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ABSTRACT

Iron furnace gases, a byproduct of the steel and iron industries,
have been the subject of research on employing them to power
some of the factory's internal needs. The rise in fuel costs and
focus on energy system sustainability have created distinct
frameworks for heat loss sources and low-value fuels. In this
study, iron furnace gas produced in steel and iron factories has
been used to produce additional power to provide part of the
domestic power consumption of these factories. The supercritical
carbon dioxide cycle has been used to generate power. The
results show that at the optimal point, the system has emissions
of 0.52 and a net power output of 22100 kWh. Also, the system's
efficiency is 38.56% and carbon dioxide emission is 0.510
tons/MWHh. Also, by increasing the exhaust gas temperature by
150 degrees, it is clear that 2 MW of recycled heat can be
obtained. Also, in this regard, the output work of the turbine has
increased by 0.8 kW and increases the efficiency of the whole
cycle by 31.5% to 37%.

Keywords: Supercritical Carbon Dioxide Cycle, Steel Plant, Blast Furnace, Multi-Effect Desalination Unit.

1. Introduction

Since the Industrial Revolution until today,
many waste gases have been produced in iron
and steel facilities. These gases increase energy
consumption and are unsafe by releasing CO..
Different frameworks for heat loss sources
have been devised as a result of the increase in
fuel prices and the emphasis on energy system

sustainability.

In order to increase energy conversion

efficacy and reduce CO. emissions in iron-steel
facilities, thermodynamic analysis methods
must be applied to such thermal systems.
Numerous energy-saving and emission-
reduction measures, including raw materials
substitution, waste heat recovery, power
production, and CO. fixation, have been
evaluated using economic and energy-related
indicators. In addition, it is crucial to understand
the thermodynamic efficiencies of the power-
generating systems that utilize the useful waste
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gases produced by iron-steel facilities.
Unfortunately, few articles have addressed the
specifics of thermodynamic analysis of
iron/steel production processes in iron-steel
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plants. The blast furnace boiler system was
studied by Zetterholm et al. [1] in order to
quantitatively assess its performance. The
consequences of re-burning the blast furnace gas
that was exhausted from the boiler system after
the process was investigated to save natural gas,
particularly the coke gas used to power the blast
furnace boiler, which is one of the LPG fuels.
Ackkalp et al. [2] assessed the thermodynamic
performance of the CCPP built at Turkey's
Eskisehir which consists of a gas cycle utilizing
natural gas as fuel, a steam cycle, and HRSG.
They indicated that the gas turbine and
combustion chamber are parts of the upgrade
priority utilizing the improved exergy analysis.
By wusing an improved exergy analysis,
Boyaghchi, and Molaie [3] assessed the
thermodynamic performance of a combined
cycle power plant made up of an HRSG and
duct burner that consumes natural gas. In their
study, it was examined how the performance of
the aforementioned system and its constituent
parts was impacted by the turbine input
temperature and compressor pressure rate.
Anvari et al. [4] evaluated a CCPP with HRSG
utilizing natural gas for power, heating, and
cooling from a thermal and financial point of
view. They did this using an enhanced-exergy-
based study. So, they conducted an optimization
study to increase energy efficiency and decrease
production costs. As the literature and the
foregoing research are properly scrutinized, it is
apparent that iron-steel factories must recycle
valuable waste gases to reduce energy
consumption and environmental pollution.

The supercritical CO. Brayton cycle was
proposed for the first time in 1948 by Sulzer,
and after that much research has been done on
this cycle. Fehr was one of the people who
provided valuable information in this field. The
first CO: cycle was proposed by Fehr in 1967.
The revitalization cycle proposed by him
worked completely above the critical pressure of
CO; and the cycle was regenerative and the
condensing process was performed in the liquid
phase. The S-CO. cycle was compared to
helium-gas and water-steam-based cycles by
Dostal et al. [5], who came to the conclusion
that the S-CO:. cycle was adequate if the output
temperature is more than 550 °C in the reactor
core. Because the heat source temperature has a
limited range, the S-CO; cycle allows for simple

system optimization and control. The direct S-
CO:; cycle offers a better overall efficiency for
applications in concentrated solar power (CSP).
The advantage is accompanied by an increase in
thermal storage costs [6].

Numerous studies have concentrated on
evaluating the effectiveness of desalination
technologies. A MED system was evaluated for
wastewater desalination in research by Zhao et
al. [7]. More MED stages are found to be
energy-efficient, but the capital expense is
considerable. A numerical analysis of a ZLD
system made up of an evaporative crystallizer
and a MED unit was done by Chen et al. [8].
They discovered that the ZLD system's second
law efficiency ranges from 10% to 17% and that
if waste heat is available, the overall cost may
be decreased to 1.16 USD/m’. The particular
energy consumption of the ZLD system may be
significantly decreased with an upgrade to the
MED system and energy-efficient integration.
Many changes and improvements to the MED
design have been suggested in recent years to
increase energy efficiency, including the use of
adsorption  vapor compression [8] and
absorption vapor compression [9]. The present
working range of MED, which can
accommodate 8-10 evaporators, is 40-65 °C
[10]. This range is constrained by ambient
conditions and scaling limits. Chitgar and
Emadi [11] suggested an inventive multi-
generation system, finding that the MED unit
with an hourly output of 5.6 m’ is the best
choice for potable water generation from low-
temperature exhaust gases. Aguilar-Jimenez et
al. [12] evaluated and contrasted the impact of
adding a MED unit for using the waste heat of a
low-temperature heat source, achieving a greater
performance efficiency of 22% in comparison to
the single-generation power cycle. Marques et
al. [13] examined a unique trigeneration system
from the thermodynamic side. They came to the
conclusion that the thermochemical hydrogen
cycle and the MED unit, respectively, are used
to create the additional 5 kg/s and 980 kg/s of
hydrogen and drinkable water.

According to the systems described in the
literature, the main problem with these systems
is that they are not as efficient as more
complicated systems. Another problem is that
factories, especially steel factories, waste a lot
of energy that can't be used effectively.
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Nomenclature

C Compressor

E Exergy rate (kW)

h Specific enthalpy (kJ/kg)
HTR High temperature recuperator
is Isentropic

LHV  Lower heating value

LTR Low temperature recuperator
P Pressure (kPa)

0 Heat (kW)

R, Pressure ratio

T Temperature (°C)

Subscript and abbreviations

MED Multi-effect desalination unit

S- Supercritical carbon dioxide
CO:

TIT  Turbine inlet temperature
Greek symbols

; First law efficiency

Nex Second law efficiency

2. System description

The proposed system is shown as a schematic
diagram in Fig. 1. In this cycle, the fluid flow
in heat exchanger 1 receives heat and leaves it
with the maximum temperature of the cycle
(state 3). The fluid flow enters the turbine and
with its expansion, it produces power. which is
converted into electrical energy by the
generator. The output flow from the turbine
first enters the high-temperature recuperator
(4-5) and then the low-temperature recuperator
(5-6) and loses its heat and its temperature
decreases. The output stream from the low-
temperature recuperator is divided into two
parts (state 6). Flow 7a with high mass flow
rate and flow 7b with low mass flow rate.
Before entering compressor 1, flow 7a loses its
heat in the precooler and its temperature
decreases, and then it is compressed in
compressor 1 to the high pressure of the cycle
(8-9). The output flow from compressor 1 is
heated in the low-temperature recuperator and
its temperature increases. The other part of the
flow in compressor 2 is compressed to the high
pressure of the cycle and after leaving
compressor 2, it is mixed with the main flow
coming out of the low-temperature recuperator,
and then the mixture of the two flows enters
the high-temperature recuperator. The exhaust
gases are still valuable to run a MED system,
therefore the exhaust gases from heat
exchanger 1 enter into the heat recovery steam

generator (HRSG) unit to start the desalination
system. The steam ejector and flash boxes
make up the heat-driven MED system. The
secondary vapor from the final stage is
combined with the main steam with a high
enthalpy in the ejector. The first stage's heat
source is made up of the produced superheated
steam, which has a mean pressure. Seawater is
shared equally across the stages as the
feedwater. To reach the boiling point of the
feedwater in the first stage, heat is transferred
from the superheated steam to it. As a heat
source for the evaporation process in the
second step, the created steam is used. The
residual brine then enters the next cycle to
enhance system performance and produce
additional vapor. In order to mix with the
created vapor, a little portion of condensed
vapor is also briefly re-evaporated under a
lower pressure. In order to create the ideal
potable water, this procedure is repeated.

3. Materials and methods
3.1 Thermodynamic assessment

To obtain the flow of mass and energy in each
of the system's constituent parts, the mass and
energy balances are stated as

Zn"]in :Zmout’ (D)
Q_W ZZ'n"]outlﬂlout _Zminhin' (2)

The exergy balancing equation is also used

to compute the amount of exergy destroyed in
each component of the system is given by [14].

EQ - EW = Z‘4mouteout - Z:minein + E.D’ . (3)

where Q and W denote the heat transfer rate
and power rate to and from the control volume,
respectively. Also Ep is the rate of exergy
destruction in the control volume, while EQ
and E,, are the rates of exergy transfer
associated with Q and W, respectively.

3.1.1 Supercritical CO: cycle

According to the energy and exergy balance
relationships mentioned, the energy and exergy
balance equations for the CO. supercritical
cycle with re-condensation are presented as
follows.:
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Fig. 1. The S-CO. and MED desalination system's schematic diagram.

Table 1. The summary of mass, energy, and exergy balance equations.

Component Equations
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Table 2. Assumptions of supercritical CO. cycle

modeling.
Parameter Range
Ty (°C) 25
Py (bar) 1.01
P,(bar) 74
PR, 3
T (°0) 550
Tg(°C) 35
TR (°C) 800
nr(%) 0.9
1¢(%) 0.85
ELTR & HTR 0.86
Qr(MW) 600

The assumptions and the initial data used
for modeling the S-CO. cycle are mentioned in
Tabel 2.

3.1.2 Multi-effect desalination unit

The MED system is a prospective and cost-
effective option for potable water production due
to its lower energy consumption and lower
operating  temperature = than  competing
technologies. For the MED unit modeling, a set of
mass, salinity, and energy balance equations are
formulated for each subsystem. Using Ty, and
Ty, as the brine temperatures at the 1" and N"

effects, respectively, the temperature difference
between the effects can be expressed as
T, - T
AT=-2 2
N -\
In addition, the temperatures of brine and
water vapor at the subsequent effect are
determined by

“)

Ty, =Ty —AT, (5)
T, =T, — BPE. (6)

In the final equation, BPE represents the
elevation of the boiling point. In addition, the
brine cooldown temperature (T;), which is the
sum of the non-equilibrium allowance (NEA)
and the brine temperature (T},), is expressed as

T, =T, +NEA, (7)

The energy balances for the steam ejector
can be expressed as

M, h, +Dh, =(M,, +D, )h (8)

Additionally, Table 3 lists the thermodynamic
equations for each effect of the MED unit.

For the 1% and 2™ to N" effects, the formula
of areas of heat transfer that are required for

MED modelings given by
M S LS
A _Ue\ (TS _T\) (9)
(Di—\ + Dil—\) Li—\
= _ 7 . 10
A U, AT, (10)

Here, U: represents the total heat transfer
coefficient of the i" effect, which can be
calculated using

U, =1.9394+1.40562x107* x T, — 2.07525x
10° xT,? +2.3186x10° x T2

(11)

3.2 Performance Evaluation

Using thermodynamics criteria, the performance
of the proposed system is evaluated. In this
regard, energy(n;) and exergy efficiency (1.),
are calculated under various system operating
conditions. Calculating the energy and exergy
efficiency are given by

V\'/net
== (12)
Qin
_ Zi:\Epi (13)
S —
Einput

3.3 Optimization Procedure

Finding the most advantageous operating state
in relation to a number of restrictions or
important criteria is the aim of optimization.
These include increasing positive objectives
like net generated energy and performance
efficiencies while reducing negative ones like
carbon dioxide emissions and energy costs.
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Table 3. Assumptions of supercritical CO: cycle modeling.

Mass balance B=R-D
F
1t effect Salinity balance ~ X; = El Xy
Energy balance ~ M, L, =DL +FRCp(T,-T¢)
Mass balance B =B_, +F -D
. F B,
2to Neffect ~ Salinity balance X =5 X+ B_l Xia
Energy balance  (Dy;+Di )Ly =D +FCo (T, ~Te)+ BCp (T, T,)
Table 4. Variables used in optimization.
Tournament Selection Probability of  Probability of Maximum Number of = Population
size process mutation crossover generations size
2 Tournament 0.01 0.85 600 500
4. Results literature have also been wused. For this

In this part, the findings of the modeling that
were supplied in section 3 are shown. After
evaluating the correctness of the generated
model for each individual subsystem first, the
results of the parametric research and
optimization are then presented.

4.1 Model validation

In order to validate the results of CO. cycle
modeling, the results available in the technical

purpose, the results of Sarkar et al.[15] have
been used for comparison. Table 5(a) and 5(b)
shows the results of the current modeling and
the results of Sarkar's work. To compare the
minimum  and  maximum  temperature
parameters of the cycle, the maximum pressure
ratio has been used and the results are the
optimal pressure ratio, thermal efficiency and
the percentage of flow passing through the
DWH, which is in good agreement with the
results in the fan literature.

Table 5(a). Comparison of the present results and the results of Sarkar et al [15].

Parameters PR,
T 1in(°C) T 10 (°C) P 0. (bar) Present work Ref[15]
32 550 200 2.641 2.64
32 550 300 3.864 3.86
32 750 200 2.65 2.65
32 750 300 3.942 3.94
50 550 200 2.392 2.40
50 550 300 2.795 2.80
50 750 200 3.076 2.88
50 750 300 3.102 3.08

Table 5(b). Comparison of the present results and the results of Sarkar et al [15].

yopt Nrh
Present work Ref[15] Present work Ref [15]
0.3338 0.334 41.18 41.18
0.3552 0.355 43.33 43.32
0.2086 0.223 46.12 46.07
0.2815 0.281 49.84 49.83
0.1839 0.184 36.7 36.71
0.2535 0.254 38.93 38.93
0.1111 0.109 43.56 43.50
0.1759 0.175 45.28 45.28
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Fig. 2. Comparison of efficiency of CO, system with Shubnam Banik et al. [16].
Table 6. Comparison of the present MED model with a real plant.
Design conditions Present Model Real plant [17]
Effect numbers 6 6
Motive steam rate (kgs™) 21.20 21.20
The pressure of motive steam (bar) 25 25
Minimum temperature of brine (°C) 42.8 42.8
Top brine temperature (°C) 61.80 61.80
Seawater temperature (°C) 30 30
Performance indicators
Desalinated water (kg/s) 188.24 184.4
Gain output ratio 8.78 8.6

Also, the Fig. 2 shows the study of the
efficiency of the first law in the work of
Shubnam Banik et al. [16] with the data
obtained from modeling. According to Fig.2, it
is clear that the results are in good agreement
with the reference results.

The MED unit model is validated by
comparing it to the data of an actual plant, as
shown in Table 6. It can be observed that
nearly identical results are obtained for
identical design parameter values, indicating
the accuracy of the current model.

4.2 Parametric study

Considering that the accuracy of the modeling
done for the components of the cycle was
investigated, we will examine the cycle in
general. In this section, we examine the effect
of important parameters on cycle performance.
Fig. 3 shows the effect of Rankine cycle
pressure ratio on cycle efficiency. According to
this figure, it is clear that by increasing the
pressure ratio from 2 to 5, the evaporator
pressure changes from 10,000 to 30,000 and
the efficiency also increases from 23% to 34%
due to the increase of input enthalpy in the

turbine. Also, this efficiency increase occurs
for the second law as well, in such a way that
the efficiency increases from 22 to 31.9 %.

Figure 4 shows the effect of Rankine cycle
pressure ratio on turbine work and total power.
With the increase in the pressure ratio, it is
clear that the output work of the turbine and
the total work increases. Also, according to
Fig. 5, it is clear that the input work to the
pump also increases because it has to pump the
fluid to a higher pressure. The increase in the
input work of the pump is from 0.12 to 0.36,
which is insignificant compared to the increase
in the output work of the turbine from 1.1 kW
to 1.5 kW and does not reduce the total work.

Figure 6 shows the effect of turbine inlet
temperature on pump input power and turbine
output power. According to this figure, it is
clear that with the increase in the turbine inlet
temperature, due to the increase in the turbine
inlet enthalpy, the work output of the cycle
increases from 1.43 to 1.49 kW and the cycle
efficiency increases from 34.2 to 35.6 %, and
the reason for this increase in efficiency is also
because the work of the turbine increases and
the input work of the pump decreases.
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Fig. 3. The effect of Rankine cycle pressure ratio on cycle efficiency.
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Fig. 5. The effect of Rankine cycle pressure ratio on pump work.
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Fig. 6. Effect of turbine inlet temperature on pump input power and turbine output power.

Figure 7 shows the effect of recuperator
efficiency on cycle efficiency and total output
power and Fig. 8 shows the effect of
recuperator efficiency on turbine power and
pump power. According to these figures, it is
clear that by increasing the efficiency of the
recuperator from 70% to 95%, the efficiency of
the first law reaches from 28.1% to 35.9%, and
the total production power increases from 1.17
to 1.5 kW. According to these figures, with the
increase in the efficiency of the recuperator,
the output power of the turbine and the input
power of the pump also increase, but the
increase in the output power of the turbine is
more than the input power of the pump, and the
total output power increases.

the cycle efficiency and the total output power,
and Fig.10 shows the effect of the temperature
of the exhaust gases from the recycling system
on the recycled heat in the cycle and the
turbine production power. By increasing the
temperature of the exhaust gas by 150 degrees,
it is clear that 2 MW of recycled heat can be
obtained. Also, in this regard, the output work
of the turbine has increased by 0.8 kW and
increases the efficiency of the whole cycle by
31.5% to 37%.

The influence of the number of MED
effects in the fresh water production is
demonstrated in Fig. 11. According to the
figure, as the number of effects increases from
3 to 14, the rate of fresh water produced

Figure 9 shows the effect of the temperature increases more than 3 kg/s, which is
of the exhaust gases of the recycling system on considerable
36 , . 1.5
—Efficiency o 1.45
——W //
34} v Y net y
3 /// 2 14
& //7/’ 1155 &
& 32r nZ z
é s | 1.25
@ 5ol e {1.25
I //:/ 412
282 ‘ ‘ ' 1.15
0.7 0.75 0.8 0.85 0.9 0.95
e“‘R

Fig. 7. The effect of recuperator efficiency on cycle efficiency and total output power.
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Fig. 10. The effect of the temperature of the exhaust gases from the recycling system on the recycled heat in the
cycle and the production power of the turbine.
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Fig. 12. Two-dimensional Pareto frontier diagram of net power output and emission.

4.3 Optimization

Figure 12 shows the optimization Pareto
diagram for the system. The y-axis of this chart
shows the pollution and the x-axis shows the
net production work that should be minimized
and maximized, respectively. At the optimal
point, the system has emissions of 0.52 and net
power output of 22100 (kWh).

5. Conclusions

This study aims to provide a hybrid system for
recovering waste heat in steel facilities in
different working conditions with the help of

supercritical CO: cycle. The results obtained
from the present study are as follows:

e At the optimal point, the system has
emissions of 0.52 and net power output
0f 22100 kWh.

e System efficiency is 38.56% and carbon
dioxide emission is 0.510 tons/MWh.

e By increasing the temperature of the
exhaust gas output by 150 °C, it is clear
that 2 MW of recycled heat can be
obtained. Also, in this regard, the output
work of the turbine has increased by 0.8
kW and increases the efficiency of the
whole cycle by 31.5% to 37%.
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