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Abstract. Worldwide the increasing amount of electricityrfreenewable energgources (REE) is challeng-

ing the way how electricity systems traditionally wovkhile conventionapower plants used to be located
close to majodemandcenters, a great share of the RESapacity installed over the last years is located far
awayfrom areas of high demanth various countries with a strong growth of RE$his causean increasing
amount ofgrid congestiooth on the transmission and distribution le¥@t example in Germany

In this work we analyzeongestion eventia the distribution gridaused by REE feedin and the resulting
curtailment.The analysis is applied @ exemplarnydistribution grid inNorthernGermanywhich faces fre-
quentcurtailment. We characterize obseneedtailmentevents with regard textent, length andrequencyand
illustrate the importance of location within the grithe results are relevant for reseaochhow to decrease
curtailment and thus increase RESutilization within the distribution gridOur goal is to provide detailed
insights on the occurrence of REScurtailment to enablesearclon how to allocate anore efficient dispatch
within congested grid areas and on technologies that can contribute tctialiestagestion.

Keywords: Distribution grid- congestion managemenenewable energy

1 I ntroduction

The continuougxpansion of renewable enerigythe Germarelectricity sectoteads to a increasinglydecen-
tralizedgeneation portfolio, requiring fareaching adaptions to the transmission and distribution grids. However,
the griddoesnotexpand as fast dlserenewablalistributedgeneration capaciffpG), resultingn DG-curtailment
due to grid congestiof6, 8, 9 12]. Despite the German Renewable Energy Act, which requires conventional
generatiortapacity to shut down first during congestion, the curtailment of B@ased tremendously over recent
years(Fig. 1). As a consequence, an increasamgount of potentially generatedectricity from renewable energy
sourcegRESE), a clean resourcandbasically free of marginal costghen wind and photovoltaics are concerned
remains unused.

Fig. 1 shows theongoing trendof increasing curtailment of REE over the recent years. B014 alonethe
same amount afnergywas curtailed aig had beemuring theyears2009through2013in aggregation This trend
is continuingin 2015 ascurtailment inthe first three quarters of the ydwrsalready exceexti2014's total value.
The majority of curtailment concerménd onshore power plants (85%), followed by photovoltaic (9%) and bio-
massplants (6%6), averaged over the curtailment in 2009 through the third quarter 20t&st the entire sum of
curtailed energy is evoked by activities on the distribution grid level, whest of theénstalled capacity of RES
E isconnected tahe grid. The most recent report on curtailment by tBerman Federal Network Agensplits
the entity ofcurtailed energyby 92,2% to thaistribution grid and 7,8% to the transmission qtid].

TheFederal Network Agendyas acknowledged recent developments by increasing the frequency wittheir
itoring reports on grid and system stabilizing measures from byyeax quarterly basis. Even thoutitese public
figures are vital to get an overall understanding of the current develgpomeanterly figureper federal stateare
insufficientfor in-depth analyss. In order to investigate congestion events and develop solutions for imgrovi
congestiommanagement measures, researctegmsiredetailed informatiomboutoccurring congestioaventsand
resultingamounts oturtailment in a high temporal and geographical resolution

Two reports on behalf dhe Ministry of Energy, Agriculture, the Envirorent and Rural Areas in Schles-
wig-Holstein and on behalf of the German Federal Ministry for Economair&fand Energy, published in De-
cember 2012 and July 2014, conduateate detailed analgs of curtailment activitief7, 12]. By comparing up
to three different approaches, both papers emphasize the importansaitabfemethal to avoid high overor
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underestimations/hen analyzing curtailment. Furthermore, #malyses of these papers shibvat several data-
bases have to be combined to allow more detailed analyses including anpginaieand spatial resolutiof, 7,
11, 12]
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Fig. 1. Development of curtailed energy between 2009201bin Germany [GWh][8-10]*

The strong increase of curtailed renewable energgs for a better understanding of this development in order
to develop effective counteneasuresConsidering both, the steep increase in 2014 and 2015 as well as the limited
temporal and spatiaésdution of datain available publications, additional research on this topic is ess&#&dd
on recent researaim modelling techniquefor distribution grid at theChair of Energy Economicpstitute for
Industrial ProductionKIT [13] this paperanalyzes a concrete distribui gridcovering the federal state Schles-
wig-Holstein(SH). Theamount ofcurtailedenergyin this grid area accoustor roughly half ofthe total curtailed
energy in Germanji2].

In order to develop an-depth understanding of grid congestions and curtailmeaisuresatemporaly and
spatialy high-resolved database is essential. This allows the disaggregated characterizhéa@patial distribu-
tion as well as of the frequency and duration of curtailment evenisevr, currently available data sowsce
cannot fulfill these requirements.

Filling this gap, the proposed method in fhaper combines various databasesrderto overcome the lack of
highly disaggregated data and condwmstsn-depth analyis on curtailment activities. The insighisovided by
the application to thhigh voltagedistributiongrid of SHin this workcan support the planning of effective grid
expansiommeasureas well as the development and implementaifanore coséefficient alternatives like demand
side management or the coupling of the power and heat market.

2 Methodology and Data

The gal of this paper isheanalysis of curtailment activities caused by grid congestiotise considered distri-
butiongrid with ahightemporal and spatial resolutiolm the given case, high temporal resolution is defined as
oneminute intervals. Considering the network structure of a poweragsightialdisaggregation othe substation
level of the underlying electricity grid seerappropriate. Having generatadigh resolvedatabasen grid con-
gestion events, thdata settan not only be usedin orderto characterize curtailment activities from a holistic

1 At the time of writing the curtailment of quarters one through thr@@bbwere publishedThe dashed formapproximates
our expected curtailment in quarter four (Q4) of 2015.
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perspective, but also to anatyspecific regions over the course of the last years in deteglto thdargeportion
of wind energyamong the amount aétal curtailed elergy of roughly90%][12], our approachocusses omvind
powerand reglects curtailment from oth®@ESE.

The computation of this high resolution database requires the conisolidétseveral data sourcésig. 2).
Firstly, information abouhistoriccurtailment eventis essential. Grid operators are obliged to publish information
about their feedn management activitiekooking atthe distributiongrid level, the quality of available datan
curtailment eventdias significantly improved since 2Q1%he spatial resolution has increadefrom substa-
tion-levelto DG plantlevel statinghetime intervalandreduction level foeach curtailmergvent oraoneminute
temporal resolution

Secondly, detailed plant data is necessagonclude fronthe curtailmenteventdatato thespatialdistribution
and the exterdf curtailed energy. Plant datecludesgeo information, commissioning date and nominal paer
all wind power plants in SH

Finally, the spatialstructure of the underlying high voltagdéstribution gridis crucial in order to match pub-
lished curtailment events on substation level with adfg@etind power plants and vice versa. The grid infrastruc-
ture was approximated from the overpag®o interfacg3] which relies on data from tl@penStreetMaproject.

Curtailment Events

e Geograpic information:
— Until 2014: affected substation
— Since 2014: affected power plant
e Time interval
e Reduction level [%]

Source]1]
Curtailed Plants: Grid Data
e Geo coordinates e Geo coordinates o
e Commissioning date nodes
e Nominal power [kW] e Normalized power
Source]2] ratio
high-resolution Source]3]

curtailment time series

Fig. 2. Consolidation of different data sources to generate high resolution datalvasgiggram)

The result of the data consolidation isdatabaseonsistingof a grid-node specific time serieguantifying
curtailedenergyon a oneminute resolutionln the following, we describe how tlome minute curtailment signals
from single wind turbinegareaggregatedn asubstatiorievel andfor the whole distribution grighodelled in this
work.

2.1 Allocation of wind power plantsto distribution grid nodes

In order toaggregateurtailmenton a grid node levelwe needo know the individual unit'sonnection to the
grid. Since nanformationis availableaboutwhere singlavind power plarg (WPP) are connectetb the grid, a
heuristic approach based on theationof plants and grid nodes is appliéile assume that WPP arennected
to thenearesgrid node Fig. 3). In cases there aseverahodeswithin aplants vicinity, we only take those into
account that do hawaurtailment events in their record

In our analyses, a single curtailment event is defined as the action of reducimgutieum feeein of an
arbitrary number of wind plants at a single grid node for an arbittagtidn to a level strictly smaller than 100%.
Acknowledgingthe uncertainty from the above mentioned heuristic approach forltivatadn of WPP to grid
nodeswe rule out gridnodes that contributiessthan 0.1%of the total curtailed energy per year for the computa-
tion of the key figurebelow Therefore, curtailment events, caused by a single plant allocatetitodhg node,
are filtered out.
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Fig. 3. lllustrative grid structur@ndspatialdistribution of wind power plants in SH (own diagram)

2.2 Calculation of curtailment on a nodal basis

The available publications about curtailment namly theaffectedplant and duration of the curtailment and not
the amount of curtailed energyn order to calculate the curtailed enerigyequires theotential electricity gen-
eration of each plarturing curtailmentasif therewas nocurtailment A very simpleapproachwould be to use
the ratedturbine capacityas proxy for the generation potential during curtailment evéfdsever,it can be
consideredrery unlikely for all WPP to be generating abminal powerat the same timesven during times of
curtailmentwhen high wind speeds occlihe power duration curvaf any wind power portfolieends tachange
with increasingportfolio sizein such a wayhathigh capacity factorbecomdess likely Fig. 4).
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Fig. 4. Schematic powerutationcurve of aspatialdistributedwind power plant portfolio [4]



Therefore,we applya hypotheticalfeedin-level during curtailment belovthe rated turbine capagitn the
following. We assuméhat curtailment activities take place during hours with the higjesstration level of WRPP
To quantify the potential powgeneration during those hours, amploythe concept of thenaximum amplitude
of renewable supplfMARS) (comparg14]):

N
1
MARSa = mz Xt
t

a
|[x1 <x, <<% S---SxN];tzmax{kEleSmN};a<100

@)

x; ..xy denote the elements of a curtailmenenttime series anaV the number of elements within the time
series The a-quantile is defined as the ratio of time steps with curtailrwettte total number of time steps

The subsequemglculation of theMIARS requires thavind generatiortime serieof the analyzed wind portfo-
lio. This data is not available ftine grid area 0§H-Netz. Howeverit is available for thevind portfolio within
ead of thefour Germartransmissiorgrid operatos. We choose the WPP portfolio of the transmission grid oper-
ator Tennet, which is the transmission grid operator covering B¢lareaoveredof Tennet'sgrid is significantly
largerthan SHand the wind pofolio has amuchgreater capacitfl2.288MW/[2] vs. 3.373MW/[5] in 2012) but
no bette data of a more similar WRgbrtfolio are available to usience thehereby calculateMARS should be
regarded as a rough approximation

The resultingequationto compute the curtailed eneryh is shown in(2). It incorporateghe reduction level
Lntat node n and time step t, the nominal powex Pof the respectivéVPPas well asMARSqom Which is the
MARS normalizedby theaggregatedated capacity of thenderlying WP Pportfolio.

kn
Whe = Z(l - Ln,t) * MARS} orm * Pngt(l)x,i xd )
i=1
W curtailed energy [kWh] at node n and during minute t
Lpg: reduction leveht node n and minute(t) <Ly < 1), e.g. “feedin less than 30% a4, ;"
MARS, ... MARS normalized by the rated capacity of the underlying WPP portfdlio [
Praxi: rated capacitpf wind power plant [MW]
k,: number of wind poweplants connected at node n
d: duration of the time stapn minutes[1min]

3 Results

By applyingthe above explainedanethodto the introduced dataourcestime serieswith a high temporal and
spatial resolution representing the histauctailment events in SHregenerated. This chaptsummarizes these
results presentingnsights on theltaracteristics of renewable curtailment in a German distribution grid.

One leyresultof this paper is thepatialrepresentationf curtailmentevents Table1l summarizeshe mainfind-
ingsonthe temporal characteristics of curtailment everite resultslearly show a upward trend in renewable
curtailment during the year®22till 2015. The number of curtailment events has alimes¢ased by 400%0om

2012 to 2015 while the number of affected roldas more thatripled. Therefore, not only more nodes are af-
fected, but also the average numbgkevents per node has increased. At the same time the average duration of a
single curtailment event has risen from less than two hou#@dburs.



Table 1. Key figures of curtailmenevents at wind power planits thegrid of SHNetz betweer2012 and 2015bgsed
on model input introduced Bection 2

Key Figures Unit | 2012| 2013 2014 2015
Curtailment events # 1.039 433 2,500 4,258
Affected nodes # 12 10 41 43
Summarized duration of curtailment events [h/a] | 1.761| 1.101| 20.901| 62.047
Average duration per curtailment event [h] 1,7 2,5 8,4 14,6
Average total duration per year at affected nodes [h/a] 147 110 510 1.443
Maximum total duration per year at affected nodes | [h/a] 561 341 1.780 4.335

Fig. 5 shows the frequency distribution of the duration of curtailment eventshimryears 2014 and 2015. In
2014 almost a third of the curtailment events had been shorter than twowtdlesrore than 8®% of all events
are in the time interval with a maximum of 12 hours. Less 1iie#b of the events lasted for longer than a whole
day.In 2015 the share of events thatreshorterthan two hours decreas® 22% while almost a third of the
everts were longerthan 12 hoursln addition, he rumber ofcurtailmentevents that lasted longer than a day
increased significantly.
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Fig. 5. Frequencyistribution of theduration of artailmentevents for the gar2014 on the left and 2015 on thight
(own calculation)

The results of the evaluations summarize@iablel and Fig.5 identify two significant drivers of the observed,
steep increase in curtailed energy presentdegnl: Boththe total number of curtailment eveaisd the duration
of theeventsare growing over time

While Tablel represents different metrics to characterize the duration of curtailment,éhaoies2 summa-
rizesthe amount oturtailedenergyresulting from the computatiossd givegeference valugfor validation In
the first scenarioMigh”, the curtailed energy is computed based on the nominal power for all curtaéivesrs.
This scenario overestimates the reference vafume out of 4 scenariofor 2013 and 2014, the scenario reaches
less curtailment than reportadd for 2012 it almost reaches the published |edetpite assuming that all WPP
would run at rated capacity during all curtailment evéanthis scenarioThis is a surprising result arstdiggests
thateitherthe published data on curtailment events for the y2@t22014 miss quite a few of curtailment events
or the published sum of curtailment for those yéaflmwed. The “High” scenario overestimatée tcurtailment
for 2015 as expected.

The second scenari®éalisti¢ uses theMARS based on the power duration curve of TleenetWPP-portfolio
(application of Tennet WPP portfolio discussed above in se2jidihile applying the MARS increases the dif-
ference between calculated and published yearly curtadsuens in 20122014, it yields a tremendous improve-
ment for 2015. As expeatl the MARS based on the Ternrmortfolio is smaller than the fitted MARBr SH,
which was calculated in such a way that applying it would yield exawlpublished value3his does not come
as a surprise, since the much greater wind portfolio imén@etregion produces far lesxtreme values compared
to a smaller portfolio or even single wind parks (compéged). Hence, thtMARS based on a large wind portfolio
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tends to besmaller than a MAR®ased on a small wind portfolio. This is confirmed byuhderestimation of our
results presented ihable2. While the fitted MARS in 2015 of 0,56 appears to be in a realistic magnitatles
greater than the Tennbased MARS or even greater than 1 suggest missing or wrong data input.

Table 2. Calculation of curtailed energy based on the normalized power ratio (own daltulat

2012 2013 2014 2015
Referencevalue[10, 12] [GWh] 262 239 1.092 2.418
Averageshare of hours with curtailmepéer [] 201 1% 6% 16%
year at affected nodés) 0 0 0 0
Maximum amplitude of renewable supply
(MARS,) — applied toTennet portfolio [MW] 8.647 9.636 9.240 10.055
Average rated capacity dennet portfolio[2] | [MW] 11.762 12.991 15.649| 20.787
Scenario High”: Curtailment at nominal [GWh] 275 158 989 4337
power '
Normalized MARS [] 0,74 0,74 0,59 0,48
Scenario Realigtic™: Curtailed energy based [GWh]
on normalized MARS 204 117 584 2.082
Fitted MARS (to match reference value) [] 095 151 110 056

While applying the fitted MARS would lead to the yearly sum of the calculatedderies to match the pub-
lished values, it would also distort the amplitude of events. The follpassessment of results is based on the
curtailment time series applying thermalized MARS of the “Realistic” scenario and not the fitted MARS. We
presumehe missing curtailed energy to stem from unreported curtailmentseragher tham higher generation
level expressed through the fitted MARS. This poses an important d&snmvpen regarding the results.

A helpful representation of time series data for energy systems @nialyisé poweduration curve or curtail-
ment duration curve ithis caseKig. 6). Comparing the depicted curves for the yedi$2 to 2015two trends
become obvious:

e The number ofiours per year during which curtailment activities take pdaeetrongly increasing. Tinember
of affected hours rises fromughly 1,000 hours per yeam 2012 and 2018 more than 4,000 hours in 2015.
e Simultaneously, the average curtailed energy per hour has significamégsed. In 2015, curtailment events
with up to 1,400 MW of curiament occur

These insights are valuable when developing alternative applicatioesciess power in case of grid conges-
tions. Powetto-gasand pwerto-heattechnologies can use excess electricity to synthesizergasduce heat
[7]. These technologiesanbe applied tesubstitute fossil fuels in other energy sectors by using the exeess el
tricity from curtailmentWhile thismight not have been economically feasible thus farintreasing number of
hoursduring theyear with curtailment events occurripgtentially offer a much higher utilization of those assets
than in the pasfFor examplea powerto-heat unitwith 400 MW power input, could havesed electricity from
curtailment during2.000hours of the year 2015, giveriocation within the gridvhere it can help alleviathe
majority of congestiorevents.

2 Data for Q304 2015 was extrapolated from Q1/Q2 2015.
3 Due dateat August 2a5
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Fig. 7 shows the distribution of theimulated curtailment of renewable eneggythe ten most affectagtid
nodesof theanalyzedgrid during winter2015 These resulthelp toidentify thoseareaghat are most affected by
curtailment and to pinpoint locations where grid supporting infrastrietould add the most value (e.g. storage,
powerto-heat, poweto-gas, etc.)
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4 Critical discussion and Outlook

Over the last few yearsve observed steep increase the curtailmentof renewable energy in Germany.
Almost half of thecurtailment occursvithin one distribution gridn Northern Germany, the grid that we are look-
ing into in this work (SH Netz)Despite the rising problem of grid congestions and the resulting cugtagrof
renewable energy, foremostndi power plants, theilgaveonly been few analyses on the characteristidhede
feedin management activities.

This papercontributes tahis discussiofby conducting m-depth analyses of curtailment evewithin thedis-
tribution grid regionof Schleswig Holstein disaggregating the curtailment eveosahigh temporal andpatial
dimension. This enables researchers working on the integration ofaieleswio get a better understanding of
feedin management activities and the réisigl curtailment of enewablesWhile ourresultsrepresent a step to-
wards more transparency and data on curtailment of renewable energy, gidlrenisch uncertainty present in
our approach:

The public data available on the electricity grid infrastructure that wela@ieg at in this work is sparse and
non-official. Our analysisand results of the years 262013 relyheavily onthe assumption$or capacity alloca-
tion. The spatial allocation of wind power plants to respective substationsetymone based on distancasd
ignores the fact that nesubstationsbuilt only for the purpose of additional wind energy integratioii presum-
ably have more capacity allocated to thdmaddition, ve focusin our presented approacn wind power cur-
tailment which represents roughly 90% of all curtailment, and neglect the remainitagrmentwhich adds ad-
ditional uncertainty to our resultSurthermorewe used data from 50Herts a substitutedue to missing gener-
ation data of the Schleswig Holstein wipdrtfolio, to approximate the theoretical generation potential of wind
power during curtailment everas the maximum amplitude of renewable supply.

Our results showhat the increased amount of curtailed energy is caused by both an increasaimkieh
curtailmenteventsas well asanincreasng duration per eventrom 2012 to 2015, the numbef affectedgrid
nodesfacing curtailment witn the distribution grichasrisenfrom 12 to over 4@ccording toour analysis. The
presented curtailment duraiti curvesllustrate the growing potential féechnologies that are able to utilize elec-
tricity that is subject to curtailmentherwise Based in the right location, those technologiesgaining more and
more hours of potential utilization

We expecthe increase in curtailmetd continueover the course dhe next yearsOnly when theextensive
grid expansiomrojects currently under construction and in planmgjagnline, we expect a reduction ofidailed
electricity from renewable energy source®wever, the development over thastyearsshows that the grid
expansion will likely not meet the pace of renewable expanBith. congestion on the distribution and the trans-
mission grid level have been increasing, leading to a growing amount®ERHrtailment.Thus alternative
options to grid expansion, like storage, poiegas, poweto-heat and demarsidemanagemengain inim-
portance and should be made applicable for grid congestion in distribtitisrtigough regulatian
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