
Chapter 12
Energy Saving and Emission Reduction
from the Steel Industry: Heat Recovery
from High Temperature Slags

Yongqi Sun and Zuotai Zhang

Abstract The steel industry is an energy-intensive and CO2-intensive industry and
the greenhouse gas (GHG) emission in the steel industry was more than 2.95 billion
tons in 2012, which faces the great challenge of energy saving and CO2 emission
reduction in the context of global warming. The heat recovery from high temper-
ature slags (1450–1650 °C) from the metallurgical process represents one of the
greatest potential to reduce the carbon emission in the steel industry (460 million
tons of blast furnace slags (BFS) and 150 million tons of steel slags (SS) in 2012).
The basic constraints of slag heat recovery include the low thermal conductivity and
the easy crystallization trend. To meet these constraints and achieve the aim of heat
recovery, many methods have been proposed and investigated during the past few
decades, which could be divided into physical method, chemical method, and other
method based on the working mechanism. The fundamental property of the hot
slags that the cooling path of the slags could be composed of three regions, namely
the liquid region, the crystallization region and the solid region, determined that a
two-step physical method composed of a granulation atomizer and a fluidized bed
for heat transfer and a two-stage process combined with physical dry granulation
and chemical reaction are theoretically reasonable, which represents the research
trend nowadays. The combination of the phase change material (PCM) heat storage
and chemical methods could make up another research trend in the future especially
when the crystallization behavior of the molten slags could be ignored. Besides, in
the integrated system proposed recently, the obtained glassy blast furnace slags
could be utilized in the cement industry because of the severe challenge of GHG
emission reduction in the cement industry (3.7 billion tons of CO2 in 2013). Only

Y. Sun � Z. Zhang
Department of Energy and Resources Engineering, College of Engineering,
Peking University, Beijing 100871, People’s Republic of China

Z. Zhang (&)
Beijing Key Laboratory for Solid Waste Utilization and Management,
College of Engineering, Peking University, Beijing 100871,
People’s Republic of China
e-mail: zuotaizhang@pku.edu.cn

© Springer International Publishing Switzerland 2017
X.-R. Zhang and I. Dincer (eds.), Energy Solutions to Combat Global Warming,
Lecture Notes in Energy 33, DOI 10.1007/978-3-319-26950-4_12

249



by employing a reasonable and efficient method, could the waste heat in the high
temperature slags be effectively recovered and target of the GHG emission
reduction in the steel industry be achieved.

Keywords Energy saving � Emission reduction � Heat recovery � High tempera-
ture slag � Physical method � Chemical method � Integrated system

Abbreviations

ARM Alternative raw materials
BFS Blast furnace slag
CCS Carbon capture and storage
CFD Computational fluid dynamics
DRI Direct reduced iron
EAF Electric arc furnace
GHG Greenhouse gases
IPCC Intergovernmental panel on climate change
MCF Material CO2 footprint
MSR Methane steam reforming
MSW Municipal solid waste
NKK Nippon kokan KK
PCB Printed circuit boards
PCF Process CO2 footprint
PCM Phase change materials
RCA Rotary cup atomizer
RCLA Rotary cylinder atomizer
RMCA Rotary multi-nozzle cup atomizer
SCPS Selective crystallization and phase separation
SDA Spinning disk atomizer
SS Steel slag
TRT Blast furnace top gas recovery turbine unit

1 Introduction

The metallurgical industry, especially the steel industry, as one of the most
energy-intensive and CO2-intensive industries, is responsible for around 4–5 % of
total world energy consumption [1] and 9 % of process CO2 emissions [2, 3], which
is thus faced with the severe challenges of energy saving and emission reduction
[4]. Actually, during the past decades, many advanced technologies have been
introduced in the steel industry including the continuous casting operation [5, 6],
the direct reduced iron (DRI) technique [7, 8] and the heat recovery from the
process off gas [9, 10] and therefore the energy consumption per ton of crude steel
has been greatly reduced; however, the results of energy consumption and
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greenhouse gases (GHG) emission are still quite unsatisfactory, especially in the
context that targets set by the Intergovernmental Panel on Climate Change (IPCC)
require that global emissions should be cut to less than 50 % of 2000 levels by 2050
[2, 3]. For example, Fruehan et al. [11] estimated that there was an opportunity to
further reduce the energy consumption by around 25 % in the steel industry,
indicating that the potential of energy saving is still great in the steel industry in the
near future.

In 2013, the global output of crude steel reached as high as 1.55 billion tons [12].
With the CO2 emission ratio of 1.9 ton per ton of crude steel production [1, 13], the
GHG emission in the steel industry was thus more than 2.95 billion tons, which
caused substantial impact on the acceleration of global warming. If the GHG
emission target could be uniformly addressed, the steel industry should emit less
than 1 billion tons of CO2 per year by 2050 [2, 3], despite the population growth
and economic development in many developing countries. Using scenario analysis
method, Milford et al. [2] predicted that the last required blast furnace will be built
by 2020. Therefore, it can be seen that there exists great challenges in the iron and
steel sector to reduce GHG emission and specific energy consumption. Accordingly
lots of measures from technological and policy prospects should be designed and
introduced in the steel industry. Overall, these measures could be conventionally
classified into two main strategies, i.e., material efficiency strategy and energy
efficiency strategy [2, 14]. In a separate study on the energy intensity and green-
house gases footprint of metallurgical processes, Barati [15] defined two new
parameters to character the CO2 footprint in the steel industry, i.e., material CO2

footprint (MCF) and process CO2 footprint (PCF), which were actually in consis-
tent with these two strategies.

As for the material efficiency, Allwood et al. [14, 16] identify six potential
material efficiency options: (1) increase of product life spans; (2) using existing
goods more intensely; (3) lightweight product design; (4) updated manufacturing
processes; (5) reuses of the fabrication scrap; (6) reuses of the components from
unwanted products and buildings. The implementation of these material efficiency
strategies not only requires the technological innovation but also requires the policy
support, which would bring up great progress in the GHG emission reduction in the
steel industry and further the achievement of the whole emission reduction target. In
addition to these material efficiency methods, there are extensive energy efficiency
strategies required to be employed in the iron and steel sector including the com-
mercial applications of the less emissions intensive electric arc furnace (EAF) [17,
18] and the continuous casting technology [5, 6]. Another important energy effi-
ciency strategy is to recover the utmost waste heat from the iron and steel industry,
which has already attracted the attentions of the researchers worldwide. Furthermore,
the transport cost could be compensated once the recovered waste heat could be
reused or recycled in the iron and steel plant. Generally, the waste heat falls into
three groups, namely outlet products, high temperature slags, and waste gases [1,
19]. In fact, the waste heat stored in the products and waste gases has been effectively
recovered in the steel industry with the development of many advanced technologies

12 Energy Saving and Emission Reduction from the Steel Industry … 251



including the thermoelectric power generation [20, 21] and the Blast Furnace Top
Gas Recovery Turbine Unit (TRT) power generation [22, 23].

Hence it is generally believed that the heat recovery from the high temperature
slags represents the last undeveloped potential to remarkably reduce the specific
energy consumption in the steel industry [15, 19]. The molten slags are in common
discharged at the high temperatures up to 1450–1650 °C, which carry a high-grade
energy according to the second law of thermodynamics. Many investigations were
performed in the 1970–1980s in the wake of energy crisis and a series of heat
recovery technologies were exploited in the steel industry in Europe and Japan,
which were focused on the physical granulation of the molten slags. However,
unfortunately, quite few of these methods have been realized commercial appli-
cation because of the fundamental properties of the molten slags and the immature
technologies. Conventionally, the molten slags could be classified into ferrous slags
and nonferrous slags [15] and the latter one involves the production of some
specific metals such as the copper slags and the nickel slags, etc. The energy tapped
in the ferrous slags alone accounts for over 90 % of the waste energy in the molten
slags [15], which mainly comprises of blast furnace slags (BFS) and steelmaking
slags (SS) and therefore the previous studies were mainly concentered on those two
kinds of slags.

Generally around 0.3 ton of BFS and 0.1 ton of SS could be produced per ton of
crude steel [24], and accordingly it could be calculated that the global output of the
BFS and SS in 2012 were about 460 million tons and 150 million tons, respectively.
The waste heat in these molten slags is corresponding to the heat of around 32
million tons of standard coal, which was a numerous energy capacity required to be
recovered. However, much of the high grade energy at 1450–1650 °C was wasted
because the molten slags were directly discharged into the slag yard. For example,
the recovery ratio of the slag waste heat was less than 2 % in China [25] because of
the present nonscientific disposal methods, which accounted for a significant
potential of energy saving and GHG emission reduction in the steel industry.
Traditionally, there were two kinds of widely used slag disposal methods, i.e., water
quenching methods and naturally cooling method; through either of these methods
the heat in the slags could not be recovered. The deep understanding of the
properties and the development of novel recovery methods contribute to the crucial
steps to effectively recover the waste from the slags, which was, actually, the initial
objective of this paper. Moreover, we reviewed the technological methods previ-
ously and nowadays developed and characterized them in order to predict some
possibly promising methods in the future.

2 Properties of the High Temperature Slags

As aforementioned, the constraints that restrict the industrial application of the heat
recovery methods result from the fundamental properties of the slags including the
basic physical and chemical properties of the molten slags and the specific hot
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process of these slags. A deep insight of these basic properties of the high tem-
perature slags is the key to select and design a reasonable heat recovery method.

The first dominant property of the high temperature slags is the exactly low
thermal conductivities [1, 15, 19] especially the liquid slags, which brings up the
great difficulties of heat exchange between work medium and the liquid slags.
Many studies measured the thermal conductivities of the slags using a series of
methods such as the square wave pulse heat method [26], the hot strip method [27],
and the hot wire method [28–30] and it was found that the thermal conductivity of
the slags showed a regular variation trend, i.e., the thermal conductivity of the
liquid slags was in the range of 0.1–0.3 W/(m K) while that of the glassy slags was
in the range of 1–3 W/(m K). There was a great transition of the thermal con-
ductivity of the slags near the glass forming temperature and it generally increased
with increasing temperature with a constant slag state. However, the thermal con-
ductivity of the crystalline slags remarkably increased up to 7 W/(m K) [19].

The low thermal conductivity of the slags increased the resistance of heat
transfer and could thus cause a great temperature difference between the core and
the surface of slags during the cooling path. For example, it was found that a slag
ladle that has been left to cool in the air could remain liquid in the core for days
[19]. In addition, through computational fluid dynamics (CFD) simulation, we
found that the temperature difference differences could be more than 100 °C
between core and surface of a BFS droplet with 3 mm in diameter [31], which was
also proved by a few previous studies [32–34]. The low thermal conductivity and
the big temperature difference between slag core and surface could decrease the
inside cooling rate of the slags and therefore cause another property of the slags,
i.e., easy crystallization trend inside the slags, which could increase the difficulties
of further disposal of the slags and reduce the commercial value of the obtained
solid slags. The basic constraints of the slag heat recovery were summarized in
Table 1. As for the SS, because of the higher basicity (mass ratio of CaO/SiO2) in
the slags [35], the crystalline trend is stronger and even the crystallization behavior
could not be avoided. The common hot processes of the molten slags are depicted
in Fig. 1.

Once the liquid slags are discharged in the slag pool or yard and naturally cooled
by the ambient air, crystals could form in the slags (BFS and SS) and the obtained
slags with inside crystallizations could be utilized as roads/railways ballast and
aggregates for concrete, etc. [1, 15] Actually, this accounts for one of the most

Table 1 The basic constraints of slag heat recovery

Constraints Details Meeting solutions Refs.

Low thermal
conductivity

1 W/(m K) for solid slags;
0.1 W/(m K) for liquid slags

Dry granulation into
small
particles/droplets

[1, 15,
19, 26–30]

Easy
crystallization
trend

Large temperature
difference → Easy inside
crystallization trend

Small particles; Water
quenching

[31–35,
42, 43]
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traditional method to deal with the slags. Recently, more and more BFS is utilized
as the alternative raw materials (ARM) in the cement industry because the main
chemical compositions of the BFS (CaO, SiO2, and Al2O3) are similar to those of
Portland cement, whereas the employed slags should be in the glassy state because
of the required hydraulic activity of the cement used for concrete [36, 37]. Actually,
like the steel industry, the cement industry is an energy-intensive and CO2-intensive
industry, which also faces the great problem of emission reduction because of the
substantial calcination of the limestone (CaCO3) [38–40]. In 2013, the global output
of cement was around 4 billion tons [41] and with the CO2 emission ratio of 0.91–
0.96 ton per ton of cement [24], the discharged CO2 emission in the cement
industry was in the range of 3.64–3.84 billion tons, which was pronouncedly more
than that in the steel industry. In order to avoid the crystalline formation and
confirm the amorphous state of the slags, the liquid slags must be rapidly quenched
at a relatively high cooling rate, i.e., often more than 10 °C/s [42, 43], and two
technological strategies could be conducted to realize this object, i.e., water
quenching method and dry granulation method.

Fig. 1 Hot processes of the high temperature slags
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Nowadays water quenching method has been increasingly used because of the
high value of the obtained glassy slags. However, there are many issues to be
addressed during the water quenching process, which could be divided into the
following three types: (1) the great water consumption and waste (1–1.2 ton of
water per ton of slags [1, 44, 45]), actually the water shortage has been a serious
problem in many developing countries; (2) environmental pollution, i.e., the lea-
ched alkaline from the slags could contaminate the ground water and the emitted
H2S and SO2 could pollute the air [1, 45]; (3) energy consumption, i.e., the
high-grade thermal heat in the molten slags is wasted and in addition the obtained
wet slags require to be re-dried before used as the ASM in the cement industry. In
order to deal with the foregoing problems and recover the waste heat from the high
temperature slags, dry granulation method has been proposed and many tech-
nologies have been developed during the few past decades; these technologies, in
fact, make up a significant type in the technological method family of slag heat
recovery, i.e., physical method, which would be discussed in the following section
in detail. The low thermal conductivity suppresses the heat exchange between the
slags and the work medium and causes the inside crystallization behavior of the
BFS; thus the slags should be granulated into small droplets or particles in order to
increase the specific surface area of slags and thus the contact between the slags and
the working medium and finally the heat transfer efficiency and the heat recovery
ratio are increased.

3 Physical Method

As for the physical method, the slags should be first granulated into small particles
and then the thermal heat of the droplets is transferred to the working medium such
as air or steam [15, 19] and therefore the physical method is focused on the
development of various granulation methods, which could be divided into several
types based on the granulation mechanism. In a previous study by Zhang et al. [1],
these different physical methods could be classified into three types, i.e., mechanical
crushing granulation method, air blast granulation method, and centrifugal granu-
lation method.

3.1 Mechanical Crushing Granulation Method

Mechanical crushing granulation method as a relatively traditional method was
proposed to granulate the liquid slags, which included some specific technologies
such as mechanical stirring, solid slag impingement and rotary drum process, etc.
(1) Mechanical stirring method was first designed by Japanese Kawasaki steel
corporation in 1980 [46–49], during which the operational process could be divided
into two individual steps, i.e., the liquid slags were first crushed and granulated into
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small particles using rotary stick in a container and part of the sensible heat was
transferred into the cool wall with flowing water; then the residual heat in the
granulated slags were further exchanged into the cool air a fluidized bed. The heat
recovery of mechanical stirring method was around 59 %. (2) Solid slag
impingement method was first developed by Swedish group Merotec (a steel cor-
poration) in 1979–1981 [47], as shown in Fig. 2, which could also divided into two
related steps, i.e., the liquid slags were first impinged and granulated into granules
by the previously small solid slag particles (<3 mm) and then the obtained gran-
ulated slags were fully contacted with the air in a multiple-step fluidized bed and the
thermal heat were further exchanged; in addition, posttreatment was performed that
the solid slags less than 3 mm were separated and recycled into the former gran-
ulator. The heat recovery of solid slag impingement method was around 75 %.
(3) Rotary drumming method was first designed by Japanese Ishikawajima-Harima
Heavy Industries and Sumitomo Metal in early 1980s [48] and then a twin-drum
technique was developed by Nippon Kokan KK (NKK) in 1980s [49], which was
also composed of two related steps, i.e., the liquid BFS was first impinged by the
rotary drum and granulated into small particles and then the granulated slags was
placed in the fluidized bed and fully reacted with the cool air to fulfill the heat
exchange process. It has been reported the heat recoveries of the rotary single-drum
and the twin-drum methods were 50–60 % and 40 %, respectively.

It should be pointed out that these mechanical crushing methods failed to realize
industrial application especially nowadays because of the existed drawbacks [1]:
(1) the heat recovery ratios of these methods were relatively low because of the
relatively high temperature of the discharged solid slags; (2) the great energy
consumption during the mechanical process, which lowered the recovery ratio of
these methods [46–49]; (3) most importantly, the glass content in the obtained solid
slags was not high enough for cement manufacturing and the diameter of the slag
particles could not be effectively controlled, which increased the difficulties of the

Fig. 2 Process of solid slag impingement method
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post use of these slags. However, as an important technological method, mechanical
crushing method provided important clues of the further development of granula-
tion methods; for example, the rotary single-drum shared some similar mechanism
to some centrifugal granulation methods.

3.2 Air Blast Granulation Method

Air blast granulation method was a better method than the mechanical crushing
method because of its recovery ratio and glass content in the slags, which was first
developed by Mitsubishi Heavy Industries and NKK in 1970 and 1980s [50–53]
because of the energy crisis. As displayed in Fig. 3, in this method, both air and
cool water were used as working medium, i.e., the liquid slags were first broken up
and granulated into small particles by the high velocity air (*100 m/s) ejected
from a series of nozzles and partial heat of the slags were exchanged into the hot air;
then the solid slags were taken successively into the heat boiler by the air and the
second embedded boiler and the heat were extracted to the cool water tubes to form
steam. Thus it could be concluded that the air blast method was composed of two
successive steps, namely initial granulation by air and second heat exchange in the
boiler by cool water. It was reported the heat recovery ratio of air blast method
could be around 80 % and the slag particles were discharged in the range of <3 mm
and at the temperatures of 200–300 °C. However, air blast granulated method were
still faced with a series drawbacks such as the utilization of the high velocity air
consumes a substantial energy and the liquid slags used should be pre modified to
adjust its composition and the viscosity. Despite these shortcomings, nowadays air
blast method is still in development and industrial trial in China, especially for the
heat recovery from the SS [54, 55].

Fig. 3 Process of air blast method
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3.3 Centrifugal Granulation Method

Another important type of physical methods is centrifugal granulation method and
numerous techniques including the rotary cup atomizer (RCA) method and the
further rotary cylinder atomizer (RCLA) method and spinning disk atomizer
(SDA) method, have been developed in the past few decades due to its specific
advantages. (1) Rotary cup atomizer was first developed by Pickering al. in 1985
[56], which was actually a combination of air blast method and centrifugal method,
and many studies have been performed on this method [57–60]. The basic idea of
RCA method is shown in Fig. 4. In this method, the granulation of liquid slags and
the heat transfer between the slags and the air made up to divided steps, i.e., the
liquid slags was poured into a rotary cup air blast atomizer located in the center of a
vessel, ejected radially outwards into the space in the vessel because of the cen-
trifugal force and granulated into small droplets due to the surface tension; then the
granulated slags contacted with the vessel wall and fell onto two successive flui-
dized beds and the sensible heat of the slags were fully extracted to the cool air. The
obtained slag particles were less than 2 mm and contained more than 95 % glassy
phase, which were exactly suitable as the raw materials applied in the cement
industry. Besides, the diameter distribution of the slag particles could be effectively
controlled by changing the size of the outlet of the RCA and the rotating speed of
the atomizer cup. The original recovery ratio of this method was around 59 % and
on the other hand, the main shortcomings of RCA method were the formation of the
slag wool and the degradation of the atomizer cup [1]. (2) Following the idea of
RCA method, Kashiwaya et al. developed the RCLA method in a lab scale in 2010
[61, 62], the apparatus of which could be divided into a rotary cylinder with several
nozzles and a graphite crucible. In this method, the cylinder was rotated in an
individual speed and the liquid slags were squeezed from the nozzles and then

Fig. 4 Process of RCA method for slag heat recovery
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granulated into small particles; in addition, the reasonable selective of the nozzle
size and the rotation speed of atomizer cylinder is the key step. In a further study by
Kashiwaya et al. [63], the RCLA method was even combined with the phase change
material (PCM) heat storage, i.e., the glassy slag particles obtained by RCLA
methods were utilized as a phase changing material.

Compared with RCA and RCLA methods, a rotating disk was employed to
granulate the liquid slags in the SDA method, which was first developed in Japan
by Sumitomo Metal Industries in 1980s [64]. The spinning disk process was
composed of two related steps, i.e., the liquid slags were first fed on the rotating
disk, impinged by the disk and granulated into small particle by the centrifugal
force during which the temperature of the slags fell below 900 °C and the liquid
slags transformed into glassy state; then the solid slag particles were dropped onto a
packed bed and the secondary heat exchange fully occurred between the slags and
the cool air [64–68]. This method showed the advantages of small particle size
(1–1.5 mm), high glassy content and simple operations, so that a series of scale-up
experiments are underway nowadays.

Through the foregoing numerous physical granulation methods, the liquid slags
could be broken into small particles or droplets and the sensible heat were
exchanged to the hot air or steam, which could be further used for the combustion
in the blast furnace or for power generation. Actually physical granulation method
contributes to a significant step of the slag heat recovery. All these methods could
be categorized into the first generation in the technological method family of slag
heat recovery and recently, heat recovery by chemical reactions has been exten-
sively investigated because of the specific advantages.

4 Chemical Method

As aforementioned, many chemical methods for heat recovery from high temper-
ature slags were exploited, which could be divided into three types, i.e., methane
reforming reaction (MSR), a series of gasification and pyrolysis reaction (coal,
biomass, and sewage sludge) and the utilization of the effective compositions in the
slags. Furthermore, based on the thermodynamics calculation, it was predicted that
the decomposition of limestone, reforming of methane and gasification of carbon
are the most promising ways in the future [69]. The main advantages of chemical
methods consisted of the combination of the various industries including the steel
industry, cement industry, and the chemical engineering industry and the produc-
tion of the high-value fuel gas. Actually, one of the dominant objectives of these
methods was to collect the produced syngas composed of H2 and/or CO.
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4.1 Methane Reforming Reaction Method

MSR method was a typical chemical reaction for H2 production [70, 71] and one of
most investigated chemical reactions for the slag heat recovery, which was first
proposed by Kasai et al. [72] in 1997. The concept of MSR using the waste heat
from slags is shown in Fig. 5. The MSR heat recovery process could be divided
into two parts, i.e., first the reaction of CH4 + H2O = CO + H2 occurred in the
steam reformer using the waste heat in the slags and second the chemical heat in the
produced gases was released in the metalation reactor through the reversible
reaction for steam production and CH4 regeneration. The proposed concept was
actually a single stage method, which was verified by a series of experiments since
then. It was even found that the slags could act as an effective catalyst for MSR
similar to that of Ni-base catalyst [73, 74] in addition to heat carrier [72, 75].
Furthermore, based on the concept of MSR, a combined system composed of a
RCA system and a MSR system was designed by Maruoka et al. in 2004 [76], as
displayed in Fig. 6. The liquid slags were first granulated using a RCA system and
then a packed bed full of solid hot slags was used to perform the MSR.

In addition to steam, CO2 could also be employed to conduct the methane
reforming reactions [77, 78], especially from the view of point of carbon capture
and storage (CCS). Moreover, the possibility of this combined system was proved
in lab scale by Purwanto et al. in 2006 [79] using the biogas (CH4) and CO2 and the

Fig. 5 Schematic diagram of the concept for MSR method [72]
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catalytic effect of the BFS was meanwhile identified in this study [79]. In addition
to the MSR and methane-CO2 decomposing, the waste heat in the molten slags
could be used for the CH4 thermal decomposition reaction by means of CH4 = C +
2H2. This concept was explored by Kashiwaya et al. [80] in 2012 through the CH4

injection experiments into molten slag at 1500 °C and it was found that the CH4

decomposition was enhanced by the existence of slag melts.

4.2 Pyrolysis and Gasification Reaction

Another significant chemical method was to utilize the sensible heat in the slags to
perform the pyrolysis and gasification reaction of the organic materials in the fault
coal, biomass, or the solid wastes such as waste printed circuit boards (PCB) [81],
municipal solid waste (MSW) [82] and sewage sludge [83].

Fig. 6 Schematic diagram of the concept comprising RCA and MSR [76]
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(1) Generally, the heat for coal gasification was supplied by the partial combus-
tion of the feed coal [84, 85] and the sensible heat in the hot slags showed
potential to supply the required energy, the concept of which was first pro-
posed by Liu et al. in 2004 [86], as displayed in Fig. 7. Similar to MSR
method [72, 75], this system mainly consisted of a RCA system and a coal
gasification system, i.e., the liquid slags were first granulated into small
granules and then the solid hot slags was contacted with the fault coal and the
coal gasification reaction occurred in two-stage fluidized bed. In order to
explore the feasibility of this concept, the Yu Group not only designed a series
of experiments in lab scale using CO2 agent or waste gas from blast furnace
[87–90] but also performed some thermodynamic calculations of coal gasifi-
cation using hot slags [90, 91]; the catalytic effect of the slags on coal gasi-
fication was clarified and the combination of RCA and coal gasification was
further proposed in a previous study [90]. Recently, the feasibility was also
explored of coal pyrolysis using the waste heat from slags. Shatokha et al. [92]
and Cahyono et al. [93] separately performed the researches on the combi-
nation of coal pyrolysis and slag heat recovery for the purpose of char pro-
duction and tar reforming using BFS and SS, respectively. A more porous char

Fig. 7 Schematic of coal gasification process [1, 86]
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was obtained by Shatokha et al. [92] and it was found that the existed metal
oxides in the slags effectively enhanced the tar decomposing reaction and thus
the fuel gas production by Cahyono et al. [93].

(2) As a CO2-neuteral resource, the gasification and pyrolysis of biomass was one
of the most important ways of hydrogen production [94, 95]. Similar to coal
gasification, the energy for biomass gasification and pyrolysis could be sup-
plied by the high temperature slags, the concept of which was verified by Luo
et al. in 2012 [96, 97]. A moving bed reactor was used to conduct the gasi-
fication (800–1200 °C) and pyrolysis (500–750 °C) using hot BFS and it was
proved that BFS as a good catalyst for tar cracking and syngas production.
However, these methods mainly contained a single stage of biomass thermal–
chemical treatment and the further slag treatment was not discussed enough.
Then in 2014, Sun et al. [98] designed a low temperature biomass gasification
method using the hot slags (250–500 °C) and proposed an integrated system
composed of several sectors including the steel industry, the cement industry,
the chemical engineering industry and the agricultural sector, as displayed in
Fig. 8. Most importantly, the produced syngas could be separated and used in
the iron-making process [99–101] in order to reduce the carbon footprint in the
steel industry. One significant problem of the biomass gasification pointed out
was the contamination of the biomass ash on the BFS especially the Cl ele-
ment and the alkali metal and thus the possible impact on the cement pro-
duction, which should be reasonably controlled.

(3) With the continuous urbanization and the population growth in many devel-
oping countries, substantial solid wastes were discharged in the modern cities,
the disposal of which became an important environmental issue [102–104].

Fig. 8 An integrated prototype based on low temperature biomass gasification composed of
multiple sectors [98]
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The thermal heat in the hot slags showed some potential to treat these solid
wastes, the idea of which has been tried by a series lab scale experiments
recently. In 2010, Luo et al. [82] explored the feasibility of MSW steam
gasification using hot slags and they found that the BFS could act as not only
heat carrier but also effective catalyst. In 2012, Qin et al. [81] proposed a novel
method of waste PCB pyrolysis using the waste heat in the slags, the process
of which could be divided into two stages, i.e., a slag granulation system in a
rotary multi-nozzle cup atomizer (RMCA) and a PCB pyrolysis system, as
displayed in Fig. 9. However, the recovery ratio of this method was less than
12 % because of the limited contact between the slags and the PCB and the
heat loss of the system, which should be further optimized. In 2014, we
proposed an integrated method consisting of the sludge/CO2 gasification and
the slag heat recovery using a fixed bed system [83]. The experiments were
carried out at 500–950 °C using both BFS and SS and it was found that the
solid BFS and SS acted as not only a heat carrier but also an effective SO2

fixation because of the present CaO in the chemical composition of the slags.

4.3 Reduction Reaction Method

In addition to the foregoing slag heat recovery through the typical gasification and
pyrolysis reactions, there were other chemical methods developed for fuel gas
production. Theoretically speaking, the development of the CO and H2 production
method was a way of pursuit of reductant to reduce the H and C elements in H2O
and CO2. On the one hand, the reductants could be the organics in natural materials

Fig. 9 Schematic of PCB pyrolysis using hot slags [81]
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such as biomass and sludge and the fixed carbon in the coal. On the other hand, the
specific chemical compositions especially the metal oxide with low valence state in
the hot slags could also be the possible alternative reductants. (1) The SS contains
high content of FeO, which could be used as a potential reductant to reduce the
steam to generate H2 by the traditional means of 2FeO + H2O = Fe2O3 + H2 [105,
106]. In 2012, Matsuura et al. [107] and Sato et al. [108] separately investigated this
concept using thermodynamic calculations at (1600–1700 °C) and lab scale
experiments at (1450 °C), respectively. The reaction could be conducted using the
FeO-containing SS and the H2O-Ar mixture gases and it was found that an increase
in gas temperature (200–1000 °C) and FeO content in SS increased the H2 pro-
duction. As the crystallization ability of SS was much stronger than BFS due to a
higher basicity, thus this single stage method could be effectively realized in the
future because the SS contained abundant FeO [109] and the inside crystallization
behaviors of slags could be exactly ignored. (2) Another potential metal oxide with
low valence state was V2O3 in the V2O3-rich gasifier slag; and in 2014, Nakano
et al. [110] designed a method of CO/H2 production using the reaction of molten
CaO-rich metallurgical slag and V2O3-rich gasifier slag by means of
3CaO + V2O3 + 2CO2 = (CaO)3V2O5 + 2CO and 3CaO + V2O3 + 2H2O = (CaO)
3V2O5 + 2H2. It was discovered that around 97 % CO2 was converted into the CO
at the temperatures of 1405–1460 °C and based on this efficiency it could be
estimated that the a steel plant with the steel output of 7680 tons per day could
consumed 970 tons of CO2 and produced 620 tons of CO, which showed a great
potential of CO2 emission reduction. Besides the aforementioned metal oxides,
there exist some other candidate low valence state metal oxides such as Ti2O3 in the
titanium bearing slags [111], the utilization of which may be explored in the future.

5 Other Methods of the Heat Recovery from Slags

In the technological method family of heat recovery from hot slags, there were
several other kinds of strategies, i.e., slag wool production, selective crystalline and
phase separation (SCPS) and direct electricity generation, which cannot be simply
categorized into the physical methods or chemical methods. The former two
methods have already been widely used in the metallurgical industry because of the
large treatment capacity and the development of latter method was just in infancy.

5.1 Selective Crystalline and Phase Separation Method

SCPS method was one of the most important methods to extract the valuable
elements in the individual types of molten slags such as the titanium bearing slags
[111–115], the vanadium bearing slags [116, 117] and the phosphorus bearing slags
[118, 119] in the metallurgical industry. Actually, the achievement of SCPS could
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also be divided into multiple steps, the concept of which is presented in Fig. 10.
First, the chemical compositions of the liquid slags were modified by the additives
in the direction that the crystallization behavior of the target crystalline phase was
enhanced and thus the physical properties of the slags were changed such as the
viscosity and the crystallization behaviors. Second the cooling path of the molten
slags was reasonably controlled and the enriched crystalline phase fully grew and
evolved with large size. After that, the enriched phase could be separated from other
phases by various phase separation methods such as gravity separation method and
flotation separation method. For example, during the extraction of titanium from
titanium bearing BFS, it has been reported that the additives of SiO2 [111, 115],
B2O3 [114] and P2O5 [113] could be used for slag modification. It should be
pointed out that SCPS method was exactly suitable for some specific kinds of hot
slags and during the process of composition modification, part of the waste heat of
the slags could be used to melt the added raw materials, from viewpoint of which,
the waste heat in the slags was recovered.

5.2 Slag Wool Production Method

With the continuous development and urbanization, the demand for thermal insu-
lation material is greatly increased in many countries. Compared with the organic
insulation materials, slag wool showed the dominant advantage of fireproof [120–
123], as a kind of inorganic insulation material. Similar to the SCPS, the mecha-
nism of slag wool production was also focused on the modification of the chemical
composition and the temperature control of the liquid slags, the concept of which is
presented in Fig. 11. While different from the SCPS method, the aim of the com-
position of the slags was mainly to change the viscosities of the liquid slags in favor

Fig. 10 Process of the SCPS method
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of the fiber shaping. The sensible heat in the slags could be used for additive
melting and the hot air obtained from the fiber shaping process could be further
recovered. Recently, Zhao et al. [122] and Li et al. [123] separately investigated the
slag wool production using BFS modified by coal ash in China whereas the
industrial application has already realized in Shanxi province, China. It was
reported that the energy saving was more than 70 % through this new method
compared with the traditional methods. In fact, utilization of the glassy slags
(BFS) into the cement industry shared some similar characteristics to the slag wool
production method. First, it was calculated that the heat release of glassy slags was
17 % less than the solidification slags during the cooling process [56] and this part
of energy was utilized in the cement industry in order to confirm the hydraulic
activity. Second, during both the slag wool production and the cement manufac-
turing processes, the whole compositions of the obtained slags were utilized as the
raw materials despite that the content of the slags was different.

5.3 Other Novel Methods

In addition to the foregoing methods that directly disposed the slags, there were
other novel methods mentioned in the recent studies. One environmentally friendly
and reliable method was direct electricity generation through the Seeback effect to
recover the waste heat from slags, which was first proposed by Rowe et al. in 2006
[124]. With the development of modern semiconductor materials with large
Seeback coefficient [15, 125], this concept could be realized in the future, which is
also tentatively employed in the heat recovery of waste gas nowadays. However,

Fig. 11 Process of the production of slag wool
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the effective match of the slag temperature and the temperature range of semi-
conductor materials accounted for a great challenge to realize this process.
A possible idea was that, similar to the foregoing methods, a two-stage method was
designed, i.e., the heat of the high temperature slags was first extracted into the
PCM [126–128] and then the reaction between the PCM and the thermoelectric
materials occurred for power generation the concept of which is presented in
Fig. 12. This two-stage method required the emergence of the high temperature
PCM and the first step of this method provided important clues of many other heat
recovery methods, for example, the waste heat of the SS could be first stored in the
PCM and then the chemical reactions could occurred using the heat of PCM, which
actually, could enhance the stability of the whole system.

6 Summary and Conclusions

As aforementioned, it is believed that the waste heat recovery from the high tem-
perature slags and the waste off gas represents the last potential to reduce the energy
consumption in the steel industry. However, the results of the heat recovery from
the molten slags are not satisfactory nowadays because of the specific properties of
the slags. Meanwhile, in order to meet the fundamental constraint and achieve the
heat recovery, numerous methods have been proposed and verified during the past
few decades. A deep understanding of the basic properties and the mechanism of
the various methods is the key step to design and select a feasible method to
effectively recover the substantial waste heat, which is, actually, the aim of this
study.

Fig. 12 Concept of two stages of PCM heat storage and direct electricity generation
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The basic constraint that resisted the heat recovery ratio was the low thermal
conductivity of the slags. For the common BFS from iron-making process, the low
thermal conductivity caused a low cooling rate of the slags and therefore the inside
crystallization behavior, which reduced the value of the BFS. In order to ensure the
formation of the glassy state and the further utilization of the slags as the raw
materials in the cement industry, the hot slags should be quickly cooled and
therefore water quenching method and physical granulation method are generally
used to achieve this target. Because of drawbacks of the water quenched method,
many dry granulation methods have been exploited, which make up the physical
method family of slag heat recovery. The basic property of the liquid slags deter-
mined that the slags should be granulated into small particles in order to quickly
extract the thermal heat of the slags into the working medium.

As for the physical method family of heat recovery, the developed methods
could be classified into three typical kinds according to the specific mechanism, i.e.,
mechanical crushing granulation method, air blast granulation method and cen-
trifugal granulation method, which are summarized in Table 2 in detail. The
mechanical crushing granulation method has been ceased because of the drawbacks
such as energy consumption and system complexity. On the opposite, the air blast
method is still under development in China. Furthermore, the recently extensive

Table 2 Summary of the various physical methods for heat recovery

Physical
granulation
method

Mechanism for heat recovery Recovery
ratio

The time first
proposed

Refs.

Mechanical
stirring

First step: granulation (rotary
stick); Second step: heat
exchange (fluidized bed)

59 % 1980 [47–50]

Solid slag
impingement

First step: granulation (impinged
by small solid slags); Second
step: heat exchange (fluidized
bed)

75 % 1979–1981 [48]

Rotary drumming First step: granulation (impinged
by rotary drum); Second step:
heat exchange (fluidized bed)

<60 % 1980s [49, 50]

Air blast First step: granulation (high
velocity air); Second step: heat
exchange (two step boiler)

80 % 1970s [51–56]

Rotary cup
atomizer

First step: granulation (Rotary
cup air atomizer); Second step:
heat exchange (fluidized bed)

59 % 1985 [57–61]

Rotary cylinder
atomizer

Granulation using a rotary
cylinder with several nozzles

– 2010 [62–64]

Spinning disk
atomizer

First step: granulation (Spinning
disk atomize); Second step: heat
exchange (packed bed)

– 1980 [65–69]
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investigations of centrifugal methods including RCA methods and RCLA methods
are mainly focused on a two-step process. The liquid slags were first granulated into
small granules to form the glassy state and part of the thermal energy was recovered
during which the temperatures fell to around 900 °C in the atomizer and then the
obtained solid granules were further contacted with the cool air in the fluidized beds
and the residual heat were fully exchanged. The crucial point of these physical
methods was the full heat recovery of the slags and the avoidance of the crystal-
lization behavior and therefore a two-step physical method was theoretically rea-
sonable, which, actually, represented the research trend of the development of
physical methods. The basic concept of two-step physical method is shown in
Fig. 13.

As for the chemical method family of slag heat recovery, syngas production
accounted for the main research trend recently such as the MSR method, biomass
and coal gasification and pyrolysis and the gasification reactions of a series of solid
wastes including the MSW and sewage sludge, which are summarized in Table 3 in
detail. Through these reactions, the high value fuel gas composed of CO and H2

were collected. Another basic idea of chemical methods were the pursuit of
reductants to reduce the C and H elements in CO2 and H2O into CO and H2 and the
effective components in the slags could also be used, following which a series of
metal oxides with low valence state were employed including FeO in SS and V2O3

in V2O3-rich gasifier slag. Moreover, for the heat recovery from BFS using
chemical methods, the process were generally divided into two stages, i.e., the
liquid slags were first granulated into small particles below 900 °C to obtain the
glassy phase and then the chemical reactions between the solid slags and other
materials occurred, which contributed to an important research trend of chemical
methods. The basic concept of two-stage process is shown in Fig. 14.

As for other methods in the technological method family of slag heat recovery,
the SCPS method and slag wool production method showed the similar mechanism,
which was also shared by the idea that the glassy BFS were used as raw materials in
the cement industry. A concept of multiple stages was employed, i.e., the liquid
slags were first modified by the additives, then the temperature of the slags was
effectively controlled and finally the enriched crystalline phase fully evolved or the

Fig. 13 Concept of two steps of physical granulation method
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slag fiber was shaped and produced. In addition, the direct electricity generation
method based on the See beck effect using modern thermoelectric materials could
be combined with the PCM heat storage, which was also indicated a two-stage idea
and could make up a novel research trend. Furthermore, the PCM heat storage
could be the first stage of slag heat recovery and then acted as the stable heat source
to supply the heat for the gasification reaction using chemical methods especially
when the crystallization behavior of the slags could be ignored, which was also
suggesting a concept of two stages, as depicted in Fig. 15.

From the aforementioned analysis, it could be concluded that, logically speak-
ing, the two-step physical granulation method, the two-stage process combined of
physical granulation and chemical reaction and the two-stage method combined of
PCM heat storage and chemical reaction composed the main research trends in the
heat recovery from high temperature slags. The reason lies in not only the basic
properties of the hot slags such as low thermal conductivity and the easy inside

Fig. 14 Concept of two stages of physical granulation and chemical reactions

Fig. 15 Concept of two stages of PCM heat storage and chemical reactions
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crystallization trend but also the initial objective of a specific method such as the
production of the high value CO or H2 and the confirmation of the post use of the
solid slags. Theoretically, the cooling path of the hot slags could be divided into
liquid region, crystallization region and the solid region with the individual tem-
perature ranges [129], which indicated that the temperature schedule of the hot slags
should be composed of multiple stages and consequently a two-step or two-stage
heat recovery method was determined.

Furthermore, the combination of multiple sectors to design an integrated system
made up another characteristic of the research trend of the slag heat recovery
including the steel industry, cement industry, chemical engineering industry, urban
municipal sector and agricultural sector. Only by designing and employing a rea-
sonable method, could the waste heat in the high temperature slags be effectively
recovered and the GHG emission reduction and energy saving in the steel industry
be achieved in time. Most importantly, the achievement of the heat recovery and the
integrated system required not only the technological innovations but also the
necessary roadmaps of city plan and policy support [130–132].
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