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

	
  	
  

Let	
  the	
  weather	
  decide!	
  

Technical	
  +	
  economical	
  design	
  	
  
of	
  a	
  highly	
  renewable	
  European	
  electricity	
  system	
  	
   

How	
  much	
  ...	
  
...	
  wind	
  energy?	
  ...	
  solar	
  PV	
  energy?	
  
...	
  backup	
  energy	
  +	
  power?	
  
...	
  transmission?	
  ...	
  storage?	
  
and	
  what	
  about	
  ...	
  
...	
  coupling	
  of	
  energy	
  sectors?	
  
...	
  future	
  market	
  design?	
  
...	
  transiIon	
  2050	
  à	
  2020?	
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γn =1 αn = 0.7

Gn
R (t)− Ln (t)

actio
! "## $## = Bn (t)+Pn (t)+…

reactio
! "## $##

Gn
R = γn Ln

Gn
W =αn Gn

R

Gn
S = 1−αn( ) Gn

R
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How	
  much	
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How	
  much	
  wind	
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  power?	
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  transmission)	
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  Mismatch	
  distribuIon	
  (Germany)	
  

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

RES = Ln

Cn (t) =max Bn (t), 0( )

Gn
B (t) = −min B(t), 0( )
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αn =
Gn

W

Gn
RES

γn =1
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  Mismatch	
  distribuIon	
  (Germany)	
  

Gn
RES = Ln

αn =
Gn

W

Gn
RES

Cn (t) =max Bn (t), 0( )Gn
B (t) = −min B(t), 0( )

Δn (t) =Gn
RES (t)− Ln (t) = Bn (t)
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backup	
  	
  
capacity	
  

αn = Gn
W Gn

R

γn =1

	
  
backup	
  	
  
energy	
  
Gn

B Ln maxq (Gn
B ) Ln

zero	
  
flow	
  
	
  

localized	
  
flow	
  
	
  

synchronized	
  
balancing	
  

	
  

Bn / Ln ≈ 0.24

αmin ≈ 0.70



DEPARTMENT OF ENGINEERING                                       

AARHUS                                  
UNIVERSITY                              AU

 

21	
  	
  

How	
  much	
  backup?	
  
How	
  much	
  transmission?	
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Gn
R (t)− Ln (t)

actio
! "## $## = Bn (t)+Pn (t)+…

reactio
! "## $##

Gn
R = γn Ln

Gn
W =αn Gn

R

Gn
S = 1−αn( ) Gn

R
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Coupling	
  schemes	
  between	
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Gn
R (t)− Ln (t) = Bn (t)+Pn (t)

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

n∑( )
minmin Fl

2 (t)
l∑( )

min Bn (t)
2

Lnn∑
"

#
$$
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&
''

min Fl
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zero	
  
flow	
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flow	
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  Balancing	
  distribuIon	
  (Germany)	
  
Bn (t) =G

R
n (t)− Ln (t)−Pn (t) Gn

R = Ln

αn = 0.7

Gn
B (t) = −min Bn (t), 0( ) Cn (t) =max Bn (t), 0( )

zero	
  
flow	
  
	
  

localized	
  
flow	
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balancing	
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backup	
  	
  
capacity	
  

γn =1

	
  
backup	
  	
  
energy	
  

	
  
transmission	
  	
  
capacity	
  

Gn
B maxq (Gn

B ) maxq Fll∑

zero	
  
flow	
  
	
  

localized	
  
flow	
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KT (today) = 73GW

αn
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  Levelized	
  SYSTEM	
  Cost	
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CAPEX+OPEX	
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SNEAK	
  PREVIEW:	
  
further	
  reducIons	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  of	
  LsCOE	
   

opImal	
  	
  
heterogeneity	
  

1/K ≤ γn ≤ K

0 ≤αn ≤1

γEU =1
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Outlook:  
current + next challenges 
Storage + transmission 

Big networks 
Flow tracing 
Selforganizing power flows 
Design à operation: balancing markets 
Smart energy systems:  coupling of  
   electricity + heating + transportation 
2050 ß 2020 investments: 
   cooperative game theory + incentives 
Climate change 
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SNEAK	
  PREVIEW:	
  
principal	
  component	
  analysis	
   
Δn (t) =Gn

RES (t)− Ln (t) = Bn (t)+Pn (t)
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SNEAK	
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an	
  engineering	
  approach	
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extreme	
  backup	
  values	
   

backup	
  capacity	
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transmission	
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SNEAK	
  PREVIEW:	
  
an	
  engineering	
  approach	
  to	
  
extreme	
  backup	
  values	
   

zero	
  
flow	
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flow	
  
	
  

synchronized	
  
balancing	
  

	
  

q ≥ 0.99
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Gn
RES (t)− Ln (t)−Pn (t) = Bn (t)

SNEAK	
  PREVIEW:	
  
an	
  engineering	
  approach	
  to	
  
extreme	
  backup	
  values	
   

Gaussian	
  
Gumbel	
  	
  	
  
GEV	
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SNEAK	
  PREVIEW:	
  
an	
  engineering	
  approach	
  to	
  
extreme	
  backup	
  values	
   

αDK = 0.6 αDK = 0.8

January	
  

July	
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SNEAK	
  PREVIEW:	
  
an	
  engineering	
  approach	
  to	
  
extreme	
  backup	
  values	
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