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Scales of hydrogen storage
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Storage Sites
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Underground gas storage

UGS in Europe
Working Gas Volume Distribution by Storage Types
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e Ketzin, Germany (62% hydrogen town gas —
now closed)

® Beynes, France (50% hydrogen town gas from
1956-1972)
¢ Lobodice, Czech Republic (50% hydrogen town

gas from 1965, now used for natural gas
storage)

Aquifer storage of
hydrogen

¢ Teeside, UK (active since 1959 storing 95%
hydrogen)

e Kiel, Germany (62% hydrogen, now operating
with natural gas)

¢ Spindletop, US (95% hydrogen storage)

¢ Clemens Dome, US (95% hydrogen storage)

e Moss Bluff, US (95% hydrogen storage)

Salt cavern
storage of
hydrogen

* Hychico, Argentina (10% hydrogen storage in a
depleted gas reservoir)

e Underground Sun Storage, Austria (10%
hydrogen storage in a depleted gas reservoir
from 2015)

Hydrogen storage
for biomethane
production

o HYBRIT, Sweden for 100% decarbonised steel
production

Hydrogen storage
in engineered

rock caverns



Numerical Modelling Tools

A compositional simulator with many relevant advanced physics and thermodynamics:
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Case Study: Depleted Gas Reservoir
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Energy Letters 6 (2021): 2181-2186. doi.org/10.1021/acsenergylett.1c00845



Case Study: H2 Standard Cycling
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H2 Cycling with initial H2 cushion gas

Pre-inject 95 Million m3? is H2 volume that
is going to be trapped largely during the
first cycle

H2 as
Cushion
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H2 Cycling with initial N2/CO2/CH4 as cushion gas

How other gases perform under similar circumstances:

* N2 is 10x cheaper than H2

* CH4is almost free.

* (CO2 sequestration is a positive overall element for the project
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General Solutions

Optimal Solution [ General Solutions Optimal Solution Base Case }
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Optimisation Results
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CH4,H2 and CO2 provide better cushions.

CH4 and H2 are native to the operation.
Minimal or no contamination penalty.

Minimal injection cost for CO2

Better cycling efficiency with longer injection
and production period (lower rates)

Objective Function Range after running 100 experimets
Based on Cushion Gas Type and inj/prod Strategy

CH4 Co2 N2 H2

Base

Parameters

R ITH | e ———————

Mini%um

INCOMP INCOMP -

PROD_Days(50, 120)

INCOMP("10 0 0","000 1"

INJ_Days*PROD_Days

PROD_Days*PROD_Days

INJ_Days(80, 120}

INJ_Days*INJ_Days

INJ_Days*INCOMP

-4.0E+008

48E+09|

PROD_Days* INGOMP e

w

e 4xCH4
e A4xH2
e 2xCO2

se+03  CUshion gas composition of
top ten best performing
scenarios:

nnnnn

-1.538E+08

0.0E+000

4.0E+008
Global_OB_FN(Quadratic (R2-training=0.406))

1.6E+009



What if we use CO2 as Cushion

Again 100 cases are run to look for best cushion

and prod/inj strategy
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Cushion gas with methanation
and geochemistry reactions

* Reactions are added using Wolery
databases:

* Agueous

« 'H20'+'CO2' = 'HCO3-' + 'H+'

* 'OH-'+'H+'="H20'

* 'CO3--'+'H+'="'HCO3-

e 'CaCO3' + 'H+' ='HCO3-' + 'Ca++
* Mineral

* 'Calcite' + 'H+' ='HCO3-' + 'Ca++'

e 'Halite' ='Cl-' + 'Na+'

CO2:Methanation vs Geochemistry reactions

)




Cushion gas with methanation
and geochemistry reactions

* In the case of CO2 cushion Adding
geochemistry negative effects of
methanation partly decreases because:

* A portion of CO2 injected reacts with
the carbonate reservoir rock
increasing por/perm

* Reduced CO2 results in less
methanation degrading the
production stream and reduce overall
gas permeability
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Optimisation under uncertainty

 When the actual physics is
unknown, the optimal design must
account for a range of possibilities.

* Any design setting including
cushion type, inj/prod strategy has
to be tested simultaneously in all
three probable scenario. The overall
score of a scenario will be a
weighted average of all scenarios.

(

MNERAGE

H2 Robust Design

L’i 1‘\

Base+Meth+Geochem Base+Meth

e Using CH4 and H2 cushions tend to outperform other scenarios.

* If CO2 cushion is used the overall objective function across three modelling assumption is only
3% below from the absolute best scenario.




Compositional simulator with the right physics can accurately
predict the H2 Cycling behaviors.

The role of cushion gas is crucial for an effective H2 cycling,
particularly within the first few cycling rounds

There is an economic balance between long-term savings
from using cushion and immediate cost of cushion injection.

Conclusions

Optimal cushion type dependents on potential reactions it
triggers.

Despite CO2 cushion being an attractive proposition, it might
undermine cycling efficiency.

Within a complete modelling framework CO2 cushion can
deliver near optimal efficiencies.
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