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1. Short Introduction to Frontier

A few thoughts on the future role of Power-to-X
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Frontier is an economic consultancy working across a
range of sectors...

. " Dispute :
Regulation Strategy Competition

= Frontier has 250 consulting staff across its offices Berlin, Brussels,
Financial Cologne, Dublin, Paris, London and Madrid

services

= We work for many of the largest companies and most important
Healthcare policymakers around the world

= Energy is our main sector specialisation with over 50 staff involved
in the practice

Retail

Media o Frontier is recognised as one of the leading energy consultancy in
Western Europe and internationally

Telecoms

= Members of the practice have worked on energy related issues in more

than 50 countries on six continents
Water

=
...but energy Iis major capability
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In the energy sector we have advised...
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...many different stakeholders across Europe —
obtaining a 360° view of the market
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Our focus is Europe but we also work worldwide...
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Frontier Economics Limited in Europe (dient work with red connectors) and Frontier Economics Limited Pty in Australia (chent work with blue connectons) ane members of the Frontier Economics network. The companies are independently owned.
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Short Introduction to Frontier 3

2. Afew thoughts on the future role of Power-to-X
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Europe’s challenge...defossilisation of the European economy — all
sectors!

Ambitious CO2-Targets within EU28... This means for example: Germany

needs to reduce current CO2
Greenhouse gas emissions in the European Union (base year 1990 = 100) emissions in transport sector by more

10 than 40% in the next 11 years!!!

120

Various applications (light duty, heavy

100

&5_" : duty, ships, planes,....) will require

Q different ,products” (ediesel, kerosene,
80 o hydrogen, OME, DME, SNG,....)

o

o)
60 Q

o

P
40 8

= Indirect

o

Direct
electrification Biomass
- electrification (PtX) -
= E-Cars SNG FAME
0 . e e . . . . . . . . r . e . r . v v . . r . 1 = Heat pumps = Ediesel (BIOdleseI)
1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 = Ethanol
e==Transport e==Energy industries S " Kerosene = HVO
Manufacturing industries and construction====Commercial and institutional sector - Hydrogen g
Households ====|ndustrial processes and product use Combinations also = Methanol = Solid Biomass
= Agriculture possible (e,g. =

hybrid cars

* Association ,Bioenergy Europe” estimates tappable potential of 400 Mtoe/a (~4400 TWh/a) in EU28 which is 25% of today’ Sg

fronti :
rOMHEr economies ond use energy consumption (for comparison: in 2016 biomass use in EU28 was around 140 Mtoe/a).



What do we mean with Power-to-X (PtX)?

= PtX means input of electricity to produce
o Liquids (PtL — e.g. ediesel, kerosene, methanol)
Power-to-X o Gases (PtG) — (e.g. hydrogen, SNG)
s Chemicals (PtC — e.g. chlorine)
o Heat (PtH — e.g. high or low temperature heat)

Power-to-Gas Power-to-Liquids

- + /=
O~ p—— > © O -~ EETN - O

Water Oxygen

Water Oxygen

' B Hydrogen

Hydragen gasoline
‘ Production of liquid fuels TS,
‘ diesel

e ‘ Methanisation
> © o >
synthesis @
Green (o] grey Carbon Water Carbon dioxide %
source required Green or grey carbon water
source required

= ... apower source (e.g. wind, PV, hydro, network procurement)

= ... awater source
POWG r-tO-X = ... acarbon source (,green” — e.g. air capture or biomass) or point source (industry)
reCIUireS . = ... an electrolyser

= ... amethanisation plant (if we go beyond hydrogen production)

= ... a storage or off-take infrastructure of the product
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PtX will play a crucial role for the decarbonisation of society...

4 N

Power-to-X

Accep-
tance

Industry-

Policy

& /

... as it addresses multiple issues (e.g. seasonal storage,
transport, existing infrastructure)!
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Some people made an ,too early call® against PtX based on tank-
to-wheel efficiency only...
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... but overall system costs and practical considerations

matter as well!
o .- e 2 .
= G @ & 2

Final energy
demand

Primary Energy

Source Natural Gas Coal Nuclear Renewable Crude Oil
g | T
9
Transport -
Gas Liquid (q0)

(Natural Fuels
Gas/ (Diesel / E
Hydrogen) Petrol /
MeOH / (7))
.. e
Storage N
: @)
O
R > &
Distribution =0 E‘B ()
e
(/)
%)
l Heat l

l Electric Appliances l l Mobility l

Electric-path m—— PtH2-path — Pt| -path
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... "Cradle to Grave™” analysis is important, e.g. in context of life
cycle analysis on environmental impacts

Frontier is currently
involved in two
studies...

Elektroauto

Plug-in-Hybrid

Dieselmotor

Benzinmotor 167

Verbrennungsmotor mit S

E-Fuels (Power-to-Liquid) e
LY
=
b
Brem:lstoffzellen- 167 .
=" fahrzeug ]
- LY
= - L]
o : i "y

o 0] 20 40 60 80 100 120 140 160 180 .

] %
L1
Spezifiziertes Treibhauspotenzial in Gramm COz-ﬁquivalent pro Kilometer b

. Produktion

= Recyeling Devel is in the details —
Bereitstellung von Kraftstoff . .

. Bereitstellunz von elektrischer Energie CarerI Wlth Comparlson and

B Fehren interpretation of LCAs

Quelle: CAC, 1AV
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Chemical energy carriers (e.g. PtX) are a "must have” to cover
need for seasonal storage...

Storage of oil- Gas-Storage
products within in Germany
German
y >260 TWh
>400 TWh
=1.3m x

W in MW - Seasonal storage
in 180,000 .
122222 160,000 required
140,000 140,000 - Back up for “1 in 20”
120,000 120,000 winter heat demand
100,000 100,000 and for low RES-E
80,000 80,000 year
60,000 60,000
40,000 40,000
20,000 20,000

0 0

%, T, P o T T % %, " % 9, % %, T
% %y T e T g % %, Generation
RES-E 2017

m Basic profile Process heat HBEV Em Electric heat

= (Monthly Average)

frontier * Arithmetic mean of load over one week. DRAFT 14



Public acceptance — will be key for a successful energy turnarounc

Accep-

tance
... but in practice new infrastructure is difficult to establish...
__________ , \
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Onshore wind:
means one unit
(3.5MW) every
2.5km all over } A

Power-to-X perceived an
additional option in addition to
direct electrification solutions

frontier

* German Network Development Plan (NEP 2030) for electricity transmission grid already estimates required investments of 52 bin EUR DRAFT 15
by 2030 and 11,400 km new/changed lines or cables.



PtX allows us using existing infrastructure...also for imports of ‘}gﬁ‘zg

fuels!

42 GW (OPAL)

®
Crude Oil and
Products:
72 GWh/h 3
8
Crude Qil: =
57 GWh/h <
Gas: %)
111 %%%

GWh/h

UUMO

%%% W) " E g .

Src: Wikipedia

Ca. Ca. .
(é 326 GWh/h 343 GWh/h %%% 21 GW

frontier
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Still, a lot of PtX production will be imported to Europe due to cost
advantages outside and limited (accepted) potentials within Europe..

Screening possible exporting countries
(Costs/Potential/Regulation/local specifics) e el e

PtX Motivation and Exam-
Readiness ples
> Especially favourable in &

8" Front- early stages of market
runners y stag ’J Norway
penetration

Type

Hidden » PtX could readily become a x
serious topic if facilitated Chile

SUEII I appropriately |

» » Provide order of PtX
cﬁ, Giants magnitudes demanded in
mature market Australia v

/3% Hyped » Potential to lead technology

30- . Morocco
development; may depend i 4
i Australia &P otentials on solid political facilitation £

{ SR » Strong motivation for PtX Saudll
S Converters export technology; may Arabla‘
require political facilitation

B wind

PV Uncertai > May drive PtX technology = China
Primarily PV, in parts combination Q nce_ ain development, export
.Combination andidates uncertain
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... and even with conservative estimates the global demand for
PtX will be enormous!

. ‘N:;?

3 20 2
A A “

p > i =
, !!ﬂ Industrie 6,677 @ 2,743 2,225 2,389

Final energy
consumption ‘m Haushalte 9,114 @ 1,732 @
by region and i
sector _ Schienenverkehr 230 171 39 19

Fozrgzgslt ))— Luftverkehr 756 469 192 224 1,838 361

( WE O, IEA ) h Marine 725 920 257 224 1,399 389
-E StraRe @ @ 2,077 1,398 9,581 2,026

_o_. -
_:\q'}':_ Sonstige 2,208 2,297 924 506 7,365 1,940
Europa und
Russland Nord Amerika Siidamerika Afrika Asien und Ozeanien Naher Osten
Assumptions on PtX Low Case PEX 10.000 TWh
Shares Reference Market 2ol000E, This is 50% of
(e.g. 10% Road, 70% Case pof‘ernﬁal : today’s oil market!
Aviation) High Case 41.000 TWh

frontier economics
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Starting the PtX market requires balanced regulation and investments —
a joint task for industry and policy makers both within EU and outside!

Energy market benefits from new decarbonisation ... this requires a balanced market
options but becomes more complex through PtX... regulation within EU and outside!

Competition/Unbundling

Standardisation
Synthetic
Hydrocarbons

Technology innovation

Applications

Regulation

Internalisation of external costs
-CH4 - MeOH
- H2 -FT
-DME... -OME...

frontier DRAFT 19




Energy transition is a complex and challenging task with strong impacts
on society - let's do it in an open minded and cooperative manner!

Any further question? Feel free to contact us...

Dr. Christoph Gatzen
(® +49221337 13110

i< Christoph.Gatzen@frontier-economics.com

frontier economics DRAFT 20



Annex
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Approach to determine potential exporters of PtX (here PtL)*

Overview of “hard” and “soft” factors for identifying potential PtX producer

Costs of generating RES power

= Full load hours as primary driver of RES and PtX costs
s Wind conditions and solar power potential
s Potential for wind and solar combination

Criterion 1

Area-specific resource potential

Availability of sites for RES and PtX plants

= Large land and usable surface area, population density
Availability of water in hot regions / desalination options
Options to extract CO, for PtX production

Installed infrastructure for PtX transport options

Political stability, energy (political) framework & trade

Ease of Doing Business

= EU/OECD member & development indicators

= Percentage of population with access to electricity

= Logistics performance

= Energy exports/imports with the EU

= Total RES electricity capacity/generation 2010 and 2030

frontier economics * Taken from a high level ,multi country screening“ study Frontier Economics carried out on behalf of World Energy Council.
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https://www.frontier-economics.com/media/2642/frontier-int-ptx-roadmap-stc-12-10-18-final-report.pdf

Frontier Study on behalf of World Energy Council Germany

Figure 10 Global PtX demand estimation by sector for 2050, in%

1. Energy 2. Plausible PtX final demand 3. Forecasted PtX demand per region
Forecast shares per sector, in % and sector, in TWh, 2040
4 ~N s A o M faa s e
Low Ref High
J— eference | ___
h Industry B % 10 % 30 % h Industry
Commerce, - | Commerce,
feall Trace, 0% 10% || 20% el oo,
Senices
ﬁ Households
‘ Households 0% 10 % 20 %
Q Rail 0% 10% 10 % E Rail
»P= Aviation 40% 70% 90 % ’}' Aviation
_j-_!, Mearine 40 % 50 % 70 % _j_., Marine
IR Rosd Freigint | 10% || 20% || 30% _—
Freight
Road
Passenger 0% 10 % 30% ﬁ foad
\ J k Passenger

Source: Frontier based on IEA, World Energy Outlook 2016, New Policies scenario
Note: Reference case

frontier economics
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Key regulatory challenge: Fragmentation of responsibilities (and
incentives) between OEMs and fuel providers

|

__/\2:+:$ | ICE, eFuel driver;
" A ey e

Mo M[M»ﬁ

‘ Well-to-tank ,
e

‘ Tank-to-wheel |

anly 3é. - O,

Fleet targets with up
to 600 EUR/t

Separation of incentive schemes between fuel providers (Well-to-
Tank) and OEMs (Tank-to-wheel) prohibits efficient technology
choice

RED Il with rather
Jow ambitions”
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Frontier Economics Ltd is a member of the Frontier Economics network, which consists of two separate companies based in Europe (Frontier
Economics Ltd) and Australia (Frontier Economics Pty Ltd). Both companies are independently owned, and legal commitments entered into by

one company do not impose any obligations on the other company in the network. All views expressed in this document are the views of Frontier
Economics Ltd.
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