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Balancing

Due to the increasing installation of renewable energy sources Example Scenario Germany 2050
high requirement for temporal balance between electricity

generation and electricity consumption

@

B annual = monthly weekly m daily m hourly

BMU Leitstudie, 2011.
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Balancing — Potential energy storage technologies
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Storage capacity
Adapted from

Dick, C, Hau, D., “Elektrochemische Speicher im Kontext landwirtschaftlicher Energiesysteme/Kombination mit Biogasanlagen”, 2022.

Sterner, M., Stadler, I., “Energiespeicher. Bedarf, Technologien, Integration”, 2017.
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Balancing - Pumpes Hydro Storage (PHS) Development PHS
800.000
Short to medium term storage (h-d) —e— IRENA
. . 700.000
Peak load, grid services <+ @+ Development

600.000 —&— |EA

Adva ntages: §; 500.000 +++&+++ Development minimum g@_
. Low energy costs E - «+ -+ Development maximum @.G)@'@
« High capacity and efficiency (up to 88%) % Batterigs (> o 0%°
- High longevity (50 - 100a) g 0% | o bevelopment @@@@88‘5

k= O@oe

200.000 93@8@@0@
Disadvantages: 100,000 0"'.““.@
« Geographical dependency .
» High construction costs and long construction 2005 2010 2015 2020 2025 2030 2035 2040
time year

International Renewable Energy Agency (IRENA), “Renewables and electricity storage - A technology roadmap for REmap 20130% 2015.
International Renewable Energy Agency (IRENA), “Battery Storage for Renewables: Market Status and Technology Outlook”, 2015.
International Energy Agency (IEA), “Technology Roadmap Hydropower®, 2012.
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StEnSea — Technology Test
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StEnSea - Operating principle

Discharge:

Water flows into the sphere and drives the turbine

Turbine produces electricity until the sphere is filled
with water

Once the sphere is filled with water, the sphere is
discharged

Charge:

Electricity is taken from the grid to drive the pump
Pump pumps water out of the sphere

Once the water has been pumped out of the sphere,
the sphere is charged

DISCHARGE

CHARGE



| Congresode
Sistemas Eléctricos Aislados
Tenerife 2024

StEnSea - Potential sites

Site Potential (TWh)

World wide ~817

Top 10 ~628

Top 10 EU ~166

USA ~75

Japan ~70 Rachongn

”

GIS-based resource assessment (600-800m water depth)
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StEnSea - Technical data (scale 1:1)

Material

Turbine power (MW)
Discharge time (h)
Discharge Capacity (MWh)
Efficiency (%)

Diameter (m)

Wall thickness (m)
Volume (m?3)

Pressure

Weight

concrete

5

4,2

21
70 - 80
ca. 30

2.7
12.000

70bar /700m

> pbuoyancy
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g N ] Sea Level M e

Depth: 700 m

[ ‘ Inner Diameter: 28,60 m |

0 6.667 3333 20 26.667
3.333 10 7 23.333 30

I

i .

, electricity
1 cable

Hochtief, 2017.
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StEnSea — Cost estimation and comparison

Assumptions: entire system incl. grid connection, system size 30 MW, 120 MWh, 520
cycles per year (2 cycles per day, Mon-Fri)

Costs StEnSea Lithium-lon-Battery
Investment costs (power) (€ / kW) 1354 175
Investment costs (energy) (€ / 158 550

KWh) Worst Case

Lifetime (a) 15
Efficiency (%) 87.5

Storage costs (€ct / kWh) 4.6 7.3



StEnSea - Test system scale

Scale Outer

1:10
1:3
1:1

diameter (m)
3
10
30

Weight
(> buoyancy) (t)

20
1.000
20.000
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Capacity
(MWh)

0.001-0.003
0.5-10
20

Power
(MW)

0.002 - 0.004
0.5-10
5-7

Water
depth (m)

100
500 - 700
600 - 800

Efficiency
(%)
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StEnSea — Technology test % Federal Ministry

for Economic Affairs

® Successful Technology Test at Lake Constance (scale 1:10) and Climate Action

® Testing time: 11/2016-12/2016 (~4 weeks)
® |nvolved partys: Fraunhofer |IEE, Hochtief, University of Stuttgart




StEnSea — Next Stage
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StEnSea - Test system scale

Scale Outer

1:10
1:3
1:1

diameter (m)
3
10
30

Weight
(> buoyancy) (t)

20
1.000
20.000
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Capacity
(MWh)

0.001-0.003
0.5-10
20

Power
(MW)

0.002 - 0.004
0.5-10
5-7

Water
depth (m)

100
500 - 700
600 - 800

Efficiency
(%)
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StEnSea - Technology test % Federal Ministry

for Economic Affairs

® Technology Test at the cost of LA/California (USA) (scale 1:3) and Climate Action

® Testing time: 2026

® Involved parties: Fraunhofer IEE, Pleuger Industries, Sperra

Legend

US State Submerged Lands
i 1 shippinglanes
{1—_, 1 [] Protected Areas

A Bathymetry
-668.999 - -650
\ -649.999 - -640
N O P -630.999 - -630
=

Variable power from
offshore wind

NN /| W -e29.909 - 620
S| I -619.999 - -600

Surplus energy stored

in MPH Pod .
Energy stored in MPH supplements offshore

wind generation as needed

Source: Sperra
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StEnSea - Concrete sphere

3D printed concrete sphere shells

Material concrete
Diameter (m) 9
Wall thickness (m) 0.5
Volume (m?3) 270
Weight (t) 400

Source: Sperra
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StEnSea — Reversible Pump '
¢7!50
Diameter: max. 750 mm [ g0
Length: max. 7400 mm i
| o
HE:
i
SHROUD WITH i
MOTOR INSIDE i
|
i ~
#19

Source: Pleuger



StEnSea — Reversible pump

Technical data

Nom. frequency (Hz)

Voltage (kV)

Rated power (kW)

Head (m)

Prototype” s full cycle efficiency (%)
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50

3.3
510
650
60%

Pump operation
Volume flow rate (m3/ h)
Power (kW)

Rotational frequency (rpm)

Turbine operation
Volume flow rate (m3/ h)
Power (kW)

Rotational frequency (rpm)

200
500 - 550
3350

380
500 - 550
3080



StEnSea — Market Perspectives®

*Schdfer, J., “Market Perspectives for an Innovative Pumped Hydro Energy Storage System”, Fraunhofer |IEE, Master thesis, 2023.
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Share of Renewable Energies in Electricity Generation

45| =—— EU

Market Perspectives of 7 P

--- ltaly

§ 35 spain
Increased share of renowable energy sources (69% o
(2030), 80% (2050)*), hence, higher volatility and £,
higher fluctuations. 2
6% 6% -
TR I
10
. . - P O PP PR E D DD DL NSO SN D
. Development of flexible tools to assess profitability A
L. . year
Of prom|5|ng markets N EUI’Ope Eurostat, “Share of energy from renewable sources”, 2023.
« Assumptions: German market data due to availability Electricity Generation and Prices in Germany (Week 27, 2023)
. Renewable
« Developed tools can be adapted to other locations 70000 NonRenewable 175

—— Day Ahead Auction
150
and markets 60000
< 50000 125 §
% 0w 5
2 40000
< 3
&0 75 o
g 30000 -]
3] 50 &
20000

25
10000

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 0
0

*European Commission, “Recommendations on energy storage”, 2023.

2023-07-03 2023-07-04 2023-07-05 2023-07-06 2023-07-07 2023-07-08 2023-07-09
date
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Market strategies — Arbitrage

Remuneration: Buying when prices are low, selling

when high
Daily Day-Ahead-Prices EXAA from 2018 to 2023 Daily price spread Day-Ahead-Prices EXAA from 2018 to 2023
1200
70 —— Pricespread
600 1000 - 30-Day Avg
£
_.. 500 =
= > 800
2 C
3)" _g 600
= %0 o |
S 200 ‘ § 400 ‘ i {
=% HYy My
100 ‘ " = Uy h '|
m,i i 200 | W} b L fftt B
0 L ! ! . b L ™ v
2019 2020 2021 2022 2023 2024 0 2019 2020 2021 2022 2023 2024

year year
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Market strategies — Frequency Containment Reserve (FCR)

. Fastest balancing service, automatically activated

+100%

. Activation dependent on net frequency

mFRR

Balancing
Group

FCR'ACt'Vatlon Manager
100% 1 ] g
Deadband b
g
o a time {min)
50%
& o :
= ‘G 5 60
£ &
B oo B
=]
Q
A
o
£ so%
R
o
=
-100% :
497 298 499 50.0 50.1 50.2 50.3 ) _ ) )
net frequency (Hz) Sterner, M., Stadler, I, “Energiespeicher. Bedarf, Technologien, Integration”, 2017.

« Remuneration: power price, pay as cleared, symmmetric
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Market strategies — automatic Frequency Restoration Reserve (aFRR)

. Automatically activated

+100%
1

« Reservation for both negative and positive aFRR

mFRR

Z20O0®
>N o
]

« Remuneration: power price and energy price

time (min)
60

balancing power (%)

-100%

Sterner, M., Stadler, I, “Energiespeicher. Bedarf, Technologien, Integration”, 2017.



| Congresode
Sistemas Eléctricos Aislados
Tenerife 2024

Market strategies — Profit by year

Arbitrage - Intraday ID3 2.61
E FCR
2.5 m aFRR - mw=200
EE aFRR + Arbitrage
2.14
2.0
=
=
\?. 1.62
W
o 15
= 1.33 1.33
>
=
g 1.09 1.06
c 10
©
0.5
0.0"

2020

2022 2023
year

avg 2019-2023

Costs per unit: 7-10 Mio €
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Market perspective
. Versatile tools developed for Arbitrage, FCR and afRR

« Arbitrage trading model with current prices profitable for StEnSea (higher profits likely possible with

different trading strategies)
« aFRR and FCR promising, but limited market (in particular for FCR)

. Combination of scenarios (value stacking) leads to higher annuities, but needs further study

. Tools can be used to study possible locations for StEnSea in future



StEnSea — CO; Footprint™®

*Roth, D., “CO2-Footprint of a Novel Pumped Hydro Energy Storage System”, Fraunhofer IEE, Bachelor thesis, 2024.
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CO; footprint — Percentages of emissions for components

Technical unit

20(0 3% il

Flange

Pump

Internal pipe

Concrete sphere

Outer shell

T

m Concrete sphere m Pump m Internal pipe m Flange
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CO; footprint — Percentages of emissions for materials

Mass percentage CO,. percentage™
2%

1%

5% 7%

78%

Cement m Aggregate = Additives = Transport m Electric energy Steel fibers = Water

*COze: all climate-relevant greenhouse gases (CO2, methane, nitrous oxide, etc.)
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CO; footprint — Emissions per installed kWh

eMIisSioNSinstalled = €MISSIONSstEnsea unit / CAPACitYinstalled

120.0 ) .

e 97,5
= 100.0 507
& 800
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CO; footprint — Emissions per withdrawn kWh for 50 years

€MIiSSiONSwithdrawn = €MISSIONSstEnsea unit, years / (CaPaCityinstalled CYCleSper year Years)

emissionsSwyithdrawn

gCO2¢ / kWh

30
25
20
15
10
05
00

25

100

13

200

8.4
300

cycles / a

Emissions in the

electricity productio@

434 g/kWh*

6,3

400

5,0
L

500

*Germany 2023
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CO, footprint — Projection for concrete production

Projection from the Association of the German Cement Industry (VDZ)

Scenario 1 Scenario 2 (climate-neutral)
25 Savings: 25 Savings:
e until 2030: 19% o until 2030: 27%
20 « until 2050: 36% 20 « until 2050: 100%
16
é‘{.’ 15 CC;\" 15 15
& Q
o o
g 10 -
5 5
0 0 :
current 2030 2050 current 2030 2050

Savings due to concrete recycling, CO2 binding (CCS/CCU), lower process temperatures, renewable energy sources, etc.
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CO; footprint — Comparison StEnSea vs. lithium-ion-batteries

30.0
28
25 [
25.0
=
Sc 200
=
_Ex
=7, 150 14
& & 13 e
S Q
25 o - 9.0 94
£ x ; Y
a) y
5.0 | = >0 By
| 1 B mi:
00 1
100 200 300 400 500

cycles / a
B StEnSea NMC mLFP
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CO;, footprint

« 85% of the emissions for StEnSea fall upon concrete production
. Alternative materials or CCS/CCU enable long-term COze neutrality in concrete

« StEnSea and LIB show comparable CO,,emissions
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Conclusion

. StEnSea is a new pumped hydro storage (PHS) concept
« Lessenvironmental impact than classical PHS

. Costs and efficiency is comparable to classical PHS

. Construction time is much shorter than classical PHS

. Longer lifetime than batteries

. Cost competitive to current battery systems

. CO,footprint is comparable to batteries (state of the art 2024) or lower depending on cement

production processes

. Alternative materials. Supply chain diversity compared to batteries
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