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European Grid Integration

- Lessons Learned from the Nordic Example
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Denmark |
World record: a 42.1% wind share in 2015 |

— Electricity consumption: 33 TWh/year

H@ad: 6 GW Minimum load: 2.3 GD

— 5 GW wind energy and 630 MW solar PV.

. Interconnectors to Sweden, Norway

and Germany

— Around 60 % of thermal power production is based
on combined heat and power.

— Wind energy feed-in > load during 409 hours in 2015.
— 26th July 2015 between 6:00-7:00 am: wind share of 138.7%.

Stephanie Ropenus 22 September 2016 7
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Interconnectors as a flexibility option for cross-border exchange

Export from DK to neighbors => negative values

Import and export to and from Denmark in 2015
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Correlation between wind power generation in West Denmark
and flows to Sweden/Norway and Germany

2002 DK-West to (SE+NO) 2002 DK-West to Germany —. Correlation between
000 2,000 ; ) ]
2o 23:333 . o 10 magnitude and direction of
5 = 5 , power flow on
Sv s §§ - 500 Interconnectors to Norway
£ -1o00 £& -1000 - _
2L -t T A—— gg 1o & Sweden and wind power
R I R IR S G S S generation in Western
2002 Wind production DK-West 2002 wind production DK-West De nm ark,
o 2014 DK-West to (SE+NO) o 2014 DK-West to Germany . ”Green battery” approach
§c kog fg 1500 and cross-border balancing.
Eﬁ 500 | E% '500
b 0 : ;E 0 — Denmark and Germany:
25 & A P ’ :: =% . mi
25 “um S E o ; similar pattern, though not
E~ -2000 - = _2000 s 4
£ - E- -2 as distinct.
PR A TS PSSP
2014 Wind production DK-West 2014 Wind production DK-West
© DK-West to (SE+NO) ® DK-West to Germany Ea Energy Analysis (2015)
Stephanie Ropenus 22 September 2016



Reduction of must run generation:

Increasing flexibility of combined heat and power (CHP)
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Ea Energy Analysis on behalf of Agora Energiewende (2015)

* llustrative example.
Actual costs will de-
pend on fuel prices,
emission prices, taxes
and subsidies.

@e® Gas boiler
' @ Steamn bypass
e (Coal CHP
&= == Electric boiler

&= @& Heat pump

Adapting district heating
production to variable power
prices: lower power prices often
indicate high generation from
RES-E.

At very low (or negative)
electricity prices, electric boilers
offer cheaper heat than running
the CHP plant. As electricity
prices increase, it becomes
cheaper to utilise first the more
efficient heat pump, and then
the turbine bypass on the CHP
plant.

Stephanie Ropenus

22 September 2016
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si,e______lcomment

Interconnectors to Norway and Sweden 4.1 GW Capacity to Sweden occasionally subject to limitations.
Interconnectors to Germany 2.4 GW Export capacity very often subject to limitations.

Average observed reduction in output from thermal power plants in periods with very

Flexible power generators 2.0GW low electricity prices compared to 2002 situation. A result of technical and regulatory
measures.
Electric boilers in district heating 0.4 GW
Additional interconnection capacity to o . o
0.7 GW Export capacity likely to be subject to limitations.
Germany
New interconnectors to the Netherlands 5 Cobra cable to the Netherlands: 0.7 GW (expected in 2019). Viking link to the United
and the UK ' Kingdom: 1.0-1.4 GW (expected around 2020).

Examples of options towards 2030

. No generation at all from thermal power plants at very low electricity prices. Ancillary
Flexible power generators

1.1GW services and regulating power assumed to be provided from grid components, the
(further measures)

demand side or flexible generators.

o . Assuming that 20 percent of district heating load is supplied from heat pumps. The
Heat pumps in district heating 0.6 GW . . .
specified capacity assumes 4000 full load hours. Average load is 0.3 GW.

Additional electric boilers in district heating Technical potential is very significant. Average load of district heating is 4.3 GW and

1.0GW > ) )
schemes peak demand more than twice as high.

5 i Average load from 500,000 EVs (20 percent of Danish passenger car fleet) is 0.2 GW.
Electric vehicles (EV) (2' 5GW) When charging simultaneously load may be multiple times higher as indicated in

brackets.

L. 0.15 GW Assuming all oil boilers in homes are replaced by electric driven heat pumps. Average
Heat pumps in individual houses L . . . .
(1.5 GW) load is indicated; peak load (in brackets) may be multiple times higher.

o . Average heat load in relevant industries is more than 1.6 GW. Assumes that electric
Fuel shift in industries 0.4 GW . . . . .
boilers are installed to provide a quarter of this capacity.

Ea Energy Analysis on behalf of Agora Energiewende (2015)
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Motivation for increasing integration of Nordic and German

electricity systems

Increased integration between the Nordics and Germany

Ea and DTU (2015)

Renewable energy targets (“Energiewende”
in Germany, fossil fuel-free goal in Denmark)
and vast potentials of renewables in the Nordic
countries.

Complementary power mixes: wind, solar PV
and hydropower (“green battery*) — sharing of
renewable energy resources.

Interconnectors as a flexibility option for
enabling cross-border system balancing and —
in the longer run — coordination of security of

supply.

Physical grid infrastructure as a prerequisite for
European market integration. Benefits of
trade arise from different hourly wholesale
electricity prices.

Stephanie Ropenus 22 September 2016
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Aim of the study "Increased Integration
of the Nordic and German Electricity Systems”

. Assessment and discussion of economic and climate effects of increased

integration of the Nordic and German electricity systems.

— Impact on power system with varying shares of renewables analyzed by

means of a market simulation model of the electricity sector (Work Package 1).

— Macroeconomic effects and distributional effects among different
stakeholders such as power consumers and producers on “both sides of the

border” (Work Package 2).

— This study may serve as the base for continued regional dialogue on the

sharing of costs and benefits for increased integration.

Stephanie Ropenus 22 September 2016 14



Approach of this study
— Nordic-German cooperation at all levels

— Initiated as a common project by Stockholm-based think tank Global Utmaning

and Berlin-based Agora Energiewende.

— International research consortium consisting of Ea Energy Analysis,
Technical University of Denmark (Work Package 1) and DIW Berlin (Work
Package 2).

— Nordic-German Stakeholder Advisory Group: two Advisory Group meetings
(in Stockholm and in Berlin) and invitation of stakeholders to participate in

consultation of draft final reports.

Stephanie Ropenus 22 September 2016 15



Scenario design of the study

Agora (C*

Variation

(TYNDP 2020 and 2030)
(model optimized)

(model optimized)

—. Renewable energy deployment

— Grid expansion Nordics — Germany

— Investment in new generation capacity

—. Decommissioning of existing capacity

Common assumptions

RES-E deplyoment & other investments in

neighboring countries.

Grid development in neighboring countries

(TYNDP until 2025)
Fuel and CO, prices

Electricity and heat demand

More RES-E

More Moderate integration of grids

ModRE_ModTrans

HighRE_ModTrans

Trans-
mission «

High integration of grids

ModRE_HighTrans

HighRE_HighTrans

Ea and DTU (2015)

16
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Assumptions
- RES-E deplyoment in Nordic countries

RES-E assumptions for Nordics

The Nordics

m — Wind power generation expected
. . - to double by 2030.

4 s0  —— —. Some hydropower development
: In Norway.
3 150 . . .
E 100 — Biomass increase in Denmark
E - 2013 2030 - ModRE 2030 - HighRE and Sweden.

R - s = —. Solar power could have a larger

Solar 0 1 1 share depending on price

B Biomass 28 52 47

¥ Hydro 209 216 216 development

B Total RE 263 336 378

Ea and DTU (2015)

Stephanie Ropenus 22 September 2016 17



Assumptions

- RES-E deplyoment in Germany

Agora

Energiewende

RES-E assumptions for Germany

450

400

350

300

250

200

100

Annual electricity generation (TWh)

50

B Offshore wind

B Onshore wind
Solar

B Biomass

[ Hydro

B Total RE

Ea and DTU (2015)

el

+263%

2013

Germany
| -
- _ __
2030 - ModRE 2030 - HighRE
59 05
141 178
52 63
53 53
20 20
325 409

Significant increase of RES-E
towards 2030.

Total RES-E doubles as
compared to 2013 (reference
year).

Variable RES-E increases up to
+260%.

No new investments in coal
capacity allowed.

Stephanie Ropenus

22 September 2016
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Assumptions
- Grid Development 2013 — 2030
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Moderate Grid integration scenario

i W
Transmission expansion (GW)

p—
—-‘3
— L

)

| Additional
| +47 GW
~ capacity

High Grid integration scenario — additional interconnections

Transmission €Xpansion (Gw)
- 1>
- 1
—

S (e

RUJ(AR

Further
+7.3 GW
capacity
(in core

countries)
"
Ea and DTU (2015)

Stephanie Ropenus 22 September 2016
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Study — sequence of modeling
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1) Investment model 2) Energy-only market
(Ea and DTU) model
Cost optimal investment Energy-only market with
and decomissioning of Fourly markat outcome
conventional generation
capacity
Dutput: Output:
~+ Generation capacity -+ z=neration levels
—+ Capital and fixad =+ Trade flows

D&M costs -+ Electricity prices

Ea and DTU (2015) and DIW (2015)

3) Distributional effects 4) Costs vs. benefits
(DIwW Berlin)

Distributional effects of Combining capital costs,
system integration in the fixed O&M costs, distribu-
enargy-only market on tional effects on national
naticnal level lewel and discussion on

transmission costs

Output: output:
=+ Stakeholder reamts -+ Costs and banefit on
-+ Wational banefits national lewa|

Stephanie Ropenus 22 September 2016
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o . Agora
Examples of average annual electricity prices — different
outcomes in different scenarios

ModRE_ModTrans etectriity flow (rwh HighRE_HighTrans

Electricity flow (TWh) izt Gies
s 40 - 15 Bz
20 20 e T8
e 10 10 A
0 e 0 - #

; _ :
Ly f
7 - '

Electricity price (EUR/MWH)
Electridity price (EUR/MWHh)
70

&

55

&0 =
55

45

Ea and DTU (2015) Ea and DTU (2015)

Stephanie Ropenus 22 September 2016
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Modeling results
- Average annual wholesale electricity prices.

70 Higher transmission capacity...

60

. leads to convergence of

electricity prices.
— higher prices in the Nordic
countries and lower prices in
II Germany

ModRe_ModTrans_ ModRe_HighTrans_ HighRE_ModTrans_ HighRe_HighTrans_

5

=

4

=

2

=

Z

Electricity prices EUR/MWh
=

1

=

=]

hourty hourly hourty hourly — High renewable deployment
B Germany 58 57 51 51 sharply reduces prices in the
M Denmark e iE = = Nordic region. This relative
B Norway 49 51 25 30 ]

B Sweden 40 51 28 30 price drop counteracts the

M Finland 48 50 N 3N

price increase induced by

more transmission capacity.
Ea and DTU (2015)

Stephanie Ropenus 22 September 2016 22
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Modeling results — High renewable shares are a crucial driver
for increasing value of transmission capacity.

On an annual basis, power
will be exported from Nordics
to Germany.

40 In reality, on an hourly basis,
trade patterns are more
M Germany complex.

- N W
o o O

H Denmark ModRE scenarios: all Nordic

W Finland countries are exporters, with
B Norway Norway and Sweden
B Sweden exporting 13-14 TWh/year.

o

Net imports (TWh)
a8

WA
© a

I
i
(=]

ModRe_ModTrans_ ModRe_HighTrans_ HighRE_ModTrans_ HighRe_HighTrans_

hourly ourly hourly hourly HighRE scenarios: Norway
and Sweden export 51-56
TWhlyear in total. Finland
Ea and DTU (2015) becomes net importer.

Stephanie Ropenus 22 September 2016 23



Different hourly prices constitute a case for trade
- Price spread in wholesale electricity prices.
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Duration curve for price spread Germany and South West-Norway

80

Duration curve for price spread
DE - NO_SW

Electricity price (E/MWh)

ModRE_ModTrans_hourly
= HighRE_ModTrans_hourly

Ea and DTU (2015)

ModRE_HighTrans_hourly
HighRE_HighTrans_hourly

Large trade potential between
regions with hourly price
differences (even if average price
was similar).

Example Norway & Germany:

In MOdRE scenarios: prices lower
in Norway in 6,200 hours.

In HIghRE scenarios: prices
lower in Norway in around 7,000
hours.

Export of hydropower from Norway
to Germany and of wind power
surplus from Germany to Norway.

Stephanie Ropenus

22 September 2016
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. o . Agora o
Integration may enhance reductions in CO, emissions... seerse
... Grids are a prerequisite for deploying higher RES-E shares.

CO, emissions in the Nordic countries and in Germany in the four scenarios : _
Four major factors:
Reduced curtailment,
Improved options for choosing
regions, including domestic

350

S 250 TS network integration ("hinterland”),
200 Increased competitiveness of
E 150 biomass-fueled power plants,
= Increased investments in RES-E.
50
: 2013 2020 2030 Reduction of C02 of 40% to 55% as
ModRE_ModTrans_hourly ModRE_HighTrans_hourly Compared tO 2013 for power & heat.
HighRE_MaodTrans_hourly == == HighRE_HighTrans_hourly

Direct extra effect of additional
transmission capacity limited, RES-
Ea and DTU (2015) E deployment is the main driver.

Stephanie Ropenus 22 September 2016 25
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Distributional effects among stakeholders
- Moderate Renewable scenario

Change in stakeholder rent across actors & countries (DIW, 2015) There are two types of distributional

T effects:
E 1,000 across countries or regions.
a —_ . .
28 > N = ' across stakeholders within one
h Jin - = 2 == == country (electricity consumers,
3 E 500 electricity producers and grid
2 1,000 - operators).
-1,500 .
Norway Sweden Finland Denmark Germany All DIStrIbUtIOna| eﬂ:ects are SthﬂgESt
B Congestion rent 128 g o =T -10 -165 Wlthln Nordlc Coun'[l‘leS
Consumers -233 -250 -219 -63 o0 -673
W [yimpewer il i 2% : - i Reverse impact on power producer
Photovoltaic 0 0 1] 1 5 -4 .
W Wind power 5 P 20 55 3 204 and consumer surplus induced by
W Biomass 0 2 % = E = rice convergence
B Conventional 1 103 128 5 -50 188 p g .
[ ]

Total country () 2 9 5 ) G?

\
Siephanie Ropenus 22 Septermber 2016 Overall welfare effect positive 26




Distributional effects among stakeholders AQOra
- High Renewable scenario... in general: distributional effects g
within countries stronger than between countries. "

Change in stakeholder rent across actors & countries (DIW, 2015) Distributional effects are primarily

1,500 driven by increases in rent for wind

5 1,000 . power and hydropower generation

s oo in Nordics.

28 — |

iz o = = v g - Decreasing producer surplus for all

se oo generation types In Germany.

o

5 o | _— Finland: reverse case as compared
a0 to ModRE scenario with consumers

Morway Sweden Finland Denmark Germany All galnlng nOW, but a” prOdUCEI’S
B Congestion rent 262 49 5 24 2 229 (except for wind) lose.
Consumers 615 | 204 | n 4 54 170 4 821 _
W Hydro power 730 4 28 4 224 0 84 8294 Issue regarding acceptance?
Photovoltaic - . _ - = ¥ "4* Distribution between consumers

B wind power 109 4 sgo 1 16 { 146 68 ¥ 381 ) -

B Biomass : 36 1 a 2.4 -14 2| and producers in Nordics.

B Conventional 0 107 -4?$ 7 -58 ‘ 10 *

] Total country sa ¢ <O >t 0 1 1 4 0 4 o1 4

Arrows indicate difference as compared to
Stephanie Ropenus 22 September 2016 27
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European Grid Integration
- Lessons Learned from the Nordic Example

Nordics and energy transition _ o _
The Grid as a Flexibility Option Amongst

Others

- The Danish Example
Enhancing European Grid Integration

- A Nordic-German Perspective on Possible
Economic Effects

Why Internal Grid Expansion Matters

- Also in a European Perspective

Outlook

and Food for Thought for Further Research
S. Ropenus

Stephanie Ropenus 22 September 2016 28



Available and physical interconnector capacity
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Market available interconnector capacity between West DK and Germany
Data for 2015 only covers the period from 1st January to 5th May

1400

& Import capacity
1,200 (Northbound)

@ Export capacity

1,000 (Southbound)

80O

600

2002 2003 2004 2005 2006 2007 2008 2009 2010 20M 2002 2013 2014 2015

Ea Energy Analysis (2015), based on data from Energinet.dk

Until 2008, the available southbound
capacity was on average
1,100-1,200 MW.

Since then, it has declined year by
year and reached a low of

appr. 300 MW in the first months of
2015.

Simultaneously, the technical capacity
has increased from 1,200 MW in 2002
to 1,780 MW in 2015.

Stephanie Ropenus 22 September 2016
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Examples of Nordic reports and studies including German

grids...

Agora

Impact of future wind energy deployment and

MARKEDS-
MODEL 2.0

ETRGINETox

Stephanie Ropenus

German grid expansion is also discussed in

the Nordic countries.wﬂ»
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Towards the future:
Electricity Market Act and Renewable Energy Act 2017:

Agora
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New instruments for RES-E deployment & grid expansion in Germany

New! The 3% Approach — Electricity Market Act

v" For grid planning, transmission system operators are obliged to
assume peak shaving of 3% of the electricity annually fed in by
wind energy and solar PV installations (Network Development
Plan).

Underlying idea: there may be very few hours per year with
extremely high wind energy and solar PV feed-in. It is not efficient
to expand the grid to accommodate RES-E during these very few
hours.

Distribution system operators may, but do not have to use the
3%-approach in distribution grid planning.

One building

Stephanie Ropenus 22 September 2016
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y g

switching to power-to-heat by combined heat and
power (CHP) to reduce congestion

v TSOs may conclude contracts with CHP producers as
flexible load: during hours with high power feed-in and
congestion, CHP producers reduce their CHP output

and switch to power-to-heat for providing heating.
Eligible: CHP producers > 500 kKW.

Cumulative capacity: 2 GW.

Remuneration: investment for power—to-heat facility

(only once, of course) + remuneration for reduction of
CHP production and compensation for electricity costs
incurred for power-to-heat.

Duration: 5 years.

If 2 GW are not contracted with CHP producers, then
there may be contracts with other flexible loads (new

Ordinance Wil be passed then).

22 September 2016

Two

more building

blocks!
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European Grid Integration
- Lessons Learned from the Nordic Example

Nordics and energy transition _ o _
The Grid as a Flexibility Option Amongst

Others

- The Danish Example
Enhancing European Grid Integration

- A Nordic-German Perspective on Possible
Economic Effects

Why Internal Grid Expansion Matters

- Also in a European Perspective

Outlook

and Food for Thought for Further Research

S. Ropenus
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Outlook and food for thought...

Grid expansion — both between and within countries — enables regional balancing of renewable
energy feed-in with variable generation patterns.

Closer integration will reduce CO, emissions due to better utilization of renewable electricty.

Different hourly electricty prices between different regions provide a case for trade. However,
sufficient grid capacity is a prerequisite for efficient utilization.

Higher integration will lead to the convergence of electricity prices between the Nordics and
Germany. But even with more integration, the Nordics will see lower wholesale electricity prices if
they deploy large shares of renewables themselves.

Internal grid expansion facilitates both cross-border trade and deployment of good wind sites within
countries. Acceptance is a crucial issue for cross-border and internal grid expansion. Distributional
effects need to be accounted for as they impact incentives for different sorts of market players, such
as electricity producers and consumers for or against integration.

Asymmetric effects for large and small countries need to be accounted for.

Stephanie Ropenus 22 September 2016 34



Reading suggestions — Studies by Agora Energiewende

Study "Increased Integration of the Nordic and German Electricity Systems”
by Ea and DTU (2015) and DIW (2015).

https://www.agora-energiewende.de/fileadmin/Projekte/2014/nordic-german-integration-
project/Agora Increased Integration Nordics Germany SHORT WEB.pdf

Study "The Danish Experience with Integrating Variable Renewable Energy” by Ea (2015).

https://www.agora-energiewende.de/fileadmin/Projekte/2015/inteqgration-variabler-erneuerbarer-
energien-daenemark/Agora 082 Deutsch-Daen Dialog final WEB.pdf

Report "A Snapshot of the Danish Energy Transition” by Agora EW and DTU (2015).

https://www.agora-energiewende.de/fileadmin/Projekte/2015/integration-variabler-erneuerbarer-
energien-daenemark/Agora Snapshot of the Danish Enerqy Transition WEB.pdf

Stephanie Ropenus 22 September 2016
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Thank you for
your attention!

Questions or Comments? Feel free to contact me:

Stephanie.Ropenus@agora-energiewende.de
P +49 (0)30 7001 435 - 122
M +49 (0)151 7263 6418

Agora Energiewende is a joint initiative of the Mercator
Foundation and the European Climate Foundation.
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Electricity generation in the four different scenarios
in the Nordics and Germany combined

1,200
. Solar
E -
E 1,000 B Wind
= B Hydro
S 800 B Biomass
L i
= Blogas
B 600 N
o atural gas
a
> MSW
et 400
= : = Other
b ) 2 : . .
ﬁ 500 Lignite

0 Nuclear
ModRe_ModTrans_ ModRe_HighTrans_ HighRE_ModTrans_ HighRe_HighTrans _
hourly hourly hourly hourly

Ea and DTU (2015)
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Projected electricity demand for individual countries (incl. grid AQOI’B e
losses, excl. power plant consumption, electricity

consumption for distric heat and for pumped hydro storage)

1,000
9010

£
= B0
e
= 700
i GO0
§ 500
-
5 400
" 300
E 200
100
0
2013
I Denmark a5 37 40
M Finland B4 94 a4
B Sweden 137 140 132
B MNorway 128 132 133
B Germany 555 53 552

Ea and DTU (2015)

Stephanie Ropenus 22 September 2016 39



Main flow direction: North to South, but still power flows from

Germany to the Nordic countries

Agora

Net annual import to the Nordics and Germany

MNet imports [TWh]

o [ |
g

Fod Fe_fodTrams_
hiourly

Ea and DTU (2015)

2030
.II = I = I
ModRe_HighTrans_ HighRE_ModTrans_ High Re_HighiTrams_
hzurly hourly hizurly

Germany
Denmark
Finland
Morway
Swieden

Main flow direction: from Nordic countries to
Germany, particularly in the HighRE
deployment case.

Surplus in Nordic region with high renewable
deployment is one of the main drivers for
increasing transmission capacity.

Case for trade due to hourly price deviations.

Question of future decisions on coal-fired
power plants and nuclear power plants in the
region as well as in neighboring countries

As a whole region, the Nordics and Germany
combined are a net exporter (from 4 TWh to
50TWh).

Stephanie Ropenus

22 September 2016
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Sources for the RES-E setup in the scenarios

Projection based on the Scenario B of 1st draft of
Renewable Energy Act MEP scenario framework
(EEG)" 2015

Swedish Energy Swedish Energy
Agency's Checkpoint Agency's Checkpoint
2015 Report and higher 2015 Report™™*

RE targets

Finland Mational Renewable Wision 4 of ENTS0-E Vision 2 of ENTS0-E
Energy Action Plan TYNDP 2014 and VTT TYNOP 2014 and VTT
Low Carbon Finland Low Carbon Finland
2050 2050
Ea and DTU (2015) O illustration; *German Fedaral Ministry for Economic affairs and Energy (2014): Gesetz fr den Ausbau erneverbarer Energien, **

S0Hertz, Amprion, TenneT, TransnetBwW 20714): Szenzarioahmen fAr die Netzeniwi ckiungsplEne Sirom 2005 - Endwurf der Dberira-

gungsnetzbetreiber, April 2014, draft - not approved by the German regulator. *** Energinet.dk (2014): Energinet dk s analys eforud-
) s=Eininger 2014 -2035 - opdatering september 2074, ****0anish Energy Agency [(2013): Energiscenaner frem mod 2020 2035 og 2050

Stephanie Ropenus ssesecwadish Energy Agency: Kontrollstation far elcertifikatsystemet 2015, ****** V1T Technical Research Centre of Finland [20012): 41
Low carbon Finfand 2050



Level of RES-E and nuclear power generation in Moderate
RES-E scenario compared to electricity consumption in 2030

Agora

Energiewende

o,

Ea and DTU (2015)

Stephanie Ropenus

Annual electricity generation [TWh]

Elektricity demand
B Potential Nuclear
Total RE
3 Total Muclear + RE
mm Generation from RS-E

400

200
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500

-6i00

and nuclear compared to

gross demand

O
Danmark Morway
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o u]
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Agora

Generation mix in the Nordics and Germany in the different
scenarios
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Generation mix in the Nordics and Germany in the different
scenarios
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Moderate Grid Expansion - Assumptions

Transmission expansion (GW)

RU_KOL

RU_KAR

Ea and DTU (2015)

Stephanie Ropenus




Estimated | Estimated
. . . acl
ModTrans scenario —included projects | P fom | o | S| Year | st | cos
(M €) (M £/MW)
MNorway—Great Britain NO_Sw GE_R 1,400 2020 1,700 1.21
- - Estimated | Estimated Austria-Germany AT R DE_CS 2,900 2020 8301400 [ 0.29-0.48
Project From To apacity Year cost cost
) (Mw) (ME) (M E/MW) Belgian Morth Border ML_F BE_R 1,500 2020 350-450 0.23-0.3
Connectlons between Core Countries IFAZ GE_R FR_R LDDD 2020 540-830 0.54-0.82
Skagerrak IV DE_W MNO_SwW 700 2015 - - FR_R CH_R 500
| Lake Geneva West 2020 8-12 0.02-0.02
NordLink Cable MO_SW DE_NW 1,400 2018 2,500 179 CH_R FR_R 200
West D ktoG R B 720 2012 220270 | 0.22-0.27
est Denmark to German 22-0. o lum** " -
¥ DE_NW DK_W 1,000 France—Belgium BE R FR_R 1,400 2021 No-170 0.08-0.12
DE_E DK_EF 600 PL_R DE_ME 500
Kriegers Flak = = 2012 300 0.21 = 26-0,
q DE_NE DE_KF 200 GerPol Power Bridge — ol o 2022 390-400 | 0.26-0.27
intarnal Reinforcaments St. Peter-Pleinting AT_R DE_CS 1,500 2022 | 130-180 | D09-013
Sydwastlanken SE_M SE_S 1,200 2016 - - M R DE (5 1400
RES/SoS Norway/Sweden = -k e e R Area of Lake Constance®*## = = : 2022 | 390-530 | 0M-016
phase 1 NO_M NO_MW 1,500 2020 T DE_CS CH_R 8,800
Nordlink cable NO_mMw NO_sW 1,000 2020 France-Alderney-Britain®*#* GB_R FR_R 1,400 2022 4701100 [ 0.36-0.85
— [taly—-Switzerland L e =0 2022 1.080 1.08
NordBalt Cable Phase 1 SE_S LT_R 700 2015 590-1,200 | 0.99-1.7 aly— Zerian : :
= = CH_R IT_R 1,000
PL_R LT_R 0
LitPol Link Stage 1 oo B B 2015 510 .02 . AT R CH_R 1,450
= = [taly—Austria 2023 7801180 | 0.54-0.81
Doetinchem- CH_R AT R 1,350
Niederrhain®*#+# NL_R DE_CS 2,800 2016 190-220 | 0.07-0.08 — . -
ElexLink GE_R FR_R 1,000 2016 260-440 | D.26-0.44 Lake Geneva South = — : 2025 10=140 0.07-0.02
PL_R DE_ME 1,500 CH_R FR_R 1,500
GerPol Improvements 2017 150 01 -
DE_ME PL_R 500 Dutch Ring ML_R DE_Mw 500 2025 1800-3100| 36-62
hj",';fgb ourg-Belgium BE_R LX_R 700 2077 150-170 | 0.21-0.24 Hansa PowerBridge®s*#++ SE_M LV_R &00 2030
Nemo® BE_R GE_R 700 2018 G00-700 0.86-1
Greenconnector CH_R IT_R 800 2018 -~ 0 own illustration; Interconnactions constitute the moderate integration of grids scenario, together with net transfer capacities and
Cobra Cable oK W ML R 700 2019 S60-680 | 08-097 their respective costs. They are divided into projects among core courtries, intermal reinforcements to be commissioned by 2020
— — - - and projacts among third countries to be commissioned by 2025, all are besed on the TYMDP. Minar deviations from the TYNDP 2014
ALEGRD EBE_R DE_ICS 1,000 2012 450-570 | 0.45-057 [stated cost are based on TYMDP capacities): *Additional trade capacity in the model slightly below the TYNDP 2014 (1000 MW pro-
FR R TR 1200 jected), *=additional trade capacity from BE to FR in the model slightly above TYNDP 2014 (1,300 MW projected). additional trade ca-
Italy—France = = i 2019 1100-1300 | 0.92-1.08 pacity from FR to BEin the model at 2,500 MW, which is above TYNDP 2004 {1,300 MW projected)., ***additional rade capacity in the
IT_R FR_R 1,000 model slightly below TYMDP 2004 1,400 Mw projected), **==additional rade capacity in the model from DE to CH incressed by 8,800
instead of the 3,400 projected in TYMDP 2004, **=*=additional trade capacity in the model above TYNDP 2004 (1,400 MW projected].,
LitPol Link Stage 2 PLR LT_R 1,000 2020 210 0.31 sasssap naw transmission line between Sweden and Latvia is induded in the calculations. This project is mentioned as a possible
TR PL R 00 . altermative to the Hansa PowerBridge project between Sweden and Germany. it should not have been induded in the calculations,
— = as the project is not supposed to be implementad in parallel with the Hansa PowerBridge betwean Germany and Sweaden.
Estonia—Latvia EE_R LV R 500 2020 105125 | 0.21-0.32
46
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High Grid Expansion (HighTrans scenario) - Assumptions

Ea and DTU (2015)

Agors (C*

Transmission expansion (GW) : ::;sf.-': S
- 1.7 o R
s 1.0
— 0E
0.1 RU_KAR
RU_STF
IRL_NOW

ﬁ..-- -

Stephanie Ropenus
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High Grid Expansion (HighTrans scenarios) - Assumptions

Agora

Energiewende

Ea and DTU (2015)

Stephanie Ropenus

Westcoast DK_W DE_NW 500 2022

3rd AC Finland-Sweden SE_NT1 FI_LR 1000 2025

Norway-North Sweden NO_N SE_N2 750 2030

Sum of costs

NordBalt Cable Phase 2

Great Belt Il

Sum of costs

170-210

64-120

140-330

1,374 - 2,370

170-270

390-480

2,230 - 3,650

Total cost of High transmission scenario

3,604 -6,020

Annualised cost (4% interest rate, 30 year lifetime)

208 - 348

Annualised cost (5% interest rate, 20 year lifetime)

289 - 483

48



National unweighted electricity prices in the scenarios

Agora

Energiewende

c

hower | wow | 5125 | e | a0 | o | o

47895

2451

20.40

5735

+2.45

-0.06

.22

51.07

230.61

2075

-0.E1

-0.32

Ea and DTU (2015)

Stephanie Ropenus

22 September 2016
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Change in electricity price weighted by supply and demand

Moderate renewable scenario

—
Morway —
Swieden _
=
Fnland p—
——————— ]
Dermark — |
—
Garmany =
-2 u] 4 5]
[EUR/MWR]
Moderate Renewable scenario
£/MWh N S5E Fl DK
U Unweighted prices +2.37 +2.05 +2A45 +1.35
B consumers +1.68 +1.80 +2.33 +l.B7T
[7 conwertional +0.28 +1.85 +238 +1.65
[ Hydro poweer +2.35 +1.79 +1.35 -
B wind power 4275 +2890 +37 +1.58

Ea and DTU (2015) and DIW (2015)

-01&

-0.17

-0.27

-0.20

+0.06

4[4
+5.23
+4.43
+2.3d
+5.22

+5.61

High renewable scanario

2 4
[ELIR/MW]
High Renewable scenario
SE Fl DK DE

+197 -0El +d4.55 -0.32
+211 =079 +d.55 -0.31
+1.72 -1.51 +31.73 -0.25
+2.03 -093 - -0.39
+2.04 +1.03 +4. 852 -0.25

Stephanie Ropenus

22 September 2016
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Change in national rents

DIW (2015)

Stephanie Ropenus

Change in national rents under the Moderate Renewable scenario

Morway -
Finland +8
Gammany -12

own calou lation

Change in mational rents under the High Renewable scenario

Morway +1
Finland -
Gemmany +41

own calou lation

2

Table 7

Table B
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High share of combined heat and power:

Agors (C*

Integration of power and heat as a challenge or an opportunity?

TWh

10

1990 [

1991 I
19
1993 W

B wind solar [} pecentralised M central

1994 ER——
2001 IR
2002 I
2003 [ ——
2004 NN
2005 (NI
2006 NEEE——
2007 I
2008 NI
2009 NN ——
200 NI

2012 e
20
200« RN

Energinet.dk (2015)

Stephanie Ropenus
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Reduction of must run generation:
Increasing flexibility of combined heat and power (CHP)

Exampe.
ple: De"mark Agora

Energiewende

Share of maximums heat production (MW)

100%

90%

B0 %

70%

60%

50%

30%

20%

10%

0%

Power plant operation

Stylized illustration of heat generation at a large Danish power plant in relation
to the power price

500

400

300

200

100

-100

- 200

- 300

Ea (2015), based on experience with the Copenhagen heating system.

s Combined heat

- Power price

Power price (DKK/MWh)

Turbine bypass in order to increase
flexibility of CHP

Turbine bypass is possible for steam
turbine plants.

Instead of feeding steam from the boiler
to the turbine, the steam is used directly
for heat production.

Electricity production can be reduced
when there is a need for regulating down
in the electricity system.

Avoid start-up/shut-down.

Stephanie Ropenus

22 September 2016

54



But there’s one more challenge: The Grid!

Agora

Energiewende

Installed wind capacity (103 GW,
Scenario ,Best Sites*) 2033

Fraunhofer IWES (2013)

Planned transmission grid expansions
until 2022

Agora c

Bundesbedarfsplangesetz (2013)

Wind power is installed mainly near the
coast in the North of Germany, but key
consumptions centers are located in the
South.

Additional power lines are necessary to
transport wind electricity from North to
South (3 HVDC corridors).

However, there has been a delay in grid
expansion (planned: 8,000 km of new
transmission lines; built: around 700 km).

Redispatch and curtailment measures have
increased over the years.

Stephanie Ropenus

22 September 2016
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With wind and solar, the new power system will be based on

Agora

two technologies that completely change the picture.

Gross electricity generation of renewable energies

2000 - 2035
GW -
500 Specific
characteristics of
400 Wind and Solar PV
300
@ Variable
200
High
100
— N . I I @ capital costs
0
2000 2005 2010 2015 2020 2025 2030 2035 Very low
variable cost

AGEB (2015a), BNetzA (2014), BNetzA (2015b),
own calculations

Electricity generation and consumption in a
sample week 2023

Fraunhofer IWES (2013)

Stephanie Ropenus 13 September 2016
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To begin with: Objectives of the Energiewende...
... what are we aiming for?

Gross electricity generation 1990, 2016 and 2050
Phase out of Nuclear Power

700 Gradual shut down of all nuclear power plants until
2022
600
500 Reduction of Greenhouse Gas Emissions
Reduction targets below 1990 levels:
< Ll - 40% by 2020; - 55% by 2030; - 70% by 2040:
F 300 - 80% to - 95% by 2050
200 Development of renewable energies
100 Share in power consumption to increase to:
40 - 45% in 2025; 55 - 60% in 2035; =2 80% in
0 2050
1990 2015* 2050
ahad Oosl . NetwalGas . Ofhers norease in efficiency
Reduction of power consumption compared to
2008 levels: - 10% in 2020; - 25% in 2050
AGEB (2016), BReg (2010), EEG (2014), own calculations * preliminary

Stephanie Ropenus 22 September 2016 58



Renewables are the most important source in the electricity

Agora

Energiewende

system — followed by lignite and hard coal

Share in gross electricity generation by fuel 2015

Hard Coal
18%

Solar PV
6%

Lignite
24%

Nuclear
14% 3%

AGEB (2016) * preliminary

Gross electricity generation by fuel 1990 - 2015

700
600
500

< 400

=

F 300
200

100

0
1990

1995

2000 2005

® Nuclear
Natural Gas

2010

m Lignite
Others

2015*

Renewables
m Hard Coal

AGEB (2016) * preliminary

Stephanie Ropenus 13 September 2016
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1. Expansion corridor for RES-E deployment is maintained:
RES-E share of 40 - 45% by 2025 and 55 - 60% by 2030.

Share of renewable energies in gross electricity consumption 2000 - 2015 and targets 2025 - 2035

60%

50%

40%

Percent
W
B
o~

20%
10%

0%
2000

AGEB (2016), EEG (2014)

2005

2010

2015*:
33%

2015*

x

Target
2025:
40%-45%

2020 2025 2030

Share in Gross Electricity Consumption —Upper target Lower target

Target
2035:
55%-60%

2035

* preliminary

Stephanie Ropenus

13 September 2016
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Since 2002, Germany has produced more electricity than it Agora
consumes — 2014 marked a new record with 8% of power
production being exported to neighbouring countries

Gross electricity generation and gross electricity consumption 2000 - 2015

, 0660
S 647
5% 639
=]
S 640 RE
© £
c c
20
55620 AL
% E 2015*:
o c 50 TWh
2 8 600 @\/
Q
=2
=5 597
53 =
© 9 580 587
g
(o]
© 560
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015*
—Gross electricity generation - Gross electricity consumption
AGEB (2016) * preliminary
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