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ABSTRACT The transition from fossil fuels to renewable energies as power sources in the heavy industries
is one of the main climate change mitigation strategies. The carbon footprint in mining is related to its
inherent extraction process, its high demand of electric power and water ,and the use of diesel. However,
considering its particular power requirements, the integration of microgrids throughout the whole control
hierarchy of mining industry is an emergent topic. This paper provides an overview of the opportunities and
challenges derived from the synergy between microgrids and the mining industry. Bidirectional and optimal
power flow, as well as the integration of power quality have been identified as microgrid features that could
potentially enhance mining processes. Recommendations pertaining to the technological transition and the
improvement of energy issues in mining environments are also highlighted in this work.

INDEX TERMS Mining industry, microgrids, power quality, energy management system, renewable
energies.

I. INTRODUCTION
Since 2015 the Paris agreement [1] has encouraged developed
and developing nations to mitigate greenhouse gases (GHG)
emissions, in order to keep the global average temperature
two degrees above the pre-industrial levels. Consequently,
in 2020, the World Economic Forum Annual Meeting rec-
ognized that net-zero emissions is not a simple goal for
heavy industries, such as mining and energy generation, and
therefore encouraged policy-makers to promote the insertion
of renewable energy sources (RES) and to generate demand
for low-carbon products [2]. To that end, initiatives such as
those described in [3] and [4] have detailed the economic and
environmental benefits and feasibility of using RES to supply
mines by 2030.

The integration of RES in mines is not a novel topic;
however, its expansion in the last five years has been notable.

The associate editor coordinating the review of this manuscript and
approving it for publication was Ricardo de Castro.

In 2014, 62% of the global energy consumption in mining
was from fossil fuels; in contrast, only 0.001% (less than
1000 MW) was from on-site RES [4]. According to [5] and
[6], by 2019 there were nearly 80 mines around the world that
reported RES integration, increasing the total capacity from
1066MW in 2015, to almost 5000MW in 2019. In addition,
carbon mitigation policies implemented by several countries
have impacted the operational expenditures of mines. For
instance, the subsidies related to fossil fuels are projected
to decrease from 70% of global energy sector subsidies
in 2017 to 35% by 2030, while subsidies related to RES are
set to increase from 26% to 41% during the same period [7].

A high penetration of RES in mines can lead to additional
economic and social revenues benefits, even in post-closure
scenarios. For instance, considering that 60% of mines have
a life-cycle of less than 10 years [4], and the operation
of RES-based generation plants can reach up to 20 years,
surrounding communities can be supplied or complementary
services can be offered to the utility grid once the mineral
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exploitation is finished. Although a high penetration of RES
in mines requires battery storage systems, which have a short
life cycle (less than 3 years), the projected price by 2030 is
$70USD per kWh [8], which will improve the feasibility of
their use in long-term projects. The aforementioned indica-
tors regarding the economic impact of RES integration in
mines are summarized in Fig. 1.

FIGURE 1. Comparative indicators pertaining to RES integration in
mining. [4], [6]–[8].

Although some vendors provide solutions to connect this
type of generation to industrial power networks, key pieces
from the microgrid concept, such as distributed controllers at
low levels of the control hierarchy and energy and demand
management systems at the top, are not common in industrial
environments. The application of the microgrid concept in
mining requires an exploration of the whole process hierar-
chy to promote the optimal power usage, the improvement
of power quality, and the advancement of power network
reliability and resiliency.

From an electrical engineering perspective, the mining
process can be understood as a set of heterogeneous electrical
loads, mostly rotational machines, with different power fea-
tures and priorities, that are connected to a local distribution
network. However, elements such as mechanical gearboxes
or nonlinear loads result in undesired effects such as volt-
age unbalances, harmonic pollution, poor power factor, and
voltage sags or swells. Considering their nature, these phe-
nomena should be mitigated quickly. To that end, the inte-
gration of control schemes such as model-based predictive
control (MPC) in low-level local controllers (LC), as well as
the insertion of power electronics drives, will facilitate the
mitigation of these issues, improving the power quality and
ensuring safe conditions.

At the top of the microgrid control hierarchy [9], energy
management systems (EMSs) and demand-side manage-
ment (DSM) are powerful tools for optimizing the power
flow. The EMSs optimize the overall energy costs through
short- and long-term economic dispatches [10], based on
inputs such as aggregated load and generation profiles.Mean-
while, the DSM optimizes the load profile in accordance

with the energy available by managing process set points or
re-scheduling flexible loads. However, the latter is not always
feasible in mining; therefore, in this case the power profile is
understood as a hard constraint, which must be satisfied in a
business-as-usual approach [11].

The carbon footprint of mining activities is affected not
only by the extraction process on a piece of land, but also
by the high demand of electric power and water, the use of
diesel, and the processing and disposal of wastes. Because
mining is a non-avoidable economic activity, it is imperative
to find techniques and technologies that enable its operations
to become cleaner and safer. In this sense, the proper inte-
gration of microgrids in this heavy industry also includes
information from auxiliary processes, promoting an optimal
management not only of electric power, but also of water
and land, reducing the overall fossil fuel consumption and
mitigating its net carbon footprint.

This paper contributes to the field by providing an
overview of the integration of microgrids into the mining
industry. To this end, a selection of publishedworks, related to
mining processes, microgrids control, and associated topics,
is reviewed. In order to construct the framework about micro-
grids integration in industrial processes, an analysis of their
standardized control hierarchies is presented in Section II.
Section III details each of the mining sub-processes from
a mine-to-mill approach, highlighting their current particu-
lar requirements and howmicrogrid-compatible technologies
can enhance their power systems. A high-level analysis of
the mining-microgrid synergies is addressed in Section III;
which considers potential integrations of EMS and DSM in
this industry. Finally, Section V summarizes and discusses
open challenges to be resolved in order to accomplish the
integration of microgrids into the mining industry.

II. OVERVIEW OF INDUSTRIAL MICROGRIDS
A microgrid is defined as a set of loads and distributed gen-
erators (DGs), interconnected by transmission lines and pro-
tection devices, that acts as a single controllable entity [10].
The insertion of renewable energies into microgrids is usually
done through power electronics converters, which allow the
operation point to be manipulated according to the control
strategy deployed. There are two modes of microgrid oper-
ation: grid-connected or isolated. Although several control
schemes have been reported, all of them can be hierarchically
classified according to the time span and the nature of the
disturbances studied [12].

According to the IEEE Standard 2030.7 [10], at least
three control levels have been defined for microgrid con-
trol, as shown in Fig. 2. These control levels, as well as
particular subjects for microgrids integration in industrial
environments, are explained below.

A. PRIMARY CONTROL LEVEL OF MICROGRIDS
The primary control level considers the fastest controllers in
the microgrid, which act on the power electronics converters
that are used as interfaces between the RES and themicrogrid.
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FIGURE 2. Interactions between IEEE 2030.7 and ANSI/ISA95 hierarchies.

Sampling periods of micro- or milliseconds are required at
this level. One of the most commonly used interface to inte-
grate RES with power grids is composed of two independent
power converters with a common dc-link. In this configura-
tion, the primary control loops in the generator-side converter
pursue maximum power point tracking (MPPT) objectives to
maximize the active power transferred through the dc-link to
the grid-side converter.

The grid-side converter, also called active front end
(AFE1), can be configured as a voltage source con-
verter (VSC) or a current source converter (CSC). Depending
on the configuration selected, primary controllers include
voltage, current, and frequency inner loops. Microgrids lit-
erature also states grid-forming and grid-following con-
figurations for power electronics interfaces. Grid-forming
converters establish an ac or dc voltage reference, which is
used by the grid-following converters to compute their output
power [14].

Primary controllers consider local variables and are typi-
cally decentralized. The outer primary controllers are called
droop controllers. These deviate the frequency or voltage
setpoints depending on the demand for active or reactive
power, emulating the synchronous generator’s behavior and
increasing the microgrid inertia [15].

B. SECONDARY CONTROL LEVEL OF MICROGRIDS
The secondary control level sets to microgrid-wide objec-
tives. Although the main objective of this level is to restore
frequency and voltage once the droop controllers have acted,
additional control objectives related to power control [16],
power quality [17] or economic policies [18] have been
reported. For ac-dc hybrid microgrids, the power exchange
between ac and dc networks is also included as a secondary
control objective that acts on the interlinking converters [19].

1For the rest of this paper the termAFE is used to describe dc-ac transistor-
based converters connected to the power grid through a three-phase filter,
independent of the topology used [13].

Secondary control schemes can be classified as centralized,
decentralized, and distributed controllers [20], [21].

On one hand, centralized control schemes consist of a
secondary controller that computes its action considering the
information received from the distributed generators (DGs)
on the microgrid. Although centralized controllers are suit-
able for small microgrids and they have the capability of
including redundancy and fault tolerance, converging the
microgrid information to only one point is a disadvantage
of this type of controller. On the other hand, distributed
controllers split their objectives into local subproblems, thus
reducing the computational burden by computing the control
action locally using information exchanged with neighboring
DGs.

Because centralized and distributed secondary controllers
require information about the whole microgrid, commu-
nication network disturbances such as long latencies and
data dropouts should be taken into account when evaluat-
ing their performance [22]. Some techniques such as state
machine-based controllers [23] and model-based predictive
control contribute to relaxing the communication network
requirements [24].

C. TERTIARY CONTROL LEVEL OF MICROGRIDS
Finally, tertiary controllers are usually based on optimization
problems. Their objectives consider, among others, the opti-
mal dispatch of RES (EMS approach), load displacement
depending on the electrical generation (DSM approach), load
forecasting, and the optimal use of energy storage systems
(ESS). EMS and DSM thus belong to this level. To this
end, the optimization problem requires inputs that are not
only related to internal microgrid information (e.g. number of
DGs, demanded power profiles, state of charge and health of
ESS), but also external information such as the weather fore-
cast and historical data from the energy market [25]. Because
these tasks require considerable computational resources, the
control period of tertiary controllers is between few minutes
and one day.
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Although the classical approach at this control level
pursues an economical optimization, the multi-objective
approach, which incorporates additional objectives such as
carbon footprint mitigation or battery life optimization, is the
currently considered cutting-edge. Because days-ahead mod-
els of generation and load profiles are required, the uncer-
tainty of microgrid variables should be considered at this
level to solve the dispatch problem [25]. In this way, infor-
mation from DGs, controllable loads and smart meters in
the microgrid, allows phenomenological and/or artificial
intelligence-based structures to be taken into account in the
construction of data-driven models.

For instance, in [26] a non-linear multi-objective optimiza-
tion was implemented to minimize the green-house-gasses
emissions as well as themicrogrid operation andmaintenance
costs. In this case a phenomenological approach is used to
model the costs related to each generator in the microgrid.
A similar approach is used in [27]; however, the authors
propose the use of fuzzy logic to forecast the generation
capacity and the batteries schedule in the microgrid. In [28]
fuzzy logic is also used to characterize the load uncertainty in
the microgrid. As a common result of these works, the power
peaks are reduced in themicrogrids, and they all exhibit better
battery life, and microgrid performance than that achieved
with deterministic approaches.

D. MICROGRIDS INTEGRATION
Independent of the application, a hierarchical control struc-
ture is recommended for microgrids. However, the statement
of control objectives and algorithms used on each level should
consider features specific to the application. For instance,
a microgrid designed to supply a rural community should
incorporate dedicated tools and interfaces to ensure the
project‘s social appropriation and self-management. In this
case, a low-voltage network is built to support local pro-
ductive processes (e.g. farming), and also to supply family
households and community buildings (e.g. schools or med-
ical centers), implying a significant amount of single-phase
flexible loads [29], [30].

In contrast, a microgrid for an industrial application, such
as mining, will require not only low but also medium and
high voltage distribution networks, as well as the integration
of three-phase and dc loads. Moreover, the power demand is
not as flexible as it is for rural applications (except for batch
processes). Therefore, it is not always feasible to manage or
schedule load profiles using DSM applications.

ANSI/ISA Standard 95 frames industrial processes in a
five-level hierarchy. Levels 0 and 1 refer to the physical pro-
cesses, together with their sensing and control signals. Level 2
includes the process control and monitoring. Level 3 states
the process workflow, while level 4 sets business-related
policies and activities. Therefore, industrial applications of
microgrids should establish interactions between the IEEE
2030.7 and ANSI/ISA 95 hierarchies to optimize the power
consumption and to ensure proper process operation and plant
safety. Considering that all these applications have particular

features and structures, Fig. 2 aims to illustrate the aforemen-
tioned interactions.

Secondary control level of microgrids and the ANSI/ISA
control level 2 exchange real time measurements or estimated
variables such as voltage, current, active/reactive power,
phase angle or frequency. These signals are required in order
to achieve microgrid objectives such as frequency or voltage
regulation, process objectives such as speed or torque control
or to enable/disable safety interlocks. However, a more com-
plex interaction is stated between ANSI/ISA level 3 and ter-
tiary control of microgrids. At this level, historical data from
SCADA platforms, are used to build load profiles required by
the EMS andDSM,whereas the latter sends to SCADAuseful
information required to state the plant workflow. Because a
real-time operation is not required at this level, tasks such as
multi-platform information exchange, profile building, fore-
casting, or fault analysis/prognosis can run in cloud-based
applications, enabling the use of external information about
markets, maintenance, stocks, or weather [31].

Althoughmany of the reported microgrid applications con-
cern research testbeds or rural electrification [20], [32], [33],
the academic community is currently discussing not only
RES insertion to supply whole plants such as mines (EMS
approach), but also sub-process optimization according to the
energy available in off-grid scenarios (DSM approach) [11].
In contrast, there are not detailed reports of microgrids in
heavy industries. Despite this, suppliers such as ABB and
Siemens have developed software and hardware platforms
to promote the use of microgrids in heavy industries [34],
[35]. In this regard, many of these industries have a non-
flexible, uninterrupted workflow, and the proposed solutions
are focused on EMS rather than DSM platforms. For such
reasons, academic works, as well as industrial solutions for
specific mining sub-processes are presented in Section III,
while a comprehensive microgrids-in-mining approach is
discussed in Section IV.

III. MINING OVERVIEW
Mining is a complex process composed of multiple inter-
actions among sub-processes and supplies such as electric
power, water, and diesel. As shown in Fig. 3, in a mine-to-mill
concept, the mining process can be split into ore extraction,
materials handling and mineral processing [36]. Although the
technology used in these processes can change depending on
the mine type (underground, off-shore or surface), there are
common auxiliary processes used to provide the utilities as
required by specific tasks (e.g. water desalination or backup
power generation from diesel engines) or to sustain the mine
operation (e.g. ventilation or dewatering).

The total power demanded by mining, without consid-
ering ancillary processes, comes mainly from extraction
(11%), handling (21%), and ore processing (44%) [36]. All
technologies and operational procedures involved in mining
must consider safety concerns, e.g. area classification (ATEX
directives), in order to state safety interlocks in process con-
trollers or grounding requirements for electrical devices.
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TABLE 1. Mining processes and potential microgrids applications.

FIGURE 3. Mining process overview.

Next, the mining processes, as well as the distribution
networks used in mines, will be described individually; as
summarized in Table 1. Power quality issues and opportuni-
ties that stem from a microgrids approach are also discussed.

A. ORE EXTRACTION
The ore extraction process demands around 25% of total
power in mining and includes tasks such as drilling (5%),
blasting(2%), digging (6%) as well as auxiliary tasks such
as ventilation (10%) and dewatering (2%) [36]. Machinery
used in this process, such as drills, shovels, draglines, and
longwall mining machines are usually powered by a set of ac
or dc machines supplied by a diesel or electrical generator.
In the latter case, mobile sub-stations are used to plug the
machinery into the distribution system, implying that the

electrical network changes its topology according to the mine
development [37], [38].

The load profile of this type of machinery is non-linear
and cyclical; it must account for minutes-long cycles for
shovels and hours-long for drills, which leads to high power
over- and undershoots (regenerative power) [39]. The power
profile depends on the ore type and other factors, such as the
drills rate of penetration or the shovels load, implying chal-
lenges related to speed and local voltage regulation. Although
there have been efforts to improve the energy efficiency of
drills and shovels [40], these processes deteriorate the power
quality in mining distribution networks, inducting harmonic
pollution and voltage sags and swells [41]. It is a well known
fact that the use of power electronics converters, inside or
outside of miningmachinery, e.g. as active front end (AFE) or
speed drives, helps tomitigate these power quality issues [37],
[38], [41]. however, this technology also poses new problems
from the microgrid point of view, as shown in Fig. 4.

For the inside-of-machinery case, [37] opens the discus-
sion about internal microgrids in mobile mining machin-
ery. In this approach the internal dc machines are plugged,
through power electronics interfaces, to a common bus, which
is supplied from the distribution system. In addition, [42]
compares the features of different types of ESS used in the
inside-of-machinery approach. Although primary and sec-
ondary microgrid controllers that integrate ESS, harmonic
pollution or unbalances have been documented [17], [61],
strategies for energy management when regenerative power
is available, to the best of our knowledge, have not been
studied. As was shown in [39], regenerated power in a shovel
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FIGURE 4. Ore extraction process.

machine can reach 2MW per cycle and, in addition to the
high uncertainty of the load profile, make the use of typical
EMS strategies unfeasible. Therefore, secondary microgrid
controllers that include these concerns should be explored by,
for instance, using model-based predictive control (MPC) or
data-driven control techniques.

On the other hand, because the power flow of the extraction
process is subject to mobile machinery relocation and avail-
ability, it must use active/reactive power control strategies
that are independent of the electrical network model. This
outside-of-machinery approach is addressed in the micro-
grid context, by using secondary controllers based on the
proportional-integral (PI) algorithm [16]. However, applica-
tions using constrained-MPC have shown promising results
including both typical secondary control objectives and oper-
ational constraints [24]. By using MPC, it is possible to
explore applications of hybrid ac-dc microgrids in mines,
including power quality indices in the secondary control
level, or active power filter management strategies and safety
indexes at the tertiary level.

B. MATERIALS HANDLING
Once the ore is extracted from the earth, it is carried out to
the beneficiation and processing facilities either by hauling
trucks or conveyor belt systems. Although there are several
cost-benefit studies for both systems [43], the decision as to
which is used is based on the mine features and its mine plan.
The power consumption of such technologies is governed
by the load weight and the path inclination. For instance,
in open pit mines the ore transportation outside of the pit
using hauling trucks can represent up to 40% of the mine’s
total diesel consumption [40]. Therefore, improving the effi-
ciency of these systems by reducing mechanical pieces and
using latest-generation electrical drives may allow a better
torque and speed control or even energy recovery in downhill
paths. The approach that is currently in use and the proposed
microgrid approach, which supply handling systems via a
distribution network, are summarized in Fig. 5 and detailed
below.

FIGURE 5. Ore handling process.

Conveyor belt systems can cover kilometers using multi-
motor arrays that are connected to a medium voltage (MV)
ac or dc distribution network through power electronics con-
verters. In this case, a master-slave control scheme is used to
pursue a uniform torque distribution over the slaves. When
this target is not achievable, the master reduces the speed
reference in order to improve the distribution of the ore on
the belt [44]. Gearless synchronous machines, which allow
torque control at low frequencies, are used in this type of
system.When deceleration or braking is required, or in down-
hill paths, regenerative energy can be transferred from the
electrical machine to the dc-link, in which case a chopper
array is used to burn it in a resistor bank. However, when the
regenerative power is significant, it can be re-injected into the
distribution network by using a controlled bidirectional AFE
converter instead of an uncontrolled rectifier between the ac
distribution network and the dc-link [45].

Hauling trucks have better availability and flexibility fea-
tures than conveyor belt systems because it is possible to
adjust the truck fleet to changes in production rates or to
replace trucks if they break down [40]; however, a fleet
composed of diesel-based trucks can be an expensive solu-
tion. Although trolley systems were used in the past, new
developments in power electronics and electrical machines
have allowed cooperative research among suppliers, e.g
Siemens/Hitachi and ABB/Caterpillar, that aims to improve
the feasibility of using diesel-electrical hybrid hauling trucks
[46]–[48].

Hybrid trucks use pantographs to self-connect to the over-
head dc lines, allowing them to go faster and reducing their
fuel consumption [46]. Typically, a parallel connection is
stated between the dc lines and the internal dc-link at 2.6kV.
However, some mines with lower dc voltage in the distribu-
tion network require a series connection between the wires
and the internal on-board power supply. Despite the power
generation system used (diesel or electrical), hauling trucks
traction systems are boosted by bidirectional ac drives that
allow torque control and efficient braking. As in conveyor belt
systems, in braking situations or downhill paths, electrical
machines regenerate power which is burned by a resistor bank
connected to the dc-link [49].

Conveyor belts and trolley-assisted trucks represent an
opportunity to include ore handling in the electrical load of
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the MV distribution network. These systems operate uninter-
ruptedly, can cover kilometers over constant paths, and carry
a predefined amount of ore. Therefore, their bidirectional
power profile can be well characterized in order to harness
regenerative power instead of burning it [50].

From the microgrids perspective, the bi-directional power
management is usual for both ESS (e.g.battery-based energy
storage systems (BESS)) to support the load when the gener-
ation capacity is not sufficient, and for interlinking converters
to manage the power transferred between ac and dc networks
in a hybrid microgrid. However, the case of a bidirectional
load has not been yet explored. In fact, the use of BESS
close to hauling systems is not always feasible. Therefore,
the development of primary and secondary control schemes
to handle regenerative power caused by downhill hauling or
braking without affecting torque/speed control or deteriorat-
ing the power quality, and the incorporation of regenerative
power features into the EMS problem, are open challenges.

C. MINERAL PROCESSING
Mineral processing includes comminution and recovering
stages, like flotation. As shown in Fig. 6, at the concentration
plant, the ore is processed to increase the grade of valu-
able elements in crushing, grinding and concentration stages.
Semi-autogenous grinding (SAG) mills and high-pressure
grinding rolls (HPGR) are the most commonly used tech-
nologies for primary grinding. A classification circuit using
hydrocyclones moves the mineral that does not satisfy the

FIGURE 6. Comminution process.

desired fineness to a second grinding stage where ball or
rod mills are used. Once the targeted size distribution is
achieved, a final concentration stage is carried out, usually
by flotation [51].

Grinding uses around 40% of the total power in min-
ing, while crushing or separation processes consume 4% of
the total power [36]. In addition, SAG mills’ energy effi-
ciency does not surpass 2%. Therefore, any improvement in
energy efficiency will allow them to increase or preserve their
throughput, or to reduce the power consumption if the ore
conditions are maintained. HPGR applications have reported
energy savings of around 20% and better throughput than
SAG mills [40], [52]. Because of its significant power con-
sumption, the scope of this section is focused on the grinding
process and how it could potentially be improved by the
microgrids concept.

Variable speed is mandatory in the grinding process.
Although this requirement can be met using gearboxes,
the combination of synchronous machines and power elec-
tronics converters is preferred [53], due to its higher starting
torque (120% is usually required [54]), at low frequencies.
In addition, a gearless mill drive requires less maintenance
than a mechanical gearbox and allows a controlled roll-
back and positioning. In a SAG mill, the rotor poles are
mounted on the external surface of the mill drum, whereas
the stator is assembled around the poles array considering
14-16 mm of airgap [51]. HPGR mills use two reverse
rotation rollers, one of which is fixed. The movable roller
provides the compression force required to fracture the ore
and forces the material to be fed through a reduced space
(operational gap) [55].

For both SAG and HPGR mills, cycloconverters are the
most used interface between the synchronous machine and its
control stage, despite its low power factor. The harmonic pol-
lution produced by cycloconverters depends on the machine
speed, and the dead time required as a transition between
positive and negative bridges commutation can induct torque
oscillations [56]. Consequently, converter topologies such
as modular converters and neutral point clamped convert-
ers (NPC) [62], [63] have been introduced for grinding
applications.

Power consumption of electrical machines used in grinding
is not forecastable because it depends on the ore hardness
and the load position [64]. In addition, by its self-operation,
grinding machinery is subject to deformation. In SAG mills
in the air gap between rotor and stator is affected, whereas for
HPGR mills is the operational gap; in both cases, the defor-
mations affect the performance of the synchronous machine.
The ‘‘frozen charge’’ phenomena, in which the ore is packed
after a mill’s shut down period, is a remarkable concern
for SAG mills because it can destroy the mill when it is
restarted [53]. In this case a ‘‘frozen charge protection’’,
which involves shaking the mill’s drum, can be implemented
by controlling the speed and acceleration [57].

As in the cases of conveyor belts conveyors and shovels,
the use of new topologies of power electronics converters
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TABLE 2. Voltage rates in mining applications.

helps to mitigate harmonic pollution and to use novel con-
trol schemes to improve the overall drive performance [54].
Despite the power quality concerns and the disturbances in
the distribution network caused by cycloconverters, research
is currently exploring control techniques to improve the over-
all performance of the grinding circuit. In this sense, multi-
variable control schemes have shown better properties than
classical PI controllers.

In [58], an optimal controller is proposed to reduce the
cost of comminution and separation processes. In this case,
an economical model for each process is stated, considering
variables such as the water flowrate, ore feed-rate and the mill
rotational speed. In [59], an MPC is proposed to reduce the
total energy consumption in the grinding process; it does so
by using the same optimization problem to manipulate the
water added to the process and the feed-rates of the cyclone
and the mills. Promoting the use of RES in mining, [60]
proposes a DSM to modulate the ore that is fed into the
grinding circuit according to the energy available and the
ore hardness grade. Although energy and economical savings
are accomplished in the latter work, several changes in the
process, such as ore classification using two stockpiles, are
required to derive forecasting models of ore properties.

The inclusion of microgrids in the mining industry aims,
indirectly, to reduce the footprint of the grinding process, by
including RES into the distribution networks used in mines.
Regenerative power does not have a significant potential
in this process, and the inclusion of power quality objec-
tives in the control scheme of power electronics converters
should be studied. In the grinding process, multiple inter-
actions among flowrate, feed-rate and level control loops
are required. Therefore, from a microgrids point of view,
sampling period and settling time requirements can limit the
use of secondary controllers that are currently used to pursue
power quality objectives.

Considering that the requirements stated in [60] may
be feasible in new mines, it is possible to state that

DSM represents the most suitable opportunity for incorpo-
rating the comminution process into the microgrid hierarchy.
However, as will be presented in Section IV, DSM imple-
mentation implies a multidisciplinary team and a long-term
commitment.

D. POWER DISTRIBUTION NETWORKS IN MINING
Energy consumption in mining applications is highly vari-
able and depends on several factors such as the type of
mineral, its depth, and the mining plan. According to [36]
and [3], the typical power demanded by a calcined clay
mine is around 1.43 kWh/ton, whereas a copper mine con-
sumes 2.5 MWh/ton. These values increase in line with the
mine growth and, therefore, the internal distribution network
should be adaptable in order to include new loads and allow
changes in the loads placement. By studying the architec-
ture of their electrical systems, high (HV), medium (MV),
low voltage (LV) and extra-low voltage (ELV) distribution
networks can be identified; these categories are rated by
different standards, as shown in Table 2. LV networks sup-
ply low-power support tasks such as illumination, informa-
tion technologies, and control and instrumentation devices
whereasMV and HV supply heavy processes such as drilling,
crushing or grinding [41].

There is no consensus about using ac, dc or hybrid dis-
tribution networks in mining. However, requirements such
as high short-circuit capacity, generation support, or protec-
tion scheme, along with power quality issues, e.g. voltage
regulation, or harmonic pollution, should be considered for
each application. Distribution networks used in underground
and deep-sea mines usually have a radial-based topology
while open pit mines have a ring-based topology [65]. In any
topology, the distribution network varies depending on the
machinery required (e.g. shovels and drills), which in turn
affects the grounding system as well as the voltage regulation
capability.
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High-resistance grounding systems are used in mining
applications, due to their ability to limit the current between
the neutral and the ground nodes (10A according to IEEE
142 standard) in case of failure; they thus ensure the safety
conditions of the workers in the area [66]. However, topology
changes imply changes in the system distributed reactances
(inductive and capacitive). Therefore, the required current
limitation cannot be ensured. As grounding depends on phys-
ical parameters, it is not possible to identify improvements
from the microgrids perspective. Even so, the evolution of
solid-state protection devices will lead to improved energy
management and, faster failure isolation.

Voltage sags and swells are typical in mining distribution
networks. Although the IEEE Standard 141 permits varia-
tions of ±5% around the nominal value, greater changes
imply voltage regulation issues. Voltage sags occur when
the load current increases due to devices such as high-power
motors being turned on; they can also be caused by transform-
ers inrush currents, short circuit failures, or torque changes
in drills, shovels or mills. According to [41], it is possible
to mitigate voltage sags by using AFE converters connected
to the ac distribution network. This is achieved by using a
dc-link between the AFE and the machine-side converter to
compensate for fast disturbances by using the energy stored
in the dc-link. Some variations of this scheme have been pro-
posed, for instance, stating long dc links to supply undersea
loads [67], open-pit dc machinery [37], or even additional dc
distribution networks [68].

Likewise, new topologies of power electronics converters
such as modular multilevel converters (M2C) [69] and mod-
ular matrix multilevel converters (M3C) [70], used as dc-ac
or ac-ac interfaces, are displacing diode and thyristor-based
ones. Although the control scheme required in these new
topologies is more complex than that the required in typical
six power switch converters, their capability to manage high
power and to improve harmonic profiles make them suitable
solutions in mining.

Voltage swells in mining distribution networks are
usually a consequence of resonance between substations
inductance and long-lines capacitance, which produces dam-
age and degradation in vacuum-isolated devices and auxil-
iary power supplies. This can be mitigated by using surge
arresters and/or by including AFE converters close to the
machinery. However, harmonic pollution in the distribution
network can excite the system resonance frequencies, produc-
ing over-voltages. Therefore, active or passive filters should
be included [38].

Active and passive filters have been proposed as a solution
to maintain the power factor close to one, compensating reac-
tive power andmitigating the harmonic pollution produced by
network imbalances, non-linear loads and power electronics
converters [71], [72]. Regarding the changes of the distribu-
tion network topology and the reactive power requirements,
high-power filters placed at the network base-line are more
suitable than individual filters at the terminals of each con-
verter [71]. The wide use of motors in mining, especially in

drills, shovels, conveyor belts and mills, as shown in Fig. 7,
causes sub-harmonics and inter-harmonics in the network,
which are produced by fast torque disturbances due to the
properties of the excavated-soil and ore [65].

Although passive filters such as bandpass andC-type filters
are economically more feasible than active filters, the latter
have shown capabilities that are not afforded by passive
filters such as voltage and current imbalance compensation or
stepless control [73]. On one hand, Passive C-type filters are
proposed as a proper solution in mining distribution systems
due to their lower inrush current, lower power losses and
an attenuation factor similar than a second-order highpass
filter [71]. However, as a passive filter, it is susceptible to
detuning caused by the degradation of components degrada-
tion or changes in the mine operation. On the other hand,
active filters are more versatile than their passive counterparts
due to their capability to cancel the effects of non-linear loads
and improve the power quality in LV and MV networks.
However, they are expensive when high power is required
at high voltages. Therefore, it is not feasible to use them in
heavy industries.

To address the aforementioned drawbacks, hybrid filters
have been reported; they combine passive filters tuned to
the dominant harmonic with active filters to mitigate addi-
tional harmonic pollution. This hybrid approach is capable of
incorporating control objectives related not only to harmonic
compensation, but also to reactive power control at the nomi-
nal frequency, imbalances compensation, and voltage control
(sags and swells) [73]. In power systems literature, these
types of devices are also referred to as flexible ac transmission
systems (FACTS), which include static compensators (STAT-
COM), dynamic voltage restorers (DVR), and unified power
quality conditioners (UPQC), among others [74]. Although it
is not possible to attend all of these control objectives by using
only one filter in the distribution network, the potential inclu-
sion of these devices in the control hierarchy of industrial
microgrids will allow cooperative schemes between filters
and RES, thus improving the overall power quality.

In [75] and [76] active filter capabilities are added to the
control schemes of a photovoltaic plant and a wind turbine,
respectively, and could potentially be used in the microgrids
context. In [75], a series and a shunt active filters are used to
compensate for utility voltage sags/swells and, at the same
time, provide active power from a photovoltaic plant con-
nected to the dc-link. In this case, the reference signals for
both power converters are computed by combining maximum
power point tracking, dc-link control and output ac voltage
control tasks. Similarly, [76] proposes a scheme to control
a DFIG-based wind turbine connected to the utility via two
power converters in a back-to-back configuration. However,
this case uses harmonics and power factor compensation,
instead of ac voltage regulation as its control objectives. This
scheme uses the grid-side converter to mitigate harmonics
and the rotor-side converter to control the turbine.

The massive inclusion of power electronics converters for
load control in mining sub-processes has led to improvements
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FIGURE 7. Power distribution networks in mining.

in their power efficiency. However, in several cases a coexis-
tence between old and new technologies is required. Power
quality issues produced by old devices and machinery will
therefore be present in the distribution network. As previously
discussed, due the constant changes in the network topology,
the use of passive filters is not an efficient approach to
resolving these issues inmineswhereas active filtering, which
requires power electronics converters, can be included as an
additional control objective in AFE. In this context, as shown
in Fig. 7, a microgrid approach will require a power quality
management, which can be achieved either by including dedi-
cated active filters or/and by adding related control objectives
in the RES. Additionally, it is possible to state cooperative
schemes in which distributed secondary controllers include
a global power quality objective. Considering that power
quality management is not an easy accomplishment, MPC is
a promising scheme for stating optimal operating conditions,
including power quality and feasibility constraints, without
sacrificing the reliability of the distribution network.

The ac-dc hybrid microgrid concept [19] can also be
applied in the mining context, for instance, in undersea appli-
cations or trolley-assisted handling processes, as shown in
Section III. In this type of microgrid, at least one interlinking
converter (ILC) is used as an interface between ac and dc
microgrids. There are two approaches for power flow policies
in hybrid microgrids [19], [77]; the first is used if a constant
power flow through the ILC is required while the second is
implemented in cases in which the ac or dcmicrogrid capacity
may be surpassed. In both cases, it is also possible to include
power quality control objectives on the ac-side of the ILC.

Although some microgrid opportunities explored in this
section, require proper management from the tertiary control
level of microgrids, e.g. regenerative power integration or
DSM applications in the comminution circuit, the integration

of power quality objectives at this control level is not an
obvious step. The integration of EMS and DSM in the mining
industry will be explained in Section IV.

IV. MICROGRIDS APPLICATIONS IN MINING
There are several studies and reports about the economical
savings achieved when RES are included in the mining pro-
cess [78]–[80], where additional objectives such as carbon
emissionsmitigation [81] or auxiliary processes such as water
desalination [82], are included. As was shown in Section II
and Section III, successful integration of microgrids in the
mining industry requires not only the integration of RES, but
also changes throughout the whole mine structure, promoting
an ‘‘optimization of the whole’’ instead of an ‘‘optimization
of the parts’’ approach [52]. The former approach facilitates
the interaction between EMS and DSM to maximize, for
instance, the grinding circuit throughput, while minimizing
the economic cost. However, this sort of goal requires a
unified and multidisciplinary perspective of the mining oper-
ation, which is built by integrating geology, mining processes,
maintenance, environment, safety and logistics information,
into a long-term strategy.

Although detailed engineering information is not part of
the public domain, technical reports and papers, such as [4]
and [5], have summarized information from several cases.
Table 3 presents an information survey of the reported cases.
However, based on the information available, it is not pos-
sible to determine whether the microgrid concept was used.
An additional reference related to this topic is [52], where
the experiences of projects fromAustralia (BHP-Billition and
Rio Tinto) and Chile (Kairos) are summarized. In these cases,
the optimization process achieves a mill throughput increase
of up to 30% and a 30% decrease in kWh/ton. These cases
can be considered as DSM applications because the process
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TABLE 3. Cases of RES integration in mining.

is modulated by a global objective (e.g. best market price)
without considering the integration of RES. Techniques such
as smart ore tracking, optical fragmentation analysis, MPC to
optimize fuel consumption and combustion process in kilns,
as well as the integration of different historical databases and
the inclusion of multidisciplinary key performance indica-
tors (KPIs) were developed in some of the reported projects.

The EMS applications are as important as the DSM ones.
In EMS, the dispatch of RES is optimized according to the
power generation capacity whereas the demanded power is
considered as a hard constraint. In EMS the generation and
demanded power should be considered as uncertain variables.
Though it is possible to state power profiles, concerns such
as cloudiness, changes in wind speed and direction, or rock
hardness lead to power disturbances which should be man-
aged properly. Although several EMS schemes have been
reported for LVmicrogrids [25], to the best of our knowledge,
reports on heavy industry applications are limited.

In [83], an EMS is proposed to promote the power
self-consumption inmines, which are located in countries that
forbid injecting the power into the utility network. Although
the proposed formulation accounts for multiple generators
and multiple loads, a single-node microgrid representation
is assumed in the case study, which states the overall power
demanded by the mine as the load and uses a wind turbine
as a generator. The cost function used in the optimization
problem weights the supplied power (by RES and utility) and
the power losses as well as the non-supplied power when
the generation capacity overpass the power demanded. Power
balance and power capacity constraints are used to ensure
solution feasibility while the uncertainty is characterized by
adding white noise to a spectral representation of power
profiles. the results of this case study show that, in com-
parison with the ideal case, the power demanded from the
utility is slightly higher when uncertainty is included in the
optimization problem. However, this increase allows a better
dynamic response to wind variability and load disturbances.

In contrast to the academic papers, [5] and [84] summarize
technical reports about RES insertion in mining operations.
Although the engineering details are not available, the reli-
ability requirements of this type of project involve using
industrial solutions from vendors such as ABB or Siemens.
Vendors solutions such as those reported in [34], [35] are
based on EMS and are developed to optimize the power

generation and quality in industrial environments; They do
so by using plant-based and/or cloud-based services that
integrate power data from local process, historical logs
and on-line analytics systems to support decision-making
processes.

The integration of process and power data, helps not only to
improve EMS and DSM operations, but also to build discon-
nection and re-connection protocols, including safety con-
cerns, thus harnessing the microgrid’s flexibility to improve
the operational reliability and resilience of the mine. As it is
presented in [85], [86] and [87], the integration of distributed
generation, distributed control systems and, mobile energy
storage systems enable the power systems to respond properly
when disturbed by failures, topology changes and/or external
emergencies. For instance, decision-making systems should
prioritize auxiliary processes such as ventilation for under-
ground mines, or support black-start sequences according to
the state of safety interlocks from each sub-process thereby
minimizing the break period after the system shutdown with-
out sacrificing its integrity [88].

Even though auxiliary processes such as water primary
pumping and desalination, ventilation, and refrigeration do
not represent the major power consumption in mining, it is
possible to include some of them as flexible loads in DSM
optimization problems. While the water demand in min-
ing processes is continuous, it is possible to develop con-
trol strategies to relax upstream water requirements by, for
instance, pumping, desalinating, and storing water when the
RES-based generation capacity is high. In this sense, [89]
identifies additional ancillary processes that can be aligned
with EMS and DSM schemes in mining. Although imple-
menting this type of projects will not represent substantial
savings, the energy optimization and footprint mitigation in
ancillary processes will open the door to pursue optimization
milestones and microgrid integration in mines.

V. OPPORTUNITIES AND RECOMMENDATIONS
This paper has examined the mining process and microgrid
control structures and aims to advance the academic discus-
sion by exposing current issues and challenges and proposing
research opportunities that could contribute to the integration
of microgrids in this heavy industry. As it was presented in
Section II, this integration implies challenges throughout the
control hierarchies of both mining and microgrids, especially
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because of the high reliability and safety requirements, which
are stricter than those of microgrids applications in communi-
ties. Themost noteworthy concerns, highlighted in Section III
and Section IV, are related to power quality issues and regen-
erative power management in low control levels. Meanwhile,
the integration of multidisciplinary information, which can
be used to state optimization objectives and support decision
making, is the main challenge that drives R&D opportunities
at the top of the control hierarchy.

Power quality issues such as harmonic pollution, volt-
age regulation, power factor compensation and resonance
are present in ore extraction, ore handling and comminu-
tion processes. The use of power electronics-based drives
and synchronous machines has improved the efficiency of
shovels, drills, conveyor belts and mills. However, ac-ac con-
verter topologies such as cycloconverters cause significant
harmonic pollution and a low power factor, increasing the risk
of resonance and voltage collapse in the distribution network.
Therefore, ac-dc-ac schemes, in which AFE converters are
used instead of diode-based rectifiers, have been suggested.
Passive filters used in other industries to mitigate harmonic
pollution and to compensate for the power factor, are not
always feasible in mining because the distribution network
changes as the mine develops and/or the machinery place-
ment is adjusted. In such cases, using active filters is a suit-
able solution. However, from the microgrids point of view,
both the inclusion of complementary and cooperative control
objectives in power electronic interfaces used by RES and
mining machinery, and improvements in the overall power
quality of the distribution network remain open problems.

Regenerative power is also present in mining operations
but it is not harnessed. Although power profiles of conveyor
belts and hauling trucks are more forecastable than those
of drills and shovels, when the ore is transported through
downhill paths, resistor banks are used to burn the generated
power. Therefore, bidirectional power electronics interfaces
and proper control strategies should be developed to store the
power surplus or inject it into the distribution network.

In this sense, questions such as: how fast should secondary
controllers act when regenerative power and harmonic com-
pensation are considered?, which is the most suitable ESS in
these type applications?, how should the harnessed regener-
ative power be included in EMS?, among others, still need
to be addressed. To this end, the expertise from multidisci-
plinary teams is required both to build theoretical answers
and to achieve solutions that can be deployed in mines by
using industrial platforms. Therefore, tools such as MPC,
data-driven modeling, advanced metering devices, and new
communication technologies should be explored to achieve
the technological transition required in mining.

MPC is a powerful tool that can include both harmonic
pollution compensation and regenerative power harnessing
objectives, at the secondary control level of microgrids.
Including equality and inequality constraints in the opti-
mization problem allows this type of controller to directly
manage feasibility concerns such as network power balance,

performance indices that reflect the power quality, and/or
rate-of-change bounding of controlled variables in transient
states. As described in Section II, applications of secondary
controllers that use MPC have been reported; they use com-
plex prediction models to achieve the aforementioned control
objectives. However, they can imply a high computational
burden, which is not compatible with the sampling period
required at this control level.

EMS is mandatory for microgrids integration in min-
ing. This tertiary controller states the optimal dispatch of
DGs connected to the microgrid by considering the power
demanded and generation forecasts. Although there are sev-
eral applications of EMS inmicrogrids, their uses in industrial
environments, such as mining, have not been widely reported.
Nevertheless, this is an attractive approach due its reliability,
variable distribution network, and power factor requirements.
Industrial vendors offer EMS platforms capable of integrating
downstream information from smart-meters and local con-
trollers as well as upstream services such as cloud-based
market analytics software.

Even though the process information required in DSM
mining applications can be integrated by using industrial
platforms, and the required optimization tools are avail-
able, the knowledge obtained from technical reports indicates
that medium- and long-term projects that involve multidisci-
plinary teams and technological updates, are expensive and
not very attractive from the business point of view. However,
as indicated in Section IV, the power profile of comminu-
tion circuits, which represents the highest power demand in
mining, can be improved by using DSM strategies. similarly,
auxiliary processes such as water pumping and desalination
have the potential to be included in DSM and EMS con-
trollers since they are more flexible loads than the main
processes.

Although there are commercial solutions for MPC and
EMS, these are not usually deployed in industrial plants.
New information paradigms, such as industrial-internet-of-
the-things (IIoT), may help in building confidence in these
solutions as they facilitate thorough acceptance tests while
reducing their execution time. The integration of advanced
metering in mines provides data that can be used in analytics
systems as well as in models required by MPC, EMS and
DSM, or in computational tools such as digital plants (digital
twin models). For the mining industry this confidence is
imperative to draw the mine prospective, but also because a
failure in the power system or mining process can quickly
become catastrophic.

Microgrids are more reliable than typical power networks
in mining. The integration of distributed generation and dis-
tributed control schemes brings autonomy and flexibility to
the mining process, reducing the probability of blackouts
and shutdowns. Cases in which the mining process and the
microgrid are integrated procure a safer operation while
also achieving economic and environmental profits. Con-
sidering the power volume required by mining operations,
if autonomy is achieved based on RES, it is possible to then
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supply services to the utility grid, even after the mine is
closed.

Finally, the insertion of microgrids in heavy-industry envi-
ronments, such as mining, represents a worldwide challenge,
which is alignedwith international efforts for carbon footprint
mitigation. Though each mine has particular concerns for
microgrid integration, applications developed in the north-
ern regions of Chile, one of the main world producers of
copper, will be of remarkable interest to both industrial and
academic communities. In 2016, it was estimated that the
mining industry in Chile consumed 30% of the total power
and produced 17% of the total green-house gases emissions
in this country, without considering the footprint of mineral
transportation andmining wastes [90]. Paradoxically enough,
this country is uniquely positioned to develop solar energy
solutions as it has annual global irradiance values exceeding
2500 kWh/m2 [91], but its primary power generation depends
on fossil fuels. With this background, it is understandable that
Chile has an ambitious target to generate 20% of its electricity
from renewable sources by 2025 [92] and its energy policies
are also promoting the implementation of EMS in the mining
industry [90].

VI. CONCLUSION
As with other heavy-industries, mining is a required
economic activity for the development of societies. There-
fore, advocating for cleaner processes and optimal use of
resources, such as electric power, is essential. Nowadays,
policy makers are promoting the integration of renewable
resources in this type of industry. The technological transition
and the inherent coexistence between old and new technolo-
gies imply engineering challenges that can be addressed from
the microgrids perspective.

At the bottom of the control hierarchy, the integration of
control objectives related to power quality and regenerative
power harnessing in power electronics devices, is identified
as a key step towardsmore reliable power networks inmining.
At the top, the integration of multidisciplinary data from the
mine and the power system, as well as analytics services,
will bring powerful tools to develop optimal energy and
demand-management strategies, which could also be imple-
mented in auxiliary processes such as water pumping and
desalination.

Finally, some of the challenges detailed in this article can
be addressed by using a variety of techniques. However,
the adaptation of such techniques to the mining environment,
which is necessary in order to achieve the reliability and
performance required by this industry, will require additional
R&D efforts that needs to be made in the near future.
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