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Optimizing Supply Chain Scheduling in Steel 
Mills: An Algorithm Leveraging Digital Twin 
Technology

This article presents a heuristic algorithm developed within a digital twin sys-
tem to optimize scheduling in a complex steelmaking plant. The digital twin 
provides insights and anticipates bottlenecks, contributing to efficient sched-
uling. The algorithm addresses nonlinear constraints arising from technical, 
technological and financial limitations, ensuring a customized approach to 
production planning. The optimized scheduling aims to enhance steel pro-
duction, minimize delays and maximize resource allocation within the supply 
chain. By leveraging mathematical optimization and digital twin technology, 
this solution achieved significant gains in a real steel mill, increasing monthly 
production by 1% without the need for infrastructure investment.

Introduction 
Optimizing production in a steel mill 
via operation scheduling is a chal-
lenging problem, and it has been 
approached in many ways in recent 
years.1 An adequate solution can 
bring significant improvements to a 
mill’s efficiency with no extra costs to 
infrastructure. This article presents 
a solution to the scheduling problem 
for Gerdau’s steel mill in the Brazilian 
city of Ouro Branco.2

The scheduling problem that is 
addressed here is known as the steel-
making and continuous casting (SCC) 
problem,3 which is modeled as a vari-
ation of the optimization problem 
known as the hybrid f low shop prob-
lem (HFSP).4

The steelmaking and casting pro-
cess consists of three main steps: 
Steelmaking, refining and casting.3 
Each of these stages may have several 
machines working in tandem. For the 
Gerdau mill this work is based on, the 
following features are present: 

i.  Three casting machines for 
slabs, blooms and billets, 
each with their own process-
ing times. 

ii.  Continuous production and 
intermittent production 
coexist. The first two steps 
(steelmaking and refining) 

have the individual charges 
as the minimum production 
unit (the “ jobs” in the HFSP 
model). Casting, on the other 
hand, can be done continu-
ously, in sequences of charg-
es, provided the consecutive 
charges meet the criteria to 
be grouped together (simi-
lar chemical compositions, 
same dimensions, etc). These 
groups of continuously cast 
charges are referred to as 
batches, or sequences. 

iii. Charges can have different 
refining routes, even when 
they are in the same casting 
sequence. 

iv. A setup time is required 
between two sequences in 
the same casting machine, 
to prepare them for the next 
sequence. 

v.  Charges have a set due date, 
and it is imperative that they 
do not suffer from excessive 
delays.

Those features make the Gerdau 
steel mill a particularly complex 
instance of the HFSP problem. Fig. 1 
contains a f lowchart describing the 
routes of steel products within the mill.

Our solution to the problem 
employs digital twin technology.5 
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Digital twins are highly beneficial to industrial opti-
mization in general6 due to their ability to fully model 
a production line, and to output a precise step-by-step 
simulation of a complex industrial process, and they are 
employed in several different aspects of steel produc-
tion.7 For this application in particular, the digital twin 
is fundamental for identifying production bottlenecks 
and other undesired events to be solved by the heuristic 
algorithm.

This work explains the methods used in the scheduler, 
presents data from its execution over real-world inputs, 
and then concludes with a detailed discussion of the data, 
the findings they elucidate, and how the algorithm affects 
the performance of the Gerdau steel plant.

Discussion 

Methodology 
The algorithm for the optimization of the SCC problem 
is divided into two main subproblems, as seen in the f low-
chart in Fig. 2. The primary problem assembles charges 
into sequences (batches) and sorts the list of sequences to 
define their scheduling order. The secondary problem 
schedules the sequences into a timeline, in the order given 
by the primary problem, taking every machine that every 
charge must go through into consideration, and defining 
the beginning and end time for every operation.

The primary objective function is minimizing the pig 
iron spill. If the converters stay idle for too long dur-
ing high steel production periods, hot pig iron needs 
to be spilled, which leads to a waste of raw material. 
Furthermore, since the blast furnace is the main bottle-
neck, spillage also leads to a longer total time to process 
all charges (makespan). The secondary objective is to 
minimize the delays of charges, i.e., finishing each charge 
as close to their due date as possible.

Primary Problem: As seen in Fig. 2, the primary prob-
lem is broken down into two stages, the first one being 
the “constructor” stage. In this 
stage, the charges are organized 
into batches (sequences), defining 
the jobs to be made within the 
same tundish. This process must 
take the following restrictions 
into account:
• Casting type and gauge: 

Batches must contain charg-
es of the same casting type 
(bloom, billet, slab) and same 
gauge.

• Mix steel: There are rules 
determining which pairs of 
steel types can be included 
consecutively in the same 
batch.

• Minimum and maximum batch casting times: 
There are upper and lower bounds for the dura-
tion of continuous casting for a whole batch, 
depending on casting type.

• Minimum and maximum charge count: There are 
upper and lower bounds for the number of charges 
in the same batch, depending on casting type.

• Maximum width difference: There is an upper 
bound to the maximum difference of width 
between two charges in the same batch.

• Trapezoidal rule: The order of the charges within 
a batch must be such that its widths form a roughly 
trapezoidal shape. This is to avoid wear and tear 
on the gauge pieces.

Every sequence (batch) is sent into the caster within one 
tundish, and there exists a setup time between tundishes. 
The constructor aims to create the largest possible 
batches given the above restrictions, to minimize tundish 
changes and, therefore, make the makespan shorter and 
increase productivity. 

Once the batches are constructed, the “sorter” compo-
nent orders them according to a series of different heuris-
tics. Another important role of the sorter is to change the 
batch order given feedback from the secondary problem, 
seen in the following subsection.

Secondary Problem: The secondary problem is 
responsible for, in simple terms, scheduling the sequences 
(batches) in the order given by the primary problem, and 
simulating their processing in the timeline, returning 
feedback to the feedback loop (see the subsection titled 
Feedback Loop). The secondary problem must treat the 
following restrictions:
• Continuous casting: Charges from the same batch 

must go through the casting machines continu-
ously, without delay between them.

The algorithm’s architecture.

Figure 2
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• Process times: Each machine has different pro-
cessing times depending on the steel grade of the 
charge.

• Possible routes: For each charge, depending on its 
steel grade, there is a set of possible refining routes 
it can take before casting.

• Machine maintenance: The problem input may 
contain a list of maintenance times for certain 
machines in the steel plant, during which no 
operations using the machine can be done.

• Transit times: There is a list of minimum and max-
imum transit times between consecutive machines 
in the same casting route, taking maximum buffer 
times into consideration.

• Tundish change times: At the end of the casting of 
the charges in a tundish, there is a minimum wait-
ing time before the next tundish can be processed.

• Gauge change times: If two consecutive batches of 
the same casting type are such that their gauges 
are different, there must be a period between them 
for the gauges to be changed in the machine.

• Pig iron limits: Pig iron is constantly produced 
during the operation of the steel mill, at varying 
rates, and is used by every converter operation 
(see Fig. 1). Pig iron spills occur to prevent the 
operational maximum from being violated. As 
for operational minimum violations, they are pre-
vented by delaying converter operations.

Scheduler Block — The scheduler block is respon-
sible for allocating the sequences (batches) into the steel 
mill’s timeline. It allocates sequences in the order given 
by the sorter, such that the casting of a sequence must 
always occur after the casting of the previous sequence 
of the same casting type. The allocation process begins 
by attempting to allocate a sequence’s casting operation, 
and then works backwards to fit all of the sequence’s indi-
vidual charges’ refining steps and converter operations 
before the casting. If an impossibility is found, such as:
• Pig iron minimum violation (converter steps 

reduce the pig iron amount in the converters),
• Unavailable machines (maintenance or conflicts 

with other operations),
• Gauge change period (current sequence must be 

allocated later to accommodate gauge change) or
• Transit times are not respected (the time between 

two refining steps for a charge is too long),
then the casting operation is pushed forward in time and 
the backward fitting of the refining steps starts over. The 
algorithm uses several different heuristics to ensure the 
final allocation of a sequence is feasible, and the earliest 
possible without breaking restrictions.

Pig Iron Control — The pig iron control block is 
responsible for simulating the evolution of the pig iron 

levels throughout the steel mill’s process, dealing with 
pig iron production, usage of pig iron in converters, and 
minimum and maximum pig iron level constraints. From 
the scheduler block, the exact starting point of every 
converter operation is received, and the pig iron level is 
reduced immediately (it is assumed the pig iron dumping 
time is negligible). The amount of pig iron to be spilled 
in a converter operation at a given time is given by Eq. 1:

(Eq. 1)

where
ν– = the total pig iron used for the converter operation, 
λ = the volume of steel in one ladle, 
rhmr = the current HMR (hot metal rate, the ratio between 

pig iron and scrap iron used in the operation) and 
ηs and ηp = the steel efficiency and the pig iron efficiency, 

respectively (both are a number from 0 to 1). 
All values are informed as parameters in the problem 

input, sometimes given alongside exception intervals as 
the values can change in certain periods.

As previously stated, that amount is discounted imme-
diately at the start of a converter operation. What that 
implies is the following: let ν(t) be the current pig iron 
volume at time t and let θ be the starting point of a con-
verter operation. Then:

ν(θ + ε) = ν(θ) - ν-

(Eq. 2)

where ε is the smallest unit of time in the simulation (a 
minute, in this case).

The pig iron control block also models the minute-
by-minute pig iron production coming from the blast 
furnace. Let ν+(t) be the amount of pig iron produced in 
one minute starting at time t. This value is passed as a 
parameter in the input, once again with possible excep-
tion intervals, in case of blast furnace maintenance or low 
production periods. Eq. 2 can then be further refined as 
follows:

ν(θ + ε) = ν(θ) - δ(θ)ν- + ν+(θ)

(Eq. 3)

In Eq. 3, δ(t) is 1 if there is a converter operation start-
ing at t, and 0 otherwise. Finally, the pig iron control 
must also control pig iron spill events, which occur when 
the operational maximum is violated. Let γ be the size 
of an individual torpedo car, and M be the operational 
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maximum pig iron level. A spill event must remove a 
discrete amount of torpedo cars from the total volume, 
so every spill is of the form kγ for some positive integer 
value of k. Let θ be a minute such that ν(θ + ε) contains a 
pig iron maximum violation. A simplified view of the pig 
iron spillage model is as follows:

 
(Eq. 4)

In Eq. 4, the   brackets denote the ceiling operation. 
The actual treatment of pig iron spilling has a small 
number of extra details, but they are unimportant for the 
purposes of this article.

One other thing the pig iron control does is interact 
with the scheduler to avoid minimum pig iron level viola-
tions. After the allocation of every sequence, the pig iron 
control is run, and if a minimum violation is detected, the 
allocation is redone.

Fig. 3 shows an example of a pig iron level graph, with 
converter operations and pig iron spills highlighted.

Feedback Loop: The feedback loop is a fundamental 
aspect of the algorithm, as it allows the algorithm to itera-
tively improve its solution. Every time a sorter execution 
is finished, the new batch order is sent to the secondary 
problem, and the secondary problem, once finishing the 
simulation of the new order, returns a feedback list to the 
sorter. The sorter then uses the list to attempt to improve 
upon the previous solution, and the loop starts anew.

The loop goes on for a number of iterations, and the 
best solution found is returned for analysis by the sup-
ply chain specialist at the end. The number of iterations 
is calculated based on heuristics that consider several 

factors, from the size of the input to the total expected 
running time.

Feedback and Events — As previously stated, the 
secondary problem returns a feedback list to the primary 
problem. The list contains, among other things, the pig 
iron time series, the exact starting times of all operations, 
and a list of undesirable events to be treated by the sorter. 
These events include, but are not limited to:
• Critical delay: When charges are finished a very 

long time after their due dates.
• Bad occupation: Situations where the converter 

occupation is suboptimal, resulting in long idle 
periods.

• Pig iron spill: A series of events pertaining to 
potentially avoidable pig iron spillage, including:

 ∘  Converter unavailability: Situations where one 
converter is unavailable, and the other is idle for 
too long.

 ∘  Casting unavailability: A casting machine is 
unavailable, leading to an idle period that can 
be prevented by pulling sequences from other 
casting types to the time period of the event.

 ∘  Gauge changes: Two consecutive sequences of 
the same casting type are of different gauges, 
resulting in a long idle period for the casting 
machine. Sequences of other casting types must 
be pulled to fill the gap.

 ∘  Secondary refinement unavailability: One 
or more secondary refinement machines are 
unavailable. The event can be corrected by 
attempting to fill the time gap with sequences 
that do not require the unavailable machines.

Every event accompanies a list of sequences affected by 
the event, as well as the time interval in which it occurs. 

time
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Top: a graph showing the evolution of pig iron volume in a given period. Bottom: the same graph, with pig iron spills 
highlighted in red, and converter operations highlighted in green. The pig iron maximum is marked by a dotted line.

Figure 3
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This information is used by the sorter to decide how the 
list of sequences must be changed for the next iteration.

Event Treatment — Once the feedback is received, 
the primary sorter will attempt to solve a specific event by 
changing the order of the sequence list. To avoid undoing 
the corrections done in earlier events, the sorter will only 
change the list from the earliest sequence affected by the 
event onwards. 

Once the reordering is done, the new solution is sent to 
the secondary problem. One other piece of information 
that can be extracted from the feedback is whether the 
event was resolved. In case the new solution fails to solve 
the event, the sorter attempts to solve it again a limited 
number of times. If all attempts fail, the current event is 
considered irrelevant and the next event is attempted.

Solution Output: Once the algorithm concludes, it 
returns the best solution obtained, including information 
about each batch, the order in which they are processed, 
and a detailed simulation of the process, including the 
starts and ends of every single machine operation, and a 
minute-by-minute time series showing the pig iron levels. 
The information can then be used to plot a Gantt chart 
detailing the machine operations on the timeline, as seen 
in Fig. 4.

Results 

Comparison With Brute Force: This subsection 
presents a comparison between the algorithm and a 
brute force method that considers all possible batch 
permutations. Given that the number of possible permu-
tations is factorial over the number of batches, a brute 

An example of a Gantt chart plotted with the solution to a real-world problem.

Figure 4
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force approach is not advisable for this problem and is 
being used exclusively to demonstrate the algorithm’s 
performance.

The scenario used for the comparison is comprised of 
six batches (three for slabs, two for blooms and one for 
billets) with a converter unavailability in it. The brute 
force method was used to determine the properties of 
all 720 (6!) permutations and compare them to the result 
given by the algorithm. Fig. 5 is a histogram showcasing 
the results.

The algorithm reaches its final solution after analyzing 
only three permutations, which shows its capability to 
obtain good results in a relatively short amount of time. 

As the number of batches increases, the time differ-
ences between the algorithm and a brute force approach 
greatly increase. It is not uncommon for real-life sce-
narios to have over 100 batches. Applying the algorithm 
allows the steel mill operators to find a solution that is 
close to optimal without requiring impractically long 
computation times.

Execution Times: To test the expected time perfor-
mance of the algorithm, a set of 460 real and realistic 
test cases of varying sizes were used, and it was checked 
how the execution time grows in relation to the number 
of jobs (i.e. number of steel charges). The results can be 
seen in Fig. 6. The tests were executed in dedicated AWS 
machines allocated specifically for usage by the steel mill 
operators.

As seen in the figure, even for test cases with over 1,000 
steel charges, the algorithm runs in a little over an hour, 
making it significantly more efficient than a brute force 
approach would be. For comparison, a very conservative 
estimate for the brute force method on as little as 200 jobs 
puts it at over 1,000 hours (about 1.5 months).

Conclusion 
The algorithm presented here leverages digital twin tech-
nology to provide an efficient solution to the steel mill 
scheduling problem applied to the Gerdau plant in Ouro 
Branco. The solutions it provides include detailed instruc-
tions about how to order the charges to be processed, 
and when to allocate each necessary machine operation, 
without breaking the restrictions of the problem.

As seen in the results section, the algorithm runs at 
reasonable times, even for large inputs, and the solutions 
returned are of good quality. It is, therefore, a useful 
tool to aid in the decision-making process of the steel 
mill. Practical usage by steel mill specialists has brought 

Histogram containing the normalized values of pig iron excess and makespan for all permutations of the batches. 
The columns highlighted in blue are the result obtained by the heuristic algorithm.

Figure 5

Relation between the number of jobs and execution 
time (in seconds) of the algorithm.

Figure 6
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improvements to the mill’s productivity without extra 
infrastructure costs.

Future works involve an intelligent integration with 
other parts of the company, especially considering roll-
ing mills that are supplied with the steel ingots produced 
in the steel mill — for example, which steel to prioritize 
considering coffin and campaign restrictions from the 
rolling mill. This aims to provide better supply chain 
control as a whole.

This article is available online at AIST.org for 30 days 
following publication.
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