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Abstract: 

The steel industry is the main generator of CO2 among the different industrial sectors. That is why efforts are 
being made to reduce or avoid CO2 emissions by process optimization or by Carbon Capture and Storage 
(CCS) processes. On the other hand, it must be considered that most of the chemicals used in our society 
operate with carbon as a central element. In this case, the CO2 should be seen as a carbon source that may 
be transformed into high value added products. In this context, the VALORCO (VALOrization and Reduction 
of CO2 emissions in the industry) project was launched. The VALORCO project considers different pathways 
of CO2 valorization through its chemical transformation. This particular study focuses on the thermochemical 
conversion and valorization of gases from integrated steelworks. Thereby in the steel production by blast 
furnace technology, three main gases must be considered, namely Blast Furnace Gas (BFG), Coke-Oven Gas 
(COG) and Basic Oxygen Furnace Gas (BOFG). The general objective of this study is to determine the best 
solutions to valorize these carbon–rich gases. Many processes and technologies can be identified, depending 
on the volume and composition of the available gases. The identification, evaluation and comparison of the 
valorization pathways thus the design and optimization of the selected process, including evaluation of 
industrial catalysts and testing a reactor at pilot scale, are the main tasks of this study that will be carried out 
by the different partners. In the present work, a review of several alternatives proposed during last years to 
valorize these gases is carried out.  
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1. Introduction 
Global warming is perhaps one of the most important issues which humanity has to deal with. Carbon 

dioxide (CO2) and other greenhouse gases (GHG) such as methane (CH4), are the origin of the 

problem. The steel industry is the main generator of CO2 among the different industrial sectors. 

Certainly [1], this industry is responsible for 30% of the whole industrial emissions (6.5 Gt in 2011 

[2]) corresponding to 6% of CO2 emissions from total anthropogenic sources (31.3 Gt in 2011[2]).  

That is why efforts are being made to achieve the reduction of CO2 emissions in the steel industry. 

The first attempts proposed includes improving energy efficiency of the process, which minimizes 

the consumption of the reducing agent and fuel (coke or natural gas) as well as electricity. Nowadays 

[3], CO2 emissions are of the order of 1.97 t of CO2 per t of crude steel when a blast furnace with 

oxygen converter is used. In this case, both reducing agent and fuel, correspond to coke. These 

emissions go down to 1.10 t of CO2 per t of crude steel in the case of direct reduction process which 

uses natural gas as a substitute for coke. A different approach, (29.2% of the world steel production 

for the year 2012 [4]), is the recycling of iron instead of iron ore. In this case [3], an electric arc 
furnace is used, allowing CO2 emissions of the order of 0.45 t of CO2 per t of crude steel. Indeed, 

these emission values are close to their thermodynamic limits [3]. The best European steel mills are 

operating at the limit of what is technically possible at this moment [5]. The use of coal, biomass, 

used lubricating oils and even plastic waste as a substitute for a portion of the coke has been also 

considered [6-8]. This allows the reduction of CO2 through the reduction of the coke consumption. 



Many other alternative technologies to the blast furnace have been proposed. A comparison of these 

new technologies in opposite of the blast furnace process is proposed by Hasanbeigi et al. [9]. The 

only alternative technologies already in use commercially are the COREX® process, the FINEX® 

process and the direct reduction process, but their implementation are not widespread. In fact, all of 

these processes represent just over 1% of world steel production for 2012 [4]. The other technologies 

are still at pilot scale or at research and development stages.  

Regarding the blast furnace process, another improvement has been studied: the Top Gas Recycled 

Blast Furnace (TGRBF). In this case, pure oxygen instead of air is used, to obtain a blast furnace free-

nitrogen gas. CO2 from the off-gas is then removed, so that a stream rich in carbon monoxide (CO) 

is feedbacked to the blast furnace. The CO2 stream resulting is either sent to a network for use in other 

processes (after purification of CO2), or sent to a Carbon Capture and Storage (CCS) system. CO2 

emissions can be reduced between 5 and 10% by using the TGRBF, between 25 and 30% when using 

a CCS and up to 60% for the combination TGRBF - CCS, compared to the conventional use of blast 

furnace [10]. As a part of the European research project ULCOS (Ultra-Low CO2 Steelmaking) [5], 

this technology has been considered as an alternative, among others such as the ISARNA (smelting 

reduction process) process, the ULCORED (advanced direct reduction) process and the ULCOLYSIS 

(Electrolysis) process. However, at the end of the ULCOS project, some major obstacles have 

compromised the TGRBF fulfilment. The major challenges include: the cost of production and 

operation of the proposed process, the fall of the economic value of CO2 quota level and the social 

acceptability of CCS, with more and more european countries taking forward measures against this 

practice. 

In the solutions previously discussed, the main effort is made to reduce CO2 emissions or to trap it in 

the subsoil. On the other hand, it must be considered that most of the chemicals used in our society 

operate with carbon as a central element. In this case, the CO2 should be seen as a renewable carbon 

source that may be transformed into products with high added value [11]. In this context, the 

VALORCO (VALOrization and Reduction of CO2 emissions in the industry) project was launched. 

The general objective of the project is to achieve a reduction of 30% in the current CO2 emissions on 

a carbon basis. The VALORCO project considers different pathways of CO2 valorization through its 

chemical transformation. This particular study focuses on the thermochemical conversion and 

valorization of gases from integrated steelworks. 

In the steel production process, using the technology of the blast furnace, three main gases have to be 

considered, namely Blast Furnace Gas (BFG), Coke-Oven Gas (COG) and Basic Oxygen Furnace 

Gas (BOFG). Each stream exhibits specific characteristics (flow and compositions). The general 

objective of this study is to determine the best solutions to valorize these carbon–rich gases. Many 

processes can be identified, depending on the volume and composition of the available gases. The 

identification, evaluation and comparison of the valorization pathways, thus the design and 

optimization of the selected process are the main tasks of this study. 

During the past few decades, several alternatives and processes to valorize the available gases have 

been proposed; including their use for energy production, the recovery of valuable compounds such 

hydrogen or the production of chemicals and fuels. This work provides a review of some of the most 

important technologies and processes. Firstly, the characteristics of each available gas will be 

considered. Then, we will focus on the different process flow sheets proposed in the literature for the 

valorization of gases. Given the essential character of hydrogen in the CO2 valorization, the 

possibilities of its generation from available gases will be studied by methane reforming or by water 

gas shift reaction (WGSR).   

2. Available gases 

This study will focus on the three main gases linked directly to the steel production by the blast 

furnace process. Each gas is generated at different stages of the process, consequently they have 

different characteristics. The three gases have more or less the same compounds, but in different 

proportions. Table 1 summarizes the flow rates and composition for each gas for a standard modern 



steel plant of 6 Mt per year production. According to the available flows, the BFG is by far the largest 

stream. It has a flow rate about 20 times greater than the other two available streams. This fact will 

be important to define how these gases will be mixed in relation to the construction of the valorization 

flow sheet. 
 

Table 1. Volumetric flow rates, lower heating values and composition of available gases [12]. 

  COG BFG BOFG 

Volumetric flow rate 

(Nm3/h) 
40 000 730 000 35 000 

Lower heating value 

(kJ/Nm3) 
15 685 3 358 7 164 

Compound Basis molar fraction (%) 

CO2 1,2 21,6 20,0 

CO 4,1 23,5 54,0 

H2 60,7 3,7 3,2 

CH4 22,0 0,0 0,0 

CxHy 2,0 0,0 0,0 

N2 5,8 46,6 18,1 

H2O 4,0 4,0 4,0 

Ar + O2 0,2 0,6 0,7 

2.1. Chemical compounds present in the available gases 

Considering the overall availability, nitrogen is the most important component. The inert character of 

nitrogen may render CO2 valorization difficult, since this compound will be removed in order to avoid 

excessive compression costs and capital costs (equipment size). A similar situation occurs with argon 

and oxygen, but the quantity of these compounds is low. 

The next two compounds, in order of quantity, are CO and CO2. They are more or less in the same 

proportion. From a chemical point of view the CO2 reactivity is almost always lower than of the CO’s 

one if the synthesis of a same product is considered. Also, CO is a gas which can be used as reducing 

agent.  

The fourth compound to be considered is hydrogen. It is a key component since it can reduce CO2 

and CO to produce a high value added product. Unfortunately, its quantity is not very large compared 

to the present amount of CO2 and CO. A way to increase the available hydrogen is the reforming 

process of methane contained in the COG or the conversion of the CO contained in the BFG and the 

BOFG using a WGSR. 

Regarding their availability, CH4 and other hydrocarbons are placed in the last position among the 

valuable compounds. Despite limited availability, these compounds may play a central role in the 

definition of valorization process. In fact, these compounds are mainly present in the COG. That is 

why a reforming process will allow increasing the available quantity of H2. 

3. Thermochemical valorization processes for the available 
gases 

Several process flow sheets have been proposed to valorize the available gases from integrated 

steelworks. The process alternatives that are already established or those still in the phase of 

development and validation can be grouped into three main categories: 



 the use as a fuel within the steel mill or in a nearby power plant, including their possible use as 

reducing agents; 

 the recovery of valuable compounds, such as hydrogen or methane; 

 the integration of a chemical sector to obtain a high value added product, such as methanol or 
urea. In this category, we also include the complementary processes that aim to increase the 

available hydrogen, such as methane reforming or WGSR. Poly-generation system in which both 

chemical product and energy are produced will also be considered. 

3.1. Thermal use of the available gases 

The three available gases contain significant quantities of combustible compounds, such as H2, CO 

and CH4, as well as small amounts of other hydrocarbons in the case of the COG. In consequence, 

these gases have not negligible calorific values. Most steelmills in Europe have developed thermal 

integration projects [3]. The gases are used to heat the different furnaces, steel before rolling, slabs, 

etc. or as a reducing agent in the blast furnace (reserved use for the COG and the BOFG). The gases 

which are not burned into the plant are fed to the thermal power plant. 

3.2. Recovery of valuable compounds 

In the available gases, there are three valuable compounds that may be recovered: H2, CH4 and CO. 

These three compounds may be used onsite or be sold. For example, some studies have evaluated the 

possibility of recovering H2 for use in fuel cells [13-14]. Although these three compounds are present 

in the available gases, their compositions can make easy some applications. Thus, there are studies 

for H2 and CH4 recovery from COG [15] or for CO separation from the BFG [16]. 

3.2.1. Recovery of H2 and CH4 from the COG 

The Pressure Swing Adsorption (PSA) and membrane separation process are the two main 

technologies for these applications, even if others technologies are also available, such as cryogenic 

separation.  

The PSA uses several packed columns which operate in parallel within an operation cycle of 

adsorption - desorption. The adsorbents used for the separation of hydrogen are primarily 

carbonaceous materials, alumina oxides or zeolites. An important aspect for the use of this process is 

that the presence of certain compounds (H2S, NH3, higher hydrocarbons) is very restrictive. In fact, 

these compounds can be adsorbed in an almost irreversible manner in the adsorbent material. For this 

reason, the COG must be pre-conditioned previously. In relation to the outputs, there will be two 

different streams, namely an almost pure H2 stream and another stream concentrated in CH4 mix with 

other compounds present in the COG. The off-H2 stream has 99.99% purity, and the recovery is 

around 90% [15]. At the moment, there are no commercial PSA units to recover H2 from COG [15]. 

Another proposed technology for the recovery of H2 from COG is membrane separation process. In 

this process, a high pressure gas stream go through a membrane which is selectively permeable to 

one or more compounds found in the gas. As a result, there will be an output stream, named 

"permeate", which is rich in compounds that have gone through the membrane and another stream, 

named "retentate", rich in the other compounds. It is also possible to use several membrane modules, 

interconnected in different ways (parallel, series, cascade, etc.) to achieve a given specification. 

Typically 80 % to 98 % recovery of feed H2 with a purity of 90 % to 99 % is achieved [15].  

Finally, another possibility is the cryogenic separation process based on the liquefaction temperature 

differences of the constituents of the COG. Each compound is liquefied at a given temperature and 

then separated. This process is more economical for large scale applications [17], face to the others 

alternatives presented above. There is a correlation between hydrogen purity, recovery, and tail gas 

pressure: moderate purity (90-95%) will achieve with high recovery (90 - 95 %) when the tail gas 

pressure is kept low (0.07Mpa) [17]. 

3.2.2. Recovery of CO from the BFG 



A recent study [16] examines the possibility of using a PSA to recover CO and CO2 contained in the 

BFG. In this study, thirteen different adsorbent materials were tested to eventually retain only two. 

Based on results at the laboratory scale, a pilot unit with an operating capacity of 3 tons of CO2 per 

day, was built. The undesirable compounds (H2O, H2S) are removed using adsorption columns 

packed with silica-alumina and activated carbon, respectively. 

3.3. Thermochemical valorization processes for the available gases 
The compounds present in the three available gases are the same as those contained in a synthesis gas 

but in different proportions. Therefore, it may be considered that it is possible to use these gases to 

develop a chemical sector based on an economy of the CO2. Nevertheless, there is a very important 

aspect to consider: the overall availability of each compound. First, the synthesis of a high value 

added product from these gases results in the reduction of CO2 and CO, using in this case the H2 as 

reducing agent (thermochemical conversion). As the availability of H2 is restricted, it is the limiting 

reagent. Then, it is necessary to seek options in order to increase its quantity. Two options will be 

considered, according to the information of the literature: the reforming of methane found in the COG 

and the use of the WGSR applied to the CO contained in the BFG and the BOFG.  

3.3.1. WGSR 

The WGSR is a chemical reaction that converts a mixture of CO and H2O in a mixture of CO2 and 

H2: 

CO + H2O ⇔ CO2 + H2    ∆rH°(298 K) = - 41 kJ/mol     ∆rG°(298 K)  = - 31 kJ/mol  (1) 

This reaction is susceptible to temperature changes. By elevating temperature, the equilibrium will 

tend to the reactant formation under the principle of Le Châtelier. Thus, there is an interest to develop 

low temperature processes to increase the conversion of CO. Historically, this process takes place at 

a relatively high temperature with an iron catalyst, but the increased cost of energy, the development 

of new more active copper catalysts made possible the development of new processes in two steps. 

So, we find that at industrial scale, the WGSR is performed using a cascade of adiabatic reactors with 

a high temperature (HTS: High Temperature Shift) step followed by a low temperature step (LTS: 

Low Temperature Shift) with a cooling inter-stage [18-19]. Thus, the HTS takes advantage of high 

reaction rates, but is thermodynamically limited, which results in an incomplete conversion of CO 

with a corresponding content in the output between 2 and 4% (molar fraction) [19]. With the 

decreased temperature in the LTS, the equilibrium is displaced towards the production of hydrogen, 

which allows obtaining a CO content of less than 1% (molar fraction) [19]. 

Due to different operating conditions in each step of the process, different catalysts must be used to 

ensure an optimal conversion. The commercial catalyst for the HTS is made of iron oxide (II, III) 

Fe3O4 and chromium (III) oxide Cr2O3 [20]. The inlet temperature for the HTS vary from 310 °C to 

450 °C [19], (usually 350 °C with, in this case an outlet temperature of 450 °C). There is an increase 

in temperature with the length of the reactor. On the other hand, the catalyst corresponding to the LTS 

is composed of copper on zinc oxide ZnO mixed with alumina Al2O3 [20]. The inlet temperature, in 

this case, vary from 200 °C to 250 °C [19]. The outlet temperature must be less than 280 °C, because 

of the susceptibility of copper to thermal sintering and to reduce side reactions. It should be noted 

that zinc catalyst (LTS) is very sensitive to sulfur, it is necessary to limit its content in the fed gas and 

check the reactor to track its deactivation. Another option to mitigate the problem is the use of a guard 

bed upstream of the reactor [19]. Regarding the pressure range, industrial reactors operate at pressures 

between 25 and 35 bars [18]. Several kinetic laws for different catalysts are proposed by Smith et al. 

[19].  

Other types of reactors have been proposed to develop this reaction. For example Criscuoli et al. [21] 

conducted a feasibility study for the use of a membrane reactor. However, the obtained results show 

that this technology is not yet economically feasible because of the cost of the membranes. Another 

promising technology in the medium term is the SEWGS process (Sorption Enhanced Water Gas 

Shift). In this process, the WGSR is shifted to the products formation by removing CO2 from the 

reaction medium with an adsorbent placed in the reactor [22].  



This reaction has been proposed as an additional step of CCS processes. Some studies show its 

usefulness applied to the BFG [23-25]. Figure 1 shows a schematic representation of this process. 

After the WGSR, the generated CO2 is separated by absorption in Selexol® solvent. Due to the 

catalyst sensitivity to poisons, a gas pre-treatment step is necessary. The capital expenditure (capex) 

of reactors is negligible compared to the cost of the separation system [21]. Gielen [24] and Ho et al. 

[25] found that the costs are similar or lower than those corresponding to a CO2 separation system 

without CO conversion. This is explained by the fact that the costs of the separation system are 

proportional to the CO2 concentration. 

 

 

 

 

Fig. 1. Scheme of CO2 capture process using the WGSR, adapted from Ho et al. [25]. 

A detailed study of the equilibrium conversion of WGSR applied to the BFG was conducted by Chen 

et al. [26]. Two parameters were studied: the H2O / CO ratio and temperature. The results show a CO 

conversion between 96 and 99 % for an H2O / CO ratio greater than 1 and a temperature between 200 

and 400 °C. They also studied the influence of the initial CO2 content on the H2 productivity. To do 

this, the calculation of the production of H2 (Nm3 H2 / Nm3 BFG) depending on the H2O / CO ratio 

and temperature was performed for two cases: with and without preliminary CO2 capture. In both 

cases, a productivity of 0.21 Nm3 H2 / Nm3 BFG was obtained. Finally, this study also assessed the 

application of the WGSR to the COG obtained after methane reforming. The results show that when 

the temperature is between 200 and 300 °C with an H2O / CO ratio in the range of 1 to 2, the CO 

conversion was equal to 99.6%. A similar analysis was proposed by Turpeinen et al. [27]. 

3.3.2. Methane reforming  

Methane reforming contained in COG is a process which enables to increase the amount of available 

H2. This process has been important in the generation of synthesis gas from natural gas. Generally, 

the methane reforming is a catalytic process which takes place under high temperature conditions. 

There are three different ways for the reforming of methane, namely: 
 

Steam Methane Reforming CH4 + H2O ⇔ CO + 3H2 ∆rH°(298 K) = 205 kJ/mol  (2) 

Partial oxidation CH4 + 1/2O2 ⇔ CO + 2H2 ∆rH°(298 K) = -36 kJ/mol  (3) 

Dry reforming CH4 + CO2 ⇔ 2CO + 2H2 ∆rH°(298 K) = 247 kJ/mol  (4) 
 

Other secondary reactions are also present (WGSR, coking, etc.). The reforming of methane may be 

carried out by one of this ways or with a combination of those. There are three technologies available 

for methane reforming [28]. Efforts are underway to develop new processes with more environment-

friendly operating conditions [29]. The most common technology for large-scale applications is 

Steam Methane Reformer (SMR). This technology uses only steam as the oxidizing agent; 

consequently the amount of H2 produced is higher compared to other technologies. However, this 

process has a very high energy requirement due to the endothermic character of the reaction. There 

are some applications, on an industrial scale, for the SMR with CO2 injection [29]. It is mainly used 

in the units in which the synthesis gas produced is used for methanol synthesis. Thus, it is possible 

both to adjust the H2 / CO ratio and to reduce process energy requirements. An alternative technology 

to reduce these energy requirements is the use of an Auto-Thermal Reforming (ATR) reactor. 

Methane can react either with O2 (exothermic reaction) or with steam (endothermic reaction), thereby 

balancing the energy requirements [28]. The H2 / CO ratio obtained can also be adjusted according to 

the product that will be synthesized. Industrial units that work with this principle are less expensive 

and may be built at different scales. It is also possible to inject CO2 into the reactor to react with 

methane, thus having a tri-reforming process. This process is being developed; there are already units 

BFG 
Water shift 

reaction 
CO2 

Steam 

CO2 capture 

N2/H2 for further 

processing 



at pilot scale, but large-scale demonstration is required. Finally, the third technology used on a 

commercial scale is based on the Catalytic Partial Oxidation (CPO) of methane. In this case, methane 

is mixed with a quantity of air which allows to operate below the stoichiometry conditions, in order 

to prevent the complete combustion of methane. Due to the very fast reaction rates, the residence 

times are short (milliseconds), which allows to build compact reactors [28].  

COG has a significant CH4 content which may be used to increase the amount of available H2. There 

are several studies proposed on different aspects of this application. Thus Turpeinen et al. [27] 

proposed a study on the equilibrium conversion COG using SMR, dry reforming and CPO. An 

analysis of energy requirements is provided. On the other hand, Shen et al. [30] studied a system 

composed of three parts, namely:  

 COG purification step to remove undesirable compounds (Benzene, Naphthalene, NH3, etc.), 

 a membrane separation process which produces two streams, one rich in H2 (over 90%) and the 
other rich in CH4 (over 60%), 

 Reforming CH4-rich gas, by partial oxidation in a catalytic fixed bed reactor filled with coke 
particles of 10 mm. 

The results show that at a temperature between 1200 and 1300 °C, a conversion of greater than 99 % 

CH4 can be obtained with a H2 / CO ratio between 0.3 and 1.4. The Dry Reforming of Methane 

(DRM) has been studied extensively. Thus, Bermudez et al. [31] analyzed firstly the CH4 equilibrium 

conversion contained in the COG at different temperatures, CH4 / CO2 ratios and pressures. The 

analysis shows that for almost complete conversion of CH4, temperatures above 800 ° C, pressures 

as low as possible and a ratio of CH4 / CO2 stoichiometric are needed. Then the authors studied the 

use of different catalysts for implementing this operation (activated carbon catalyst [32] Ni / γAl2O3 

catalyst [33]). Finally, the synergistic effect of the use of these two catalysts were discussed [34]. On 

the other hand, Zhang et al. [35] analyzed the use of three different activated carbon catalysts, at 

temperatures between 800 and 1200 °C. 

Norinaga et al. [36] proposed a study about the development of a pilot unit for the reforming of hot-

COG, i.e before treatement to remove tar and other compounds. In this case, a non-catalytic partial 

oxidation is used. The results showed a complete conversion of tar and almost complete for CH4. The 

temperature inside the reactor may reach 1400 °C. The tests were conducted at atmospheric pressure. 

The COG flow fed is between 28 and 103 Nm3 / h, with a corresponding injection of between 12 and 

30 Nm3 / h of O2. Other studies have been proposed for the same application, but this time using 

SMR. Thus, Yue et al. [37] used a NiO / MgO-Al2O3 catalyst. The gas used is a simulated COG where 

the tar was replaced by two model molecules, toluene and naphthalene. Tests on a laboratory scale 

have been run to temperatures between 700 and 850 ° C and atmospheric pressure. The results showed 

a complete conversion for toluene, naphthalene and almost complete for methane. Onozaki et al. [38] 

have proposed a non-catalytic system, wherein SMR and CPO are used. The results show a 

conversion of more than 98% of the total carbon to CO at a temperature of 900 ° C. 

3.3.2. Methanol synthesis 

In most of methane from COG reforming studies, the final objective was to increase the amount of 

available H2. However, it is also possible to use the manufactured gas to produce methanol. In China, 

over 10 methanol production units have been built based on this principle, having a capacity between 

70 and 200 103 tons / year [39]. Ekbom et al. [40] and Lundgren et al. [41] examined the production 

of methanol from the COG and BOFG, as well as the use of a manufactured gas from biomass 

gasification. In total, four different scenarios were proposed. In scenario A (using the COG with 40 

% of BOFG available), a methanol production capacity of 98,000 tons / year was calculated with a 

70 % efficiency (calculated on an electric equivalent basis). Bermudez et al. [42] studied the 

production of methanol from COG (with a previously DMR step, Fig. 2) compared to the 

conventional process: SMR and CPO of natural gas. The comparison is made in terms of energy 

consumption, CO2 emissions, raw material consumption and the purity of the methanol. The study 

concluded that the energy consumption is lower in the case using COG but the process from natural 

gas allows better energy recovery. CO2 emissions are lower when the COG is used (0.74 mol CO2/mol 



CH3OH against 1.23 mol CO2/mol CH3OH). Finally, at the consumption of raw materials and product 

purity, both methods have similar results. However results show a strong dependency on the 

geographical position. 

 

 

 

 

 
 

Fig. 2. Methanol production from COG whit a previously DMR step, adapted from Bermudez et 

al.[42]. 

3.3.3. The poly-generation systems 

These systems, where electricity, useful heat and a chemical product are generated simultaneously, 

have received much attention in recent years [43]. These systems have some advantages compared to 

conventional ones, namely [44]: a flexible production of each product or service, which can be 

adjusted according to market demands; increased thermodynamic efficiency through more efficient 

use of heat (cogeneration); the investment costs are lower compared to conventional plants due to 

economies of scale. The studies of poly-generation systems to valorize the available gas have been 

developed by several authors. Thus, Xuelei et al. [45] proposed a study of three different methods to 

valorize the COG. A sensitivity analysis was carried out in order to assess the influence of the raw 

material, the product price and the quantity produced, on each process economy. The first process is 

the use of the COG to synthesize methanol, the second one involves its utilization as a fuel in a gas 

turbine into a combined cycle, while the third one may be seen as an integration of the two previous 

ones: a poly-generation system (Fig. 3).  

 

 

 

 

 

 

 

 

 

Fig. 3. Poly-generation system with COG as raw material, adapted from Xuelei et al. [45]. 

 

The Internal Rate of Return (IRR) for the three projects is higher than the reference one. In relation 

to the scale of production, the results show that for plants that produce less than 600,000 tons / year 

of coke, combined cycle is the best option. For those that produce between 600,000 and 3.1 million 

tons / year of coke, methanol production was the ideal project. Finally, if coke production is more 

than 3.1 million tons / year, a poly-generation system is the best option. In the three cases, the price 

of COG is the parameter that has the strongest influence on the profitability of the process. 

Ghanbari et al. [46-50] have proposed several studies for the use of poly-generation system feeding 

by the three available gases. Fig. 4 shows a schematic representation of this system. These studies 

[46-50] discuss different poly-generation systems. Thus, the first study [46] was about the 

optimization of a poly-generation system in which the blast furnace is fed by pure O2. The second 

study [47], the question was to validate the use of other raw materials (biomass, oil and natural gas) 
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as substitute reducing agents in the blast furnace and fuel in poly-generation system, after [48], an 

economic analysis and a Life Cycle Assessment (LCA) for the previous configuration (blast furnace 

fueled with pure O2) was proposed. Finally, [49-50] have treated the case of a poly-generation system 

in which the furnace is fed with air (conventional operation). In the first study, [49] design and 

optimization of the system were developed. Based on these results, a technical and economic analysis 

is proposed [50]. The carbon dioxide emissions could be reduced by more than 50% in comparison 

with conventional steel making [49]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nomenclature: TSA: temperature swing adsorption, PSA: pressure swing adsorption, CAP: Chemical Absorption Processes, MSP: 

Membrane Separation Processes, WGSR: Water-Gas Shift Reaction, LPMEOH: liquid-phase methanol unit, GPMEOH: gas-phase 

methanol unit, GSP: gas separation unit, DME: dimethyl ether purification unit, MEOH: methanol purification unit, SMR: steam 

methane reforming, POR: partial oxidation reforming, DMR: dry reforming of methane, WSP: water separation. 

Fig. 4. Poly-generation system with the three available gases as raw material, adapted from 

Ghanbari et al. [49]. 

 

Finally, several authors have treated the case of a poly-generation system in which the raw materials 

are the COG and manufactured gas from the gasification of coal. Yi et al. [51-53] proposed three 

complementary studies on this subject. In the first study [51] the proposed system is optimized using 

the Aspen Plus® process simulation software. Then, [52-53] the system was evaluated by 

considering: an energy analysis, CO2 emissions and an economic analysis. A sensitivity analysis 

(parameter variation) was also carried out. A similar system is discussed by Li et al. [54]. In this case, 

poly-generation system considers the production of three different products: methanol, dimethyl ether 

and dimethyl carbonate. This system was simulated using Aspen Plus® software, including a detailed 

kinetic model.  

Conclusion  
In the steel-making process, three main gas streams are generated. The compounds in these streams 

are similar to those found in a synthesis gas. For this reason, the thermochemical processing of these 

gases is an option to valorize the carbon dioxide produced. Many products may be synthesized from 

the available gases. To do this, several processes have been proposed. In particular there may be 

mentioned hydrogen recovery schemes. The application of the water gas reaction in the CO-rich 

streams (BFG and BOFG) and methane reforming for COG can increase the amount of hydrogen 

available. For the actual valorization, the most common flow sheet in the industry is the synthesis of 

methanol from the COG. There are also poly-generation schemes that have been proposed, but which 

are still under development. 
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