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Topics included in the presentation

Power-to-x economy and key technologies in energy transition
Direct and indirect electrification of transportation
Applications of green hydrogen and production technologies



World greephouse gas emissions T

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

Sector End Use/Activity Gas
Residential Buildings 14%
Electricity and ‘ B *
heat (32%) | EecictyandHeat  319% e Commercil Buidings 6%
‘ griculture & Fishing Energy Use  19%
Unallocated Fuel Combustion 8%
;\3 — For<+2°C
oM fonandsee o9 g climate goal we
=~ X €02 74.5% have to have
Industry (13%) >= === net-zero GHG
8 Chemicaland petrochenical 63% X emissions by
| ] 2050
Transportation 2
(14%) L]
Agriculture and 7" CHe  17%
land use change
(15%)

F-Gases  2.3%

Source: Greenhouse gas emissions on Climate Watch. Available at: htps://www.climatewatchdata.org ” WORLD RESOURCES INSTITUTE



Solution: Electrify everything
either directly or indirectly!

EMISSION-FREE
POWER GENERATION

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'
Mitigation options 0 2 4 6

Wind energy
Solar energy

N’

Bioelectricity

Hydropower

Geothermal energy

Nuclear energy

Carbon capture and storage (CCS)
Bioelectricity with CCS

Reduce CH, emission from coal mining
Reduce CH. emission from oil and gas

1|

I

Energy

;i

Carbon sequestration in agriculture
Reduce CH4 and N;O emission in agriculture

Reduced conversion of forests and other ecosystems
Ecosystem restoration, afforestation, reforestation
Improved sustainable forest management

Reduce food loss and food waste

Shift to balanced, sustainable healthy diets

AFOLU

H!"

Avoid demand for energy services
Efficient lighting, appliances and equipment

NEO-CARBONISATION FLEXIBILITY
BRIDGING http://www.neocarbonenergy.fi/library/reports/

STORAGE

CARBON

New buildings with high energy performance
Onsite renewable production and use
Improvement of existing building stock
Enhanced use of wood products

Buildings

Fuel efficient light duty vehicles
Electric light duty vehicles

Shift to public transportation

Shift to bikes and e-bikes

Fuel efficient heavy duty vehicles
Electric heavy duty vehicles, incl. buses
Shipping — efficiency and optimization

Transport

Aviation — energy efficiency

Net lifetime cost of options:

I Costs are lower than the reference
0-20 (USD tCO-eq")

I 20-50 (USD tCO,-eq")

I 50-100 (USD tCO.-eq)

I 100-200 (USD tCO:-eq")
Cost not allocated due to high
variability or lack of data

Biofuels

Energy efficiency

Material efficiency

Enhanced recycling

Fuel switching (electr, nat. gas, bio-energy, Hy)

rwm i

Industry

Feedstock decarbonisation, process change
Carbon capture with utilisation (CCU) and CCS
Cementitious material substitution

Reduction of non-CO; emissions +~— Uncertainty range applies to

the total potential contribution
— to emission reduction. The

individual cost ranges are also

associated with uncertainty

L IR

Reduce emission of fluorinated gas
Reduce CH, emissions from solid waste - .
-

Other

Reduce CH. emissions from wastewater

o
IS
o

GtCOz-eqyr!

Figure SPM.7: Overview of mitigation options and their estimated ranges of costs and potentials in 2030.



Power-to-X QCGDO}QY— hydrogen/will be.an essential part of it
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Europe - RES-2040 2050

Solar PV fixed tilted: 4583,6

Solar PV single-axis: 900,5
Solar PV prosumers: 964,89

Wind Onshore: 3058,7
Wind Offshore: 1681,6
Wave: 266.2

Hydro RoR: 210,7
Hydro Dam: 175,0
CSP: 01

Geothermal: 22,4

Primary
energy,
electricity:
Mostly solar &
wind power

Envirenment HP: 2069,6

Solar thermal DH: 16,7
Solar thermal IH: 60,6

Biomass: 2030,9

Priority 2:
Indirect
electrification,
mostly with
green hydrogen

Hydrogen:
LNG: 0,1

Import: 769,7 )

FT fuels: 184 5

Biofuels: 339,0

J Biogas Upgrade: W96

Biomass DH:

Biomass CHP: 1.3
Biomass IH: 384,5
Biogas CHP: 151,2
Waste CHP: 76,4
Biogas IH: 77,8

= 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.

= Indirect electrification for e-fuels (marine, aviation), e-chemicals, e-steel; power-to-hydrogen-to-X

Unstored: 4627,5

Direct: 4657,3 Power: 2266,3

Battery discharge: 1181,9 4 Grid In: 14054 Cement: 15,6
A-CAES discharge: 0.4 |
—. PHES discharge: 65,7

\(ZG discharge: 211,2

Grid Out: 1235,8

Aluminium: 217,
Pulp & Paper: 47,9
CCGT: 13,3
OCGT: 0,5
Gas CHP: 0,3

Heat Pump DH el: 59,6
Heat Pump IH el: 455,2
El heater DH: 564,7

El heater IH: 0,1

Industry: 3881,2

EL to NH3: 76,4
EL to MeOH: 51,0

rid loss: 169,6

Multifuel ICE: 40,9
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Priority 1: Direct
electrification of
energy end use

Christian Breyer, Gabriel Lopez, Dmitrii Bogdanov,
Petteri Laaksonen, The role of electricity-based
hydrogen in the emerging power-to-X economy,
International Journal of Hydrogen Energy, 2023,
ISSN 0360-3199,
https://doi.org/10.1016/j.ijhydene.2023.08.170.



Transition from the extraction fossil fuels to series-p“r‘oduced
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electric energy technologies . € University

The energy transition is

exponential
Age of fossil fuels:

Fossil fuels exploration s i — bl
extraction mining, refining, B " |
transportation, and burning

Battery storage: _ i
54%CAGR  ~T--. ;

Solar: -
29% CAGR ~~~~_

EV sales: -
58% CAGR =

Annual wind/solar generation (TWh/year)

Battery storage sales (GWh/year) / Annual EV sales (milllions)

2005 2010 2015 2020

Wind e==Solar e==Batterystorage e==EV Sales

Past Present Future

Source: RMI, BNEF, BP, Ember, EV Volumes
CAGRs shown are from 2012-2022

Age of renewable electric energy technologies:
12.9.2024 Series-produced wind, solar, batteries, electrolyzers, heat pumps, CO2 direct
air capture, heat storages, etc. Electricity will be the primary energy source.



Module Price
[Inflation adjusted €,4,,/Wp]

Learning curves of key renewable electric energy

technologies

Solar PV module learning curve

100
1980 LR~25%
10 4
1 !
® Fraunhofer ISE
0.1 - S — S S S — —— T :
0.001 0.01 0.1 1 10 100 1000

Cumulative Production [GWp]

Source: Photovoltaics Report, Fraunhofer-ISE, Germany, 22.8.2022

https://www.ise.fraunhofer.de/content/dam/ise/de/documents/publications/

studies/Photovoltaics-Report.pdf
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Electricity storage/conversion technology

learning curves

2,000 T
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s & ,;'";.“ ‘,1507200
’ /135
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0.001 0.01 0.1 1 10 100 1,000 10,000

Cumulative Installed Nominal Capacity (GWh,,p)

* System = Pack ¢ Module a Battery

|« Pumped hydro (Utility, -1+8%)

Lead-acid (Multiple, 4+6%)

Lead-acid (Residential, 13+5%)

r 4 Lithium-ion (Electronics, 30+3%)

| = Lithium-ion (EV, 16+4%)

Lithium-ion (Residential, 12+4%)

| Lithium-ion (Utility, 12+3%)

s Nickel-metal hydride (HEV, 11+1%)

« Vanadium redox-flow (Utility, 11+9%)

r = Electrolysis (Utility, 18+6%)

= Fuel Cells (Residential, 18+2%)

Source: O. Schmidt, A. Hawkes, A. Gambhir & |. Staffell, The future cost of electrical energy
storage based on experience rates, Nature Energy volume 2, Article number: 17110 (2017)



Solar and wind power-driven energy transition is
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ongoing without any doubts

Share of global electricity capacity additions by technology

H Coal Natural gas ® Hydro W Wind Solar M Nuclear Oil and diesel

Biomass and waste M Geothermal B Marine M Other - fossil

11
Illlllll L

11TE
I_l_ll_l_l_l_l_l_._-_._..L m

2008 2010 2012 2014 2016 2018 2020 2022

Source: BloombergNEF
Note: Excludes retirements. "Other - fossil" accounts for plants that use more than

one fuel or fuels other than coal, oil, gas, hydro and nuclear. BloombergNEF

Cumulative solar PV installations reached 1 TW in March 2022

Based on IEA, in 2023 globally 349 GW of solar PV was installed, 56 GW in Europe

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

Global PV Industry to Build 592 Gigawatts This Year
Solar power new build capacity by year, and BNEF's mid forecast

Europe M Mainland China M India Other Asia M North America & Caribbean

M Central and South America Middle East and North Africa Sub-Saharan Africa Buffer/unknown

1.0K gigawatts

.l....lii 05

..I o
=
=
— R --. 0
1 1 I 1 I 1 1
'22 '24 '26 '28

T T T | LSS, | T T
2008 10 12 14 16 18 '20 ‘30 ‘32 2034
Source: BloombergNEF

Note: Capacity recorded is that of the solar modules. BloombergNEF
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Example: Due to energy efficiency differences, the
land-based transportation will be mainly electrified.

W Cars: Battery electric most efficient by far Cost distribution in vans and trucks

Direct charging Hydrogen Power to quUId

battery electric vehicle fuelcellvehlcle 100 % [ — R — Hallinto ja Yl |é|3it0
0,
_ 90% Liikennoimismaksut
0
- Flectrebyse 80% Vakuutukset
5 CO2air-captu 70%
= FTs syn athes Korot
2 60 %
Fuel p::g:nicet'l‘:; 950/0 520/0 440/0 40% ® Renkaat
Inversion AC/DC 30% m Korjaus ja huolto
( Batter#charge 20 % - POHIOE‘IHE
g 10% m Vililliset palkat ja paivarahat
3 H2toelectri
: conversion 0% = Kuljettajien palkat
Invers ion DC/AC
L - Van Truck Heavy truck
Overall efficiency 73% 22°/o 13% Lahde: Liikennemarkkinoiden nykytila, Liikenne- ja viestintaministerit, 2009,

https://julkaisut.valtioneuvosto.fi/handle/10024/78235

7= TRANSPORT & I@ ransen, II @ ransenv.
I_ ENVIRONMENT ®tra ent.org Source: WTT (LBST, IEA, World bank), TTW, T&E calculations

11



Transition from combustion:enginesito EV:s

CHINA: the most important car market

NORWAY: global leader in electrification of
cars

July 2024 Norway Passenger Auto Registrations

Do i Total EVs
wev - 94.3%

PHEV

BEV
9

EVs Take 94.3% Share In Norway — New Record
High

NEV sales cross the halfway mark in July

New energy vehicle sales accounted for 50.7% of the total vehicle sales in China in July 2024, a record
monthly high.

100%

75

50 ‘50.7%

49.3%

New-energy vehicles

25

2021 2022 2023 2024

Source: CPCA | Reuters, Aug. 8,2024 | By Sumanta Sen

» Global cars sales were ~80 million cars per year in
2023

* China was the largest car market with sales of 30
million cars in 2023 =



Battery-swapping for an electric.truck ¢ £ W




LUT /study: 'CZom,pét;i:tTvity of bét.tfet‘y\éwapping heavy transport ¢ tversiy

i
TAIPALSAARI [ I Batterics
A ! g I Charging stations
‘Q . L [IEnergy o ]
som I Truck maintenance
LAPPEENRANTA " S I Truck
VILLMANSTRAND

Cost per kilometer, EUR /km

MIEHIKKALA

x Fus aro
N ; VIROVAHTI

FHAMINA z &
FREDRIKSHAMN 3
sh Q
i e ! 9w
" M Klarila oo .j

Fig. 2: Route of the case study. Background map (raster) contains data from the National Land
Survey of Finland Topographic Database [47]

Fig. 4: Cost components for different scenarios with interest rate of 6 %. Low refers to low
Source:, Esa Tuviala, Altti Merilaainen, Teemu Hiltunen, Tuomo Lindh, Pertti Kauranen, battery price (100€/kWh), avg refers to average battery price (200€/kWh), and high refers to
Jero Ahola, Simulation tool to model the levelized cost of driving of battery high battery price (300€/kWh).
swapping heavy duty vehicles, submitted to Transportation Research Part C: Emerging

Technologies.
14
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Despite of electrification and development of batteries,
there will be plenty of need for electrofuels in aviation
and in shipping

= .."._E - - ‘_-,_;_-1-:5:
e -7
[
0
=)
[s)
©
_E = Departures
b += LTONO,
o) - = RPK
o + Fuel
Distance ” I
3 ggg :2: 0 1,000 2,000 3,000 4,000 5,000 6,000
— <2:400 nmi . . .
—— <4:800 nmi Flights/day Distance (nautical miles)
> 4,800 nmi — 5 — 10 e 15 =20

Electric flights at distances < 600 nmil (1100 km) | Source: Andreas W. Schafer, et. Al,, Technological,
~15 % of total fuel ti f batt economic and environmental prospects of all electric
15 % of total fue consumption ot batiery energy aircraft, Nature Energy, Vol. 4, February 2019, pp. 160-

density 800 Wh/kg will be reached 166.

15
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Methanol is becomlng polular as a scalable carbon-
neutral fuel in shipping

‘There are now hundreds of methanol
Current orderbook: propulsion method by capacity/order date ships on order — but not enough

O 1
ALPHALINER Eusi Ol Sifie b hydrogen-derived fuel to power them
100% Bulging orderbooks suggest that shipping alone could 'explode’' demand for clean H2-
. ‘ § § derived methanol within five years, says BNEF
90% B E e |
~ |
80% 8 i % |
70% ' g - é
60% f
=L~ =T=1T=1 =T =7
50% § l
i xR
40% ™
8 |
o . 3 R §
0 N |
n §
20% R
10% X
= R
-
0% )
H1 2020 H2 2020 H1 2021 H2 2021 H1 2022 H2 2022 H12023*
* at 24/02/2023. Based on current orderbook: does not include vessels ordered since 2020 and Maersk's first methanol dual-fuel container ship. (Photo: Maersk AP Moller)
delivered.

_ Source: https://www.hydrogeninsight.com/transport/there-are-now-
Source: https://splash247.com/methanol-boxship-orders- hundreds-of-methanol-ships-on-order-but-not-enough-hydrogen-derived-
growing-more-rapidly-than-all-other-fuel-types/ fuel-to-power-them/2-1-1666234



Ao
University

s 10.9.2024

Applications of green hydrogen and
production technologies

17



gowr
University

IEA Net Zero by 2050: Demand of clean hydrogen

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

500 Onsite
) sna
2 100% g;?ii:eries Unavoidable
o rom and <teel R 3 We should focus on these.
400 . 80% W Chemicals n“ [Feniliser][Hydrogenation ][Methanol][Hydrocracking][Desulphurisation]
—_ Merchant \ S : _
pping* || Off-road vehicles || Steel || Chemical feedstock || Long-term storage
N B ercha WD (55 o omt o) o) i )
B—cer o 60% ER efin eries [Long-haul aviation'][CoastaI and river vessels][Remote trains][Vintage vehicles* ] [Local C02 remediation]
l Ind ustry \ [Medium-hau] aviation'] [Long distance trucks and coaches ][High-temperature industrial heat ]

100

200  cressesniiissnnnniiiinness L e . . I‘“ 40% ih I pgi ng [Short-haui aviationJ[Locai ferries] [Commercial heating J[Island grids J[Ciean power imports” UPS |
viation -
. - B Road _ ‘ ‘ [Light aviation ] [Rural trains] [Regional trucks] [Mid/Low-temperature industrial heat ] [Domestic heating]
. — i 20% Bu ildings _“ [Metro trains and buses][HZFC cars][Urban delivery] [2 and 3-wheelers ] [Bulk e-fuels][Power system balancing]
1°0 l m Blended in gas grid A ...and not on these
Uncompetitive

M Electricity generation
2020 2025 2030 2035 2040 2045 2050 Low-car b on s h are * Via ammonia or e-fuel rather than H2 gas or liquid Source: Liebreich Associates (concept credit: Adrian Hiel/Energy Cities)

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

« 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, 18
Energy, Volume 227, 2021, 120467, ISSN 0360-5442, https://doi.org/10.1016/j.energy.2021.120467.



Most important factors affecting;green hydrogen costs: i

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
a . solar & wind. This will
= happen.
g
5 3
= Energy efficiency
H is important, but not a
c 2 dominant factor
g
=
o
1 —
0
£ e o o i
o & & 3 & @S
58 S & & W
TODAY S L& &% e S &P :§
. é:\:\é'\ & ,,53@ aﬁ" ,5:'" & aﬂ' &q‘@@ 0
&f © ot o & e &
& <o £ & s
& ﬁ@ & )
W© 5 O

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
renewable electricity today).

University

Source: IRENA (2020), Green
Hydrogen Cost Reduction: Scaling
up Electrolysers to Meet the 1.5°C
Climate Goal,

International Renewable Energy
Agency, Abu Dhabi
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Bio-basedCOg yvfl[:b/e a staeting/paint for PtX fuel production & e,

Key insights:
= e-fuels demand in order of 40,000 TWh in 2050 . _ AVIATION
. uropean objectives
" key e'fuels are e'methanOI and e'kerosene Jet fue|1 approvez by thajParliament Incorporation rate MARIT.IME .
d the Council of low-carbon fuels S L s e
maybe some e-methane an
= largest demand sectors: chemicals, transport, and 2025 2% 2%
maybe high-temperature industrial process heat 2030 6% 6%
= hydrocarbon-based e-fuels require CO, as raw material 2035 20% 14.5%
= sustainable or unavoidable point sources are usable, 2040 300% 31%
such as w_aste incinerators, pulp and paper mills, maybe oas 1% 2%
cement mills - | _ 2050 0% 80%
= largest source for CO, as raw material will be direct air , - N . )
Table 1: Decarbonisation trajectories for the aviation and maritime sectors, as adopted by the European Parliament and Council in 2023.
capture
CO, supply for e-fuels and e-chemicals globally 50 000
100% 6 000
80 % g —— 12174 gs 000
8 2 =30 000 e-methanol %4
60% = s R £ = e = e-ammonia 3 - Chemicals
£8 o FT fuel _2 = Transport
0% : E.ZO 000 Ie-m:t:ne g b = Heat
20 % 2 . 9516 = hydrogen § 2 000 = Power
2 553 8
0% e ) 7 o 1000 .
2030 2035 2040 2045 2050 o EESS 0
2030 2050 2030 2040 2050

--C02 demand covered by point sources
~+-C02 demand covered by DAC

source: Galimova et al., 2022. J of Cleaner Production, 373, 133920



https://www.sciencedirect.com/science/article/pii/S0959652622034928
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Green hydrogen production —common
electrolysis cell technologies

SYSTEM LEVEL

" ' To compressor
and storage
F's
Deoxo
Diryer
(zas separator Electrolyser (zas separator
stack
ﬂ: R ————

Feed water
supply

Rectifier

Transformer

1

i

i

= i
mmmm OO (- —P :
53 :
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
0. DC gerwester H,
1 A
02 AQH 2H?
2HO 40H
Anode Cathode

40H 4H.0

z

electrode
electrode

Electrolyte Solution (KOH)

Anode: 40H « 2H,0+0_+4e
Cathode: 4H20+4e' — 2H3+40H

Anion Exchange Membrane

DL genarator
ﬁ
0.+ 2H, 2H, , 40H
Anode Cathode
40H B 2 4H0
o AEM o

Anode; 40H ‘—'2H:0+O?+42-
Cathode: 4H,0+4e"—2H +40H

Different types of commercially available electrolysis technologies.

Proton Exchange Membrane
D genarator

Ae

[’

0,+ 4H; 2H

Fl

Anode Cathode

2H,0

electrode
o
I
!

electrode

PEM

Anoder 2H,0 « O +4H +4e
Cathoder 4H+4e = 2H,

Solid Oxide
DC gonorator

Ae

[’

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

Anode Cathode

2H,0

electrode

Anode: 207 +— O+ 4e
Cathode: 2H,0+4e ++ 2H +20%
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Industrial-size alkaline water electrolysis plant
(Woikoski Oy)

e Wl 2 (Lt o :
. ,. = - .:' ! F
X (Ll ‘- V74

Summary:
 Located in Kokkola, Finland
- o bowewsss - Power-to-Hydrogen: 1800 Nm3/h (H,)
3 ‘- 1 N ~+ 3x3 MW pressurized alkaline water
i e 8 N A e 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

22




Chinese electrolyzers cost 20-50% compared to European produgis,

Table. Winning bid prices in Chinese auction in 2023

Manufacturer Type Price ($) Electrolyzer demand in the EU
Sungrow e 061 504 We count 60+ companies with factories
Ayelegen ’ Chinese solar makers are among the biggest
Wuxi Huaguang ALK (5MW) 992,758 )
Guanadon The electrolyzer wheel of fortune: estimated 2024 and 2025
Shengqingg ALK (5MW) 994,830 year-end electrolyzer stack assembly capacity
i Bloom Energy. Bloom Energy
Trina Solar ALK (5MW) L 004,661 S T — =Y
Hydrogen T ‘ﬁ%};ﬁ‘," 02%5?;:;1; T3 e
Electric H2, 12 Electric H2, 1.2 — ALK
Beljl_ng Power ALK (5MW) 1,041,786 Pug Power. 1
Equipment Group L
Tianjin Mainland ~ ALK (5MW) 1,053,900 &
Hydrogen : : 2 el Total
Auction results reveal that Chinese : 7 8 porsbd
Shanghai Electric AR (el 1,072,423 hydrogen electrolysers are two to five "W SN '
times cheaper to buy than Western - )
Cockerill Jingli ALK (5MW) 1081.812 machines e
Hydrogen ! ! E;?:!. ‘ rina Hydrogen, 15
Shuangliang ALK (5MW) Source: oo, OB Crica Energy Engneerng. 1
Group 1,090,042 https://www.hydrogeninsight.com/electrolys Sunfre, 05 “?v?jf“",i"f’:g:‘;g“; O gy,
ers/auction-results-reveal-that-chinese- "’"."N"u?;"ii;ﬂ,ii Shanghai Electric, 1 e 1 LK::“:° H2, 1
Peric ALK (5MW) 1,100,000 hydrogen-electrolysers-are-two-to-five- Yo ’ S
times-cheaper-to-buy-than-western-
machines/2-1-1570717
Longi Hydrogen ALY, 1,112,256
Shanghai Electric PEM (1MW) 484,680 *  Alkaline: ~200 USD/KW «  Chinese companies focus on mostly on alkaline water
S *  PEM:~500-750 USD/kW electrolyzers for a good reason!
PEM (1MW) 567,209
Hydrogen
BriHyNergy PEM (1MW) 626,741
SPIC Hydrogen  PEM (1MW) 728,858 -

Cummins Enze PEM (1MW) 750,418



Green hydrogen production based on-solar and'wind power Bintversiy

Effect of intermittency of electricity supply Cost composition of alkaline water electrolysis
7 N\
\ Electrolyzer plant size matters.
9 Solar and o0 100 MW plant has significantly
= e .
o wind N PEM? e lower specific investment cost than
S 5 electricity 5 MW plant
@ 800 —
5 4 Alkaline Engincering
o . . 700 ® Housing
8 3 IeCtrOIySIS -g Instrumentation
I
O 5 600 I Piping
E_ “““““ N_ _I___“__“““““_“). E . w Compression
o 2 o low-cost scalable —— 500 e
T I =] Jr— H20 Purification
E i : : System Cooling
- E 400 N ®m BoP Anode
W 300 m BoP Cathode + H2 Purification
- High Voltage Transformer
a74 1947 207 67 584D 6314 77 BT 200 —— = Power electronics
Operating hours B Electrolysis Stacks
100 E4 Electrolysis stack
Electrolyser system cost (USD 770/kW) + fixed costs 0 voltage should be
Electrolyser system cost (USD 500/kW) + fixed costs AELSMW2020 - ARL I MW AELSMW2030| (AEL 199 MW 'tgciggfﬁ/? from 300V
Electrolyser system cost (USD 200/kW) + fixed costs
Electricity price (20 USD/MWh) 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, 24
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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Hydrogen storages are needed to convert intermitted renewable hydrogen
production into baseload hydrogen. The investment cost of industrial-size
hydrogen storage is ~1% of battery storage

1,000

Storage installed capital cost, $/kg-H,
[
8

10

Pipe storage 550
€/kgH, = 17
€/kWhH,

Lined rock cavern
(3000 tH,), 44
€/kgH, =1.3

€/kWhH,

Geological Storage

NG Pipe Storage, Erdgas, Switzerland®?

\
J
|

Salt cavern (3000
tHz), 17 €/kgH2 =
0.5 €/kWhH,

Underground ° |
Pipes \ q\
\L \ Lined Rock Cavern
w3
W
\i"@_<
1 10 100 1,000

Usable amount of H, stored, Tonnes

(a) Installed capital cost

10,000

Source: D.D Papadias, R.K. Ahluwalia, Bulk storage of hydrogen, International Journal of Hydrogen Energy 46, 2021, pp. 34527-34541
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LUT

LUT result: Cost optimization of baseload green’hydrogen production University

1
O . ! H; Consumer
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ﬁ ;__ Flectwolyzer .} v (Rock/Salt cavern)
Surplus H Sys. with rock cavern Sys. with salt cavern  Sys. with no H2 storage
Battery Energy System P 2
I Wind [ Sotar PV [EBESS I Elccrolyzer [IH, Compressor [IIJH, Storage |
350 1 1 1 1 I 1 1 1 — 1
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1308
300

Fig. 11: Levelized cost of hydrogen (LCOHy) of the hydrogen supplied for the rock and salt cavern
systems at a fixed rate of 12kg/min, as well as for a no demand with no hydrogen storage system.
Optimization results for the installation year 2025 and the 5% discount rate.
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Source: Alejandro Ibafiez-Rioja, Lauri Jarvinen, Pietari Puranen, Antti Kosonen, Vesa Ruuskanen, Katja
Hynynen, Jero Ahola, Pertti Kauranen, Baseload hydrogen supply from an off-grid solar PV—wind
power—battery—water electrolyzer plant, (under review) in Elesevier Energy journal.

Capacity (MW, MWh for BESS)

Rock Salt Rock Salt \Rock Salt) Rock Salt Rock Salt
‘-and [ISolar PV IBESS IlElectrolyzer I, Compressor

Fig. 5: Optimal components capacities for the rock and salt cavern systems at different demand
rates (x—a.xis) for the installation year 2025 and the 5 % discount rate. Vertical dashed lines delimit
the hydrogen demand rates.
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EDUCATION

i LUT is one of the world’s

TOP 10 UNIVERSITIES

17 g::\' N
Hl}'/

in terms of climate actions — SDG 13 i:‘ip

SUSTAINABLE
DEVELOPMENT

The Times Higher Education Impact Rankings 2021 assess the social and economic impact S,
of universities against the UN’s Sustainable Development Goals. 5 éA LS

"ll »
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