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Abstract

Against the backdrop of global climate warming and energy shortages, China proposed
the “dual-carbon strategy” in 2020 to address climate change and promote ecological
civilization. As a high-carbon emission industry, the iron and steel sector faces an urgent
need to accelerate low-carbon transformation. In 2024, China’s crude steel production
accounted for over 50% of the total global crude steel production, with the blast furnace–
basic oxygen furnace route remaining the dominant process. As a natural iron-bearing raw
material, lump ore features high iron grade and low cost, eliminating the requirements of
high-temperature processing steps such as sintering or pelletizing. Therefore, increasing
the proportion of lump ore in the blast furnace burden represents an effective approach to
achieving energy conservation and emission reduction. However, constrained by technical
constraints, the current utilization rate of natural lump ore in Chinese steel enterprises
remains generally low. Research indicates that despite their higher iron content, lump
ores exhibit deficiencies in metallurgical properties such as thermal shock resistance and
softening–melting drip characteristics, limiting their large-scale application. Therefore, it
is typically necessary to perform pre-treatment such as preheating before charging into
the furnace. In actual blast furnace burden design, it is essential to balance metallurgical
performance and economic considerations by appropriately combining lump ore with
high-basicity sinter and pellets. This approach leverages high-temperature interactions
among the burden materials to optimize the overall softening and melting behavior of the
mixed charge, thereby ensuring smooth furnace operation while simultaneously advancing
the low-carbon transition of the iron and steel industry.

Keywords: natural lump ore; low-carbon metallurgy; metallurgical properties; blast fur-
nace smelting

1. Introduction
In recent years, global warming and the substantial reduction of energy resources have

increased the environmental pressure faced by countries around the world. To achieve
the goal of energy conservation and carbon reduction, countries have successively put
forward multi-faceted policy requirements and technological innovations. The UN Glasgow
Climate Conference was held in 2021 [1]. The Paris Rulebook of the Paris Agreement
places emphasis on building resilience and adapting to the impacts of climate change;
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The twenty-eighth United Nations Climate Change Conference reached an agreement on
reducing the use of fossil fuels [2]; in 2020, China proposed the “dual-carbon strategy” of
achieving “carbon peak” by 2030 and “carbon neutrality” by 2060 [3]. On 20 March 2025,
steel was included in the management of the national carbon emission trading market [4].
Figure 1 illustrates the distribution of global crude steel production in 2024, with China
accounting for over 50% of the total output. Figure 2 presents China’s annual crude steel
production, iron ore imports, and CO2 emissions from 2015 to 2024. Since 2020, when
crude steel output first exceeded 1 billion tons, annual production has remained above
this threshold every year. It can be observed that China’s crude steel production increased
continuously from 2016 to 2020, reaching a peak of 1.065 billion tons in 2020. During
this period, the growth of steel output was supported by both imported iron ore and
expanded domestic iron ore production, rather than depending entirely on imports. The
CO2 emissions remained at a high level without an obvious decline, which was mainly
attributed to the continuous expansion of steel production and the inherent characteristics
of the blast furnace ironmaking process. As a typical high-carbon-emission industry, the
active development and application of green metallurgy technologies have become an
urgent task for steel enterprises across the globe.

Figure 1. Global Distribution of Crude Steel Production in 2025. Data reprinted from Ref. [5].

 

Figure 2. Trends in Crude Steel Production, Iron Ore Imports, and CO2 Emissions in China (2016–
2025). Data reprinted from Refs. [6–8].
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In 2008, Japan proposed the “CO2 Ultimate Reduction in Steelmaking Process by
Innovative Technology for Cool Earth 50” program (COURSE50), which achieved signifi-
cant results through the application of hydrogen-enriched reduction technology in blast
furnaces, reducing carbon emissions by 30% compared to previous levels [9]; in 2015, to
comply with the Paris Agreement and reduce greenhouse gas emissions, ThyssenKrupp
proposed the Carbon to Chemistry project (Carbon2Chem®), which involves recycling
tail gas from steel plants and chemically converting them into raw materials for chemical
products. This initiative enables the integration of steel, chemical, and energy sectors
for the first time, thereby reducing CO2 emissions by approximately 100 kg per ton of
steel [10,11]. In 2016, SSAB, LKAB, and Vattenfall collaborated to propose the Hydro-
gen Breakthrough Ironmaking Technology project (HYBRIT). The project developed a
hydrogen-based sponge iron production process powered by fossil-free electricity, aiming
to achieve the pre-treatment stage of steel production with drastically reduced or even
zero fossil fuel use, featuring low energy consumption and zero carbon emissions [12,13];
the Oxygen-Blown Furnace (OBF) process, proposed in the 1970s, differs from traditional
blast furnaces in its adoption of high oxygen-enriched injection or all-oxygen injection (i.e.,
φ(O2) ≥ 40%). This process is characterized by improving the combustion efficiency of coal
powder significantly, increasing the volume fraction of reductants to boost productivity,
and generating less CO2 that can be easily separated and captured by N2 [14–16].

Currently, China’s steel production process is still dominated by the blast furnace-
converter long process, which will remain dominant in China for decades to come due to its
economic, efficient and convenient advantages [17,18]. The burden structure is composed of
high-basicity sinter, acidic pellet, and a small amount of natural lump ore [19]. As Figure 3
shows, in the production of one ton of steel, the carbon emissions from the sintering process
are 0.265 tons per ton (t/t), accounting for 8.543% of the entire long process; the carbon
emissions from the pelletizing process are 0.034 t/t, accounting for 1.096% [20]. As a natural
raw material, lump ore offers advantages of low cost and high iron grade. Compared with
sinter and pellets, lump ore is a raw material that can be charged directly into the furnace
without undergoing complex high-temperature processes such as sintering or pelletizing.
This characteristic results in lower energy consumption and significantly reduces carbon
emissions [21–26]. In summary, increasing the proportion of lump ore charged into the
furnace can reduce smelting costs and improve the economic benefits of steel enterprises.
Furthermore, it serves as an important approach for steel enterprises to reduce carbon
emissions, which is in line with the requirements of China’s “dual-carbon strategy”.

The lump ore, along with sinter and pellets, serves as blast furnace burden. As raw
ore, compared with sinter and pellets, it has metallurgical property drawbacks such as a
higher thermal disintegration index, lower softening temperature, and a wider softening
temperature range; in terms of thermal disintegration, when the temperature rises, the ore
disintegrates due to the volatilization of the crystalline water because of its high content in
the lump ore. This results in a large amount of powder that affects the permeability of the
blast furnace. There is a certain relationship between the total volume of pore space and
the porosity of the lump ore. The smaller the average pore diameter, the more serious the
thermal disintegration [27,28]. Meanwhile, lump ore has a lower softening temperature and
a wider softening range, which further deteriorates the permeability of the blast furnace,
leading to an increase in the furnace fuel ratio and emissions, and affecting the smooth
operation of the blast furnace [29–33].

This work seeks to enhance the proportion of lump ore in blast furnace burden by
optimizing its metallurgical performance, thereby achieving carbon emission reduction
while maintaining stable blast furnace operation.
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Figure 3. Carbon Emissions of Blast Furnace-Converter Long Process in Iron and Steel Enterprises.
Reprinted from Ref. [20].

2. Overview and Current Application Status of Lump Ore for
Blast Furnaces
2.1. Overview of Lump Ores for Blast Furnaces

In a broad sense, iron ore refers to substances from which metallic iron or various metal
compounds can be extracted through specific technological means, essentially serving
as a general term for all ores containing iron element. According to their properties,
they can be classified into hematite, magnetite, limonite, and siderite. Hematite has low
sulfur (S) and phosphorus (P) contents, and its internal structure features numerous pores,
making it prone to fragmentation; in contrast, limonite and magnetite have higher S and
P contents [34]. However, due to the low charging proportion of lump ore, its impact on
the overall furnace condition is relatively minor [35]. Iron ores exhibit diverse external
forms, including powdery, lumpy, and irregular shapes, primarily obtained through direct
mining. Lump ore specifically refers to ores with a blocky morphology and a particle size
greater than 6 mm, typically subjected to simple screening or crushing to achieve relatively
uniform granularity, allowing it to be charged directly into the furnace. In terms of iron
grade, lump ore denotes high-grade naturally rich ores: hematite (Fe2O3) contains 69% iron,
magnetite (Fe3O4) about 72%, limonite (FeO(OH)·nH2O) about 60%, and siderite (FeCO3)
48% [36].

As a crucial raw material for ironmaking, natural lump ore remains indispensable,
whether it is charged directly into the furnace or agglomerated artificially via sintering and
pelletizing processes. Currently, the most widely used lump ores globally consist primarily
of PB Lump, Newman Lump, South African Lump and FMG Lump.

Pilbara Mixed Lump (PB Lump) is characterized by good reducibility and moderate
thermal strength; it serves as an essential raw material for blast furnace ironmaking. In
terms of metallurgical properties, the decrepitation performance of PB Lump is 15.3% [37],
a reducibility of 81.35%, a low-temperature reduction strength index (RDI+6.30) of 79.65,
and a softening start temperature of 885 ◦C (below 1000 ◦C). Its softening–melting range
spans from 885 ◦C to 1462 ◦C. During the ironmaking process, it is commonly charged into
the furnace in conjunction with sinter and pellets. Owing to its high iron grade and stable
quality, it is highly favored by major steel-producing nations such as China, Japan, and
South Korea.

Newman Blend Lump is characterized by high iron grade, low levels of harmful
elements, and excellent thermal spalling performance [38]. Newman Blend Lump has an
iron grade of approximately 62.5% [39]. Due to its hematite composition, the ore features
a compact structure with low porosity, resulting in poor reducibility. Compared with PB
Lump, Newman Blend Lump has a lower thermal spalling index (DI−6.30). In terms

https://doi.org/10.3390/met16050542

https://doi.org/10.3390/met16050542


Metals 2026, 16, 542 5 of 18

of softening–melting dripping performance, Newman Blend Lump has a softening start
temperature of 927 ◦C and a dripping temperature of 1522 ◦C, indicating poor dripping
properties. Therefore, it is mixed with other lump ores during charging to improve blast
furnace permeability, reduce costs, and enhance efficiency [40–42].

South African Lump has a relatively high iron grade. However, compared with lower-
grade lumpy ores such as Newman Lump, it contains higher levels of harmful elements.
Its silicon (Si) content exceeds 5%, and it also has relatively high potassium (K) and sodium
(Na) levels, which can potentially reduce the service life of blast furnaces. However, South
African lump ore exhibits excellent thermal shock resistance. The content of fine particles
smaller than 6.30 mm is approximately 1.3%. Its initial softening temperature is 887 ◦C,
and the dripping temperature is 1401 ◦C [43].

FMG Lump Ore, whose iron grade is approximately 57%, has low contents of harmful
elements such as sulfur and phosphorus and moderate particle size, so that it can be
directly charged into the blast furnace for smelting. During blast furnace smelting, it
exhibits excellent gas permeability and reducibility, making it frequently used in blast
furnace ironmaking. However, being limonite, FMG lump ore has a high content of crystal
water and significant sintering loss. It is prone to pulverization in the blast furnace, with a
low-temperature reduction degradation index (RDI+6.30) of approximately 76.3% and a
thermal shock degradation index (DL-6.30) of about 10.0%. Its initial softening temperature
is 1041 ◦C, and its final softening temperature is 1156 ◦C. In practical production, FMG
ore is often charged into the blast furnace together with Newman lump ore, sinter, and
pellets. Some also improve its thermal shock resistance through roasting treatment, which
increases the proportion of lump ore charged into the furnace, achieving the effects of cost
reduction, efficiency improvement, and low-carbon emission reduction [44].

2.2. Current Status of Blast Furnace Applications

In recent years, with the continuous advancement of the “dual-carbon” strategic
goals, Chinese steel enterprises have faced unprecedented pressure to reduce emissions,
making it increasingly urgent to achieve low-carbon transformation through optimizing
the burden structure. This optimization is not only an effective method for reducing energy
consumption and carbon emissions in steel production but also one of the core pathways for
steel enterprises to enhance competitiveness and achieve green, sustainable development
under the new development pattern, as well. This holds great significance in promoting
the transformation and high-quality development of the entire steel industry.

In 2019, Hanbao Iron aimed to reduce pellet purchases and production costs. Sub-
sequently, the proportion of lump ore usage was increased from below 10% to 21.5% by
using Australian ore and Newman ore and adopting reasonable burden distribution and
blast systems, which ensure stable operation of the blast furnace [45]. In 2024, Hanbao
Iron reduced costs further by blending low-cost ores into the burden of the No. 1 blast
furnace. After optimization, the burden structure has been transformed from the previous
75% sinter ore + 20% raw lump ore + 5% pellets to a new stable structure featuring 80%
sinter ore as the main body, combined with 20% lump ore (including 18% Australian ore
and 2% low-cost ore). The optimization strategy, by increasing the sinter proportion and
adjusting the lump ore composition, has reduced the fuel ratio from 525–530 kg/t to below
505 kg/t while maintaining stable blast furnace operation. This provides critical support
for the raw material systems of steel enterprises seeking to establish low-carbon smelting
modes [46].

Ansteel selected PB ore, South African lump ore, Newman lump ore, Brazilian ore,
and Indian ore, with the usage of lump ore reaching 4 million tons in 2011 [47]. Based on
recent studies of the influence of basicity on the sintering process, sinter grade, and sulfur
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content, as well as Ansteel’s existing burden types and proportions, efforts have been made
to actively explore improving the proportion of lump ore in the burden. Data shows that
the softening–melting properties are significantly superior to those of traditional burden
materials when the proportion of Australian ore reaches 17% [48].

Since 2014, Xinyu Iron has gradually promoted the “lump ore substitution for sinter”
strategy by replacing high-cost sinter with natural lump ore through phased adjustments
to its burden structure. This has resulted in a monthly increase in the lump ore proportion,
reaching a maximum of 17%. As of 2022, the proportion of lump ore usage has stabilized at
15% [49].

Shougang has used Australian ore since the 1970s, reaching a maximum proportion of
25%, which has since remained between 12% and 16%. As the proportion of Australian
ore increased, various technological parameters of the blast furnace, such as coke ratio,
coal ratio, and blast temperature, remained stable; meanwhile, the economic benefits were
remarkable [50].

After the commissioning of Baosteel’s No. 4 blast furnace, it has used lump ore to
replace part of the pellets since 2015 in order to reduce molten iron costs. The blast system
was optimized and the burden distribution was adjusted based on the burden structure,
thus achieving reasonable gas flow distribution, improving the blast furnace permeability
index, maintaining the stability of the operating furnace profile, and effectively reducing
the coal ratio and fuel ratio. From January 2016 to April 2017, the lump ore proportion
was consistently maintained above 20%, which was 4.6 percentage points higher than the
plant-wide average lump ore ratio. In April 2017, the lump ore proportion was increased
from 15% to 18%, which was 3 percentage points higher than the plant-wide average [51].

The proportion of natural lump ore used by Chinese steel enterprises is primarily
influenced by two aspects. In terms of raw material supply, it is affected by the price
of imported iron ore, transportation stability, and international trade policies. Regard-
ing enterprise production, it is influenced by factors such as production equipment and
production technology. Overall, the proportion of natural lump ore in the blast furnace
burden of Chinese steel enterprises averages between 10% and 20%. However, there is
a significant gap between different enterprises: some leading enterprises with advanced
technical equipment can reach over 25% [52], while some small and medium enterprises
have a proportion of less than 10% due to various constraints.

3. Research Status of Lump Ore
In the context of the “dual-carbon” strategy, extensive research has been conducted in

China on increasing the proportion of lump ore in burden materials, which includes:
1. Analysis of the metallurgical properties of different lump ores, such as their physic-

ochemical properties, reducibility, thermal shock degradation index, low-temperature
reduction degradation index (RDI), and softening–melting–dripping properties;

2. Modification of lump ore through pre-treatment processes to reduce its thermal
shock degradation index and meet the charging requirements of blast furnaces;

3. Studies on blending lump ore with different proportions of sinter and pellets to
analyze the position of the softening–melting zone.

3.1. Research on the Properties of Lump Ore

The physicochemical properties and structure of lump ore exert a certain influence on its
metallurgical performance. In turn, metallurgical properties, as key factors, are directly related
to the effectiveness of the entire blast furnace ironmaking process and the product quality.

Zhu Deqing [53] et al. analyzed the chemical composition and physical properties of
three Malaysian iron ores, AC, JLD and SEB (also referred to simply as lump ore A, J and S)
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using XRD, SEM, and EDS. They also determined their degradation index (DI), reducibility
index (RI), and low-temperature reduction degradation index (RDI), as shown in Figure 4.
These parameters reflect the quality and metallurgical properties of iron ore, including
its resistance to degradation during reduction, reduction efficiency, and high-temperature
softening and melting behavior, which are critical for evaluating the performance of ore
in a blast furnace. The behavioral characteristics and variation patterns of different lump
ores in the blast furnace were comprehensively analyzed. Studies have found that the
thermal shock index is positively correlated with the content of FeO(OH) (Figure 5). Of the
three lump ores, AC exhibits the greatest thermal shock resistance. Reducibility depends
on the porosity and Fe2O3 content at high temperatures (Figure 6), while the degree of
low-temperature reduction degradation is determined by the high-temperature porosity
and Fe2O3 content. JLD exhibits the greatest reducibility and the best low-temperature
reduction. Regarding softening–melting–dripping properties, the three lump ores all exhibit
good performance and meet industry standards.

Figure 4. Reducibility and low-temperature reduction disintegration index of three lump ores.
Reprinted from Ref. [53].

 

Figure 5. Relationship between fire waste and goethite content and decrepitation performance.
Reprinted from Ref. [53].
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Figure 6. Relationship between the open porosity and the goethite content and the reducibility at
high temperatures. Reprinted from Ref. [53].

Yi Lingyun [54] selected PB ore as the research object to analyze its thermal shock
mechanism and suppression strategies (Figure 7). The results show that the moisture
diffusion coefficients of the raw ore and the ore preheated at temperatures between 200 and
400 ◦C for 60 min were determined by the PCK method. When PB ore is preheated at 400 ◦C
for 60 min, the moisture diffusion coefficient decreases from 7.96 × 10−5 kg/(m2·s1/2) to
5.40 × 10−3 kg/(m2·s1/2). Meanwhile, the change in porosity of the preheated lump ore
promoted water vapor diffusion, causing the DI−6.3 index to drop from 17.5% to 0.4%.

 

Figure 7. Thermal decrepitation mechanism of PB lump ore. Reprinted from Ref. [54].

Zhang Jianliang [25] selected Newman lump ore mainly composed of hematite and
goethite as the research object. The ore was preheated at temperatures ranging from 300 ◦C
to 900 ◦C, and after cooling, changes in its microstructural and metallurgical properties
were observed. With the increase in preheating temperature, FeO(OH) was gradually
converted to Fe2O3. Between 300 and 500 ◦C, the lump ore experienced mass loss due to the
dehydration of FeO(OH), and when the temperature reached 700 ◦C, FeO(OH) had almost
completely disappeared. Regarding softening properties, with an increase in the preheating
temperature, T10 and T40 gradually increase but remain lower than the raw ore overall, and
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the softening temperature range also gradually widens. When the temperature exceeds 700 ◦C,
permeability starts to deteriorate, and the pressure drop and S value gradually increase.

Niu Lele [29] studied the current mainstream lump ores through chemical analysis,
XRD-Rietveld, BET testing, and thermogravimetric analysis. He pointed out that the
thermal shock index is influenced by its own characteristics, showing a positive correlation
with ignition loss and FeO(OH) content. A large pore volume and an average pore diameter
increase the thermal shock index, and temperature also has a significant effect: the faster
the heating rate, the higher the thermal shock index. Slow heating is more effective
than reducing the target temperature for mitigating the thermal shock behavior of lump
ore. Preheating treatment can not only reduce the FeO(OH) content to improve thermal
shock resistance but also effectively utilize waste heat, reduce the load from sintering and
pelletizing processes, promote indirect reduction in the blast furnace, and decrease carbon
emissions during ironmaking (Figure 8).

Figure 8. Preheating mechanism of lump iron ore for decrepitation suppression and performance
improvement. Reprinted from Ref. [29].

Li Yunfei [55] et al. investigated the soft–melt dropping properties and primary-slag
formation behaviors of mixed burden with increasing lump ore ratio. The results show
that lump ore itself has poor high-temperature metallurgical properties: its primary slag
is rich in FeO and SiO2, which easily forms a large number of low-melting-point phases,
leading to lower softening and melting temperatures, wider softening–melting interval,
thicker cohesive zone, higher maximum pressure difference, and worse gas permeability
in the blast furnace. With the increase in lump ore ratio, the CaO content in primary slag
decreases, while FeO and SiO2 increase continuously. This reduces the melting temperature
of primary slag, shifts the cohesive zone to lower temperature region, widens its thickness,
and further deteriorates the air permeability of burden. Nevertheless, blending lump ore
with sinter and pellets can effectively improve its poor soft–melt dropping and primary slag
characteristics. Moreover, properly increasing sinter ratio under high lump ore condition
can compensate for the defects by forming more high-melting-point phases, thus optimizing
the softening–melting properties and the position of cohesive zone.

Under hydrogen-rich conditions, lump ore presents superior low-temperature reduc-
tion degradation resistance compared with sinter and pellets. Hydrogen inhibits iron
whisker growth, mitigates swelling, degradation and particle sticking, and thus enhances
burden permeability [56]. Despite its relatively weak softening–melting characteristics,
lump ore can achieve improved high-temperature performance in a hydrogen-rich at-
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mosphere, with a narrowed cohesive zone [57]. Consistent with these findings, Nathan
Barrett [58] investigated lump ore, sinter and a mixed burden (20% lump ore + 80% sinter)
under standard reference gas (30% CO, 70% N2) and hydrogen-rich gas (15% H2, 30% CO,
55% N2). Results demonstrated that H2 addition degrades the softening–melting properties
of sinter but improves those of lump ore, while the mixed burden behaves intermediately.
Sinter shows deteriorated interparticle porosity at lower temperatures; at 1450 ◦C, metallic
iron droplets form and drip from sinter and the mixed burden, whereas lump ore retains a
highly metalized solid structure and exhibits a higher carbon gasification rate.

3.2. Lump Ore Pre-Treatment Process

In the lump zone of a blast furnace, burden materials and coke are arranged alternately,
forming a packed bed composed of solid burden. As gas passes through this bed, a pressure
drop occurs, the primary factor that influences the pressure drop being the properties of
burden particles [59]. The high thermal shock index of lump ore causes it to crush and
powder in the blast furnace, generating substantial fines that impair the permeability
of the upper furnace [60]. Based on the relationship between metallurgical properties
and mineralogical characteristics, Pan Jian [27] et al. found that the thermal shock index
has a strong correlation with porosity. Lump ore is characterized by high crystal water
content, poor thermal shock resistance, inferior low-temperature reduction degradation,
and unsatisfactory softening–melting properties, which tend to deteriorate the permeability
of the cohesive zone in the blast furnace and restrict its high-proportion application; in
particular, lump ore with high FeO(OH) content undergoes cracking when heated under
high-temperature conditions because the crystalline water in FeO(OH) decomposes upon
heating [61]. In addition, earthy goethite generates a significant amount of fines and porous
materials during processing [62]. After these materials enter the blast furnace, they further
increase the fines content in the furnace. In summary, appropriate pre-treatment is required
for lump ore before charging it into the furnace to improve its metallurgical properties and
make it more suitable for blast furnace smelting requirements.

Drying treatment is a simple method of lump ore pre-treatment that typically involves
drying the lump ore at approximately 105 ◦C for about 2 h. The main purpose of this
process is to remove the free water absorbed onto the surface of the lump ore through
low-temperature heating, thereby reducing the pulverization phenomenon caused by the
rapid moisture evaporation in the blast furnace. Due to its simplicity and low energy con-
sumption, drying treatment is often used as a preliminary step in lump ore pre-treatment,
laying the foundation for subsequent preheating or chemical treatment.

Preheating treatment is one of the most common methods for lump ore pre-treatment
before blast furnace charging. As shown in Figure 9, the same raw lump ore sample is
subjected to two sequential pre-treatment steps: first, drying to remove free moisture,
followed by heating in the temperature range of 200–500 ◦C for 20–120 min. Through
thermodynamic effects, FeO(OH) in the lump ore undergoes thermal decomposition and
gradually converts to Fe2O3 and water vapor, which improves the thermal shock resistance
of the lump ore [63]. Crystalline water is removed in the form of water vapor, optimizing
the internal pore structure of the lump ore and increasing its specific surface area. This
enhances the contact efficiency between the lump ore and reducing gas, thereby improving
its reducibility. Meanwhile, this preheating pre-treatment effectively alleviates the thermal
stress-induced pulverization of lump ore in the blast furnace, reduces the generation of
fines, and creates favorable conditions for the stable operation and efficient smelting of the
blast furnace [64]. The mechanism of this pre-treatment process is illustrated in Figure 10.
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After preheating treatment, the lump ore can maintain its structural integrity at
high temperatures due to the removal of crystalline water. With the improvement in
reducibility, the FeO content decreases, and the formation of low-melting-point phases
is consequently reduced, leading to a significant improvement in its softening–melting
properties. Specifically, the initial softening temperature (T10) increases from 906 ◦C to
988 ◦C, the initial melting temperature (Ts) increases from 1144 ◦C to 1191 ◦C, the softening
range (T40–T10) decreases from 144 ◦C to 118 ◦C, the melting range (Td–Ts) decreases from
331 ◦C to 281 ◦C, and the softening–melting zone shifts overall to the high-temperature
region [63].

Figure 9. Lump Ore Preheating Treatment Process Diagram.

Figure 10. Mechanism of lump ore pre-treatment.

3.3. Comprehensive Research on Furnace Charge

Wu Shengli [65] et al. analyzed the properties of imported ores and found that their
chemical compositions are similar to those of acid pellets. The low-temperature reduction
degradation index (RDI) of the imported ores is generally higher than that of the sinter,
while the reducibility is basically consistent with that of the sinter. Studies have shown that
the interaction between lump ore and sinter effectively improves the softening–melting
properties of the burden (Figure 11). Combined with the duality of the burden, it is
concluded that the melting–dripping properties are most suitable when the proportion of
lump ore is 20%.

Chin Eng LOO [66] et al. simulated the high-temperature reduction environment in a
blast furnace and measured the shrinkage and pressure drop changes of three lump ores (A,
B, C) and sinter at different temperatures (Figure 12). They also conducted measurements
by mixing lump ores with sinter at proportions of 20%, 50%, and 80%, and analyzed the
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microstructure of quenched samples to study the structural changes during the softening–
melting process. Results show that lump ore shrinks earlier and has a higher pressure
drop than the sinter, mainly because the formed fayalite has a lower melting point. The
mixed burden with a 20% lump ore proportion exhibits softening and melting–dripping
properties similar to those of the sinter.

Liu Changxin [67] et al. established a parameter optimization model for blast furnace
ironmaking targeting maximized exergy efficiency based on material and energy balance
principles. Numerical calculations were performed using the Optimization Toolbox of
MATLAB R2021b (MathWorks, Natick, MA, USA) for the practical burden structure of
a steel plant. The results demonstrate that increasing the lump ore ratio can effectively
reduce the total input exergy and represents a critical measure for improving the exergy
efficiency of the blast furnace. Within the constrained range, raising the lump ore dosage
while synchronously reducing the sinter ore proportion and properly matching pellet ore
can increase the exergy efficiency from 77.16% to 79.28%, providing a theoretical basis and
optimization direction for low-carbon and high-efficiency blast furnace operation.

Liu Xinliang [68] selected South African hematite and Australian limonite, mixed
them with sinter to conduct primary slag formation experiments, and evaluated the for-
mation behavior of primary slag through indicators such as pressure drop, temperature,
and shrinkage rate. Results show that the primary slag formation temperature of lump
ore is lower, with a wider formation temperature range, while the FeO content in the
primary slag is higher. Additionally, the results also indicate that when mixed with sinter
under high-temperature conditions, the interaction between the sinter and the lump ore is
primarily achieved through the diffusion of Al2O3, SiO2, CaO, and MgO. This interaction
alters the formation behavior of primary slag, which is manifested by a narrower forma-
tion temperature range, improved fluidity and viscosity, reduced FeO content, and the
formation of calcium–magnesium–aluminum silicate phases such as 2CaO·MgO·2SiO2,
3CaO·MgO·2SiO2, and 2CaO·Al2O3·SiO2 in the phase composition.

 

Figure 11. High-temperature interaction mechanism of lump ore and sinter for softening–melting
improvement. Reprinted from Ref. [65].
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Figure 12. Averaged pressure drop curves for three lump ores and a sinter. Reprinted with permission
from Ref. [66]. Copyright 2019, Iron and Steel.

4. Calculation of Carbon Emission Reduction by Increasing the
Percentage of Lump Ore

For reference and conceptual illustration, the burden structure of a large steel plant
in China is exhibited in Table 1, while the chemical composition analysis is presented in
Table 2.

Table 1. Burden Structure of a Steel Plant in China.

Comprehensive Burden TFe FeO CaO SiO2 MgO Al2O3

Traditional Burden 56.17 7.75 8.86 6.21 1.56 1.74
New-type Burden 57.09 6.51 8.38 5.14 1.32 1.52

Table 2. Chemical Composition Analysis.

Burden Structure TFe FeO CaO SiO2 MgO Al2O3

PB Lump 65.35 0.82 0.04 0.80 0.02 0.37
Sinter 54.00 7.75 12.12 5.90 1.66 1.83
Pellet 61.54 7.75 0.82 6.99 1.31 1.51

Based on iron element conservation, a simplified calculation is performed to demon-
strate the practical significance of increasing the lump ore ratio. The traditional burden
structure requires 1780.12 kg of ore (1266.56 kg of sinter + 513.56 kg of pellets) to produce
1 t of hot metal, while the new-type burden structure requires 1751.69 kg of ore (1193.08 kg
of sinter + 244.71 kg of pellets + 313.90 kg of lump ore). The chemical composition analysis
of the comprehensive burden is shown in Table 3.

According to statistics, carbon emissions for producing 1 ton of sinter are 282.4 kg,
and the emissions for 1 ton of pellets are 141.2 kg [69]. It should be emphasized that
this is a simplified estimate rather than a rigorous quantitative analysis. Compared with
the traditional burden, the new-type burden results in a decrease of 103.367 kg in carbon
emissions from sinter and an increase of 37.96 kg in carbon emissions from pellets, for a
total reduction of 59.52 kg in carbon emissions.

Table 3. Comprehensive Burden Chemical Composition Analysis.

Burden Type Sinter Pellet Lump Ore

Traditional Burden 71.15% 28.85% 0%
New-type Burden 68.11% 13.97% 17.92%

https://doi.org/10.3390/met16050542

https://doi.org/10.3390/met16050542


Metals 2026, 16, 542 14 of 18

During the smelting process, reducing 1 mol of Fe2O3 produces 1.5 mol of CO2, and
reducing 1 mol of FeO produces 0.5 mol of CO2, if only the initial and final states are
considered (excluding intermediate states). According to the formula:

nFeO =
mTotal × ω(FeO)%

72
(1)

nFe2O3 =
1
2
×

(
mTotal × ω(Fe)%

56
− mTotal × ω(FeO)%

72

)
(2)

mCO2 =

(
nFeO × 0.5 + nFe2O3 × 1.5

)
× 44

1000
(3)

In the formula:
nFeO is the amount of substance of FeO, in mol;
nFe2O3 is the amount of substance of Fe2O3, in mol;
mTotal is the mass of ore required for producing 1 ton of hot metal, in kg;
mCO2 is the mass of CO2 generated from reduction, in kg.
Further simplified estimation indicates that the new-type burden increases carbon

emissions during smelting by 0.0037 kg. Overall, these results qualitatively demonstrate
that increasing the proportion of lump ore can significantly reduce carbon emissions, with
a total reduction of 59.516 kg CO2 per ton of hot metal produced.

5. Limitations, Challenges and Future Direction
Despite the valuable findings presented in this study regarding the application of

lump ore as a low-carbon burden in blast furnace smelting, several limitations should be
acknowledged.

First, although the research incorporates smelting data from multiple industrial sce-
narios, the variability in equipment configurations, raw material sources, and process
parameters across different steel enterprises may still restrict the full generalizability of
the results. Second, the investigation into lump ore modification focuses on specific pre-
treatment technologies, and the long-term stability of modified lump ore’s performance un-
der industrial-scale cyclic smelting conditions remains insufficiently verified. Additionally,
this study primarily analyzes the technical and environmental benefits of high-proportion
lump ore charging into blast furnaces, while a comprehensive economic evaluation has not
yet been conducted.

Correspondingly, the promotion of high-proportion lump ore application faces key
challenges. Technically, the thermal shock resistance and softening–melting properties of
natural lump ore vary significantly due to differences in ore genesis and mineral composi-
tion, requiring targeted modification technologies, which increases industrial complexity.
Industrially, most enterprises’ burden structures and processes are optimized for traditional
mixtures (sinter + pellet). Adapting to high-proportion lump ore charging requires equipment
transformation and re-optimization, leading to high initial investment and technical risks.

Future research should focus on three key aspects: First, collect data from steel enter-
prises with diverse technical configurations to establish a more universally applicable car-
bon emission prediction model for high-proportion lump ore charging. Second, deepen the
research on lump ore modification technologies by developing efficient, low-cost, and envi-
ronmentally friendly modification agents, and verifying their long-term stability through
industrial-scale trials. Third, strengthen interdisciplinary research to explore the synergistic
effects of lump ore modification with other low-carbon technologies (e.g., hydrogen-rich
smelting) and promote the green transformation of the iron and steel industry.
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6. Conclusions and Outlook
Based on the above analysis of lump ore as a low-carbon burden applied to blast

furnace smelting, the following conclusions are drawn:
(1) In recent years, China’s crude steel output has consistently exceeded 1 billion tons

annually, making it the world’s largest producer of crude steel. China’s steel production
has always been dominated by the blast furnace-converter long process.

(2) Currently, the lump ores widely used in blast furnaces mainly include PB Lump,
Newman Lump and FMG Lump. Natural lump ore, characterized by its high iron grade
and low cost without affecting furnace conditions, has attracted significant attention from
numerous enterprises. Major Chinese iron and steel enterprises such as Baosteel and
Ansteel have begun implementing practices that utilize a high proportion of natural lump
ore for ironmaking. This approach reduces the cost of molten iron while alleviating pressure
on carbon emissions. However, overall, lump ore accounts for a relatively small proportion
in China’s steel enterprises, ranging from 10% to 20%.

(3) The primary issue restricting the high-proportion charging of lump ore in furnace
smelting lies in its insufficient thermal shock resistance. However, this problem can be re-
solved through the modified pre-treatment of the lump ore, which simultaneously improves
its softening–melting properties. After modification, the overall softening–melting zone of
the modified lump ore in a single burden narrows and shifts toward the high-temperature
region, while its permeability is enhanced.

(4) We collected smelting data from a certain steel plant and calculated the carbon
emissions under two different burden structures. Results show that after increasing the
proportion of lump ore charged into the furnace, the carbon emissions per ton of iron produced
in the blast furnace were 72.52 kg lower compared to the traditional burden structure.

(5) Against the backdrop of blast furnace ironmaking in China, increasing the propor-
tion of lump ore used can serve as a breakthrough point, enabling iron and steel enterprises
to reduce their carbon emissions and conserve energy. In the context of the global transition
to a low-carbon economy, the modification of lump ore and its high-proportion use in
furnaces are expected to become the primary means of reducing carbon emissions in the
ironmaking industry in the future.
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WSA World Steel Association

COURSE50
CO2 Ultimate Reduction in Steelmaking Process by Innovative Technology for
Cool Earth 50

Carbon2Chem® Carbon to Chemistry project
HYBRIT Hydrogen Breakthrough Ironmaking Technology project
OBF Oxygen-Blown Furnace
PB Lump Pilbara Mixed Lump
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