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Abstract

This article studies the integration of variable renewable energy sources (RES) into power networks.
The main goal is to confront the contents and trends of scientific literature with the eyes and projects
of researchers on future topics and issues to be solved, especially in terms of modeling of electrical
systems. The analysis relies on a bibliometric study of the Scopus database on the topic and on an
online survey sent to the corresponding authors of the identified papers. The paper analyses the
dynamics of publication, clusters of collaboration and main studied topics. It then identifies potential
research leads, among which unresolved challenges regarding technical aspects, markets and
financing issues and social aspects. The paper concludes on the policy implications of the mentioned
results. The disparity of models and resultsis still a necessary evil as research is not mature enough to
integrate in one model all the very complex parameters of VRE integration into power systems. Some
recurring lacks though, such as the impact of emergent technologies or the development of substitute
low carbon emitting technology (other than solar and wind), need to be addressed. The paper also
advocates the need for a systemic vision, for both research and policy makers that goes beyond the
sole power system.
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1. Introduction
The United Nations Environment Programme’s (UNE®REgdSt report orGlobal Trend in
Renewable Energy Investment in collaboration with Bloomberg New Energy finan@&NEF)
recorded an increase in renewable energy (RE) iregg of 2% between 2016 and 2017 to
about $280 billion, or cumulative amounts since@®01 about $2.2 trillion. Nearly 157 GW
of new renewable electricity generation capacity wdded, representing nearly 70% of new
electricity generation capacity. The solar secB®% of new electricity production capacity)
and China (45% of investments in renewable eneagg) at the forefront of the changes
observed in the global electricity mix. In 2017 Jasp wind, geothermal, biomass, waste,
marine energy and small hydro technologies accdumbe 12.1% of global electricity
generation, compared with 11% in 2016.

Figure 1: Global New Investment in Renewable Energy* (Billion $US)
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* New investment volume adjusts for re-invested guibtal values include estimates for undisclosedls!
Developed volumes are based on OECD countries d@ixgjiMexico, Chile, and Turkey. Details can be fdat
the following internet addreskttp://fs-unep-centre.org/sites/default/files/paations/gtr2018v2.pdf

For the past two decades, a strong interest haggethan favor of the integration of

renewable energy sources in the energy and elégtnox, both in order to ensure energy
security within the framework of energy transitipolicies and to address climate change
consequences. Transitioning towards renewable greengrces seems all the more relevant
because they allow the state to earn double didsleas their diffusion actually reduces the

volume of imported fossil energy (Criqui and Min2812). For instance, in France, the 2015
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law on energy transition imposes a 30% diminutidjective in the consumption of fossil
energy. This would in turn reduce by about 30%dtentry’s energy dependence (given that
France imports 99.9% of its fossil energy), indacdecrease in commercial deficit (and thus,
of their financing) and could disrupt certain gelipral balances or relationships with other
importing countries. In order to assess relevaatggnpolicy in this context, governments and
states are leading energy transition scenario, do@se different tools such as model,
storytelling or expert based study. One of the duegstions raised by these foresight exercises
concerns the evolution of the electricity supply dhe conditions for integrating a growing
share of variable renewable energy sources (RES pmwer networks. This gradual increase
must indeed take into account several factorssaafsthe different technologies (wind, solar,
etc.), public policies supporting variable RES, stasints due to the intermittency of these
resources, productions in the network, regulatiod golitical body expectations and
evolutions, etc. All society stakeholders (statempany, consumer, non-governmental
organizations) are now concerned by these varitadlenges and the multiple actions
undertaken by politicians, citizens' associatidnssinesses and other institutional and non-
institutional actors have led research - whethddlipwor private - to work on the concrete,
technical, social or political impacts of the ewmn of our energy systems. Both
governments and citizens are nowadays associdimdight against pollution and climate
change with the development of renewable energscssu

The profusion of scientific research along with themerous reports issued by government
agencies reflect the interest and the concern litigsoand society on this topic. The number
of research papers or studies on the integratiomadfible RES into power networks has
drastically grown since the beginning of the 200€catle. In these numerous work,
hypotheses differ depending on the space and thade svhich are studied. The technical and
complex aspect of the topic combined to its soeiadl political offshoot often make it
difficult to develop a global and synthetic appioax the research carried in this domain.
This paper seeks to provide this global syntheékigugh a bibliometric and bibliographic
approach combined with a survey among actors okttexgy research field and especially

modelers.



2. Methodology

This article is based on a bibliometric study o tBcopus database on the topic of the
integration of variable RES along with a review Igas of different government or
regulation body reports on this topic. To confrtre bibliometric and statistical results to the
current and prospective research trends, an ondum¥ey has been proposed to the

researchers of the domain between June and July 201

2.1 Bibliometrics : recent state of the art

Bibliometric analyses are used to explore the mebeirends and the evolution of researchers’
interests in a field. In the recent published rese42015-2018) we analysed papers in the
field of energy and environment (Han et al., 20IWei et al., 2015; Wei Li et al.,

2015 ; Chen et al., 2016 ; Gao et al., 2016 ; Yal.e2016 ; Zhang et al., 2016 ; Wang et al.,
2017 ; Merigo and Yang, 2017 ; Wang et al., 20Zhang et al., 2017 ; Geng et al. 2017 ;
Chen et al., 2017 ; Geng et al., 2017 ; FabiannePdelo and Silveira Porto, 2017 ;

Aleixandre-Benavent, et al., 2018 ; Mao et al.,0Tiana et al., 2018) , explicitly referring

to using bibliometric analysis. An analytic tabletbe different papers, their scope and the
keywords and methods they use is provided in Appenthese papers address different
topics related to various energy questions : greesd gas emissions or climate policy
assessment (Geng et al., 2017; Li et al., 20151al& al., 2018, Wei et al., 2015); low carbon
development or technology development (Gao et2@ll6; Fabianne de Paulo and Silveira
Porto, 2017; Han et al., 2014, Yu et al., 2016; Wanal., 2017; Wang et al., 2017;); carbon
tax (Zhang et al., 2016); water footprint (Zhanglket 2017); deforestation or biomass issues
(Aleixandre-Benavent, et al., 2018; Mao et al., 80dr life cycle assessment (Geng et al.,
2017). The two most common methods used are comtealysis and citation analysis.

Content analysis uses either keyword analysis, whrovides stats on the frequency in the
literature of some chosen concepts, methods, teghtérms, etc., or co-word analysis that
searches for the strength of relations between svard by mapping them thus identifies
relations and interactions between topics and emgngsearch trends (Wang et al., 2017).
Citation analysis maps the relations between tfferdint parts of the literature — mainly who

cites whom — and thus identifies core literatuiggrs, journals, countries, authors, etc. (Gao

! Scopus is the database of academic journal artisid other peer-reviewed publications relatetiecEisevier
publisher. It covers about 55 million entries.



et al., 2016). Social network analysis (SNA) throwpftwares such as Bibexcel and Gephii
which are popular ones used currently (five papges seventeen studied mention using both
softwares), derives from citation analysis and sss® the relations between researchers,
institutions or countries exploring the links beamethem (co-publication, partnerships, co-
affiliation, etc.). In most of the cases, resulttme out as clusters of relations between
concepts, authors, research institutions, etc. lBapsually choose between the two
approaches, they either focus on the content oflitbkature through keyword analysis or
study the publication dynamics assessing produationollaboration status. We combined
here the two methods as we needed both a mappp@afiction and collaboration statistics,
to link it to the energy policy led by differentuwatries or regions, and an assessment of the
trending research topics to build our online survidye most commonly used database is the
Web of Science (6 papers out of 17 mention usinpgvitich includes Science Citation Index
Expanded (7 papers out of the 17 studied mention usingFithally 13 papers out of 17
mention the Web of Science Core collection databakas the most diversified database
covering various scientific topics (from Agriculeurto Medicine and Economics). It

encompasses more than 20 000 journals and 1.4refexdncd

2.2 Bibliometric study and on-line survey

In this paper we used both content analysis and 8IHAg with some other indicators such as
geographic scope and time frame. The list of papetsided in the bibliometric study is

provided in Appendix along with elements used fog fanalysis. The on-line survey was
designed and conducted after the first resultshefhlibliometric analysis were obtained. It

aimed at identifying further research issues, pgospe trends and gather some verbatim on
the current research state of play. It was cariedugh a Google Form and contained three
different parts: 1. Semi-directive questions regegdvariable RES integration (most

important conditions, players, technology need,)ef Open questions regarding research
trends, remaining problems and suggested solutidn)uestions addressed to economic
modelers about their models, tools and issues.ré@sgondents were asked to provide name,

email and affiliation and the results were aggredadb ensure the confidentiality of answers.

2 The web of science consists of 7 databases théefémre Proceedings Citation Index, the SciencatiGit
Index Expanded, the Social Sciences Citation IntlexArts & Humanities Citation Index, the Indexedficus,
the Current Chemical Reactions and the Book Citdtiolex.

% https://clarivate.com/products/web-of-science/welesce-form/web-science-core-collection/




The survey was sent first and foremost to the spording authors of the papers previously
collected for the bibliometric study. We also spreaut the survey to some European
industrial (TSOs, electricity providers, smart grigtart-ups), institutional (World Bank, IEA,
OECD) and Non-governmental organizations (NGO)ractbhey represent less than 10% of
the answers all come from the European Union. T8te bf questions and of respondent’s
institutions are available in Appendix. Sixty resdeers and actors involved in the domain
have answered the survey. Researchers mostly aometifie European Union but also from
the United States (U.S.), Australia, South-Africed &China. Through both the bibliometric
and the survey approach, the objectives of thidystere first to identify key players among
states and research institutions or nodes of cmiddion; second to identify key concepts,
how they are linked together and what types of &ges and models they bring; and third to

identify potential research leads on the topic.

2.3 Dynamics of publication on variable renewable energy (VRE)

Since 1970, according to the Scopus database, Garbdr000 papers (articles, conference
papers or other peer-reviewed documents) have fpggiished on the integration of variable
renewable energy (VRE) integration into power neksdFigure 2).

Figure 2: Number of publicationsreated to integration of variable renewable energies (VRE)
into power networks per year
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Among this wide database we have led bibliometnialyses, using the text-mining software
Intellixir*. Through statistics and graph of links, they shbevrelations between the concepts
used in the publications and between the authadsirestitutions that produce them. A sub-
base has been made on the literature dealing Wwehstenario modelling of the energy
transition and the integration of variable RES iqower networks. Around 150 peer-
reviewed documents have been published on the, talpiof them during the last ten years.

3. Publication dynamics : mapping of acdemic collab orations and
geographic trends

3.1 Variable RES integration: states, reasearch centers and main colaborations

The main publisher on the integration of variabEESRinto power networks remains the U.S.
with a steady level publication of around 250 pestiewed documents per year since 2012
(Figure 3). They have held this position since wadsearch took interest for the subject. The
American rate of publication was the first to tali€ and started growing between 2007 and
2008. China started publishing later and has beegressively catching up with the U.S.

trend during the last few years. It gained secoasitipn over Germany in 2016, almost

doubling its number of publication compared to 2@t reaching around 200 papers per

year.
Figure 3: Number of publications on theintegration of variable RESinto power network per
country
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* Intellixir is a text mining tool for statisticalna bibliometric analysis of the articles found metScopus
database (concepts used, origin of publicationkslof collaborations between authors and institigj etc.)

7



Germany, the United Kingdom (UK), Italy and Indiarrh a second group of country with
around half the level of American publications @bly 100 papers per year). For these
countries the rate of publication took off a biela around 2012. The third group of country
publishing in the domain release around 50 papersypar and is formed by a group of
European countries (Spain, France, Denmark, thédnedands and Portugal) along with
Canada, Australia, Japan, Brazil and Iran. The w@tepublication doesn't show any
correlation with a specific factor such as reseath development (R&D) expenses on Gross
domestic product (GDP) or researcher per milliamahitants (Table 1) nor with the level of
variable RES on the electricity mix (Figure 4).
Table 1: Statisticson R& D, GDP, publication and resear cher per country

Share of R&Don | GDP (Billion | MNumber of |Researcher Publication
GDP*(in%) $Us) pul.lllcatlons per I11I.||IDI1 per I_I&D
in 2016 inhabitant point
1995 2015 2016 2016 2015 2015

United-States 244 2.79 18569.1 243 4231 87
China 0.56 207 111991 198 "7 96
India 063 0.63 22635 147 216 233
United-Kingdom 161 17 2618.3 132 4471 78
Italia 0.95 133 18499 107 2018 80
Germany 213 2.88 3466.7 103 4431 36
Canada 161 1.61 1629.7 68 4518 42
Spain 0.79 1.22 1232 65 2655 53
Australia 1.66 22 1204.6 60 ND 27
France 2.21 223 24654 50 4168 22
Iran 05 0.32 3934 50 738 156
Denmark 18 301 306.1 41 7484 14
Japan 289 328 4939.3 37 5231 1
Brazil 1 1.16 1796.1 36 698 3N
Portugal 0.55 1.28 204.5 33 3524 26
Netherland 1.86 2.01 770.8 29 4548 14
Sweden NC 3.26 510.9 28 7022 9

Malaisi 0.22 13 296.3 28 2261 22
Greece ND 0.96 194.5 24 3201 25
Austria 1.59 3.07 3864 24 4955 8

Source: Scopus, World Bank

Figure4: Number of publicationsand % of variable RESin the electricity production in 2016
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The ranking of research institution according ® tlumber of publications on the topic shows

a little different geography. If the American anti@se research institution dominate the top
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10 publishers, the research institution publistiimg most has been the University of Beijing
since 2013 (it represents in 2016 around 25% ofChi@ese publications in the domain). It is
followed by the National Energy Technology Laborgt@NETL) of the U.S. Department of
Energy which published in 2016 two times less than thévehsity of Beijing (Figure 5). The
third publisher, the University of Tehran (Iranshghown a steady growth of publication over
the last three years and is catching up on the NEHREe European publications appear on the
contrary far more scattered: the first Europeaeagsh institution, the University of Aalborg
(Denmark) appears in™7position followed by the University of Athens (@me) in
position, the University of Madrid (Spain) %3and the French National Center for Scientific
Research (CNRS), T4The European research appears thus more digtilamong a variety

of research centers compared to the rest of ther pihblishing countries.

Figure5: Number of publications on the integration of variable RESinto power network per
resear ch institutions (2000-2016)
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Because the topic of variable RES into power netwsrwide, multidisciplinary and very

complex to tackle and because it is of interestierentire international research community,

collaborations between researchers and betweearobsastitutions are essentials to solve

the problems and questions it brings about. We happroached and mapped the

collaborative dimension of international researchtbe integration of variable RES into

power networks through the analysis of co-publaradi

5 https://www.energy.qgov/




From 1970 until 2017, the U.S. polarize the greajomity of international collaborations
(Figure 6). A second cluster of exchanges withie Buropean Union (EU) is also visible,
member states collaborate between themselves paitt lom the UK and Germany, they
have few links with countries outside of the EUh@t states outside of the EU where the
level of publication is high (India, Japan, Canddar, Brazil, China or Australia) publish in
a quite islanded manner. They all have collabomnaliltks with the U.S. but collaborate very

little between them or with the EU cluster.

Figure 6: Collaboration network among the different countries
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* Numbers represent the number of publications byntguand jointly written by two different countries
Numbers on hubs correspond to the publications dynity and numbers on spokes correspond to the
publications jointly written by the two differenbentries at each end of the spoke.

Co-publication relations between research instihgigive a closer insight on how research is
structured on the topic. The large majority of abbiration relations are polarized at the
national level around one lead research centerdbliborates with a hinterland of smaller
publishers within the same country. It is the daseghe U.S. with the NETL, for China with
Beijing University (Figure 7), for Japan with Tokyiversity (Figure 9), for Denmark with
Aalborg University, for Greece with Athens Univeysi for South Korea with Seoul
University, for the Balkan states with Zagreb Umsrg, for the Benelux countries with the
Catholic University of Leuven, for Italy with Nagleand Rome Universities or for France

with the CNRS.
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Some clusters escape this general rule. The Aigtrahd Taiwan research centers present a
guite meshed and balanced network of collaboratieitls no major polarity. Two North-
European clusters of collaboration with no leadimgfitution can also be identified (Figure
8), dominated by German and UK research centesciassd with Scandinavian, Benelux
and some American teams. It seems quite signifiteitthe two leading European countries
in terms of publications (namely Germany and the) @i also the ones that collaborate the
most and the ones with the most distributed arefmational (though dominated by European
partnerships) network of co-authorship.

Figure 7: Chineseresearch cluster on variable RES
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* Numbers represent the number of publications byntguand jointly written by two different countries
Numbers on hubs correspond to the publications dynity and numbers on spokes correspond to the
publications jointly written by the two differenbantries at each end of the spoke.

Figure 8 : European resear ch cluster on variable RES
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* Numbers represent the number of publications byntguand jointly written by two different countries
Numbers on hubs correspond to the publications dynity and numbers on spokes correspond to the
publications jointly written by the two differenbantries at each end of the spoke.
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Figure 9: Japanese research cluster on variable RES
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* Numbers represent the number of publications byntguand jointly written by two different countries
Numbers on hubs correspond to the publications dynity and numbers on spokes correspond to the
publications jointly written by the two differenbentries at each end of the spoke.

If we focus on the scenario building publicatiotise cartography seems a little different.
Collaborations seem more driven by geographic pndyj which could be explained by the
fact that most of the integration scenario are metdee national or macro-regional level. The
most important clusters of collaboration are EuespeNorth-American teams work together
and one cluster breaks this general rule and bringsther teams from China, Japan,

Germany, Sweden and the UK.

3.2 The most influential actors for a fast integration of variable RES

The problem of the integration of high levels ofighle RES into power networks is not just
a technical one or an economic one. Because ofinipacts it can have on markets,
consumption behavior, supply policy for States asutiety at large, it goes beyond
disciplinary barriers and calls for a multidisci@ry and multi actor approach. 90% of our
survey respondents consider themselves as researthey were contacted and asked to fill
in the survey as they are the corresponding autbfotise papers considered in the two sub-
based we built from the Scopus database on RE§raien scenarios. Among the 10%
remaining respondents are some European policy is1ad&0O members, market analysts or
industry-oriented profiles. As they provided fewlatim and were not enough of a consistent

group we chose not to consider them separately tranrest of the respondents. We have
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asked the respondents to choose and rank the adtose implication they consider the most

important for a fast and smooth integration of able RES into power networks (Figure 10).

Figure 10: Mogt influential actorsfor afast integration of VRE into power networks
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Source: ANCRE Survey

* This figure can be read as follow: 34 respondentssicer politics as the most influential actors #ofast
integration of VRE into power networks.

Politics come first in the ranking of the most imjamt players that have to be involved in the
process of variable RES integration, which would fr a deeper study of policy impact

from the research community. Transmission systearatprs (TSO), regulators and industry
are mentioned immediately after politics, they esent the technical and economic part of
the issue. Research comes then, along with lotatsaavhich would make a case for the idea
that this integration is not necessarily a matfeteochnological breakthrough brought about
by new research but more a matter of politicalneooic and industrial choices. Many of the
respondents commented their answer with the ided# tdommunication and strong

cooperation between all the above-mentioned aetotdd be necessary to allow high rates of

integration.

4. Scenario and modeling tools

Policy makers are most interested in a few key tipes the delimitation of the amount of
variable RES it would be possible to include inte power networks without threatening
their stability, what the cost would be for sociatyd how long it would take to implement.
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We focus in this part on both scenario building amsbeling tools in the scientific literature,

as they are the main aspects the research comnuseityto address these questions.

4.1 Kkey concepts

The bibliometric analysis allows for the mappingkefy concepts used in scientific literature
on the integration of variable RES into power neksoand gives some insight on how they
are linked together. One of the main results of #nalysis shows the importance of scenario
building and modeling (Figure 11).

Figure11: Map of the main concepts used in the paper s published on VRES integration
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Source: Scopus/Intellixir

Because of this importance of scenario buildinghi literature and also because it is one of
the main interest policy makers have in curreneaesh, we focus here on the different
scenario types. How they are modeled and how stieenbmmunity views their possible

evolution.

4.2 Time horizon.

2050 seems to be the major reference for scenesjeqbions and is used by around two third
of the papers. However, half of the papers thatehtiee integration of 100% of variable RES
into the power network they study choose not toettgy their scenario within a time frame,
whereas only 20% of scenarios that postulate lolgeels of integration do so. This
difference of projection in time might be explainbgl a political aspect underlying the
different types of scenarios. 100% integration ac@s often consider integration of RES as a
goal per se and try to demonstrate it will be galesto reach it eventually, whereas other
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scenarios with lower levels of integration go ttieen way round and tend to test practical
options more or less immediately applicable. Inhboéses, the choice of 2050 as a target
remains political as a “mid-term”, “mid-century” mwnonly accepted time reference for

energy and environment policy making.

4.3 Scale

When asked about the most accurate scale for tegration of variable RES into power
networks most of the respondent researchers pwafdrthe local and regional level. Even
though they do not discriminate strongly betweea thfferent scales and most of them
comment on their answer saying cross-scale dynaanécessential to the process, the result is
interesting when compared to the statistics of ippbbn. More than half of the published
papers that propose a scenario focus on the nhtemrel. The second most studied scale is
the macro region (15% of the papers) and localraginal levels both make respectively for
less than 10% of the published papers. This distr@pbetween the scales that are deemed
more accurate to study and the ones that are e#bctstudied, and the predominance of
scenarios at the national level may be the redylblicy makers’ interest (and financing) for

studies and scenarios at their own level of actidrich is often a national one.

4.4 Geographic dimension

The geographic span of scenarios on the integratiorariable RES into power networks is
rather limited. Three poles are particularly stddithe U.S., the EU and an Asian pole
(mainly China, South Korea and Japan). Austraka appears in the 100% RES integration
scenarios. Most of the papers published come fitoensame areas and researchers tend to
publish on the areas where they work. However,ldlok of research on developing areas
where the electrification process is scarce, orggan structured very differently from the
large and highly meshed networks of industrializedintries, seems problematic from a
global and long term perspective. The World Ene@puncil (WEC) foresees the African
demand for electricity will triple between 2015 aB825 but research scenarios show a
remarkably low interest for this continent evenutjo it might be a game changer from a

global perspective.
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4.5 Model types

Respondent modelers used a large variety of mdéeisire 12). The respondent modelers
cited among others the following modeléntareg, Dispa-SE¥, EnergyPLAN, H2RES®,
Imaclim-R", and In-house model based on GA¥|S.EAP', LUT Energy System Mod¥|
NEMO™, Plexos®, OEMOF’, 0SeMOSY#®, Poles®, Power Factor¥, Times for different
countried’, TIAM World%.

® All the footnotes related to model are based oml@lpresentation webpage.

" ANTARES is a Monte-Carlo software for power systeranalysis Kttps://antares.rte-france.com/wp-
content/uploads/2016/09/160913-Antares_public_ghijt

® The Dispa-SET model is an open-source unit comeritmand optimal dispatch model focused on the
balancing and flexibility problems in European gr{dttp://www.dispaset.eu/en/latest/

° EnergyPLAN simulates the operation of nationalrgpesystems on an hourly basis, including the &ttt
heating, cooling, industry, and transport sectttrss developed and maintained by the Sustainalverdsy
Planning Research Group at Aalborg University, Darkm(ttp://www.energyplan.gu

Y H2RES is a balancing tool that simulates the irtgn of renewable energy into energy systems. fibeel

is developed by the Instituto Superior Técnicobbis and the Faculty of Mechanical Engineering amaall
Architecture at University of Zagreb, Croatia ir0B0 http://www.energyplan.eu/othertools/island/h2yes/

1 IMACLIM-R is a multi-sector multi-region dynami@cursive growth model (12 sectors and 12 regidhs).
provides a macroeconomic framework which analykesre¢lations between the economy and energy sectors
(http://www2.centre-cired.fr/IMACLIM/Description-desiodeles-IMACLIM/IMACLIM-R/article/IMACLIM-

R)

2 The General Algebraic Modeling System (GAMS) ishigh-level modeling system for mathematical
programming and optimizatiorhtfps://www.gams.com/products/introductipn/

3 LEAP, the Long-range Energy Alternatives Planrygtem, is a widely-used software tool for energlicy
analysis and climate change mitigation assessmentlgped at the Stockholm Environment Institute.
(https://www.energycommunity.org/default.asp?actiatraductior)

* The LUT-model is an hourly resolution model of tpewer generation system based developed the
Lappeenranta University of Technology (LUT) in Rind (https:/www.lut.fi/web/en/school-of-energy-
systems/modelling-energy-systems/stugdies

> The National Electricity Market Optimiser (NEMO$ ia chronological dispatch model for testing and
optimising different portfolios of conventional aménewable electricity generation technologieswiss first
developed by Ben Elliston in 2011 at the Centre Haergy and Environmental Markets, University ofuNe
South Wales.Https://nemo.ozlabs.oig/

'® pLEXOS® Integrated Energy Model (PLEXOS) is traud-true simulation software that uses state-oftie
mathematical optimisation combined with the la@sta handling and visualisation and distributed mating
methods, to provide a high-performance, robust kitimn system for electric power, water and gag tha
leading edge yet open and transpardritp$://energyexemplar.com/software/plexos-deskiition))

" OEMOF is a modular open source framework to medergy supply systems. Oemof addresses current and
future challenges in energy system modelling byhgpaiross-sectoral, multiregional, Time-Step-Flexiahd
community driven fittps://oemof.org)

18 0SeMOSYSis an open source modelling system farg-ton integrated assessment and energy
planning. bttp://www.osemosys.orp/

19 prospective Outlook on Long-term Energy Systen®LES) is a world energy-economy partial equililbniu
simulation model of the energy sector until 205@thveomplete modelling from upstream productiorfital
user demand and greenhouse gas emissions. POlLE&dsand developed by Enerdata in collaboratioh thi
European Commission’s JRC IPTS and University of er®ble-CNRS (EDDEN Ilaboratory).
(https://www.enerdata.net/solutions/poles-model.html

%0 powerFactory combines extensive modelling capasli with advanced solution algorithms, thereby
providing the analyst with tools to undertake thél fange of studies required for grid connectiord agrid
impact analysis of wind parks, photovoltaic (PVamtk and all other kind of power park modules using
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In our survey their comments mention four key edata for the future of variable RES

integration modeling: (i) an integrated vision thebuld need to consider all the impacts
without a “silos” approach; (ii) the need for a stant link between models and scenarios;
(iif) a collaboration between energy system modeerd grid modelers is required; (iv) the

challenge of flexibility, necessary for the inteigwa of intermittence need to be addressed.

Figure 12: Types of model used

Optimisation Récursion Simulation
Bottom-up . .
- @ o @
Top-down & &

Source: ANCRE Survey
Simulation models are built to reproduce a reatesysin order to study its behaviour. They
do not calculate what should be done to achievévengresult, but illustrate what might
happen in a predefined situation. In contrast,nogzttion models assume the definition of an
objective function: it is a quantity to be minimizer maximized (sum of costs, collective
well-being, etc.). Finally, the recursive approashat the intersection of the two previous

renewable energy h{tps://www.irena.org/-
/media/Files/IRENA/Agency/Articles/2012/Jul/6_Kod$eron.pdf?la=en&hash=AAA89C654FEB87FD550E0
3F2AAFB9CEATDEBC14p

L The TIMES (The Integrated MARKAL-EFOM System) modenerator was developed as part of the IEA-
ETSAP's methodology for energy scenarios to contludepth energy and environmental analyses (Loelou
al., 2004). The TIMES model generator combines tifferent, and complementary, approaches to mogglli
energy: a technical engineering approach and anoadci@ approach. In a nutshell, TIMES is used fahe"
exploration of possible energy futures based ontrasted scenarios” (Loulou et al., 2005)itgs://iea-
etsap.org/index.php/etsap-tools/model-generatorsgi

2 The TIMES Integrated Assessment Model (TIAM-WORLi®)a multi-regional and inter-temporal partial
equilibrium model of the entire energy/emissiontegs of the World, based on the TIMES paradigm
(http://kanorstestl.kanlo.net/models/tiam-wdrld
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techniques. Because of their size, these modelsbeartonstructed by simplifying the
decision-making process: economic agents optinmzebgective function recursively.
Scientific literature proposes various classificati of models used by energy, economy and
environment researchers (Percebois and Hansen,; BbiHtacharrya and Timilsina, 2010;
Vieille-Blanchard, 2011; Nicolas, 2016; etc.). Thal differ but nevertheless agree on some
key elements that would need to be included intgpglogy:

- the analytical approach chosen: engineer or ecanamiel, bottom-up or top-down

approach, partial or general equilibrium

- the numerical methodology: optimization or simudati

Computer tool recensions (Connolly and al., 201i6h& and Chandel, 2014) conclude that
none of the existing tools allow for a completdasison all the integration challenges and that
every modeler selects or builds one tool to ansseene specific questions. Tools are thus
scaled to answer integration questions on veryrgésebjects (a building, a local, national or
theoric system) and some of the other parametehsded in the models (sector description,

time step, etc.) prevent the comparison of results.

The disparity of models and of the results theyppee is often considered as a problem,
especially by policy makers for whom it is diffitub read these different results and who
then struggle to transform it in effective poliddccording to our survey results, modelers
consider that the difference in starting hypothésikey to this disparity. Databases used on
technology costs can differ but a more structu@hipis that models are built to answer
different kind of questions and the current redeatate of play do not allow for the building

of a model that would integrate the entire ongofugestioning. The ways models are
structured differ according to their goal:

- Some choose between the physical aspect (netwoidelng) and the monetary
aspect.

- Some are efficient to observe the behavior of okt in one given year but struggle
with the projection of a system evolution over ager period of time.

- The time granularity of a model affects both itSogEncy and its results: traditionally,
networks are modeled hourly, infra-hour models renmaostly the prerogative of
transmission system operators for short term sitiwma because of the computing
power needed for such projections. Whether it @agpriate or not to build infra-hour

models outside of this type of exercise is debat@dng the scientific community: it
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often means that some “average weeks” are modelkkgm@cessed without assurance
that critical moments are being taken into accaunat detected by the model.

- The spatial features of networks (size, configorati meshed aspect or not,
obsolescence, etc.) and of the areas consideradhis, population, land use) affect
the dimensioning of models and their results. The extreme cases of a power
system in a developing country of the equatoridt, beith few connections, small
extensions and many islanded parts and a very Eugapean network in a temperate

zone, highly meshed and interconnected, cannoirbetly compared.

Two conclusions can be derived from these obsemstiFirst it is impossible, given the
current research state of play, to obtain an imatedglobal convergence of results. Both
models and questionings are not mature enough esetlguite recent objects and the
discrepancies one can find in the results precisalyw the wide remaining uncertainties.
Second, such a convergence is not currently désiesbthe models and scenarios purpose is
precisely to answer and reflect the diversity ad ingoing questionings, through different
approaches. It would be structurally impossiblas& for different questionings to bring one
single same answer, even though it would be efmig@olicy making or communication.
However, a consensus among respondents points maaging lacks in current modeling
dynamics. The impact modeling of emergent technetods still fragile and must be
improved to strengthen the pertinence of projestidrhe possible development of substitute
low carbon emitting technology (other than solad annd) is seldom considered. Some of
the basis scenario data would benefit from beirmrghbaized and more systematically shared
(economic databases, technologies features suobsts technology readiness level). From a
more general viewpoint, a lack of transparency simafing of both data and methodologies

used is often highlighted.

5. Potential research leads
The value chain for the integration of variable RE$ power networks is long and
particularly complex. Each of its elements bringsspecific challenges (whether technical or
not) and opens a specific research field. The @csteons and interdependencies between these
elements are also important, which makes a glolsarvon the topic difficult. What could be
the potential research leads that would benefitesattention from the research community?

We do not pretend to enter into very technical itletthe point here is rather to account for
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the critical perspective on ongoing research dynarthiat derived from both the bibliometric

and survey analysis.

5.1 Current important topics

The panel of survey respondents defined and ratikedactors for a good integration of

variable RES (Figure 13). The following results whihat there is once again no single and
easy answer but rather a panel of solutions thatl ne be combined. Political and social
aspects of the problem appear rather weak in thssification which could also be explained

by the under-representation of social sciences grtferespondents.

Figure 13: Most important factorsfor theintegration of variable RESinto the power network
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* This figure can be read as follow: 33 respondeatsicler the Evolution of Markets and economic pageas
the most important factors for the integration afiable RES into the power network.

The same identification and ranking has been donénfportant technologies and the same
pattern shows. If storage and flexibility appeartam of the list, most of the comments made
point at the impossibility to achieve this integwatwithout considering at the same time all
the technologies evolutions. The optimal balandgvéen them will then vary depending on

local conditions in every network (Figure 14).

Figure 14: Most needed technology development
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(number of answers*)
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Source: ANCRE Survey

* This figure can be read as follow: 41 respondeioisge as the most needed technology development.

5.2 Unresolved challenges

a) Technical aspects

Modeling exercises either choose between a focusetwork stability, economic dimension,
consumer behavior, market design etc. Up to oumedge there is no existing model that
takes into account all of these elements at theesame and that integrates them. The
following results derive from the verbatim broudgyt the survey, they present the challenges
that the scientific community considers as unresmlor in progress.

On the technical side, network stability (and frelgey stability) is one of the key elements
for variable RES integration which often acts adisaurbing factor. This stability challenge
covers frequency control, planning and buildingnefv lines and the management of the
network’s kinetic energy and reserves. Studyingtladise complex factors and how they
interact in one model is difficult. For example ghterm storage, demand side response and
storage dimensioning (intraday or seasonal) arecaspvhich are mentioned in certain studies
but are seldom quantified or their dimensioning asma qualitative which does not allow for
them to be integrated in currently developed modéie market structure regarding the tools

for this stability is also rarely taken into acctiushould it be centralized or are we going
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towards a decentralized market with, for exampébiszing and monitoring tools installed
directly in private individual residences or in usdrial facilities?

Flexibility and seasonal aspects are a second tyfpehallenge that needs research
development. From a pure technical perspectiveesaiithe existing optimization options are
way less studied and taken into account than oftrarssforming substation carrying capacity
for variable RES, margin of security of old pow#t®n in the current evolving conditions of
monitoring, etc.). The development of flexibilitgrsices would also benefit from a larger
perspective. Often only a few flexibility optionseaconsidered (certain types of battery
storage, demand side management, production fliyjdnterconnexion, etc.): the focus is
thus only placed on the energy sector when otheompnities could be found in related
sectors such as transportation and heating. Thadimgf these operational aspects on long
term decision investment is often not considerdw: thallenge of flexibility is not an
upstream concern but rather a downstream one ohae< up when the investment decision is
made. In the same perspective, most of the studiesa static demand/supply balance, thus
underestimating the networks’ or the productionemational margin and reserves used to
operate the system in a dynamic way. The dynammctioning of the system is often not
addressed, along with the information and monitpagstems of production facilities and the
market design challenges it brings up. Distributtaworks are less studied than transport
networks, even though they absorb a large part BS Rlecentralized production which
frequency response is very quick. Storage is caehgmwidely studied but some challenges
call for deeper studies without limitations to tinere question of flexibility. Storage during
low-production episodes remains mostly unstudiezhbse of its complexity and its cost (but
market studies should envision every situation) #redrole batteries could play, especially

associated with vehicle fleets, calls for a batteierstanding.

b) Marketsand financing aspects

The market design that would be most suited foritkegration of variable RES into power
systems is still a grey area for research. Thiedamty creates an investment risk for the
different players of the value chain. The markedigie is a large question for researchers as it
includes a vast number of concepts: risk managentgmes of contracts, adaptability and
adaptation of the network, time horizon, etc. Thgutatory aspects and their evolution are
particularly important in this context, both at thational level but also in their local aspects

specific to each area. Their evolution and impaetsall poorly studied in the literature.
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The cost impacts at all levels of the value chaestill debated. At the production level, the
level of financing and investment required for tevelopment of variable RES is unclear and
depends on the political vision of the evolutiontled electricity supply in the short, medium
and long term. At the level of the transmission aistribution network, the question of
pricing arises: is it necessary to charge the amesuhe access service to the network in
addition to the demand for power to compensat¢h@iosses associated with a new category
of consumer-producers who only use the networkl@sckup of their own production? And if
so, in what proportions? At the level of consumptibow to model the evolution of the price
of electricity? The variable RES production meamsich are currently the first in the "merit
order" of production sources, are pushing out efdbnventional power plants market which
are unprofitable in the current market design are dismantled or mothballed without
guarantee that the original production intermittemewable energy can ultimately ensure the
satisfaction of the entire demand. Conversely, sammel or solar projects with almost zero
margins can be threatened if the price of eletyridrops, except to maintain in time a

guaranteed price system as is the case in cugedeéts.

Generally speaking, the economic dimension of tieélpm of integrating variable RESs into
electrical networks is still poorly taken into aoot and the models are insufficiently detailed,
particularly as regards:

- the additional cost of storage in the final coseérgy;

- the cost of the environmental, health and sociglaich of the new high-voltage lines;

- the cost of intermittency of the variable RES;

- the economic value of the MWh of the additionaliafale RES capacities. One often
imposes a level of development (share in electecargy at a precise date) without
worrying about the gradual decline in the valugh®f MW of renewable energy as
installations progress; the possible technolodicahks announced;

- the good representation of the various stageseotkbctricity markets to develop the
flexibility services trade (reserve market, adjustinmarket, intraday market), as well
as all the electrical equipment with its flexibjlitharacter (equipment ramping)
conventional, production hazards on PV and wincesymn a model market in unit
commitment;

- the demand and its possible flexibility, which engrally much less studied in detail
than the "supply side" (means of production andagi®, and transport infrastructure,

etc.).
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c) Social aspects

The behavior of citizens and consumers in the agweént of large sources of variable RES
production are not taken into account in the modedixercises or in the scenario. Considered
as a field of research specific to the social smenthis topic is still not enough taken into
account by the scenario designers. Yet the isstissaial acceptability by citizens (for the
establishment of new production or transport inftagure) and the change in consumer
behavior (the ecological choices made by individual the responsiveness to a given price
signal on the electricity) partly condition the uls. Despite the general support of the
population for this type of policy, the cost to samers or the taxpayer of the transition to an
electricity system with a high rate of integratimihvariable RES may in some cases lead to a
"fiscal fed up" of populations that may lead, as $ome Americans, to a mistrust regarding
the need to reduce the global carbon footprinttl@@nother hand, it is interesting to examine
the influence of crowdfunding on the deployment &wdhlization of renewable energy (Lam
and Law, 2016; Vasileiadou et al., 2016). Finanasgn important barrier for variable RES
and the new systems put in place (including crowdiing platforms) are currently being
developed to encourage the placement of local gayimhether in developed or in developing
countries. The financial aspects of the developnuéntariable RES are rarely taken into
account in energy transition models. As key elenfi@mthe integration of variable RES in the
power networks, they should be studied more bectngsecover geographic issues (criterion
of residence for the investors and reserve of g@yito favor the local anchoring of the
projects) and issues related to the participatibthe citizens. Eventually all the questions
related to social acceptance of the projects amavty to address the well-known “Not In My
BackYard” (NIMBY) or “Build Absolutely Nothing Anywere Near Anything“ (BANANA)
problems need further addressing. The issue ofrganee for the management of these new
sources of intermittent production needs to behtrrexplored. The installation of variable
renewable energy infrastructures has local impéatsd, landscape, etc.) and is associated
with a particular experience of the populationsaawned. It may be a feeling of "take-back”,
local control over the sources of energy producéind supply, or a feeling of imposition by a
centralized and distant power of infrastructure th@es not serve the interests of the local
population (impact on crops or tourism, for examplehese questions relating to the local
specificities of projects require upstream congtien of investment decisions if we wish to
establish a constructive dialogue between stakeh®ldround the common objective of
promoting and facilitating the development of val@&RES. These are important topics for
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the deployment of variable RES that should be natiegl into the modeling exercises in order
to cope with the objectives of public policy recoemdations for the political body (Ribeiro
et al. 2018).

d) Theneed for a systemic vision

The scenarios (or the model) often study one aspiethe question of the integration of
variable RES (adequacy of the production meanghiéty of the electricity grid, power
markets design, etc.) without presenting a systemsion of the question (which would take
into account technical, legal, behavioral issu&s).eThe complexity of the questions and the
organization of the research (in silos) is expldifgy the multiple nature of the questions
asked. It's currently difficult to work on the glabpicture of the problem which would
require to integrate all of its components, insaarinteractions and feedback effects exist
between them. More broadly, the integration of alsle RES into electricity grids is
influenced by elements that lie outside the powstesn. Taking into account other energy
needs than electricity (heat, cooling, water, epéog transport ...) is necessary to consider all
aspects of the problem. Similarly, it is necesgdaryake into consideration the other energy
vectors that electricity, and the possible interemtions between networks and possible

inter-conversions between energy vectors (espgatdrage).

6. Conclusion and Policy Implications

Integration of variable RES into power networks bagn a trending research topic for the
last decade. The complexity of the envisioned pnoisl often leads to very specific papers
focusing on one aspect of the problem in a silor@ggh. The comparison between trends
revealed by the bibliographic analysis and neegsessed by the respondents to our survey
among researchers in the field thus shows someegiagocies. More than half of the
respondents mention the political body and the adtwperators as the most important actors
for a fast integration of the variable RES to thexgicity networks whereas the research and
the technological breakthrough it might bring appieaonly 5" position. The geographic
scope of current scenarios (let at a national Jeielsomehow contradictory to the need
expressed for local studies. Among the intervieweemy modelers answered our questions
and show a real diversity of models and methodekgsed to treat the subject. The diversity
and disparity of the research models and the meshéty propose is often presented as a
problem. However, this disparity can be explaingd rhany factors: lack of common

databases on the costs of technologies and theiutean for example, but also more
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structurally, diversity of the questions asked tigio these models. Therefore, in the current
state of research, it is not possible to build alehdhat integrates all the current questions.
The majority of the comments made by the reseascinterviewed thus state not only an
impossibility to converge the results of the vasauodels but they also underline that this
convergence is not desirable in the current sthtesearch. The modeling exercises should
not be intended to give the same results but tovanshe diversity of the questions that
research raises or to bring different and compleargninsights, according to the qualities
and limits specific to this or that model, on tla@ng question. The disparity in the results of
models currently used is therefore the result ahlalack of maturity of research on these
iIssues, which are relatively recent in their st@alyd which require complex tools as well as
considerable computing power) but also of a stmattumpossibility to see different
questionings bring similar answers. However, soimthe baseline data, such as economic
databases and technology characteristics (costendtogy readiness level (TRL), etc.),
would benefit from being harmonized and more widshlyared. In general, a lack of
transparency and sharing of methodologies andisiaametimes emphasized.

The integration of high variable renewable enem@jgs into electricity networks impacts the
entire value chain of the power system and affgetgeration, transmission, distribution and
consumption. This also calls for some integratepr@gch. For each part of the value chain,
there are specific technical issues but researchldlalso focus on transversal question such
as governance issues, social, legal or politicainggally speaking, the question of the cost
and the economic profitability of the integratiohw@riable RES arise at every part in the
chain, but it is difficult to define an economictmpum taking into account the combination
of the different evolutions of this value chain.

Current research on the integration of variable RE® power networks would benefit from
leading the following actions: building a commonatese for modeling, including cost of
technologies and technologies specifications, opemnternational collaboration, conduct
researches with a global approach including soetances and other sources of energy
consumption (transport, heating etc.). Researchleosild also keep in mind that the topic
stays very political: current market designs inelwdde subsidies and public opinion prevails

over economic rationale in many cases.
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