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Abstract
The Paris Agreement declares to hold the increase in the global average temperature to well below 2 °C above pre-industrial 
levels and to pursue efforts to limit the temperature increase to 1.5 °C above pre-industrial levels in 2050. The agreement 
includes the commitment to deliver long-term low-carbon development strategies. Accordingly, global warming has been 
regarded as a crucial issue in every industry. Since the long-term target was set on the basis of the Paris Agreement, inno-
vative technologies to realize  CO2 mitigation in 2050 are desired, including in the steel industry. Until now, many various 
technology developments have been carried out in the ironmaking area; however, more advanced progress beyond the past 
progressive developments is required in order to attain the long-term target in 2050. In addition to modification of the current 
blast furnace process, the ironmaking process will be diversified, and new concepts such as CCU  (CO2 Capture and Utiliza-
tion) process in collaboration with chemical industry and hydrogen-based ironmaking utilizing  CO2-free renewable energy 
aiming at CDA (Carbon Direct Avoidance) will be pursued in order to intensify  CO2 mitigation. This review focuses on the 
evaluation of the current technology development to date and the design of an ambitious ironmaking process for the future.

Keywords Ironmaking · Carbon dioxide mitigation · Blast furnace · CO2 capture and utilization · Hydrogen-based 
ironmaking

Introduction

The Paris Agreement declares to hold the increase in the 
global average temperature to well below 2 °C above pre-
industrial levels while pursuing efforts to limit the tempera-
ture increase to 1.5 °C above preindustrial levels in 2050, 
recognizing that this would significantly reduce the risks 
and impacts of climate change. The agreement includes a 
commitment to deliver long-term low-carbon development 
strategies. Every country has been obliged to submit Nation-
ally Determined Contributions (NDCs) based on the Paris 
Agreement. In order to keep the global climate tempera-
ture below 2 ºC above pre-industrial levels, greenhouse gas 

emissions must be reduced by 80% by 2050 compared to 
1990.

Although the significance of global warming is well rec-
ognized in the steel industry, designing the pathway to 2050 
while maintaining the sound activity of the steel industry is 
a crucial issue. The steel industry has made various efforts 
to decrease the reducing agent leading to  CO2 mitigation, 
but more promising pathways to the long-term global goal 
for  CO2 mitigation must be constructed. The concrete path-
way to 2050 consistent with the active competitiveness in 
the steel market still seems uncertain. Until now, several 
projects for improvement of the blast furnace process, such 
as blast furnace top gas recycling, have been actively devel-
oped. However, considering the current situations, the steel 
industry is now in the stage of reconsideration of the past 
progressive technology development and must pursue more 
ambitious processes to attain the long-term goal. In order 
to intensify  CO2 mitigation, the ironmaking process will be 
diversified, and new concepts such as the CCU  (CO2 Cap-
ture and Utilization) process and hydrogen-based ironmak-
ing utilizing  CO2-free renewable energy aiming at CDA 
(Carbon Direct Avoidance) will be pursued in addition to 
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modification of the blast furnace processes. This review 
describes the assessment of the technology developments 
to date and the future perspective for achievement of the 
long-term goal for  CO2 mitigation in the ironmaking.

Current State of Steel Industry

Since a large amount of carbon is consumed in the steel pro-
duction process, the steel industry is occasionally regarded 
as a  CO2 producer. However, carbon is used extremely effec-
tively in the steel works as a reductant through highly devel-
oped technology such as energy saving. The steel industry 
also provides high-grade steel required in promoting energy 
saving in various processes and effective energy use in many 
types of industrial plants such as power plants. Actually, 
looking at the critical part of the fuel-fired power plants, 
high-quality heat-resident steels which make it possible to 
increase the energy efficiency contribute to  CO2 mitigation. 
Moreover, high-strength steels are instrumental in reducing 
the weight of modern transportation vehicles, leading to less 
fuel consumption and fewer  CO2 emissions. Thus, the total 
evaluation of the contribution of steel products in society is 
needed as shown in Fig. 1.

The current ironmaking processes are classified as shown 
in Fig. 2. As is well known, the major process route used in 
steel manufacturing is a combination of blast furnace and 
BOF (basic oxygen furnace) as shown in Fig. 2a, which 
currently accounts for 75% of world crude steel production 
[1]. Although blast furnace requires specified coking coal 
and iron ore, the BF-BOF process can supply various steel 
products, including high-quality steel. Moreover, the process 
covers a wide production capacity and the annual pig iron 
production rate of a large blast furnace with 5000  m3 inner 
volume reaches 4.0 million tons. As a highly economized 

system, the BF-BOF process is considered to be suitable 
for a large modern steel works. In East Asia, new integrated 
steel work based on the BF-BOF processes have been built 
recently. Although the BF-BOF is characterized by a highly 
effective energy utilization process, the  CO2 intensity for 
crude steel reaches 1.8–2.0 t-CO2/t-steel, because carbon is 
consumed as a reductant and energy source.

As shown in Fig. 2b, steel scrap-EAF (electric arc fur-
nace) process starts from the steel melting stage omitting 
reduction of iron ore, and as a result, its energy requirement 
is much smaller than BF-BOF route. Electricity requirement 
of EAF is estimated to be 300–350 kWh/t-steel. Although 
the  CO2 intensity of the power sector influences the  CO2 
emissions in EAF,  CO2 intensity of the scrap-EAF process 
is approximately 30% of the BF-BOF route. As drawbacks, 
because the supply of steel scrap consists of home scrap 
generated in the steel works and scrap from end-of-life steel 
products in society, the available scrap supply is limited to 
some extent, and the steel scrap-EAF process cannot pro-
duce high-quality steel due to the impurities (tramp ele-
ments) in steel scrap, which cannot be eliminated with the 
current technology. Therefore, the main products of steel 
scrap-EAF process tend to be materials which are less sen-
sitive to the presence of impurities, although clean steel 
scrap is available for special steel production. For example, 

Fig. 1  Contribution of steel products in society (Color figure online)
Fig. 2  Various steel production processes and  CO2 intensity (Color 
figure online)
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reinforced steel bars for construction are typical products of 
scrap-EAF process. The possibility of expanding the use of 
scrap-EAF process depends on a favorable electricity price 
and stable scarp supply.

Looking at DRI (direct reduced iron) processes, histori-
cally, various processes based on coal and natural gas have 
been developed as alternative processes to the blast furnace 
(Fig. 2c). Among them, the DRI process based on natu-
ral gas is a major process worldwide. This is an attractive 
process for mitigation of  CO2 emissions, because natural 
gas carbon is a carbon-lean reductant. In general, the  CO2 
intensity of DRI process is estimated to be 70% of BF-BOF 
route [2]. MIDREX and TENOVA-HYL are representative 
DRI processes, but the appropriate sites for DRI production 
are restricted to the natural gas-producing areas. Recently, 
large DRI plants have been constructed in the southern 
United States, taking advantage of the availability of natu-
ral gas derived from shale gas. For example, 2.0 million t/y 
MIDREX plant by the Voestalpine group in Austria was 
commissioned in Corpus Christi, Texas in the United States 
to supply DRI to the North American market [3, 4].

Development of smelting reduction as an alternative 
process to the blast furnace has a long history. Although 
most projects were abandoned, the FINEX and COREX pro-
cesses are now in the stage of commercial scale. HIsarna at 
Ijmuiden of Tata Steel Europe is under development [5]. 
The FINEX process, shown in Fig. 2d, is characterized by 
the combination of the melter and the fluidized beds. Iron 
ore and coal can be used directly without pretreatment pro-
cesses such as the sintering machine and coke oven which 
are required in the BF-BOF route. FINEX has various 

advantages compared with the blast furnace and has reached 
2 million t/y production scale [6], but plants are currently 
limited to Pohang of POSCO. Further evaluation on the 
future status of FINEX in ironmaking is expected. Basically, 
 CO2 intensity of the FINEX is estimated to be slightly lower 
than that of the blast furnace.

Recently, the combination of DRI process and blast fur-
nace which enables metallic iron introduction into the blast 
furnace was proposed as shown in Fig. 3 [7]. In the future, 
the Voestalpine group is planning to charge DRI produced in 
the US to their domestic blast furnaces as described above, 
and forecasts lowering  CO2 by 5%. TENOVA HYL proposed 
to install DRI process in the steel works and produce DRI by 
COG (coke oven gas) and BOF gas [8]. The energy shortfall 
is covered by electricity purchased from outside. Although 
the  CO2 mitigation ratio depends on the metallic charge rate 
and the total energy balance, its effect can be easily esti-
mated by conventional model of the blast furnace. While 
improvement of the current ironmaking process is surely 
desired, additional extensions, such as the combination of 
DRI and the blast furnace, may be a realistic way to mitigate 
 CO2 emissions.

According to the statistics of WSA [1], the crude steel 
production in the world is shown in Fig. 4, where the BF-
BOF and EAF processes are noted. As is well known, crude 
steel production exceeded 1600 million tons since 2013. This 
tendency is impacted by the rapid growth in China, where a 
succession of the large integrated steel works based on BF-
BOF were constructed. The BF-BOF route reached 74.3% in 
2016, increasing from 65.4% in 2013. The annual production 
rate of DRI remains around 60 million tons. Considering the 

Fig. 3  Combination of blast furnace and DRI [8] (Color figure online)
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 CO2 intensity of each process,  CO2 emissions from the steel 
industry are mainly derived from BF-BOF route. Therefore, 
the first concern regarding the current state of  CO2 mitiga-
tion is a review of the blast furnace process.

CO2 Emissions from Steel Works

The simplified carbon flow in an integrated steel works with 
a blast furnace can be represented as shown in Fig. 5. The 
steel works are divided into the upstream process, which 
consists of the blast furnace, coke oven, and sintering 
machine, and the downstream process, such as rolling mill. 
22–24 GJ/t energy is input to the ironmaking process, which 
provides 4–5 GJ/t surplus energy to the downstream. Gener-
ally speaking, self-consistency of the total energy balance 
is maintained in the integrated steel works, and particular 
additional energy is not required. Naturally, the possible 

ways to mitigate  CO2 emissions are carbon input saving and 
sequestration of  CO2 by CCS  (CO2 Capture and Storage), 
while keeping the energy balance in the integrated steel 
works, where the evaluation of  CO2 emissions is defined 
within the system boundary indicated in Fig. 5. A decrease 
in the carbon input implies improvement of the reduction 
reaction in the blast furnace and replacement of carbon to 
hydrogen-rich material or carbon–neutral material such as 
biomass. Utilization of biomass is undeniably attractive from 
the viewpoint of  CO2 mitigation; however, securing a stable 
supply and ensuring effective use of biomass are critical 
issues. Various aspects of the use of biomass in ironmaking 
have been examined in great detail by Jahanshahi [9].

Figure 6 shows the  CO2 emissions from the typical inte-
grated steel works quantitatively, as calculated by the carbon 
balance model based on the conventional BF [10]. Although 
the emission sites of  CO2 are widely distributed, 70% of  CO2 
emissions are derived from the ironmaking process. Looking 
at the carbon flow in Fig. 6, it can be noted that most carbon 
passes through blast furnace as coke and coal. The amount 
of carbon required in the steel works is determined by blast 
furnace performance. Therefore, improvement and redesign 
of the blast furnace process are key points for carbon input 
saving leading to  CO2 mitigation in the steel works.

Approaches to Low Carbon in Ironmaking 
Process

The reduction mechanism of iron oxide in the blast furnace 
is briefly shown in Fig. 7, which simultaneously provides 
the basic concept of approaches to achieving low carbon. It 
is well known that the distribution of reduction in the blast 
furnace is divided into three steps, i.e., CO gas reduction,  H2 
gas reduction, and direct reduction, respectively. The reduc-
ing agent depends on the distribution of these steps. On the 
basis of these reduction steps, the approaches to achieving 
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low carbon can be represented in the upper part of Fig. 7. 
First, one favorable approach is the improvement of gas utili-
zation. For example, this can be attained by use of high reac-
tivity coke to lower the thermal reserve zone temperature. 
In this case, the gas utilization ratio will be improved in the 
lower temperature region due to the use of high reactivity 
coke, as shown by (A) route in Fig. 7. Many studies have 
examined the use of high reactivity coke such as ferro-coke 
[11]. It goes without saying that the metallic charge from a 
DRI plant is very effective for reduction of reducing agent.

Reducing gas injection suppresses direct reduction, 
leading to a decrease in the coke rate, and this implies the 
mitigation of carbon input to the steel works. Originally, 
hot reducing gas injection started in the United States, and 
then it attracted attention by the reduction of coking coal 
for economic reason. In Japan, the FTG and NKG processes 
were actively developed as gas-reforming processes [12, 13]. 
In FTG, a reducing gas is produced by partial oxidation of 
heavy oil. A short trial at a commercial blast furnace with 
an inner volume of 1691  m3 equipped with four auxiliary 
tuyeres in the lower shaft was carried out. The configuration 
of FTG and NKG process is shown in Fig. 8. The NKG pro-
cess consists of a pair of BFG heaters and COG reformers, 
and operation is repeated periodically through heating and 

reforming periods [13]. The reducing gas is produced by 
reforming of COG with the  CO2 included in BFG, that is, so 
called dry reforming, and is then injected to the lower shaft 
of the blast furnace. Since dense  CO2-rich BFG is favorable 
for the reforming process, selective removal of the high  CO2 
peripheral gas at the blast furnace throat has been proposed 
to promote the reforming reaction effectively. As this process 
is based on dry reforming by  CO2, it could lead to a carbon 
recycling system without CCS in the ironmaking process. 
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As an actual example, a recent Korean project proposed an 
application process consisting of capture of  CO2 by  NH3 
absorption and dry reforming of COG without CCS [14].

The NKG process was verified with a 4.0  m3 experimen-
tal blast furnace [15]. Researches on the NKG process pro-
vided informative results on the effect of shaft gas injection 
on lowering in the coke rate through the penetration behavior 
and diffusion of injected gas. Figure 9 shows the effect of 
reducing gas injection on the change in the coke rate by a 
simulation model. As the reducing gas volume increases, the 
direct reduction ratio decreases, and as a result, the coke rate 
decreases remarkably up to 200 kg/t, which is almost equiva-
lent to the minimum coke input for combustion in the race-
way and carbonization. These processes developed in the 
early stage require the gas-reforming process and additional 
energy for reforming, and thus are sensitive to energy prices 
and failed to reach the commercial stage. Nevertheless, the 
analytical results concerning the effect of shaft gas injection 
were very informative for improvement of the blast furnace.

After the global warming issue attracted attention, the 
concept of the top gas recycling through  CO2 capture became 
well known as the concept of the low-carbon blast furnace, 
because top gas recycling drastically decreases the coke rate 
by suppressing the direct reduction without an additional 
gas-reforming system. In particular, top gas recycling with 
nitrogen-free blast furnace is the basic process for lowering 
coke rate, as it leads to a drastic decrease in  CO2 emissions. 
This concept is related with the basic idea of ULCOS-BF 
(ULCOS: Ultra Low  CO2 Steelmaking) [16–19].

These above concepts can be illustrated by Rist diagram 
shown Fig. 10. Control of the reduction equilibrium by 
high reactivity coke can be considered as first approach. 
In this case, the W point in the Rist diagram in Fig. 10 

shifts to the right due to lowering of the thermal reserve 
zone temperature. This implies a reduction of the reduc-
ing agent by maintaining constant shaft efficiency. As 
described above, use of a hot reducing gas injection system 
by reforming oil, COG or natural gas were attempted pre-
viously and in this case, point B in Fig. 10, corresponding 
to the direct reduction ratio, shifts downward as a result of 
an increase in the indirect reduction ratio by gas reduction. 
Top gas recycling based on cold oxygen injection can more 
effectively intensify the indirect reduction through shaft 
gas injection. Although the reducing agent apparently 
increases on a molar basis, a drastic reduction in the coke 
rate is possible. These tendencies can be seen visually in 
Fig. 10. The selection of hot blast or cold oxygen injec-
tion has an influence on the specific oxygen gas volume. 
In the case of cold oxygen injection, point E in Fig. 10 
moves downward due to the smaller sensible heat of cold 
oxygen. Conversely, point E shifts upward in the case of 
reducing gas injection utilizing hot blast. The points E′ 
and Eʺ in Fig. 10 correspond to the respective cases. In all 
cases, point B, corresponding to the direct reduction ratio, 
moves downward from B to B′ or Bʺ. If top gas recycling 
with  CO2 sequestration is applied, top gas without  CO2 
provides the driving force for the downward movement of 
point B, which implies a decrease in the coke rate. Sum-
marizing the above approaches to achieving low-carbon, 
full oxygen injection is more advantageous because vari-
ous injectants such as pulverized coal or natural gas can 
be effectively used up to the limit of combustibility in the 
raceway. Moreover, the nitrogen-free condition kinetically 
accelerates the reduction rate of iron oxide and thereby 
improves productivity. Based on these considerations, the 
desirable process for low carbon is obvious.
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The total concepts for a low-carbon blast furnace can be 
summarized as shown in Fig. 11. Generally speaking, vari-
ous processes can be picked up, but the possibility of each 
process will depend on the local condition of the steel works 
such as energy and resources supplies. On the left side of 
Fig. 11, although the current blast furnace is available, an 
additional production process for DRI or high reactivity coke 
is required. On the contrary, on the right side of Fig. 11, 
more effective decrease in  CO2 emissions is possible, but 
the large-scale modification of blast furnace is inevitable. 
In the steel works where an economically optimized steel 
production system has already been implemented, conver-
sion to low-carbon process is a serious issue, considering the 
competiveness of steel works.

Low‑Carbon Blast Furnace

Research Achievement Related to the Oxygen Blast 
Furnace and Top Gas Recycling

The oxygen blast furnace and top gas recycling are basic 
processes for realizing low-carbon ironmaking. Historically, 
various types of such blast furnaces have been proposed, as 
shown in Fig. 12, including theoretical studies carried out 
around the 1980s [20–25]. Figure 12 shows the differences 
of each process regarding the application of shaft gas injec-
tion or preheated gas injection. Shaft gas injection systems 

by top gas recycling are accompanied  CO2 sequestration 
equipment in order to reproduce the reducing ability of top 
gas. Although these processes undoubtfully achieve drastic 
 CO2 mitigation, the energy balance is a matter of concern 
from the viewpoint of energy consistency in the integrated 
steel works. In this connection, it should be noted that blast 
furnace plays an important role as an energy supplier for 
downstream processes.

As a simple process, preheated gas injection has attracted 
attention [23–25]. Figure 13 shows a comparison of the 
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oxygen blast furnace with preheated gas injection and 
the conventional blast furnace. This process was actually 
verified with an experimental blast furnace by JFE Steel 
(Previously, NKK) [23]. In any case, the nitrogen-free con-
dition resulting from oxygen injection promotes indirect 
reduction, which is similar to the concept of reducing gas 
injection shown in Fig. 8. This kind of oxygen blast furnace 
has several features. First, the oxygen blast furnace can be 
operated with higher productivity because the concentra-
tions of reducing gases such as CO and  H2 increase, and the 
specific bosh gas volume decreases under a nitrogen-free 
condition. The productivity of the oxygen blast furnace is 
approximately two times higher than that of the conven-
tional blast furnace, as the limitations of the ore reduction 
rate and slag flooding are loosened. It has been reported 
that the maximum productivity of 5.1 t/day m3 was actu-
ally achieved in a campaign with an experimental oxygen 
blast furnace [23]. The direct reduction ratio in the oxygen 
blast furnace decreases due to the intensified gas reduction 
under the nitrogen-free condition, leading to a reduction of 
the solution loss reaction. Owing to the high combustion 
capability in the raceway of the oxygen blast furnace, a large 
quantity of injectants can be blown into the tuyeres, and 
diversified injectants can be used. At present, in addition 
to pulverized coal, intensified natural gas injection is con-
sidered to be suitable for the oxygen blast furnace since the 
decomposition heat of natural gas can be utilized to control 
the flame temperature. Use of hydrogen-rich injectants such 
as natural gas also helps to decrease  CO2 emissions from the 
steel works. Moreover, the oxygen blast furnace can produce 
top gas with a higher calorific value than that of the conven-
tional blast furnace. In the examples shown in Fig. 13, the 
calorific values of the BFG produced by the conventional 
blast furnace and the oxygen blast furnace are 3.0 MJ/Nm3 
and 6.4 MJ/Nm3, respectively [26]. The high-calorific top 

gas can be utilized effectively in other processes such as the 
power plant or as chemical resources.

The typical top gas recycling was developed as ULCOS-
BF in ULCOS project [16–19], and its validity was con-
firmed at the LKAB experimental blast furnace (working 
volume: 8.2  m3) in Lureå. In this process, reducing gas 
derived from the top gas is recycled after  CO2 removal by 
VPSA and reheating. Three different versions can be con-
sidered, as shown in Fig. 14 [17–19]. In versions 1 and 4, 
reducing gas from the top gas is injected into the lower 
shaft. Three campaigns were successfully carried out at 
the LKAB experimental blast furnace. The coke and coal 
saving effects by reducing gas injection obtained in these 
campaigns are illustrated in Fig. 15, showing that the carbon 
saving depends on the recycled gas volume in each version. 
According to the results with the experimental blast furnace, 
carbon saving reached about 25% at the recycled gas injec-
tion of 700  Nm3/thm, which means 120 kg/thm reduction in 
carbon input compared with the reference operation [17, 19].
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In the next stage, the deployment of ULCOS-BF was 
planned at the two sites in Florange in France and Germany. 
However, the next step of ULCOS-BF project was canceled 
for economic reason. Financial support is required in order 
to out this project on hold, and the future effect on the com-
petitiveness of steel works with new processes should be 
deeply considered.

Improvement to the Advanced Oxygen Blast 
Furnace

Although top gas recycling has several advantages, it is 
necessary to use a large amount of shaft gas and co-injec-
tion of tuyere gas with pulverized coal and oxygen. Since 
a  CO2 sequestration system will presumably require more 
sophisticated engineering techniques, it might be relatively 
complicated to construct the total process. Therefore, as a 
slightly simplified process, an advanced oxygen blast fur-
nace design is proposed [26–28]. The advanced oxygen blast 
furnace is equipped with only preheating gas injection and 
co-injection of pulverized coal and natural gas. In particu-
lar, an advanced oxygen blast furnace is characterized by 
a downsized inner volume thanks to high productivity of 
oxygen blast furnace, as shown in Fig. 16. As mentioned 
above, the productivity of oxygen blast furnace is double 
that of the conventional blast furnace, and this high produc-
tivity makes it possible to reduce the furnace inner volume 
in comparison with a conventional blast furnace at the same 
pig iron output. Because the smaller inner volume of the 
advanced oxygen blast furnace reduces the load of burden 
materials from the upper furnace, it is also possible to relax 
burden property requirements related to physical strength, 
i.e., the strength of the sintered ore and coke, and the use of 
low-quality burden materials also enhances the economic 
advantage of the oxygen blast furnace. According to Taka-
hashi [26], the maximum compressive stress on the burden is 
approximately 20–30% smaller than in the conventional blast 

furnace. This stress reduction means that the restriction of 
the burden physical properties can be relaxed, and low-grade 
burden can be used. In addition to the economic benefits 
associated with the use of low-quality burden materials, the 
relaxation of the burden strength requirements in the oxygen 
blast furnace will also lead to substantial energy savings in 
the sintering and coking processes.

Moreover, owing to a large amount of natural gas injec-
tion, the direct reduction ratio is minimized to the limit, and 
the solution loss reaction also becomes extremely small. Fig-
ure 16 shows the total characteristics of the advanced oxygen 
blast furnace. The distribution of the reduction steps in the 
blast furnace is shown in Fig. 17 [27, 28]. The hatched area 
including the “Base” case corresponds to the conventional 
blast furnace condition. Although direct reduction with a 
low coke rate can be controlled by injectants, the region 
for the conventional blast furnace is somewhat limited, as 
shown in Fig. 17, and the change of the reduction step is 
stagnant because the hot blast contains nitrogen. With inten-
sified top gas recycling, the operating point corresponding to 
the reduction distribution moves upward, namely, in parallel 
with the increase in CO gas reduction, and direct reduction 
decreases to around 15% at a top gas recycling ratio of about 
90%. In other words, CO gas reduction just replaces direct 
reduction. On the other hand, in the advanced oxygen blast 
furnace with natural gas injection, this point moves to the 
right. Unlike the top gas recycling process, hydrogen reduc-
tion replaces direct reduction in the process with natural gas 
injection. At 150 kg/thm injection rate of natural gas, the 
direct reduction ratio closely approaches 0%, while the CO 
gas reduction ratio remains almost constant [27, 28]. In this 
critical point, it is expected to suppress degradation of the 
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coke particles in the lower part of the blast furnace due to the 
decrease in the solution loss reaction. Intensified hydrogen 
reduction accelerates the reduction rate and improves the 
permeability of the cohesive zone.

Evaluation on  CO2 Mitigation by Top Gas Recycling 
and Advanced Oxygen Blast Furnace

Figure 18 shows the relationship between the energy sup-
ply to downstream processes and the  CO2 emission ratio 
[27, 28]. These results were calculated by the material and 
heat balance model of the integrated steel works. The model 
elements consist of the sintering machine, coke oven, and 
blast furnace, and also include the power plant and oxygen 
plant. In addition to these, various other equipment facili-
ties such as blowers for the blast furnace are also included 
in this model. The model of the blast furnace is based on 
Rist diagram.

As is obvious from Fig. 18, in the case of top gas recy-
cling, the carbon input has a close relationship with surplus 
energy. In the top gas recycling process, a reduction of car-
bon input is achieved at the cost of the energy supply to 
downstream processes. In contrast to this, in the advanced 
oxygen blast furnace as represented by the hatched area 
in Fig. 18, the carbon input tends to decrease even though 
the energy supply to downstream processes increases. This 
implies that carbon-based reduction is gradually replaced 
by hydrogen reduction. Thus, the compatibility between the 
decreased carbon input and surplus energy supply is satisfied 
in the case of the advanced oxygen blast furnace.

In the top gas recycling process, it is estimated that the 
limit of top gas recycling is substantially equal to a 20% 
reduction in the  CO2 emission ratio. However, under this 
condition, the energy supply to downstream processes 
approaches to 0 GJ/thm. The critical point in top gas recy-
cling is actually determined by the relationship between 

carbon input reduction and energy makeup for the down-
stream processes by securing additional external energy 
sources. This implies that application of top gas recycling 
will be limited to certain steel works which have small-scale 
downstream processes. In the integrated steel works with 
large downstream processes, top gas recycling is not a suit-
able approach. Figure 18 also shows the  CO2 emissions ratio 
corresponding to the case with CCS. Although a remarkable 
decrease in  CO2 emissions can be expected, CCS requires 
additional energy and costs. Thus, the technological applica-
bility and economic efficiency of CCS must be solved from 
the global viewpoint. Both  CO2 mitigation and a sufficient 
energy supply can be achieved with the advanced oxygen 
blast furnace in the right part of Fig. 18. As is obvious from 
Fig. 18, the conventional approach to intensification of the 
energy supply means an increase in carbon input. However, 
in the advanced oxygen blast furnace,  CO2 mitigation is 
satisfied by energy conversion to a hydrogen-rich injectant, 
and the  CO2 mitigation ratio reaches a reduction of about 
10% in comparison with the conventional blast furnace. The 
optimal point for  CO2 mitigation and energy use will depend 
selectively on the situation of the actual steel works. Excess 
gas including hydrogen can be utilized as available energy 
for producing electricity at an outside power plant or as a 
chemical resource.

In summary, various processes such as top gas recycling 
and the oxygen blast furnace can be proposed for mitigating 
 CO2 emissions, but the achievable range by those blast fur-
nace arrangements is estimated to be 10–15%  CO2 reduction 
in the integrated steel works so long as ironmaking process 
depends on carbon. Although CCS is frequently mentioned 
as end of pipe, CCS technologies require a large amount 
of investment and include many uncertainties in technol-
ogy and environmental issues, which still remain to be 
confirmed. Moreover, these efforts will be accompanied by 
increased production cost resulting from capital expenditure 
and operating expense of CCS.

Perspective on Long‑Term Goal

Road Map to 2050 by EUROFER

As described in the Introduction, the long-term goal in 2050 
is equivalent to an 80% reduction in  CO2. It is not certain 
whether the target will be attained by the deployment of 
the present and growing technology in the future. In 2013, 
EUROFER (The European Steel Association) proposed 
a report titled “A Steel Roadmap for Low Carbon Europe 
2050” [29, 30]. This review provides a realistic technical 
view of the  CO2 mitigation potential, examining which 
reduction technologies will be available by 2050 and how 
much impact they can have between now and 2050. It also 
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examines the economic dimension and how far such con-
siderations will affect decisions on investment in emission-
reducing technologies. Although this review focuses on the 
situation of European steel industry, various aspects are 
applicable and helpful for examining other steel industries 
in mature countries.

The roadmap was prepared by the EUROFER Low Car-
bon Steel Roadmap Working Group in collaboration with 
Steel Institute VDEh and BCG (Boston Consulting Group). 
In the roadmap, several cases were proposed, including 
incremental technology development, conversion to DRI-
EAF and introduction of top gas recycling with CCS. Then, 

the effect of  CO2 mitigation and the cost sensitivity in each 
scenario were quantified for long-term goal in 2050. These 
forecasts on the  CO2 emissions trajectory up to 2050 are 
shown in Fig. 19, and the technologies included in these 
scenarios are shown Fig. 20.

According to the roadmap as shown in Figs. 19 and 20, 
at best, the implementation of cost-effective  CO2 mitigation 
technologies could decrease the  CO2 intensity of the steel 
sector by 15% in 2050 compared to 2010. The conversion 
of BF-BOF to DRI-EAF makes it possible to decrease  CO2 
emissions to 40%, and application of BF-TGR in combina-
tion with CCS enlarges  CO2 mitigation to 56% based on 
2010. However, in order to realize the technologies achiev-
ing mitigation beyond the 15% level, it would be necessary 
to resort to yet unproven technologies in combination with 
CCS, hence involving huge investment in infrastructure and 
higher operating costs. In the roadmap, the production costs 
resulting from introduction of DRI-EAF and CCS were cal-
culated on the basis of CAPEX (Capital Expenditure) and 
OPEX (Operating Expense), and they showed an unfavora-
ble economic situation, even if such a scenario would lead 
to a reduction of absolute  CO2 emissions of ca. 60% in 2050 
compared to 1990. The abatement cost for  CO2 for the same 
investment cycle would have to range between €260 and 
€700 per ton of  CO2, depending on the input-factor price 
increase (and also excluding decommissioning costs).
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According to the road map suggested by EUROFER, pub-
lic funds will be indispensable, as potential breakthrough 
technologies will involve huge investments and high finan-
cial risks. Moreover, their keen concerns are unfair social 
system in steel production; that is, if competing regions 
do not be submit to such constraints, the uptake of “break-
through” technologies by the EU steel industry will not be 
affordable.

Discrepancy Between Goal and Reality

The roadmap of EUROFER shows the possible range with 
the current technology and the aspects related to break-
through technology on the basis of forecast. On the other 
hand, Paris Agreement shows the ideal goal for prevention 
of global warming. Comparing the two approaches, we can 
actually see the discrepancy between goal in 2050 and real-
ity from the technology viewpoints. These situations can be 
illustrated as Fig. 21. Summarizing the analysis of the top 
gas recycling and oxygen blast furnace, the actual range on 
 CO2 intensity reduction is located within 10–15%. Even in 
the Roadmap of EUROFER, the cost-effective improvement 
of  CO2 intensity is estimated to be at most 15%.

Going beyond this level of reduction would require resort-
ing to yet unproven technologies in combination with CCS, 
and would involve a huge investment in infrastructure and 
higher operating costs. Although such a scenario would lead 
to a reduction of ca. 60% in absolute  CO2 emissions in 2050 
compared to 1990, it would be accompanied by increased 
production cost. Climate change is a global issue which 
requires a global response. In an ever increasing globalized 
economy, this should be achieved through the enforcement 
of a comprehensive international agreement. In addition to 
global social system, from the technological viewpoint, more 
innovative approaches are desired in the steel industry in 
order to bridge the gap between the goal and reality.

Alternative Approach to Long‑Term Goal 
by CO2 Capture and Utilization

In order to restrict global warming to not more than 2 °C, 
more efforts will be needed. It is uncertain that the modified 
ironmaking based on blast furnace can reach the long-term 
goal. To go beyond the present level, alternative approaches 
to solve such constrains have emerged recently, mainly in 
Europe.

Thyssenkrupp initiated “Carbon2Chem” project, the aim 
of which is to convert the off-gases from steel works includ-
ing  CO2 into chemical products [31–35]. Chemical products 
mean methanol,  NH3, synthetic fuel, and others, as shown 
in Fig. 22. The energy required for the conversion process 
is to come from renewable sources. At present, gases from 
steel production are burnt to produce electricity and heat 
for the production process. In contrast, Carbon2Chem puts 
the gases at the start of a chemical production chain. This 
is possible because steel mill gases include hydrogen, nitro-
gen, and carbon, which are the basic elements for numer-
ous chemical products.  CO2 can be used as a raw material 
by splitting its molecules. This requires hydrogen, which 
in part is already present in the steel mill gases. Additional 
hydrogen is to be produced by using renewable energies. 
The processes in the steel mill will be modified in such a 
way that parts of the process gases are diverted to chemical 
production when  CO2-free and low cost electricity is avail-
able from renewable sources.

This project has a relationship with Power to Gas [36], 
which implies the production of green hydrogen from 
renewable energy. Since Carbon2Chem requires addi-
tional hydrogen to chemical reaction,  CO2-free hydrogen 
obtained through electrolysis of water is favorably supplied 
through the hydrogen supply chain designed by Power to 
Gas as shown in Fig. 23. Thyssenkrupp emphasizes that Car-
bon2Chem is characterized by a broad new concept; “Cross-
industrial network” or “Integrated  CO2 capture”. They say 
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that it creates a new concept by creating a network of steel 
production, electricity generation, and chemical production.

Carbon2Chem’s technological prospects are evaluated to 
be hopeful because the basic chemical processes and the 
required technologies are largely known. It is already tech-
nically possible to convert process gases from steel produc-
tion into ammonia as a starting product for fertilizers. The 
process would also utilize some part of the  CO2 contained in 
the steel mill gases. Another possibility would be to produce 
methanol from mill gases, a process which would utilize 
almost all the  CO2 they contain.

Germany’s minister of education and research announced 
funding of more than €60 million for the first stage of the 
Carbon2Chem project at the kick-off meeting in 2016. 
A consortium of 16 partners from the areas of basic and 
applied research and various sectors of industry are involved 
in the project. ThyssenKrupp, the Max Planck Institute, 
Fraunhofer, chemical companies, and universities which are 
noted for chemical energy conversion, will carry out pre-
paratory planning and the scientific work. It is reported that 
at least ten years of development work will be needed before 
the process is ready for industrial-scale use. A technical 
center will be built on the premises of Thyssenkrupp Steel 
Europe in Duisburg to test the Carbon2Chem processes on 
a pilot scale once the first phase of the project is complete.

As another CCU approach, conversion of the off-gas from 
steel mill to alcohol by gas fermentation process is proposed 
[37–42]. At its core, the Chicago-based company, Lanza-
Tech, provided the original gas fermentation technology 
which uses carbon-containing gases as both a nutrient and 
energy source for microorganisms that, in turn, produce fuels 

and chemicals as shown in Fig. 24. In the LanzaTech pro-
cess, off-gas from a steel mill is introduced into the bottom 
of a bioreactor vessel, and fermentation proceeds in a liq-
uid medium where the microbes grow and produce specific 
products. These naturally occurring microbes are entirely 
contained in the bioreactor and have no direct interaction 
with the outside environment. These particular microorgan-
isms are very tolerant of gas contaminants, removing the 
need for expensive scrubbing technology. Microbial fermen-
tation of carbon- and hydrogen-rich off-gases, such as COG, 
BFG, and BOFG to produce ethanol or other basic chemi-
cals, substantially mitigates  CO2 emissions. In the steel 
industry, carbon is used primarily as a chemical reactant 
to reduce iron oxide to metallic iron. This is an important 
distinction from the typical industrial use of carbon as a fuel.

Fig. 23  Concept of Power to Gas [36] (Color figure online)

Fig. 24  LanzaTech process by fermentation of various off-gases from 
industry [41] (Color figure online)
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The first test plant was built in BlueScope Steel in New 
Zealand in 2008. Subsequently, Baosteel built a demon-
stration plant in Shanghai, and Shougang Steel group con-
structed a similar-scale demonstration plant. The demon-
stration facility in Baosteel has been operational since 2012 
and successfully running at an annualized rate of 100,000 
gallons of ethanol. The low-temperature, low-pressure gas 
fermentation route benefits from tolerance to a wide vari-
ety of impurities and pollutants, eliminating the need for 
extensive gas clean-up or conditioning. The microbes used 
in the gas fermentation process convert carbon to ethanol at 
very high selectivity compared to the conventional chemical 
synthesis routes. In 2018, the Shougang Steel group have 
announced the start-up of the commercial facility with a 
capacity of 54 million l/y at the Jingtang Steel Mill, in which 
BOFGs are converted to ethanol. In Europe, ArcelorMittal 
in collaboration with Primetals has begun construction of a 
new plant at its site in Ghent, Belgium, to house a pioneering 
new installation which will convert carbon-containing gas 
from steel mills in Ghent steel works into bioethanol. This 
project is called “Steelanol” [37, 42]. Annual production of 
ethanol at Ghent is expected to reach around 21 million gal/y 
(80 million l/y). Funding was obtained from various sources, 
including the European Union’s Horizon 2020 program, to 
carry out further research and development and scale up 
the project.

“Carbon2Chem” and gas fermentations such as “Stee-
lanol” open up a long-term vision of integrated steel and 
chemical complexes, where all gas streams can be efficiently 
utilized to create products and maximize value. This will 
create a relationship between the steel and chemical indus-
tries similar to that between oil refining and chemicals today, 
where steelmakers are an upstream feedstock and utilities are 
suppliers to chemical manufacturers.

Hydrogen‑Based Ironmaking Toward Carbon 
Direct Avoidance

HYBRIT Process

Hydrogen-based ironmaking implies to replace the blast fur-
naces with an alternative process, using  CO2-free hydrogen 
produced from “clean” electricity derived from renewable 
energy. SSAB, LKAB, and Vattenfall announced the launch 
of a project that can solve the steel industry’s carbon diox-
ide challenge—HYBRIT (Hydrogen Breakthrough Iron-
making Technology) [43–45]. HYBRIT is a joint venture 
between SSAB, LKAB, and Vattenfall, aiming to replace 
coal with hydrogen in the steelmaking process and to reduce 
 CO2 emissions from ironmaking to zero by eliminating the 
need to use fossil fuel for iron ore reduction. In HYBRIT, 
iron metal is produced by using hydrogen gas as the main 

reductant. The concept of HYBRIT is shown in Fig. 25. 
The production route is similar to DRI shaft furnace pro-
cesses, except for the  CO2 emissions: In the HYBRIT pro-
cess, hydrogen reacts with iron oxides to form water instead 
of  CO2. Hydrogen gas is produced by electrolysis of water 
using fossil-free electricity. The fossil fuel in ore process-
ing will be eliminated with the increased level of energy 
efficiency and by switching to carbon neutral energy. The 
EAF process is used for heating and melting to produce 
molten steel from charged materials by means of electric 
current derived from renewable energy. The use of EAF 
allows steel to be made from up to 100% scrap metal, or as 
in the HYBRIT concept, from a mix of direct reduced iron 
and scrap. Similar to the reference process, the liquid steel 
is tapped into a ladle where its final chemical composition 
and the temperature of the steel are adjusted, and is then cast 
into crude steel slabs in the continuous caster.

A pre-feasibility study, conducted 2016–2017, gave 
the positive aspects for the next phase of HYBRIT. The 
pre-feasibility study considers that fossil-free steel will in 
future be able to compete in the market with traditional steel 
thorough the European Union Emissions Trading System 
(EUETS). It is reported that 2018 is used for planning and 
designing the construction of a globally unique pilot plant 
for fossil-free steel production in Luleå and in the Norrbot-
ten iron ore fields, 250 km north west of Luleå. The pilot 
phase is planned to last until 2024, after which that project 
will advance to the demonstration phase in 2025–2035. The 
Swedish Energy Agency contributed to the feasibility study 
and research project. If conditions allow, construction of 
the commercial plant will be carried out by 2040. Sweden 
has set a national target to reach zero net emissions of  CO2 
by the year 2045, defining the future pathway for the coun-
try’s steel industry. From these backgrounds, it is hoped 
that HYBRIT will be a significant part of the road toward 
SSAB’s goal of being fossil-free by 2045.

H2FUTURE Project and SALCOS

H2FUTURE is also a hydrogen-based ironmaking project 
which utilizes  CO2-free hydrogen by electricity from renew-
able energy sources [46–48]. This project is being promoted 
by Voestalpine, Siemens, and VERBUND. Siemens is a 
key technology supplier for the proton exchange membrane 
(PEM) electrolyzer, and VERBUND, the project coordina-
tor, will provide electricity from renewable energy sources 
and is responsible for the development of grid-relevant ser-
vices. Other partners in the project are the research insti-
tute, Energy Research Centre of the Netherlands (ECN) in 
the Netherlands, and K1MET in Austria. The concept of 
H2FUTURE is shown in Fig. 26. A large-scale 6 MW PEM 
electrolysis system provided by Siemens will be installed 
and operated at the Voestalpine Linz steel plant in Austria. 
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The reduction process is based on existing shaft furnace such 
as MIDREX. The H2FUTURE project has started on Janu-
ary 1, 2017 and has a duration of 4.5 years. The Fuel Cells 
and Hydrogen Joint Undertaking (FCH JU) of the European 
Commission provides funding of this project.

The large PEM electrolysis device supplied from Sie-
mens, with a power consumption of 6 MW, will use renew-
able energy sources to produce hydrogen, and this project is 
expected to provide valuable insights into the use of renew-
able energy resources to produce hydrogen- and carbon-
free steel production process. The project will be one of 
the ambitious researches on “breakthrough technologies” in 
order to fulfill long-term global climate protection targets.

SALCOS (Salzgitter Low CO2 Steelmaking) pro-
ject initiated by Salzgitter group and the VTT Techni-
cal Research Center of Finland [49, 50]. This project is 
associated with GrInHy (Green Industrial Hydrogen via 
reversible high-temperature electrolysis) project, which 
focuses on producing hydrogen by  CO2-free renewable 

energy [50]. The concept of reduction process of iron 
oxide as shown in Fig. 27 is similar to other hydrogen-
based ironmaking process. However, it is characterized 
by high-temperature electrolysis through a solid oxide cell 
provided from Sunfire GmbH in GrInHY project. There-
fore, the system has reversibility by producing hydrogen 
from steam and electricity in the solid oxide electroly-
sis cell (SOEC) mode and generating electricity and heat 
using either hydrogen or natural gas as fuels in solid oxide 
fuel cell (SOFC) mode. During electrolysis operation with 
the highest electrical efficiency levels, the technology con-
verts industrially generated steam from waste heat into 
hydrogen; in the reverse case of fuel cell operation, it pro-
duces electricity and heat from hydrogen or natural gas. 
The adjunct project GrInHy has received funding from the 
Fuel Cells and Hydrogen 2 Joint Undertaking and support 
from the European Union’s Horizon 2020 research and 
innovation program.

Fig. 25  Concept of HYBRIT process [45] (Color figure online)
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Fig. 26  H2FUTURE project as a hydrogen-based ironmaking [48] (Color figure online)

Fig. 27  Concept of SALCOS [49] (Color figure online)
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Concluding Remarks

The steel industry is a key sector in every country, and steel 
is regarded as a growing market in the world. The steel 
industry has already contributed to the creation of envi-
ronmental-friendly society by providing high-quality steel 
and making efforts to develop carbon-lean processes. Until 
now, a number of studies and research projects have already 
examined approaches for further improving energy efficiency 
and reducing  CO2 emissions in the sector. However, based 
on current climate change forecast, it is predicted that the 
steel industry will face greater challenges which cannot be 
solved with the past incremental technologies in the future. 
In response to the Paris Agreement, the pathway to the long-
term goal for  CO2 mitigation in 2050 is a crucial issue in the 
steel industry. As described in previous chapters, the steel 
industry has pursued various technology developments in 
the ironmaking process, but only progressive technologies 
will not reach the target for 2050. Although modifications of 
blast furnace such as top gas recycling can realize a certain 
improvement in  CO2 mitigation, more innovative technol-
ogy will be required in the future to achieve the long-term 
goal. The steel industry must step up toward the long-term 

goal. Figure 28 shows the past transition and the future 
perspective in blast furnace process. As shown in Fig. 28, 
the directions toward long-term goal will be diversified. In 
addition to modification of blast furnace from conventional 
blast furnace to top gas recycling, new paradigms such as 
CCU- and hydrogen-based ironmaking based on  CO2-free 
renewable energy are being pursued. On the other hand, this 
direction will be more costly than the existing ironmaking 
plants. Thus, a more comprehensive social system to support 
clean steel production will be required. Climate change is a 
global issue which requires a global response and responsi-
bility. There still exist many subjects to be considered. The 
optimal solutions cannot be seen, and the discussions to find 
a better pathway to attain the long-term goal has just started. 
In order to search for the promising directions, this review 
has summarized the past development to date and the ambi-
tious researches based on the suggestive projects in the new 
framework.
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