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Abstract: As the main energy-consuming equipment, the reheating furnace plays an important role
in the scheduling of continuous casting and hot rolling for a steel mill. This paper studies the energy
consumption of cold and hot slab conversion mode in a reheating furnace, forming four conversion
relationships, with the goal of minimizing the coupling function between the maximum completion
time of the hot rolling and the energy waste of the reheating furnace, and modelling the scheduling
of a continuous casting-hot rolling process. An improved ordered pair bat algorithm is used to solve
for special process conditions of the proposed scheduling model. The effectiveness of the proposed
model and algorithm is verified by solving the different slab charging sequence and conversion mode.
Moreover, a comparative study of different types of batches is also conducted, and it is found that
the model can save more than 5000 GJ per month for the steel mill, which can achieve the goal of
effective energy saving and increasing enterprise profit.

Keywords: steel mill scheduling; continuous casting—hot rolling process; cold- and hot-charging
slabs conversion; reheating furnace; ordered pair bat algorithm; energy saving

1. Introduction

The iron and steel industry is one of the most important basic industries of the national
economy, and it is also a high energy-consumption industry. Statistical data show that
China’s steel industry accounts for about 15% of the country’s carbon emissions, which is
crucial for implementing carbon reduction targets. The carbon peak and carbon neutrality
of the steel industry will also have a profound impact on the overall economic growth
of China. As the main energy consumption equipment of steel plants [1], the energy
consumption of reheating furnaces accounts for 15-20% of the total energy consumption
and 70% of the hot-rolling energy consumption [2]. Due to its high energy consumption and
potential for energy conservation, with the recognition and development of national energy
conservation, the research on the energy consumption of reheating furnaces has become
increasingly important in the scheduling of continuous casting and hot rolling production.

After the slab is manufactured by the continuous casting machine, it can be divided
into the following three hot rolling mill connection types: cold-charge rolling (CCR), hot-
charge rolling (HCR), and direct hot-charge rolling (DHCR). These three charge modes
determine their different initial temperatures in the reheating furnace. Ultimately, it will
lead to significant differences in the reheating process time and energy consumption within
the reheating furnace. At present, the continuous casting—hot rolling scheduling model
focuses more on scheduling the rolling sequence that meets contract constraints, with
little consideration given to energy waste during the scheduling process. However, the
increased demand for customization and the production mode of multiple varieties and

Appl. Sci. 2024, 14, 4494. https:/ /doi.org/10.3390/app14114494

https://www.mdpi.com/journal/applsci


https://doi.org/10.3390/app14114494
https://doi.org/10.3390/app14114494
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1325-7070
https://orcid.org/0000-0002-4034-1606
https://orcid.org/0000-0002-7313-5796
https://doi.org/10.3390/app14114494
https://www.mdpi.com/journal/applsci
https://www.mdpi.com/article/10.3390/app14114494?type=check_update&version=2

Appl. Sci. 2024, 14, 4494

2 0f 22

small batches makes it impossible to have continuous hot charge production, and there
must be a conversion between hot charging and cold charging mode in production. In
fact, when both hot- and cold-charging slabs are mixed in the reheating furnace, there will
be temperature differences between adjacent processed slabs. It not only has a significant
impact on the reheating quality of the slab but also affects the production rhythm of the
slab, leading to energy waste in the reheating furnace. In today’s increasingly tense energy
situation, if effective production scheduling can be carried out on the reheating furnace, the
energy conversion consumption during the mixing of cold-charging and hot-charging slabs
will be minimized, and the effective utilization of energy will increase. This can not only
alleviate the current national and international energy shortage but also greatly increase
the profits of the enterprise itself.

Therefore, when modelling the scheduling of the continuous casting-hot rolling pro-
cess, it is not only necessary to consider the scheduling of the continuous casting process
and hot-rolling line, but also the impact of the reheating furnace, forming a multi-process,
collaborative integrated model of continuous casting, reheating furnace, and hot rolling.
This integrated scheduling can significantly affect production efficiency, product deliv-
ery time, and customer satisfaction, while reducing enterprise energy consumption and
improving its scheduling enforceability.

In the existing research, most of them focus on the production-matching problem
of continuous casting, hot rolling, and energy considerations are focused on minimizing
residence time or maximizing the hot-charging rate. This paper mainly focuses on the
continuous casting and hot rolling problem of steel enterprises that takes into account
the energy conversion mode of reheating furnaces. And an improved ordered pair bat
algorithm is adopted to achieve the weighted coupling optimization goal of minimiz-
ing completion time and energy waste. Ultimately, it achieves energy-saving and profit
maximization for steel mills.

Overall, the comparison between this study and the existing research is shown in the
Table 1.

Table 1. Research comparisons.

Existing Research

The Research in This Paper

Research on energy savings of
reheating furnace

Research on continuous
casting-hot rolling

Modeling

Research on solving methods

From the perspective of thermal energy,
including furnace temperature control [3],
waste heat recovery [4], etc.

Divides the scheduling into two parts, one
focusing on the production matching problem
of continuous casting and hot rolling and the
other on minimizing the residence time of the
reheating furnace [5] or increasing the
hot-charging rate [6,7]
Continuous casting-hot-rolling model [8] or
reheating furnace-hot rolling model [9]
mixed-integer programming and constraint
programming [6], simulated annealing [9],
heuristic algorithms [7,10], intelligent
algorithms [11], etc.

Research the reheating furnace cold-charging
and heat-charging slabs conversion mode,
form the expression of energy consumption.

Research on continuous casting —hot rolling
scheduling under conversion mode, with
batch as the minimum scheduling unit for
hot rolling.

Integrated model of continuous
casting-reheating furnace-hot rolling

Improved bat algorithm

The contributions made by the research in this paper are mainly:

Previous research on the energy savings of reheating furnaces mostly focused on
thermal energy, and scheduling often aimed to minimize the residence times for each
slab without exploring the cold and hot conversion of slabs in the furnace. This study
considered the cold-charging and hot-charging slabs conversion mode of the reheating
furnace and formed corresponding energy-consumption expressions;

2. Previous research on continuous casting and hot rolling scheduling have mostly fo-
cused on minimizing the completion time by scheduling the order of slabs, without



Appl. Sci. 2024, 14, 4494

30f22

considering energy impact. Or, they take cold slab as the research object, focus
on the minimum residence time of the slab in the reheating furnace, and schedule
the reheating furnace-hot-rolling process. The impact of slab sequencing in the re-
heating furnace on continuous casting-hot rolling scheduling and enterprise energy
consumption is rarely considered. Therefore, a continuous casting-hot rolling schedul-
ing model was established under the reheating furnace conversion mode with the
weighted coupling goal of minimizing completion time and energy waste;

3. For practical engineering problems in steel mills, the problem scale is large, and the
solution is complex. It is necessary to find a more suitable algorithm for solving this
model. An improved bat algorithm was proposed in this research to solve the model,
and its effectiveness in solving practical engineering problems was demonstrated.

2. Literature Review
2.1. Definition of the Problem

The scheduling of the continuous casting-hot rolling process in steel plants has always
been a focus of attention for many scholars. The continuous casting process is the process of
casting high-temperature molten steel into continuous casting slabs on the continuous cast-
ing machine, which is the main process connecting upstream steelmaking and downstream
hot rolling in the steel plant system. The hot rolling process, as one of the most important
processes in steel manufacturing, uses slabs as raw materials to process hot-rolled products.
The reheating furnace is used to heat the slab from the slab warehouse or continuous
casting process to the required temperature for rolling before the hot-rolling process. The
scheduling of the slabs, an important intermediate equipment, of the reheating furnace is
not only related to the heating quality of the slabs and the energy-saving effect but also has
a significant impact on the production rhythm of hot rolling. The traditional scheduling of
the continuous casting and hot rolling process mostly considers the production scheduling
of continuous casting and hot rolling machines while neglecting the important factor of the
reheating furnace and failing to achieve collaborative operation of the three. Not only is it
impossible to achieve energy savings, but it is also difficult to match the scheduling results
obtained to production reality.

2.2. Major Concerns in Current Scheduling Research

At present, many scholars have studied a lot about the problem of continuous casting
and hot rolling scheduling in steel enterprises. Lyu et al. [12] modeled the production
planning problems of continuous casting and hot rolling through mixed integer program-
ming, using the output of the hot rolling production planning problem as the input to the
continuous casting production planning problem, with the goal of minimizing transition
time and maximizing equipment utilization. And numerical experiment results showed
that the proposed method is very effective in continuous casting and hot rolling planning.
Tan et al. [6] decomposed the continuous casting and hot rolling problem into a coupling of
two subproblems. One is to allocate casts for the continuous casting machine and determine
the order and start time of casts and rolling units. The other is to allocate the reheating
furnace and determine the starting time for heating the slab in the furnace. The goal is to
maximize the number of slabs processed in hot-charging rolling or hot direct mode and
minimize the residence time of slabs in the reheating furnace, thereby saving energy.

From the above research, there are relatively few multi-process optimization mod-
els considering the reheating conversion mode of the reheating furnace in current steel
production. Most of the studies on reheating furnace energy consumption are focused on
optimizing them from the perspective of thermal energy, including the prediction of slab
performance [13], furnace temperature optimization control [3], waste heat recovery [4],
combustion process control, heat transfer mechanism analysis [14], and scheduling model
optimization [15]. Yang and Luo [13] proposed a method that can find the optimal value
of the reheating furnace zone temperature under steady-state operation. Comparison of
the model with experimental results shows that the heat transfer model is suitable for
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predicting the heating performance of slabs, but the optimization of production schedul-
ing for reheating furnaces has been less studied. Chen et al. [16] proposed a simplified
billet gas consumption intensity (BGCI) apportionment model for steel billets based on
production state partitioning and suggested recommendations and measures to realize
lean energy management for reheating furnaces. Chakravarty and Kumar [17] explored
the possibility of improving the energy efficiency by improving the relocating of ther-
mocouples, reducing the gap between steel billets, introducing delay logic, and so on,
ultimately achieving energy savings of the reheating furnace. Zhao et al. [9] considered
the objectives and constraints of reheating furnace and rolling scheduling and proposed
an improved simulated annealing algorithm to minimize the number of rolling units and
the total heating time in the soaking pits. The research did not consider the type of heated
slab. Tang et al. [18] proposed a two-stage algorithm to solve the collaborative scheduling
problem between reheating furnaces and the hot-rolling process. In the first stage, only
the hot-rolling scheduling problem is considered and a decentralized search is conducted.
In the second stage, a heuristic algorithm based on decision trees is constructed to obtain
the corresponding reheating furnace plan. Suzuki et al. [19] proposed a modeling method
for optimizing slab scheduling and reheating furnace thermal control. By transforming
the approximate model into a mixed logic dynamic model, the optimal control problem is
simplified into a mixed integer programming problem. The validity of the model is verified
by numerical simulation. Broughton et al. [20] studied the scheduling of the reheating
furnace. In response to the previous research that only considered quality and did not
consider financial impact, the reheating furnace scheduling system developed in their
article takes into account both product quality and process cost and achieved good results.
But they did not consider the hot-charging situation between continuous casting and hot
rolling, only scheduling the inventory of cold slabs, and this did not match well with the
hot-rolling scheduling, which is not suitable for the actual production of the steel plant.
Tang et al. [21] assigned a slab sequence for each furnace and determined the feed-in and
residence times for each slab, ultimately achieving the reduction of unnecessary energy
consumption in the reheating furnace. They solved the scheduling problem in the reheating
furnace well by specifying a scheduling scheme with the objective of minimizing the total
penalties, but their research did not integrate well with the scheduling of the hot-rolling
mill. Li and Tian [22] established an integrated scheduling model for reheating furnaces and
hot-rolling mills and adopted a multi-objective differential evolution algorithm for different
optimization objectives of reheating furnaces and hot-rolling mills. They considered reduc-
ing unnecessary heating time in the reheating furnace and minimizing total changeovers in
the hot-rolling mill to achieve optimal scheduling. Due to the lack of consideration for the
conversion of different slab types and the impact of hot charging in the reheating furnace,
it also consumes a large amount of energy.

The above-mentioned planning and scheduling models for reheating furnaces gener-
ally aim to increase the hot-charging ratio or minimize the time of the slab in the furnace
in order to optimize the overall model of the reheating furnace and hot-rolling mill. Most
of the heat absorption of the slab and gas consumption in the heating furnace are judged
based solely on the unit consumption of the slab and gas, without considering the excessive
energy consumption between the conversion of cold- and hot-charging slabs in the same
furnace. These schedules do not really match the actual situation of the hot-rolling process.
Therefore, it is of great significance to study the cold-hot slab conversion mode and form a
functional relationship around the different gas consumption during slab type conversion.
This study can reasonably schedule the production of the continuous casting and hot
rolling process while meeting process constraints and realize collaborative optimization of
multiple processes, including continuous casting, the reheating furnace, and hot rolling.
Moreover, it can also reduce production costs and achieve overall energy conservation and
consumption reduction.
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2.3. Solving Algorithm

In the process of solving the actual model, the difficulty of solving will increase
exponentially with the size of the problem, and general methods cannot effectively solve
large-scale production planning and scheduling problems in steel enterprises. As a swarm
intelligence algorithm, bat algorithm (BA) has shown many advantages in solving discrete
scheduling optimization problems such as the flow shop scheduling problem, traveling
salesman problem, vehicle routing problem, and job shop scheduling problem [23-26].
And, for practical engineering problems, the algorithm and its improved algorithms can
effectively define practical problems, apply and improve them in practice, and ultimately
obtain the optimal solution [27,28]. It can be considered as a feasible solution for practical
problems of discrete scheduling. At present, the BA algorithm is in the initial stage of
research on energy-constrained scheduling in steel enterprises, and related research, which
has great exploration space and certain research significance, is still scarce.

Therefore, according to the actual production situation, this paper establishes a con-
tinuous casting and hot rolling scheduling model that considers the conversion mode of
hot-charging and cold-charging slabs in the reheating furnace and uses the improved BA
to solve it, to achieve the goal of minimizing energy waste. Compared with the traditional
continuous casting—hot rolling scheduling model, this model first proposed the impact of
the energy consumption of reheating furnace slab cold and hot conversion. Since there are
many variables to solving the practical problems and the solution model is complex, the
improved BA was used, and the optimization results provide a new idea for the steel plant
scheduling and energy saving.

3. Reheating Furnace Cold-Charging and Hot-Charging Slabs Conversion Mode

As mentioned earlier, the connection methods between the continuous casting and
hot rolling processes are divided into three categories, as shown in Figure 1. Generally
speaking, the temperatures of CCR, HCR, and DHCR slabs entering the furnace are lower
than 200 °C, 400-600 °C, and 600-1000 °C, resulting in energy consumption of about
1.338 GJ/t, 0.878 GJ /t, and 0.335 GJ /t for the reheating furnace [29]. It can be seen that the
DHCR is most conducive to reducing energy consumption, followed by HCR and CCR.

Continuous
casting machine

» Slab yard CCR — Reheating
furnace
Slabs ; : i
Insulation pit Reheating : .
» > » hot- —r
HCR furnace hot-rolling mill
Reheating
|| L, _—
> DHCR — furnace

Figure 1. The connection methods between continuous casting and hot rolling.

The different slab entering-furnace temperatures bring about the conversion of the
slab types in the reheating furnace during production, as shown in Figure 2. In general, the
types of slab conversion are cold slab to hot slab (cold-hot), hot slab to cold slab (hot—cold),
hot slab to hot slab (hot-hot), and cold slab to cold slab (cold—cold). Different conversion
types can result in different amounts of energy waste, which can have a significant impact
on energy savings in steel companies.
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Figure 2. Schematic of slab conversion.

Therefore, this subsection constructs a relational model of the energy consumption
function by considering the ordering of the slab scheduling in the reheating furnace. The
assumptions are as follows:

(1) Assuming that the furnace temperature curve does not change with the transformation
of the slab type, that is, the furnace temperature remains unchanged after setting, and
the furnace heat loss remains constant;

(2) The temperature of the slab to be reheated into and out of the furnace is known, and
the rated gas consumption is known;

(3) When the slab is reheated, the heat absorbed by the slab varies uniformly with the
time in the furnace.

The parameters and variables involved are expressed as follows:

Parameters:

C—Specific heat capacity of slab;

M—Quality of slab;

Ty, T,—Slab entering-furnace and exiting-furnace temperatures;

L—Reheating furnace length;

Ly—A certain vacant distance of reheating furnace;

[—The length of a slab in the furnace along the furnace length direction;

Variables:

Q, Qc, On—Rated gas resources required for heating the cold- and hot-charging slabs
to the exiting-furnace temperature;

Qw—Slab wasted gas resources;

Qp—The total amount of gas wasted in the furnace;

n—The number of slabs affected by the coexistence of cold- and hot-charging slabs in
the same reheating furnace;

t—Time of slab in furnace;

tc, ty—Time of cold- and hot-charging slab in furnace;

e, gr—Rated gas consumption per minute for cold- and hot-charging slabs;

v., vp—victory of cold- and hot-charging slabs in the reheating furnace;

3.1. Cold-Charging Slab to Hot-Charging Slab (Cold—Hot)
According to the definition of specific heat capacity, the heat absorbed by the slab in
the reheating furnace is
Q=CMAT =CM(T, — Th) 1)

Based on the previous assumption, the heat absorption of the slab varies uniformly
with its time ¢, so the gas consumptions of the slabs per minute are

0
Gc = Z 2)
gy = 3)

th
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The operating speeds of the cold- and hot-charging slabs in the furnace are

L

Oc = E (4)

v = 6)
th

In actual production, the transition from cold slab to hot slab in the reheating furnace
requires a certain vacant distance. When cold- and hot-charging slabs coexist in the
reheating furnace, the hot-charging slabs that enter the furnace later are affected by the
cold-charging slabs and step according to the speed of the cold-charging slabs. Therefore,
their stepping speed becomes slower, and the time in the furnace becomes longer. The gas
in the furnace is still supplied according to the demand of the cold-charging slabs, so the
gas consumption is large, and the gas waste is serious.

The gas resources wasted from the 1st to nth hot-charging slabs in the cold-hot furnace
are as follows:

L—-L Ly +1
Qm=<%x R TE )—% (6)
c h
L—L,—1 Ly +21
sz(%xk+%x k )—@1 )
UC Uh
L—L,—(n—1)I Ly +mnl
QWZGM K >+%xk)—% 8)
vc vh

The total amount of gas wasted in the furnace during the conversion of cold-hot
charging slabs is

Q= ), Quw, )
n=1

3.2. HotCharging Slab to Cold-Charging Slab (Hot—Cold)

When hot- and cold-charging slabs coexist, due to the slow speed of the cold-charging
slab, there is no need for vacant distance. Currently, the stepping depends on the speed of
the cold-charging slabs. Therefore, the hot-charging slabs’ stepping speed becomes slower,
and the time in the furnace becomes longer. The gas is converted to supply according to the
demand for the cold-charging slab, and all hot-charging slabs in the furnace will consume
more energy.

The gas resources wasted from the 1st to nth hot-charging slabs in the hot-cold furnace
are as follows:

l l

21 21
QWZZQCX;C_QhX?h (11)
nxl nxl
an ={qc X e —qp X o (12)

The total amount of gas wasted in the furnace during the conversion of hot-cold
charging slabs is

Q= Z Qw, (13)
n=1

3.3. Hot-Charging Slab to Hot-Charging Slab (Hot—Hot)

As mentioned earlier, hot-charging slabs are divided into two categories: DHCR
and HCR, and their entering-furnace temperatures and gas consumptions vary greatly.
Therefore, it is necessary to consider the differences in energy consumption between hot-
charging slabs during conversion.
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The conversion between hot-charging slabs needs to consider the following two cases:
(1) Hotslab 1 has a longer time in the furnace and higher-rated energy consumption;

This situation is similar to the type of cold-hot conversion in Section 3.1, but there is
no vacant distance of the reheating furnace. Referring to Equations (6)—(8), the gas wasted
is defined as

Qw, = (qlxszlJrquvlz)—Qz (14)
Q= (mx 5t v )~ o (15)
Qu, = (mx“ﬁ’f‘”mxﬁ)—@z (16)
Qi = nilen (17)

(2) Hotslab 2 has a longer time in the furnace and higher-rated energy consumption;

This situation is similar to the type of hot-cold conversion in Section 3.2. Referring to
Equations (10)—(12), the gas wasted is defined as

[ 1
lezqzxa_qlxa (18)
21 21
sz:%xvj*mxa (19)
Quw. =y x l L x 1 (20)
wy = g2 1 q1 -
n
Qus = ) Qw, (21)
n=1

3.4. Cold-Charging Slab to Cold-Charging Slab (Cold—Cold)

During the cold—cold conversion of slabs, there are also differences in the entering-
furnace and exiting-furnace temperatures and the time in furnace, which can cause fluctua-
tions in the gas inside the reheating furnace. The conversion is similar to Section 3.3 and is
also discussed in the two different situations. The conversion relationship can be formed
by referring to the previous section and will not be elaborated here.

4. Continuous Casting-Hot Rolling Scheduling Model Considering Reheating
Conversion Mode

4.1. Problem Assumptions

Due to the complex production process, multi-variety, and small batch production
mode of steel enterprises, it is necessary to consider various factors in the scheduling
of continuous casting-hot rolling to promote production coordination, reduce energy
consumption, and achieve maximum hot delivery and hot charging.

Therefore, after considering the product delivery time and maximizing the hot-
charging ratio, this section cites the concepts of hot-rolling batch and integrated batch
planning and scheduling on paper [30], to group production contracts and generate a
hot-rolling batch with batch types (DHCR, HCR, or CCR). It is used in the hot rolling stage
as its minimum scheduling unit to participate in the continuous casting-hot rolling schedul-
ing to improve the executability of the contract plan at the operation level. In general,
integrating the casting schedule of the continuous casting machine with the batch schedule
of the hot-rolling machine, considering the waste of gas during the cold- and hot-charging
slabs conversion in the reheating furnace, and ultimately forming the overall production
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schedule plays an important role in energy savings and improving the production efficiency
of the steel plant.

In the modeling of the continuous casting-hot rolling scheduling problem, the as-
sumptions used are

(1) The hot-rolling batches and the casts contained in each batch are known in advance;

(2) Inorder to facilitate the scheduling of hot-rolling batches, several reheating furnaces
are set with the same specifications and consistent steps, which means that the fur-
naces here are considered as an expanded capacity reheating furnace. The slabs in
each batch are evenly distributed to each reheating furnace for heating operations;

(38) The transportation time between processes is not separately considered and is evenly
distributed throughout the processing time;

(4) The number of hot-rolling machines in the steel plant is one, which means that the
reheating furnace and hot-rolling machines have a many-to-one relationship.

4.2. Modeling of Continuous Casting—Hot Rolling Process Scheduling Problem

When establishing the continuous casting-hot rolling scheduling model, not only
should the capacity constraints between these two processes be considered but also the
impact of the connection between cold- and hot-charging slabs on the energy consumption
of the reheating furnace and the production rhythm of the continuous casting-hot rolling
process. The established model is shown below.

Parameters

C—Total casts of the continuous casting process;

c—A cast in the continuous casting process;

B—Total batches of the hot-rolling process;

b—A batch in the hot-rolling process;

A—Total slabs in the reheating furnace;

a—A slab in the reheating furnace;

N—The total number of all batches in the hot-rolling process;

Y—Total batch types (DHCR, HCR, CCR);

y—One batch type;

k—Production stage, where k = 1 represents the continuous casting stage and k = 2
represents the hot-rolling stage;

M;—Collection of all equipment in the production stage k;

m—DProcessing equipment;

g—reheating furnace;

Te,m, Ty y—Processing time of cast ¢ or batch b on equipment ;

T2 Tfy"”—The maximum and minimum time intervals between continuous casting
and hot rolling for cast ¢ with batch type y;

i, j—Number of batches in the hot-rolling process,i=1,2,...N,j=1,2,.. ,N;

Qbi,j—Energy waste between batch b; and b]-, i,je N,b; € B, b]- € B;

Ty,0,00—A certain vacant time of the reheating furnace between slabs 4’ and 4;

SetTime, ,—Preparation time for two adjacent slabs a and a’ entering or exiting the
reheating furnace;

BG—A big number;

T/ax, T _Maximum and minimum residence time of slab a in the reheating furnace;

Slab ,—The discharge time of slab a within cast ¢ during the continuous casting stage;

b(c)—The cast c belongs to the hot-rolling batch b;

Cap—The maximum number of slabs that can be produced in the reheating furnace;

Uy—The number of slabs in the reheating furnace at one time ¢;

Bey—The maximum production capacity of hot-rolled products with specification type
e and batch type y produced during the hot-rolling stage;

Variables:
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T—Production time;

toncr t{n,c, tfn,bf t{n,b—The start and finish times of cast c or batch b on equipment m;

tﬁm,y, t;lb,y,t;/a,y,taa’y—The start and finish times of cast ¢, batch b, or slab a with
batch type y on equipment m;

£, t{—The entry and exit time of slab a on the reheating furnace;

Vin o —True when slab a is produced after a’;

Xg,g—True when slab 4 is produced in the reheating furnace g;

X400, g—True when both slabs a and 4’ are produced on the heating furnace g, and the
slab immediately following a is a’;

€ey(t)—The actual production quantity of hot-rolled products with specification type e
and batch type y produced during the hot-rolling stage in time ¢;

Objective function:

From the research on the conversion mode of the slab in Section 3, the reheating
furnace conversion mode can be used to obtain the minimum gas energy waste in the
continuous casting-hot rolling system.

N-1
f=min)_ Qpp. ., ii+1€N (22)
i=1
where Qy, 5., represents the energy waste between adjacent batch i and batch i + 1. De-
pending on the type of batches, the energy waste is calculated from Equations (6)—(21) in
Section 3.

However, the scheduling of continuous casting-hot rolling is limited by the delivery
time and the rolling operating rate, and the scheduling of batch packages cannot occupy
the rolling line indefinitely. Therefore, in addition to considering the related energy waste,
the maximum completion time should also be considered during scheduling. The objective
function of continuous casting and hot rolling can be expressed as the weighted coupling
of energy waste and completion time.

Since energy waste and completion time have different dimensions, they need to be
normalized before their weighting. A min-max normalization method was used to map
the energy and time data to the range [0,1]. Meanwhile, the weighting coefficients were
defined as « = 3 = 0.5.

f* _ f _fmin (23)
f max — f min
where f is the raw data of gas waste and completion time, f* is the normalized data, and
fmax and fy;,, are the maximum and minimum values of the raw data.

After normalization and weighting, the final objective function for continuous casting-

hot rolling scheduling can be obtained:

min(fy x a + f3 X B) (24)
Constraints:

Once the cast starts, no interruption is allowed in the process, so there exists an end
time of the cast c on the equipment m equal to its start time plus its processing time.

o= tinc+ Tom, Ve €C,m e M (25)

A batch cannot be interrupted during rolling, so the end time of batch b on equipment
m is equal to its start time plus its processing time.

t{n,b: tisn,b + Tb,m/ Vbe Bme M (26)

Equation (27) determines the vacant distance, i.e., the sum of the end time of the last
CCR-type slab in the reheating furnace, and the vacant time is equal to the start time of the
next DHCR or HCR type slab.
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_4f
tfnra/y - tm,a’ ! + Tmrﬂ/ﬂ/ 27)

Vy € Yeer, Y € YHCR or DHCR, 8,8 € A, Vygw =1,m € My, k=2

Equation (28) ensures that the time interval between continuous casting and hot rolling
is within a certain time range, which is related to the batch type.

<TI' Neeb(c),yeY,mm e M (28)

mcy = "6y 7

T <8 —
Equation (29) ensures that the actual production quantity of all rolling production
lines must be limited by their production capacity.

eey(t) < Bey,Ve€ E,ye Y, teT (29)

Equations (30) and (31) express the processing sequence between two adjacent slabs,
ensuring the first-in-first-out principle of the reheating furnace.

£5 + SetTime, y + BG (3 ~Xag — X g — xa,a,,g) <t Va,d € A (30)

t{ + SetTime, . + BG (3 ~Xag — Xarg — xa/a,,g) <t Va,are A (31)

Equation (32) indicates that the reheating time of the slab in the reheating furnace
must be within the specified time range.

£+ Tmin < ¢f < g5 4 e (32)

Equation (33) ensures that the entering-furnace time of the slab is after the continuous
casting stage. A DHCR-type slab can be fed into the furnace when the slab is finished
casting in the continuous casting machine, while the HCR- and CCR-type slabs can be fed
into the furnace only after all the slabs in the cast have been processed.

,NaeccceCme M, k=1 33
f{n,o otherwise . (33)

g s {Slabm, if Q= DHCR
Equation (34) ensures that the number of slabs in the reheating furnace is limited by

its production capacity.
U <Cap,VteT (34)

5. Ordered Pair Bat Algorithm for Optimizing the Scheduling Problem

The analysis of the continuous casting—hot rolling scheduling problem shows that
it is a completely discrete process, using casts and batches as the minimum scheduling
units. Each batch contains multiple casts, while each cast can also belong to multiple
batches. Therefore, it is more difficult to solve. Firstly, it is necessary to determine the batch-
scheduling sequence for hot rolling, calculate the energy consumption of the reheating
furnace, and then derive the sequence of the casting schedules. Secondly, the solving
algorithm must be determined. Due to its discrete properties of practical engineering
problem, the continuous bat algorithm cannot effectively solve it. Therefore, it is necessary
to use discrete improvement methods to update the velocity and position of bat individuals.

5.1. Analogy of the Batch Scheduling Problem

The batch scheduling problem for hot rolling can be analogized to the traveling
salesman problem (TSP). The TSP is a classic combinatorial optimization problem, which
has applications in many engineering aspects [31]. Its mathematical description can be
expressed as given the coordinates of n cities and the distance between each pair of cities,
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with the goal of minimizing the total distance, select a connection diagram that can cover
all cities, where each city can only pass through once.

Due to their similarity in modeling, the concept of TSP was borrowed to schedule
batches in the practical engineering problem of continuous casting—hot rolling. When
defining the sorting of batches, the batch numbers can be analogized as the city numbers
in the TSP, the energy waste between batches can be analogized as the distance between
cities, and the objective function of minimizing the total energy waste between continuous
casting and hot rolling can be analogized as the minimum total distance in the TSP. Specific
descriptions are shown in Table 2.

Table 2. TSP analogy for batch scheduling problem.

Batch Scheduling Problem TSP

Node Batches Cities
Route Energy waste between batches Distance between cities
Objective Minimizing the total energy waste Minimum total distance

In the above description, learning from the idea of the distance between adjacent cities
in the TSP, an analogy was made to the energy waste in batch scheduling of hot rolling,
with the aim of better scheduling the hot-rolling batches to calculate the energy waste. The
specific solution can be found in Section 5.2. However, the comprehensive scheduling
problem for continuous casting and hot rolling proposed in this study is not a complete TSP
standard problem. In addition to batch scheduling, it also needs to consider the scheduling
of continuous casting and the matching problem between continuous casting and hot
rolling, which is a complex engineering problem.

5.2. The Concept of Ordered Pair

For the continuous casting-hot rolling scheduling problem, the minimal energy waste
can be found by studying the reheating furnace cold-heat conversion pattern and deter-
mining the batch sequencing. Since the possibility of adjacency exists between any two
batches, the solution space of the problem is defined as the set of possible adjacency data
between batches. It is necessary to define any two batches a and b to form an ordered pair
(a,b) since any two adjacent batches have different energy consumption, (a,b) # (b,a).

The goal of minimizing the energy waste in Equation (22) can be transformed into a
mathematical problem of minimizing the sum of energy waste between every two adjacent
batches. Take the scheduling problem of 18 batches (numbers 1 to 18) as an example, as
shown in Figure 3. The conversion consumption matrix between batches is defined to
be expressed in relative weights, as shown in Table 3. The batch rolling plan connection
shown in Figure 3A is 1-2-3-4-5-6-7-8-9-10-11-12-13-14-15-16-17-18, with a total weight
value of 80.41, while the connection shown in Figure 3B is 1-3-4-2-5-6-7-8-9-10-11-13-14-12-
15-16-17-18, with a total weight value of 90.09. Hence, the optimum rolling sequence is
Figure 3A. From the comparison between them, it can be concluded that the differences
in weight values are reflected in the six different ordered pairs marked in the red part. If
the different ordered pairs of Figure 3B are improved and converted to the direction of
Figure 3A, the optimal ordering can be finally obtained, i.e., the optimization objective for
minimum energy consumption of the continuous casting-hot rolling system is obtained.

Table 3. Consumption matrix between batches scheduling.

Batches 1-2 2-3 1-3 3-4 4-2 2-5 4-5 5-6

Weights 5.00 4.00 8.06 3.60 3.60 5.39 447 5.00

Batches 67 7-8 8-9 9-10 10-11 11-12 11-13 12-13
Weights 3.60 224 7.00 4.24 447 6.71 7.21 3.60

Batches 13-14 14-12 12-14 14-15 15-16 16-17 17-18

weights 8.60 5.39 7.81 4.00 2.83 5.39 5.66




Appl. Sci. 2024, 14, 4494

13 of 22

(A) 2 ® U

Figure 3. The concept of ordered pairs. (A) The optimum rolling sequence (B) A random rolling
sequence.

5.3. Velocity and Position Updating Strategy

In the standard BA, the method of updating velocity and position based on linear
function relationships is only suitable for solving continuity problems and cannot be
directly used for discrete problems such as continuous casting and hot rolling in steel mills.
Therefore, in this paper, a new set of discrete relations will be investigated to update the
bat velocity and position.

The improved algorithm velocity can be described as the distance difference between
the current optimal bat position x, and the position x; of bat 7, and this functional relation-
ship is constructed using the concept of the ordered pair. Ultimately, the velocity of the
discrete problem is expressed as

! = Ceil {mnd x Ordered (xffl,xfflﬂ (35)

where Ordered (xf*l, xi’l) represents the number of different ordered pairs k between xffl

and x,~1. Then, a random number between 0 and 1 is selected by the rand function and
multiplied by k and rounded by the ceil function. That is, the velocity v! is used to represent

a random integer between 1 and Ordered (xf*l, xi’l) , to represent the velocity of a new

bat individual.

After generating the velocity v!, the bat’s position xffl is transformed by v! times
2-opt transformation and the optimal value is selected to obtain x!. In this way, an iterative
update is completed. This is expressed as Equation (36):

xt = g (ohx7) (36)

Therefore, the improved bat algorithm pseudo-code can be obtained as follows
Algorithm 1:

Algorithm 1: Pseudo-code of the ordered pair improved bat algorithm
1 Define the objective function f(x);

2 Initialize the bat population X = x,xp,...... T

3 for each bat x; in the population

4 Initialize the pulse rate r; € [0,0.3], loudness A; € [0.7,1];

5 Initialize the bat position x; by 2-opt;

6 end for
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7 While (t < max number of iterations)

8 Generate new solutions through Equations (35) and (36);
9 if rand > 7;

10 Select a solution among the best ones;

11 Generate a local solution around the selected best solution;
12 end if

13 generate a new solution by flying randomly;

14 if rand < A; and f(x;) < f(xx)

15 Accept the new solution;

16 Reduce A; and increase 7;;

17 end if

18 Rank the bats and find the current best x.

19 end while

20 Postprocess results and visualization;

The flowchart of using the ordered pair bat algorithm to solve the continuous casting—
hot rolling problem is shown in Figure 4.

Initialization

Generate hot rolling
population by encoding
hot rolling batches

!

Using ordered pair method
updates vand x to obtain the
current optimal solution

I

Generate casting
population by encoding |«
continuous casting casts

i

Sorting the casts according
to the batch optimal
solution

Obtaining batch

processing time according
to the sort of casts

h 4

Figure 4. The flowchart for solving the scheduling problem of continuous casting-hot rolling.

6. Results and Discussion

The continuous casting-hot rolling scheduling model developed in this section is from
an actual steel mill, including two continuous casters, three reheating furnaces, and one
hot-rolling mill. The thickness of all the continuous cast billets is 200 mm, the reheating
furnace is 43,200 mm in length, and the rated consumption of the slabs is between 0.37 and
1.3 GJ/t depending on the batch type. The ordered pair BA has a population size of 30, a
number of iterations of 500, an initial loudness of A € [0.7, 1], and an initial pulse emission
rate of r € [0, 0.3].
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6.1. Model Validation

The continuous casting—hot rolling model proposed in this paper considers the con-
straints of continuous casters, reheating furnace, and hot rolling mills. It not only makes the
model more relevant to the actual production but also reduces unnecessary energy waste
and increases the profit of the enterprise. To verify the validity of the model, this section
compares the established mixed model with minimum completion time scheduling and
minimum energy waste models under mixed batch types. The total number of hot-rolled
batches is 12. Among them, batches 1, 3, 4, 6, 10, and 12 are the DHCR type, and batches 5,
7,8, and 9 are the HCR type. Batches 11 and 12 are the CCR type, and the casting schedule
corresponding to batch 11 is normally processed in the continuous casting machine, but
its rolling schedule is in the next rolling cycle, so its hot rolling schedule is set to 0. The
casting schedule corresponding to batch 12 is in the previous casting cycle, and the rolling
schedule is in this rolling cycle, so its casting schedule is set to 0. Table 4 lists the castings
included in each batch.

Table 4. Castings schedule included in mixed batch types.

Batches ,]ra;;ce}; Corresponding Castings  Batches ,?;;Zl; Corresponding Castings
1 DHCR 3,4 7 HCR 14,17,19
2 DHCR 1,2 8 HCR 13,14
3 DHCR 56 9 HCR 15,16,17,22
4 DHCR 7,8 10 DHCR 9,10
5 HCR 16,18, 20, 21 11 CCR 18,23, 24
6 DHCR 11,12 12 CCR 0

Based on the discussion of the reheating furnace conversion model in Section 3, the
energy waste matrix between these 12 batches can be derived as shown in Table 5. For
example, the first row and second column matrix L, = 28.3, which means that the amount
of gas wasted during the conversion of batch 1 and batch 2 in the reheating process is
28.3 GJ.

Table 5. Energy waste matrix for mixed batches (GJ).

Batch 1 2 3 4 5 6 7 8 9 10 11 12
1 0.0 28.3 40.2 22.6 316.5 194 254.3 209.1 254.3 49.1 508.6 486.0
2 71.0 0.0 89.7 37.2 316.1 714 247.9 198.3 247.9 101.0 526.8 502.0
3 11.3 39.6 0.0 33.9 327.8 11.3 265.6 220.4 265.6 28.4 519.9 497.3
4 61.1 6.7 79.8 0.0 350.7 61.0 276.5 222.6 276.5 90.7 580.1 553.1
5 575.2 505.6 593.9 490.9 0.0 600.8 155.6 218.5 154.1 630.5 192.1 169.5
6 21.5 255 40.2 20.4 285.8 0.0 229.7 188.9 229.7 49.1 459.4 439.0
7 466.4 402.3 485.1 393.1 55.7 486.6 0.0 120.6 0.0 516.3 228.0 207.8
8 387.4 327.1 406.1 321.9 128.2 403.6 54.0 0.0 54.0 433.3 357.5 330.5
9 466.4 402.3 485.1 393.1 64.6 486.6 41.0 120.6 0.0 516.3 264.1 240.7
10 15.3 40.8 5.1 35.7 301.1 15.3 245.0 204.2 245.0 0.0 474.7 454.3
11 723.9 647.8 738.4 614.3 317.0 766.3 4159 410.6 389.8 789.8 0.0 107.4

12 692.7 618.6 707.2 587.0 285.8 733.1 382.6 383.4 359.4 756.6 22.6 0.0

The Gantt charts, which aim to minimize completion time, minimize energy waste, and
minimize mixed models, are shown in Figures 5-7. CC1 and CC2 represent two continuous
casting machines, and the numbers CI to C24 on the continuous casting machine correspond
to the casting number. The color of each casting is the same as the color of the batch it
belongs to. If a casting is shown as a mixed color, it means that the casting belongs to
multiple different batches. Meanwhile, the two continuous casting machines correspond to
one hot rolling line HRM, and the numbers H1 to H12 represent the batch number. There
are three reheating furnaces between the continuous casting machine and the hot rolling
machine. The heating sequence is the same as the batch rolling sequence, so it is not listed
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separately, but the production constraints and corresponding energy consumption of the
slabs are considered in the modeling process.
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Figure 5. Scheduling Gantt chart for minimizing completion time.
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Figure 6. Scheduling Gantt chart for minimizing energy waste.
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Figure 7. Scheduling Gantt chart for mixed model.

Figure 5 takes minimizing completion time as the objective function. The total comple-
tion time is 3832 min, and the rolling line operation rate is the highest, reaching 97.78%.
However, the scheduling process did not consider the energy consumption of the slab
conversion in the reheating furnace, resulting in the CCR-type batch being arranged for
production between the DHCR and HCR batches, leading to a significant waste of energy.
It is calculated that this scheduling mode consumes an additional 1855.6 GJ] of gas energy,
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while the total rated gas energy consumption is 32,522.6 GJ, and the wasted energy accounts
for 5.71% of the total consumption.

Since batch type conversion can cause energy waste, multiple conversions of different
types of batches should be avoided as much as possible. Due to the energy consumption
characteristics of CCR-type batches, whether a DHCR- or HCR-type batch is heated after it,
the energy consumption during cold- and hot-charging slab conversion is always relatively
high. So, under the objective function of minimizing energy consumption, the processing
time of batch 12 of the CCR type is arranged at the end of the rolling mill, which can
effectively avoid the existence of batches of the DHCR or HCR types afterwards and reduce
the waste of conversion energy in the reheating furnace, as shown in Figure 6 With this
scheduling sequencing, the furnaces consume 549.3 GJ more gas resources, accounting for
1.69% of the total consumption, which is 70.4% less than the minimum completion time
model. However, the final completion time is 4073 min, which is 241 min more than the
minimum completion time model, and the rolling line operation rate is reduced by 5.78%.
The decrease in the rolling line operation rate will increase the equipment vacancy time,
thereby affecting the on-time delivery level of enterprises.

Figure 7 shows the Gantt chart of a mixed scheduling model considering energy con-
sumption and completion time. Under the influence of mixed scheduling, the completion
time is 3868 min, and the wasted gas is 1066.9 GJ. Compared to the minimum comple-
tion time model, 42.50% of gas resources are saved. Compared to the minimum energy
consumption model, the completion time is shortened by 205 min, and the rolling line
operation rate increases by 4.88%.

The energy wastage and completion time calculated by the three models is shown in
Table 6, which shows that the minimum completion time model takes the least time, but the
gas waste is the largest. The minimum gas consumption model wastes the least amount of
gas but has the longest completion time, resulting in the lowest rolling line operation rate.
The mixed model combines the above two objective functions and can achieve the goal of
saving gas in a relatively short period of time, making it a relatively optimal scheduling
solution. It can be concluded that the scheduling method considering the conversion
mode of the reheating furnace is effective for energy savings in the continuous casting—hot
rolling stage.

Table 6. Comparison of energy wastage between three models.

Rated Gas Gas Waste .o Operation Rate ~ Completion Time
Models Consumption (GJ) (G]) Proportion (%) (%) (min)
Minimum completion time 32,522.6 1855.6 5.71 97.78 3832
Minimum energy waste 32,522.6 549.3 1.69 92.00 4073
Mixed model 32,522.6 1066.9 3.28 96.88 3868

6.2. Algorithm Validation

From references [25,32,33], it can be seen that the bat algorithm and its improved
algorithms are effective and feasible in solving the TSP problem. Based on Section 5, in
order to verify the effectiveness of the ordered pair method and the bat algorithms in
steel mills, this section will compare the ordered pair improved bat algorithm with the
Hamming distance improved bat algorithm and the Hamming distance improved particle
swarm algorithm. In the mixed batch type mode, the above three algorithms are used to
achieve batch scheduling of the continuous casting—hot rolling process with the goals of
minimizing completion time, minimizing energy waste, and a mixed model of the two. The
comparison of the three algorithms is shown in Table 7.
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Table 7. Comparison of three algorithms.
. Rated Gas Gas Waste Proportion Completion Time
Algorithms Models Consumption (GJ) (G)) (%) (min)
Minimum

Ordered pair completion time 32,5226 1855.6 571 3832

bat algorithm Minimum energy waste 32,522.6 549.3 1.69 4073

Mixed model 32,522.6 1066.9 3.28 3868

Hammine di Minimum 32,522.6 2066.3 6.35 3852
amming distance completion time

bat algorithm Minimum energy waste 32,522.6 549.3 1.69 4274

Mixed model 32,522.6 1071.2 3.29 4083

Hamming distance Minimum 32,5226 21214 6.52 3856
article swarm completion time

p aleorithm Minimum energy waste 32,522.6 549.3 1.69 4501

& Mixed model 32,522.6 1158.5 3.56 4239

From the comparison between the ordered pair bat algorithm and the Hamming
distance bat algorithm in Table 7, it can be seen that the Hamming distance bat algorithm
solves for a long total completion time for scheduling optimization. This will increase the
occupancy time of the hot rolling mill, reduce equipment turnover, and is not conducive
to efficient scheduling for enterprises. Moreover, under the minimum completion time
objective, the gas waste obtained by the Hamming distance bat algorithm increases by
210.7 GJ. Although the scheduling that minimizes gas waste can achieve the optimal value
of 549.3 GJ, it requires an additional completion time of 201 min. In the mixed model, the
minimum completion time is 215 min longer, and the energy waste also increases. Therefore,
it can be considered that the ordered pair bat algorithm is superior to the Hamming distance
bat algorithm, which can prove the effectiveness of the “ordered pair” concept.

From the comparison of the three algorithms, it can be seen that, in terms of minimizing
completion time, the Hamming distance particle swarm algorithm has a long completion
time and wastes a lot of gas. From the minimum gas waste model, its completion time
has increased by 428 min. In the mixed model, not only is the minimum completion time
extended, but the gas consumption also increases, which is not the optimal solution to the
scheduling problem.

Opverall, the ordered pair bat algorithm proposed can achieve excellent results in terms
of minimum completion time and energy waste. It has practical significance for solving the
batch scheduling problem of continuous casting and hot rolling in steel enterprises and
can be considered as an efficient and applicable algorithm. Meanwhile, the running time
of the ordered pair bat algorithm is approximately 13 s, which means that the algorithm
can obtain feasible solutions for the continuous casting and hot rolling problem in a short
period of time.

6.3. Optimization Results of Energy Savings for Different Types of Batches

The previous Section 6.1 has verified the validity of the model built in this paper, and
the reheating method used is a mixture of cold- and hot-charging slabs. In this subsection,
the energy savings will be considered for the case where the reheating furnace is completely
loaded with hot-charging slabs or cold-charging slabs and discussed in comparison with
the mixed situation.

(1) Hot-charge mode

In hot-charge mode (including HCR and DHCR), the energy consumption is referred
to in Section 3.3. Similarly, taking 12 batches as an example, among them, batches 1-11 are
the DHCR type, and batch 12 is the HCR type. Table 8 lists the castings included in each
hot batch. In the reheating furnace, when HCR slabs are converted to DHCR slabs, more
energy is wasted. Therefore, in the reheating process, priority is given to heating DHCR
slabs and then HCR slabs. The Gantt chart obtained is shown in Figure 8.
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Table 8. Castings schedule included in hot batch types.
Batches Batch Corresp.ondlng Batches Batch Corresp.ondlng
Types Castings Types Castings

1 DHCR 1,2 7 DHCR 2,3
2 DHCR 7,8 8 DHCR 19,20
3 DHCR 15,16 9 DHCR 4,5
4 DHCR 11,12 10 DHCR 9,10
5 DHCR 17,18 11 DHCR 6,7
6 DHCR 13,14 12 HCR 21,22

o | I |
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Figure 8. Scheduling Gantt chart in hot-charge mode.

The mixed scheduling consumes 323.7 G] more gas resources, mainly due to the
energy wasted during the conversion of DHCR to HCR batches. In comparison, using the
minimum completion time objective function, the gas waste obtained is 633.4 GJ. The batch
scheduling of hot-charge mode has a total rated consumption of 18,532.8 GJ. So, compared
to the minimum time model, the model in this section saves 1.67% of the total consumption.

(2) Cold-charge mode

Referring to Section 3.4 for the energy consumption in cold-charge mode (CCR), Table 9
lists the castings included in each cold batch, and the Gantt chart obtained is shown in
Figure 9.

Table 9. Castings schedule included in cold batch types.

Batches Batch Corresp.onding Batches Batch Corresp.onding

Types Castings Types Castings

1 CCR 1,4,7,11,13 7 CCR 2,5,13,16,18

2 CCR 5,7,13,16,19, 21 8 CCR 2,5,8,12

3 CCR 18,21,22,23 9 CCR 9,14, 16, 18, 20, 21

4 CCR 1,4,8,11,16 10 CCR 3,6,10,12,17

5 CCR 1,4,8,12 11 CCR 3,6,10,12,17

6 CCR 3,4,10,16, 18, 20,22, 23 12 CCR 3,6,10,17

Because the slab needs to wait in the slab warehouse before being heated and rolled in
cold mode, the front of the rolling line is in an idle state. The total rated consumption is
49,678.2 GJ, and the reheating furnace consumes 194.2 GJ more gas resources, accounting
for 0.39%. At this time, if the minimized total time objective function is adopted, the total
amount of over-consumption is 578.0 GJ, accounting for 1.16%. Therefore, 0.77% of the
energy can be saved.
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Figure 9. Scheduling Gantt chart in cold-charge mode.

Based on the above analysis, the energy-saving effect on continuous casting—hot rolling
scheduling varies under different batch types. The data are compared with the mixed batch
data in the previous section, as shown in Table 10. It can be seen from the table that since the
mixed batch is a collection of batches of cold and hot batch types, which generally includes
the four batch type conversions described in Section 3, the gas waste is the largest, and
the proportion of energy saved reaches 2.46%. The hot-charge batches include DHCR and
HCR, which not only have the same type of conversion but also have conversion between
the two batches. The amount of gas waste is also relatively high, and the energy savings
reach 1.67%. And the cold-charge batch only contains cold-charging slabs from the slab
warehouse, so its internal conversion consumes less energy and saves 0.77% of energy.

Table 10. Energy-saving comparison of different types of batches.

Rated Gas Minimize Time Mixed Model Energy
Consumption (G])  Gas Waste (G]) Gas Waste (G])  Conservation
mixed batch 32,522.6 1866.5 1066.9 2.46%
hot-charge batch 18,532.8 633.4 323.7 1.67%
cold-charge batch 49,678.2 578.0 194.2 0.77%

In summary, compared with the minimum time model, the amount of gas resources
saved by the cold and hot conversion model proposed in this paper is substantial. Among
them, the mixed charging batch has the largest amount of energy wastage, and accordingly,
its energy-saving space is the maximum. If the model is applied to an actual steel mill, it
will save more than 5000 GJ per month, and the profit can be up to 1 million RMB if all the
energy is used for electricity generation. Therefore, the model proposed in this paper can
effectively save energy and increase the profit of the enterprise.

7. Conclusions

This paper discusses the problem of continuous casting-hot rolling scheduling for steel
enterprises by considering the cold and hot conversion mode of the reheating furnace. First,
the slab conversion mode is divided into four categories: cold slab to hot slab (cold-hot),
hot slab to cold slab (hot—cold), cold slab to cold slab (cold—cold), and hot slab to hot
slab (hot-hot). Based on this, a scheduling model that considers the characteristics of
the production process of continuous casting-hot rolling is established, considering the
conversion mode of the reheating furnace. In the solution process, an ordered pair improved
bat algorithm is proposed to achieve the mixed optimization objective of minimizing
completion time and gas wastage, considering the expanded problem model and the
inconsistent operating units of the continuous casting—hot rolling process.

In actual production, the proposed model can find a feasible solution for steel mill
scheduling in a short time, which makes it possible to reduce the gas consumption of the



Appl. Sci. 2024, 14, 4494 21 of 22

reheating furnace while completing the production within the delivery period. Among
them, the mixed reheating furnace has the greatest energy-saving advantage, which can
save more than 5000 GJ] per month. If the gas saved here is used for electricity generation in
CCPP units, it can significantly increase the enterprise’s profit. In conclusion, the modeling
and solution algorithm proposed in this paper is effective for solving the actual problem
and can achieve the energy-saving and profit maximization of steel mills.
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