Mehr als die Vergangenheit und die Gegenwart
interessiert mich die Zukunft,
denn in ihr gedenke ich zu leben.
(Albert Einstein)

Technical and economic design of a simplified
R T T ‘.‘, highly renewable
o [ European

I IR/ electricity system

-

Let the
weather

decide!

2000 — 2007: 1h, 45x45km?
1980 — 2010: 1h, 30x30km?

RenewableEnergyAtlas



a highly renewable
ropean electricity system

Gy (t) = —min(B,(t),0)
Cn(t) = max(By(t),0)

F(¢) = znPTDFm P, (t)
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How much. ...

.. wind energy?

.. solar PV energy?

.. backup energy + power?
.. transmission?

.. storage?

What are important
temporal and spatial scales?

. Time scales: storage

Il. Spatial scales: backup + transmission
lll. Costs

IV. Outlook




. Time scales: how much storage?
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European aggregation:
Wind + Solar power generation + Load
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HOW mUCh StO ragE? @ 100% penetration in EU
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How much storage

@ 100% penetration in EU
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Pumped Hydro, H2 storage 2o |
6h “battery” storage
2.2 TWh = 0.0007 0.0 0.2 0.8 1.0

avy.l

annual consumption (2009) = 3360 TWh

70% wind power generation = 875 GW installed capacity = 115000 km?
= 175.000 x 5 MW turbines 4350 x 200 MW wind farms

30% solar PV power generation = 550 GW installed capacity = 3500 - 7500 km?



Storage energy capacity Cg [av.y.l.]

Storage Singularity
0.16 . . T |
0.14
0.12}
0.10|
0.08 |
0.06
0.04
0.02F

0.00 :
0.0 0.5

- Oq,V — 060
- a‘,V — 080
—  Optimal «ay,

1.0 1.5 2.0

Average RES power generation factor ~
renewable penetration

AARHUS
/v UNIVERSITY

DEPARTMENT OF ENGINEERING



Storage Singularity
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Il. Spatial scales:
how much backup
+ transmission?
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Coupling schemes between transmission and backup




Balancing distribution (Germany)
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backup backup transmission
energy capacity capacity

Average backup power
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Principal




backup backup transmission
energy capacity capacity
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beyond EU: world-wide grid
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lll. Costs
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Average backup power

backup backup transmission
energy capacity capacity

' ' ! ! 1.4 800 T T T T
— Zero Selfish ' '
Selfish = —_— i :
. ; 700 | Cooperative|
= Cooperative 1.2 G) : :
2 2
= S 600 |-
g 1.0} %
©
v Y 500}
S 5
2 os 5
O (2]
© = 400}
m e
)]
0.6} Zero %
—
Selfish . = 3%
: : : : = Cooperative|
. | | | | 0.4 | | | | 200 | | | |
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Wind/solar mix Wind/solar mix Wind/solar mix




V=05
LCOE [€/MWh]

y=1t0
LCOE [¢/MWh]

V=155
LCOE [€/MWh]

=
o
o

o]
o

o
o

N
o

N
o

Levelized Cost of SYSTEM Energy

Zero transmission Localised Synchronised
[@Backup energy EEEBackup calplacity [JSolar capacity -Windlclapacity I Transmission capacity|

0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
Wind/solar mix Wind/solar mix Wind/solar mix

VRES penetration (v)

=
o))

=
N

o
©

VRES penetration (v)

°
iN

O : — 9q]
02 04 06 08 2 04 06 08
VRES mix (ayy ) VRES mix (ayy )

75 90 105 120 135
LCOE [€/MWh]

150 165

a) b)
— @O—




Heterogeneous
renewable electricity networks
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Who pays for the heterogeneity?

flow
tracing

0 01 02 03 04 05 0 01 02 03 04 05

Challenge: cooperative 2020->2050 investments + markets
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Flow tracing
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IV. More challenges
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