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Abstract: An operating schedule of the parallel electric arc
furnaces ( EAFs) considering both productivity and energy
related criteria is investigated. A mathematical model is
established to minimize the total completion time and the total
electricity cost. This problem is proved to be an NP-hard
problem, and an effective solution algorithm, longest
processing time-genetic ( LPT-gene) algorithm, is proposed.
The impacts of varied processing energy consumption and
electricity price on the optimal schedules are analyzed. The
integrated influence of the different weight values and the
variation between the peak price and the trough price on the
optimal solution is studied. Computational experiments
illustrate that considering the energy consumption costs in
production has little influence on makespan; the computational
performance of the proposed longest processing time-genetic
algorithm is better than the genetic algorithm ( GA) in the
issue to be studied; considerable reductions in the energy
consumption costs can be achieved by avoiding producing
during high-energy price periods and reducing the machining
energy consumption difference. The results can be a guidance
for managers to improve productivity and to save energy costs
under the time-of-use tariffs.
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lectricity is one of the main types of energy used in

EAFs’ steelmaking, and plenty of electrical energy is
consumed every day. Demand for electricity power is not
a very steady state, and there are on-peak, mid-peak and
off-peak periods in a day. In order to deal with the une-
ven electricity demand, many countries in the world
adopt the time-of-use (TOU) tariffs. Decreasing energy
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consumption and reducing energy costs can be quite dif-
ferent under TOU tariffs'''. The changing price makes
many producers take on more production in off-peak
hours instead of on-peak hours in response to the price
fluctuation and to avoid additional electricity costs. The
existence and development of TOU tariffs propose a high-
er requirement for electric arc furnaces’ (EAFs) schedu-
ling than before.

In addition, the EAFs’ steelmaking system is a com-
plex dynamic open system. The performance degradation
of EAFs may cause interruption during processing, even
force the entire manufacturing system to shut down. Most
of the current literature related to scheduling problems as-
sumes that the machines are continuously available during
the plan horizon. However, the machines may not be
available for preventive maintenance, periodic repairs, or
breakdowns in real production .

This paper mainly focuses on the effects of the piece-
rate maintenance and TOU tariffs on EAF steelmaking.
There is much research on machine maintenance ™™ .
However, most of it mainly investigated periodic mainte-
nance scheduling problems or preventive maintenance
scheduling problems. Furthermore, Yu et al. "’’ proposed
a significant concept of piece-rate machine maintenance
and proved that the single-machine scheduling problems
with two synergetic agents and piece-rate maintenance
were all polynomial solvable. Xue et al. "*' studied the
single-machine scheduling problem with piece-rate ma-
chine maintenance and interval constrained actual process-
ing time.

The impact of electricity costs on scheduling has been
studied by some researchers. To reduce energy consump-
tion, some researchers have investigated the single-ma-
chine scheduling problem in manufacturing systems "'
The TOU electricity pricing encourages manufacturers to
shift their electricity usage from on-peak periods to off-
peak periods. Liu et al. "'’ studied the optimal scheduling
under the policy of TOU tariffs. Ding et al. "’ studied
the unrelated parallel machine scheduling problem under a
TOU tariff scheme and proposed two methods to solve the

") studied the energy-conscious sin-

problem. Che et al. '
gle-machine scheduling problem under TOU or time-de-
pendent electricity tariffs. Moon et al. '’ dealt with the
machine-dependent electricity costs and the energy effi-

ciency of the unrelated parallel machine scheduling prob-
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lem. Sharma et al. "'’ built a new econological schedu-
ling model combining the economic and ecological as-
pects of a multi-part multi-machine setup operating under
TOU tariffs. Tan et al. "’ studied the steelmaking-refi-
ning-continuous casting scheduling problem while consid-
ering variable electricity prices.
From the above literature review,
the studies of the machine scheduling problem under ma-
chine maintenance mainly focused on preventive mainte-
nance. Besides, the scheduling problems under TOU tar-
iffs mainly investigated the influence of the variable
electricity price on the pre-determined processing se-
quence of jobs, without considering the fact that the ma-
chines could not be available all the time. This paper ex-

it can be found that

amines the EAF steelmaking scheduling problem under
TOU tariffs and piece-rate machine maintenance to mini-
mize the total electricity cost and makespan. A joint opti-
mization schedule model of EAF steelmaking with piece-
rate machine maintenance and TOU tariffs is developed.
An innovative algorithm based on the longest processing
time algorithm ( LPT) and genetic algorithm ( GA) is
proposed. It is called the LPT-gene algorithm. The char-
ges are inserted into the available time periods one after
another in a non-increasing order of their electricity con-
sumption rates and each charge is inserted into the periods
with minimum electricity cost.

1 Scheduling Problem

The scheduling problem in this study can be described
mathematically as follows. There is a set of charges N =
{1,2,--+,i,---,n}, and every charge can be processed on
each EAF. There is a set of EAFs M = {1,2,++,j, -+,
m} , and the EAFs need to be maintained once when ev-
ery s charges are finished, i. e. piece-rate mainte-
nance'® | and the maintaining time is 7. p,; denotes the
normal processing time of charge i on machine j. Due to
the fatigue effect of the EAF, the actual processing time
of charge i on EAF j is an increasing function of the nor-
mal processing time of p,. Similar to Xue et al. S we
also suppose that the actual processing time p; is a func-
tional with the variables of the initial processing time p,
and the position r; in a sequence. The equation is de-
scribed as follows: p;/ = f(p,,r;). There is also a finite
and discrete set of time T={1,2,---,T}. Without loss of
generality, we suppose that the EAFs are out of operation
during the maintenance. The actual processing time of
each charge has a correlation with the EAF’s fatigue effect
and the position in a processing sequence. Moreover, the
continuous changes in electricity prices have become an
important factor in defining energy consumption costs.
which are electricity-price
fluctuation and piece-rate maintenance, should be taken
into account in the EAF steelmaking scheduling.

The assumptions are adopted as follows:

Therefore, two main factors,

1) The EAFs are considered parallel and independent.

2) The charges are considered independent.

3) The processing time is known in advance.

4) The scheduling is affected by the EAF’s
effect.

5) After the implementation of piece-rate maintenance,
the EAF is restored to its initial state.

6) Once a charge has begun to be processed, it cannot
be interrupted.

Using the classic scheduling scheme for scheduling
problems, the problem is described as follows:

f(plj’rlj) OPRM ‘Cmax+wcc (1)

where R, denotes the EAF m which has different efficien-
cy; Oy denotes the piece-rate maintenance; C, denotes
the completion time of EAF i; C,, =max{C, |i=1,2,
--,nt|, which is makespan; C, denotes the electricity
costs; w is the weight of the electricity cost.

With the notations given above, the mixed-integer line-
ar programming ( MILP) model is proposed to minimize
makespan and the electricity cost.

fatigue

ming =C,, +wC, (2)
Subject to
T
2 X =Py
k=1
i =]"27.'.7n;j =1’2?.'.’m;k =1’2’...’T (3)
where x,, =1 means that charge i is processed on EAF j

during period k, otherwise x; =0; y, =1 denotes that

charge i is assigned to EAF j, otherwise y; =0.

rij:kij_SL i:l’27"'7n;j:1727”'7m (4)

where r; denotes charge i is scheduled in the r-th position
of the EAF j; k; denotes the starting time of charge i pro-
cessed on EAF j; G, denotes the group of the charges as-
signed to EAF j. L is the maintenance frequency, which
is equal to the integer part of [ G,/s].

m

= D Py, +1L
i=1
i = 1’2’...’n;j = 1’2’...’m (5)
p;:/ :.f(pij’rij)
i = 1’2’.'.’n;j = 1’2’.'.’m (6)
m T m
— ; t'x[/'k( zy,])g Cmﬂx
i=1
l. =1’2’ .’ 'J =1’2’...’m;k =1’2’...’T (7>
noom T n
Z Zx,jkekc: + ZZ[ekC,? =C,
i=1 =1 k=1 i=1
i =1’27 7 ’j =1’2’.'.’m;k =1’2’.-.’T (8>

where e, denotes the TOU tariffs price during & period; c!
indicates the power consumption of the EAF during pro-
cessing; c; denotes the power consumption of the EAF
during maintenance; z; =1 denotes that EAF j is under

maintenance, and z; =1 - x,,, otherwise z; =0.

ijk
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’n;j =1’2’.‘.’m (9)

i iy,j =1  i=12,-
i=1

i=1 j

ZIG] =n J = 1’2’...’m (10)
=
k’f +po; _k(1+1>_,' < 76,

i=1,2,n3 = 1,2,m (11)
where Z is a large number.

kiioy; + PGy —k; < Z(1 -6,)

i =1,2,-.-,n;j =1’2’...’m (12)

0,- (S {0,1} (13)

Constraint (3) shows the relationship of the actual pro-
cessing time and the decision variables. Constraint (4 )
shows the position of the charge when the EAF is imple-
mented maintenance. Constraint (5) is the starting time
of each charge. Constraint (6) shows that the actual pro-
cessing time of the charge is related to the EAF and the
processing position in a sequence. Constraint (7) ensures
that the least completion time of the last charge is greater
than the completion time of any one of the charges. Con-
straint (8) is the total power consumption cost. Con-
straint (9) ensures that each charge has been assigned to
operate on one EAF. Constraint ( 10) denotes that the
sum of the charges processed on EAFs equals the total
number of the charges. Constraints (11) and (12) guar-
antee that one charge can be processed on the EAF at the
same time. Constraint (13) is a binary variable.

Proposition 1  The scheduling problem R,
F(Pysr) s Opey | Cro +WC, is NP-hard.

Proof When the number of the machines is m =2 and
the execution time of the charge does not change with the
processing position, the optimal problem is equivalent to
the most special parallel machine scheduling p, ||C

r’/ —_—
Py =

McKay et al. "' pointed out the parallel machine schedu-
ling problem with the objective of minimizing total com-
is NP-hard. Therefore, the
scheduling problem R, | Py =f(p;,7;) 5 Opy |C... +
wC, is NP-hard.

pletion times; i.e. p, ||C

max %

2 Algorithm Design

In this study, an innovative algorithm based on the
LPT algorithm and GA is proposed to seek the optimal
solution, which is more effective because it considers the
actual processing time. According to the LPT algorithm,
we shall, as much as possible, prioritize the charges
which have longer processing time. Next, considering the
TOU tariffs, some operations may be assigned to a lower
electricity price period without affecting the completion
time. This approach provides an opportunity to minimize
makespan and the total electricity costs under the situation
of the piece-rate maintenance and TOU tariffs.

The LPT-Gene algorithm is described in detail. First,
an initial population is created. Chromosomes are initial-

ized utilizing real-number encoding. By exploiting the
properties of the problem, a multi-layer encoding scheme
is designed. Each layer of encoding expresses different
meanings and all of them are together composed of the
solution. Thus, a chromosome corresponds to solution of
the complicated problem accurately. The fitness measure
is the objective function. The roulette selection mecha-
nism is used to select two parents, and the one-point
crossover mechanism is employed to the selected parents.
The newly created chromosomes are compared and re-
placed, and then form a new set of parents. The best so-
Iution of the problem is observed for the fixed consecutive
generations, if there is no improvement.

3 Computational Experiments

In this section, some computational experiments are
designed to further explore the effects of TOU tariffs and
piece-rate maintenance. The scheduling of some charges
in five parallel EAFs’, on a time units’ horizon, are ex-
amined. The EAF has to be maintained once when every
two charges are completed, and the maintenance activity
will promote machine efficiency. The maintenance time is
set to be 60 min. The operating power consumptions of
the EAFs are 600, 550, 600, 550, 650 kW - h, and the
maintenance power consumptions of the EAFs’ mainte-
nance are 20, 10, 20, 10, 30 kW - h. The time points in
one day of TOU tariffs are set to be 0, 8, 12, 21, and
the electricity prices in every period are set to be 0. 4,
1.2,0.8, 1.2, 0.8 Yuan. The initial population size is
100, and the evolutionary generations is 50. The genera-
tional gap is 0.9. The probability alternating and mutant
probability are 0.8 and 0. 6, respectively. We randomly
generate a processing time range of 45 and 60 min. For
simplicity, the actual processing time is defined as p; =
f(p;,r;) =0.1p,. The same experiments are conducted.
The first computational experiment examines the impact
of electricity cost on the makespan and the total power
consumption cost, and then the comparison between the
LPT-Gene algorithm and GA and the impacts of electrici-
ty price on the optimal solution are analyzed. Further-
more, the impacts of the variable weight and electricity
price on the optimal solution are analyzed. Finally, the
impacts of the weight and the variation of electricity price
between the on-peak and off-peak periods are shown in
the computational experiment.

3.1 Comparison of the optimization goal with elec-

tricity cost or without

The impacts of electricity cost on some experiments are
studied in this section. Scenario 1 is introduced for con-
veniently describing the optimal goal that includes makes-
pan and electricity cost. Scenario 2 only considers a sin-
gle target, that is, makespan. Tab. 1 shows the total
electricity costs of the schedule and makespan solved by
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Tab.1 Statistics of the optimal solution for two scenarios

o Scenario 1 Scenario 2
Statistics
Makespan C. Makespan C.

Mean 10.51 11 348.7 9.01 11 765.1
Stal.]dk.ird 0.713 144.48 0.23 174.40
deviation

Max 11.32 11598 9.38 12 027

Min 9.2 10 996 8.47 11 359

the LPT-gene algorithm. In Scenario 2, the average value
of makespan is 9.2, and the corresponding electricity cost
is 10 996 ; in Scenario 1, the minimum value is 8.47 and
the corresponding electricity cost is 11 359. Comparing
the average value of two scenarios, we can find that the
makespan’s average value of Scenario 1 is greater than
that of Scenario 2, while the average value of the electric-
ity cost in Scenario 2 is much smaller than the average
value of Scenario 1. The figures highlight that energy
consumption cost needs to be considered in the manufac-
turing process, especially under the situation of reducing
energy consuming in the whole world. Therefore, the
consideration of makespan and electricity costs is more
accordant with practical circumstances. Fig. 1 provides a
more intuitive way to describe the differences between the
two scenarios. There is a large electricity cost difference
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Fig.1 Comparison of the optimal solutions for two scenarios

between the two situations, in particular, steel companies
care much more about the electricity cost due to the pres-
sure of energy saving and pollution reduction. Minimi-
zing makespan and the electricity cost simultaneously can
lead to an outcome with lower energy consumption and a
similar makespan.

3.2 Comparison between the LPT-gene algorithm

and GA

Given charges 20, the LPT-gene algorithm and GA are
designed to calculate makespan and electricity costs.
Tab. 2 shows the statistics of the optimal solutions by the
LPT-gene algorithm and GA and Fig. 2 shows the com-
parison results of optimal solutions for two different algo-
rithms. Noted that by the LPT-gene algorithm, the mean
value of makespan is 9. 69, while by the GA, it is
10.21. The difference of makespan by the LPT-gene al-
gorithm and GA is very small. Meanwhile, the mean val-
ue of optimal solutions solved using the LPT-gene algo-
rithm is 11 261.5, and the other is 11 408. This data
means that we can obtain not only better makespan but al-
so an optimal solution using the LPT-gene algorithm.
That is to say, the LPT-gene algorithm has better per-
formance than the GA.
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Fig.2  Comparison of the optimal solutions solving by the

LPT-gene algorithm and GA

Tab.2 Statistics of the optimal solutions solving by the LPT-gene algorithm and GA

. LPT-gene algorithm GA
Statistics - - - -
Makespan C. Optimal solution Makespan C. Optimal solution
Min 8.69 10 868 10 878.84 10.91 10 993 11 001.94
Max 10.96 11572 11 581.18 11.05 11 542 11 552.94
Mean 9.69 11261.5 11 271.19 10.21 11 257.65 11 408
Standard deviation 0.86 178.32 178.10 0.88 191.88 192.01

3.3 Impact of processing power consumption

In this section, four scenarios are designed to study the
impacts of processing electricity consumption and the
EAF maintenance electricity consumption. In Scenario 1,
we suppose that the difference in the processing power
consumption obviously increases, but the power con-
sumption during EAF maintenance remains the same. In

Scenario 2, the processing power consumption remains
the same, while the differences of the processing power
consumption obviously increases. In Scenario 3, we con-
sider the opposite of Scenario 1. In contrast to Scenario
2, we observe that the differences of power consumption
decrease in Scenario 4.

Tab. 3 shows that the average values of makespan in
four scenarios are 10. 61, 10.29, 10. 08 and 9. 92, re-
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spectively, and the average values of the optimal solu-
tions in four scenarios are 131.22, 124.38, 131.02 and
134. 87, respectively. These figures indicate that when
the difference of the processing power consumption in-
creases, makespan and the optimal solutions will increase.
At the same time, makespan is almost unaffected by the

variation of piece-rate machine maintenance, while the op-
timal solutions in Scenario 3 are obviously affected by the
variation of the processing power consumption. According
to Fig. 3, the processing power consumption of the EAF
has more influence on the optimal solution than the power
consumption of the piece-rate machine maintenance.

Tab.3 Statistics of the optimal solution with the variable processing power consumption

Statisti Scenario 1 Scenario 2 Scenario 3 Scenario 4
atstcs
Makespan Solution Makespan Solution Makespan Solution Makespan Solution
Min 8.99 9.902 6 8.92 11 019 8.8 10 715 8.21 10 982
Max 11.29 10 869 11.28 11 672 11.38 11 401 11.15 11 680
Mean 10.61 10 320.3 10.29 11 387.3 10.08 11 045.9 9.92 11 274.4
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Fig.3 The impact of the variable processing power consump-
tion. (a) Optimal solutions; (b) Makespan

3.4 Impact of electricity price

In this experiment, the impact of the difference be-
tween the peak and valley electricity prices on the optimal
solutions is studied. The electricity prices are set to be
0.4,2.4,0.8, 2.4, 0.8, respectively.

Fig. 4 shows the variation trend of makespan is similar
to the optimal solution, although it is not quite the same.
The computational experiments demonstrate that it is the
most effective way to raise the gap between the peak and
valley prices to save energy consumption. In most cases,
however, they show the same trend. The main reason is
the application of the intelligent algorithm.

We define two new measures to assess the relationship
between the makespan and the electricity cost, and they
are defined as W, =pC_._ +wC, and W, =pC__, respec-
tively. The range of the weight is from 0.1 to 1. The
makespan is transformed into the cost which is standard-
ized by using the electricity cost. The unit processing cost
of is set as O to 200. There are three analytical frame-
works. The parameters are as follows: {p =[0,200],w
=0.1; p=100, w=[0,1]},{p=[0,200], w=0.5;p
=200, w=[0,1]!, and {p=[0,200], w=0.9; p=
300, w=1[0,1]}. The solution with the variable value p
and the variation of the solution with the variable value w

max

are shown in Fig. 5.

It can be seen from Fig.5(a) that when p <120, the
optimal values of W, are less than those of W, ; when p >
120, they are the opposite in the vast majority of optimal
values. In Fig.5(b), the parameter w is changed while
keeping all the others at their default values. Fig.5(b)
shows that the optimal solutions of W, are comparatively
close to the values of W, when p =200. Fig.5(c) shows
that when p=[0,160], there is little difference between
the two optimal solutions; and when p > 160, the differ-
ence between the two optimal values increases with the
value of p. In Fig.5(e), with the weight of the electrici-
ty cost increasing, the optimal values of W, are greater
than the ones of W,. Figs.5(d) and (f) show the opti-
mal solutions when the processing cost p =100 and p =
300. The results show that when the processing cost is



132

Wei Li, Chen Weida, and Yang Ye

large while the weight of the electricity cost is small, the
electricity cost has little influence on the decision policy.
The decision makers often face conflicting objectives such
as date of delivery and production cost while making op-

eration decisions. Therefore, the integrative optimization
is reasonable under the constraint of energy saving poli-
cies, and the company can find a trade-off between the
makespan and the electricity cost.
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Fig.5 Impact of the variable value p and w on optimal solution. (a) p=[0,200], w=0.1; (b) p=100, w=[0,1]; (c) p=[0,

200], w=0.5; (d) p=200, w=[0,1]; (e) p=[0,200], w=0.9; (f) p=300, w=[0,1]

3.6 Impact of the weight and variation of electricity
price

In this experiment, the impacts of the different weights
and variations of the electricity price are analyzed. The
weight is set to be 0.1, 0.3, 0.5, 0. 8, respectively,
and the variations of the electricity price are set to be 0.8,
1, 1.2, 1.4, 1.6, respectively. All other parameters are
kept at their default values. Fig. 6 (a) and Fig. 6 (b)
show the three-dimension curved surface of makespan and
the optimal solution with the parameters mentioned a-
bove. Fig.6(a) shows that when the weight keeps an in-
variable value, the values of makespan do not increase
with the variation of the electricity price. Conversely,
when the variation of the electricity price keeps an invari-
able value, there is no marked relationship between
makespan and the weight. Fig.6(b) shows that the opti-
mal solutions increase with the weight when the variation
of the electricity price shows no change. In addition, a
result similar to the above conclusion is obtained when the
electricity price during peak load period gradually increa-
ses while the weight keeps the same. From the analysis,
it is easy to conclude that the effect of the variation of the
electricity price on the scheduling problem is greater than
the weight. The trade-off between makespan and electric-
ity cost has generated great economic and environment
benefits for many steel enterprises. The simulation results

indicate that significant savings may be achieved when
considering TOU tariffs in the EAF steelmaking schedule.

4 Conclusion

This paper investigated the EAF scheduling problem
with TOU tariffs and piece-rate machine maintenance to
minimize the electricity cost and makespan. First, the
problem is proved to be NP-hard. Then, we propose the
LPT-gene algorithm which is based on the GA and LPT
algorithms, and compare the performance of the LPT-
gene and GA using randomly generated instances. Final-
ly, the impacts of the electricity price and different
weights on the optimal solutions of the problem are ana-
lyzed. The computational experiments show that taking
the energy consumption costs into account in production
has little influence on makespan; the performance of the
LPT-gene algorithm is better than GA; and significant re-
ductions in energy costs can be achieved by avoiding
high-energy price periods and reducing the machining en-
ergy consumption difference. Several limitations exist in
our work. First, only an energy-conscious EAF schedu-
ling problem is considered in this work. Secondly, the
function of the actual processing time may not accommo-
date different operational modes for the machine. In our
future research, the proposed problem can be extended to
consider the continuous casting billet of the EAF schedule
problem with carbon emissions.
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BWE AR T R £ B A P Fofb RAF 6 B IR 69 17 KR B R, A ML % Tat ) Ao A & i R A B 4R, 4
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