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P2X pathway Conversion Carbon Inputs Technology Outputs
step atoms

Hydrogen (H>) i 0 Electricity, water, heat Electrolyser, hydrogen Hydrogen, oxygen, heat
(in case of SOEC) storage
Synthetic methane (CHs) [1+243 1 Electricity, water, CO; Electrolyser, Methane, oxygen, heat
methanation reactor
Synthetic methanol 1+2+3 1 Electricity, water, CO; Electrolyser, methanol Methanol, oxygen, heat
(CHs0H) synthesis reactor
Synthetic liquids 14243 variable Electricity, water, Electrolyser, Liquid hydrocarbon fuels,
xHyOH) (heat), CO; Fischer-Tropsch reacto oxygen, heat

Please give an estimate of the total production cost of:
« Power-to-hydrogen (electrolyser)

« Power-to-methane (+ methanation reactor)

« Power-to-power (+ hydrogen storage and fuel cell)
« Power-to-liquid (+ Fischer-Tropsch reactor)

: . CAPEX +¥1_, 2LEX
) Production _ (1+7r)y
‘ LCOX =

| cost N 'S

[© y=1(1+7r) |

David Parra, February 21, 2020/ Parra et al. (2019) Perspective of Power-to-X technologies in Switzerland
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Production costs of PtX systems

Cost of conventional technology or alternative

Projected levelised cost by 2050
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David Parra, February 21, 2020/ Parra et al. (2019) White paper Power-to-X; Detz et al. (2019), Energy Environ Scie.




Electricity supply: levelised cost
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David Parra, February 21, 2020 Source: D. Parra et al. (2017), Applied Energy
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Historic experience curves for electricity supply technologies
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Technology progress: Learning rate

® PEMFC, Japan ® PEMFC, Korea # SOFC, US A MCFC, US
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David Parra, February 21, 2020' Source: Staffel et al. (2019), Energy Environ Scie.
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David Parra, February 21, 2020

Detz et al. (2019), Energy Environ Scie.




Historic experience curves for electricity supply technologies
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David Parra, February 21, 2ozo| Source: D. Parra et al. (2019), Sustainable and Renewable Energy Reviews
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Scale

matters —_————

David Parra, February 21, 20201 Source: Parra et al. (2016), International Journal of Hydrogen Energy




— Alkaline H2 —s—Alkaline CH4 s PEM H2
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- The larger the plant, the better
- But improvement becomes smoother

12

David Parra, February 21, 2020' Source: Parra et al. (2016), International Journal of Hydrogen Energy




Scale

Electrolyser system
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Empirical evidence
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David Parra, February 21, 2020' Source: Parra et al. (2016), International Journal of Hydrogen Energy
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Historic experience curves for electricity supply technologies
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Electricity supply
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Hydrogen production costs (CHF/MW h)

1) Electricity price; 2) efficiency; 3) CAPEX

at 4500 full load hours
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——Electrolyser: 920 CHF /kwe and 81% efficiency,
electricity price 100 CHF/MWh

= ——-Electrolyser: 920 CHF /kWe and 62% efficiency,
electricity price 100 CHF/MWh

——Electrolyser: 460 CHF /kwe and 81% efficiency,
electricity price 20 CHF/MWh

== =.Electrolyser: 460 CHF /kWe and 62% efficiency,
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===+Electrolyser: 920 CHF fkWe and 62% efficiency,
4500 full load hours

- = = .Electrolyser: 460 CHF fkwe and 62% efficiency,

4500 full load howurs

Electrolyser: 920 CHF /kWe and 81% efficiency,
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Electrolyser: 460 CHF /kWe and 81% efficiency,
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= » » Steam methane reformer: 250 CHF/kWe and
76% efficiency, 4500 full load hours
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David Parra, February 21, 20201 Source: Kober et al. (2019) Perspective of Power-to-X in Switzerland
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Electricity supply: available options
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David Parra, February 21, 2020| Source: H. Aymane et al. (2019), International Journal of Hydrogen Energy
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David Parra, February 21, 20200 Source: H. Aymane et al. (2019), International Journal of Hydrogen Energy
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David Parra, February 21, 2020| Source: H. Aymane et al. (2019), International Journal of Hydrogen Energy
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David Parra, February 21, 2020' Source: D. Parra & M. Patel (2016), International Journal of Hydrogen Energy
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Electricity supply: NPV per CAPEX
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10 MW plant with CO, captured from the air
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David Parra, February 21, 2020| Source: H. Aymane et al. (2019), International Journal of Hydrogen Energy




Renewable electricity outlook in 2025
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Historic experience curves for electricity supply technologies
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- Could you enumerate the revenue streams, I.e.
products and services a PtG system can create?

www.menti.com

Use the code

40 50 6

David Parra, February 21, 2020
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Benefit stacking-key markets

Key process step

Electrolysis

Methanation

Fischer-Tropsch process

Methanol synthesis

Electrification
(fuel cell)

Main output product

Hydrogen

Methane

Synthetic fuel

Methanol

Electricity

UNIVERSITE
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Potential markets

Hydrogen market (industrial uses)

Natural gas market (H2 injection in
natural gas grid)

Mobility fuel market (H2 as fuel)
Ancillary services market

Natural gas market
Biogas market
Mobility fuel market (CNG)

Mobility fuel market (synthetic
fuel)

Industrial market for synthetic fuel

Mobility fuel market (methanol)
Industrial market for methanol

Electricity market (future, spot
market, intraday)

Ancillary services market
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David Parra, February 21, 2020,Source: B. Steffen and T. Schmidt (2019) Perspective of Power-to-X in Switzerland



Benefit stacking
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" (Compressor, Heat exchanger...)

v

environmental assessment

conventional natural gas
(H, up 10% by volume) |

P2H: H, mixed with

2

I'|_ Natural Gas

Network

P2M: SNG mixed
with conventional natural gas

' E’J“'Gas Boiler

l emissions

| exoess
waste heat
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Benefit stacking

UNIVERSITE
DE GENEVE

Repenues;

o
o

40,

(1 + 1)t

LVOES (SIMWﬂj
N
UI

n

Le d value LVO 5 |
Frequency . "E’-k"cy

Residual ‘ Ii —I— ’]")l Residual -

. T T TTH

§ =
2 20 20!
0 1s) 15
g
> 10! 10/
5
0'
Gas Premium O2 Heat CO2 levy Gas Premium O2 Heat CO2 levy
P2H o P2M
0 -_— p—  H | - —
.‘ A -50;
= Int rate of /return - Residual
2 2
o0 "-100
g -100} Frequency Residual g
-150! -150;
200 as Premium 02 Heat  CO2levy ' 200 Gas Premium 02 Heat  CO2levy

David Parra, February 21, 2020 Source: D. Parra et al. (2017) Applied Energy
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PEM and alkaline
Electrolysers

Up to 25% of

60 °C-100 °C .
electricity input

Residential (5-25 c€/kwh), 3™
and 4™ district heating
generation (40-80 €/MWh),
and industrial (e.g., food)

Methanation Up to 20% of

250 °C-500 °C

Residential (5-25 c€/kWh),
any district heating scheme

reactor hydrogen input (40-80 €/MWh) and industrial
(e.g., chemical)
Residential (5-25 c€/kWh), 3™
0 th . . .
PEMFC system 60 °C-100 °C Up to 60% of and 4" district heating

hydrogen input

generation (40-80 €/MWh)
and industrial (e.g.,food)

Up to 40% of
SOFC system @0°C-800°C hydrogen input
[11]

Residential (5-25 c€/kWh),
any district heating scheme
(40-80 €/MWh), and industrial
(e.g., metal and mineral)
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David Parra, February 21, 2020 Source: D. Parra et al. (2019), International Journal of Hydrogen Energy
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1st Generation 2nd Generation 3rd Generation 4th Generation 5th Generation
Steam 0n site construction Off-zite construction Multi vector Ambienttemperature
Pressurized steam pipes Pressurised hotwater Pre-insulated pipes Improved controls | __—— Controls integration
In concrete ducts Heawy equipment Off-zite construction Heating a0 Cooling

=200°C _ Large an site plant Metering and monitoring Modular expansion
T et mmmm e e ————— Demand Side Management
Te T
eMpe — =100°C
=100°C
T 50-60°C
jere T

e

T 525

Heat sources Heat sources Heat sources Heat sources
+« Steamstorage + Heat storage « CHP coal . ;
- CoalWaste + CHP coal + CHP oll : g:sp I‘:’yf;f;f;ﬂ ‘rcg!l
+  CHP il + CHF biomass . .
+ Coalwaste « Industrial waste heat - DBiomass / CHP biomass
« (CHP waste/ coal! il » Industrial waste heat
. Cas = Thermal storage
« (Gas /waste /oil / coal
* (Geothermal
= Large scale solar thermal
= Water via high temperature
heat pumps
1880 = 1930 = 1980 = 2010 = 20017 =
<200°C =100°C <100°C 50-60°C 5-25°C

Heat network trends to lower distribution temperatures and higher efficiency
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Benefit stacking-frequency control
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Frequency control markets in Switzerland

Power plant Primary Secondary Tertiary
break down reserve reserve reserve
< ég« @
Ancillary Service Weekly average Size Min Max Estimated
Control reserves in 2017 of reserve bid size bid size market size
[CHF/MW] [MW] [MW] [MW] [Mio CHF/Year]
Primag reserves 2466 +68 il 25 10
_&econdarz reserves > 5535 +400 S 50 120
Tertiary reserves () 680 -300 5 100 10
Tertiary reserves (+) 450 +450 5 100 10
Smun 15mn

1200 mw

Primary Secondary
reserve reserve

Tertiary
reserve
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Benefit stacking-electricity storage
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Seasonal storage
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xperience curves for electricity supply technologies
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All CO2 sources Cement plants Waste incineration plants
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David Parra, February 21, 2020 Source: Teske et al. (2019), Power-to-gas potential in Switzerland




Energy system analysis-Location g\UN'VERS'TE

CO, perspective

/\ CEM
O KVA
O ARA
WKW (R = 10 km)

——]
0 10 20
Kilometer

‘7 DE GENEVE

CEM: cement plant
KVA: waste incineration plant
ARA: sewage treatment plant

© Empa, 2017
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David Parra, February 21, 2020/ Source: Teske et al.

(2019), Power-to-gas potential in Switzerland
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Hydro perspective
ydro persp Laufwasser: running hydro

Speicher: hydro storage

O Laufwasser
O Speicher ; B A
CO2 (R =10 km) -

' »ff'_'i"ectricity production

%athecome important
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Trade-offs among resources ) DE Genive

CO2 1.90-10° ton 43% road transportation demand
Electricity 57 TWh 97% demand
Water 8.99-10° ton 1% demand

Electricity is the constraint
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David Parra, February 21, 2020 Source: B. Meier et al. (2017), Energy Technology
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Cost
reduction

Electricity
supply

Technological
progress

37

Value creation

David Parra. Februarv 21. 2020
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Power-to-gas (X) Is an enabling and cross-sector technology
Value of P2X unfolds in its combination of multiple benefits

Potential solution for seasonal storage

> W NhoE

R&D required for technology, e.g., electrolysis and
methanation

o1

Plant size, learning curves and market stimulating policies

6. Importance of electricity supply option and related strategy
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/. Location: proximity to CO, source; gas network; or
Implementation in refueling stations

8. Utility companies have a privilege position

9. Legal framework: further system integration with policy
coordination to reduce uncertainty

10.Interdisciplinary research and teaching
11. Stakeholder involvement for accelerating acceptance

12. PtX can contribute to achieve climate goals with new
competitive business models in selected market segments

David Parra, February 21, 2020
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Perspectives of
Power-to-X technologies
in Switzerland

A White Paper

http://www.sccer-hae.ch/
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