Mehr als die Vergangenheit und die Gegenwart
interessiert mich die Zukunft,

denn in ihr gedenke ich zu leben.
(Albert Einstein)
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Renewable Energy Networks
a playground for Applied Theoretical Physics

More + more + ... renewables:
what is the end of the story?

How much ...

... wind energy?

... solar PV energy?

... backup energy + power?
... transmission?

... storage?

... COsts?

... energy sector coupling?
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Renewable European electricity network
+ fluctuating ,weather forces”

(fo) = Yn{Ln)
G () = G (1) + G () o

Let the weather decide!

1980 — 2014:  1h, 30x30km? ‘
Renewable Energy Atlas
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Renewable European electricity network
+ fluctuating ,weather forces”
(Gﬁe) — Vn<Ln>

GR(t) — Ln(t) = By (t) + By (t) + -




“interactions”: balancing {m) transmission
An(t) = G (t) — Lnp(t) = Bp(t) + B (t)




Renewable European electricity network
+ fluctuating ,weather forces”

(Gﬁe) = Vn<Ln>

Gh(t) = Gy (t) + G (t)

GR(t) — Ln(t) = By (t) + By (t) + -




Balancing distribution (Germany)
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variance: balancing <= transmission

An(t) =

=G, (1) — Lp(t) O ONENON
B.(6) + P
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variance: balancing <= transmission

A(t) = GR(t) — L(t) = B(t) + P(t) orincipal
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Infrastructure measures |

backup backup transmission
energy capacity capacity

EB = (GB) K7 = max,(G;) @K = max,|F| - d,

Average backup power
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Infrastructure measures lli

backup energy EF =(G})
backup capacity Ky = max,(G;)
transmission capacity KlT = max,|F| - d,

wind capacity

solar capacity ng(l‘“g);nﬂﬁ
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Levelized Cost of SYSTEM Energy
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wind and solar power capacities

= - —

Prognose fur den 03.09.2007 © WETTERNET 2007

annual consumption (2009)
= 3400 TWh

80% wind power generation
= 1000 GW installed capacity
= 200.000 x 5 MW turbines
5000 x 200 MW wind farms
130000 km?

n

20% solar PV power generation
= 370 GW installed capacity
2500 - 5000 km?

n
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Breaking homogeneity:
optimal heterogeneity
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Back-on-the-envelop estimate

OPT-HOM-noT(K=1):  64.5 €/ MWh
OPT-HOM(K=1): 56.6 €/MWh
OPT-HET(K=2): 53.8 €/ MWh

EU cost reduction / y
= 3500 TWh/y x 10 €/ MWh

= 35x 10° €/y
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Who pays for the heterogeneity?

Flow
tracing!

(b)

W m e RO B NEEQUCED X B8 =% = ¢
QLU =H®naz2zZzm Vs aldoaax~xduno=43

EENFEEEEEEEEREEEREEEE R R




2.0

1.5

Who pays for the heterogeneity?
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Benefit of cooperation

2.0

1.5

0.5

0.0 B4
€3

D MEAHRNEHAIO0ORLRRRIITNHMEOUHIDNX < ~ €a) )
QmUHmmmszmo<ommmomQ M T ] = B Wind [0 Sola N KF W £ KT
70
SO KW 1 K° P — EF — K’ 1
-o| |22 Ext. KV BEZZ2 Ext. K° B3 Ext. K BEZA Ext. EE
63
| 58 57
%
g

No transmission  Synchronized GAS (K=2)

DEPARTMENT OF ENGINEERING



some “physics” challenges

emerging renewable energy networks:
socio-economic market + investment games

big networks:
power-flow renormalization

small-world AC/DC networks,
self-organizing power flows.
flexibility classes
storage phase transition

climate change + mesoscale turbulence
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Decompositions of injection patterns for nodal flow allocation

in renewable electricity networks

Mirko Schifer!-2, Bo Tranberg!-2, Sabrina Hempel®:?, Stefan Schramm?®, and Martin Greiner

1

THE EUROPEAN
PHYSICAL JOURNAL B

Eur. Phys. J. B (2017) 90: 144
DOI: 10.1140/epjb/e2017-80200-y
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Scaling of transmission capacities in coarse-grained renewable

electricity networks .
A Leriers JournaL ExpLORING
THE FRONTIERS OF PHYSICS

M. ScHAFER!, S. BUGGE SiccaarD?, KuN ZHu!, C. RiSAGER POULSEN? and M. GREINER!

EPL, 119 (2017) 38004
doi: 10.1209/0295-5075/119/38004
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some “physics” challenges

emerging renewable energy networks:
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big networks:
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small-world AC/DC networks,
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dispatch capacities / <L>

Emerging renewable electricity system:
German flexibility classes

min ((L(t) — GR(t) — Y, B;(t))?
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some “physics” challenges

emerging renewable energy networks:
socio-economic market + investment games

big networks:
power-flow renormalization

small-world AC/DC networks,
self-organizing power flows.
flexibility classes
storage phase transition

climate change + mesoscale turbulence
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HOW mUCh StO ragE? @ 100% penetration in EU
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Emergence of a phase transition for the
required amount of storage in highly renewable THE EUROPEAN
electricity systems

Tue Vissing Jensen

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

1,2 2.b

8 and Martin Greiner

PHYSICAL JOURNAL
SPECIAL TOPICS

223, 2475-2481 (2014)
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Enhanced Storage Singularity
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some “physics” challenges

emerging renewable energy networks:
socio-economic market + investment games

big networks:
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Mesoscale Wind Turbulence

E(k) ~ k>3 § Av, ~ [1/3
n=5km <l <L =600km
u~=0.36

L

km

[— — |
0 500 1000'

(AvZ(x + d) AvZ(x)) ~d™*

R Baile +J Muzy: Spatial Intermittency of surface layer wind fluctuations at mesoscale range,
Phys.Rev.Lett. 105 (2010) 254501. P Milan, M Wachter + J Peinke: Turbulent character of
wind energy, Phys.Rev.Lett. 110 (2013) 138701. R Calif, F Schmitt+ Y Huang: Multifractal
description of wind power fluctuations using arbitrary order Hilbert spectral analysis, Physica
A 392 (2013) 4106-20. J Apt: The spectrum of power from wind turbines, J. Power Sources
169 (2007) 369-74.



2dim multifractal fBm

AARHUS
/ N UNIVERSITY

EEEEEEEEEEEEEEEEEEEEEEE



2dim fBm: L, o, H
midpoint displacement method
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2dim multifractality: L,n
random multiplicative cascade
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M1 (X) = qi41(X) m;(X)
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Mesoscale wind power generation

v(x) = Gy’ (1)

(GTI{V> — (Ln>




Impact of synthetic climate change

L [km] 300 600 1200

EB (L) 0.0701 £0.0018 0.073+0.003  0.086 =+ 0.004
KB (L) 0.362+0.007  0.396+0.013  0.471 +0.010
KT [GW] 160.0 + 1.1 233.2+ 1.1 334 +2

Var(B) [(L)* /100] 0.240 £0.005  0.275+0.004  0.387 +0.007
Var(P) [(L)? /100] 0.197 £0.0019  0.401 +£0.002  0.719 4+ 0.011
Cov(B,P) [(L)?/100] 0.0115+0.0007 0.0185 4 0.0007 0.0372 % 0.0014
LCOE [€/MWHh] 7.85+0.19 9.1+0.2 11.340.7

o0 [Vtyp 0.1 0.2 0.3

EB (L) 0.069 +0.002  0.073+0.003  0.079 + 0.002
KB [(L) 0.357 £0.006  0.396+0.013  0.414 +0.015
KT [GW] 151.8 £ 0.9 233.2+ 1.1 278.1 + 1.5
Var(B) [(L)? /100] 0.238+£0.008  0.275+0.004  0.302 =+ 0.004
Var(P) [(L)? /100] 0.1727 +0.0018 0.401 +0.002  0.591 4 0.007
Cov(B,P) [(L)? /100] 0.0123+0.0008 0.0185 +0.0007 0.0236 + 0.0010
LCOE [€/MWHh] 7.93+0.3 9.1+0.2 9.8 +0.3
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Impact of synthetic climate change

1 0.18 0.36 0.54
EB [(L) 0.0745+0.003  0.073+0.003  0.075 + 0.003
KB [(L)] 0.405+0.006  0.396 +0.013  0.396 + 0.004
KT [GW] 238.5 + 0.8 233.2+ 1.1 224.6 + 1.6
Var(B) [(L)* /100] 0.280 +£0.005  0.275+0.004  0.272 +0.007
Var(P) [(L)? /100] 0.422 +0.005  0.401+0.002  0.382+0.003
Cov(B,P) [(L)? /100] 0.0193+0.0011 0.0185 4 0.0007 0.0177 + 0.0017
LCOE [€/MWHh] 9.2+ 0.4 9.1+0.2 9.0+0.3

H 1/3 1/2 2/3

EB [(L) 0.075+0.003  0.073+0.003  0.0736 + 0.0014
KB [(L)] 0.402+0.010  0.394+0.007  0.389 +0.013
KT [GW] 243 + 2 233 + 2 2244+ 1.9
Var(B) [(L)? /100] 0.283 +0.006  0.276 +0.007  0.273 + 0.006
Var(P) [(L)* /100] 0.432+0.007  0.400+0.008  0.368 + 0.005
Cov(B,P) [(L)?/100] 0.0194 +0.0010 0.0177 £ 0.0009 0.0185 + 0.0016
LCOE [€/MWHh] 9.3+0.2 9.0+0.3 8.85 +0.11
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“engineering” challenge:
electricity =2 “smart” energy system

cross-sector coupling

y grid connection
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Synergies of sector coupling and transmission extension in a cost-optimised, highly
renewable European energy system

submitted to

T. Brown®*, D. Schlachtberger®, A. Kies?, S. Schramm?, M. Greiner” Energy

; Zg"'” + Z @tng - fea = dny o Ape nt
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Scenario All-Flex-Central with no transmission Scenario All-Flex-Central with optimal transmission
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,Energiewende”: kickoff to the second half

Danmarks Innovationsfond Grand Solutions 2015 2050
HALDOR TOPSOE T Gas, c- e
(04-2017-03-202 1’ 2-3 M€) El / llqulés ENERGINET/DK e i
a 5':‘:"'1 C:N::G:::l:“ H N HALDOR ToPsOE T Smart HME"
RE-Invest 2
s AALBURG 5P M D) BEarve
Renewable Energy Investment Strategies < Jo
— a 2dim interconnectivity approach cubng, | Oy 0 pmma er)HEEL
Int. gas grid " 2
:lﬁt‘:::::::: ------ Two-dimensional approach Eﬁﬁgﬁ: — Aa I borg U
Considered el. grid = = = === TN Lemm T Teel Gas grid s

+
Aarhus U

Figure 1. RE-Invest will combine the Smart Energy Systems cross-sectoral approach (right side) at Aalborg University with the cross-
border approach (left side) and tools developed by Aarhus University at the European scale. This will lead to a novel two-
dimensional interconnectivity approach for the design of robust and cost-effective investment strategies towards a sustainable

energy system.
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D Heide et.al.: Seasonable optimal mix of wind andsolarpower in a future, highly renewable Europe, Renewable Energy 35 (2010) 2483-89.
D Heide et.al.: Reduced storage and balancing needs in a fully renewable European power system with excess wind and solar power generation,
Renewable Energy 36 (2011) 2515-23.
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Int. J. Electrical Power and Energy Systems 96 (2018) 390-97.

H Liu et.al.: Cost-optimaldesign of a simplified highly renewable Chinese electricty network, Energy (2018) accepted.
B Tranberget.al.: Flow-based nodal cost allocation ina heterogeneous highlyrenewable European electricity system, Energy (2017) submitted.
T Brown et.al.: Synergies of sector coupling andtransmission extensionin a cost-optimised highly renewable Europeanenergy system,

Energy (2018) submitted.
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Research-driven Teaching (ENG + PHY)

Regular: Fluid Dynamics (5 ECTS),
Wind Energy (5 ECTS).

Occasional: Advanced Fluid Dynamics (5 ECTS),
Turbulence (5 ECTS),
Complex Networks (5 ECTS),
Complex Renewable Energy Networks (5 ECTS).
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Miscellaneous Material
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What about synergies:
balancing + storage?

G (t) = Ly (t) = B, (t) + AS,(t) + B, (¢t)
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“hydro/bio” balancing (150 TWh)

+ 6h “battery” storage (2.2 TWh, n=1.0)
+ seasonal H2 storage (25 TWh, n=0.6)
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+ seasonal H2 storage (25 TWh, n=0.6)
+ “hydro/bio” balancing (150 TWh)
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More balancing/storage synergies:
When is GB(t)=0 ?
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Wind fraction «y,

6h “"battery” storage (2.2 TWh, n=1.0)
+ seasonal H2 storage (25 TWh, n=0.6)

+ “hydro/bio” balancing (150 TWh)
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