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Motivation
Challenges in the energy transition

Renewable energy sources
Wind and PV fluctuating

End Use Sectors
Electrification increases sector
coupling

Flexibility
Demand and Supply need to be
balanced

2
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The energy system model REMod

Modeling approach and scope

Geographical scope
= Germany as one node

Conversion and consumption sectors

= Inclusion of all consumption sectors

= Multiple technologies are optimized separately
= Detailed integration of sector coupling effects

Optimization
= Minimization of transformation costs

= Non-linear ,Black box"” optimization of transformation path on yearly

basis

Simulation
= Simulation of operation on hourly basis
= Including historic timeseries (demand, weather) of five years

Energy sources

Wind
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\1/
@)
st

Hydropower

Environmental
heat

N

(g Electricity

Synthetic
o fuels

Fossil & nuclear

Coal and oil

Q

Natural gas

Nuclear

=i
0

Energy conversion/storage

(AN 2 :
Wind turbine
‘ l} ’ =
0—0

Ru-ot-River P W Vehicle battery

Q)
PV plants
TCH %
Geothermics  [11ss Stationary
~= battery

:’5:' Solar thermal
@}- energy

00 Pumped
Electrolysis @ storage PP

@ Biofuel
Power-to-liquid

8
CHP. K
3
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Gas
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Hydrogen

12
@‘{Hﬂw@ Fuel cell %

Biomass
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Nuclear PP j

®
Methanization

Consumption

Consumption
sectors
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Transport

Process heat

— (0

Building heat
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= Heat

w BiOmass

=== Liquid Fuels

=== Hydrogen
Electricity
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The energy system model REMod

Simulation and Optimization

Energy Model REMod
= Simulation of Operation

_> —
= Total system costs (CAPEX + OPEX + penalty terms)
calculated
Transformation System costs
path given returned
L 4_
4 —
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Simulation
Based on a merit order

Operational sequence
Similar to merit order
Minimises costs and emissions, maximises efficiency

- Not optimized, but fixed during optimization!

Yes

Calculate residual load

l

l

Decentralized Heat pumps
smart heating

I

Calculate residual load ‘

Power deficiency?

Yes

Follow operational sequence
until residual load is balanced

I

1. Stationary batteries
2. Mobile (Vehicle) batteries
3. Pumped hydro storage
4. Carnot batteries

I

Operate biomass plants

I

Operate heating grid CHP-CCGT
plants, and heat utilization

I

Operate non-heating grid
CHP-CCGT plants

|

1. Operate H2 fuel cells
2. Operate CH4 fuel cells

I

| Operate H2 gas turbines I

l

| Imports of electricity ‘

l

| Operate CCGT plants I

l

Operate heating grid CHP-CCGT
plants without heat utilization

l

Operate oil & coal power plants:
1. Oil plants

Power deficiency?

No

Residual load
balanced?

No

Heating grid smart operation

(CHP-CCGT plants & heat pumps)

Calculate residual load ‘

l

n.Jg
w

n

L Power surplus? ]

Yes

Follow operational sequence
until residual load is balanced

l. ;

1. Stationary batteries
2. Mobile (Vehicle) batteries
3. Pumped hydro storage
4. Carnot batteries

!

ion i ic fuel
(Power-to-X):
1. Power-to-H2 (Electrolyzers)
2. Power-to-CH4 (Methanation)
3. Power-to-Liquid

l

Charge power-to-X batteries:
1. Batteries of Electrolyzers
2. Batteries of Methanation

l

Charge thermal sto
1- Heating Grid (Centralized
heat pumps)

2- Decentralized heat pumps

l

Exports of electricity

l

Use electricity in Carnot
batteries for process heating

Charge thermal storages
with electrical heating rod

I

2. Hard coal plants
3. Brown coal (lignite) plants

Operate CH4 gas
turbine

Curtailment




Transformation of the German energy system
Installed generation capacity of electricity
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Transformation of the German energy system
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Residual load

Residual Load Yearly Duration Curve - Ariadne-Balanced Scenario

2001
Times of electricity surplus increase .
. : 100
- Surplus dominates in 2045
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Flexibility provision
In times of excess electricity

70
Power-to-X (hydrogen, methane, liquids) o
dominant

50
Power-to-Heat stronger in winter S

g

Storages, Exports & Curtailment stronger in §3°
summer

20

10

0
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54

67
61
49 >0
44
40 38
I 17

< ® il

B Power to Heat - Decentralized I Power Storage BN Exports
I Power to Heat - Heating Grid BN Power-to-X [ Curtailment
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Flexibility provision
In times of electricity shortage

22,0
20,3

Storages in summer 2
Flexible power plants & imports in winter
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inflexible

flexible

Hourly profiles of selected inflexible and flexible system

Windenergie im Jahr 2045

Stunden

MR SRR RER E s muombw o

1 | 1
= T Y e L Y P L =L P P e
BAR AR R DR NE AR NN RARRRRE

Wind

netzdienliches Be- und Entladen mobiler Batterien 2045

N T
M |H|||| |

Stunden
wdwﬁumﬂswwmwwc

I—‘D

i
|H' ]

'
L gn e
Lo

()
camqmmamﬂgv ERESNAGEEAS
=l

Vehicles (V2G & G2V)

P P P Pt
r\.l

i f'lhw .

(B | | [ |
HFRE'“
RAMRAAER

QOrn

11

50

200

&
=]
GWh

- 100

—40

—&0

Stunden

Stunden

Solarstrom im Jahr 2045

300
250
200
=
]50g
-100
-50
IIIIIIIIIIIIIIIIIIIIIIIIIII _'0
Lalial ot - (=11 = LS P el L P e L
SARS GREA OSSR INNNERRRARASR
Solar e
Umwandlung in Wasserstoff im Jahr 2045
0 |
1 70
2 |
3
4
z 60
6
7
8 50
9
¥ 40
11 =
12 &
13
14 0
15
16
7 -20
15
19
20 14 B
n | 10
2
3 | i [l | I -0
BNRG A RB R QRSN RERAANEE SRR S

mmmmmmm

Electrolysers

Stunden

GEL‘JEHEUE‘IZ'S

Unflexibler Strombedarf im Jahr 2045
| I

R R R SRR RER E B s muo b wn —a

[
L En M el o
£ 1) L7 LD 00

1 I
Eﬂﬂgmﬁﬂgﬂﬁvﬁﬁﬁﬂﬁ NNNNNN q88

Inflexible demand

351

~
]
Stromaustausch im Jahr 2045

04 |
b (IN€F
2
3- ‘ |
3 |
5
6 | I |4| h
7 -
8- |
9
|
||
2l -
22 -
23
j I I I

| ||| ' [
= M DLl tal=i] r"lr-v-ﬂ-nchr"l L e
\:l:ﬂrvcrml'-_-'ﬁs":j ﬁ:ﬂ SEGngenomn

20 -

‘IJIIIII
mmmmmmm

Im—/Exports

in
=

components

|
(=]

|
i
=

b
=

i
=

L
=

GWh

Stunden

Stunden

Residuallast im Jahr 2045

i

0
1
2
3
4
5
6
7 -0
8
9
10 -
1 - --100 £
11 1 | il °
13 -
14 -
15 -
it -—200
17 -
15 -
15 -
20 - | l =300
21 -
2 -
3 -
[ [} I I [ [
°ﬂ~“mﬁﬂgﬂﬁvﬁﬁﬁﬁmﬂﬁﬁﬁﬁﬁﬁﬂﬁﬁﬁ
Residual load
Einsatz Back-up-Gasturbinen im Jahr 2045
0-
1-
2 350
3-
4.
5- 300
B -
7 -
8- 50
9.
10 -
- 200£
- &
13 -
14 - -150
15 -
16 -
- hll | =
11 100
]2%_
- n
5.
LN T I N N Y Y Y Y A A A R R A | _0
SRY RRER NS R e RS RARRRARRRRR
Tage

Gas turbines (backup)

Z Fraunhofer

ISE



Hourly Correlation - 2045

Drivers of Flexibility

Correlation analysis

What are the drivers for specific flexibility . BT T R
] Stationary Batteries

O ptlo n S? Hourly Correlation - 2045

Interplay between
= Solar production ™
= Wind production .

Non-Flexible Demand
(GWh)
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(GWh (Gwh) (GWh)

Further analysis to investigate share of these drivers (multi- Electrolyzers
variate correlation analysis?) Hourly Correlation - 2045
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Conclusion
Flexibilities in a sector coupled, net-zero energy system

Interaction between different flexibility options

Electrolyzers central for flexibility and sector coupling

Different options for different use-cases
Short-term / summer: storages, smart heating
Long-term / winter: Power-to-X, back-up turbines
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