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EU Energy system transformation
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FIGURE 1: Scenarios studied in this report

Source: net zero 2050
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High electrification of demand

How to further decarbonize?

Four scenario’s:

* High molecules (renewable gas and fuels)

* High Molecules (import renewable gas and fuels)
* High electrons (breakthrough/smart)

* High electrons (passive/less smart)

Key Drivers for scenario choices
1. Economic
* Cost and benefits
2. Social
* Acceptance and disruption
3. Technical
* Availability of (future) technology



EU Energy system greening

Greening so far

* Electricity mix )
 Renewable around 30%
* Fossil around 45% 1000 billion euro
* Nuclear 25% —— 10 year time

* Fuels and solids 0,5% EU economy
 Renewables around 4%
* Fossil 96%

In total mix 2019
« 80% Fuel and gas, 20% Electricity

HOWEVER, 100% Renewable required 2050!

So the difference in the speed of greening between the

electron and molecule part of the EU energy system is striking.

part of New Energy Coalition
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RENEWABLES’ MIX IN POWER GENERATION: GROWING ACROSS EUROPE
Wind, biomass and solar as percentage of national electricity production, percent

asof 2011 M2017
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Decarbonization with hydrogen

Exhibit 1: Carbon-equivalent emissions by hydrogen production pathways, 2030 and 2050
(resulting figures refer to virgin material use); energy production refers to GHG emissions from the
supply of the main input into the H, plant (natural gas, coal, electricity), while H, production refers to
direct GHG emission of H; plant, including from plant auxiliary electricity use

Enable and contribute to
decarbonising mobility
and transport

+ capex-related emissions - virgin 0 | ]
.+capax~relsted issi - recy i Energy

Enable extensive use
and integration of wind

Energy distributed
across regions

GHG emissions, kg/kgy, (1

°° Serve as a renewable resulting figures refer to virgin material use

and solar power
R Silisedton feedstock for sustainable 2050 2080
chemical products/ Grid electricity + PEM [114 131 D Grid electricity electrolysis
materials NG (5000 km) + SMR e PN 110w Fossil with GCS
NG (1700 km) + ATR P es mes 4 Fossil without CCS
NG (1700 km) + SMR e a2 42 Fossil without CCS
Contribute to Coal + Coal gasification (CCS) o2 s @ Fossil with CCS
decarbonising process NG (5000 km) + SMR (CCS 90%) Mo Mss @ Fossil with CCS
heat produced in Cf:al + Coal gasification (CCS) ss | KX ® Fd.assﬂ with CCS
: Bio-CH, (energy crops) + SMR |33 |28 ¢ Biomass
industry Co R s y
Wood chips + Biomass gasification l 1.7 l 1.5 D Biomass
NG (1700 km) + SMR (CCS 90%) |15 Bis 48 Fossil with CCS
NG (1700 km) + ATR (CCS 98%) N2 fos 4 Fossil with CCS
= = Serve as fuel for remaining Bio-CH, (waste) + SMR |10 loa @ Biomass
n = electricity production with Solar 1500 h/a + PEM 1.0 I 0.6 @ Renewable electrolysis
} flexible control Nuclear power + PEM los los @ Nuclear electrolysis
Climate-neutral use .—T—. Wind onshore 2400 h/a + PEM 05 05 @ Renewable electrolysis
of natural gas Hydro 5000 h/a + PEM 03 03 @ Renewable electrolysis

d Buffering and storage Contribute to Source: Hydrogen Council, LBST
to ensure flexibility ¢¢¢  decarbonising space
Natural : I and schfity of 5upp|y heating in built 5 Reference: Amec Foster Wheeler; IEAGHG: Techno-Economics of Deploying CCS in a SMR Based Hydrogen Production using
ga S C02 energy SySt em environment NG as Feedstock/Fuel; IEAGHG Technical Report, February 2017.

McKinsey,
2019
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" Reference: Hydrogen Council: Path to Hydrogen Competitiveness: A Cost Perspective, 2020.
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Colours of Hydrogen

Terminology Technology Feedstock/ GHG
Electricity source footprint*

Wind | Solar | Hydro

Green Hydrogen Geothermal | Tidal

Minimal
Purple/Pink Hydrogen Electrolysis Nuclear

PRODUCTION
VIA ELECTRICITY

Mixed-origin grid energy Medium

Blue Hydrogen ggi?{ig!,gg: T%&T}gg +CCUSH | Natural gas | coal Low
; » Turquoise Hydrogen Pyrolysis (S[;);I_(:, f:(;t)g?
% 5 Natural gas
5 = Grey Hydrogen Natural gas reforming Medium
28
g = Brown Hydrogen Brown coal (lignite)

Gaisification High
Black Hydrogen Black coal

*GHG footprint given as a general guide but it is accepted that each category can be higher in some cases.
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Hydrogen production methods
w

| Hydrocarbon Reforming | | Hydrocarbon Pyrolysis | | Biomass ‘ | Water Splitting ‘
[ steampetoming | [ artalOsidation | [ Autothermal Reforming | ) | eecuwobss || hemoyss || Phowoyss |
’ Biological | | Thermochemical |
’ Bio-photolysis | | Dark Fermentation | | Photo Fermentation ‘ | Pyrolysis ‘ | Gasification | | Combustion | ‘ Liquefaction ‘

Technology Feedstock Efficiency Maturity

Steam reforming Hydrocarbons 70-85% Commercial

Partial oxidation Hydrocarbons 60-75% Commercial

. 2 e . . .
Antotennal cefouming Hjiocarbons il et et Note: hydrogen is not a source but an energy carrier.
Plasma reforming Hydrocarbons 9-85% Long term E f f . . .
- iciency is important!
Biomass gasification Biomass 35-50% Commercial y p

Aqueous phase reforming Carbohydrates 35-55% Med. Term

Electrolysis H,0 + electricity 50-70% Commercial
Photolysis H,0 + sunlight 0.5% Long term
Thermochemical water splitting H,0 + heat NA Long term

Source chart: P. Nikolaidis and A. Poullikkas (2017), "A comparative overview of hydrogen production processes," 67 Renewable and Sustainable Energy Reviews, 597-611.
Source table: http://article.sapub.org/10.5923.c.chemistry.201501.06.html
part of New Energy Coalition
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http://www.blackstonegreenenergy.com/bge_library/nikolaidis.pdf
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Hydrogen transport and storage

How is hydrogen stored?

Gravimetric Density (kWh/kg)
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Gravimetric Density (MJ/
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Hydrogen transport and storage

Power | Unavoidable physical losses Gas Leak-free: no losses
é D
[ = 260 km bbl company » 230 km
lﬁNed = €500 mio
N 4 = €600 mio
= 1 GW capacity \_" 20 GW capacity J
r = € 230/kW/100 km = €11/kW/100 km R

= Nord Stream = € 9/kW/100 km

Offshore wind farms at GW scale: the combination of local conversion of power to hydrogen + a pipeline
system may well be cheaper than a GW scale cable....certainly when current gas infrastructure is used.
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Hydrogen transport and storage

~— Cavern N ~— Battery N

Volume
» 1 cavern with 1 min m3 of hydrogen equals
240,000 MWh (= 6,100 tons H,)

Equivalents

= 24 min power walls (10 KWh, Tesla)

= 2400 of the largest batteries in the world (100
MWh, Tesla)

Experience
= H, storage in caverns is existing technology
= Many years of experience in the UK and US

1 1 part of New Energy Coalition 11



Hydrogen infrastructure re use

SENSITIVITY OF NATURAL GAS INFRASTRUCTURE T() HYDROGEN BLENDING
(%) Hydrogen blend by volume Em H2 blending uncritical mm Adjustment needed Further research required

Pressure regulation
Meters
CNG storage tanks
House install
Seals/valves
Transmission pipelines
Co-gen plants

Home gas burners/stoves

Compression stations |
Gas turvines |

0 10 2 30 40 50 60 70
Source: PGEE

HYDROGEN BLENDING LIMITS IN NATURAL GAS GRID BY VOLUME

(%) mm H2 blend wall mm Special circumstances

Germany [
France |
UK [
Australia |
Spain IEG_N
Italy [
Austria |
USA |
Switzerland
Lithuania [
Finland i
Netherlands |
Japan |
Belgium |

0.00 0.05 0.10 0.15 0.20 0.25 0.30

Il Source: SSP Global Platts

ENERGY DELTA

&

Pro’s:

Displaces fossil fuels (Natural gas)
Enables re use of existing
infrastructure

Minimal adjustments required for
end users currently using NG
Kickstart hydrogen economy-->
guick roll out possible

Con’s:

Significant adjustments are still
required for infrastructure parts
Hydrogen has lower energy density
so CO2 reduction by volume is low
Overall transport efficiency is low
(different from economic
efficiency)

Regulatory challenge

INSTITUTE Energy Business School



Hydrogen economics

Hydrogen production costs breakdown /CO2 intensity per solution in Europe
A comparison between Blue and Green hydrogen solutions .

Breakdown of hydrogen production cost
USD per kilogram (kg) H,

CO; intensity of hydrogen production in Europe*®

il Kilograms (kg) of CO, emissions per kg H, RYSTAD ENERGY
W Feadcost
Hydrogen from electrolysis (power
R 20 & from grid)
B CCS opex B o N Hydr?gen from gas reformation with
18 %& ccs*”
W CO, capturs copex Nt b
16
W Pant capex @
14
12
10
33 25 . CR,V ;
ﬁmﬁﬁ ‘ 5
04 2
Ot “:":"':': Germany  Japan gxr.«‘,,‘: China Quatar Chile Australia Denmark 0 - - -
PEM + solar Offshore 2020 2030 2050
ATRw CCS Ry PEM + solar ity
Blue Hydrogen Green Hydrogen

*The development of the carbon Intensity of H2 production will be dependent on how fast Europe’s grid is decarbonized
**Upstream and midstream emissions included
Source: Rystad Energy’s research and analysis, PowerCube, Hydrogen Solutions, European Environment Agency

part of New Energy Coalition
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1 euro/kg
8 euro/MMBtu

Current gas price
around 12
euro/MMBtu



Hydrogen economics- learning rates
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Cost index Installed base: assuming 50/50 split of
100 electrolysers volume with 50-75% utilisation;
. assuming 115 kW for PV, 250 kW for buses and
90 e 300 kW for trucks; LCOE used for solar cost;
’ batteries in MWh.
80 ’
: 4
70
*
60
50
40
. @
30 . @
20 T A . Comparative technologies (2010-20)
13% —@— PEM electrolysers 17% Fuel cell stack for passenger vehicles A 35% --@- Solar 19% -4 Wind onshore
10 9% == Alkaline electrolysers 11% -li= Fuel cell stack for commercial vehicles 39% - Battery
0
100 1,000 10,000 100,000 1,000,000 10,000,000 100,000,000
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MW/MWh cumulative

Capex development of selected technologies over total cumulative
Source: Hydrogen Council,

production, indexed to 2020 values (2010 for comparative technologies). Palfio Hydrogen Competiiencs
_Full-Study-

https://hydrogencouncil.com/en/path-to-hydrogen-competitiveness-a-cost-perspective/



https://hydrogencouncil.com/en/path-to-hydrogen-competitiveness-a-cost-perspective/

Hydrogen economics

Figure 1: Summary of the economics of a hydrogen economy

Requires
$150 billion

of cumuiative s ubs idies to 2030

Scaling-up hydrogen
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Which s hould drivethe delivered Delivered cos ts couldfalifurther Which w ould meke ckean

cos t of ceanhydrogendow nto to

$15/MMBtu $7.4/MMBtu

in many parts ofthe word by by 2050
2030

hydrogen
competitive

w ith current natural gas prices in
China, India, Brazil and Germany

Meking greensteel witha

$2 $501C02

price on coking coal

Clean dis patchable powerwitha Greenammonia witha

(® s321tc0O2 g $781CO2

price on nsatural gas prce on naturalgas

Fuel cellpow eredtrucks toconpete by

= 2031-34

w ithdiesel nternal combus tion engines

Of up to
one-third

of global emiss ions fromfossi
fueb and ndus try

Reduction of up to 20% of gbbal How ever the s gns of s cale-up
emssions for are

under $100ACO2

using hydrogen at $7.4MVB1u

notyet there

as policy s upport & ins ufficient

Investors s hould keep w atch for
seven signposts

to determine w hether a
hydrogen econony & emerging

Source: BloombergNEF. Note: Clean hydrogen refers to both renewable and low-carbon
hydrogen (from fossil fuels with CCS). Abatement cost with hydrogen at $1/kg (7.4/MMBtu).
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Thank you!

Leon Stille, General Manager Business School EDI
I.Stille@newenergycoalition.org
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