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SUMMARY

The Energy Union policy has fixed ambitious goals for 2020 and 2030, for the climate protection, where the
interconnected European electricity grid with more cross-border interconnections, storage facilities, and smart
grids to manage demand should ensure a secure energy supply in a system with higher shares of variable
renewable energy. In this respect the gradual construction of the pan-European electricity highways should play
a key role.

As a matter of fact, the often decentralized location of Renewable Energy Sources generation with respect
to the big consumption centres has increased the interest towards analysing perspective investments in extra.
high voltage point-to-point connections that could allow to efficiently convey the resulting bulk power flows.
However, the related high investment costs imply a new methodology of analysis oriented to the very long time
horizon.

On this background, the research project e-Highway2050 was launched in September 2012, with the aim of
delivering a Modular Development Plan of the pan-European transmission system at the time horizon 2050
supporting the planning of a pan-European "Electricity Highway System".

The project workflow is developed around five extreme but realistic scenarios at long term horizon. The pan-
European power system is represented by a consistent set of zones, while system simulations are performed ir
order to highlight weak points of the transmission grid. This brings to identify few grid architectures per
scenario, corresponding to technological choices reflecting each a different degree of public acceptance of the
deployment of new overhead lines, and taking into account a Cost-Benefit Analysis. For this analysis, an
extended set of robust cost-benefit indicators was selected, including economic factors, socio-environmental
aspects, all factors being accounted for in quantitative economic terms.

This paper presents the final results of the research project, illustrating the methodological approach that has
been followed in order to elaborate the scenarios and to perform the methodology on the grid architectures
selected. The quantitative results for the target year 2050 are thoroughly discussed and conclusions are drawr
concerning the long-term evolution of the pan-European system.

KEYWORDS: Pan-European Transmission System, Electricity Highway System, Transmission System
Operator, grid planning, scenario, Renewable Energy Sources.
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INTRODUCTION

On March 27th 2013[1], the Green Paper publishetheyEuropean Commission (EC) framed an upgraded
policy environment within which Europe ought to idesits whole energy system from 2020 up to thedied
of the twenty-first century (2050). Such a longitgrerspective had already been laid out in 2011aj&j then
continued through the Energy Roadmap 2050 [3],thedransport White Paper [4]. Moreover, each eféh
key policy papers had witnessed a parent Europadmafent Resolution [5] aimed to converge on av‘lo
carbon” vision for the European economy by 2050ink@rmediate 2030 framework was then proposeihaef
and finalized by the EC and the Member States (M Sanuary 2014, assuming that:

- The EU28 is making significant progress towards tingeits existing climate and energy
intermediate targets for 2020;

- The 2050 perspectives still hold plausible, whiatams reducing greenhouse gas emissions by 80-
95% below the 1990 levels by 2050.

Overall, since October 2014, there has been a mhémtegrated climate and energy policy framework
available in Europe to reach a set of 2030 tardeisvolves a clear regulatory framework for int@as and
proposes a more coordinated approach among MentdtesSthis is the Energy Union strategy. This watke
policy framework aims at strengthening the plalitjbdf the 2030 targets as agreed by the EU leadeputs
forward five mutually-reinforcing and closely int@ined dimensions designed to support the thrdarpibf
energy security, sustainability and competitiveness

The 2030 targets and 2050 long term goals haveeatdmpact on European energy infrastructures, and
more specifically on the pan-European electricakgrosystem. The Ten-Year Network Development Plan
(TYNDP) prepared by the European Network of Trassimon System Operators for Electricity (ENTSO-E)
addresses the development of the pan-Europeami@tgdransmission network from now on until 2030.

But what about longer term horizons and the traorspaths to support the European Union in reacthag
low carbon economy envisioned by 20507?

This is where the approach developed in the e-Hiy2@50 project comes into the picture in order to
complement the 2030 TYNDP visions [6].

The main results of the e-Highway2050 project ararsarized in the present paper [7].

THE SCENARIOS OF THE PROJECT

The scenarios presented hereafter are the outcbmearting process implemented to select the mdre
scenarios regarding their impact on the transmsgia@ [8]. They aim to explore a wide scope olugiale and
predictable challenges to be faced by the powdesysThese challenges are driven by changes inrgang
demand, energy storage and level of power exchafndese-Highway2050 scenarios are neither preaistio
nor forecasts about the future; the project consortioes not consider any of them to represenfutiuee, nor
does it assume any to be more likely than the sther

The five scenarios selec are;
Demand

- Fossil & nuclear,

- Big & market,
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- Large-scale Renewable Energ ~ \ % \ “,>*"’f 100 % RES
Sources (RES), 7 * Big & market
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- 100% RES - high
Fossil with CCS Exchanges



At first, the demand development towards 2050 wegsaled based on scenario specific socio-economic
prognoses about gross domestic product (GDP) amllggon. After that, the effect of technological
developments (e.g. increase of efficiency in elgc#ition of heating and transport) and demand-side
management are used to adopt the yearly demandikeweell as hourly profiles for each scenario.

The share of Renewable Energy Sources ranges 08mtd 100%. Wind generation is significantly high
in the scenarios Large-scale RES and 100% RESealslef 40-50% of the generation mix. Solar genemnat
plays a major role in the scenarios 100% RES anallS#riocal with about 25% of the total generationx.
Nuclear generation ranges from 19 to 25% of thegsion mix in three of the five scenarios (Largals RES,
Big & market and Fossil & nuclear). Indeed, nucleelps achieving the 2050 EU decarbonisation catents.
The 100% RES scenario is nuclear generation fressiFenergy sources remain significantly highhe t
scenarios Big & market and Fossil & nuclear witl#d.8nd 33% of the generation mix, respectively, esifoc
these scenarios, the Carbon Capture Storage (@CH)dlogy is assumed to be mature. The share sil fos
generation in the other scenarios stands below 5%.

Model with 100 clusters

For the study, the
European power
system is represented
via a zonal model with
100 clusters. Demand
and installed
capacities for each
generation technology
have been defined per
cluster, and for each
scenario.

For each scenario, generation capacities are deiiinEurope to meet the demand, consistent with e&c
the scenario backgrounds. The geographical dimessatained for the study involved one hundredsters”
covering the whole Europe. Indeed, due to the daicgies of such a long-term horizon and the comipjlef
addressing the whole continent, more detailed gegms — like the substation level — are neithigainable
nor needed for the present work.

The main goal of the approach is to ensure an bwenasistency, meaning European targets transiated
local generation portfolios.

The RES capacities are located preferably in thst pimfitable clusters. However, a criterion ofioaal
energy autonomy is also taken into account for eaemario. For instance, in the scenario Smalld&llono
country supplies more than 10% of its electricigndnd using imports. By contrast, in the scendrage-
scale RES and 100% RES, some countries importyn@d% of their electricity needs.

Thermal generation is also defined with a Europgenspective. Simulations are performed to assess th
appropriate number of power plants necessary tarersglequacy (assuming infinite network capacitielsyis,
over capacity for generation unites in Europe midad.

It should be noticed that the implementation ofhstap-down scenarios would require a very high ll@fe
coordination within Europe, thus differing signdiatly from national plans.

For each scenario, Figure 1 (below) depicts theD2B6ropean installed capacities per technology \aith
reminder of the situation in 2012.
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Figure 1: European installed capacities in the $isenarios at 2050 (compared to 2012).

Wind generation capacity ranges from 260 GW to G§0, and from 15 GW to 115 GW in the North Sea.
For solar generation, capacities range from 1H®®GW in Europe. Solar generation in North Afrisaery
high in the scenario Large-scale RES, coveringouf#t of the European demand for a solar instaligrhcity
of 116 GW. In the 100% RES scenario, it covers 3% e European demand and less than 1% for the othe
scenarios. The nuclear capacity increases compar2@l?2 in the scenarios Fossil & nuclear and Laage
RES — up to 169 GW and 157 GW, respectively. Ireleses in the other scenarios. Biomass-basediglgctr
generation, being a dispatchable RES source, reasigaificant levels in the scenarios with high RES
penetration. It reaches almost 200 GW in the sied®0% RES. It is noteworthy that there are afassil”
plants in the scenario 100% RES. It actually cquesls to plants that are necessary for adequaey;ate
referred to here as “fossil” but other solutionke Imore biomass/storage, or DSM measures, costul [z
imagined.

With the high shares of renewable energy, the dgveént of storage and demand side managementastexip
in the future. Ambitious assumptions are thus tak@maccount in the five scenarios [7].

From today to 2050

The TYNDP 2014 [6] has defined four “visions” todaéss the 2030 horizon. To assess the trajectdheof
power system from 2030 to 2050, a correspondind 2@3on is identified for each of the five 205@Barios
consistent with the TYNDP2016 visions: it is comsigtl as the most likely antecedent. Five 2040 sicsnare
then defined by interpolating between the 2030s#sa0f the TYNDP 2016 and the e-Highway2050 scesar

1800 Installed Generation (GW) 1600 Inst.a]led Generation (GW) 1500 Insta.ll?d Generat;on (GW)
Vision 2 - Big & market m wind Vision 1 - Small & local & Wind Vision 4 - 100% RES B Wind
1600 1400 -~
Solar Solar 2000 - Solar
1400 -+ 1200 -
1200 - Biomass Biomass Biomass
1000 - . I 1500 -
1000 -+ | M Coal M Coal M Coal
800 I
800 -
W Gas B Gas | W Gas
c00 | 600 1000 gy
M Gas/Coal 400 W Gas/Coal W Gas/Coal
400 - ' 500 -
W Hydro W Hydro W Hydro
200 200 -+
o | _ : B Nuclear 0 : ) ) W Nuclear o0 : ) B Nuclear
2013 2030 2040 2050 2013 2030 2040 2050 2013 2030 2040 2050

Figure 2: Trajectories of the installed capacifiestechnology from today to 2050 for three e-High@050
scenarios

As shown in the Figure 2 above, all trajectoriesdraracterized by a large increase in the tastdliled capacity
in Europe. This is mainly due to the high sharesokewable: more renewable capacity is needed ttupsoas
much energy as thermal generation.



THE POTENTIAL GRID BOTTLENECKSBY 2050

The first step of the analysis is to assess, baped the generation capacities and the demandefemdsy
2050 in the different scenarios, whether the 20a8smission grid could be appropriate without aeyn
investments. To do so, an equivalent grid modehgemented allowing to perform “system simulatibims
order to pinpoint the impacts of the grid limitatso The possibility to implement non-grid solutiagaghen
briefly discussed.

The scope of the project covers the period 203®260%us the starting grid, which represents theaini
conditions in the grid architecture, is set with thllowing assumptions:

- the transmission network existing today will 9bél in operation in 2050, i.e. the existing overhigsabs
and cable links will have the same topology andratteristics in 2050, even if they have been
refurbished;

- the transmission network developments for 203&deen by the TYNDP 2014, which include, for
example, major North-South HVDC corridors in Germéee figure 3), will all be completed;

Based on a detailed model of this transmission oitimade of more than 8000 nodes), an equivalédt g
model of one hundred clusters is computed to basthrthe flows occurring on the real grid. For ekod of
this simplified model, an equivalent impedance anrid Transfer Capacity (GTC) is estimated. This
equivalent model provides the grid initial condit® i.e. the starting grid, for the simulationseTdetailed
model and the starting grid are shown in figuréA8.can be seen on the right-side of the graph hetlogv
starting grid considered is already meaningfuleeggly in continental Europe. It is already a nma@p toward
the electricity highways.

Existing grid 1GW 2,5 GW
. ' 5 GW 10 GW
w— 220KV 2
— . 400KV 15 GW 20 GW
2015

mmm Projects by 2030

Figure 3: Starting grid of the e-Highway2050 projé&txisting grid (left) and starting grid (righbe grey lines
represent the existing lines and the purple onaesent the projects to be realized by 2030 asdstatthe
TYNDP 2014).

System simulations

An innovative approach is applied to provide a stboumerical model of the behaviour of the whole
European power system. The starting grid, as veetha description of the demand, storage and géoera
portfolios are embedded in the numerical “systemutations”. These simulations optimise the dispaith
generation in terms of cost for each hour of tharyéaking into account the starting grid topolagyd
characteristics (impedances and GTC). Thus, thisnggation problem identifies the cheapest genenato



cover the demand while keeping flows on the netaavithin their limits (optimal power flow). The ofing
costs of the pan-European power system can be astinfor the starting grid and for any modifieddgri
architecture. This is at the core of the cost-hieaehlysis.

Given the high share of RES, the simulation of amg climatic year cannot ensure robust resulis tdt tackle
this issue that probabilistic simulations of 99 ibke years are performed using a Monte-Carlo aggiroAll
results presented in this paper are the minimurjrmam or average values over these Monte-Carlosyear

If no further grid development is performed bey@@380, the simulations show that the power systelin wi
face major issues in all the 2050 scenarios.

First, during some periods and in some regionsl t@anot be completely supplied. These situati@cso
in clusters where generation is not sufficient batllenecks in the starting grid prevent availaggeeration in
other clusters to serve this load. The significaoiceuch events strongly depends on the regionsoarithe
scenarios. On the other hand, a significant amoiurgnewable generation cannot reach load centresodgrid
congestions and has to be curtailed. This doesystematically result in load shedding since |abharmal
generation can sometimes be used instead. Howbese local generations have significant fuel castslead
to CO:emissions.

e-Highway2050 focuses on transmission solutions
The e-Highway2050 project aims at only assessitggpiutions in detail. Transmission grid developine
is expected to be a very efficient solution sinammbines the following assets:

- It can transport renewable energy from areas wiher@ot needed to load centres. This is typictily
case for the North Sea offshore wind parks or leERjeneration in Scandinavia,;

- It enables areas having very different load andegion patterns to support each other. For instanc
southern countries can export PV generation duhiegday to northern Europe and during the night
northern Europe can export wind generation to ssathonsumption areas;

- It can smooth the RES fluctuations between Euromeamtries. For instance, France and Germany
may not encounter high winds during the same psriod

THE POWER GRID INFRASTRUCTURE SUITED FOR A LOW CARBON ECONOMY BY
2050

Thanks to the electric system simulations descriddmm/e, several transmission grid architectures tfe
starting grid with modifications) can be comparedssess their techno-economic efficiency. The qagrwf
the grid development process is to find an optisadlition between two extreme options:

- No further reinforcements are implemented beyor@D2The grid investments are then minimal: yet,
the operating costs of the power system are higbesgrid congestion can prevent from using the
cheapest generation units.

- Infinite capacities are built between all the dtustof the starting grid (the so-called “coppettgdla
assumption). The grid investment is then virtuaiinite, but the operating costs of the power egst
are minimal since the cheapest generation unitaeays be used wherever their location.

For each scenario, a methodology is thus applietefime an efficient grid architecture from a Ewrap
techno-economic perspective. It relies on iteratdimulations to assess the impact of different grid
architectures.

The granularity of the results is not as accurate @ study that would tackle shorter time horgarsing a
full grid model (like for instance the TYNDP appoteof ENTSO-E,).The clustering approach enablessiog
on transmission needs between clusters only, treisgbunable to detail the needs for intra-cluster
reinforcements. The priority is therefore giventhe detection of major electric energy transmissssuies,
meaning long distance and large capacity reinfoecgayoften higher than 2 GW), forgetting aboutgbssible
necessity of smaller reinforcements. Quite ofteorenthan one path/route is possible to reach time sdectric



system objective. As a result, it may be possibidéntify paths which differ from those suggestethe study,
but which fulfil similar requirements.

Grid architecturesfor 2050
The final report of the project [7] provides an pxew of the proposed new transmission reinforcesan

support of each of the five scenarios.

Even if the scenarios are extremely diverse, sorm@mtorridors are common to all of them. They ape
robust to face the large uncertainties in 2050amedhus good candidates for mid-term grid inveatserhe
figure 4 pinpoints the similarities between the nsrés, emphasizing only the corridors that havenbe
reinforced in at least two of the covered scenaiiibss figure also displays a reminder of the povegiges for

the corridors to be developed.
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Figure 4: Common reinforcements (widths are acoorth average reinforcement capacity and the color
represents the number of scenarios where the regrfent is needed).

Cost benefit analysis

A comprehensive Cost-Benefit Analysis (CBA) hasrbdeveloped, which appraises in monetary terms

several aspects that are usually only investigatadjualitative manner. The CBA is implemented toolbox
allowing an automatic application of the methodglstarting from the scenario simulation files atidvaing
a complete appraisal of the cost/benefit indicatitrs elaboration of a scoring parameter and tbaticm of a
final reporting, both in tabular and graphical fofiigure 5 shows the main aspects of the CBA meilogy.
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Figure 5: Relevant components included in the CBa&thndology

The approach includes several elements that cgrooged in a few categories:

- Economic profitability indicators: lifecycle costspcial welfare, CO2 emissions, inter-zonal network
losses, potential to increase RES hosting capdogyto a stronger transmission network, bidding and
potential exercise of market power, distributionastments;

- Socio-environmental aspects: costs for rights-of-wampensation, extra time for approval of new
infrastructures;

- System security of supply: reliability costs, cagligted to system resilience.

Furthermore, the level of risk allocated to invesia transmission infrastructure impacts marketggtion
of the firm which could translate into a specifastof the capital.

An algebraic sum of benefits and costs is consrlisince all CBA components are expressed in mgneta
terms. A scoring parameter can then be used fectsgd) one solution among several investment alteres.
Sensitivity analyses are also carried out basea tpe uncertainty over the different scenarios poskible
modifications in the scoring due to a change inréfogprocal importance given to the costs and bisnfeictors.

The CBA assessment has been applied to the figeergfe scenarios in order to compare few grid esipan
strategies featuring the utilization of differeathnologies in order to account for extra consisailue to the
public acceptability of the new infrastructures aosler a wide range of possible costs.

Going from 2030 to 2050

To identify the modular development of the 205thaectures, a “minimal” grid architecture is defihfor
2040. It is created by using a subset of the 2@&tiarcements, thus aiming at solving as many @kl as
possible at horizon 2040, while still being prdfi&in each scenario. Thus constraints may stiipewith
this minimal grid and dedicated extra reinforcemmaly consequently be needed. Nevertheless, thisnailin
grid constitutes an interesting portfolio of prdjéa be further investigated, as they prove todimust in the
framework of this study for 5 very contrasted sc&rsa The main corridors identified in 2050 do afitg exist
in 2040, but with a smaller power size due the telndime horizon, and also in order to be compatitith the
five different scenarios [7].
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Figure 6: grid architecture for 2040, robust to Shecenarios (grey: starting gird, purple: reinfonents)

CONCLUSION

The e-highway2050 project has developed a new rdetbgy which allows the power system stakeholders
and policy makers to anticipate the future transiais network development needs in line with theglterm
decarbonisation goals set at European level. Teithaodology gives a first, yet reliable, estimatdha main
challenges that transmission system operators e if the suggested new lines reinforcements ate n
implemented.

This methodology is able to:
- Address long term horizons,
- Cover the whole Europe,

- Cope with the European low carbon objectives, teded at national, and local levels, while building
global grid architectures.

An invariant set of new lines and reinforcements Ieen identified in consistency, and in continuitth the
TYNDP. The proposed architectures integrate the presenEpeopean transmission grid, without needing a
new separate ‘layer’ within this existing transnogsnetwork.

A significant number of assumptions were necesgapgrform the e-Highway2050 study. Even though the
solid methodology and the consideration of variezenarios ensure the relevance of the resultbgiustudies
could for sure be performed with different assuonsi in particular deeper assessment of alternstikgions
to the transmission grid.

For future studies, the e-Highway2050 results asthodologies can provide an excellent startingtpoin

The operability of the European power system, agriteed in the e-Highway2050 scenarios, is a alitic
issue. Preliminary analyses were conducted withajept but further research is essential to ardigighe
coming challenges.
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