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Abstract

Electric furnace short process steelmaking is one of the most important
steelmaking methods in the world today, and the waste heat recovery poten-
tial of electric furnace flue gas is huge. The research on the recovery of elec-
tric furnace flue gas waste heat is of great significance. In order to make better
use of this part of the heat, in this paper, a compound cycle of nitrogen Bray-
ton cycle as a first-order cycle and toluene transcritical Rankine cycle as a
second-order cycle is proposed to recover waste heat from furnace flue gas in
steelmaking process for power generation. A mathematical model was estab-
lished with the net output power as the objective function and the initial ex-
pansion pressure, the final expansion pressure, the initial expansion temper-
ature and the initial pressure of the second cycle as the independent variables.
The effect of multivariate on the net output power of the waste heat power
generation cycle is studied, and then, the optimal parameters of the com-
pound cycle are determined. The results show that under the general electric
furnace steelmaking process, the power generation efficiency of this new cycle
can be increased by 21.02% compared with the conventional cycle.

Keywords

Electric Furnace Steelmaking, Flue Gas Waste Heat, Compound Cycle, Heat
Transfer Pinch, Net Output Power

1. Introduction

Electric furnace steelmaking is one of the most important steelmaking processes

today. Since most of the raw materials for electric furnace steelmaking are scrap
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steel, it plays a good role in saving energy and protecting the environment and
purifying the metallurgical environment. Electric furnace steelmaking also has
the advantages of less capital investment and low operating costs. Therefore, the
development of compact electric furnace short processes has become a strategic
focus of many countries.

In recent years, there have been many related studies on electric furnace
steelmaking. At present, the method of defining the optimal electric operating
parameters of the electric arc furnace (EAF) uses foam slag practice technology,
which is not only expensive, but is only used in AC EAF with good stability.
Reference [1] proposes a new control system that can be applied to both AC EAF
and DC EAF systems, and is cheaper and more stable. And through multiple ve-
rification tests, it proves that the technology shortens the working time and im-
proves the power factor in practical applications; coherent jets are widely used in
electric arc furnace (EAF) steelmaking processes to enhance chemical energy
input, speed up the smelting rhythm, and promote uniformity of bath tempera-
ture and composition. A coherent jet of mixed injection of CO, and O, (COMI)
is proposed in Reference [2], which shows great application potential in reduc-
ing dust generation in electric arc furnace steelmaking. At the same time, based
on the conceptual model of eddy current dissipation, a computational fluid dy-
namics model of coherent jets with COMI was established using the overall and
detailed chemical kinetic mechanism (GRI-Mech 3.0), and the concept was veri-
fied. The results show that the chemical action of CO, has indeed played a posi-
tive role; Reference [3] has studied element migration during hydrothermal
treatment of zinc-containing electric arc furnace dust (zinc-containing EAFD).
At the same time, it was found that most of the Fe, total Cr and silicon (Si) in the
leaching residue existed in the form of Fe,O;, Cr,0, and SiO, respectively, and
could be recycled; In Reference [4], dust slag/lime from an electric arc furnace
(EAF) was used to treat acidic wastewater in the industry. The test proves that
EFA dust slag and lime can effectively remove Co, Cr, iron, nickel and zinc in
wastewater, and the removal rate reaches more than 99.6%. This technical route
not only recycles the dust and slag of the electric arc furnace, but also has simple
operation and only requires mechanical mixing. It replaces the chemicals used in
wastewater treatment, has good economy, and is environmentally friendly; In
Reference [5], the effects of EAF steel slag on the fracture and temperature sensi-
tivity of warm-mixed asphalt (WMA) were tested. The results show that the
presence of EAF slag in modified asphalt mixtures has reduced the resistance of
asphalt to fracture at low temperatures. Temperature sensitivity has a positive
synergy.

It can be seen that the research on electric furnaces mainly focuses on im-
proving the working efficiency of electric furnaces and the recycling of slag. The
research on the recycling of electric furnace flue gas is relatively small. In fact,
the recovery potential of electric furnace flue gas is huge. The unit energy con-
sumption is about 12.4 GJ/ton of steel [6]. Among them, about 13% - 20% [7] of
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energy exists in the form of flue gas waste heat during electric furnace steelmak-
ing., For example, a major steel producer, China’s electric furnace steel output in
2018 was 105 million tons [8], and energy consumption was about 1.3 x 10° GJ,
where the flue gas waste heat energy was not less than 1.69 x 10° GJ, how to use
this part of waste heat reasonably, should be taken seriously.

There are many studies on the recovery and utilization of flue gas waste heat
throughout some industrial fields for reference. Reference [9] put forward a
novel idea, proposes and analyzes a novel integrated system for high-pressure
hydrogen production from steel furnace waste heat. This study combines an in-
dustrial waste heat source with a thermochemical Cu-CI cycle and a hydrogen
compression system; Reference [10] proposed a compound cycle using CO, and
air as the heat exchange working medium, organic Rankine cycle as the bottom
cycle, this new cycle has excellent thermodynamic performance in the tempera-
ture range of 500°C - 700°C; Reference [11] studied the use of mixed working
fluids in an ORC system operating in combined heat and power (CHP) mode.
The results show that when optimizing the overall performance of the
ORC-CHP system provided by industrial waste heat sources, the temperature
and load Patterns are a key factor affecting organic selection. Yang M [12] et al.
proposed an economic parameter of the net power output index to obtain the
maximum net power as the output index, using zero ODP and lower GWP
working fluid to optimize the geothermal ORC system. The results show that
under the optimization of economic performance, the performance of R600 is
the best, followed by R600a, R1233zd, R1234yf, R1234ze and R290. In addition,
the use of R600, R600a and R1233zd systems requires lower working pressure
and lower equipment purchase costs.

Aiming at the heat recovery of electric furnace flue gas, building on research
by seniors, this paper proposes a compound cycle composed of nitrogen Brayton
cycle and transcritical toluene Rankine cycle.

2. Design of Compound Cycle
2.1. Design of Compound Cycle

At present, the power generation of flue gas waste heat boilers for steel-making
electric furnaces often uses the water Rankine cycle [13] for heat exchange. Ran-
kine cycle has a heat transfer pinch during the heat exchange process between
the working medium and the flue gas, leading to a low waste heat recovery effi-
ciency [14]. Both Gas Brayton cycle and transcritical Rankine cycle, the heat ex-
change between the working medium and the heat source is a temperature
change process, which has a good matching degree with the heat source, can
avoid pinch problems. Steelmaking electric furnace flue gas emissions are inter-
mittent [15], the heat storage process [16] [17] is set up to solve the flue gas
temperature fluctuation problem [18] [19], after the average heat storage tem-
perature, the parameters of the waste heat have changed, and the power genera-

tion cycle needs to be re-designed [20] [21].
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In the electric furnace steelmaking process, the waste heat recovery device is
set in the flue gas dedusting system. After the flue gas is dedusted, the tempera-
ture is reduced from 1600°C to about 800°C, and has a few characteristics: high
initial temperature, large temperature drop, almost constant specific heat capac-
ity, continuous smooth enthalpy drop curve. For the heat recovery of flue gas in
this temperature range, N, is a good choice: not only suitable for high tempera-
ture flue gas of electric furnace, but also lower requirements for operating pres-
sure of the system. Due to the limitation of exhaust pressure, the heat release
temperature of the Brayton cycle is high, so the transcritical organic Rankine
cycle is used as the second stage to recover this part of the waste heat. Therefore,
this paper proposes a compound cycle using the nitrogen Brayton cycle as the
first-stage cycle and the transcritical organic Rankine cycle as the second-stage
cycle.

Configuration of compound cycle: the compression process of the Brayton
cycle uses a multi-stage compression-intercooling scheme. Referece [22] found
that this method can better improve the system efficiency, which is beneficial to
reducing the exhaust temperature and improving the utilization of waste heat;
there is no thermal device set in the Brayton cycle, referring to the research [23]
on the Brayton cycle, shows that the influence of the heat recovery contrast work
is faint. But a heat recovery device is provided in the transcritical organic Ran-

kine cycle [24] to improve the thermal efficiency of the cycle.

2.2. Selection of Organic Working Medium

In the compound cycle, the heat source for second-order cycle is nitrogen, which
is at the outlet of the Brayton cycle expander, with a temperature exceeding
400°C. Reference [25] believed that toluene, benzene and cyclohexane are suita-
ble for medium temperature organic Rankine Cycles; both aromatic hydrocar-
bons and silicone-based working mediums are suitable for high-temperature
organic Rankine cycles, in which the performance of aromatic hydrocarbon or-
ganics is better than that of silicones and other hydrocarbon-based working me-
diums [26]; Critical temperature is an important parameter for screening organ-
ic working mediums. Reference [27] proposed that the working medium is gen-
erally more suitable when its critical temperature is 40°C - 60°C lower than the
initial temperature of the heat source; Reference [28] carried out a comparative
study of Alkanes working mediums, with benzene, toluene, and water, the re-
sults show that n-dodecane and toluene are the best working fluids at 500°C heat
source. Combining above points, in this paper toluene is selected as the working
medium of the organic Rankine cycle. Heat exchange working fluid for tran-

scritical organic cycle (Table 1).

2.3. Compound Cycle Workflow

The process flow of the compound cycle of flue gas waste heat power generation

proposed in this paper is shown in Figure 1.
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Figure 1. Flow chart of the compound cycle system.

Table 1. Critical parameters of organic working fluids.

Decane  Toluene Benzene Cyclohexane Cyclopentane

Critical temperature (t/°C) 330.40 318.60 288.94 280.94 238.60

Critical pressure (P/MPa) 2.150 4.126 4.898 4.075 4.520

A flue gas heat exchanger with heat storage function is set between 1-2.
Through the heat storage heat exchanger, the intermittent and fluctuating elec-
tric furnace flue gas is converted into a heat source with continuous and stable
flow, besides its temperature drop curve is smooth and continuous [29]. It is
helpful to alleviate the problem of heat transfer pinch of the thermal system and
promote the smooth operation of the recovery system.

1-2 is the exothermic process of flue gas in the flue gas heat exchanger; 3-4 is
the adiabatic expansion process of nitrogen in the turbine, 4-5 is the exothermic
process of nitrogen in the intermediate heat exchanger, 5-6 is the constant pres-
sure exothermic process of nitrogen in the cooler, 6-7 is the adiabatic compres-
sion process of nitrogen in the compressor, 7-3 is the constant pressure heating
process of nitrogen in the flue gas heat exchanger; 8-9 is the process of adiabatic
expansion of toluene in the expander, 9-10 is the exothermic process of toluene
in the regenerator, 10-11 is the constant-pressure exothermic process of toluene
in the condenser, 11-12 is the adiabatic compression process of toluene in
working fluid pump, 12-13 is the heat absorption process of toluene in the rege-
nerator, and 13-8 is the constant pressure heat absorption process of toluene in
the intermediate heat exchanger.

The pressure-enthalpy diagram describing the thermodynamic process of this
workflow is shown in Figure 2.

Figure 2 shows the pressure and enthalpy change curves of the two working
mediums in the compound cycle, and the respective gas-liquid saturation lines
are given for reference. Among them, curve 3-7 is the pressure enthalpy change
curve of nitrogen in the first cycle, curve 8-13 is the pressure enthalpy change
curve of toluene in the second cycle. With reference to Figure 2, the properties
of the nitrogen Brayton cycle and the toluene transcritical organic Rankine cycle
can be understood more intuitively.
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Figure 2. h-IgP diagram of the compound cycle system.

3. Mathematical Model of Compound Circulation System and
Optimization Goals

3.1. Mathematical Model

This article explores the superiority of the compound cycle by adopting a me-
thod of establishing a mathematical model for calculation and verification. Sev-
eral assumptions need to be made when calculating: It is assumed that both the
flue gas and the heat exchange working medium are steady state and steady flow;
Ignore the influence of the working medium’s gravity potential energy; Ignore
the macro kinetic energy changes of the working medium except for the expan-
sion; Ignore the friction loss of the working medium except for the expansion
and compression; Ignore the heat loss of the shell of each component in the
cycle.
Exothermic heat of flue gas:

Q= my.[;2 c,,dt (1)
Mass flow of nitrogen in the first-cycle:

m =Q/(h,—h,) )
Turbine power of the first-cycle:

W, =m, (h,—h,) (3)
Compressor power of the first-cycle:

W, =m, (h, —h) 4)
Net output work of the first-cycle:

W =W, —W,, (5)
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Heat exchanger capacity of the second-cycle:

Q, =m,(h, —hy) (6)
Mass flow of toluene in the second-cycle:

m, =Q, /(hs —hy;) )
Expander power of the second-cycle:

W,, =m, (h;—hy) (8)
Pump power of the second-cycle:

Wep =m, (b, —hy,) ©)
Net output work of the second-cycle:

W, =W, —W,, (10)

Net output work of the compound cycle:
Wnet = Wnetl +Wnet2 (1 1)

e m,= Mass flow of flue gas (kg/s);

e C, = Constant pressure specific heat capacity of flue gas (kJ/kg-K);

e h — h, = The enthalpy of flue gas at the inlet and outlet of the flue gas heat
exchanger (kJ/kg);

e h, — h, = The enthalpy of the state point of nitrogen in the first-cycle (kJ/kg);

e Ny — h; = The enthalpy of the state point of toluene in the second-cycle
(kJ/kg).

3.2. Optimization Goals and Methods

Optimize the main parameters of the compound cycle, including the state points
3 and 4 of the first cycle, and the state point 8 of the second cycle. With the
maximum net output work as the goal, explore the influence of the main va-
riables of the compound cycle on the net output work.

4. Electric Furnace Flue Gas and Equipment Parameters
4.1. Physical Parameters of Flue Gas

4.1.1. Specific Heat of Constant Pressure of Flue Gas
The physical parameters of the heat source are the basis of the calculation.

The electric furnace waste heat recovery device is located in the middle of the
flue gas dust removal system, the inlet is connected to the combustion sedimen-
tation chamber, and the outlet is connected to the dust removal equipment. The
composition of the flue gas passing through the combustion sedimentation
chamber changes, and its composition is shown in Table 2 [30].

Table 2. Composition of electric furnace flue gas.

Flue gas composition CO CO, N, 0, SO, H,0
Volume fraction (%) 0.00 7.90 76.00 15.93 0.00 0.00
DOI: 10.4236/epe.2020.122004 51 Energy and Power Engineering
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Under cyclic conditions, each component in Table 2 can be treated as an ideal
gas. The constant pressure specific heat capacity regression Equation (13) of the

flue gas can be obtained by Equation (12).
C, =2.CuiX (12)

C,, =0.997209591+1.1641x10 "t (13)

e (C,= Constant pressure specific heat capacity of mixed gas (kJ/kg-K);

e C,, = Constant pressure specific heat capacity of flue gas (kJ/kg-K);

e C, = Constant pressure specific heat capacity of each component (kJ/kg-K);
o x;=The volume fraction of each component.

4.1.2. Calculation of Flue Gas Dew Point

The acid dew point of the flue gas will affect the setting of parameters at the flue
gas heat exchanger, in this paper, the acid dew point of the electric furnace flue
gas is calculated according to Equation (14) [31], and the acid dew point of the
flue gas is calculated to be 84.15°C.

T.s =10.8809+27.61g p, , +10.831g Py, +1.06(Igg,, +2.9943) " (14)

e Py, = Partial pressure of water vapor in flue gas (Pa);
e P, = Partial pressure of SO, gas in flue gas, there is no SO, in electric fur-

nace flue gas (Pa).

4.2. Parameter Setting of Compound Circulation System

For some equipment parameters are set here. According to the influence of the
narrow point temperature difference on the waste heat boiler [32] and reference
to the general waste heat power generation engineering situation [33] [34], the
heat exchange temperature difference of the heat exchanger in the compound
cycle is set to be 15°C, and the condenser temperature difference is set to be
15°C. Set the condensing temperature is 35°C, both the isentropic efficiency of
the turbine and expander are 0.9, and the isentropic efficiency of the compressor
is 0.8. The physical parameters of the flue gas-related gas and the compound
cycle heat exchanger working mediums are obtained from the Refprop 9.1 [35]

physical property database.

5. Optimization Results and Analysis

5.1. Effect of Compound Cycle Parameters on Net Output Power

In order to analyze the influence of the main variables of the composite system
on the net output work, it is assumed that the temperature of the electric furnace
flue gas at the inlet of the circulation system is 800°C and the mass flow rate is 1
kg/s after the heat storage’s equal temperature treatment.

Figure 3 is under the working condition of P; = 1.3 MPa, the relationship be-
tween P, P,, and net output power/AW,, . As can be seen from Figure 3, AW,

varies with P; increases, and within a certain range of P; and P,, the larger P,, the
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higher the rate of change of A W, with the increase of P,. The pressure ranges of
P, and P, are determined by the overall lower working pressure of the Brayton
system and the appropriate pressure ratio of the expander.

Figure 4 is the correspondence curve between P, and W, under the condi-
tion of P; = 1.3 MPa. As can be seen from Figure 4, W, and P, are negative.
Relatedly, the larger P, and smaller W,,..

The influence of the working fluid state on the W, of the compound cycle
system at the inlet of the secondary circulation expander was studied. The pres-
sure of Py was not set too high, because the excessively high working pressure
had an impact on system safety and work efficiency. The requirements for the
quality pump pressure ratio are more demanding.

Figure 5 is the influence curve of T, and P; on A W, It was found that when
T, is the same, the change trend of AW, between the pressure gradients of Py is
roughly the same and the value of W, is small. The curve of Py = 6 MPa shows
different trends. Because the value of A W, is small too, this should be a normal
phenomenon caused by the physical properties of the working medium itself.

Figure 6 is the corresponding curve of T, and net output work W, under the
condition of Py = 8 MPa. It was found that W, is positively correlated with T,
and the larger T, is, the larger W, , The larger the increase is steady.
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5.2. Compound Cycle Optimization Parameters

With Equations (1)-(11) as the calculation criterion and the maximum net out-
put work as the goal, the main variables of the composite system were optimized
and calculated. The optimization results are shown in Table 3. The physical
property parameters of the heat exchange working fluid are obtained from the
Refprop 9.1 physical property database obtain.

5.3. Comparison of Compound Cycle and Water Rankine Cycle

In order to evaluate this compound cycle, the main indexes of the traditional
water Rankine cycle and the compound cycle system as two types of waste heat
recovery of the steelmaking electric furnace flue gas recovery were compared.
The waste heat recovery efficiency is shown in Equation (15), and the results are
shown in Table 4.

7 =W, /Q, x100% (15)
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Table 3. Optimization parameters of the compound cycle.

P, (MPa) P, (MPa) P, (MPa) To(°C)

1.5 0.6 10 380

Table 4. Comparison of result of recovery of waste heat form.

Net output Increase rate  Waste heat recover ~ Increase rate
power (kW) (%) efficiency (%) (%)
Compound cycle 198.54 22.52 27.00 21.02
Water Rankine cycle 162.05 - 22.31 -

e W, = Net output power of the circulation system (kW);
e Q,= Exothermic heat of flue gas (kJ).

It can be known from Table 4 that the net output power and waste heat re-
covery efficiency of the composite cycle proposed in this paper are 22.52% and
21.02% higher than those of the traditional Water Rankine cycle (calculated in
ref [36]).

6. Effect of Cycle Parameters on Exhaust Temperature

Exhaust temperature is a non-negligible index parameter in waste heat recovery.
Excessive exhaust temperature will cause inconvenience to the subsequent ex-
haust process, not only increase costs, but also cause adverse effects on the envi-
ronment. The influence of the operating conditions of the compound cycle sys-
tem on the exhaust temperature is shown in Figure 7.

It can be seen from Figure 7 that the t, increases with the increase of P, and
the decrease of P,. Combining Figure 3, t, and W,,, is positively correlated, so
when determining the compound cycle operating conditions in actual engineer-
ing, it is necessary to consider the comprehensive consideration of the effect of

the exhaust temperature.

300
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Figure 7. Curve of the influence of P, and P, on
exhaust temperature/t,.
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7. Conclusions

Aiming at the characteristics of flue gas waste heat from steelmaking electric
furnaces, this paper proposed a compound cycle consisting of a nitrogen Bray-
ton cycle and a transcritical toluene Rankine cycle for waste heat power genera-
tion.

Under the optimal working conditions of the compound cycle, the net output
power and waste heat recovery efficiency are respectively 22.52% and 21.02%
higher than the traditional Water Rankine cycle, which reflects the superiority of
the compound cycle.

The net output power W, of the compound cycle increases with the increase
of P,, P, t5, and decreases with the increase of P,. Among them, P, has a smaller
impact.

The increase of P; and the decrease of P,, while bringing higher W,,, also lead

to an increase in the temperature of the electric furnace flue gas.
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