Postprinti Please quotas Hess, D. et al. Representing nade&ernal transmission and distribution grids in
energy system models.Renewable Energy Volume 119, April 2018, Pages 8820
https://doi.org/10.1016/j.renene.2017.10.041

Representing node-internal transmission and distribution grids in

energy system models

Authors: Denis Hess™*, Manuel Wetzel*, Karl-Kién Cao*

Today éesgy system models calculate power flows between simplified nodes representing
transmission and distribution grid of a region or a country i so called copper plates. Such nodes are
often restricted to a few tens thus the grid is not well represented or totally neglected in the whole
energy system analysis due to limited computational performance using such models. Here we
introduce our new methodology of node-internal grid calculation representing the electricity grid in
cost values based on strong correlations between peak load, grid cost and feed-in share of wind and
photovoltaic capacity. We validate in our case study this approach using a 491 node model for
Germany. This examination area is modelled as enclosed energy system to calculate the grid in a
100% renewable energy system in 2050 enabling maximum grid expansion. Our grid model facilitates
grid expansion cost and reduces computational effort. The quantification of the German electricity

grid show that the grid makes up to 12% of total system cost equivalentupt o 12 bil l i.on 0 pe

Keywords: grid expansion, copper plate, energy system model, balanced energy mix, fluctuating and

dispatchable renewable energy shares, CSP-HVDC

1 Introduction

Energy system modelaretodaysmethods to calculatand optimizefuture energy systenften with the

target function oiminimal sysem cost (REMixPLEXOS, TIMES, ReEDS,etc.[1]). One major barrier of

such numericakalculation methoslis the complexityof the model A higher spatial granularity often
increaseshe computing capacity and calculation time exponentiéltywever, reducing spatial resolution
does not lead to more robust results when neglecting effects like grid expansion especially valiatggh

of fluctuatingrenewable energidike photovoltaics(PV) andwind turbines Neglecting gridcostmeans that

in a model node (continent, country or region) an ideal exchange of power flows is possible without any
transmissionconstrainti the so ched copper plateThis obviously leads to wrong system cost and a
distorted power plant structuriteraonnecting model nodassingtransmissiorlinks is a first stepto solve

the problembut computing capacityjuickly reaches its limitwhen spatial redotion andthe number of
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interconnection paths ris8uch transmission models are ugeglin renewable energgased power supply
scenarios for Europg]. The logical solutiorquantifyingthe grid would be a simplified grid model which
considers basic griexpansioreffects irsideamodel nodd a nodeinternalgrid model.The paper is part of

t he di s She Walua ofiConnentridting Solar Power for a Sustainable Electricity Supply inezurop
Middle East and North Afridahttp:/elib.dIr.de/114683/

1.1 State of science

Besides that mentioned characteristic of unlimited transmission in a copper platepper plate has also
spatialmodelling restrictins regarding the power plant structure. For example aatemodelmeans that
the whole energy systemvith its production anddemandis concentrated to one poirfeor renewable
energies this characterisikcapproached byeather data based time series consider the spatial expahsion
the model geographical examination arghis raises of course the problem of calculating veilatial
averagetime serieswhich may overestimateéhe capability ofrenewable energies due tbeir often
fluctuating resourcevenwhen calculating with hourly resolution. Effects on spatial and temporal resolution
like clustering possibilities or cost differencémve alreadypeen analysed i8], [4] by aggregating grid
nodes or load profileand in [5] with different time slicesThe authorsfound out that a clustering can
represent the grid and that higher temporal resolution leads to higher systenkffamss on spaial
resolutionwith high renewable energy supplp to 100%are rather rare and therefore geiffects arenot

well quantified

Existing grid studiesare focused on system integration costs for wind turbines. The assumed technological
grid cost forwind turbines according to theicapacity show huge bandwidthd to 1500%/MW)|[6].
However these cost assumptiods often not considertechnologiesntegrated in the energy systdnt try

to quantifyseparateladditional cosfor technologiesThe essential point is getting to know how much grid
is needed im cost efficient interplay of technologieBhis means that such studies do not relate the grid to
the simultaneous fedd power of the energy mixTherefae it is necessary to calculate the grid as one
technological element in concurrence with other technologiestemaoral and spatial dissolveshergy
systemoptimisation model Schaber et al.7] analysedransmissiorgrid integration cost fowind turbines

and PV over Europe in this manner, however in a relative low spatial resoldt@y found out that the
right wind/PV share redusecost, power plant capacity and curtailmeBbie et al.[8] quantified grid
expansion over Europe and North Africa usthgeedifferent modelling tools withdifferent temporal and
spatial resolutionwWith new grid dat49], [10] it is now possible to quantifjnetransmission and distribution

grid in ahigh spatial resolutiomisingoneenergy system model


https://doi.org/10.1016/j.renene.2017.10.041
http://elib.dlr.de/114683/

Postprinti Please quotas Hess, D. et al. Representing nade&ernal transmission and distribution grids in
energy system models.Renewable Energy Volume 119, April 2018, Pages 8B80
https://doi.org/10.1016/j.renene.2017.10.041

1.2 Novelty and scientific contribution

1.2.1 Grid

Herewe introduce oumodeinternal grid modeband validateexpansion cost assumptions in relationvtnd
and PV for Germanwith an energy system moddihis novel approachllowsa quantification of grid cost
as a function of feeth powerof wind and PV in asingle copper platéntegrating spatial transmissi@md
distribution of the electricity grid With this novelty it is possible to calculagefictitious grid in a single
modelnodereducingthe number of modeiodesand transmission patlasd therefore computing resources.
The methodologicalbpproachand tle validation of the nodénternal grid model is the core of the present
paper. Othenovel frame condition®f modelling constraintare discussed in the following but are not the
nub of the matter because the investigation at hand is part of a broad agsigsis.

1.2.2 Energy system modelling

The energy system analysis based on the scenario year 2050 for Germany avith0%renewable energy
supply A 100% renewable energy share is used to quantify the grid expansion in a large expansion potential.
With an energy share variation fiictuating renewable energies likgphotovoltaics and wind turbines (and
run-of-river) anddispatchable renewableenergies such dsomass, geothermal power, gas turbines using
renewable fuel anatoncentrated solar powelCSP)with thermal storage and efiring it is possible to
examinegrid expansion as a function of fluctuatiegery shake. Fluctuating renewable energy aresessed

to be the dominant grid expansion drivers due to theientially highsurplusesCostsensitivity analysis

(max, mean and mirghow the scope of the grid cost range with overhead lines (OHL) and underground
cables (UGC)A broad bandwidth of grid expansi@monfigurationsead to a more general examination of
grid costas well of the examination of cost uncertaintyie used modelling constraints thus allow an

assessmertf the gridusing high shares of fluctuating renewable energies.

2 Methodology and key assumptions

2.0 Energy system model REMix

As numerical energy systemodelwe useREMix (sustainable Renewable Energy Mi). This bottoraup
model has the target function of minimizing system asstg linear programmingnder perfect foresight
System cost includethe annuities of investment and thest of operation andmaintenancdor enegy
relevant technologies (power plants, storage and transmisdibe) model caroptimize capacities and
dispatchbasedon the cost of techmlogies startingfrom a greenfield (mdel endogenousptimizatior), a
partial greenfield (model endogenonstimization undeexogenouly given capacities Furthermorea sole
dispatch optimizatiorwith only exogenouly given capacitiess possible REMix is built in the algebraic
language GAMS using the CPLEX solveAs input data REMix uses weather data which are calculated

EnDaT (Energy Datal ool) to potentials andechnobgical time series for renewable energies. With the {east
3
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cost optimization REMixproduces as output data: cost, capacity and energy balance ass veeflission
data. A detail ovenew of the modelmethodss available in the referencgkl], [2], [12].

2.1 Grid model ling
This chaptedealswith the question of how to model the grid in a simplified way considering the major grid

expansion effectéhypothesis) Secondlywe showthe validatiormethodsof the modelling assumption.

2.1.1 Hypothesis

The fundamental idea of the model is that fluctuating renewable energy generates surpluses which lead to
grid expansionWe illustrate inFigure 1 andin Eg. (1) - (5) the general functionalitpf our new node

internal grid model with a simplified power dispatdhariables are listed in boldsqg. (1) describes the

geneated power | 0 and curtailedpower || o dependent on the existingnd added capacity

0 and ||- multiplied with anormalizedtime serisi () from REMix-EnDaT [2].
oo ko) ; 3 0 | o[2] )
oo | : Lo o)

While the existing grid is able to handle withcartain amount of PV and Wind starting point of grid

expansion arism Eq.(3).
||- A 0 3 JQ (©))

The question of this starting point is a major uncertainty and thus variatazhlémeatedsubsequentlyThe
model uses feedin powerof PV andwind |} into the grid anch staring point of grid expasion

which isin relation to peak loadThe starting point is the product of peak laad B and a grid

expansion factoiQ . When tle startpoint is passetly feedin power, grid isexpandedccordingto the
difference otighestfeedin power ||- n  andthe start point of grid expansion in relation to peak
loadEq. (4).

[ I i 0 5 00 @
The resultingmaximum elta ||- in the examined yeds multiplied with a grid specfic CoStig cost

value, respectivelizq. (5).
i oo ®)

Grid specific cost values mean cost for transmission and distributionTdgrede grid specific COSlyig cost

can also be interpreted as additional cost of fluctud#iadin powercyc, reedin (6)-
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&) ® § (6)

Distribution and transmission grid distinguish not only in costatgdin the feedin powerof PV and Wind
Onshore (in distribution grid) and PV, Wind Onshore and Wind Offshore (in transmissiorawmyid the
start point of grid expansioWWhen gridexpansionis too expensive, the model cdecide to usether
available technologiesrcurtail the feedn power |} . We assume linear &parsion of the grid in

relation to fluctuating feeth power.

P
’ \ P curtail (t)
Pfluc feed—inmax
P grid exp -
Pdemand,peak ' fgrid exp \/
Pgen(t) Pgen (t) Pdemand (t)
fluc _ fluc
feed —in feed —in

Figure1: Principle of the nodénternal grid calculation model. Grid extension is related to-faqubwer of
fluctuating energies depending on a starting point in relation to peak load.

2.2 Methodological overview and v alidation approaches

For an evaluation and validation of thgpothesisve usefour steps approximatinipe cost of thelectricity

grid shown inFigure 2. Thefirst approach calculasecostof existingalternating current (ACyransmission
grid. The secondone approximates distributiogrid cost and its expansion starting points with a meta
analysis of two existing studi¢$0], [13]. Thethird oneis an energy system analysis with the energy system
model REMixundera low @a Figure2) and high 8b Figure 2) spatial resolution of the transmission gnd
Germany whicltalibratescostof AC and DC transmissicandapproximateshe start of grid expansiofihe
fourth one showsiew @ Figure 2) nodeinternaltransmissiorgrid modelfor REMix which is based on the
previous approacheshowing the novelty of the paper: the grid cost induced byuidticty feeein power

Finally we compare the results with the state of research using no grid model in our case study for Germany.

All approaches focus ominimal necessargost of grid expansiorin the analysis we compare the state of
researchpreliminary examination and the new model. This comparison is based on grid cost, system cost,

curtailment and power plant capacities.
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Due to computational limits a preliminary examination is necessary to vary tempdrspatial resolution
for good approximation of grid codn the preliminary examation the first andecond approach lesdh
approactBa Figure2 to afirst approximation of th@odeinternalgrid model The powerplantcapacities of
3aFigure2 are implemented i8b Figure2. This leads to a fit functioaf grid costfor our newnodeinternal
grid model ind. Thusstep 4is calibratedusingapproach 3b.

State of research Preliminary examination New Model

0. Business

as usual X 1. AC transmission

: L T rid metaanalysis
REMix s ° . 3a REMix 1 node

internal grid model

4. Validated
REMix

1 node
internal grid

1 node model

model
_ : 2. AC distribution
Neglecting grid metaanalysis
the &%
transmission
and
distribution
grid
r=——
© - 3b. REMix 491 node

model calibration of grid
cost (fit function)

Integrating
the

transmission
and

power plant and distribution
storage capacity grid

Figure2: Methodological approaches for the new naternal grid model

REMix calculationsare executed in the dashed boxes. These calculatftimsize the entire energy system

in hourly resolution

3 Input data

Grid specific costyiq costassumptionsn the first stepare based oexisting grid cost per grid power of the
transmission grid and later calibrated with a high resolution model. Falidtrbutiongrid we use specific

cost from literature. For the transmission grid we consider in a firsamabysis the grid cost andettNTC

relation to quantify the specific grid cost. Substantiating this approach we have a look on the grid cost and
peak load of central ENTS® countries. Having the specific grid cost the next step is to find out the starting
point of grid expansion anchlibratingthe model and the input data within a case study using a high spatial

resolutiontransmission grid model.
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3.1 Specific cost for grid expansion

Cost of the existing grid is calculated with the circuit lengths from EN€3(Dd a specific cost valyer

km (4084 MO (220 k Wykm (3BAk\D). @ost 0f théd existing German transmission grid

i n 2013 ar e yt Hounweasdrésroughby the internal grid capacity we use the sum of the border
transfer capacities from Germany withoab 17 GW[14]. This is nearly in the same range when calculating
the quotient of existing power kilometres with about 28 TWknGermany and the average grid length
1400km (NorthSouth and EastVest spatial extent) which leads to max. about 20 GW. Thus 14 GW
seem reasonable as min. capacity value for the German transmission grid. AccordingyYahecgrid cost
per grid capacity in Germany for over headahkdsne coc
for OHL an duhsfBUBEC UGC k MO OHL [15]). For the distribution grid we use data
from literature[10] and[13]wi t h 3 7 5 i @WHich ve describéVater ifablel
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3.2 Comparison with European countries and annual basic grid cost

For a view beyond the horizon of the German electricity grid, we compare on European level grid cost, peak
load and the comparability to our approach in rfzmy. As shown inFigure 3 the coefficient of
determination of peak load and grid cost is with 85.88 % relatively high and thus shows a high @arrelati

Grid cost is calculated with a typical cost value per transmission circuit length, thus this determination can be
also interpreted as peak load to grid length determination. Assuming that the grid capacity is built in other
European countries like ingBmany, the above mentioned correlation enables using country specific grid
cost with the same peak load to grid capacity ratio like in Germany (§3§aW/~17GWac wans Of about 5).

Cost for reaching this grid status like in Germany is neglectddemanalysisUnder these assumptions

France has a grid capacity of about 18.5 £6Wins(92.9 GWeak 10ad/ 5) and Spain of 8 GW¥ ians(39.6

GWheak load/ 5) . Especially Spain has with 17.6 brmd 0 re€
and thus relative hi gh ¢ 0 satwandWhichgndicates a confirgationafoura p a ¢
approachdue to its relative low assumed grid capacititle majority of central ENTS® countries have a

peak load of less than 10 GW in tyear 2013.
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Figure 3. Coefficient of determination (R?) of grid cost to peak load with countries in central ENT&EO
the year 2013.

Annual basic grid cost in relation to pdakd:

Since grid expansion with a rising demand can be assumed as linear (high correlation of peak load to grid
cost in Figure 3) we determine in Eq(8) basic grid cost values for Germany. For our subsequently
calculation of cost using the annuity method, we consider annual cost of transmissiorGgnichany which

can be calculated according the existing annual grid expenditures (average of the yeats }09]:

¢ & SHIQDA QE QQO ONUQI
RQ@@ oQ oo

(8)

Transmission grid: 0 . 9 5/y BINGWilakioas= 1 0 . 4y /GWipef 10adll

Distribution grid: 5. 9 6/y/PINGWgeakioas= 6 5 . 5y /IGWipef 10a0ll /

With the used scenario peak load of Germany in the year 2050 of 111, GW(705 TWh/y electricity
demand) the annual cost o/fand ef arr atntsemi dsiss thyrni bgu ti ido |
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3.3 Starting point of grid expansion based on W ind and PV feed-in capacity

The starting point of the grid expansion indicates the grid expansion after a certain point. This point is
achieved when thexisting grid is no more able to handle with adoalital fluctuaing feedin capacity. As

input data we use literature values of tthistribution grid and assume that the starting point of grid
expansion is the same for the transmission grid due toititerdependentoad flows.Figure 4 shows the
extrapolation of literature values (dots), the resulting starting point (intersection witkexi® &and its shift

(due to higher assumed peak load in the study compared to literatues)v

60
Model use cost range of gri
expansion /
'_”J. 50
<
g # Investment in max cost
o]
E 40 -—  scenario e
8 ® Investment in min and
; mean cost scenario
Q
£ 30
@ MAX
g
'[ 20 -+— = MEAN
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10 investment into additional nodd
internal grid capacities
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X, = feedin capacity of PV and Wind Onshore [GW]

Figure 4: Cost sensitivities MIN, MEAN and MAX investment costs of distribution grid expansion.
I nvest ment [10]413]dtdend buavesdaseddir].

For an extrapolation of distribution grid expansion cost of former st{tidg13] (dots inFigure4), we use

a logarithmic (min), a polynomial (mean) and a linear (max) trend line curve whiclsesl loa reference

[17]. Grid expansion in the distribution grid starts at 67.15 GW (min), at 55.31 GW (mean) and at 48.90 GW
(max) of PV and wind onshore capacity. This equates figq @y, with 73.4% (min), 60.5% (mean) and
53.5% (max) of peak load. While peak load here is assumed higher (111 GW) than in the used studies (~91
GW) the coloured lines (max, mean and min) are shifted to the righgune4. The rose area iRigure4

shows that the distribution grid in Germany is maxiexanded until less than 82 GW faacpower of PV

and Wind Onshore, thus the model does not r@eednsideration ofost above these capacities. Thus the
linearization of the notinear cost curvedtigure 4 can be assumed. We show Table 1 this linear
approximation in Eq(12), (13) and (14) of the nonlinear Eq.(9), (10) and (11). However, the used

9
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distribution grid studie§l10], [13] are based on a more detailed analysis thus the distribution grid costs may

be undervalued in the present analysis due to uncertain distribution of Wind and PV power plants.

Tablel: Distribution gridexpansion cost sensitivity with different grid expansion starting points

COSt SenSitiVity Cgrid distr, max Cgrid distr, mean: Cgrid distr, min:

Function from [17] 0.4086;-19.983 (9) -0.0004%,+ (100  42.625In(x)- (11

adjusted to cos[ mi o. U] 0.4371x - 179.28

values off10], [13]  (with UGC in the 22.951 [ mi o. a]
110KV level) [ mi o.

Linearized function 0.4086x (12 0.375% (13 0.500x% (19

in relation to
fluctuating feedn
power ;) used in

the model

Start point of grid Q =0.535 Q =0.605 Q =0.734
expansion in relatioto

peak load

SpeCiﬁC gnd cost C Cgrid distr,max é Cgrid distr,mean c Cgrid distr,min

50 Ogridgst/ k w

408 -gr@distrl:l / 37 59rid§lst/ k W

10
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4 Energy system modelling framework

Analysing the 100% renewable energy system as a whole, we include todays available technologies such as
photovoltaics, wind turbines, rwoff-river power plants as fluctuating energies and biomass, geothermal
energy and CSP as dispatchable renewable &seagid shofterm, mediurterm and longerm storagesi

detailed description of used technologies is availablalrie2.

Table2: Classification of used technologies for electricity generation basgidilpn

Technology class of electricity generatil Characteristics Range of validity
power plants

Photovoltaics Silicon cells with a module Standard test conditions: 25 ©
m efficiency of 18% module temperature, 10C
'% W/m?irradiance
% Wind Onshore Rotor diameter: 130 m Startup wind speed: 2 m/s
% Hub height: 132 m nominal power output it
s Wind Offshore Rotor diameter: 140 m  reached at 12 m/s. Goff was
§ Hub height: 192 m set to start at 25 m/s and to e
g at 35 m/s.
% Hydro runof-river No power plant model Power plants in operatior
Ll_j_ (here fluctuating because  analysis is based o0 annual generation an
fluctuating water level anc empiricaltime series generation potentials i
no cafiring option) Germany
Biomass Power plant with stean Domestic share of net primai

turbine - 35% electric production potential, yields an
efficiency - using forest competing use scenarios p

wood, waste wood, strav country for forestry, agricultur

and energy crops and other sectorsagricultural
statistics.
Geothermal power Enhanced geothermi Depth range 20005000 m

system (EGS)

Concentrating Solar power Parabolic trough powe Reference irradiance direct

(with co-firing option)

plant with molten salt normalirradiance (DNI)- with

Dispatchable renewable energies

storage- 37% power block 800 Wi/nf, tracking the sur
efficiency and 95% storag along the north south axis

efficiency-

11


https://doi.org/10.1016/j.renene.2017.10.041

Postprinti Please quotas Hess, D. et al. Representing nade&ernal transmission and distribution grids in
energy system models.Renewable Energy Volume 119, April 2018, Pages 8B80
https://doi.org/10.1016/j.renene.2017.10.041

Compared to fluctuating renewable energies, dispatchable renewable energies have the opfiongofaco
guaranteesupply of energy at any time. While grid cost are analysedlation to fluctuating energy share,
we make a variation of the fluctuating and dispatchable energy share (combination of 10% to 90% share)

referred to gross electricity production.

As novelty in the energy system model we use dispatchable solaatredectricity of CSP from MENA for
Germany, de to the fact that dispatchable renewable energies like biomass and geothermal energy are
strongly limited in Europe and GermarWe includethereforeCSP power plants from MENA by poit-

point DC transmigen lines Figureb) for a higherpossiblerenewable dispatchable shaneGermany The

blue transmission lines illustrate selected paths from [@&Rs in MENA to German{seeFigure5a), other

HVDC lines may provide CSP from MENA also for other countri€sis concept was published with
TRANS-CSP in 2006[18] and [19]. Pointto-point transmission lines already exist for example from the

water power plant in Itaipu to S&o Paulo or from the Xiangjiaba Dam to Shanghai.
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Figure5: CSRHVDC pointto-point transmission line model (based[&8]) bringing dispatchable energy to
centres of demand This concept distinguishes itself from a capacity intensive meshed intercontinental

overlay grid.

Blue lines show selected HVDC 600kV (OHL and sea cable) transmission paths from CSP plants in MENA
to centres of demand in Germany and country internal HVDC in 1sorith direction. Each federal state in
Germanya) has at least one centre of demamthe model BaderWurttemberg (BW)) is modelled with

12
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two exemplary oftaker points near Karlsruhe and Freiburg which have alseifiggaints into the regional
transmission grid (red lines). Orange lines are illustrative showing potential paths teathetes which
are not analysed in the paper.

The analysis is based on the examination year 2050. This approach enables assessing cost of one year witr
the annuity method. Allowing meaningful results of future cost, cost sensitivities (all max, all nteah a

min cost values based on international expert assumptions shoWabia 7 and Table 8) for the used
technologies are made. The paper focuses on the grid cost and the new grid model and does not present all
detailed results.

Germany is modelled isolated without exchange of electricity witlkeroENTSOe regions because the
power exchange is assumed to be balanced within Germany avoiding high imbalance of the country. Future
work can analyse the whole energy system of Europe, Middle East and North Africa (EUNHEWAY 5

with the results of the present analysis.

5 Case study of the German energy system in 2050 and model calibration

To calibratethe input data assumptions and the model itself, we calculate the transmission grid in a high
resolution grid model (491 regions) inside Germany with a model endogenous power plant park and a
determined grid topology in a 100% renewable energy scenadohing maximum grid expansion). For the

grid expansion quantification we use different shares of fluctuating and dispatchable energy (combination of
10% to 90% share) related to gross electricity consumption.

5.1 Case study input values and modelling framewor k
For a computational feasible determination of
the power plant park we use at first a one nc
model for Germany and optimize all cajfiges
endogenously  (with  cost  sensitivities
OHL/UGC configuration and
fluctuating/dispatchable energy shal
combination). Secondly we distribute th
achieved capacities and demand accord
potentials to the 491 regions (appengigure

8). We include AC and DC technologi@s
REMix (seeTable3). The transmisen grid is
represented with 491 model noded=igure®6.

The transmission line topology with th

modelled transmission connections are bascu

. _ Figure 6: Grid model in Germany with 4
ontodap s AC connecti on anpggesandAC (red) and DC (blue) transmis
lines 13
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connections[9], [20]. The 491 node moddhcludes all details in lengths and nodes of the existing
transmission grid in Germany. The areas around the 491 grid nodes are made by an aggregation of postal
codes which surround the nearest grid n@d¢. Thus one model @ represents an agglomeration of postal

code areas.

In the case study nuclear, gas, coal and CCS are excluded due to threingwable characteristic.

Table3: Techneeconomic values of AC and DC in the case study

AC AC substation DC DC converter

Specific CostOHL 500. 000 24.790.00786.000 0148.730.0

per station per station

SpecificCostUGC 962 . 000 24.790.002.271.350148.730.0

per station per station

Specific Capacity 1005 MW 1005 MW 1500 MW 1500 MW

Specific Voltage 380 kV 600 kV

Sources[22], [19], [15], [20]

In the following we calibrate our assumptions of Ef).for the transmission grid. Since the calculation of a

491 node model in hourly resolution @vone year would be more examtt is still computationally
intractable. Vi@ use inTable4 an approach of average hours (24h over one year) and critical hours (one hour
in a year) to determine grid cost. With this approach the power plant paditgaggdahe preoptimization in

a one node model of Germany is exogenously given and distributed to the 491 regions. The grid capacity is

endogenously optimized in the predefined link connection struttuoeoptimization of topology.

Fluctuating energy causes energy supply peaks. Therefore critical grid hours show relevant grid cost in high
shares of fluctuating energy. In low fluctuating energy shares a 24h time resolution over one year determines
the grid &pansion because low peaks of fluctuating energy do not cause high grid expansion. This is shown
in Table 4 with the combination of the used time regmns. Higher grid cost with higher share of
fluctuating energy confirms the assumption that grid is more expanded with more share of fluctuating

energy

14


https://doi.org/10.1016/j.renene.2017.10.041

Postprinti Please quotas Hess, D. et al. Representing nade&ernal transmission and distribution grids in
energy system models.Renewable Energy Volume 119, April 2018, Pages 8820
https://doi.org/10.1016/j.renene.2017.10.041

Table4: Annual transmission grid cost in the 491 node model under diffémemtresolutions

Scenario 24h average High load with Low load with
[ bn. a] high feedin of Wind high feedin of Wind
energy share one year one hour (7963) one hour (8706)

Max UGC MinOHL | MaxUGC MinOHL | Max UGC Min OHL
fluctuating_dispatchabl

10_90 1.93 0.80 0.01 0.3 0.24 0.50
30_70 4.63 1.58 3.10 1.01 3.73 1.22
50_50 6.30 1.74 5.13 1.64 5.80 1.55
70_30 7.58 2.12 8.05 2.10 9.14 2.48
90_10 8.07 2.70 11.57 3.28 8.31 2.69

Values in bold are considered. Critical grid hours are 7963 anddit@® 8760 hours.

The critical grid hours show following characteristic: high load is 102 GWreladive low load 89 GW.
High feedin of Wind is in hour 7963 (% of installed capacity): 31.6% wind onshore and 85.0% wind
offshore. High feedn of Wind is n hour 8706 (% of installed capacity): 37.4% wind onshore and 82.5%

wind offshore.

To prove that grid critical hours (7963 and 8706) are met, we look at the curtailment in these hours and
compare them with the same hours of¢hg&bratedgrid model. In tlese hours no (in the 491 node model) or
infinitesimal (in the 1 node model) curtailment accrues. Thus it seems provable that the grid is maximum
expanded in these hours when all occurring electricity is transmitted or used. Also other selected hours in
high-low combination of load, wind and photovoltaic féeddid not show higher grid cost in the 491 node
model (not listed in the analysis).

5.2 Model validation

The model assumption is that a rising share of fluctuating energy leads to a rising grid expaastosti
optimized framework. The use of the 491 node model with different power plant parks has proven this
hypothesis. Thus, the model can represent a grid expansion according to fluctuating energy share and is

therefore considered as valid.

5.3 Derivation of specific grid expansion cost and starting point

Based on the results irable4 with the 491 node model, it is clear that transmission grid expaisies not

start relative late like in the distribution grid, but early with abou8@% of fluctuating feedn power. This

starting point (compared to grid expansion and todays fluctuating energy share in Germany) occurs when
comparing the annual gricbst of the model with the current annual grid cost in reality. The resulting grid
expansion cost of ggid ransWi t h 5 Gibrans 0 O K W) an d g 9.0(0GCH i &hwaper than the

former assumed cos};g vansin section3.1 Thus a cost reduction takes place in the OHL case with 35%

15
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(from 9yk@nst D/ KB Figwa)/ kWA d i n t he UGC cas eggmhitdd0 52 %
U/ kidMang. Consequently we calculate with the cheaper grid expansion cost and earlier grid expansion

starting point.

5.4 Quality of calibration values, model results

As shown inTable4, annual grid investment cost rise in a linear manner with a rising share of Wind and PV.
This linear correlation is visible also igure7 with the coefficient of determination of 99.52% (UGC max)

and 96.73% (OHL min). The cost bandwidthTaible 4 can be met by our newodeinternal grid model

with the typical cost of the grid in relation to fluctuating feéegower (Cep grig rand IN Figure 7. Comparing

the results of cost bandwidths in of the 491 node model (results and linear interpoldtits) and the
calibrated one node model, we determine a medium deviation of 4ck3&&ver, the model is calibratéa

a 100% renewable ergy mix with fluctuating and dispatchable energy shares. While renewable
dispatchable energies might have different cost characteristics than coal, gas or nuclear power plants, our
grid model assumptions could be also different in low renewable enengyssimnario$ but probably quite

similar due to fundamental grid expans@mresponding to increasing sharesludtuating energy.
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Figure7: Grid cost of the 491 node model (blue dots frbatle4 andCyasic grid cog MeEting cost bandwidths
of the calibratedhodeinternal grid model (boxes). Green to red colours show the min to magdedation.
The xaxis shows the shares of fluctuating_ dispatchable energy share (relatgebsto electricity

consumption)

As assumed in sectidhl, Gyig ransCan also be calculated for other countries like in Germany based on the

calibrated results and cost reductions for Germany (see appEabli®9). Detailed grid analysis should
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prove the cost ranges of the different national grids in future analysis wherconapatationaperformance

and more detailed data are availalllable 5 shows exemplarily detailed results of the 491 node model
representing the German transmission grid. The used transmission line topology shows the installed link
capacities in a case specific grid. These case specific grid configurations show the maximum cost of the grid.
Thus the grid is not totally representeith each needed maximum transmission line capacity but with the
entire maximum transmission capacity of the whole transmission grid. This is obvious due to missing
expanded transmission lines (light blue) especially in the OHL min 90_10Tdasethe gid may be still
undervalued due to todayds impossibility of <cal cl
Additionally we calculate with Equatiofi5) the power kilometres in Germany to quantify the grid besides
than just cost. Power kilometres can show how much power is transmitted over distaraigle I they

triple to quadruple from the 10 90 to 90_10 scenario while the major impact arises with the HVYDC North

South transmission lines.

Yo Qi Yoo JQa (15

For calculation of Wk m by cost valwues of scenarios we use 1
ka/ MWkm for d[lG H3].i buti on grid

17
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Table 5. Transmission line capacities, power kilonest under different shares of fluctuating and
dispatchable energies

fluctuating_

dispatchable 10_90 50_50 90 10

time resolution 24h over a year 24h over a year 1hin the year
Legend

installed capacity [GW]

o—13:9=27.3
w—07:3-%37.8

UGC max

TWkm

Legend

installed capacity [GW]
0.0-0.0
= 0.0-0.1
= 0.1-0.4
= 0.4-0.8
= 0.8-1.6
—1.6-2.8
—2.8-4.8
— 4.8 - 6.0
- 6.0 -8.3
— 8.3 -13.9
w— 13.9 - 27.3
w— 27.3 - <37.8

OHL min

TWkm 22 36 57

5.5 Case studyresults of the German energy system

This chapter discusses the used case study of Germany with the REMix calculations of the approaches
without the grid (business as usual) and with ¢hlibratedgrid model. The research question of the case
study is: Howis the energy system influencbkg neglecting and including the transmission and distribution
grid?

The results infable6 show the resulting bandwidths (uncertainties) as output data of grid cost, system cost,
capacity and curtail ment. The r an gEablebfis franfd hige t uat |
dispatchable energy share (left) to a high fluctuating energy share (right) showing in green the smallest

system cost bandwidth and in red its largest.
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Table6: Bandwidths as results of sensitivity analysis in the REMix model

Methodological REMIx T REMix T new

approach business as usual nodeinternal grid model

Model nodes .

1:
_ no grid expansioifi cost of statistical transmission + distribution grid
Grid Cost _ - :
data(existing) (existing + expansion)
24 24
20 .DTransmissiong.rid 20 -
. 16 T , 16 ||
Annual Grid O Distribution grid ) E
b b o q b =
Cost [bn. 8 = -
0 0
P P D & L ® H P P P P D O H ® H P P
B AR DD PP AR H P D AR DR PR D P P
160 160
120 | 120
Annual System .
80 _ 80
Cost [bn. _
, 40 40
U014Y]
0 0
P D E F PP S R T T R T T
,\_Q/ ,"Q/ ,,)b/ bp/ 650/ ‘0(3/ ,\Q/ @/ opf ,\’0/ ,LQ/ ,);Q/ 59/ ‘)G/ Q)Q/ ,\Q./ %0/ 09/
800 800
600 g g 600 = =
Total Capacity |40 g = 2 400 z B =
= == = = E
[GW] 200 200
0 0
P L & L ® H P P P AL P P ® P P P
,»Q/ ,.55/ 4_,0’ bp/ %0/ 60’ _,\()/ ‘b(), Q’Q./ ,\’Q/ ,..9/ ";0/ b«Q/ <—_,Q/ Q)Q/ ,\l;)/ ‘bQ/ 09/
160 160
120 120
Curtailment 80 80 =
[TWhiy] 40H Highe=="- mlgjgg
0 0
P P D & P ® P P P P S L & P P
.@/ "19/ .,’0/ bp/ %0/ Q)Q’ ,\0/ %0/ 09’ .\G/ ,\’QI .,JQ/ DQ’ (,)Q/ (:)0’ ,\Q/ q:'0/ O)Q/
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5.5.1 Grid cost

Annual grid cost are separated to grid expansimst and base grid cost (in relation to peak load) including
transmission and distribution grid. While the business as usual case includes only the base grid cost of about
8.4 bn. a/y, the grid expansion coFklt2 itmn.oulr (cuaps et
of system cost) per year. Grid expansion cost has also an effect on the expanded capacity and the
curtail ment. Thus such cost canodot be neglected ir
broad spectrum of techragical characteristics.

Considering the grid cost ranges it is obvious that uncertainty of grid cost rises with a rising share of

fluctuating renewable of almostuptoalowdouthle gi t annual bn. 0 amount .

5.5.2 System cost

Annual system cost show all costafnual operation and maintenance (O&M), fuel cost and annuity capital
expenditures. In the business as usual case the minimal system cost uncertainty (green) is in a higher
fluctuating share (60_40) while the absolute minimum is in the highest fluctustierg (90_10). This
relation is shifted to a more dispatchable share (50_50) when calculating with the grid expansion cost.
However system cost minimum does wiiffer much and system cost bandwidth overlap in all scenarios.
Thus outgoing from these bandiv h s , sy st em amaja toleregardirggrid expamsioraoy in
deciding between more fluctuating or more dispatchable energy share (not considering curtailment
compensation payments for fluctuating energy). However, when calculating with laetenmined and

well known cost (no bandwidths), the right mixture of fluctuating and dispatchable share might save up to
doubledi git billions of 0 per year.

5.5.3 Curtailment
Curtailment accrues depending predominantly on: the model endogenous optimized capacities, the variable
O&M cost and the share of fluctuating and dispatchable energy. All approaches show the trend of rising

curtailment (up to 13% of annual demand) witlingsshare of fluctuating energy.

Handling with high curtailment is a major challenge regarding also the effect of new build capacities of
Wind and PV. These capacities could be more stressed by higher curtailment due to possible conservation of
the statugjuo of former operating Wind and PV capacitigsich still may have a prior feed in possibility

This cancause missing incentives in building power plants due to a lower or missing prafg. the

question arises: Who will build such capacities whesdlae predominant curtailed? How much money is
needed to compensate curtailed capacityZost of curtailment compensation (EinsManfeedin

management ) has been in the first guar t &iied[2A3]f t he
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Such cost of curtailment would raise the system cost of the scenarios with high fluctuating energy share up to
billions.

5.5.4 Power plant and storage capacity

Total capacity includall capacities of power plant, electrical storage charge and electrical storage discharge
unit. A higher share of fluctuating energy leads to higher installed capacity. In the highest fluctuating energy
share, capacity expansion is up to 6 times of pea#t (up to 700 GW). In the highest dispatchable energy

share, capacity expansion is about 3 times of peak load (300 GW).

6 Conclusion and suggestion for improvements

Neglecting the grid would mean that no grid related effects of capacity expansion of gantsr and
storages, curtailment and cost would be considered. This would mean in our case study for Germany that
curtail ment and grid expansion would be wunderval
curtailment and about 10% less needed powventpcapacities would be neglected excluding the fnode
internal electricity grids. This remarkable difference of capacity expansion, curtailment and system cost
compared is still a conservative assumption due to the computational limit of calculatingentiteagiear in

hourly resolution for the validation of the mod&urther research is necessary to improve the model
validating the model in morspatictemporalaccuracy The new grid model facilitates the consideration of

the transmission and diditition grid with two parametergeedin capacityof wind andPV and the starting

point of grid expansionHere we use aalibrationapproachwith a 491 node model looking at critical grid
hours.The major achievement of the model is that it can represemrithén cost and TWkm and power
system interdependencies swdthe use of fluctuating and dispatchable power plants and also a simplified

curtailment behaviouteducing complexity in energy system models

21


https://doi.org/10.1016/j.renene.2017.10.041

Postprinti Please quotas Hess, D. et al. Representing nade&ernal transmission and distribution grids in
energy system models.Renewable Energy Volume 119, April 2018, Pages 8820
https://doi.org/10.1016/j.renene.2017.10.041

Symbols
Parameter
Cehgridtrans | U/ K W] Calibrated specific transmission grid cost
CAC trans [ U/l kW] Specific grid cost in AC configuration
Chasicgridcost [ Mi O . U Cost of existing or basic grid
Ciiuc, feedin [ G/ kW] specific cosof fluctuating feeein capacity
Cyrid cost [ U/l kW] Specific grid cost
Cyrid distr [ G/ kW] Specifc distribution grid cost
Cyrid trans [ U/l kW] Specific transmission grid cost
farid exp [-] Grid expansion factor
Pdemand,peak  [GW] Peak load
Pexistcap [MW] Capacity of existing power plants
R [-] Coefficient of determination
Sger(t) [-] Generation timeeries
X1 [KW tiuc feedin] feedin power of PV and Wind Onshore
Variables
Cyrid distr [ mi o. Investment cost of distribution grid expansion
Paddedcap [GWe] Capacity of additiongbower plants
Peurt(t) [GWe] Curtailed power generation
Pger(t) [GWe] Power generation
Pgria [GW¢] Power of grid [kW]
Pgrid distr [GW] Power of distribution grid [kW]
Pygrid trans [GW] Power of transmission grid [kW]
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Abbreviations
AC Alternating Current
CSP Concentrating Solar Power
CSRHVDC Concentyating solar power with poita-point high voltage direc
current line
DC Direct Current
EEZ Exclusive Economic Zone
EnDaT Energy Datal ool
EUMENA Europe, Middle East and North Africa
FD share of F% fluctuating and D% dispatchable as total share of

max, mean, min

energy demand

Cost sensitivities

O&M Operation andnaintenanceost
OHL Overhead Line

PV Photovoltaic

REMIix Renewable Energy Mix
TWKm Powerkilometres

UGC Underground Cable
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9 Appendix
Demand21] [24] [25] Photovoltaics Wind onshore Wind offshore
(according tgpopulation) (from EnDaT) (from EnDal) (from EnDaT)
Biomasg26] Hydro runoff-river CSRHVDC endpoints
(existing) Geotherma[27] (from EnDaT) (nearbigger cities)
Hydrogen storage Compressed air storagy Lithium ion
Punzg)zgirr?gf%] (00.5% of vV (00.5% of v (according photovoltaic
9 capacities) capacities) potential)

Figure 8: Distribution factors of demand and capacities according their potentials [% of total
capacity].

On the technological side, hydrogen, adiabatic compressed air and lithium ion are distributed according to
renewable potentials due their high charging and operational correla{i2®j.

34


https://doi.org/10.1016/j.renene.2017.10.041










