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Tavoitteena/nettorollapaastor. 2050 mennessa

World Greenhouse Gas Emissions in 2018
Total: 48.9 GtCO.e

Sector End Use/Activity Gas

Residential Buildings 114%

Electricity and

heat (32%) — / Commercal Budings
2 For<+2°C
o -
o climate goal we
) C02 745% have to have
Industry (13%) > net-zero GHG
8 emissions by
_ m 2050
Transportation 2
(14%) L]
Agriculture and 7 CHe  17%
land use change
(15%)
F-Gases  2.3%
3

3O
2N

Source: Greenhouse gas emissions on Climate Watch. Available at: hitps://www.climatewatchdata.org " WORLD RESOURCES INSTITUTE
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Fossiilisen hiilen energiataloudesta hiilidioksidin
Kiertotalouteen

5, NEQ oN No new CO, emissions - switching to
‘f{;z:.::, ENERGY a circular carbon economy
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TRADITIONAL OIL PRODUCTION NEO-CARBON ENERGY



Many options available now in all sectors are estimated to offer substantial potential to reduce
net emissions by 2030. Relative potentials and costs will vary across countries and in the longer
term compared to 2030.

Potential contribution to net emission reduction (2030) GtCO,-eq yr'
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Figure SPM.7: Overview of mitigation options and their estimated ranges of costs and potentials in 2030.
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Sahkoon pohjatttva Eurgopan/energiajarjestelma pur

= Zero CO, emission low-cost energy system is based on electricity
= Core characteristic of energy in future: Power-to-X Economy
= Primary energy supply from renewable electricity: mainly solar PV and wind power
= Direct electrification wherever possible: electric vehicles, heat pumps, desalination, etc.
P e 20402050 = Indirect electrification for e-fuels (marine, aviation), e-chemicals, e-steel; power-to-hydrogen-to-X
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https://www.greens-efa.eu/en/article/document/accelerating-the-european-renewable-energy-transition

P&astoton energiajarjestelma on mahdollinenja

. - i ™ - New Study: Global Energy System based on 100%
se el ole nykyista fossiiliseen energiaan Renewable Energy

. e r u S t u V aa. ar eS t eI m a.a k al I I I m . I . - The by the Energy Watch Group and LUT University is the first of its kind to outline a 1.5°C scenario

with a cost-effective, cross-sectoral, technology-rich global 100% renewable energy system that does not build

on negative CO2 emission technologies. The scientific modelling study simulates a total global energy
transition in the electricity, heat, transport and desalination sectors by 2050. It is based on four and a half

o years of research and analysis of data collection, as well as technical and financial modelling by 14 scientists.

Total P r’i m a ry E n e rgy D e m a n d S h a res gs::‘m{‘:;: mind. LUT. This proves that the transition to 100% renewable energy is econc.)mi'oally‘ competitive with the current fossil

and nuclear-based system, and could reduce greenhouse gas emissions in the energy system to zero even

before 2050.
2050 60 | ' '
Solar PV
® Wind energy
m Hydropower g 50 |
Geothermal =
100% Biomass/Waste "'D: a0 |
M Fossil Coal EI
= Fossil Oil &
M Fossil Gas g 30 |
= Nuclear W
m Others 8
T 20 I Capex
= B Opex fixed
Key insights: g I Opex variable
TPED shifts from being dominated by coal, oil and gas in 2015 towards solar PV and wind energy by 2050 g 10! Grids cost -
Renewable sources of energy contribute just 22% of TPED in 2015, while in 2050 they supply 100% of TPED Fuel cost
Solar PV drastically shifts from less than 1% in 2015 to around 69% of primary energy supply by 2050, as it CO, cost _
becomes the least cost energy supply source e
2020 2030 2040 2050
Source: http://energywatchgroup.org/new-study-global-energy-system- Years

based-100-renewable-energy H uge teCh nOIOgy

Source: Dmitrii Bogdanov, et. Al., Low-cost renewable electricity as the key driver

of the global energy transition towards sustainability, Energy, Volume 227, 2021, bUSl ness Opportu n |ty LUT ENE RGY GROUP

120467, ISSN 0360-5442, https://doi.org/10.1016/j.energy.2021.120467. ¥ University




Siirtyma fossiilisten polttoaineiden hyc'idyntémisesté?
sarjatuotettuihin sahkoenergiateknologioihin

AT
University

2.12.2022



Sarjatuotetut energiateknologioiden oppimisliéyrét Ee Bohersiy

_ Electricity storage/conversion technology
Solar PV module learning curve learning curves

100 20,000
] - e System = Pack ¢Module a Battery
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=5 @ " . . ; o' | A
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O © o 1 (Pq R v 1
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2 14 2 3 EsSsa s/ ,150-200
= o ot o) 135 = Nickel-metal hydride (HEV, 11+1%)
c & 200 t e , T : .
— - ! « Vanadium redox-flow (Utility, 11+9%)
© Fraunhofer ISE 100 + T = Electrolysis (Utility, 18+6%)
2020—
= Fuel Cells (Residential, 18+2%)
7 —— e 90; ' : ‘ ' ' ' '
0.001 0.01 01 1 10 100 1000 . 0.001 0.01 0.1 1 10 100 1,000 10,000
Cumulative Production [GWp] Cumulative Installed Nominal Capacity (GWh,,p)
Source: Photovoltaics Report, Fraunhofer-ISE, Germany, 22.8.2022 Source: O. Schmidt, A. Hawkes, A. Gambhir & I. Staffell, The future cost of electrical energy
https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/ storage based on experience rates, Nature Energy volume 2, Article number: 17110 (2017)

studies/Photovoltaics-Report.pdf
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« Cumulative solar PV installations reached 1 TW in March 2022
 During the next three years potentially additional 1 TW of solar PV capacity will be installed
« After 2025 global PV module manufacturing capacity will reach 1 TW/a

Share of global capacity additions by technology

12%
17% 17% o9, bed
36% 350, 41% 43%

14%) 18% o
27
) H17%
20% 13% 19%
1%f119. 8~ "B 7%},
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9 7%

50%

15% 20%

11%
9 /° mw.:

o — o~ < To) © o)) o —

- -— ™ L - . ‘— - N N

o o O o o o o O o o o

N N N o™~ N (9] N o™ ™~ N N o™

Natural Gas m Hydro = Wind
m Nuclear m Qil & Diesel Biomass & Waste
m Other - fossil m Geothermal

Source: BloombergNEF. Note: Share of global capacity additions excluding retirements.

Dawn of a New Era
The solar supply chain is already shaping up for net zero

1000 GW

s N -

500 GW

0

Cumulative solar Planned annual

installations to date

Forecast 2023 solar
installations

Annual installation
needed for net zero,
2030-2050

polysilicon capacity

- J

Source: BloombergNEF, International Energy Agency, JinkoSolar
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Offshore
wind

% - \ 5 Germany
Onshore 5 USA ] ‘ ; 43 €/MWh
[

audl-Arania

Australia
35 €/ MWh

© FreePowerPointMaps.com
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IEA Net Zero by 2050: Vedyn tarve

Figure 2.19 = Global hydrogen and hydrogen-based fuel use in the NZE

Onsite
Other

Refineries
M Iron and steel
B Chemicals
Merchant
Other
M Refineries
Industry
Shipping
Aviation
M Road
Buildings
M Electricity generation
M Blended in gas grid

+ 500
=

n 100%

400 T 30%

.......

j!lllll

2020 2025 2030 2035 2040 2045 2050

300 60%

200

.......

40%

100

20%

Low-carbon share

IEA. All rights reserved.

Source: IEA, Net Zero by 2050 A Roadmap for the
Global Energy Sector, 2021 : https://www.iea.org/reports/net-zero-by-2050

Unavoidable
T 9 We should focus on these.

n- “ [Feniliser] [Hydrogenation J[Methanol J [ HydrocrackingJ [Desulphurisation ]
E ‘ ‘ [ Shipping” | Off-road vehicles | Stee! | [ Chemical feedstock | [ Long-term storage |

[Long-haul aviation'] [Coastal and river vessels ] [ Remote trains ] [Vintage vehicles™ ] [Local CO2 remediation ]

[Medium-haul aviation'] [Long distance trucks and coaches ][High-temperature industrial heat ]

[Short-haul aviationJ [Local ferriesJ [Commercial heating J [Island grids J lCIean power importsJ l UPS |

_ ‘ ‘ [Light aviation ] [Rural trains] [Regional trucks] [Mid/Low-temperature industrial heat ] [Domestic heating ]
_ “ [Metro trains and buses] [HZFC cars] [Urban delivery] [2 and 3-wheelers ] [Bulk e-fuels] [Power system balancing ]

. R ...and not on these
ncompetitive

* Via ammonia or e-fuel rather than H2 gas or liquid

Source: Liebreich Associates (concept credit: Adrian Hiel/Energy Cities)

« 7 TW of electrolyzers is needed 500 Mt,,/a capacity factor 4000 h/a (wind power)
« 14 TW of electrolyzers is needed if solar power is used (capacity factor 2000 h/a)
« 11 TW in 2050 based on source (below) without chemical industry

Source: Dmitrii Bogdanov, et. Al., Low-cost renewable electricity as the key driver of the global energy transition towards sustainability, 12
Energy, Volume 227, 2021, 120467, ISSN 0360-5442, https://doi.org/10.1016/j.energy.2021.120467.
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on tulevaisuudessa edullisinta energiaa.

Sahkopolttoaineet maksavat sita enemman mita

pidempia niiden jalostusketjut ovat.

120
100

80

40
Baseload
electricity
cost 20

MWh (HHV)
[=;]
o

€/

FT-fuels: 3.3 *
electricity cost,
(energy dense liquid,
easy to transport)

Fuels and Chemicals Production Cost in 2030 (7% WACC)
13

Methanol: 2.9
* electricity
cost, (easily
transportable
liquid)

Ammonia: 2.6 *
electricity cost (not
dependent on CO,
DAC

Hydrogen:
15*

electricity 500 K
cost shipping &

Source: http://www.neocarbonenergy.fi/wp-content/uploads/2016/02/13 Fasihi.pdf
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Esimerkki: Vedyn tal sahkopolttoaineiden kaytossa
tieliikenteessa el ole valttamatta taloudellista jarkea

W Cars: Battery electric most efficient by far

Direct charging Hydrogen Power to liquid
battery electric vehicle fuel cellvehlcle conventional vehicle 1 00 % -

Cost distribution in vans and trucks

Hallinto ja yllapito

0,
_ 90% Liikennoimismaksut
0
- Flectroba® 80% Vakuutukset
LE co2air-capture, 70% Korot
= syn
E: 60%
Fuel p:c;ggic:‘:; 950/0 520/0 440/0 40 % ® Renkaat
e 30% m Korjaus ja huolto
( Battergf_charge 20% m Polttoaine
E 10% m Vililliset palkat ja paivarahat
2 H2toelectri
% = 0% m Kuljettajien palkat
Invers ion DC/A
L Van Truck  Heavy truck
Engine effici ency l
enel es
Overall efficiency 73% 22°/o 13% Lahde: Liikennemarkkinoiden nykytila, Liikenne- ja viestintaministerit, 2009,
https://julkaisut.valtioneuvosto.fi/handle/10024/78235
“tT= TRANSPORT & !@ ransen) li@ ransenv.
I_ ENVIRONMENT ®tra onment.org, Source: WTT (LBST, IEA, World bank), TTW, T&E calculations
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Description

- Battery pack is located behind the cabin of
the truck. The capacity is 3-4 times of the
capacity of EV car

- Battery weights 3.2 tons and it has a
capacity of 280 kwh

- Battery gives around 150-200 km of electric
range. It also powers other functions, such as
the mixing of cement

« Used battery is transferred automatically to
the battery warehouse and replaced with a
charged one

- The whole operation takes about five
minutes

15
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sahkopolttoaineita tarvitaan lentolitkenteeseen |a
merenkulkuun

Distance

< 600 nmi
< 1,200 nmi
— < 2 400 Nmi
— < 4,800 Nmi
> 4,800 nmi

Proportion of global total

-

= Departures
+= LTONO,
- = RPK

+ Fuel

0 1,000

Flights/day
— 5 — 10 e 15 e 20

Electric flights at distances < 600 nmil (1100 km)
~15 % of total fuel consumption of battery energy
density 800 Wh/kg will be reached

|
2,000 3,000 4,000 5,000 6,000

Distance (nautical miles)

Source: Andreas W. Schafer, et. Al., Technological,
economic and environmental prospects of all electric
aircraft, Nature Energy, Vol. 4, February 2019, pp. 160-
166.
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Neo-Carbon Food is a microbial process. Protein production takes place in a reactor

T H E P R ‘ N C ‘ P L E suitable for microorganisms to grow and divide. The energy of the process is electricity,

and carbon dioxide is the carbon source.

NUTRIENTS & CARBON DIOXIDE NEO
WATER VITAMINS CAPTURE CARBON
FOOD
“ ( ¥ CO, |«
¥ ¥ ¥ 1
1,
- O - COZ
- -~
AT . ™ L™ "
TR :
RENEWABLE BIOPROCESS PROTEIN FOOD

ELECTRICITY
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LUTn viimelisia PtX-tutkimustuloksia
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Multiscale-multiphysics modelling by LUT —
Research objectives: system cost, dynamic

performance and efficiency

P

Cell and
stack design

Global
energy
transition

s T
PP BT PR P F

B PEMWE Gmin llPEMWE @partial
JPEMWE @max [Jill Shutdown

LUT

University

Electrolyser
system
operation

Optimisation of
battery buffered
solar PV and wind
power-based
production of
green hydrogen

21



Vetya el kan nataf iialoudell;iéegé,‘tﬁ kuljettaa pitkia matkojas. ey

source: Galimova et al., 2022. 8th International Conference on Smart
Energy Systems, Aalborg, Denmark, September 13-14, under

Key insights: review at a journal

= Renewable-electricity based hydrogen can be produced at s
acceptable cost anywhere in the world =‘-‘

= To better assess attractiveness of imports transportation u | —rs
infrastructure needs to be considered —s

= Imported hydrogen costs were found to be significantly
higher than H, produced domestically (case Fl, DE)

= Local supply of H, is more economical across both cases
and all years, since transportation costs are high

= Pipeline transport is lower in cost for short distances,
whereas shipping is more economical for distances over
1500 km 0

60 -

40

Local production cost of e-hydrogen in Finland [€/MWh]

2020 2030 2040 2050

Levelised cost of baseload hydrogen onsite, in 2050

Cost of transporting e-hydrogen via 2 options in 2050 W ww ww ww o ww o we we me we we we 120

40
35

%_ 20

BN 80 >
E £
£ ] N ¥
W, 10 K m / g
5 v 60 ¥

0 ws

0 500 1 000 150 2000 250 3000 3500 4000
distance [km]

pipeline shipping
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Journal of Cleaner Production

Key insights: el
= e-fuels demand in order of 40,000 TWh

key e-fuels are e-methanol and e-kerosene jet fuel, maybe some
e-methane

largest demand sectors: chemicals, transport, and maybe high- — _
temperature industrial process heat S e
hydrocarbon-based e-fuels require CO, as raw material
sustainable or unavoidable point sources are usable, such as
waste incinerators, pulp and paper mills, maybe cement mills
largest source for CO, as raw material will be direct air capture

iournal homepage: wvw.elsevier.comloc siericepia

CO, supply for e-fuels and e-chemicals globally

0% > 6 000
°
80 % S 40 000 Iy
; 5 12174 3 5 000
60 % ° =% 000 e-methanol %
o § £ e-ammonia g 4 000 Chemicals
' S g " FT fuels 23 000 = Transport
20 % E 20 000 = e-methane E m Heat
i 9516 = hydrogen § 2 000 » Power
0% S 10000 583 S
2030 2035 2040 2045 2050 @ 5 81000
~+=-C02 demand covered by point sources 0 21083 e 0 -
~+-C02 demand covered by DAC w0 % 20 2030 2040 2050

source: Galimova et al., 2022. J of Cleaner Production, 373, 133920
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Vihrean vedyn tuotanto —
tyypillisimmat kennoteknologiat

SYSTEM LEVEL

.. ' To compressor
and storage
s
Deoxo
Dryer
Gas separator Gas separator
= parat Electrolyser =as separat
stack
Cll: R ————

Feed water
supply

Rectifler
Transformer

1

i

|

= i
mmmm OO (T —P :
— i
1

)

Source: IRENA (2020), Green Hydrogen Cost Reduction: Scaling up Electrolysers to Meet
the 1.5°C Climate Goal, International Renewable Energy Agency, Abu Dhabi

Alkaline
Oj DC gererator Hi
T e
02 A0H 2H2
2H 0 40H
Anode Cathode

40H 4H.0

s

electrode
electrode

Electrolyte Solution (KOH)

Anode: 40H «— 2H,0+0 +4¢e
Cathode: 4H,0+de" +— 2H +40H

Anion Exchange Membrane

D ganarator
ﬁ
O,+ 2H, 2H, 40H
Anode Cathode
40H B 3 4HO
o AEM o

Anode: 40H +=2H,0+0 +4e
Cathode: 4H,0+4e—2H +40H

Different types of commercially available electrolysis technologies.

Proton Exchange Membrane
D genarator

Ap

[’

0,+ 4H; 2H

7

Anode Cathode

2H,0

electrode
I
I
T

electrode

PEM

Anoder 2H,0 = O +4H +4e
Cathode: 4H+4e" +— 2H,

Solid Oxide
D genarator

Ae

[’

0,+ 4H; 2H,+20%

Anode Cathode

2H,0

electrode
electode

Anode: 207 ++ O+ de
Cathode: 2H,0+4e + 2H,+20%
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Teollisuuskokoluokan alkalivesielektrolyysilaitos

Summary:

* Located in Kokkola, Finland

 Power-to-Hydrogen: 1800 Nm3/h (H,)

« 3x3 MW pressurized alkaline water
electrolyzers, 3x600 Nm?3/h, 16 bar (H,)

« The main use of H, plant is at nearby
Cobalt plant, hydrogen delivery by a
pipeline

 The rest of H, compressed to 200-300
bar and stored in bottles for delivery with
trucks

25




Miten saadaan edullista vihreaa vetya?

Electrolyser cost
1) How to get electrolyser cost
down by 80 %?
2) How to enable highly dynamic

operation? Electricity cost

: We already see solar PPA’s
& at 20 €/ MWh. Still much
5 potential in techology left in
=) . solar & wind. This will
= happen.
g
s 3
o Energy efficiency
2 is important, but not a
E 2 dominant factor
g
T

'| ——

Source: IRENA (2020), Green
Hydrogen Cost Reduction: Scaling
0 up Electrolysers to Meet the 1.5°C
3 & & & e Climate Goal,
?‘i:ﬁ} _ sﬂ@t{aﬁ & g‘ﬁ é;,*‘ipd‘% @ﬁé"*‘% ﬂu,_;@ International Renewable Energy
TODAY q}dh@“i 5 @% & #&mﬂ@_ﬁ ﬁﬁﬂb gﬁ‘ﬂn P Q@ - Agency, Abu Dhabi
- & @ 0 o9 <
& 5 L& & &K &
& h‘ﬁ? & v
i, 'K:F'

Note: ‘Today’ captures best and average conditions. ‘Average’ signifies an investment of USD 770/kilowatt (kW), efficiency
of 65% (lower heating value - LHV), an electricity price of USD 53/MWh, full load hours of 3200 (onshore wind), and a
weighted average cost of capital (WACC) of 10% (relatively high risk). ‘Best’ signifies investment of USD 130/kW, efficiency

of 76% (LHV), electricity price of USD 20/MWh, full load hours of 4200 (onshore wind), and a WACC of 6% (similar to 26
renewable electricity todav).
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Effect of intermittency of electricity supply Cost composition of alkaline water electrolysis
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\ Electrolyzer plant size matters.
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Electricity price (20 USD/MWHh) Figure 3-6: Specific costs of 5 MW and 100 MW next generation AEL systems (including mechanical

compressors) for the design scenarios 2020 and 2030
Blue hydrogen cost range

Source: Marius Holst Stefan Aschbrenner Tom Smolinka Christopher Voglstatter Gunter Grimm, COST FORECAST FOR LOW-TEMPERATURE ELECTROLYSIS —
TECHNOLOGY DRIVEN BOTTOM-UP PROGNOSIS FOR PEM AND ALKALINE WATER ELECTROLYSIS SYSTEMS, Frainhofer ISE, October 2021, 27
https://www.ise.fraunhofer.de/en/press-media/press-releases/2022/towards-a-gw-industry-fraunhofer-ise-provides-a-deep-in-cost-analysis-for-water-electrolysis-systems.html
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Ivesielektrolyysin mallinnus

In this case, more than 10 % of current is
leakage current -> It does not produce
hydrogen. The problem gets even worse at
partial loads or when more electrolyzer
cells are connected in series.

Flow =] + 99,999 H,
R dry [%]
Hydrogen —_— Hy-Liquid Purification
Separation System
Oxygen i AC Source =
Electrolyte (KOH.H20) | mmm—m
H; Demister H0
Drainage
S— lrans[‘ormer
Ha Cooler
0, Vent G-pulse rectifier
0,-Liguid P * O, + Electrolyte * Hy+ El=ctrolyte H,-Liquid H,0 « H,0 [kg/h]
Separation Separation ireatment
system

Deionizer + Water storage + Feedwater
Cathode Side

Electrolyte Circulation

Anode Side

Electrolyte Circulation
Cell Stack

I yc Cooler
Centrifugal
Pump
m

Agitation Process
[ Piping

\ Lye Cooler
Centrifugal
Pump
c, CWou

Fig. 1 — Formulated alkaline water electrolyzer plant process diagram.

Source: Georgios Sakas, Alejandro Ibafiez-Rioja, Vesa Ruuskanen, Antti Kosonen, Jero
Ahola, Olli Bergmann, Dynamic energy and mass balance model for an industrial alkaline
water electrolyzer plant process, International Journal of Hydrogen Energy, Volume 47, Issue
7, 2022, Pages 4328-4345, ISSN 0360-3199, https://doi.org/10.1016/j.ijhydene.2021.11.126.

Ovenpotentials can be reduced by better
catalysts, membranes and increasing
temperature. Overpotentials are reduced

(20.3 %)

Power supplied: 2,768 kW

Power stored to hydrogen: 1,897 kW
(68.5 %)

Total plant efficiescy = Pawer stared to hydrogen + End product = 0.685 = 0.971 = 66.5%

Faraduy Joss — (Shunt currents | lmpurities + DeOxO loss) « 100 / Power supplied — 13.1 %

Overpotentials: 871 kW

at partial loads.

éimz Zg )
Heat exchanger at anode circulation: 410 kW

)

47.2 Z’:) ) .
Heat exchanger at cathode circulation: 436 kW

2.6
Heat to mboe(nt frc)m stack: 23 kW —

Impurities: H2 in O2: 47 kW ==
(2.5%)

End-prot}uct hydrogen: 1,843 kW

(0.4%)
Hydrogen burned in DeOx0: 7 kW —

Fig. 9 — Supplied power consumption/distribution in the stack and system level.
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the gas crossover phenomenon resulting from the gas dissolution in the separation vessels. E 63 / .

Source: Georgios Sakas, Alejandro Ibanez Rioja, Santeri Péyhtnen, Lauri Jaarvinen, Antti 1o 15 20 25 30

Kosonen, Vesa Ruuskanena, Jero Ahola, Sensitivity analysis of the process conditions that Electrolyte flow rate (kg/s)

affect the shunt currents and the SEC in a bipolar configuration stack of an 0

industrial-scale alkaline water electrolyzer process, manuscript under review. 100 A) IOad Current 29

Fig. 2 Modelled process layout of the circulation loop of an industrial AWE and illustration of

o
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Miten tuottaa edullista vihreaa vetya —
Paakomponenttien mitoituksen ja jarjestelman

LUT
University
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(a) Cost of the hydrogen produced. (b) Total production of hydrogen

Source: Alejandro Ibafiez-Rioja, Pietari Puranen, Lauri Jarvinen, Antti Kosonen, Vesa Ruuskanen, Jero Ahola, Joonas Koponen, Simulation methodology for an off-grid solar-battery—
water electrolyzer plant: Simultaneous optimization of component capacities and system control, Applied Energy, Volume 307, 2022, 118157, ISSN 0306-2619,

https://doi.org/10.1016/j.apenergy.2021.118157.
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