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The dawn of aregenerated industry with CCUS

IEA, “Energy Technology Perspectives, 2020
IEA, “Putting CO2 to use”, 2019
IEA, “Transforming Industry through CCUS,” 2019

For the energy and industrial sector as a
whole to reach net-zero emissions in the
longer-term, technologies that
significantly reduce the emissions intensity
of producing a tonne of material or of
moving passengers and freight around the
world are required.

|— is @ major

component of
the portfolio of technology options to
deliver deep emissions reductions in the
hard-to-abate sectors

m NetCO, emissions: 3366t 2030
CO, use CO, use
CO, capture €O, capture
I €O, storage
2050 Net CO, emissions: 9.4 Gt 2070
0.1 0.1
A
CO, use CO, use CO, use
CO, capture

O, storage

Fossil fuel . Direct air capture - Bioenergy

Lo ——

Net CO, emissions: 27.0 Gt

CO, storage co,mga{wl;wmo

NET-ZERO

CO, use

Values in Gigatonnes (Gt)



CCUS Iin cement and steel production

Up to 15% of the global CO2 emissions come
from cement and steel

CaCO; + heat - CO, + CaO

The EU28 total lime demand in 2017 was
estimated at about 20 million tons, out of
which approximately 40% are consumed in
the iron and steel industry. Steel remains the

major consumer after cement industry.
Management of Lime in Steel, Metals MDPI 2017




The carbonate looping
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Good candidate in hard-to-abate sectors (steel and cement) making

use of lime

Technological barriers of liquid scrubbing

* High dust content in cement flue gases: ammine suffers from gas
with a dust content higher than 15 mg/Nm3.

* SO,, NO, and O, in the flue gas poison ammine: the limit is 10
ppmv e 20 ppmv per SO, e NO, and 6% for O,

 Formation of carcinogenic nitrosamine from the oxidation of
amines




Process for manufacturing clinker and cement
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Integration of CO2 capture process via solid sorbent:
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Tall end solution
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Integrated solution

Clinker cooler exhaust gas
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Operating parameters

Parameter Value

Clinker production

Clinker/cement ratio 0,737 - I
Primary and transport air to pre-calciner | O_,27I_N_m_3/T<g_co:|
Primary and transport air to rotatory kiln 1,74 Nm3/kg_,.
Secondary air to rotatory kiln 272,3 Nm3/t,,
Tertiary air to pre-calciner 622,4 Nm3/t,
Total cooling air to clinker cooler 1872,4 Nm3/tg,
Rotatory kiln coal consumption 1210 kJ /K&
Pre-calciner temperature

Rotatory kiln flue gas temperature 1078,5 °C
Secondary air temperature 1137 °C
Tertiary air temperature 1049,8 °C

Clinker temperature at cooler outlet 114,9 °C

Solids temperature after milling and crushing 60 °C
Ambient temperature 15 °C
Calcination degree at pre-calciner outlet 94,2 %
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Unabated Cal Tail End IL 20%

[MJiav / tead [MJiav / tand
Coal 3.278 8.732
Electricity 911 -775
Total 4.189 7.957

Total equivalent CO, emissions decrease from
336 kgCOZ,eq / tcIk to

39 K8coz,eq/ tak forIL 20%
73 K8co2eq / tak for IL 100%

The estimated SPECCA index is :
4.4 MJ [ Kgco,eq fOr IL 20%;
2.8MJ/ kgcoz,e(JI for IL 100%.
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Economic analysis

. . Costgec—Cost [€ / year]
Specific cost for decarbonisation = €gec[€/t 4] = (Costaec ref)_ - Investment cost
annual production [—stet] .
€ year Fluidised bed 0,217 * (Qen) *%°+3,83
Cdec[€/t ] carbonator 16591 = Q)" 1076
(eco eqref —€coy.eq )[tcoz/tCIk] Fluidised bed 0,193 * (Qpuy)*%®
2 2 . : 0,67
calciner 13140 * (QLHV) © %1076

Cost for carbon avoided = CCA[€/ty,] =

Unabated Tail End Integrated U.M. 100 1000
Clinker production 2825 2825 2825 t/d 50 900
Equivalent CO2 emission 886 39 73 kg CO2/t clk X
CAPEX 204 575 410 M€ 80 1 ' [ Decarbonisation - 800
OPEX 44.0 64.4 66.2  M<€/anno 70 | costs - 700 =
CO2 avoided 847 813  kg_CO2/t_clk _, | X €02 avoided o S
CO2 captured 1,290 1,014 kg_CO2/t_clk 2 I
Clinket production cost. _ _ _ _ 67.0 _ _ _ _ _ 126_ _ ___111__€/tck __ T ]
CO2 avoided cost-CCA_ _ __ _ __ ______ 69.1__ ___ 543__€/tCO2__, e | 400
CAPEX 43.6 25.2 €/t CO2 20 200 8
OPEX 25.5 29.1 €/t CO2 =
.CO2 captured cost _ _ _ _ _ _ _ _ __ _ ____ 45.4_ _ _ _ _ 435 _ €/1CO2_ _ e - 200
'Decarbonisationcosts 586 44.2 €ftclk 10 1 - 100
0 0

Tail End Integrated
IL20% IL100 %



Blast Furnace and Basic Oxygen Furnace (BF/BOF)

Lime is used also as a component for: (i)

desulphurization; (ii) fluxing agent; (iii) Mixture of BFG
phosphorous removal in the BOF solids
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Direct Reduced Iron an Electric Arc Furnace DRI-EAF

Iron ore
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Blast Furnace and Basic Oxygen Furnace (BF/BOF)

Value _____um._

Daily steel production 16.310

Blast furnace

Iron ore
Coke
jlLime
Hot Blast
Hot Blast tempertaure

hot Stoves

% BFG in Hot Stoves

BOF
Oxygen demand (95% O,) k80y/tsteel
Metall. Trans. Inst. Min. Metall., vol. 128, no. 1-2, pp. 17-33, 2019

Int. J. Hydrogen Energy, vol. 38, no. 25, pp. 10671-10682, 2013

J. Clean. Prod., vol. 154, pp. 488-501, 2017



Direct Reduced Iron an Electric Arc Furnace DRI-EAF ( )

Daily DRI production
Daily steel production

Shaft furnace

Iron ore
Inlet temperature of reductant

Reformer

Temperature
Inlet preheating temperature
Temperature of flue leaving the pre-heater
Electric Arc Furnace

Temperature
Lime requirement kg/ticel
Oxygen requirement t/h

Int. J. Hydrogen Energy, vol. 38, no. 25, pp. 10671-10682, 2013
Materials (Basel)., vol. 11, no. 7, pp. 1-18, 2018
Reference Document for Iron and Steel Production.” European Commission Joint Reasearch Centre, 2013




Integration of CaL into a BF/BOF cycle
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Energy and mass balance

The estimated fuel consumption of the traditional process is found
to be around 18 574 MJ,,,, / tsteel, with the consumption
estimated by Germeshuizen et al. of approximately 16 628 MJ,,,, /
tsteel (not including consumption at Hot Stoves).

Primary energy consumption increases from 19 851 MJ,,,, / tsteel
to:

28 663 MJ,y / tee (configuration 1),

29 052 MJ,y / tee (configuration 2)

27 699 MJ,,, / tyee (configuration 3).

CO, emissions decrease from 2 009 kg, / tee tO:
262 k8o, / e (cONfiguration 1)
122 kgco, / teee (cONnfiguration 2)
46 Kgcp, / teq (configuration 3).

The estimated SPECCA index is:

5.0 MJ / kgCO2 for configuration 1
4.9 MJ / kgCO, for configuration 2
4.0 MJ / kgCO, for configuration 3
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Economic analysis

_ (ostaatompte yeart [ | IR

Specific cost for decarbonisation = Cgec[€/E 0]

B annual production [iu;aaL] Fluidised bed 0,217 * (ch)2'2j+3t83
e/ | year carbonator 16591 * (Qp) = *107°
: c t — e
Cost for carbon avoided = CCA[€/ty,] = decl -/ steel Fluidised bed 0,193 * (Quiny)***

(ecoz,eq ref —€coyeq )[tcoz/tSteel] calciner 13140 * (Quyy) #1076
Int. J. Greenh. Gas Control, vol. 82, no. October 2018, pp. 244-260, 2019
J. Clean. Prod., vol. 219, pp. 540-551, 2019

Decarbonisation Blast Furnace (16 kt/d)

80 < 2.000
(BF+BOF)+C (BF+BOF+HS) X | 15800
BF+Cal AL +Cal U.M. 70 - X _ .
DII‘?C’[' and indirect CO2 262 129 16 kg CO2/t 60 - 7 E
emissions steel 1.400 7
T 50 - i ~
C0O2 avoided 1.747 1.887 1963 <8 CPZ/ t 2 12008
itegoz/ a0 - - 1.000 %
g t o 5
CO2 captured 3.186 3.427 3.428 el §30 | . 800 g
CAPEX 1.846.2  1.939.8 1.931.5 M€ 0 | § 600 o
OPEX _ _ _ _ o ______ 50.6_ __ _450_ _ ___ 67.7_ _ _M€/anno - : - 400 ©
Cost CO2 avoided 23.5 22.1 233 €/tCO2 1 10 - L 200
ICost CO2 captured 12.9 12.2 13.3 €/t CO2 : 0 0
| . . T
Decarbonization cost_ _ _ _ _ 411 _ALT 45.7_ _ _E/tsteel ! Conf. 1 Conf. 2 Conf. 3
[0 Decarbonization cost X CO2 avoided

J. Clean. Prod., vol. 219, pp. 540-551, 2019

Int. J. Greenh. Gas Control, vol. 82, no. October 2018, pp. 244-260, 2019..



Integration of CaL into a DR/EAF cycle

e Configuration 4: in which the
CO2 capture of the flue gases
from the reformer is carried out;

e Configuration 5: in which a
strong de-carbonization of the
process is carried out by
capturing the CO2 from the off
gases coming from the EAF
(EAFG).
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SPECCA index

Primary energy consumption increases from
11 532 MJ 4y / tyee (Unabated process) to:

13 155 MJy / tyee (configuration 4)
13 003 MJy / tee (configuration 5).

Total CO, emissions decrease from
563 kgCO2 / t,,.., tO

188 kg, / tee (cOnfiguration 4)
127 kgco, / tee (cOnfiguration 5).

The estimated SPECCA index is :
4.3 MJ / kg, for configuration 4;
3.4 MJ / kg, for configuration 5.
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Economic analysis

(Costaec—Costrey)[€ / year]

Specific cost for decarbonisation = €gec[€/t 5001l = anmual production [foed] T 0,217 * (0g)*55+3,83
year carbonator

16591 % ()" 1076
Cdec [€/tsteel] 0;193 & (Q.LHV)O‘ss

Fluidised bed
(ecoZ’eq ref —€cop.eq )[tcoz/tsteel] calciner 13140 * (Qpyy) """ * 1076

Int. J. Greenh. Gas Control, vol. 82, 2018, pp. 244-260, 2019
J. Clean. Prod., vol. 219, pp. 540-551, 2019

Cost for carbon avoided = CCA[€/ty,] =

Decarbonisation of DRI production (8.5 ktsteel/d) ZZ | I igg
Reformer+Cal RIS U.M. 40 - % - 400 ?
cal 35 - X | 350 £
Direct and indirect CO2 T ~
emissions 188 127 kg CO2/t steel % 30 - [ [ 300 %
CO2 avoided 375 436 kg CO2/t steel W25 1 \ J - 250 =
CO2 captured 553 634 kg CO2/t steel 20 - - 200 5
CAPEX 401.1 429.5 ME ©15 - - 150 3
;O-PEX— ——————————————— 384 - —— — - — - 37-7- - -, M€/anno 10 - - 100 §
iICost for CO2 avoided 71.3 63.0 : €/t CO2 5 - 50
(Cost for CO2 captured 48.4 433 1 €/tCO2 0 0
:pgc_agb_opi_za_ti_og cost 244 251 _: €/t steel conf. 4 conf. 5

[0 Decarbonisation cost X CO2 avoided



Cement and Steel sector emissions — total emissions

%— METHANE —>— ELECTRIC ENERGY —X— COAL —»— COKE —>—PROCESS
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Italian Cco2 Prim. Energy -
. . . . Fuel consumtion
production emissions consumption
¢/ Mt CO2/ T/ Coal 1,72 Mtcoal/y
C t 19 2?;(1)“(;)00 12,5 . 59 2¥8 Coke 2,98 Mtcoke/y
Ste mle " 23.200.000 13'5 173; 245 Methane 0,24 MtCH4/y
ee R ’ ' Electric energy 12.702 TWhel/y
Oxygen (18,1%) - BF +BOF| 4.199.200 8,4 83.358
Electric (81,9) - EAF| 19.000.800 5,0 89.886
TOT e B 26,0 I 232.523 €02 Emissions
. : Total CO2 emissions 26,02 Mt CO2/y
Direct CO2 emissions 22,61 Mt CO2/y
Coal 4,37 Mt CO2/y
Coke 9,44 Mt CO2/y
Methane 0,66 Mt CO2/y
Process 8,14 Mt CO2/y
Indirect CO2 emissions 3,41 Mt CO2/y




Cement and Steel Sector
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IELGENENS

CCUS is crucial in the decarbonisation of
hard-to abate industry because of CO2
emission processes;

Implementation of Calcium Looping process
with circular material for decarbonisation of

carbon intensive industries (steel, cement);

Hybrisation with mechanical energy storage
via compressor/recovery turbine
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