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Netszero greenhouse gas.emissions.by 2050

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

Sector End Use/Activity
Residential Buildings 14%
Electricity and ‘ : '
heat (32%) | Hectictyand Heat ~ 319% N g - Commercial Buildings
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Transportation 2
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Agriculture and
land use change
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Source: Greenhouse gas emissions on Climate Watch. Available at: hitps://www.climatewatchdata.org
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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

Solution: Electrify everything E= — = )
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Bioelectricity

L L L L - Hydropower
directly or indirectly. This Is =
n E Nuclear energy = .,
Carbon capture and storage (CCS) .
Bioelectricity with CCS ‘-—<

power-to-X economy. Hydrogen et =
economy Is a part of it.

Reduce CH4 and N0 emission in agriculture

-
Reduced conversion of forests and other ecosystems - —
Ecosystem restoration, afforestation, reforestation I
I
—_—
—

AFOLU

Improved sustainable forest management
Reduce food loss and food waste
Shift to balanced, sustainable healthy diets

Avoid demand for energy services

Efficient lighting, appliances and equipment
New buildings with high energy performance
Onsite renewable production and use

1
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Buildingg———

iy
AEERER Improvement of existing building stock
o - EMISSION-FREE Enhanced use of wood products
I{:)R /%- POWER GENERATION 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

Aviation - energy efficiency

i +

—— Net lifetime cost of options:
I Costs are lower than the reference
Energy efficiency = 0-20 (USD tCO;-eq")
Material efficiency - I 20-50 (USD tCO;-eq")
STORAGE Enhanced recycling A I 50-100 (USD tCO-eq”)
Fuel switching (electr, nat. gas, bio-energy, Hz) . e - 100-200 (USD tCO»-eq")

Biofuels

Industry

N—@ o N EO Feedstock decarbonisation, process change _— Cost not allocated due to high
‘;" ¥ Carbon capture with utilisation (CCU) and CCS | variability or lack of data
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Figure SPM.7: Overview of mitigation options and their estimated ranges of costs and potentials in 2030.



Power-t0-~x,eb;"nomy.-;on_ the case of Europe

= 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

Solar PV single-axis: 900,5
Solar PV prosumers: 964,9
Wind Onshore: 3058,7
Wind Offshore: 1681,6
Wave: 266,2

Hydro RoR: 210,7

Hydro Dam: 175,0

CSP: 01

Geothermal: 22,4

Unstored: 4627,5 Direct: 4657,3

Power: 2266,3
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Hydrogen
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https://www.greens-efa.eu/en/article/document/accelerating-the-european-renewable-energy-transition

Net-zero emission energy system iIs possible New Study: Global Energy System based on 100%
and it is no more expensive than the current one. |tSstteiy

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 economically 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 | T I
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 8 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
Years
Source: http://energywatchgroup.org/new-study- Huge technology G GRO
global-energy-system-based-100-renewable-energy business Opportunity LUT ENERGY ROUP
University




Transition from fossil fuels to series produced eIectrﬁuty-
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Module Price
[Inflation adjusted €,,,/Wp]

Learning curves of series produced electrical

energy technologies

Solar PV module learning curve
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1980 LR~25%
10 4
1 !
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0.1 4 T T T L i T T 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
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* 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%)

= 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 & I. Staffell, The future cost of electrical energy storage
based on experience rates, Nature Energy volume 2, Article number: 17110 (2017)



There is no doubt. The energy transition IS ongoing.
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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

B O e B O B [
17% 17%
. % 25 36% g0, 41% 43%
14%) 18% - 50%
',
"q17%
00/0 130/0 190/
(] 0,
21% 169 13% o L
46% - 18% 24 12% 8% -
D9% °M32% = 70, o
5%R25% MR 7o, = 18/0 1%
M~ o -— (a] o™ <t wn [(e] (o)}
- | -— ‘— - S L - -— ‘— L N N
o o o o o o o o o o
N N N N o™~ N (9] N o™ N N N o™
= Coal Natural Gas m Hydro = Wind
Solar 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

Planned annual
polysilicon capacity

Cumulative solar
installations to date

Forecast 2023 solar
installations

Annual installation
needed for net zero,
) 2030-2050

\_

Source: BloombergNEF, International Energy Agency, JinkoSolar
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% - 4 \ 5 Germany
Onshore T e ‘ : ,_l-

wind
G
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Offshore
wind

audl-Arania

Australia
35 €/ MWh

© FreePowerPointMaps.com
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IEA Net Zero by 2050: Demand of hydrogen

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 30%

300

.......

60%

200

.......

40%

100

20%

2020 2025 2030 2035 2040 2045 2050

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 needeed 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)
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Example: Hydrogen in land transportation
potentially makes no techno-economic sense

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

Direct charging Hydrogen Power to liquid
battery electric vehicle fuel cellvehlcle conventional vehicle 1 00 9/ [ — — — . . .
0 Hallinto ja yllapito
0
_ 90 % Liikennoimismaksut
Electrolysis 8 0 %
Vakuutukset
“ C02 air-capture, 70 %
FT- synthe5|s Korot

60 %
LTral:isﬁort StEumge_—-
t t
and distribution 50%

Fuel p:c;ggicet'l‘:; 95% 52% 44% 40%

Inversion AC/DC 3 0 %

( Battergf_charge 20 %
iciency

10%

® Pddoman poisto

m Renkaat
m Korjaus ja huolto

w Polttoaine

f m Valilliset palkat ja paivarahat
i H2 to electricity
E e 0% = Kuljettajien palkat
Inversion DC/AC
L Van Truck Heavy truck
Engine efficiency enelsxes
Overall efficiency 73% 13% Lahde: Liikennemarkkinoiden nykytila, Liikenne- ja viestintdministerit, 2009,
https://julkaisut.valtioneuvosto.fi’/handle/10024/78235
I_- ;:Cm%%ohl'\gN§ é@"":i’t“‘ ﬁ@tﬁ:ﬁ':; 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

13



Battery-swapping of a truck in-gperation? .




< N i & —

However, intercontinental aviation and marine

ot
University

transportation will need hydrogen-based fuels also In
the foreseeable future

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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Some recent findings from LUT PtX research
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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

17



Local'supply of hyqr‘ogg’ﬁ 1S mor‘e,._efc.dném‘i'c than long distance transporte. 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




CO2 as raw material for'g-fuels & Whory

Gontenz lise svaslsble 3 ScieneaDivac

Key insights: Ll | e

= e-fuels demand in order of 40,000 TWh Gt e i oo et om0

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

u

largest demand sectors: chemicals, transport, and maybe high-
temperature industrial process heat

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

3 =
incresingiy ceplace fousl fosls 3nd cover grovwing elacticicy dermand.

cleciificaion for incseased efficiency levels a2 well s complementing
to renmable energy (REVbued  emewables. Slecificarion could be diact, 33 in adoption of slsctsic
, . i

05, ol empoce R 1 il iy sppaions. O e S, e S s
T g e . g o T o -

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 3 . 0 -
~+-C02 demand covered by DAC w0 % 20 2030 2040 2050

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



https://www.sciencedirect.com/science/article/pii/S0959652622034928
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Green hydrogn production:

Electrolysis process and most typical

cell technologies
"~ SYSTEM LEVEL

> >

F
Deaoxo
Dryer
Gas separator (as separator
= parat Electrolyser =as separat
stack
ﬂ, O ——

Feed water
supply

Rectifler
Transformer

To compressor

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
0O, DCgarerater H,
1 e
02 A0H 2H2
2HO 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
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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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Industrial alkaline water electrolyzer plant in Finland in
Kokkola (W0|kosk| Qy)

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

21



How to get low-cost green hydrogen?

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
S 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
& & & & i Climate Goal,
?“i:ﬁ} _ @6?:5‘“&“ & gﬁ é;,v‘\ig&h @ﬁé"*‘% ﬂu,_;@ International Renewable Energy
TODAY g“: 5F @% & \#iﬁ,gr_a ﬁxﬁﬂ &%-E::P 2 h@@ - Agency, Abu Dhabi
) al ol
& 5 L& & &K &
& h‘ﬁ? & v
i, q\':l

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 22
renewable electricity today).



Green hydrogen production will be based.on solar and wind ¢ ey

Effect of intermittency of electricity supply Cost composition of alkaline water electrolysis
7 N\
\ Electrolyzer plant size matters.
3 6 Solar and 000 100 MW plant has significantly
= .- g .
& Wl'nd - PEM? . lower specific investment cost than
S 5 electricity 5 MW plant
§ 800 —
5 4 Alkaline Engineering
T . . 700 ® Housing
& 3 IeCtrOIySIS 5.'3 Instrumentation
g s 600 — Piping
: - S (| P SN
g . : : System Cooling
- E 400 B ®m BoP Anode
W 300 m BoP Cathode + H2 Purification
- High Voltage Transformer
974 1947 2971 67 5840 6314 777 B7ph 200 —— = Powver electronics
Operating howrs B Electrolysis Stacks
100 E4 Electrolysis stack
Electrolyser system cost (USD 770/kW) + fixed costs o voltage should be
, increased from 300V
Electrolyser system cost (USD 500/kW) + fixed costs AEL S MW 2020 AEL;S;’OMW AEL S MW 2030 AEL;;;’OMW 0 1500V
Electrolyser system cost (USD 200/kW) + fixed costs
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, 23
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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Dynamic mass and energy balance of industrial alkaline

water electrolyzer plant

In this case, more than 10 % of current is Ovenpotentials can be reduced by better
leakage current -> It does not produce catalysts, membranes and increasing
hydrogen_ The prob'em gets even worse at temperature. Ovel’potentla|s are reduced
partial loads or when more electrolyzer at partial loads.
Fow @ w | 2] cells are connected in series.
Hydrogen — Hj-Liquid Purification =
'stem 0.2 ()
Oxygen — AC Source Separation u > Heat exchanger - anZJe circulation: 410 kW
Electrolyte (KOH.H20) | mmm—m
H; Demister H0
Larn) mnsrormer o ) 3 -
- ) H, Cooler ver:)z%t.g[;:;als. Ak ' Heat exchanger at Eg&%o:}e circulation: 436 kW
02 Vent -pulse rectifier
(2.6 %)

Heat to ambient frcm stack: 23 kW =—
0,-Liguid 0+ Blectrolyte o Hy+ Elmrolyte Hy-Liquid H0 * Hy0 [ke/h] Impurities: H2 in 02: 47 kW ==
Separation Separation ‘rf;;’e““;“ (2.5 %)
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Fig. 1 — Formulated alkaline water electrolyzer plant process diagram.

Total plant eficlency = Power stared te hydrogen + End-product = 0.685 = 0.971 = 66.5% (0.4%)

Foazmdny loss — (Shunt currenty + lupurities + DeOxO loss) » 100 / Power supplied — 13.1% Hydrogen burned in DeOx0:7 kW —
Source: Georgios Sakas, Alejandro Ibafiez-Rioja, Vesa Ruuskanen, Antti Kosonen, Jero
Ahola, Olli Bergmann, Dynamic energy and mass balance model for an industrial alkaline Fig. 9 — Supplied power consumption/distribution in the stack and system level.
water electrolyzer plant process, International Journal of Hydrogen Energy, Volume 47, Issue o

7, 2022, Pages 4328-4345, ISSN 0360-3199, https://doi.org/10.1016/j.ijhydene.2021.11.126.
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How to get low-cost green hydrogen: Co-optimization of
component dimensioning and control in green
hydrogen production
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