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elenia —
Institute of High Power Technology and Electrical Power Systems

elenia in numbers
2  university professors
36  scientific employees
8  employees in administration/workshop
approx. 70 bachelor/master theses per year
approx. 75 student employees
approx. 50 scientific publications per year
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Research at elenia

Large Scale Integration Offshore Wind
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Netzintegration und
Systemdienstleistungen
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Active distribution network (Smart Grid)
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,Historical 20-20-20-20 decisions“ of the European Council dated
March 8th/9th, 2007 under German Presidency, to limit the average

global temperature rise to 2 °C
Until 2020...

— 20 % reduction of the greenhouse gases emissions
compared with 1990

— 20 % rise of the Energy effiency

— 20 % share of the Renewable Energies in the
primary energy consumption

A. MERKEL
Vorsitzende des
Europdischen Rates
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Energy policy (2)

After the nuclear disaster of the Fukushima nuclear power plant
caused by earthquake and tsunami dated March 11th, 2011
shutdown of the seven oldest German nuclear power plants and of it

nuclear power plant Krimmel. =

On June 30th, 2011 the German parliament decided on the
,Energiewende” (energy revolution), a package of 7 laws
including the phase out of the nuclear power plants until 2022
and the development of the renewable energies, e.g.:

- 13. Change of the ,nuclear law*

- Change of the renewable energy act

-,

Deutscher Bundestag /
Marc-Steffen Unger
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Targets of the ,,Energiewende* in Germany

Reduction of greenhouse emissions by 80-95% (compared 1990)

Reduction of the primary energy consumption by 50% >

Phase-out of all nuclear power stations (until 2022)

35% electricity from renewables >

50% electricity from renewables a
80% electricity from renewables >

Share of renewables in the complete energy consumption 60%

Construction of transmission line (4540km DENAII) |
| | >

|
2020 2030 2040 2050

1L

A

[
wew " ¢
tp-)

-QQ’

3z Technische

U e %E Universitat 16.09.2013 | Prof. Bernd Engel | 7th PTB Seminar of Energy Seite 8 |
?ﬁ ” s Braunschweig

Oy g

Institut. fir Hochspannungstechnik
und Elektrische Energieanlagen



Pilot study 2011 of the German Environment Ministery
— Shares in the electricity production
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EE-Wasserstoff
(KWK, GT)
Europ.
Verbund EE

Photovoltaik
Wind Offshore
Wind an Land
Ceothermie

Laufwasser

Biomasse,
biogen. Abfalle

KWE, Gas, Kohle
Erdgas, Ol Kond.
Braunkohle Kond.
Steinkohle Kond.

Kernenergie

RES Hydogen
ENTSO RES
Photovoltaics
Wind offshore
Wind onshore
Geothermal
Hydrolectric
Biomass
CHP

Brown coal
Black coal

Nuclear power

Source: Nitsch 2011
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Peak load
83 GW

Low load 30 GW
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Verbund EE
Photovoltaik
Wind Offshore
\Wind an Land
andere Speicher
EE-\Wasserstoff
Geothermie
Laufwasser
Biomasse

KWE fossil
Erdgas, Ol Kond.
Braunkohle Kond.
Steinkohle Kond.

Kernenergia
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2005 2010 2015 2020 2025 2030 2050 2060

Lelstungen 2010 2050 Lelstungen 2010
Kernenergie: 2 - EE-H2 (CH4): 1]
Kohle: 53 4 Andere Speicher : 5
Erdgas, Ol: 29 20 Gesamt: 163
Bio, Geo, Wasser: 10 21 Gasichort: - 100
Wind, S5onne: 45 172 Hichstiast: 81

Eckdaten 2050: Stromerzeugung 574 TWh/a (2010: 618); Endenergle Strom 393 TWh/a (2010: 516)

2050
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RES Hydogen
ENTSO RES
Photovoltaics
Wind offshore
Wind onshore
Geothermal
Hydrolectric
Biomass
CHP

Brown coal
Black coal

Nuclear power

Source: Nitsch 2011
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Wind and PV complement one another

45% -
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Jan  Feb  Mar  Apr  May Jun Jul Aug Sep Oct Nov Dec

B Photovoltaics M Wind -
Quelle: LichtBlick AG

Quelle: ISET, Kassel 20 kW, Mini-CHP from Volks-
Average wind and PV feed-in, Germany, 2005 wagen AG and LichtBlick AG

» Wind and PV complement one another during the 4 seasons

» Fluctuating renewable energies can be compensated by contolled, decentral
mini-CHP
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Das leistet Photovoltaik in Deutschland

Relative Leistung vom 25.05.2012-5:30 Uhr

Tagesgong der PV-Leistung
in Deutschland

100% 05:00 22:15
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Aktuelle PV Leistung Deutschland®
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*Hochgerechnete Leistung

aller It. Bundesnetzagentur am Stichtag
31.03. 2012 nstalkerten PYV-Anlagen mit
insgesamt 26.63 GW Nennleistung.

(hitp://www.sma.de/de/news-infos/pv-leistung-in-deutschiand.html)
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» PV replaces peak load generation
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Daten: EEX-Transparenzplattform, Grafik: Soyck

> 48,8 % PV share in Germany at a
sunny Sunday at noon
> 21,5% PV share in the day energy
production (204 GWh)
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Winter 2011/2012:
Germany exports (PV) electricity to ,nuclear” France

ENERGIE - 06/02/2012 | 17:32 - 585 mots

L'Allemagne exporte de I'électricité vers
la France French Wallstreet Journal

3 Tweet < 32 ehlaime &) Envoyer [EJ 47 « Yaime ». Inscription pour voir ce qu'aiment vos amis. La Tr|bu ne, Feb 6th, 201 2

“Germany exports

I-A THIBUNE electricity to France

Despite of the cold and of
halving the number of
nuclear power stations
Germany is resisting well the
cold wave thanks to
conventional power stations

Copyright Reuters and the SOIar energy. And
Par Dominique Pialot Germany manages to export
En dépit du froid et du nombre de centrales nucléaires divisé par deux, I'Allemagne electricity to France_ . _”

résiste bien a la vague de froid grace a ses centrales conventionnelles et a sa

production d'énergie solaire. Et elle réussit a exporter de I'électricité vers la France.
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Inertia
9

Quantity/ Grid
Storage Mass Installed structure
production power generators

development
Inverter

Conservation of the power supply quality

Z
Challenges j Requirements VDE Standards
LL

= In FNN grid operators, the industry, scientists and authorities cooperate closely

= By law all VDE standards are mandatory in Germany

16.05.2014 FNN-Fordererkreissitzung 2014
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Figure 10: Past modules prices and projection to 2035 based on learning curve
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= Experience curve & Observations © Targets

Motes: Orange dots indicate past module prices; purple dots are expectations. The oval dots correspond to the deployment starting in
2025, comparing the ZD5 (left end of oval) and 2D5 hi-Ren (right end).

KEY POINT: This roadmap expects the cost of modules to halve in the next 20 years.

With each doubling of the installed power the prices fall by 25 %

1000000

Source: IIEA Technology Roadmap Solar Photovoltaic Energy 2014 Edition
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Solarstromforderung: Halbierung in nur 3 Jahren'

57,40 /
60 A 54,53 Einspeisevergiitung fiir Photovoltaik-Anlagen
~— 51,80 bis zu 30 kWp
® 49,21 _
' o— . 46,57 |

. - 39,14
R | =~ ab1.10
\/ ab1.7. a_4,os§o../_ 33,03
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speisevergitung in Cent/kWh
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2000 2009 Future
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The new PV feed-in tariffs from 1.4.2012 are below Offshore-
Wind feed-in tariff

Feed-in Tariff PV for 20

Preis in 2004 2mz 2013=2014 201T=2020 .

cl. je k'Wh Einfilhrung keatendackends: Solarstrom aut Prais- Fraflachan-Solaranlagen  Solarsirom wind watt- yearS .
Hnl‘mfr-mmrr!nrnr'g im AIvEAL wom Vartrais il Ferdnmivanall yon rm-.r.wlmrrng;. Feraichil

h Emauarbane- Ensnlen-Gessz eheratromtarian Windlraftanlagan kaing Fordarung mehr o 0_1 O kWp

12.65 ct/kWh

- >1000 kKWp:
8.76 ct/kWh

=TT T T — Comparision Offshore-
Jahr 2000 2004 S i 11 A 1) & L 1 1 T 070 Wlnd
B Solarstromerzeugungakosten (wie sie sich aufgrund fallender Preise fir Solaranlagenaysteme 19 ctkWh (fOI’ 8 years)
entwlckelt haben und voraussichtlich welter entwickeln) then 15 ct/kWh
. Verbraucherstrompreia (wie er sich autgrund stelgender Kosten fiir foselle Kraftwerke _
entwickelt hat und voraussichtlich weiter entwickelf) (fOI’ €.g.. 4-5 years)
Quelien: Bundesumweliministerium (Lsitstudic 2010), BSW-Solar (PV-Roadmag) then 3.5 ct/kWh for the

remaining time
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Feed-in tariff in ct/kWh

Vergiitung in ct/kWh
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1 2

Wind offshore

Biomasse

Y

3 4 5 6 7 8
Stromerzeugung in TWh

RE generation in TWh

Durchschnitt abhangig von

Mix der EE-Technologie

average feed-in tariff
according RE mix

Wind onshore

generation cost of a new
coal or gas power plant:

7 —11 ct/kWh

10
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Electricity generation costs for renewable energies and
conventional power plants in Germany (2013)

Stand: Nov. 2013 = Fraunhofer
ISE

022 0,22
e
< 020 0,20
é | |
W 018 - 0,18
— _ _
g 0.16 — - 0.16
¢ 014 - - 0.14
S 012 0.12
S 0,10 - 0,10
2

0,08 - 0,08
() ' - )
(i 0,06 - 0,06
:g 0,04 - 0.04
1S
8 o002- 0.02
W 500 0,00

PV PV Wind Wind Biomass Brown Black Gas

small large onshore offshore Coal Coal
1000- 1000- 1300- 2800- 6000- 6600- 5500- 3000 -
1200 1200 2700 4000 8000 7600 6500 4000

GHlin GHl in VLS VLS VLS VLS VLS VLS
kWh/(m‘a) kKWhi(m’a) in hia in h/a in hia in h/a in h/a in hia
) Source: Fraunhofer ISE
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Stand: Nov. 2013

Electricity Generation Costs [€/kWh]

Technische

Universitit
Braunschweig

Z Fraunhofer

0,22 - 0,22 IsE
0, 20 | Rbin i et 0,20
QREIE NS 0,18
REE e — Lo.16

0,14 0,14
0,08 0,08
0,06 0,06
0,04 B oo 0,04
L & R e 0,02
0,00 +—/——"b—"-"-75+—-—-=-—"—">-=-"-—---"T5T"" " -—"""—"""—"""T—""—""—""—"—10,00
2013 2015 2020 2025 2030

NN\ Photovoltaik: PV klein bei GHI = 1000 kWh/(m?a) bis PV frei bei GHI = 1200 kWh/(m?a), PR = 85%, mittlere Marktentwicklung
[ Wind Offshore: VLS von 2800 bis 4000 h/a, PR = 95%, mittlere Marktentwicklung
[ Wind Onshore: VLS von 1300 bis 2700 h/a, PR = 97%, mittlere Marktentwicklung

Biogas: VLS von 6000 bis 8000 h/a, PR = 100%
=== Braunkohle: Volllaststunden, Brennstoffkosten, Wirkungsgrade, CO2-Preise abhangig von Betriebsjahr, vgl. Tabelle 4-7
=== Steinkohle: Volllaststunden, Brennstoffkosten, Wirkungsgrade, CO2-Preise abhangig von Betriebsjahr, vgl. Tabelle 4-7
== GuD: Volllaststunden, Brennstoffkosten, Wirkungsgrade, CO2-Preise abhangig von Betriebsjahr, vgl. Tabelle 4-7

Source: Fraunhofer ISE
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Stand: Nov. 2013 % Frau

Technische

Universitat

Electricity Generation Costs [€/kWh]

Braunschweig

0,22

0,20
GRE T EURIRISNEESUINSISE RSB N T NI
R ———

ey ———

nhofer
— 0,22 ISE

- 0,20

- 0,18

- 0,16

- 0,14

0,12 [ - 0,12
0,10 0,10
0,08 0,08
0,06 - 0,06
004 - 0,04
002 0,02
0,00 4— S — [ 0,00
2013 2015 2020 2025 2030

1 CSP: DNI = 2000 kWh/(m?a) bis DNI = 2500 kWh/(m?a), PR = 90%, mittlere Marktentwicklung
[ CPV: DNI = 2000 kWh/(m?a) bis DNI = 2500 kWh/(m?a), PR-Modul = 85%, mittlere Marktentwicklung

' PV:PV klein bei GHI = 1800 kWh/(m?a) bis PV frei bei GHI = 2000 kWh/(m?a), PR = 85%, mittlere Marktentwicklung

Source: Fraunhofer ISE
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Senegal has nearly twice the solar irradiation than Gemany

Global horizontal irradiation

Africa and Middle Eas Global horizontal irradiation

BT I e — e = x L § = ” =

Europe

solargis

hitpiisolargts.info

Average annual sum (4/2004 - 3/2010) 0 250  500km
|imrtea
Femn <700 900 1100 1300 1500 1700 1900 > kWhim2 © 2011 GeoModel Solar s.r.o.

solargis

hitpcitsolargis infy

Germany: 900 —-1200 kWh/m?* year

Average annual sum (412004 - 32010) 9500 1000km

I, oo cemsasanar S€NEGAl: 1600 — 1800 kWh/m? year
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Electricity generation costs for renewable energies at
places with high solar radiation (2013)

Stand: Nov. 2013 4 Fraunhofer
ISE
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GHlin GHlin GHlin GHIl in GHIl in GHI in DNI in DNl in DNI in DNI in
kWh/(m“a) kWh/(m’a) kWh/(m'a) kWh/(m’a) kWh/(m’a) kWh/(m'a) kWh/(m’a) kWh/(m’a) kWhi(m’a) kWhi(m’a)

Source: Fraunhofer ISE
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Projections for LCOE for new-built utility-scale PV plants to
2050 (USD/MWh) in the hi-Ren Scenario

2013 2020 2025 2030 2035 2040 2045 2050

Minimum [e/MWh} 95 - 57 45 38 36 34 32

[USDivivin] 119 96 71 o6 48 45 42 40

Average [€/MWh] 142 107 77 65 58 54 47 45

[USD/MWh] 177 133 96 81 72 68 59 56

Maximum [¢MWh] | 255 200 144 111 - 87 83 78

[UsD/MWh] - 250 180 a4 a - 104 -
Mivkm: AN LOOE calcwipiismy n Dhls Labds rest on B% redl gizcount rades as i ETF 2004 (IEA, 20148, Actual LOOE might b lowar with
oraal WACT

Conversion: 1.000 EUR = USD 1.248

i Source: International Energy Agency (IEA)Technology Rioadmap Solar Photovoltaic Energy 2014 Issue
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Conclusion

» The experience curve of PV shows the highest cost reduction
potential of all energy sources

« The German consumers have made PV cheap enough for world
wide application now

« Senegal has nearly twice the irradiation than Germany

» Photovoltaic will be more and more competitive compared with conventional
and other renewable energy sources — especially in Senegal
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- Thank you for your attention!

Please feel free to ask questions

Prof. Dr.-Ing. Bernd Engel

Technical University Braunschweig

Email: Bernd.Engel@tu-bs.de

Homepage: https://www.tu-braunschweig.de/elenia




