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Abstract

A high-level conceptual model for storing renewable energy to cope with seasonal
variations.
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seconds..
t hours..days minutes
transmission super
control grid battery P
conductors
connector
electric grid I 1 I energy
wind farm >
— consumers
Transmission
Wpeak imp, Wpeak exp
' Wind farm storage tank
H2 Wpeak WF V, P
e H, fuel cell capacity factor E
electrolyzer 2 pE Y — Ttank
— Cwind
Batter
‘ 1 Electrolyzer E 4
battery
Wpeak El Wpeak o
Nel
H; — H de- Super Capacitor
Compressor
compressor months compressor Esc
r]comp WpeakSC
| N H, storage Hz | Fuel Cell consumers
tank Wheak Fc Woreak ¢
Niuel cel Econsumers

Conceptual Modeling of Seasonal Storage version: 9.2
2 Gerrit Muller RESSblockDiagram ESI



Functional Model
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Cost Model

- VVpeak WF
“'CF * EWF

CAPEX: 1800 €/kW
OPEX: 50 €/kWlyr
Caoyr ~ 2800 €/kW*

electrolyzer-overview-lowering-the-cost-of-hydrogen-and-distributing-its-productionhydrogen-industry-overview-lowering-the-cost-and-distributing-production/

https://lwww.forbes.com/sites/arielcohen/2020/12/30/teslas-new-lithium-ion-patent-brings-company-closer-to-promised-1-million-mile-battery/

- Ebattery max

143 €/kWh>
Caoyr ~420 €/kWh°

v

~Wpeak inverter

50 €/kW
Caoyr ~100 €/kW®
~ EW;: Econsume consume
A energy
-~ Wpeak B ~Eno = Wpeak FC
6600 €/kW j—» 17 €/kwh* e 45 €/kW°
Caoyr ~13200 €/kW? Cooyr ~17 €/kWh Caoyr ~ 80 €/KW’

! https://www.pbl.nl/sites/default/files/downloads/pbl-2019-costs-of-offshore-wind-energy-2018 _3623.pdf
Zusing 10 k$ for 1 KG H, in 24 hrs, 33.33kWh/Kg H2, and 0.92 €/$, 30000 hrs ~= 10 years https://pv-magazine-usa.com/2020/03/26/

® https://www.energy.gov/eere/fuelcells/fact-month-april-2018-fuel-cell-cost-decreased-60-2006
* https://energypost.eu/the-lowdown-on-hydrogen-part-1-transportation/
® https://www.greencarcongress.com/2019/12/20191204-bnef.html
®1000 full cycles, let's assume 7 years,

740000 hours at =35 °C to 40 °C, ~12 years https://en.wikipedia.org/wiki/Fuel_cell
8assuming 10 years https://www.nrel.gov/docs/fy190sti/72399.pdf
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Zooming in on Days
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Simulation Workflow
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Energy Balance for H2 storage only
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Energy Cost for H2 storage only

assuming 70% * 60% = 42% efficiency

electrolyzer Fuel Cell

wind farm Electrolyzer H, storage Battery
H2
storage | 5 061 0.147 0.211 €/kWh 0.058
€/kWh €/kWh €/kWh
- ~ 0.48 €/kWh -
(over) sizing wind farm | Electro- H, storage Battery
wind lyzer
; " 0.072 0.053 0.161 0.058
h I
with eurtaling | epwh | €flewn €/kWh €/kwh
- ~ 0.35 €/kWh >
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Energy Cost as Function of H2 Size
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Simulation for H2 storage only

wind trace data use surplus convert store/retrieve
produc-
year ay  tion delta  storage
2018 1 44214 - daily 22844 * NH2 11422 700000
2018 2 39969 use 18599 9300 709300
2018 3 51687 30317 15159 724458
2018 4 19293 -2077 -2077 722382
2018 5 15842 21370 -5528 50% -5528 716854
2018 6 26849 5479 2740 719593
2018 7 14014 -7356 -7356 712237
2018 8 43098 21729 10864 723101
2018 9 50887 29517 14759 737860
aggregated aggregated surplus aggregated store/retrieve
nrodiiction surplus + surplus - store retrieve

720177 2018 2017 2018 2017 2018 2017 2018 2017 2018

jan 1179179 842549 583321 337872  -66607 -157789 291660 168936  -66607 -157789
feb 849591 1221703 316200 669854  -64965  -46508 158100 334927 -64965  -46508
mar 881203 1134683 368354 536118 -149616 -63901 184177 268059 -149616  -63901
apr 653040 863695 209203 310924 -197259  -88325 104601 155462 -197259  -88325
may 571785 503499 100599 114026 -191280 -272992 50300 57013 -191280 -272992
jun 322225 544853 78620 122038 -397491 -218281 39310 61019 -397491 -218281
jul 351038 522236 49842 125676 -361270 -265906 24921 62838 -361270 -265906
aug 618113 746528 159892 242967 -204244 -158904 79946 121483 -204244 -158904
sep 832528 710308 319105 262903 -127673 -193691 159553 131452 -127673 -193691
oct 968051 946287 425785 389846 -120199 -106025 212892 194923 -120199 -106025
nov 1270278 710351 659014 232856 -29831 -163602 329507 116428 -29831 -163602
dec 1041645 1100137 466746 530776  -87566  -93105 233373 265388  -87566  -93105
unscaled 9538677 9846828 3736680 3875856 -1998003 -1829028| | 1868340 1937928 -1998003 -1829028
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Scenarios
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Comparing Storage Options

Levelized Cost of Energy vs. Storage Duration
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Data from “Air-Breathing Aqueous Sulfur Flow Battery for Ultralow-Cost Long-Duration Electrical Storage.” Chart by Nate Brinkerhoff.
from https://cleantechnica.com/2020/04/25/how-long-can-lithium-ion-energy-storage-actually-last/

We added: using 10 k$ for 1 KG H; in 24 hrs, 33.33kWh/Kg H2, and 0.92 €/$, 30000 hrs ~= 10 years https://pv-magazine-usa.com/2020/03/26/
electrolyzer-overview-lowering-the-cost-of-hydrogen-and-distributing-its-productionhydrogen-industry-overview-lowering-the-cost-and-distributing-production/
and * https://energypost.eu/the-lowdown-on-hydrogen-part-1-transportation/ : 6600 €/kW and 17 €/kWh
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