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Rigorous scheduling that uses hard heuristics and allows forceful shutdown of process units, whether
intentionally or unintentionally, in the copper smelting process always harms the process operation. This
way of process scheduling often results in sub-optimal process operation. Although a flexible scheduling
framework that empowers process units to make independent operational decisions is desirable, the inter-
dependencies among these units continue to pose a challenge in its design. This study presents a hierarchical
scheduling framework for the copper smelting process, which uses price-based heuristics to resolve process
inter-dependencies among the process units. These inter-dependencies arise due to the bottlenecks present in
the process. Taking advantage of market theory, the coordinator uses PI controllers to find the appropriate
prices to address the inter-dependencies. Two case studies are presented to demonstrate that the proposed
framework effectively resolves all the process inter-dependencies, indicating its potential for application in
other large-scale scheduling applications.

Nomenclature PSC group/batch number b, b € {{1,2,3,...,B} C Z*, B is the total
number of groups or batches per PSC unit

FSF: PSC operation z; € Z = {matte;yuqing,(M L), s1agpg,, (SB;), slaggipm,
(SK;), coppery,,(CB), batch,,;(BE)} where i € {1,2,3,...,I} c Z*,

Set: . .
and I is the total number of repeated operations

Process scheduling horizon A(min), & € {1,2,3,...,H} C Z*, H is the

maximum scheduling horizon Variables:
Variables: b = { 1  operation z; is executed at time ¢
F SF? g(ton/min) = concentrate feed rate at time Zi 0 otherwise
h . — . .
FSFﬁ (ton/min) = FSF matte production at time & , | operation b’;. is completed at time ¢/ V¢ > 1/
— : s = i
FSF M(ton) = mass of FSF at time A z 0 vi<t
Parameters: 1 b =
= BP! = ¥
mg(percentage) = matte gra.de . idle 0 otherwise
feed,, (percentage) = maximum input concentrates feed rate
feed,; (percentage) = minimum input concentrates feed rate BP! (ton) = matte in PSC unit at time ¢

mass

FSFL’/’ ; (ton) = FSF upper capacity limit at time A
FSFZ L (ton) = FSF lower capacity limit at time h
FSF;’;O(ton) = FSF initial inventory level

PSC:

Sets:

Batch problem horizon ¢(min), t € {1,2,3,...,T} CZ* and T < H, T
is the maximum batch problem scheduling horizon

PSC unit number n, n € {1,2,3,..., N} c Z*, N is the total number of
PSC units

* Corresponding author.

BPe’le(ton) = content of element e/e in the PSC matte at time ¢. This e/m
can be iron (Fe) or sulphur (S).

BP;, (ton) = matte required by batch problem at time ¢

BP,, (ton) = minimum copper loss point at time 7. We calculated these
points using the methodology outlined in our previous work (Ahmed
et al., 2021).

BP), (ton) = slag or copper-blowing happens at time ¢

Parameters:
Cu,,, (ton/min) = The rate of copper loss during operation z;
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ro.(ton/min) = oxidation rate of element ele

n;, = the position of operation z; within the set Z

max; (min) = maximum processing duration of operation z;

min_ (min) = minimum processing duration of operation z;

fix; (min) = fixed processing duration of operation z;

MT/,;.(ton) = amount of matte transferred from FSF to a PSC unit
PLB, g = price value to resolve logistical inter-dependencies at time
t

PF B!, = price value to resolve flow inter-dependencies at time ¢
PLB} ¢ = price value to resolve FSF lower-level inter-dependencies at
time ¢

LTgp(min) = earliest time for a batch problem to begin loading oper-
ation without generating logistical inter-dependencies

FTpp(min) = earliest time for a batch problem to begin blowing
operation without generating flow inter-dependencies

FTpgp(min) = earliest time for a PSC batch to perform loading opera-
tion without generating FSF lower-level inter-dependencies

M DO B, ¢ .(ton) = matte demand by batch problems on other PSC units
at FSF lower limit violating time ¢

LLB;F < F(ton) = FSF lower capacity limit at time ¢

loading time of PSC unit n during batch b

BP™(min) = i
0 otherwise

load

slag or copper blowing time of PSC unit n during batch b

BP"* (min) =
blow 0 otherwise

start time of batch problem on PSC unit » during batch b

> (min) = .
0 otherwise

AYIIH
end time of PSC unit n during batch b
end otherwise

t

0
B P"'” (ton) = Z* matte demand of PSC unit n during batch b at time ¢
0

otherwise

t first loading time of PSC unit n during batch »

(min) =
0 otherwise

Iand,
t last loading time of PSC unit n during batch »

BP"™ (min
(min) = 0 otherwise

load,

BP" (min) = {
Coordinator:
Set:

Iteration number k, k € {1,2,3, ...,
of iterations

K} C Z*,K is the maximum number

Parameters:
start’}, Sc(min) = start time of PSC unit n
prior', ¢ = priority of PSC unit n

LG = foremost group that has logistical inter-dependencies

FG = foremost group that has flow inter-dependencies

PSC! . =PSC unit n is the source of inter-dependencies

PSC;; = lowest priority PSC unit having logistical inter-dependencies
PSC;y = highest priority PSC unit having logistical inter-dependencies
PSCp; = lowest priority PSC unit having flow inter-dependencies
PSCpy = highest priority PSC unit having flow inter-dependencies
time; 4(min) = earliest available time for a batch problem to begin its
loading operation without generating logistical inter-dependencies
timey 4(min) = earliest available time for a batch problem to begin its
blowing operation without generating flow inter-dependencies
time'i”;)’;l’,(min) = difference between the available and demanded load-
ing times on PSC unit » in the group b having logistical inter-depend-
encies at time h

time';’g’;(min) = difference between the available and demanded blow-
ing times on PSC unit » in group b having flow inter-dependencies a

time h

FSFL’/’ LV(min) = FSF upper limit violation exists at time A
FSF} Lv(rnln) = FSF lower limit violation exists at time A

FSFrg = total number of time instances in a time slot
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FSFrgg = portion of FSFrg
minpg = minimum number of time instances in a time slot

PSC" p(ton) = matte demanded by PSC units at time &
FSF ]{’4 Do (ton) = matte demanded by all other PSC units except the unit

that is the source of FSF lower-level inter-dependencies
F SF,’J' L D(ton) = difference between the available and demanded matte
at time & having FSF upper-level inter-dependencies

F SF[’]’ f D(ton) = difference between the available and demanded matte
at time & during iteration k having FSF upper-level inter-dependencies
F SFL’,’ 1 = FSF upper-level inter-dependencies exist at time h (Vi <
FSFrss)

FSFyr (min) = foremost time at which FSF lower-level inter-dependen-
cies exist

FSFz’ L D(ton) = difference between the available and demanded matte
at time h having FSF lower-level inter-dependencies

F SFz' L"D(ton) = difference between the available and demanded matte
at time & during iteration k having FSF lower-level inter-dependencies
load['jrffﬁ = price value for the logistical inter-dependencies on PSC unit
n in group b at time h

flo w;r’::; = price value for the flow inter-dependencies on PSC unit n
in group b at time h

Umee = price value for FSF upper-level inter-dependencies at time &
LLf:n'ce = price value for FSF lower-level inter-dependencies at time A
P,,.q = PI controller proportional gain value to calculate prices for the
logistical inter-dependencies

I, = PI controller integral gain value to calculate prices for the
logistical inter-dependencies

Py, = PI controller proportional gain value to calculate prices for the
flow inter-dependencies

Iy, =PI controller integral gain value to calculate prices for the flow
inter-dependencies

Py, = PI controller proportional gain value to calculate prices for the
FSF upper-level inter-dependencies

I;; = PI controller integral gain value to calculate prices for the FSF
upper-level inter-dependencies

P;; = PI controller proportional gain value to calculate prices for the
FSF lower-level inter-dependencies

I;; = PI controller integral gain value to calculate prices for the FSF
lower-level inter-dependencies

1 logistical inter-dependencies exist on PSC unit » in group b

PSCyt, =
LID 0 otherwise
1 logistical inter-dependencies exist on PSC unit n between group b
PS Cz}ia = and preceding group

0 otherwise

1 slag or copper blowing is made to PSC unit n of group b at time i

PSCn,ILh —
ra 0 otherwise
pscrt = 1 flow inter-dependencies exist on PSC unit n in group b
FID () otherwise
1 flow inter-dependencies exist on PSC unit n between group b
PSClh =4 and preceding group

0 otherwise

1 logistical inter-dependency exists at time h

0 otherwise

1 PSC inter-dependencies exist in the schedule

iSpge =
psc 0 otherwise

PSCy, =
MD {() otherwise
Gpt 1 logistical inter-dependencies exist in group b
load =\ 0 otherwise
" 1 flow inter-dependencies exist in group b
GP Flow =

h time difference between the start time and last loading operation
on PSC unit » in group b at time h
0 otherwise

time’;%" (min) =
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h difference between the available and demanded
loading times by PSC unit » in group b at time h
during iteration k

otherwise

time?>"* (min) =

S

h flow inter-dependencies exist in PSC unit » in
group b at time A
otherwise

time';[;;h (min) =

S

h difference between the available and demanded
blowing times by PSC unit » in group b at time h
during iteration k

otherwise

timey>"* (min) =

(=)

—_

PSC unit » in group b is the source of FSF lower-level
inter-dependencies
otherwise

,b _
FSF;PLL -

(=)

1. Introduction

The current copper industry faces a strong need to increase its
production, reduce operating costs, and its environmental footprint (Li
et al., 2017). In addition, this industry is struggling to neutralize
the growing market demand considering depletion in the high-quality
copper concentrates and increasing utilization of low-quality concen-
trates (Li et al., 2017; Schipper et al., 2018). The low-quality concen-
trate utilization leads to higher operational costs in terms of copper
losses that adversely affect the process throughput. Given the rising
demand for copper, the stakeholders are interested in finding new
scheduling techniques that improve the process throughput, reduce
copper losses and improve the overall process performance.

In the copper industry, copper smelters are used for copper pro-
duction. The copper smelting process involves various units, and its
performance depends heavily on the scheduling of these units, which
have strong inter-dependencies (Ahmed et al., 2021, 2022). If these
units are scheduled without considering the inter-dependencies among
them, the process’s throughput will be negatively impacted, potentially
resulting in severe consequences for the smelting process.

The copper smelting process is considered a large-scale process.
Traditionally, experienced process personnel has been responsible for
scheduling a large-scale process. Although many scheduling solutions
for the copper smelting process exist in the market, the process per-
sonnel is reluctant to use those available solutions as they neglect the
real industrial practices, ignore inter-dependencies between the process
units, and the complexity associated with those solutions (Bjorklund
et al., 2021; Harjunkoski and Grossmann, 2001; Ahmed et al., 2022).

In the copper smelting process, Flash smelting furnace (FSF) and
Peirce-Smith converter (PSC) contribute much to the removal of un-
wanted elements from the input concentrates and to the copper losses
during the process operation (Davenport et al., 2002). Both units
are subject to a variety of storage, logistical, and operational con-
straints; hence, strong inter-dependencies between the FSF and PSC
units. Ahmed et al. (2022). If these units are operated independently,
it will present a significant challenge for process personnel to operate
a unit at the optimal operating point and actively respond to any
emerging situation (Ahmed et al., 2022). Furthermore, this way of
process operation will require a strong collaboration between process
personnel to maintain a common understanding of the entire pro-
cess. As copper smelting processes are constantly upgraded to meet
the growing demand, achieving common ground and expertise of all
process personnel is sometimes impossible. Hence, modern scheduling
solutions are required that have the potential to resolve process inter-
dependencies and enable process personnel to operate a processing unit
independently without a thorough understanding of the process and
foresee the consequences of the operational decisions on the entire
smelting process.

Computers and Chemical Engineering 178 (2023) 108395

For designing a scheduling framework for the copper smelting
process, one approach is to select a coordination variable and then
use that variable to address the inter-dependencies of the process.
Choosing a coordination variable requires a thorough understanding of
the process, and it may require continuous redefinition if the process
dynamics or its objective changes continuously. Although this approach
may be suitable for simple scheduling tasks, it becomes time-consuming
and challenging to implement when dealing with complex scheduling
applications such as the copper smelting process.

An alternative approach is to use heuristics (Sobeyko and Modnch,
2015; Adams and Seider, 2009; Zhang et al., 2011; Abreu et al., 2022;
Panek et al., 2005). Heuristics describe the procedure of unit inter-
action, information sharing, and methods to resolve conflicts among
the process units. Generally, they are application-dependent, easy to
troubled shoot, and open to adjustment, and they can be designed
based on industrial practices, derived from a well-known technique,
or based on rigorous decisions to resolve inter-dependencies among
the process units (Ahmed et al.,, 2022; Ahmed and Vilkko, 2023).
Considering that a forceful interruption of a unit operation is not
fostered in the copper smelting process, scheduling approaches based
on rigorous heuristics are unsuitable for the copper smelting process.
Thus, innovative heuristics-based scheduling solutions are required for
the copper smelting process that allows the process units to make their
own choices to resolve process inter-dependencies.

In previous work, we presented hierarchical scheduling for a copper
smelting process that resolved process inter-dependencies using hard
heuristics (Ahmed et al., 2022). Alternative to the previous approach,
this study focuses on a scheduling framework that first determines
the bottlenecks that are the source of inter-dependencies generation
and then resolves these inter-dependencies by finding suitable prices
using proportional-integral (PI) controllers. The proposed scheduling
framework considers a copper smelting process that consists of one FSF
and multiple PSC units, and it is designed using discrete-time mixed
integer linear programming (MILP) techniques. The objective is to
formulate a scheduling framework that maximizes the FSF throughout
while respecting the FSF storage capacity limits, minimizes the cop-
per losses, and allows the process units to resolve inter-dependencies
without being dictated by any external entity.

2. Theoretical background

For formulating a scheduling framework for a large-scale industrial
process, two well-known approaches are centralized and hierarchical,
which are used in numerous industrial applications (Ahmed and Vilkko,
2023; Harjunkoski and Grossmann, 2001; Cheng et al., 2006, 2007,
2004; Popa, 2014). In the centralized approach, all the information
is collected in one place, and then a single large scheduling prob-
lem is designed. Generally, this approach requires high computational
resources, challenges in maintaining, and has a single-point failure
and data-sharing issues if units are manufactured and assembled by
different vendors; therefore, it is suitable for small-scale scheduling
applications (Cheng et al., 2004; Rokhforoz and Fink, 2021; Gao et al.,
2018). In our previous work, we developed a centralized scheduling
framework for the copper smelting process, and we have demonstrated
that the centralized approach is not the best option for the copper
smelting process (Ahmed et al., 2022).

An alternative to the centralized approach is to use the hierarchical
approach. Here, a large-scale optimization problem is decomposed
into several unit-level scheduling problems, which are solved indepen-
dently. To enable unit-level communication and provide an optimal
operation of the process, a top-level entity is used, which is typi-
cally referred to as the coordinator. The coordinator is responsible
for all data exchange between the unit-level scheduling problems and
resolving process inter-dependencies if they arise during the process
operation. Furthermore, it can employ heuristics or other coordination
mechanisms to achieve a plant-wide solution.
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Heuristics based on the price-updating scheme are derived from
market theory. Typically, various scarce resources can exist in a market,
and market forces determine prices for these resources. In an open
market, the price rises when the demand for a scarce resource ex-
ceeds its supply and vice versa. Price-based coordination relies first on
identifying the scarce resources in the scheduling application and then
utilizing their prices to coordinate the allocation of these resources to
provide a plant-wide optimal solution.

For designing a scheduling framework for the copper smelting
process, multiple solutions are presented. Pradenas et al. (2003) pre-
sented a heuristic-based scheduling framework for the copper smelting
process that maximizes the process throughput. This framework pro-
duces optimal schedules for the smelting process, which has numerous
operational constraints. Rojas et al. (2006) developed a mathematical
framework for the copper smelting process that maximizes the produc-
tion considering metallurgical, operational, environmental, and other
constraints. An industrial case study is presented to demonstrate the
effectiveness of the proposed framework. Harjunkoski et al. (2006)
developed an interesting scheduling framework for the copper smelting
process using continuous-time MILP techniques where the objective is
to maximize the process throughput. Suominen and M (2016) devel-
oped an innovative continuous-time scheduling framework for a copper
smelter. This framework maximizes smelting production and provides
an optimal schedule. Bjorklund et al. (2021) proposed an automatic
control solution for the FSF. This solution has online feed rate and
matte level estimators to continuously estimate and monitor the feed
rate and matte level in the FSF. In our previous work (Ahmed et al.,
2022), we presented a simple and effective scheduling framework using
discrete-time MILP techniques where the coordinator uses rigorous
heuristics to resolve process inter-dependencies and provide a feasible
schedule.

Price-based coordination is also used in multiple industrial appli-
cations. Ruben et al. (2013) used price-based heuristics to coordinate
four unique control problems to provide a plant-wide solution. For
price-updating, this framework used Newton’s method. Lavios Villahoz
et al. (2010) used a price-updating scheme for a multi-agent scheduling
process where agents use combinatorial auctions for negotiation and
achieve a plant-wide solution. Sarabia et al. (2013) used price-based
coordination to distribute a scarce resource to various process units.
The problem is divided into multiple unit-level control problems, and
the coordinator is used to calculate prices for resolving the process
inter-dependencies. Several case studies are presented to demonstrate
that the proposed framework improves the process operation and pro-
vides a near-centralized solution. In previous work (Ahmed and Vilkko,
2023), we presented a scheduling framework for the copper smelting
process that uses price-based coordination to resolve part of the process
inter-dependencies. We showed that the proposed framework is suitable
for a copper smelting process in which a forced shutdown or rigorous
scheduling of units results in severe consequences. Two cases are
presented to demonstrate its effectiveness.

3. Copper smelting process

A schematic flow diagram of the copper smelting process is shown
in Fig. 1. The input concentrates with a variable feed rate are fed to
the FSF, which removes undesired elements from the concentrates in
the presence of oxygen to produce slag, gases, and matte. The slag is
periodically removed and brought to the slag processing unit, while the
gases are moved to the gas processing unit. The FSF produces matte
of a specific grade, which is usually defined by the process personnel
beforehand.

Matte is moved periodically to the PSC for further processing. The
matte transfer is carried by a crane, which is placed adjacent to the FSF
and PSC units. Usually, several PSC units operate in parallel. During the
PSC operation, the matte passes through multiple slag-blowing stages
to oxidize the iron and sulphur from the matte in the presence of
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oxygen (Davenport et al., 2002). Each slag-blowing stage produces slag,
which is removed from the PSC and shifted to the slag processing unit
at the end of the slag-blowing stage. Following the slag removal, more
matte is added to the PSC. After oxidizing the maximum amount of iron
from the matte, the copper-blowing stage begins, and it continues until
the maximum amount of sulphur remains in the matte. The final matte,
which is generally known as white metal, is transferred to the anode
furnace for further processing. At this movement, the PSC is ready to
produce the next batch.

During the slag-blowing stage, copper is lost to the slag. As the
iron content in the matte reaches a zero level, this copper loss starts
to increase exponentially (Tan, 2007). Furthermore, slag-blowing op-
erations are highly exothermic reactions; therefore, the temperature
inside the PSC must remain within its limits (Davenport et al., 2002;
Harjunkoski et al., 2008). Consequently, the maximum duration of slag-
blowing operations is pre-defined. Nevertheless, the final slag-blowing
operation persists until the maximum amount of iron is oxidized from
the matte. For maintaining the temperature within its operational limits
during the final slag-blowing operation, some coolants (e.g., scrape
from the last batch) are added to the PSC (Davenport et al., 2002;
Ahmed et al., 2021).

4. Problem statement

This study considers a relatively simple copper smelting process,
as shown in Fig. 2. The real copper smelter has more units and com-
plex dynamics; however, the proposed formulation still reflects the
important aspects of a copper smelting process.

Given: A copper smelting process consists of one FSF and multi-
ple PSC units only. The FSF processes the same type of concentrates
continuously without any break. It is assumed that the FSF never shut
down, and any such attempt leads to fatal consequences. The FSF has a
predefined limited storage capacity. Matte is transferred from the FSF
to a PSC unit using the installed crane. The matte inside a PSC unit
follows a predefined scheduling recipe.

Goal: The aim is to develop a hierarchical scheduling framework
for copper smelting to operate the FSF at the optimal operating point
and provides a PSC schedule with a shorter batch time and minimal
copper losses. The motivation is to show that price-based coordination
has the potential to provide an optimal operation of the process by
allowing the process units to make their own decisions for resolving
process inter-dependencies.

4.1. Inter-dependencies

In this study, FSF and PSC units give rise to the inter-dependencies.
These inter-dependencies arise as a result of violations in storage,
operational, and logistics constraints that commonly occur during the
copper smelting process. The following section provides a detailed
discussion of these inter-dependencies.

FSF inter-dependencies:

The FSF inter-dependencies arise due to its storage capacity viola-
tions. If the matte production in the FSF is high due to lower matte
grade selection or higher input concentrates feed rate, and the PSC units
do not process the matte as speedily due to their slow functioning or
some other technical issue, the matte in the FSF reaches to its maximum
value which generates inter-dependencies. These inter-dependencies
will be referred to as the FSF upper-level inter-dependencies. On the
other hand, if PSC units are performing faster or the FSF matte pro-
duction is low, matte in the FSF will fall below its lower level. As the
matte in the FSF must remain above the minimum threshold due to
operational concerns, inter-dependencies will arise if the matte in the
FSF falls below its minimum threshold. These inter-dependencies will
be referred to as FSF lower-level inter-dependencies.
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Concentrate Feeder

Concentrate

Peirce-Smith
Converter

Peirce-Smith

Converter

Fig. 1. Copper smelting process
Source: adapted from Ahmed et al. (2022).

gases

concentrate

— gas processing unit

A

pPsC1

- ....>®'"">

Matte

> further processing

pPsCc2

flash smelting furnace

o

Peirce-Smith converter

Fig. 2. Simplified copper smelting process
Source: Adapted from Ahmed and Vilkko (2023).

PSC inter-dependencies:

PSC inter-dependencies arise due to the parallel operation of the
PSC units. During the copper smelting operation, matte is transferred
from the FSF to PSC units using the installed crane. This crane can shift
only a fixed amount of matte from the FSF to a PSC unit in a given
time. Since all PSC units operate independently, two or more PSC units
can simultaneously request matte loading, which generates PSC inter-
dependencies. In this study, such inter-dependencies are identified as
logistical inter-dependencies.

PSC units are prioritized based on their availability in terms of time.
The unit that becomes available first is assigned the highest priority,

followed by the next earliest available unit, and the one that becomes
available latest is assigned the lowest priority. For keeping the blister
copper batch production synchronized, matte loading onto a PSC unit
is carried out only after all loading operations on the high-priority PSC
units have been successfully completed. Consequently, logistical inter-
dependencies arise when a PSC unit requests matte loading before a
high-priority PSC unit

The FSF and PSC units produce gases during their operation. The
FSF produces gases continuously since it operates uninterruptedly,
while PSC units produce gases during the slag-blowing and copper-
blowing stages. All the gases are transferred to the gas processing
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unit using the installed pipelines, which have limited transfer capacity.
Since the FSF is operating continuously and stopping the FSF could
result in serious consequences, PSC units are scheduled accordingly to
respect the gas pipeline’s capacity constraint. Therefore, FSF flow inter-
dependencies arise when two or more PSC units are in the slag and
copper blow stage in parallel.

4.2. Assumptions

The copper smelting process has strong thermodynamics; therefore,
thermodynamical factors affect its operation. As the objective is not to
study this process thermodynamics, several assumptions are made in
the study, which are listed below.

The FSF always processes the same type of concentrates.

This study does not focus on any particular FSF; therefore, the
FSF storage capacity limits are selected arbitrarily.

The FSF never shut down, and any such action will result in
serious consequences.

The matte grade is defined by the process personnel beforehand
and remains unchanged during the process operation.

FSF matte production depends on the matte grade and input
concentrates feed rate.

All PSC units are the same in dimensions, follow the same
scheduling recipe, and do not require maintenance breaks.

All the PSC units have a priority number. The PSC unit available
earliest will have the highest priority, and the latest PSC unit will
have the lowest priority. The batch on the highest priority in the
PSC units will begin its operation first, followed by the batch on
the second-highest priority, and so on.

To resolve logistical inter-dependencies, low-priority PSC units
must wait until all the loading operations to all the high-priority
PSC units are executed successfully.

If logistical and flow inter-dependencies exist simultaneously,
logistical inter-dependencies are addressed prior to the flow inter-
dependencies.

To resolve flow inter-dependencies, only one PSC unit must be in
the slag or copper blow stage.

Oxygen affects the oxidation rate of the unwanted elements in the
copper smelting process. As the objective of this study is not to
study the thermodynamics of the process, this study assumes that
the oxygen supply remains unchanged during process operation.
Therefore, the oxidation rate of unwanted elements remains the
same.

The temperature inside the PSC remains within its operating
limits by adjusting the oxygen flow. As the oxygen supply does
not change during the process operation, the temperature does
not affect the FSF or PSC performance.

It is assumed that the temperature always remains within its
operating limits; therefore, no coolants are added to the PSC.
PSC units always produce the same type of slag.

Slag treatment and acid processing units have unlimited storage
capacity; therefore, they are ignored.

All the units are functioning independently with no interaction
between them.

This study focuses mainly on designing a scheduling framework of
the copper smelting process which is independent of thermodynamic
and other operational factors; therefore, the proposed assumptions do
not affect the applicability of the proposed framework.

5. Framework formulation
The schematic diagram of the proposed hierarchical framework is

shown in Fig. 3. The hierarchical scheduling is based on discrete-time
linear MILP techniques and is composed of the FSF model, the PSC
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model, and a coordinator. These models are discussed in more detail
here.

5.1. FSF model

The input concentrates are fed to the FSF and converted to slag,
gases, and matte with a specific grade. Typically, this matte grade is de-
fined by process personnel beforehand. The FSF operates continuously,
and its storage capacity limits are defined in advance.

FSF matte production depends on the matte grade mg and input con-
centrate feed rate F SF; g+ This production decreases with the increase
in the mg as more time is required to remove the unwanted elements
from the matte, while it increases with the increase in the input feed
rate as more concentrate is available. The FSF matte production is given
in Eq. (1), and the amount of matte in the FSF is given by Eq. (2).
In the FSF, the typical objective is to increase its matte production.
As the matte grade remains unchanged during the process operation,
maximization of the input concentrate is the obvious objective of the
FSF, as given in Eq. (3).

FSF)=(axmg+c)+ (bXx FSF},+d) Vh€ FSF}, . {a.b,c.d} € R* (1)

ULT’
FSF! = FSF'™0 4 FSF*1 4 FSFh Vh e FSF! (2)
M M M P ULT
H H
h h h h h
max ZT FSF!, + Héh (ULl X (PSCy,+FSF}, —FSF}, )] (3)

ULT

feed,;, < FSFI, < feed,,,

min =

During the simulation, the FSF model receives time instances at which
FSF upper-level inter-dependencies exist FSF('} 1> Drice ULZrice, total
matte demand by the PSC units PSCI"} p» and the FSF upper capacity
limit UL’} g from the coordinator. However, as no FSF upper-level
inter-dependencies exist at the beginning of the simulation, the frame-
work initializes the FSFﬁ | with all the time instances (FSFg L =h.
If the framework finds FSF upper capacity limit violations during an
iteration k (k # 1), it solves the FSF model only for the time instances
that are stored in F SFS - However, if no FSF upper limit violations
exist in the schedule during an iteration k (k # 1), the framework
will use its latest available solution. After solving the FSF model, it
returns the FSF matte FSF;’/I and feed rate FSF ﬁ r to the coordinator.
At this point, the FSF model is waiting for further guidance from the

coordinator.
5.2. Batch problem

This study considers N independent PSC units producing B number
of batches; therefore, the framework solves a maximum of N x B inde-
pendent PSC scheduling problems during an iteration. For simplicity,
this scheduling problem is referred to as batch problem.

In a batch problem, only one operation is carried out at a time, as
given in Egs. (4). For scheduling operations in a batch problem, this
study uses two variable sets. The first variable set, b’zi, is used to identify
the occurrence of an internal operation, while the second variable set,
st , ensures that operations inside a batch problem are performed ac-
cording to the predefined scheduling recipe. For scheduling of internal
operations, Egs. (5)-(6) are used. Here, n, represents the position of
operation z; in set Z (Vz; € Z). The processing time of an operation is
either fixed, or its optimal value is computed by the batch problem as
given in Egs. (7)—(8).

DA O
apezrlaion
s’Z’ = le + b;, 5)

M=

)

Zi€ ¢
operation

st zlf = operation preceding z; (6)

Z (nzi x btzf)
i i
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Fig. 3. Hierarchical scheduling framework.

T
Qb = fix,, vz, = ML;, SK, )
=1
T
min, < Z b’zi < max, Vz; =SB;, CB (8
=1

During the PSC operation, the amount of matte present in the PSC
and the impurities in this matte are calculated using Egs. (9) and (10).
During the PSC operation, copper loses to the slag, and its amount in
the slag is calculated using Eq. (11). To minimize copper losses, this
study uses a simple and efficient scheme, which has been proposed in
our previous work [for details, check (Ahmed et al., 2021)].

The slag-blowing and copper-blowing timings are stored in BP;, ,
as given in Eq. (12). The batch problem demand for the matte is
calculated using Eq. (13). Furthermore, the batch problem operation
times are stored in BPi’d e using Eq. (14). This BPi’d e is used as a penalty

term to reduce unnecessary idle times in the schedule.

During the simulation, batch problems receive three sets of in-
formation from the coordinator. The first set consists of the earliest
available time time;, to perform loading operations and the price
load;’;i.’;g to address PSC logistical inter-dependencies. The second set
consists of the earliest available time time, to execute slag or copper-
blowing operations and the price f low:’,[l’.’f; to address the PSC flow
inter-dependencies. The last set includes the earliest available time
FSF;p to perform the loading operation without generating FSF lower-
level inter-dependencies, the matte requested by the batch problems on

; h
all other PSC units FSFypo

lower-level inter-dependencies at a batch level.

and the price LL”" . to resolve the FSF

price

= BP;;;:L + Z MT/'ix X b;/ - z (Culo‘”z, + o) X btz’_

zj€

operation ©)
Vz, € ML;, z; € {SB;,CB}

z (Culasszi + rele) X th’

zj€

BP!

mass
Z/E
1
operation

BP! =BP !+ Z Slmg) x b, —
—r/e i

operation operation (10)
vz € ML;, z; € {SB,.CB)
BPL, =BPL + Y Cupyy XD vz € SB, an
opoation
BB = 2 O, vz € (SB.CB)  (12)
z;€
operation
BPy,=BPp+ > MTg xb, Vz, € ML, (13)
oporation
BP[tdIe = Z bfz, Vz;, € Z 14)

zj€
operation

For addressing inter-dependencies, each batch problem uses
Egs. (15)-(22) to retrieve the corresponding prices, available times
to perform loading, slag, or copper-blowing operations, the relevant
matte demand of the batch problems on other PSC units, and the
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corresponding FSF lower capacity limits from the information that
it received from the coordinator. How the coordinator calculates the
given information is discussed in Section 5.3.

The objective of the batch problem is to minimize the copper
losses, impurities in the matte, idle time in the schedule, and re-
solve inter-dependencies, as given in Eq. (23). The batch problem
treats all the prices as penalty terms. Based on the calculated price
values by the coordinator, the batch problem reschedules its loading
times, slag-blowing, or copper-blowing times to resolve the process
inter-dependencies.

bh b
PLB’ load;'mc t= (h BP;art) (15)
pPsc = 0 otherwise
bk b
PFB! floerlce 1= (h BPY';art) (16)
PsC = 0 otherwise
LL" t=(h-BP)
PLB’ price start 17
FSF { 0 otherwise a7
LTgp =timep 4 — BPstart (s
FTgp = timeg, — BPIY, (9
nb
LTFSF = FSFLT BPrtart (20)
FSFl o 1=(h—-BP")
MDOB[ MDO start 21
FSF — { otherwise @D
FSF!, 1= (h-BP)
LLB’ LL start 22
FSF — { 0 otherwise @2
T T
L S S Sons S,
C”ruliavBPn;Ie =1 =
t ’ !
+ Z PBLYgpX ( MDOB s+ BPy, — LLBjg; )
r<LTFSF (23)
1
+ Z PLBlgoX [ (LTyp X sly, ) —LTgp |
t<LTgp
T
+ ) PFBLox|(FTppxBPy,, ) —FTgp|
t<FTgp

At the end of the iteration, each problem uses Egs. (24)-(28) to de-

. . . b
termine loading times BPI':)a 4 BPI ad,? slag and copper-blowing times
n,b,t

B b",: ‘L’ , the batch end time BP , and matte demand BP, ), and send
them to the coordinator. After thls, the batch problem is waiting for

further instruction from the coordinator.

rob = vz, = ML
BPn’b = Zi i 1 24
load, { 0 otherwise 24
T S | Yz, = ML
BP™ b z; i 1 25
load; { 0 otherwise (25)
oo _ [t B =1 = {SB;, CB} 26)
blow ™| 0 otherwise
gpro - [ 1+ BPL, B =1 Vz, = BE @
= .
en otherwise
BPIM = BP!, (28)

MD

5.3. Coordinator

The heart of this study is the coordination mechanism between the
FSF and the PSC units. The coordinator is responsible for solving all
inter-dependencies between the process units and providing a feasible
schedule using a price updating scheme.

In the proposed scheduling framework, the FSF and PSC units are
the bottleneck for the process. During the process operation, matte is
produced by the FSF and consumed by the PSC units. If the matte in the
FSF violates its upper or lower storage limits, FSF inter-dependencies
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will arise. Therefore, this study considers the matte as a scarce re-
source that must be distributed optimally to the PSC units to guarantee
equilibrium between supply and demand. PSC units are the bottleneck
due to the timing of PSC operations. As discussed in Section 4.1, PSC
inter-dependencies exist in the schedule when a unit requests matte
loading or blowing at a time that conflicts with the scheduling policy.
Therefore, the operation time of the PSC unit is a scarce resource, which
generates PSC inter-dependencies. By considering PSC operation time
as a scarce resource, this study will guarantee that the batch problems
execute their operations according to the scheduling recipe.

For the optimal distribution of shared resources, this study utilizes
the principles of free market theory. In an open market, prices of
commodities are adjusted continuously to maintain an equilibrium
between supply and demand. Ideally, the supply and demand of a
scarce resource should be equal. If so, the price of the resource remains
unchanged. But in actual markets, the supply and demand of a scarce
resource keep fluctuating, and so do their prices. If a scarce resource
is in excess, market forces will reduce its price to increase market
demand. On the contrary, if demand exceeds the supply, the price is
raised to lower its demand. This study leverages market phenomena by
employing a price adjustment scheme for the optimal distribution of
scarce resources and provides an optimal schedule.

At the start of the simulation, the coordlnator initializes the F.§ Fé’ T
with all the scheduling time instances (FSF U r=h and sends it the
FSF model. The FSF model solves the scheduling problem and returns
the FSF matte and feed rate trajectories to the coordinator. Further-
more, it assigns priorities to the PSC unit using Eq. (29). After each
iteration, the coordinator receives loading timings, blowing timings,

and start and end times from all the batch problems.

highest unit » has the lowest start, ..
highest —1  unit n has the second lowest start’,

prior g =4 8 psc (29)
lowest unit » has the highest start}, ¢

To assist in the inter-dependencies management and to reduce the
computational demand, the coordinator divides all the batch problems
on all the PSC units into different groups. The grouping is carried out
such that the first batch problem on each PSC unit is assigned to Group
1, the second batch on each PSC unit to Group 2, and the final batch
problem on each PSC unit to Group B, as shown in Fig. 4. However, if
the start time of the batch problem is higher than the maximum end
time of the batch problem within a group, the batch problem is not
added to the given group but to the following one if the batch start time
is less than the maximum end time of the batch in the next group. The
grouping of the batch problems allows the framework to examine and
solves the inter-dependencies in ascending order of the group number
and produces the batches in a synchronized manner.

Logistical inter-dependencies exist in a group if a batch problem on
a low-priority PSC unit begins its operation before the batch problems
on the preceding high-priority PSC units. Thus, the coordinator uses the
BP,’;;’ 4 and BP[';: 4, 10 determine batch problems that are the source
of the logistical inter-dependencies, as given in Egs. (30). It assigns
a value of 1 to batch problem b on the PSC unit » if loading oper-
ations are not performed according to the scheduling recipe. As PSC
inter-dependencies can exist between the groups, the coordinator uses
Eq. (31) to determine if logistical inter-dependencies present between
the batch problems of the current and the following group. Similarly,
the coordinator uses Eq. (32) to calculate the blowing times for the
entire scheduling horizon and then identifies batch problems that gen-
erate flow inter-dependencies within a group or between the groups,
as given in Egs. (33)-(34). In addition, the coordinator rearranges the
matte demand of the batch problems over the entire scheduling horizon
using Eq. (35). Moreover, the coordinator updates the start time of
each batch problem using Eq. (36). At this point, the first step of the



H. Ahmed and M. Vilkko

Computers and Chemical Engineering 178 (2023) 108395

operations availability
@ matte loading PSC* = 0
I slag blowings PSC? =0
W slag skimming PSC3 = 60
[ copper blowing
Group 1 \ Group 2 \ Group B
\ \
\
‘Batch problem Batch problem o
1 \ \ \
PC | T I
; \ \
. T | YR | ST N—
A \ \
PsC' - T\ \ I
\ \ \
. \ \ \
H \ \ \
. \ \ \
L \ \
\ \

o
Psc? | \ VLI

Fig. 4. PSC units availability

Source: Adapted from Ahmed and Vilkko (2023).

coordination task is completed.

b b nb n.b
b 1 (BPS’;‘art + BPI’:md,Z 2 (BPstart —f— BPIzmdl)
PSCy/, = V{hﬁ,n} Cn, priory, g < prior, ¢ . (30)
0 otherwise
b b
| @R+ BR,) 2 (BRET 4 BRI
PSCrps = VZ:LI PSCZ‘;’D =0, priori’,sc = lowest (B
0 otherwise
_ n,b n,b,t n,b,t
PSC”vbvh — I h= (BPslart + BPblaw) vBPblow #0 32
FA 0 otherwise 32)
. 1 (pscit +psCI Y > 1
PSC;JID = V{n,n} Cn, prior, g < prior'}',sc (33)
0 otherwise
) 1 (PSCEM 4 psCrbiiy 5
PSCrpo = VBP, <h<BP"™* prior, = lowest (€0
0 otherwise
N B
hoo_ bt _ b
PSCY, =D Y BPY Vh=BPY +1 (35)
n=1b=1
BPY =BP" 1 (36)
start end

The second step of the coordinator dealt with identifying the type
of inter-dependencies and taking the necessary measures to solve them.
How the coordinator manages these inter-dependencies is discussed in
turn.

5.4. PSC-inter-dependencies

PSC inter-dependencies exist in the schedule due to the violation of
logistical or flow constraints. Therefore, the coordinator uses Egs. (37)
and (38) to see if logistical or flow inter-dependencies exist in the
schedule. If such inter-dependencies present in the schedule, the co-
ordinator assigns a value of 1 to GPI’;H 4 or GP% for each conflicting

flow
group b.
N N
n,b n,b
opr =1 ! ;PSCUD > 1or ;PSCLBG > 1 37)
0 otherwise
N N
n,b n,b
G, = 1 ; PSCI? > 1 or ; PSCIb > 1 38)

0 otherwise

The coordinator assigns a value of 1 to ispgc if PSC inter-depend-
encies exist in the schedule; otherwise, it will assign a value of 0, as
given in Eq. (39). A value of 0 means that the coordinator will not
examine the schedule against PSC inter-dependencies and will check
for FSF inter-dependencies only.

The coordinator addresses PSC inter-dependencies in ascending or-
der of the group number, and it uses Egs. (40) and (41) to determine the
foremost group number that has the PSC inter-dependencies. When a
group has both logistical and flow inter-dependencies, it is advisable
for the coordinator to first address the logistical inter-dependencies.
The reason for this is that solving logistical inter-dependencies can
potentially resolve some of the flow inter-dependencies, thus reducing
the computational costs of the framework.

B B
b b
1 Y GP =1o0r YGPY 21 (39)
b=1 b=1

otherwise

GP! /=1land LG=0
oax

otherwise 40

GP: =1and FG=0
flow

41
otherwise 41

Logistical inter-dependencies

Logistical inter-dependencies could exist in the schedule at multiple
points. If a group has multiple logistical inter-dependencies, resolving
all of them at once means solving several batch problems simulta-
neously. This simultaneous solution of the batch problems may not
guarantee a feasible solution as it ignores the multilateral effects while
solving the batch problems. Therefore, addressing all the logistical
inter-dependencies could lock up the framework between two local
solutions that could prevent it to return a feasible solution. For this rea-
son, this study intends to solve logistical inter-dependencies affiliated
with a single batch problem during a single iteration.

To address logistical inter-dependencies in a group, the coordinator
uses Algorithm 1 that consists of three steps. In the first step, the
coordinator determines all the conflicting PSC units, as represented
by PSC! - From these units, it identifies the highest priority and
the lowest priority PSC unit and stores them in PSC;; and PSCy;.
As priorities of the PSC units determine the order of their operation,
logistical inter-dependencies in a group are addressed by rescheduling
the batch problem on the lower priority PSC unit, as mentioned in
Section 4.2.



H. Ahmed and M. Vilkko

Computers and Chemical Engineering 178 (2023) 108395

Availability
PSC* =0
PSC? =0
PSC® =0
Group 1 Group 2 Group B
psc!
psc?
11 T
3
e I I [T
"
Flowsots M N HE EEEN TLLL
0

Fig. 5. Flow slots formulation.

Logistical inter-dependencies arise due to the wrong time of the
loading operations of the batch problem on the PSC unit PSCy;.
Therefore, the coordinator uses the second step of the Algorithm 1
to calculate the time between the start and the last loading opera-
tion of the batch problem on the PSC unit PSC;;; and store them
in timei’gh(y = PSC;,;). The timei’;h contains the time instances at
which the batch problem on the PSC unit PSC;; must not execute
loading operations to resolve the logistical inter-dependencies between
PSC units. In addition, the coordinator calculates the earliest available
time at which the batch problem on the PSC unit PSC;; can start
its loading operation without generating logistical inter-dependencies.
This earliest available time is always the time instant next to the last
loading operation of the batch problem on the PSC unit PSC;, and
it is stored in time; 4. As PSC operation time is a scarce resource, the
coordinator calculates the difference between the available and the
demanded loading times for the batch problem on the PSC unit PSC;

and stores it in timez’f)"}. At this point, the second step is completed.

Logistical inter-dependencies exist between two groups when a
batch problem in a succeeding group begins its loading operation before
the loading operations to all the batch problems in Group LG. As
the framework objective is to produce PSC batches in a synchronized
manner, the batch problems in the succeeding groups must wait un-
til the loading operations of the batch problems in the Group LG
are executed successfully. Therefore, after addressing all the logistical
inter-dependencies in Group LG, the coordinator uses the third step of
Algorithm 1 to learn if inter-group logistical inter-dependencies exist in
the schedule.

To address inter-group logistical inter-dependencies, the coordina-
tor calculates all the conflicting time instances between the Group LG
and the succeeding group and saves it in timei’?;l'h, if exist any. If
inter-group logistical inter-dependencies exist, it calculates the earliest
available time at which the batch problems in the succeeding group
can freely begin their loading operations without generating logistical
inter-dependencies. After that, the coordinator calculates the difference
between the available and demanded time for the loading operations

of the batch problems in the succeeding group, which is stored in
o

For monitoring logistical inter-dependencies, the coordinator saves
the conflicting time instances time'zt[’;h’k during the iteration k, as given
in Eq. (42). Addressing logistical inter-dependencies means reschedul-
ing a batch problem from the beginning. Therefore, if a batch problem

in the group LG is the source of the logistical inter-dependencies

time

10

which was also the source of flow inter-dependencies during a previous
iteration, the coordinator will reset to zero the flow inter-dependencies
parameters (flow™>" =0, timep, =0 Vb € FG).

price
. nbh
bk time, k++ 42
time o = bk : (42)
timel ;" otherwise

To address the logistical inter-dependencies, the final task of the
coordinator is to use a PI controller to calculate the prices. This con-
troller considers both the present and past conflicting time instances,
as given in Eq. (43). Using the PI controller, the coordinator can more
effectively manage the price updating mechanism and ensure that the
optimal prices are founded with less computational demand.

k=1
— bk
(Pload X tzmeLDF) + (Iload X Z time; 2 )
k=1

nbh _
loadprite -

Vb=LG  (43)

The coordinator sends the load;’;f.’;ﬁ and the time; 4, to the batch
problems. The corresponding batch problem solves its optimization
problems and returns the solution to the coordinator. If logistical inter-
dependencies still exist in a group LG, the coordinator uses the same
procedure to calculate the new price load;;i.’;’; and performs a new
iteration. Otherwise, it examines the flow inter-dependencies or FSF
inter-dependencies in the group.

Flow inter-dependencies

Flow inter-dependencies exist in the schedule when two or more
batch problems are in the slag-blowing or copper-blowing stage si-
multaneously. Flow inter-dependencies can exist within a group or
between consecutive groups. Resolving all the flow inter-dependencies
simultaneously ignores the interconnection between the conflicting
batch problems that affect the quality of the solution. Therefore, the
coordinator will only address the flow inter-dependencies of the batch
problem on the highest priority PSC unit among the conflicting units
within a group during a single iteration. However, for inter-group flow
inter-dependencies, the conflicting batch problems of the succeeding
group are solved simultaneously to address the flow inter-dependencies
between the current and the succeeding group. The approach that the
coordinator uses to resolve flow inter-dependencies is presented in
Algorithm 2.

The coordinator divides all the flow inter-dependencies into dif-
ferent flow slots. These flow slots are made such that each flow slot
contains consecutive time instances with flow inter-dependencies, as
shown in Fig. 5. The framework has the potential to tackle single or
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Algorithm 1: Logistical inter-dependencies

Begin

First step
1: Initialization

PSC,,=0
2: for b=1to B do
forn=1to N do
if (b= LG and PSC}? = 1) then

LID —
‘ PS CL’_'M ;=
else
| Psci =0
end
end
end

3:forn=1to N do
if (PSC" =1) then
coné ol
hsc > priorlg. then
\ w=~n
end
end
end
4. forn=1to N do
if (PSC!,, . =1and PSC], . # PSCyy) then
if prior, ¢ < priar';,"slc then
L =~n

if prior

end
end
nd

[}

econd step
:for b=1to B do
fori=1to N do
forn=1to N do
if (b= LG, i=PSC,, and n = PSC,,) then

-

for h=1to H do
. ii,b b i,b
lf (B}).:;Hl'l S h S (BPYnfllN + BPIZad,)) then
‘ time L'Jl’)b’h =h
else
‘ time Lﬂl’)b'h =0
end
end
end
end
end
end

2:for b=1to B do
forn=1to N do
if (b= LG and n = PSCy) then
| time,, = BPj,, + BPj., +1
else
| time;, =0
end
end
end
3:forb=1to B do
forn=1to N do

if (b= LG and n = PSCyy) then
n,b,h

. n,b,h
‘ time D

LDF
end

end

end

=time; 4, — time

11

Third step
1: for b=1to B do
forn=1to N do

. b
if (b= LG and PSCy,. = 1) then

for h=1to H do
if (Z‘lf: min(priory,s.), i = max(prior’;,sc)) then
i
((BPLm, + BPL, )< h < (BRI + BRI ) )
then
‘ time'i’%“’h =h
else
‘ time'i‘?hh =0
end
end
end
end
end
end
2: for b=1to B do
forn=1to N do
if (b=LG and n= min(prior’;sc)) then
| time,, = BP,, + BPL, +1
else
| timey, =0
end
end
end
3:for b=1to B do
forn=1to N do
if (b= LG) then
‘ timel’?}l’h = timey 4 — timeﬁ;l’h
end
end
end
end

multiple flow slots of a batch problem at the same time. Considering
only one flow slot could increase the number of iterations, which
the framework requires to find a feasible solution. However, it will
ensure that the schedule has the minimum batch time, thus maintaining
solution quality and preventing the framework from blocking between
two local sub-optimal solutions. Therefore, this study will address only
the foremost flow slot of a batch problem during a single iteration.

To tackle the flow inter-dependencies in the group, the coordinator
uses the first step of the Algorithm 2 to find PSC units that generate flow
inter-dependencies. Next, it finds out the lowest and the highest priority
PSC units from the PSC! | = which are stored in PSCy; and PSCpry.
Subsequently, the coordinator uses the second step of the Algorithm 2
to calculate the foremost flow slot of the batch problem on the PSC unit
PSCy;.

n,b,h

The time. ;" consists of time instances during which the batch prob-
lem PSCpy performs its blowing operation. For resolving flow inter-
dependencies, the batch problem on the unit PSCp; must reschedule
its blow operation such that it does not perform blowing operation at
time instances that are stored in time;%h. The earliest available time
at which the batch problem PSCp; can begin its blowing operation
is the time instant after the batch problem on the unit PSCy; has
completed its blowing operation. Therefore, the coordinator calculates
this earliest available time and stores it in time 4. The time 4 is the time
instant at which the batch problem on the unit PSCy; ends its blowing
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operation, and the batch problem P.SCy; can begin its blowing without
generating inter-dependencies.

Similar to logistical inter-dependencies, the coordinator treats PSC
blowing time as a scarce resource to resolve flow inter-dependencies.
The batch problem on the unit PSC;;; demands time instances time?'}’)h
for the blowing operation, but the coordinator will offer it the time
timey, to begin its blowing operation. The coordinator calculates the

difference between the available and demanded time and stores it in
n,b,h

FDF*

Like the logistical inter-dependencies, flow inter-dependencies could

exist between consecutive groups. Resolving inter-group logistical inter-
dependencies can potentially address the flow inter-dependencies be-
tween the groups. However, when a profusion of unnecessary idle times
is present in a group, dealing with only logistical inter-dependencies
may not address the inter-group flow inter-dependencies. Thus, the
coordinator checks for the inter-group flow inter-dependencies after
resolving inter-dependencies in Group LG.

To address inter-group flow inter-dependencies, the coordinator
uses the third step of the Algorithm 2 to calculate all the conflicting
time instances between the Group FG and the preceding group, which
are saved in time'},";"’h. Next, it determines the earliest available time
for the batch problems in the preceding group to begin their blowing
operation without generating inter-dependencies, as represented by
timey 4. For inter-group flow inter-dependencies, timey, is always the
time next to the end time of the batch problem on the PSC unit PSCp;.
Furthermore, it calculates the difference between the available and the
demanded time.

To monitor flow inter-dependencies during the simulation, the coor-
dinator uses Eq. (44) to save the conflicting time instances during each
iteration. Like logistical inter-dependencies, the coordinator uses the PI
controller to determine optimal price, as given in Eq. (45). However,
a batch problem with flow inter-dependencies may be the source of
logistical inter-dependencies during a previous iteration; therefore, the
coordinator shares the flow and logistical inter-dependencies parame-
ters f1 owZ‘r’;‘:; L timeg 4, load;';f;’;, and the time; , with the batch problems,
and performs a new iteration. The conflicting batch problem solves
the scheduling problem and returns the relevant information to the
coordinator. The coordinator formulates the schedule and investigates
the presence of flow inter-dependencies. If such inter-dependencies
exist in the schedule, it performs the same actions. Otherwise, it looks
for the FSF inter-dependencies or logistical inter-dependencies in the
schedule.

time

n,b,h

time" bk — timey k++ (44)
FDF — . nbhk .
timel. otherwise
k-1
b ek
Flowhr? = (P X timey 5 ) + (Lo X Y timey3t¥) Vb= FG (45)
k=1

5.5. FSF inter-dependencies

FSF inter-dependencies arise during the simulation when the matte
in the FSF violates the storage capacity limits. The FSF produces the
matte, and PSC units consume it for batch production. If matte produc-
tion is high due to a higher feed rate or lower matte grade selection

Algorithm 2: Flow inter-dependencies

Begin

First step

1: Initialization
pscy, =0
PSCp;=0
PSCpy=0
stop,=false
stop,=false

12
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2: for b=1 to B do
forn=1to N do
if (b= LG and PSC}}? = 1) then
| Pscr, =1
else
| PSscr, =0
end
end
end
3:forn=1to N do
if (PSC, . =1) then
if (prior';)sc > prior’;_slc) then
\ Fu="n
end
end
end
4:forn=1to N do
if (PSCy, . =1and PSC], . # PSCpy) then
if (prior’;,sc < prior'},‘slc) then
\ FL =
end
end
end
Second step
1: for b=1to B do
forii=1to N do
forn=1to N do
if (b= LG, i=PSCpy and n = PSCy;) then
for h=1to H do
if (PSCE" 4 PSCEY"™")> 1 then
‘ timei’,’tg =h
else
‘ timei';[;;h =0
end
end
end
end
end
end
2: for b=1to B do
forn=1to N do
if (b= LG and n = PSCy;) then
for h=1to H do
while stop, = false do
if ((timeyF’b’h +time?[;h+])2 1 and
time ! = 0) then
timep, = h+1
stop, = true
else
| timep, =0
end
end
end
end
end
end
3:for b=1to B do
forn=1to N do
if (b= LG, and n= PSCy,) then
‘ time’}’%}} = timep, — time';i;h
end
end
end
end
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Third step

1: for b=1to B do

forn=1to N do

if (b =LGand n= Inin(prior';,sc)) then
for h=1to H do

if (BP") <h<BP"") then

forn=1to N do

if (PSCEY" + PSCI2*!)> 1 then
Iimen,b+l,h =h
FD
else
‘ time'l'_:[;;rl’h =0
end

end
end

end

end

end

nd

for b=1to B do

forn=1to N do

if (b= LG and n = min(priorl, .
for h=1to H do

while stop, = false do

: . nbh . nbh+l
1f<(ttmeFD +timey )

nbh+l _
erp = 0) then

timep, = h+1
stop, = true
else

| timep, =0
end

N @

)) then

)= 1 and

tim

end

end

end

end
nd
:for b=1to B do
forn=1to N do
if (b= LG) then
nb+1,h
FDF

w o

. 42 4o b+

time =timeg tzmeFD
end

end

end

end

and the PSC units are not fast enough to consume the matte, the FSF
upper capacity limit will reach. To address the FSF upper capacity limit
violations, temporarily shutting down the FSF unit can be proposed as a
possible solution. However, due to the potentially serious consequences
of shutting down the FSF unit, this approach cannot be employed as a
viable method of process operation. Hence, the FSF must readjust its
feed rate to ensure an optimal process operation. On the other hand,
if matte production is low, the FSF may not fulfill the demands of the
PSC units; consequently, the FSF’s lower capacity limit will be violated
which will make the PSC units the bottleneck for the entire process.
If mechanical and operational conditions prevent the FSF unit from
increasing production, the only viable option for maintaining process
operation is to reschedule the PSC units more effectively to mitigate
FSF lower capacity violations.
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To check the FSF inter-dependencies in the schedule, the coordi-
nator uses the matte available and demanded trajectories (F SFL and
PSC]’\’“)) and assigns a value of 1 to each capacity violating time
instance, as given in Egs. (46) and (47). In this study, the coordina-
tor addresses the FSF upper inter-dependencies before the FSF lower
inter-dependencies.

1 vV PSCh < (FSF! —FSF!))
FSF! = MD M UL 46
vy { 0 otherwise (46)
1 v PSCl > (FSFh — FSF! )
FSF! = MD M LL
Ly { 0 otherwise (47)

FSF upper-level inter-dependencies

FSF upper-level inter-dependencies arise due to its upper stor-
age limit violation. As the FSF operates continuously, FSF upper-
level inter-dependencies may exist at several time instances in the
schedule. The coordinator is free to handle several or part of such
inter-dependencies during a single iteration. Simultaneous handling of
multiple FSF upper-level inter-dependencies has the advantage that the
coordinator will address all such inter-dependencies quickly and with
lower computational demand. Nevertheless, this approach may result in
occasional unnecessary reductions in the FSF feed rate, thereby decreas-
ing overall throughput. In addition, handling multiple FSF upper-level
inter-dependencies simultaneously could sandwich the coordinator be-
tween two local solutions; thus, the framework will terminate without
returning a feasible solution. Therefore, this study intends to address
only part of the FSF upper-level inter-dependencies during a sin-
gle iteration to maintain a good solution quality. Similarly to flow
inter-dependencies, upper-level inter-dependencies in the FSF are also
segregated into distinct time slots. The division is done to ensure that
each time slot includes one or more successive time instances where
conflicts arise. The coordinator will address only the first time slot from
the given time slots during a single iteration.

A time slot may encompass multiple conflicting time instances.
Since the FSF operates as an integrator, addressing even a portion
of a time slot may suffice to resolve the entire time slot or shorten
its span. While handling a fraction of a time slot during a single
iteration increases the computational requirements of the framework,
this approach guarantees high-quality solutions by sustaining optimal
FSF performance.

To address the inter-dependencies at the upper level of the FSF,
the coordinator employs a two-step approach outlined in Algorithm 3.
In the first step, the coordinator uses the FSF[} ; to determine the
earliest available time slot, denoted as FSFrg. The coordinator then
calculates a portion of the time slot, represented by F.SFy g, that will
be handled during the next iteration. Here, part; ¢ refers to the portion
of FSFrg being considered. Its value is predetermined and influenced
by factors such as the available computational power, the expertise of
process personnel, and the optimal gap of the solver. If a time slot
contains only a few time instances that are shorter than the predeter-
mined minimum time min; g, the coordinator will utilize the entire time
slot F.S Frg. After determining the number of conflicting time instances
FSFrgg, the coordinator determines the times at which the FSF upper-
level inter-dependencies exist, which are stored in FSF(’]' - At this
point, the first step is completed.

The framework resolves the FSF upper-level inter-dependencies by
adjusting the FSF feed rate. In situations, where the FSF matte pro-
duction is high, reducing the feed rate only at the conflicting time
instances may not address the inter-dependencies; and the coordinator
must consider the time instances prior to conflicting times to resolve
the FSF upper-level inter-dependencies. If so, the second step of the
coordinator becomes active, where the coordinator examines the feed
rate FSF g z- L the FSF ;  at the conflicting time instances F SF& 1 18
already set to its minimum value feed,,, during a previous iteration,
the coordinator adds one more time to the FSF(? 1+ This new time
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instance always precedes the first conflicting time instance. At this
point, the second stage is completed.

Algorithm 3: FSF upper-level inter-dependencies

Begin

First Step

1: Initialization

FSFpg=0

stop,=false

stop,=false

extra=false

2: forh=1to H do
while stop, = false do

if ((FSF!,, + FSF!))> 1 and FSF)'t),

| FSFpg=FSFrs+1

else if (FSFpg #0) then
| stop; = true

# O) then

else
| Goto step 2
end
end
end
3:if (FSFpg >> mingyg) then
partTS
FSF = X FSF,
| FSErss = (U5 x PSEr)
else
| FSFrgg=FSFrg
end

4:for h=1to H do
while stop, = false do
if (FSF!,, #0and FSFpgg #0) then

ho_
FSF! . =h
FSFrgg=FSFrgg—1
end

else if (FSFrgs =0) then

‘ stop, = true
else

| Goto step 4
end

end
end

Second Step
1: for h=1to H do

if (FSFL?LT #0, feed;’_.SF = feed,,, and extra = false) then
FSFM L =h-1
extra = true
end
end

end

After determining the conflicting time instances, the coordinator
calculates the difference between the available and demand matte, as
given in Eq. (48). Like PSC inter-dependencies, the coordinator uses
the PI controller to calculate the prices. As the FSF inter-dependencies
could appear at the same conflicting time instances during different
iterations, the coordinator records the FSFg or using Eq. (49). The
PI controller uses the current and past conflicting time instances to

calculate the prices for the FSF model, as given in Eq. (50).

The coordinator sends the UL? ., PSC},,, and the matte upper
limit F SFg ;, to the FSF model. The FSF model solves the optimization
problem and returns the mass and input feed rate trajectories to the

coordinator. The coordinator investigates the schedule against the FSF
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upper-level limit violation. If a violation is found, the coordinator exe-
cutes the same actions and performs a new iteration. This exchange of
information continues until all the FSF upper-level inter-dependencies
are addressed in the schedule.

h h h n
rsph = | FSFl —PSCl, ~FSF) VFSF}  #0 “®)
Lp 0 otherwise
FSF! k++
FSFyip= { e . (49)
FSF; r otherwise
k-1
h h h.k
ULprice=(PULXFSFULD)+(IULX2FSFULD) (50)
k=1

FSF lower-level inter-dependencies

FSF inter-dependencies arise if the FSF matte level falls below its
lower capacity limit. It could occur when the FSF produces the matte at
a lower rate and the PSC units demand faster matte loading. Therefore,
the coordinator must instruct the PSC units to reduce their matte
demand without adding unnecessary idle times to the schedule.

FSF lower-level inter-dependencies could exist in the schedule at
various time instances. Like the FSF upper-level inter-dependencies,
the framework has the potential to consider all or part of these inter-
dependencies during a single iteration. Considering all the FSF lower-
level inter-dependencies means simulating multiple batch problems in
parallel. Consequently, two or more batch problems may start produc-
ing the same solution during two or more consecutive iterations. If
this happens, the coordinator will not resolve the FSF lower-level inter-
dependencies, and the framework may terminate without returning a
feasible solution. In an ideal situation where the coordinator may find
a viable solution, the solution quality will be lower because of the
unnecessary idle times in the schedule. Therefore, this study addresses
only the first FSF lower-level violations during an iteration to ensure
that the framework produces a feasible solution with a high level of
quality. In scenarios where the demand for matte is lower or fewer
batches are produced, resolving the foremost lower limit violation may
potentially resolve the subsequent FSF lower limit violations in the
schedule.

To handle the inter-dependencies due to FSF lower-level violations,
the coordinator uses Algorithm 4. Initially, it identifies the first instance
where the FSF lower storage limit is violated. After that, it finds
the batch problem that has requested for the matte loading at the
conflicting time F.SFp; during the previous iteration. For this, the
coordinator uses the batch problem start time (BP;f”) and loading
times (Bjyqq, Bjoqq,) @nd assigns a value of 1 to the batch problem b
on PSC unit » if the conflicting time instance F.SF;, belongs to it;
otherwise, it assigns a value of 0.

The coordinator uses Eq. (51) to store the matte demand at the
conflicting time instance FSF;;. It helps the coordinator to react
promptly if the FSF lower-level violation starts recurring at the time
FSFyr in the schedule. Lastly, the coordinator uses the PI controller
to calculate the prices, as given in Eq. (52). If the prices are optimal,
it will enable the conflicting batch problem (FSFg’f; ;1 = D to readjust
its matte demand at the time instance F.SF; .

FSFh Vh=FSF;r, k++
FSFM = { LLD S 1)
FSF LD otherwise
k—1
h _ h h.k —
LLh = (P X FSF)L )+ (I x ) FSFY,) Vh=FSFr, (52)
k=1

The coordinator sends the prices LLZH.M, matte demand of other
batch problems FSFy, . FSF;;, and the FSF lower limit FSF},
to the conflicting batch problem (V F SFl';’f,L L= 1). After solving the
scheduling problem, the conflicting batch problem reports its solution
to the coordinator. The coordinator verifies the schedule and examines
whether any FSF lower-level inter-dependencies exist in the sched-

ule. If such inter-dependencies are present, the coordinator initiates a
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Algorithm 4: FSF lower-level inter-dependencies

Begin
1: Initialization
stop, = false
FSF; ;=0
FSF ;}b’LL=0
FSFyp=0
FSF! =0
2:for h=1to H do
if (FSFI’LV # 0 and stop, = false) then
FSFr=h

‘ stop, = true
end
nd
:for b=1to B do

forn=1to N do
: b b b b
if ((BP,), + BPS, )< FSFyr < (BP), + BE,
n,b _
‘ FSFpp =1
end
end
nd
4: for b=1to B do
forn=1to N do
if (h= FSF;) then

w o

) ) then

[}

hoo_ h h h
| FSF! = PSCh —FSFh 4+ FSFh

else

| FSFyp=0
end
end

end
5:for h=1to H do

if (h=FSF;;) then
for b=1to B do
forn=1to N do

if (FSFy}  =0) then
fort=1to T do
if (r=(FSF,r — BP"")) then
FSFh = % § BP
n=1b=1
else
‘ FSFI};IDO = FSFJ{Z;O
end
end
end
end
end
end
end

end

new iteration of the same procedure. However, if no FSF lower-level
inter-dependencies exist in the schedule, it searches for the other inter-
dependencies. If it finds anything against the scheduling policy, it reacts
accordingly and performs a new iteration. However, if the schedule is
free of all FSF and PSC inter-dependencies, the coordinator returns the
schedule, and the framework terminates.

6. Case studies

In order to showcase the effectiveness of the proposed scheduling
framework, this study presents two case studies. The FSF matte grade
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Table 1

Framework parameters.
Parameter Description Value
mg matte grade 64 (percent)
feed,,;, minimum feed rate 10 (percentage)
feed,,. maximum feed rate 100 (percentage)
FSF& L minimum FSF capacity limit 70 (ton)
FSF Z’L maximum FSF capacity limit 180 (ton)
partrg step size to solve FSF inter-dependencies 10 (percentage)
mingg minimum time instances in a given slot 1
MTy,;, matte transferred from FSF to PSC 20 (ton/min)
Fre iron oxidation rate 0.240 (ton/min)
rg sulphur oxidation rate 0.0330 (ton/min)
maxgp slag blow 1 maximum length 50 (min)
mingp slag blow 1 minimum length 5 (min)
maxgp slag blow 2 maximum length 60 (min)
minSB; slag blow 2 minimum length 5 (min)
f ixSK: slag removal time 1 (min)
fixpg, loading time 1 (min)
Cugp, Copper loss rate during slag blow 1 0.0103 (ton/min)
Cugp, Copper loss rate during slag blow 2 0.052 (ton/min)
Cugp, Copper loss rate during slag blow 3 0.1 (ton/min)

and its maximum and minimum input feed rates remain constant. The
composition of input concentrates plays a key role in the copper smelt-
ing process. While the proposed framework is capable of providing a
viable solution for all types of input concentrate, a commonly utilized
input concentrate is selected to provide a more practical solution. This
study does not focus on a specific FSF; therefore, the FSF storage
capacity limits are chosen arbitrarily.

Each PSC operation begins with two loading operations, followed by
a slag blow operation and then a slag removal operation. Production of
a batch of blister copper is assumed to involve four loading operations,
three slag blow operations, three slag removal operations, and a single
copper blow operation.; therefore, I = 3. The blister copper batch is
ready when the iron and sulphur content of the matte drops below 2
percent (98 percent copper). In addition, each loading operation from
the FSF to a PSC unit is limited to a maximum transfer of 20 tonnes of
matte by the crane. The process parameters are given in Table 1, which
remain unchanged. Both case studies are solved with GAMS using the
CPLEX 12.7 solver, and the default optimality gap (10 percent) is used
during the simulations (Bussieck and Meeraus, 2004; IBM, 2017).

CPLEX uses the branch and cut algorithm to address discrete-time
optimization problems. With this algorithm, a well-chosen initial start-
ing point can guide the solver toward the optimal branch, potentially
minimizing computational costs. As the PSC model is a major con-
tributor to the total computational expense, the framework initializes
each batch problem with the solution computed by it in the previous
iteration. Applying this warm start technique can potentially decrease
the required load demand, especially when dealing with a higher
number of PSC units or when producing more batches per unit.

In a schedule, multiple inter-dependencies can occur simultane-
ously. When a single type of inter-dependency is present, the coordina-
tor can address it swimmingly. However, if different inter-dependencies
exist in the schedule, the coordinator must determine the order in
which to resolve them. Theoretically, the coordinator can select any
order. However, the order of inter-dependencies handling affects the
quality of the solution. For example, if logistical and the FSF lower-level
inter-dependencies appear in the schedule simultaneously, solving the
logistical inter-dependencies first can potentially resolve the FSF lower
limit inter-dependencies. Likewise, if both logistical inter-dependencies
and flow inter-dependencies are found simultaneously, logistical inter-
dependencies should be solved before the flow inter-dependencies to
provide a feasible solution with minimal computational resource re-
quirement. The order in which the coordinator handles the inter-
dependencies is shown in Fig. 6.

This study uses PI controllers to compute prices. The performance
of a PI controller typically relies on the values of its proportional and
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Fig. 6. Order of handling inter-dependencies.

integral gains, which affect the coordinator’s performance (Ahmed and
Vilkko, 2023). Usually, these gain values are calculated from the step
response of the process model. While computing the step response
is relatively straightforward for a process with simple dynamics or a
simple input—output model, finding the step response for a process with
complex process dynamics and structure is always challenging.

An alternative approach to computing PI controller gain values
is the trial and error method. This method involves selecting arbi-
trary gain values at the outset and then fine-tuning them through
trial and error, which can be time-consuming. However, for complex
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processes such as the copper smelting process, where finding the step
response can be challenging, the trial-and-error method remains the
most suitable option.

In the trial-and-error method, the selection of high gain values
means that the controller will react aggressively if there are inter-
dependencies in the schedule. This aggressiveness of the coordinator
seems pleasant since it will reduce the number of iterations necessary
to find a feasible solution. However, the choice of excessively high
values reduces the quality of the solution. On the contrary, opting
for extremely low values of the controller gain leads to an increase
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Table 2
PI controller gain values.
Set FSF upper-level inter-dependencies PSC and FSF lower-level inter-dependencies
PUL [UL Pload Iload P]va Ifllm' PLL ILL
1 100 10 10 1 10 1 10 1
2 1000 100 100 10 10 1 10 1
3 10000 1000 1000 100 10 1 10 1
Table 3
Framework parameters-Case study 1. Table 4
. Case study 1.
Parameter Description Value
Set Iterations Computational Batch time (min) Copper loss (ton)
FSF= FSF initial mass 150 (ton) time (min)
start',’,s(. PSC starting time {0,0,0} (min)
H scheduling horizon 1200 (min) 1 538 42.8 452 8.60
T batch scheduling horizon 220 (min) 2 288 30.2 518 8.66
K maximum number of iterations 1000 3 204 25.9 622 8.92

in the number of iterations, but it also improves the quality of the
solution. The FSF and PSC models treat the calculated prices as a
penalty term in the objective function. As a result, extremely high
gain values can adversely affect the quality solution and computational
costs. Hence, suitable values must be selected considering the available
computational power and size of the scheduling problem.

In order to demonstrate the effect of gain values on framework per-
formance, both case studies are resolved for three different controller
gain values, as outlined in Table 2. The motivation is to demonstrate
that the proposed scheduling framework has the potential to provide
a feasible schedule for any gain value. However, the quality of the
solution varies according to the gain values used. As the FSF does
not contribute to the number of idle times in the schedule, the con-
troller gain values for the FSF high-level inter-dependencies are selected
higher to reduce computational demands.

6.1. Case study 1

The first case study involves one FSF and three PSC units, with
each PSC unit producing three batches, resulting in a total of nine PSC
batches. Table 3 provides the FSF initial inventory level and the avail-
ability of the PSC units. As both PSC units are available concurrently,
the coordinator assigns the highest priority to PSC unit 1 and the lowest
priority to PSC unit 2.

Case study 1 is simulated for the PI controller gain values indi-
cated in Table 2, and their corresponding FSF matte, FSF feed rate,
and PSC schedule are presented in Figs. 7-9. As sufficient matte is
available at the beginning of the simulation and the matte demand
is not high, matte in the FSF remains above the FSF lower level, as
shown in Figs. 7(a)-9(a). Thus, no FSF lower-level inter-dependencies
exist in this case study. In each iteration, the framework collects
information from batch problems and sequentially verifies the presence
of FSF or PSC inter-dependencies in ascending order of the group
number. In each group, the coordinator solves the logistical inter-
dependencies first, followed by flow inter-dependencies. It addresses
the FSF upper-level inter-dependencies as they appear in the schedule.

In this case study, the framework divides all batch problems into
two groups. Group 1 consists of the first batch problem on each PSC
unit, Group 2 consists of the second batch problem, and Group 3 has
the third batch problem on each PSC unit. During each iteration, the
coordinator starts with the batch problems in Group 1 and checks for
PSC inter-dependencies. If inter-dependencies exist in Group 1, they
are resolved first. After settling the inter-dependencies in Group 1,
the coordinator checks for the inter-dependencies between Group 1
and Group 2. If inter-group inter-dependencies exist, the coordinator
resolves them by rescheduling the batch problems in Group 2. Other-
wise, the coordinator checks for the FSF upper-level inter-dependencies
and address them accordingly. Next, the coordinator examines Group 2
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and then Group 3 and performs the same actions if inter-dependencies
exist between the batch problems. Once all the inter-dependencies are
resolved, the framework terminates and returns the final schedule.

Figs. 7(b)-9(b) show that the FSF is utilizing its maximum feed
rate; thus, it is operating at the optimal operating points. However,
the framework adjust the FSF feed rate to address the FSF upper-
level inter-dependencies. The PSC units are producing blister copper
batches in a synchronized manner, as shown in Figs. 7(c)-9(c). These
figures show that the framework resolves all the logistical and flow
inter-dependencies and provides feasible schedules.

The computational time for Case Study 1 is given in Table 4. The PI
controller gain values for Set 1 are lower than Sets 2 and 3; therefore,
the framework required more iterations to solve inter-dependencies.
Thus, the computational time is high. For Set 1, the prices do not
change exponentially during iterations if identical inter-dependencies
appear in the schedule repeatedly. Therefore, the price calculation
strategy moves steadily, and the framework is able to compute the
optimal price. As a result, the quality of the solution is superior to the
Set 2 and 3 gain values. For Sets 2 and 3, the number of iterations is
lower than in Set 1, so the computational time is lower. This is because
the coordinator can quickly determine the optimal prices, thereby
minimizing the computational costs of the framework. Nonetheless,
the objective functions of the FSF and PSC units are penalized by a
higher penalty term. Such actions add unnecessary idle time to the
schedule, making the quality of the solutions inferior. Even with vary-
ing PI controller gain values, the framework can effectively resolve all
scheduling inter-dependencies and produce a feasible solution without
any hindrances.

The amount of copper losses during the framework simulation de-
pends on the quality of the solution, which is determined by the batch
time of the schedule. A shorter batch time indicates that the framework
has optimally selected the duration of slag blows, resulting in lower
copper losses. For the Set 1 gain values, the slag-blowing durations
are computed optimally, leading to lower copper losses compared to
Sets 2 and 3, where the PSC model objective function is penalized
with a higher penalty term. As a result, the slag-blowing durations
are sub-optimal, leading to higher copper losses. Principally, process
personnel seeks solutions that have minimum batch time and copper
losses. Therefore, solutions using Set 1 gain values are preferable for
process operation.

6.2. Case study 2

In Case Study 2, there is one FSF and three PSC units, with each
PSC unit producing five batches, resulting in a total of 15 PSC batches.
This case study considers a lower value for the FSF initial inventory
as compared to Case Study 1, as given in Table 5. The PSC units are
available simultaneously; hence, PSC unit 1 has the highest priority,
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Fig. 8. Case study 1 - Set 2.

and PSC unit 3 has the lowest priority. As more batches are produced in Table 5
this case study, this case study will have a higher number of iterations, Framewaork parameters-Case study 2.
higher computational demand, and longer batch time. Parameter Description Value

Case study 2 is simulated for the gain values as given in Table 2, and FSF FSF initial mass 130 (ton)
the FSF matte, FSF feed rate, and the corresponding PSC schedule are startpsc Pshc ;t?.mni time ig’g&og (m )m)
shown in Figs. 10-12. As insufficient FSF initial inventory is available T ;Zt:hlls;;idu?;?;orizon 220 (mrzi)n
at the beginning of the process, FSF lower-level inter-dependencies K maximum number of iterations 1000

exist at time t = 30 min, as shown in Figs. 10(a)-12(a). During
each iteration, the coordinator gathers all the relevant information
from all the batch problems and checks for the inter-dependencies in

18




H. Ahmed and M. Vilkko

Computers and Chemical Engineering 178 (2023) 108395

FSF matte
HE
(a) FSF matte
FSF feed level
§
:
Eln
i
.
(b) FSF feed rate
PSC Schedule
£ I T — im——  — 1) -
ol — . T T T W W TN I — 11111 1]
. 1 T T— T T - T T
(c) PSC schedule
Fig. 9. Case study 1 - Set 3.
FSF matte
Zino
4
“ 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500 520 540 S60 580 600 620 640 660 680 00 720 740 760 780 800]
(a) FSF matte
FSF feed level
:
L
EA"
:
.
(b) FSF feed rate
PSC schedule
£ | r— I - I - [— I -
—— — — — — ]
— — — | — — |

(c) PSC schedule

Fig. 10. Case study 2 - Set 1.

ascending order of the group number. For each group, the coordinator
first resolves logistical inter-dependencies, followed by the FSF lower-
level inter-dependencies, and then the PSC flow inter-dependencies.
As in Case Study 1, FSF upper-level inter-dependencies are handled
as they appear in the group by adjusting the FSF feed rate as shown
in Figs. 10(b)-12(b). The framework effectively addresses all logisti-
cal and flow inter-dependencies, ensuring synchronized and feasible
schedules, as depicted in the accompanying Figs. 10(c)-12(c).

The coordinator divides all the batch problems into five different
groups. Group 1 consists of the first batch problem of each PSC unit,
Group 2 has the second batch problem of each PSC unit, and so on.
During each simulation, the coordinator reviews Group 1 first and
resolves the FSF and PSC inter-dependencies, if found in the schedule.
If Group 1 is free of all inter-dependencies, it examines inter-group
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inter-dependencies between Group 1 and Group 2. If inter-group inter-
dependencies exist, the coordinator resolves them in the same manner
as discussed in Case Study 1; otherwise, it begins to examine Group
2 and performs a new iteration. This process continues until all the
inter-dependencies are addressed successfully. When this happens, the
framework stops and returns the final solution (see Figs. 10(c)-12(c)).

The computational time and copper losses for Case Study 2 is given
in Table 6. For Set 1 gain values, the PSC schedule has the minimum
batch time and copper losses; therefore, the solution is classified as
optimal. For low gain values, the framework determines the optimal
duration of the slag blow that leads to minimal copper losses. Con-
cerning computational costs, this solution is considered inefficient since
it demands more computational time to generate a feasible schedule.
On the other hand, for Set 3 gain values, the number of iterations
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required by the framework is lower, so the computational demand
is lower. Therefore, this solution is classified as optimal in terms of
computational costs.

For Set 3 gain values, the coordinator penalizes the FSF and PSC ob-
jective functions with a higher penalty term that adds unnecessary idle
times to the schedule, which increases the batch time. Consequently, in
terms of the solution quality, such a solution is termed as poor. For Set
2 gain values, the computational time is lower than the batch time for
the Set 3 gain values, while the batch time is higher than for Set 1; thus,
this solution is classified as sub-optimal. Because process personnel
generally prefer shorter batch time and minimal copper losses, process
personnel will use the solution for the Set 1 gain values.

Table 6
Case study 2.

Set Iterations Computational Batch time (min) Copper loss (ton)
time (min)

1 522 125.2 793 13.29

2 415 55.9 822 14.75

3 236 40.9 1041 14.96

The gain values presented in Table 2 are selected arbitrarily to
illustrate the impact of different gain values on the performance of
the framework and the advantages and disadvantages associated with
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their selection. However, the framework can produce a viable solution
for any given gain values. The choice of gain values depends on the
available computational power, the size of the scheduling problem, the
optimality gap, and the scheduling application in hand (Ahmed and
Vilkko, 2023).

Besides the gain values, the framework performance depends on the
batch problem horizon T. If a high value of T is selected, the simulation
time of the PSC model increases; consequently, the computational time
of the framework increases. On the contrary, if a too-small value is
selected, the PSC model might not be able to find a feasible solution,
especially when a batch problem is the source of both FSF lower-
level inter-dependencies and logistical inter-dependencies. Therefore, a
suitable value for the T must be selected considering the duration of the
PSC internal actions, the number of PSC units employed, and the PSC
maintenance break if considered during the framework formulation.

PI controller tuning parameters influences the framework perfor-
mance. Consequently, it is crucial to establish more stringent guidelines
for selecting these parameters, considering factors such as the available
FSF capacity levels, computational power, and maximum batch time of
the schedule. Nonetheless, the findings of this study highlight that the
suggested scheduling framework generates a viable schedule for a wide
range of tuning parameters, indicating the potential for implement-
ing price-based coordination in various other large-scale scheduling
applications.

7. Conclusion

This study proposes a hierarchical framework for scheduling the
copper smelting process based on MILP. This framework provides an
optimal schedule for the PSC units considering the continuous opera-
tion of the FSF, FSF capacity constraints, and batch synchronization.
The proposed hierarchical framework takes advantage of the market
theory and uses prices to resolve the FSF and PSC inter-dependencies.
The price-based coordination has the potential to provide optimal
coordination between independent FSF and PSC units, and it can enable
the process personnel to take decisions without a deep understanding
of the process.

In this work, PI controllers are employed to determine the optimal
prices, and it is demonstrated that the choice of controller gain values
can significantly affect the quality of the solution. While the framework
can provide a feasible solution for any gain value, using high-gain val-
ues often leads to poor-quality solutions. On the other hand, selecting
lower-gain values requires more computational time, but it results in
better-quality solutions. If the proposed framework is used as an offline
tool, where computational time is less of a concern, process personnel
would be inclined to use lower-gain values to achieve minimum copper
losses. Additionally, this framework can serve as a valuable tool for
process personnel to anticipate the consequences of their decisions and
enhance their understanding of the process.

The study presented only deterministic case studies to demonstrate
the ability of the proposed price-based coordination mechanism to
resolve process operations and operate the copper smelting process at
or near optimal operation points. Future work will involve developing
techniques to calculate optimal controller gain values and identify-
ing other computationally efficient price-updating mechanisms for the
coordinator, which can improve even better solution quality.
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