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- Energy and carbon rich by-product gases emerge process-related

 Thermodynamic optimum for the consumption of reducing agent is already reached
(~498 kgc/th ot meta; theoretical minimum: 414 kgo/ty ot mega) ™

* Nowadays used thermally internally
Do not cover the entire energy demand —> additional fossil fuels necessary

fossil fuels auxiliary energy

conversion « 27 - 30 % of the total industrial CO, emissions originate
(tmaces, CHP from steel works (23

« This equals 5 — 6 % of the total anthropogenic CO,
emissions 23

» Focus of i*fupgrade;

100 % energy Reduction of the CO, impact of the integrated steel
R, works through hydrogen-intensified syntheses

blast
furnace

converter

steel works @ state-of-the-art

1) www.eurofer.org Rl
side 3 2) A review of thermochemical processes and technologies to use steelworks off-gases, W. Uribe-Soto et al., Renewable and Sustainable Energy Reviews 74 (2017), pp. 809-823 t* «*
3) A. Hasanbeigi, 2017, https://www.globalefficiencyintel.com/new-blog/2017/nfographic-steel-industry-energy-emissions -
opeay
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Project objective i*fupgrade )

) « Aim: Integration of renewable energies into the steelmaking process and thereby
reduction of the CO, impact of integrated steel works

» No major changes to the steelmaking process itself

* Integration of dynamic syntheses (methane, methanol) into an integrated steel works in
combination with (renewable) hydrogen

I
I
_Cor
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100 % énergy

] fossil fuels auxiliary energy e Sl T auxiliry energy
coal conversion conversion
(furnaces, CHP, ..) v (furnaces, CHP, ..)
CO, savings
coke S
plant

100 % energy

furnace 100 % CO, (100 - X) % CO,
; v - ' carbon recycle in
~  fuels (e.g. CH30H)
.3
I“upgrade
steel works @ state-of-the-art steelworks @ ... Ft)ggted usties
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* Intelligent process control strategy for dynamic operation with integrated dispatcher tool

 Approach with three control levels, from technical to economic level

.3 z E s
‘| upgrade DISpatCh controller ) G .
inteligent integrated industries . - prediction of energy costs via Ljim CO, certificates Bus’ness
—>0—> neuronal networks * EE— L case
B - solving optimization problem (MILP)
(e.g. revenue, emissions, capacity ...)
 —

operational
mode Operating maps \

. (from work packages 1o 3):
Site level ||

IZ’)Ode/ %"'lih"‘ {3 base for MLD Plant

prediction model
O »

,L Process parameter \ ~ |\ oper ation
] 'L : N

(critical)
operational
parameter

p, T, m

Component level

e
+ =

g - Modelbaseq contr.olapp.roach !
- - Implementation to industrial SPC
system of synthesis reactors

transient

hardware limits Reaction
control

v
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Consortium of i*fupgrade

«  Term: 13t June 2018 to 30" November 2021; 42 months

- Total budget: 3.3 MM €

* Project administration: European Commission

I
I
I

* Funding: Research Fund for Coal and Steel (RFCS)

(Grant Agreement Nr. 8006359)

 Consortium: eight European partners
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By-product gases from the steel industry

3 process steps with energy and carbon rich by-product gases

- Production of coke in coking plant—> coke oven gas (COG); max. 65 000 m,h
- Production of pig iron in blast furnace—> blast furnace gas (BFG); max. 800 000 m,*h

coal 2% « BFG and BOFG contain high shares of carbonaceous species

v * —> can serve as carbon sources for hydrogen-intensified syntheses

- Production of steel in converter—> converter gas (BOFG / CG); max. 75000 m,3h

coke
plant
. II-II-
blast 214 48.9

furnace R 5.0 /210 230\ - 45 -

BOFG/CG 15.5 17.2 60.9 0.1 4.3 -
converter | /
Side [ - (4) Unweighted mean values: R. Remus et al., Best Available Techniques (BAT) Reference Document for Iron and Steel Production, 2013.
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Methanation — Reaction system and main challenge

1 + Reaction system containing CO and CO, methanation and water-gas-shift reaction

 Formation of solid carbon possible (Boudouard equation)

CO+3H, & CH, + H,0 AHR = —206 k] /mol
CO,+4H, o CHy+2H,0 AHR = —164Kk]/mol |

to date: polytropic |
temperature profile CO + H,0 < CO, + H, AHR = —41Kk]J/mol |
with adiabatic 0 |
CO Ce2C0 AHp = 4173k ]
A synthesis temperature 2+ R jL S ]-/ Mo
T S T A 1) Maximum temperature must be
ad ’ | lower than the maximum
Toax |72 e temperature of the catalyst, limited
by heat flow density
|_
o
= | . ~
S i new: maximum Se
= ' temperature lower than A 2) low temperature at the reactor outlet for
2 ' adiabatic temperature T high methane content,
' VS limited by heat exchanger surface

' - - >
Zmax axial coordinate of reactor z

side 8
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Experimental setup — Structured fixed-bed reactor

* Minimizing the radial heat conductance length in fixed-bed (limiting factor causing hot-spots)

’ « Alternating reaction zones and heat sinks

+ |

* Heat pipes for reactor cooling

* Block of stainless steel with drillings for

= 9 reaction channels filled with commercial

catalyst
= 16 drillings for water heat pipes for heat ¢ /& ;actant Catalytic
dissipation ..\ pre-heating reaction zonel\!
= 12 pre-heating channels A | . { , =

= (Gas inlet, outlet and redirection
* Electrical heating especially for start-up by heating cartridges

» Cooling of heat pipe condenser zones by compressed air

side 9
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Heat dissipation with heat pipes
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 Passive component for heat dissipation

 Transport of high power densities over long distances with low temperature difference

Principle: Transmission of the enthalpy of vaporization between the heat source and the
heat sink in a closed two-phase system

* Liquid backflow usually driven by capillary forces

heat removal X X .
closed container (e.g. pipe)

vapor fow

liquid flow in
heat supply capillary structure

/ capillary structure

Figure source: Neubert, M., Hauser, A., Pourhossein, B., Dillig, M., & Karl, J. (2018). Experimental evaluation of a heat pipe cooled structured reactor as part of a 5
side 10 two-stage catalytic methanation process in power-to-gas applications. Applied energy, 229, 289-298. T g™

Friedrich-Alexander-University Erlangen-Niimberg e Chair of Energy Process Engineering e Prof. Dr.-Ing. Jiirgen Karl www.evt.tf.fau.de e www.idupgrade.eu Commmission



i 3u pg rade Dynamic methanation of by-product gases from the steel industry, Alexander Hauser, iCPS, 18.-19.11.2019, Vienna

intelligent integrated industries

Test rig and performed experiments
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clean reagents intermediate gas '
steelgas/H,/H,0 J " TeSt rlg
. _ + Two stage methanation concept
1 methana‘tlon stage 2" methanation stage | di :
heat pipe cooled odbed reactor ntermediate water sequestration
structured reactor et 260 °C. 4 b . P t05b
ﬁgﬁ; Commercial Ni/Al,O, catalyst with high
. . _ 0
ondenser H\ S Ni loading (~ 50 wt.-%)
 (Gas analyser for permanent gases
H,0 l D H,0 product gas y P g
gas analysis gas analysis

Performed experiments
Steady-state methanation of BFG and BOFG ~ Dynamic methanation of BFG and BOFG

with different by step attempts
* Syngas powers / volume flow rates * Upto £ 20 % in syngas power / volume flow rate
*  Stoichiometric ratios * Over- to sub-stoichiometric regime
o *::::} fo Cos 8 Stel
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Temperature control with heat pipes aiomated b
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L 120 - end of catalytic reaction channel ------ :—
i ! |
| 1
— 1 catalyst | :
100 7 limit | !
e Pgl — l I
=, = =
&N 80 : .
2 i I I
© 1 I
S, 7 1 I
E 7 ! |
S 60 T : I
O ] . " |
8 : o
*é 40 -+ | : \’
] | I "
] : expected temperature : ; ,
20 T . profile for adiabatic J| | positioning of measurement
1 —275kW  ——3.50 kW ' reactor -
- 400kW  ——4.50 kW | S UL _: _----7 | ' Axial temperature profiles of

{ the structured reactor for

| different steady-state syngas

| powers (synthetic BOFG,
0o = 1.04, p =4 bar)

230 280 330 380 430 480 230 580 630 680
temperature [°C]

* Maximum temperature can be limited below the catalyst limit
*  T,~150 K lower than expectable adiabatic synthesis temperature

* Dynamic adaption of cooling power to the different operating points necessary —
side 12 ‘
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Product gas composition of BOFG methanation

L - ___ st
50 9% 1 after 15 stage product gas
_50%
B
3 ]
< 40% +
3 i N2
S ] ® ' '
S530% | . ¢ ¢
O T - e - - —.—- - - - —— -
g 1 - = e o e e o _.—______.:=."--=—-—-|
S 20% T /
2 H,
i [ — 9
10 %
. CO,
] ..______-\--——-. ———————— == ————— '.
0 O/D T — @ T i T T T T ’ T T T T ' T T T T ' T T
2.5 3.0 3.5 40 45
Psyngas [kW]
* Full CO, conversion after two-stage process with intermediate H20 sequestration
* Constant product gas quality after two-stage process over a wide syngas power range
* Significant amount of N,, (~31 vol.-%) in the product gas
sige 13
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Gas compositions after the 15t
and 2@ methanation stage for
different steady-state syngas
powers (synthetic BOFG,

0o = 1.04, p = 4 bar)
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Yield and conversion of dynamic BFG methanation
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100% - -——— . ———%
] Xy, = 20 = Dty
950/0 T ."——T-—-—-__H_ nH2,0
| - . —i —a——n )
S— 1 hydrogen conversion
] )
E gOG/D j_ XHQ L 4 N o
| . - ® . y _ D¢, = Neny0
 — | -~ CHy,COx — .
85% . Y77 Meo,,0 T NeoLo
] Tt~ ___ _
el methane yield
] 4.00 kW T T W -
80% T = = = stationary starting = = =
= = = point = = e ]
1 @ 5min. e o o o o o Hydrogen conversion and
- S F © T © ® :
750 1 15 min. o o o ~ ¥« methane yield after the 1%t and
o after 1 stage '\'k—————/—// - 2 methanation stage for
: product gas different steady-state syngas
TOG/D T T T T I T T T T I T T T T I T T T T I T T T T I T T pOWGrS (.ye/rd/bk) and dynamlc
2.5 3.0 35 4.0 45 50 ' experiments (bu) (synthetic
Psyngas [KW] BFG, oy = 1.04, p = 4 bar)

* Full methane yield after two-stage methanation, X,,, = 95 % (over-stoichiometric methanation)
¢ Slight shift of conversion from 15t to 2" stage; kinetic limitation assumed

for Coal & Steel
*

side 14 LS
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Temperature response during dynamic BFG methanatlon

950 ! ! :
1 4.80 kW 3.20 kW § hot spot temperature
525
E 500 +
5 |
2 300 + tem ﬁerq ure a he reaction chgnne s surface near main reaction zone
E i i
& 275 +
. . - Timely resolved temperature
. i ' h t W k t t | .
250 + | | | ol Pipe Working femperature - profiles (structured reactor) for
] = : : jumps in syngas power by
. i i : | 1.6 kW in 5 min cycles
225 — ' (04 = 1.04, p= 4 bar,
2.20 2.45 2.70 (OH2 7

runtime [h] Vool = 85 Ni/min)

* Prompt and significant jumps of the hot spot temperature (~30 K) for jumps in syngas power by 1.6 kW
* Mean temperature level (represented by heat pipe working temperature) shows sluggish response
—> Short-term fluctuations in syngas power require no adaption of cooling capacity

- Researc h Fund
S for Coal & Steel
*
side 19 LS
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Gas quality of product gases from BFG and BOFG methanation

L 50
] ] methanized BFG | |
— _ calculated N, free *
£ 4 | ’
2=
= |
s ¢,
T I St e A e R
2 - ’ imethanized BpFG
*g 1 i~ | calculated Njfree
g | methanized BFG .? ! - I
S 20 + asmeasued 7 methanized BOFG |
1 .'.. as measured
i Classification of product gas
| | L , quality from BFG / BOFG
T T TS U S SO S methanation as measured and
10 15 20 25 30 35 40 45 50 55 60 | calculated N2 free (limits
upper Wobbe index W, [MJ/my?] according to DVGW G260)
Measured gas compositions Calculated N, free gas compositions
* Good match of W/H; ratio * Some operating points would reach H gas quality

* Notinjectable to gas grid, high share of N, * Influence of H, dilution increases

- Researc h Fund
** ** for Coal & Steel
* *
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Conclusion
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» Aim iPupgrade: Integration of renewable energies into the steelmaking process and

thereby reduction of the CO, impact of integrated steel works

+  Dynamic H, intensified methanation with steelworks’ by-product gases as carbon source

* Results from steady-state and dynamic experiments

* Heat pipe cooled structured reactor is suitable for advanced temperature control

« Constant product gas quality over a wide syngas power range (after two-stage
process with intermediate H,O sequestration)

Dynamic experiments:
» No influence of step width and cycle time on Y ¢y, coand Xy,
» Prompt temperature response at hot spot
» Sluggish response of mean temperature, dampening character of the reactor

« Gas quality not sufficient for grid injection because of high shares of N,

Researc h Fund
for Coal & Stee

Thank you for your attention!
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