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Introduction Method: Marginal displacement factor
! ! Grid emission prediction MDF calculation
/}\ | /IK e « MDF determined by generators operating at the mar- The p featuresp = [D, P, P, P, ...| are decomposed into
/‘\ /‘\ /k Ve gin (dependent on market, regulations and policies) their principal components 6 via transformation matrix T
<7 T < « Data-driven app_rogch:_ gll releva_mt driving phenomena p=T6
Wmd farm ol of markets and grid implicitly considered through data - o — — o
+ Timeseries of total system emissions (Es,) calculated e ANN maps principal components to system emissions
Power via power (P) timeseries of generation mix, imports and Esys =Y(0)
C/CO\B exports with technology—specific () emission factors (e): The constraint ensuring that demand meets supply reads
& Esys = zet zZtet Pitt — 2L Epvfgc nT6p=O with n = —10,1,1,1, ... |
- thm n dp : n \F
Tinternal (in) mports (im) from exports (ex) 1o MDF is calculated as the constrained partial derivative of
neighboring countries (nc)  neighboring countries (nc) the system emissions with respect to p
« Artificial neural network (ANN) to predict total system -
emissions dep. on generation mix, w_nports and exp.orts_. MDF = OEsys _ (0_Y) TT(I 3 nnr)
« One layer, 105 neurons, hyperbolic tangent activation dp 00
function, Levenberg-Marqguardt optimization, 500 epochs v | -
Fossil Renewable Import/Export Demand . R2 = 0.995 (training), R? = 0.994 (validation) -5 'S calculated numerically using finite differences.
Figure 1. Visualization of the research question - Open-source data from ENTSOE transparency platform
- applicable to any EU country, market or control zone
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 Environmental value of wind energy = displaced @ o4 | | |
emissions in connected grid 3g =
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« Grid emissions depend on generation mix and are System Emissions System Emissions Lignite Hard Coal Gas

therefore time-varying. Generation mix, In turn, 2 < 40 —Calculated|| T,
depends on demand & supply (inland generation, 2 § 30 : ——Predicted |. %’
exports and imports) in power and imbalance markets. 1% 220} \/\/\’/\j\',\_/\,\/\\/u\/\"\/\ 02

=>» Environmental value (MDF) of wind can be modeled s S 10 | | | | | R R
via demand & supply in the connect energy system
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= Wind farm control may boost the environmental < ol ; |
: : : - = 1000 .

performance of wind farms, but the potential is §< =2
dependent on time = 3 500 g02

=» Future research: Wind farm control optimization and 2 9 a 0 4“._ _L
control-layout co-design for concurrent consideration LSS S N S e e -1000 0 1000 -1000 O 1000 ~ -1000 O 1000
of climate change impacts, energy yield, fatigue GG @ E @@ E e KICOTOMWHT  aCOPAMWA] [ kgCOZaMWH
load liabilit - i Figure 2: Timeseries of supply, demand, system emissions, and MDF,,;,for two exemplary 9 9 9
oads, reliabliity, economic revenue, eic. weeks in winter (left) and summer (right) in Germany in 2023 Figure 3. MDF distributions of nine features in 14 in Germany in 2023

Application: Environmental value of wind farm control

. . . Winter week Summer week
« Test case offshore wind farm Wikinger: 70 turbines Power Generation Power Generation Baseline

(350 MW) in Baltic Sea connected to German grid

Displaced Emissions Displaced Emissions

« Time-series analysis with FLORIS and ERA5 weather
data for the year 2023

« Baseline: greedy turbine control (no wind farm control)

Power

Baseline

« Wind farm control scenario: yaw-optimised wake
steering for maximum power (lookup tables created
with Serial-Refine Method) - 47.1 GWh/a, +3.0% AEP

« Postprocessing of environmental benefit of wake
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1. Environmental value of wind energy quantified via = . | /“'\\A L/M\\\/J\AA W PPALLY, £
: : - Q
marginal displacement factor (MDF), representing ) 5 _ . 5 _ o ©
: : . = Additional Displaced Emissions Additional Displaced Emissions 4
the displaced grid emissions. e | | | | | | | | | | | i
v 2 =
. . . . (7)) —
2. In 2023 in Germany, MDF ;4 varied significantly, G z =
mostly ranging between 0-1000 kgCO,e/MWh = - [
-> profound positive impact on grid emissions. = | .
3. Wind farm control significantly boosts environmental v@\ v@\ ?“\\9\ & v\\q\ ?‘00;\
value w.r.t. baseline, matching or exceeding the _ _ _ — _ _ _ — — , _ — — _
: : : : Figure 4: Timeseries of Wikinger’s baseline power generation and displaced emissions (top), and additional Figure 5: Flow field for main inflow direction and mean wind speed
relative increase In energy productlon. potential benefit by wake steering (bottom) for two exemplary weeks in winter (left) and summer (right) in 2023 for baseline scenario (top) and with wake steering (bottom)
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