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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?

Howmuch ...
...	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“

		𝐺#$ 𝑡 = 𝐺#' 𝑡 + 𝐺#)(𝑡)	
		 𝐺#$ = 𝛾# 𝐿#
		 𝐺#' = 𝛼# 𝐺#$

diurnal (1h-1d)		
3	TIME	SCALES: synoptic (2-10d)

seasonal (1y)	

1980	– 2014:						1h,		30x30km²
Renewable EnergyAtlas

Let	the weather decide!
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𝐺#/ 𝑡 = 𝐵# 𝑡 1

𝐶# 𝑡 = 𝐵# 𝑡 3

𝐹5 𝑡 =6 𝐻5#
#

𝑃# 𝑡

6 𝑃# 𝑡
#

= 0

		𝐺#$ 𝑡 − 𝐿# 𝑡 = 𝐵# 𝑡 + 𝑃# 𝑡 + ⋯

		𝐺#$ 𝑡 = 𝐺#' 𝑡 + 𝐺#)(𝑡)	
		 𝐺#$ = 𝛾# 𝐿#
		 𝐺#' = 𝛼# 𝐺#$

Renewable European	electricity network
+	fluctuating „weather forces“



DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 

“interactions”:			balancing		 transmission

Pn (t) = 0 min Gn
B (t)

n∑( )
min Fl

2 (t)
l∑( )

Bn (t) = β(t) Ln

β(t) =
Δn (t)n∑
Lnn∑

zero	flow localized	flow synchronized	balancing

				Δ# 𝑡 = 𝐺#$ 𝑡 − 𝐿# 𝑡 = 𝐵# 𝑡 + 𝑃# 𝑡
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𝐺#/ 𝑡 = 𝐵# 𝑡 1

𝐶# 𝑡 = 𝐵# 𝑡 3

𝐹5 𝑡 =6 𝐻5#
#

𝑃# 𝑡

6 𝑃# 𝑡
#

= 0

		𝐺#$ 𝑡 − 𝐿# 𝑡 = 𝐵# 𝑡 + 𝑃# 𝑡 + ⋯

		𝐺#$ 𝑡 = 𝐺#' 𝑡 + 𝐺#)(𝑡)	
		 𝐺#$ = 𝛾# 𝐿#
		 𝐺#' = 𝛼# 𝐺#$

Renewable European	electricity network
+	fluctuating „weather forces“
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Balancing	distribution	(Germany)
Bn (t) =Gn

RES (t)− Ln (t)−Pn (t) Gn
RES = Ln

αn = 0.7

Zero	flow
Localized	flow
Synchronized	flow

𝑝(
𝐵 #
)

𝐺#/ 𝑡 = 𝐵# 𝑡 1 𝐶# 𝑡 = 𝐵# 𝑡 3
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variance:	balancing	 transmission

			Δ# 𝑡 =
= 𝐺#$ 𝑡 − 𝐿# 𝑡 	
= 	𝐵# 𝑡 + 𝑃# 𝑡
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variance:	balancing	 transmission
		∆ 𝑡 = 𝐺$ 𝑡 − 𝐿 𝑡 = 𝐵 𝑡 + 𝑃(𝑡)

												=6∆# 𝑡 	𝑒#
#

		= 6AB C
D 	𝑝E

E

principal	
component	
analysis
	 Δ#ΔF 		
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backup	
capacity

backup	
energy

transmission	
capacity

Localized	flow
Synchronized	flow

Zero	flow
Localized	flow
Synchronized	flow

Zero	flow
Localized	flow
Synchronized	flow

𝐸#/ = 𝐺#/ 𝐾#/ = 𝑚𝑎𝑥L 𝐺#/ 𝐾5M = 𝑚𝑎𝑥L 𝐹5 N 𝑑5

Infrastructure	measures	I
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Infrastructure	measures	II

𝐸#/ = 𝐺#/

𝐾#/ = 𝑚𝑎𝑥L 𝐺#/

𝐾5M = 𝑚𝑎𝑥L 𝐹5 N 𝑑5

backup energy

backup capacity

transmission capacity

wind capacity

solar capacity

𝐾#'=PQRQ SQ
TUQV

𝐾#)=
W1PQ RQ SQ

TUQX
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Levelized Cost	of	SYSTEM	Energy		

Coupling	objectives:		B									P	

	𝐺#$ 𝑡 − 𝐿# 𝑡 = 𝐵# 𝑡 + 𝑃# 𝑡

	𝛾#= 1 	𝛼#= 𝛼
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13

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	km²

20%	solar	PV	power	generation
=		370	GW	installed	capacity
≈		2500	- 5000	km²

wind	and	solar	power	capacities	
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Breaking	homogeneity:		
cost-optimal	heterogeneity		

	 𝐺#$ = 𝛾# 𝐿# 	 𝐺#' = 𝛼# 𝐺#$
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Breaking	homogeneity:		
optimal	heterogeneity		
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(a) Link usage for the homogeneous layout:
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(b) Link usage for the GAS layout constrained by K = 2:

AC links HVDC links 0≠ 2.5% 2.5≠ 5% 10% 25% 50% 100%
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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
=		35	x	𝟏𝟎𝟗 €/y
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Who	pays	for	the	heterogeneity?

over the respective ‘slices’ corresponding to the same absolute linkflow fl is also shown infigure 3. It shows a
smooth dependence on fl, which is different for different n. Note however, that the nodal sum is always equal to

c f 1.
n

N
ln l1

∣å á ñ ==
Based on this conditional averagewewill nowderive an expression for a fair nodal

assignment of link capacity usage.

Imagine the link capacity dl
T

0

l
T

# #
#

ò= being built by increments d .# Every increment d d
n n# #å= is

used by several nodes, and decomposes into the nodal usage contributions wd d .n ln ( )# # #= The fraction ln
T#

of the overall link capacity l n ln
T T# #å= used by node n then becomes

w d . 9ln ln
T

0

l
T

( ) ( )# # #
#

ò=

Aswe go from capacity # to d ,# #+ allflows larger than #make use of this additional capacity increment
d .# Thus, theweight can be expressed as

w f f c f fd , 10ln l l l ln l l

l
T

( )( ) ( )# ( #
#

#

ò= >

where the conditional probability

f f
f

1
, 11l l l

l l

l
C( ) ( )

( )
( )( #

(

( #
> =

-

is proportional to the flowdistribution f ,l l( )( and f fdl
C

l l l
0

( ) ( )( # (
#

ò= represents the cumulativeflow

distribution. Insertion of (10) and (11) into (9) leads to the expression

Figure 2. Illustration of a simple five-node networkwith (a) an injection and a resulting flowpattern, (b) theflow tracing of exports,
and (c) theflow tracing of imports.

5

New J. Phys. 17 (2015) 105002 BTranberg et al

Flow	
tracing!	

𝐾_#` =	𝐾##` +6 𝐾F#`
Fa#

𝐾#` = 	𝐾##` +6 𝐾#F`
Fa#
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Who	pays	for	the	heterogeneity?
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Benefit	of	cooperation
D
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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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𝐹5 𝑡 =6 𝐻5#
#

𝑃# 𝑡
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6 𝐾5M𝑑5

𝐬𝐦𝐚𝐥𝐥	S

5oW

			≈ 			 6 𝐾5M𝑑5

𝐥𝐚𝐫𝐠𝐞	S

5oW
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Emerging	renewable electricity system:
German flexibility classes

min	 𝐿 𝑡 − 𝐺$ 𝑡 − ∑ 𝐵w(𝑡)w
x 	

25
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S(t)− S(t −1) =

=
ηinΔ(t) (Δ > 0)

ηout
-1 Δ(t) (Δ < 0)

#
$
%

&%

How	much	storage?	@	100%	penetration	in	EU			

storage	
energy	
capacity

CE =maxt S(t)−min
t
S(t)

ηin =ηout =1

Seasonal	optimal	mix	
=	60%	wind	power	
+	40%	solar	power CS =10% L

annual

= 340 TWh

α
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storage	singularity			

CS =10% L
annual

= 340 TWh

	𝐶y	~	 𝛾 − 1 1{
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CE (random)<<CE (original)

CE (random)∝
1

γ −1δ
δ =1

CE (1h) ≈ CE (1d)

Enhanced	Storage	Singularity			

p Δ(t +1d) |Δ(t)( )

synoptic	time	scale

Δ(t +τ ) Δ(t)
Δ2

temporal	correlations		
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Δ𝑣5	~	𝑙W/~
𝜂 = 5𝑘𝑚	 ≤ 𝑙	 ≤ 𝐿 = 600𝑘𝑚

E(𝑘)	~	𝑘1�/~

∆𝑣�x 𝑥 + 𝑑 	∆𝑣�x(𝑥) 	~	𝑑1�
𝜇 ≈ 0.36

R	Baïle +	J	Muzy:	Spatial	Intermittency	of	surface	layer	wind	fluctuations	 at	mesoscale range,	
Phys.Rev.Lett.	105	(2010)	254501.			P	Milan,	M	Wächter +	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.

Mesoscale Wind	Turbulence
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2dim	multifractal fBm

		𝐿	, 𝜎� ,		H	,		µ

v 𝐱 = 	vC�� +
𝑚(𝐱)
𝑚

v�/F 𝐱



DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 

2dim	fBm:	
midpoint	displacement	method

𝜎w3W =
1
2

�
𝜎w

		𝐿	, 𝜎� ,		H
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2dim	multifractality:	
random	multiplicative	cascade

𝑚w3W 𝐱 = 𝑞w3W 𝐱 	𝑚w(𝐱)

		𝐿	, µ
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Mesoscale wind	power	generation

v 𝐱 = 	vC�� +
𝑚(𝐱)
𝑚

v�/F 𝐱

v 𝐱 → 𝐺#'(𝑡)

		 𝐺#' = 𝐿#
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Impact	of synthetic climate change
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Impact	of synthetic climate change
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“engineering”	challenge:
electricity	à “smart”	energy	system

cross-sector	coupling					
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submitted	to	
Energy
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„Energiewende“:		kickoff to the second half

Danmarks InnovationsfondGrand	Solutions
(04.2017-03.2021,	 	2.3	M€)

RE-Invest
Renewable	Energy	Investment	Strategies	
– a	2dim	interconnectivity	approach		

Aalborg	U				
+						

Aarhus	U



DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 

(1) Highly Renewable Energy Networks		
(2) ComplexNetworks

(3) Wind-farm	Modeling	+	Optimization
(4) Turbulence

M	Schäfer (Carlsberg	PostDoc)
D	Schlachtberger (PostDoc)
M	Victoria	 																								(PostDoc)
M	Dahl								 (Master15	+	PhD18)	
B	Tranberg (Master15	+	PhD19)
H	Liu (Master16	+	PhD19)
S	Kozarcanin (Master15	+	PhD19)
K Zhu	 							 (PhD20)	
S	Siggaard (Master17)
M	Kofoed (Master16)
L	Schwenk_Nebbe (Master16)
M	Janum (Master16)
M	Raunbak (Master16)
C	Poulsen (Master16)	
N	Skou-Nielsen (Master15)
M	Hansen (Master15)
K	Holm (Master15)
E	Eriksen (Master15)
A	Thomsen	 (Master14)
B	Sairanen (Master14)
T	Jensen									 (Master13)
T	Zeyer (Master13)	
A	Søndergaard (Master13)		
R	Rodriguez			 (PhD14)
M	Rasmussen				 (PostDoc11)

Gorm Andresen			+			Mahdi	Abkar +
Martin	Greiner	(greiner@eng.au.dk)				

B	Carlsen (Master16)
A	Huche (Master16)
E	Thorgersen (Master16)
M	Therkildsen (Master15)	
P	Nybroe (Master15)	
J	Otten (Master15)
J	Bjerre (Master15)
J	Herp (Master13)
U	Poulsen (Assist	Prof)	

Fundamental	Research	on	
Renewable Energy Systems

at	the interface between engineering +	physics +	mathematics +	economics

FunResRes	
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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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(1) Highly Renewable Energy Networks		
(2) ComplexNetworks

(3) Wind-farm	Modeling	+	Optimization
(4) Turbulence

M	Schäfer (Carlsberg	PostDoc)
D	Schlachtberger (PostDoc)
M	Victoria	 																								(PostDoc)
M	Dahl								 (Master15	+	PhD18)	
B	Tranberg (Master15	+	PhD19)
H	Liu (Master16	+	PhD19)
S	Kozarcanin (Master15	+	PhD19)
K Zhu	 							 (PhD20)	
S	Siggaard (Master17)
M	Kofoed (Master16)
L	Schwenk_Nebbe (Master16)
M	Janum (Master16)
M	Raunbak (Master16)
C	Poulsen (Master16)	
N	Skou-Nielsen (Master15)
M	Hansen (Master15)
K	Holm (Master15)
E	Eriksen (Master15)
A	Thomsen	 (Master14)
B	Sairanen (Master14)
T	Jensen									 (Master13)
T	Zeyer (Master13)	
A	Søndergaard (Master13)		
R	Rodriguez			 (PhD14)
M	Rasmussen				 (PostDoc11)

Gorm Andresen			+			Mahdi	Abkar +
Martin	Greiner	(greiner@eng.au.dk)				

B	Carlsen (Master16)
A	Huche (Master16)
E	Thorgersen (Master16)
M	Therkildsen (Master15)	
P	Nybroe (Master15)	
J	Otten (Master15)
J	Bjerre (Master15)
J	Herp (Master13)
U	Poulsen (Assist	Prof)	

Fundamental	Research	on	
Renewable Energy Systems

at	the interface between engineering +	physics +	mathematics +	economics

FunResRes	
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What	about	synergies:	
balancing	+	storage?

“hydro/bio”	balancing	 (150	TWh)	
+ 6h “battery”	storage (2.2	TWh,	η=1.0)
+ seasonal H2 storage (25	TWh,	η=0.6)

		𝐺#$ 𝑡 − 𝐿# 𝑡 = 𝐵# 𝑡 + ∆𝑆# 𝑡 + 𝑃# 𝑡

𝐺#/ 𝑡 = 𝐵# 𝑡 1
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6h “battery” storage (2.2 TWh, η=1.0)
+ seasonal H2 storage (25 TWh, η=0.6)
+ “hydro/bio” balancing (150 TWh)
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More balancing/storage synergies:
When is GB(t)=0 ?   

GB (t) = −min Δ(t),0( )

balancing 
+ intra-day storage 
+ seasonal storage
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6h “battery” storage (2.2 TWh, η=1.0)
+ seasonal H2 storage (25 TWh, η=0.6)
+ “hydro/bio” balancing (150 TWh)


