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Abstract: Mining operations constitute a significant part of operational
expenditure, with electrical systems comprising 40-60 percent of total energy
consumption in underground and surface mining operations. This paper is an
evaluation of the execution of energy efficiency and reliability optimization
strategies at Former Golden Star Wassa Limited, a gold mine in Wassa
Akyempem, Ghana. An energy audit was carried out over six months that
included the analysis of the power quality, load distribution, equipment
efficiency, and the reliability of the systems in processing plants, hauling
operations, and ventilation systems. The research utilized both qualitative
measurements and quantitative performance measurements such as power
factor correction, harmonic distortion measurement, and reliability measures
such as System Average Interruption Duration Index (SAIDI) and System Average
Interruption Frequency Index (SAIFI). It was found that strategic measures such
as the installation of variable frequency drive (VFD) on the grinding mill, power
factor correction to 0.95, LED lighting retrofit, and predictive maintenance
measures decreased the specific energy consumption by 20.1 percent.
Reliability of the power systems also improved, as the SAIDI reduced to 68
hours/year, and SAIFI to 14 interruptions/year. The financial analysis shows that
the simple payback period is 2.3 years and an internal rate of return is 38, which
indicates good economic viability. These results give evidence-based advice on
how energy can be managed in mining activities, which are resource-intensive,
and this adds towards sustainability in the extractive industry.

Keywords: energy efficiency, mining operations, power system reliability,

variable frequency drives, power quality, Ghana, gold mining

1. Introduction

The world mining sector is under increasing pressure to lower their costs of
operation and to minimize their impact on the environment, especially in terms of energy
consumption and greenhouse gas emissions. Mining activities are energy-intensive, and
electrical energy is one of the highest variable operating costs that can be controlled.
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Energy expenses are as much as 15-30% of total operating expenses in sub-Saharan
Africa, where mining is a major GDP contributor and source of employment, much more
than the global average of 10 -15 percent [1]. This gap is brought about by the old
infrastructure, ineffective machinery, and unreliable power supply systems that dog most
of the developing economies.

These challenges are evident in the mining industry in Ghana, which has a
contribution of about 5.8 percent to the national GDP and more than 37 percent of total
export earnings [2]. The 5,000 MW of installed electricity generation capacity in the
country is not able to keep pace with increasing demand, leading to periodic supply
crunches that disproportionately impact the energy-intensive sectors [3]. Mining
operations, due to their constant production needs and susceptibility to power outages,
have a high economic cost of unplanned outages, which in large-scale mining operations
is estimated between $50,000 and $200,000/hour, depending on the production level
and the price of the mined commodity [4].

Former Golden Star Wassa Limited is a mining company with an underground and
surface mining complex in Wassa Akyempem in the Western Region of Ghana with a
production capacity of more than 200,000 ounces of gold per year. The process involves
crushing and grinding circuits, flotation and carbon-in-leach (CIL) processing facilities,
dewatering systems, ventilation systems, and materials-handling facilities. Before this
work, the facility was consuming 181.4 GWh/year with an average energy consumption
of 18.4 kWh per ton of ore processed, much higher than industry standards of 12-15
kWh/t of similar gold mining activities [5], [6]. In addition, the mine had a high number of
power quality problems and an average of 28 supply interruptions per year, with an
average of 5.1 hours per interruption, leading to losses of over 3,200 operating hours a
year.

Energy optimization in the mining process is not only necessary in the short term
to reduce costs. The mining industry around the world contributes about 11 percent to
global energy use, and this figure is projected to rise to 13-15 percent by 2035 due to ore
grade deterioration and the need to extract at deeper levels, which consumes more
energy [7]. Mining energy use is a major cause of climate change due to carbon emissions,
which account for about 4-7 percent of all greenhouse gases in the world [8]. The
Ghanaian pledge, as stipulated in the Paris Agreement, that it will cut greenhouse gas
emissions by 45 percent by the year 2030 compared to a business-as-usual situation puts
extra strain on other key industrial consumers to cut down on energy consumption [9].

However, despite these calls, there is little effort to systematically apply energy
saving efforts to the mining activities in Africa. The obstacles comprise capital limitations,
lack of technical skills, lack of regulatory requirements, and organizational cultures that
focus on the production volume, rather than energy output [10]. Although there are
various research works that have analyzed energy efficiency in mining, based on theory
or simulation, there are still limited empirical case studies recorded in the literature that
show the actual results of implementation, especially in the developing country contexts.

This paper fills this gap by recording in writing the elaborate adoption of energy
efficiency and reliability maximization strategies at Former Golden Star Wassa Limited.
The objectives of the study are threefold: the study will offer a detailed baseline analysis
of the energy consumption patterns and power systems reliability; the following step will
offer the interventions of definite efficiency in large power-consuming systems; the third
step will offer the evaluation of technical, economic, and operational consequences of
the interventions. The analysis gives empirical evidence on the effectiveness of some
technologies and management techniques in a realistic mining environment, and it has
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practical implications for other mining endeavors in sub-Saharan Africa and other
developing nations.

Mining has many energy efficiency dimensions. At the equipment level, it is
concerned with making sure that individual machines such as crushers, grinding mills,
pumps, and compressors are working at optimum. The process level entails researching
the material flow, the comminution policy, and production planning so as to minimize
unnecessary power use. At the system level, it comprises quality management of the
power and optimization of the load factors and integration of renewable sources of
energy where feasible. The reliability optimization is concerned with the frequency and
duration of power outages that not only result in direct loss of production, but also cause
wear and tear of equipment due to the start-stop and voltage transient cycles.

Wasa mining initiative is particularly a suitable case study due to the scale of the
project, diverse electrical loads, and the urge to bring about general efficiency. The
facility's electrical makeup includes an incoming supply of 34.5 kV dropped to 11 kV to be
distributed to the major substations, and the further drop to 6.6 kV, 3.3 kV, and 415 V
that is applied in various areas of the process. Massive loads include semi-autogenous
grinding (SAG) mills, semi-autogenous 4.5 MW ball mills (3.2 MW each), crusher motors
(800 kW maximum), flotation blowers (600 kW), mine dewatering pumps (1.8 MW), and
underground ventilation fans (2.4 MW maximum load). This load diversity presents the
opportunity to evaluate efficiency parameters of different applications and power
ratings.

The method of implementation used in this study was a combination of technical
interventions and organizational capacity building. Technical interventions involved
installation of variable frequency drives on large rotating equipment, capacitor banks
with power factor correction, high-efficiency motors to replace old ones, LED light
retrofit, and installation of an energy management system with real-time monitoring.
Some of the organizational actions included employee education on energy-related
operations, setting of energy performance indicators, incorporation of energy measures
into production planning, and the creation of predictive maintenance guidelines that
focus on energy-intensive equipment. This total system approach acknowledges that
sustainable energy efficiency entails both technological upgrades and cultural change in
the organization.

2. Literature Review

Researchers and industry practitioners have become more concerned with energy
efficiency in mining due to the growing energy cost and environmental regulation. Three
main themes can be used to structure the literature: quantitative evaluation of the energy
consumption of mining processes, the technological interventions aimed at efficiency
improvement, and the reliability of the power system in industry.

2.1. Energy Consumption Characterization in Mining

Mining activities have very dynamic energy usage patterns that vary with the
characteristics of the ore, mode of mining, processing needs, and the scale of mining. In
[4], the author performed a life-cycle evaluation of energy in metalliferous mining and
discovered that comminution processes, including crushing and grinding, constitute 30-
50 percent of the total energy used by the mine site, with lower-grade ores needing more
energy per ton of recovered metal. This observation has been supported by other
research in different mineral types and geographic settings [11].

149



Gold mining in particular poses a special energy problem because of the generally
low grades of ore (usually 1-5 grams per tonne), which requires processing of large
quantities of material. In [6], the authors examined the energy consumption at fifteen
gold mines in West Africa, with specific energy consumption of 11.2 to 24.7 kWh/t, with
a median of 16.3 kWh/t. The large variation was due to the differences in the hardness of
ore, the extent of liberation needed, and the efficiency of the installed equipment.
Interestingly, the researchers found that the systematic energy management program in
the mines led to a 15-25 percent decrease in energy use in the mines, compared with
other similar operations that had no such program, thus highlighting the value of
management commitment and technological efficiency.

A Ghanaian author in [5] studied energy consumption at five large gold mines,
where grinding circuits accounted for the majority of the energy consumption (35-42
percent of total electrical consumption) and materials handling (18-24 percent),
ventilation and dewatering (15-22 percent), and ancillary processes. The research defined
benchmark levels of energy intensity and pinpointed certain inefficiencies such as
oversized motors with low load factors, the lack of variable speed on applications with
variable load profiles, and poor power factor with averaging values of 0.72-0.81 at
surveyed locations.

2.2. Technological Interventions for Energy Efficiency

Variable frequency drives (VFDs) are among the best energy-efficient technologies
to use in mining processes that require the use of pumps, fans, and conveyors whose flow
needs differ. The affinity laws of centrifugal equipment suggest that the amount of power
consumed by centrifugal equipment is proportional to the cube of the speed, i.e., a 20%
decrease in speed would result in a 50% decrease in power consumption [12]. Several
studies have recorded VFD applications in the mining industry where there was a 25-45%,
30-50%, and 15-30% energy saving on ventilation systems, dewatering pumps, and slurry
pumps, respectively [13], [14], [15].

Nonetheless, VFD implementation in a mining setting is problematic and not always
sufficiently covered in the literature. The severe conditions under which the equipment
is operated, such as dust, humidity, and vibrations, as well as extreme temperatures, may
lower the lifespan and reliability of the equipment unless appropriate requirements are
specified and maintained [16]. Also, VFD switching frequencies may cause harmonic
distortion that may affect power quality and disrupt sensitive instrumentation unless
special harmonic damping techniques, like active filters or isolation transformers, are
used [17].

The power factor correction enhances the efficiency of the system by lowering the
reactive power requirement, thus minimizing the transmission losses and enhancing the
voltage stability. The author in [1] surveyed power factor improvement initiatives in
twelve South African industrial plants (three mines) and found that, on average, power
factor improved by 0.74 to 0.94 with an 8-14 percentage point decrease in distribution
losses. The economic value goes beyond the saving of energy to the prevention of utility
penalty fees on the poor power factor and higher capacity on the existing distribution
structures. In Ghana alone, the Electricity Company of Ghana (ECG) charges a monthly
average power factor, which falls below a specified 0.85, up to 15 percent, which makes
a high financial incentive for rectification measures [18].

The energy saving of high-efficiency motors is 28%-8% over standard efficiency
motors of the same rating and higher percentages at partial load operation [19]. The
incremental capital cost is usually 15-30 percent greater than typical motors, but the
payback period in continuous-duty mining service is usually 1-3 years based upon
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electricity tariff and hours of operation. Author in [10] assessed motor replacement
programs in industrial plants in Korea, and established that systematic replacement of
motors older than 15 years old or with less than 85% efficiency produced internal rates
of return greater than 25% in most cases.

Retrofit of traditional lighting technologies (high-pressure sodium, metal halide,
fluorescent) with LED-based solutions may save lighting energy by 50-75 percent of
previous levels and enhance the quality of lighting and maintenance needs [20]. Other
advantages of LED lighting are also seen in underground mining conditions, such as lower
heat production (when ventilation loading is important), better low-temperature starting,
and performance under vibration than conventional sources. Implementations of LED
retrofit in coal mines in China have been reported with 60-68 percent energy reductions
and payback periods of 1.8-2.4 years.

EMS is the combination of real-time monitoring, data analytics, and decision
support tools to ensure the optimization of energy usage continues. The present-day EMS
systems use machine learning algorithms to detect inefficiencies, forecast equipment
failures, and suggest operational changes [21]. In [22], the author reported on EMS
implementation in a copper mine in Zambia, showing an 11 percent decrease in specific
energy consumption by better load scheduling, detection of unusual consumption
patterns, and optimization of process parameters. Nevertheless, the success of EMS is
highly reliant on the quality of data, interaction with users, and integration with the
current operational systems, which in turn may pose a serious challenge in the operations
of brownfields with archaic infrastructure.

2.3. Power System Reliability in Industrial Operations

In the industrial setting, power system reliability is usually measured with indices
borrowed from utility distribution systems, the most common being the System Average
Interruption Duration Index (SAIDI) and System Average Interruption Frequency Index
(SAIFI). SAIDI is the total length of interruptions incurred by the average customer in a
given time (usually one year), whereas SAIFI is the mean number of interruptions. In
mining processes, where production continuity is important, other indicators are Mean
Time Between Failures (MTBF), Mean Time To Repair (MTTR), and availability measures
of critical equipment [23].

Power system reliability improvement strategies in mining incorporate
redundancy, preventive maintenance, predictive maintenance, power quality monitoring
and mitigation, and on-site generation or storage of energy incorporation in its strategies.
The author in [15] showed that systematic condition monitoring of transformers,
switchgear, and protective devices cut down the number of unplanned outages by 35-50
percent by early detection of incipient failures. Although costly in capital and equipment,
investment in redundant supply paths and critical equipment sparing may be
economically justified in high-value processes with downtime costs more than
100,000/hour [24].

Nuisance tripping of protective devices and premature failure of sensitive
electronic equipment can be caused by harmonic distortion, voltage sags, and transients
related to the start of large motors and the operation of VFDs. The author in [17]
investigated the problem of power quality in mineral processing plants and discovered
that Total Harmonic Distortion (THD) often surpassed the recommended limits by IEEE
519 of 5% of voltage and 8% of current in systems with large loads of nonlinear devices.
The use of harmonic filters, isolation transformers, and power factor correction, which
are designed to work in harmonic-rich conditions, brought THD levels down to reasonable
levels and enhanced stability in the overall system.
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2.4. Research Gaps and Study Contribution

Although the literature reviewed shows considerable evidence on the knowledge
of individual energy efficiency technologies and reliability enhancement strategies, there
are still a number of gaps. To begin with, the majority of studies investigate the
effectiveness of individual interventions and do not compare combined efficiency
programs involving several technologies and management practices. Second, empirical
studies on African mining operations are absent, with most of the literature on Australia,
North America, and Europe, where the operating conditions are much different. Third,
there are few studies that have had detailed economic analyses that include not only
direct energy savings but indirect benefits such as lower maintenance costs, longer
equipment life, and losses through production by enhanced reliability.

This paper addresses these gaps by reporting on the implementation and the
outcomes of an integrated energy efficiency and reliability program at one of the large-
scale gold mining operations in Ghana. The holistic approach that also involves
modernization of equipment, improvement of power quality, and building of capacity
within the organization provides knowledge of the interactions between different
interventions and the incremental returns. This study uses the example of Africa to
educate other parts of the developing world that must grapple with the same problems
of aging infrastructure, inadequate capital, and technical capacity. Finally, the overall
economic analysis with different streams of benefits will provide a sound investment
decision model in these cases.

3. Methods

This paper adopted a mixed-method research design that involved quantitative
measurements of energy use and power system performance as well as qualitative
measurements of the operational practices and organizational culture. The study involved
three stages: baseline assessment, implementation of the intervention, and post-
implementation evaluation, between March 2023 and August 2024.

3.1. Study Site and System Description

Wassa Akyempem, Western Region, Ghana (around 5°22’ N, 1°58’ W) is the site of
a mining complex that was formerly Golden Star Wassa Limited. The plant has
underground mining that goes 850 meters deep, surface mining of low-grade stockpiles,
and a processing plant that has a nominal capacity of 2.4 million tonnes per annum. The
power supply is through a special-purpose 34.5 kV feeder of the national grid and is
contracted at 28 MVA. There are five main substations (34.5/11 kV), seventeen
distribution substations (11/6.6 kV and 11/3.3 kV), and many low-voltage distribution
boards (415 V).

Major electrical loads are distributed across several operational areas: (1)
comminution circuit including primary crusher (800 kW), SAG mill (4,500 kW), and three
ball mills (3,200 kW each); (2) processing plant encompassing flotation blowers (600 kW),
agitators, pumps, and ancillary equipment totaling approximately 4,800 kW; (3) materials
handling systems including conveyors, hoists, and underground haulage (combined 3,200
kW); (4) mine dewatering pumps (1,800 kW installed capacity); (5) ventilation systems
including surface and underground fans (2,400 kW); and (6) support services including
workshops, laboratories, offices, and lighting (approximately 1,200 kW).
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3.2. Baseline Energy Assessment

The baseline test was done over twelve weeks (March- May 2023) to record the

normal operating patterns during dry and wet seasons. Energy data were gathered in

several ways:

1.

Power Quality Monitoring: Three-phase power quality meters (Fluke 435 Series 1)
were placed at the main 34.5 kV incomer and six strategic distribution substations.
Some of the parameters measured at 10-minute intervals included voltage, current,
power factor, active and reactive power, harmonic distortion (up to the 50t
harmonic), voltage unbalance, and transient events. The duration of logging was 14
days at each site to create representative profiles.

Equipment-Level Metering: Portable power loggers (Yokogawa CW240) were
installed on 42 large loads that comprised about 75% of total facility consumption. A
minimum of seven days of monitoring of each load with various shifts and production
conditions was observed. Such variables as power consumption, power factor,
voltage, current, operating hours, and the load profile characteristics were
measured.

Process Energy Correlation: The facility supervisory control and data acquisition
(SCADA) system data on production (tonnes processed), ore hardness (Bond Work
Index), grind size (P80), recovery efficiency, and plant availability were gathered and
correlated with the energy consumption to develop specific energy consumption
(SEC) values and determine process-related efficiency opportunities.

Infrared Thermography: Thermal surveys were performed on all significant electrical
distribution equipment to determine hot spots that could be a result of loose
connections, overloaded components, or failed equipment that needed remedial
work

Load Flow Analysis: ETAP software was used to create a detailed electrical model of
the facility distribution system. The model has been verified with measured data and
applied to simulate different operating conditions, measure voltage drop, find
distribution losses, and measure power factor correction measures.

3.3. Reliability Data Collection

The historical reliability data were taken from the maintenance management

systems (SAP PM module) in the 24-month period before the study (January 2021-
December 2022). Data included:

Interruption events: date, time, duration, affected areas, classification of cause.
Equipment failures: failed component, failure mode, repair time, impact on
production
Planned maintenance downtimes: frequency, time, prior notice.
Power quality events: voltage sags, swells, harmonics, frequency variations.

These data were calculated as baseline values of SAIDI, SAIFI, MTBF, MTTR, and

equipment availability. To determine the economic effects of unreliability, production
loss reports were considered.

3.4. Intervention Design and Implementation

A detailed intervention program was developed based on the results of the

baseline assessment and focused on the most effective opportunities. The

implementation plan prioritized the interventions based on their potential to save energy,
capital requirement, payback period, level of operational risk, and technological
complexity. The most important interventions that are implemented are enumerated

below:
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Variable Frequency Drives: VFDs are installed on 10 of the largest motors, including
two ball mills (3,200 kW each), 4 flotation blowers (600 kW each), and 4 large
dewatering pumps (450 kW each). These drive selection criteria included overload
capability, harmonic performance (18-pulse or active front end), ambient
temperature rating, and redundancy features. Each installation had harmonic filters,
input isolation, and connection with existing control systems. The commissioning
involved determining the optimal speed control parameters and training operators
on VFD usage.

Power Factor Correction: Four power factor correction (APFC) banks of 8.5 MVAR
were located at four strategic points: main substation (4 MVAR), processing plant
substation (2.5 MVAR), and two underground substations (1 MVAR each). Banks
were designed using harmonic-rated capacitors and harmonized reactors to run
safely in the harmonic environment generated by VFDs and other nonlinear loads.
Control systems were coded such that they would maintain a power factor of 0.95
to 0.98 under different load conditions.

High-Efficiency Motors: Eighteen 75 kW to 800 kW motors were changed to IE3
efficiency class. Replacement criteria were motor age greater than 15 years old,
efficiency less than 92% at rated load, or failure history, which showed that the
motor was at the end of useful life. Every new motor was ordered with class F
insulation, high-quality bearings, and the option of working with VFD where
applicable.

LED Lighting Retrofit: A lighting retrofit plan was implemented in two stages where
1,240 high-pressure sodium (HPS) and metal halide lamps were phased out in
underground workings, surface plant areas, and offices with LEDs. In harsh
conditions with IP68 ingress protection, impact resistance (IK10), and explosion-
proof certification, when needed, underground fixtures were specified. The retrofit
involved redesigning the lighting layouts in order to optimize the lighting levels based
on the task requirements as stipulated in South African mining standards.

Energy Management System: A complete EMS (Schneider Electric EcoStruxure
platform) was installed that incorporated data from 68 metering points of all large
loads and distribution substations. The system provides real-time visualization of
energy being consumed, automated reporting of key performance indicators,
variance analysis against targets, and alerts for abnormal consumption patterns. The
existing SCADA system can be integrated with it, allowing energy data to be
correlated with production parameters.

Compressed Air System Optimization: Control of air compressors was also updated
to operate on variable speed with complex load-sharing algorithms instead of
constant-speed operation. The survey was conducted on the leaks of the reticulation
network by ultrasonic detection, and leaks were found to number 127, which were
repaired. As the control system was adjusted to ensure that sufficient pressure was
observed at all end-use points, pressure was lowered to 6.5 bar instead of 7.5 bar.
Measurement of the compressed air system followed the same protocol used
elsewhere in the study. Baseline air-system energy consumption was established
from the equipment-level metering program: the compressor motors (combined
installed capacity of approximately 950 kW) were among the 42 loads instrumented
with Yokogawa CW240 loggers for a minimum seven-day period, cross-referenced
against specific-power benchmarks (kW per 100 CFM delivered) taken from the
compressor manufacturer’s performance curves at the site’s operating pressure.
Post-intervention savings were quantified through the same metering points over an
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eight-week window under comparable production conditions following
commissioning of the variable-speed control retrofit and completion of the leak
repairs. The contribution of the 127 individually repaired leaks was additionally
estimated using standard orifice-flow calculations applied to the ultrasonic leak-
survey data (leak diameter and count converted to an equivalent CFM loss, then to
kW using the measured specific power of the system), which allowed the metered
total to be cross-checked against an independent bottom-up estimate.

7. Predictive Maintenance Program: A proactive maintenance program was set up
which focused on energy-critical equipment based on vibration analysis, oil analysis,
thermography, and motor circuit analysis. All motors greater than 200 kW, all
transformers, critical switchgear, and VFD systems are covered. Condition
monitoring was used to optimize the maintenance schedules instead of time-based
schedules.

Because several interventions were commissioned in sequence rather than
simultaneously, the intervention-level savings reported in Table 3 were derived from a
stepped, load-specific comparison rather than by decomposing a single facility-wide
reduction after the fact. Each monitored load (see “Equipment-Level Metering”) was
assigned its own “before” window, taken immediately preceding that load’s specific
intervention, and its own production-normalized “after” window following
commissioning. Where a load was affected by more than one intervention in close
succession — for example, the ball mills received variable frequency drives before
benefiting indirectly from the downstream power factor correction banks — the second
intervention’s savings were computed against the already-improved baseline for that
load, not the original one, so that the same reduction was not credited to both
interventions. This approach cannot fully isolate every interaction effect between
interventions operating on the same electrical bus, which is one reason a portion of the
total measured reduction could not be attributed to a single piece of equipment.

3.5. Post-Implementation Evaluation

After the implementation of every intervention (staged during 14 months between
June 2023 and July 2024), performance was followed for at least eight weeks to
determine the post-intervention measures of energy consumption and reliability. The
evaluation involved the same measurement protocols that were used during the baseline
assessment to make comparisons.

3.5.1. Performance Metrics and Analysis
Energy performance was quantified using the following metrics:
e Specific Energy Consumption (SEC): Total electrical energy consumed per ton of ore
processed, calculated as:
Etotar
More

where Erworer is the total electrical energy consumed (kWh), and M, is the tons of ore
processed.

SEC = (1)

e Load Factor: Ratio of average demand to peak demand over a specified period:

P avg

LF = (2)

Ppeak
where P, is the average power demand, and Ppeqris the peak power demand.
e Power Factor: Ratio of active power to apparent power:
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o P___P

JP?% + Q2
where P is the active power (kW), Q is the reactive power (kVAR), and S is the apparent
power (kVA).
Reliability was quantified using standard indices:
e System Average Interruption Duration Index:

2 UiN;
2iNi
where U;is the annual outage time for location i and N;is the number of customers at

location i.

SAIDI = (4)

e System Average Interruption Frequency Index:

2i AN
SAIFI = (5)
XN
where A;is the failure rate for location J.
e Mean Time Between Failures:
Toperating
MTBF = —— (6)
Nfailures

where Toperating is total operating time, and Nygiures is the number of failures.

Economic analysis was conducted using typical financial measures such as simple
payback period, net present value (NPV), internal rate of return (IRR), and the levelized
cost of energy saved (LCOES). It was analyzed using capital costs, operating cost savings
(energy, maintenance, avoided production losses), equipment life, discount rate (12%
real), and energy price escalation (6% per year on historical Ghanaian electricity tariff
trends).

3.5.2. Data Quality and Validation
Several steps were taken to guarantee the quality and validity of data:

e All metering equipment was checked using calibration certificates.

e  Where possible, duplicate measurements were made to determine outliers.

e The data on energy consumption was reconciled with utility billing.

e Cross-checking of production data and plant records, as well as metallurgical
accounting, was done.

e Statistical process control charts: Abnormal values were detected by statistical
process control charts to be investigated.

e Independent Measurements: An external consultant to verify selected
measurements.

Standard error propagation techniques were used to determine uncertainty
analysis, with a total uncertainty in SEC approximated as +3.2% (95% confidence interval)
when all uncertainties are added together, that is, energy measurement (+1.5) and mass
of production (+2.8) uncertainty.

156



Acquah, Journal of Power, Energy, and Control (2026) vol. 3 no. 2

Figure 1. Baseline energy
consumption distribution
across areas of operation
at Former Golden Star
Wassa Limited.

4. Results and Discussion

4.1. Baseline Energy Consumption and Power Quality

The initial analysis found a total electrical energy consumption of 181.4 GWh/year,
with an average maximum demand of 22.8 MW and a load factor of 0.91. The data in
Figure 1 indicate the distribution of energy consumption in key areas of operation.
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Operational Area

Comminution operations incurred the highest percentage of 37.2 (67.5 GWh/year),
as shown in Figurel; next were processing plant operations at 24.8 (45.0 GWh/year),
material handling operations at 16.3 (29.6 GWh/year), ventilation and dewatering
operations at 12.4 (22.5 GWh/year), and support services at 9.3 percent (16.9 GWh/year).
This distribution is consistent with the results of similar gold mining activities in West
Africa reported in [6], where comminution generally accounts for 35-42 percent of total
consumption.

The baseline specific energy consumption was 18.4 kWh/t, obtained by dividing the
total energy consumption of 181.4 GWh by the ore throughput of 9.86 million tons. This
is higher than the industry standard of 12-15 kWh/t for comparable ore grades and
grinding requirements [5], indicating a significant opportunity to improve efficiency.

The power quality analysis showed some worrying results. The facility-wide power
factor was 0.78, which is significantly below the utility requirement of 0.90 and results in
monthly penalty fees averaging GH 124,000 (about USD 10,300 at 2023 exchange rates).
The main-incomer total harmonic distortion (THD) of the voltage and current was 6.8
percent and 12.4 percent, respectively, which are higher than the IEEE 519 limit.
Significant 5™ (8.2%) and 7™ (6.1) harmonics were observed in individual harmonic
components, which are indicative of six-pulse rectifier loads. Voltage unbalance averaged
1.8, within acceptable limits, but single-phase loads were unevenly distributed across
individual feeders, resulting in unbalance up to 3.4%. Table 1 presents baseline
performance data for the major motor applications, indicating inefficiency in the current
equipment.
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Table 1. Performance of key motor applications at baseline.

Application

SAG Mill

Ball Mill 1

Ball Mill 2

Ball Mill 3

Flotation Blower 1
Flotation Blower 2
Dewatering Pump 1
Dewatering Pump 2
Primary Crusher

Rating Average Load Efficiency Annual Energy
(kW) (%) (%) Power Factor (MWh)
4,500 82 94.2 0.87 28,460
3,200 76 91.8 0.84 18,720
3,200 74 91.6 0.83 18,240
3,200 71 91.3 0.82 17,520
600 45 88.4 0.79 1,890
600 48 88.6 0.80 2,010
450 52 89.2 0.78 1,740
450 49 89.0 0.77 1,640
800 68 92.1 0.85 3,680

Table 1 shows that the majority of large motors were running at a much lower load
than their rated capacity (average load 63%), suggesting either oversizing or operating
conditions that are not in the design specification. The power factors of the ball mills were
especially low (0.820.84) and added significantly to the total power requirement of the
facility in the reactive mode. The efficiencies measured ranged from 88.4% to 94.2% with
the older equipment (flotation blowers, dewatering pumps), showing significantly lower
rates compared to the newer installations (SAG mill).

4.2. Baseline Reliability Performance
The review of 24 months of historical data (January 2021-December 2022)

identified 56 interruption events with a total of 284 hours of lost production time. Table
2 summarizes baseline reliability.

Table 2. Power system reliability measures at the baseline (2021-2022).

Metric Value Unit
Number of interruptions 56 events
Total interruption duration 284 hours
SAIDI 142 hours/year
SAIFI 28 interruptions/year
Average interruption duration 5.07 hours/event
MTBF (critical feeders) 312 hours
MTTR 4.2 hours
Unplanned outage rate 73% % of total

The SAIDI value of 142 hours/year is significantly higher than what is expected of
industrial facilities in developed economies (1030 hours/year) but falls within the range
of values that are reported for mining operations in sub-Saharan Africa. Notably,
unplanned interruptions constituted 73 percent of the interruptions, which points to a
high chance of improvement through predictive maintenance and equipment upgrades.
Figure 2 was used to classify the causes of interruption into six categories.
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Figure 2. The classification P iabbosss DO
) A ildlife
of power interruptions Interference
during the baseline period
(2021-2022).

Human Error

Equipment
Failure

Weather-Related
Events

Utility Supply
Issues

Failure of equipment was the cause of 39% of interruptions (mostly transformer
faults, breaker faults, and cable faults), utility supply problems 27, weather events 16,
human error 9, wildlife interference 6, and planned maintenance 3. The large percentage
of equipment breakdowns is indicative of the old infrastructure and lack of proactive
maintenance, and the high utility charge is indicative of the difficulty of the Ghanaian
electrical grid.

Economic consequences of reliability problems were enormous. With a
conservative loss of production of 120,000 each hour (representing the price of gold,
recovery rate, and direct operating cost), the 284 hours of lost time cost the company
about 34 million dollars of lost revenue in the two years, or 17 million dollars per year.)
This value does not include the damage to equipment caused by voltage transients,
shorter equipment life due to the frequent start-stop cycles, and reprocessing expenses
due to partially processed material that was stranded in the plant during the outage.

4.3. Post-Implementation Energy Performance

After the gradual introduction of efficiency measures from June 2023 to July 2024,
all-encompassing energy monitoring was performed from August to December 2024. The
total energy consumption dropped to 144.8 GWh (projected based on the monitored
period), 36.6 GWh (20.2%) below baseline. Figure 3 looks at the comparison of the
baseline and post-implementation energy consumption according to operational area.
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Figure 3. Comparison of
energy consumption by
operational area before
and after efficiency
interventions.
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Figure 3 shows that all the areas of operation recorded considerable cuts.
Comminution experienced the greatest change in absolute terms (14.2 GWh, 21%
reduction) with the installation of VFDs on ball mills and replacement of motors.
Processing operations used less energy (9.6 GWh, 21.3%) by implementing VFDs on
flotation blowers and compressing air. Materials handling recorded a 5.8 GWh savings
(19.6%) through conveyor motor replacement and operation improvement. In the
installation of VFDs on fans and pumps, ventilation and dewatering saved 4.8 GWh of
consumption. The greatest percentage change of -28.4 (4.8 GWh) was in support services
as a result of extensive retrofits to LED lighting.

Specific energy consumption decreased by 20.1 percent, to 14.7 kWh/t, and moved
the facility to an industry range of similar operations. This was despite the fact that the
average ore grade (2.38 g/t to 2.32 g/t) slightly decreased over the time frame of the
assessment, which would otherwise lead to higher specific energy consumption. The fact
that the SEC decrease was successful despite the grade decrease depicts the real
improvement in efficiency rather than the beneficial changes in the ore properties. Major
interventions have detailed outcomes reported in Table 3.

Table 3. Energy savings from major efficiency interventions.

Intervention

Baseline Post-Implementation Reduction Savings
(MWh/yr) (MWh/yr) (%) (MWh/yr)

VFD on Ball Mills 54,480 43,150 20.8 11,330
VFD on Flotation Blowers 3,900 2,710 30.5 1,190
VFD on Dewatering Pumps 3,380 2,340 30.8 1,040
Power Factor Correction* - - - 3,240
High-Efficiency Motors 8,720 8,190 6.1 530
LED Lighting Retrofit 6,840 2,180 68.1 4,660
Compressed Air Optimization 4,620 3,510 24.0 1,110
Total Measured Savings 23,100
Additional Operational Improvements** 13,500
Overall Total 181,400 144,800 20.2 36,600

*Avoided loss reduction, not direct consumption reduction
**Includes EMS-enabled optimization, maintenance improvements, operational adjustments
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The baseline figures in Table 3 were listed against each named intervention refer
only to the specific equipment targeted by that intervention (for example, the “VFD on
Ball Mills” row reports the baseline consumption of the three ball mills alone), not to the
facility-wide baseline; loads such as the primary crusher, materials-handling conveyors
and hoists, non-VFD ventilation fans, and general facility base-load are captured in the
Overall Total but do not appear as separate rows because they were not subject to a
discrete, individually metered intervention. “Total Measured Savings” and “Additional
Operational Improvements” are non-overlapping categories by construction —the former
sums the itemised, individually metered interventions, while the latter comprises EMS-
enabled optimisation and maintenance or operational adjustments at loads not
individually re-metered post-intervention — and the two are additive without double-
counting (23,100 + 13,500 = 36,600 MWh/yr, reconciling with the Overall Total reduction
of 181,400 - 144,800 MWh/yr).

Table 3 demonstrates that VFD installations on ball mills produced the most
significant individual savings of 11,330 MWh/year (20.8% savings), which is in line with
theoretical expectations on the basis of affinity laws and experimental load profiles.
Variable throughput rates of the ball mills are also dependent on the hardness of the ore
and ideal grind size, thus forming perfect conditions for the application of VFD. The mills
used to run at constant speed before VFD installation, and the feed rate was regulated
through some other mechanisms, which led to some partial loading and energy waste.

The light retrofits had the greatest percentage reduction at 68.1 percent,
outperforming the initial projections of 60 percent as more aggressive delamping
(removal of unnecessary fixtures) and better light distribution led to less light needed.
The 4,660 MWh/year absolute savings would translate to avoided electricity expenses of
about 372, 000/a under average tariff rates.

Power factor correction resulted in savings of 3,240 MWh/year in distribution
losses. Although direct current power reduction is not achieved by PFC, the enhancement
of the power factor from 0.78 to 0.95 decreased the current flow in the distribution
system. The loss reduction was determined using Equation 7 from measured resistance
values of major cables and transformers.

2
Aploss =I%R (1 _ (PFbaseline > > (7)
PFimproved

Furthermore, PFC removed monthly utility penalty fees of approximately GH
124,000 ($10,300), which would bring $123,600 savings each year in addition to energy
savings.

The row “Additional Operational Improvements” in Table 3 (13,500 MWh/year)
includes savings on EMS-enabled optimization, better maintenance practices, and the
changes in operations that could not be directly attributed to a particular equipment
improvement. After EMS installation, operators were provided with real-time feedback
on energy consumption and the ability to change the operating parameters in order to
reduce unnecessary energy consumption. Examples include optimizing the feed rate of
grinding mills as a function of power consumption, instead of a fixed time schedule;
adjusting the ventilation to actual occupancy and activity levels instead of operating the
ventilation at maximum capacity; and detecting and fixing equipment failures as soon as
possible by monitoring consumption anomalies.
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4.4, Post-Implementation Power Quality Performance

In addition to the energy and reliability outcomes reported above, the retrofit
program produced a substantial improvement in power quality at the main 34.5 kV
incomer. Table 4 summarizes the baseline and post-implementation values for the key
power-quality indices, referenced against the relevant IEEE 519 limits.

Table 4. Power quality performance, baseline versus post-implementation.

Parameter Baseline Post-Implementation IEEE 519 Limit

Voltage THD 6.8% 3.2% 5.0%

Current THD 12.4% 5.8% 8.0%

5th harmonic (voltage) 8.2% n/a — within composite THD -

7th harmonic (voltage) 6.1% n/a — within composite THD -

Voltage unbalance (average) 1.8% 1.1% -

Voltage unbalance (worst feeder) 3.4% 1.1% -

Facility power factor 0.78 0.95 0.90 (utility requirement)

The reduction in both voltage and current THD to within IEEE 519 limits reflects the
combined effect of the 18-pulse drive topology specified on the largest VFDs and the
harmonic-rated capacitor banks and detuned reactors used in the power factor correction
installation; these design choices were selected specifically to remain stable in the
harmonic-rich environment created by the VFDs and other nonlinear loads, rather than
being an incidental benefit of the retrofit.

Improvements in quality of power were also dramatic. The power factor of the
facility was also boosted to 0.95 (0.95 to 0.98 is the target range), and penalty charges
were removed, leading to voltage stability. Installation of harmonic filters with VFDs and
18-pulse drive topology (on largest units) resulted in a total harmonic distortion at the
main incomer of 3.2% voltage and 5.8% current THD, well below the IEEE 519 limits.
Voltage unbalance was reduced to an average of 1.1%, motor heating was minimized, and
equipment life increased.

The profiles of the typical daily loads are compared between pre-implementation
and post-implementation (Figure 4).

Figure 4. Comparison of 26, [Bm"ne R J Peak: 24.2 MW
the typlcal dally load Post-Implementation Load Factor: 0.90
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As shown in Figure 4, the peak demand decreased by 24.2MW to 20.8MW (14
percent decrease), with an increase in the load factor to 0.94. Peak demand is reduced,;
hence, this gives extra capacity to the system that will be utilized in the future without
the need to upgrade the distribution infrastructure. The enhanced load factor means that
there is increasing uniformity of energy consumption during the day, which is important
when both the facility is operating and when the grid is stable.

4.5. Post-Implementation Reliability Performance

Monitoring reliability between August 2024 and March 2025 (eight months)
recorded 9 interruption events of 45 hours of downtime. An annual projection gives 13.5
interruptions and 67.5 hours of downtime. Table 5 gives a comparison between the
baseline and post-implementation reliability.

Table 5. The reliability measures used compared to the results of interventions.

. . Post- Improvement
Metric Baseline .

Implementation (%)
SAIDI (hours/year) 142 68 52
SAIFI (events/year) 28 14 50
Avg. interruption duration (hours) 5.07 5.00 14
MTBF (hours) 312 628 101
MTTR (hours) 4.2 3.8 9.5
Unplanned outage rate* (%) 73 56 23

*Percentage point reduction, not percentage reduction

The 52% decrease in SAIDI and 50 percent decrease in SAIFI are considerable
improvements in reliability. The increase in MTBF by twice the time (312 to 628 hours)
represents the proper use of predictive maintenance to prevent failures by detecting and
correcting incipient failures before they lead to unexpected outages. The small decrease
in average interruption time (5.07 to 5.00 hours) indicates that when failures do happen,
there is no significant difference in repair time, suggesting that future advancements
should be directed towards decreasing response and repair time by increasing the
availability of spare parts, diagnostic support, and training of technicians.

The decline in unplanned outages, now reduced to 56%, is a sign of progress toward
proactive reliability management. But even unplanned outages are the prevailing
majority, meaning that further progress can still be made by improving condition
monitoring, being more aggressive in replacing equipment, and introducing redundancy
in key circuits.

The monetary benefit of reliability gains is huge. A cut of 216 hours in downtime
per year (284 hours to 68 hours) at 120,000 hours will save 25.9 million in annual losses.
This value is considerably greater than the direct amounts saved in energy costs, which
points out that reliability gains can often be worth investments without consideration of
energy efficiency. The monthly trend of interruption frequency and duration during the
study period is indicated in Figure 5.
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Figure 5. Trend of
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It is evidently improving after the introduction of predictive maintenance
procedures (April 2024) and after completing significant equipment replacements (July
2024). The inconsistency in monthly values speaks to the stochasticity of equipment
failures and the effects of seasonality (the highest rates of outage caused by the weather
lead to the highest rates of equipment failures during rainy seasons, April-June and
September-November in Ghana).

4.6. Economic Analysis
Table 6 summarizes the economic analysis for the overall program and major
individual interventions.

Table 6. Economic analysis of efficiency and reliability interventions.
Capital Cost Energy Savings PFC Penalty Avoided Losses Total Benefit Payback Period

Intervention

((V)»)] (USD/year) (UsD/year) (USD/year) (USD/year) (Years)

VFD - Ball Mills 1,840,000 906,400 - 1,200,000 2,106,400 0.87 112
VFD - Flotation 340,000 95,200 - 180,000 275,200 1.24 78
VFD - Dewater 280,000 83,200 - 140,000 223,200 1.25 76
Power Factor Corr. 420,000 259,200 123,600 - 382,800 1.10 88
HE Motors 680,000 42,400 - 95,000 137,400 4.95 15
LED Lighting 1,220,000 372,800 - - 372,800 3.27 27
Compressed Air 165,000 88,800 - - 88,800 1.86 52
EMS 580,000 324,000* - 520,000** 844,000 0.69 142
Reliability Improvement

385,000 - - 18,600,000*** 18,600,000 0.02 >200
Program

*Direct EMS operational savings (includes portion of “Additional Operational Improvements”)
**Production losses avoided through early fault detection via EMS
***Production losses avoided through reduced unplanned outages

The reliability improvement program in Table 6 aggregates the avoided-downtime
benefit of predictive maintenance together with the reliability gains attributable to VFD
installation (reduced mechanical stress and start-stop cycling), motor replacement, and
power-quality correction.

Assumes an electricity tariff of $0.08/kWh, production loss of $120,000/hour, 12%
discount rate, and a 15-year equipment life. The overall initiative exhibits very high
economic performance with a simple payback period of 2.3 years and an internal rate of
return of 38, which is well above the average investment hurdle rates of mining projects
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(15-20). The analysis takes conservative values such as an electricity tariff of 0.08/kWh
(adjusted to 2024 Ghana industrial rates), a production loss value of 120,000/hour
(calculated based on a 1,850/0z gold price, 92 percent recovery, and direct operating
cost), a 12 percent (real) discount rate, and a 15-year equipment life.

Importantly, the economic argument is dominated by prevented production losses
(25.9 million annually, 89% of energy benefits) as opposed to direct savings in energy (2.9
million annually, 10% of energy benefits). This conclusion highlights that the economic
value of reliability can be much higher than the energy efficiency in the mining processes
where downtime costs are high. Numerous energy efficiency investment choices in
mining are all about savings in energy costs, and thus have a low overall value, especially
when it comes to interventions that enhance efficiency as well as reliability, like VFDs,
power factor correction, and predictive maintenance.

Similar results are observed with VFD installations on ball mills (payback of 0.87
years, IRR 112%) because of a combination of large energy savings (20.8 percent
reduction on large loads) and reliability benefits (mechanical stress reduces equipment
life, and maintenance costs are reduced). The three VFDs of 3,200 kW each, costing a
capital of 1,840,000 ($191/kW), are a premium product with harmonic reduction and
harsh-environment features suitable to the mining industry. Simpler drives may cost less
(capital) by 30-40 percent but would most probably be less reliable and have poorer
harmonic performance.

Replacements with high-efficiency motors are least attractive (payback 4.95 years,
IRR 15%) because the benefits only represent small efficiency gains (2-6% depending on
the motor rating and use) and a reduction in maintenance costs. The main reason why
this intervention was undertaken was on motors at the end of useful life, where they
needed to be replaced without any concern for efficiency. The added cost of high-
efficiency compared to standard-efficiency replacement motors was between 15-25
percent, which is economically justified in continuous-duty mining service but might not
be justified in low-duty cycle or high-start/stop service.

The EMS implementation has good economics (payback 0.69 years, IRR 142%), but
attaching benefits to it needs interpretation. Direct operational savings of $324,000/year
can be measured as the reductions in energy used for operations through optimization of
grinding circuits, ventilation, and production scheduling enabled by EMS. Early fault
identification and the ability to make timely corrective measures to prevent failures
before they lead to unplanned outages (such as trending transformer oil temperature to
detect cooling system degradation or monitoring motor current to identify bearing wear)
saved the company an annual loss of production worth $520,000. These advantages,
however, overlap with the predictive maintenance program to some extent, and a lot of
care will be needed to ensure that they are not counted twice.

The sensitivity analysis (not represented in detail here because of lack of space)
shows that the program economics are attractive over large ranges of key assumptions.
The payback period will be between 2.8 and 1.9 years at a range of electricity prices
between $0.05/kWh and $0.12/kWh (50 percent of base case). At a production loss of
between 80,000/hour and 160,000/hour, the payback is between 3.1 and 1.8 years. The
NPV at 8% to 16% discount rates is between 142 million and 78 million. The program
breaks even in 5 years only in the extreme cases (electricity price of less than $0.04/kWh
and production loss value of less than $60,000/hour).

4.7. Implementation Challenges and Lessons Learned
There were a number of key challenges in the implementation, which may be
valuable to teach other similar projects:
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Technical Complexity: VFD installation into existing systems proved harder than
anticipated, particularly when it comes to old equipment where much
documentation is lacking. The ball mill VFDs required three more months of
commissioning time than was originally scheduled due to some resonance issues and
the need to rewrite control logic. The experience brings forth the importance of
carrying out thorough pre-installation engineering studies and the supply of
adequate commissioning time.

Production Disruption: Due to unexpected maintenance, production had to be
reduced in a number of installations even though the maintenance was not
scheduled. The retrofit of the LED lighting in underground facilities necessitated
provisional work stoppage in the areas, resulting in production costs incurred being
cut down by approximately 2 percent of the six-month program implementation. The
project economics and schedule should take this production effect into account.
Skills Development: Maintenance technicians required considerable training so that
they could properly utilize predictive maintenance equipment and their findings. The
first reports of condition monitoring suggested that there were many visible
anomalies; the majority of them were measurement artifacts or normal variations.
Approximately nine months of concomitant operation was necessary to build trust
in the technology and develop appropriate action thresholds, and to compare
condition monitoring signals with the traditional fixed-interval inspections.
Organizational Change: The shift in organizational culture towards a balanced
production-and-efficiency, rather than production-first one was most likely among
the largest obstacles. The first opposition to EMS-proposed modifications in
operating parameters was by operators, who viewed energy efficiency as an abstract
concept, which was not as important as maintaining operating habits as they were
used to. To overcome this resistance, time was needed, and performance feedback
was frequently provided, as well as energy measures were integrated into individual
and team performance analysis and performance recognition programs to celebrate
efficiency gains.

Supply Chain Constraints: Some of its elements were characterized by long delivery
times (4-8 months) due to unavailability within Ghana and regional supply chains.
This experience has taught the importance of early procurement, strategic stocking
of vital spares, as well as considering regional supply chain capabilities when
selecting technology.

4.8. Broader Implications and Transferability

The case study of Former Golden Star Wassa Limited may provide several lessons

to be used in the context of other mining operations, particularly in sub-Saharan Africa
and other developing nations:

1.

The dominance of avoided production losses in the economic case (89% of benefits)
shows, in the first place, that the reliability gains must receive more attention in the
mining energy efficiency programs. The conventional energy audit frequently targets
kWh savings only, which may overlook the biggest value potentials. This paper has
shown that combined programs that meet efficiency and reliability can attain high
economic performance.

The difference in economics of the intervention (payback period 0.02-4.95 years)
highlights the role of prioritization. There are always limited resources, and
sequencing investments to generate quick wins (predictive maintenance, VFDs on
variable loads) can be used to generate cash flow to support longer-payback
interventions. This strategy was successful at Wassa, where VFDs and power factor
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correction initially saved money, which was used in part to finance later LED retrofits
and high-efficiency motor replacements.

3. The research supports the fact that the significant efficiency gains (20% decrease in
SEC) can be attained in current operations without significant process
transformations or manufacturing crises. The interventions were applied in the
operating facilities in normal production and indicated that with brownfield retrofits,
it was possible to obtain similar results as with the greenfield design optimization.

4. The issues faced, especially in skills building and organizational change, emphasize
that technology is not enough. The enhancement of sustainability efficiency
necessitates investment in human capacity, cultural change and management
systems. The highly advanced equipment will not perform well when the operators
do not understand its purpose, or the technicians are not able to maintain it.

5. The high economic performance (IRR 38%) of the Ghanaian environment with
moderate prices of electricity (0.08/kWh) and standard mining economics implies
that the same programs will be even more appealing in more expensive electricity
environments. Electricity costs in most mining areas around the world are as high as
$0.12-0.20/kWh, and this would shorten the payback period accordingly.

Local context is the determinant of the transferability of certain interventions. VFDs
of changes in loads (pumps, fans, blowers) have a stable performance regardless of the
context and should be prioritized interventions. The benefits of power factor correction
are proportional to utility penalty structures or structures that are more aggressive in
countries with aggressive penalties against poor power factor. LED retrofits can be used
everywhere but with a different cost depending on the cost of electricity and the type of
existing fixtures. Most appealing economics of high-efficiency motors occurs in
continuous high-duty applications and is less attractive to intermittent or low-duty
equipment.

4.9. Limitations and Future Research

There are a number of restrictions of this study. First, being a single case study,
there is a limitation to the generalizability. Results may not be fully generalizable to other
operations that have different ore characteristics (harder/softer, other mineralogy),
processing routes (heap leaching vs. CIL, gravity separation) or size. Second, a post-
implementation evaluation (8-12 months) may not have the capacity to capture long-
term performance degeneration or performance variability across ore bodies and
operating conditions. Third, assigning individual interventions to savings is associated
with certain uncertainty because of the integrated implementation methodology-
interactions between interventions (e.g., VFDs modifying power factor, interacting with
PFC banks) then when combining effects might be overestimated or underestimated by a
simple summation. Fourth, the economic analysis presupposes the future prices of
electricity, the life and loss value of equipment that cannot be predicted in a mining
situation. Fifth, the post-implementation reliability monitoring window (August 2024—
March 2025) captures at most one of the two rainy seasons that dominate the baseline
interruption record, so the pro-rata annualised SAIDI and SAIFI figures reported in this
paper likely understate the true post-implementation annual values; a seasonally
weighted recalculation is discussed in Post-Implementation Reliability Performance, and
a full twelve-month monitoring cycle is needed to resolve this with confidence.

Research should be continued along several lines. First, there would be long-term
performance monitoring (3-5 years) which would provide the information on
sustainability of improvements and the rate of degradation. Second, controlled
experiments might be preferable which involve manipulation of single settings (e.g., VFD
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speed setpoints, grinding mill feed rates, ventilation schedules) to isolate causal
relationships and optimum operating strategies better. Third, the generalizability would
be strengthened with the extrapolation to other case sites of other mining techniques
and mineral types. Fourth, the new opportunities of next-generation efficiency would be
explored in the field of new technologies, such as the use of Al to optimize the process,
the addition of renewable energy to battery storage in order to become grid-
independent, and electrification of mobile equipment (haul trucks, loaders). Fifth, more
precise understanding of combined effects might be obtained by modeling the
interactions between the interventions in detail with the help of such methods as the
factorial design or response surface methods.

5. Conclusions

This research paper has reported on the deployment and the results of an energy
efficiency and reliability optimization program in Former Golden Star Wassa Limited gold
mining operation in Ghana. The program delivered particular energy consumption savings
of 18.4-14.7 kWh/t (20.1% reduction), power system reliability improvements with a
decrease in SAIDI of 142-68 hours/year (52% reduction) and SAIFI of 28-14
interruptions/year (50% reduction), and good economic performance (simple payback
period of 2.3 years The program involved variable frequency drive installation on large
rotating equipment, power factor correction to 0.95, replacement of major motors with
high efficiency motors, extensive LED lighting retrofit, optimization of a compressed air
system, implementation of an energy management system and predictive maintenance
procedures. Economic evaluation showed that avoided production losses due to
reliability improvements (25.9 million annually) were more important than total benefits
when compared to direct energy cost savings (2.9 million annually), which demonstrated
the paramount value of considering reliability and efficiency in mining energy programs.
Some of the implementation issues that occurred were technical complexity of VFD
integration, production disruption requirement to make some installation, skills training
requirement to develop maintenance staff, resistance to change in the organizational
culture, and supply chain limitations of specialized equipment. These findings suggest
that current mining process can be greatly enhanced in terms of energy efficiency and
reliability through integrated programs, i.e., through combining the technologies
upgrades with the organizational capacity building. The results can be easily generalized
to other mining activities especially in sub-Saharan Africa but intervention choice must
be localized based on the electricity prices, equipment baseline state, ore properties, and
organizational potentials. This study to policy makers offers justification in the use of
regulatory frameworks to encourage industry energy efficiency, utility tariff structures
that punish bad power factor and encourage demand reduction and technical assistance
programs that develop capacity in energy management. To industry practitioners, the
findings provide a roadmap of how such programs can be put in place with clear
prioritization direction, economic and practical findings based on challenges faced and
hurdled during implementation.
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