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€ 

selfish :      Pfarm = max(Pi(ϕi, fi | ui))i
∑

cooperative :      Pfarm = max Pii
∑ (ϕi, f i | ui,θ )( )

Wind-‐farm	  modeling	  +	  op:miza:on	  +	  control	  	   
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Communica:on	  networks	  (Internet),	  

Biological	  networks	  (gene	  interac:ons),	  

Social	  network	  engineering,	  

Electricity	  networks,	  …	  

	  

Structure,	  Dynamics,	  Func:on,	  

Robustness,	  Reliability,	  

Self-‐organiza:on.	  

Physics of Complex Networks   
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Design	  of	  	  
a	  highly	  renewable	  pan-‐European	  energy	  system	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Challenges	  for:	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  system	  engineering,	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  applied	  mathema:cs,	  and	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  physics	  of	  complex	  networks	  	  	  	  	   

„Mehr	  als	  die	  Vergangenheit	  
interessiert	  mich	  die	  Zukun`,	  

denn	  in	  ihr	  gedenke	  ich	  zu	  leben.“	  

(Albert	  Einstein)	  
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Venus	  to	  Earth:	  „My	  friend,	  you	  look	  really	  sick.“	  

Earth:	   	  „This	  fever	  is	  gebng	  worse	  and	  worse.“	  

Venus:	   	  „Have	  you	  caught	  a	  virus?“	  

Earth: 	  „My	  doctor	  says,	  I	  have	  Homo	  Sapiens.“	  

Venus: 	  „Hmmmm	  ...	  don‘t	  worry,	  this	  vanishes.“	  
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More	  +	  more	  +	  …	  renewables:	  	  
what	  is	  the	  end	  of	  the	  story?	  	  	  	   

Think	  backwards!	  
2050à2020	  

Let	  the	  weather	  decide!	  
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 Gn
W (t)+Gn

S (t)− Ln (t) =Cn (t)−Bn (t)+ Fn→−F→n( )
ngb(n)
∑ + Sn

+ − Sn
−( )

Gn
W +Gn

S = γn Ln

Let	  the	  weather	  decide!	  	   
Gn

W (t)+Gn
S (t)+Bn (t)+ F→n

ngb(n)
∑ + Sn

−

= Ln (t)+Cn (t)+ Fn→
ngb(n)
∑ + Sn

+

Gn
W =αn γn Ln Gn

S = 1−αn( ) γn Ln

ac:o	  	  =	  	  reac:o	  	   
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 Gn
W (t)+Gn

S (t)− Ln (t) =Cn (t)−Bn (t)+ Fn→−F→n( )
ngb(n)
∑ + Sn

+ − Sn
−( )

Let	  the	  weather	  decide!	  	   

ac:o	  	  =	  	  reac:o	  	   

Renewable	  Energy	  Atlas	  
2000	  –	  2007:	  	  	  1h,	  	  45x45km²	  
1980	  –	  2010:	  	  	  1h,	  	  30x30km²	  
	  

Gn
RES (t) =Gn

W (t)+Gn
S (t)

Gn
W +Gn

S = γn Ln

Gn
W =αn γn Ln Gn

S = 1−αn( ) γn Ln

Ln (t)

historical	  	  
load	  

(detrended)	  
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wind-‐power	   solar-‐power	  
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 Gn
W (t)+Gn

S (t)− Ln (t) =Cn (t)−Bn (t)+ Fn→−F→n( )
ngb(n)
∑ + Sn

+ − Sn
−( )

Let	  the	  weather	  decide!	  	   

ac:o	  	  =	  	  reac:o	  	   

Renewable	  Energy	  Atlas	  
2000	  –	  2007:	  	  	  1h,	  	  45x45km²	  
1980	  –	  2010:	  	  	  1h,	  	  30x30km²	  
	  

Gn
RES (t) =Gn

W (t)+Gn
S (t)

Gn
W +Gn

S = γn Ln

Gn
W =αn γn Ln Gn

S = 1−αn( ) γn Ln

Ln (t)

historical	  	  
load	  

(detrended)	  
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How	  much	  ...	  
...	  wind	  energy?	  
...	  solar	  PV	  energy?	  
...	  backup	  energy	  +	  power?	  
...	  transmission?	  
...	  storage?	  
...	  coupling	  of	  energy	  sectors?	  
	  
and	  what	  about	  
...	  transi:on	  2050	  à	  2014?	  
...	  future	  markets	  

Technical	  +	  economical	  design	  	  
of	  a	  highly	  renewable	  pan-‐European	  energy	  system	  	   
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G.	  B.	  Andresen,	  2012	   13	  

①   	  only	  Backup	  	  	  
②   	  only	  Storage	  	  	  

③   	  Backup	  +	  Storage	  	  

④   	  2015	  ßà	  2050	  

⑤   	  Transmission	  +	  Backup	  

⑥   	  Economics	  

⑦   	  outlook:	  CONSENSYS	  

Gn
W (t)+Gn

S (t)− Ln (t) =Cn (t)−Bn (t)+ Fn→−F→n( )
ngb(n)
∑ + Sn

+ − Sn
−( )



DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 

14	  	  

How	  much	  wind	  +	  solar	  power?	  	  	  	  	   
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	  Mismatch	  distribu:on	  (Germany)	  

Δn (t) =Gn
RES (t)− Ln (t) =Cn (t)−Bn (t) Gn

RES = Ln

Cn (t) =max Δ(t), 0( )

Bn (t) = −min Δ(t), 0( )



DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 

αn =
Gn

W

Gn
RES
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	  Mismatch	  distribu:on	  (Germany)	  

Δn (t) =Gn
RES (t)− Ln (t) Gn

RES = Ln

αn =
Gn

W

Gn
RES

Cn (t) =max Δ(t), 0( )Bn (t) = −min Δ(t), 0( )
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BACKUP	  CAPACITY	  of	  EU	  countries	  
(zero	  transmission)	  
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αmin ≈ 0.70

Bn ≈ 0.24

BACKUP	  ENERGIES	  of	  EU	  countries	  
(zero	  transmission)	  
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	  Mismatch	  distribu:on	  (Europe)	  

Gn
RES (t)− Ln (t) =Cn (t)−Bn (t)+ Fn→−F→n( )

ngb(n)
∑

ΔEU (t) = Gn
RES (t)

n
∑ − Ln (t)

n
∑ =GEU

RES (t)− LEU (t)

= Cn (t)−Bn (t)( )
n
∑ + Fn→−F→n( )

ngb(n)
∑

n
∑

=0
! "### $###

=CEU (t)−BEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on	  (Europe)	  

ΔEU (t) =GEU
RES (t)− LEU (t)
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Mismatch	  distribu:on:	  	  Germany	  vs.	  Europe	  

	  Mismatch	  without	  /	  with	  Transmission	  	  
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BACKUP	  CAPACITY	  of	  EU	  countries	  
(without/with	  transmission)	  
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αn
min ≈ 0.70

Bn ≈ 0.24

BACKUP	  ENERGIES	  of	  EU	  countries	  
(with/without	  transmission)	  

BEU ≈ 0.15

αEU ≈ 0.80
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46	  	  

annual	  consump:on	  (2009)	  	  	  
	  =	  	  3360	  TWh	  

	  
	  
70%	  wind	  power	  genera:on	  

	  =	  	  875	  GW	  installed	  capacity	  
	  =	  	  175.000	  x	  5MW	  turbines	  
	  =	  	  4350	  x	  200MW	  wind	  farms	  
	  ≈	  	  115000	  km²	  

	  
30%	  solar	  PV	  power	  genera:on	  
	   	  =	  	  550	  GW	  installed	  capacity	  

	  ≈	  	  3500	  -‐	  7500	  km²	  
	  
	  
	  	  
	  
	  

	  	  

wind	  and	  solar	  power	  capaci:es	   
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47	  

	  so	  far: 	  only	  backup	  
	  now:	  	  	  	  what	  about	  storage? 



DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 

S(t)− S(t −1) =

=
ηinΔ(t) (Δ > 0)

ηout
-1 Δ(t) (Δ < 0)

#
$
%

&%

How	  much	  storage?	  @	  100%	  penetra:on	  in	  EU	  	  	   

ΔEU (t) =GEU
RES (t)− LEU (t) storage	  	  

energy	  	  
capacity	  

	  
	  
	  	  
	  
	  
	  	  

α

Gn
W (t)+Gn

S (t)− Ln (t) = Fn→−F→n( )
ngb(n)
∑ + Sn

+ − Sn
−( )
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How	  much	  storage?	  @	  100%	  penetra:on	  in	  EU	  	  	   

storage	  	  
energy	  	  
capacity	  

	  
	  
	  	  
	  
	  
	  	  

αSeasonal	  op:mal	  mix	  	  
=	  60%	  wind	  power	  	  
+	  40%	  solar	  power	  
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How	  much	  storage?	  @	  100%	  penetra:on	  in	  EU	  	  	   

storage	  	  
energy	  	  
capacity	  

	  
	  
	  	  
	  
	  
	  	  

α

CS =10% L
annual

= 340 TWh
POSSIBLE:	  
H2	  storage	  
25	  TWh	  =	  0.008	  av.y.l.	  	  
6h	  “ba{ery”	  storage	  	  	  	  	  
2.2	  TWh	  =	  0.0007	  av.y.l

	  	  

NOT	  POSSIBLE:	  
Pumped	  Hydro,	  
Compressed	  Air	  
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Country	  storage	  needs	  

51	  |	  2010	  
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renewable	  penetra:on	  

Storage	  Singularity	  	  	   
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γ	  =	  renewable	  
	  	  	  	  	  	  penetra:on	  

phase	  transi:on	  
	  
	  
	  	  
	  
	  
	  	  

Storage	  Singularity	  	  	   

Δ(t) = γ GRES (t)− L(t)
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European	  aggrega:on:	  
Wind	  +	  Solar	  power	  genera:on	  +	  Load	  

	   	   	   	   	  	  	   	   	   	   	  	  	  diurnal 	  	  (1h-‐1d)	  	  	  
3	  TIME	  SCALES:	  	  	   	   	  	  	  synop:c	  	  (2-‐10d)	  

	  	  	  	   	   	   	   	  	  	   	   	   	   	  	  	  seasonal	  	  	  	  	  	  	  	  (1y)	  	  
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	  	  Temporal	  correla:ons	  on	  the	  synop:c	  :me	  	  
	  	  scale	  cause	  the	  extremely	  enhanced	  need	  
	  	  for	  storage	  energy	  capacity.	  
	  
	  	  Beyond	  a	  penetra:on	  of	  γ	  >	  60%	  	  
	  	  a	  6h	  storage	  (load	  flexibility,	  smart	  grid,	  v2g)	  	  
	  	  is	  no	  longer	  sufficient!	  

	  
	  
	  	  
	  
	  
	  	  

Storage	  Singularity	  	  	   
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G.	  B.	  Andresen,	  2012	   56	  

Break?	  

Welcome	  back!	  	  	   
①   	  only	  Backup	  	  	  
②   	  only	  Storage	  	  	  

③   	  Backup	  +	  Storage	  	  

④   	  2015	  ßà	  2050	  

⑤   	  Transmission	  +	  Backup	  
⑥   	  Economics	  

⑦   	  outlook:	  CONSENSYS	  
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57	  

What	  about	  synergies:	  	  
balancing	  +	  storage?	  

	  	  	  	  “hydro/bio”	  balancing	   	  (150	  TWh)	  	  

+	  	  6h	  “ba{ery”	  storage	   	  	  	  	  (2.2	  TWh,	  η=1.0)	  
+	  	  seasonal	  H2	  storage	  	  	  	  	  	  	  	  (25	  TWh,	  η=0.6)	  
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Mar9n	  Greiner,	  2012	  

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

γ =1, α = 0.8 :

B(t)
EU
=15% L

annual

= 510 TWh
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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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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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	  2015	  	  ßà	  	  2050 
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Transi:on	  0%	  à	  100%	  renewables	  
Case:	  	  	  	  Denmark	  (without	  storage)	  

Gn
RES (t)− Ln (t) =Cn (t)−Bn (t)
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63	  |	  2013	  

Excess	  genera:on: Cn (t) t

Gn
W (t)+Gn

S (t)− Ln (t) =Cn (t)−Bn (t)+ Sn
+ − Sn

−( )
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European	  	  
electricity	  demand	  2000-‐2007:	  

load	  curve	  contains	  	  	  three	  :me	  
scales:	  
•  Intra-‐day	  (1-‐24	  hours)	  
•  Intra-‐week	  (1-‐7	  days)	  
•  Seasonal	  (7-‐365	  days)	  

Minimum	  peak	  capaci:es:	  
•  Intra-‐day: 	  	  	  	  	  	  165	  GW	  
•  Intra-‐week:	  	  	  	  	  133	  GW	  
•  Seasonal: 	  	  	  	  	  	  273	  GW	  

Transi:on	  0%	  à	  100%	  renewables	  
with	  highly	  /	  medium	  /slowly	  flexible	  conven:onals	  
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Derived	  power	  capaci9es	  	  
(2007	  values)	  

G.B.	  Andresen,	  Maastricht,	  
19/4	  –	  2012	  gba@ase.au.dk	  	   65	  

Derived power capacities (GW)

Country Seasonal Intra-week Intra-day Total

Austria (AT) 4.05 (43%) 2.29 (24%) 3.08 (33%) 9.42 (100%)
Belgium (BE) 7.21 (50%) 3.64 (25%) 3.60 (25%) 14.45 (100%)
Bulgaria (BG) 4.27 (48%) 2.13 (24%) 2.57 (29%) 8.98 (100%)
Bosnia and Herzegovina (BA) 2.75 (54%) 0.58 (12%) 1.72 (34%) 5.05 (100%)
Czech Republic (CZ) 5.45 (53%) 2.54 (25%) 2.36 (23%) 10.35 (100%)
Switzerland (CH) 4.47 (54%) 1.73 (21%) 2.01 (24%) 8.21 (100%)
Germany (DE) 34.15 (41%) 23.46 (28%) 25.80 (31%) 83.41 (100%)
Denmark (DK) 2.50 (37%) 1.56 (23%) 2.67 (40%) 6.73 (100%)
Spain (ES) 15.88 (38%) 12.44 (30%) 13.70 (33%) 42.01 (100%)
France (FR) 56.80 (60%) 17.36 (18%) 19.87 (21%) 94.03 (100%)
Finland (FI) 8.46 (59%) 3.17 (22%) 2.69 (19%) 14.31 (100%)
Great Britain (GB) 29.93 (48%) 12.81 (20%) 20.06 (32%) 62.80 (100%)
Greece (GR) 4.80 (45%) 2.28 (22%) 3.50 (33%) 10.58 (100%)
Hungary (HU) 3.39 (51%) 1.35 (21%) 1.85 (28%) 6.58 (100%)
Italy (IT) 21.09 (36%) 16.14 (28%) 21.19 (36%) 58.42 (100%)
Ireland (IE) 2.15 (42%) 0.99 (19%) 2.03 (39%) 5.16 (100%)
Croatia (HR) 1.24 (41%) 0.58 (19%) 1.18 (39%) 3.00 (100%)
Luxembourg (LU) 0.27 (26%) 0.29 (28%) 0.47 (46%) 1.02 (100%)
Norway (NO) 14.36 (62%) 3.99 (17%) 4.84 (21%) 23.19 (100%)
Netherlands (NL) 7.37 (40%) 4.51 (24%) 6.76 (36%) 18.64 (100%)
Portugal (PT) 3.31 (37%) 2.40 (27%) 3.21 (36%) 8.91 (100%)
Poland (PL) 11.68 (48%) 5.61 (23%) 7.00 (29%) 24.29 (100%)
Romania (RO) 4.74 (55%) 1.78 (21%) 2.15 (25%) 8.67 (100%)
Sweden (SE) 15.35 (54%) 6.75 (24%) 6.38 (22%) 28.48 (100%)
Slovakia (SK) 2.90 (64%) 0.62 (14%) 1.04 (23%) 4.55 (100%)
Slovenia (SI) 0.39 (19%) 0.61 (30%) 1.07 (52%) 2.07 (100%)
Serbia (RS) 3.35 (48%) 1.42 (20%) 2.26 (32%) 7.03 (100%)

Total 272.27 (48%) 133.04 (23%) 165.04 (29%) 570.35 (100%)

Table 1: Derived seasonal, intra-week, and intra-day power capacities for 27 European
countries. Capacities are scaled to 2007 values and listed in real units (GW) as well in
units scaled to the country total (%).

11

Minimum	  peak	  capaci:es	  (Total):	  
•  Intra-‐day: 	   	  165	  GW	  (29%)	  
•  Intra-‐week: 	  133	  GW	  (23%)	  
•  Seasonal: 	   	  273	  GW	  (48%)	  
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Power	  dispatch	  

66	  

Requirements:	  
•  99%	  Security	  of	  supply.	  
•  Minimal	  excess	  power	  genera9on.	  
•  Forced	  shut-‐down	  of	  conven9onal	  

capacity.	  

Simple	  Rules	  of	  opera:on:	  
•  Seasonal	  power	  genera9on	  follows	  7-‐

day	  moving	  average.	  
•  Intra-‐week	  power	  genera9on	  follows	  24-‐

hour	  moving	  average.	  
•  Intra-‐day	  power	  genera9on	  follows	  1-‐

hour	  moving	  average.	  
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Transi:on:	  0%	  à	  100%	  renewables	  
no	  …	  cross-‐border	  transmission	  …	  yes	  

ye
s…

sh
or
t-‐
te
rm

	  st
or
ag
e…

no
	  

PRELIMINARY	   
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How	  much	  transmission?	  
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minimum	  backup	  energy	  at	  op:mal	  wind	  /	  solar	  mix	  

69	  	  

γ =1

Bnn∑ = 0.24BEU = 0.15 vs.	   

transmission	  calcula:on	  	  
without	  transmission 

α ≈ 0.7
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transmission	  calcula:on	  	  
without	  transmission Availability of Renewable Energy

Rolando Rodriguez Power transmission in a highly renewable Europe 4/12

Maximum	  benefit	  of	  transmission	  

The	  MAXIMUM	  BENEFIT	  OF	  TRANSMISSION	  quan:fies	  how	  much	  balancing/surplus	  
can	  be	  reduced	  by	  sharing	  local	  surplus	  wind	  and	  solar	  power	  in	  an	  unconstrained	  
pan-‐European	  transmission	  network.	  
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min Bnn∑ min Fl
2

l∑

	  How	  much	  transmission?	  

γ =1, α ≈ 0.7
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	  Backup	  vs.	  Transmission 

B
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Pan-‐European	  Transmission	  
2014	  à	  2050 
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Pan-‐European	  Transmission	  
2014	  à	  2050 
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Denmark	  	  2014	  à	  2050:	  
Import	  /	  Export	  opportuni:es	  	  
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Germany	  	  2014	  à	  2050:	  
Import	  /	  Export	  opportuni:es	  	  
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	  Who	  pays	  for	  the	  transmission	  capacity?	  	  

enl + iln
2 fll∑ Tl

2050 Tl
2050

l∑( ) Ln
Lmm∑

Tl
today

2l (n)∑
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Transmission	  beyond	  EU	  	  
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	  Levelized	  Cost	  of	  SYSTEM	  Energy	  	  	  
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Coupling	  schemes	  between	  transmission	  and	  backup	  

Δn (t) =Gn
RES (t)− Ln (t)−Tn (t)

Tn (t) = 0 min Bn (t)n∑( )
min Fl

2 (t)
l∑( )

Δn (t) = β(t) Ln

β(t) =
Δn (t)n∑
Lnn∑
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	  Mismatch	  distribu:on	  (Germany)	  
Δn (t) =Gn

RES (t)− Ln (t)−Tn (t) Gn
RES = Ln

αn = 0.7
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	  Who	  pays	  for	  the	  backup	  capacity?	  	  
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backup	  	  
capacity	  

αn = Gn
W Gn

RES

Gn
RES = Ln

	  
backup	  	  
energy	  

	  
transmission	  	  
capacity	  
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	  Levelized	  Cost	  of	  SYSTEM	  Energy	  	  	  

Gn
RES = Ln
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OUTLOOK	  
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SOME FUNDAMENTAL CHALLENGES:   
storage phase transition, 
renormalisation scaling of power flows, 
spatio-temporal flow pattern analysis, 
self-organizing power flows, 
emergence of socio-economic cooperation 
          

Fundamental	  Research	  on	  Renewable	  Energy	  Systems	  
at	  the	  interface	  between	  engineering	  +	  mathema:cs	  +	  physics 
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Gn
RES = Ln

Gn
RES

n∑ = Lnn∑

Op:mal	  Por�olio	  Theory	  	  
+	  Gene:c	  Op:miza:on	  	  

BEU

PRELIMINARY	   
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BIG DESIGN:                 
COMPLEX NETWORKS OF SMART ENERGY SYSTEMS 
  all renewables + balancing +  
       + transmission + storage, 
  electricity + heating + transportation 
 
DESIGN OF FUTURE ENERGY MARKETS 
 
 
 
OPTIMAL TRANSITION 2050 → 2015 

      

CONSENSYS	  
100% = 100+X% 
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Tue	  Jensen	  (DTU,	  EU	  grant	  5s	  –	  Future	  Electricity	  Markets)	  
	  

Nodal	  vs.	  zonal	  pricing 

Open	  access	  data	  set	  
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