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Climate is changing

There is urgent need for action now

Causes

Meinhausen (2017)/PIK, openclimatedata.net

Concentration Spiral Temperature Spiral The Carbon Budget.

Effects
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Fluctuations will increase with rising RE-generation OTH

Surpluses or growing challenge for temporal and spatial balancing FENES
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Extension of renewable generation alone not sufficient [@lI&

Intermittent generation will lead to demands for new flexibility
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Energy storage # energy storage: capacity vs. power
Chemical energy storage by far highest capacity per facility
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Annual demand for electricity ~ Household Village City of Regensburg Major city: Berlin
of households* (2 people) (100 Inhabitants) (150.000 Inh.) (3,5 bninh)
2,9 MWh/a 145 MWh/a 217 GWh/a 5,1 TWh/a
Power-to-Gas
Heat storage
District heating Aquifers
storage {methane)

) Sodium- :
Batteries Redox Flow sulfur
Lithium-
Lead- lon
Capacitors fed
‘

Flywheel energy
storage

ducting magnetic
storage

Caverns
(methane, hydrogen)

Pumped hydro storage

Compressed air energy storage
(Caverns)

} chemical
I thermal

» mechanical

I electrochemical

i electromagnetic
| electrical

*Without industry, trade, commerce and services.
Demand per person: 1,45 MWh/a

Data clouds indicate areas of existing facilities in Germany.
© Sterner, Thema; FENES, OTH Regensburg, 2017
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Sterner and Stadler (eds., 2019)
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Power-to-Gas concept OTH

Convertering and storing energy in analogy to natures way of energy storage T
Type of facility Total capacity (CH,)
Gas total Europe (operational, under constr., planned)
) acc. to GIE (2018)
grid incl. non EU28 TWh no.
7 torheat Aquifer 214,45 29
- for transport/ Crystalline 52,20 1
Gas power plant mobility Depleted field 1195.42 121
el CHP, Fuel Cell ‘ - for chemistry epleted fields ’
Other Rock cavern 0,10 1
Renewables < Power generation Salt cavern 370,20 83
é Electricity storage - —.<—> Total Europe 1832,37 235
. GIE (2018)
oy te ;
-Atmosphere : 2 - 2 (feed-in restrictions) N
- Biomass, waste —:’ EIZCt_rtZIr:’E'S' H, CH, !
- (Industry) | : ' Methanation

\ o /
, e,

I
I
I
l
I
' cO CO+4H, CH+2H,0 I
l
I
I

<+——— Auewlon —»

Power-to-Gas charging unit HO
________________________________ | Lol =3
Sterner and Stadler (edS., 201 9) entsog transparency platform: transparency.entsog.eu
Containing Long-’Ferrp available PtG storage
Storage technology Storeable volume (long-term) Storage capacity for Storage capacity for capacity in German gas storages.
hydrogen in TWh methane in TWh 3 Months of power supply from
Pore storage/aquifers 10.8 bn m*(Vy) -- 119 gas storage
Caverns 19,8 bn m*(Vy) 70.3 218 .
Sum 30,6 bn m*(V,) 337 Calculations based on gross
Gas storage total 612 m (V) . calorific values of hydrogen and
2 Vol.-%-hydrogen * ’ methane.
Gas stor total
o yomse 0K 3.06 bn m3(V,) 10.9
10 Vol.-%-hydrogen Thema et al. (2016)

Technologies status and perspectives of Power-to-Gas | European Workshop on Underground Energy Storage, Nov 7th 2019, Paris | M. Thema | FENES, OTH Regensburg p. 6



Electrolysis of water OTH

Two technologies dominating: AEL- and PEM-electrolysis FENES
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Methanation-technology

Chemical vs. biological methanation

COz-methanation

|
Chemical methanation |
|

Processes in
lab scale

Sabatier process

Fixed-bed reactors

- adiabatic

- isothermal
Three-phase reactors

Fluidized-bed reactors

| Biological methanation

In-situ |

External reactor concepts
pure/mixed cultures

Underground
methanation

Continuously stirred tank reactors
Trickle-bed reactors
Bubble column reactors

Membrane reactors

Chemical methanation

Biological methanation

Catalyzer

Temperature

Pressure

Development status

GHSV

Methane production rate MPR
Limitation

Feed-in gas quality*

Energy efficiency

Tolerance feed-gas impurity
Load change tolerance
Power consumption (16 bar)
CAPEX (110 MW scale)
SNG production costs

Metals (e.g. Nickel)

250-500 °C
>10 bar

Commercial (TRL 2-9)

500-5000 bt
1000 bt

Thermodynamics

possible
70%
low
moderate

<0.4kWh/m3sng
125-450 €/kWsna

1-3€/kWh

Microorganisms
37-65°C
1-15bar and higher
Pilot-/demo scale (TRL 2-7)
<110h!
2-10h!
Gas-liquid mass transfer Ho
possible
58 %
high
flexible
0.4-1.8kWh/m?snG
350-1200 € /kWsne
3.5-6€/kWh

*nyH4.11mx > 95%
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In-situ-methanation

Substrate ——|

Biological in-situ-methanation

- Lost heat

in existing biogas- or €O, H.S,CH
sewage gas fermenters by L]

OZ
co,
Raw biogas/
sewage gas
(o, Hs,CH,
Natural gas

H,-storage (optional)

Underground methanation

Gas purification SNG
CO, H,S,
H,O
Biological methanation CH, o, Hs 1)
in seperate reactors SNG
(different reactor concepts)
— Lost heat
SNG




PtG efficiency & cost

Theory and status quo: costs (still) decreasing

Theory
Status quo
y = 8.14E+53g5 7552 m  Alkaline elecrolysis (annual mean values)
3500 4irRz=1 . PEM-Elektrolysis (annual mean values)
e High-temperature-electrolysis (SOES,
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E 5 T el - ~ - % useful
&= chem=~Tjgw- . % heat
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& A
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500 1 407 :
v =
RZ=1 e
0 T T Storage and
2000 2010 2020 transport losses
Year /S neglected e
A \ ﬁﬁ@';\/-
w0 9‘05"-‘@;13'1{;:“)' zap: up_ﬂwatx—“*"‘ﬁg‘,,.--' PtCH,
| PICH,{P(CHP) - "wmymmpuonse 0 60-65 %
50-60 % 41 %
Status quo
Hydrogen-projects Methanation-projects Efficiency for re-conversion
Feed-in projects (number) 21 36 at63 %
No. of active projects in 2019 56 36
Installed production capacity 6205m?3 /h 590 m?/h Power-H,-Power: 48 %
18.6 MW Lirv-m, 6 MW Lav-ca Power-CH,-Power: 26 %
Installed electrical load 24.1 MW 145 MW 4
Efficiency electricity-to-gas 77 % 41 %

Thema et al. (2019)
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Power-to-Gas projects: global review OTH

Exponential development since 2008, main drivers in Europe (yet) FENES
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© —_
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______ ) With chem.-catalyt. methanation {inactive)
@ Wilh biological methanation {active)
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Powear-to-X projects

Link to geospatial data (Elsevier), Thema et al. (2019b)
—  Exponential development in installed capacity and power
—  Current project lifetime: 1-3 years (most of them funded), 10 years planned
—  CAPEX for electrolysis- and methanation costs expected to fall to about 500€/kW,, in the long term
—  R&D-center (still) in Europe
— Mean plant size (2019): 300-500 kW (large-scale up to GW,, in planning)
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https://www.sciencedirect.com/science/article/pii/S136403211930423X?via%3Dihub#ec-geospatial-data

PtG-project details

Plant size and project allocation, H, vs. CH,, product utilization
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Thema et al. (2019b)
Gas grid feed-in Local storage Alternative fuel Entrys per 143 projects
and reconversion and reconversion production 88 % of all projects reconvert their
86 39.05 5 without feed-in products after either grid feed-in
3577 g or local storage.
2 E
g E
— [0}
3 :
2 18.37 g
o 30 30 o )
o Q2 Industrial process Research Oxygen utilisation Off-heat utilisation
=z 8 or substantial use no product use
2 3
hydrogen biol. meth.  chem. hydrogen biol. meth.  chem.
projects projects meth. projects projects meth.
projects projects
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Technology readyness level

Energy storage technology is available political measures to be taken

Techno Iogy Readyn ess Level m Natural gas and hydrogen storage _ underground technologies
(TRL) (salt cavern, host rock, reservoir/aquifer/pore)
TRL9 | <—————— Tanks(LNG, hydrogen)
. Lead-acid-batteries
System test, initial =2 Crude oil
operation, operating Bioethanol
TRL 8 E— E Biodiesel
1 Alkaline electrolysis
System development -<—nh Comblne?d heat and power
TRL 7 | =—: Gas turbine power plant
> Pumped hydro storage _
-~ ! Sensitive heat storage
-—m a | Nickel-batteries
) TRLE6 | <=—n b | Flywheel storage
Demonstration . < | Liquefied gas/LPG
- d | Fuel cells
e | Lithium-batteries
TRL 5 Sodium-batteries
Power-to-Heat
Technology development 9 | Demandside management
TRL 4 » | Methanation (chemical)
Latent heat storage
, | Capacitors

Membrane-Electrolysis
i | Thermochemical storage
k | Compressed air energy storage
1 | Methanation (biological)
m| Redox-flow-batteries
Steam electrolysis
Underground thermal energy storage
o | Coils (SMES)
— Underground methanation (biol.) -

Feasability studies

Basic research

Storage technology
TRL 1: Basic principles observed and reported ; ;
TRL 2:Technology concept and/or application formulated IS aval l d b l €...
TRL 3: Analytical and experimental critical function and/or characteristic proof-of-concept
TRL 4: Component and/or breadboard validation in laboratory environment ...dn d n OW?
TRL 5: Component and/or breadboard validation in relevant environment
TRL 6: System/subsystem model or prototype demonstration in a relevant environment
TRL 7: System prototype demonstration
TRL 8: Actual system completed and qualified through test and demonstration

TRL 9: Actual system proven through successful operation © Martin Thema, FENES/OTH Regensburg, 2019 Updated. Sterner and Stadler (eds., 2019)
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