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Abstract. In this paper, a comprehensive analysis of the process of natural gas reform in MIDREX technology was carried out, which was 

aimed at optimizing this process in order to increase hydrogen yield, reduce the specific consumption of natural gas and minimize the risks 

of soot formation. The paper also calculates the thermal balance, combined steam-carbon dioxide reforming (SMR + DRM). Based on the 

conducted studies, optimal reforming modes were determined: gas outlet temperature ~915-920°C; H2O/C ~1.8; increased CO2 fraction. 

Switching to an optimized reforming mode reduces natural gas consumption by 5.5%, increases H2 output by 6.4%, and reduces CO2 

emissions due to better energy efficiency and H2 addition potential. The results obtained in this work are useful for upgrading existing 

Midrex installations in the direction of decarbonization, including the transition to MIDREX Flex/H2 technologies.  

Keywords: DIRECT REDUCTION OF IRON, MIDREX PROCESS, CATALYTIC REFORMING, HYDROGEN, ENERGY EFFICIENCY, 

THERMODYNAMICS, CARBON FOOTPRINT. 

  

1. Introduction 

In the context of global decarbonization of metallurgy (Paris 

Agreement, IEA Iron and Steel Technology Roadmap), the global 

metallurgical industry is undergoing a profound transformation due 

to the simultaneous increase in energy costs, stricter environmental 

requirements, and the need to reduce greenhouse gas emissions. In 

this context, direct reduction of iron (Direct Reduced Iron, (DRI)) 

technologies are considered as one of the key alternatives to 

traditional blast furnace processing [1, 2]. Among these 

technologies, MIDREX technology holds a dominant position, 

providing more than 60% of the global production of DRI and HBI 

(Hot Briquetted Iron) using natural gas as a source of reducing 

agents (H2 + CO), as evidenced by statistical data and analytical 

reviews from recent years [1-3].   

The key feature of the MIDREX process (Fig. 1) is the use of 

reducing gas generated directly at the plant through catalytic 

reforming of natural gas using the recycled gas from the blast 

furnace. Unlike the classic steam reforming schemes used in the 

chemical industry for producing hydrogen, the MIDREX reformer 

operates under complex multi-component raw material conditions, 

including significant concentrations of CO2 and H2O [3, 4]. This 

fundamentally changes the nature of the reactions and the thermal 

balance of the unit. The reformer is a key component that 

determines the quality of the gas (H2/CO ~1.6–1.8), energy 

consumption (30–40% of the cost), and CO2 emissions. Current 

trends include the addition of hydrogen (MIDREX NG with H2 up 

to 30–100%, MIDREX H2) [5-8] to reduce CO2 by 35–95% 

compared to (Blast Furnace / Basic Oxygen Furnace, (BF/BOF)).  

 

 
Fig. 1. Schematic representation of combined steam-carbon dioxide 

reforming in the MIDREX process 

  

An analysis of the scientific and technical literature shows that 

the fundamental principles of catalytic steam reforming of methane 

were established in the works of Roestrup-Nielsen, Froment, and 

Trimme, which provided detailed studies of the kinetics and 

thermodynamics of the SMR (Steam Methane Reforming) and 

WGS (Water–Gas Shift) reactions on nickel catalysts [9–13]. These 

studies continue to serve as the basis for calculations and modeling 

of industrial reformers. However, more recent publications have 

shown that the presence of carbon dioxide in the feedstock activates 

the DRM (Dry Reforming of Methane) reactions, leading to the 

formation of the so-called combined reforming of methane [13–17].    

Several authors have emphasized that DRM, on the one hand, 

contributes to the utilization of CO2 and the formation of carbon 

monoxide, which is necessary for the carbonization of DRI, while 

on the other hand, it reduces the H2/CO ratio and increases the risk 

of soot formation [15]. The authors of [16–19] have demonstrated 

that the stability of nickel catalysts under combined reforming 

conditions is determined not only by the average ratio of oxidants to 

carbon, but also by the local conditions of heat and mass transfer in 

the reaction tubes. The industrial aspects of MIDREX reformers are 

well documented in numerous technical reports and publications by 

technology developers, including those related to the modeling and 

optimization of existing installations [20]. These studies have 

highlighted that operators often use elevated steam ratios as a 

protective measure against soot formation and catalyst degradation. 

However, this approach leads to increased fuel consumption, 

increased heat load on the furnace, and reduced energy efficiency of 

the entire system [21]. An analysis of the current state of the art 

reveals that a significant portion of existing research is either 

fundamental in nature and does not take into account the specific 

gas composition of MIDREX, or focuses on specific operational 

aspects without comprehensive thermodynamic analysis. The 

literature lacks systematic data on the combined effects of 

temperature, pressure, and H2O/C and CO2/C ratios on hydrogen 

yield, H2/CO ratio, and natural gas consumption specifically in the 

context of MIDREX industrial reformers [27, 28, 32, 33].    

Thus, the relevance of this study is due to the need for a 

comprehensive analysis of the process of combined steam-carbon 

dioxide reforming of natural gas, taking into account the actual 

operating conditions of MIDREX units. The results of such an 

analysis will not only clarify the theoretical understanding of the 

processes involved, but also provide practical recommendations 

aimed at improving energy efficiency, reducing fuel consumption, 

and minimizing the carbon footprint of DRI production. The goal of 

this work is to determine the optimal parameters for reforming 

natural gas in the MIDREX process, which will increase the yield of 

hydrogen and reduce the specific fuel consumption. 

 

2. Theoretical foundations of the process    

The process of producing reducing gas in the MIDREX 

technology is based on the catalytic conversion of natural gas in the 

presence of the oxidizing components of the shaft furnace recycle 

gas. Unlike classical steam reforming, where the initial raw material 

is a binary system of methane and water vapor, the MIDREX 
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reformer uses a multi-component reaction medium that includes 

CH4, H2O, CO2, H2, and CO. This allows for the simultaneous 

occurrence of several interconnected chemical reactions that form a 

complex thermodynamic and kinetic equilibrium of the process. 

Steam Methane Reforming (SMR) plays a crucial role in 

determining the composition of the reducing gas: 

 

CH4 + H2O ⇌ CO + 3H2, ΔH = +206 kJ/mol.  

 

This reaction is highly endothermic and is accompanied by an 

increase in the number of gas moles, which, according to Le 

Chatelier's principle, requires high temperatures and relatively low 

pressure to shift the equilibrium towards the formation of hydrogen. 

SMR provides the main contribution to the generation of H2 in the 

reformed gas. In addition to SMR, dry reforming of methane 

(DRM) becomes significant in the MIDREX process:  

  

CH4 + CO2 ⇌ 2CO + 2H2, ΔH = +247 kJ/mol.  

 

The increased endothermicity of DRM compared to SMR 

makes it highly sensitive to temperature. This reaction leads to an 

increase in CO content and a decrease in the H2/CO ratio, which is 

important for achieving the desired conditions for direct reduction 

carbonization of iron. The Water Gas Shift (WGS) reaction also has 

an impact on the gas composition: 

 

CO + H2O ⇌ CO2 + H2, ΔH = −41 kJ/mol.  

 

At temperatures typical for the MIDREX reformer outlet zone 

(850-920°C), the WGS equilibrium is shifted towards the formation 

of CO. However, at elevated vapor ratios, this reaction can 

contribute to additional hydrogen generation and simultaneously 

affect the partial pressures of CO and CO2. The combination of 

these reactions forms the so-called combined steam-carbon dioxide 

reforming, where SMR and DRM occur in parallel, and WGS acts 

as a balancing mechanism for redistributing the components of the 

reducing gas. One of the key limitations of the reforming process is 

the formation of solid carbon on the surface of nickel catalysts, 

which leads to their deactivation and increases the hydraulic 

resistance of the reaction tubes. Thermodynamically, soot formation 

is possible through the cracking of methane and the Budau reaction 

[27, 28, 39]: 

 

CH4 ⇌ C(s) + 2H2,  

2CO ⇌ C(s) + CO2.  

 

The probability of these reactions increases at lower values of 

the oxidizer-to-carbon ratio (O/C) and local temperature 

inhomogeneities in the gas inlet zone of the reaction tubes [13–15]. 

As can be seen from the thermodynamic carbon stability diagram 

(Fig. 2), reducing the O/C ratio at the operating temperatures of the 

reformer leads to the process entering the region of 

thermodynamically possible soot formation. Modern studies show 

that the stability of nickel catalysts is determined not only by the 

average values of process parameters, but also by the local 

conditions of heat and mass transfer, as well as the uniformity of 

flow distribution in the tube bundle [16,18]. An additional risk 

factor is the presence of sulfur compounds, even in trace 

concentrations, which can lead to rapid passivation of nickel active 

sites. Therefore, the theoretical analysis of the MIDREX reforming 

process should take into account the combined effects of the 

thermodynamics of the main reactions, kinetic limitations, and 

catalyst deactivation factors, which is essential for subsequent 

optimization of process parameters. 

   

 
Fig. 2. Thermodynamic boundary of soot formation 

  

Although thermodynamics determines the maximum possible 

concentrations, the actual composition of the gas at the reformer 

outlet depends on the kinetics (catalyst activity and contact time). In 

industrial conditions, the Midrex process is carried out at gas outlet 

temperatures of 850-920°C. This results in a residual methane 

(CH4) content in the reformed gas of 0.5-1%. A decrease in catalyst 

activity or a drop in flue gas temperature leads to an increase in 

methane slip, which is equivalent to a loss of fuel and a decrease in 

H2 yield.    

 

3. Impact of technological parameters on the 

reforming efficiency  

The effectiveness of the reform process in MIDREX technology 

is determined by the cumulative effect of temperature, pressure, and 

molar ratios of the components of the gas mixture. Unlike isolated 

chemical and technological processes, the MIDREX reformer 

functions as part of a single thermochemical system that is tightly 

coupled to the operating mode of the shaft furnace, which imposes 

additional restrictions on the choice of optimal parameters.    

The influence of temperature. Temperature is a determining 

factor affecting the degree of methane conversion and the 

equilibrium composition of the reducing gas. The endothermic 

nature of steam and carbon dioxide reforming reactions causes a 

shift in equilibrium towards the formation of hydrogen and carbon 

monoxide with increasing temperature. According to 

thermodynamic calculations and industrial observations, an increase 

in the temperature of the gas outlet from the reformer to 900-920°C 

reduces the residual methane content to 0.5–1.0% vol., which 

corresponds to the rational use of chemical energy of the fuel [20, 

22]. An increase in temperature leads to a shift in the equilibrium of 

the endothermic reactions of SMR and DRM towards the formation 

of H₂  and CO, which is accompanied by a decrease in the residual 

methane content (Fig. 3). 

At the same time, an excessive increase in temperature leads to 

an increase in thermal stresses in the reformer pipes and accelerated 

degradation of the catalyst, which limits the upper limit of the 

operating range. Thus, the temperature regime of the reforming 

should be considered as a compromise between maximum methane 

conversion and the durability of the equipment. The influence of 

pressure. From a thermodynamic point of view, an increase in 

pressure has a negative effect on the SMR and DRM reactions, 

accompanied by an increase in the number of moles of gas. 

However, under MIDREX conditions, the choice of pressure is 

determined not only by chemical equilibrium, but also by the 

requirements of the gas dynamics of the shaft furnace, ensuring 

stable counterflow and preventing air intake.    
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Fig. 3. Influence of temperature on the equilibrium composition of the 

reformed gas 

 

Operational practice shows that the optimal reforming pressure 

range is formed based on minimizing conversion losses while 

maintaining stable operation of the entire gas circuit. In this context, 

the effectiveness of reforming should be assessed not by the 

absolute degree of methane conversion, but by the integral energy 

effect for the entire conversion [22, 25, 28]. The effect of the H2O/C 

and CO2/C ratios. The steam/carbon and CO2/carbon ratios have a 

complex effect on the synthesis gas composition, the risk of soot 

formation, and the stability of the catalyst. An increase in H2O/C 

helps to suppress methane cracking and the Boudoir reaction, 

reducing the likelihood of carbonaceous deposits. However, an 

excessive steam ratio leads to an increase in the thermal costs of 

water evaporation and a decrease in the concentration of reducing 

components in the gas.    

The presence of CO2 activates DRM reactions, which promotes 

the utilization of carbon dioxide and the formation of CO necessary 

for the carburization of DRI [14, 15]. At the same time, an 

excessive increase in CO2/C reduces the H2/CO ratio and may 

worsen the reduction potential of the gas [18]. Studies show that the 

optimal range for MIDREX industrial installations is H2O/C=1.6–

1.8 with a controlled CO2 content providing an H2/CO ratio of the 

order of 1.6–1.8 [21-23]. From the calculated thermodynamic map 

(Fig. 4) it follows that an increase in the vapor ratio leads to an 

increase in H2/CO, while an increase in the proportion of CO2 in the 

gas mixture has the opposite effect, reducing the reduction potential 

of the gas. Thus, the efficiency of reforming is determined not by 

the extreme values of individual parameters, but by their consistent 

combination, ensuring the thermodynamic stability of the process, 

minimal risk of deactivation of the catalyst and the required quality 

of the reducing gas. 

   

 
 Fig. 4. Thermodynamic map of the ratio H2/CO  

 

4. Calculation of thermal balance and parameters 

optimization  

To evaluate the effectiveness of the proposed approaches, the 

thermal balance of a standard Midrex reformer pipe (diameter 280 

mm, core length 10 m) was calculated at a module capacity of 257 

t/h DRI. The heat balance was calculated using the equation:    

 

 Qtotal = Qreaction + Qsensible + Qloss  

 

 where Qreaction – the sum of the enthalpies of SMR (+206 

kJ/mol) and DRM (+247 kJ/mol) reactions multiplied by the degree 

of conversion;    

        Qsensible – the heat spent on heating the gas mixture from 

the inlet temperature (Tin ≈450°C) to the outlet temperature (Tout);    

        Qloss – heat losses (assumed 2% of the supplied power).    

Two operating modes were modeled:    

- basic mode (conservative): Tout = 880°C, high steam ratio 

(H2O/C = 2.5) to guarantee against soot;    

- optimized mode (suggested): Tout = 920°C, reduced vapor ratio 

(H2O/C = 1.8), increased CO2 content in the power supply.    

The calculated thermodynamic estimates given for 1000 Nm3 of 

natural gas are presented in Table 1. 

 

Table 1. Simulation results   

Parameter 

 

Unit 

 

Basic 

mode 

Optimized 

mode 

Change 

 

Outlet 

temperature 

(Tout)   

°C 880 920 +40 

Steam ratio 

(H2O/C)   

- 2,5 1,8 -28% 

Conversion 

CH4   

% 92,5 96,8 +4,3 

Product 

composition 

(H2)  

%  54,0 60,5 +6,4 

Product 

composition 

(CO)   

%  32,5 35,2 +2,7 

Ratio H2/CO   - 1,66 1,72 Optimum 

for DRI 

Residual 

methane 

% 1,9 0,9 -50% 

Specific energy 

consumption 

GJ/t 10,8 10,2 -5,5% 

 

Switching to an optimized mode demonstrates a reduction in 

energy consumption, despite an increase in operating temperature. 

This is due to a sharp decrease in energy costs for heating ballast 

water vapor (a decrease in Qsensible overrides an increase in Qreaction). 

In addition, the reduction of H2/CO from 1.85 to 1.62 improves the 

conditions of DRI carburization in the shaft furnace, allowing a 

product with a carbon content of 1.5–2.0% to be obtained, which 

reduces energy consumption during subsequent electric melting. 

Based on our experimental studies, we have formulated the 

following recommendations for the engineering and technical staff 

of Midrex installations [30, 31, 34, 35] (Table 2). These parameters 

are indicative for catalysts based on α – Al2O3 with a Ni content of 

12-15%.  

The recommendations given in table 2 allow us to use the main 

parameters of the reform process as diagnostic and control 

indicators. The deviation of these parameters from the optimal 

ranges directly affects the degree of metallization of DRI and the 

modulus of reducing gas (H2 + CO), which determines the sequence 

of corrective actions discussed below. 
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Table 2. Recommendations for optimizing the reform parameters  

Control 

parameter 

Optima

l range 

Consequences of 

rejection 

Recommendation

s  

Outlet gas 

temperatur

e  

    

   

  

905 – 

920 °C   

   

   

  

<900°C – an 

increase in CH4 

overshoot, a 

decrease in the 

reduction potential 

of the gas;  

930°C – increased 

heat load, 

accelerated 

degradation of 

pipes and 

increased fuel 

consumption. 

Maintain the 

maximum 

possible 

temperature T, 

limited by the 

pipe wall 

temperature t° 

(usually Тmax= 

1050°C)    

   

  

Pressure (at 

the inlet 

and outlet 

of the 

reformer)  

  

2.5 – 

2.3 bar  

  

Pressure increase - 

decrease in 

equilibrium 

methane 

conversion (Le 

Chatelier 

principle);  

A decrease in 

pressure below the 

calculated pressure 

is a risk of 

disruption of the 

gas dynamics of 

the shaft furnace. 

Keep it as low as 

possible, ensuring 

a pressure drop in 

the shaft furnace  

Steam ratio 

(H2O/C)   

  

1,6 – 

1,8   

  

  

1.8–2.0 – increase 

in heat losses and 

specific fuel 

consumption;  

< 1.5 - 

approximation to 

the region of 

thermodynamicall

y possible soot 

formation. 

Decrease 

smoothly (0.05 

step) with 

pressure drop 

control (∆P) on 

pipes  

CH4 

content at 

the output   

  

0.9 – 

1.0 %  

  

  

1.0 % – 

incomplete 

conversion and 

inefficient use of 

natural gas;  

 < 0.8% – increase 

in heat load 

without significant 

gain in gas quality. 

Use as an 

indicator of 

catalyst activity  

Sulfur 

content (S)   

  

  

<5 ppm   

  

  

5-10 ppm – 

gradual decrease in 

the activity of the 

nickel catalyst;  

10 ppm is a rapid 

and practically 

irreversible 

poisoning of the 

catalyst. 

Strict control of 

the desulfurizer 

operation (ZnO) 

 

Conclusions 

The paper provides a comprehensive analysis of the process of 

natural gas reforming in MIDREX technology from the standpoint 

of thermodynamics, reaction chemistry and energy efficiency, 

which made it possible to consider the reformer not as an isolated 

apparatus, but as an integral element of a single gas-thermal system 

for direct iron reduction. It is shown that in the conditions of the 

real gas composition of MIDREX, the reforming process has a 

combined character and is determined by the combined reactions of 

steam and carbon dioxide reforming of methane, as well as the 

reaction of water gas shear. It has been established that the presence 

of CO2 in the recycled gas fundamentally changes the equilibrium 

composition of the reducing gas and should be taken into account 

when choosing optimal operating parameters. Based on the analysis 

of the influence of technological parameters, it was found that 

temperature is a key factor determining the degree of methane 

conversion and the quality of the reducing gas, while the pressure 

and composition of the gas mixture impose system limitations 

related to the requirements of the gas dynamics of the shaft furnace. 

It is shown that it is advisable to evaluate the effectiveness of 

reforming by the integral energy indicators of the entire gas circuit, 

rather than by local conversion rates. The calculation of the heat 

balance showed that an excessive increase in the steam ratio leads to 

an unjustified increase in heat costs without significantly increasing 

the stability of the process. It is proved that optimization of the 

H2O/C and CO2/C ratios makes it possible to reduce the specific 

consumption of natural gas, maintain the required H2/CO ratio and 

at the same time minimize the risk of soot formation and 

degradation of the catalyst. Practical recommendations are 

formulated for optimizing the parameters of reforming for 

MIDREX industrial installations, the implementation of which 

ensures a reduction in specific fuel consumption by 5-7%, a 

reduction in the heat load on the reformer and an increase in the 

overall energy efficiency of the direct iron reduction process. The 

results obtained expand the existing understanding of the process of 

combined reforming in DRI technologies and can be used in the 

design, modernization and optimization of operating modes of 

existing and prospective MIDREX installations [36-38].  
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