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Featured Application: This paper studies the influence of different energy conversion equipment
on the energy distribution and structure of iron and steel enterprises.

Abstract: In steel enterprises, the design of energy systems mainly depends on experience and
lacks systematic optimization methods. Therefore, it is of great significance to propose an overall
optimization design method for the energy system of steel enterprises. In this paper, a linear model is
proposed to select the energy conversion equipment types and distribute energy sources with the
aim of maximizing the economic benefits of an energy system. In the model, the choice of energy
conversion technology and the distribution of energy source are considered comprehensively. For the
S steel plant, the case analysis results show that under the condition of keeping the original energy
conversion equipment unchanged and optimizing the distribution of energy source, the economic
benefits of the energy system can be increased by 15.77 CNY/t steel, and under the conditions of
optimizing the distribution schemes of the energy conversion equipment types and energy sources,
the economic benefits of the energy system can be increased by 180.26 CNY/t steel. In addition,
the effects of different energy conversion equipment configurations, different energy sources prices
and different pollution cost standards on the steel plant energy economic benefits were analyzed.

Keywords: iron and steel production processes; energy systems; linear programming model; optimal
design; energy source; optimal distribution

1. Introduction

The steel industry is a resource- and energy-intensive industry, and is also a high-pollution,
high-energy, and high-emission industry. In 2015, the energy consumption of the steel industry
accounted for 26.1% of the total industrial energy consumption, which accounted for 14.9% of
the total energy consumption in China [1]. The integrated steel enterprises include main steel
production systems, energy systems, and auxiliary systems. The main steel production systems include
sintering, pellet production, blast furnace (BF), coke oven, converting, refining, continuous casting,
hot rolling, cold rolling, and so on. The energy systems include power and steam production systems,
chemical product manufacturing systems, and technical gas production systems. The auxiliary systems
include transportation equipment and warehousing processes. As large material energy input and
output systems, steel companies include complex energy distribution networks that use multiple energy
sources. Among them, 34% of the primary energy (cleaned coal and anthracite coal) is transformed
to byproduct gases during the iron and steel production process [2,3]. As the Chinese steel industry
pays increasing attention to environmental protection [4], people are paying increasing attention to the
recycling, conversion, and utilization of secondary energy. In the iron and steel production process,
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there is often a surplus or shortage of secondary energy, which will lead to an increase in operating
costs and environmental pollution costs. Therefore, optimizing the utilization of secondary energy
and improving the conversion efficiency of secondary energy are of great significance to the steel
industry [5]. Therefore, the design and optimization of energy systems in steel enterprises are receiving
increasing attention.

The secondary energy utilization of iron and steel enterprises has been widely studied by
researchers [6–8]. Previous studies have focused on the production or consumption prediction
and optimal scheduling of byproduct gases, steam, and electricity. In terms of energy forecasting,
Lei et al. [9] forecasted the surplus gas in the iron and steel industry to make full use of gas resources
and stabilize the pipe network pressure. Zhang Qi et al. [10] made comprehensive use of the grey
model and back-propagation (BP) neural network to establish a prediction model of the blast furnace
gas (BFG) system. In addition, several researchers, based on the ARIMA model, neural network,
and least-squares support vector machine (LSSVM), have established composite prediction models to
predict the production and consumption levels of energy source in steel enterprises [11–14]. In terms
of energy scheduling, Kim et al. [15] proposed an optimal distribution model of the gas supply and
demand by considering constraints such as boiler fuel fluctuations, boiler efficiencies, and gasholder
capacities. Kong et al. [16] used a dynamic mixed-integer linear programming (MILP) model to
optimize the multi-cycling of byproduct gas. Zhao et al. [17–19] used MILP to establish an optimal
distribution model for surplus gas and considered the influences of peak and valley electricity prices on
the optimization results, thereby making the model closer to reality. Based on analysis of the supplies
and demands of gas, steam, and electricity in the production cycle, Zhang Qi et al. [20–22] established
a multi-cycle optimal distribution model of the surplus gas, steam, and electric power. The model
considered the impacts of polluting gases on the environment.

The above research aims to predict and optimize the distribution of one or several secondary
energy sources (gas, steam, electricity, etc.) under the premise of determining the production processes
and energy conversion devices. There are few types of energy sources involved in the above studies,
and there is no comprehensive consideration of the interactions and the different uses of multiple
energy sources.

The distribution of energy source is also different if steel plants are equipped with different
energy conversion devices [23]. For example, the introduction of desalination plants will change the
distribution of steam in steel plants [24]. In their research on the configurations of energy conversion
equipment in iron and steel enterprises, Li et al., [25] combined the analyses of the Angang Iron and
Steel Group’s gas balance and gas power generation configurations and analyzed the process flows,
overall benefits, technical advantages, and disadvantages of the high temperature and high-pressure
power generation and combined cycle power plant (CCPP). Wang et al. [26] proposed a technical route
for the utilization of BFG and evaluated the environmental economy of methanol made from BFG.
Joseck et al. [27] studied the energy and emission effects of coke oven gas (COG) hydrogen production
and compared these effects with those of other hydrogen production options. Although the above
studies have proposed the impact of the choice of energy conversion method on the production efficiency,
the evaluation of only a single energy conversion technology lacks the systematic consideration of the
configurations of different energy conversion technologies (devices).

At present, in the design process of steel enterprises, the design steps of the energy systems are as
follows: First, energy consumption analysis and evaluation of the production capacity of each process
of the steel plant are conducted [28]; then, selection of the energy conversion technology (equipment)
occurs according to experience [29]; and finally, the balance of the energy supply and demand is
evaluated. The power determination and energy source distribution scheme determination of the
energy conversion equipment are performed. The existing design methods do not comprehensively
consider the interaction between energy conversion equipment types and the interaction between
multiple energy sources. The design of an energy system has, in general, not been optimized.



Appl. Sci. 2019, 9, 4778 3 of 19

In view of the drawbacks of the previous research work, this study proposes a linear programming
model for the optimization design of the energy systems in steel plants. The model involves more than
20 energy sources and 27 equipment types/processes in iron and steel enterprises. At the same time,
the model emphasizes the impacts of energy conversion devices on the energy distribution and the
interaction between different energy sources and provides guidance for the optimization design of the
energy systems in steel enterprises from the perspective of system optimization.

2. Problem Analysis

Portions of the BFG, COG, and Linz–Donawitz process gas (LDG) produced by a steel enterprise
are used inside the steel system to meet the production demands of iron and steel, and the remaining
byproduct gas is supplied to energy systems. The production of the iron and steel system is relatively
stable, in which the amount and consumption of byproduct gas remain unchanged, and thus the
amount of byproduct gas supplied to the energy systems does not change.

In energy systems, chemical product production systems can choose from the following
processes: hydrogen production, methanol production, urea production, and seawater desalination.
The corresponding products include hydrogen, methanol, urea, saltwater, and concentrated saltwater,
and these products can be sold [30,31]. Power and steam production systems and optional equipment
types, including CCPPs [32], combined heat and power (CHP) systems [33], gas/pulverized coal-fired
generator sets [34], electric boilers, and steam boilers, use byproduct gas and steam coal to produce
electricity and steam. At the same time, electricity and steam support the steel production process and
part of the steam supply desalination. Technical gas systems include air compressors and air separation
units that primarily consume power and produce technical gases, including compressed air, argon,
nitrogen, and oxygen. The technical gas supply outside the steel production system, which consists
of the remaining liquid nitrogen and liquid oxygen, are sold. The energy systems of integrated steel
enterprises are shown in Figure 1. In Figure 1, the energy system of the iron and steel enterprise
contains almost all possible energy conversion equipment types. In fact, certain energy conversion
equipment types are selected by an iron and steel enterprise.

As shown in the above figure, the energy source distribution is different if the energy system
has different process configurations. Due to the existence of energy substitution, the distributions
of different energy sources affect each other. For example, a power boiler can simultaneously use
BFG, LDG, and COG, and the three types of gases can be substituted for each other within a certain
range. In a gas/pulverized coal-fired generator unit, gas and pulverized coal can also be substituted
for each other within a certain range [35]. It is necessary to optimize the configuration of energy
conversion equipment in the energy system and the coupled optimal distribution of various energy
sources. This consideration means that we should choose the right energy conversion equipment and
determine the types and quantities of energy sources to be distributed, thereby realizing the design
optimization of the energy system of an iron and steel enterprise. At present, the design of an energy
system is mainly based on experience and lacks evaluation of the overall structure of the energy system
and energy conversion efficiency. In this paper, the overall optimization design of an energy system
will be carried out to achieve the rational distribution and utilization of energy source.

To ensure power demand and reduce cost, most integrated iron and steel corporations have built
on-site power plants (OSPP) to cover 50–80% of the power demand, and the remaining demand is
supplied by the main grid [36], which should be purchased. Both the purchased electricity and the
self-produced electricity maintain the power balance of iron and steel enterprises. The goal of energy
system design optimization is to optimize the equipment configuration of the energy system and
energy source distribution to meet the energy source requirements of the steel production system and
to maximize the economic benefits of the energy system. That is, maximum the economic benefits
of the energy system is equal to the value of the maximum energy system products for sale minus
the purchase cost of the input energy source. Since the input energy source, such as coking coal,
pulverized coal injection into a BF, and water input, are determined by the production scale of the
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steel production system, the output scale is unchanged, and the input levels of the three media are
constant, and optimization is not considered. Therefore, the above formula is transformed into:
Maximum economic benefits of the energy system is equal to the value of the maximum energy system
products for sale minus the purchase cost of the steam coal, and then minus the purchase cost of
electricity, and the specific optimizable input and output energy source are shown in Figure 2.
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3. Mathematical Model

3.1. Application Scope of the Model

The mathematical model for the optimal distribution of multiple energy sources was established
for a typical iron and steel manufacturing process with a large BF-large LD-continuous casting machine
(CCM)-hot rolling mill (HRM) system. The model involves 27 production processes and related devices,
including the main production, energy conversion, and auxiliary processes, and over 20 energy sources,
including coal gas, steam, and technical gas. The optimization model was used to determine the
optimal energy distribution considering mutual conversions, device constraints, and supply–demand
balances among the various energy sources to gain the optimized distribution plans. The main feature
of this model is its ability to optimize the distributions of all secondary energy sources and of the main
primary energy sources, rather than being limited to one or a few kinds of secondary energy sources.

Our model is suitable for steel plants with different process configurations and can help guide the
factory to select among energy conversion devices. The model is applicable not only to iron and steel
production processes, but also to other process manufacturing plants through appropriate modifications.

3.2. Model Assumptions

A number of complicated factors influence the energy-consuming devices during the various
production processes involved in iron and steel manufacturing. In addition, various energy sources
coexist and interact with each other in the process. To simplify the problem, the following assumptions
have been made:

(1) The external inputs of coking coal, pulverized coal injection into the BF, and water meet the needs
of the iron and steel-making system, and the output scale of the iron and steel-making system is
fixed; the input levels of the three media are unchanged.

(2) Steam coal is provided to the pulverized coal/gas mixed combustion boiler power generators,
and the consumption (input) of steam coal is variable.

(3) Electricity can be purchased from the public grid or sold to the public grid.
(4) The byproduct gas and steam balance the supply and demand within the enterprise; that is,

the input and output are both 0.
(5) The energy source can be mutually converted and utilized to meet the process requirements. In the

case of a hot rolling heating furnace, LDG can replace part of the COG given the developments in
regenerative heating technology.

(6) If the energy conversion process/device generates multiple products, the output levels of the
main products and the yields of the byproducts will be in a certain proportion.
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3.3. Objective Function

The optimal design model of the energy system is aimed at making rational use of the energy
sources and improving the energy utilization efficiency, thereby increasing the economic benefits of the
energy system. Therefore, the objective is to maximize the economic benefits of the energy system.
The economic benefits of the energy system are equal to the value of the takeout products of the
energy system minus the cost of purchasing energy sources minus the cost of pollution in the energy
conversion process. The objective function of the model is established as follows:

Max(
n∑

i=1

Ci ·Ui −

pn∑
pi=1

Epi ·Mpi) (1)

where n represents the number of output and input energy source types of the energy system,
Ci represents the market price of the output or input of energy source i, and Ui is the output or input
amount. If Ui is smaller than zero, energy i needs to be input (purchased); if energy source i equals
zero, energy source i has reached a supply–demand balance inside the iron and steel enterprise; if Ui is
greater than zero, energy source i can be output, namely, the outward supply, where EPi represents the
environmental cost of the emission of polluting gas pi and MPi represents the amount of emission of
polluting gas pi.

3.4. Constraint Conditions

3.4.1. Energy Supply and Demand Balance Constraints

Iron and steel plants are characterized by large, complex structures that can be divided into
three subsystems, namely, the main production system, the energy system, and the auxiliary system.
The energy balance for an iron and steel enterprise is based on the energy balance principle, and can be
expressed by Equation (2):
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where r j
i is the recycled amount of energy source i in working procedure j, ν j

i refers to the usage
amount of energy source i in working procedure j, bi is the emitted amount of energy source i, and m, k,
and l indicate the number of production processes/devices involved in the main production system,
the energy system, and the auxiliary system, respectively.

3.4.2. Energy Source Constraints

In the case of energy sources such as coal, gas, and steam, the sum of the amounts of energy
consumed and emitted by the various users in the energy system should not exceed the generated
amount of energy, which can be compactly stated as follows:

m+k+l∑
j=1

v j
i + bi ≤

m+k+l∑
j=1

r j
i . (3)
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As for the other energy sources, the sum of the energy consumption, the maximum sales volume,
and the emitted amount should not be greater than the generated amount of energy:

m+k+l∑
j=1

v j
i + bi + Esk

i,max ≤

m+k+l∑
j=1

r j
i (4)

where Esk
i,max denotes the maximum sales volume of energy source i.

3.4.3. Operational Constraints of the Energy-Consuming Device

The operational constraints of the energy-consuming device are mainly due to its process heating
requirements. In other words, it is necessary for a specific kind of coal gas to meet the temperature
requirements of the heating device. The heating temperature is directly determined by the calorific
value of the gas. If the calorific value is too low, the heating temperature requirements cannot be
satisfied; if the calorific value is too high, it will adversely affect the heating. Thus, the calorific value of
the gas is only allowed to fluctuate within a certain range. This constraint can be expressed as follows:

Q j,min ≤ Q j ≤ Q j,max (5)

Q j =
v j

BFG ·QBFG + v j
LDG ·QLDG + v j

COG ·QCOG

v j
BFG + v j

LDG + v j
COG

(6)

where Q j denotes the calorific value of the mixed gas used in working procedure j; QBFG, QLDG,
and QCOG represent the calorific values of BOG, LDG, and COG, respectively; and Q j,min and Q j,max

represent the minimum and the maximum calorific values of the gas required by working procedure
j, respectively.

3.4.4. Balance Constraints of the Material Transformation

During the iron and steel manufacturing process, conversion between different energy sources
can occur. For example, the byproduct gas in the boiler can be converted into steam. In the conversion
process, the steam production is equal to the product of gas consumption multiplied by the energy
conversion efficiency. The balance of energy conversion can be stated as follows:

r j
i =

n∑
l=1,l,i

v j
l · T

j
l−i (7)

where T j
l−i indicates the efficiency of energy conversion from source l to source i in working procedure j.

3.4.5. Energy Balance Constraints

Energy balance constraints can generally be divided into two types. Based on the first law of
thermodynamics, the first type refers to the amount of unchanged energy during the conversion
process, which mainly corresponds to the energy balance among the gas, steam, and electricity during
the mutual conversion processes. The other type requires a constant total energy amount during the
replacement of energy sources to guarantee a constant production capacity, which mainly corresponds
to the replacement of the energy source in the heating furnace.

(1) Gas-electricity conversion energy balance

v j
BFG ·QBFG + v j

LDG ·QLDG + v j
COG ·QCOG =

r j
ele · hele

η j
. (8)
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(2) Gas-steam conversion energy balance

v j
BFG ·QBFG + v j

LDG ·QLDG + v j
COG ·QCOG =

hs1 · r
j
s1 + hs2 · r

j
s2 + hs3 · r

j
s3

η j
. (9)

(3) Steam-electricity conversion energy balance

hs1 · v
j
s1 + hs2 · v

j
s2 + hs3 · v

j
s3 =

r j
ele · hele

η j
. (10)

(4) Energy balance caused by the mutual replacement of energy source in the heating furnace.

v j
BFG,initial ·QBFG + v j

LDG,initial ·QLDG + v j
COG,initial ·QCOG = v j

BFG ·QBFG + v j
LDG ·QLDG + v j

COG ·QCOG (11)

The heating furnace contains regenerative heating technology. It is possible to use BOG instead of
COG to establish the equilibrium constraint stated in Equation (11), where η j represents the power
generation efficiency or the thermal efficiency of the steam production device; subscripts s1, s2,
and s3 indicate high-pressure steam, medium-pressure steam, and low-pressure steam, respectively;
hele represents the calorific value of electricity; hs1, hs2, and hs3 refer to the enthalpy values of the three
types of steams; and v j

BFG,initial, v j
LDG,initial, and v j

COG,initial indicate the initial energy consumption levels
of BOG, LDG, and COG in working procedure j, respectively, when the production rate of the iron and
steel manufacturing process is constant.

3.4.6. CCPP Constraints on the BFG Consumption

The CCPP fuel is mainly low calorific value BFG in an iron and steel enterprise. As a CCPP has a
high requirement for the stability of the gas supply, the plant will be shut down when the gas supply is
smaller than its minimum requirement. To avoid an insufficient supply of BFG caused by abnormal
conditions, such as BF repair, the surplus BFG cannot be completely consumed by the CCPP, and other
power generation devices should be equipped. Therefore, the range of BFG consumed by the CCPP
should be set as follows:

vmin,CCPP
BFG ≤ vCCPP

BFG ≤ vmax,CCPP
BFG (12)

where vCCPP
BFG represents the amount of BFG consumed by the CCPP and vmin,CCPP

BFG and vmax,CCPP
BFG

represent the minimum consumption levels of BFG by the CCPP and the maximum consumption level
of BFG by the CCPP, respectively.

3.4.7. Other Constraints

(1) Non-negativity constraints

v j
i ≥ 0, r j

i ≥ 0, and bi ≥ 0 (13)

(2) Initial value constraints

v j
i= initial value, r j

i= initial value, and bi = initial value (14)

4. Case Analysis

4.1. Basic Information about the Iron and Steel Plant

The optimization model established in this study is mainly applicable to the typical manufacturing
process of a large-scale iron and steel plant, featuring a large BF-large LD-CCM-HRM system. As a
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large-scale modernized iron and steel enterprise, the Chinese S plant was chosen as a case to validate
our model. The diagram reflects the energy system of the S steel plant, as shown in Figure 3. Table 1
summarizes the market prices of the energy source. Table 2 provides the surplus or demand amounts
of the energy source in the main production system. The surplus energy source can be used for energy
conversion in the energy system. The demand amounts of the energy source must be supplied by the
energy system or imported from outside the iron and steel enterprise. The data were collected from
year-averaged values of the S steel plant.
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Table 1. Market prices of the energy source.

Energy Source Market Price Unit

BOG 0.05 CNY/m3

COG 0.10 CNY/m3

LDG 0.40 CNY/m3

Electricity 0.50 CNY/kWh
Oxygen 0.55 CNY/m3

Nitrogen 0.25 CNY/m3

Argon 1.75 CNY/m3

Liquid oxygen 0.74 CNY/kg
Liquid nitrogen 0.65 CNY/kg

Steam 0.10 CNY/kg
Compressed air 0.15 CNY/m3

Hydrogen 1.76 CNY/m3

Urea 2.15 CNY/kg
Methanol 2.14 CNY/kg
Steam coal 0.40 CNY/kg

Demineralized water 5.6 CNY/m3

Table 2. The surplus or demand amounts of the energy source.

Energy Source Surplus State Amount Unit

BFG surplus 599.36 m3/t steel
COG surplus 98.03 m3/t steel
LDG surplus 49.05 m3/t steel

Electricity demand 339.05 kWh/t steel
Oxygen demand 124.35 m3/t steel

Nitrogen demand 109.94 m3/t steel
Argon demand 2.66 m3/t steel

S1 steam demand 105.29 kg/t steel
S2 steam surplus 132.46 kg/t steel
S3 steam demand 3.31 kg/t steel

Compressed air demand 232.12 m3/t steel
Demineralized water demand 1.85 m3/t steel

4.2. Analysis of the Optimization Results

To maintain the steel production capacity of the S steel plant, the production and consumption
levels of the secondary energy sources in the main production system must remain unchanged.
The heating furnace is considered an energy conversion device, where part of the consumed gas can be
replaced by another gas.

The model can be used to optimize the distribution of energy source in the energy conversion
process according to two different schemes. The first scheme keeps the original process configuration
without changing the energy conversion equipment, thus only modifying the energy source distribution.
The second scheme adds new energy conversion equipment, changes both the original process and
the distribution of the energy source, and forms a new process. The energy conversion equipment
introduced in the latter scheme includes the CCPP, the CHP system, and the production of hydrogen,
urea, and methanol. Table 3 shows the power distribution schemes of the S steel plant before and
after model optimization. After optimizing the energy source distribution under the condition of the
original energy conversion equipment, the steam boiler with a low power generation rate (power
generation efficiency of 26%) no longer generates electricity. At the same time, the amount of electricity
generated by the pulverized coal/gas mixed combustion boiler is also reduced. The analysis shows
that the power generation efficiency of the pulverized coal/gas mixed combustion boiler is low,
and the consumption level of steam coal is reduced after considering the pollution. Thus, the power
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generation of the pulverized coal/gas mixed combustion boiler is reduced. After the introduction of new
power generation equipment (CCPP and CHP) and energy conversion technology (urea production,
methanol production, and hydrogen production), the BFG, LDG, and COG are fully utilized, and the
utilization rates of the energy source are improved. The CCPP realizes the maximum power generation,
and the remaining BFG and LDG are distributed to the CHP system and pulverized coal/gas mixed
combustion boiler for power generation. Due to the addition of new energy conversion technology,
more electric energy needs to be consumed. Therefore, it is necessary to purchase steam coal and
electricity to maintain the balance between the supply and demand of electricity.

Table 3. Comparison between the model optimization results and practical conditions of electric
power production.

Variable Practical
Conditions

Optimal Results of
the Original Process

Optimal Results of
the New Process

Electricity generated by pulverized coal—gas
mixed combustion boiler power generators
(kWh/t steel)

492.77 454.64 436.47

Electricity generated by the CCPP (kWh/t steel) - - 120.00
Electricity generated by the CHP system
(kWh/t steel) - - 32.10

Electricity generated by steam (kWh/t steel) 2.20 0.00 0.00
Electricity consumed by the air separation
device (kWh/t steel) 94.67 90.03 90.03.

Electricity consumed by the air compressor
(kWh/t steel) 29.25 25.56 25.56

Electricity consumed by urea production
(kWh/t steel) - - 293.12

Table 4 shows the gas distribution plans of the S steel plant before and after optimization.
After optimization on the basis of the original equipment, the BFG, LDG, and COG are fully utilized.
The amount of emission is reduced to zero. When new energy conversion technologies are added,
the COG is used to produce urea, and the BFG and LDG are fully used for power generation. Overall,
through optimization of the model, the utilization rates of energy source can be improved, and zero
emission of gas can be realized.

As shown in Table 5, prior to optimization of the energy source, the economic benefits of the
energy system products for sale in the S plant are −28.16 CNY/t steel, indicating that the S plant needs
to spend 24.16 CNY for the outsourcing of energy for each ton of steel the plant produces and 4 CNY
to pay for the environmental costs. In the first kind of optimized scheme, under the current equipment
and technological conditions, after optimization, the economic benefits of the energy system are
−12.39 CNY/t steel; namely, the costs of the energy systems (including pollution costs) are 12.39 CNY/t
steel. Compared with the actual situation of the S plant, the economic benefits of the energy system
increased by 15.77 CNY/t steel. This result is significantly higher than that before the optimization,
indicating that, in the case of a stable production, the model provides the optimal distribution plans of
the different energy sources with significant economic advantages in a practical case.
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Table 4. Comparison between the model optimization results and practical conditions of byproduct
gas distribution.

Variable Practical
Conditions

Optimal Results of
the Original Process

Optimal Results of
the New Process

BFG used by the pulverized coal—gas mixed
combustion boiler power generators (m3/t steel) 299.01 396.42 100.80

BFG used by the CCPP (m3/t steel) - - 200.28
BFG used by the CHP system (m3/t steel) - - 67.39
BFG used by the power boiler (m3/t steel) 215.70 76.56 73.89
BFG used by the heating furnace (m3/t steel) 31.24 126.38 157.00
BFG emitted (m3/t steel) 53.41 0.00 0.00
LDG used by the pulverized coal—gas mixed
combustion boiler power generators (m3/t steel) 0.00 42.45 0.00

LDG used by the CCPP (m3/t steel) - - 0.00
LDG used by the CHP system (m3/t steel) - - 42.96
LDG used by the power boiler (m3/t steel) 0.00 1.58 2.48
LDG used by the heating furnace (m3/t steel) 27.34 5.02 3.59
LDG stored in the gas holder (m3/t steel) 16.05 0.00 0.00
LDG emitted (m3/t steel) 5.66 0.00 0.00
COG used by the pulverized coal—gas mixed
combustion boiler power generators (m3/t steel) 45.29 26.46 0.00

COG used by the CCPP (m3/t steel) - - 0.00
COG used by the CHP system (m3/t steel) - - 0.00
COG used by the power boiler (m3/t steel) 0.00 33.90 0.00
COG used by the heating furnace (m3/t steel) 44.79 37.67 0.00
COG used by hydrogen production (m3/t steel) - - 0.00
COG used by urea production (m3/t steel) - - 98.03
COG used by methanol production (m3/t steel) - - 0.00
COG emitted (m3/t steel) 7.95 0.00 0.00

Table 5. Comparison between the model optimization results and practical conditions of the economic
benefits of the energy system.

Variable Practical
Conditions

Optimal Results of
the Original Process

Optimal Results of
the New Process

Purchased steam coal (kg/t steel) 126.29 91.53 204.50
Pollution costs (CNY/t steel) 4.00 2.90 6.49

Economic benefits of the energy
system (CNY/t steel) −28.16 −12.39 152.10

In the second kind of scheme, the model is used to optimize the secondary energy conversion
device configurations of the S steel plant. As shown in Table 4, the energy sources are optimally
distributed after the process modification. Meanwhile, the BOG, LDG, and COG can be utilized more
efficiently, and their emissions are reduced by 53.41, 5.66, and 7.95 m3/t steel, respectively. The economic
benefits of the energy system of the S plant are 152.10 CNY/t steel. Compared with the actual situation
of the S plant, the economic benefits of the energy system increased by 180.26 CNY/t steel. This result
is significantly superior to that before the optimization. Compared with the S plant process before the
optimization, the new techniques introduced in the optimized process include the CCPP and urea
production. This result also indicates that the CCPP performs better than the CHP system in electric
power production and that the COG will be utilized more efficiently to produce urea but not hydrogen
or methanol. When urea, hydrogen, and methanol are under the price conditions shown in Table 1,
considering the energy conversion rates and economic benefits of the energy system and other factors,
the selection of COG to produce urea is more conducive to the optimization of the entire energy system.
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4.3. Economic Benefits of Energy System Analysis of Different Secondary Energy Conversion Devices

The secondary energy sources of the iron and steel production process can be converted and
exploited in a number of ways. A sensible choice for the energy utilization device may significantly
improve the energy conversion efficiency and enhance the economic benefits. The configuration of the
energy conversion process mainly contains the CCPP, urea production, and sea water desalination in
the optimal new process. Figure 4 shows the optimization results obtained after removing only one
secondary energy source conversion device from the optimal new process of the S plant.Appl. Sci. 2019, 9, x FOR PEER REVIEW 14 of 21 
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Figure 4. The best economic benefits of the energy system after removal of different secondary energy
source conversion devices.

For the S plant, after removing the urea production plant, CCPP, and desalination plant, the best
economic benefits of the energy system are 0.456, 148, and 108 CNY/t steel, respectively. The results
changed greatly when removing the urea production and sea water desalination plants, which shows
that the urea production and the sea water desalination processes have the greatest impacts on the
energy system. We find that these two processes are the main working procedures that consume
COG and steam, and their energy utilizations are relatively high, so the influences of their energy
structures are greater than those of the other processes. This model can be tuned to fit different
steel manufacturing processes to calculate the economic benefits of an energy system with different
secondary energy conversions and utilization devices.

4.4. Effects of Different Energy Sources Prices on the Economic Benefits of the Energy System

The main energy source purchased by iron and steel enterprises are electric power and steam
coal, and these two prices have been changing in the market. Therefore, it is necessary to discuss
the impacts of price changes on the energy structure. Through the model, we can draw the trend of
the economic benefits of the energy system with the prices of steam coal and purchased electricity,
as shown in Figure 5a,b.
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Figure 5. The effects of the steam coal price and electricity price on the economic benefit of the
energy system.

It can be seen from Figure 5a that the economic benefits of the energy system decreased with
the increase in the price of the purchased electricity; when the price of the purchased electricity was
0.25 CNY/kWh or higher, the economic benefits of the energy system remained unchanged. The reason
is that the power generation cost is 0.25 CNY/kWh and when the purchase price is higher than the
cost, the steel plant can fully utilize power plants and no longer needs to purchase electricity. It can
be concluded that the steel plant should flexibly adjust the energy structure within a certain range
according to the market price of the energy source for purchase or sale to obtain the maximum economic
benefits of the energy system.

As shown in Figure 5b, the economic benefits of the energy system of the S steel plant decreases
with increasing steam coal price. When the price of steam coal increases from 0.4 to 1.3 CNY/kg,
the economic benefits of the energy system decrease from 152 to −18 CNY. When the price reaches
1.3 CNY, the economic benefits of the energy system tend to be fixed. When the price of steam coal is
low, a large amount of steam coal is used to generate electricity to maintain the balance of electricity.
When the price of steam coal is too high, the latter will increase the power generation levels by other
energy sources or increase the purchased electricity amount to maintain the balance of electricity,
and even completely eliminate the purchase of steam coal.
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In the model, the COG can be used to produce hydrogen, urea, and methanol and can also be
used as fuel to generate electricity. Therefore, it is necessary to discuss the influences of the prices of
hydrogen, urea, and methanol on the utilization of COG.

As seen from Figure 6, when the three resource prices of hydrogen, urea and methanol fall within
the area of the cube body (x < 0.72 and y < 0.62 and z < 1.46), COG should be used as fuel for electricity
generation. Otherwise, COG should be used as a chemical product raw material. It can also be seen
from Figure 6 that when the respective prices of hydrogen, urea, and methanol are 0.72 CNY/m3,
0.62 CNY/kg, and 1.46 CNY/m3, the COG should be used to generate electricity if the price of purchased
electricity is more than 0.5 CNY/kWh, whereas it should be used to produce chemical products if
the price of purchased electricity is less than 0.5 CNY/kWh. Figure 7 shows the different chemical
products produced by COG in different conditions, where zones I, II, and III represent urea, methanol,
and hydrogen, respectively, x/y represents the ratio of the hydrogen price to the urea price, and z/y
represents the ratio of the methanol price to the urea price.
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4.5. The Effects of Different Emission Charge Standards

Both the surplus gas power generation and purchased steam coal power generation will produce
polluting gases, and different standards of pollution emission costs will affect the distribution of
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gas and the utilization of steam coal. Two typical possible emission charge standards in China are
discussed in this paper. EC1, based on China’s current pollution damage fee collection standard, has
been in effect since 2003. This standard is based on partial compensation of the statistical monetary
losses from environmental pollution and destruction of environmental resources; EC2 is based on
the pollutant abatement costs of mature technologies [37]. Table 6 shows the different environmental
charge standards.

Table 6. Different standards of environmental pollution costs.

Charge Standard (CNY/t) CO2 SO2 NOx

EC1 0 630 630
EC2 23 6000 8000

Table 7 shows the steam coal consumption levels, pollution costs, and total benefits of the new
process with non-polluting costs or two different pollution cost standards. Compared with EC1,
when using the EC1 standard, the pollution costs will increase sharply from 6.49 to 87.12 CNY/t steel,
while the amount of purchased steam coal will be significantly reduced from 192.07 to 151.38 kg/t.
It can be concluded that enterprises should adopt a flexible energy outsourcing strategy based on
specific environmental policies. Comparing EC1 and EC2, the cost of pollution accounted for a large
part of the total costs under EC2, and the amount of coal purchased at this time was greatly reduced.

Table 7. Steam coal purchased, pollution costs, and economic benefits of the new process.

Variable Non-Polluting Costs EC1 EC2

Steam coal purchased (kg/t) 192.07 192.07 151.38
Pollution costs (CNY/t steel) 0.00 6.49 87.12

Economic benefits of the energy system (CNY/t steel) 158.60 152.10 54.17

5. Conclusions

The system optimization design of an energy system is an important issue in the design phase of
an iron and steel enterprise. However, there are few studies on the problem. In response to this issue,
this paper proposed a linear programming model for the optimal distribution of all energy sources
and the selection of the energy conversion device in an iron and steel enterprise, and the following
conclusions can be drawn.

(1) The model can optimize the distribution of all energy sources instead of a single one or a few.
Two factors are considered in this model, which were ignored in previous studies. The first factor
is the configuration of the secondary energy conversion devices; the second factor includes the
interchange and interaction effects among the different energy sources.

(2) The model was applied to a practical case study (the S plant) to maximize its energy system
economic value. Compared with the actual production situation, the economic value was greatly
enhanced after the optimization, thereby proving the validity of the model.

(3) The effects of different devices for the conversion of secondary energy sources on the energy source
distribution and the economic benefits of the S plant were also analyzed with the model. For the
S plant, after adding the CCPP, CHP system, and urea production facility, the best economic
benefits of the energy system were increased by 180.26 CNY/t steel.

(4) The influences of different electricity and steam coal prices and different standards of
environmental pollution costs on the optimization results were analyzed. The sensitivities
of the model to the prices of chemical products and the prices of secondary energy sources were
also analyzed.
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Nomenclature

Abbreviation
BF blast furnace
BFG blast furnace gas
LDG Linz–Donawitz process gas
CCM continuous casting machine
CDQ coke dry quenching
COG coke oven gas
HRM hot rolling mill
CRM cold rolling mill
LF ladle furnace
TRT blast furnace top gas recovery turbine unit
CCPP combined cycle power plant
CHP combined heat and power
Parameters
Ci market price of energy source i
EPi environmental cost of the emission of polluting gas pi
hele calorific value of electricity
hs1 calorific value of high-pressure steam
hs2 calorific value of medium-pressure steam
hs3 calorific value of low-pressure steam
Esk

i,max maximum sales volume of energy source i
Q j calorific value of the mixed gas used in working procedure j
QBFG calorific value of blast furnace gas
QLDG calorific value of Linz–Donawitz process gas
QCOG calorific value of coke oven gas
Q j,min minimum calorific value of the gas required by working procedure j
Q j,max maximum calorific values of the gas required by working procedure j

T j
l−i

efficiency of energy source l to be converted into energy source i in
working procedure j

η j
power generation efficiency in the power generation process, which
represents the thermal efficiency in the steam production process

v j
BFG,initial

initial energy consumption of blast furnace gas in working procedure j
v j

LDG,initial initial energy consumption of the Linz–Donawitz process gas
in working procedure j

v j
COG,initial initial energy consumption of coke oven gas in working procedure j

vmin,CCPP
BFG minimum consumption of blast furnace gas by the CCPP

vmax,CCPP
BFG maximum consumption of blast furnace gas by the CCPP

Variables
r j

i
recycled amount of energy source i in working procedure j

ν
j
i

usage amount of energy source i in working procedure j

bi
emitted amount of energy source i Ui output or input amount of energy
source i

MPi emission amount of polluting gas pi
vCCPP

BFG amount of blast furnace gas consumed by the CCPP
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Subscripts
i index for the energy source
j index for the processes/equipment types
pi index for the polluting gases

m
number of production processes/equipment types in the main
production system

k number of procedures/equipment types in the energy system
l number of procedures/equipment types in the energy system
s1 high-pressure steam
s2 medium-pressure steam
s3 low-pressure steam
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