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Preface

This volume contains selected papers presented at the Energy Technologies
Symposium organized in conjunction with the TMS 2019 Annual Meeting &
Exhibition in San Antonio, Texas, USA, and organized by the TMS Energy
Committee. The papers in this volume intend to address the issues, intricacies, and
the challenges relating to energy and environmental science. This volume also
contains selected papers from the two other symposia: Solar Cell Silicon and 5th
Symposium on Advanced Materials for Energy Conversion and Storage.

The Energy Technologies Symposium was open to participants from both
industry and academia and focused on energy-efficient technologies including
innovative ore beneficiation, smelting technologies, recycling, and waste heat
recovery. The volume also covers various technological aspects of sustainable
energy ecosystems, processes that improve energy efficiency, reduce thermal
emissions, and reduce carbon dioxide and other greenhouse emissions. The papers
addressing renewable energy resources for metals and materials production, waste
heat recovery, and other industrial energy-efficient technologies, new concepts or
devices for energy generation and conversion, energy efficiency improvement in
process engineering, sustainability and life cycle assessment of energy systems, as
well as the thermodynamics and modeling for sustainable metallurgical processes
are included. This volume also includes topics on CO2 sequestration and reduction
in greenhouse gas emissions from process engineering, sustainable technologies in
extractive metallurgy, as well as the materials processing and manufacturing
industries with reduced energy consumption and CO2 emission. Contributions from
all areas of nonnuclear and nontraditional energy sources, such as solar, wind, and
biomass are also included in this volume.

We hope this volume will provide a reference for materials scientists and
engineers as well as metallurgists for exploring innovative energy technologies and
novel energy materials processing. We would like to acknowledge the contributions
from the authors of the papers in this volume, the efforts of the reviewers dedicated
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to the manuscripts review process, and the help received from the publisher. We
appreciate the efforts of Energy Committee members for enhancing this proceed-
ings volume. We also acknowledge the organizers of the other symposia that
contributed papers.

Tao Wang
Xiaobo Chen
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Lei Zhang
Ziqi Sun

Cong Wang
Nawshad Haque

John A. Howarter
Neale R. Neelameggham
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Analysis on Energy Efficiency
and Optimization of HIsmelt Process

Chao-zhen Cao, Yu-jie Meng, Fang-xing Yan, Dian-wei Zhang, Xin Li
and Fu-ming Zhang

Abstract HIsmelt process is a clean and efficient iron-making technology. The
production of the first HIsmelt commercial plant of China, which was built in 2016,
is stable at present, and remarkable results have been achieved in environmental
protection and production cost aspects. The energy efficiency and itsmain influencing
factors of HIsmelt process were systematically analyzed in this paper, combining
with China’s HIsmelt plant production practice. It has been pointed out that the
main restrictive factors are the high efficient utilization of high temperature and low
calorific value SRV off-gas to further improve the energy efficiency of HIsmelt. It
introduced the process improvement and optimization of the HIsmelt plant in China,
around the hot air blast position control, iron ore powder preheating, gas purification,
and waste heat recovery.

Keywords HIsmelt · Smelting reduction · Iron-making · Energy efficiency
Improvement

HIsmelt process is a typical “one-step” melting reduction process; its reduction and
melting process take place in the same vessel, which can directly use powder ore and
pulverized coal in. It did not use coke anymore, and the raw materials do not need to
be agglomerated. So it is a meaningful smelting reduction process [1]. China’s first
HIsmelt plant with annual production of 80×104 t hot metal was put into operation
in 2016, and this plant has achieved significant results in rawmaterial flexibility, envi-
ronmental protection, and production costs. Compared with blast furnace process,
the successful implementation of Chinese HIsmelt plant has a significant and lead-
ing role in promoting the development of smelting reduction iron-making technology
[2].

HIsmelt process as a representative “metal bath” smelting reduction process, the
raw materials were deep injected into the iron bath specially. On the one hand, the
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pulverized coal inject into the iron bath can be directly carburized by the molten
iron; on the other hand, under the action of carrier gas the iron bath produces strong
stirring; it forms “fountain”. The liquid slag and iron droplet splashing after being
heated in the upper high-temperature zone, and then returned to the metal bath. The
heat generated by off-gas post-combustion continuous transfers to the bath,which can
be achieved higher heat transfer efficiency under the higher post-combustion degree,
which is a key part of the whole process. Currently, compared with the blast furnace
process, there are still some gaps in energy utilization efficiency, which shows that
the process energy consumption is higher, so it is important to optimize the energy
efficiency of the HIsmelt plant in order to improve the technology competitiveness.

Operation Practice of Chinese HIsmelt Plant

In 2012, Rio Tinto signed a licensing agreement with Chinese companies to build
HIsmelt industrial plants in China. In the design and construction periods, this Chi-
nese HIsmelt plant has carried out the improvement and optimization in accordance
with the problems occurred on the equipment, technology, and production process in
Kwinana plant. After more than 5 years working on process adjustment and equip-
ment optimization, it accomplished continuous stable production in 2017 [3].

Chinese HIsmelt plant started construction in 2013, completed in August 2016, it
goes into stable production in September 2017. It has a total of 450,000 tons of high-
purity pig iron until March 2018, daily maximum production reached 1930 t; average
daily output reached 1685 t in October 2017, monthly output reached 51,714 t, coal
consumption per iron tons gradually reduced, it goes to 900 kg/thm during the stable
production, and the lowest coal consumption is 810 kg/tHM, close to the reach design
value. The molten iron contains less P, the harmful element content is very low, and
the quality of pig iron has reached to Chinese high pure pig iron national standard
level. SRV lining condition is still good, and the first campaign life of SRV lining
has been more than 450,000 tons iron, only a partial repair, especially the slag line
part erosion problem has been better resolved [4] (Table 1; Fig. 1).

Table 1 Production indexes of Chinese HIsmelt plant

Items Index Time

Daily maximum output 1930 t 2017 year

Monthly maximum output 51714 t 2017 year

Minimum coal consumption 810 kg/tHM 2017 year

Weekly maximum operating rate 100% 2017 year

Continuous production record 116 days 2017 year

Erosion of the lining 45 Mt hot metal Never changed
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Fig. 1 Chinese HIsmelt plant

SRV Heat Balance Analysis

Based on the Chinese HIsmelt plant production practice and technological parame-
ters, the SRV thermal equilibrium is calculated and analyzed, and the calculation is
shown in Table 2 (Fig. 2).

As shown in the calculation results, the SRV heat incomes mainly come from
the pulverized coal burning, which accounts for 78% of the total heat income, the
higher post-combustion degree of the hearth gas, the more heat is generated. In the
heat expenditure items, hot metal taken away accounted for 7.6%, slag taken away
accounted for 3.5%, iron oxide reduction and coal and carbonate decomposition
endothermic amount accounted for about 48%, gas away heat for 33.4%, and SRV
furnace heat loss accounted for about 7%, which shows that in addition to reducing

Table 2 Heat balance calculation of Chinese HIsmelt plant

Serial
no.

Items GJ/tHM % Serial
no.

Items GJ/tHM %

1 Hot blast 3.4 14.8 1 Hot metal 1.7 7.6

2 Coal
combustion

17.8 78.0 2 Slag 0.8 3.5

3 Hot ore 1.3 5.8 3 Off-gas 7.6 33.4

4 Coal and fluxes 0.1 0.5 4 Dust 0.1 0.4

5 Slag forming
heat

0.2 1.0 5 Endothermic
reactions

11.0 48.1

6 Heat loss 1.6 6.9

Total 22.8 100.0 Total 22.8 100.0
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Fig. 2 Energy balances calculation of SRV

heat consumption, SRV exhaust took too much heat; this is mainly because the off-
gas of the SRV temperature is very high, and at 1450 °C above, the off-gas volume
of per ton hot metal is about 2240 Nm3/tHM, so how to further improve the heat
transfer efficiency in the furnace, reduce the heat brought out by off-gas per ton hot
metal and to achieve higher energy recovery efficiency of waste heat of SRV off-gas,
it is a key point to improving the energy utilization efficiency of HIsmelt process.

SRV Heat Transfer Process Analysis

The Heat Transfer Efficiency of the Fountains in SRV

The heat of the SRV mainly comes from the high-temperature flame zone which is
generated by oxygen-enriched hot blast of HAB and hearth gas combustion; its heat
transfer is divided into three parts: (1) heat transfer to the bath, (2) heat to the gas and
ash, and (3) heat to the side cooling wall. Among them, the heat transfer to the coal
gas and ash is about 7.7 GJ/tHM, the heat transfer to the sidewall is 1.6 GJ/tHM, the
heat transfer to the slag iron is 13.5 GJ/tHM, and the effective thermal efficiency is
only 59.2%.

The Factors Affecting SRV Fountain Heat Transfer Efficiency

The SRV heat transfer from the post-combustion high-temperature zone to molten
slag and iron includes three ways: radiation, conduction, and convection. These three
kinds of heat transfer methods must be considered when the slag layer forms the
fountain. The formation of slag fountain area gives the primary and post-combustion
heat and fountain flow a good heat transfer conditions in SRV; the falling droplets
get the heat and merge with the rising droplet. And there is a balance transfer process
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through conduction and convection. After the droplets return to the slag layer, remix
the pulverized coal which was just injected into the fountain, accepting the new heat
transfer so the cycle repeats.

The main factors affect the heat transfer efficiency in bath include:

(1) The contact surface area between the high-temperature air flow and the fountain
flow generated by the primary and post-combustion

The contact surface area of hot blast flow and fountain flow depends on the
lances height, injection angle, injection pressure, slag viscosity, etc., which the slag
viscosity may be the critical factor affecting the fountains forming effect. The greater
the slag viscosity, the smaller the depth of the fountain penetrating high-temperature
airflow, the larger the diameter of slag droplets in the fountain flow, and the worse the
dispersion and uniformity in the off-gas, thus affecting the convective heat transfer
effect. In addition, the contact area between the high-temperature airflow and the slag
surface is affected by the distance between the lance and the slag face. The different
heights of the lance position will directly affect the heat transfer and the effect of
post-combustion.

(2) Temperature gradient between high-temperature air flow and slag droplet in
fountains

The temperature gradient between the high-temperature airflow and the droplet
can be improved by increasing the post-combustion degree, hot air temperature, and
oxygen enrichment rate. The post-combustion degree has a great relationship with
the high-temperature gas recirculation ratio; the lower the cycle ratio, the higher
the oxygen potential in the airflow and the higher the post-combustion degree; the
higher the cycle ratio, the lower the combustible gas concentration and the lower the
post-combustion degree. The high-temperature airflow recirculation ratio is related
to the furnace size H/D (the height from the outlet to bath/furnace diameter) and the
lance height, as well as the reasonable position distribution between the lance inlet
and the flue gas outlet.

(3) Reduce the sensible heat taken away by off-gas

The sensible heat of off-gas depends on the volume and temperature. The off-gas
quantity reduction focuses on reducing the N2 content and reducing the SRV off-gas
temperature to improve heat transfer.

(4) Reduce the heat taken away by cooling water

The radiation heat transfer from high-temperature combustion zone to the furnace
wall should be effectively controlled. On the one hand, to strengthen the fountain
effect and increase the radiation to the slag, thereby inhibiting the radiation to the
furnacewall. On the other hand, the cooling panel should forma stable and reasonable
thickness of the slag layer, which can reduce the heat conduction of the furnace wall
significantly.



8 C. Cao et al.

The Influence of SRV Heat Transfer on Reduction Reaction

The slag layer and fountain in SRV is a multiphase reaction system with gas, liquid,
and solid coexistence. After the iron ore powder injects in the iron bath, iron oxides
will be reduced by carbon or CO in the slag to produce hot metal. The hot metal
and non-molten carbon contact with the upper zone O2 and CO2 by the fountain
action and are reoxidized; this process is called “reverse reaction”. In order to ensure
that the reduction reaction can be carried out smoothly, and at the same time, it is
better to inhibit the occurrence of the inverse reaction, the droplet should have a
certain degree of particle size, which is a pair of contradictions with heat transfer to
the droplet size requirements. Controlled the particle size distribution of the molten
droplets is a crucial operation to achieve the optimal equilibrium of the heat transfer
and reduction reaction.

Energy Efficiency Optimization of the HIsmelt Plant
in China

In order to further improve the energy efficiency, the processes have been optimized
in the design and construction process on the basis of the Kwinana practice, which
includes the lance position control, the iron ore powder preheating system, the gas
purification, and the waste heat utilization. And these have been practical applied in
China HIsmelt factory.

Optimization of Lance Position Control for HAB

The structure, position control, and swirl characteristic of theHABare very important
to control the degree of inverse reaction in the SRV and improve the heat transfer
efficiency in the molten bath. A relative lower position of the HAB is conducive
to improving the heating strength, but an excessively low HAB position will cause
an excessive reverse reaction, so the best position of the HAB can maximize the
transmission of energy to the molten bath, and ensure that the reduction reaction can
proceed normally. In order to improve the heat transfer efficiency in the SRV and
adjust the lance position of the HAB, the HAB position design has been optimized
in the design process of the HIsmelt plant in China.

The HAB position can be adjusted according to production requirements, by four
600 mm water-cooled spools. By adjusting the position of four water-cooled short
tubes, the height gradient of HAB can be adjusted to 0, 0.6, and 1.2 m, which can
provide more control means to ensure the working state of the HAB (Fig. 3).
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Fig. 3 Position adjustment schematic of HAB

Optimization of Off-Gas Waste Heat Utilization

Wet dedusting process is used for SRV off-gas scrubbing in Kwinana plant, in which
the high-temperature gas enters the water-cooled hood, the temperature dropped to
800–1000 °C, and then dedusted and cooled through the ring seam scrubbing tower.
After that, the gas temperature is dropped to below 100 °C, and the off-gas dust
content is below 10 mg/Nm3; then after further cooling, quality of the gas can meet
the requirements of the following procedure. The above dedusting process can meet
the dust content requirements of the gas, but the disadvantage is that the physical
heat of the gas below 1000 °C cannot be recycled.

In order to achieve efficient utilization of waste heat and purification of SRV off-
gas, the new process is adopted in the Chinese plant (see Fig. 4). The SRV off-gas
with temperature of 1450–1650 °C is cooled firstly through the water-cooled hood
down to 800–1000 °C, and then enters the cyclone to catch large particle dust, so
that the dust content of the gas decreases to 20 g/Nm3. The gas temperature drops
to 200–250 °C in waste heat boiler, and then the gas is further dedusted and cooled
by ring seam scrubbing tower. The highest production of middle pressure steam is
about 56 t/h (5.4 MPa). By adopting the above process, the utilization efficiency of
the waste heat of SRV off-gas can be remarkably improved.
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Fig. 4 SRV off-gas purification and energy recovery process
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Fig. 5 Schematic of SRV ore+coal injection

Optimization of Solid Lance Arrangement

The design philosophy of multi points and small lances of ore and coal injection is
used in SRVofKwinana plant. The purpose is, throughmultipoint injection, to realize
a uniform distribution of iron slag and solid material in the hearth, which helps to
improve the kinetic condition of hearth reaction. There are four coal injection lances
and four ore injection lances, which are located above hearth refractory and evenly
alternately distributed along the circumferential direction (Fig. 5).
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It has been proved by the research and production practice that the size range
control ability of the slag and iron droplet can be further improved by reducing the
number of lances and increasing the injection capacity of single mega lance, which
can meet the need of heat transfer and reduction reaction and the requirement of the
active furnace cylinder and the ore-coal injection amount. During the design process
of the new plant, the design scheme of solid injection lances is simplified by reducing
the lances from 8 to 4, which can realize the coal and oremixed injection, simplify the
solid injection system, reduce the equipment failure potential, and further improve
the SRV production efficiency.

Conclusions

(1) The Chinese HIsmelt plant has been completed and put into operation in August
2016. At present, the plant operation is stable. Compared with the blast furnace
process, the HIsmelt technology has significant advantages in the raw material
flexibility, environmental protection, production cost, and so on, which has a
bright development perspective.

(2) The SRV off-gas takes up about 33.4% of the total heat income, further improv-
ing the heat transfer efficiency and efficient utilization of the SRV off-gas is the
key to improve the energy utilization efficiency of the HIsmelt process.

(3) The effective heat transfer efficiency in the SRV furnace is 59.2%, which is
affected by the contact surface area in gas–liquid two-phase flow, temperature
gradient, and the high-temperature gas quantity.

(4) In order to further improve the energy efficiency of theHIsmelt plant, the process
improvement and optimization of the HIsmelt plant in China are carried out in
the position control of HAB, ore powder preheating, gas purification, and waste
heat utilization.

References

1. Goodman N, Dry R (2010) HIsmelt ironmaking process. World Steel 2:1–5
2. Cao C, Men X, Zhang F (2017) Latest progress and design optimization of the first HIsmelt

process in China. AIST2017, pp 421–429
3. Men X, Lin LI, Zhang F (2015) Application on HIsmelt smelting reduction process in China.

Association for iron and steel technology. AISTech2015 proceedings. Association for iron and
steel technology, Cleveland, pp 1135–1145

4. Cao C, Meng Y, Mei C (2017) Latest progress in industrialization of HIsmelt process. In: 11th
iron and steel conference of China proceedings, pp 1–7


