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Introduction

• Chemical looping is a carbon capture and storage (CCS) technology meant 

to mitigate the CO2 emissions in order to achieve the Paris agreement.

• Steel industry accounts for approx. 4.7% of the CO2 stationary emissions 

worldwide.[2]

• Hydrogen production through steam methane reforming accounts for 3%

from the total global CO2 emission.[3]
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Fig.1: Global CO2 emissions: historical emissions, 

country pledges, an emission scenarios.[1]



Scope
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Fig.2: Schematic diagram showing the project main objectives
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Fig.3: Schematic diagram for chemical-looping with water splitting  
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Thermodynamic Review

6

Fig.4: The Equilibrium phase diagram for: (a) Fe-C-O, (b) Fe-H-O at 1 atm total pressure[4]

• Hematite can be totally reduced to metallic iron Fe (DRI), however in-

complete combustion of the fuel (syngas) will occur at these conditions.

• Hence, CO2 can’t be inherently captured using three reactors, a fourth

reactor is required to fully combust the syngas to CO2 and steam. 
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Fig.5: Schematic diagram for chemical-looping with water splitting plus iron co-production (CLWSFe)  
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Process Development stages 

1. The CLWS process was adapted from that proposed by Prof. L. S. Fan’s 

research group[5] in Ohio-state University and simulated using ASPEN-PLUS 

V.9 simulator.

2. Using the sensitivity-analysis in ASPEN-PLUS, the ratio of natural gas to 

hematite flow was obtained at which pure iron is produced in Reducer-1.

3. The process was modified by adding Reducer-2.

4. The process was optimized based on the heat-integration analysis performed 

on the process following the pinch-point method.

5. The process was evaluated thermodynamically and economically and 

benchmarked against the steam methane process “SMR” to discuss is 

viability.
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Process Flow Diagram

Fig.6: Process flow diagram of the CLWSFe process



Reactions part
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Fig.7: reaction part from CLWSFe PFD 
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Reactions part
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Fig.7: reaction part from CLWSFe PFD 
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• Reducer-2: syngas is fully 

combusted to steam and CO2
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Steam separation part
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CO2+steam mixture and H2+steam mixture are cooled to 40 ℃ and compressed

to condense the steam and separate it through flash drums V-1 to V-4
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Fig.8: Separation part from CLWSFe PFD 



Power Generation cycles (PGC)
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The heat released from CO2+steam mixture, H2+steam mixture and depleted-air 

streams are used to generate steam in HRSG-1&4 in order to produce power in PGC-

1&2
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Fig.9: Power generation part from CLWSFe PFD 



Heat Exchanger network (HEN)

14Fig.10: HEN for the CLWSFe Process 



Heat Exchange network (1)
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Heat 
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Fig.11(a): Heat Exchanger network (a) from CLWSFe PFD

Table.1 (a): Heat Exchange equipment details (a)
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Heat Exchange network (1)
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Heat 

exchange 

equipment

Main Function
Components 

releasing heat

Components

gaining heat
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Fig.11(b): Heat Exchanger network (a) from CLWSFe PFD

Table.1 (b): Heat Exchange equipment details (a)
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Heat Exchange network (2)
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HRSG-i: Heat Recovery Steam Generation 
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Thermodynamic Evaluation
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Hydrogen yield=
𝐹𝐻2
𝐹𝐶𝐻4

Iron yield =
𝐹𝐹𝑒

𝐹𝐶𝐻4

𝐶𝑂2 𝐶𝑎𝑝𝑡𝑢𝑟𝑒% =
𝐹𝐶𝑂2
𝐹𝑡𝐶𝑂2

ሶ𝑚𝑖= mass flow rate of 

component i to process (kg/s)

𝐹𝑖 = Mole flow rate of 

component i to process (kmol/s)

𝐻𝐻𝑉𝑖 = High heating value of 

component i (MW/kg)

𝑃𝑐/𝑔= Total Power consumed (+) 

or produced (-) by the process 

(MW) 

𝐹𝑡𝐶𝑂
2
= Mole flow rate of the total 

CO2 generated in the process 

(kmol/s)

𝐻𝑦𝑑𝑟𝑜𝑔𝑒𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
ሶ𝑚𝐻2𝐻𝐻𝑉𝐻2
ሶ𝑚𝐶𝐻4𝐻𝐻𝑉𝐶𝐻4

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

=
ሶ𝑚𝐻2𝐻𝐻𝑉𝐻2 + ሶ𝑚𝐹𝑒∆𝐻𝑐𝐹𝑒 − 𝑃𝑐/𝑔

ሶ𝑚𝐶𝐻4𝐻𝐻𝑉𝐶𝐻4



Thermodynamic Evaluation
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Iron effective efficiency =
𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦

ሶ𝑚𝐹𝑒

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 =
ሶ𝑚𝐻2𝐻𝐻𝑉𝐻2 + ሶ𝑚𝐹𝑒∆𝐻𝑐𝐹𝑒

ሶ𝑚𝐹𝑒

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 =
ሶ𝑚𝐶𝐻4𝐻𝐻𝑉𝐶𝐻4

ሶ𝑚𝐹𝑒



Thermodynamic Evaluation
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Parameter SMR/ATR[6] OSU[5] CLWSFe

CO2 Capture % 53.2-90.0 90.0 100.0

Hydrogen yield (mol/mol) 2.3-2.5 2.3 2.2

Iron yield (mol/mol) - - 0.75

Thermal energy associated with 

natural gas consumption (MW)
457.7-503.4 1309.0 1683.2

Thermal Energy out (MW) 354.5 1018.0 1447.1

Power consumed(+)/ produced (-) 0.2-1.6 33.0 -77.0

Hydrogen efficiency 70.4-77.4 77.6 70.6

Effective efficiency 70.5-79.6 75.1 90.5

Table 2: Comparison between the thermodynamic evaluation for CLWSFe, OSU and SMR processes



Thermodynamic Evaluation
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Table 3: Comparison between the thermodynamic evaluation for CLWSFe and MIDREX processes.

Parameter MIDREX[81] CLWSFe

CO2 specific emission (tCO2/ tNG) 0.638 0.0

Hydrogen yield (mol/mol) - 2.2

Iron yield (mol/mol) 1.44 – 1.54 0.75

Specific Power Produced(GJ/tDRI) 8.6– 9.2 57.9

Specific Power consumed (GJ/tDRI) 10.2 – 10.4 67.2

Power consumed(+)/ produced (-) - -77

Iron effective efficiency 84.1 – 90.0 90.7



Total Investment Cost (CAPEX)

• The total investment cost was calculated based on Lang’s method.

• Total investment cost = Total equipment cost x factors depend on the direct and 

indirect cost parameters.

Economic Evaluation
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Cost type
% equipment delivered 

cost

Direct cost (equipment installation, instrumentation, 

piping, electrical system, buildings, labours and 

service facilities)

302

Indirect cost (Engineering supervision, construction, 

legal expenses, contractor fees, contingency)

126

Working capital (15% of the total capital investment) 75

Total capital investment 503

Table 4: Factor used in the determination of the total capital investment [7]



Economic Evaluation

Operating cost (OPEX)

• The cost parameters used the determine the OPEX are summarised in the 

following table
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Parameter Value Reference

Fuel (natural gas) 0.17 $/kg [8]

Iron oxide 0.072 $/kg [9]

Iron oxide makeup percentage required 7%/15h [4]

Power consumption of Iron oxide manufacturing 22 kWh/t [9]

Plant operating time in a year 328 days [6]

Electricity (selling price) 0.07 $/kWh [10]

Cooling water 1.01 $/m3 [11]

Table 5: Operating parameters used in this study



Economic Evaluation
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Parameter CLWSFe SMR/ATR[12] SMR1[13]

Purchased Equipment cost (M$) 91.9 26.4 – 73.3 128.3

Total investment cost = 5.03 x Purchased cost 

(M$)
536.4 154.2 – 430.3 749.0

Total operating cost exc. the effect of selling 

iron (M$/yr) 
435.8

92.2-104 265.4 

Total operating cost inc. the effect of selling 

iron (M$/yr)
222.8

92.2-104 265.4

Hydrogen produced (Mt/yr) 0.22 0.07 0.2

Iron produced  (Mt/yr) 0.71 - -

Fe Selling price ($/kg Fe) 0.3 N/A N/A

Interest rate (%) 10 10 10

Plant lifetime (yr) 25 25 25

Total annual cost exc. selling iron (M$/yr) 491.3 123.6 – 148.4 347.9

Total annual cost inc. selling iron (M$/yr) 275.1 123.6 – 148.4 347.9

Table 6: CAPEX, OPEX and H2 production cost for CLWSFe process 



Fig.12: Production cost for: CLWSFe inc.selling iron [a], CLWSFe exc. Selling iron [b] and SMR 
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Conclusions

• The thermodynamic evaluation shows that the effective efficiency for CLWSFe

process improved by 10.9 – 20% compared with the SMR/ATR process. In 

addition, It is 15.4% higher than the OSU process.

• The hydrogen efficiency for the CLWSFe process is 6.8% and 7% lower than 

SMR/ATR and OSU processes, however the CLWSFe process has the 

advantage of saleable iron as co-product.

• CLWSFe process is considered as an inherent CO2 capture process, therefore 

less equipment is required compared with SMR, hence lower total investment 

and hydrogen production cost.

• CLWSFe is a promising novel technology for the production of H2 with inherent 

CO2 capture and co-production of a saleable DRI product
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