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Abstract: Backgrounds: The transportation system within any mining project, which is responsible for
delivering extracted ore to the crushing units or wastes to the wasting dumps as the destinations,
poses a significant challenge in mining processes. On one hand, there are various transportation
systems, notably the Truck–Shovel, the traditional method, and relatively newer and less common
In-Pit Crushing and Conveying (IPCC) systems. On the other hand, choosing the most suitable
system for a specific mining project depends on various factors, with technical aspects being one
of the most critical. While there is extensive research on the Truck–Shovel system from a technical
perspective, there is relatively limited research on IPCC systems. Methods: This research aims to carry
out a comparative analysis of different transportation systems, encompassing Truck–Shovel, Fixed
In-Pit Crushing and Conveying (FIPCC), Semi-Fixed In-Pit Crushing and Conveying (SFIPCC), Semi-
Mobile In-Pit Crushing and Conveying (SMIPCC), and Fully Mobile In-Pit Crushing and Conveying
(FMIPCC) systems. To achieve this goal, a technical index is introduced, which is based on three
elements: the availability and the utilization of the system, as well as the consumption of power. This
index will be developed as a system dynamics model, enabling the observation of each system’s
performance throughout the operational lifespan of the mine. Results: Ultimately, based on the
proposed method, the most effective transportation system based on the defined technical index can
be identified at any time of the project. In this research, the Truck–Shovel system generally selected
as the most preferred transportation system, except for two different periods. Conclusions: This study
could successfully perform the selection among different transportation systems. Nevertheless, it
was modeled and performed in a deterministic environment, but still the stochastic nature of the
processes can be another topic of research.

Keywords: truck–shovel system; in-pit crushing and conveying system; system dynamics modeling;
technical index; open pit mine

1. Introduction

The Truck–Shovel system in open pit mines, which is recognized as the prevalent
transportation system, is widely acceptable because of its technical features, particularly
its flexibility. This allows planners the freedom to consider various production plans and
scenarios [1,2]. However, in IPCC systems, the technical aspects in comparison to the
Truck–Shovel system have not been significantly investigated, and there are relatively few
relevant studies.

The primary and most critical technical challenge associated with IPCC systems is
their suitability for a project, which is primarily dependent on a set of factors. These factors
predominantly include the efficiency of the systems, their integration with the drilling and
blasting, and the sequence of the bench operation, simplicity of relocation, adaptability in
the reserve’s change, expandability, and interoperability with other parts of the system [3].
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The second issue concerns the mine design problem, which can undergo a significant
transformation when using these systems. For instance, the pit shell design and production
planning in short- and long-term concepts may vary in the context of a mining project
that is operated by IPCC systems instead of a Truck–Shovel system [4–10]. Additionally,
the potential combinations of the Truck–Shovel and IPCC systems and their effect on the
mine design were thoroughly investigated. In a study conducted on a deep gold mine, the
Truck–Shovel system was employed for excavating a “box cut” in the first phase followed
by the utilization of the FMIPCC system for a “parallel and radial pushback” in subsequent
phases [11].

The optimum location and relocation plan of IPCC systems are other technical is-
sues. Various studies have explored the IPCC system’s optimum location from different
perspectives. These include assessing the truck cycle time by simulating the loading and
hauling cycle [12], addressing the single hub location problem for minimizing the haulage
costs and environmental considerations [13], and employing heuristic and operation re-
search (OR) methods such as the dynamic facility location problem [14] and transportation
problem [15,16]. In addition, several case studies examined the transition point, which is
optimal, from the Truck–Shovel to IPCC system for a copper mine [17] and an aggregate
mine, with a focus on minimizing haulage distances [18].

Some studies evaluated the presence of IPCC systems in mining operations and exam-
ined their influence on various facets of the mining process, as these interactions can highly
affect the annual output of IPCC systems [19]. Other research compared the availability
of the Truck–Shovel and IPCC systems in terms of utilization time, operating time, and
valuable operating time [20,21]. In these studies, it was noted that IPCC systems exhibited
less flexibility compared to the Truck–Shovel system, while conveyor belts demonstrated
higher operating efficiency [21].

Decision-making tools and techniques are developed and used in some branches of the
mining industry such as underground mining methods specifically in coal mines [22–24].
Nevertheless, for the Truck–Shovel and IPCC systems, no study or research has been
carried out.

As it can be noticed in the literature, a single factor such as production planning,
availability, or optimum location, and a relocation plan of the Truck–Shovel system or IPCC
systems are mostly studied; however, some other factors, for example, power consumption,
are neglected in both systems. In addition to this, the interactions of these components
as an integrated system are not considered. These shortages could lead to an imprecise
representation of transportation systems.

This study tries to fill the gap in a way that not only defines transportation components
as a system through system dynamics modeling, but also describes a technical index with
which a decision-making system will be provided for selecting the most appropriate and
effective transportation system. In general, the academic contribution of this research can
be described as the development of a system dynamics model that takes into account three
critical factors: system availability, utilization, and power consumption. This contribution
is expected to provide practical assistance to managers when making decisions regarding
the selection or planning of transportation systems in mines.

2. Materials and Methods

In this section, two main concepts used in this research will be discussed. Firstly the
“System Dynamics Modeling”, in which the modeling environment and parameters are
briefly described. Secondly, the idea of “In-Pit Crushing and Conveying (IPCC) Systems”,
in which their different types and differences will be explained.

2.1. System Dynamics Modeling

System dynamics involves modeling, simulating, and analyzing complex systems to
assess how they evolve and change over time [25]. This method was initially developed
in the 1950s to help managers enhance their comprehension of how the processes have
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evolved. In contemporary times, system dynamics finds application across different sectors
for the analysis and formulation of policies. Unlike statistical modeling, where time is not a
factor in the simulation, system dynamics modeling focuses on understanding the dynamic
nature of systems, encompassing their evolution over time. In this approach, modelers
aim to identify behavioral patterns exhibited by key system variables and, subsequently,
develop a model with the capacity to simulate these patterns. Once a model possesses this
capability, it can serve as a prototype for evaluating various scenarios [26]. Generally, there
are two main categories of system dynamics models: “open systems”, where outputs do
not impact inputs, and “closed systems”, where outputs can influence inputs. Each system
dynamics model comprises constants, auxiliaries, stocks, flows, and feedbacks.

A system dynamics model comprises parameters categorized into two groups: con-
stants and auxiliaries. Constants remain permanently fixed throughout the system’s pro-
cessing, whereas auxiliaries are defined as equations involving various constants, and they
may undergo changes during the system’s processing [26].

The fundamental components within the realm of system dynamics are denoted
and counted as stocks and flows. Stocks serve as indicators of accumulated values over
time, represented by their “level” or “state”, which effectively encapsulates the system’s
condition at any given moment [27]. Stock examples may include metrics such as the count
of injuries, fatalities, lost time incidents, accidents, and more. The flows move directly into
and out of these stocks, influencing their levels and reflecting the dynamic “rate of change”
within them [27]. Emission rate and particulate matter rate, among others, exemplify
flows. It is essential to specify the unit for these rates as quantity per time, enabling the
accumulation of stocks over time. The graphical representation of a stock and flow diagram
is as Figure 1. The typical formulation for a stock–flow diagram encompasses the following
general equation:

d(Stock)
dt

= In f low (t)−Out f low (t) (1)
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Figure 1. An illustrative depiction of a basic stock and flow diagram.

While stocks and flows are essential elements for creating dynamic phenomena, they
do not encompass the entirety of system dynamics. To provide a more accurate explanation,
it is crucial to understand that in real-world systems, stocks and flows interact within
feedback loops. These feedback loops may comprise various types of feedback mechanisms
and occasionally feature nonlinear connections, leading to unexpected and counterintuitive
behaviors [26]. Figure 2 illustrates a straightforward stock–flow system including feedback,
illustrating the connection between a stock and its inflow.
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In general, closed systems are governed by positive or negative feedback loops. Posi-
tive loops represent processes that reinforce themselves, where an action produces a result
that further stimulates the action, ultimately resulting in an increase in both the action
and the result. These positive feedback loop processes render systems unstable and drive
them to alter their existing state. Consequently, they play a key role in either the growth
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or decline of systems [26]. Conversely, negative feedback loops characterize processes
oriented toward achieving goals, generating actions that either guide a system toward
a desired state or maintain it within that state. Typically, processes involving negative
feedback loops contribute to the stabilization of systems, although there is a possibility of
occasional destabilization through oscillations [26].

The effectiveness of a system dynamics model greatly depends on the developer’s
approach to system thinking. It means whenever more parameters and their relations can
be found, the model will be more accurate and approach the desired results. It is also
possible to add or remove any parameter in the model; however, it is crucial to find its right
position, equation, and relation to others.

In this study, Vensim® 6.2 was used to build and run the system dynamics modeling.
This software offers an illustrative as well as descriptive environment for introducing and
modeling all the components mentioned above.

2.2. The Concept of In-Pit Crushing and Conveying (IPCC) Systems

In the Truck–Shovel system employed in open-pit mines, materials are moved from
within the pit to external destinations, typically involving a crusher station for ore and
a waste dump for discarded material. In contrast, with In-Pit Crushing and Conveying
(IPCC) systems, the crusher station is situated inside the pit, and the crushed ore or waste
is conveyed to its designated location via a conveyor belt. The concept of implementing
this system was first introduced in Germany in 1956 [28]. It served as a substitute for the
traditional surface mining transportation system, known as the Truck–Shovel system [29]. It
typically addresses various shortcomings of the Truck–Shovel system, such as minimizing
operational expenses [30], primarily achieved through the reduction in both workforce
and fuel consumption [11]. Furthermore, from a safety standpoint, conveyor belts, being
integral components of IPCCs, demonstrated a reduced incidence of accidents, injuries,
and fatalities [31]. Despite these benefits, there are still certain perspectives regarding its
flexibility [20], reliability, and efficiency [21].

In general, this system can be classified into four distinct types: (1) Fixed In-Pit
Crushing and Conveying (FIPCC) system, where the crusher remains stationary throughout
the mine’s lifespan. Typically, the FIPCC system is positioned near the pit rim or inside,
unaffected by ongoing mining activities. (2) Strategic Fixed In-Pit Crushing and Conveying
(SFIPCC) system, strategically positioned at a key junction within the pit and predominantly
fed by mining trucks. Relocating this system requires the disassembly of the entire crusher
station into multiple parts or modules. (3) Semi-Mobile In-Pit Crushing and Conveying
(SMIPCC) system, typically situated at the operational level and capable of being fed
by trucks or loaders from various loading points. (4) Fully Mobile In-Pit Crushing and
Conveying (FMIPCC) system, capable of continuously changing its location and leveraging
an integrated transportation mechanism [32].

FIPCC, FMIPCC, and SMIPCC share a common characteristic where trucks handle
the feeding process, and a conveyor belt is used to transfer crushed material from the pit.
Essentially, these systems integrate two types of transportation equipment: trucks and
conveyor belts. In contrast, FMIPCC utilizes shovels for direct feeding, with the conveyor
belt dedicated to transporting the crushed material.

2.3. System Dynamics Modeling for Introducing Technical Index

System availability, utilization, and power consumption were defined as the building
blocks of the system dynamics model as well as the technical index. The first two compo-
nents are chosen because of their importance, as found in the literature, while the latter is
newly introduced. All these factors can finally give a better comparability of transportation
systems variants, which gives this capability to designers in making decisions about se-
lecting one system over another. In the following sub-sections, the development of these
factors in a system dynamics model will be explained.
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2.3.1. System Availability

Availability for mining equipment refers to the downtime that includes any activities
causing a halt in planned production, such as unscheduled time, scheduled maintenance,
setup, and adjustment periods, among others [33–36]. However, the availability of a
system, which is constituted of different components that have interactions together, can
be conducted according to the configuration of the system, specifically serial, parallel, and
hybrid configurations.

In a serial configuration, the components of the system are linked in a sequential format.
This means that for the availability of the system, all the components must be available [37].
The total availability is the result of the multiplying of individual components’ availabilities,
and for a system with n components will be as Equation (2) [37].

Aserial =
n

∏
i=1

Acomponenti
i = {1, 2, . . . , n} (2)

In a parallel setup, the entire system remains operational as long as at least one of its
components is accessible, ensuring overall availability [37].

Unlike the serial configuration, where the functioning of the system relies on all
components, the parallel configuration falters if any of its components fail. The overall
availability of a system with n components is calculated by Equation (3) [37].

Aparallel = 1− unavailability(parallel) = 1−
n
∏
i=1

[(
1− Acomponenti

)]
i = {1, 2, . . . ., n}

(3)

When a system is composed of both serially and parallel-configured components, it
forms a hybrid configuration [37]. In this scenario, concurrent components need to be
computed simultaneously, and the outcome is tallied and incorporated into the system as
a cohesive unit. This procedure should persist until the determination of the integrated
system’s availability.

The Truck–Shovel system is established exclusively through the use of trucks and
shovels, and it is regarded as a non-continuous system [38]. There exist four distinct states
for a Truck–Shovel system (Table 1). Although States 1 and 3 are unlikely to happen,
these states are referenced to encompass the entirety of available states. Furthermore, it
is presupposed that the crusher, conveyor belt, and spreader situated outside the pit in
this system do not impact the availability of the Truck–Shovel system. This is because
the material can be deposited in the stockpile if any component of the crushing unit (i.e.,
crusher, conveyor belt, and spreader) is unavailable.

Table 1. Four states of Truck–Shovel system.

State NS NT System
Configuration System Availability

I 1 1 Serial AS × AT
II 1 >1 Hybrid AS ×

[
1− (1− AT)

NT
]

III >1 1 Hybrid
[
1− (1− AS)

NS
]
× AT

IV >1 >1 Hybrid
[
1− (1− AS)

NS
]
×
[
1− (1− AT)

NT
]

NS: Number of shovels; NT: Number of trucks; AS: Shovel availability; AT : Truck availability.

In the FIPCC, SFIPCC, and SMIPCC systems, the states mirror those of the Truck–
Shovel system, with the exception of the crusher and the conveyor belt, which are partially
situated within the pit. Additionally, the crusher, conveyor belt, and spreader operate
seamlessly as an integrated system, such that a failure in any of these components will
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result in the entire system’s failure [32]. The equations provided can be utilized to compute
the system availability for each state (Table 2).

Table 2. The states of FIPCC, SFIPCC, and SMIPCC systems.

State NS NT System
Configuration System Availability

I 1 1 Serial AS × AT × AIPCC × ACB × ASp

II 1 >1 Hybrid AS ×
[
1− (1− AT)

NT
]
× AIPCC × ACB × ASp

III >1 1 Hybrid
[
1− (1− AS)

NS
]
× AT × AIPCC × ACB × ASp

IV >1 >1 Hybrid
[
1− (1− AT)

NT
]
×[1− (1− AS)

NS
]
× AIPCC × ACB × ASp

AIPCC : IPCC availability; ACB: Conveyor belt availability; ASp: Spreader availability.

In the FMIPCC system, functioning without the use of trucks, shovels directly supply
material to the mobile crusher. Two distinct states can be outlined for this operational
configuration (Table 3).

Table 3. FMIPCC system’s states.

State NS System
Configuration System Availability

I 1 Serial AS × AIPCC × ACB × ASp

II >1 Hybrid
[
1− (1− AS)

NS
]
× AIPCC× ACB× ASp

2.3.2. System Utilization

The utilization of any equipment is characterized as the overall time it is accessible for
use, excluding any periods of downtime such as shift changes or meal breaks. In line with
this, the overall system utilization relies on its individual components. When it comes to
series and parallel systems, utilization can be expressed through the following equations:

Useries =
min{Ai ×Ui}

Asystem
(4)

Uparallel =
∑n

i=1(Ai ×Ui)

n× Asystem
(5)

2.3.3. Power Consumption

Power consumption within transportation systems refers to the energy expended by
the various components involved in transporting materials from their point of origin to
their destination. Consequently, trucks and conveyor belts, serving as primary elements
in these systems, must generate adequate rimpull and effective tension, respectively, to
facilitate material transfer. To assess the power consumption of different transportation
options, calculations were conducted for both truck power and conveyor power.

Equations (6) and (7) express the overarching equation for determining the power of a
truck in both loaded (PLT) and unloaded (PUT) modes, respectively [39].

PLT =
RLT × SLT

3.6
.g (unit : kW) (6)

PUT =
RUT × SUT

3.6
.g (unit : kW) (7)

where RLT and RUT are the rimpull of the loaded and unloaded truck; SLT and SUT are the
loaded and unloaded truck speeds, respectively; and g is the gravitational acceleration.
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The formula for calculating the rimpull of loaded (RLT) and unloaded (RUT) trucks is as
follows [40]:

RLT = (mT + mL)(Rr ± G) (unit : t) (8)

RUT = mT(Rr ± G) (unit : t) (9)

where mT, mL, G, and Rr are truck mass, load mass, road grade, and rolling resistance,
respectively. The incline of the road may vary, either positively or negatively, depending
on whether trucks are ascending or descending, respectively [41].

The conveyor belt, as one of the major parts of the IPCC systems, is responsible for
the power consumption in the transportation systems. Accordingly, it is crucial to evaluate
its contribution to the power consumption. One of the most acceptable equations for
estimating the power of conveyor belts (PCB) is as follows [42]:

PCB =
Te ×V
33000

(unit : hp) (10)

where Te and V are the belt tension in lbs and the belt speed in fpm, respectively. The belt
tension can be calculated as the following equation [42]:

Te = LKt
(
Kx + KyWb + 0.015Wb

)
+ Wm

(
LKy ± H

)
+ Tp + Tam + Tac (11)

where L is the length of the conveyor (ft); Kt is the ambient temperature correction factor; Kx
is the factor used to calculate the frictional resistance of the idlers and the sliding resistance
between the belt and idler rolls (lbs/ft); Ky is carrying run factor used to calculate the
combination of the resistance of the belt and the load to flexure as they move over the idlers;
Wb is the weight of belt (lbs/ft); Wm is the weight of material (lbs/ft); H is the vertical
distance the material is lifted or lowered (ft); Tp is the tension from the resistance of the belt
to flexure around pulleys and the resistance of pulleys to rotate on their bearings, total for
all pulleys (lbs); Tam is the tension from the force to accelerate the material continuously as
it is fed onto the belts (lbs); and Tac is the total tensions of conveyor accessories (lbs).

2.3.4. Technical Index Equation

In order to simplify the assessment of different transportation systems based on a
technical index (TI) standpoint, an equation is derived from the parameters mentioned
earlier. The rationale behind this equation is that systems exhibiting greater availability
and utilization are favored over others (a positive correlation). Conversely, systems with
lower power consumption are considered superior (an inverse relationship). As this index
will be utilized to compare the resulting technical indexes from the Truck–Shovel and IPCC
systems, no significance coefficient has been assigned to these factors. As a result, we can
formulate the following equation:

TI =
ASystem ×USystem

PCB + PLT + PUT
(12)

2.4. Case Study

A case study, a hypothetical copper open-pit mine with technical specifications out-
lined in Table 4, was examined. These specifications are categorized into various sections,
encompassing the mine and mill, trucks, shovels, IPCC systems, spreaders, IPCC relocation,
and conveyor belts. It is crucial to note that these specifications exclusively pertain to
ore. In essence, our assumption is that the selection of the transportation system will be
conducted based on the ore reserve.



Logistics 2023, 7, 92 8 of 15

Table 4. Technical details for the theoretical copper mine.

Parameter Quantity Unit Reference

Mine and mill specification
Reserve of ore 700,000,000 t

Commencement year for ore extraction 2016
Quantity of annual holidays 15 days

Duration of daily maintenance hours 2 h
Quantity of work shifts 3
Working hours per shift 8 h

Rock density 2.2 t/m3

Average ore grade 0.3 %
Road gradient 10 %

Width of the road 30 m
Quantity of faces 3

Quantity of faces in FMIPCC 1
Elevation of the surface 2100 m

Elevation of the pit’s bottom 780 m
Recovery of the mill 80 %

Overall recovery rate for the smelter and refinery 95 %
Truck specification

Capacity of the trucks 60 m3 [43]
Speed (loaded truck) 40 km/h

Speed (unloaded truck) 50 km/h
Loading time 30 sec
Availability 86 % [19]
Utilization 86.4 % [19]

Maneuver on the face 15 sec
Maneuvering and unloading 20 sec

Delay 10 sec
Load factor (loaded truck) 35 % [44]

Load factor (unloaded truck) 25 % [44]
Truck mass (unloaded) 165 t [43]

Rolling resistance 5 %
Shovel specification

Quantity of shovels per face 1
Swell factor 90 %

Load cycle time 20 sec
Propel time factor 90 %

Availability 86 % [19]
Utilization 81 % [19]

IPCC and spreader specification
FIPCC availability 85 % [19]
FIPCC utilization 85 % [19]

SFIPCC availability 85 % [19]
SFIPCC utilization 85 % [19]

SMIPCC availability 83.7 % [19]
SMIPCC utilization 87.8 % [19]
FMIPCC availability 84 % [19]
FMIPCC utilization 83.8 % [19]

Spreader availability 87 % [19]
Spreader utilization 91.7 % [19]
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Table 4. Cont.

Parameter Quantity Unit Reference

IPCCs relocation
The year of relocating the FIPCC 2030

The initial year of relocating SFIPCC 2020
The final year of relocating SFIPCC 2046

The initial year of relocating SMIPCC 2018
The final year of relocating SMIPCC 2046

The interval years of relocation for SFIPCC 5
The interval years of relocation for SMIPCC 2

Depth of relocation for FIPCC 250 m
Depth of relocation for SFIPCC 100 m
Depth of relocation for SMPCC 70 m

Conveyor belt specification
Initial speed of the conveyor belt 0 ft/min

Surcharge angle 20 ◦

Inclination of the conveyor belt 16 ◦

Quantity of tight pulleys 0
Quantity of slack pulleys 0

Ambient temperature correction factor 3 [42]
Carrying run factor 0.018 [42]

Fractional resistance of plows 0 lbs
Resistance of trippers and stackers 0 lbs
Resistance of belt-cleaning devices 0 lbs

Skirtboard length 10 ft
Skirtboard friction factor 0.276 [42]

Depth of material touching skirtboard 10 ft
Idler spacing 3 in

Idler diameter 6 in
Length of each conveyor set 150 m

Availability 92.2 % [19]
Utilization 89.9 % [19]

3. Result and Discussion

In the following, the factors determining technical index are discussed, which are
system availability, system utilization, and power consumption.

3.1. System Availability

Figure 3 illustrates that Truck–Shovel and FMIPCC systems exhibit the highest and
lowest system availabilities, respectively. In the case of the former, availability starts at
99.45% in 2016 and gradually increases to 99.73% by 2049. Meanwhile, FMIPCC maintains a
fixed availability rate throughout its lifespan, at 57.95%. This discrepancy can be attributed
to the usage of trucks in these systems, with the Truck–Shovel system having the highest
truck utilization while FMIPCC relies on zero truck utilization. Furthermore, within the
Truck–Shovel system, the hybrid configuration offers greater availability compared to
the serial system. This can be attributed to the presence of a parallel component in the
hybrid system, allowing it to continue operations even when one or more components are
unavailable. Other systems, such as FIPCC, SFIPCC, and SMIPCC, which combine trucks
and conveyor belts, exhibit system availabilities falling between those of the Truck–Shovel
and FMIPCC systems. Notably, the SMIPCC system demonstrates lower availability than
the FIPCC and SFIPCC systems, primarily due to a smaller fleet of trucks.
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3.2. System Utilization

Unlike the FMIPCC system, the Truck–Shovel system exhibits lower system utilization,
standing at 86.6%. This is primarily attributed to the greater number of trucks, leading to
increased stoppage times. Nevertheless, boosting the truck count is expected to raise the
average system utilization from 83.7% in 2016 to 85.72% in 2049 (Figure 4). FIPCC, SFIPCC,
and SMIPCC systems exhibit closely aligned values, though, in certain intervals, one may
indicate higher system utilization compared to the other two.
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3.3. Power Consumption

The total power consumption is determined by combining the three parameters of
conveyor belt power, loaded truck power, and unloaded truck power.

Figure 5 illustrates the power consumption of conveyors in various transportation
alternatives.
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In the Truck–Shovel configuration, where a conveyor belt is absent, the power con-
sumption related to conveyor belts is unequivocally zero. Conversely, in the FMIPCC
system, power consumption progressively rises with the conveyor belt’s length. This
reliance on conveyor belt power is influenced by the conveyor’s length, which, in turn,
is affected by the relocation of IPCC systems throughout the mine’s operational life. For
instance, in this study, the FIPCC system underwent relocation only once in 2031, shifting to
a lower elevation. Consequently, the overall length of the conveyor belt increases. However,
this scenario deviates for SFIPCC and SMIPCC systems due to their relocation intervals of
five and two years, respectively.

In comparison to the Truck–Shovel system, which stands out for its substantial con-
sumption of loaded truck power, the FMIPCC system exhibits a clear advantage with zero
truck power consumption. This disparity is primarily due to the absence of trucks within
the FMIPCC system, as illustrated in Figure 6. Moreover, it is clear that extending the
transportation route for moving ore from mining sites to the crusher leads to an increased
requirement for truck power. The logic here is straightforward: systems employing a
greater number of trucks in their operations inherently incur higher power consumption.
In the hierarchy of power consumption, the Truck–Shovel system takes the lead, followed
by the FIPCC system, the SFIPCC system, the SFIPCC system, and the SMIPCC system, in
sequential order.

As unloaded trucks traverse a route from the pit’s upper to lower regions in this study,
the road incline will be considered with a negative sign in Equation (7). Consequently,
the power of an unloaded truck will be in the negative range, which shows the reverse
direction of applying energy through braking (Figure 7).
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3.4. Technical Index

The technical index of different transportation systems is shown in Figure 8. As
depicted in this figure, the technical index for the Truck–Shovel system except for the
two periods of 2016 to 2018 and 2020 to 2022, is higher than others. It has a very close
competition with FMIPCC till 2023 and the technical index difference for these two systems
is very low in this period (Table 5). However, after 2023, this difference starts to increase,
and the Truck–Shovel system introduces itself as the best transportation system from 2023
to the end of the project. The other three transportation variants are considerably different
from the first two systems, but their quantities are close to each other (Table 5).
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Table 5. Technical index ranking for various transportation systems.

Transportation
Systems

Year
2016–2018

(2 Year)
2018–2020

(2 Year)
2020–2022
(2 Years)

2022–2024
(2 Year)

2024–2025
(1 Year)

2025–2049
(24 Years)

Rank

Truck–Shovel 2 1 2 1 1 1
FIPCC 3 4 4 4 3 3
SFIPCC 3 4 5 5 5 5
SMIPCC 4 3 3 3 4 4
FMIPCC 1 2 1 2 2 2

4. Conclusions

The Truck–Shovel and IPCC systems, established as viable transportation alternatives
in open pit mining, exhibit distinct technical characteristics. When it comes to selecting
the most suitable transportation system from a technical perspective, a comprehensive
evaluation of these attributes becomes essential, enabling the identification of the optimal
solution. This research introduced an innovative technical index designed for assessing
these transportation systems. It was built on the principles of system dynamics modeling,
capturing the dynamic evolution of technical indices over time, and providing decision-
makers with valuable insights into each system’s operational status. In this study, it was
revealed that based on the specific parameters in the case study, the highest availability
and utilization goes to the Truck–Shovel system (99.45% to 99.73%) and FMIPCC (86.6%),
respectively. Additionally, the power consumptions in loaded Trucks and FMIPCC are
relatively close together. However, the former increased stepwise but the latter gradually. In
this case study, the Truck–Shovel system generally emerges as the preferred transportation
choice, except for two specific periods. It is important to note that the system dynamics
model can be customized by including or excluding various parameters. However, the
precise placement of these elements and, particularly, their interrelationship within the
broader model requires careful consideration. Furthermore, this study was conducted
in a deterministic environment, yet the stochastic nature of the processes should not be
overlooked. Therefore, this theme can be further explored in future research topics.
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