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(E24/E) as established in the decarbonized gas and hydrogen package.
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Figure 7.1: Emission intensity range for analysed technologies (kg€ 02eq/kgH2)
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Figure B: Unique technology benefits of the five clean hydrogen production pathways included in the report

Main feedstock or
energy input

Unique technology

benefits
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hik e HE RO < i
Water Reforming with MethaneZ| Biowaste-to- Non-biological
electrolysis carbon capture splitting hydrogen waste-to~-hydrogen
Electricity Natural gas Natural gas Biowaste Non-biowaste

Water electrolysis

- Coupling electricity
and gas sectors

- Grid flexibility

- Delivering
renewable electricity
to hard to electrify
sectors

- Unleashing
stranded renewable
energy and transport
it between regions

Reforming with
carbon capture

- Large scale

- Available feedstock
supply

- Mature technology
allows rapid delivery
of low-carbon
hydrogen for
decarbonisation

Pyrolysis

- Large scale
potential;

- Available feedstock
supply

- Zero direct
emissions without
need for additional
infrastructure

- Supply of solid
carbon.

Gasification/ pyrolysis

- Utilising available
local biowaste
feedstocks;
-Abating otherwise
unabated emissions;
- Carbon removal
potential;

- Promoting locally
based
decarbonisation

Gasification/pyrolysis

- Availability of local
non-recyclable
waste;

- Promoting locally
based
decarbonisation

- Contribution to
waste management

Clean hydrogen production pathways report 2024
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Figure C: Technology readiness level and deployment of the five clean hydrogen production pathways included in the report

Technology

readiness level

Global projects
and deployment

#rBEKE R

Water
electrolysis

Low temperature: 9
High temperature: 8

Low temperature:
~2.5 GWel;
High temperature:
<50 MWel

LT: 440 GWel
announced by 2030
HT: 3 GWel
announced by 2030

Reforming with
carbon capture

6-9

No large-scale ATR
with high carbon
capture rate has

been deployed

14 Mt/year
announced globally
by 2030

K
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FERE TR g eElE
Methaneﬁ) Biowaste-to- Non-biological
splitting hydrogen waste-to-hydrogen
8 6-8 6-8
Commercial plant in
the US and Demonstration Demonstration
demonstration plants scaling up to plants scaling upto

plants in Europe,
Australig, etc.

Various commercial

plans but well below

100,000 tonnesfy per
plant

commercial sizes commercial sizes

Commercial projects
in developments

Commercial projects
in development

Technology readiness levels: TRL 6 — Pilot demonstration , TRL 7 — Full scale system demonstration in operational environment, TRL 8 - Experimented in deployment conditions and system 18
complete, TRL 8 - Commercial
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Electrolyte Solution (KOH)

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

BTARBUKER

Proton Exchange Membrane

D generator

0, + 4H}

Anode : Cathode

2H,0

electrode

Anocde: 2H,0 < O +4H +4e"
Cathode: 4H™+4e” — 2H,

Anion Exchange Membrane
DC penerator

Anade

40H

A
3
5
H

2

Anode: 40H 2H 0+0 +de’
Cathode: 4H,0+de~2H +40H"

ZRET AR K R

0,+ 2H, 2, AOH

Cathode

4H,0

Solid Oxide

oc
Iﬁ
—
0

Cathode

2H,0 2HO

Anode: 20* — O,+ 4e°
Cathode: 2H,0+4e +—2H +20*
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IRENA - 2020 - Green hydrogen cost reduction

2H,+ 20%

BniRfF | RBE | BEARS TRERIRT - MEEERN
TREERAILIAA - Al RETR  %ER/ -

TRL9 TRL 9 TRL 8
?g‘ﬁ.ﬁ%cm Alkaline PEM AEM Solid Oxide
ATy 7m
Operating temperature 50-80 °C 40-60 °C | 700-850°C
Operating pressure 1-30 bar < 70 bar < 35 bar 1bar
Electrolyte Potassium PFSA membranes | DVB polymer Yttria-stabilized
hydroxide (KOH) support with Zirconia (YSZ)
& 4
7 mell KOH or NaHCO3
Tmoll*
Separator Zr0Q, stabilized with  Solid electrolyte Solid electrolyte Solid electrolyte
PPS mesh (above) (above) (above)
Electrode / catalyst Nickel coated Iridium oxide High surface area Perovskite-type

(oxygen side)

perforated stainless

steel

Nickel or NiFeCo
alloys

(e.g. LSCF, LSM)

Electrode / catalyst

Nickel coated

Platinum

High surface area Ni/YSZ

(hydrogen side) perforated stainless nanoparticles on nickel
steel carbon black
Porous transport layer Nickel mesh (not Platinum coated Nickel foam Coarse Nickel-mesh
anode always present) sintered parous or foam
titanium
Porous transport layer Nickel mesh Sintered porous Nickel foam or None
cathode titanium or carbon  carbon Cloth
cloth
Bipolar plate anode Nickel-coated Platinum-coated Nickel-coated None
stainless steel titanium stainless steel
Bipolar plate cathode Nickel-coated Gold-coated Nickel-coated Cobalt-coated
stainless steel titanium Stainless steel stainless steal

Frames and sealing

PsU, PTFE, EPDM

PTFE, PSU, ETFE

PTFE, Silicon Ceramic glass

Note: Coloured cells represent conditions or components with significant variation among different companies.

PFSA = Perfluoroacidsulfonic; PTFE = Polytetrafluorosethylene; ETFE = Ethylene Tetrafluorethylene; PSF = paly
(bisphenol-A sulfone); PSU = Polysulfone; YSZ = yttriastabilized zirconia; DVB = divinylbenzene; PPS = Polyphenylene
sulphide; LSCF = La, 51, ,Co,,Fe, ,0,-5; LSM = (La,_Sr ), MnOy: § = Crofer22 APU with co-containing protective coating.

Based on IRENA analysis.

Cell (Ef##Z ), Stack (&), System (% #%)

(1) System (% \,.?E) Balance and
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« R BEMIEAEEMERES
- ERIBAEMSZIE

EE R R
(3) Cell (BE#EZL) :

/B EE AR R
BIIEREGR - EEER %ﬁ?ﬁ?ﬁﬁ% ~

plant :

7]%&6(

EE LA -
fh R LR -
RESHIL R

ZEEBZOREE - 5 (spacer) » @
R(frame) ~ E#fz(end plate) |

R EEIEBIE (Gas diffusion layer, GDL) S Z A {E#H[E

(Porous transport layer, PTL) ~ €4tz (bipolar plate)
- RESIRAUE OB B K ERY)

« BRI S RO IZR B R 0 A

IRENA -

2020 - Green hydrogen cost reduction

PEMWEZ I

" SYSTEM LEVEL
o compressor
and storage
- Deoxo
Cryer
Gassaparatny Gas separator

Electmolyser
stack

STACK LEVEL

Immm

A

CELL LEVEL

Titanium

5.'?“""‘1 way Catalysts .
- Indum

S~ Platinum

| B ‘ pTL ‘ ek ‘ Membrane ‘ Cathode Electrode
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i=l'—'II 'n Z 2 Ny Table T A nanexnaustive list of key players Involved In the manufacturing of water electrolyser systems.
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iz 7K & A% (Alkaline water electrolysis, ALK, AWE)(1/2)

 SBERIEIRIR - MEmIEIF(70-90°C) -

- EREEERERESE 4.5 8 5 kWh/Nm3 (504 e—

~56.0 kWh/kgH,) Z [ - (NEL Hydrogen’A &) I [ ;ZHT |
>ER A U ¥ N
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o

{E% Anode - Cathode
LR AN - aon’ £

g £
g

° %*ﬁﬁ*ﬁﬁj I% L 3 I'z /A\\E ° Electrolyte Solution (nI:(OH)
Anode: 40H < 2H,0+0, +4e°
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ik 7K E ## (Alkaline water electrolysis, ALK, AWE)(2/2)
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electrode

electrode
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B 73X fE K E i (Proton exchange membrane water electrolysis, PEM) (1/2)

- FHEFRHBE - HHEGEERERE - HEEEHYIRIE - A=R
#:1F (50-80°C) -

+ PEM SBRENEEFEEZ 4 5 4.5 kWh/Nm? (44.8 ~50.4
kWh/kgH,) 2@ - (NEL Hydrogen’AE])
> BR
« ERAK -
- BApptt EERAEARLE - RRRE/) - GHERE/ -
- BEREENBLEBENES - AJEEE NMETT - RERREEY
LA
- BEEWESNBMUERE -
« RRETLCM EREEBHE
o EEMA;M -

- BESURERIENARARA - EEEATEEN - HREWER - SFRE
SHESM O BERERESEH - AINKEEEEMELE - 558

WENBIERERLT -

Proton Exchange Membrane
DC generator

Anode: 2H,0 < O,+4H"+4e"
Cathode: 4H"+4e" < 2H,
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B 7R fE K E#E (Proton exchange membrane water electrolysis, PEM)(2/2)

>TRE
- FRWBESENME - AI0#H(FE15) M E (FR1E) -
o« B (EH)(Stack) A SRRt ERERE -
- EEEEHE FUERE -
- FUKER  FEASHAENKUBGRIEREFRS
5 HEEFEMRE -
>FEMA -

- | . PEM EREEENESRAES -  BEAN
AR MR EE - NELHydrogen//}\TTmT BARINS
I5R0/NE PEM SEHERAE -

- T2 PEM EFBEEANSRUARZELSE
e PlNEBM T MEFHIE -

Proton Exchange Membrane

Anode: 2H,0 < O, +4H'+4e"
Cathode: 4H+4e" <> 2H,
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Modular Design

The PSM is a proton e
modul
deioniz

hange membrane (PEM) based water ele
ntegrates eight 1.25 MW cell stacks to generate hydrogen frorr
d (DI) water and four DC electrical power inputs. The unit includes the

PEM cell stacks, associated piping, DC power connections, and related critical
monitoring instrumentation.

Employing a modular approach to hydroy igned to
offer guaranteed, re; rformance per mod st-effective

solutior n at all scales. from MW to GV

hydrogen pro

+ Containerized electrolyser stack module for ez
integration

+ Site ready design eliminates the need for a building and reduces
construction cost

« Pre-integrated stacks reduce installation time and risk

« Instrumentation for critical process and safety
monitoring included in package

« Assembled and pre-tested at factory
to assure quality control

ant

PSM Electrolyser Stack Module

SPECIFICATIONS PSM Module

Net Production Rate 2,020 Nm¥/h
4300kg/24h

Turndown Range 1010100%

Power Consumption at Stack at 100% Capacity! 45 kWh/Nm
512 kWhrkg

99%+ [saturated gas with liquid water, N, < 2 ppm,
0,<1ppm, all others undetectable]

Purity (concentration of impurities)
Operating Pressure 30barg (435 psig)
1B4mx24mx29m (44 1tx79ftx a5 )
without vent stack
301050°C (-22t0 122°F)
Electrolyte Proton Exchange Membrane
Feed Water Consumption, electrolysis 0.9 /N (0.24 gal/Nm?) of H

101/kg (264 gal/kg) of H,

Dimensions — W x D xH

Ambient Temperature

PERE A IR (IR AS) K B AR
(Anion exchange membrane water electrolysis, AEM)

AR FRIRE - OH HRBEGBE -
R TEE 55 ERIR IR
AE=RERIF (40-60°C) -

Turnkey MW Solutions

The MC250 and MC500 electrolysers deliver megawatt scale

performance in a containerized form for easy outdoor
installations. The units feature either one or two

1.25 MW stacks with a shared balance of
plant, providing a reliable solution

with minimal maintenance. Multiplel
units can be grouped together

rger hydrogen output needs.

ical applications include

renewable energy storage,

industrial process gas, and

hydrogen fueling

SPECIFICATIONS
Net Production Rate

Turndown Range
mption at Stack at 100% Capacity

Power

Power Consumption by System at 100% Capz

Purity (concentration of impurities)

Purity (concentration of impurities
with optional high purity dryer)
Delivery Pressure

Dimen:
WxDX

s Electrolyser En
Power Supply E

Ambient Temperature
Electrolyte
Potable Water Consumption®

AE#E 4.8 kWh/Nm3H, (53.76 kWh/kgH, ) (Enapter EL4.1)

1B

« a7 REERERRANIRIEN PEM SRERBRIEMUER

- DEAFESBELCHMERSEN -
« B PEM EBRFE—X
+ tE PEM SEREEENBEMKNES -

- BIRRELR
ENELERERENTE

Sl T IEAT -

A
°

EEEBRE U BEERECSER - AN KSR ERE

MC250 System

246 Nm'/h

531kg/24h

10 to 100% (automatic)
45kWn/Nm?*

512 kWh/kg

50 kWh/Nm?

56.8 kWh/kg

99.95% [H,0 <500 ppm, N, < 2 ppm.
0, ppm. all others undetectable]
99.999+% [H.0 <5 ppm. N, < 2 ppm.
0,<1ppm. all others undetectable]

30 barg (435 psig)
122mx25mx3m (401tx8tx99

8 3G KE#E 24t (NEL Hydrogen)

/ MC250/MC500
Hydrogen Generation System

MC500 System
492 Nm?/h
1061kg/24
1010 100% (automatic)
A5 KWh/Nm
512 kWivkg
4.9 KWh/Nrmy’
552 kWh/kg
99.95% [H,0 <500 py
0, <1ppm. all others un
99.999+%( ‘
Ou<ppmatiotners rdsstabiy
30 barg (435 psig)

ft) 122mx25mx3m(40ftx8ftx9.9ft)

61mx25mx26m(20ftxBftxB5ft) 61mx25mx26m(20ftxBftx85ft)

1040C (-4 to 1049F)
Proton Exchange Membrane

L5 1/Nm? (04 gal/Nm?) of
1591/kg of H, (4.2 gal/kg of H,

2010 40°C (-4 to 104F)

Proton Exchange Mermbrane

4gal/Nm?)of H
bm/»k H, (4.2 gal/kg of H
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° 2 ERHY

Anion Exchange Membrane
DC generator

40H"

@
°
2
B
Ky
O]

Cathode

4H.,0

2

electrode

Anode: 40H —2H,0+0,+4e"

> fRES

Cathode: 4H,0+4e"—2H,+40H-

o FilTAERE
SUETEEE)

s BEEFRBEGECEBMEmMEE
35,000/ M\i5EEw -

. MEBER AU PEM BREE - 20

HEAMR - BRIMER LR AT RB—XEnapter (BEBEZAF -

MREE - ERFMAEE - EnapterASEHE



AEMEEE1E1EE - B (Stack) L 24
EERE R

AEMWE System AEMWE Cell

18 (2i8)

Enapter stack Enapter system 31/

ERRE{E4KE & (Solid oxide electrolysis cell, SOEC)

s Bm/KERIRIE (700-850°C) - BEIBECYIAREM 2P R IE - FRFTE
FABEE T REBERIMKBF (B R THEEEL - IkHFRAD) -

- EA1IMERSCERERASESR  UGaMBEERBERBIN : HaLk PT— A
(EHEHATSHN) - L) - BNERKOBEEL - MHMABHARER o
BREKENAA - |_+

b L 0, 2H,+20%

 WERS -
s DJEEFRSNRIMBES  LURSRFUE - Anode Cathode

« EREHEERNRER -
- BEAYEY  oDUFRMRIE NS RIEELT -
- OEBR_SEMANKUEESHR -
> fREh Anode: 20% <> O+ 4e”
. _l%_; ( 700—850°C ) TE%? . L Cathode: 2H,0+4e < 2H,+20* y
« MERREIRENEMRER BB -
- BERREE  JIWEH  EESRNKEEE BEMBHRISHRY -
- BRIEETEAEE  BE-LrHBREBER 1K -

2H,0

;3

electrode

o
°
e
g
L
©
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Bl R& | ¥ 7K B % (SOEC) & it (Stack) & # 47

SOEC Stack

ELECTROLYZER

TECHNOLOGY

December 2021

* (1) Bloomenergy

(FR2RB i Einterconnector #5Bloomenergy)

. (2) BESEHCeresiHMiaE

OxEon Energy

https://oxeonenergy.com/projects/technology-acceleration-program-tap-initiative -

(EhixE NERRK: 4]

- ERGHENAFELBRE - KB - K7 - HH)ETBEK
EE - BALE - wm&$ﬁ%o

- ER%BETERKES  BANAS - HRGEREKS -

« RITEEZ ?‘LTE—%IL%%%UMFEI/FE”W = - AREERN - B
At R S SRR B AIME 1~ 2% ¢ ﬂTLLu; ’“‘Fﬁ - SRR
MR - SO HRRRIEMER -

« B EEZE - gRolBE_FEikBRAFEFE - EF'PE??%%%J?*J °
PRz oI AR ERA SR _ ALK - _ SER0] BAIRRIEE —
DR REF - SR JLURHRREMEBRREAR R RN E - BPEE
7FD7J<E’*”Q}5JZ;L:L$D_TL1|:Er Heoh S {Eix PRI A bk e m e -
AEEHN - xBHIAZTEREBRRIEHOIBIEN) -
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AERYEAS

IRENA 2022 - Renewable Ammonia

~%

. BAEEREADS %ﬁ@m@%%&@ﬁj
. SREEETEER . ARRAENAS
RERE - SREEES -

BEERIEEEE
EREE ER AR

¢ ni" /FEEI/J.Z.K 1§JQD/7‘/)|‘ ’ E
RafR(ra)  EXEZaEEH -

s [ARMOEEEEREE -
. TE&ﬁHEAIf’:MtW%ﬂ
—IRREENER - &%

. 1a%§w|<7ﬁﬁ45’9§§‘2% - HOlBE
?gﬁﬂ%ﬂ@ﬁz%ﬁi%
=)

- NiRBZAERZISNGR - AT E

L]

/m(m/ﬂn 'iﬂz) °

BB ERE
(Emﬁﬁﬁ%?ﬁmﬁxmm)

- (18 Eg%ﬂ%’rﬁzwﬁﬁg

SREEnER-252.8°C BILRESTASBBA = -
%J=1‘7J+4FHHE§’:L)/TE¢1§% ASMERIEE -

REBE N RESHRIE - REREER-334°C H
RICEHREZMD AR R R E-42.1°CHEEI -
OEREERERENRICOERRERERNRR -
a®h FMILORR BTSRRI -

hy Ammonia n shipping low carbon fue
~18% of H2 by mass | ‘ 100% of H2 by mass
E 160,000 cbm LNG carrier
Y $3/kg H2 production cost E Y
| 6-10kWh/kg-NH3 | NH3 « H2 - LH2 | 12kWh/kgmz |
$0.48/kg-NH3 NH3 «~ H2 - LH2 $7.15/kg -LH2
109,248t 85 ko/ Total Carge 11,376
$5244M Total Cost $8134M
596.8GWh Total Energy 404.8GWh
$88/MWh Specific cost of gy $200/MWh
i g igen
e
Breakdown of total transportation costs ($US/G))
Liquid hydrogen
Liquid ammonia W Capital costs
 Operating costs
Burn-off gas costs
LNG
Methanol

Di-methyl ether

0 050 100 150 200 250 300 350 40 35
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CE Mt/ 81imE

SAEMARR AR ER > BEITRESDY > SEHRERE (&
| E% ) BhilEEE—2AMNE  EIERALIAEN S5
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Types of Methanol

and its supply chain to end user application

k )

Carbon-free ammonia production

f=

Starfire Energy (AEME4TEE HL4ER)

Aurora, USA

Starfire initially incorporated two EL 2.0 Electrolysers into a
prototy day ammo! ctio m, which tak
N n hydrogen, and turns t

into pressurised liquid ammonia.

It is now scaling this technology up to a 0.1 tons/day system
featuring 21 EL 2.1 Electrolysers, on its way ven larger
s/day. This “R

commercial modular plants startin

em nas no

1 the electrol

Electrolyser (AEM single-core) 21xEL2A
Operational since 2021
Partner Starfire Energ

Enapter
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+ Green hydrogen + carbon
captured CO,

® (1)3H2+C02_)CH3OH+H20,
(2) H2+COZ_)CO+H20,
CO+2H,— CH,OH

Methanol: Based on
Natural Gas. 37-41% CO,
reduction compared to a
Diesel Generator

Reverse reaction
» CH,OH+H,0 -> 3H,+CO,

Produced
from sustainable Biomass.
83-93% CO, reduction
compared to a Diesel
Generator

E-Methanol: Produced
from Green Hydrogen
through RE and CO,
through Carbon capture.

97% CO, reduction
compared to a Diesel
Generator

Methanol as a hydrogen-carrier — Advent Technol%gqies




VIRERASEENEE . BRSEES - BRAFE

- AR T MR B B X AR
e -

Types of Methanol
° EE Eg —_I' JEH ﬁ/\\ E }% EE E Lm _|_4 == 5 o and its supply chain to end user application m:m
- PEAAKRSERELERN - | *, | =
A T I:' ﬁ}_ ’ ’ g “a g 7 &
CEENEREROEELIN S oY ' o

(EixBERDEN - BERAFEE i
(1) 3H2+COZ_>CH3OH+H20
(2) H,+CO,—CO+H,0, CO+2H,— CH,OH -
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ﬂ / \ W— Tainan, Taiwan
E n a pte r A E M ~ N ( A n Taiwan wants to become less dependent on fossil fuels and is
-~ therefore investing in the expansion of renewable energy.
A \’ \ Located in Tainan, the Shalun Smart Green Energy Science City
* n , plays a key role in the country’s ambitious plans. On a 7.44ha-

sized site, they will provide clean energy supply, management,
dispatch, and smart energy-saving systems and interfaces to
build a demonstration site as a national green energy
technology model. Within this facility, the Industrial Technology
Research Institute (ITRI}has a research building with a IMWp
photovoltaic system. ITRI is dedicated to research and
development in various interdisciplinary fields related to
hydrogen energy production and application. Together with our
local Taiwanese partner Hephas Energy, we have installed 20
AEM EL 4 electrolysers with a capacity of 50kW. Powered by
excess solar energy, ITRI produces onsite green hydrogen in a
containerised solution.

The H2 is then stored at the electrolyser’s output pressure of
35bar in their 500Nm? storage tanks. Thanks to five of Enapter’s
dryers, ITRI uses the green hydrogen with 99.999% purity for
research and development in fuel cell technology. Since one of
the developmental goals is to implement a smart power
dispatching system for the various clean energy components in
the project, we're happy to contribute to this with our in-house
energy management system (EMS) toolkit.

Electrolyser (AEM single-core) 20xEL4

H2 storage 500 Nm*

Storage pressure 35 bar

Photovoltaic (PV) 1MWp

Dryer 5xDRY 2.1

Water Tank S5xWT21
https://www.enapter.com/application/a-contribution-to- Operationsl since 2022
taiwans-renewable-energy-goals/#50869 kil eahantnery

T =
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Renewable Power to Gas Solutions

e~
Enapter AEM%# (BB AF]) j— |

—— THibx - GREL®H Pl:ys:e:n 2
Revolution |

FEEEIE R IR HHIE AN

|HTE - oJLUEBREE
YFHIERERET RS

7L ERES

. AR TISSHECHE
£ R 20IRHA0REHE - TR TLEL RS
AQIRE B B AT Z200M3/hr
BRKESSS  BRSEARE

ABEARGREEER  FrEsBe2 8

i [i = EITIREE -

- BRIV ENES - BEIE1 MWXIBES - 50 kWES (AEMES7) -

- BEESZABEBUEEIFT - HAEEHESE @ PIIEERNKEES
BEZERETS]

- ZHRENHANRES SR BHEIIXRSHE  TEEMERMRE
A ES BT ENA S5 fE T -
« BEENNFE Y NEL Hydrogen®PEM %4t - MAREBE AFHIEF -

ll



FREER_
Starfire Energy, USA (AEMEHZSHFR)

45

#E -~ RaBCHE

Carbon-free ammonia production
Starfire Energy (AEMELEEEI4ER)
Aurora, USA

Starfire Energy has developed a modular,

flexible process to turn air, water, and

ctricity into ammonia — a hydrogen- and energy-
when used in
internal combustion or fuel cell applications

clean

“tﬁ&\ *sl_ dense liquid fuel with zero CO2 emissi
mﬂb kll\\ e

a10s

gRiEEK | ZEH

S o Starfire initially inco te E 0 Electrolyse 0 a
2024-02-2817:03 SWEE/ 3 Starfire initially incorporated two EL 2.0 Electrolysers into

prototype 10 kg/day ammonia production system, which takes
nitrogen from the air and the green hydrogen, and turns them

into pressurised liquid ammonia

%%ﬁgfﬂ%ﬁe%@ﬁiﬁ*ﬂﬁﬁﬁ 7 ﬁ%%ﬁégﬁgi‘:‘@% 2 %%Bﬁt?ﬁ;&. rfé\(\% It is now scaling this technology up to a 0.1 tons/day system
5 &% ANELE—ABNE  REFHALOAMN B o '

(SR RAERENL.8%| RECEMEFTEE > NABEER s —

ETREKEER ; MEEEVAERE/NRE - ERUCEE @ B RBE
Electrolyser (AEM single-core) 21xEL24
$ﬁﬁ’i\zj§ o Operational since 2021

- RABAS - BNEBREL/) - BARARKER Enapter
& A R EL~2% -
 EREE TR - (BE RS BENAESIRE -

y. This “Rapid
it uses the
monia, which

A=

I

A
A
A
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Topsoe, Skovgaard Energy, and Vesta,
a green ammonia plant in Ramme,
Northwest Jutland, Denmark.

(KIBAE/RAE+ K ERIEERERES)

https://nelhydrogen.com/articles/in-depth/worlds-first-dynamic-green-ammonia-plant-officially-opened/

https://www.topsoe.com/press-releases/worlds-first-of-its-kind-green-ammonia-plant-inaugurated-by-skovgaard-energy-

vestas-and-topsoe 47

Topsoe, Skovgaard Energy, and Vesta, a green ammonia plant in
Ramme, Northwest Jutland, Denmark.
(AR AE/HAE + B /KB ARIE (NEL Hydrogen Company) E# SR 4% H)

+ The plant is a demonstration project, which have August 27, 2024
received funding from the Danish Energy
Technology Development and Demonstration
Program (EUDP)

+ Location: Ramme near Lemvig, Northwest
Jutland, Denmark.

+ Output: 5,000 tons of green ammonia annually
from renewable power. This production will
prevent 8,200 tons of CO,from being emitted
Into the atmosphere every year.

+ Power supplied from renewable sources: 50 MW
new solar panels and 12 MW existing V80-2.0
MW Vestas wind turbines.

48
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(Delta Green, France)

49

ﬁﬁf—,%{#‘ﬁmgﬁ%ﬂlgﬁ.gjjﬂﬁ Peak shaving with hydrogen
HIEES (Peak shaving)

Delta Green is the first energy-independent office building in
France, with energy production exceeding user consumption.
The aim of Delta Green is to showcase complete energy

autonomy. The energy mix is made up of PV, geothermal and

. Electrolyser (AEM single-core) 4xEL2.1 hydrogen storage; with PowiDian integrating the hydrogen
w H2 storage Skg solution. Instead of using batteries, the tertiary building uses 2
= Storage pressure 30 bar Enapter electrolyzers to store hydrogen for peak shaving. This
Photovoltaic (PV) 50 kWp avoids spikes in electricity by converting hydrogen into

electricity to fulfil demand, as well as saving on electricity costs
which would have been more expensive. Additionally, the excess
PV during summer is stored as hydrogen and used in the winter.
Partner Powidian The passive house building has a low CO2 footprint across
lighting, heating, and cooling systems.

Fuel cell 7.5 kW up to 30 kW

Operational since 2017

The innovative building was the winner of the Green Solutions
X . Award 2018, which recognises architecture that is mindful of the
httpS://WWW.enaptel",com/appllcatlon/ environment and contributes to the fight against climate

change. Enapter is proud to be involved in such a pioneering

pea k'ShaVi ng'Wlth'th rogen/#z 1334 project for electricity storage.

| B, fi

- RIFBIRYREEE — o s

T pmmme - ABEESEN . SRETHED -
5
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AP FEER =R B \(Data Center)

SEMEDS " M .. : Reliable power supply for data centers
CNEreY 1

Power your data centers

Decarbonized energy solutions for data center operators

Our portfolio includes a range of cutting-edge technologies such as|gas turbines, renewables, green hydrogen, heat pumps, power transmission solutions, and batteries (for storage).
These solutions provide a stable grid connection, ensuring a reliable and uninterrupted power supply for the safe and efficient operation of your data center. With scalability, security,
and sustainability at the forefront of our designs, our solutions are tailored to meet the growing electricity demand and align with the ambitious carbon emission reduction targets.

Al Data CentersE#18 15 - FAPIFREIRER ETHIData Center/ B8 R 4 2 gas turbine ~ renewables - green
hydrogen ~ heat pumps ~ power transmission solutions - batteries (for storage). °

52
https://www.siemens-energy.com/global/en/home/products-services/solutions-industry/data-center.html



THE [H2] INNOVATION
EXPERIEINEE PROEESS

[H2] Innovation

Experience

/ATION EXPERIENCE

('/\m
-
MSuCalGas.
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https://www.socalgas.com/sustainability/hydrogen/h2home

BiRf_S{EixpBEENE

>»HB6e (CH, ) AI_|1(ERx (CO, ) A Z2EZRERE - BEM
Bk B/ AR -

1oRZENERE . BiRpUaZENEE _SEkp84E ‘*%DEE%*
HRENPREEE S /LB Rs R R B E

2. AREEm - P EARPHFmARL2E - _A(Cix o] DT
ARPGHEHESE - EERE_SLRNEPFEEARE -

3. 2KR : B ESRERR (MFRIRSBIER ) ~ RIS H]
%i%%ﬁgh - S RIEZRB A RBIRNRE « AR
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SREMA

> KZER P IREHE (Steam methane reforming, SMR)

*

> B E R & (Autothermal reforming, ATR)

> BB &1k (Partial oxidation, POXx)

55

KERPIRERE

(Steam methane reforming, SMR)

- 2 BEZERNAZE  ARRBELEEY (FEZZ2XRAR ) PEESSN—F(EHK
- KER P IRE N FE(Steam methane reforming) : BBt (CH, ) ETESE ( 700°C—

1,000°C ) AE(EE (BRE IR ) WEE MR (H,0) MIE - &K (H, )
—J‘%Ttﬁﬁ (CO) : CH, + H,O (steam) — CO + 3 H, AHyqg¢= + 206 kJ/mol K4
[z F&

« KR R B (Water gas shift reaction) : #E— P PER—ELIRKEEZH0ZE
AR - ARSI E R M _EEK (CO, ) : CO + H,0 (steam) — CO, +

* SMR 2—Ellkz1i871E - ERRETCHTEASHNAETEET - BRILFEFIREET

EERNGE  EEREHENER—LD -
- HAN0AKEIE R A EIE(Carbon capture utilization and storage, CCUS) - KR FEHY
HEERS -
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1] )

# & (Autothermal reforming, ATR)

- BREREBRFAER (RRNE ) Ao REEo | ( RRE ) Ear0E0 - DIREIMEREE
EWMANBESE -

. }ir Bt (CH, ) BE|R (O, ) M_|AfLRK (CO, ) A (H,0 ) HE—REBEPRE - £ME
AE (BEN—ELROREY ) - SEBRENHEILRE - BRIt B

OfEB T ELR(CO,): 2CH, + O, + CO,— 3 H, +3CO + H,0

OfFEAKERMH,0): 4CH, + 0, +2H,0—~10H, +4CO

O T8 RES E5BIREMA (SMR) : CH, + H,O — CO + 3H, AHyge= + 206 kJ/molFIEs
AEUE (POX) : CH, + 1/20, — CO + 2H; AH,g5¢= -36 kJ/mol

- &Y aRENEDREBEEIS0°CEI1100°CZE - HOEATIE2100 bar -
—SHKERBIERE dEEEZER - COtARCO, -

- HfteiR
CnHﬂ-& + %02 —nCO + %Hz

CnH, +nH;0 - nCO + (n - %) H,

CO +H20 « CO; + Hy

(Encyclopedia of Electrochemical Power Sources 2009, Pages 238-248) 57

2849 |4t (Partial oxidation, POx)

« BoE(E (POX) 2—EHHKESLEEMERE (MXARR ) EeRMNERFE NE(ERAGHR ( IE@@"T’%%D—%M
fx ) RO - POx BTN —ABRE2EIUEERRBPIME - FINRIESY - RIEARZRETRNBEERE -

° “:%ﬁ@it . CH4 + 1/2 02 - 2H2 + CO AH298K: -36 kJ/mO| (HQ?&&’E)
- RIERE : PO, EENKREREIFES - @FE 1300-1500°C 2 - EESRER 7 REFIHEG/NNE - I
REERNEEX -
o TRHER . —SEiRREEEMKERE(EKRE(Water gas shift reaction) - EE— T PERN—FLIREEZHIZE
BRFE - EREBSIMIERM S (CO, ) : CO + H,0 (steam) — CO, + H, AH,qq = -41 kJ/mol IEZFE -
o TRIBIERLITRYMERS -
- AR POX EEBREP AL RRE - ELEolUEARERRBERMIZRBE_Sbik - EEAABELERER
HERMEANE - WHORUBEEE SRR _ &b -
o BRIREDNAE 7 ShellWESEETE  Z 1845 7 POX Bt ERIIREERM - MBI 100% /Y
HER - 2T EFAREAERRWEHETHW _ELik  REBBHEN _S(CRETERE - EHETE -
+ [EAGHG Ry3REt:8 %7 c AZIRESEEIR - B SMR F1 ATR 48EE - POx TRk S HERAHEEES -
- POx FHifiEHEEHmER (KEBER ) (/88 CCSH SMR) #8EER © e &E -
« POx HififER i’—]ﬂ:EJZZlK (LCOH) &8 - Eb2ENERaEREEZRSS 10.2% - .



{CaRRiSicixiEE - FAEITF (CCUS)

- B3 CCUS il LU B I AL R AR E E R R T B RR -

-E&Tﬁ%?—iﬂi/ﬁ?éﬂEPJS}HFM(’T%{EE%M*JE& S H B2 AR AV X
BER) $ SR ik BEBOR R ER A -

- SimREPINRAVEESE Kk IERAFEEET 5T ABXPERT -

- ARREBHYRBEBEE2%EI3%LE - GERFTEBEERRR
WE - BRMRNERED - #REERFELUAS - BHZIKEL
W EMEEAN - BEPROaZEVNEZE _AEK84E - ELER
TR VRARBRENIRBREZFEE -

- RIcAm (LPG) (URICBIEZELE—ERNHRIIN - EXEZER/E
RICBREPFER R LAFISEACGE - ZJEIL%E?F%%% *E}J’E
LA - RICRRNR(LNG) IR B ELLEE EﬁuLH’ﬁE,m,—mHjZ’J—I—F °
BARENEIE O R AR AR BRI RERICER B AR
S ik BFRAT I -

59

SMR, ATR, POx+ CCUSHY45RE

. RARBESARNTAR -

.:ﬁigﬁﬁﬁﬁﬁ*ﬂ?@i@ﬁ’ﬂﬁzﬁ’ﬂ%—@E%fkl? fEE B AbixkFFIEEEE -
BETER D AARE R -

- RARPRFBAE LB RO HRE -

. Blad - ERH ﬁ*zz&ﬁﬁ%ﬂ@@_ FAMEBNAASR - H EBHEMELERRTES
BEEADNEBRNAARES -

- RIERASK (liquefied natural gas, LNG) HixBINREBE LSRN EBERAR
ERARRRIINEEESRAVEEEHIIIEE - ERNKENEENRRRER
R ( ﬂﬂ,&ﬂzfﬂf—b ) BJEE %E&ﬂ%&%—%éﬂﬁﬁrﬁ’fm
. BmEREPRIINE @ IEBERET ST ABKHER -
. S mEREREERZRRIINEENRRAE -
. ERUE - REFRGEEEE -
. WERL  BERSHERHRBRIFNBEREEEHNEMEEL N ZHEE -

. %ﬁ;ﬁﬁﬁﬁﬁrﬁﬁﬁﬁm (2 94%) - clIBEERERAINRE - fER S Kk

60
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8 Rivers Hydrogen (8RH2)

Cormorant Clean Energy

'‘Cheaper and cleaner’ | First giga-scale
project using novel 'ultra-low-carbon’
blue hydrogen tech announced

8 Rivers plans to build a billion-dollar ammonia
complex in Texas, with more than 99% of CO2
captured
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Cooler By Design.”

8 RIVERS

CORMORANT ‘ @ 8RH,
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EAN ENERGY

Ammonia production annually

880,000 tonnes

CO, captured annually
~1.5 million tonnes

Permanent Jobs Created

95+

CO, capture rate

>99%

Location

Port Arthur, TX
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8 Rivers in Texas: deploying 8RH, technology for

carbon capture beyond 99%

By Kevin Rouwenhorst on May 23, 2024

In conventional hydrogen production, about two-thirds of the CO, from a steam methane
reformer is easily captured from process gas. The last third of the CO, is produced from
burning gas for heat generation, external to the SMR furnace. This dilute CO, (vented in

flue gas) is currently not captured, due to the high cost.

Higher carbon capture rates are possible using autothermal reforming (ATR) technology,
with carbon capture rates around 95%, according to IRENA. However, this still leaves

around 5% of residual CO, emissions. As a potential solution to this, 8 Rivers has
developed the 8RH, technology for hydrogen production, which aims at carbon capture

rates beyond 99%.
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Shell Blue Hydrogen Process

Shell gas partial oxidation (SGP)

This paper considers three technology options for greenfield blue hydrogen projects: SMR,
autothermal reforming (ATR) and Shell gas partial oxidation (SGP) technology (Figure 2).

BETTER [,

ATR gill
©

m Noncatalytic

Mk % %]L o m Catalytic m Direct heating

= Catalytic T m Direct heating — m Oxygen-based without steam
m Indirect heating 1 m Oxygen-based with steam m Refractory-lined reactor

m Non-oxygen-based with steam m Refractory-lined reactor with

= Multitubular with external firing catalyst bed

Offers key advantages over
ATR, for example, for a 500-t/d

Proven for grey hydrogen, but RER G B S, SRR R
the alternatives may be better i Oai = $30 million/y lower
for blue hydrogen operating expenditure;

suited for blue hydrogen
m 35% less power import;

and
m 10-25% lower levellised
Shell Blue Hydrogen Process White Paper cost of hydrogen



Shell Blue Hydrogen Process White Paper SMRERSTTEEH)COL M TR LM
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Figure 2. Blue hydrogen technologies and process line-ups.

Shell blue hydrogen process (SBHP), Shell gas partial oxidation (SGP)
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Plant capital Natural gas feedstock price
expenditure m 6% greater natural gas
alRodiced consumption but offset
compression duties by having more steam
available for power

m More steam for
internal power
generation

generation

The SBHP is an end-to-end line-up that maximises the integration of SGP and ADIP ULTRA technologies.
Compared with an ATR unit, modelling shows that a SBHP line-up producing 500 t/d of pure hydrogen
would have:®

u $30 million/y lower operating expenditure;
u 35% less power import;

= >99% CO, capture; and

u a10-25% lower levellised cost of hydrogen.
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Figure 5: The cost of SGP technology relative to ATR.
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Figure é: The advantages of integrating the SBHP with other technologies, with Shell as the master licensor. 76
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Wesseling
61 YEARS OF EXPERIENCE IN MATURE PLANTS
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Burner development. SGP capacity scaled to SGP syngas generation Capital expenditure reduction
Capacity: 1,050 t/d 1,200 t/d capacity doubled and optimisation
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Figure 7: SGP development.
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Figure 8: Shell CCUS experience.



For greenfield applications, SMR is an inefficient method of producing blue hydrogen owing to
poor CO, recovery and scalability: oxygen-based systems offer better value (an independently
backed conclusion).

The SBHP, which integrates Shell SGP and ADIP ULTRA technologies, offers key advantages over
ATR, including a 10-25% lower levellised cost of hydrogen, a 20% lower capital expenditure, a
35% lower operating expenditure (excluding natural gas feedstock price), >99% CO,, captured
and overall process simplicity.

Shell has a long, proven record in blue hydrogen production with Shell SGP technology at the
500-t/d scale and is a market leader in developing full-scale CCUS projects. The SBHP is now
available to third-party refiners.
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HETHNSRKANKFRN NS BERAZE -



IR AR (Methane splitting) ES =61
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RlnRENEREEH

+ Monolith Materials @ —XFESGEEREAMAIAT - SR 2020 FAEZBA MALETIITM
HE VBERENPREBIR  HEXEZERNRZEENRE  FESER 14000 - =58
ESX%5 4,600 B/F - BEUEREERERREMAEES 17 10 BRETHNERGEER -
ARBZETR - DlEE 194,000 W/ FRIREBNA 64,000 i/ FHNER - ERRDHERES
iR #E (TRL) S AT -

« BAFZZRY Hazer Group fERERAE(LE - WK 2024 F 1 BRREZEETEREAR
BILH - BRINSKREREL% 100 E/F - AEEEL% 380 ME/F -

« BT Hycamite f38 7 —E@ERECEIRRUE(C D BRI - -ZIRITRIE © B In 2 fRrh
BRE - FRRES FATESEERKNME - BR 2024 FRRESEREHIREHE S —
BETRREN L LR - BHR2HE 2024 FRAKAZE - Z LBAFEERKES 2,000
N5 2 = 6,000 MEEES A

- AR HMAY Graforce CAEERMAEE [ —FRE TR - CHSBERTEF IR E
finmEHxEESY) -

- BRRREL  PRRBRINEBEL+TINGE rBZERE  BXEZABLREBLEE
MIFRREEN T ZFRERE) - BEEHEZEIRT KAV - HRBZH NS RGBRET R
HERH SRRV A ER -
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G r a f O r C e | n C . Installation isie container: Valves,sen?ors,magnetic coil, eectrode sysem

(© ¥t v e g f e et

Assembly plasmalysis modules in container

[ Y —

Installation inside container: Electrical cabinets, pumps and blowers

A
Chaarorce

+ Automated feed within the
operaling time

« Tracking of combustion by
means of software

« Electrical interface between
power supply and plasma torch

« Operating time of 100h per
electrode

« Burn-up rate of 0.22g/kWh for a
@80mm electrode at 500kWh

AN
@GRAFORCE

The Plasmalyzer® is an innovative technology for producing hydrogen through a process called methane-plasmalysis, which
pyrolysis in that it uses its plasma catalytic capabilities at high temperatures exceeding 1300°C, which is a key difference compared to
pyrolysis.. This technology is unique in its ability to decarbonize natural gas or biogas without CO2 emissions.

differs from

In the PLasmalyzer®, a high voltage plasma field is generated from solar or wind energy and methane is split into its molecular
components hydrogen (H2) and carbon (C). 4 kg of methane and 10 kWh of electricity produces 1 kg of hydrogen and 3 kg of elemental

carbon. The Industrial-grade heat amounts to between 3-5 k\Wh/kg h2. In order to make h2 production efficient, around 25% of the waste
heat is reused to heat the input gases.

a0
5 oy .
.Q Process input \M Production phase

(Decarbonized)
mm—m OUlput products

Plasmalyzer I o
‘ - B ‘ i i Hydrogen
o Associated gas / ‘ EEESS | W 1 : N
Natural Gas/ L gH,
e biomethane - ‘ : -
<d 4kg \ i )
o - Carbon black
3kgC
(Renewable)
w elechicity - .
10 kWh / 36 kWh (Biogas) ¢ Industrial-grade heat
= e S = —— ] 35kWh
Biogas — 4
E 15kg PO ; m Syngas
Standard biogas, » “ — i 1kgH,
ideally 50% CH, and 50% CO, — ,,l 14kg CO
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Plasma is created using two graphite electrodes in the plasma chamber (see 1). The feedstock used for the plasma is recycled hydrogen.

Methane or natural gas is dissociated into hydrogen and solid carbon through heat and plasma electrochemical processes in a second
separate chamber (see 2). It operates at temperatures between 1300°C and 1500°C. Approximately 98% of methane is converted within a
short residence time of 200 ms to 500 ms. i, vaa . > '

e?

The Plasmalyzer features two advanced electrode systems that enable automated feed during operation. The inner electrode gradually

wears out over time. An electrical interface connects the power supply to the plasma torch, providing stable and reliable energy input.

One electrode system has an inner electrode with an operating time of approximately 100 hours before needing replacement. The other

electrode system contains 18 electrodes in a cassette system that allows for continuous operation.

89

The Plasmalyzer can be modularly integrated into containers. An example configuration consists of five functional units: two Plasmalysis
reactors for the breakdown of natural gas into elemental carbon (C) and hydrogen (H2), along with instrumentation and control (I&C)
technology. A second container houses one Plasmalysis reactor, a blower to create the desired pressure in the system, and additional
1&C technology. The produced hydrogen and solid carbon are separated by a Carbon Black separator, followed by carbon black
compression using a screw compressor. The separated carbon black requires a receiving unit, vacuum transport system, loading, and
filter system to be stored in a silo or silo truck. The Plasmalyzer produces hydrogen at atmospheric pressure. An additional container with
a compressor, buffer storage, cooling water system, and heat exchanger is needed to supply hydrogen to a CHP (Combined Heat and

Power) unit or a turbine. Layout plan of a 0,5 MW Plasmalysis system in containers
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The hydrogen can be used directly in hydrogen CHP units, boilers or SOFC fuel cells for CO2-free heat and power generation. This
solution decarbonizes the energy industry. The solid carbon can be used as an industrial auxiliary material, for asphalt, concrete, cement
or soil improvement, for example. This enables long-term removal of CO2 from the cycle and is thus exempt from the CO2 tax.

A carbon handling system is needed to make the carbon transportable. The system contains a filter system with a compression screw
and a buffer storage. Outside the system boundaries there is also a pneumatic carbon conveying system a filling system and a container.

Product gas

Storage

Container
Carbon Black
Carbon Filling System

91

The Plasmalyzer can also be produced as a prefabricated unit mounted on a frame. This module is designed for direct on-site
installation and commissioning without the need for extensive construction work. Typically, the module includes all necessary
Plasmalyzer components such as the plasma module, magnet coil, electrode system, generators, pumps, sensors, valves, and hot gas
piping. It allows for flexible scaling of the produced hydrogen and carbon quantities.

. e = i
B

— e
‘u""' T ———— ~——

12m) 25m 3m 0.5MW skid module

Combining the modules illustrates the layout of a 20 MW methane plasmalysis plant consisting of 40 connected 0.5 MW Plasmalyzer
modules. These modules are interconnected to form a system capable of producing 2 tons of hydrogen per hour and 6 tons of carbon
per hour. At the center of the plant, there are five carbon separation filters which are crucial for purifying the output. The separated
hydrogen is then directed to a heat recovery steam generator, facilitating the production of steam. This setup effectively demonstrates
the integration of modular technology in a large-scale industrial application, optimizing both space and efficiency.
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When biomethane is used, carbon dioxide is removed from the atmosphere through methane plasmalysis. Graforce thus offers the first

marketable alternative to the controversial CCS storage of CO2 (Carbon Capture Storage).

GRAFORCE

Carbon Black storage

Heat exchanger

Plant Layout 3 MW (3,270 Nm*h Hz, 880 kg/h carbon)

93

Technical Specifications

Methane Plasmalysis - 3 MW (reference project)

INPUT

Feed

Feedgas (natural gas, 98 % Methane)

Feedgas pressure
Power consumption Plasmalysis

Power consumption periphery

Natural gas, LNG, LPG, flare gas, biomethane

1,200 kg/h
—

1.3-1.6 bar(a)

3.000 kW

1,200 kW

OUTPUT

Hydrogen preduction capacity
Hydrogen purity
Delivery pressure

Carbon black
Carbon black purity

up to 3,230 m¥h (290 kg/h)
up to 98 %vol. (optionally 99.999 %vol. with purification)

1.3 - 25 bar(a) (additional compressor might be required)
up to 875 kgth

——

98 % wi.

—

Carbon black density 250 - 650 kg/m*
Thermal energy 1,470 kWh (up to 300 °C; 8 bar)
TECHNICAL DETAILS

Foatprint (total plant system)
Start-up time (from cold)
Weight

Emissions

Noise emission

20x38m

approx. 30 min

approx. 100 t (excl. building structure, Hz compressor, storage containers)
no direct emissions

max 95 dB, without hood (design of sound insulation depending on site)
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Graforce datasheet (Rt B IR EEBIZA T Z 8 AR 8 1)

FZE& A (INPUT) :
« ERREE (Feed gas) : ALUERXAR (natural gas) ~ RIEXRAR (LNG) ~ RIEGHSR (LPG) « MAEE RS
(flare gas) SLAEE R (biomethane) -
< E3IMW SEEED . FANERNREERAT (98% Fh) - #ERE% 1,200 kg/h -
«HENRIEER A 1.3-16bar(@) - (note: bar(a) BLIE S - BEHEZE - Bar(g) #E - B 5 EEKRER)
« BiE ERIMBETESH - E3IMWESEEXRG  BRIMPEIEFRS 3,000 kW - BERBIE SR
£ 1,200kW - BERGEHBESHELENSIESERS -
FE#H I (OUTPUT) :
+ S/ (Hydrogen) : FAREHMMRBEREEE - sSAAMEBTE -
« SR ERETE 3,230 m3/h (290 kg/h) -
« SRAETE 98 %vol. - TIEEFFEBAEES] 99.999 %vol. -
« BIZEE N % 1.3 - 25 bar(a) (AT AER ZEAINN B AR ) -
« ElEtix (solid carbon) - th#TE & k= (carbon black) -
« SAEMNIKEZESN THEREL (Bl - JB&L - BE) SARLTE -
- BREERTE 875 kg/h -
c XEBAESR 98 % wt. ©
B REEA 250 - 650 kg/m3 -

« 48t (Thermal energy) : T3 1,470 kWh (5% 300 °C; 8 bar) -

« ZHIEHEM (no direct emissions) -

ZEMERERSRBIRSEEYsBAESRANE S - BUKEMIELL  BEREBELEHEENERREZ20% B
FTHE - BREBREMEHLES—E RS ENERSE - B VT ikHEERE (Carbon Capture and Storage) -
WEER U BIRTBR _a(EK -
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EREMES (Waste to hydrogen)
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EEE ) ES (waste to hydrogen, WtH)#i i2

Waste collection Waste pre-treatment Waste conversion Gas treatment Compress Use case
. | Storage
Agricutural o ) ’_ N, N ) ; ‘2
wast égnﬁ ‘i\ ) Thermochemical f va/;‘ . (sp:g:gm:,;& D (‘ y, ) ; 4&’
L} o

J L
sovoe | 525 - o e
o f\[l 2 u IS vy S
Plastics = ‘ l“’ ‘‘‘‘‘‘‘‘‘‘‘ I\./ L\& ,NMY lﬂ\“’*
M - ( g 3
N By-product

< 3 1 L =P P
o ,I ’ ! \ 4. , Ly v P
solid waste - (] ‘\ ; * Sulfur 4
& 16 . CO, g

Hospital % . ﬁl * Pellets Z !

ol Electrochemical - [S4 « trace containments

) S— —

BEEYKRE RBREYFEERE BEEYVEL RERE SREBENREET E@RER

1.EEEYUE 4. =3
2 EEEY)TERIE 5. ER
3. EEEMEL 6. EHi M ER

1.EREYWE

Waste collection Waste pre-treatment Waste conversion Gas treatment Compress Use case
e g |
Agricultural » g 4
|

Storage

u lgb"
; ﬁ s
Lo By-product v 22

& 4
* Sulfur
- CO,
* Pellets
* trace containments

\BEYKRE BERYFRERE BREYSBL RERE SREBENRET EARER

- NEISRAIRIEEERY) - BB REREY) - £ME - imEREREY
SEKSR - BOUMEASREENERR - ASHERBET 7
AR ~ ZHADRAEMALR D B8R IRERIFIEF - BT EEEREY)

WERR T AES WEEH—JF%% 223 WtH LR - AR RE
55 35 A 1T i — 25 4) 4E
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2. FEFEMIRRETE

Waste collection

BEEYWE

Waste pre-treatment

Waste conversion

—_—

| \‘,lejr‘jﬂ v

Gas treatment

X
‘‘‘‘‘‘‘‘‘‘‘ L\c E

"h;

\BEEYEEE )

BEYBI

Lo By-product
* Sulfur

. CO,
* Pellets

e containments

Compress Use case
Storage
‘w\,/ F:}Bi
>4
Py 2,

RERE SREBENREET E@RER

- WEMDRE - BEREVTEEETREE - BR5RY - MEEY
Bk B=YE
BAVRZEEE -

3.BEEYHEIE

Waste collection

BEEYWE

Waste pre-treatment [ Waste conversion \
> B—
!

- FEREEE IR

BREVTRRE

NE2L T

BERE  BEYRCARENELARMENS
RSB -

« H{EE (thermochemical)i# 1L

(SEE

« =18 (biochemical)i (b
B (electrochemical) 15

N==N-71)
=R

Gas treatment

|

purification& 4
ion) i
(N

]
)
E ]

BEAEZEH o gEFEELE

L» By-product

* Suffur
C

* Pellets

containments

Compress Use case
Storage
i o x>
¥
q‘?v “' rl
7] 2,
@ ¢O

W

\

%%’> -

RERE SREBENRET EWREH

R - BEIE(EY
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3.1EEEYE(E(BE2thermochemicaliE (k)

Waste collection Waste pre-treatment

BEYRE BEYFARE

. gitt1|:’E§5(thermochem|caI)$§1|:.TSE1T:r

- BULLIBREEELEEHR

El ExEUEEEZIRM _

( Waste conversion \

Gas treatment Compress Use case
Storage
(purification & - 2
== i | =
b *)
v \‘\// (@,\;ﬂ F:?})

\ EEyELt )

(syngas) -

a1thx -

AR

Hphazas
7J<k¥n$§$9}§r LH—ri'ﬂD_L—LEE]IBq:TEE FEHxE= -

tttttttttttttttttt

RERE SREENRET BEARER

SiH - b - ARSED BRERY PHIARN
—SERAE MRS - ol RRE—DET

KRR 2 85 R ES R B AR D

EEREE B RARUEWAEEER

KIERB{ERFE(Water gas shift reaction) : CO + H,0 (steam) — CO, + H,

3.2BEEMB(E(E

Waste collection Waste pre-treatment

( Waste conversion \

E{E2biochemical (k)

Gas treatment Compress Use case
Storage
(purification & ad 2
Frerie ) o
[ "rk

o —/
Thermochemical N f
3y
Y e
Sy
Biochemical \VL
=
Qs
S
Electroc hemical - I
-
e —

BREYINE BEYHREE
. E%tﬁa(blochemlcal)ﬁft

_JZJ_“L/J%ﬂ: ﬁcr(anaeroblcdlgestlon)ﬁff&r;ﬁ%

(biogas) - ARFEFZHEFEM_

\ EEYEt )

ﬂﬁ%‘
$ LN

%
‘X

,ba E
L» By-product

« Sulfur

. CO,

* Pellets
containments

RERE SREBENRET EWREH

fﬁ&ﬂﬁﬁwlifr%(m|croorgan|sm)‘JZi’§;(enz me) 818 2 (fermentation)

SbfxAR -

BROMKLBEHRBIE -

BIMEY) B EEK 5 - BRREV R EELAR

BNz B EZEH (dry

reformlng, also known as — & {btxE ¥ carbon dioxide reforming) - #FRE(ECAEZTRMN mﬁk,—b

(syngas) -

RAER  ER_S(HRER - 2@ &Stk (CO, ) MPLKR ( CH4) B{EREMR (syngas ) VB -
RE—ESR (H;) M—&1Ekk (CO) WES
(Ni) Zfae - EXEBMNEEREARERA :

Y- EEREREE

=12

ESR (4800-850°C ) ME=EMEICHE - MR

CH4+C02—>2C0+2H2
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33EEEYE (8] {2 electrochemicali (k)

Waste pre-treatment [ Waste conversion \

Waste collection Gas treatment Compress Use case
. A Storage

Agri o Y, I = =
wast i /| g ificati "

Thermochemical .‘Iﬂlij_f (s?;;a'r;ito:?& - r;“ 1 w{
o o | 1. g
- D & by 70
Plastics { Y — ﬂk 2,

ochanical W T 2 b W
Municipal L N— By-product v 4*:
solidwi @ * Sulfur @ 8

\ i . Co, "
x:ztpe" Electroc! hemical - ,,3‘! h : ii‘iommmems ‘
| — T—

BEYWE BEYREER \ BEyEt ) RERE SRBEIRET BBAER

+ Bt (electrochemical)#&{t : RIREBERE (electrolysis)F iR - MHERK KD F 0 BERERAN
S EEEBERN  BEVYTENSENEEARAERERERMHE S

4. RAEERIE

Waste collection Waste conversion

Waste pre-treatment

Gas treatment

(purification &
separation) ' P

ey
_|.

EMEEBZNESR -

Compress
Storage

BEYWE BRYREE BERYBIL

RESEE . WRFRAORBRELRN  EENGHNRAE

|
L» By-product

« Sulfur
. CO,

* Pellets
* trace containments

==
;R

 RERE )/

SRBENFEE BERKEH

MBS LUSRBERTRY - 5

ANERT  ERESHREMZBIEAEARTHN - REEF(LBIE IS KRB OESRM (Pressure
swing adsorption, PSA) « I Bk E(EREST57A - LUBMRIES MBI BSHIMIESR) « —SEhkakiM

ETRYEATENRD

[E2 (LR ( Pressure Swing Adsorption, PSA ) 22—

Y —

&R

REAYPR oS EREENEI - SEBENAR

ERiEESE N HRMEARNRANNEZZRER DR - PSA BEEFAZBNIRG NET - WHEEBVERZAR
TABRREARNE - IRMEER 5B T - KEESVEBEIRWE (WHEe EMER  WBSAEIR) WA - R
ElgEEau ki BiERiE - BIREER . RERY - BRCEKMARIE - ERNEIBE - EHEET T —EKRHNEH -
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5.8 RBMEMNGET

Waste collection Waste pre-treatment Waste conversion Gas treatment Compress Use case

. ‘ Storage
i = X )\ r

Agricultural @ e 15

waste o 2o Thermochemical N i (purification& & -

3 i EI ﬂlﬁ separation) i L

L] | | |

el
Sewag
sludge oJ - \N\//
: S D)1 <8 =9
Plastics — S | siochemical \./. L - 2" -k
LN ! = L 5 &

Municipal ‘l " L\ b S— By-product P
solid waste (S5) \\ ; o Sulfur ]

B 4 . Co, A2
Hospital - N * Pellets :
Al Electrochemical - [N + trace containments "

I : —

BEYKRE RBEYFEEE BEEYSEL RERE \SREBEUHE E@RER

A\

ﬁ%
N

\

DR BEGEMIKRLUENERE - LERSMEENER - KASENERERE -

B AR U BR AR 4% Bk Bt/ O TV R AR AR 5 BR A 75 VA SR EZ R FR BB 1K - B ERIE R LR
B oll@BAEaBR R EUESESHNRERE - &% HUEEENER L
ARESRERATRIEER -

6.32 i & (£

Use case

Waste collection Waste pre-treatment Waste conversion Gas treatment Compress
A Storage
Agricultural » U ~ 4
waste ‘agﬁ fi# (purification & i f‘T ] .«fﬁ’
separation) N i n‘ 3 & ‘y
Sewag: i I o &
sludge ud i\\/{ /ﬁg‘ F})/
; N > ¥, =
Plastics HY —t 7] 2,
\{/ oA _ 1
L' e &
Municipal J ’ By-product Zg
lid wast L &
* Sulfur
& . CO, L
Hospital * Pellets s
wast * trace containments <
=

BEYWE BRYREE BERYBIL RERE SREEIFEET EBREH )

SREHMATURNER S AR - DN REBERACRIEH A BEH 5 VAR ARLEE ¢

&8 (pipeline)iE# : ¥WHNRIE 3,500 AENRIEREY  EBEEEREMNANGENA - EEONARZERITE - BBHEN
WEEBEERSHMAGEHNRE 1,000 22 0.15 BRT/AF

HiE : AESZRBAINERERST - BRESHEL  SEAESHAEEERE (BUHAHE 121 AFF) - WHEB(EMNER
PREMNEEEE D - BBEMMBERAINMALNSE 1,000 2AE 0.12 R/AfF - EEAEEBLAEX - B - FEHN—IRHFTRE
32030 £ HERBEARETER  ARBELESR  JESEHEATIRNEINER 2.28 E2.74 BT

FEHEH : EAFEERNSR (FREREEDRE ) WREAESEE - IBE 1,000 2E 3.3 BRx/AfF - IRZERBEEEMAR
REF ESRAVEEIINE - REEBAADECRARIENE 1,000 2E1TEA 8.5 R/ -

FEEECT LB R EROEAMMEESRIBEMZBERAE -

BERRERE FERAEME - IRBATER 18 1.5 Bt -

FEIBNZE  BLEMAXETERSE  BERRAIEERERBEBNHSEEME -
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FHREREVHIITR

EHNEYEREYRNETERINRE -
. MRFEREEYENUDTKTREEERE) - BRI R R IR - IFBCEETILEFRE B
ABE-

. BUIRERREYRE - ARBIBCEETREERS - RIFEEBEDPEISWIHEEAI TR -
HEREERMEESRER (AINEYR ) - Rt Sk assMNaElEn ZEEs
E2ROMRBIBERE - EYMRZEHF AU MUENNESENEN - SYXREEVERZVELAERB
EPHEIER B BEENKER  oHEIES  EMEKKPER_EEH -

. BRIRVEREARBERE _SEixDic s ERREEGR A AEEN -
SYBEEVESEIERLEESEER | E4H (CAPEX) REVEBENHENEERLX - SFELELER
FEMAN 60% - EERAAE (TZZEE] ) MERAETRER -

BEMBARERE . £SYKAERNBATILUIESZEMAZENGFE - BEESEVREREVYRS
IEEREE - BT EAE MR AT E N E -

FFEYBEEYHES I EB RN EEIRIEDN R EEEYEFHRZ MO E -
TYBEERYHSSMANARKENEREN - SEVEREVELELAER - HERHE rEYERYES
EERFEHNERLTENIER - EHB U UEBERR BN EZENERE -

BERARIEY - —ERAREVSEENSBRNS(ERMTEES] TRL 8 AR EAFEIEF(EME - #ld -
Fortum /% 2013 F£HESEEE F —EAE TR - SEREVEPREELYH - BREE - BTG
Bioliquids 1% 2015 FETRRE) F EEERERE TR - AREEREEYHE - WK 2021 FEF 1
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FEVBERERNEIIGR

FFEYEEYHESHFEANEEYEEH AL - SENRFINeEcEEER  E2R88E6 - (AR

RRAEEEEENPREE D IERR )

o BN - MR AT RN EB EEMIENBRIRSERISREEBRES - BITLURDPR RN -
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R BERY : EAREVERIBARLE - ol IEE RV IEE - B2 olDIBIRA MBI -

BEXATHEARS . £RHBELEER  EXAUERETRS -

FFEYREEMEHSRMABR(CMEBERM - SATEIKWNERY (WEE ) BEtAsR - WEHEL -

IFEYEEMHS U EBOREON B EIEIE LR R ERYET RS ARE -

FIEMRBNACCIZRBEZEVNEMNTENEENES SR - ZREMEEREBORGE - MAZ

SREWRMOTE - AN - HRMEROGEEBBEEYERERS  AIIEEITE  BLEFERE

OJEEE X T ESRIER -

REYGES . HiERMEONDIE - EEAENREIUCE S - L EEM R HEREREL RN

FE -

EROREL - —EH B ATEIWEBRBERY)  AENEREE - BIRREE R EMEZEYREN

SIEAMERIEE 2ER (LR - —ERMSESR TRLE A& - EXZES 9 AR - AIUN - Enerkem B

2016 F#EEEdmonton, CanadaiEEHR I - BEZX 2024 FRE - ZRMB IR HEREENR

B EE AR -

BECER . HE52 7 Enerkem - Plagazi 1 Boson Energy 528 - EL AT EKLEZIEERM

ERERENFFEYEEYRIEES - ARLEESR - £YRBMEMERS -
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)RRV ESR S

{35 FA S 1 570 20 8% 1% il B 38 A M) BE 22 4 R R A9 A SR IE B AV ZE 61

 Eqtec : B 2011 FHEEAMAMBANEY (o TH - EMEHRE - HEITHTEES -

« Enerkem : fiIiRAlberta, canadafIE—X LRIEFE RS - 5T=R 2025 FHEIMEAREIL Varrenes
Carbon RecyclingZ"#1 EEZ Mo [l EEY) ) -

- WIS M Ecoplanta IEEERZRE S -

« BtX Energy : 2020 #2022 FHEEEE B TR -

- Haffner Energy Hynoca Industrial : 2021 S P& HUHTE#1T 7 Hynoca T /R0 -

« Indeloop : HETMIEEES - UMNZagrebf IR T RTE 2023 FEEB TRIFMEESHNER -

« KEW : 2021 FEsRBEY ¢ BEREN RS TR - IEEREREEM TR -

« WaysH2 : 2021 FERRE [/ al®h TR -

« Green Hydrogen Technology : 2023 SFfE it AT 1 &R0 T -

« Xylergy : ZRIHBNEERMERERE - 515X 2024 FEHAR IR TR -

« Catagen : 2023 FEFRERN - AR RBERESS -

« Compact Syngas Solutions (CSS) : 2023 FEFREE - FHREI AR TR - 109

Figure 4.3: Selection of companies and projects using
gasification and pyrolysis technologies with biowaste feedstock

Ccompory | satus ] rechnologyand eodstock

Pilot plants from 201 in Spain and Italy in Gasification of biowaste (olive
B"M 2023 focused on electricity generation. Other paste, agricultural, and forestry
e Eqtec plonts in development focusing also on waste)
hydrogen production besides electricity.
First plan in Alberta being decommissioned. Gasification of biowaste and
I*l Varrenes Carbon Recyding planned for 2025 non-recyclable solid waste
Enerkemn (wood waste and non-recyclable waste) in
Canada. Ecoplanta in Spain in development.
p— Pilot plants in 2020 and 2022 in Germany. Gasification of pelletised
BtX Energy biogeric residues and animal
manure
Hynoca Industrial demonstration in 2021 Thermolysis - a two-step
I I Haffrer Energy  Working on odditional dient deployments.  thermochemical process

Pilot plant operational Large scale plantin -~ Combination of gasification

g Indeloop Zagreb received Innovation Fund funding in  and pyrolysis of sewage sludge
2023,
Commercial scale demonstration plantin UK Gasification of woody or
E*_V‘ in 2021. Additional plants under development agricultural biowaste, sewage
rahs KEW inuK sludge, or municipal solid
waste.
= oo Pilot plant in 2021in Tokya Gasification of dried
== Vay wastewater sludge
Pilot plant in Austria in 2023. Gasification of biomass waste,
- ?;iggc};gdrogen sewage sludge, orother
£l feedstocks
Previous deployments focused on CHP. Gasification of biowaste
l I Xylergy Demonstration plant in Japan planned for
2024.
Iii“a'IWE Received UK grant in 2023 for a Gasification of biowaste
Zalss Catagen dermonstration of their reactor.
e CoOMpact Received UK grant in 2023 for a pilot plant. ~ Gasification of biowaste
= “; Syngas Solutions
(Css)
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Figure 5.3: Selection of companies and projects using gasification
and pyrolysis technologies of various mostly non-biological
waste feedstocks for hydrogen or other products
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Plagazi

Enerkem

Plasma
Development

Powerhouse

SGH2

Raven

BosonEnergy
Green
Hydrogen
Technology

FusionCOne

Pilot in US since 2011 Developing
several projects including a
commercial plantin Sweden (12,000
tH2/y) by 2025.

Operational plant in Canada 2016~
2024.

Deployed around the world and
developing large scale commercial
plants in US.

Developing a commercial plantat
Peel Plastic Park in UK.

Pilot in USA and developing
commercial plant (3,800 H2/y) in
USA.

Developing a commercial plant
(2400 tI-Q?y) inUSA.

Operated a pilot plantin Israel

Filot plant in Austria in 2023.

Technical demonstration project in
progress in USA.

Plasma gasification of various non-
recycleable waste

MSW gasification for biofuels
production

Gasification of MSW, biowaste, and
others with plasma conversion to
generate clean syngas

Gasification of non-recycleable
plastic for hydrogen

Plasma enhanced gasification of
various landfill waste

Processing various waste products
for hydrogen production for heavy
duty

Plasma assisted gasification of non-
recycleable waste and biowaste for
clean hydrogen

Gasification of non-recycleable
plastic waste and biowaste for
hydrogen

Plastic waste decomposition

Highth - 5% 2024 3R
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Hyundai E&C & Hyundai Engineering

o EXZEYHES (Waste to hydrogen, W2H) : FIEBHEEZY) (NEY)
HRASRE ) BEREBEEEEYF IR - BE—TE(ERESR -

o ZBYEEF (Plastic to hydrogen, P2H) : i~ o] [EIUZRYZE K| EE i 38 45
BEMREBEBCASHAESR

o R4 E(Green hydrogen production) : #&3B/KE LT - FAT]
BAEER (W XIGEEMESE ) EEEKIFNNEZSR -

https://www.hyundaimotorgroup.com/story/CONT0000000000159534
https://www.hyundai.com/worldwide/en/company/innovation/hydrogen-value-chain



Eco-friendly Impact of Biogas

Organic Waste Volume
Food Waste Sewage Sludge Livestock Manure 'w’
.
E %
d..? g BIOGAS
Equvalemm Equivalentto ﬁ 9
1260 apartment buildings, Enoughto 20293 Olympic-standard I Fooivise ) Blogas Energy Biogas
Each 20stories high ll 828923 five-ton trucks Filnailng pols Conversion Facility
(Based on 80m2 units. 2. 5m ceiling height) (2500m* each)
5 million tons annually 4.144 million tons annually 50.732 million tons annually

109%™ | 3% | 5%

Biogas Production Process
Hyundai E&C’s Biogas Technology

%l&'

i!

R SAUE
l ,l ) . Acquired 2 New Environmental Technology (NET) Certifications
s \él ) | - ﬂE] Acquired 1 Green Certification
1k =
Pre-treatment Biogas Generation Biomethane Generation . l l l . o
— .
Stage Stage Stage —
! ! ’ ) 4 ot
! ! . ¥ ah
Intake Storage Tank ic Digesti Blogars:‘!korage BmgasF::i;iw:;cation = g 6 C Pre-treatment Anaerobic Digestion Odor Control

Technology Technclogy Technology
Production of electricity, :

Crushing and city gas, and hydrogen

Pre-treatment Anaerobic Treatment
Surtmg Separator ‘System and Method Systemand
for Liquefying Operating Method
Concentrated . x ;
T et i Patents Registered e
Re lati 1
ecirculation Removing \ 15 Domestic Patents, L st
Impurities . / Membranes
) 3International Patents
Membn»_rvmgm Vacuum-concentrated
" Organic Waste High-concentration
Filtration and TeatmentSystem T " OrganicWastewater
Concentration Membrane Wastewater > with Alternating Fitration System
Treatment Facility == Cross-operation Control .
_ (BothKorea  USA) Wedluetion Device
Production of complex for Food Waste Biogas.
Liquid Fertilizer Facktes

Sewage Treatment Plant
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Bloom Energy Server

Fuel Cell Basics
BT - > 2,020 = 24O~ o ‘ “ ’|
1. How it Works . o
Solid oxide fuel cells convert e - ! oproRe
fuel into electricity without o J o

combustion.
Fuel Cell Power Solution
25W 250 300 kW 250 kW to MWs

2. Cell to Server

Bloom Energy o-type SOFC
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« HFRMBERREES
(Proton exchange membrane fuel cells, PEMFCs)
- EEPERNSEM
(Direct methanol fuel cells, DMFCs)
- ERES{CIRRE)]
(Solid oxide fuel cells, SOFCs)
- MBS IAI S
(Phosphoric acid fuel cells, PAFCs)
o & Rl sk B4 B8 A ) 88 5t
(Molten carbonate fuel cells, MCFCs)
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Types of fuel
cells :

MCFC SOFC

Fuel cells divided based on their power ratings and applications.

DOI: (10.1021/acs.energyfuels.4c05357)

AR MR KRR (FImE 2 48

Fuel cell types, showing the general trend in the relationship
between the operation temperature, efficiency, ...

RO R AYAE 5472 §1500-1000°C
Depleted
fuels

SOFC
800-1000°C

Depleted
oxygen

MCFC
600-650°C

PAFC
80-160°C

Temperature
Efficiency
Materials cost

PEMFC
20-80°C

AFC
20-80°C__jFas “OH | «—0,

Fuels——
Anode Elgevalye Cathode

B HmI4120-180°C

System\complexity / Fabrication cost

<—Oxygen

Natl Sci Rev, Volume 4, Issue 2, March 2017, Pages 163-166, https://doi.org/10.1093/nsr/nww099 @ OXEORD
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The content of this slide may be subject to copyright: please see the slide notes for details.
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A Recent Comprehensive Review of Fuel Cells: History, Types, and Applications

Product out

ey
7 Load ;
F\/(E/\/—‘ I Anode reaction:
H, fuel in I _ 4 O, Or air in H, = 2H" +2¢".

l - Cathode reaction:

(= 02

- € 110, + 2H" + 2¢” = H,0.
2 H* - -
=
H,0 Overall reaction:

Excess H
% H, + %0, = H,0.

Anode j L Cathode

Electrolyte

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 26 August 2024, DOI: (10.1155/2024/7271748)
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Reaction in anode: ud Reaction in cathode:
CHyOH + 3H,0 ﬁ -E 3/20; + 6H" + 6e-
z £ . l
SE
& £
CO, + H*, 6e - \ 3H,0

Types offue
cells

(a) lllustration of DMFC technology. (b) Fuel cells divided based on their power ratings and applications.

DOI: (10.1021/acs.energyfuels.4c05357)

EFEFERNENRE

Anode reaction:

CH;OH+H,0 — CO, + 6H" + 6¢ .
Cathode reaction:

%02 +6H" + 6" — 3H,0.

Overall reaction:

3
CH,0H+H,0 + 50, — €O, + 3H,0.
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The reactions occur at the air and fuel electrodes under SOFC and SOEC operation modes in
an 0-SOC can be written as follows:

Under SOFC operation mode:
(A) e (B) e
r ¥ “ r J —‘ Hy oxidation at the hydrogen electrode: Hy + O~ — HyO + 2e, 1
SOFC H SOFC
02 2 A '7 HZO 1 O, reduction at the oxygen electrode: % Oy+2e - 07, )
o H
— H,0 b 0, b
p 1
Oxygen/ GIQYIE Hydrogen/ Oxygen/ @ Hydrogen/ Overall reaction: Hy + 5 Op — Hy0. &)
air electrode - fuel electrode air electrode 9 e fuel electrode
0, o 7 Hy O, .| p+ H, Under SOEC mode:
<« H.0 H,O —
SOEC 2 f SOEC H,0 reduction at the hydrogen electrode: HyO 4 2e~ — Hy 4+ O~ 4)
I J 1 J
Lo - Lo : . .
e 0O, oxidation at the oxygen electrode: O~ — 5 Oy +2e, (5)
0-SOCs H-SOCs
. 1
3_El/ ,1% % ;::F':_j FF\ %1% “g iFé] Overall reaction: HyO — Hy + 3 0,. (6)
Interdisciplinary Materials, Volume: 2, Issue: 1, Pages: 111-136, First published: 06 January
2023, DOI: (10.1002/idm2.12068) 156
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A Review on Solid Oxide Fuel Cell Technology: An Efficient Energy Conversion System
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International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 14 May 2024, DOI: (10.1155/2024/6443247)
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A Review on Solid Oxide Fuel Cell Technology: An Efficient Energy Conversion System

Fuel inlet

Fuel outlet

Air flow

International Journal of Energy Research, Volume: 2024, Issue: 1, First published: 14 May 2024, DOI: (10.1155/2024/6443247)

Process for Fuel Cell Interconnect Plates Manufacturing Process v

Interconnect plates also called interconnector, are core components of solid oxide fuel cells (SOFC) and solid oxide electrolysis cells (SOEC). A
power stack, composed of multiple metal interconnect plates, is the fundamental power generation unit of a fuel cell. Through the chemical
reactions between fuel and air within the stack, the fuel cell system can effectively generate electricity.

To produce interconnect plates, Porite Taiwan has developed a specialized process that includes traditional powder metallurgy compaction,
sintering, and the final surface treatment - plasma spraying. Through these processes, Parite Taiwan continuously produces high-quality
interconnect plates, supplying them to major energy companies for assembling fuel cells and electrolysis cells.

01 Using a 1,600-ton compaction machine, the raw powder material is compressed into shape.
The parts are then arranged by robotic arms and automatic alignment machines. Except for

Compcctlon mold adjustments, the entire process is automated.

02 Parts are stacked using a specially designed automatic loading machine and placed into

Sinteri high-temperature sintering boxes. They are then sent into a continuous sintering furnace for
nterng long-duration sintering to enhance the strength of the parts.

03 Using specially developed materials from Taiwan's materials manufacturers, the raw

material is sprayed onto the surface of the parts at high temperatures, forming a protective
coating.

Porite (fR2R15) interconnector (:##4x) for SOFC and SOEC

Plasma Spraying
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(Phosphoric acid fuel cells, PAFCs)
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Phosphoric acid fuel cell

flow
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(Alkaline fuel cells, AFCs)
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Alkaline fuel cell

*\l l Anode reaction:

H, + 20H™ — 2H,0 + 2¢™.
Cathode reaction:

%(): +H,0+2¢ — 20H".

Overall reaction:

KOH
Electrolyte

2H, + 0, — 2H,0.
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(Molten carbonate fuel cells, MCFCs)
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(—v Electron flow j

Anode reaction:

H, + CO} — H,0 +CO, +2¢".

Cathode reaction:

22—

1 §
CO, + -0, +2¢” — COY.
50

Overall reaction:

Anode Electrolyte Cathode CO + H,0 & H, + CO,.
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TasLe 1: Quantitative and qualitative comparison among different types of fuel cells [23, 25, 138, 140, 147, 148].

Characteristics PEMFCs DMFCs SOFCs AFCs PAFCs MCFCs
Operating temperature (°C) 60-110 70-130 500-1000 60-250 150-210 500-700
System efficiency (%) 40-55 40 40-60 60-70 40-50 50-60
Combined heatand PoweE oy, 5 80 <90 >80 >85 >80
efficiency (%)
Stack power (kW) 1-100 0.001-100 0.5-2.000 1-100 100-400 300-3.000,000
Energy density (kW hr/m®) 112.2-770 29.9-274 172-462.09 — — 25-40
Power density (kW/m?) 3.8-6.5 ~0.6 4.20-19.25 ~1 0.8-1.9 1.5-2.6
Lifespan (hr) 2.000-3.000 1.000-4500 1.000 8.000 >50,000 7.000-8.000
Cell voltage (V) 1.1 0.2-0.4 0.8-1.0 1.0 1.1 0.7-1.0
Nominal current density 0.15-03 - 0.1-0.3 0.15 0.14-0.16
(A/em?)

Yttria-stabilized zirconia S
Electrolyte Polymer membrane (YS2) KOH Phosphoric acid (H;PO,)  Molten carbonate

Hydrogen, natural gas N Natural gas
Fuel type Hydrogen Methanol biogas Hy drogfen Hydrogen biogas

ammonia methanol

coal gas coal gas

Startup time <1 min 60 min <1min — 10 min

Advantages

Disadvantages

Applications

(1) Small size
(2) Lightweight

(3) Quick startup time and load

response
(4) Low temperature

(1) Sensitivity to low
temperature, humidity,

salinity, and fuel impurities

(1) Transportation, portable
power, unmanned aerial
vehicles (UAVs)

(1) Low cost of fuel methanol,

low operational
temperature, and pressure
(2) High power density

(1) Low reaction kinetics

(2) Methanol is very toxic and

highly flammable

(1) Transportation, portable
power, unmanned aerial
vehicles (UAVs)

(1) High efficiency

(2) Fuel flexibility.

(3) Solid electrolyte

(4) Suitable for CHP

(5) Hybrid/gas turbine
cycle

(1) High temperature

(2) Long startup time

(3) Limited number of
shutdowns

(4) Intensive heat

(1) UAVs, transportation,
power plant
(2) Auxiliary power units

(1) A wider range of stable
materials allows
components to be priced
lower

(2) Low temperature

(3) Quick startup

(1) Sensitive to CO, in fuel and

air

(2) Electrolyte management
(aqueous)

(3) Electrolyte conductivity
(polymer)

(1) Transport, military,
auxiliary power units,
aerospace

(2) Off-grid telecom

(1) Suitable for CHP
(2) Increased tolerance to
fuel impurities

(1) Expensive catalysts
(2) Long startup time
(3) Sulfur sensitivity

(1) Building
(2) Utilities
(3) Distributed generation

(1) Fuel variety
(2) High efficiency

(1) Slow response time
(2) Highly corrosive
(3) Low power density

(1) Distributed
generation, Utilities

1
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