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Abstract— In open-cast mining, haulage systems and
equipment form the core of material transportation,
directly affecting operational efficiency, cost management,
and environmental performance. Haulage operations
often represent 40—-60% of total operating expenses, with
fuel usage being a primary cost and environmental
concern. This paper explores key strategies to enhance
haulage and equipment efficiency in surface mining,
focusing on engineering design, technology integration,
and sustainable practices. Critical factors include
optimized haul road design, appropriate equipment
selection and fleet matching, payload management, and
the implementation of predictive maintenance systems. The
role of skilled operators and the rise of automation—
particularly autonomous haulage systems—are also
examined for their potential to improve cycle times, safety,
and fuel efficiency. Additionally, the transition to low-
emission energy sources, such as electric and hydrogen-
powered vehicles, is discussed as part of the industry's
broader sustainability agenda. Environmental and climatic
challenges are considered, emphasizing the need for
adaptive infrastructure and planning. The study concludes
that a comprehensive, technology-driven approach is
essential for achieving both productivity gains and
environmental goals, making haulage optimization a
pivotal aspect of future-ready mining operations.
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[. INTRODUCTION

Surface mining, commonly referred to as open-cast or
open-pit mining, is one of the most widely practiced
techniques for the extraction of near-surface mineral
resources. The method involves the sequential
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removal of topsoil, overburden, and interburden to
access the mineralized zone. Due to its economic
viability for large-scale resource extraction, surface
mining is extensively used for commodities such as
coal, iron ore, bauxite, copper, and limestone.
Compared to underground mining, surface mining is
characterized by higher recovery rates, lower
operating costs, and simpler infrastructure
requirements. However, the environmental footprint is
larger, often necessitating advanced mitigation
strategies. The growing emphasis on decarbonization,
resource efficiency, and mine automation has pushed
surface mining operators to adopt new technologies
and operational models that enhance performance
while minimizing environmental degradation.

Operational Structure

A well-structured operational framework is vital to the
success of surface mining projects. This framework
typically  begins  with  comprehensive  site
investigations involving geological mapping, core
drilling, geophysical surveys, and geotechnical
analysis to determine the ore body's geometry and
quality. The pit design phase incorporates slope
stability analysis, bench height optimization, and haul
road layout using advanced mine planning software
such as Surpac, Vulcan, or MineSight. Key
productivity enablers include high-capacity mobile
equipment like draglines, electric rope shovels, rotary
blasthole drills, and ultra-class haul trucks. The
synchronization of drilling, blasting, loading, and
hauling processes is critical to achieving high
throughput with minimal downtime. Moreover, the
integration of digital twin models and real-time fleet
management systems (FMS) allows for proactive
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decision-making and  operational  efficiency
improvements across the value chain.

Machinery Deployment in Surface Mining

The deployment strategy for mining equipment is
dictated by a combination of geological, economic,
and environmental variables. Key selection criteria
include stripping ratio, ore body depth, required
production rate, rock hardness, and climate conditions.
The excavator-truck system is dominant in open-cast
operations due to its modularity and ability to handle
varying pit geometries. Advanced equipment selection
involves life cycle cost analysis, productivity
benchmarking, and simulation modeling using tools
like Talpac or HaulSim. The choice of machine size
and number must align with production schedules and
cycle times. Additionally, emerging practices such as
equipment health monitoring, operator behavior
analytics, and tele-remote control systems are
contributing to higher utilization rates, reduced
mechanical failures, and improved workplace safety.

Excavator-Truck Systems

The excavator-truck haulage model remains the
industry standard for surface mining due to its
operational flexibility and scalability. In this system,
primary loading units such as hydraulic excavators
(e.g., Liebherr R 9800) or electric rope shovels (e.g.,
P&H 4100XPC) load fragmented material into rigid-
body or articulated haul trucks with capacities ranging
from 100 to 400 metric tonnes. The system's efficiency
is influenced by factors like truck spotting time, bucket
fill factor, swing angle, and truck travel speed.
Optimal truck-shovel matching is essential to
minimize queuing, idling, and loading delays. Tools
like discrete-event simulation (DES) and real-time
dispatch optimization are employed to streamline
haulage cycles. Moreover, adaptive scheduling
algorithms, payload monitoring systems, and GPS-
based positioning technologies are transforming
conventional haulage into a data-driven, performance-
optimized process.

Efficiency and Environmental Constraints

Despite its economic advantages, surface mining
presents significant environmental and energy-related
challenges. Haulage systems powered by internal
combustion engines are a major contributor to Scope
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1 greenhouse gas (GHG) emissions in the mining
sector, largely due to the combustion of diesel fuel.
Each ultra-class haul truck can consume up to 350
liters of diesel per hour under load, translating to
substantial CO- emissions. In addition, the constant
operation of these machines leads to particulate matter
emissions, high noise levels (>85 dB), and dust
dispersion, which can impact air quality and nearby
ecosystems. Addressing these challenges requires a
combination of eco-friendly practices such as dust
suppression using chemical agents or water cannons,
noise abatement enclosures, and progressive land
reclamation. The application of Environmental Impact
Assessments (EIA) and adherence to ISO 14001
environmental management systems are crucial for
compliance and sustainability.

Shift Toward Electrification

The electrification of mining fleets is gaining
momentum as a strategic response to decarbonization
mandates, volatile fuel prices, and the push for
operational efficiency. Battery-electric haul trucks
(BEHTs), hydrogen fuel cell electric vehicles
(FCEVs), and trolley-assist systems are increasingly
viewed as viable alternatives to diesel-based
equipment. Technologies such as fast-charging battery
packs, regenerative braking, and modular powertrains
are improving energy efficiency and reducing total
cost of ownership. Original equipment manufacturers
(OEMs) like Caterpillar, Komatsu, and Epiroc are
investing heavily in developing zero-emission mining
equipment. The electrification trend also enables
deeper integration with automation platforms, as
electric drivetrains are more compatible with
autonomous vehicle control systems. Transitioning to
electrified fleets involves re-engineering infrastructure
to support charging stations, substations, and energy
storage systems, with power often sourced from
renewable grids or microgrids for net-zero operation.

Study Aim and Research Scope

This research aims to systematically evaluate the
optimization of haulage systems in surface mining
operations, with a specific focus on comparing the
performance and sustainability of diesel-powered
versus electric haul trucks. The study employs a multi-
criteria decision analysis (MCDA) framework,
incorporating techno-economic indicators such as
cycle time, payload capacity, fuel/electricity
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consumption, maintenance intervals, and emissions
output. Total cost of ownership (TCO), return on
investment (ROI), and Levelized Cost of Haulage
(LCOH) are analyzed for different truck models.
Furthermore, advancements in lithium-iron-phosphate
(LFP) battery chemistry, solid-state batteries, and
battery swapping infrastructure are explored. The
research also considers regulatory drivers, such as
carbon pricing and ESG reporting, in shaping future
equipment procurement strategies. Ultimately, the
study aims to provide actionable guidance for mining
firms seeking to enhance productivity, lower
environmental impact, and future-proof their
operations  through
transformation.

technology-driven  fleet

Factors Influencing Haulage Efficiency

Equipment Selection and Fleet Coordination
Choosing the appropriate haulage equipment—such as
trucks, conveyors, or rail systems—should consider
factors like haul distance, the type of material being
transported, pit depth, and production goals.
Improperly sized or mismatched fleets can cause
delays, inefficiencies, or excessive downtime.
Ensuring loaders, trucks, and crushers are well
matched helps optimize the entire system’s
throughput.

2Payload Management: Maintaining optimal payload
levels is critical for efficient operations. Carrying less
than the ideal load results in more haul cycles, while
overloading can increase fuel consumption, accelerate
wear and tear, and compromise safety. The use of
onboard scales and digital payload tracking allows
operators to stay within safe and efficient load limits,
boosting productivity and extending equipment life.

Maintenance Strategies and Equipment Reliability:
Downtime due to equipment failure significantly
hinders haulage efficiency. Implementing preventive
and predictive maintenance—supported by IoT
sensors and telematics—helps identify potential
mechanical problems early. Predictive models can
anticipate failures, enabling maintenance to be
scheduled during low-impact periods.

Operator Training and Automation: The skill level of
equipment operators influences fuel efficiency,
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consistency in haul cycles, and safety. Experienced
operators reduce unnecessary acceleration, braking,
and idling. Additionally, automation through
autonomous haulage systems (AHS) enhances cycle
regularity, decreases idle times, and improves safety
by eliminating human error in dangerous situations.

Energy Sources and Sustainable Practices:
Switching from diesel-powered vehicles to alternative
energy sources like electric or hybrid trucks is a
growing approach to lower both operating costs and
carbon emissions. Technologies such as trolley-assist
trucks, battery-electric haul trucks, and hydrogen fuel
cells are increasingly adopted as part of the mining
sector’s efforts to decarbonize.

Impact of Environmental and Weather Conditions:
Haulage performance can be adversely affected by
harsh environmental factors such as extreme
temperatures, precipitation, and dust, which influence
road quality, equipment durability, and operator
visibility. Employing dust control measures, adaptive
road maintenance strategies, and comprehensive
planning for all-weather operations helps minimize
these challenges.

II. LITERATURE SURVEY

Barlow et al. (2023) conducted a comparative
evaluation of diesel and electric 150-ton haul trucks,
focusing on long-term ownership and operational
metrics. Their research concluded that electric
vehicles utilizing lithium iron phosphate (LFP) battery
systems led to a 65% drop in energy expenditures and
notable reductions in routine servicing costs. Although
the upfront capital investment for electric units was
higher, the study showed a financial breakeven point
within three years, alongside marked reductions in
CO: output.

Pretivm Mining Ltd. (2022) documented field results
from deploying the Sandvik Z50 battery-electric truck
at its Brucejack operation in British Columbia. The
report indicated consistent machine uptime exceeding
90%, a 42% boost in total haulage output, and average
battery exchange durations of less than ten minutes.
These metrics emphasize the viability of electric haul
trucks in demanding mine environments, with
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enhanced productivity and minimal operational
delays.

Boliden and Sandvik (2021) assessed electric truck
performance in an underground mining environment.
Findings revealed that electric units completed haul
cycles approximately 15% faster than traditional
diesel trucks. This improvement was linked to superior
torque delivery and regenerative braking features,
which collectively enhanced energy recovery and
vehicle responsiveness, demonstrating efficiency
gains across repetitive loading and hauling cycles.

Llamas-Orozco et al. (2023) analyzed the
environmental performance of several battery
chemistries used in mining vehicles. Results showed
that lithium iron phosphate (LFP) batteries generated
the least greenhouse gas emissions per unit of stored
energy. Coupled with strong thermal resilience and
favorable safety characteristics, the study concluded
that LFP batteries represent a sustainable and
operationally reliable option for electrifying heavy-
duty mining fleets.

III. METHODOLOGY

This study employs a comprehensive mixed-methods
approach combining field implementation, simulation
modeling, and data analytics to assess the impact of
emerging haulage technologies on operational
efficiency.

Autonomous Haulage Systems (AHS) were deployed
on a fleet of heavy haul trucks at an operational mining
site. The system utilized GPS, radar, and LiDAR
sensors to enable driverless truck navigation.
Operational data, including machine availability, cycle
times, and energy consumption, were collected
continuously over a six-month period to quantify
productivity ~ improvements and  operational
consistency.

Digital twin technology was applied to create a virtual
replica of the mine’s haulage network. Using real mine
layout data and operational inputs, multiple scenarios
were simulated to optimize haul routes, fleet size, and
loading strategies without disrupting ongoing
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operations. Simulation outcomes guided decision-
making for field implementation.

IoT sensors and telematics systems were installed
across the haulage fleet to monitor engine
performance, fuel usage, tire pressure, and equipment
health in real-time. This data was integrated into a
centralized analytics platform to enable predictive
maintenance and operational optimization.

Renewable energy integration was evaluated through
the installation of solar-assisted charging stations and
the use of regenerative braking technology on select
electric haul trucks. Energy consumption and recharge
cycles were closely monitored to determine reductions
in diesel dependency and carbon emissions.

Collected data were analyzed using statistical and
comparative methods to evaluate key performance
indicators, including cycle time reduction, fuel
efficiency, machine uptime, and environmental
impact. The combined approach allowed for a robust
assessment of the technological innovations'
effectiveness in enhancing haulage operations.

IV. RESULTS AND DISCUSSION

Autonomous Haulage Systems (AHS): The
implementation of AHS is anticipated to improve
operational consistency and increase machine
availability. It is expected to reduce variability in cycle
times and enable continuous, fatigue-free operations.
Analysis will focus on comparing operational
performance before and after deployment to identify
improvements in efficiency and reliability, as well as
reductions in human-related errors and idle periods.

Digital Twin Simulations: Digital twin technology is
expected to facilitate the identification of optimal haul
routes, fleet sizes, and loading strategies. By
simulating different scenarios, planners can explore
how changes in these variables impact overall haulage
efficiency and system throughput. The analysis will
evaluate these scenarios to support decision-making
aimed at minimizing bottlenecks and maximizing
productivity.
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IoT and Telematics Monitoring: The use of IoT
sensors and telematics is expected to enhance early
detection of mechanical issues, thereby reducing
unplanned downtime and maintenance costs. Real-
time monitoring will enable operators to optimize fuel
consumption and operational parameters. Data trends
will be analyzed to identify patterns that contribute to
improved equipment health and efficiency.

Renewable Energy Integration: Integrating renewable
energy sources into haulage operations is expected to
reduce dependence on traditional fuels and lower
environmental impacts. The effectiveness of solar-
assisted charging, regenerative braking, and other
renewable technologies will be assessed by
monitoring energy usage patterns and operational
outcomes to understand their contribution to
sustainability goals.

V. CONCLUSIONS

Haulage and equipment efficiency in open-cast mining
stand as critical pillars for operational success, directly
influencing cost-effectiveness, productivity, and
environmental sustainability. As the mining industry
faces mounting pressures to reduce carbon emissions
and operate responsibly, a holistic approach that
integrates engineering best practices, advanced
technologies, and sustainability-driven strategies is
essential. This research underscores the pivotal role of
optimizing haulage systems—particularly through the
electrification of haul trucks and the adoption of smart,
data-driven equipment management—as a tangible
pathway toward achieving these goals.

Traditional diesel-powered haulage, while historically
dependable, carries substantial economic and
environmental costs, driven by high fuel consumption,
maintenance challenges, and significant greenhouse
gas emissions. In contrast, electric haul trucks and
digital mining ecosystems offer promising alternatives
that reduce operational expenses and carbon
footprints, paving the way for more sustainable mining
practices. By leveraging methodologies such as
technical benchmarking, cost and environmental
impact analysis, and simulation modeling, this study
provides a robust framework to evaluate the feasibility
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and benefits of transitioning to electric-powered
haulage systems.

Looking ahead, the modernization of open-cast mining
will likely center on full fleet electrification, Al-driven
predictive analytics, and integrated digital ecosystems,
transforming haulage optimization into both a
productivity enabler and a sustainability cornerstone.
Strategic investments in automation, renewable
energy integration, and smart infrastructure will be
crucial to meet increasingly stringent regulatory
requirements and global climate commitments.

In conclusion, the future of mining depends on
embracing energy-efficient,
technologies that not only drive operational excellence
but also align with broader environmental and social
responsibilities. Continued research, field validation,

low-emission

and lifecycle assessments will be vital to quantify
these benefits and guide industry-wide adoption. By
doing so, open-cast mining can evolve into a model of
sustainable industrial practice, ensuring its viability
and social license in an era of growing environmental
awareness.
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