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Deep decarbonisation of hard-to-abate industry via inherently circular CCUS processes

CO2 capture and decarbonisation of industry



The dawn of a regenerated 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.

CCUS – alongside electrification, 
bioenergy and hydrogen – is a major 
component of
the portfolio of technology options to 
deliver deep emissions reductions in the 
hard-to-abate sectors



CCUS in cement and steel production 

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

CaCO3 + heat  CO2 + 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.
• SO2, NO2 and O2 in the flue gas poison ammine: the limit is 10

ppmv e 20 ppmv per SO2 e NO2 and 6% for O2

• Formation of carcinogenic nitrosamine from the oxidation of
amines

CO+H2OCO2+H2

MO+CO2 MCO3
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Process for manufacturing clinker and cement

 According to the IEA, the 
cement demand will
increase till 2050

 60 % of the CO2 emissions 
are released from the 
chemical reaction in the 
process. 

 The cement sector is
responsibe of 7% of the 
global CO2 emission. 

 The cement process
requires 15% of the 
industrial energy. 

CaCO3CaO+CO2

Preparazione



Integration of CO2 capture process via solid sorbent: tail end and integrated
solution

𝑰𝑳 =
𝑪𝒂𝑪𝑶3 𝒊𝒏 𝑪𝒂𝑳 𝒔𝒚𝒔𝒕𝒆𝒎

𝑻𝒐𝒕𝒂𝒍 𝒓𝒆𝒒𝒖𝒊𝒓𝒆𝒎𝒆𝒏𝒕 𝒐𝒇 𝑪𝒂𝑪𝑶3

Process flow diagram
CaL



Tail end solution
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Integrated solution
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Operating parameters

Parameter Value

Clinker production 2825 t/d

Clinker/cement ratio 0,737 -

Primary and transport air to pre-calciner 0,24 Nm3/kgcoal

Primary and transport air to rotatory kiln 1,74 Nm3/kgcoal

Secondary air to rotatory kiln 272,3 Nm3/tclk

Tertiary air to pre-calciner 622,4 Nm3/tclk

Total cooling air to clinker cooler 1872,4 Nm3/tclk

Rotatory kiln coal consumption 1210 kJLHV/kgclk

Pre-calciner temperature 861,8 °C

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 %



SPECCA index

Total equivalent CO2 emissions decrease from 
886 kgCO2,eq / tclk to 

39  kgCO2,eq / tclk for IL 20%
73 kgCO2,eq / tclk for IL 100% 

The estimated SPECCA index is :
4.4 MJ / kgCO2,eq for IL 20%;
2.8 MJ / kgCO2,eq for IL 100%.

Unabated
[MJLHV / tclk]

CaL Tail End IL 20%
[MJLHV / tclk]

CaL Integrated IL 
100%

[MJLHV / tclk]
Coal 3.278 8.732 5.274
Electricity 911 -775 1.198
Total 4.189 7.957 6.472



Economic analysis

Specific cost for decarbonisation = 𝒄𝒅𝒆𝒄[€/𝒕𝒄𝒍𝒌] =
𝑪𝒐𝒔𝒕𝒅𝒆𝒄−𝑪𝒐𝒔𝒕𝒓𝒆𝒇 [€ / 𝒚𝒆𝒂𝒓]

𝒂𝒏𝒏𝒖𝒂𝒍 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 [
𝒕
𝒔𝒕𝒆𝒆𝒍

𝒚𝒆𝒂𝒓
]

Cost for carbon avoided = 𝑪𝑪𝑨[€/𝒕𝑪𝑶𝟐] =
𝒄𝒅𝒆𝒄[€/𝒕𝒄𝒍𝒌]

𝒆𝒄𝒐𝟐,𝒆𝒒 𝒓𝒆𝒇 −𝒆𝒄𝒐𝟐,𝒆𝒒 [𝒕
𝑪𝑶𝟐

/𝒕𝒄𝒍𝒌]

Unabated Tail End Integrated U.M.

Clinker production 2825 2825 2825 t/d
Equivalent CO2 emission 886 39 73 kg_CO2/t_clk
CAPEX 204 575 410 M€
OPEX 44.0 64.4 66.2 M€/anno

CO2 avoided 847 813 kg_CO2/t_clk

CO2 captured 1,290 1,014 kg_CO2/t_clk

Clinket production cost 67.0 126 111 €/t clk

CO2 avoided cost- CCA 69.1 54.3 €/t CO2
CAPEX 43.6 25.2 €/t CO2

OPEX 25.5 29.1 €/t CO2
CO2 captured cost 45.4 43.5 €/t CO2
Decarbonisation costs 58.6 44.2 €/t clk

Investment cost Cost function [M€]

Fluidised bed 
carbonator

0,217 ∗ ( ሶ𝑄𝑡ℎ)
0,65+3,83

16591 ∗ ሶ𝑄𝑡ℎ
0,67

∗ 10−6

Fluidised bed 
calciner

0,193 ∗ ( ሶ𝑄𝐿𝐻𝑉)
0,65

13140 ∗ ሶ𝑄LHV
0,67

∗ 10−6



Blast Furnace and Basic Oxygen Furnace (BF/BOF)

Lime production

Lime is used also as a component for: (i) 
desulphurization; (ii) fluxing agent; (iii) 
phosphorous removal in the BOF

Per ton of liquid steel
• Sinter plant: 100-150 kg limestone
• HM desulphurization: <10 kg lime
• BOF converter: lime: 40-70 kg; dolime < 40 

kg
• Secondary metallurgy lime 5-10 kg; dolime

< 5 kg

Mixture of 
solids

Coke production



Direct Reduced Iron an Electric Arc Furnace DRI-EAF

No agglomeration or coke production 
phase is required in the DRI production 
cycle

Lime is used also as a component for 
slag foaming in the EAF. Foamed slag 
can promote thermal efficiency and 
reduce refractory consumption. 

Per ton of liquid steel

• EAF: lime< 50kg; dolime < 50 kg
• Secondary metallurgy lime 5-10 kg; 

dolime < 5 kg



Blast Furnace and Basic Oxygen Furnace (BF/BOF)

Value U.M.

Daily steel production 16.310 t/d

Blast furnace

Iron ore 866 t/h

Coke 397 t/h

Lime 218 t/h

Hot Blast 2.195 t/h

Hot Blast tempertaure 1.200 °C

Hot Stoves

% BFG in Hot Stoves 35,0% %

BOF

Oxygen demand (95% O2) 81,7 kgO2/tsteel

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

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

Metall. Trans. Inst. Min. Metall., vol. 128, no. 1–2, pp. 17–33, 2019



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

Value U.M.
Daily DRI production 6.262 t/d
Daily steel production 8.517 t/d

Shaft furnace
Iron ore 365 t/h
Inlet temperature of reductant 957 °C

Reformer
Temperature 831 °C
Inlet preheating temperature 580 °C
Temperature of flue leaving the pre-heater 265 °C

Electric Arc Furnace
Temperature 1.600 °C
Lime requirement 82,5 kg/tsteel

Oxygen requirement 7,5 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

1

2

2

3
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Calcium Looping 
process for H2 
production

• Configuration 1: carbon capture is 
carried out only from the gases 
coming from the blast furnace 
(BFG). The spent sorbent is reused 
in the blast furnace;

• Configuration 2: the gases coming 
from the BOF are mixed with the 
BFGs and sent to the carbonator. 
The spent sorbent rich in CaO
coming from the CaL is reused both 
in the blast furnace and in the BOF;

• Configuration 3: the quantity of 
decarbonised gas sent to the HS is 
increased in order to supply the 
entire thermal energy required to 
heat the air entering the blast 
furnace

1
Rankine

cycle



Energy and mass balance

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

Primary energy consumption increases from 19 851 MJLHV / tsteel
to:
28 663 MJLHV / tsteel (configuration 1), 
29 052 MJLHV / tsteel (configuration 2)
27 699 MJLHV / tsteel (configuration 3). 

CO2 emissions decrease from 2 009 kgCO2 / tsteel to:
262 kgCO2 / tsteel (configuration 1)
122 kgCO2 / tsteel (configuration 2) 
46   kgCO2 / tsteel (configuration 3).

The estimated SPECCA index is:
5.0 MJ / kgCO2 for configuration 1
4.9 MJ / kgCO2 for configuration 2 
4.0 MJ / kgCO2 for configuration 3



Economic analysis

Specific cost for decarbonisation = 𝒄𝒅𝒆𝒄[€/𝒕𝒔𝒕𝒆𝒆𝒍] =
𝑪𝒐𝒔𝒕𝒅𝒆𝒄−𝑪𝒐𝒔𝒕𝒓𝒆𝒇 [€ / 𝒚𝒆𝒂𝒓]

𝒂𝒏𝒏𝒖𝒂𝒍 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 [
𝒕
𝒔𝒕𝒆𝒆𝒍

𝒚𝒆𝒂𝒓
]

Cost for carbon avoided = 𝑪𝑪𝑨[€/𝒕𝑪𝑶𝟐] =
𝒄𝒅𝒆𝒄[€/𝒕𝒔𝒕𝒆𝒆𝒍]

𝒆𝒄𝒐𝟐,𝒆𝒒 𝒓𝒆𝒇 −𝒆𝒄𝒐𝟐,𝒆𝒒 [𝒕
𝑪𝑶𝟐

/𝒕𝒔𝒕𝒆𝒆𝒍]

Decarbonisation Blast Furnace (16 kt/d)

BF+CaL
(BF+BOF)+C

aL
(BF+BOF+HS)

+CaL
U.M.

Direct and indirect CO2 
emissions

262 122 46
kg CO2/t 
steel

CO2 avoided 1.747 1.887 1.963
kg CO2/t 
steel

CO2 captured 3.186 3.427 3.428
kg CO2/t 
steel

CAPEX 1.846.2 1.939.8 1.931.5 M€
OPEX 50.6 45.0 67.7 M€/anno
Cost CO2 avoided 23.5 22.1 23.3 €/t CO2
Cost CO2 captured 12.9 12.2 13.3 €/t CO2
Decarbonization cost 41.1 41.7 45.7 €/t steel

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

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

Investment cost Cost function [M€]

Fluidised bed 
carbonator

0,217 ∗ ( ሶ𝑄𝑡ℎ)
0,65+3,83

16591 ∗ ሶ𝑄𝑡ℎ
0,67

∗ 10−6

Fluidised bed 
calciner

0,193 ∗ ( ሶ𝑄𝐿𝐻𝑉)
0,65

13140 ∗ ሶ𝑄LHV
0,67

∗ 10−6

Int. J. Greenh. Gas Control, vol. 82, no. October 2018, pp. 244–260, 2019 
J. Clean. Prod., vol. 219, pp. 540–551, 2019



Integration of CaL into a DR/EAF cycle

Calcium Looping 
process for H2 
production

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

• 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). 

4

5

5

5

5

Rankine
cycle



SPECCA index

Primary energy consumption increases from 
11 532 MJLHV / tsteel (unabated process) to:

13 155 MJLHV / tsteel (configuration 4)
13 003 MJLHV / tsteel (configuration 5). 

Total CO2 emissions decrease from 
563 kgCO2 / tsteel to 

188 kgCO2 / tsteel (configuration 4) 
127 kgCO2 / tsteel (configuration 5). 

The estimated SPECCA index is :
4.3 MJ / kgCO2 for configuration 4;
3.4 MJ / kgCO2 for configuration 5.



Economic analysis

Decarbonisation of DRI production (8.5 ktsteel/d)

Reformer+CaL
(Reformer+EAF)+

CaL
U.M.

Direct and indirect CO2 
emissions

188 127 kg CO2/t steel

CO2 avoided 375 436 kg CO2/t steel

CO2 captured 553 634 kg CO2/t steel
CAPEX 401.1 429.5 M€

OPEX 38.4 37.7 M€/anno
Cost for CO2 avoided 71.3 63.0 €/t CO2

Cost for CO2 captured 48.4 43.3 €/t CO2
Decarbonization cost 24.4 25.1 €/t steel

Specific cost for decarbonisation = 𝒄𝒅𝒆𝒄[€/𝒕𝒔𝒕𝒆𝒆𝒍] =
𝑪𝒐𝒔𝒕𝒅𝒆𝒄−𝑪𝒐𝒔𝒕𝒓𝒆𝒇 [€ / 𝒚𝒆𝒂𝒓]

𝒂𝒏𝒏𝒖𝒂𝒍 𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏 [
𝒕
𝒔𝒕𝒆𝒆𝒍

𝒚𝒆𝒂𝒓
]

Cost for carbon avoided = 𝑪𝑪𝑨[€/𝒕𝑪𝑶𝟐] =
𝒄𝒅𝒆𝒄[€/𝒕𝒔𝒕𝒆𝒆𝒍]

𝒆𝒄𝒐𝟐,𝒆𝒒 𝒓𝒆𝒇 −𝒆𝒄𝒐𝟐,𝒆𝒒 [𝒕
𝑪𝑶𝟐

/𝒕𝒔𝒕𝒆𝒆𝒍]

Investment cost Cost function [M€]

Fluidised bed 
carbonator

0,217 ∗ ( ሶ𝑄𝑡ℎ)
0,65+3,83

16591 ∗ ሶ𝑄𝑡ℎ
0,67

∗ 10−6

Fluidised bed 
calciner

0,193 ∗ ( ሶ𝑄𝐿𝐻𝑉)
0,65

13140 ∗ ሶ𝑄LHV
0,67

∗ 10−6

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



Cement and Steel sector emissions – total emissions

Italian 
production

CO2 
emissions

Prim. Energy
consumption

t/anno Mt CO2/y TJ/y

Cement 19.200.000 12,5 59.278

Steel 23.200.000 13,5 173.245

Oxygen  (18,1%) - BF +BOF 4.199.200 8,4 83.358

Electric (81,9) - EAF 19.000.800 5,0 89.886

TOT 26,0 232.523

Fuel consumtion

Coal 1,72 Mtcoal/y

Coke 2,98 Mtcoke/y

Methane 0,24 MtCH4/y

Electric energy 12.702 TWhel/y

CO2 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 
decarbonization

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑆𝑃𝐸𝐶𝐶𝐴 =
𝐶𝑂2𝑎𝑣𝑜𝑖𝑑𝑒𝑑

𝐸𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
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• 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


