Journal of Sustainable Metallurgy (2021) 7:783-793
https://doi.org/10.1007/s40831-021-00391-x

THEMATIC SECTION: MOLTEN 2021: SLAGS, FLUXES, AND SALTS FOR ENVIRONMENT, ")

RECYCLING, AND SUSTAINABILITY

Check for
updates

Process Concept for the Dry Recovery of Thermal Energy of Liquid

Ferrous Slags

Felix Firsbach'?® . Dieter Senk' - Alexander Babich'

Received: 16 April 2021 / Accepted: 9 June 2021 / Published online: 24 June 2021

© The Author(s) 2021

Abstract

Slags are valuable by-products of iron- and steelmaking processes. Their efficient reutilization and the recuperation of their
thermal energy are key for improving the overall efficiency of these processes. With the innovative approach presented in
this work, it is possible to recover thermal heat from liquid slags. The process concept consists of a slag tundish and four
subsequent heat exchangers. The liquid slag is poured into the slag tundish which homogenizes the slag and guarantees a
constant mass flow. The heat exchangers extract thermal energy from the slag and transfer it to water or oil. The first module
cools the slag from the tapping temperature of about 1500 °C down to 850 °C. Inside the second module, more thermal
energy is gathered from the already solidified slag cooling the slag down to ambient temperature. The captured energy can
be used for various processes, such as gas preheating or generation of steam. The solidified slag is volume stable and forms
amorphous phases, depending on its basicity. The process was designed, and the concept was tested on lab-scale demonstra-
tors with an overall heat recovery rate of 42%. Some applications of the recovered slag heat are also presented in this work.
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Introduction

Slags are valuable by-products from iron- and steelmaking
processes performed worldwide [1]. Important factors for
successful applications of slags are the chemical and min-
eralogical composition on the one hand and the recuperation
of their thermal energy on the other hand. Industrial-scale
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applications incorporating the recycling of those by-prod-
ucts are common since many decades and include exam-
ples like (1) the grinding of water-quenched blast furnace
slag (GGBFS) to receive hydraulic properties for their use
in cement, (2) using stabilized slags as aggregates in roads
and civil installations, (3) using free-lime and phosphorous
containing converter slag as fertilizer (e.g., so-called “Kon-
verterkalk” [2]) or (4) recycling of secondary metallurgical
slags for re-introduction into the steel desulfurization pro-
cess like Calexor® Aluminate. Current research is focusing
on other topics like the recovery of precious metals such as
chromium from slags via leaching [3] or the carbonization
of slags for carbon capture and storage (CCS) [4] aiming to
reach higher value creation of the slags than via the currently
established methods described above. Thermal energy recov-
ery of molten slags is left as one of the last resorts for opti-
mizing the iron- and steelmaking processes regarding higher
energy efficiency. In the processes of iron and steelmaking,
industrial waste heat is recovered and re-used at most of the
vessels. Examples of such a heat re-usage are, e.g., combus-
tion of blast furnace top gas and coke oven gas (COG) for
heating of hot stoves and electricity generation in steam boil-
ers. The produced electricity makes the integrated steel plant
independent of external supply and the oversupply is sold
to the grid. The released energy of any molten slag during
solidification on the other hand stays unused. Compared to
other industries (Fig. 1), the iron and steel industry has the
highest waste heat potential even in high value temperature
ranges of 500 °C to more than 1000 °C.

For this study, an exemplary blast furnace was selected
with a slag production of 1770 t/d slag and respective spe-
cific annual heat loss of 1098 TJ/a. Depending on the yield
of the heat recovery process, this heat potential could be
interesting for internal energy recycling. Three possibilities
are discussed later in this work. If a process for slag heat
recovery is implemented with sufficient energy yields, the
financial benefit is quantifiable depending on the energy’s
utilization. Assuming that the thermal energy is of sufficient
temperature, it can be compared with natural gas heating.
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Based on this assumption, calculated energy can be quanti-
fied as 5.10 EUR per ton hot metal produced, as shown in
Table 1.

Prior-Art

Heat recovery from slag is a topic of research interest since
at least the 1980s [5]. Different concepts have been tested
and developed since then, but none has reached industriali-
zation yet. Some of the more widely known concepts are
described below to give an overview of the research land-
scape of the current subject.

As part of the Japanese project COURSES0 (CO, Ulti-
mate Reduction in Steelmaking Process by Innovative
Technology for Cool Earth 50) for the national reduction
of CO, emissions by 30% in Japan, the JFE Steel Corpora-
tion, the School of Engineering Osaka University, and the
University of Tokyo investigated the Twin Roll Apparatus
(TRA) for the rapid cooling of steel mill slag on cooling

Table 1 Slag’s thermal energy potential based on exemplary Blast
Furnace case with economic implications, excluding energy for dry-
ing slag

Parameter Value

Blast furnace working volume 2400 m3
Blast furnace hearth diameter 10 m

Hot metal (HM) production 5900 t/d
Productivity 2.46 t/d m®
Specific slag rate 300 kg/tym
Tapping temperature 1,450 °C
Specific heat capacity 1.7 GJ/t slag
Annual heat loss 1098 Tl/a
Spec. heat loss 0.51 Gl/tyy
Cost of natural gas (NG) 10 €/GJ NG
Equivalent financial value 10.98 Mio €/a
Specific financial value 5.10 €/t

>1000 °C m 500-1000 °C m 400-500 °C m 300-400 °C

Iron & Steel Non-ferrous Chemical Non-metallic Food, drink
metal mineral

200-300 °C m 100-200 °C m <100 °C

Other
industries
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rollers, which are extended by downstream heat recovery.
In order to increase the contact time between slag and
copper cooling rollers, the direction of rotation was chosen
to turn outwards, so that not one but two strands of slag
plates are created, one on each roller. The roller dimen-
sions are 1600 mm diameter and 1500 mm width. They
rotate with 20 rpm and are water cooled with a flow rate
of 125-130 Nm?/h. The slag is poured with 1 t/min into
the gap between the rollers, where it cools down to a tem-
perature of approx. 1100 °C and solidifies with a height of
5 mm. In this process step, the slag heat is not recovered.
In a consecutive second step, the slag is conveyed into a
cooling box, where the slag heat can be recovered batch-
wise in hot air of up to 450 °C, which corresponds to a
theoretical maximal heat recovery of 48% [6].

Mitsubishi Heavy Industries and JFE Steel Corporation
developed the air blast granulation, which pours a thin
film of molten slag. The slag is atomized with compressed
air blown through nozzles from underneath the slag. The
slag breaks into small droplets which are collected in a
chamber for further heat recovery [7]. The process was
successfully commercialized, also for non-ferrous slags,
by Ecomaister and Hatch [8] with a 0-40% in hot air of
up to 600 °C [9].

The spinning disk or spinning cup concept is the most
developed of the chosen examples and seems close to
industrialization. The molten slag is poured onto a spin-
ning, water-cooled copper disk or cup and dispersed to
small particles of approx. 900 °C via centrifugal force.
The heat is recovered in a consecutive step via hot air up
to 600 °C. The concept is in development by the Com-
monwealth Scientific and Industrial Research Organisation
(CSIRO) [10] and Primetals [11]. While this technology

Fig.2 Scheme of the process
concept

approach is the most mature, the remaining challenge is
the limited slag capacity of 2 t/min, which needs buffer-
ing in the case of blast furnace slag, as the mass flow can
peak at 7 t/min.

The vibrating copper chute concept that was investigated
in parallel to the present studies initial research by the cop-
per producer KME, FEhS, and Georgsmarinenhiitte in lab
and pilot scale in the frame of the DEWEOS project [12].
The vibrating chute concept of this consortium includes a
copper plate with 1.5x2.0 m contact area, which is water
cooled via channels inside the copper plate. The vibration
is performed at 10-20 Hz and an inclination angle of 3°.
Molten slag is poured onto the device and cooled down to
approx. 1000 °C with a plate height of 10—15 mm. Slag heat
recovery is not implemented in pilot scale but foreseen as a
consecutive step after solidification.

Process Concept

A new approach for dry heat recovery [13, 14] has been
investigated to address the challenge of separating amor-
phous solidification of blast furnace slag from heat recov-
ery. The chosen approach is designed to recover heat from
slags during its solidification. The general concept behind
the process is the dry recovery of thermal energy of met-
allurgical slags via indirect cooling and energy capture
with water or thermal oil. The application of the concept is
further shown in the example of blast furnace slag (BFS).
The concept (Fig. 2) comprises 5 parts: (1) slag tundish,
(2) primary heat exchanger (PHE), (3) secondary heat
exchanger (SHE), (4) tertiary heat exchanger (THE), and
(5) quaternary heat exchanger (QHE). The tapped liquid slag

liquid slag

1st module
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is poured into the slag tundish which homogenizes the slag
mass flow while reducing the heat sink in this buffer unit.
The primary, secondary, and tertiary heat exchangers extract
thermal energy from the slag and transfer it to water or ther-
mal oil. While the primary and secondary heat exchanger
are part of the first module directly after the slag tundish,
the tertiary heat exchanger is part of the second module.
The first module cools the slag from the respective tapping
temperature of about 1450 °C down to around 850 °C in
a continuous process while recovering the energy at the
same time. The primary heat exchanger consists of a copper
plate, which is cooled by water or thermal oil. The heat is
extracted via conduction underneath the slag. The copper
plate is mounted on a steel basin in which the thermal fluid
(water or oil) captures the slag heat and cools the copper
to prevent it from overheating and melting. The secondary
heat exchanger comprises copper pipes with the same water
or thermal oil circuit and extracts heat on the slag’s upside
via convection and radiation without direct contact to the
slag. For the case of BFS, the correct temperature design
is crucial for amorphous solidification. The transition tem-
perature from module 1 to module 2 for blast furnace slags
must be below the glass transition temperature. The tertiary
heat exchanger—designed as batch process in the current
process layout—extracts the heat by convection of air flow-
ing through the bulk of solidified slag.

This process concept was tested with two demonstrators.
The first demonstrator includes the primary and secondary
heat exchanger as well as the slag tundish. The tests were
performed in batches, but the demonstrators allow tests to
be run in continuous operation. This is planned for pilot
trials in an iron-making plant. The dimensions of the PHE-
demonstrator are 820 mm in length and 255 mm in width.
The copper plate has a thickness of 10 mm and is cooled
by either water or thermal oil in inside channels below
the copper plate, while in contact with liquid slag on the
upper surface. The inner area being in contact with slag is
755 mm X 155 mm.

The entire PHE is set into vibration at a measured effec-
tive frequency of 47.6 Hz+2.3 Hz and an amplitude of
0.45 mm. The vibration unit of the demonstrator is an unbal-
ance motor “NEA 50,300 electric external vibrator” from the
supplier NetterVibration with a nominal power of 0.28 kW
and a maximum centrifugal force of 2972 N. The PHE is
inclined by a variable angle between 0° and 10°. The viscos-
ity increase during solidification was calculated [15] for an
exemplary blast furnace slag (40% CaO, 39% SiO,, 9.5%
MgO, 11.5% Al,0O;) and ranges from 8.9 Pa s (1450 °C) to
19.7 Pa s (850 °C). This is relevant for the solidification on
module 1 in the temperature range from pouring at 1450 °C
to below the glass transition temperature of 850 °C. How-
ever, the increase in viscosity did not appear as a problem
throughout the tests.

@ Springer

Fig.3 Photograph of the first demonstrator during slag pouring in
early stage (left) and vitreous solidified blast furnace slag after test
and additional 30 min cooling at ambient air (right)

Outlet

Slag tundish

Isolation material Steel shell

(granulated slag)

Fig.4 Photograph of slag tundish before first heat with view from
above

Mounted on the PHE is the secondary heat exchanger
comprising bended copper pipes. The pipes have an inner
diameter of 8 mm and a thickness of 1 mm. Two concepts
have been tested [14] with connection in parallel and in
series. The concept with parallel connection was found
to capture more thermal energy with slower flowing fluid
than the connection in series. The parallel pipe connection
setup was used for the tests leading to the present results.
Both heat exchangers see the tapped slag and function
simultaneously as shown in Fig. 3. They are fed by the
slag tundish in Fig. 4.

Being aware that a slag tundish is a known and never
successfully implemented concept to metallurgical
research, this apparatus was necessary to mitigate the
influence of the operators on the slag pouring and the
resulting mass flow. The tundish consists of a steel shell
and insulation material. For this study, un-ground-gran-
ulated BFS was chosen as insulation material. The out-
let was regulated with a graphite sliding gate. The slag
tundish was preheated with a natural gas burner to around
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1000 °C before each test to reduce slag coating and cold
spots.

The second demonstrator was equipped with the tertiary
heat exchanger run in batch mode. This apparatus consists
of a steel pipe of 400 mm height and a diameter of 205 mm,
as in Fig. 5. With the given bulk density of the hot vitreous
blast furnace slag pieces (slag cullets), this demonstrator can
be filled with up to 10 kg of slag at 850 °C. Hot air is drawn
from the bottom of the device which cools the slag cullets
down to ambient temperature.

Demonstrator Tests

The following tests were designed to quantify the recu-
peration of thermal energy of the demonstrators as well as
to gather necessary data for model simulations needed to
design later upscaling models.

Setup

Demonstrator 1—the 1st module comprising PHE and
SHE—was tested separately from demonstrator 2—the 2nd
module comprising THE—to ensure identical material and
thermal heat input into demonstrator 2. All tests on demon-
strator 1 were performed with industrial GGBFS, which was
molten in a graphite rod furnace via radiation heat. 6.5 kg of
slag was manually tapped at 1550 °C into a ladle and then
poured into the slag tundish. Tapping and buffering in the
slag tundish resulted in an overall heat drop of the slag of
around 100 °C despite the fact that the slag tundish was
preheated with a natural gas burner to around 1000 °C. The
PHE cooling medium system (in this case water was used,

Fig.5 Photograph of tertiary heat exchanger from the side (left) and
above (right)

in other tests [14] thermal oil) as well as the vibrating unit
were turned on with a target frequency of 50 Hz. The tundish
sliding gate was partially opened to allow a slag flow 7iig of
20-26 1/min. The temperature of the cooling medium was
measured at the inlet and outlet. The recuperated energy Qv
was quantified by the temperature difference between water
inlet and outlet 7, ;, the density py (7)), heat capacity cy ,(T),
volume flow Vy, and test duration At;, following Eq. (1). The
provided input temperature of the slag was calculated
according to Eq. (2) with the slag’s heat capacity cg ,(T),
temperature difference ATy, as well as crystallization heat

Y AH_M. The heat recuperation efficiency was calculated
by Eq. (3):

Oy = Z pw(T) ey p(T) AT, ; A1, Vyy, )
Qs = Y\ cs,(T) AT, Aty ing+ Y AH, M, @)
n= Q—W 100 %. 3)

S

A similar approach was taken for demonstrator 2. 10 kg
of slag cullets produced on demonstrator 1 were heated to
850 °C in a muffle furnace. They were introduced manu-
ally into demonstrator 2, and an air pump was turned on to
initiate the cooling tests until the slag reached 50 °C. The
cooling medium was ambient air, which was drawn from the
environment and heated up while passing through the hot
slag cullet bulk. The air temperature was measured before
and after contact with the hot slag cullets, and the recovered
thermal energy was calculated similar to Qy, using Eq. (1).
Varying the air velocity from 0.6 to 8.8 m/s allowed to quan-
tify different recuperation efficiencies.

Demonstrator Results

The recuperation efficiency of the first module with water
around 24% of the total blast furnace slag’s energy and is
at a temperature step of — 600 K, while cooling from 1450
to 850 °C. In the second module, the temperature step is
— 800 K and the recuperation efficiency was quantified
with 18% of the total blast furnace slag’s energy. The over-
all recuperation efficiency totals to 42% for the same slag
(Fig. 6). From an initial energy of 1.7 GJ/t of BFS slag,
it was possible to recover 0.7 GJ/t of BFS slag leaving an
amorphous endproduct. The energy loss via the vibrat-
ing unit was between 0.7 and 1.2 kWh/t slag for 60-100 s
vibration for 6.5 kg of solidifying slag. This corresponds to
2.64.3MJ /t slag and to 0.4-0.6% of the recovered slag

electric

@ Springer



788

Journal of Sustainable Metallurgy (2021) 7:783-793

Fig.6 Sankey diagram on the
recuperation and heat losses of
the process concept measured
on blast furnace slag

1st Module
(42 %)

2nd Module
(58 %)

molten BF slag

:

Fig.7 Industrial GGBS (left)
compared to vitreous blast
furnace slag plates produced
on demonstrator (middle) and
milled afterwards (right)

Granulated blast furnace slag
industrial sample, GGBS

heat. The chemical energy used for preheating the tundish
was not quantified and is an energy sink to be optimized.
Despite the decrease of slag viscosity on module 1, no slag
adhesion of the slag to the copper plate of the PHE was
observed.

For the application of vitreous blast furnace slag, the
product should be similar in performance and functioning
to ground-granulated blast furnace slag (GGBS). Visual
appearance Fig. 7 is of lesser importance than the require-
ment to have below 5 vol-% of crystalline phases, which
are key mineralogical quality requirements for the present
process. Chemical requirements are controlled by the pro-
ducing vessel ‘blast furnace,” but could be modified in the
slag tundish [14] according to customer’s needs. The present
work quantified the amorphous phase in all XRD analyses
to be above 95 Vol% (Fig. 8).

For the application of vitreous granulated BFS in cement
industry, the grindability and cementitious properties are
relevant. Granulated BFS has to be ground to below 90 pm
before utilization, which relates to a Blaine range of 3350
to 4450 cm?/g [16]. To grind the slag cullets obtained via
demonstrator tests to powder, the milling energy of 9 kWh/t
was calculated based on measurements on the hardgrove
grindability index (HGI) and transformations to the bond
index W,. The ground vitreous slag plate powder has yet to
be tested regarding its cementitious properties in a follow-
up study.

@ Springer
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Fig.8 X-ray diffraction pattern of two exemplary slag plates
being > 0.950 g/g vitreous

Stress Test with Liquid Hot Metal

Tapped blast furnace slag can contain droplets of liquid hot
metal, which is hazardous for copper and could result in
serious wear of the PHE. To address this operational chal-
lenge, two tests were carried out with hot metal having the
chemical composition as shown in Table 2. The hot metal
was heated to> 1550 °C and approx. 870 g was poured
with a cast spoon directly onto PHE with an average mass
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Table 2 Heat transfer calculations differentiating case 1 (common test results) and case 2 (exceptional results)

Element C Si Mn P S Fe

Wt% 3.67 1.36 0.099 0.035 0.010 Rest

Fig.9 Top casting of 870 g of
hot metal on the demonstra-
tor; bottom solidified hot metal
after test

flow of 1.3 kg/s. The PHE was cooled with the typical 18 1/
min water, at a temperature of around 15 °C.

The exemplary stress test in Fig. 9 with hot metal was
considered harmless with regard to the wear of the copper
plate. The tests did not show that direct contact with hot
metal leads to corrosive and erosive wear characteristics in
the short term. In terms of industrial operations, however, it
should not be neglected that hot metal present as droplets in
the slag could lead to copper wear in the long term.

Simulation of Inclination Influence on Heat Transfer

The heat recovery can be influenced by the inclination angle
6 of the PHE in regard of slag mass flow. The hypothesis
was that changing the contact duration either by changing
the inclination could impact the recuperation. In the follow-
ing simulation, the inclination angle was increased step-
wise while maintaining the same vibration frequency. The
hypothesis stated that this would lead to larger slag jumping
gaps and therefore smaller ratios between conduction slag/
copper and convection slag/air, as well as larger slag mass
flow on the PHE resulting in reduced contact times slag/
copper. Next to possible changes in the vibration frequency,
the change of the inclination angle is a simple measure to
control the mass flow and slag solidification for pilot trials of
an upscaled unit. The simulated system is drawn in Fig. 10.

Simulations were conducted with the software MAT-
LAB®. For the simulations, a heat transfer coefficient was

R O

T e e
% 8 7 18w z»l‘; 2‘& ;'sacn

Fig. 10 Coordinate system of the slag chute including inclination 6,
amplitude A, in z-direction, force of friction Fy, gravitational force
Fg, and normal force Fy

assumed at 1300 W/m? K for full slag/copper contact and
for convection of a thin gap of 1 mm at 300 W/m? K in com-
parison to heat transfer phenomena of a steel tundish [17].
The PHE vibrating amplitude A, in vertical direction of the
PHE surface was assumed to be 0.45 mm, the kinetic fric-
tion of the cooper ;i to be 0.16 [17] and air friction was
neglected. With these assumptions, it was possible to simu-
late that the average velocity solidifying slag would have on
the PHE with increasing inclination. Figure 11 shows that at
small angles, the slag’s velocity is 0.015 m/s. With increas-
ing inclination, the velocity will reach 12 m/s until reaching
a state of free fall at 90°. The apparent slag velocity during
demonstrator tests was quantified to be between 0.013 and
0.017 m/s for solidified BFS.
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Fig. 11 Change of average velocity in x-direction with angle at
z-direction vibration
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Fig. 12 Influence of chute angle on heat transfer

At 6° inclination the heat transfer coefficient was simu-
lated to be 794.5 W/m? K, as presented in Fig. 12. Although
the assumed amplitude, also quantified previously, gives an
indication on the movement of the PHE, it is not identical to
the shortest distance of the slag and the PHE. Smaller incli-
nation angles lead to higher heat transfer coefficient while
larger inclinations decreased the heat transfer coefficient to
the assumed limit of 300 W/m? K. The heat transfer coef-
ficient was measured to be 577 to 766 W/m? K, as shown in
Table 3. It can be found that the simulated results are up to
27% higher than the measured results, which might be due
to the self-insulating nature of slag as the simulated results
indicate theoretical maximal heat transfer coefficient inside
the solidified slag, while the experimental results actual heat
transfer coefficient inside the slag might be lower.
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Table 3 Heat transfer calculations differentiating case 1 (common test
results) and case 2 (exceptional results)

Parameter Case 1 Case 2 Unit
Tapping temperature 1450 1450 °C
Final temperature 850 850 °C
Temperature difference 600 600 K
Contact area, PHE 0.116 0.116 m’
Inclination, PHE 6 6 °C
Contact time, PHE 60 45 S
Slag velocity 0.013 0.017 m/s
Slag mass flow 0.20 0.27 t/h
Recovered heat 0.77 0.77 Glit
Heat transfer coefficient 574 766 W/m? K

120

100

- 80

60

Heat recovery [%]
Contact time [s]

40

20

Slags
& C
((\

&
é(\ S e Contact time [s]

mmm Heat recovery [%]

Fig. 13 Heat recuperation of different ferrous slags on demonstrator 1
shows differing energetic recovery yields. The abbreviations stand for
blast furnace, basic oxygen furnace, electric arc furnace, ladle metal-
lurgy furnace, and hot metal desulfurization

Next to the concept of investigating the possibility to
recover BFS thermal energy, the same challenge is present
for the heat recovery of other metallurgical slags, ferrous or
non-ferrous. This challenge could also be addressed with
the proposed solution. Ferrous slags from different pro-
cesses were molten and treated according to the previously
described process to obtain exemplary results. Figure 13
shows the results obtained with the demonstrator 1. Viscosi-
ties and wettability of the copper with the mentioned slags
lead to different velocities and, therefore, to different contact
times. These contact times partially explain the differences
in recovered thermal heat, but it is assumed that chemistry
and (changing) mineralogy are also to be considered. It is
to be noted that one test of a BFS provided the data for
the first two bars in Fig. 13. These bars help to indicate
that when considering a slag which should solidify vitre-
ous, the available crystallization energy could be excluded
from the recoverable energy which then would lead to an
increase of the heat recuperation by calculation only. Hence,
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for the evaluation of the present process concept only, the
full thermal energy potentials of slags are considered. It is
also to be noted that for ground-granulated blast furnace slag
(GGBFS), the crystallization energy has to stay entrapped in
the vitreous material in order to be valuable for the cement
process.

Energy Utilization

Having developed the described process for slag heat
recovery with the conditions of (1) quantifying yields of
slag energy recovery and (2) amorphous solidification of
BFS, it is necessary to evaluate ways of its energetic utiliza-
tion. Conversion of the recovered thermal energy to electri-
cal energy is a possibility which is of technological but not
economical interest for integrated plants. Integrated plants
are usually self-sufficient in electrical energy production via
electrification of blast furnace off-gas as well as coke oven
gas. Hence, three scenarios were theoretically investigated
to interlink the slag heat recovery with other thermal process
of integrated steel plants. These are concept ideas for the
aforementioned quaternary heat exchanger. The following
calculations are based on energy demands of three selected
processes:

1. Hot-blast generation by Cowper

2. Bio-coal production via torrefaction

3. Reduction gas (syngas) generation by high-temperature
winkler process

Heating of BF Hot Stoves

The first scenario is the use of obtained energy for the heat-
ing of BF hot stoves. In reference to the exemplary blast
furnace of Table 1, it was indicated that such furnace needs
a hot air rate of 200,000 Nm*/h. The thermal energy to heat
the cold air from 11 °C up to become hot blast of 1100 °C
is 2000 TJ/a. Recovering 100% of the BFS energy would

Table 4 Hot-blast parameters for of the BF in Table 1 and required
slag thermal energy

Parameter Value Unit
Hot blast 200,000 Nm’/h
Density 1.12 kg/m?
Temperature difference 1089 K
Specific heat capacity of air 1.005 kl/kg K
Energy needed 2148 Tl/a
Slag thermal energy 1098 Tl/a
Slag heat recovery 100 %
Covered energy demand 51.1 %

provide around 50% of the energetic demand and could lead
to reduction in consumption of fuel gas or higher hot blast
temperature (Table 4).

Bio-coal Production via Torrefaction

Scenario two is including the installation of a torrefaction
unit to produce bio-coal for said blast furnace of Table 1
to replace a part of the necessary coke. The biomass has
insufficient energy density, which requires densification and
moisture, which requires drying. The first step in a torrefac-
tion unit is drying and preheating, which is usually done
with torrefaction forgas and wet biomass, Fig. 14. To pro-
vide the necessary thermal energy demand for the drying
step, instead of igniting torgas and biomass, recovered slag
heat could be utilized. The energy demand to replace 5% of
the necessary coke with biomass is 133 TJ/a and would be
covered 8 times by BFS heat at 100% recovery (see Table 5).
At 42% heat recovery quantified via the demonstrator setups,
the energy demand would be covered approx. 3.5 times.

Reducing Gas Generation by High Temperature
Winkler Process

Scenario three is the gasification of biomass to produce
reduction gas for said blast furnace via a high temperature

torgas

combustion ¢

heat

A

drying : L torrefaction
biomass dried torrefied
biomass

biomass

Fig. 14 Exemplary biomass drying and torrefaction process without
the usage of recovered slag heat [21]

Table 5 Required slag thermal energy to replace 5% of coke by bio-
coal in the BF of Table 1

Parameter Value Unit
Coke rate 350 kg/tHM
Annual coke amount 753,725 t/a
Torrefied biomass required 37,686 t/a
Raw biomass required (according to [21]) 95,743 t/a
Raw biomass moisture 50 %
Specific energy for drying 50% moisture [21] 1.39 Ml/kg
Energy for drying, total 133 TJ/a
Slag thermal energy 1098 Tl/a
Slag heat recovery 100 %
Covered air energy demand 825 %
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Fig. 15 Schematic of a high-temperature winkler process

Table 6 Production reducing hot blast for described blast furnace of
Table 1 calculated based on experimental data [18]

Parameter Value Unit
Reducing hot gas 200,000 Nm?/h
Raw wood needed 100 t/h
Hot air needed 105,000 Nm*h
Hot air temperature needed 310 °C
Energy needed 280 Tl/a
Slag thermal energy 1098 Tl/a
Slag heat recovery 100 %
Covered air energy demand 370 %

winkler process, as shown in Fig. 15. For the following
calculations, experimental data from Ising et al. [18] of
gasification of raw wood biomass have been used. The
obtained reducing hot gas would have 930 °C and a com-
position of 18 vol% CO, 13 vol% CO,, 4 vol% CH,, 7 vol%
H,, 10 vol% H,0 and 48 vol% N, assuming Ising et al.
[18] pilot trial results. With the CO and H, contained in
the gasification gas, such hot blast would be reducing and
could partially substitute coke or pulverized coal injec-
tion (PCI). The air needed for this gasification requires
preheating to 310 °C. Recovered slag heat at 100% yield
would provide close to four times the energetic demand
for the needed hot air to produce 200,000 Nm?3/h reducing
gas, Table 6.

@ Springer

Conclusions

Slags are recycled in large scale and already contribute
largely to CO,-footprint reduction, circular economy, and
metallurgical sustainability. While some of their mate-
rial potential is valorized, their thermal potential still lies
unused. A process concept for slag heat recovery was inves-
tigated with a lab-scale demonstrator. The key findings of
this study are

1. The presented approach offers a process to recuperate
thermal energy from ferrous slags in the temperature
range from tapping to ambient temperature.

2. The thermal recuperation efficiencies with the demon-
strator were quantified for blast furnace slag to be 42%
while producing > 95 Vol% vitreous blast furnace slag
cullets.

3. The milling energy for such slag cullets was quantified
to be 9 kWht.

4. Utilization of thermal energy might be best accom-
plished by interlinking processes, e.g.,

a. Heating of BF hot stoves

b. Bio-coal production via torrefaction

c. Reducing gas (syngas) generation by high-tempera-
ture winkler process

5. Hot-blast generation with Torrefaction or high-temper-
ature winkler process is not common technologies for
integrated steel plants. The ecological, political, and
social pressure to decarbonize steelmaking and foster
circular economy give these technologies a second
life. New approaches lead such a trend, like the BASE
method [19]. The BASE method couples blast furnace
with a pyrolysis reactor and shows that by interlinking
of processes, like the presented slag heat recovery for
the utilization of biomass in iron and steelmaking can
become reality.

Outlook

This entire process concept was tested on two demonstrators
including slag tundish, primary, secondary, and tertiary heat
exchangers. An upscaled pilot facility should be the next
step of the development. Cementitious properties of vitreous
blast furnace slag produced on the present process should
be quantified.
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