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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
highly renewable
European	
electricity system

Let	the			
weather
decide!

2000	– 2007:			1h,		45x45km²
1980	– 2010:			1h,		30x30km²
RenewableEnergyAtlas
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actio =		reactio

Modeling	of a	highly renewable
European	electricity system

Gn
W =αn Gn

R

Gn
S = 1−αn( ) Gn

R

Gn
R (t) =Gn

W (t)+Gn
S (t)

Gn
R = γn Ln

Gn
R (t)− Ln (t) =
= Bn (t)+Pn (t)+ Sn (t)
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γn =1

αn = 0.7

Gn
R (t)− Ln (t) = Bn (t)+Pn (t)
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Howmuch ...
...	wind	energy?
...	solar	PV	energy?
...	backup energy +	power?
...	transmission?
...	storage?

What are important
temporal	and spatial scales?

I. Time	scales:	storage
II. Spatial	scales:	backup	+	transmission
III. Costs
IV. Outlook
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I.		Time	scales:		howmuch storage?
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European	aggregation:
Wind	+	Solar power	generation	+	Load

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

seasonal (1y)	
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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

α
CE =maxt S(t)−min

t
S(t)

ηin =ηout =1

Seasonal	optimal	mix	
=	60%	wind	power	
+	40%	solar	power
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How	much	storage?	@	100%	penetration	in	EU			

storage	
energy	
capacity

α

CS =10% L
annual

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

NOT	POSSIBLE:
Pumped Hydro,
Compressed Air

annual	consumption	(2009)		=		3360	TWh

70%	wind	power	generation			=		875	GW	installed	capacity ≈		115000	km²
=		175.000	x	5	MW	turbines				=		4350	x	200	MW	wind	farms

30%	solar	PV	power	generation			=		550	GW	installed	capacity		≈		3500	- 7500	km²
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renewable	penetration

Storage	Singularity			

Gn
R = γn Ln
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CE (random)<<CE (original)

CE (random)∝
1

γ −1δ
δ =1

CE (1h) ≈ CE (1d)

Storage	Singularity			

p Δ(t +1d) |Δ(t)( )

synoptic	time	scale

Δ(t +τ ) Δ(t)
Δ2

temporal	correlations		
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II.		Spatial	scales:
how	much	backup
+	transmission?				
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Coupling	schemes	between	transmission	and	backup

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

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 Flow	with	
synchronized	balancing
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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
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backup	
capacity

backup	
energy

transmission	
capacity
maxq Fll∑

Gn
RES = Ln

𝐺"# 𝑚𝑎𝑥6 𝐺"#

Zero	flow
Localized	flow
Synchronized	flow

Zero	flow
Localized	flow
Synchronized	flow

Localized	flow
Synchronized	flow
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Principal
flow patterns
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backup	
capacity

backup	
energy

transmission	
capacity
maxq Fll∑

Gn
B ≈ 0.24

GEU
B ≈ 0.15

Gn
RES = Ln

αn ≈ 0.70

αEU ≈ 0.80

𝐺"# 𝑚𝑎𝑥6 𝐺"#

Zero	flow

Flow	with	
synch.	bal.

Localized	flow
Synchronized	flow

Zero	flow
Localized	flow
Synchronized	flow

Zero	flow
Localized	flow
Synchronized	flow
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beyond EU:	world-wide grid
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III.		Costs					
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backup	
capacity

backup	
energy

transmission	
capacity
maxq Fll∑𝐺"# 𝑚𝑎𝑥6 𝐺"#
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Levelized Cost	of	SYSTEM	Energy		

that area. The present values for wind, solar, and transmission
depend only on the installed capacity and the fixed operational
costs. VB also includes fuel costs of backup sources (see again
Table 1), which are proportional to the annual backup energy (12).

The LCOE (levelised cost of electricity) relates CapEx and OpEx
with the present value V of energy costs by discounting the value of
future usage of energy production [32]:

LCOE ¼
Vsys

PT
t¼1

LEU;t
ð1þrÞt

: (21)

The energy in the denominator is, for different sources, often
defined as the generated energy. In the case of VRES, when some of
the generation comes at a time when it is not needed, one would
have to define the denominator as the actual usage of generated
energy. In this case, since we look at both conventional backup and

VRES, we take generated electric energy simply as the sum of the
demand, discarding excess generation.

We use the values in Table 1 for our discussions in Section 3. Due
to the uncertainties caused by the large discrepancies of the
assumed costs in the literature, a sensitivity analysis follows in
Section 4, where the dependence of the results on the cost un-
certainties will be discussed.

3. Technically vs. economically optimal electricity systems

This section first focuses on the dependence of the four tech-
nical objectives (12), (13), (14) and (18) on the penetration pa-
rameters gn¼ g, the mixing parameters an¼ a, and the three
transmission paradigms. The penetration and mixing parameters
are chosen to be the same for each country. In the second subsec-
tion, the g and a dependence of the economic objective (21) is
discussed, again for all three transmission paradigms.

Fig. 3. LCOE (in V/MWh) for energy delivered by the system as a function of the wind mix (an¼ a) for different penetrations of renewables (gn¼ g): g¼ 0.5 (top row), g¼ 1.0
(middle row), and g¼ 1.5 (bottom row). Contributions from transmission costs are shown in green, wind power in blue, solar power in yellow, backup capacity in red and backup
energy in orange. The zero transmission paradigm is shown in the left column, and its LCOE is reproduced as a dashed line in the middle and right columns, which represent the
localised and synchronised transmission paradigms. Dots and vertical dashed lines show the cost minimum. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

R.A. Rodriguez et al. / Energy 83 (2015) 658e668662
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Heterogeneous	
renewable	electricity	networks		
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Who	pays	for	the	heterogeneity?	

flow	
tracing	

Figure 4. L×Nmatrix of the relative nodal link capacities ln l
T T# # resulting from a 50%/50% combination of the export / import

pictures offlow tracing. The L= 50 links are labeled on the left and theN= 30 nodes are labeled on the bottom. Each row sums up to
unity.

Figure 5.Relative link capacity ln l
T T# # in the export picture for the nodesDE=Germany (left) andAT=Austria (right), shown as

colour-coded links. Also shown is the average export transfer function (13), shown as colour-coded nodes.

7

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

Challenge:			cooperative	2020à2050	investments	+	markets
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Flow	tracing	

c P

P
. 14n m

nm n

n

( )
( ) ( )! =¬

-

-

The former describes howmuch of the positive injection (Pn)+ at node n is exported to a sink nodem. The latter
expression describes howmuch of the negative injection (Pn)− at node n is imported from a source nodem. The
export transfer function is also illustrated infigure 5.Whereas theGerman exports spread over thewhole
European network, smaller Austriamainly servesfirst neighbours and bigger second neighbours with its exports.
The import transfer functions are not shown. They are similar to the export transfer functions.

We now compare the flow tracing based usagemeasurewith two simplified propositions which already have
been outlined in the introduction. Thefirst ‘load-proportional’ usage n

1( )% is based on the average load of
country n,

L

L
, 15n

n

m m

1 T ( )( )% #
å

=

whereas the second ‘link-based’ assignment n
2( )% associates the capacity usage l

T# of a link l m n( )= l to its
incident nodes n andm only,

2
. 16n

l n

l2
T

( )( )

( )
%

#
å=

Here l(n) denotes all links l incident to node n. Both assignments n
1( )% and n

2( )% add up to .
n n

i T( )% #å =
The new flow tracing based nodal usage of the network can be expressed as the sumof nodal link capacities

(12) over all links,

. 17n
l

ln
3 T ( )( )% #å=

Note that this assignment also adds up to .
n n

3 T( )% #å = For the simplified European transmission network,

n
3( )% is illustrated infigure 6, and compared to the two other propositions n

1( )% and n
2( )% from (15) and (16).

For the three biggest countries Germany, France andGreat Britain the new assignment (17) turns out to be
smaller than the load-proportional assignment (15). For the next two countries Italy and Spain it is the opposite.
This excess usage of the network becomes clearer when comparing n

3( )% directly to .n
2( )% Since France is

central, it has large link capacities to the other four countries, which explains the rather big green bar infigure 6.
Great Britain, Spain and also Italy are peripheral. They not only use the direct links to France, but also the links
beyond. This explains the reduction from n

2( )% to n
3( )% for France at the expense of an increase for Great

Britain, Spain and Italy.
TheNetherlands, Switzerland andAustria are central transit countries sandwiched between big countries.

Consequently, their link-based assignment n
2( )% is exceptionally large. The usage assignment n

3( )% reduces
these values and almost coincides with the load-proportional assignment .n

1( )% ForHungary, Slovakia, Czech
Republic, Croatia and Slovenia the situation is similar, as those serve as transits between numerous small Balkan
countries on the one hand and bigGermany, Italy and France on the other hand. This also explains the increased
blue bars for the Balkan countries. Peripheral countries like Finland, Portugal and Ireland are in a similar
situation, leading to an excess usage of the network.

Figure 6.Comparison of the three capacity assignments n
i( )% from (15), (16) and (17), based on a 50%/50% combination of export

and import flow tracing.
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Flow	tracing	

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.
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Flow	tracing	
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The former describes howmuch of the positive injection (Pn)+ at node n is exported to a sink nodem. The latter
expression describes howmuch of the negative injection (Pn)− at node n is imported from a source nodem. The
export transfer function is also illustrated infigure 5.Whereas theGerman exports spread over thewhole
European network, smaller Austriamainly servesfirst neighbours and bigger second neighbours with its exports.
The import transfer functions are not shown. They are similar to the export transfer functions.

We now compare the flow tracing based usagemeasurewith two simplified propositions which already have
been outlined in the introduction. Thefirst ‘load-proportional’ usage n

1( )% is based on the average load of
country n,
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Note that this assignment also adds up to .
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3 T( )% #å = For the simplified European transmission network,

n
3( )% is illustrated infigure 6, and compared to the two other propositions n

1( )% and n
2( )% from (15) and (16).

For the three biggest countries Germany, France andGreat Britain the new assignment (17) turns out to be
smaller than the load-proportional assignment (15). For the next two countries Italy and Spain it is the opposite.
This excess usage of the network becomes clearer when comparing n

3( )% directly to .n
2( )% Since France is

central, it has large link capacities to the other four countries, which explains the rather big green bar infigure 6.
Great Britain, Spain and also Italy are peripheral. They not only use the direct links to France, but also the links
beyond. This explains the reduction from n

2( )% to n
3( )% for France at the expense of an increase for Great

Britain, Spain and Italy.
TheNetherlands, Switzerland andAustria are central transit countries sandwiched between big countries.

Consequently, their link-based assignment n
2( )% is exceptionally large. The usage assignment n

3( )% reduces
these values and almost coincides with the load-proportional assignment .n

1( )% ForHungary, Slovakia, Czech
Republic, Croatia and Slovenia the situation is similar, as those serve as transits between numerous small Balkan
countries on the one hand and bigGermany, Italy and France on the other hand. This also explains the increased
blue bars for the Balkan countries. Peripheral countries like Finland, Portugal and Ireland are in a similar
situation, leading to an excess usage of the network.

Figure 6.Comparison of the three capacity assignments n
i( )% from (15), (16) and (17), based on a 50%/50% combination of export

and import flow tracing.
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for the fraction of link capacity used by node n. It is straightforward to check that this assignment fulfills
.
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Based on the eight years long hourly Renewable Energy Atlas data from [2], the resulting relative link
capacities ln l

T T# # are summarized infigure 4. Each row in thisfigure represents a link, and each column
represents a nodal country. The countries have been ordered according to their average load L ,ná ñ withGermany
having the largest load and Luxembourg the smallest.

Germany is using all the links contained in the network. This is also illustrated infigure 5(a). The next biggest
countries still use almost all of the links. The smaller a country becomes, the less number of links are used; see
alsofigure 5(b), which illustrates the case of small-medium sized Austria. Intuitively this is clear. Due to their big
size, large countries are able to inject / eject large exports / imports, which then penetrate thewhole network. A
quantitativemeasure for this penetration is described by the average nodal export and import transfer functions:
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Figure 3.Colour component cln(t) as a function of the power flow f t F t :l l( ) ∣ ( ) ∣= (a) based on theflow tracing of exports, and (b)
based on theflow tracing of imports. The link l= (CH, IT) between Switzerland and Italy, and the node n=DE (Germany) have been
chosen. Each dot represents one hour contained in the 8 years longRenewable EnergyAtlas data from [2]. The red curve represents the
conditional average c f .ln l∣á ñ For the latter, the extremeflow events f ,l l

T#> which happen in 1 − q= 1%of the time, have been
mapped onto f .l l

T#=
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Flow	tracing	

Figure 4. L×Nmatrix of the relative nodal link capacities ln l
T T# # resulting from a 50%/50% combination of the export / import

pictures offlow tracing. The L= 50 links are labeled on the left and theN= 30 nodes are labeled on the bottom. Each row sums up to
unity.

Figure 5.Relative link capacity ln l
T T# # in the export picture for the nodesDE=Germany (left) andAT=Austria (right), shown as

colour-coded links. Also shown is the average export transfer function (13), shown as colour-coded nodes.
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IV.		More	challenges					

wind + solar + hydro + bio +
+ transmission + storage

coupling of electricity + heating + transportation.

backup flexibility classes

big networks: 
renormalization scaling of power flows,
small-world AC/DC networks,
self-organizing power flows.

climate change + mesoscale turbulence
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