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Project Goal and Milestones

of product scale.

Advance, demonstrate and optimize a thermally and chemically integrated Solid Oxide Electrolysis Cell
(SOEC) system, as co-producer of H, and O,, with a Direct Reduction Iron (DRI) plant at | ton/week

Creatad by Adrien Coqu

reated by Baristalcon
from Noun Project

i
n|
!

g
m
g
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Created by Iconfly
from Noun Project

Created by | Putu Kharismayadi
from Noun Project

Specific primary
energy
consumption
<8 GJ/ty,

S

Electric-to-
hydrogen
efficiency for an
SOEC stack of
<35 kWh/kg of
H, produced

Specific CO,
emissions rate <
90 kg CO,/ton
DRI product w/o
oxyfuel

Pilot system at
production
capacity of 1
ton/week and
TRL4

Scale-up design
for a

2 Mton/year DRI

product capacity

Total capital
specific cost
< $200/ton
equivalent pig-
iron per year

November 4th, 202 |

Luca Mastropasqua, Ph.D.

Im | @apep.uci.edu
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Potential Impact

Direct Industrial CO2 emissions

Other Industry
26%

Chemicals and
Petrochemicals
13%

Iron and Steel
28%

Pulp and Paper
3%

Aluminium
3%

Cement
27%

E Cement
Pulp and Paper
H Other Industry

B Iron and Steel
Aluminium
Bl Chemicals and Petrochemicals

WorldSteel association —World steel in figures 2020
International Energy Agency (IEA)

November 4t 202 |

Steel industry:
World total 1869 Mton,_,

6-6.5% of total anthropogenic
CO, emissions

Blast Furnace + Basic Oxygen Furnace (BF+BOF)
Hydrogen Direct Reduction (HDR)
Hybrid Hydrogen Direct Reduction (Hybrid HDR)

Units BF+BOF HDR Hybrid HDR
Energy intensity  GJ/toNn_ e steel 19-22 <8 <9
Specific emissions  tongg,/toN  ge steel  1.8-2.1  <0.09 <0.09
Specific cost $/toN.q pig-iron YT 210 200* 200*
Electric load GJ,//toN L ge steel - <7 <7
*At 2 Mton/yr scale

Units Ref SOEC HDR Hybrid HDR
Hydrogen Eff. kWh/kg 40 35 -
Syngas Eff. kWh/kg 45 - 40
Oxygen Eff. kWh/kg 6.5 <5 <5

Luca Mastropasqua, Ph.D.

Im | @apep.uci.edu
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Iron and Steel industry

Technology Impact

Steel production is responsible for the 7% of global anthropogenic CO,
emissions and a rise of 20% in steel production is predicted until 2040.
BF-BOF steel production route produces 71% of total steel:

*  Energy intensity: 19-20 GJ/ton,,,4e steel
*  Specific emissions: 1.8-1.9 ton.g,/ton
Reference Integrated Steel Mill:

* Capacity: 4 Mton g /yr

* Total specific emission: 2.01 tcg,/tyrc

crude steel

BF/BOF Steelmaking Coal processing

Source of heat to melt the iron ores (Fe,0,)
Source of CO-reducing gas for ironmaking
Sustain charge (porosity and carrying capacity)

November 4t, 2021 Luca Mastropasqua, Ph.D.

Blast Furnace Steelmaking Sorap Electric Arc Furnace Steelmaking
Pellots
Pellets
‘ ‘/— ‘ -— Iron Ore
—_—

,——"
Iron Ore ‘
‘ \ l Continuous casting ‘

Sinter
S— / Coal/Natural Gas
-\ -— Direct
~ reduction
ottt
Ladle
(Refining) Electric arc fumace Serap

—
Limestone

— Ladle

Converter
(Steslmaking) (Refining)
Blast furnace

Coal
Coke
/ (Ironmaking)
- A

(Steelmaking)
o

Noteworthy relevant projects:

e 2018:HYBRIT - SSAB site in Luled, Sweden, with SEK 500
million ($51.88 million)

e ArcerlorMittal Hamburg DRI plant
e 2019:thyssenkrupp Steel grant IN4climate. NRW

Carbon Capture
and Storage

Alternative
Steelmaking Routes

L Mastropasqua, et al., International Journal of Greenhouse Gas Control 88, 195-208
WorldSteel association — World steel in figures 2020
International Energy Agency (IEA)

Im | @apep.uci.edu




‘% UCI Cicni e Background - Direct Reduced Iron

Top Gas (H,0O
and CO, rich)

H, . ) — )
Fe20s3 Hematite % Oxygen = 30.05 % A Fe,O,
Fe30a Magnetite % Oxygen = 27.64 % y
FeO Woustite % Oxygen = 22.27 %
co ]
Fe Iron % Oxygen =0 %

Reduction with H,

3Fe,O; + H, — 2Fe;0, + H,O FeO-> Fe
Fe,O, + H, — 3 FeO + H,0 METALLIZATION: a
FeO + H, — Fe + H,O
Feq [kg] Reducing Gas

Reduction with CO M [%] = Fe,o [kg] 90% <M < 96% (H,and CO "
3Fe,0, + CO —2Fe;0, + CO rich)
Fe;O, + CO — 3 FeO + CO, CARBON CONTENT:
FeO + CO — Fe + CO,

. . C k
Reduction with C,, C [%] = Feq Lkg] 0.3% < M < 0.8%

CFetot [kg]

CO, + C — 2CO

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu
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SOEC Steam electrolysis

ANODE (+)

Sweep gas (air)

A

> @—)1/202+2€_

0,-rich stream

Electric-to-H,

efficiency

ELECTROLYTE 0

Steam to cathode

—
.
]

First law efficiency

Current density [Alcmz]

November 4th, 202 |

Im | @apep.uci.edu

Luca Mastropasqua, Ph.D.

o Hy0+2e” > Hy£02) W, + Qpp,
H,+ unreacted steam
CATHODE (') Endothermic region _g ! » Exothermic region
o 0.8 Qsoec :
. - 1
Temperature range: 600-850°C Q
react :
H20 + heat - Hz + 1/202 0.6 - QIoss :
I
1.6 T T = . |
sl o i Max endothermic :
P K 6 § 044 |
e 6666 Thermo-neutral voltage 2 :
1.3 — | ~ !
= . P V,, = 1.285V g 02- |
1 s . n S |
2 £ 50 88 o | Thermo-neutral
PRSI : ; 0.0 I
> 1! P A ‘04'0’ | : i ] ] . . B T 4 T J T » T I $ 1 b 1 <
09:;0‘00 o E:;;:gg Qgen = ﬁTAS = ﬁ (AHT — AG) = ](th — VNernst) 0 0.2 0.4 0.6 0.8 1.0 : > 1.4 1.6
0k O Exp950°C -0.2 - Current denSity (A Ch\-z)
= = :Mod 750°C |
0.7 = = :Mod 850°C I
06 . \ . | = tModBS0C Qioss = JV = Vernst) = J(EAViss) 0.4 - :
0 0.5 1 1.5 2 25 .

Mastropasqua et al., 2020, Applied Energy 261, 114392
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UCI &5 vie  State of the Art vs. SOEC+DRI

O Renewable electricity Renewable heat
NG-DRI [||| SOEC+DRI
@ ) Natural gas o
@
® Oxygen export <_| O <:| 4
O
ﬂ 0 |

\
’ |_> Steelmaking

Iron product

November 4th, 202 |



UCI Gitmi e Hydrogen Direct Reduction (HDR)

Iron ore .

SOEC operates as oxygen
Fe,O;+FeO+Gangue

pump to remove O, from shaft

Dusts furnace top gas

Top gas
53% H,, 47% H,0O Heat recovery and <
cathode pre-heating T=400-500°C

* SOEC exploits the enthalpic
content of top gases to perform
part of the electrochemical
process

m
(@)

Renewable
electric input

T=750°C * lIron ore is reduced mainly with

hydrogen produced by the

Cathode

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCOeeC O

T=1000-1150°C

Exhaust >96% CO, SOEC
T Renewable e Carbon is introduced in the
| bReducw.\g gas DRI product cycle only to provide
90cl;‘e|(_jluc:'2)§/ gaHS o sl carburization to DRI product
R 1 |Natura| gas
* Excess carbon is oxidised in

pure oxygen (produced by
lPure O, export SOEC) and captured

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu




University of

Calfornia, Ivine SOEC steam electrolysis design

Current density A/lcm?2 0.9 Slightly exothermic
x=0 ANODE|(+) x=1 @. VOItage \V/ 1.315 '/ th =1.285V
e o Yape madil Power MW 533 85% of inlet steam is
aps % Bieam uiilization - 085 }J— converted
seomtoctiode | T L1 i Stack efficiency (LHV based) % 95.35

| | Feq P D | e Energy per kg of H, kWh/kg 34.98 l__. High H, and O,
CATHODE (- nerqy per kg of O, kWh/kg 4.406 production efficiencies

I
ThH - (_) Tth = I =

00 002 004 006 008 04 012 014 0416 018 02 022

Length Length . CAPEX l

S CurentDensty . s Csogecotmear 2~ \2F

ﬁ N S L Y

£2 8§ S - o | | —

<2 = o o | O | A

z0) S s e oo . S R——

55 LN | i % | . ;

A1 - T U NN ¥ — Vocz] Weloclvl

E I - - ! ! ! '

31 d o | i i |
L e $
2 : : :  CAPEX = csopc * A |— - m?
8 00 0.05 01 0.15 02 025 m

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu




University of

California, Irvine Preliminary thermodynamic performance

10
9 Fuel , preheating ; 1,49 02 equivalent energy; 0.221
8 (o2 Rankine
. le
CFe [kg] . . Tompression; W e e | v .
C %] = s = 0.85%mass  Carburization — - (N
Cregor kg1 2 -
aaﬁasﬂe:ycle SOEC power J 1\ Purge fuel
Fe . . compression _ consumption; ;
M = — =97.5% Metallization factor 3 ;018 COMSUMPNON; —Fiopggs 037
Fetot ) 6.43
1
HDR _ S T A 0
PEdiT _ PERES + mNG LHVNG T 74 83 GJ/ton DRIhOt Gross consumption  Net consumption
EHDR w025 RS
eco. = -2 = 40-60 kg CO,/ton DRI
COZ 2 hot
MpRrj Fe0 2.3 Mtam, :

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu




% UCI Cicni e SOEC - CO, and co-electrolysis

ANODE (+)

Sweep gas (air) 0,-rich stream A 350 B ”
el @—) 1 /2 0, + 2e~ > < 3004 AH (Total energy demand) - AH (Total energy demand)
o ] < s
f R E 250 AG (Electrical energy demand) R AG (Electrical energy demand)
- .
ELECTROLYTE : ©
Flue gases to cathode = 5 I § 150 4 CO;(g) = CO(g) + 1/20,(g) E 3001 co,(g) + H,0(g) = CO(g) + H,(g) + O;(g)
(H,0, CO,) . H,0+2e” - H, #0 | - 3 2001
> CO. +2e= = CO 02_ g TAS (Heat demand) o TAS (Heat demand)
2 H,+CO + unreacted 2 50- £ 100-
CATHODE (-) flue gases S . s g
0 200 400 600 800 1000 0 200 400 600 800 1000
T 0|
Temperature range: 600-850°C Temnsrshine [5) emperature (°C)

REDOX H,0 + heat - H, +1/20, Summary

CO, + heat - CO +1/20, *Mixture of steam and CO, can be electrochemically reduced to produce

m a syngas and pure oxygen

C,H,, + nH,0 + heat = (? + n) H, + nCO *Depending on the operating conditions of the SOEC, methane and other
longer hydrocarbon species can be produced inside the cell cathode

CO + H20 = Hz + COZ + heat

*The endo or exothermicity of the stack is determined by the current
density and internal chemical reactions yield

Enernst = nF +nF

AGmix RT ln( xHZO,cat xCOZ,cat )

tz,cathO,cat xOZ,an Song et al.,Adv. Mater. 2019, 31, 1902033

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu




UCI i e Hybrid HDR concept — co-electrolysis

Iron ore

Fe,O;+FeO+Gangue
23 & * SOEC operates in co-electrolysis

mode. Both H,O and CO, are

Top gas directly converted into H, and CO
H,, H,0O, CO, Heat recovery and
thod -heati ,
RIS RIS * Methane can also be formed in co-
SOEC electrolysis — thermodynamically
Renewable o b favored by high pressure, and
I t — t O é N . .
electric inpu _g {8l r=750°c kinetically enabled by high
& E temperature
O E
Exhaust 296% CO, « Hybrid HDR enables regulating the
Natural gas T ] : DRI carbon content without
Oow-carpon . .
l Reducing gas DRI product increasing natural gas make-up
Reducing gas heating
H,, H,0, CO,, CO X * High-pressure co-electrolysis will
Mgas be demonstrated

lPure O, export

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu
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Hardware-in-the-Loop (HIL)
SOEC+DRI simulator

Physical sensors

* Flowmeters
 Thermocouples
* Pressure gauge
e GC

-
‘N,
‘.

SOEC Physical Inputs:
* Power supply profile
* Current density

* Temperature

* Flow

November 4th, 202 |

'0
.

i Gas measurement
~: (T, p, flow rate,

{ composition) ) 3

REDUCING | . R
_'_'_'GAS TO DRI ;'

SOEC STACK

---------------------------------
*

Datato
simulator

SIMULATOR

TOP GAS I W - 4

DRI SIMULATOR

------------------------------------
*

.’

: Control system with
: shaft furnace model

i generator

.
‘e
.
‘e
.
.

DRI Virtual Inputs:

* Iron ore composition

* Gangue content

* Pellet coating

* Residence time

* Operating temperature

* Size, furnace configuration

Luca Mastropasqua, Ph.D.

TO SOEC

Im | @apep.uci.edu

Physical actuators + hardware

... * Calibrated gas tanks

* Heat exchangers
* Vessels /Piping /Valves




UCI &icna e Demonstration System Design

Power and
Vent Hood Controls Cabinet

Electrolyzer
Stack

58 Stack Base T RS e .
$ ! . ‘ il Insulation
‘ Insulation :

Stack Support ' & ( : Heat
Table | a -3 Exchangers
. yﬁ:‘}:: -
‘ 8 :

) _ [ H " Electric v ;
Instrumentation : /
: IS space filled with » Gas Supply
. = ] ‘ Rack

¥ : ' - loose-fill
insulation (not

shown) ; i 7 "
: ' SOEC Electrolyzer

125 psig (8.6 barg) design pressure
Accommodates |x150-cell stack or 4x45-cell stacks with adapter
Three thermal zones:

*  Hot zone for the electrolyzer stack
*  Mid-temp zone for BOP components such as electric heaters and heat exchangers

. Cool Instrument termination zone

Vessel is designed in accordance with ASME B&PV Code Section VIl Div. Il, with internal
insulation to allow a touch-safe vessel wall temperature.

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu
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UCI

Project Work Packages

WP1: System integration and thermodynamic analysis

* Plant conceptualization
and thermodynamic
analysis

* DRI kinetics at high H,
concentrations

SOEC thermal * Testing in relevant process I
* Assessment of product management conditions for DRI WP5: Techno-economic
quality SOEC control strategy operation Design and optimization of full scale
development * SOEC prototype design commissioning of DRI SOEC+DRI layouts

WP2: SOEC module design and control

SOEC module sizing and
nominal load design

Electrolysis section

SOEC+DRI layout

Reducing section
22

Fe,0, (+FeQ+Gangue)

EAF/Other use =

sjaz
Shaft

WP3: SOEC prototype design, construction and testing

* SOEC prototype
fabrication

Q. (Wem?)

WP4: Design and characterization of pilot-scale SOEC I

simulator

Integration and
commissioning of SOEC

furnace module into DR/ test economic assessmenfgf
0] 0 - bench full-scale system
Coaling. 06 _0::

Characterization and
testing of integrated
SOEC+DRI system

Steel

November 4th, 202 |

04

00 0z 04 06 0B 10

itz 14 18
02 Current density (A cin?)

Mastropasqua et al., 2020, Applied Energy 261, 114392

Luca Mastropasqua, Ph.D.

* FEconomic and market
background build-up

» Design and Techno-

* Comparative assessment
with state-of-the-art

» Sector coupling
assessment

*  Pressure gauge
* GC

+ Power supply profile
+ Current density

+ Temperature

* Flow

SOEC Physical Inputs;

/| DRI Virtual Inputs:

Physical sensors. SOEC STACK DRI SIMULATOR * Iron ore composition
N ;D;S:l:iples a5 measurement | ddd + Gangue cantent

el
aft furnace model + Pellet coating
== ¢ Residence time

+ Operating temperature

4/ * Size, furnace configuration

SIMULATOR Physical actuators + hardware

= Calibrated gas tanks
TOP GAS |* Heat exchangers

TO SOEC | Vessels /Piping /Valves

4
Design for full commercial scale plant

1 ton/week demo at TRL

Im | @apep.uci.edu




UCI i e Collaborations and Coordination

Project Partner Project Role

Coordination; SOEC modelling and control design;

O IRVINE University of California, Irvine Design of DRI+SOEC HIL dema
— FuelCell Energy Design of SOEC prototype; Construction, testing of

DRI+SOEC HIL demo

Thermodynamic analysis and layout definition

:\:t'mf’:j—‘l . . . .
-, LEAP Laboratorio Energia Ambiente Piacenza

(M raurecnico  Politecnico di Milano DRI modelling and support on HIL demo

M Hatch Design scale-up and techno-economic analysis

Wsicaices Southern California Gas Company Market insight partner and co-sponsor
A gj) Sempra Energy utity
NUCOR Nucor Corporation Advisor
tenova® Tenova Inc. Advisor
P . .
e Arcelor Mittal Advisor
MIDREX Midrex Advisor

November 4t, 2021 Luca Mastropasqua, Ph.D. Im | @apep.uci.edu




rm ’ UCI cicne e Summary

Power and
Vent Hood
Key takeaways

Controls Cabinet

*SOEC systems can be thermally and chemically integrated with

high temperature industrial processes
10

. Fue, reheating 1,432 equivalentenergy;0.221 *Both hydrogen and renewable syngas fuels can be directly
8 co2 ™ produced by SOEC with renewable electricity and thermal
Tompression; W R power ; .
z5 002 e 0,003 energy Inputs
g R
=5 i
= GasRecycle Overall Net Purge fuel Vaporizer Gas Supply
compression cig:ﬁr:o::; consumption. energy; Iron ore P Rack
i 10.18 5.4: i Lzden . 0357 Fe,O;+FeO+Gangue Condensate Tanks SOEC Electrolyzer
X Module
0 Top gas
Gross consumption  Net consumption 53% H,,47% H,0O Heat recovery and

T=370°C

Future steps

cathode pre-heating

Preliminary performance

*Demonstration of SOEC operation at pressure in both

Prelimi | . ] Renewable steam and co-electrolysis
*Preliminary results show the electric input : . . o .
nary . 2 T=750°C * Thermodynamic and kinetic analysis of H2+DRI

potential to reduce the primary :

energy consumption of Exhaust >96% CO, *This project will demonstrate the HDR and Hybrid

steelmaking by >64% T=1150°C HDR scenarios at a TRL = 4 in Danbury (CT)

Renewable
. . Reduci .

° Dlrect C02 emissions can be Reducing P eh:::::ggas DRI PI’OdUCt Sta)’ tuned fOI" more...

reduced by >97% 0% H 10% Ol F Facural gas

Web: http://www.apep.uci.edu/H2GS/

l Luca Mastropasqua: Im | @apep.uci.edu
pure O, export Jack Brouwer: jb@nfcrc.uci.edu

November 4th, 202 |
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