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H I G H L I G H T S  

 

• H2O electrolysis powered by solar, 

wind and thermophotovoltaic were 

studied. 

• CO2-free from oxy-hydrogen firing 

ovens and furnaces. 

• Recovered heat for H2O distillation and 

steam production for PEMEC and WGS 

units. 

• O2 from the electrolyser cells as one of 

the feedstocks for the BF and BOF. 

• 1002kg/hr of CO2 by-product from 

every 626kg/hr of steel was captured. 

 

 

 

G R A P H I C A L A B S T R A C T  

 

 

Abstract  

To reduce greenhouse gas (GHG) emissions in high-grade steel production plants, this study developed a solar and wind assisted 

𝐻2-fuelled blast furnace – basic oxygen furnace (BF-BOF) route coupled with the electrolysis of 𝐻2𝑂 and thermoelectric units. The 

developed model consists of heat recovery units, water gas shift (WGS), low-temperature electrolysis of 𝐻2𝑂, thermophotovoltaic 

converter, 𝐶𝑂2 capture by absorption and oxy-hydrogen firing ovens and furnaces. The recovered thermal energy generated steam 

and distilled 𝐻2𝑂 feedstocks for WGS and PEMEC (proton exchange membrane electrolyser cell) units. WGS converted 𝐶𝑂 to 𝐶𝑂2 

and increased the 𝐻2 production rate before separation from other by-products in the pressure swing adsorption (PSA) column. 𝐻2𝑂 

electrolysis generated more 𝐻2 fuel for the coke oven, Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF. The result of the proposed system reveals 

that by utilising 𝐻2 as fuel and 𝑂2 as oxidant instead of burning natural gas (NG) for thermal decomposition of feedstocks, 

1111.4kg/hr of 𝐶𝑂2 emission for every 626kg/hr of produced steel can be prevented. The application of 𝐶𝑂2 capture by absorption 

process eliminated 𝐶𝑂2 emission footprint from the process. Whereas 61.1kW was recovered by installing TPV units on ovens and 

furnaces’ walls for conversion of waste heat to electricity. By incorporating either solar or wind renewable energy systems with a 

power output of 20MW, 1290.4kg/hr of 𝐻2 fuel and 38.5kg/hr of 𝐶𝐻4 were stored for later use and 6754.8kg/hr of 𝐶𝑂2 emission 

was avoided. The steel purchase price of the proposed system is anticipated to be cheaper than the conventional BF-BOF route 

operating with a CCS unit as ≥10% energy efficiency was recorded. The recycling of more scrap steel is also viable in this developed 

system because of the high energy density of utilised 𝐻2 fuel for the thermal decomposition of ovens and furnaces’ feeds. 
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Nomenclature 

Abbreviations and Symbols 

AEC  Alkaline electrolysis cell 

ASU  Air separation unit 

BF  Blast furnace 

BOF  Basic oxygen furnace 

COG  Coke oven gas 

CCS  Carbon capture and storage    

DRI  Direct reduction of iron 

EAF  Electric arc furnace 

GHG  Greenhouse gas 

HTF   Heat transfer fluids 

HTS  High-temperature shift 

HX   Heat exchangers  

𝑘𝑔/ℎ𝑟  Kilo gram per hour  

𝑘𝑚𝑜𝑙/ℎ𝑟  Kilo mole per hour  

kW   Kilowatt 

LTS  Low-temperature shift 

MJ  Megajoule 

MMBtu  Metric Million British Thermal Unit 

MOE  Molten oxide electrolysis 

MW   Megawatt 

NO  Nitric oxide 

NOx  Nitrogen oxides  

NREL   National renewable energy laboratory 

PEMEC  Proton exchange membrane electrolyser cell 

PSA  Pressure swing adsorption 

PV  Photovoltaic 

SAM   System Advisor Model 

SMR   Steam methane reforming 

SOEC  Solid oxide electrolysis cell 

TPVs   Thermophotovoltaics 

WGS   Water gas shift 

WT  Wind turbine 

 

1. Introduction  

Nowadays, the reduction of greenhouse gas (GHG) emissions has attracted global attention because of climate change and the 

repletion of energy resources. The iron and steel industries account for 7% of worldwide carbon dioxide (𝐶𝑂2) emissions which 

release about 2 tonnes of 𝐶𝑂2/𝑡𝑜𝑛𝑛𝑒 of produced steel [1]. The global production of steel is predicted to reach 2.19 billion tonnes 

and recycling of scrap steel through electric arc furnace (EAF) is likewise projected to account for 50% by 2050 [2] [3]. The 

reduction of carbon emissions in steel and iron production plants can be achieved by the introduction of waste energy recovery, 

switching to renewable energy sources and low carbon fuels and efficiency improvement. For instance, the recovery of waste energy 

in a process and utilising it to operate other units can reduce the overall input energy and the volume of carbon emissions which is 

beneficial to the environment [4]. While approximately 60% of the total energy used in steel production is lost to cooling which 

may be recovered and utilised for different purposes [5]. Currently, blast furnace-basic oxygen furnace (BF-BOF), electric arc 

furnace (EAF) and direct reduction of iron (DRI) are the three major routes for making steel [6].  

      The blast furnace-basic oxygen furnace (BF-BOF) pathway of making steel includes the iron ore reduction in the blast to produce 

molten iron and accounts for 70% of worldwide steel production [7] [8]. This route of making steel through integrated BF-BOF 

requires coal for coke production in the coke (carbon) oven, iron ore (𝐹𝑒2𝑂3 and 𝐹𝑒3𝑂4) pelletising to aid BF operation and 

limestone (𝐶𝑎𝐶𝑂3) for extracting lime (𝐶𝑎𝑂) raw material. The process of producing molten iron and steel includes thermal 

decomposition of coal, 𝐹𝑒2𝑂3 and 𝐶𝑎𝐶𝑂3, sintering where reduced 𝐹𝑒2𝑂3 mix with 𝐶𝑎𝑂 in the sinter and blast furnace (BF) where 

coke and sinter by-products are cooked at about 1000°C temperature. Followed by the introduction of pressurised pure oxygen (𝑂2) 

and coolant (scrap steel “20 - 25%”) in the basic oxygen furnace (BOF) to produce molten steel. The final steps of producing the 

finished product (steel) involve casting, rolling, and cooling [9]. Despite the usage of recovered syngas from the coke oven and 

water gas shift (WGS) units as part of the furnace’s fuel, between 2140 and 2227kg𝐶𝑂2/tons crude steel is produced from this 

process (BF-BOF) [10]. For instance, BF accounts for 69% of 𝐶𝑂2 emission, 5% for coke production, 13% for sintering, 2% for 

pelletising and 11% for BOF in the BF-BOF route of steel making [10]. To reduce the volume of 𝐶𝑂2 emission in BF-BOF steel 

plants, the use of coke from biomass wood and the burning of biogas such as hydrogen (𝐻2) has been suggested. The replacement 

of coke from coal with biomass such as charcoal has been studied extensively [11] [12]. These charcoal substitution studies 

suggested blending 2% – 6% with coking coal, 0% – 100% with pulverised coal, 50% – 100% with nut coke and 0% - 100% with 

coking plant residues [13]. However, the high cost and porosity of biomass based-charcoal slow down such transition of using coke 

from charcoal in the BF. For example, coal is denser, and the porosity is 3 times lesser than coke from biomass such as charcoal 

[13]. As reported by Geerdes et al., a BF coke should have a low sulphur content, hardness, alkali (𝐻2𝑂 and 𝑁𝑎2𝑂) content, 

moisture, ash and high heating value (HHV) properties for good grinding and to prevent refractory lining and sticking [14]. Burning 

of low-carbon fuel like biofuel or 𝐻2 has been an area of interest to reduce the size of carbon capture and storage (CCS) units for 

steel and iron plants. For instance, by replacing the burning of fossil fuels with biohydrogen fuel, >80% of 𝐶𝑂2 emission can be 

avoided [15]. In addition, Arens et al. mentioned that the use of 𝐻2 fuel for operating the BF, and electricity as an energy source for 
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the EAF in an integrated steel-making plant can achieve zero carbon emissions [16]. Although, the European Commission’s carbon 

reduction target (80%) in the iron and steel-making industry can be achieved by 𝐻2 direct reduction and the electrolysis of iron ore 

[17]. 

      An electric arc furnace (EAF) is regarded as the best route for using scrap steel (recycling) as feedstock in making brand-new 

steel. Unlike hybrid BF-BOF pathways of producing steel, EAF uses both electrical and chemical energy to melt the feedstock 

which is a mixture of scrap metal and carbon sources like coal, coke, and petrol. The introduction of chemical energy requires 

oxyfuel burners or scrap contaminants that contain hydrocarbons like paints, oil, grease and charged carbon [18]. The global share 

of the EAF route is growing with over 18143.7 million tonnes of steel production as of 2018. Currently, the share of EAF in steel 

production is over 24% because of the flexibility of accommodating mixed feedstocks. Despite the use of recycled steel and 

continuous growth of the EAF, about 40% of natural gas and coal, and between 5958 and 8806kWh/t of electrical energy are 

consumed in this process resulting to 2.6𝑡𝐶𝑂2/𝑡𝑠𝑡𝑒𝑒𝑙 emission [19]. In contrast to the BF-BOF route of steel production, EAF 𝐶𝑂2 

emission is approximately 20% lower. This figure shows that an increase in steel production from EAF remains the alternative 

means of reducing carbon emissions and energy demand. However, limitations in the feedstock (scrap steel) supply, the use of grid 

electricity resulting in power quality issues and low market share for applications that require higher grade steel limit the widespread 

of this route in global steel production [20] [4]. Nevertheless, off-grid electricity generation by renewable sources like wind and 

solar has been suggested to mitigate one of the drawbacks. 

        The direct reduction of iron (DRI) allows the use of synthetic gas from hydrocarbons or solid fuels enriched in carbon monoxide 

(𝐶𝑂) and 𝐻2 as the reducing agent to reduce iron ore below the melting point (1200°C). This route of making both sponge and 

briquette irons is more energy efficient with lesser 𝐶𝑂2 emission than other processes [21]. However, it requires the integration to 

another route such as EAF for upgrade or additional processing. As of 2020, the global steel production by DRI route reaches 

104.4Mt with gas-based accounting for 75.6% [22]. On the contrary, the presence of sulphur content and the inability to produce 

high-grade steel through gas-based shaft furnaces limit the growth of this route in a single unit [22]. Electrolysis of iron ore such as 

molten oxide electrolysis (MOE) has been suggested as the way forward in reducing the carbon footprints on existing steel-making 

processes. For over 100 years, the MOE route of making tonnage metal – aluminium, lithium, magnesium, sodium, and rare-earth 

metals has been existing because the process produces 𝑂2 and free 𝐶𝑂 and 𝐶𝑂2. Despite reduced plant size by utilising a single unit 

for steel production, the use of electricity as an energy source and reduced 𝐶𝑂2 emission, the MOE pathway of steel making is 

energy intensive. For example, a reaction temperature of 1600°C is needed to dissolve iron ore in a molten oxide mixture [23]. The 

chemical reactions of the Fe-𝐶𝑎𝑂 oven and coke oven under thermal conditions are represented in Eqs 1 – 3. While chemical 

reactions of both 𝐹𝑒2𝑂3 and 𝐹𝑒3𝑂4 reduction by synthetic gas are written in Eqs 4 – 9. 

𝐹𝑒3𝑂4 + 𝐶𝑎𝐶𝑂3 →  3𝐹𝑒 + 2𝑂2 + 𝐶𝑎𝑂 + 𝐶𝑂2                                                                                                                                                                                1 

𝐹𝑒2𝑂3 + 𝐶𝑎𝐶𝑂3 →  2𝐹𝑒 + 1.5𝑂2 + 𝐶𝑎𝑂 + 𝐶𝑂2                                                                                                                                                                            2 

𝐶𝑜𝑎𝑙 →  𝐶𝑜𝑘𝑒 +  𝑔𝑎𝑠 (𝐻2, 𝐶𝑂, 𝐶𝑂2, 𝑁2 𝑎𝑛𝑑 𝑂2) + 𝐻2𝑂                                                                                                                                                            3 

3𝐹𝑒2𝑂3 + 𝐻2 →  2𝐹𝑒3𝑂4 + 𝐻2𝑂                                                                                                                                                                                                        4 

𝐹𝑒3𝑂4 + 𝐻2 →  3𝐹𝑒𝑂 + 𝐻2𝑂                                                                                                                                                                                                               5 

𝐹𝑒𝑂 + 𝐻2 → 𝐹𝑒 + 𝐻2𝑂                                                                                                                                                                                                                         6 

3𝐹𝑒2𝑂3 + 𝐶𝑂 →  2𝐹𝑒3𝑂4 + 𝐶𝑂2                                                                                                                                                                                                        7 

𝐹𝑒3𝑂4 + 𝐶𝑂 →  3𝐹𝑒𝑂 + 𝐶𝑂2                                                                                                                                                                                                              8 

𝐹𝑒𝑂 + 𝐶𝑂 → 𝐹𝑒 + 𝐶𝑂2                                                                                                                                                                                                                         9 

      To sum up, the above-reviewed articles cover different steel production routes such as BF-BOF, EAF, DRI and MOE; the use 

of renewable feedstocks like coke from biomass charcoal as a substitute for coke from coal. Most of the high-grade steel is produced 

from BF-BOF. However, the carbon emissions share of this route (BF-BOF) is higher than other routes. Recycling more scrap steel 

and the use of electricity by DRI-EAF make it more attractive than BF-BOF. Nonetheless, the DRI-EAF route is limited to 

applications that require higher-strength steel and still has carbon footprints. MOE on the other hand is still in the development 

phase and the carbon emission footprints can only be determined by the sources of electrical energy. Replacing coke from coal with 

biomass coke can reduce the overall carbon footprint. Nevertheless, biomass coke such as charcoal is more expensive and still has 

carbon footprints if fossil fuel is burnt in the pyrolysis decomposer to produce carbon and synthetic gas. Other ways to reduce carbon 
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emission footprints are the burning of low carbon fuel like 𝐻2 gas in the furnaces and the use of renewable energy sources such as 

solar, wind, geothermal and others to generate required electricity. In contrast, 𝐻2 production from fossil fuels is cheaper and emits 

carbon emissions. Thus, the future of iron and steel making requires the application of more energy recovery units, the use of low-

carbon fuel and renewable energy generated at the site of operation such as the electrolysis of 𝐻2𝑂 powered by solar and wind 

power sources. 

      The electrolysis of 𝐻2𝑂 generates 𝐻2 and 𝑂2 as by-products by the electrochemical splitting of 𝐻2𝑂 feedstock. In 𝐻2𝑂 

electrolysis of 𝐻2 production, direct current (DC) from renewable energy sources like solar, wind and biomass can be used to exclude 

carbon emissions from the process. Alkaline electrolysis cell (AEC), solid oxide electrolysis cell (SOEC) and proton exchange 

membrane electrolysis cell (PEMEC) are the three main types of electrolysis of 𝐻2𝑂 technologies. Each of these technologies for 

𝐻2 production utilises different operating temperatures, electrolytes, and ionic agents (𝑂𝐻−, 𝐻+, 𝑂2−). For example, AEC and 

PEMEC have an operating temperature below 100°C and use potassium hydroxide (KOH) or sodium hydroxide (NaOH) 

electrolytes. While SOEC uses an intermediate temperature between 500°C and 1000°C [24]. The larger current density, response 

time, compactness, and low operating temperature of PEMEC make it more suitable for industrial applications [25] [26]. DRI-EAF 

steel production route operating with low-carbon fuel like green 𝐻2 from the electrolysis of 𝐻2𝑂 and powered by renewable energy 

sources has been projected to be more cost-effective in regions with higher solar intensity and wind speed than other routes. Between 

2020 and 2021, an increase from $547/t to $782/t of steel sales price in a selected site was reported because of surges in feedstock 

and fuel prices, making 𝐻2-based DRI-EAF more economically practical. Iron and steel making via 𝐻2-fuelled DRI-EAF has been 

forecasted to reach 60% share of global steel production by 2050 as the alternative means of reducing GHG emissions in 

conventional DRI-EAF [27]. Eqs 10 – 12 are chemical reactions of 𝐻2 conducting PEMEC. 

 Anode: 2𝐻2𝑂 → 4𝐻+ + 𝑂2 + 4𝑒−                                                                                                                                                                                                  10 

Cathode: 4𝐻+ + 4𝑒− → 2𝐻2                                                                                                                                                                                                             11 

Overall: 2𝐻2𝑂 → 2𝐻2 + 𝑂2                                                                                                                                                                                                               12 

Another means of maximising energy efficiency in iron and steel-making plants is the integration of thermophotovoltaics (TPVs). 

As reported by BCS. [28], about 20% - 50% of energy in thermal applications ends up in the environment without appropriate 

recycling strategies. Due to the complex nature of the iron and steel manufacturing industry, waste heat recovery from coke and 

iron ovens, BF, BOF and molten steel cooling can play an important role in decarbonising the iron and steel industry. TPV utilises 

heat or waste heat to energise the emitter, and in the process, electricity is generated through the thermocouple effect between the 

electron donor and acceptor materials [29]. The TPV method of electricity generation has an efficiency between 10% and 40%, 

depending on the temperature of the heat source. For example, using traditional thermoelectric materials, a maximum efficiency of 

10% can be achieved. By using new thermoelectric materials at higher emitting temperatures, 40% efficiency can be achieved [30].  

      Currently, more effort is channelled to the reduction of carbon emissions in DRI-EAF by the usage of 𝐻2 fuel, solar and wind 

energy sources despite that this route is limited to producing higher grade steels. In this study, solar or wind oxy-hydrogen firing 

BF-BOF, coupled with 𝐶𝑂2 capture by absorption method was studied. The application of thermoelectric units for energy recovery 

and steam production from molten steel cooling was also investigated. This study also includes the diversion of coke oven and 

furnace (BF and BOF) syngas to water gas shift (WGS) units to produce 𝐻2 fuel with the addition of steam. The production of 

distilled 𝐻2𝑂 feedstock for the PEMEC by syngas cooling in the heat exchanger (HX) was examined. Furthermore, the use of 𝐻2 

fuel from PEMEC and PSA units as fuel for the coke oven, Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF was covered. Oxy-firing instead of 

air-firing in any of the thermal units and the usage of produced 𝑂2 from the PEMEC as BF and BOF feedstock was also assessed. 

This approach eliminates the need for pure 𝑂2 production from air separation unit (ASU) which increases the operational cost and 

reduces carbon emission footprints without affecting the overall efficiency. This study aimed to apply the stated approaches to 

enhance energy recovery efficiency and enable the production and usage of biohydrogen fuel in high-grade steel-making plants (BF-

BOF). High-grade steels are steels with high strength, quality and toughness at −60°C, and excellent ductility. These steels (high-

quality steels) are mainly used in pipelines, reactors, naval vessels and blast (explosive) test designs due to their high resistance to 

deformation and fracture [31]. The proposed work covers the below points in a process simulation: 

1. Process simulation of molten iron production in the BF using coke from oven and sinter by-products and molten steel production 

in the BOF. 
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2. Application of WGS to convert syngas from coke oven, BF and BOF into 𝐻2 gas and recovery of methane (𝐶𝐻4) gas from 

other by-products. 

3. Application of heat recovery units to produce steam for WGS and deionised 𝐻2𝑂 for electrolysis stack and electricity via 

thermophotovoltaic converters. 

4. Application of PEMEC using produced deionised 𝐻2𝑂 feedstock for 𝐻2 and 𝑂2 production and 𝑂2 feed to both furnaces. 

5. Integration of both solar and wind renewable energy sources to power electrolyser stack and other electrical units. 

6. By-product 𝐶𝑂2 capture by absorption method. 

7. Numerical investigation of steam production from hot-rolled molten steel.  

8. Oxy-hydrogen firing burner for thermal decomposition of coke oven, Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF feeds. 

Fig. 1 displays a schematic diagram of solar and wind assisted oxy-hydrogen firing BF-BOF, PEMEC and thermoelectric converter, 

coupled with by-product 𝐶𝑂2 capture. 

 

 

Fig 1: Solar and wind assisted oxy-hydrogen firing BF-BOF, PEMEC, thermoelectric converter and 𝐶𝑂2 capture. 

 

2. Material and simulation method 

Feedstock includes 5kmol/hr of iron ore (hematite (𝐹𝑒2𝑂3)) with output gas composition of 10% silicon (Si), magnesium (Mg), 

sulphur (S), phosphorous (P) and others; 5kmol/hr of limestone (𝐶𝑎𝐶𝑂3); and 20kmol/hr of coal containing 40% of coke (carbon), 

57% of gas and 3% of others (ash or slag). 2.4kmol/hr of 𝐶𝐻4, 1.8kmol/hr of 𝐻2𝑂, 0.768kmol/hr of 𝐶𝑂, 5.76kmol/hr of 𝐻2 and 

0.672kmol/hr of 𝑁2 are coke oven gas (COG) composition and moisture content. For instance, 20% - 30% of 𝐶𝐻4, 5% - 10% of 𝐶𝑂, 

45% - 64% of 𝐻2, 7% of 𝑁2, 2% - 5% of 𝐶𝑂2 and 0.1% - 4% of 𝑂2 are the gas composition of coke oven reported in the literature 

[32] [33] [4]. The gas released from the BF includes 4% 𝐻2, 25% 𝐶𝑂 and 20% 𝐶𝑂2. Other feedstock for the proposed model includes 

𝐻2𝑂 for steam and distilled 𝐻2𝑂 production and 𝐶𝑎𝑂 for 𝐶𝑂2 by-product capture through the absorption method. 

Simulation set-up: Conventional and solid type for material selection in the property set-up. Mixed and conventional inert (CI) 

substreams. Normal distribution function type and logarithmic mesh for particle size distribution (PSD). Peng-Robinson equation 

of state solver for property method of thermal units. Non-random two-liquid (NRTL) method for proper electrochemical reaction in 

the stack which allows movement and migration of charged ions in anode and cathode sides. 

Simulation method for iron and steel production: Pyrolysis of coal using 𝐻2 as fuel and 𝑂2 as oxidant produces syngas for the WGS 

unit and coke for BF. The oven (heater) was used to model the coal pyrolysis using the syngas composition stated above at 800°C 

operating temperature. The COG was derived from the simulated pyrolysis of coal. The evaporated syngas leaving the coal oven 
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mixes with syngas from the BF and BOF. Iron ore (𝐹𝑒2𝑂3) and limestone (𝐶𝑎𝐶𝑂3) feedstock in the Fe-𝐶𝑎𝑂 oven-sinter were 

reduced and palletised to allow the exit of impurities and 𝐶𝑂2 which was captured. The 𝐹𝑒2𝑂3-𝐶𝑎𝐶𝑂3 thermal decomposition and 

sintering process of producing iron (FE) and calcium oxide (CaO) at 800°C operating temperature requires a separator. The separator 

removes impurities and other by-products such as Si, Mg, sulphur, phosphorous and others before reacting with the coke in the BF. 

Both 𝐻2 as fuel and 𝑂2 as oxidant were burnt in the Fe-𝐶𝑎𝑂 oven-sinter to eliminate the 𝐶𝑂2 emission footprint. The sinter by-

products and coke from the coke oven react with some fraction of 𝑂2 in the BF to produce molten iron feedstock to the BOF. In the 

BOF, molten steel was produced by utilising BF by-products, scrap steel and pressurised 𝑂2 feedstock. The presence of pressurised 

𝑂2 in the BOF allowed the formation of 𝐶𝑂 and the reduction of carbon content in the molten steel. Oxy-hydrogen firing were 

utilised to reach the operating temperature of the BF which is 1300°C and the reaction temperature (1600°C) of the BOF. The 

application of heat exchangers for thermal energy recovery transformed 𝐻2𝑂 into steam for WGS and distilled 𝐻2𝑂 for the PEMEC 

stack. In the WGS (high-temperature shift (HTS) and a low-temperature shift (LTS)) unit, 𝐶𝑂 from the coke oven, BF and BOF 

react with steam to produce 𝐶𝑂2 and increase the rate of 𝐻2 concentration. Heat exchangers before and after the first temperature 

shift reactor allowed proper control of 𝐶𝑂 and 𝐻2 temperature. The by-product 𝐻2 from the WGS unit was separated from other 

synthetic gas in the pressure swing adsorption (PSA) column at high purity. To eliminate the need for ASU for 𝑂2 production and 

increase the 𝐻2 production rate, renewable-powered PEMEC was incorporated. Unlike current electrolysis of 𝐻2𝑂 systems that rely 

on purchased distilled 𝐻2𝑂, PEMEC of this proposed model utilised deionised 𝐻2𝑂 feedstock from the cooler block to produce 𝐻2 

and 𝑂2 with the applied voltage <1𝑉 at an operating temperature of 80°C. Produced 𝐻2 and 𝑂2 were fuel, oxidant and feedstock for 

the coke oven, Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF. 

Numerical simulation of 𝐻2 combustion to produce thermal energy for feedstock decomposition. Coke, 𝐶𝑎𝑂, molten iron and steel 

production considered a rigorous reactor (RGibbs) with 𝐻2 as furnace fuel to produce the required heat. A further investigation of 

lean burn 𝐻2 was performed in Ansys Workbench using three-dimensional (3-D) equilibrium Navier-Stokes equations and a feasible 

(realisable) standard wall functions k-ε model. The reaction of BF by-products in the BOF considered an Euler-Euler multiphase 

solid and gas to produce molten steel and at the same time releases syngas for WGS units. The conservation of energy, momentum, 

species transport and thermal nitric oxide (𝑁𝑂) equations for the 𝐻2 combustion, steam generation from molten steel cooling unit 

and Euler-Euler multiphase (solid and gas phases) are given in Eqs 13 – 18.  

𝜕
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𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑖
(𝜌𝑢𝑖𝑢𝑗 − 𝜏𝑖𝑗) = 

𝜕𝑝

𝜕𝑥𝑖
 (𝑀𝑜𝑚𝑒𝑛𝑡𝑢𝑚).                                                                                                                                               14 

𝜕

𝜕𝑡
(𝜌𝑢𝑗) +

𝜕

𝜕𝑥𝑖
(𝜌ℎ𝑢𝑗) =

𝜕(𝜆𝑓𝜕𝑇𝑓

𝜕𝑥𝑖
− ∑𝑗

𝜕(ℎ𝑗𝐽𝑗)

𝜕𝑥𝑖
+  ∑𝑗ℎ𝑗𝑅𝑗 (𝐸𝑛𝑒𝑟𝑔𝑦)                                                                                                                15  

𝜕

𝜕𝑡
(𝜌𝑠𝑐𝑠𝑇𝑠) +

𝜕

𝜕𝑥𝑖
[𝜆𝑠

𝜕𝑇𝑠

𝜕𝑥𝑖
] = 0 (𝐸𝑛𝑒𝑟𝑔𝑦)                                                                                                                                                                16 

𝜕(𝜌𝑌𝑖)

𝜕𝑡
+

𝜕(𝜌𝑢𝑖𝑌𝑖)

𝜕𝑥𝑖
=

𝜕𝐽𝑖

𝜕𝑥𝑖
+ 𝑅𝑖 (𝑆𝑝𝑒𝑐𝑖𝑒𝑠)                                                                                                                                                                   17 

𝑊𝑡 = [4.5
[1013.5 ∗ 𝑚1.5]

𝑚𝑜𝑙0.5. 𝑠
] exp [

−69466𝐾

𝑇
] 𝑐𝑂2

0.5𝑐𝑁2
(

𝑇

1𝐾
)

−0.5

       (𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑁𝑂)                                                                                    18 

Where: 𝜌 = fuel (𝐻2) density; 𝑢 = velocity; 𝜏𝑖𝑗 = stress tensor; ℎ = enthalpy; 𝐽𝑖 = species 𝑖 heat capacity; 𝑇 = temperature; 𝑅𝑗 = net 

rate for species 𝑗 chemical reaction; 𝑌𝑖 = mass fraction of species 𝑖; 𝜆 = thermal conductivity; 𝑓 = working fluid; 𝑠 = solid wall; 𝑐𝑁2
 

= nitrogen molar concentration; 𝑝 = pressure. 

Solar and wind renewable energy systems. The solar array model includes a photovoltaic (PV) array and inverter for conversion of 

direct current (DC) to alternating current (AC). While an electron-hole relative to radiation incident was created by solar cells’ 

absorption of photon energy greater than the energy of the band gap of the semiconductor to generate DC [34]. Eqs 19 – 23 written 

below describe the solar cell model. 

𝐼 = 𝐼𝑃𝑉 − 𝐼𝐷                                                                                                                                                                                                                                            19 

𝐼𝐷 = 𝐼0 [𝑒𝑥𝑝
𝑉

𝐴𝑉𝑇
− 1]                                                                                                                                                                                                                         20 

𝐼 = 𝐼𝑃𝑉 − 𝐼0 [𝑒𝑥𝑝
𝑉

𝐴𝑉𝑇
− 1]                                                                                                                                                                                                                21 
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𝐼 = [𝑒𝑥𝑝 (
𝑉 + 𝐼 ∗ 𝑅𝑠

𝐼𝑃𝑉−, 0∗𝑉𝑇
) − 1]                                                                                                                                                                                                               22 

𝑃 = 𝑉 {𝐼𝑠𝑐 − 𝐼0 [𝑒𝑥𝑝 (
𝑉

𝐴𝑉𝑇
) − 1]}                                                                                                                                                                                                    23 

Where  

𝐼, 𝐼𝑃𝑉 , 𝐼𝐷 , 𝐼0 & 𝐼𝑠𝑐 are PV output current; generated current by incident of light; bypass diode current as dependence to junction 

voltage; diode reverse bias saturation current; short circuit current. 

𝑉, 𝐴𝑉𝑇 , 𝑅𝑠 are voltage; ampere voltage climate temperature; series resistance. 

The wind turbine has two or three or more blades to harness kinetic energy from the wind which is converted to mechanical energy 

and finally to electrical energy in DC form. Eqs 24 and 25 represent the captured power by the wind turbine and the amount of the 

aerodynamic torque.  

𝑃𝑤 = 0.5𝐶𝑝𝜌 ∗ 𝐴 ∗ 𝑉𝑤
3                                                                                                                                                                                                                      24 

𝑇𝑤 = 𝑃𝑤𝑊𝑤                                                                                                                                                                                                                                           25 

Where  

𝑃𝑤 , 𝐶𝑝, 𝜌, 𝐴 & 𝑉𝑤  are power derived from a wind turbine; coefficient of performance; air density; covered area by the blade rotor. 

𝑇𝑤  & 𝑊𝑤 are aerodynamic torque; turbine rotor speed [34] [35]. 

The early stage of solar and wind turbine systems development was carried out in SAM-NREL (system advisory model-national 

renewable energy laboratory). The modification and inclusion of the algorithm of both solar and wind energy models to generate 

20MW power for electrically powered units including the PEMEC stack was completed in Matlab. The Matlab model results for 

both systems were saved as mat files for the Simulink model. The electrical energy needed for the proposed system was connected 

in the Simulink because Simulink allows interface with AspenOne. The electrical energy from either solar cells or wind turbine 

systems was connected to the PEMEC stack and other units that operate with electrical energy. Table 1 lists the input parameters 

considered during the process modelling and simulation of both solar arrays and wind turbine (WT) systems.  Table 2 illustrates 

Aspen Plus blocks and material flows with descriptions. 

 

Table 1. Design parameters for wind Turbine (WT) and solar cell (SC). 

Wind turbine parameters Solar cell parameters 

Parameters Value Parameters Value 

Rated power  20MW Rated power  20MW 

Maximum cp 0.45 Array type Roof mount 

Cut-in wind speed 4m/s Tilt  0° 

Cut-off wind speed 25m/s Azimuth 180° 

Total system loss 18% Total system loss 14% 

 

Table 2: List of Aspen Plus unit operation model blocks and material streams description. 

Aspen Plus Block 

Name 

Aspen Plus Block ID Description 

Mixer  MIX  Mixes syngas from oven, BF and BOD; 𝐻2 from PSA and PEMEC.  

Splitter  SPL Split a stream into two or more. Split 𝐻2𝑂 stream into 2 for WGS and 

distillation.  

Hierarchy WGS/PEMEC/SEP Container for directories. Act as a subsystem having a set of blocks that are 

grouped into a single hierarchy block. House RGibbs for electrochemical 

separation of deionised 𝐻2𝑂 into 𝐻2 & 𝑂2 with an ID name “PEMEC”. House 

WGS for HTS and LTS. 

Heat exchanger HX Transfers heat from one medium to another. For steam generation and 𝐻2𝑂 

distillation. 

Cooler 𝑄𝐿  Thermal and phase state changer. For product cooling. 
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Heater COKE-OVE/FECAO-O For feed preheating. FECAO-O is the same as Fe-𝐶𝑎𝑂 oven-sinter to produce 

Fe, 𝐶𝑎𝑂 and gases before the mixing of solid by-products in the sinter. 

Separator  PSA/SEP Split/separate products based on specified flows/fractions. Separate 𝐻2 gas 

from others. Separate BF feed from syngas. 

Rigorous reactor 

(RGibbs) 

OVEN/DECOMP/COKE-

OVE/BF/BOF/WGS/ 
𝐶𝑂2- CAP/𝐻2 

Set the composition of product/syngas by chemical equilibrium restriction. 

Gibbs free energy reactor. To produce molten iron and steel. For 𝐻2 and 𝐶𝑂2 

production. 

Pump  PUMP Increase feed pressure to the desired level. More effective in liquid phase.  

Flow 

valves/controller 

SPLIT-2 To estimate the required mass flowrate of 𝐻2 fuel and 𝑂2 oxidant for individual 

units (coke oven, Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF). 

Fuel-switch F-SWITCH Enable the use of one furnace block at a different mass flowrate of 𝐻2 and 𝑂2. 

 

Aspen Plus stream ID Description 

FE Feed. 

SEP-FE Gas separator feed. 

SINT-FE Iron (FE) and 𝐶𝑎𝑂 feed to the BF. 

COKE-FE Coke feed to the BF. 

BF-EX Gas and slag to the separator. 

BOF-FE Molten iron feed to the BOF. 

DE-COAL Decomposed coke. 

STEEL/any stream with STEEL Steel by-product. 

𝐻2𝑂/any stream that starts with /end with 𝐻2𝑂 Water (𝐻2𝑂) stream. 

G-OUT/any stream that starts with G- Syngas from coke oven, BF and BOF. 

HOT-GAS/ any stream that has GAS Synthetic gas.  

BY-𝐻2/𝐻2-BY Hydrogen (𝐻2) by-product. 

BY-𝐶𝑂2/𝐶𝑂2-BY Carbon dioxide (𝐶𝑂2) by-product. 

OVEN-FUE Mass flowrate of both 𝐻2 fuel and 𝑂2 oxidant for coke oven. 

SINT-FUE Mass flowrate of both 𝐻2 fuel and 𝑂2 oxidant for Fe-𝐶𝑎𝑂 oven-sinter. 

BF-FUE Mass flowrate of both 𝐻2 fuel and 𝑂2 oxidant for BF. 

BOF-FUE Mass flowrate of both 𝐻2 fuel and 𝑂2 oxidant for BOF. 

H-SINT/H-OVEN/H-BF/H-BOF Thermal energy from 𝐻2 furnace to meet the operating temperatures and heat 

duties. 

 

2.1 Process simulation of iron and steel production coupled with PEMEC.  

Aspen Plus software was utilised for the development of the proposed system (solar and wind aided 𝐻2-fuelled BF-BOF coupled 

with PEMEC and 𝐶𝑂2 capture). Peng-Robinson and NTRL were both used as method solvers for proper prediction of physical and 

chemical reactions of the model because of the presence of charged species during the hydrogen and oxygen evolution reactions. 

Another free-water property methods utilised during the process simulation of the proposed model are steam-table and ideal at a 

water solubility of 3 for proper adjustment and accommodation of pressure drops. Below are the assumptions considered during the 

process development and simulation of the proposed system: 

• All processes are in steady state condition. 

• Intake feed temperature and pressure are ambient and atmospheric conditions. 

• The pressure drop at each stage is minimal. 
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• 𝐻2 flammability range ranges from 4% - 75% in air [36] [37] [38]. 

• 13:1 𝑂2 - 𝐻2 mass ratio which is equivalent to 62:1 air to 𝐻2 ratio. 

• Electrolysis of 𝐻2𝑂 to generate over 60% of 𝐻2 fuel for the proposed system. 

• Utility considered EU-2007/589/EC data source with natural gas as the fuel source for estimation of 𝐶𝑂2 emission. 

• 0.85 for 𝐶𝑂2 energy source efficient factor and 42MJ/kg heating value for the ovens and furnaces.  

• 0.58 for 𝐶𝑂2 energy source efficient factor and 42MJ/kg heating value for electricity at 0.117$/MJ purchased price.  

• 𝐶𝑂2 capture by 𝐶𝑎𝑂 absorption. 

The process of making steel in the proposed system displayed in Fig. 2 starts by heating the coal in the coke oven without 𝑂2 to 

produce coke for the BF. The gas and tar separators (gas-sep and sep-3) separate coke from other by-products, and coke oven gas 

(COG) from other end-products and tar from other impurities. Iron ore (𝐹𝑒2𝑂3) and limestone (𝐶𝑎𝐶𝑂3) were both heated in the Fe-

𝐶𝑎𝑂 oven-sinter to produce iron (FE) and calcium oxide (𝐶𝑎𝑂) for the BF. 𝐶𝑂2 and other impurities were removed from the process 

by 𝐶𝑂2 separator (𝐶𝑂2-sep). The endothermic reaction of Fe-𝐶𝑎𝑂 oven-sinter and coke oven feeds in the presence of 𝑂2 produced 

molten iron, off-gas and other impurities in the BF. Separator 4 (sep-4) separates syngas from other by-products and mixes with 

COG in the mixer (mix-1). Impurities such as slags were excluded from the molten iron feed to the BOF. The molten steel was 

produced in the BOF with the presence of high-pressured 𝑂2 and the addition of scrap metal coolant. Separator 6 (sep-6) separate 

BOF-syngas from other by-products and molten steel from slags and other impurities. Followed by the application of casting, rolling 

and sanding or reeling for the final steel production. Furnaces, syngas and molten steel cooling by 𝐻2𝑂 in heat exchangers generated 

steam for WGS and distilled 𝐻2𝑂 for the PEMEC feedstock. Cooled syngas mainly of 𝐶𝑂 at operating temperatures of 350°C for 

HTS and 250°C for LTS react with steam (𝐻2𝑂𝑔𝑎𝑠) to produce 𝐶𝑂2 and increase 𝐻2 concentration rate. The produced 𝐻2 and 𝐶𝐻4 

are separated from 𝐶𝑂2 and other by-products like nitrogen (𝑁2). To maximise the 𝐻2 production rate, renewable electricity powered 

PEMEC using cooled denoised 𝐻2𝑂 feedstock from distillation boiler, produced more 𝐻2 in the cathode side and 𝑂2 in the anode 

side. 𝑂2 from the PEMEC stack was used as the feedstock for BF and BOF and oxidant during heat production. While 𝐻2 by-product 

as fuel for ovens and furnaces. 𝐶𝑂2 by-product from the PSA and the 𝐶𝑂2 separator (𝐶𝑂2-sep) units was captured by exothermic 

reaction with 𝐶𝑎𝑂 to produce 𝐶𝑎𝐶𝑂3. Recovered thermal energy from 𝐶𝑎𝐶𝑂3 formation can be utilised for more bio-syngas 

production which may be needed to recover 𝐶𝑎𝑂 during underground storage of 𝐶𝑂2 by-product. Thermal utilities for coke oven, 

Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF using natural gas were created to calculate the amount of 𝐶𝑂2 emission that can be prevented by 

using produced 𝐻2 as fuel and 𝑂2 as the oxidant. While electricity utility for the PEMEC stack and other electrically operated units 

was also created to estimate the amount of 𝐶𝑂2 emission that can be avoided by using either solar or wind energy depending on the 

location of the steel making plant.  

 

 

Fig 2: ASPEN Plus flow diagram for 𝐻2-fuelled BF-BOF coupled with PEMEC and 𝐶𝑂2 capture. 
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2.2 Numerical study of hydrogen combustion, thermophotovoltaic, solar and wind energy systems for thermal and 

electricity production.  

The diagram shown in Fig. 3a illustrates the process of utilising by-product 𝐻2 as fuel and 𝑂2 as the oxidant to meet the thermal 

energy requirement for ovens and furnaces. 𝐻2-oven was operated at 200°C to estimate the mass flowrate of both 𝐻2 and 𝑂2 required 

to produce 2064.4MJ/hr heat duty due to losses in the production of steam and distilled 𝐻2𝑂. Similar procedures were applied for 

the estimation of mass flowrate of 𝐻2 fuel and 𝑂2 oxidant for ovens and furnaces at 800, 1300 and 1600°C operating temperatures 

in Aspen Plus. The numerical study of 𝐻2 lean combustion in Ansys Workbench considered BOF as similar procedure can be applied 

to other units. The meshing of the 𝐻2-fuelled BOF adopted face, sizing and refinement meshing types and an element number of 

678652 cells was utilised. At this cell number (678652), >10−6 energy equation and other convergence criterion equations were 

achieved and increased element number gave almost the same result. Thus, an element number of 678652 cells was adopted for the 

numerical study of 𝐻2-fuelled BOF for molten steel production. The boundary condition for 𝐻2-furnace to generate heat for molten 

steel production considered air and fuel inlets, pressure outlets for exhaust gas and evaporated syngas from the BOF and reflective 

non-slip walls under ambient temperature and atmospheric pressure conditions. A density of 626 𝑘𝑔/𝑚3 and a velocity magnitude 

inlet were applied for Euler-Euler multiphase solid and gas studies on molten steel production in the BOF. However, solid and 

syngas by-products of BOF were neglected as it has been studied in Fig. 2. Nonetheless, the inlet parameter considered a velocity 

magnitude of 0.31m/s for the molten steel. The method solver considered the second-order implicit transient formulation at the solid 

volume fraction phase of 0.5 for the exit molten steel to the cast or roller unit. An illustration of 𝐻2 lean combustion to produce heat 

for BOF and molten steel in the BOF is given in Fig. 3b. 

 

 

Fig 3a: ASPEN Plus flow diagram for estimation of mass flowrate of 𝐻2 fuel and 𝑂2 oxidant for ovens and furnaces. 

 

   

Fig. 3b: 𝐻2 lean combustion in the BOF burner. 

 

Molten steel 

𝐻2 Furnace     
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To demonstrate the steam generation from cooling the molten steel from the roller or sander unit, a hollow heat exchanger was 

modelled and simulated under laminar flow conditions. Inlet, outlet and wall are the only boundary conditions. Fig. 4 depicts steam 

production during the cooling of hot-rolled steel by-product. As displayed below, a heat exchanger with a few millimetres hollow 

distance from the rolled molten steel was utilised to transform 𝐻2𝑂 into steam for the low-temperature PEM electrolysis of 𝐻2𝑂. 

This has been demonstrated in Fig. 2 above using an Aspen Plus process simulation software. However, Ansys Fluent was used to 

properly investigate the fluid absorption characteristics because of the complex nature of the steel-making process in BF-BOF as 

regards to waste energy recovery units. 

 

   

Fig 4: Steam production during the cooling of hot-rolled steel. 

 

To maximise the electrical energy recovery, thermophotovoltaics (TPVs) units were integrated into the hybrid system. Copper alloy, 

chromium and stainless steel are the list of materials considered for waste heat to electricity conversion via TPV system. Copper 

alloy as the emitter and heat sink material for ovens. p-type and n-type materials for electrons’ donor and acceptor. 1.46𝑊𝑚−1𝐶−1 

thermal conductivity and -0.000187 isotropic seebeck coefficient for n-type and 1.46𝑊𝑚−1𝐶−1 thermal conductivity and 0.000187 

isotropic seebeck coefficient for p-type are the properties of both materials. Chromium and stainless steel materials for BF and BOF 

emitter, and copper alloy for heat sinks. These materials were fitted on both ovens and furnaces’ walls to generate electricity. In 

TPV cells, heat from the ovens and furnaces is transferred to the copper alloy (emitter) and electricity is generated by the thermal 

radiation of emitters. As copper alloy melting temperature is within 1050°C, both stainless steel and chromium for higher 

temperature furnaces were used as mechanical supports. Fig. 5 displays a TPV converter fitted on a coke oven, Fe-𝐶𝑎𝑂 oven-sinter, 

BF and BOF walls. The efficiency of TPV can be calculated using Eq 26. TPV efficiency is the power output ratio of TPV cells 

(𝑃𝐸𝐿) to the net thermal output of the emitter (𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛). 

𝑛 = 𝑛𝑡ℎ ∗ 𝑛𝑇𝑃𝑉 =
𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛

𝑄𝑖𝑛
∗

𝑃𝐸𝐿

𝑃𝑜𝑢𝑡 − 𝑃𝑖𝑛
                                                                                                                                                                                    26 

 

 

 

Fig 5: Thermophotovoltaic (TPV) unit of coke oven, Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF. 

Coke Oven Fe-𝐶𝑎𝑂 oven-sinter BF
BOF

𝑂2 Lance 

Emitter  

p-type 

heat sink  

Emitter  

n-type 

heat sink  



 

12 

 

Renewable solar cells and wind turbine (WT) systems were developed in SAM-Matlab to increase the electricity output of 

thermoelectric units. This is necessary because Aspe Plus is limited to the development of renewable solar or wind energy. The 

simulated Aspen Plus model in Fig. 2 was transformed into flow-driven for the Simulink interface as shown in Fig. 6 to utilise the 

generated electricity from either solar or wind energy systems. In the displayed Simulink model, a switch was introduced to 

demonstrate the flexibility of using either solar or wind renewable energy as the electricity source of the proposed system. While 

electricity generated from any of these sources was connected to the PEMEC stack and other electrically powered units to have the 

integrated system working as a single unit. The distribution of electricity from the renewable source to other electrical units can be 

carried out in practice for low-carbon BF-BOF steel manufacturing plants.  

 

 

Fig 6: Solar and wind aided 𝐻2-fuelled BF-BOF coupled with PEMEC and 𝐶𝑂2 capture. 

 

3. Results and Discussions 

The result of the proposed low-carbon high-quality steel plant shows that for oxy-hydrogen combustion at a ratio of 13:1, 2.4kg of 

natural gas is required to produce the same heat for the ovens and furnaces. It was observed that for every 626kg of produced steel, 

1110.4kg of 𝐶𝑂2 emission can be prevented by replacing natural gas with 𝐻2 fuel. A total of 7865.8kg of 𝐶𝑂2 emission can also be 

eliminated from the process by using solar or wind energy sources to generate 20MW power. Having stored 1290.4kg/hr of 𝐻2 and 

38.5kg/hr of 𝐶𝐻4, the need to burn natural gas or biomass during low wind speed or the absence of sunshine can be avoided. 

2533.95kg/hr of 𝑂2 and 1290.4kg/hr of 𝐻2 were syngas by-products from the developed system with 𝐻2 and 𝑂2 as fuel and oxidant 

for coke oven, Fe-𝐶𝑎𝑂 oven-sinter, BF and BOF. The capture of 𝐶𝑂2 by-product (1002kg/hr) released 4077.2MJ/hr energy which 

can be recovered for more production of 𝐻2 fuel needed to release 𝐶𝑂2 from 𝐶𝑎𝑂 during underground storage. The introduction of 

TPV units for waste heat to electrical improved the energy recovery efficiency. Energy efficiency was up by >10% with the 

introduction of thermoelectric units and an efficiency of 82% for the PEMEC unit was achieved. While 𝐶𝑂2 emission footprint was 

removed from the process by adopting oxy-hydrogen combustion and capture of 𝐶𝑂2 by-product by absorption process. The 

utilisation of 𝐻2 as fuel and 𝑂2 as the oxidant for the simulated model has proven that the need for expanding current high-grade 

iron and steel production plants to accommodate large-scale 𝐶𝑂2 capture units can be avoided. By using by-product 𝐻2 as fuel and 

𝑂2 as oxidant and solar or wind energy source, the transportation cost of natural gas to iron and steel manufacturing plants and 

electricity usage burden to the grid can also be prevented. Table 3 reports the thermal and electrical energy input and output, amount 

of 𝐶𝑂2 emission, biofuel and oxidant for the proposed steel plant. 
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Table 3: Input and output energies for individual units, amount of 𝐶𝑂2 emission, biofuel and oxidant for the proposed steel plant. 

Units Thermal 

energy input 

(MJ/hr)  

Electrical 

energy input 

(kW) 

TPV energy 

output  

(kW) 

Tem  

(°C) 

Natural gas 

(NG) 

(kg/hr) 

𝐶𝑂2 emission 

(kg/hr) with 

NG  

Required 

𝐻2 fuel 

(kg/hr) 

Required 𝑂2 

oxidant 

(kg/hr) 

Coke oven 665.5  4.8 800 15.9 43.9 6.6 85.2 

Fe-𝐶𝑎𝑂 oven-sinter 747.5  11 800 17.8 49.3 7.4 95.7 

Blast furnace (BF) 5838.6  19.9 1300 139 385.4 66.8 868.2 

Basic oxygen 

furnace (BOF) 

7510.4  25.4 1600 178.8 495.7 96.4 1252.6 

Others and Heat 

exchanges (HE) 

2064.4   150 - 

350 

49.2 136.3 17.9 232.2 

PEMEC stack  19398.8  80  6754.8   

Pressure changer  1.2    0.4   

Syngas 

separator/PSA 

 Not 

applicable 

   Not applicable   

Total  16826.4 19.4MW 61.1kW  400.7 7865.8 195.1 2533.9 

 

3.1 Model Validation  

The syngas production from the coke oven, BF and BOF of this model is validated against the data reported in the literature [39]. 

For instance, BF, BOF and Linz-Donawitz (LD) gases mainly of 𝐻2, 𝐶𝑂 and 𝐶𝐻4 are produced during the production of steel and 

represent about 30% of fuel consumption [40] [41]. Unlike the existing steel-making plants, the WGS and 𝐻2𝑂 electrolysis units 

were introduced to increase the 𝐻2 production rate required to substitute natural gas or other fossil fuels for oxy-combustion. Table 

4 reports model validation of the proposed system against the literature data on gas composition. Considering the syngas composition 

of this study with literature data, the simulated model achieved a similar result with marginal deviation. It can be seen from the 

validated data that the proposed work recorded lower 𝑁2 by-product because of 𝑂2 utilisation in the decomposing units. Comparing 

the performance of the PEMEC unit of the proposed system against the literature data presented by Sapountzi, et al. [42], it can be 

said that both studies reached almost the same value for efficiency. For instance, PEMEC efficiency between 65% and 82% was 

reported by Sapountzi et al. [42]. Validating the TPV unit against Zhao, et al. [30] studied work, a minimal difference was attained. 

 

Table 4: Model validation based on gas composition. 

Type Source Gas Composition (%) 

[32] [43] [44] 
Present work 

 

 

Coke oven gas 

 

 

Coke oven 

𝐻2 

𝐶𝐻4 

𝐶𝑂 

𝐶𝑂2 

𝐻2𝑂 

𝑁2/𝑂2 or Others 

45 – 64 

20 – 30 

5 – 10 

2 – 5 

 

0.1 - 4 

50.5 

21.1 

6.7 

2.1 

15.8 

3.8 

 

BF gas 

 

BF 

𝐻2 

𝐶𝑂 

𝐶𝑂2 

𝑁2 or Others 

1 - 4 

20 - 28 

17 - 25 

41 - 55 

19.7 

80.2 

0.02 

0.18 

 

 

 

BOF 

𝐻2 

𝐶𝑂 

𝐶𝑂2 

Others  

 21.3 

66.3 

7.9 

4.5 

 

Linz-Donawitz (LD) gas 

 

Converter 

𝐻2 

𝐶𝑂 

𝐶𝑂2 

Others  

1.5 

60 

15 – 20 

10 - 22 
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3.2 NOx analysis and effect of thermophotovoltaic (TPV) heat source material on power output. 

At a maximum temperature of 2000°C, 0.00061𝑘𝑔/𝑚𝑜𝑙/𝑚3𝑠 thermal 𝑁𝑂 (nitric oxide) and <5ppm NOx emission were recorded. 

The lower NOx emission of this study was attributed to oxy-hydrogen firing as this approach is considered the best way of 

minimising NOx formation in high-temperature applications. NOx emissions of this study can be minimised further by adding 

cooling units or a coolant such as steam or 𝑁2 into the 𝐻2 burner. NOx formation probably occurs at a higher reaction temperature 

as Hoekman & Robbins affirmed that thermal NOx formation occurs at a reaction temperature >1500°C [45]. NOx formation rate 

in ppm can be calculated using Eq 27 or 28. 

(𝑚𝑜𝑙𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑁𝑂  +  𝑚𝑜𝑙𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑁2𝑂)106

𝑚𝑜𝑙𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓 𝐻2𝑂
                                                                                                      27 

(𝑚𝑜𝑙𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑁𝑂  +  𝑚𝑜𝑙𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑜𝑙𝑙𝑢𝑡𝑎𝑛𝑡𝑁2𝑂)106

𝑚𝑜𝑙𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓 𝐻2𝑂 + 𝑚𝑜𝑙𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  𝑜𝑓 𝑂2 (𝑠𝑝𝑒𝑐𝑖𝑒𝑠)
                                                                                                      28 

Waste heat to electricity of this study utilised chromium for BOF, stainless steel for BF and copper alloy materials for the ovens. It 

was observed that at an emitting temperature of 750°C using a copper alloy as the emitter, chromium, stainless steel or tungsten 

emitters require emitting temperatures ranging from 1300°C to 1480°C to achieve the same power efficiency. Therefore, the use of 

a copper alloy as the emitting material for the TPV units mounted on BF or BOF walls with a few millimetres’ gaps between both 

walls can be considered. The effect of TPV heat source material on the same power output of the proposed system is illustrated in 

Fig. 7. 

 

 

Fig 7: The effect of TPV heat source material on the same power output. 

 

3.3 Economic analysis and environmental assessment of hydrogen as fuel in BF-BOF steel plant 

Oxy-hydrogen combustion can substitute oxy-NG (natural gas) or air-NG firing at a ratio of 2.1:1 without the need for additional 

hydrocarbon fuels to meet the reaction temperatures and heat duties of the thermal units. This ratio of 𝐻2 to NG increases as the 

reaction temperature reduces and increases with the increase in the operational temperature. 𝐻2 blend with NG at a volume ratio of 

3:1 in DRI and burning additional fuel to meet the operating temperature of the BF unit can only reduce 𝐶𝑂2 emission by 2.5% in 

the integrated DRI-BF [46]. Unlike the combustion of 𝐻2 and NG in the DRI, oxy-hydrogen combustion at a ratio of 2.1:1 eliminated 

𝐶𝑂2 footprint from the combustion process. In addition, 𝐻2 injection into ovens and furnaces as a reducing agent can reduce 𝐶𝑂2 

emission by just 21.4% [47]. With the application of thermal energy recovery through heat exchanger and TPV units, between 

1.8GJ/t hrs and 3GJ/t hrs can be recovered from this proposed system. Apart from the NOx formation issue in 𝐻2-based steel 

production plants, which can be mitigated by the introduction of cooling systems or replacing existing NG and biomass furnaces 

with a 𝐻2 burner, the cost of 𝐻2 fuel compared to other fossil fuels remains another challenge. For instance, NG costs between 

$2.6/MMBtu - $2.9MMBtu, while 𝐻2 cost depends on the production method. Blue 𝐻2 sales price is between $2.2/kg and $2.9/kg 

and green 𝐻2 from electrolysis costs from $5.10/kg - 10.3/kg [48] [49]. This shows that blue 𝐻2 from hydrocarbon reforming with 

carbon capture and storage (CCS) unit and 𝐻2 from renewable sources such as pyrolysis with $1.18/kg - $1.89/kg 𝐻2 selling price 

remain the viable replacement option for NG in steel-making plants. The high cost of green 𝐻2 is attributed to the use of distilled 

𝐻2𝑂, electricity from the grid and metal electrocatalyst or cell stack configuration. For example, at $3.89/𝑘𝑔/𝐻2
, 𝐻2𝑂 desalination 
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(production of deionised 𝐻2𝑂) costs $0.084. Thus, replacing grid electricity with solar or wind sources of electricity and producing 

distilled 𝐻2𝑂 feedstock at the site of operation will reduce the cost of 𝐻2 from the electrolysis method. This proposed system has 

applied both mitigation points by utilising recovered thermal energy to produce deionised 𝐻2𝑂 feedstock for the PEMEC stack and 

replaced grid electricity with electricity from solar or wind sources. This shows that with an appropriate site location where solar or 

wind renewable energy sources and other raw materials are available, this simulated model can achieve deep decarbonisation and 

cost competitive compared with the existing steel production plants. Besides, an energy efficiency higher than the current BF-BOF 

steel plant was achieved. Biomass coke for replacing coal coke for BF has been suggested for carbon reduction in high-grade steel 

production as mentioned in the above literature review. For example, pyrolysis of biomass for charcoal production can be achieved 

at lower operating temperatures compared to coal pyrolysis [50] [6]. However, issues related to land-use change (LUC), life-cycle 

assessment (LCA), low syngas production at lower pyrolysis temperatures (300°C – 400°C) and higher cost limits such transition. 

Comparing this model that uses blue and green 𝐻2 for ovens and furnaces with an existing steel production plant that relies on 

biomass fuel, zero 𝐶𝑂2 emission is possible. As mentioned by Mandova et al., reduction in 𝐶𝑂2 emission in biomass-based steel 

production plants can only achieve between 25% and 58% which does not lead to full decarbonisation [51]. Application of this 

proposed system in high-grade steel plants will minimise the rapid growth of EAF as more scrap recycling can be accommodated 

because of the higher 𝐻2 fuel flammability limit (4% lower and 75% upper) [52]. The implementation of this innovative proposed 

system recommends the use of solar energy in countries that experience longer sunshine and wind energy in European countries. 

For instance, the transition to offshore and onshore wind in European countries like the United Kingdom remains the best route 

towards meeting the zero carbon emission target by 2050 [53]. Fig. 8 reports capital, operation and maintenance costs (a) and utility 

savings (b) for the proposed system. The illustrated capital cost and utility savings were calculated as a reference to Fig. 2. 

 

 

(a)       (b) 

Fig 8: Capital, operation and maintenance costs (a) and utility savings (b) for the proposed system. 

 

3.4 Comparison of this proposed low-carbon steel production plant with similar technologies operating with CCS units 

and its limitations. 

This study applied low-temperature electrolysis to utilise the generated electricity from the thermoelectric, solar or wind power 

systems for both 𝐻2 and 𝑂2 production. By producing ovens and furnaces low-carbon fuel (𝐻2) at the site of operation, the technical 

issues associated with large-scale carbon capture and storage (CCS) units were prevented. Despite the high cost of biohydrogen or 

green 𝐻2 in contrast to blue or grey 𝐻2, the operational cost of this proposed system (BF-BOF route of green steel production) will 

be reduced. For instance, 𝐶𝑂2 capture from plants costs between $12 - $94/tonne and deionised 𝐻2𝑂 feed to the electrolysis costs 

$0.084𝑘𝑔𝐻2
 [54]. The only by-product 𝐶𝑂2 of this study came from the thermal decomposition of 𝐶𝑎𝐶𝑂3 to recover 𝐶𝑎𝑂 and the 

conversion of 𝐶𝑂 from the coke oven and furnaces to 𝐶𝑂2 in both high-temperature and low-temperature shifts (WGS unit). This 

shows that between $12 and $50 can be saved by substituting this proposed system with the current BF-BOF route operating with 

a CCS unit as 7865.8𝑘𝑔𝐶𝑂2
 was prevented. The operational cost be further minimised when operated in regions with a carbon tax 

policy. For example, a carbon tax between $20 – 80/𝑡𝐶𝑂2 has been suggested to decarbonise high-carbon emitting sectors [54]. 

Furthermore, 𝐶𝑂2 transportation to storage sites can further increase operation cost of low-carbon steel operating with a CCS unit. 

For instance, comparative studies of 𝐶𝑂2 transport methods show that long-distance transport of 𝐶𝑂2 by ships and pipelines costs 

more and 𝐶𝑂2 transport by pipelines has several issues such as corrosion, pressure loss and new infrastructures [55] [56] [57]. The 
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proposed system implemented 𝐶𝑂2 by-product capture by the absorption process which requires minimal installation space and is 

easy to transport by truck or ship, which is cheaper than the pipeline mode of 𝐶𝑂2 transport [58]. 

The size of this developed model can be maximised to increase green steel production rate. The increase in steel production capacity 

means that more energy can be recovered from the ovens and furnaces’ walls via thermoelectric applications. Furthermore, more 

𝐻2, 𝐶𝐻4 and 𝑂2 can be produced as more heat will be released from the ovens and furnaces under the same operating temperature 

and pressure conditions. However, increasing the production of green steel requires more installation of solar cells or wind turbine 

renewable energy systems for the electrolysis of 𝐻2𝑂. Nevertheless, a minimal increase of feedstock to produce more green steel 

does not require an increase in solar or wind power capacity as more 𝐻2 fuel was unused, and the generated electricity from both 

renewable sources was more than enough for the electrical units. In addition, the electricity obtained from thermoelectric units was 

unused. Thus, keeping the same density of green steel by-product may require a reduction of solar or wind installation capacity. In 

reference to the size of each component of the developed system, the size of the BF-BOF plant operating on higher feeds can be 

estimated. For instance, increasing the coke oven feed by a factor of 2 means doubling the oven volume for proper thermal 

decomposition of coal to release coke feed to BF. This developed system is limited to high-temperature electrolysis of 𝐻2𝑂 because 

of the complexity of waste heat to high-temperature steam substrate. Other limitations include blending 𝐻2 fuel with other fuels 

except for 𝐶𝐻4 or NG as the oxy-hydrogen firing burner was developed for the 𝐻2 fuel with the flexibility of accommodating 

lightweight and high energy density fuels. One of the drawbacks of the proposed system is the higher cost of steel in contrast to the 

traditional route operating with fossil fuel burners without a CCS unit. Nonetheless, it can be operated in any region where solar or 

wind is unavailable but other renewable power systems are present. The proposed system is designed for high-grade steel production 

but not limited to low-grade steel by recycling more scrap steel in the BOF. Below are some of the advantages of the developed 

system. 

a) Absence of 𝐶𝑂2 emission and the production of blue and green 𝐻2 at the site of operation. 

b) Natural gas or biomass substitution with the produced 𝐻2 by-product from both WGS and PEMEC stack. 

c) Renewable energy sources for electrical units and use of by-product 𝑂2 as feedstock and oxidant (oxy-firing). 

d) Low by-product 𝐶𝑂2 production and 𝐶𝑂2 capture by absorption process. 

e) Cheaper operational cost compared to conventional steel-making plants operating with a CCS unit. 

 

4. Conclusion  

𝐻2-fuelled BF-BOF route coupled with a renewable-powered PEMEC system for high-grade steel production was developed and 

simulated for the reduction of carbon emission footprints. By reacting 𝐶𝑂2 with 𝐶𝑎𝑂 to form 𝐶𝑎𝐶𝑂3 and the use of solar or wind 

renewable energy sources, 𝐶𝑂2 emission into the environment was prevented. With 20MW power output from either solar or wind 

renewable sources, the developed model produced excess 𝐻2 fuel and 𝑂2 oxidant and feedstock needed during cloud-covered periods 

and low wind speed. 38.5kg/hr of 𝐶𝐻4 recovered from pyrolysis of coal was unused which can be stored as backup fuel or can be 

sold to recover investment cost. Application of steam and distilled 𝐻2𝑂 production for WGS and PEMEC feedstocks through heat 

recovery eliminated the need for purchasing deionised 𝐻2𝑂 which cost about $0.084𝑘𝑔𝐻2
. By capturing the by-product 𝐶𝑂2 

(1002kg/hr) from the syngas separation column via the absorption method and by preventing 7865.8𝑘𝑔𝐶𝑂2
 through the introduction 

of oxy-hydrogen firing burners and the renewable power source, the operational cost was reduced as CCS units’ costs between $12 

- $94/𝑡𝑜𝑛𝑛𝑒/𝐶𝑂2
. The introduction of TPV units recovered 61.1kW from ovens and furnaces. By comparing the simulated model 

with literature data, a minor deviation was recorded. The proposed system achieved energy efficiency ≥10% and lower steel sales 

price in comparison with the conventional BF-BOF route operating with a CCS unit. However, the developed system is limited to 

high-temperature electrolysis of 𝐻2𝑂 due to the complexity of the heat recovery in molten steel cooling unit. To accommodate the 

recycling of more scrap metals in the high-grade steel making route (BF-BOF), as well as removing 𝐶𝑂2 emission from the process, 

this proposed system recommends a pilot-scale development utilising renewable energy sources available at the chosen site location. 
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