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Three-Stage Method Energy—Mass Coupling High-
Efficiency Ultilization Process of High-Temperature
Molten Steel Slag

WEIBIN CHEN, MINGHAO WANG, LILI LIU, HAO WANG, and XIDONG WANG

High-temperature molten steel slag is a large amount of industrial solid waste containing
available heat energy and resources. This paper introduces an efficient and comprehensive
utilization process of high-temperature molten steel slag. The waste heat energy in the
high-temperature molten steel slag can be fully recovered through the three-stage heat exchange.
Through mass balance and energy balance, the theoretical heat recovery rate can reach
81.42 pct when the waste heat stored in steel slag is converted into usable heat energy, and the
exergy efficiency of the overall system is 27.93 pct. When the waste heat stored in the steel slag is
converted for electric energy, the theoretical heat recovery rate can reach 24.49 pct, and the
exergy efficiency of the overall system is 33.83 pct. When the waste heat stored in steel slag is
used for cogeneration, the theoretical heat recovery rate can reach 83.98 pct, and the exergy
efficiency of the overall system is 38 pct. The normal-temperature solid steel slag produced by
the process is easy for iron selection and subsequent high value-added utilization. The
solidification of steel slag in this process consumes a large amount of CO, so that the free
calcium oxide (f-CaO) in the steel slag is fixed, which is more conducive to subsequent
utilization, thereby achieving the purpose of energy saving and emission reduction. Compared
with the utilization of traditional steel slag, this process can better utilize the energy and
resources contained in steel slag and provides a new method for fully utilizing the waste heat
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energy and resource attributes of high-temperature molten steel slag.
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I. INTRODUCTION

ENERGY is the cornerstone of the development of
human society and the most basic element for develop-
ing social economy and civilization. The steel industry
consumes 9 pct of the total energy consumption !, and
it currently accounts for about 7 pct of energy sector
CO, emissions (including process emissions).”” In Octo-
ber last year, the International Energy Agency (IEA)
released its Iron and Steel Technology Roadmap.*! This
document presented a vision and advanced measures for
the steel industry in line with the Paris Agreement.
According to the IEA’s Sustainable Development Sce-
nario, compared with 2019, direct emissions from the
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iron and steel sector should be reduced by more than
50 pct by 2050. It is a great challenge for the iron and
steel sector to meet this demand as it tries to chart a
more sustainable path while remaining competitive.
Figure 1(a) shows the crude steel production in China
and the world in the last decades.”! The steel production
of the whole world, especially in China, has been rising
in this period. Global crude steel production reached
1864.0 million tonnes (Mt) in 2020. The COVID-19
crisis has posed serious challenge to global supply
chains, resulting in an estimated 0.9 pct decline in global
crude steel production in 2020 compared with 2019. The
People’s Republic of China adapts to the global trend,
with its output increased in 2020. China’s crude steel
production reached 1053.0 Mt in 2020, up by 5.2 pct on
2019. China’s share of global crude steel production
increased to 56.5 pct in 2020 from 53.3 pct in 2019.
Therefore, the energy conservation of China’s steel
industry has great significance for the world. The steel
industry still has enormous energy-saving potential,
among which the available heat energy of high-temper-
ature slag occupies an important position.”” High-tem-
perature molten slag, mainly including blast furnace slag
and steel slag, is produced in the iron-making and
steel-making process, and its temperature is about 1673
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to 2023 K. The typical chemical composition of steel
slag is shown in Table L. Steel slag is made up of
silicates, alumina silicates, calcium aluminum silicates,
and iron oxides.”! During the steel-making process, a
proportion of the molten iron cannot be recovered so
elemental iron is often observed in the slag. Therefore,
compared with blast furnace slag, steel slag generally
contains more ferrous phases.' In slag characterization,
basicity refers to the ratio of CaO to SiO, in a slag
sample.”) Steel slag has higher basicity,!'” so its utiliza-
tion is also very different from blast furnace slag.!""! In
particular, rapid crystallization leads to a rapid increase
in the viscosity of steel slag, so its crushing and
granulation are more difficult. Therefore, the utilization
rate of steel slag is much lower than that of blast furnace
slag. The slag often contains a large amount of harmful
and heavy metals, so the uses of slag have to be carefully
managed to ensure no environmental impact.!'”
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Fig. 1-—(a) Annual crude steel production in recent years. (b) Share of global crude steel production in 2020.

Scholars have been exploring the recycling of steel slag
since the 1970s, mainly focusing on returning steel slag to
the blast furnace as a solvent. In the 1980s, scholars began
to explore the application of steel slag in the construction
industry."¥) It has been found that steel slag can be
broadly applied in the construction field, for example, to
be used in blended cement manufacturing!"*'); to be used
as a %lréagl]llar material iq roaq base or sqbbase
coursest Y or an aggre]gate in various aspha}lt mixes or
pavement surfaces.'> 2% In particular, making cement
from steel slag has received widespread attention,*' !
but the free lime volume instability of steel slag limits this
application.”* This is mainly because steel slag contains
the f-CaO mineral phase,”>° f-CaO hydrates to form
Ca(OH), when it meets water,””! which causes cracking of
concrete engineering, roads, and building materials. For
example, if the steel slag is used in a road surface that gets
wet, the free lime expansion can cause the road surface to
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fracture.”® Steel slag volume exgﬁ)ansion has been
2

recorded to be as much as 10 pct.*” Therefore, before
steel slag is prepared for building materials, measures
need to be taken to remove f-CaO.P%*! In recent years,
China’s research on the utilization of steel slag has mainly
focused on the treatment of steel slag by the thermal
braising method.'***# The thermal braising method is to
heat the steel slag under the conditions of steam and high
pressure. Through the thermal braising treatment, the
unstable mineral phase contained in it is converted into
stable minerals. However, this method does not make full
use of the steel slag’s waste heat, which limits its further
development. So far, scholars around the world have
researched and developed nearly 50 methods for the
comprehensive utilization of steel slag.*>*> ¥ However,
there is no effective way for the large-scale resource
utilization of steel slag, which is a worldwide issue.

This paper proposes a waste heat recovery and
resource utilization technology for molten steel slag,
which can effectively improve the heat recovery effi-
ciency. After the waste heat utilization, the steel slag
improves its stability and can be used as a raw material
for building materials. The molten steel slag is fully
cooled through three-stage heat exchange, and the heat
in it is fully recovered. This paper introduces the basic
principles of the process route and the equipment. The
heat recovery efficiency and exergy efficiency are also
calculated through mass balance and energy balance.

II. TECHNOLOGICAL PROCESS AND
EQUIPMENT DESIGN

A. Technological Process

As shown in Figure 2, high-speed air is used as the
heat recovery medium to rapidly cool the high-temper-
ature molten steel slag in the first stage of heat recovery,
accompanied by the centrifugal granulation of steel slag.

The steel slag is granulated by centrifugation to form
steel slag droplets, comprising high-temperature solid
steel slag. In the second stage, cooling water serves as
the heat recovery medium. The high-temperature solid
steel slag is cooled by the waterwall down to medium
temperature. In the third stage, CO, is the heat recovery
medium. Through counterflow heat exchange, the nor-
mal-temperature CO, and the medium-temperature
solid steel slag change into normal-temperature solid
steel slag and high-temperature CO,. Moreover, at this
stage, the f-CaO in the steel slag can generate CaCO;
with CO, so that f-CaO was resolved quickly, which
simultaneously promotes the quick recovery and imme-
diate stabilization of steel slag. The heat contained in the
high-temperature air, high-temperature water vapor,
and high-temperature CO, obtained in the process can
be further recovered, and the waste heat can be
converted into heat energy or electric energy, which will
be analyzed in-depth in the following discussion.

B. Equipment Design

The equipment for the three-stage energy—mass cou-
pling of molten steel slag is shown in Figure 3. First, the
high-temperature molten steel slag transported by the
slag tanker enters the molten slag buffer system. A
stopper controls the flow rate of the slag entering the
granulation system. Subsequently, the molten steel slag
enters the granulation system through the molten slag
buffer and drainage system. Under the action of friction
and centrifugal force, the molten steel slag is thinned,
filmed, broken on the high-speed rotating granulation
disk, and shrinks into slag droplets because of surface
tension. The physical model of high-temperature molten
steel slag film breaking is shown in Supplementary
Figure S1**. (** Refer to electronic supplementary mate-
rial). The slag particles leaving the disk are finely divided
into smaller ones. The slag particles cool and solidify

Table I. Constituents of Steel Slag, Mass Percent
CaO SiO, FeO ALO3 MgO MnO TiO, Cr P S
30 to 35 8 to 20 10 to 35 1to6 5to 15 2to 8 0.4 to 2 0.1 to 0.5 0.2to 2 0.05 to 0.15
The first-stage The second-stage The third-stage
Molten steel slag "ish-speed air ' High-temperature solid  Water vall |Medium-temperature solid __C0: | Low-temperature solid
(Around 1973K) Cﬁ'"";f";;“' steel slag(Around 1473K) | steel slag(Around 973K) steel slag(Around 373K)
granulation
High temperature air Water vapor High temperature CO,
Cold water Heat Water vapor | iner.. . Water vapor Heat Cold water
Exchanger Exchanger

* | generation

Fig. 2—Technical roadmap for efficient utilization of three-stage high-temperature molten steel slag.
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Fig. 3—Schematic diagram of equipment for energy—mass coupling of molten steel slag.

during flight. The physical model of high-temperature
molten steel slag and the schematic diagram of the
solidification process are shown in Supplementary
Figure S2. We also conducted a simulation of the heat
exchange process at this stage using the commercial
computational fluid dynamics (CFD) package software
ANSYS Fluent (Supplementary Figure S3). In this
process, a large amount of sensible heat of the slag
exchanges heat with the air. In order to ensure the heat
exchange efficiency between air and steel slag, fresh air is
continuously introduced, and high-temperature air is
discharged to ensure that the temperature of the air is
low enough. The granulation chamber’s shell is made in
waterwall structure, within there are also water-cooling
layers. The waterwall is made of two layers of 2 to 5 mm
metal, between which can be filled with circulating
water. The steel slag particles hit the cooling wall to fully
exchange heat, and gradually slide down to the bottom.
Next, they are discharged into the shaft furnace through
the slag discharge system. Then, the granulated slag
particles and CO, move countercurrently to exchange
heat in the shaft furnace. Finally, the high-temperature
air produced by the first stage of the heat exchange
system is used to heat the cool water, and the water
turns into high-temperature steam. In the second stage,
Water’s heat exchange in the waterwall also produces
high-temperature steam. The high-temperature CO,
produced by the third stage is converted into nor-
mal-temperature CO, after heat exchange with water.
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The normal-temperature CO, can be reused, and the
heat produced by water is converted into water vapor.
The steam produced during the whole process can enter
the heat recovery steam generator (HRSG) for power
generation and thermal energy utilization.

III. RESULTS AND DISCUSSION
A. Thermodynamic Analysis

In the first stage of heat exchange, the air has a strong
oxidation effect on high-temperature steel slag. The FeO
phase in the steel slag is oxidized, the unstable phase of
lime-containing FeO is reduced, and the stable phase of
2Ca0-Fe,0O5 increases. In the third stage, the steel slag
contains a large amount of unstable CaO, which reacts
with CO, to form stable calcium carbonate.

As shown in Figure 4, the thermodynamic analysis is
under the guidance of Gibbs free energy. The first stage
of heat exchange is mainly about the oxidation of the
iron-containing phase in steel slag. The iron-containing
phases in steel slag can be divided into four types: Fe,
FeO, Fe;04, and Fe,O;. As shown in Figure 4,
Eqgs. [1-3] represent the reaction between the iron-con-
taining phase and oxygen. When the temperature is
below 1700 K, each reaction standard’s Gibbs free
energy is less than 0. Therefore, the iron-containing
phase will spontaneously change from a low-valence
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= (1) Fe(s)+0.50,(g)=FeO(s)
——(2) 3FeO0(s)+0. 50, (g)=Fe,0, (s)
——(3) 2Fe,0,(s)+0. 50,(g)=3Fe,0,(s)
= (4) Fe(s)+CO,(g)=FeO(s)+CO(g)
(5) 3FeO(s)+CO,(g)=Fe;0,(s)+CO(g)
———(6) 2Fe;0,(s)+CO,(2)=3Fe,04(s)+CO(g)
(7) CaO(s)+CO,(g)=CaCO,4(s)
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Fig. 4—Change of Gibbs free energy in related reactions.

state to a high-valence state. However, in this process,
the heat exchange happens within a very short reaction
time, which results in a low phase conversion rate, and
the iron in the steel slag still maintains a low-valence
state. Equations [4-6] represent the reaction of the
iron-containing phase with CO,. It can be seen that the
iron will not be oxidized by CO, when the temperature is
below 821.2 K. When the temperature is lower than
1063.1 K, Fe will be oxidized by CO, forming FeO.
Fe;04 in CO, atmosphere will not be oxidized at any
temperature. Therefore, compared with air, using CO,
to exchange heat is more conducive to reducing oxida-
tion of the iron-containing phase and improving its
recovery in the third stage.

The reaction of f-CaO in steel slag with CO, is very
important. In response to the urgent need for the steel
industry’s CO, emission reduction, CO, mineralization
has been considered one of the imperative strate-
gies.P?*) The use of steel slag for CO, mineralization
is an interesting research area. Many scholars have done
relevant research on the absorption of CO, by steel slag.
Huijgen er al™" studied the carbonation reaction
mechanism of using steel slag as a raw material to fix
CO,. They found that the particle size and reaction
temperature are the most important factor influencing
the rate of carbonation reaction. Under the operating
conditions that the particle size is less than 38 um, the
reaction temperature is 373.15 K, the CO, partial
pressure is 19 bar, and the reaction time is 30 minutes,
the steel slag can reach the maximum carbonization rate
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of 74 pct. Bonenfant et al.*? studied the fixation effect

of steel slag on CO, under normal temperature and
pressure. The results show that the CO, fixation
capacity of steel slag can reach 247 gCO.kg !. The
content of free calcium hydroxide in steel slag is a key
factor that determines the ability of CO, fixation. Chang
et al. "**Y showed that converter steel slag has a better
CO, fixation effect than other types of steel slag, and its
carbonation rate can reach 72 pct under the optimal
reaction conditions. They also pointed out that reaction
temperature and reaction time are the two most impor-
tant factors affecting the carbonation effect of steel slag
solution to fix CO,, and used shrinking-core model and
surface coverage model to explain the reaction kinetics
mechanism of carbonation between steel slag and CO,.
Pan and Chiang!*” found that the flue gas CO, was
rapidly mineralized into calcite precipitates using steel
slag, and the maximum carbonation conversion of
86.3 pct, corresponding to a capacity of 0.38 t-CO, per
ton of slag, can be obtained at 55 °C. Yu and Wang"®
carried out the research about how steel slag fixes CO,.
Studies have shown that, in general, the higher the
temperature is, the higher the conversion rate of CaO in
steel slag is. Ghouleh ez al. made a compacted steel slag
testing block, and its absorption ratio of CO, is
13 pet.*”! Shen er al*® found that the 2.5 pct phosph-
ogypsum can promote the carbonization effect of steel
slag, and under both paste and pressure conditions, the
carbonization ratio of the slag is 52.1 pct. Wu and
Dong’s experimental research on the carbonation reac-
tion of CaO powder or steel slag also showed that the
temperature range of the rapid carbonation reaction of
CaO is 723 to 1123 K, and the reaction speed is the
fastest at about 973 K. This is consistent with the
expected temperature of the steel slag in the third stage
of this paper. Therefore, combined with the results of
the experimental study, the reaction of steel slag and
CO, is feasible both in thermodynamics and kinetics.
In the first stage, f-CaO doesn’t react with oxygen and
nitrogen in the air. When the cooling atmosphere of the
third stage is CO,, f~-CaO can form CaCOj3 with CO,. It
can be seen from Figure 4 that as long as the temper-
ature is below 1175.4 K, the reaction equation [7]
proceeds spontaneously, and the unstable f-CaO is
converted into stable CaCOj3. Through thermodynamic
analysis, this technical route helps reduce oxidation of
the iron-containing phase, while promoting the conver-
sion of f-CaOQ. It is beneficial to the iron recovery of steel
slag, the stabilization of the f-CaO phase, and the
comprehensive utilization of tailings. We conducted an
experiment of the reaction between steel slag and CO, in
a fixed bed reactor in the laboratory (Supplementary
Figure S5), in which the temperature was 973 K, and the
pressure was normal pressure. The composition of the
steel slag before and after the reaction is analyzed
(Supplementary Figure S6). It can be seen that the
f-CaO content in the steel slag is 6.8 pct. The f-CaO
content only changes slightly with air atmosphere. When
the slag reacts with CO, gas, the f-CaO content in the
steel slag has been less than 2 pct. This also shows that
using CO, to fix f-CaO in steel slag is effective.
Therefore, it can be calculated from this experimental
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Fig. 5—The mass balance diagram of waste heat converted into usable heat energy.
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Fig. 6—The energy balance diagram of waste heat converted into usable heat energy.

data and previous research results!****! that the conver-
sion rate of f-CaO in steel slag can be higher than 70 pct.
Through the chemical reaction measurement ratio, each
ton of steel slag can absorb about 240 mol of CO».

B. Mass Balance and Energy Balance

1. Initial conditions and setting of parameters

(1) The steel slag treatment plant is proposed to be lo-
cated in an independent and closed field, and the
steel slag is transported into the plant by special
transport conveyance. In a steel plant that produces
1.5 million tons of steel each year, its steel slag
output is about 10 pct of steel. So 150 thousand tons
of steel slag will be produced every year, and 20 tons
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(@)

(©)

of high-temperature steel slag will be produced every
hour, if calculated according to 310 working days
per year. The slag’s specific heat is 1.248 kJ/kg'K,
and the solidification latent heat of slag is 210 kJ/
kg [49:50]

In the process of mass balance and heat balance, the
device is divided into four parts for calculation,
which are: heat exchange furnace (the first and sec-
ond stage of heat exchange), the heat exchanger 1
(heat exchange between high-temperature air and
water), shaft furnace (the third stage of heat ex-
change), the heat exchanger 2 (heat exchange be-
tween high-temperature CO, and water).

The calculation of heat balance and mass balance
are inseparable. Set 273.15 K, 1 atm as the reference
points of enthalpy. The working medium’s specific
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Fig. 7—The exergy diagram of waste heat converted into usable heat energy.
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enthalpy can be determined using the temperature
and pressure of the active medium. Set the thermal
efficiency of heat exchangers and the shaft furnace to
90 pct that of heat exchange furnace to 95 pct. At
the inlet for working medium, the temperature is
293.15 K and the pressure is 1 atm. The mass flow
of water in the first stage is 6000 kg/h.
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The Qg 1s the heat provided by steel slag, and it can
be calculated by the following formula.

Qslag = Cp X Mglag X (T_ Trt) +rx Mglag [1]

where C, is the average specific heat of the slag,
kJ/(kg'K);mg4,e is the quantity of the slag per hour,
kg/h;Tis the input or output temperature, K;7T,, is
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the reference temperature, K, which is equal to
273.15 K in this paper;r is the solidification latent
heat, kJ/kg.

In this work, the working medium includes
water, steam, air, and CO,. The Oyorkingmedium 1S
the heat provided by the working medium, and it
can be calculated by the following formula.

Qworkingmedium = Myorkingmedium X h [2]
where Myorkmedium 18 the mass flow of the working
medium, kg/h;/ is the specific enthalpy of the work-
ing medium under given input or output condition,
kJ/kg.

According to the principle of balance between
heat input and heat consumption, unknown work-
ing fluid flow can be calculated out through:

Z Qin = Z Qout [3]

METALLURGICAL AND MATERIALS TRANSACTIONS B

where > Qi represents all the heat input in each

step, kJ/h. >~ Qout represents all the heat consump-
tion in each step, kJ/h.

Thermal efficiency can be calculated by:

R = Qtotal,vapor [4]

Qtotal,slag

where Qoaisiag represents the exothermic heat of

steel slag throughout the whole process, kJ/h.

Oowalvapor Tepresents the endothermic heat corre-

sponding to the total amount of steam produced in

the entire process, kJ/h.

(4) The heat exergy of the medium is calculated by the

following formula:

bo-(1-%)o

In this formula, E, pis the heat of the medium, kJ/
h; T is the temperature of the medium; T is the
ambient temperature, K, and Q is the heat carried
by the medium, kJ/h.

The exergy utilization efficiency of each link can be
calculated by the following formula:

N = Z Ex,Qout
“ Y Evoin

[5]

[6]

In the formula, 7, is the exergy efficiency; > ExQin
is the total exergy input at the inlet, kJ/h; and
> E\gou is the total exergy income at the outlet,
kJ/h. Combining the results of heat balance and
mass balance, the flow direction of exergy can be
calculated. The detailed calculation process is
described in the electronic supplementary material.
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Fig. 11—The exergy diagram of waste heat converted into electric energy.

Water: 293K, 2.7t/h —»  Heat exchange 1| ——>

Air: 773K, 19.4t/h ~——»

Air: 293K, 19.4 t/h

\ Heat exchange furnace /

Steel slag : 1973K, 20t/h —p

A

second-stage)
Water: 293K, 6t/h

Water vapor: 618K,2.45Mpa

6t/h
Shaft exchange
{The third-stage)
Power
generation

Steel slag: 373K, 20t/h

Hot water: 393K, 0.2Mpa
6t/h

Fig. 12—The mass balance diagram of cogeneration of waste heat.

2. Conversion of waste heat into usable heat energy
When the waste heat is converted into usable heat
energy, the results of mass balance and energy
balance are shown in Figures 5 and 6. Calculated
based on processing 20 t high-temperature steel
slag per hour, the hot water at 393.5 K, 0.3 Mpa,
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stage device

Hot water: 393K, 0.2Mpa
2.7t/h

Power
generation

< —

Water vapor: 618K, 2.45Mpa

2.7t/h
( heat exchange between

high temperature air
and water)  ——p  Ajr:323K, 19.4t/h

(The first-stage and 3 Gieol slag: 973K, 20t/h

Water: 293K, 4t'h

|

<— C€0: 373K, 37.4t/h «— Heat exchange 2
( heat exchange between

high temperature CO,

—> €0z 673K,3746h —> i water)

Water vapor: 618K, 2.45Mpa

4t/h
Hot water: 393K, 0.2Mpa Power
4t'h generation

which meets the water pressure requirement dur-
ing delivery, can be produced at 86 t/h. The total
heat recovery from the available hot water is
36097.7 MJ/h. Theoretically, the complete heat
recovery in the slag is 44336 MJ/h. So the heat
recovery rate R is:

METALLURGICAL AND MATERIALS TRANSACTIONS B



Power
generation

[}

Hot water: 7004.1 MJ/h =~ -

Heat loss 1: 1468 MJ/h Water: 227.6 MI/h ——> Heat exchange | —» Water vapor: 8426.8 MJ/h

T Air: 10086.9 MJ/h —» and water) —_—

Air: 387.4 MJ/h /’
\ Heat exchange furnace

( heat exchange between

Steel slag: 46832 MJ/h —p-  (The first-stageand  ——po ool slag: 17472 MJ/h l

/ second-stage)

l

Water vapor: 18697.6 MJ/h

Water: 505.1 MJ/h

Shaft exchange
(The third-stage)

Power
generation

\

high temperature air

Air: 976.7 M.J/h
Heat loss 2: 911 MJ/h Water: 337 M.I/h
Heat loss 3: 1497.6 MJ/h l

CO.: 7206 MI/h <= Heat exchange 2
= ( heat exchange between

high temperature CO,
and water)

Heat loss 4: 1347.8 MJ/h A/ l

CO;: 14199 MJ/h ——»

Hot water: 15541.7 MJ/h Steel slag: 2496 M.J/h

Fig. 13—The energy balance diagram of cogeneration of waste heat.

R = Lobvanor _ gy goper [7]
Qtotal,slag

In the system that converts waste heat into usable
heat energy, the exergy input is the heat exergy car-
ried by the steel slag and CO, at the inlet as shown
in Figure 7. In contrast, the exergy income is the
heat exergy taken by the hot water at the outlet
and the recycled CO,. For heat exergy, the exergy
efficiency of the overall system can be calculated by
using the exergy value of each link in the figure as:

Z Ex Qout
==—"—=27.93pct. 8
e Z EV,Qin be [ ]

3. Conversion of waste heat into electricity
The heat exchange process is included in the power
generation cycle of waste heat. When the waste
heat is converted into electricity energy, the results
of mass balance and energy balance are shown in
Figures 8 and 9. The isobaric heat absorption
process is completely performed by the waste heat
recovery device. In this paper, water vapor (618 K)
is used as the intermediate heating medium. The
generated steam is sent to the boiler, and the steam
circulates between the devices in the Rankine
cycle. The steam after the expansion process is
returned to the three-stage device through the

METALLURGICAL AND MATERIALS TRANSACTIONS B

Water vapor: 12476.3 MJ/h

|

Power

Hot water: 10361.1 MJ/h -— %
generation

cooling tower and the pressurized water pump to
realize circulation. Through heat balance and
energy balance, the electricity generated by the
recovered waste water vapor for work is
10859 MJ/h.

The heat recovery rate R is:

R = Zobveror _ o4 49 pet [9]
Qlotal‘slag

As the temperature of hot vapor for heat exchange
changes, heat recovery rates and power generation
vary. The specific relationship is shown in
Figure 10.

The exergy diagram of waste heat converted into
electric energy is shown in Figure 11. The exergy
input is the heat exergy carried by the steel slag,
CO,, and water at the inlet, as well as that carried
by the water pump. The exergy income is used by
the steam turbine for power generation. The
exergy of the whole system, the exergy of the heat
carried by the recycled CO, and the super-cooled
liquid water that is put into the heating process in
the Rankine cycle, and the exergy efficiency of the
overall system can be calculated by the exergy
value of each link in the figure:

E Ex.Qout
==—"—=133.83pct 10
e = SF. om p [10]
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Exergy loss(From part 1)
11570156

Total exergy loss(From heat exchange)
Tatal exergy loss 18430250
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Exergy loss(From part 3)
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12210647

Steel slag(Input)
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Steel slag(Output from part 3)
535335
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Air(Output from part 1)+ 1741234

6263538 Water vapor(Output from part 2)
4431591
Air(Output from part 2)
Carbon dioxide(Input) 90713
154545
Source Part 1 Part 2 Part 3

Fig. 14—The exergy diagram of cogeneration of waste heat.

4. Cogeneration

When the waste heat is recovered through cogen-
eration, the results of mass balance and energy
balance are shown in Figures 12 and 13. The
high-temperature water vapor generated by heat
exchange drives the steam turbine to generate
power, and the water vapor after the work is used
to produce hot water at 120 °C. The amount of
electricity generated by work E is 5396.2 MJ/h
(1.5 MW). The heat recovery rate R is :

R = Quotlapor _ g3 g8 0. [11]
Qtotal,slag

Figure 14 shows the exergy diagram of cogeneration
of waste heat. In the cogeneration system, the exergy
input is the heat exergy carried by the steel slag and CO,
at the inlet, while the exergy income is the exergy used
by the steam turbine for power generation, and that
carried by the recycled CO,. The heat exergy carried by
the high-temperature water produced and the exergy
efficiency of the overall system can be calculated by
using the exergy value of each link in the figure:

_ Z Ex,Qoul
Z Ex,Qin

From the perspective of exergy utilization, cogener-
ation is the most efficient method to recycle waste heat.

He, = 38 pct. [12]

IV. CONCLUSION

This paper proposes a method for high-efficiency
utilization of high-temperature molten steel slag with
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Carbon dioxide(Output)
8017247

Exergy loss(From part 4)

1306250 Steel slag(Output)

Water vapor(Output from part 4) 335333

6556452
Hot water(Output from turbine)
8373846

Turbine consumption
6682575

Total water vapor{Output)
20820925

Exergy loss(From expansion process)

5764504

Air(Output)

920713

Carbon dioxide(Recycle)
154545

Part 4 Outlet of three Power generation

stage device

three stages and three media, introducing the technical
route and equipment as well. The heat recovery effi-
ciency and exergy efficiency are obtained through the
calculation of mass balance and energy balance. From
the perspective of energy recovery, the three-stage
three-medium waste heat recovery process can recycle
the heat of molten slag in the form of high-temperature
steam and high-temperature air, and realize the cascade
recovery of waste heat from steel slag. The heat recovery
rate of steel slag is greater than 80 pct. From the
perspective of resource recovery, this method fully
utilizes the resource attributes of steel slag to produce
low-temperature solid steel slag, which can be used as a
raw material for new-type plates and floorings. From
the ecological point of view, excessive CO, emission is
the main cause of the greenhouse effect. This method
can reduce coal burning through waste heat recovery
and can absorb a large amount of CO, during the
process. It also provides a new idea for making full use
of the waste heat energy and the resource attributes of
high-temperature molten steel slag.
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