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Industry
Kaohsiung is the third most populated city in Taiwan with 2.77 million residents. The City has transformed from an industrial center with
refining and shipbuilding industries to focus on the semiconductor/ photoelectric, digital content, biomedical, cultural creativity, and

tourism industries.
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Kaohsiung has tropical monsoon climate with an average temperature of 25°C,
with high of 35°C in July and low of 10°C in January. Rain and typhoon usually
occur in the summer months of June - August.
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Transportation o

Kaohsiung is easily accessible by the
international airport (KHH), high
speed rail (THSR), TRA train, metro-
rapid transit (KMRT), light rail (LRT), and
Kaohsiung i-bus.

Source: Kaohsiung City Government



(ST W e I - ET Gl Expected to Experience Robust Growth with a Projected
CAGR(Compound Annual Growth Rate) of 62% during the Forecast Period

Global Green Hydrogen Market ’

Market Size Overview
USD 21.69
Billion

UsSD 1.94
Billion

/: Historical Data

Global market CAGR,
2024 - 2029

USD 21.69 Billion by 2029
from USD 1.94 Billion in
2024
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www.marketdataforecast.com Source: Market Data Forecast Analysis

The Green Hydrogen Market's expansion is primarily fueled by government initiatives promoting green hydrogen and renewable energy,
driven by growing concern over environmental degradation.

Sources: https://www.globenewswire.com/news



2030 in the Net Zero Emission

Low-emission hydrogen is essential for decarbonizing heavy industry, long-
distance transport, and steelmaking.

» For highly energy-intensive transport (aviation and shipping).

» In road transport, hydrogen fuel cell electric vehicles (FCEVs) more efficient
than EV.

» New applications in industry are critical in steelmaking.



https://www.iea.org/reports/transport
https://www.iea.org/reports/aviation
https://www.iea.org/reports/international-shipping
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Grey hydrogen, how hydrogen is currently made Blue hydrogen, as advocated by the gas supply industry

Sequestration
| of residual CO,
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Source: hitps:/h2sciencecoalition.com/briefings/clean-hydrogen-definition/



Blue hydrogen

Blue H, Production Emission

Natural gas

Co,
offset

Steam Use

reformation

Storage

-7kWh

Transport

capture
—

. 58%
efficient

Source: hitps:/h2sciencecoalition.com/briefings/clean-hydrogen-definition/




Green H, Production Emission

Hydrogen as an energy delivery
carrier is relatively inefficient
compared with using renewable

I electricity with heat pumps
11

- 1
()
o Electrolysi St U
_g Carbon ecirolysis orage € Hydrogen could provide useful
S free AC Via Transport renewable energy storage until
': elec grid needed for winter peaks
o
5 However, this can be more efficiently

implemented using re-purposed
combined cycle gas turbine (CCGT)
power stations without needing more
comprehensive gas grid conversion.

46% efficient

Source: httns://h2sciencecoalition com/briefinas/clean-hvdroaen-definition/



BP plans UK's largest blue and green hydrogen 1 GW
project in the Tees Valley in 2017
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World largest hydrogen fuel cell power plant was built in
Korea by KOSPO - 135 MW (2025)

It is in operation in 2021.

Capable of providing electricity to some 250,000 - =
households. .
The project cost about $300 million.

It emits little SOX and NOX.

It can purify fine dust emitted from a nearby
liquefied natural gas (LNG) thermal power plant run

by KOSPO.

It would also produce hot water for heating that

can be used by about 44,000 households. SOFC power plant

11



Hydrogen costs (USD/kgH,)

W T-LT W e (e Le [T i o] Wele Y from the hybrid solar cell and wind

power in 2030.
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v’ This area is very suitable for solar green energy generation.

v/ 1.5 USD/kg H, that would place it as one of the cheapest green Source:

https://www.researchgate.net/publicat
ion/361926388

hydrogen producer in the world. 12



Green ammonia production Ammonia molecule
Ammonia is the basic building
block of all nitrogen fertilizer.

Water
Flexible

Ammonia
Production

i \ ﬁ Green ammonia is made from water, renewable electricity and air.
; It can be used in agriculture, industrial applications, and as a fuel

~ Power Electrolysis Unit or hydrogen carrier - with no greenhouse gas emissions. .
- Agriculture
R
N ag=
: Fertilizer

Wind/Solar

&

Air Separation Unit

~
Ny N
~N

Industrial

.\ ! Chemical
N

h
& Industrial

Green ammonia can [ ! S A . R ocr:al-:l)"i(::ogen J "’utrien'

role in the decarboniza

our current energy system. N i p p i n g Ex po rt Feeding the Future™

Sources: hitps:/www.nutrien.comwhat-we-do/stories/collaboration-key-our-blue-and-green-ammonia-journey 1 3



Blue Hydrogen Risks and Dependencies

> Dependence on CCS technology
- A cost-effective scaling up of CCS technology and capacity is essential.

> Dependence on fossil fuel supply
- International market fluctuations will directly impact the cost of production.

» Emissions from the production
- Mainly methane.

14



Blue Hydrogen Risks and Dependencies

» Dependence on renewable electricity generation and supply
- Significant expansion of renewable energy capacity.

» Competition for renewable energy between direct electrification and green
hydrogen production

> Electrolyser build rates and supply of the critical raw materials required
- Rising global demand could cause price fluctuations and potentially lead to
geopolitical issues.

» Access to sufficient water supply and sufficient waste management systems,
together with the availability and access to renewable electricity
- Are crucial factors in determining green production’s location and environmental
impact.

15



The various components can be combined in the hydrogen -
transmission and distribution value chain, leading to specific
cost benefits.

Renewable Electricity Green H, Conversion Seasonal Green
electricity transport production to green storage in Methanol for
production Prony Methanol tanks chemical
= o C T T industry
=3 I
T*L)r LMy
Water  _, yoq !0 T L. Transport Transport
supply via ship via truck

, _ - —
CH,OF m ﬁ
1 ' ' e

Green methanol production for chemical industr
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EEE, CEIERE, and [ e e zes Across the Hydrogen Value Chain

Converted
Hydrogen to Carriers
Production
—_— e N

NTN
Agriculture

@-—E;LJ Power
Generation

Carriers Converted O~
to H, at Destination '.\ ]
)

N~

R

Grid Nuclear Hydroelectric

Renewables

@ 8- —@
° ® > * ‘
T e e c A G
% Jﬁ * + Commercial
'y v o insustoia
i1,

Gas Ol Coal Convert to Fuel Cell Vehicles

Synthetic Fuels
Feedstocks 0 O ’

© IEA, All rights reserved 1 7



Hydrogen storage

Today hydrogen is most commonly stored as a gas or liquid in tanks for small-scale mobile and
stationary applications.

* Geological storage * Storage tanks
- The best option for large-scale and - The more suitable for short-term
long-term storage. and small-scale storage.

CAPROCK

stored CO: DEPLETED OIL

OR GAS RESERVOIR

stored CO, PFOd%iced OIL RESERVOIR
(e]]

CAPROCK

CAPROCK

© IEA, Allrights reserved 1 8



Hydrogen Transmission and Distribution

The low enerqy density of hydrogen means that it can be very expensive to
transport over long distances.

Natural gas, pure hydrogen, can be liquefied before being transported to
increase density.

Incorporate the hydrogen into large molecules that can be more readily
transported as liquids.

IEA analysis indicates that hydrogen transmission as a gas by pipeline is
generally the cheapest option if the hydrogen needs are transported for
more than 1500 km.

19



Hydrogen Transmission and Distribution

than electricity.
 Pipelines
- It can be used for a long time (40-80 years).
- Their two main drawbacks are
a. the high capital costs entailed.

b. the need to acquirq the right of way by necessity (Country to Country).

Areas around Port/CNP* Area
renewable energy sites

factories, logistic centers, etc. @ é
hydrogen
= pipeline

industrial commercial vehicle
VA A A e stationary FC,
b , etc.
J._..JE l J amen € hydrogen
P2G* facilities

hydrogen station L ) pipeline

I IW;;@ FC Mobility

business, commercial facilities, etc.

local hydrogen supply

= 2 R .
* Power to Gas al @___ '_,_ stationary FC

) * Carbon Neutral Port
* Shipping
- Imported hydrogen offers scope for countries to diversifytheir energy

imports, and one result of this is significant interest in using ships to transport
hydrogen.

Transporting energy over long distances is easier when the energy is a chemical fuel rather

20



Potential Roles of Hydrogen in Future Energy Systems

industry
A Transport

4Heat and Building

21



Chemical industrial processes
- The hydrogen demand for methanol production will likely increase from
plastic production shifts away from fossil fuel-based production processes.

Primary steelmaking

- Hydrogen can substitute fuels as the sole reducing agent to produce direct
reduced iron and water instead of CO, as a by-product.

Industrial heating

- Hydrogen is likely to be the only option available to substitute fossil fuel
in certain industrial direct-firing processes (such as furnaces and kilns).

22



I FUEL DIVERSITY AND USES | /\""?
Fuel . - — ro ’
i Short-distance Wide-use Q
Vehicles
(FCVs)

Heavy goods vehicles and public service vehicles =:==
- Hydrogen fuel cell electric vehicles.
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B UBMW to launch production hydrogen X5

mwith fuel-cell tech in 2028



» Shipping

- Hydrogen-derived fuels such as ammonia will likely be the most widely
adopted option.

Proposed design of the vessel
Image credit: Nihon Shipyard

L .._
—— —
- -

S Hydrogen

FUELL CELL SHIP
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* Domestic heating _

- As the UK strives to meet its ambitious climate targets, decarbonizing the way we heat our homes and workplaces has
become a key focus. Currently, heating accounts for nearly a quarter of the UK's carbon emissions, with around 85% of
homes relying on natural gas. While technologies like heat pumps and heat networks are gaining traction, hydrogen
heating is emerging as a potential alternative.

Offshore Green electricity Safely Zero carbon heating
wind produces hydrogen stored for homes

Transported
through network

Duurzaam
yerwarmen met HOW HYDROGEN IS PRODUCED e
waterstof l°“‘t’°' ’ 4
~uitsto©
co,-uit

Hydrogen heating could be coming to the UK in 2026 based on the
government's heating strateqy (image credit: BDR Thermea)

Sources: https: //theicct.ora/publication/hydrogen-for-heating-decarbonization-options-for-households-in-germany-in-2050/




Al Datacenter Power Solution

» Generator
» Switch Gear =
» MVI/LV Transfer Switch ot
» Solid State Transformer (SST )

Power Generation ,

_» Cooling Tower
> Chiller

In Rack : Al Power & Thermal Management

*  B66kW & 33kW Open Rack v3 Rack Mount Power Supply
» 200-2,000W, 48V/12V DC/DC Converter

« Fan

* Al Server GPU/CPU Cold Plate

In Rack CDU ( Coolant Distribution Unit )

» OCP Rack
» Solid Oxide Fuel Cell » Rack
L * |IT Server/Storage
> Switch
» Modular UPS
» Rack level UPS
» Large UPS » 12/48VDC system
> Modular UPS > rSTS
» HVDC System > rPDU
> STS » Busway
> PDU »> DCIM » RowCool
> Busway » Building Automation System £ > Rear Door Cooling
» Surveillance == g » Fan Wall
> Video Wall > Hot Aisle Containment
> Lighting System
> AALC “
» Immersion Cooling

@ Delta’s company — -



Benefits to Implement SOFC into Data Center as Primary Power
1.

@ Delta’s company

2.

Lower CO, emission about -27% if no CCUS

Wider power sources options , easier for some countries those hard to
have MW power supply

A. Natural Gas
B. Bio Gas
C. Hydrogen
D. Ammonia
Higher availability by having more energy sources to minimize
the potential risk of single power sources failure .
High temperature fuel cell as SOFC to integrate with absorption
cooling system for another energy saving
Possible to offer the DC power output direct to DC powered IT

as stack originally generated DC power , higher efficiency 27



Attractiveness of Critical Load Users

Fuel Cell Distributed Prime Power Generation

Sustainability

40g CO, / kWh emission saving than

Grid

Energy saving with heat recycle and

absorption cooling

Flexibility

Time to Power

* 24 months to 9 months
* Optimized the cash flow of
REIT/colocation builder

REIT : Real Estate Investment Trust

@ Delta’s company

Multiple fuel options, Natural gas,
Biogas, H2

AC or DC power output

Option to recycle the heat with
absorption cooling

110kW per module, modular design for
expansion

Reliability

+ Distributed power generation to minimize
the power outage of centralized grid

* Robust gas pipelines to minimize the
disaster impact

» [Easier buffer gas tank for long time
backup

20Yrs Levelized Cost of Electricity (¢/kWh)

¢20.2 Grid Savings

+ Avoided Equipment, O&M
¢19 1.02 (28.2% Savings)
¢14.5 + Flexibility
+ Sustainability
+ Time to Power
+ Reliability
19
8.15 Total Value of
Fuel Cell on Site
32 Generation
0.8 .
Note : case study for a Singapore Data Center
2.3 LCOE per 20 years operation, US$ Cents
Grid

Grid + Fuel Cell
Critical Power Solution

Il Grid I Transmission lose on site

I Product [0 |Install Service Fuel

28



Benefits with SOFC as Primary Power in Data Centelih |

» Power Generation Sources Changed

Primary Power Utility SOFC with Natural Gas
Short Term backup UPS + Li-lon Battery UPS + Li-lon Battery
Backup power Diesel Generator Utility

- Advantages

Minimize the potential Time to get power Same site to Eliminate the Lower CO2 Heat recycle with
outage of centralized permission expand for higher diesel generator emission Absorption Chiller
power generation power density

@ Delta’s company 29



Delta’s Target Technology & Application

Solid Oxide Fuel Cell Solid Oxide Electrolysis Cell
Hydrogen By Product Industry -ﬁ
< — SSS Steel Makmg
@ =—— ( ) Data Center | é——)—; &-—r"“‘; . — H " ~ ?_" g
60% reiisicka Water / Steam = e . = e =
; Chemical
electricity x. | ‘
See—— SSS Micro grid }‘\— - .k-‘ _/> —_
i ; = applications T
Hydrogen Synfuel

25% 0
Natural Gas Heaf’t =YE==7 Power

ﬁ Martime H2 refueling
Piping Continuous Supply >80% Same Desin

Power Generation Hydrogen Production
Q
Reforming and Heat i
y °"§;2?,f:,y e e E;(I::;or(;hn%m‘;vc:tl:r) ) Water Treatment Electrolysis
CH,+H,0 — 3H,+CO, 2H,+0, — 2H,0 8 (DI Water) H,0 — H,+0,
1]

@ Delta’s company

Process Heat Recycle

30



Modular Design - Capacity Expanded

C&l 550kW System

1.6m D.':'uv;::“ SOFC SOFC SOFC SOFC SOFC PD
2.2m 42m
26m
1.6m -
1.1MW Centralized System 5.5MW Centralized System 25MW Power Tower Concept

LM e, SOFC  SOFC  SOFC  SOFC  SOFC PD

26m 58m

16m |  DiWstee ~ soFc  soFc SOFC SOFC SOFC PD

14 m

@ Delta’s company 31



Fuel Options

Efficiency (LHV)

Life

Continues Operation

Fuel Consumption

CO, Emission Intensity

@ Delta’s company

Key Messages

Natural Gas
Hydrogen (H2) — Future model
Ammonia (NH3) — Future model

53% ~ 63% (Electricity Generation )

Stack : >40KHrs (EOL: LHV > 53%) - Capable for operation after 40Khrs

System : >15 Years

*» 24/7 non-stop and continues power generation
« Capacity factor > 95%

Natural Gas 1M?3 = about 5.5kWh

<360g/kWh ( fuel as natural gas )

1st year as free warranty upon handover
Service level agreement from 2" years onwards

32



Delta Net Zero Science Lab

SWEHY

EZN-4 ol

Delta, a global leader in power management and a provider of loT-based smart green solutions,
inaugurated today Taiwan's 1st megawatt (MW)-grade R&D lab for water electrolysis hydrogen

production and for fuel cells, the "Delta Net Zero Science Lab," at its Tainan Plant 2. This significant
milestone provides a diverse testing environment for component and system validation of hydrogen

production and fuel cell technologies.

33



Comparison of Solid Oxide Fuel Cell Types

* SOFC have advantages such as high energy efficiency, fuel flexibility, and low environmental impact.

CS-SOFC and
ES-SOFC MS-SOFC

TSOFC AS-SOFC Electrolvte-S ted
(Tubular SOFC) (Cathode-Supported SOFC, (e ros)é);-cl;pp Orte (Metal-Supported SOFC)

Anode-Supported SOFC)

o * Good sealing * Lowering the internal « Simplify the battery structure.
é’o * More robust and stable resistance * Better long-term stability
g structure * Lower temperatures
2 * Stronger thermal cycling
capability

+ Complex manufacturing * Longer startup time * higher internal resistance
= processes * Special structure and * lower efficiency
g: * Higher costs materials * relatively low structural

* Higher internal resistance * The current density of CS- strength

SOFC is lower than that of
AS-SOFC.

* Lower efficiency.




Emerging MS-SOFC designs offer several important advantages over traditional designs, including
lower-to-medium operating temperatures, enhanced thermal response capabilities, and shorter startup
times.

They are thus considered to have significant commercial potential. However, their performance
under different fuel conditions is not yet clear.

1. Accordingly, in recent research, stack model simulations were performed to investigate the

current density, voltage, temperature distribution, and fuel cell fractions in a typical MS-SOFC

design operated with either pure hydrogen fuel or mixed fuel with various water-to-carbon

ratios (S/C) and methane vapor reforming reaction rates.

2. The purpose of the simulations was to establish the operating parameters that optimized the

current density and overall performance of the MS-SOFC under low-temperature conditions of

600 °C.

35



SOFC Sy

stem

x

Fuel :— - —pr\—I-‘__ -_I

la m = ! H I

_____ | I

Compressor-1 Heat Exchanger-1 Steam Reformer :

|

|

1.Source 2. Heat Exchanger :

: : I

H . :

. L2 I

Air 1N I

» > | :

: :

Compressor-2 Heat Exchabger-z :

I

|

A |

Exhaupt A
4 ........ .*

Heat Recovery

Afterburner

4. Afterburner
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3 N
MS-SOFC |3 =
N ) A

Mass balances Energy balances Electrochemical
1.  Fuel Channel 1.  Fuel Channel 1. Nemnst equation
2. Air Channel 2. Air Channel 2. Ohmic Overpotential
3.  Chemical Reaction 3. PEN structure 3. Concentration Polarization
\ j \ 4.  Interconnect / \ 4.  Activation loss /

Other components

Reformer Heater
Source
Afterburner Heat Exchanger
e
Ideal gas law Equilibrium reactor |
Energy balance
Peng-Robinson Equation of E 1
pencyhalnce Mass balance
State (PR-EOS) Mass balance

37



Mass balances

1. Fuel Channel

Concentration of Fuel Channel
_.y. 9 3. Chemical Reaction
a ) ke(@. 0,y VikRik g, hf

Symmtiy piane (i). Electrochemical

i€ {CH4,H20, CO, H2, 602}
Ci: molar concentration of component J

Rop =55

Fuel inlet 1 .. .
Concentration HeRINe _ (ii). Steam Reforming
n gr;:crie active
PV =nRT ,C =— E,
1% Electrolyte . Riiy = kOpCH4 exp< RT)
n P: P % f Cathode active
‘ C=—= L = L layer
|74 R * Tan R * Tan Air inlet 1 .
y (iii). Gas-shift
X
z
]L» Pco,PH,/PcoPH,0
Riiiy = kwgsrpco(1 ——2 ZRT =)

2. Air Channel

S —ua a + Ul W) Rl (V) hg ,i € {Oz,Nz}

Concentration of Air Channel
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Two-Phase (Solid-Gas) /M
Energy balances S

3. PEN structure PEN :Positive-electrode/Electrolyte/Negative-electrode

1. Fuel Channel . _ . OTeew (Togn —T) —
a;Femperature of Anode ; PENTPPEN 5 PEN oxZ  TLPENVIPEN T pen
PreaNge? ~UrPres gy + krpm(Toan = Tr) - -t kri(Tpey = Ty )_ T2 CADR Temperature of PEN structure
1 i U(TI - TPEN) 1
~kapen(Toen — To) =——+[(=AH) () Rey) — U] g 1
TPEN TPEN —1 TPEN
€1 €pen
Interconnect — f Qcond,interconnect ————>
I Yeonv, fuel—i q *
: rad
Fuel channel=p Geons puei— OSMRWGSR + —mgp 4. Interconnect
conv, fuel-PEN, : Temperature of Interconnect
Jelee Trmmen @ 02T, (T — They) 1
PEN structure =p -~ D £ i) Az ~ ke _Tf)? ~ka(Ti = “) 7
Gcond,PEN | ! = te-—1"
1 PEN
l QConv,PEN—air
Air channel L8 FIIAS TP B . .
= Qeonv,air rad Specific heat capacity
| Geonv,air—i \ 4
Interconnectesp —— v Qcond,interce inect ™ > “pea = 0.92f02 + 1.04fN2
Cpan = 143fy, + 2156y, 2.156fcy, 2.21fco + 0.8fco,
2. Air Channel Density of the gas steams
aT, 1 m _m_PM_ PiM;
PaCp, “UaPaCpa T 0 + ko pen(Tpey — T ) + Ko (T — a)h_a PV =nRT = M RT wemy Pan =7, ="pr = RT,,
Temperature of Cathode
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Electrochemical

_ ocP
U= UTPB - ("0hm+nconc,anode + nconc,cathode + nact,anode + nact,cathode)

. TPB : Three-Phase Boundaries . .
Nernst equation Polarization
UocP — o _ E In Ph,0,TPB Ohmic Overpotentials
TPB H, 2F 0.5 T Telectrolyt T
Pu,,TPBP0,,TPB Nonm = jRonm sRopm = 2% + —SSCL0Xe o ~catliode
Oanode  Oelectrolyte  Ocathode
_ e Gas distribution diagram at
PHyTPB = PHyf — ZFD—] the three-phase boundary in
TR SOFC Concentration Polarization
Pha.f e RT  (pu,0rPBPH,f\ . RT Po,.a
| : Neonc = 551N —= | +—In|——
Po, s 2F  \pu,rpBPHy0,f) 4F \Po,TPB
5 / Activation loss
H20.f Po,TPB
PH,,TPB ]
) (anF )
= exp|—
RTT ]O,electrode P RT nact,elect
Po,1PB = P — (P — Do, a) - anode J ] 1— @&E (Eelectrode>
4FDeff cathode - ex@éwcg‘e*ﬁﬁm 2%%5?58#}]”” RT
p —» RT Tanode
H»,0,TPB — FPH,O0,f — -
2 20 2FDeff,anode




Other components

Steam Methane Reformer and Afterburner

Flow 1(Anode Outlet)

Flow1 Inlet

| Flow1 QOutlet ]
Min1 ~ Rint

Min1 ~ Rima Mouet * Rourt >
—_—
Heat " Outlet
Hy+50;,> H,0,AH° = —242 kJ - mol ™!
—_—
CH4+ Hz0= CO+ 3H;, AH® = 206 kf - mol~
CHy +20, — COy + 2H,0,AH® = —802 kJ - mol™! )

| Moue ~ Rout

Mz ~ hinz €O +H,0 = COy + Hy, AH® = —41 kj - mol™! Mouez * Rourz —>
————l —- o
Min2 ~ Rinz
Flow2 Inlet Flow2 Outlet

Equilibrium reactor:

Flow 2(Cathode Outlet)

General chemical reaction formula: g4 + bB = cC + dD

d An
eyer e AG _ l‘UCC -¥p p ‘ Y:mole fractions of each species
Equilibrium constant In(k) = RT ‘ e = (l}lAa . SUL? Do at equilibrium in a chemical reaction

dm dUu . . :
Mass balance == z Moyt — z Min Energy balance Pt Z Hp,; + Z Hpyei + 2 Qk

AG = Gibbs free energy changes
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Other components

ZXRXT=pXv

‘ 7=1, ideal gas

‘ Z+1, Peng-Robinson Equation of State, PR-EOS

- —p

| —

"

Steam Reformer

~ >

P =

RT ao

Vm—b V2 +2bV,

— p2

73-(1-B)z*+(A-2B-3B?)Z

—(AB-B%?-B3) =0

_ 0.4572R*T?
a = PC

0.0778RT,
==

aaP bP

A=——=,B=—
R2T? RT

PV

RT

» Z =Compressibility factor
* o= Non-ideal quadratic correction parameters
* 1},,= molar volume of gas
* T, = Critical Temperature
* P, = Critical Pressure

Steam Methane Reformer and Afterburner

Flow1 Inlet

Min1 ~ Rin1

Heat

Flow1 Outlet

Moutr ~ Poutt
—

s > hipz

Flow2 Inlet

CH,+H,0 = CO+ 3H,, AH® = 206 kj - mol™!

€O+ H,05= €Oy + Hy, AH® = —41 kJ - mol ™!

Moytz ~ huutZ
——

Flow2 Outlet

Flow 1(Anode Outlet)

-

Min1 > hiny

>
>

1
Hy+50; > H,0,AH® = =242 kJ - mol ™!

CH4+20,— CO, + 2H,0,AH® = —802 kJ - mol ™!

Min2 ~ Rinz

Outlet

—_—

Moy ™ Rout

Flow 2(Cathode Outlet)
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Other components

Heat exchange
with environment

Solution steps:
Heater and Heat Exchanger . o _
o Stenl Crnin = mln(ml Cp1, M sz)
Heat exchange with environment tep . )
/ l Cnax = max(riy Cpy, 15 Cyy)
niy, Cp1, T /\/ - . .
IQTMl ; . Stepz' Qmax = Cmin (Thi - Tci)
\/(—\ Thermal mass 1 Q = eQumax l . .
&= f (KA/(thy - Codmins (1 - C) 0 /o1 - Gy, ) Step3. Q = ngax
\/r\ Thermal mass 2 Qe = Min(AH g1 (T, = T2), A g (T = T1)) l Q
I { Thout = Thout =
T, Cpzr T myCpq
/\/ a Step4. y
Q
4 T2,out = TZ,out - i C
Heat exchange with environment l 2~p2

N

Counter flow:

1-C
NTU =24, ¢ = imin
Cmin Cmax

1—exp(—N(1—- C))>

Final verification and judgment

) | —la—

Heat Exchanger-1

Heat Exchailger-z

QTM,env - Sign(Qenv) X min(loenvl: |hflow(Ti) - hflow(Tenv)l)
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3. Simulink Modeling

NO

Build up a model

]

Discretizing the problem using
the FDM

'

Creating initial time and space
grid matrices

'

Importing inputs and initial
parameters

b

Iterating over time and space

T

Check the results

Results and Discussion

]

End

r
1
1
M P
Fuel i'm IL' ' N o
1
_____ I -
Compressor-1 Heat Exchanger-1 Steam Reformer

_.%_-—4 L{U]I

Compressor-2 E Heat Exchanger 2

LS

Exhaust .

Heat Recovery Afterburner Hixer-2

Framework of MS-SOFC system simulations using finite difference method

MS-SOFC

1

RN



Finite difference methods

1. Convection equation ou %u

—=Do— DY (s, ta)+ £ (3 tn)
¢ Mass balances of Fuel channel at ox? axz \"J J

e Mass balances of Air channel

ou 10%u
D tn + At) = u(xg, ty) + (G, t,) At + 5= (x;, t,) A% + - u(t
*  Energy balance of Fuel channel ().t + At) = u(x), ta) + o<’ n)At + 2 0t2 (3 ) 427 + -+ u(e?) P

*  Energy balance of Air channel

=
=

9 1 62 :
u(x; + Ax, ) = u(xj, t,) + % (%), tn)Ax + 56—,;‘ (%, ta) Ax? + - u(x®) |
aC; aC;r :
at dx ou 10%u '
u(xj — Ax, t) = u(x, tn) — a(xj' tn)4x + 2 9x2 (%, ta)Ax? — - u(x®) |
2. Diffusion equation %(xj, tn) = [u(xj + Ax, tn) + u(xj — Ax, tn) - Zu(xj' tn) + ...u(x4)]/ Ax?
*  Energy balance of PEN structure n

0°u U;i —2un+un_ Jj-1,n i.n j+1,n
‘ Y= ~ j+1 J j—1
*  Energy balance of Interconnect Ox2 (xj, tn) ~ Ax2

Discretization : x; = xo + (j — Ddx

oT, 0T,
PiCp1— =AM 5 _ _
PL ot dx? Wt gty [Du"!-+1—2u7-l+u"!-_1 N f’-‘] It th=0+(n—-1dt
J J Ax? J =1%o
N
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Finite difference methods .

MS-SOFC
n+2
iy _ _ 0Ciy 1
ac © W T zke{(i),(ii),(v)} ViR hy .
The Concentration at the Next Time Step n /'\
I, gt 1 j 2 43 N o S b
Clr,l]+1 = CZ:L] +dt * (—uf —L b2 dxl’] L oE Zke{(i) (i) (V)} vi,kRi,kh_)
—_— e _ Finite Finite Difference approximations

The Current Spatial Step and its Impact Factors

T pgpn 0*Tpgy 1 1 . 1 o(T) — Tiey) . 1
PPENCpPEN 3. = ApEN .7 ks pen(Tpen — T) e kapen(Tpen — Tf) — +[(—AH) () R(y) — jU] — + [l T o
€1 €pEn
The Temperature at the Next Time Step
dt Tpen j+1 — 2Tpen j + Tren j-1 1 1
TR+l =T . 4 — </1 E - = — ke pen(Trenj — Tp ;) —— — kapan(Tpen,) — Tj) —— + -
PENT |~ 22 PPENCp,PEN PEN dx? % ( 4 f']) TPEN E ( deilotppy

The Current Spatial Step and its Impact Factors
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3. Initial value setting
Model code 2. Zero matrix

C1 = (Pan*ndot_H2) /(8.2057e-5%T_an_in*(ndot_H2+ndot_H20+ndot_CHA+ndot_CO+ndot_C02));

€2 = (Pan®*ndot_H20)/(8.2057e-5%T_an_in*(ndot_H2+ndot_H20+ndot_CHA+ndot_CO+ndat_C02));
€3 = (Pan*ndot_CH4)/(8.2057e-5%T_an_in*(ndot_H2+ndot_H20+ndot_CHa+ndot_COsndot_C02));
. %% €4 = (Pan*ndot_C0) /(8.2057e-5*T_an_in*(ndot_H2+ndot_H20+ndot_CHa+ndot_COsndot_C02));
41 bt €5 = (Pan*ndot_C02)/(8.2057e-5*T_an_in*(ndot_H2+ndot_H20+ndot_CHA+ndot_COsndot_C02));
1. Parameter Settlng % %ﬂgu’fb"m%%ﬁﬁﬁ—ano'je €6 = (Pan*ndot_N2)/(8.2057e-5*T_an_in*(ndot_HZ+ndot_H20+ndot_CH4+ndot_CO+ndot_C02));
ul = zeros(length(x),2);
O} TEE S Ior o et 1 = zmes(lerEit),2)3 u‘ian = (ndot_H2+ndot_H20+ndot_CH4+ndot_CO+ndot_C02)/((C1+C2+C3+C4+C5)* (W*h_an));
L = 8.24;
dx = 0.04; u3 = zeros(length(x),2);
-9%; ’ matrix H2 = (Pan*matrix_in_H2) ./(8.2057e-5%T_an_x.*(matrix_in_H2+matrix_in_H20+matrix_in_CH4+matrix_in_COsnatri
dt = 0.804; u4 = zeros(length(x),2); matrix_H20 /(B.2057e-5*T_an_x.*(matrix_in_H2+matrix_in_H20+matrix_in_CHd+matrix_in_COmatrix_i %
x = @udx:l; us = zer‘os(length(x),z); matrix_CH4 = (Pan*matrix_in_CH4)./(B.2057e-5*T_an_x.*(matrix_in_H2smatrix_in_H20+matrix_in_CHa+matrix_in_CO+matrix_in_ _in_N2));
matrix O = (Pan®matrix_in_C0) ./(B.2057e-5*T_an_x.*(matrix_in_H2+matrix_in_H20+matrix_in_CH4+matrix_in_COsmatrix_in_CO2ematrix_in N2));
W = 0.1; ué = zeros(length(x),2); matrix_C02 = (Pan*matrix_in_C02)./(8.2057e-5*T_an_x.*(matrix_in_H2smatrix_in_H20smatrix_in_CHA+matrix_in_COsmatrix_in_CO2+matrix_in_N2));
[ eT - 0.001; %fuel channel height(m) matrix N2 = (Pan*matrix_in_N2)./(8.2057e-5*T_an_x.*(matrix_in_H2+matrix_in_H20+matrix_in_CH4+matrix_in_CO+matrix_in_COZ+matrix_in_N2));
ul 2 = zeros(length(x),2); %The input matrix from the previous time step
. : = matrix_H2;
%molar flow Rate_anode u2_2 = zeros(length(x),2); e
ndot_H2 = n_in_H2/Number_cell;
ndot_H20 = n_in_H20/Number_cell;
= == = ’ ndot_out H2 = zeros(length(x),1); :
ndot_CH4 = n_in_CH4/Number_cell; — - ( gth(x),1); 1) = matrix_C02;
ndot_CO = n_in_CO/Number_cell; ndot_out_H20 = zeros(length(x),1); 1) = matrix_N2;
njoz,;gﬁ - HTI"HE?V";MDEV‘,;TPS ndot_out_CH4 = zeros(length(x),1); %Boundary_H2 H20 CH4_CO_CO2
neet_ - nAn feslumber_ceths ndot_out_CO = zeros(length(x),1); Ul?-‘k% =a;
-~ u2(1,1) = €2 ;
Pan_out = Pan; ndot_out_C02 = zeros(length(x),1); wIL) - €3 3
ndot out N2 = zeros(length(x),1); w(1,1) = C4 5
(a1} = iflength(x)/(W*dx); u5(1,1) = C5 ;
R = 8.314; us(1,1) = C6
F - 96485; P1 = zeros(length(x),1);
ke = 42745 P2 = zeros(length(x),1);
k_WGSR - 0.1;
En = B2 P3 = zeros(length(x),1); 4 C l l t l .t ti
P4 = zeros(length(x),1); . calcuiate value 1teration
P5 = zeros(length(x),1); forn =1
for j = 1:length(x)-1
Self-written program code FU(FL < 0 | Lsnen(f1) - 0;

S. Calculated value output £2(2 < 0 | sanan(s2)) - 0;
f3(f3 < @ | isnan(f3)) = 0;

ndot_out_H2(:,1) = ul(:,1)*u_an*(W*h_an)*Number_cell; . ) 7 )t an/(un , (5, mY e/ ot (o3 E2Cr o))

. _ . . ul(j+1,n+1) = ul(j+1, n) - t*u_an/dx ul(j+1, n) - ul(j, n +dt/h_an*(+3*f2(j+1,n)+1*f3(j+1,n));

ndot_out H20(:,1) = u2(:,1)*u_an*(W*h_an)*Number_cell; w2(G+1,n¢1) = u2(3+1, n) - ((dt*u_an/dx)*(u2(3+1, n) - u2(3, n)))+dt/h_an*(-1%F2(3+1,n)-1F3(3+1,n));

ndot_out_CH4(:,1) = u3(:,1)*u_an*(W*h_an)*Number_cell; u3(j+1,n+1) = u3(j+1, n) - ((dt*u_an/dx)*(u3(§+1, n) - u3(3, n)))+dt/h_an*(-1%F2(3+1,n)+0*f3(j+1,n));

ndot_out_C0(:,1) = u4(:,1)*u_an*(W*h_an)*Number_cell; U;‘EJ}?"?% U;lg]}i; "; - gzjt*u,a"jgxz*guzzﬂ? "g - u;‘gj; "ig;+gglh1,an*z+;"ggj+i,";71*25341,"?;;

uS(j+1,n+ = u5(j+1, n) - *u_an/dx)*(u5(j+1, n) - u5(j, n + _an*(+0* J+1,n)+1% j+1,n));

”dot[’“tfcoi(’:f)t) = USE:’1;*”J”*Ew*hﬁ";*“‘”mbelcen5 u(3+1,n+1) = u6(3+1, n) - ((dt*u_an/dx)*(u6(j+1, n) - u6(3, n)))+dt/h_an*(+0*F2(3+1,n)+0*F3(3+1,n));
ndot_out N2(:,1) = u6(:,1)*u_an*(W*h_an)*Number_cell;

ul_2(j+1,n+1) = ul(j+1,n+1)+dt/h_an*(-1*f1(j+1,n));
u2_2(j+1,n+1) = u2(j+1,n+1)+dt/h_an*(+1*f1(j+1,n));

n_out H2 = ndot_out H2(end,1);

n_out H20 = ndot _out H20(end,1); if ul(§+1,n+1)<=0

n_out_CH4 = ndot_out_CH4(end,1); f1(3+1,n)=0;

n_out_CO0 = ndot_out_CO(end,1); elseﬁ(jﬂj"):ﬂ(jﬂm);

n_out_C02 = ndot_out_C02(end,1); end

n_out N2 = ndot out N2(end,1); . 47
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Simulink Modeling
MS-SOFC et

e - e
s i
e e
8 r.rgm o T—=
T N D I
S e [ = -
S A R v{ Energy balances
O——<zmn S . e
- B : - * Anode
I . LN * (Cathode
C—= [ o N | [ . -
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MS-SOFC system assembly

2. Steam Methane Reformer

4. Heat |= ,
Exchanger |[==

B oG

.

—+—5

S. Heater 3. Afterburner 7, Mixed (Recovery Gas)
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Table 3. Physical properties and material parameters of AS-SOFC gt

Anode-Supported SOFC (Verification)

Table 1. Structural parameters of AS-SOFC

Physical properties and material parameters of AS-SOFC

Anode electrical conductivity, 04,046 80x 1030 Im?

Structural parameters of AS-SOFC

Cathode electrical conductivity, o,,

84x103Q Im™?

Cell length, L 0.4 m
Cell length, W 0.1 m PEN density, ppgy 5900 kg m—3
Fuel channel height, h, 1 mm PEN heat capacity, ¢, pgy 0.5k kg7'K™!
Air channel height, hy Imm PEN thermal conductivity, Apgy 2x 1073k m1s71K?!
Anode thickness, Tgnode 500 pm PEN emissivity, €pgy 0.8
Cathode thickness, Tcathode 50 pm Electrolyte ionic conductivity, Aeiectrotyte | 33.4 x 103exp(- 10.3x 103/
Electrolyte thickness, Teiectrotyte 200 pm T 'm™1
Interconnect thickness, 7; 500 pm Tierames dsnsiiv o, 8000 kg -3
Table 2. Operating Conditions of AS-SOFC Interconnect heat capacity, ¢, 0.5k kg~1K-1

Operating Conditions of AS-SOFC

Interconnect thermal conductivity, 4,

25%x 1073 kJm s 1K™ !

Pressure of anode, P, 1.3 bar
Interconnect emissivity, €; 0.1
Pressure of anode, P, 1.1 bar
Anode diffusion coefficient, D¢t anode
Fuel inlet temperature, Tfo 973 K 3.66 X 107> m?s~1
Air inlet temperature, T2 973 K

Air feed

Air ratio, A,

21%02,79% N2
8.5

Cathode diffusion coefficient,

Deff,cathode

137 X 1075 m?s~?

Ref. Aguiar, Patricia, Claire S. Adjiman, and Nigel P. Brandon. "Anode-supported intermediate temperature direct internal reforming
solid oxide fuel cell. I: model-based steady-state performance.” Journal of power sources 138.1-2 (2004): 120-136.
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Mesh validation

Temperature (K)

Figl. The temperature at the outlet of each area at different time points

Temperature (K)

Fig2. Comparison chart of anode outlet temperature results at different

1030
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1 1 1 1 1
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1030
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—o— Spatial step of 0.001 m
—a— Spatial step of 0.0025 m
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Fig3. Comparison of the

1020

1010

1000

980

970 -

—— Spatial step of 0.0047 m
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2 o Numerical Simulation
& 90 Results of Temperature
950 Distribution in the Anode
. Flow Channel
9300.0 z 0.1 ; 0.2 : 0.3 : 0.4 : 0.5 : 0.6 : 0:7 7 0.‘8 : Of‘) s 1.0
Dimensionless axial position
Model validation
—=— Reference [23]
1.0 —e— Simulation
Fig.4. Comparison of simulated . .
£ P ) *? (Verification)
voltage response with S
experimental response reported ¥ **
in [23]. S,
0.6
0.5 1 L 1 1 1

0.0

0.1 0.2 0.3 0.4 0.5

Current Density (A-cm™)

[23] Ref. Aguiar, Patricia, Claire S. Adjiman, and Nigel P. Brandon. "Anode-supported intermediate temperature
direct internal reforming solid oxide fuel cell. I: model-based steady-state performance.” Journal of power sources

138.1-2 (2004): 120-136.



MS-SOFC

Table6. Operating Conditions of MS-SOFC (Datal)

Operating Conditions of MS-SOFC (Datal)
Pressure of anode, P,

Pressure of anode, P,

Fuel inlet temperature, Tfo
Air inlet temperature, T2
Air feed

Air flow velocity

Fuel feed

fuel flow velocity

1.3 bar

1.1 bar

973 K

973 K

21% 0,, 79% N,
3.6ms™1

100% H,

0.6ms~!

Table7. Operating Conditions of MS-SOFC (Data2)

Operating Conditions of MS-SOFC (Data2)
Pressure of anode, P,

Pressure of anode, P,

Fuel inlet temperature, Tfo

Air inlet temperature, T2

Air feed

Air flow velocity

1.3 bar
1.1 bar
873 K

873 K
21% 05, 79% N,

3.6ms !

Fuel flow rate, gas composition, water-to-carbon ratio, and
reforming reaction rate of MS-SOFC.

Pure hydrogen fuel
0.104 mols~1 | 100% H,
Mixed fuel
0.045 mol s—! H,, Water to carbon ratio (S/C) H,0,

0.015 mol s—! CHy4, 0.007 mol s~ CO, 0.047 mol s~ CO,
Steam reforming rate

S/C 2
50 % 75 % 100%
(S/C: Water to carbon ratio)
S/C 2.5 50 % 75 % 100%
S/C 3 50 % 75 % 100%

Pure Methane fuel
Water to carbon ratio (S/C) H,0, 0.026 mol s~* CH,

Steam reforming rate

S/C 2 25% 50 % 75 % 100%
S/IC2.5 25% 50 % 75 % 100%
S/IC3 25% 50 % 75 % 100%
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Datal. Model validation Data2. Steady state performance analysis “**

2f e Lo Pure hydrogen fuel, 0.104 mol s~1 H,
—a— Simulation_| ,‘,r‘ 12 030
. . - 0.6 9
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Fig.7. Simulation results for voltage vs. power density characteristics of MS-SOFC with
b (a) (b) pure hydrogen fuel.
—a— Reference [46] 10 9%
e
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Conclusion ;\’%
The designed model incorporates mass and energy balance equations, as well as electrochemical models. Simulations have been performed to investigate the
electrochemical behavior of the MS-SOFC, the temperature distribution within the multi-layer SOFC structure, and the fuel component fractions at the inlet
and outlet of the anode channel under the effects of different water-to-carbon ratios (S/C = 2, 2.5, and 3) and methane vapor refining reaction rates (50%, 75%,
and 100%). Two fuels have been considered: pure hydrogen and a mixed fuel containing hydrogen, methane, carbon monoxide, and carbon dioxide. The
simulations have focused on the problem of maximizing the current density in the MS-SOFC while simultaneously maintaining a low operating temperature of

600°C by controlling the S/C ratio and methane vapor refining reaction rate. Peak power density (PPD) under different conditions:

> PPD: Peak Power Density

» SMRR: Steam Methane reforming rate

> S/C:

Water to carbon ratio

Iout Pure Mixed fuel, S/C=2 Mixed fuel, S/C=2.5 Mixed fuel, S/C=3
npu
. hydrogen
conditions fuel SMR50% SMR75% SMR100% | SMR50% SMR75% SMR100% | SMR50% SMR75% SMR100%
PPD
| 0.24201 0.17889 0.21004 0.23041 0.17422 0.20873 0.22882 0.17271 0.20760 0.22734
vaiue
Pure methane fuel, S/C=2 Pure methane fuel, S/C=2.5 Pure methane fuel, S/C=3
SMR25% | SMR50% | SMR75% | SMR100% | SMR25% | SMR50% | SMR75% | SMR100% | SMR25% | SMR50% | SMR75% & SMRI100%
0.03255 0.07520 0.12415 0.16381 0.03339 0.07873 0.13018 0.17043 0.03435 0.08007 0.13316 0.17808




Conclusion

Physical parameters of MS-SOFC fluids

Table 7. Coefficients used to calculate specific heat capacity of MS-SOFC.

H, H,0 CH,4 CcO CO, 0, N,
B 2.47906 4.00392 4.00088 3.50055 3.50002 3.50146 3.50031
C 0.95806 0.01059 0.76315 1.02865 2.04452 1.07558 0.13732
D 228.734 268.795 820.659 1550.45 919.306 2235.71 662.738
E 0.45444 0.98763 0.0046 0.00493 -1.06044 1.01334 -0.1466
F 326.843 1141.41 178.41 704.525 865.07 1116.69 680.562
G 1.56039 3.06904 8.74432 0 2.03366 0 0.90066
H 1651.71 2507.37 1.062.82 0 483.553 0 1740.060
I -1.376 0 -4.469 0 0.014 0 0
J 1671.69 0 1090.53 0 341.109 0 0
M 2.016 18.015 16.043 28.01 44.01 31.999 28.013

The specific heat capacity of MS-SOFC, ¢, is defined using data from ISO 20765-1 [25]. Based on this data, we derived
a novel ideal gas temperature polynomial equation, referred to as the Kuo and Liu equation, to determine the specific

heat capacity (Cgi) of MS-SOFC. The coefficients for this equation are provided in Table 7.

0
Loi.

i_
R/M

B+

D/T

sinh(D/T)

)2+E

( F/T
cosh(F/T)

)2+G

sinh(H/T)

( H/T

)2+1

( J/T
cosh(J/T)

-
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Conclusions

» Four value chains representing opportunities for scaling up Hydrogen in the
near term

1. To open gateways to lower-cost and lower-carbon hydrogen hubs.
v Europe, United States, Japan, Middle East , Latin America, Taiwan, China, Australia

2. To Scale up low-carbon hydrogen supply by tapping into dependable demand.
v" North America, Europe, Middle East

3. Toreach the appropriate scale for competitive fuel cell vehicles and refueling.
v’ Japan, Korea, China, Europe, United States

4. To kick-start international hydrogen trade for the ultimate global low-carbon market.
v' Asia Pacific, Middle East, North Africa, Europe
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 Wider Hydrogen Value Chain Risks and Dependencies

v" Blue and green hydrogen competition

v' Markets and regulations, safety and public trust

v’ Skills gaps

v’ Resource efficiency and embodied carbon in infrastructure

v The atmospheric greenhouse effect of hydrogen leakages

v" Global production and use of hydrogen and international trade
v’ Cost uncertainties of imports

v Emission uncertainties of hydrogen imports
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