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1. Background: Market coupling — Flow-based as the preferred method
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= Market coupling (MC) matches the bids of national power exchanges

= TSOs determine capacity limits for cross-border flows they allocate to the MC algorithm
= This is realized through NTC/ATC or Flow-based (FB) constraints

= FBMC was tested in CWE parallel to the NTC/ATC
(2013-2014) and launched in in 2015

= |ncorporation of the grid and its constraints

= Greater price convergence and welfare increases

= Commission Regulation (EU) 2015/1222:
Flow-based market coupling as preferred
method for calculating cross-zonal capacities

= Recent efforts aim to implement FBMC in Core
Region (CWE and CEE)

> Goal to model main uncertainties of flow-based
market coupling methodology within LKD-EU

Altered figure based on ENTSO-E 2015
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1. Background: Market coupling — Flow-based as the preferred method
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Own diagram based on Amprion et al. 2011 and Energinet.dk et al. 2014
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1. Background: Generation Shift Keys (GSKs) — A key uncertainty in FBMC
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Generation Shift Keys: AG, / ANP,

Net position change: ANP, =NP,; = NP,

D-1 D-2 (Base Case)

= GSKs attempt to predict how changes in a market area’s net position affect the individual outputs of the
area’s generating units

= GSKs weight the nodal PTDF* values to obtain zonal PTDF values

n-by-z
c-by-n nodal GSK matrix c-by-z zonal
PTDF matrix PTDF matrix S~ — 7one
n — node
. . PNG = PZ «— ¢ — critical network element

* Power Transfer Distribution Factor
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1. Background: Flow-based domain parameters

Remaining Available Margin:
|:max - FRMC - FAVC - |:ref,c
—Fx ¥ FRM, + FAV_— F
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max ref,c
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Flow change:
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AF, < RAM+,
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Own figure based on
Energinet.dk et al. 2014

| > FRM+FAV

and Amprion et al. 2011
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1. Background: Research question
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What is the impact of different Generation Shift Key strategies
on the Flow-based market coupling domain in Germany?

Why is it important:
The importance of GSK strategies is discussed in official documents and academia but the effect of different

strategies on the FBMC domain and individual network elements has not been thoroughly researched for
Germany (or for CWE)

What it is not about:

The goal is not to identify better or worse GSK strategies (among the tested) but to quantify the GSK strategy’s
effect on the FB domain and criticial network elements
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2. Methodology
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2. Methodology:

Approach
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Critical Network Elements

and Contingencies (JAO)

D2CF (base case)
Construct 2-Days-Ahead
Congestion Forecast

| Aggregated D2CF data
=== Forecasted net positions (JAO),
load, cross-border flows (ENTSO-E)

Generation
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FB MC domains (D-1)
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2. Methodology: Considered timeframe — A representative week
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D-2 forecasted net position of Germany: February 13-19, 2018

95th percentile* * Jan. = Jul.
2018 dataset

15000-

Il 2018-02-13
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B 2018-02-16
B 2018-02-17
Median ‘ B 2018-02-18
2018-02-19

10000-

5000-

Net position [MW]
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0 24 48 72 . 96 120 144 168 Own figure based on
Timestamp data from JAO 2018
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2. Methodology: Matching of CNEs and their reference flows
for base case and domain construction
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Example for entries in daily CNEC file:

Critical Network Element (CNE) | Outage/Contingency | Remaining Available Margin | Fmax | Fref | FRM | FAV | Bidding Area

L 400kV NO 1 AVELIN-GAVRELLE | N-State 1619 2301 376 306 (O BE

L 400kV NO 1 MERY-
L 400kV NO 1 AVELIN-GAVRELLE SUR-SEINE-VESLE 1548 2301 (447 (306 |O BE

Matching of the non-anonymized Critical Network Elements to lines in database*

(1) At "N-State” or "Basecase”

(2) Only if line clearly identifiable, otherwise omitted (Example: L 400kV NO 1 AVELIN-GAVRELLE — “11031")
(3) Identification of flow direction

> ldentification of over 10,000 CNE (ca. 70 for each of the 168 timesteps)

* More details in Appendix.
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2. Methodology: Tested GSK strategies
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G g 0| o Pt

Maximum power output Ginax No For G, ., strategy weight for unit k
Scheduled power output G Yes

Available margin G,..-G Only for G z:Zr(r;zax,k kek
Uniform / ,flat” strategy 1 No max,i

Challenge 1: correct GSK strategy
Challenge 2: which units k to consider (fuels, technologies, only running or also non-dispatched power plants etc.)

Array of ,standard” GSK strategies used by TSOs

= All are linked to fixed (G,,,,) or quasi-fixed (G) generating unit parameters

= Often static or two time categories (e.g. peak and off-peak)

= Strategies also have to be able to map negative and large net position changes
Flow-based market coupling calls for a more flexible GSKs, e.g. Schénheit, Sikora (2018)
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3. Model
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2. Methodology: Approach
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3. Model: An Open Source Power Market Model
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v - = <
%/ : R Main APE Pytlhon p . ?ptjmil:z;t;m :fernel \
Wwﬁﬂ, } : gfitc? praerjgallr;glations . . 0 Foueriyl e Soures vl
CONDENSED « OSindependent services * Variable solver choice
* GNU GPLv3 License
Open Data GUI
POMATO « Open Power System Data * Interactive plotting
* Grid Data ELMOD « Grid/Gen/Load /

:

SOUP - ® — + Implemented in
' NI BERLIN %@ Python/Bokeh $

*v0.1.0 downloadable on GitHub
sLicensed under GNU GPL v3
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3. Model: Market & Grid Model

Market Model:

min E mep - Gpy
pit

s.t. Capacity Constraints Vpe P
Storage Constraints Vs € Py
Renewable Curtailment Vr € P
Nodal Demand Vne N

Net Positions Vze Z
Net Export vz ¢ CWE
Reference Flows Vcnec € L
Line Flows < 0.75 - Capacity Vebe L
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1 | Market Data:

GSK

Grid Model:

Flow; s, = (PTDF,; + LODF, 4, - PTDF,;) - INJ

RAMZFCb = (line/" " — frmé&fav;) — Flow;
RAM, , = —(line}™** — frm&tav;) — Flow o
with PTDF an | x n and LODF an [ x [ Matrix

FBMC Domain given by:

(PTDF, + LODF, ,, - PTDF,,) - GSK - X < RAM' Vcbe Ll € CNEC
(PTDF,; + LODF, 4, - PTDF,;) - GSK - X > RAM ™

Where X represents the change in Net Position for each market area

LKDEU Abschlussworkshop —27.02.2019

Vebe L, e CNEC

I | Net Positions (JAO)

Cross-Border flows (ENTSO-E)

RES Timeseries (OPSD/RES Ninja)

Grid Data DE — DIW Data Documentation, CWE — (TBD)
Generation Costs — DIW Data Documentation, Schroder et al.

—i=lp FB DOmains

D. Schonheit, R. Weinhold, C. Dierstein

= The base case employs a
myriad of different parameter
choices and multiple possible
grid configurations

= The GSK can be dependent on
the market result

= The domains as a visual
output (and the result used in
markets)
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3. Model: CNECs - Grid Representation

TECHNISCHE
@ UNIVERSITAT  rechnische '
DRESDEN Universtat

A~y % ;
: . . reHamb
: Yoot { g
. Se .
H . :
skeecs : »-,. ,~eBremen
e, © 3 ¥ Hamburg :
2 L o g L J )
Lverpoo Weddsmmss, [, | Mwordner | ’ : t
o htinghes Netherlands®/ < . { | -
.
" o . .
* Biming °3Ams|a'};h C A S NS ™ ! o . o’Hannover
. o r 5 — o o No0©
United Kingdom ““Wff.@am :/fk \ ,:( e ol < o
- l o o o 13 <o
N ° o LY ° Y
e A, E > & Q 4
V47 o Bristol «Londan - =, ﬁ,\f%\ p ‘mk% V% 1 Y .
Y F eAntwerp ) [ @ \ [/ p; o
S e Yy N /e *Germany " %
y. = S o 3 S EeColo ° [ !
&gy °g°3'”sse‘s%" \ o Dortmund X!
. ~
! -y 15
5
° o

° S5 2 ] &
SR, Belgids G, TN, |

iy e;}fg"z Luxemburg oo LI

~3 &2 — -
&£
P SRS, 75 \ .*Brussels it
: o °§:‘;/ = tutigar, # % 000 S ey | o %
o~ 5 o $994 {1 “ 2 &
N ° b 4 3 - Yo °
P Va7 I
%00 P o { o 3 A \ 2 2
|7~ AP aN ¢ skrankfurt
: | B N ur : :
N s :l’nurs Zurich )| ' o =
. o v
=y Nantes .’f\f‘ ! o ¥ \ -
° @ 1 .\ \ oBem g e " M
° 3 . - N\, " °
. g Switzerland . . kMahnhe'm A
y . 1 -3 TIAY % ' °
: : ¥ ¢ o Livbjar ‘ AR o
° o v N 4 °
\ % ‘ > AL§ " { [y y : A
o «Milan oVerona eVenice —r Sl AT, - | ° L) . °e T
% Ll - - -¢Paris . (A ;
(> ¥ o Turin > Bt 7 N4 o I ° o e { ‘e Slungaﬂ,
o \ * B r ol * Py o
o3 . X \/ ozt 99 « Bologna b “u -\ , [ | L . o \
X oo £ . D
4 y / [ w7 \ ¢ ° o " 4 I 4
° o ﬂm& Florence - \
o, . € :d
. o suovougs (5o “Monaco —\7 N 0 8 > o s A —
«Bibao © t\,i\ % L ; T oty g o e o® " ° . ° X
S 4 o o ° z
L A @albaulim Italy . uootes oy V4 “ ° o~ X .

Model Scope and included CNECs

LKDEU Abschlussworkshop — 27.02.2019 D. Schonheit, R. Weinhold, C. Dierstein



Agenda

TECHNISCHE
@ UNIVERSITAT  rechnische . —
D RESD EN Universitat

Berlin

4. Results and implications
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4. Results: FBMC domains varying across time and GSK strategies

Flow-based market coupling domain (DE<>FR and DE<>NL) for hour 1 - 24:

Strategy: Flat

2000 1
—2000 1

—4000 A

—6000 1

Strategy: G

max

2000 1

—2000 1

—4000

—6000 1
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FBMC Domain between: DE-FR and DE-NL
Number of CBCOs: 5
GSK Strategy: flat - Timestep: t0001
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presentation
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4. Results: GSKs and contingencies are major determinants of FB domains
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Nodal PTDF Line capacity
static static
RAMs
GSKs determine how much line flow
static/dynamic a0 s change due to net position
deviations is allowed
LODF FRM & FAV
numerous cases static

= GSKs and contingencies determine zonal PTDFs and Remaining Available Margins — domain construction
= CNE-specific evaluation of PTDFs is needed to quantify the effect of GSKs on the FBMC domain
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4. Results: Example 1 — GSK strategies affect DE-NL PTDFs most substantially
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Zone-to-zone PTDF values — CNE ,,11695" —day 3 & 4

>, DE.NL: g_max_G_flat
% DE.NL: g_max .
DE.NL: G-
et
© DE.NL: flat- PTDF
5 DE.LU: g_max_G_flatH
¢ DE.LU: g_max 0.2
5 DE.LU: G- '
Q) DE.LU: flatH
— DE.FR: g_max_G_flat 0.0
()] DE.FR: g_max 1
S DE.FR: G-
N DE.FR: flat- -0.2
¢ DE.BE: g_max_G_flat- .
c DE.BE: g_max
N DE.BE: G-
cEBE:flat{ .
N D D O N Lol ) D O D O
PR IR N L AD L/ AP /D LR VAR SR VAR VR R VRN A U LD LD LD LAD LA LAD LD L/ LA LD LAD N SR VARV AD L AD L ID L AP LA LD LAL LAD LaL VR VA N AR DN AD AP AP N
Qf Q/ (L/ (b’ u/ 63/ @/ «I b’ /\/ (b’ %/ Ql '\I (L/ (b’ u/ cD’ @/ «I %/ \/ (‘v (b/ & 63/ b’ /\/ (b \/ v/ 6’ QD/
FF FEFEEF FFEFEELL LSS SRS SASASSCS P SIS
ST &OEEES LSOO OO EOEP SEEOEEENS L OEEe
Timestep / Contingency
= CNE ,I11695" often constrains domain = PTDF values across time and GSK strategies are
= Only under one contingency (critical outage) = Similar for DE-BE, DE-FR, DE-LU

per timestamp ("12342") = Varying for DE-NL
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4. Results: Example 2 — GSK strategies and contingencies affect PTDFs
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Zone-to-zone PTDF values - CNE ,,1961" - day 2

DE.NL: g_max_G_flat
DE.NL: g_max
DE.NL: G

DE.NL: flat

DE.LU: g_max_G_flat
DE.LU: g_max
DE.LU: G

DE.LU: flat

DE.FR: g_max_G_flat
DE.FR: g_max
DE.FR: G

DE.FR: flat

DE.BE: g_max_G_flat
DE.BE: g_max
DE.BE: G

DE.BE: flat

Zone-Zone / GSK Strategy

S > H x O

O S TS S D DS >SS >
FE L L E S EEE S S

X O X
\'\Q \032: \'\Q

D H O 0 H H oL D
X F F F P FF DD P

9 T A\ AT Q)Q'\\’fl,"'b"b'b(b‘ﬁ’\‘b’%% M s P s PN PN SN Mot O AT\
S S S S S P FFFFFFEFFFF LT TS
Timestep / Contingency
= CNE ,1961" almost always constrains domain » Changing PTDF values
= Under different contingencies (critical = Under different GSK strategies
outages) per timestamp (either “1960” or “1104") = Mostly due to different contingencies
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4. Results: Significant differences between PTDF values in ,,GSK groups”

One-way ANOVA test for each CNE and for each DE-zone combination:

= F-test on “Between-group variance” / “Within-group variance”
= Test null-hypothesis: PTDF values across all “GSK-strategies groups” have the same expected value
= Test is significant for all CNE and DE-zone combinations, with varying magnitudes of group differences

DE-BE

DE-FR

p-values of ANOVA test

DE-LU

TECHNISCHE
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Maximum difference between GSK ,,group® means

171
1341
1787
1789
1961

11688
11691
11695
11700
11852

0.0000

DE-NL DE-BE DE-FR DE-LU DE-NL
0.0177 0.0122 0.0133 0.0397
0.0146 0.0166 0.0159 0.0233
0.0158 0.0035 0.0123 0.0083
0.0257 0.0061 0.0076 0.0048
0.0083 0.0069 0.0071 0.0065
0.0052 0.0023 0.0026 0.0900
0.0052 0.0023 0.0026 0.1010
0.0054 0.0024 0.0028 0.1042
0.0163 0.0030 0.0036 0.0366
0.0193 0.0193 0.0194 0.0140
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5. Conclusion
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5. Conclusion: Key insights
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= GSKs are a major determinant of zonal PTDFs, used to construct FB market coupling domains
= Different (not necessarily realistic) GSK strategies are used in academia and by TSOs
= Generally, the GSK construction is an important task for TSOs to adequately map unit behavior
= Good representation of the D2CF (base case) is important to test impact of GSK strategies
= Proposed approach: Matching of critical network elements and their reference flows for base case

Impact of GSKs on domains and CNECs

= Domains are often constrained by a few CNECs (often <10)

= Importance of correctly weighting the nodes affecting the CNEC the most — GSKs
= Domains vary in shape and size depending on GSK strategy, hour of the day and net position
= Zonal PTDF-values vary across GSK strategies and contingencies

= GSK strategies frequently determine if the element constrains the domain

> Proposed approach increases transparency and traceability regarding the effect of GSK strategies
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