value 2 EU

Technical University Darmstadt X 2

Universita degli Studi di Ferrara T1 P

Lulea University of Technology N KR

Graz University of Technclogy T1

AIT Austrian Institute of Technology GmbH i uUs

Urban building energy

In the context of district heating, this refers
to the energy needs of buildings within an
urban area or city that are supplied with heat
or hot water through a district heating
system. Distiit heating systems provide
centralized heating to multiple buildings

RTA
0.41
2.97

Digital twin for district heating

In the field of district heating, a digital twin is

a virtual representation of the entire district
heating system (physical infrastructure,
components, and processes). They are used
for a variety of purposes to enhance the
efficiency, reliability, and sustainability of

district heating systems (simulation,
predictive maintenance, redime
monitoring, demand forecasting, load

balancing, etc.). Digital twins play a crucial
role in optimizing digict heating systems by
improving their performance, reducing
energy consumption, and enhancing their
resilience and sustainability. They are a
valuable tool for operators and engineers,
helping to meet the increasing demands for
efficient and environmerdlly friendly
heating solutions.

within a specific geographic area, typically a  Topcrganisatons Cvave ¢ S
city or urban district, through a network of oS Vo Laborsoy T
pipes that distribute hot water or steam from oo bmershy S Country | RTA
a central heat source, such as a power plant Hunan University i B CN 0.62
or adedicated heat generation facility. EU 1.98
Top Eg orgaﬁisatlons $value I 0.60
The concept of urban building energy in the  § oo — KR 0.28
context of district heating is significant for — nesbeses o = uUs 1.50
Delft University of Technology T3

urban planning, energy management, and

sustainability efforts in cities. By optimizing
district heating systems and improving ¢h
energy efficiency of urban buildings, it is
possible to reduce energy consumption, lower
greenhouse gas emissions, and enhance the
overall sustainability of urban environments.
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2.5 Weak signals related to Energy Storage

Zinc Hybrid Supercapacitor

This advanced energy storagdechnology
combines the characteristics of a
supercapacitor and those of a baty, using
zincbased materials, harnessng the
strengths of both to provide higltapacity
and highpower energy storage solutions.
They have lag life cycles, canbe charged
and discharged rapidly, can operate in a wide
temperature range, and are using safe and
nontoxic zinebased materials. In addition,
zinc is abundant and environmentally
friendly. Recycling options for zifzased
materials ae wellestablished, contribting
to the sustainability of zinc hybrid
supercapacitorsTheycan be used in a wide
range of applications, including electric

vehicles, renewable energy storage,
consumer elecwnics, and industrial
equipment, sipplementing or replacing

batteries R&D is ongoing to increase their
energy densitywhichis still lower than that
of traditional lithiumion batteries limiting
their use forlong-term energy storage.

= T

= Public = Companies

Top organisations o Value

Anhui University T2

Chinese Academy Of Sciences 15 Cou m"‘f RTA

North Minzu University T

Tsinghua University 8 CN 3.61

Xinjiang University Trn E U O 42
JP 0.88
KR 1.02

Top EU organisations S Value 2

Linkaping University s us 0.15

University of Siegen T2

Universidad de Cdrdoba Y2

T1
T

Max Planck Institute for Solid State Research
Institut Universitaire de France

Polyetherimide, a new plastic for energy
storage applications

This highperformance thermoplastic
polymer shows several advantages when
used in energy storage applications,
particularly in the context of electrochemical
: energy storage devices like batteries and

supercapacitors. PEI exhibits excellent

Top organisations

 Public ® Companies

thermal stabilty, allowing it to withstand

Harbin University of Science and Technelogy L] N .
Chinese Academy O Soiences A elevated temperatures without degradation,
XI'AN JIAOTONG UNIVERSITY T6 . . . .
Country | RTA Tenghua Universiy Y6 and is highly resistant to a wide range of
Pennsylvania State Universi T4 . . . . .
CN 3.62 : = chemicals, including acids, bases, and organic
EU 0.20 solvents, making it compatible with various
P 0 Top EU organisations £ Value & . .
KR 0 Central European Institute of Technology T eIeCtrO|yte SOIUt|OnS and add|t|VeS. In
Deliad eslbltioge S e v i addition,they have high mechanical strength
us 1.28 Sapienza University of Rome |

and maintain their dimensional stability and

are excellent electrical insulator, ensuring
safe operation of energy storage devices.

Theirunique properties make them suitable
for energy storage applications in aerospace
or health.

25



Potassium hybrid capacitor

This 8 an emerging energy storage devic‘_:
that combines features of a traditional:
capacitor with potassium ions as the charg -

carriers. Potassium hybrid capacitors ar

\

suited for applications where higher energy’

Top organisations

"~
Value = Public = Companies

storage capacity is more important than
quick discharge/chargeand where longer
cycle life, and safety (they are nen
flammable and with a low risk of thermal

Ocean University of China
Chinese Academy Of Sciences
China University of Petroleum
Shaanxi University of Technology
Jishou University

runaway) are critical. Potassiuibased

electrolytes are also more environmentally

Top organisations
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Val s
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used in some other energy storage devices.

Top organisations
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uPublic ® Companies North Minzu University i =
Tsinghua University T4
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MXene supercapacitors

MXenes are twalimensional nanomaterials
with a layered structure, often derived from
transition metal carbides, nitrides, or
carbonitrides. When used in supercapacitors,
they offer several advantages: high energ
and power density, rapid charging and
discharging, they can endure thousands of
charge/discharge cycles without significant
degradation and demonstrate good stability
and low seltdischarging over a wide range
of operating conditions. Thegre produced
using abundantion-toxic materials, making
them more environmentally friendlythan
other nanomaterials. They are safe, flexible
and lightweight and suitable for applications
like portable electronics, electric vehicles, grid
energy storage, renewable energystems.

Aqueous hybrid supercapacitors

Theseare advanced energy storage devices
combining aqueous electrolytbased
supercapacitors with batteryike electrodes.
They typically have one electrodectingas a
supercapacitor electrode and another
electrode as a battey electrode Ths allows
aqueous hybrid supercapacitors to store
more energy than conventional
supercapacitors. They offer several
advantages, making thm attractive for
various energy storage applications (high
power density, long life cycle, fast charging,
safety, low cost, reduced seHischarge, to
name but a few)R&D is ongoing to increase
their energy density to make them suitable
for long term stoage solutions.

Top organisations
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< Value

Chinese Academy Of Sciences
Drexel University
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Electrochromic energy storage

These devices can change their optical
properties in response to voltage variations
combining energy storage and diht
modulation capabilities They dynamically
control the amount of sunlight or artificial
light entering a space, saving energy by
reducing the need for ighting and
heating/cooling. Aey do not store energy in
the traditional sensebut they modulate the
transmission of light and hea which has
energysaving effects in building and
environmental applications. They can be
integrated into smart building control
systems anduse renewable energy sources,
enhancing the overall energy efficiency and
sustainability of buildings.

fa

H

Potassium Hybrid Supercapacitor

This 8 an emerging energy storage device
that combines features of a supercapacitor
with potassium ions as charge carriers. This
technology offers high power e@nsity
allowing quick energy release, quick charging
and highpower performance, in addition to a
wide  temperature  operating  range,
scalability, and potential for energy
harvesting. Potassiunbased electrolytes are
also more environmentally friendly and
easier to recycle than materials used in some
other energy storage devices.
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Hydrogen storage in aquifers

Underground storage oH2 within geological
formations known as aquifers offers several
advantages: extensive storage capacity,
allowing for the accumulation of substantial
hydrogen quantities to meet uging energy
demands release of storedH2 during peak
demand periods or energy shortages,
contributing to grid gability and reliability;
utilisation of existing natural infrastructure;
decentralization of storage, reducing the
requirement for longdistance transportation;
low emironmental impact when managed
responsibly; suitable for lonterm energy
storage needs. Challengethe selection of
suitable storage sites, infrastructure
development, safety protocols, and cest
effectiveness, all of which require ongoing
research and deelopment efforts (See also
Hydrogen geological storage in others).
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Country
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EU

KR
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RTA
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Shared energy storage

This refers to a system where multiple users
or entities collectively use a centralised
energy storage facility or network. One of the
advantages is to enablearticipants to divide

initial investment and operational expenses,
making energy storage more financially
viable. It also optimizes energy use by

Top organisations

~
< Value

STATE GRID

Tsinghua University

Zhejiang University

Qinghai University

ANHUI ELECTRIC POWER COMPANY

= efficiently balancing energy supply and
o demand among participants. When
T connected to a grid, shared energyosage

TN

Te can help with peak shaving and voltage

regulation, enhancing grid stability, and

Top EU organisations
Palytichric of Basi

University of Porta

Sehool of Electical Enginearing
Infermation Technclogy
Institute of Economics

Hydrogen geological storage

Also known as undergrounid2 storage orH2
cavern storageit is a method of storingH2

gas in geological formations below the .

Earth's surface.This solution is particularly

adapted to largescale and seasonal energy

storage. Geological formations are stadnd
can provide longerm storage solutions with

high safety. WhenH2 is produced using
renewable energy sources or through carbor
capture and utilization techniques, hydrogen

geological storage can be a lewarbon or
evenzero-carbon energy storage sdiion. It

also

leverages

existing

infrastructure for a clean energy futureSee
also Hydrogen storage in aquifers.

facilitate the integration of renewable energy
sources by storing surplus energy during
peak production periods. In case of power
outages, it can provide backup power to
ensure uninterrupted operations. Additionally,
shared energy storage contributes to
environmental sustainability by promoting
efficient energy use and reducing reliance on
fossil fuels. These systems are scalable,
accommodating the needs of a growing
number of users, including users without grid
access. Some challenges remain for effective
management and coordination among
participants, like for example ownership
models, user agreements, and grid
integration.

CTIE TN T

Top organisations

= Companies
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infrastructure, saving costs and repurposing
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Delft University of Technology Y7 KR 0.22

Paristwowy Instytut Badawczy T6 us 0.53
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Energy storage with compressed CO2

This technology uses compressed CO2 to
store excess energy, whidh advantageous

because it can store large quantities of

energy, respond rapidly to energy demand,
and is energyefficient, especially when
waste heat is harnessed. It contributes to
reducirg greenhouse gases emissions by
using surplus renewable energy for
compression, supports grid stability, and can
be tailored to various applications.
Additionally, compressed CO2 energy storage
can have a long cycle life (many
charge/discharge) and can pmitially use
existing infrastructure for CO2 storage,
making it a versatile and environmentally
compatible energy storage solution.

Top organisations
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29

MOF supercapacitors are a type of energy
storage device that combines thehigh
surface area andtuneable properties of
metal-organic frameworks with
supercapacitor technology. Their advantages
include their ability to store a large amount
of electrical charge due to MOFs' high surface

area, tuneable properties that allow
optimisation  for specific applications,
enhanced energy storage capabilities,

improved cycling stability for longer device
lifespan, and environmental friendliness as
MOFs are indeed often made from abundant
materials. They have potential applications in
renewabé energy systems and other high
power applications. Challenges such as their
long term stability in the presence of
electrolytes or the scalability of production
are being addressed in ongoing research.



Cloud energy storage

This new type of energy storage business
model aims to address the high costs
associated with traditional energy storage
facilities. It is inspired by the sharing
economy anl utilises cloudbased platforms
to aggregate distributed energy storage
resourceslt involves theuse of a shared pool
of grid-scale energy storage resources that
provide storage services to consumers. By
leveraging the cloud, cloud energy storage
can reduce the investment and operation
while still meeting the requirements of
consumers. This innovatiapproach has the
potential to make energy storage more
affordable and accessible, supporting the
integration of renewable power and
decarbonizing power systems. It also has the
potential to connect different types of energy
systems, such as district heaiyy and natural
gas systems, making it a versatile solution.
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materials

NEPCMs are innovative materials where
phase change materials are encapsulated
within tiny nanoscale polymer capsules. They
use the thermodynamiof phase change to
store energy under the form of latent heat:
when the temperature increases, they change
phases (typically from solid to liquid) and
absorb energy (endothermic process). The
reverse phase change takes place when the
environment cools down,releasing the
energy that was stored (exothermic process).
NEPCMs can therefore be used to regulate
temperatures and store energy. These
materials will find various applications,
including efficient thermal energy storage,
indoor temperature regulation tlough
building materials and textiles, safeguarding
perishable goods in the cold chain industry,
and enhancing energy efficiency in heating,
ventilation, and air conditioning systems



Aqueous supercapacitors

In these energy storage deviceslectrolytes
based on water (usually water mixed with
ternary salts or metal hydroxidesgre used
Like in traditional supercapacitors, the
storage of energy is realised through

® Public = Companies

electrostatic charge separation at the
interface between the electrolyte and ma
electrode. They offer several advantages

Top organisations

Chongqing University

Nanjing University

Lanzhou University

University of California
Chinese Academy Of Sciences

RTA
3.06

Country
CN

compared to traditional supercapacitars
They are safer and more environmentally
friendly due to the absence of flammable or

EU
JP
KR

0.32
0.73
2.02

toxic materials. They also tend to have a
wider operating voltage range, leading to
increased energy storage capacity. They are

us Top EU organisations

0.45

~
¢ Value

Universidad Del Pais Vasco UPV/EHU
Information Technology

ICN2 (CSIC-ICN)

Helmholtz-Zentrum Berlin fiir Materialien und

F ion for Research and

Hellas

more  costeffective and simpler to
manufacture compared to their neaqueous
counterparts, which contributes to their

T1
o i
Energie T 1
Ti

Liquid organic hydrogen carrier

This signal relates to chemical compounds
used for storing and transportindH2 in a

liquid form, ®rving as an alternative to -

traditional hydrogen storage methods like

high-pressure gas cylinders or cryogenic :

liquid hydrogenCommon examples of LOHCs
include dibenzyltoluenemethylcyclohexang
or decalin. These compounabsorbH2 gas
under mild condibns and release it when
needed, making them a reversible storage
solution. Absorbed H2 can be safely
transported as a stable liquid, which is

practicality for mass production. These
characteristics, together with their durability,
make them suitable for energy storage in
renewable energy systems, electric vehicles,
and various portable electronic devices.

N

typically nontoxic and norflammable,

reducing safety risksThe desorption process
releases H2 for various applications like
power generation and fuel cellEOHCs offer

d BEy "V
= Public = Companies
Top organisations C Value 2
Friedrich-Alexander-Universitat Erflangen-Nurmberg T 77
Forschungszentrum Jilich T 42
University of Rostock T2 Countrv RTA
China University of Geosciences T 20
Chinese Academy Of Sciences T 10 CN 0 90
EU 1.58
— — . P 0.43
Top EU organisations < Value
Friedrich-Alexander-Universitdt Efangen-Nimberg T 77 KR 649
Forschungszentrum Jlich T 42
University of Rostock T2 US 034
Helmholtz Institute T 16

University of Erlangen-Nuremberg T 14

advantages such as safety, high energy
density, ease of handling, and the ability to
decoupé hydrogen production and utiigion,
promoting the use of hydrogen as a clean
energy carrier.
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Metal foam phase change materials for
energy storage

This innovative approach to energy storage
combines metal foams with phase change
materials to create efficient and versatile

energy storage systemn Phase Change

Materials are substances that absor and

release large amounts of thermal energy

= Public

m Companies Top organisations

= during phase transitions (usually solicjuid)

XI'AN JIAOTONG UNIVERSITY

at a specific temperaturePCMare adsorbed

~Country | RTA ghg?;f’:%:;;:ww Eil or encapsulated within the structure of a
o 183 Prince Sattam Bin Abdulaziz Uiversiy To metal foam, a highly porous materials with a
EU 0.95 three-dimensional network of iterconnected
P 0 T AU AT metal structures. Combining these two
KR 0.26 Ui dog St 1 materials brings some advantageshigh
us 0.66 Ul e ¢ ok Foda mE thermal conductivity of metal foam allow for
- Malardalon University X3 efficient heat transfer; PCM have a high
energy storage capacity per unit volume;
reduced heat loss during energy storgge
suitable for temperature regulation in various
applications, including building HVAC systems
and solar energy storage; long cycle life
which makes them suitable for lonterm
energy storage; high energy density in a
compact form, making them suitable for
applications with space limitations; possibility
for storage of thermal energy generated by
renewable sources like solar and wind.
Overall, these materialshow potential to
becomeefficient solution for thermal energy
storage and applications in the bdihg,
industrial, and renewable energy sectors.
Shell and Tube Energy Storage
This energy storage system consists of a -
large outer shell and a series of
interconnected tubes inside this shell, i*
contairing a heat transfer fluid (water or a -
specialized fluid). The system operates by . - o .

circulating a heat transfer fluid through the
tubes: thermal energy is stored within the
system during charging phases and
transferred to a secondary fluid which is then
used forheating or cooling applications. Shell
and tube thermal energy storage systems are
known for their efficient thermal energy
storage capabilities and their reliability and
scalability. They are ideal for apphtions
that require decentralized energy staya
and precise temperature control, such as
district heating and cooling systems.

P -~ ~
Top organisations < Value

= Public = Companies

XI'AN JIAOTONG UNIVERSITY
Zhejiang University

T 21
T9

Shanghai Jiao Tong University Ts

Prince Sattam Bin Abdulaziz University T8

Islamic Azad University T8 M RTA

CN 1.97

- EU 0.84

Top EU organisations CValue 2

University of Rijeka 5 P 0

PG!IISCH‘\GU di Torino T5 KR 0.76

Université de Lyon T3

University of the Basque Country UPV/EHU T3 us 0.45

Polish Academy of Sciences Y2
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2.6 Weak signals related to Geothermal

Hybrid Nano fluids in

applications

geothermal

This weak signal involvethe dispersion of
nanoparticks (metal oxides likealumina,
copper oxide) or carbebased materials (e.g.,
carbon nanotubes, graphene),
working fluics used in geothermal heat
exchangers or heat transfer systems. This
enhances thermal conductivity, improves
heat transfer, reduces fouling and scadj,
enhances thermal stabilityand requires less
pumping power.The properties of hybrid
nano fluids can be tailoredto meet specific
requirements for different geothermal
applications.Their practical impementation
in geothermal systems requigefurther R&D
and careful consideration of factors such as
nanoparticle stability, potentidmpact on the
environment, and coseffectiveness.

into the -

= Public = Companies

Top organisations S Vaue

Universiti Kebangsaan Malaysia T2

Sukkur IBA University T2

King Khalid University T2 Country | RTA

King Abdulaziz University T2

Islamic Azad University T1 CN 0
EU 0.53
JP

Top EU organisations o Value $ KR 2.29

Institute of Space Sciences i il

Universitatea Babes-Bolyai T us 0

Top organisations L Vvalue 2 = Public ® Companies

Shandong Jianzhu University T 4

UNIV HEBEI ENGINEERING T3 Y | bTA

SHAANXI COAL GEOLOGY GROUP CO LTD T3 Country | RTA

China University of Mining and Technology T3 CN 3.74

China Academy of Building Ressarch T2 EU 0.39
JP 0

Top EU organisations S value KR 0

Ziiblin Ground Engineering T1

Universite de Strasbourg T1 us 0

Deep borehole heat exchange

Is a geothermal technology that involves
drilling deep boreholes into the Earth's crust
to extract or store heat, making it an
interesting solution for sustainable and
efficient heating and coolingThe process is
suitable for a wide range of applications,
even inurban areas with limited space, and
is gridindependent, making it an option for
off-grid locations. With a long lifecycle and
minimal maintenance requirements, the deep
borehole heat exchange process contributes
to sustainable building practices and the
global shift towardscleanenergy sources

. R S Y

Medium deep geothermal energy

This refers to geothermal energy seurcesat
moderae depths, typically reservoirs at
1,500 meters to 3,000 meters below surface,
and characterized by moderate to high
temperatures (150°C to 300°C Energy is
harnessed through drilling of deep wells and
injection of fluids to capture heat. The
resulting seamhot water is used for
generating electricity, district heating, and
industrial  processes. Medium  deep
geothermal energy is consideretklatively
environmentally friendly because it produces
little to no greenhouse gas emissions and has
a minimal envirmmental footprint. Though
medium de@ geothermal energy has some
advantagesi,it has a high initial drilling and
exploration costs.

£

Top organisations L value 2

XI'AN JIAOTONG UNIVERSITY T2 ® Public = Companies

Chinese Academy Of Sciences T 19

Shandong Jianzhu University T 13

Tianjin University TN

Helmholtz Centre for Environmental Research-UFZ T & Ccuntrv RTA
CN 3.12

Top EU organisations Cvaue 2 EU 0.77

Helmholtz Centre for Environmental Research-UFZ ¥ 8 P 0.25

University of Zagreb T 4

Technische Universitat Darmstadt T4 KR 0

Freiberg University of Mining and Technology T3 us 0.41

Dresden University of Technology T3
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2.7 Weak signals related to Ocean Energ y

Triboelectric nanogenerator in  ocean
energy

These devices convert mechanical energy -
into electrical energy through the triboelectric
effect. In the context of ocean energy, they '
are used to harness the mechanical energy
generated by ocean waves, currents, and
motion for various applicationg-heycan also
capture erergy from salinity gradients when

S N

~ ~
< Value

freshwater and seawater meetintegrated — Toporganisatons

Chinese Academy Of Sciences

into wave e nergy conve rsion syste mi) ey School of Materials Science and Enginesring

Guangxi University

capture the motion and vibrations from  cronging universt

T 106
T8
T
Y 17
T

.. Dalian Maritime University
waves to produceelectricity for offshore

sensors, on-board electronics, =i i

- ~
< Value

communicaton systems, and navigation — Unwesiyerpora

Edificio FC8

equipment or to power autonomous Information Technology
Cenire of Marine and Environmental Research

underwater vehicles omunderwaker sensor Graphers Labs

TS5
T3
T2
T2
TA1

networks that monitor ocean conditions,
marine life, and detect events like tsunamis.
These device are compact andightweight
and canoperate in harshand remote ocean
conditions, making them a promising
technology for harnessing ocean energy.

2.8 Weak signals related to Photovoltaics

Agrivoltaics

This sustainable agricultural practice involves
the colocation of solar photovoltaicpanels -
with agricultural crops or other types of land ;.
use. Solar panels are installed above crops ot
within agricultural fields, maximising land

usage by allowing both solar energy - 7

generation and crop cultivation on the same :
Top organisations

~
< Value

land. Solar panels also provide shade for segn st unversiy

Universiti Putra Malaysia

crops, reducing heat stress and water sy o Honennem
evaporation Integrating solar panels with e fenmosial unversiy

T 12
T 10
T8
T8
Ll

Western University
agriculture can lead to more efficient use of

land, water, and other resources, contributing Tp EU organisations

to sustainability. Technological advances and fmee miwe o soe Erary sysems 5
optimization are ongoing to make e Ceicas Sao Cuoe
agrivoltaics systems more efficient, cost ARSI

~ ~
< Value

A A
E RS IS - -

effective, and adaptable to various
agricultural practices and crops.

34

® Public ® Companies

Country

CN
EU
JP

KR

us

RTA
3.32
0.30
0.19
2.08
1.65

= Public = Companies

Country

CN
EU
Jp

KR

us

RTA
0.27
1.60
0.96
2.37
1.31




Indoor organic photovoltaics

i ‘ A specialtype of solar cells designed to
generate electricity in indoor lighting
A\ conditions. They have a high efficiency under
. ST low light conditions and can harvest light
Top organisations Tvaue 2 over a broad spectrum. They are cheap to
r;ftrze;;:gses:gcoopFouNDvonssuuva I§§ # Public & Companies produce, have a low emgnmental impact
T — e and are lightweight, flexible, and resistant.
e O o s s _Soumry They can be customizetb facilitate their
CN 142 . : ; - S
integration in buildings and buildings
Top EU organisations S Value o EU 0.39 . . .
Driverely o Feag v P 0.48 materials (e.g. windows) and are wllited
Ribes Tech s.rl T . . . .
Epishine AB T KR 16.66 for powering internet of things devices,
e | us 0.49 sensors, and other wearable electronics.

Bifacial perovskite solar cells

They offer some advantages ocopared to
traditional bifacial solar panels, primarily due
to the unique characteristics of perovskite :.
materials: higher power conversion, thinner '
and more lightweight materials thasilicon

based solar cells (making thersuitable for

flexible and lightweght applications like  Tos organisations 2 Value
portable solar chargers and HdinG e e v
integrated  photovoltaics) lower energy Dt Uty of ooty e S
payback time, ntegration in tandem solar Chanachun Universiy ) 2
cell, potential for lowcost production.
Challenges remain related to their stability, 128V orgeniatons < Value
. . . Zuse Institute Berlin T2
IO”geVlty, and commercial mb”n’y, but Ee}mhu}tgﬁsnln‘{mcaemnfurMaterialienundEnsrgis:f
their unique characteristics and potential for  parnerin sosance T
Karlsruhs Institute of X

higher efficiency make them a promising
option for future solar energy applications.

.
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Country | RTA
CN 1.46
EU 1.09
JP 0.85
KR 3.55
us 1.04

Tin perovskite solar cells

A type of photovoltaic cell using tibased
perovskite materials aghe light-absorbing
layer. While they can be manufactured using
inexpensive materials and processes, these

_ _ cells nevertheless exhibit high light
- absorption efficiency and have a higher
Top organisations Svae & - tolerance to defects and impurities than
e et . other perovskite materials. Thesmolar cells
g::r:;gjfa:og:g — : 1; Country | RTA Can be fabl’lcated a.S th|n f||mS, mak'ngthem
National Intitle for Materials Sciance A CN 2.21 suitable for applications where film flexibility
EU 0.48 is required (e.g. integration in buildings,
Top EU organisations $ Value 2 P 4.32 . d f f bl | .
Helmholtz-Zenirum Berln for Materialien und Energie ¥ 8 . windows, roofing, or for portable electronics,
S e KR 2.22 electric vehicles, satellites), and they can also
niversity of Groningen T5 ) . N
UrEEE TS us 0.35 be usedn tandem solar cell configurations to
Tachnische L Minchen T2

improve efficiency Compared to more

traditional lead perovskite, theare less toxic
and therefore more environmentally friendly.
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Top organisations $value 2
Helmholte-Zentrum Berlin fir Malerialien und Energie T 29
Nankai University T2
King Abduilah University of Seiance and Tachnology T23
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Ecole Palytechniqus Fédérale de Lausanne EPFL T 18 Country | RTA
G i Innovation Center of Chemical Science and Engineeting T 18 e ——

CN 1.25
Top EU organisations Cvalue 2 EU 158
Helmholtz Zentrum Berlin far Materialien und Energie T 20 P 1.92
Fraunhofer Institute for Solar Energy Systems ISE T 15 KR 2.83
University of Freiburg T 12
Zuse Institute Berfin T 10 us 0.39
Healmholtz-Zentrum Berlin T9

Vehicle Inte grated Photovoltaics

This efers to the integration of solar panels 7| ==
into various parts of a vehicle to gemate :
electricity from sunlightreducing reliance of i
vehicles on fossil fuels and lowering
greenhouse gas emissions. Solar panels on ¢ |

Perovskite/silicon tandem solar cells

A type of solar cell that combinegerovskite
and silicon materials to enhance efficiency by
combining the strengths of both ntarials to
capture a broader spectrunof sunlight.
Tandem solar cells benefit from the stability
and durability of silicon while retaining the
costeffective manufecturing techniques of
perovskite. They have a higher energy
production density and can be tailored for
specific applications. Their lortgrm stability
and scalability still need to be improved
before they can become commercially
mainstream.

p

o

vehicle could charge the ofboard battery,
increasing the electric range of electric and

hybrid vehicles and reducing fuel
consumption. Energy Independence of the
vehicles could be improved, for example in
the case of power consumption when a
vehicle is parked adle, or when batteries are

depleted, enabling functions like battery
conditioning, precooling or preheating and

powering auxiliary equipment. The battery

lifespan could be increased, as integrated PV

would help maintain a higher state atharge

PR

ps - ~ ~ = Public = Companies
op organisations < Value
University of Miyazaki T8
Toyota Technological Institute T5
Nagaoka University of Technology X4
Leibniz University Hannover T 4
Eindhoven University of Technology T4 Country RTA

CN 0.63
Top EU organisations 2 value 8 EU 2.21
Leibniz University Hannover T4
Eindhoven University of Technology T4 JP 689
University of Twente T3 KR 3.19
Helmholtz-Zentrum Berlin T3
Forschungszentrum Jalich Y3 us 0.47

Off shore solar power

land

resources
efficiently uses water

in

Installing solar paels on bodies of water
(oceans, lakesteservoirg allows to convert

solar energyinto electricity. This approach
conserves
populated areas,

densely

bodies, and benefits fsrm the cooling effect

T i Cvaue 2 ; i
el i N Puldic = Corm of water, enhandéng solar panel efficiency.
HUANENG CLEAN ENERGY RES INST 10 1 1
HEAEL S SO A Offshore solar power |s.scalable, reliable, and
UNVSEANGHALIAOTDNC 178 Country | RTA can be combined with other renewable
China University of Mining and Technology T4 B —— .
Utechi Universiy T3 CN 151 energy sources integrated energy
EU 1.34 solutions R&D is ongoing to improveooring

o B orgeneaiere L P 0 and anchoring systems, and address
palborg Uniersty T2 KR 0 environmental considerationand potential
RWTH Aachen University 1 US 0

T1

T

Palermo University
Aalto University

detrimental impacts on ecosystems. It's an

emerging technology with great potential to
contribute to sustainable energy generation
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Hydrovoltaics

This conceptis a variant of offshore solar
power and simply combines solar -
photovoltaic panels with hydropower ;-
systems, typically floating on bodies of -
water. Theprimary advantage is to use the

already existing hydropower infrastructure.

Additional advantages are: increased T cgansaions

3 Value A = Public = Companies

efficiency of the solar panels to generate UnwesiyofCatania

Chinese Academy Of Sciences

electricity (direct sun exposure + eXpoSure {0 wuxi TONGEHUN NEw ENERGY TECH T8
sun reflection on water), space efficiency as ciy usversiy of ong kong

T 20
T 17

it optimizes land use, a cooling effect that

preserves solar panel efficiency, reduced TerEu organisations

water evaporation, a sméar land footprint, e umwersiy or Tacumoiog
and low installation costs. These advantages unversiy of apes Fedsrico

Nanjing University of Aeronautics and Astronautics T 10 Country RTA

L8 CN 0.88
EU 1.07

{ value 2
v

University of Catania T 20 JP 0.07
T8

Upsolar Floating Sil s KR 2.12
e us 0.34

Universidad de Jaén Y5 _

make hydrovoltaics an attractive and
sustainable option for electricity generation,
particularly in regions with abundant water
resources and  existing  hydropower
infrastructure
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Top organisations < Value
Baijing Jiaotong University T 14
National Taiwan University T 10
Countrv RTA Taishan University TO
CN 2 55 Chinese Academy Of Sciences TS9O
' Zhejiang University T8
EU 0.51
JP 0
KR 3.16 Top EU organisations : Value
Information Technolagy T7
us 0.56 r— =
Linkéiping University T3
Hasselt University T
Cittadella Universitaria T
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Ternary organic photovoltaics

This type of solar cell makes use of tibe
different active componentstypically two
different electrondonating organic
semiconductors and one electreaccepting
organic semiconductor, creating a ternary
blend. This aproach improves the efficiency
and stability of organic solar cells by
enhancing light  absorption, charge
generation, and charge transport. Ternary
OPVs can be tuned to meet specific efficiency
and stability requirements and they are
suitable for a wide rage of applications and
device architectures (e.g. integration in
tandem devices). While ternary organic
photovoltaics offer several advantages, they
also face some challenges, such asub
optimal material combinations,rather low
stability, andissues forscaling up production.
Ongoing research in this field aims to further
improve the efficiency and commercial
viability for practical applications.



2.9 Weak signals related to Renewable Fuels

Sustainable ammonia

Produced through environental friendly
methods (e.g. sustainable reactants, -
integration of CCUS, renewable energy:
source) sustainable ammonia (NH3)is a

~

promising clean energy carrier and energy y
storage product. Its advantagess clean

Top organisations

~ ~
¢ Value

energy carrier capabilities, hydrogestorage

Chinese Academy Of Sciences Y7 = Public = Companies
solution and carborfree agricultureenabler ﬂ:ﬁﬁtﬁfﬁd A
make it an important focus of research and sty of oo Sk ool Y 8 Country | RTA
development efforts towards addressing CN 1.70
global sustainability challenges. Sustainable »Eu cranzatons Svabe 2 EV 0.90
NH3 is also considered as a potential fuel for vy o ente e P 1.57
various transportation meae.g. heavyduty e ouery o benmare T4 KR 2.0

CNR T4 us 0.78

trucks, in industrial processeships or trains.

Top organisations 2 Value & uPublic = Companies
University of Delaware T4
Chinese Academy Of Sciences T4
University of Warwick T3 Country RTA
Monash University T3 [
DAJIU MANUFACTURING CO., LTD. T2 CN 2.82
EU 0
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Technical University of Denmark T1 KR 2.29
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Low-temperature direct ammonia fuel
cells

A promising technology that efficiently
converts ammonia into electricity at low
temperatures (below 100°C).It offers
advantages such ashigh energy density,
clean am carbonfree energy production
reduced heat management complexity.
Ammonia is an abundant fuel source and a
cleanburning fuel that does not produce
carbon dioxide during combustion. These
cells find applications in backup peer
systems, portable electronics, distributed
energy generation, transportation, remote
and off-grid power supply, clean propulsion
systems for ships and submarines,
agricultural equipment, renewable energy
storage, hydrogen production, environmental
monitoring, and wearable technologies.
Ongoing research aims to enhance their
efficiency and commercial viability for
broader adoption.



Sustainable aviation fuels

Several types of sustainable fuels are under -
development and testing for the aviation -
sector (e.g. hydroprocessed esters and fatty: -

acids synthetic paraffinic krosene fuels

derived from alcohol,

waste, algae or

biomass) with the primary goal of reducing

the carbon footprint of the aviation industry.

Top organisations
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They can be used adirect replacemMert for i s ooy T o
conventional aviation fuels Without requIring s s e e i _Country | RTA
modifications to aircraft engines or  MetenslGienskin Uiy 2] CN 1.70
infrastructure. Thesduels playa crucial role  To uorganisatons Svae 2 EU 0.90
in the aviation industry's effor to reduce itS oo e e ooy T :(PR ;'2:
environmental impact and pPromote MOre  iwiwescomem oo v Us 0.78
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sustainable air travel by decreasing carbon

emissions.

Top organisations

A~ ~
< Value

Technical University Berlin T4
Qingdao University of Science and Technology T2
Nankai University T2 - @
KR INSTITUTE OF ENERGY RESEARCH T2 Country | RTA
DAJIU MANUFACTURING CO., LTD. T2 —
CN 178 energy
; . - EU 1.13 applications  in
Top EU organisations $ Value
Technical University Berlin T4 JP 0-88
University of Parto T1
Leiden University A1 KR 244
Institucié Catalana de Recerca i Estudis Avangats T1 us 0.90
ENSCM T

= public ® Companies

39

Direct seawater electrolysis

A process that uses electricity to split
seawater into hydrogen and oxygen. It has
recently gained interestas a method for

producing H2, and it offers several
advantages: abundant raw material, lower
environmental impact by using renewable
energy, high purity of the H2 produced,
simultaneous production of 02, solution for
storage of energy, integration with renvable

sources and grid systems,
marine  environments,
potential for carbon capture. Direct seawater
electrolysis faces some challenges such as
energy efficiency, materials durability, and
competitiveness compared to other methods.




































































































































