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Research Questions

Question 1

What are the key
considerations to
account for when
evaluating seasonal
storage
technologies Iin
Best?

Question 2

How can conceptual
modelling contribute
to the comparison
and evaluation of
storage
technologies?

Question 3

How do the various
storage
technologies
perform based on
the key
considerations?
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Conceptual Models

 Simplified Visualizations Heat Pumps
Air-to-Air heat pumps

] Calculations Formulas

. . COSE Thermal [€/kWh] = Total Lifetime Cost [€]/Total Supplied Heat Ene kWh
1 Comparison and Evaluation = [€/kWh] €T PP rgy [kWh]

COSE Thermal = CAPEX-P + CAPEX-S+(OPEX*Lifetime)
Seasonal Heat Energy Output *Lifetime

1 Heat Pumps (COP 3)

CAPEX-P = CAPEX Powerplant CAPEX-5 = CAPEX Storage
[ Cost of Stored Energy Electricity to heat pumps vs gas to burners
75 GWh 45 GWh 136 GWh
(COSE) o DO, fueelel DO, Henrums 220N,
Gas Electricity Heat
136 GWh Gas 136 GWh 136 GWh
G:;EEE » network » Gas burners >
Gas (100%) Gas Heat
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Functional and Physical Models

Functional Model

Functional Model (Methane) Functional Model (Hydrogen)
Consume -
Co Co
1% | Collectco: > CompressCO; | Store OO, et H:0 Energy
. Generate | Eu
|
Ha0 — Electricity
Co, Consume (| | |
l l Electricity Essecaricny H L G e e | H
18I | Esen Generate Electricity ——» »  Store Hydrogen
Ej.un Generate Eﬂ CH] ‘:Hd- I
—_— » Electrolysis — Methanation #  Store Methane
Electricity ]
0, Heat hg
Physical Model (Methane) L e Physical Model (Hydrogen)
| 3 | Solar panels Eet | Electrical
co, Pipesca; Pipesca: | oo, Storage I Fusicets grid
—p | L0, Separator # OO, Compressor  |———» cark 1 EEL £
Power Cable i
Exun Pipes o, l
> Solar panels ;
Eg, Ern o Fuel cells _ll--_ FI'H!EIZ Hzo A“h. Pipes” p‘pesp"mnudn N Pf“m Pipes..,,“m,,’.. D«omp{essof Pipes.. m" Heat G‘$
Power Cable e 3 electrolyzer ' tank /Nalve network* burners
T 1T S — PipeS oot
o Alkaline | PiPeSv | Methanation |© PeS Pressurized Pipescs | | patual gas (13t | Gas
— electrolyzer R ———— Compressor — tank — Decompressor : '“I = i
I ] Heat 0, LosSaiume
Forel coes tn
l l LSS vsiums - “"‘"‘h ra e,
0, Heat * Feeding the hydrogen In small amounts into the natural gas network will make the natural gas
— |greener (Hydrogen Enriched Natural Gas or HENG), as parts of it will be green hydrogen.
Heat Loss Heat Loss Heat Loss




Energy Flow from Storage

Sensible Water Storage Power-to-Gas
Energy flow from storage (Single residence) Energy flow from storage
Electricity to heat pumps vs gas to burners
Assuming a heat loss of 15% throughout the storage time. Heat networks 75 GWh 45 GWh
(before and after) having a combined loss of 6%*. Gas storage y| Fuelcells ,| Heat Pumps 136 GWh,
75 GWh Gas (60%) Electricity COP of 3 Heat
[ Water Tank 11,3 MWh 10,9 MWh
13.3 MWh > Heat l;:ﬁtwurk .
85% Heated Water Heat Gas storage | 136 GWh [ Gas 136 GWh 136 GWh
136 GWh »  network » Gas burners >
Gas (100%) Gas Heat
Liquid Air Storage
Energy flow from storage
Assuming a 70% re-electrifying efficiency
. 64 GWh Re-electrifying 45GWh Heat Pumps 136 GWh
FIREaRln Y 70% »  CoPof3 Heat
Loss: 9% Gas Electricity ea




Economics

Cost models LAES
70 GWh 64 GWh 45 GWh 136 GWh
82 GWh LAES Plant Storage LAES Plant Heat Pumps
4 — — >
[S00 - 3500 €/kW] [60 €/kWh] [S00 - 3500 €/kW] | 20 MW COP of 3 Heat

30 year lifetime —OPEX 1% of CAPEX/yr - Cost of Stored Energy Thermal (COSE Thermal) = 1.36 - 1.38 €/kWh

Cost model Hydrogen -> Electricity -> Heat Cost models SWS
106 GW Hectrolyss 75 GWh Storage | 7SGWh [ FuelGells | 45GWh HestPumea | 12 GWh 13 MWh - 164 GWh 136 GWh
é SE— >
35 MW [650 — 1000 €/kW] [0.4 €/kWh] [45€/kW] | 20mw COPof 3 Heat Water tank eat Network
=P (048267 €/kWh] > Heat fetwor >
Heat

30 year lifetime —OPEX 1% of CAPEX/yr Cost of Stored Energy Thermal (COSE_Thermal) = 0.017 = 0.021 €/kWh

192 GWh

Electrolyzis

[650 — 1000 €/kW]

136 GWh
e

62 MW

Storage

136 GWh

Cost model Hydrogen -> Gas -> Heat

[0.4 €/kWh]

136 GWh

Heat

30 year lifetime —OPEX 1% of CAPEX/yr- Cost of Stored Energy Thermal (COSE Thermal) = 0.030 - 0.037 €/kWh

)

20 year lifetime —
Cost of Stored Energy Thermal (COSE_Thermal) = 0.166 — 0.029 €/kWh

Cost Models Methane -> Electricity -> Heat

- . 136 GWh
135 GWh Electrolyzis 96 GWh Methanation 75 GWh . Storage 75 GWh [ FuelCells | 4° OWh s Pumps
44 MW [650 - 1000 €/kW] | 44 pw | [135- 185 €/kW) [0.14 €/kWh] *| @se/kwl [20mw'|  COPof3 Heat

-y
30 year lifetime — Cost of Stored Energy Thermal (COSE Thermal) = 0.014 — 0.020

Cost model Methane -> Gas -> Heat 136 GWh
136 GWh 136 GWh
242 GWh Electrolyzis 1 GWh._ Methanation p| Olorage > GasBurners
Yy [650 - 1000 €/kW] | 79 pw [135 - 185 €/kW] [0.14 €/kWh] Heat

L]
30 year lifetime — Cost of Stored Energy Thermal (COSE_Thermal) = 0.026 - 0.036




Transport and Distribution

SWS Distribution
Heat
Storage Tank P Heat network
Transport
LAES Distribution
Liquified Air R Re- Electricity N S
Liquified Electrfication Grid
Air Storage
LAES Transport
|Liquified Air )
Truek 1 viquified Air
Liquified Air J » Storage
» Pipeline
PtG Distribution
G Electricit
- » Fuel cells - vp Electrical
Grid
storage Gas Gas network
o ™ (100%)
PtG Transport
Gas
= Truck
Gas
- Storage
Gas
»  Pipeline

Required Solar Panel Area

Sensible Water

Energy Need Roundtrip Solar radiation
[EWh] Efficiency [kWh/m®] Area [m’] Area (km’)
_ B0 % 800 212500 021

Roundtrip

Efficiency

Liquid Air

Solar
radiation

[kWh,/m"]

Power-to-Gas
_ Energy Need | Roundtrip | Solar radiation
Consumption _ Area [m Area (km
[GWh) Efficiency [kWh/m"] [m’] (km’)
Hydrogen as gas 136 1% 200 957746 0.96
Hydrogen as electricity 45 43 % 200 523256 0.52
Methane as gas 136 56 % 200 1214286 1.21
Methane as electricity 45 34 % 200 e61765 0.66




Key Findings

Stored Power Energy Density Storage Costs

Energy flow from storage (Single residence)

Assuming a heat loss of 15% throughout the storage time. Heat networks

(before and after) having a combined loss of 6%*. Water tank i_

82 kWh / m?> | [0.48-2.67 €/kWh]

Water Tank 11,3 MWh 10,9 MWh
13,3 MWh q Heat Network "

85% Heated Water 3% Heat

Energy flow from storage
ectricity to heat pumps vs gas to burners

Fuel cells 45 GWh Heat Pumps 136 GWh
(60%) ' coPof3 | nHeat
Electricity eat stm.. Eﬂ
136 GWh Gas 136 GWh 136 GWh [ quh]
s SHareg —»  network » Gasburners ——»
136 GWh Gas {lm] Gas Heat

Energy flow from storage

Assuming a 70% re-electrifying efficiency

45 GWh

Re-clectriting | — ) Westbumps |72 0, 107 kWh / m? | [eo€fkwh] [

Gas Electricity

b4 GWh




Conclusion

Conceptual Models Comparison of Technologies Key Considerations
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Future Research

1 Move up in the model hierarchy
d Combination of technologies

J Communication to stakeholders
Learnings

» Simplitying requires more knowledge
» Focus on the models not the technology

» Seasonal perspective






