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Electricity Generation and Demand in'EEGermany 2050

Auswartiges Amt  Bundesministerium
fiir Wirtschaft
und Energie

Generation
in Germany
~760 TWh
gross

~650 TWh
net

Other primary energy

~760 TWh gross

to meet final energy demand

Other heat sources 460
Environmental heat and solar absorber
for building heat 340
for industrial heat 47
Deep geothermal and solar

thermal energy for buildings 11
Industry, CHP and waste heat

for building heat 40
for industrial heat 24

~ Fraunhofer

Electricity demand
1780 TWh gross

to meet final energy demand

Final energy demand 2050
~2000 TWh net

Building 490
heat

Hydrogen for electricity generation 63

113

Conventional
electricity
consumption

Generation
in Germany
~900 TWh
gross

~850 TWh
net

Power-to-Gas/

Power-to-Liquid

for road and rail traffic

for air and sea transport
Air and 260

sea transport ‘
non-energy consumpt.

Road, rail

Hydrogen 247

for road and rail traffic 47
for industry process heat 96
for non-energetic consumpt f. CCU 67
for electricity generation 37

Generation
locations
abroad
~880 TWh
gross

~500 TWh
net
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Cross-sectoral demand-bidding for price setting effects in low-carbon
power systems

M T 1 = /Main outcomes

B Explicit modelling of cross-sectoral demand bidding crucial for

\
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Demystifying market clearing and price setting effects in low-carbon :?_ eIeCtriCity price formation |n |OW'Carb0n pOWer markets

energy systems

e B Hybrid cross-sectoral consumers limit the role of zero or even
negative prices in integrated systems dominated by renewables

B Future electricity market clearing requires capturing of sector
interactions and a variety of technology combinations

PPy T— 350 . . . . . . . . 400 . . . r r " . . p—-m . '
Cross-border import ! ! Flexible multivalent CHP system !
' ! i
1. Introduction GHG emissions (Beuckner et al. 2014). and also the most significant im. ] I — = |
pediment (Luderer et al, 2018; 350 F J i i - |
oy v oy grey e s Sl MR 300 | 1 : i Thermal storage unit [+ * i
9, -— H
By promoting te Tatopesn Gren Ded Euopesn Cos - . 0CGT i i :
.-5 = 300 ! 1 : i i Heat
250 1 = OCGT CHP . . !
E Il : Conventional backup unit IHIr i mal;éket
o o . I -~ . . > H e.g.
g = g0l COGT CHP ] i Fuel | e.g. gas-fired condensing boiler ; ! public
2 = ! market ! ; i o
= 200 i k= i i ! i utility
.é ¢ '\ : n:;:l;slr'al I i or
= & N 1 . . ; [ i
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Merit order effect
1 Fmem s s
1 Price Inelastic Typical market

clearing situation

in EUR/MWh, demand : :
\ for a single delivery !

period, location,

Equilibrium and lead time
market outcome o LTI o]

Quantity
in GW,
(— >
Solar PV + Wind  Hydro Lignite Hard coal
A .
Price
in EUR/MWh,,
“Merit order effect”
(Variable) renewables lower the entrance price and push
more expensive conventional producers down the merit order :
il P P Quantity
? in GW,,
R >

»
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High and low clearing prices
1 re-T oo ToT T T 1
T Price Inelastic | Typical market .
in EUR/MWh, - 2 demand | clearing situation !
. for a single delivery !
With more and more renewables, | period, location, !
we will either see very high | andlead time
or very low (even negativeyMcps | | e TTTTmooommmmeees
. J
Close-to-zero or even
negative MCPs Quantity
in GW,
R >
Solar PV + Wind Solar PV + Wind Hydro
(dispatched) (curtailed)
T Price
in EUR/MWh,,
®
N Very high MCPs due to
renewable fuel sourcing or
carbon abatement measures
Quantity
in GWy
—— >

»

Solar PV + Wind Hydro
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Inelastic demand versus increasing sector integration

1
T Price Inelastic Increased and partly
in EUR/MWh, demand elastic demand

I

Additional demand for
direct electrification of end-use sectors
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Wholesale market clearing prices in a stylised German market arrangement - RES and OCGTs (Base Case)
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Wholesale market price impact of additional power sector flexibility options

350 T T T T T T T T 350 T T T T T T T T
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Wholesale market price impact of additional heating/cooling flexibility options

350 T T T T T T T T 350 T T T T T T T T
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Different operating states of flexible hybrid CHP systems

Exemplary multivalent CHP system

Flexible multivalent CHP system

S —
Thermal storage unit 1
!

_. i Heat,
Conventional backup unit vwé '":’lfe“ P , .
5500 A m‘;‘:i; 7™M e gos-fired condensing boiler : &‘;é‘; ”l /, E
e | - | / 1
B "ﬂf:sml N Electric backup unit »i industril ‘ 4 ‘
c g |71 300 s e '
2000 ‘ D E o™ eg gggT‘,"E:‘::GT ‘1' // :
. _ _ 5 y !
O ) ’ * g 250 : |
E ' { s G Power market :'r ,” i
= ' a 3 H :
= . 2 200 $ !
£ 1500 - PP v o = ! £ ‘d/ﬁ plus load change cost |
=) : -= L .
‘ ~ 5 !
2 l 8 CHP unit has spare & Mar,g,mal (fuel) cost i
g . = - / minus load change cost !
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% ® ® g T // |
=’ 1000 ——® g | P -
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'
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Wholesale market price impact of additional heating/cooling flexibility options
350 T T T T T T T T
OCGT
OCGT CHP plant (42%, condensing mode)
300 .
- " /7 CCGT CHP plant (46%, condensing mode) ,," / i
= i ¥ i
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Wholesale market price impact of transport sector and power-to-gas units
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Power-to-fuel conversion
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B 79.00% methanation reactor (MWh,/MWhy,)
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Opportunity costs for domestic CH, production
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Wholesale market price impact of cross-border integration with France
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Wholesale market price impact of additional heating/cooling flexibility options in Germany and France:
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New market clearing effects in future wholesale power markets of net-zero systems —
hybrid technology combinations and electrolysers may set the price
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Main takeaways
. Opportunity costs of hybrid cross-sectoral electricity consumers can avoid penny switching effects of

very high and low prices in systems primarily based on renewable electricity (multi-fuel and temporal flexibility)

. High power prices still occur when open-cycle or combined-cycle gas turbines,
partly as combined heat and power plants, set the price

. Few situations in which market-based curtailment of renewable energy sources is unavoidable,
leading to situations with very low power prices

. All units that can shift energy demand within a limited number of hours,
e.g. thermal storage, battery storage, pumped hydro storage, lead to a smoothing of the price step levels

. Power-to-gas plants exhibit a certain willingness-to-pay for electricity
as long as they can compete with synthetic fuel imports

. Variable renewable energy sources’ market values can be stabilized by
the power demand of various direct or indirect electrification applications

a Carbon-Neutral Energy System,” Preprint under review in Energy Economics, http:/arxiv.org/abs/2105.01127. 5 MAN EN ERGY FO RU M
18th November 2021
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Main takeaways

. Opportunity costs of hybrid cross-sectoral electricity consumers can avoid penny switching effects of
very high and low prices in systems primarily based on renewable electricity (multi-fuel and temporal flexibility)

4 N

Cross-sectoral demand-bidding for price setting effects in low-
O carbon power systems will lead to stable energy prices and finance
renewable energy projects

. Power-to-gas plants exhibit a certain willingness-to-pay for electricity
as long as they can compete with synthetic fuel imports

. Variable renewable energy sources’ market values can be stabilized by
the power demand of various direct or indirect electrification applications

a Carbon-Neutral Energy System,” Preprint under review in Energy Economics, http:/arxiv.org/abs/2105.01127. 5 MAN EN ERGY FO RU M
18th November 2021
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SCOPE Scenario Development (SCOPE SD) *

Input data Linear Optimisation Model (LP) Output data

B Fuel costs (conventional & synthetic renew. import)
B Technology costs
B Potentials and restrictions

B Energy sector demand time series
(power, heat, industry, transport)

B Technology-specific time series

EU27 + NO + UK + CH - MT - CY

Objective is to
minimise investment and
system operation cost

subject to compliance with
climate protection targets

B Optimised power generation mix
B Optimised heat generation mix

B Optimised transport mix

B Energy framework and installed capacities
®m CO, emission price(s)

m .

(wind, solar, natural inflow, COP, solar thermal, full consecutive year in hourly resolution (e.g. 8760h)
) historical climate reference years

Markets / instruments | |

Power market . Heating/cooling markets |
(wholesale day-ahead & ! (various demand types, building i
cross-border exchange) i types and temperature levels) i

Fuel markets Transport demands | GHG emission markets |

1 1
1 1
(national / international, global : (private, commercial, heavy goods) 1 | (national / international, |
import of fossil / renewable carriers) I : | sector-specific, ETS, non-ETS) |

Technology options | |

3 e e e A 7,

Wind, Solar Energy storage : Electrolyser / PtG | i BEV Ll PHEV / REEV |
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Case study setup
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Cross-sectoral capacity expansion planning study
for a net-neutral scenario in Europe
using the SCOPE Scenario Development (SD)
modelling and optimisation framework at Fraunhofer IEE

(
Germany [ RES + OCGT .| BC + Battery storage

__________

Base Case (BC)

Use capacity investment results as input

Economic dispatch studies
- starting from a stylised market arrangement and by successively
augmenting it with all relevant technologies

BC + Hydropower

BC + Power-to-Gas

BC + Heat pumps

BC + Air cond.

BC + Hybrid CHP

BC + BEV + PHEV

All technologies

y

E Germany + France

All technologies w/ transm. losses

All technologies w/o transm. losses

Increasing cross-border integration

L EU27+NO+UK+CH-CY-MT

4

All technologies w/ transm. losses

All technologies w/o transm. losses

et Values in a Carbon-Neutral Energy System,” Preprint under review in Energy Economics, http:/arxiv.org/abs/2105.01127.
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