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Introduction: Sustainable Energy Transition (Energiewende)
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m Wind power plays a crucial role in decarbonizing electricity supply

m Increasing market penetration of wind power leads to decline in market value
m Subsidies are closely linked to market-based profitability

m Possible solutions to mitigate market value drop:
1. System-friendly turbines
2. Geographical diversification

System-optimal level ambiguous, as advanced turbines have higher upfront
costs and diversified sites have potentially less favorable wind conditions

—> Introduction of a hybrid approach that helps (1) to improve market value,
(2) to reduce total system costs, and (3) to reduce overall subsidy needs

m Research questions:
1. Can the hybrid approach mitigate the value drop of wind power?
2. Can the hybrid approach close the profitability gap between market value and LCOE?

3. Can the hybrid approach reduce total system costs?

m Analysis for the case of Germany (2018-2030)
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m Advantageousness of the hybrid approach can be expected to depend on both a
country‘s wind and power system characteristics.

m Related literature

= Many studies analyzing competitiveness of variable renewable energy (VRE) and
conventional technologies follow a pure cost-based (LCOE) approach

Combined application of the two strategies (system-friendly turbines, spatial
diversification) for high penetration rates is missing, at least for Germany

m Hirth (2013), Hirth and Muller (2016) # Becker and Thran (2018)

m Mills and Wiser (2015) # Obermitiller (2017)

m Tveten et al. (2016) # Engelhorn and Misgens (2018)

m Johansson et al. (2017) # Pfluger et al. (2017ab)

m Dalla Riva et al. (2017) # Eising et al. (2020) and more...!
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Two Goals: (a) ldentify promising diversification areas,
(b) Select optimal system-friendly turbine configurations

BAU development BAU and div. areas BAU and div. sensitivities

DEF

DEFO
DE&
DES2 DER bEE

pec DEAD

LBEES% “~DES % o
5 ‘D::sjssq DES i e
Purpose: Purpose: Purpose:
Show the total system Answer if and under which Verify the BAU — DIV
cost and market value conditions geographic findings and derive
development at high diversification makes additional insights
penetration (up to 65%) sense (and how much)

for business-as-usual

Valuation of the Locational Merit and Benefits of Diversification of Onshore Wind Power

E.ON Energy Research Center



2. Conceptual framework, model and data
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Figure 19: Top-down model architecture and components to forecast key results
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Region and specific wind energy model (spec. focus: low wind speed turbines)
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- The lower the specific power of a turbine, the steeper the power curve &
the higher the electricity generation at a given wind speed
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2. Conceptual framework, model and data

Specific cost model (for a wide range of turbine configurations)
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Data from WindGuard

CAPEX:
—> Turbine costs — depend largely on specific power and hub height
—> Site costs (foundation, infrastructure costs, other cost components)
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2. Conceptual framework, model and data

Diversification area selection

Diversification areas: can contribute to reduce the wind fleet output variance
m Areas are chosen based on their variance reduction potential and LCOE

Timeseries of

Timeseries of
current wind fleet

|

Current wind fleet
variance

OO

NUTS-2 regions

Increase of the capacity of one NUTS-2 region
Calculation and normalization of the timeseries
Calculation of the new wind fleet variance

Subtraction of the new from the old variance

Variance reduction potential of
the respective NUTS-2 region

®
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@

Timeseries of norm.
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o

Diversified wind fleet
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Note: Due to geographic limitations of EMMA, we only investigate four exemplary, promising

diversification regions
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Turbine configuration optimization

The optimal configuration minimizes the discounted difference between
unit costs per kWh and expected electricity value (May, 2017)

- Choose turbine with smallest gap between MV and LCOE
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Modeling the current and future wind fleets

m Benefits of hybrid approach are assessed by comparing it with “business as
usual” (BAU) turbines

m Assumed allocation of these turbines according to the awarded bids of the first
nine auction rounds (see__figure)*

4 :
= {r"'
SH ¢
85 Zuschlage’ . 4 MV %
~ flr 129 WEA 45 Zuschibge: ==
A P Lokrng P State Bid share [%]
k- amE -‘.-@/ [ ’.
u:;i;’ NI e . f BW 3
e T WEA 100 Zuxrisge T 1 BY 3
fur 208 WEA 3 L
24 Landsre se) - \
o HEs 132 Zumchitge BB 23
£, 92 Tuschisge sT & fir 360 WEA HE 6
Fur 108 WER S S23 Tus Tl (14 Landireine)
L fir 75 WEA !
R TR R MV 10
S Nw BTN el e sy B
g 1<'3§m—e!qe ;0 HE e TH % L LSFuschioe d NI 19
fur 281 WEA 130 2uschlbge - 28 2uscMage U e dowEA > L
(23 Kraine) R 103 WER 5 4 §5 A, O dererai NW 15
(VW randtreeeal (1 (13 Lardkre sl 05
1 ST db RP 5
L] - By *
RP =
. 39 Zuschlige . . SL 0
| o 85 WEA. L y
L ANT Landireas) SN 1
Ry Y A BY
sL . ’ i 23 Tushisge SH 4
. | BW .\ r 55 WEA,
3 Zuschisge -1 7 Zuschisge 7 Lardkreite) ST 8
fir S WEA flr 47 WEA |
12 Landkreisc) 11 Landicre sl ca TH Ll

* Representing where new turbines in current support scheme are planned to be built
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Electricity market model

m The European Electricity Market Model (EMMA) is adapted in multiple ways:
= Four diversification regions are implemented
= Offshore wind technologies are implemented

Technologies representing the current & future wind fleet are implemented

m Assumption of a linear increase of penetration (28% in 2018 - 65% in 2030)
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Assumptions and data used

m CO, price will increase linearly (from 24 €/t in 2018 to 35 €/t in 2030)
m Nuclear phase-out until 2022

m Linear coal phase-out until 2038

m Technical potential of advanced wind turbines in Germany: 620 GW

m Cost assumptions for variable renewable energy (VRE) in Germany

CAPEX [€/kW] OPEX [€/kW/a] FLH [h] Sources
Pfluger et al. (2017a, p. 56)
Solar
By 875 15 950 Open Power System Data (2019)
Hau (2016, 914, 919)

Onshore

. 1330 53 1800 Fraunhofer IWES (2019)
wind

Hau (2016, p. 925), DEA (2020, p. 230)

Offshore

ind 2540 86 2990 Open Power System Data (2019)
win
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3. Analysis and results

Region selection results

Wind fleet variance reduction potential (NUTS-2 regions)

I 0.008 - 0,010
| 0010 - 0013
W 0.013-0016
W 0.016- 0,021
W 0.021-0026
W 0,026 - 0034

- Low where correlation with the aggregate fleet is highest (central north)
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3. Analysis and results

Region selection results
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- Trade-off: Higher variance reduction goes along with higher LCOE Selection of 4 areas not dominated by

others with comparatively low LCOE
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3. Analysis and results

Turbine optimization results

High wind speed locations

Turbine-specific market values & LCOE for Schleswig-Holstein (windiest NUTS-2 region in Germany)
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Turbine optimization results

Moderate and low wind speed locations

Turbine specific market values & LCOE for the Rhineland-Palatinate (moderate wind quality)
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-> Profitability gap is far larger than at the windy location
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Optimal turbine configurations for selected areas:

m Lower specific power (i.e. system-friendliness) is always better

m Low hub heights are optimal for high wind speed locations

m High hub heights are better for moderate and low wind speed locations
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3. Analysis and results

Optimal turbine configurations for selected areas:

m Optimal configurations for all four (most promising) diversification areas

(DEA1, DEB2, DE23, DE14):
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Forecasted model results

Application of the hybrid approach to Germany

(comparing two EMMA model runs)

Results at 65% VRE penetration (2030)

Scenario MV MVF Profitability gap Total system costs
[E/MWh] [-] [bn €/a] [bn €/a]

BAU 22.8 0.54 134 63.9

Hybrid approach 22.9 0.55 12.7 63.1

Smaller profitability gap 0.75 bn €/a - ~5% redution in overall subsidy needs compared to BAU
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3. Analysis and results

Forecasted model results

Application of the hybrid approach to Germany

Market value (hybrid approach) > BAU additions (1-2 €/ MWh at 30% > 2-7 €/MWh at 65%)
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Average onshore market value factor decreases from 0.89 (30% VRE) to 0.55 (65% VRE)
Reason: increasing onshore wind farm penetration (18% - 38%)
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3. Analysis and results

Forecasted model results

Application of the hybrid approach to Germany

Profitability gaps (hybrid approach)
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Some observations: Profitability gap increases (decrease in MV); DEA / DEB2 markedly lower (lower
gen. Costs due to higher wind speeds, use of system-friendly turbines); diversification areas have
high MVs (see previous slide) etc.
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3. Analysis and results

Forecasted model results
Application of the hybrid approach to Germany

Profitability gaps (hybrid approach) DEAL for various penetration and learning rates
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3. Analysis and results

Forecasted model results

Application of the hybrid approach to Germany

Total system costs and cost savings
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m In the modeled period total system costs of the hybrid approach model run are lower than for BAU
m Cost reductions increase steeply until ~40% VRE penetration
m Peak (percentage): energy potential of the diversification areas with lowest LCOE becomes exhausted
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Forecasted model results

Application of the hybrid approach to Germany

Savings in term of conventional and renewable generation costs (various
penetration rates)

0.8

0.7 —_—
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Cost savings [bn €/a]

0.2
0.1

0.0
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[Year] 2020 2025 2030
Conventional gen. costs Renewable gen. costs

m Lower need for flexible generation in the hybrid approach - lower generation costs
m Lower LCOE in the hybrid approach - lower overall wind generation costs
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Forecasted model results

Application of the hybrid approach to Germany

Results of sensitivity analysis at 65% VRE penetration compared to the original scenarios

Analysis 1 (diversification areas equipped with the same turbines as BAU wind fleet):

Change relative to Market value factor [%0] Total system costs [%0]
BAU +0.5 -0.1
BAU-HY -2.1 +1.3

Analysis 2 (diversification areas equipped with system-friendly turbines):

Change relative to Market value factor [%0] Total system costs [%0]
BAU +8.4 -5.7
BAU-HY +5.6 -4.4
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4. Summary and conclusions

Summary:

m Hybrid approach was shown to result in higher average market values, smaller overall
profitability gaps, and lower system costs

m Only a small share of the system benefits can be attributed to diversification (DIV only)
m Most system savings are due to system-friendly turbines (SFT only)

m Neither the BAU development nor the hybrid approach result in mainstream merchant
profitability

- Subsidies are likely to be necessary over the next decade
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m For the selected diversification areas, if equipped with system-friendly turbines,
the market value drop is less severe (6-18% higher MV, or 2-7 €/ MWh at 65%
market penetration)

m Profitability gap (subsidy need) in diversification areas increases more slowly
(gap decreases >5% at 65% VRES penetration)

m Total system costs decrease by 0.85 bn €/a (at 65% VRE penetration) or 1.4% of
total system costs

m A large share of the benefits is attributed to system-friendly turbines, a low share
to geographic diversification

m Profitability (MV — LCOE) can be increased by system-friendly turbines at both
current and future penetration rates

m Some diversified locations can become increasingly profitable at higher
penetration rates

Follow-up paper (in prep., FCN WP No0.2/2020): system- and subsidy-optimal
expansion areas; value-based support scheme to steer investment towards lower
overall subsidy needs and system costs
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