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« Hydrogen for energy storage

» Hydrogen use in Iron/Steel production
» Hydrogen use in cement production

« Hydrogen use in fertilizers production
 Final thoughts and future trends



Hydrogen Versatility

Hydrogen Applications

Power & Heat Industry
Generation Feedstock

»  Power generation for grid *  Ammonia production »  Fuel cell forklifts
Power buffering = Steel production + H: powered vehicles

= Hzaddition to natural gas = Synthesis gas = Hz powered trains
Heat/power for buildings + Hydrocracking » H: powered aircraft

»  Heat/power for industry = Hydrogenation * H:z powered shipping
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Hydrogen Versatility

GLOBAL HYDROGEN CONSUMPTION
) BY INDUSTRY

Methanol Production
10%

Petroleum Refining
25%

Ammonia Production
55% Data from Hydrogen Europe -i:;:u:.i"_-n.i-'--:—: irope_eu/hydrogen-applications)




Hydrogen Other Use

 Food

To turn unsaturated fats into to saturated oils and fats, including hydrogenated vegetable
oils like margarine and butter spreads.

* Metalworking
Hydrogen is used in multiple applications including metal alloying and iron flashmaking.

* Welding

Atomic hydrogen welding (AHW) is a type of arc welding which utilizes hydrogen stream.

 Flat Glass Production
H2/N2 mixture is used to prevent oxidation and defects during manufacturing.

 Electronics Manufacturing
As an efficient reducing and etching agent, hydrogen is used to create semiconductors,
LEDs, displays, photovoltaic segments, and other electronics.

 Medical

Hydrogen is used to create hydrogen peroxide (H,O,). Recently, hydrogen gas has also
been studied as a therapeutic gas for a number of different diseases.



H2/NH3 blending and boilers retrofitting (TRL7)

Generators

CR | H2/02/H20 steam (TRL4)

Modifying existing DRI porceses (TRL7)
Iron Reduction ; i 1

DEM DEM DEM DEM CR HPRS (TRL4)

R&D | R&k DEM DEM DEM  CR Low carbon fuels (biomass, NG) (TRLS)

R&D | R&D | R&D | R&D | R&D | R&D | R&D DEM DEM DEM DEM DEM  CR Steam calcination (TRL4)

Heating ; | i : : | i ‘
Furnaces | R&eD | R&D | R&D DEM DEM DEM DEM  CR Pure hydrogen burners (TRL6)

2022 2025 2030 2035

DEM DEM DEM DEM  CR Hydrogen blending and retrofting (TRL7)
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Strategies to Decarbonize HI

- Direct Electrification Solar Thermal Hydrogen m

Electric furnaces (9)
Reductant (9) Reductant (4)
Iron and Steel Direct Reduction Iron (9) Heat source (5) Heat source (4)
Heat source (7) Heat source (4)
Plasma reduction (3)
Electric kilns (3) Direct Heat source (4)
Cement Heat source (4) Heat source (9)
calcination (3)  Steam calcination (3)
Indirect Bauxite Heat source (6)
Electric heating (4) Heat source (4) Heat source (4)
calcination (6)  Steam calcination (5)

Heat source (6)
ST T [[=1 58 Electric furnaces (3) Heat source (4) Heat source (4) Heat source (4)
Chemical (9)
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Single Step versus Two-Steps Reduction

Temperature [°C]

1600 - BOE ' -
1400 - -
1200 - EAF o
1000 4 o
800 - £
600 - Hydrogen L
based
metallur
400 T T T T T f T |g - T T T
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Carbon [%] Fe Oxygen [%]

Process routes for steel production

BF - Blast Furnace, BOF - Basic Oxygen Furnace, EAF - Electric Arc Furnace, HM - Hot
Metal, DRI - Direct Reduced Iron, HPSR - Hydrogen Plasma Smelting Reduction, LI - Liquid
Iron
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King Abdullah University of
Science and Technology

Single-step process

No need for
preprocessing, sintering,
or pelletization of the
iron ore

Energy reduction of
54.77% in comparison
with the BF

Low-grade iron ore
<69%

Zero CO, emission
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Direct Reduced Iron (DRI) — Electric Arc Furnace (EAF) <

Direct Reduced Iron
Pellets DRI % Processing &
Sintering requires
a large amount of
energy

Iron ore

‘q =L

Shaft
furnace |

= (500 —900)°C

Molten ¢ It requires a high-

iron .
grade iron
# (>69%). The iron
grade in many
Electric arc furnace (EAF) . .
T > 1500°C countries is below

40%

C
Brannberg Fogelstr'om, J., Experimental Study of the Temperature Profile in an Iron Ore Pellet During Reduction Using’ﬁyd;«[a&g:fagiep pI’OCGSS
Master’s thesis, KTH Royal Institute of Technology, 2020. 10
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Hydrogen Plasma Smelting Reduction (HPSR) -Zizie

o

H, +FeO=Fe+H O

400 2H_+FeO=Fe+H,0
80012/3H, "+FeO+2/3e=Fe+H,0  Negative Gibbs free
-12007 energy

1600 - H, '+FeO+e=Fe+H O « Temperature obtained in
3 ¢

2000 an H, - plasma medium
] is greater than the
-2400

" melting point of oxide
2800 2H "+FeO+2e=Fe+H O
- (9} 2 (g} Ore

=T 1T - T - 1T - 1T - 1 1T T 1T T T 7
400 600 800 1000 1200 1400 1600 1800 2000 2200
Temperature(K)

Y. Zhang, W. Ding, and X. Lu: Shanghai Met., 2009, vol. 31 (4), pp. 15— 11
20.

Gibbs Free Energy,KJ/mol of HO
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Reduction Methods

« Small moving particles being reduced while in movement and
bring to rest in a collector;

» 25-150 micrometers;
» Seconds or milliseconds.

In Flight Reduction

* The iron oxide stays stationary in a reductant flow.

. . * 1000-6000 micrometers;
Direct Reduction » Minutes or hours:

* Higher degree of reduction and lower energy intensity.

. » Pulverized particles of moving iron oxide are reduced and the
Combined process finishes with further reduction in plasma volume.

12
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Plasma Generators for HPSR- Arc Heated Flow (EAF)

o

Science and Technology

Inflow DiscParge
L. y (] 2 4 6 8 10
Imp"_‘glng \ T T T T T T T L |
arc discharge C Cathode - 2000 k Ar, 150 A
6 T T = 20s
\ 3 2500 K
Reducing flow/ N 3000 K
reaction zone - 3500 K
\O [ e = 1000 K,
S H Interval 2000 K

Advantages Disadvantages

+ Simple to construct

+ Extensive Literature

+ High efficiency

- Susceptible to
working gas
degradation

- Degradation through
arc attachment

500 K

SUS 304 (L
1 1 1 [l I |
- Degradation can o = & & P —
alter operational Radial distance (mm)

stability and reducing 13
flow chemictryv

>Gen
of H
H+ t
enh:;
redu
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Plasma Generators for HPSR- Microwave Inductive Reactor ..

Technology

((((‘U

Rlng Phase 3
Discharge discharge : " Feay fobatrayatam
Cha m ber improvement
\Y Inflow
O
J1 v P
O X L
O S| M,
O Siatior
O O Advantages Disadvantages
O ¢ + Gas Flexible - More complicated to
Reducing flow O construct and operate
f)_ - [ + Pure flow - Lower thermal
EM Antenna Chamber RN
cooling - More difficult to
ignite at high

Jordan Figueiredo and Prof Deanna Lacoste pressure



Pre/post-
process

Process

Plasma Source

Measuielient

Oxide/reduced iron compositon

Oxide size and shape
Oxide size distribution
Oxide/reduced ore mass

Absorbed plasma power (1)
Chamber pressure (2)
Surface temperatures (3)
Hydrogen utilization (4)

Input voltage (5)

Antenna current & frequency (6)
Discharge shape and movement
(7)

Plasma chemistry (8)

Specific species distribution (9)
Specific species
temperature/velocity (10)

Teanique

+  X-ray diffraction

*  Wet chemical analysis

*  Atom Probe tomography
Scanning Electron microscopy
Granulometer

Scales

Calorimetry

Pressure gauge

Pyrometry

*  Mass spectrometry and water
mass measurement

* Infrared analyser for water content

+  Calculations from oxygen removal

Voltmeter

HOKA probe

CCD camera and photodiode array
Mass spectrometry
Monochromater/narrow bandwidth filter
Fabry-Perto spectroscopy

Exhaust analysis
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(mass spectrometer)

Oxide source

Filter
Exhaust
venting | o XXX
Optical access
windows
©0
Fibre optic

taps, outflow

Cooling @Temp, in

water -

Antenna
current
probe

"B

Temp, out

Power supply

Slag outflow f

Molten iron outflow

I |

Pressure tap
[2]

000®

Gas source
H
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Simulations of electron-impact reactions iy

H+e - H+4+e™

Hy+e - H,+e”

1.0 1 :

~ H Elastic
: H2 Elastic
S osd H Excitation

"g H2 Excitation

s_‘ Ha Vib, Excitati
.E 0.6 /\ H2 Dissociation
o ) —— H Ionization

2 Hz2 Ionization
&

S 044 e

@) >(

9]

K ]

(@]

—

z N

”

= ]

) \

3|

1 ' 1 ' 1

0 400 800 1200 1600 2000
Reduced Field (Td)

H+e” - H t+e”

H,+e~ - H,+e”

Hz (v-1) +e - H;(U) + e

H,+e - 2H +e~
H+e > H'+2e”
H,+e” - Hif +2e”
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R&D Questions
** What are the reaction rates of key steps in the reduction process?

+» Can we probe the reduction process to better understand the
mechanism of reduction and the interdependence of plasma-particles?

*» What is the best hydrogen plasma actuation strategy to increase the
efficiency of the process?

¢ Is it possible to scale up the process to an industrial scale maintaining
the energy cost of conversion (GJ/T)?

2| CCRC RS tenier™ v
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Ammonia lron Reduction

% In the temperature range from 793 to 863 K, hematite can be directly reduced to
magnetite by ammonia:

1/2Fe203 + 1/9NH3 — 1/3Fe304 + 1/6H20 + 1/18N2)

At temperatures above 873 K, ammonia causes the generation of a-Fe (alpha
iron). X-ray diffraction (XRD) measurements showed that a-Fe was
immediately nitrided to an e-Fe3-xN (0 < x < 1) phase, and the N/Fe atomic
ratio decreased gradually with increasing temperatures.

Magnetite was reduced mainly to iron by hydrogen generated from the
decomposition of ammonia

1/3Fe304 + 4/3H2 — Fe + 4/3H20

J
0.0

J
0.0

More work is needed to resolve process and technical challenges of using
ammonia as a reductant

18
ISlJ International, Vol. 55 (2015), No. 4, pp. 736-741



R&D - Iron and Steel

Steel Slag Carbonation

>

>

Iron reduction produces large quantity of slag ~20% of the
mass of iron produced;

Tenova HYL DRI process uses Hydrogen currently
produced from the reforming of methane;

The process produces a stream of pure COZ2 that is
vented to the atmosphere;

Carbonation is a process which binds COZ2 into a solid
(slag);
Research shows that we can store CO2 equivalent to

7.5%-34% by mass of slag produced depending of CaO
content;

Research also shows that the carbonated slag yield
strength increases by ~20%;

Potentially we can store all CO2 and make iron carbon
free.

alllusc Ellall denly
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C0O, uptake of different steel lags

40,00

ot bt AT
[z

-t
LI ]

151 1000 W00 3000 S0 5000 E0M

Tl coiient

Strength of LD Slag Pellets
cured in 20% CO,

03

0
'-.\_ o

¥ als
AR aw
aB ==
& Ui —
4 ==
g b = 5=

A 1 2 3
Durys

g pille S O ed

Figure 1 Percentage of CO2 by weight that can be bonded with
slag as function of CaO content (top), and impact of
carbonation on strength of slag (bottom). (Carbon8 Systems
2020)
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Hydrogen for Reheat Furnaces

* Thermal radiation from H2
flames is very low

40D

* Many industrial applications
requires enhanced radiation,
furnaces, boilers, kilns, etc

* Doping hydrogen flames with
aromatics will help increase
radiation

* Radiation lower flame |5/ A SR B L . 6D
temperature and reduces
NOXx.

* Bio-oils can be used 30s 30s | 0.2s | 0.2 30s | 0.2s | 0.2




Hydrogen for Reheat Furnaces

1:1 H,/N, jet flames in air coflow
Dje; = 20 mm
— Rep =5k
D ofiow = 110 mm, v =0.33 m/s

Toluene added as percent mole
of H,

— vapour (V)
— droplets (S) - dilute spray

— negligible heat added (< 0.35%)
— Zslt;shift: 0.30 (H,) - 0.20 (5%
tol.

Case folele phase
(7% Hy)

HTO 0 -
HT1-S 1 droplet
HT3-S | 3 (ggp“fn‘;‘
HT5-S 3

HT1-V 1

HT3-V 3 vapour
HT5-V 5

HTO HTS5-S

30s exp 0.2s

exp
21



Hydrogen for Reheat Furnaces

1:1 H,/N, jet flames in air coflow
Dje; = 20 mm
— Rep =5k
D ofiow = 110 mm, v =0.33 m/s

Toluene added as percent mole
of H,

— vapour (V)
— droplets (S) - dilute spray

— negligible heat added (< 0.35%)
— Zslt;shift: 0.30 (H,) - 0.20 (5%
tol.

Case folele phase
(7% Hy)

HTO 0 -
HT1-S 1 droplet
HT3-S | 3 (ggp“fn‘;‘
HT5-S 3

HT1-V 1

HT3-V 3 vapour
HT5-V 5

HTO HTS5-S

30s exp 0.2s

exp
22
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Soot Sheets Vapor versus Spray

* Distinct regions of soot in all
flames except lowest
concentration of doping by
vapour

* Heterogeneous combustion
around droplets evident in
spray flames

f/2, 1 ms exposure

* Soot around droplets similar
to soot kernels, upstream of
soot sheets



PAH PLIF Formation

1% (mol,.) toluene
— very Fttle PAH from Spray; |. Vapour:

dllute spray in near-field =~ — < _
. . . ] o Y
— similar signal at x/D = - & Y N 3
1 5 - ‘5 : LI | # \‘~ ] 5
. . T - H “‘-"- oy T
— greater signal from g S No <
dilute spray further i — ! : : -
downstream s 0t ” ~ B =
[To] bcn ~ ! ‘\\ ’ H ED
o N\ iy v
5% (mol,, ) toluene < SN 3
o P . Yo T S =)
— qualltatlvely similar T 0 s
profiles /D /D
— 5% higher in dilute
J x/D =0.35 x/ID=1.5 ===x/ID=6

sSpray



* Pathway to soot via PAH, via
A2

* mostly endothermic
- pyrolysis

* Pathway to CO predominantly

via CH,O

* mostly exothermic

— oxidation

* Consider peak rate of

production of both A2 and
CH,O




25

CH,0 ROP =-0.0048-T% + 0.255-T -~ 4
. P R? = 0.999 \K/ ‘,I
Trends with toluene additig . A
* Different trends for the two rangesof & L W T e
toluene addition: o a7 T
* 0-10% (quadratic) 0.5 7/ A - R B ROP = 0.0158.T2
* 10-100% (linear) . //"/. ________ . g R? = 0.985
. 0 2 4 6 8 10
* PAH, and soot, formation favoured for 35 -
high toluene concentrations (blending) 30 P
& 25 g
* CH,O formation favoured for low < 0 ST
toltiene concentrations (doping) T EaREP -1
* not adequately represented by linear fits o~ _,-"'// ,_,,—--’
< 10 & Y
. //)//, — CH,0 ROP =0.173-T
* Toluene addition via vapour is doping, L R 0986
blending occurs locally around » - o - " o

evaporating droplets

toluene dopant, T (% moIHz)

Peak rate of production of CH,O and A2 as a
function of toluene addition



alllusc Ellall denly
ais1llg pglall

King Abdullah University of
Science and Technology

((

Trends with toluene addition

* Two regimes also seen from taking a
ratio of peak CH,0 and A2 production Lo
rates

10

* Blending regime . 2o
* A1CH; decomposes to C,H., C;Hs and C,H,
directly )
) ) -, 4+— Y =126.3:(T2)
* C,H; forms monocyclic aromatics and CyH, . .. R*=0.989
(Az precursor) . 0 20 40 60 80 100
* C.H. forms C,H, and C;H, (A2 precursor) toluene dopant, T (% mol, )

—favours PAH formation and growth

T —

CH,O : A2 ROP ratio
|_\
/
750'
\\
2
n
o
co
A

Ratio of peak rate of production of CH,O and
A2 as a function of toluene addition
* Dopant regime
* CcHs, C.H; and C,H, formation are all
suppressed

27



alllasc &llall dea
ayisillg gl
Abdullah Universit

Finding from Hydrogen Doping

* Experimental measurements show soot volume fraction increases non-linearly
with small concentrations of toluene (A1CH3) added to turbulent H2/N2 jet
flames

» Addition of toluene to 3-5% (molH2) result in significant soot loading with little
change in OH concentration

* Explained by rate of production and pathway analyses of CH20 and A2

e Combined results suggest that a non-linear hydrocarbon doping regime should
be considered separately to blending fuels in H2 flames

HER

G

of



Cement Industry - Decarbonization

SCOPE OF
EMISSIONS DECARBONIZATION PATHWAY POTENTIAL TECH

MATERIAL

ENERGY

CAPTURE

60%

Efficiency: use less binder to achieve the
same strength material

Substitution: use more binder (less CO2

intensive than Ordinary Portland Cement)

Waste: reduce wasted cement material

- . iy

King Abdullah University of
Science and Technology

New generation

SCMs

Binder efficiency
Alternative CaO

sources

40%

Reduction: optimize / change industrial
processes to be more energy efficient

Substitution: replace energy with
renewable or waste-derived sources

New generation
process controls
Next gen biogenic
fuels

Electrification

80%

Post-combustion: capture CO2 without
affecting the production process

Process-specific: modify the production
process to emit less or capture more CO2

Use-focused: use waste products as a
CO2 sink; use CO2 to make building

materials

Process capture
Post-combustion
capture

Mineralization

29



Cement Industry — Supp. Cement Material i ¥

d
nce and Technology

. . iica f
Limestone Calcined Clay Cement — LC3 Heeme 'I
: : waste glass Classic SCMs — fly ash and sl |
» Ablend developed by EPFL in Switzerland Vegetable ashes ] argﬁﬁgﬁ% gf cu?r:rsmt cae%esnfgrzzieugt?oim,
and made it public for anyone to use; s peszoen [ will drop to < 10% in near future
> Ituses 50% less clinker and emits 40% less Slag [ MUsed W Available
COZ, Flyash |
» Kaolinite clay 40-60% is ideal; Portland cement
» Similar strength as Portland Cement; limestone
. . . . Calcined Clay
» Better chloride and alkali reaction resistance;
0 2000 4000 6000
» Potential reduction of 400 Mt/year of COZ if - Sypsur o
LC3 |S Used, 100 7 ICI:I]c?;e?:ln:Iay - 60 -
s i m Clinker ED 50 -
> Challenges i :Z 5o e
. t ] s E 30 - ays
» Changing standards and codes g % S, w28 days
»  Finding the right clay in close proximity B E 10 4 90 days
»  Willingness to change ol 8 o
PC  PPC30 LC3-50 LC3-65 PC ~ LC3-50

--| CCRC Research Center " 30







Cement Industry — Energy Reduction iy

Calcination of Limestone and Cement
» Limestone calcination requires heat at 800 — 950 °C

CaCO3 + Heat — CaO + CO2

» Burning fossil fuels to generate the heat required will produce more CO2
that requires calcination at a higher temperature

» Capturing the CO2 from the exhaust gases (mostly separating CO2 and
N2) is expensive and can reach $100 a ton.

» One option is to use Oxy-Fuel which eliminates the N2. However, the cost
of the O2 production and the need to blend CO2 from the exhaust (up to
30%) which again requires higher temperatures makes it less attractive

» Steam can provide the heat needed, has catalytic effects and can be
condensed in the exhaust and recycled.

32
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Steam Calcination of Limestone and Cement iy

(]

» Steam can be generated from H2/02/H20

combustion:
» Using steam requires lower temperature @
. . O Temperature (C)
and hence reduces energy per ton of lime; 3 e N

» Hydrogen and oxygen can be produced by
electrolysis using renewable electricity;

» Condensing the steam will leave a pure

Furnace
................... WATERMN RAW

DESIGN-SPEC| |DESIGN-SPEC|

stream of CO2 to be capture, stored or L e &
used;
» More than 90% of the water is recycled and
940/0 Of the C02 |S Captured, Steam Calcination Process Modeling
» Technology is financially competitive with ] . )
natural gas+capture, when hydrogen cost Commercially Confidential

reaches USD $2.2/kg.
» Note that this process also applies to 33

| WY - ™ - . "4 | VAP B D



Parity price of H2 as a function of the NG price

4.5 —
[ I —_
B - I | @
o o o
T £g3 1553
i © o 1 Q O
3.5 | 33 1ZZ
o - =&l 12s
 — - o
3 &8 183
(%) = —| I =
2 i 3 | 13
£25 -
S I R L
2 2 F :' Current Price of H,, SMR with CCS.
o B
| (IEA 2021)
215 |
]
1 b AT Projected average green Ha price by 2040. (IRENA, 2020).
i | |
0.5 } I
[ [
i | |
0 1 I L 1 1 1 1 1 1
o) 5 10 15 20 25

NG price (USS/GJ)
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Cost of Lime as function of fuel cost

COL (USS/ton of lime)

250

200

150

100

50

0

--4&- Steam calcination, with ASU

10 15 20 25 30

Fuel cost (USS/GJ)

--@---Steam calcination, without ASU —8—Oxyfuel process —<—Unmitigated process
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Solar Hydrogen Combustion Hybridization

Hybrid Solar Receiver Combustor

Thermal Efficiency

1.0

Maximum HTF Temperature

{0 Y ® ¢ 1 b
* o ® 800 Combustion-only O H,/CO =2/1 viv
0.8 E @ H
4 A 2
) L ¢ 7504 8§ é A, Mixed A H,/CO =2/1viv
i A H
06 @ ] ©_ 3 8 8 é & a ’
N 5700 8 4§ 4
< z ] [} A
1]
0.4 '_g 650 e :
Mode 600 A
0.2 Combustion-only @ Hy O Hy/CO ] 4
Mixed A H, A H,/CO 550
1 Pin=12kW, ¢=0.9 Solar-only @ i Pin=12kW, $=0.9
0 500

T T T T T
100 200 300

Qurr, slpm

T T T T T T
400 500 600

T T
700

800

850

Key findings from demonstration

> Efficient operation in the three modes: h,,, up to 90%, T, > 750 °C

T T T T T
100 200 300

T T T T T T T T
400 500 600 700
Qurr, slpm

» Low solar fluxes can be used to supplement combustion
» Convective losses through aperture < 50% of radiative (no wind)

800

Concentrated Solar Radiation

Cold air =)

Fuel —

3
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0

Hot air + combustion products
4

A

Fuel —*

Nathan, Dally, Ashman, Steinfeld (2013). PCT
Patent App #PCT/AU2013/000326
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Technology Yearsuntil Develop- CAPEX Operating Public Possibility
readiness  plateau of ment require- costs® acceptance to transform
productivity costs’ ments? brownfield plant

Efggc;r;capture, use and/or ’ 5-10 ' /‘ ’ V/ ‘
Q) 9

& 0-3 ™ ™ 9 9
H,-based direct reduced J .

iron — Fluidized bed 5-15

CCcus

Carbon capture, use and/or /.

storage with biomass 5-10

H»-based direct reduced
iron — Shaft furnace

o
.
rd
{

-
/

Alternative reductant agent

Suspension ironmaking g e g
technology N 17-22 ‘ - / a
Plasma direct steel m ; d - q
production N 20-25 ‘ ‘
Electrolytic I g g / 14 2
processes \_/ 20-30 ‘ \_/ ‘

. High O Low

" Compared to the other presented carbon neutral technologies 2 Compared to CAPEX of BF-BOF greenfield plant in 2040-2050
% Compared to BF-BOF plant in 2040-2050 (incl. carbon tax) Source: Roland Berger



Hybrit

FOSSIL EMISSIONS oy

5ko
o (4]
| | ¢ . OUTPUT
" %0 o, 1tonne crude steel
Pellet plant Hydrogenplont  H_ Directreduction  Electric arc fumace Continuous casting

COAL
ENERGY CARRIERS ssﬁl&n et ELEEfgSRkI\EfIP
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Crude to Hydrogen opportunity I
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a O '— - - -ER(-JIE: --------- : K”’!’Sétfd‘_'!lf‘h JU_;\EV.;hil‘Y“f
: = cience and Technology
Density and sulfur content of selected crude oils = “’ 1 - EOU .
sulfur content (percent) cla EROL; il Transport Infrastructure] *
1 oil Refining of Oil to forTansport | 1
sour 50 - land Point of Oil Remaining
- product: U: as Consumer
United States "' f Refining 1 Ready Fuel
Hondoe Monterey Canada -
45 | * Mexico o2 20.5M) ol
Venezuela
Saudi Arabia '
40 4 Iran
. United Arab Emirates
37.5MJ Loss
35 | Western C.anada Select United Kingdom
+ Maya Nigeria b
Malaysia
30 | Self Consumption
4+ Arab Heavy
* Merey Net
254 Energy to Energy
consumer
. Energy
20 | Mars o * Dubai E“m“‘a‘ed Generation
: + West Texas Sour (Midland) . S
Iran Heavy & 5 01 iont i \
rab i Cumulated © e
15 « Iran Light Energy
Costs End of life
Construction Life time et
ol | —
West Texas
0.5 North Sea Brent ; -
B ) #¢ Intermediate Eagle Ford Project Project
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* Crude oil to Hydrogen: Avoids energy & carbon footprint of refining processes; low-or-no CO, as a byproduct;
Valorization of solid carbon
* Gasification to syngas to hydrogen: Valorization of petroleum residues; Minimal pre-processing needed
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Molten metal pyrolysis of heavy oils wos s e

Simpler downstream
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Viscosity check on the feed

pump
100% H2 selectivity at 950C
Strainer to collect heavy

Only H2 and C products metal impurities

Catalyst regenerates itself

No prior treatment
required to remove Sulphur
Sulphur collected at
downstream cooling
process

950C




Modeling to develop scaled—up reactors s st

King Abdullah University of
Science and Technology

G

Realistic gas-phase kinetics Multiphase flow physics

g tool Armsys Auent VAT

D'Ilmim_iiyind 3D with Adaptive Mesh
CxHy — aHy + bC + cCH, + dC6HG E::" — E‘:‘“‘*
& M £
o O @EE moe— |
Lift: Tomiyama

Dispersion: Satn

I Time step Variable time step
e [= Nultiphaze model PPM (Population Babince

be | T

[ 3

Hydrodynamics and catalysis kinetics
t

[— D —*

-+

e —
\
Vs
"
=]
Hy st/

Hydrodynamics ' T~ Molten
J et
. ' A
. Ja ]
) =7 PRSIt - | Py, @ dL
(g0 /o) Coly +Vyj RN Po @ o
u f Day,
Ny= j_ 12 @ M (b)
(epoy/o/(glp))
dp R . V' —0.030( 01570562 D’ > 130
i L +pyalg= — (py —adp)g o = 0:030(p, /py) Ly JorDy >

1/10/2023 Confidential




g // / |
”;Lf/wl icrowave based

_ deasphalting and
thermo-cracking

1/10/2023



1/10/2023

y.

/
///
/

Confidential

Gasification

43



Confidential

1/10/2023

Supercritical water
gasification (SCWG)

44



	Slide Number 1
	Talk Content
	Hydrogen Versatility
	Hydrogen Versatility
	Hydrogen Other Use
	Slide Number 6
	Strategies to Decarbonize HI
	Slide Number 8
	Slide Number 9
	Direct Reduced Iron (DRI) – Electric Arc Furnace (EAF)
	 
	Reduction Methods
	Plasma Generators for HPSR- Arc Heated Flow (EAF)
	Plasma Generators for HPSR- Microwave Inductive Reactor
	Planned Diagnostics
	Simulations of electron-impact reactions
	R&D Questions
	Ammonia Iron Reduction
	R&D - Iron and Steel
	Hydrogen for Reheat Furnaces
	Hydrogen for Reheat Furnaces
	Hydrogen for Reheat Furnaces
	Soot Sheets Vapor versus Spray
	PAH PLIF Formation
	Fate of carbon in doped flames
	Trends with toluene addition
	Trends with toluene addition
	Finding from Hydrogen Doping
	Cement Industry - Decarbonization
	Cement Industry – Supp. Cement Material
	New Section
	Cement Industry – Energy Reduction
	Steam Calcination of Limestone and Cement
	Parity price of H2 as a function of the NG price 
	Cost of Lime as function of fuel cost
	Solar Hydrogen Combustion Hybridization
	Slide Number 37
	Hybrit
	Crude to Hydrogen opportunity
	Slide Number 40
	Slide Number 41
	Microwave based deasphalting and thermo-cracking
	Gasification
	Supercritical water gasification (SCWG)

