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Preface

Energy production is inherently a materials problem. Materials innovator Matthew
Boulton and his team were as responsible for modern energy production as was the
inventor of the steam engine itself, James Watt. Boulton and his team developed the
metals and fabrication processes that made Watt’s engine commercially viable for
any number of applications, marketing the innovation under the Boulton & Watt
company name, revolutionizing energy production and industry in the process.

More than 225 years later, we face new challenges wrought from the combustion
of the same fossil fuels that first powered the industrial revolution, especially
climate change resulting in large part from carbon dioxide emissions. Commitments
by the United States and China—two of the world’s largest CO, emitters—to
reduce carbon dioxide emissions call for advanced energy systems that cry out for
advanced materials. New materials and materials methods to enhance efficiency in
the use of traditional fossil fuels, the safety of nuclear, and the affordability and
practicality of renewable resources will form the foundation upon which next
generation energy production systems will be built. Revolutionizing the way
electricity is generated and transportation is driven remains inherently a materials
problem. Scientists and engineers in the United States and China are leading
today’s materials innovation revolution.

That is why in 2014 US-based The Minerals, Metals & Metals Society
(TMS) with its long-standing, international membership dedicated to minerals,
metals, and materials and the 92,000-member Chinese Society for Metals
(CSM) together launched the Energy Materials Conference. The first conference
was held in Xi’an, a fitting locale, the ancient Chinese imperial capital and
eastern-most point of the Silk Road where East met West 2200 years ago, a
crossroad for the trade of materials and ideas. Energy Materials 2014 featured
invited talks by world-leading energy materials experts as well as contributed
presentations from the global minerals, metals, and materials community high-
lighting materials research and industrial innovations for both established and
emerging energy systems and technologies.

Energy Materials 2017, the second in the series, draws from the success of that
first conference and the worldwide draw of TMS2017, the 146th annual meeting &
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exhibit of the world’s foremost gathering of materials scientists and engineers, held
in San Diego, California. This proceedings volume includes 40 papers from seven
symposia covering energy and environmental issues in materials manufacturing and
processing, materials in clean power, materials for coal-based power, materials for
energy conversion with an emphasis on solid oxide fuel cells, materials for gas
turbines, materials for nuclear energy, and materials for oil and gas.

These proceedings present recent advances in materials manufacturing and
processing that incorporate methods and materials that are themselves environ-
mentally sound. These proceedings also include discussions on the advancements in
materials technologies to enable clean coal technologies, carbon capture, concen-
trated solar power, biomass fuels, and hydrogen-based power systems. Also pre-
sented are discussions about functional ceramic materials that will play an essential
role in the commercialization of advanced fossil fuel conversion systems such as
solid oxide fuel cells. Materials innovation within gas turbine technology particu-
larly related to gas-fueled power plants is covered. Discussions about nanostruc-
tured and advanced materials revolutionizing oil and gas exploration and
production in extreme conditions are presented as are discussions about the
materials issues associated with improvements in nuclear energy.

These collected works demonstrates that—given the right materials—all energy
sources have the potential to meet the world’s growing demand for next generation,
clean, affordable energy.

Xingbo Liu
Zhengdong Liu
Lead Editors
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Waste Energy Recovery Technology
of Iron and Steel Industry in China

Xu Zhang, Hao Bai, Juxian Hao and Zhancheng Guo

Abstract In China, many technologies have been applied to improve the energy
efficiency of the processes. Among these technologies, the waste energy recovery
technology, for example, CDQ (coke dry quenching), CCPP (combined cycle
power plant), waste energy recovery from Linz-Donawitz process, etc. have been
used widely and contributed a lot to the energy savings whose application status
and energy recovery effect assessment were analyzed in this paper. Further, the
technologies of the next generation, aiming to recover the low-grade waste heat, are
under development considering the exergy efficiency principle with novel energy
conversion methods. Two typical processes under development which are the
vertical tank cooling system for sinter sensible heat recovery and the Organic
Rankine Cycle (ORC) system to recover the waste heat from blast furnace (BF) slag
quenching water for power generation were introduced and their significance and
the feasibility were analyzed.

Keywords Waste heat recovery - Energy consumption - Sinter sensible heat -
Vertical tank - Organic rankine cycle

Introduction

The total energy consumption of the iron and steel industry accounts for about 26%
of industrial energy consumption in China, with the highest proportion of energy
consumption in all the industries [1]. Thus, much attention has been paid to the
waste energy resource which accounts for more than 60% of the total energy input
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in iron and steel industry [2]. The general methods and application fields of waste
energy recovery in domestic industries are shown in Fig. 1.

The waste heat resource can be divided as follows according to the temperature:
high temperature waste heat (above 650 °C), medium temperature waste heat
(230-650 °C) and low temperature waste heat (below 230 °C), which are 3.36,
2.19 and 2.89 Gl/t steel respectively, equivalent to 287 kgce/t steel totally [3, 4]. In
general, it is easier to recover the waste heat in high and medium temperature
section, which can be used as the materials preheating, civil heating or directly
driving a steam turbine or gas turbine to generate electricity. However, the low
temperature waste heat which accounts for above 30% usually cannot recover
efficiently; therefore, the waste heat resources in low temperature section have
increasingly become the focus of potential application.

In this paper, the 5 current China’s existing key and mainstream technologies of
waste heat or energy were investigated in aspects of application status and energy
recovery effect. Two representative technologies, vertical tank cooling system to
recover the sinter sensible heat and the Organic Rankine Cycle (ORC) system to
recover the waste heat from blast furnace slag quenching water were introduced,
and the significance and feasibility were analyzed.
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Waste Energy Recovery Technologies

Coke Dry Quenching (CDQ)

In the system of coke dry quenching (CDQ), the hot coke is cooled in the coke tank
by the cold inert gas, which is heated to be about 650 °C which will be the energy
source in the waste heat boiler to generate steam for power generation. The cooled
inert gas then is blown into the coke tank again by a circulating fan. The process is
shown in Fig. 2.

CDQ is an excellent technology to recover the sensible heat of the hot coke
which would be wasted if wet quenching technology is used. About 80% hot coke
sensible heat, which accounts 35-40% of the energy consumption of coke oven, can
be recovered about 1.35 GJ heat per ton coke [5]. To some extent, environmental
pollution can be reduced as a result of avoiding the use of coal to produce the same
amount of electricity generated by CDQ system. Another advantage of CDQ is that
the quality of coke increases, for example, the crushing strength (M40) will increase
by 3-5%, abrasive resistance will be improved by 0.2-0.5% (M10), along with a
lower CRI and a 5% higher CSR [6, 7].

However, there are still some technical problems and defects which are needed
to be improved for CDQ technology in China. For example, the refractory is easy to
be damaged, the operation is complicated and the subsequent environmental
problems are caused [7].

In 1985, the CDQ system was put into production in Baosteel, which marked the
technology of CDQ was firstly introduced to China. In 2003, the first domestic
self-designed CDQ system was put into operation in Ma’anshan Steel Corporation
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Table 1 The application
of CDQ in China

Year 2005 |2010 |2011 |2012 |2013 |2014
CDQ/sets | 21 105 113 136 155 178

(Masteel). By 2014, the number of CDQ systems has increased by 70% during the
past four years (Table 1). In this sense, China owns the most CDQ systems
throughout the world [8].

Blast Furnace Top Gas Recovery Turbine Unit (TRT)

Blast furnace top gas recovery turbine unit (TRT) is a set of energy recovery
equipment which makes use of the surplus pressure of the BFG (blast furnace gas)
on the top of the blast furnace which keeps 0.12-0.25 MPa (gauge pressure) to
promote the turbo expander and generate electricity. Compared with other con-
ventional thermal power generation and waste heat recovery system, there is
extreme low cost of electricity and nearly no pollution during operation. The
process is shown in Fig. 3.

According to statistics, the electricity generation will be 20-40 kWh per ton iron
if the TRT system is working well. In 2013, the domestic pig iron production is
660 million tons, and penetration rate of TRT is 98%, according to the capacity of
generation 30 kWh per ton iron, the amount of TRT power recovery is
19.6 billion kWh, equivalent to the amount of power generation of a power plant
whose capacity is 2.5 million kW a year [9].
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Problems and defects that exist in the TRT application in China: (1) the ratio of
dry TRT systems, especially in the large blast furnace, is relatively low; (2) the
improper selection of TRT system will cause an insufficient amount of gas while
entering the TRT device; (3) owing to the existence of a great amount of blast
furnaces that smaller than 1000 m>, recovery efficiency and economic feasibility
will be restricted by the low top pressure.

In China, the TRT technology was introduced in late 1970s and applied in the
1980s firstly. By 2007, the number of TRT sets reached more than 400, and for all
the 56 blast furnaces of 2000 m® were equipped with TRT and 95% of those of
1000 m* were equipped with TRT [9]. According to the statistics of China Iron and
Steel Association, there had been a total of more than 600 blast furnaces equipped
with 597 sets of TRT by the end of 2010 in China.

Power Generation from Sintering Waste Heat

The sinter sensible heat accounts for up to 35% of the entire sintering process, a
cooler machine is applied after the sintering machine to recover this part of the
waste heat [10].

In general, the sinter is cooled by air blowing on a loop or belt cooler. The cold
air blowing from the bottom of the cooler is heated by the hot sinter bed and
becomes exhaust gas, which can reach 350400 °C in the first gas collecting hood
and 250-300 °C in the second hood, both of which will be introduced into the
waste heat boiler to generate steam for power generation [11]. The schematic
process of sinter sensible heat power generation is shown in Fig. 4.
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The waste heat recovery system of sintering process has been applied in many
steelmaking enterprises in China. For example, Jinan Steel Corporation of
Shandong Province has brought in the technology in 2006. Anyang Steel
Corporation of Henan Province has introduced a dual-pressure waste heat boiler for
power generation in 2008. Ma’anshan and Wuhan Steel Corporation can achieve
the capacity of 70 million and 0.285 billion kWh annually respectively [12].

Steelmaking Process Waste Heat Recovery

The physical heat carried by the converter gas, whose temperature is about
1450-1500 °C at the outlet of the converter and the amount of the heat it carries
accounts for about 10% of the total energy consumption in the process, is valuable
to recover [13].

In 1980s, the German OSCHATZ company successfully developed the electric
furnace gas evaporative cooling system, and then it was applied to the converter gas
cooling. For this cooling system, the high temperature gas is cooled by water and
transforms into saturated steam in the evaporative cooling flue, during which the
latent heat of cooling water can be recovered. The high pressure (2.5-3.2 MPa)
steam then enters into the heat accumulator, after which the steam pressure drops to
lower than 1 MPa and the temperature becomes 169-179 °C [13, 14]. The sche-
matic process of steelmaking process waste heat recovery is shown in Fig. 5. This
saturated steam can only be used in chemical production and civil heating with a
low efficiency. In many circumstances, the saturated steam has to be exhausted
because of its limited utilization, causing the waste of the recovered steam.

To solve these problems, the low-pressure saturated steam can be directly used
to generate power, which can reduce the amount of purchased power and primary
energy consumption of generation in iron and steel enterprises. Jinan Steel
Corporation of Shandong Province was the first one who implemented the con-
verter flue gas power generation system in 2007, and the electricity index has been
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achieved up to 9.81 kWh/t steel by 2010. With the well developed technology of
evaporative cooling flue manufacture, the heat of 800-1600 °C can be utilized
efficiently, however, the under 800 °C part is not recovered completely resulted
from the technical defects [15].

The converter gas, which is rich in carbon monoxide, is cleaned and recovered
with the unburned method. Two typical systems are used widely in China, one is
OG system, basically a wet dust removing technology involved, and LT system, a
kind of dry dust removing technology with electrostatic precipitator. After cooling
and cleaning process, the gas with the CO content of 50-70% is sent to users after
storage, pressurization and transportation.

In 1980s, China’s Baosteel introduced the OG system from Japan and the
technology has been promoted gradually. In 21st century, the LT system has been
applied widely in China. The amount of converter gas recovered has reached 70,
90-100 and 110-120 Nm™/t steel in general, good and excellent level, respectively,
considering the average calorific value as 8300 kJ/Nm® for the gas.

Combined Cycle Power Plant (CCPP)

Combined cycle power plant (CCPP) in steelmaking companies generally consists
of a blast furnace gas supply system, gas turbine system, waste heat boiler system,
steam turbine and generator system. The by-product gas, delivered from the steel
pipe network of gases, is mixed with air after purified and pressurized, and then put
into the combustion chamber to obtain the flue gas with high temperature
(1000-1500 °C) and pressure (1.5-2.4 MPa), which is delivered into the gas tur-
bine unit to expand and generate electricity. And the exhausted gas with lower
temperature (500-600 °C) comes out of the gas turbine, enters into the waste heat
boiler to produce steam, which get into the steam turbine to drive a generator set for
power generation. Figure 6 shows the schematic process of CCPP.

CCPP is an advanced technology which makes full use of blast furnace by
product gas and improves energy efficiency, whose thermoelectric conversion
efficiency is up to 40-45% without the extra heat supplement. Compared with blast
furnace gas power plant project, 1.68 x 10°-2.16 x 10° MWh more amount of
electricity will be generated by CCPP when the annual running time is calculated as
8000 h, which is a considerable benefit obviously [18].

The problems and defects existing in domestic CCPP: (1) the requirements of
fuel quality are higher than the traditional process; (2) the quality of gas will be
demanding strictly.

At present, the 145 MW CCPP in Baosteel is the largest one in domestic, which
uses 100% blast furnace gas with the heat value 3266 kJ/m>. The following pro-
duction index will be achieved after beginning production: The output power is
145 MW, and steam supply is 180t/h, the thermoelectric conversion efficiency is
46.52% and annual generation capacity is 1.1 billion kWh [19].
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Brief Summary

Overall, the total amount of waste energy resources of China’s iron and steel
industry is 455.1 kgce/t steel, while the efficiency of recovery is only 45.6%,
compared with the above 90% in the advanced foreign enterprises. At present, there
are about more than 30% waste energy that cannot be recovered in domestic iron
and steel industry, especially the key technologies for low temperature waste heat
are not mature enough. Not only import of advanced foreign waste energy recovery
technologies, but also self-dependent innovation can accelerate the China’s pace of
energy conservation and emission reduction.

The Advanced Waste Heat Recovery Technology

Vertical Tank Cooling System

The sintering waste heat is mainly recovered and utilized by the conventional
process, the blast machine of belt-cooling or ring-cooling, in this kind of tech-
nology, the problem of high leakage rate in sintering system exists leading to the



