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Decarbonising the steel industry

T meet global energy and climate goals, emissions from the steel industry
must fall by at least 50% by 2050
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Material efficiency measures will reduce steel demand by 40% by 2050
But global economic advancement and population growth counteract this trend
Deep CO, reduction requires new technology to make Fe
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H,-DRI Reactor concept

84% CO, Reduction

H,-DRI
Overall reaction
Fe,0; + 3H, - Fe + 3H,0

endothermic

- @
Iron ore DR pellets

A
o HEI Storage

Reaction AyHgyy-c (J mol~1)

A Direct Reduced Iron
(DRI) Plant

3 FeyO3 + CO = 2 Fe;0, + CO, —40,040

Fe;04 + CO = 3 FeO + CO, 18,000

FeO + CO = Fe +CO» -17,610
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Reduced Dense Pellet! Shrinking Core Model?
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Industrial Pellet4 Reaction Zone Model> Grain Model®
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Modelling: furnace scale

The reductor model, most o 2D CFD flow model
comprehensive model in o Two zone, grain pellet model
literature o Many approximations

pellets, lump ore
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direct reduced iron
DRI (Fe)

Fabrice Patisson and Olivier Mirgaux, Hydrogen Ironmaking: How It Works, Metals 2020, 10, 922

UNIVERSITY OF CAPE TOWN

IYUNIVESITHI YASEKAPA ¢ UNIVERSITEIT VAN KAAPSTAD

Process Modelling & Optimisation Group




Height (m)

Height (m) ——

1 2 300 1

Radius (m)

2

3

Observations from CFD

* Fe conversion is key

H2 is about 3 times excess
Gas heats the solids quite
rapidly

Profiles are reasonably sharp
approximately parabolic profile

Temperature of the gas
exceeds the temperature of the
solids

No experimental verification of
these results

Profile data scarce and
unreliable

Fabrice Patisson and Olivier Mirgaux, Hydrogen Ironmaking: How It Works, Metals 2020, 10, 922
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Tanks in Series approximation

Pellet model
3H2(g) + F6203(s) - ZFe(S) + 3H20(g)

aA +bB - cC + dD

— e

Unreacted core
(Fe,0;)

Surface of particle
(reaction interface)

Ash (produced Fe)
Constant
energy
Flux

Gas film
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Tanks in Series approximation

stage model
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Solid conversion
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<3k9—3D8>X+2—De(1—(1—X)3)+E(1—(1—X)3)
- 1 R 1
3k, T 6D, Tk

This equation is converted to a cubic in X(i) and solved
stage to stage with residence time t for stage i which
changes the conversion from X(i-1) to X(i) at the time for
complete conversion tau(i) at conditions in stage |

Solid phase mole balance
So(X; — Xi—1) +VjR;;V; =0
Nii = v;iSo(X; — Xi—1) = ViR;V;
Gas phase mole balance

Feiv1Yjiv1 — Feiyji T ViR Vi =0

Fiiv1Vjiv1 — Friyji +vjSo(X; — X;—1) =0
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Tanks in Series approximation

stage energy balance

Solid phase energy balance
ViSo(1 — X;_1)Hs i1 +V;SoXi—1Hs ji—1 — viSo(1 — X;)Hs j; — vjSoX;Hs j ;

+ hA(Tg,i — TS,i) — z (VjSO(Xi — Xi—l)Hf,j,i) =0
j=gas

Gas phase energy balance

z FeivayjiviHrj,  — 2 FeiyjiHyj, + hA (Tgi+1 - Tsi_1) + z Vi SoXiHrj, o
j J !

Unknowns per stage: mole fraction H2, H20, total flow rate, temperature of the
gas and solid (5 variables)

X(i) can be found implicitly given an initial guess of the above variables
System of 5*n equations for n tanks in series in counter current operations
Must be solved simultaneously

These equations written in matrix-vector format

UNIVERSITY OF CAPE TOWN

IYUNIVESITHI YASEKAPA ¢ UNIVERSITEIT VAN KAAPSTAD

Process Modelling & Optimisation Group




Tanks in series model

Cape open

Thermo data base

G TEA Property package definition:
’ackage Mode Configure Help

Mame: DRl

Description:

bModel set: Peng Rohinson

Compounds:
Hwdrogen
YWater
hermatite
Iran

@ cdic

General Compounds Feadions

Feaction: Reaction properties:

[

Stoi.. Compound
-1 hematite

i Iron

-3 Hydrogen
3 Water

Enthalpy and property calls

ThermoLibraries=capeOpenPackages("TEA (CAPE-OPEN
1.1)")

//capeOpenShowMessages(0)
tea=capeOpenGetPackage("TEA (CAPE-OPEN

1.1)"' "DRI")

Gas phase and film properties

[Hfgl,viscosityC rhogC
kthermC]=capeOpenlPhaseProp(tea,“enthalpyF
viscosity density

thermalConductivity", "vapor",Tg",p,Yi)

Solid phase properties

Hfsl=capeOpenlPhaseProp(tea, “enthalpyF
Y, "solid”,Ts' (1:n+1),p, Xis)
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Tanks In series

Cape Open

C
- . ke
Sample simulation o oAb ooriz
. 2084 o o0000000% . o—o0—o H20
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(@)
* 2m x 10m furnace G
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* Excess gas needed to heat I — normalised stages 1:n ---------- >n
the solids and start the
reaction
— 800 - O—O—Ogas
* Endothermic reaction, P—0—0 solid
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COCO simulator

Two objectives

* Energy and mass balance surrogate model
* Embedded tanks in series model

DRI fixed conversion reactor with gas heat exchange ITo ensure comrect counter current operation adiabatic heat exchange:
* this will give some indication of the gas and solid thermal demands some notes of operation: 1. The temperature the solids is the same as the reactor
1. The gas comes in hot (800C) and leaves cold (ca. >100C) BUT must be above its dew point 2. The reactor temperature is <= the feed gas temperature
2_The solids come in cold (ca. 25C) and leave hot {(ca. 800C) and are then cooled by the cooling gas 3. The solids exchange 100% heat with the gas leaving the reactor
3. In the reactor most of the reaction happens at the high temperature (ca. 800C) 4. The heat duty of the furnace and the cooling duty of the second cooling
4. The dew point of the exit gas depends on the feed gas flow rate and temperature at fixed solids flow rate exchanger must be the same
so to get the nght unit energy demands, the elements of the flow sheet must reproduce this overall operation
Stream GasIN SolidsIN SolidsOUT GasOUT Unit
dTgas Pressure 100000 100000 100000 100000 Pa
Stream Fin Fout Unit Gl SR  Tfgas Temperature 1073 15 208 15 107215 502295 |K
Pressure 100000 100000 Pa i ngisIN Flow rate 10000 1000 175383 10000 mol /s
Temperature 107283 1072.15 K ! : Mole frac hem atite 0 1 0140364 0
Flow rate 11000 1175368 mol/s| wp— eI y v v Mole frac Iron 0 0 0.859636 0
Mole frac hemalite 0.0909091 0.0209442 ! M1 Mole frac Hydrogen 1 0 0 0773852
Mole frac Iron 0 0128269 |\ (| Loo___ i Mole frac Water 0 0 0 0226148
Mole frac Hydrogen 0.909091 oessss (| | e H Flow hematite 0 1000 246174 0 mol /s
Mole frac Water 0 0.192403 m + Flow Iron 0 0 150765 0 mol /s
Flow hem atite 1000 246 174 mol /s Hx1 ! : Flow Hydrogen 10000 0 0 773852 mol/s
Flow Iron 0 1507 65 mol /s | Flow Water 0 0 0 2261.48 mol /s
Flow Hydrogen 10000 7738 52 mol/s | /_ Vapor phase
Flow Water 0 2261 48 mol /s deltaQ? N : phase fracion | 1 [ \ [+ [
Stream az o4 ar dTdew |Unit — T soliiphase
DT 254 427|°C @'"/\—}'“ """"""" @"" DRI phase fraction | | 1 | 1 | |
Heat duty|229081 478391 | 478391 KW ¥ : EEE—
©c2 4 1+
dewPt 1
....... ; L Hid @
| ) !
OB :
= )
]

o T S ,
ar SoicsoUTEEE

low the controller works to ensure 100% heat exchange of the reactor heat
2: receives the resultant heat duty of DRI and Hx4, and adjusts T4 of Hx4 such that Qr+Q4=0
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COCO simulator

Two objectives

* Energy and mass balance surrogate model
* Embedded tanks in series model

|
. . . Stream Solids in (Feed 1)|Gas in (Feed 2)| Solids out (Product 1)|Gas out (Product 2)|Unit
e Unit operatlon SCILab DRI: X Pressure 101325 101325 101325 101325 Pa
Temperature 29815 107315 1041 82 601.335 K
Flow rate 1000 10000 175383 10000 mol / s
MName  Status  Edit Balance Fors Streams  Info Mole frac hematite 1 0 0.140364 0
IMole frac Iron 0 0 0.859636 0
H H . Mole frac Hydrogen 0 1 1] 0.773852
Port Cirection Type  Connected o R 0 0 z B
{ A1 Ikl ET +. P I e B [ | H ol i Y
=
=)
'e:SmLab CAPE-OPEN Unit Operation: X 5 ' M p—o—oiz
£ 0.8 b—0—0 H20
o
Farts . . . 2 06 ——-solids flow X
Fararmeters Reports Scilabh  Additional files  About Solids in (Feed 1) 5
Gas out (Product 2) 2 0.4 %
Feed ports: Product pons: . . 2]
D S AR ———————
Mame # Connected to Mame  # Connected to E 0 0102 03 04 05 06 07 08 08 1
. . (| — alised stages 1:n ——--—>
Feed11  Solidsin (Feed 1) Product1 1 Solids out (Product 1) normalsed stages 10 "
Feed? 2 Gasin (Feed &) Froduct 2 2 Gas out (Froduct &) Scilab DRI e s
%) lo—0—0 solid
g 6004
Solids out (Product 1) 400 4 - solids flow
o «—gas flow
E 200+
1] T T T T T T T T T
£ > > 0 01 02 03 04 05 06 07 08 09 1
Gas in (Feed 2) 0 <—---- normalised stages 1:n —--—-—>n
Al Femowe A Femowve
sawve madel Load model Help Close
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COCO simulator

Stream GasIN SolidsIN SolidsOUT GasOUT Unit
o Energy and mass balance |pressure 100000 100000 100000 100000 Pa
Temperature 1073.15 298.15 1072.15 592 295 K
su rrogate mOdeI Flow rate 10000 1000 1753.83 10000 mol /s
Mole frac hematite 0 1 0.140364 0
Mole frac Iron 0 0 0.859636 0
Mole frac Hydrogen 1 0 0 0.773852
Mole frac Water 0 0 0 0.226148
Flow hematite 0 1000 246.174 0 mol /s
Flow Iron 0 0 1507.65 0 mol /s
Flow Hydrogen 10000 0 0 7738.52 mol /s
Flow Water 0 0 0 2261.48 mol /s
Vapor phase
phase fraction ‘ 1 ‘ ‘ ‘ 1 ‘
Solid phase
phase fraction ‘ ‘ 1 ‘ 1 ‘ ‘
= = Stream Solids in (Feed 1) |Gas in (Feed 2) |Solids out (Product 1)|Gas out (Product 2) Unit
* Embedded tanks In serles Pressure 101325 101325 101325 101325 Pa
model Temperature 298.15 1073.15 1041.82 601.335 K
Flow rate 1000 10000 1753.83 10000 mol /' s
Mole frac hematite 1 0 0.140364 0
Mole frac Iron 0 0 0.859636 0
Mole frac Hydrogen 0 1 0 0.773852
Mole frac Water 0 0 0 0.226148
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Future work

Scilab unit operation

* Refinement of tanks in series approximations
* Refine performance

Use in techno-economic study of H2 iron processing

Thank you for your attention
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