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Abstract—Mining industries consume a significant amounts of
energy from fossil fuels, increasing carbon emissions. This paper
presents a framework for the design of sustainable microgrid
systems for mining through the integration of renewable energy
sources to maximise environmental and economic outcomes. The
study evaluates the applicability of solar PV, wind turbines,
battery storage and diesel generators through a cost-benefit
analysis in terms of energy cost, emissions, and reliability.
Key findings indicate that wind turbines, when combined with
diesel generators, drastically reduce cost and emissions. This
work also examines microgrid configurations that have a lower
diesel generator capacity but offer near-perfect reliability. Such
configurations have proven to be feasible, as the energy shortfall
is minimal and manageable by existing mining resources, thus
reducing both costs and emissions.

Index Terms—Microgrid, Mining, Techno-economic, Demand
Response, Cost-benefit

I. INTRODUCTION

The energy consumption in the mining industry is heavily
reliant on fossil fuel sources in which only 0.001% of the total
energy mix in 2014, was from renewable energy sources (RES)
like solar and wind [1], [2]. The capacity of RES in nearly 80
mining enterprises increased from 1,066 MW in 2015 to 5,000
MW by 2019, driven by global decarbonisation and changes
in energy subsidies, including increased RES subsidies and the
goal of reducing fossil fuel subsidies by 50% by 2030 [4].

The mining sector, contributing 4-7% of global greenhouse
gas (GHG) emissions, faces high and volatile diesel prices
in remote operations [5]. Thus, the top 40 mining compa-
nies reduced GHG emissions by 3-5% using RES in mining
microgrids (MGs) due to pressure from the government, in-
vestors and society during 2019-2020. Despite these benefits, a
techno-economic framework is needed for optimal RES sizing
for cost-benefit analysis within the energy mix [6].

While existing research offers cost-benefit analyses for
typical MG sizing (e.g., [7]-[10]) for community and industrial
use, a limited literature exists on MG applications in mining.
However, a mining-specific MG design is highly required due
to the unique operational and environmental factors of mining,

This project is supported by the Australian Government Research Training
Program (RTP) through University of Adelaide Research Scholarship (UARS),
with supplementary funding from the Mine Operational Vehicle Electrification
(MOVE) project, funded by the Future Battery Industries Cooperative Re-
search Centre (FBICRC) under the Commonwealth CRC Program, Australia.

979-8-3503-9042-1/24/$31.00 ©2024 Crown

S. Ali Pourmousavi Wen L. Soong

The University of Adelaide The University of Adelaide The University of Adelaide

Adelaide, Australia
a.pourm,

Adelaide, Australia
wen.soong @adelaide.edu.au

as highlighted in Table I. Ref. [11] explored MG integration
in mining to improve efficiency and reduce environmental
impacts, but reliability issues in varying conditions are often
overlooked. A hybrid MG sizing framework with RES and
battery energy storage system (BESS) was developed based
on HOMER Grid software in [12] and validated by three case
studies in Australia. However, HOMER supports only monthly
averages with hourly resolution, not detailed daily load data
[13]. Ref. [14] studied DC/AC MG in mining, focusing on
control strategies for stable load sharing to improve resilience
and sustainability, but did not provide cost and emissions
analysis, crucial for economic and environmental viability.

To the best of the authors’ knowledge, a comprehensive

techno-economic analysis using a detailed cost model that
(1) incorporates the lifetimes of components in a MG for
replacement cost and salvage value; (2) considers warranty pe-
riods for components of a MG; (3) accounts for environmental
aspects of renewable MGs customised for mining; and (4) is
supported with practical case studies has not been performed.
This paper presents a framework for sizing and selecting MG
components at remote mining sites, enabling a trade-off anal-
ysis between net present cost (NPC), emissions and reliability.
This framework allows comparison with fossil fuel-dependent
operations, previously unexplored in mining MG studies [11]-
[13]. Besides, this work develops a comprehensive cost and
emission models for MG components to provide a thorough
techno-economic and environmental analyses in integrating
RES and BESS. The framework is demonstrated using real-
world mine in terms of load data, site-specific meteorological
data, and current market cost indicators. Here are the key
contributions of the paper:

« Develop detailed cost and emission models of MG com-
ponents such as PV, wind, BESS, and diesel generators
(DGs) including capital, operational, fuel, and replace-
ment costs, as well as the emissions, salvage value,
warranty period, and battery degradation.

« Develop an innovative framework for MG sizing trade-
offs among NPC, emissions, and reliability is being
introduced in which the energy generation data of each
MG component are analysed, and small load curtailment
is allowed to realise a lower cost MG design

The rest of the paper is organised as follows: Section II

outlines the methodology, including the scenario-based MG

Authorized licensed use limited to: University of Adelaide. Downloaded on April 28,2025 at 06:20:12 UTC from IEEE Xplore. Restrictions apply.



TABLE I
COMPARISON BETWEEN TYPICAL MICROGRIDS AND MINING MICROGRIDS

Criterion = Power Demand Location Grid Access Main Focus
Typical MG Low Urban Mostly Cost optimisation
Mining MG High Remote Rarely Cost, reliability and emissions
INPUT DESIGN FRAMEWORK POST Algorithm 1 MG design algorithm for every specified scenario
PARAMETERS PROCESSING (Initialisation and net power calculation)
11 for t=0,1,2,3 to T do
TECHNICAL Py [t] + NPW|[t] x PWT; Pg[t] + NPV]t] x PPV
MODELS COST- Prey [ﬁ] — Pload[t} - Ps [t] - Pw [t]
oo I (Battery charge/discharge decision)
ANALYSIS .
— if Pet[t] > 0 then
MODELS Pp[t] = 0; Pyis[t] < min(Ppar, Pret[t])
else if P,.[t] < O then

Fig. 1. Microgrid design framework.
design framework, the simulation algorithm, and the cost and
emission models. Section III presents the results of the case
study, discussing various combinations of MGs, their cost and
emission trade-offs, and an analysis of MG reliability and
unmet energy demand. Section IV concludes with a summary
of the findings and future research implications.

II. METHODOLOGY

A. Scenario-Based MG Design
Figure 1 illustrates the proposed design framework for MG
in mines in a three-layer approach: input parameters, design
framework, and post-processing. The input parameters layer
is made up of data from loads (power demand), generation
(normalised power according to solar irradiation and wind
speed, details in the supplementary file [16]), technical data
(technical parameters of MG components and DG emission),
and cost data (cost assumptions of all the MG components).

The second layer, the design framework, integrates technical
and financial models with a scenario-based algorithm (1) to
calculate NPC, emissions, and reliability for each MG sizing
scenario. This algorithm priorities solar PV, wind turbines, and
BESS, and uses the DG only when necessary to optimise clean
energy use and reliability. The post-processing layer categories
design solutions, identifies Pareto front solutions, and performs
cost-benefit and reliability analysis.

In Algorithm 1, ¢ is timestep with cardinal of T. N PWt]
and NPV]t] are the normalised wind and solar power in
timestep ¢, derived from the wind speed and solar irradiation of
the mine site. PWT', PPV, Py4, and Ejp,, are the rated power
capacities for the wind turbine, solar PV system, and BESS,
respectively. Pioaalt], Ps[t], Pwlt], Penlt], Puaislt], Ppclt],
P..r[t], and Psy[t] are the load demand, solar power, wind
power, BESS charging and discharging powers, DG power,
power curtailment and unmet power at timestep ¢, respectively.
SOC|t], SOC’Z.[Ztl], Nen» and 74;5 represent the state of charge,
the initial SOC with the SOC in the previous time step, and
the efficiencies of charge and discharge of BESS, respectively.

B. MG Components Cost and Emissions Models

This section presents the cost and emissions models for the
MG components used in the design algorithm. These models

Pyis[t] < 0; Pop[t] + — max(—Pogt, Pret[t])
else
Pch[t], Pdis[t] 0
end if
(Battery state of charge update)
SOC[H] « SOC-Y + AT(P,[t] -
if SOC[t] > SOCq. then
SOC|[t] + SOC 4z
Penlt] = (SOCaz — SOC}ZE]) X #ﬂ;ch
else if SOC[t] < SOC;, then
SOC[t] A SOCmin
Puislt] = (SOCIY — SOCyin) X Epar - 132
end if
(Net power recalculation)
Pnet[t] < Pload[t} - PS[t] - PW[t] - sza[t] + Pch[t]
(Curtailment and diesel generator management)
if P,et[t] > 0 then
Py [t] <0
if Ppnct[t] > PpGmax then
PDG[t] < PpGmaxz; Psh[t] — Pnet[ﬂ - PDG[t]
else
PDG[t] < Pnet[t]; Psh[t] 0
end if
else
Ppelt] < 0; Peplt] < 05 Peyr[t] < — Pret[t]
end if
(Final net power calculation)
Pnet[t] < Pload[t} - PS[t] - PW[t] - Pdis[t] + Pch[t] -
Ppg[t]
end for

MNeh

Pyis|t]
Epat : )

Ndis X Ebat

calculate the total NPC for each MG technology based on
capital, operational, and replacement costs, as well as salvage
value. For simplicity, various combinations of MG components
are used without scenario indices. Two types of BESS are
considered: lithium-ion (Li) and redox-flow (Rf) batteries. The
NPC, operational cost, and salvage value models for each MG
component ¢ = {PV,WT, Li, Rf, DG} are calculated using
the following equations:

Cy=Ch+Ch+Ch—Cy (1)
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where Cg, C’g, and C}é represent the total capital, operational,
and replacement costs of each MG component throughout the
life, and Cg represents the total salvage value at the end of the
MG’s life. The general formula for calculating the operational
cost (Cg) and salvage value (Cfé’) of each MG component are
as follows:

Lmg [
9 Py-c
P [ u,O
Co =2 i @
y=1
2 Lgsad,
cgbzcg-(l—Lg) -d 3)

where Py is the power capacity of the MG component, ¢, ,
is the per unit operational cost of MG component, L, is the
total MG life and 1 is the interest factor. Also, C¢ and L are
the capital cost of the component and the expected life of the
component while Lgsed is the duration it has been used in
operation (typically the MG life) and d is the discount factor.

1) Solar PV systems

The NPC of the solar PV system (C%V) is calculated using
(1) where its capital cost can be expressed as:

CEY = Cw;Vk € {nd,in,1d,st,cb,ts,tr} (4)

keK

where Zke x Ck is the sum of the cost of modules (md),
inverters (in), lands (1d), structures (st), cables (cb), track-
ing system (ts) and transformers (tr). The capital costs of
modules and inverters, C;, are calculated as:

Cj =cj - Nj;Vj € {md, in} (5)
where c¢; is the per unit cost of modules (md) and inverters
(in), respectively. NN; is the number of modules and inverters

that are calculated as:
Pnom
= Min-* < DC

Pper
Nm: ;Nin: )
o= [ v = [ 525 | st = HE

md

where PR and P32™ are the nominal DC and AC power
capacities of the installed solar PV system, respectively; F,q
is the power capacity of each PV module; 1, is the efficiency
of inverters, R Dg is the DC/AC ratio of solar PV system, S,
is the apparent power of the inverter, and pf is the inverter
power factor. Total cost of land required to install PV modules
(C1q), calculated as:

Cra = (ciq +cpe) X (@1a* (Nag * Ind * Wna)) @)
where cfy and cg, are the cost of land lease and lightning
protection, respectively. [,q and w4 are module dimensions,
and a4 is area extension factor allowing additional space
needed for inverters, transformers, cable channels, roads,
ditches, and the control building. Other cost terms, i.e. the
cost of the structure and tracking system, AC and DC cables,
and transformers are calculated as follows:

Cyx = ¢k - PRI VE € {st,ts} 8)
PTLOm
Cé = (l% . (1800)> x ¢, VC € {DC,AC}  (9)

nom

tr = Cer " g0 (10)

where ¢, is the per unit cost of structures and tracking systems;
c¢ is the per unit cost of AC and DC cables, ¢ is the per unit
cable length cost and c;, is the per unit cost of transformers.
The operational and replacement costs during the MG’s life
considering the life of the inverter (L;,), and the warranty
period of the PV modules (Wr4), which are unique to this
study. The salvage value of each component in the PV system
at the end of MG life, is calculated using (3).
Limg

L7YLQ
.CEV ~Yis - OBV
CPV _ @0 C L8 c 11
0" =2 (1+4)v > (1+4)y an
y=1 y=1
|72 ) Limg
C{;V Z Cln Z (fpv N d) . Cmd
Lln m .
y=1 (1+3)v y=Wraa+1 (L)
(12)
ctV = Z C2:Vk € {md,in, 1d,st,cb,ts,tr} (13)

keK
where ap and 7;, are the operational and maintenance (O&M)

and insurance cost factors, respectively, fpy is the failure rate
of PV modules.

2) Wind turbines

Similarly, the NPC of the wind system (CX'7) is calculated
using (1). The capital cost of the wind system includes three
terms as: cost of turbine (C}}'T), balance of system (C}V7),
and construction funding and contingencies (C/¥'T), which are
calculated as follows:

cyt=cit+ot+ el (14)
CL}?)/T:ZQ~PWT;V]€E{It,l’lc,tw} (15)
i€l
CXZT:ch'PWT;VkG{eg,pm, fd,sf,it,ei} (16)
jeJ
Chm =" e Pwr;Vk € {cf, cy} (17)
keK

where Py is the power capacity of the wind system and ¢; is
the per unit costs of rotor (rt), nacelle (nc) and tower (tw);
c; is the per unit cost of engineering (eg), project management
(pm), foundation (£d), site access facilities (sf), installation
(it) and electrical infrastructure (ei); ¢y is the per unit cost
of construction funding (cf) and contingency (cy).

The operational cost and salvage value of the wind system
are calculated using (2)and (3), while replacement costs are
calculated considering only the rotor and nacelle replacements
during the MG’s lifespan as follows:

| 722 |22 )
CWT _ i Crt + ic: Cnc (18)
R et (14 d)yLe = (14 4)yLne
where L., and L. are the lifetimes of the rotor and nacelle,

respectively.

3) Battery Energy Storage Systems (BESS)
The NPC of the BESS (CﬁT) is calculated using (1). The

total capital cost includes two main terms related to energy
capacity and power as:

cgr =cPr+opr

CBT =N~ ¢t Epr;Vk € {ec,bs, si, ep, pa}
eckE

19)
(20)
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C'pBT = Z ¢, - Ppr;Vk € {pc,cc} 2n

peP
where Epr and Ppr are the energy and power capacity of

the BESS, and c; represents the energy-related per unit cost,
which includes energy capacity (ec), balance of system (bs),
system integration (si), engineering and procurement (ep),
and project development (pd). Similarly, ¢, is the power-
related per unit cost, which includes the power conversion
system (pc) and control and communication (cc). The oper-
ational cost of the BESS during MG life is calculated using
(2). The same equations in (19)—(21) apply to both Li and Rf
batteries, though parameter values differ. The replacement cost
of Li batteries depends on the degradation rate. In contrast,
Rf batteries have higher operational costs due to annual
electrolyte renewal or balancing, despite no degradation. The
following equations (22), (23), (24), (25), (26), (27) present
the replacement cost of Li batteries (CET’LZ), which includes
the replacement cost of power capacity (Cng ) and energy

capacity (C geT’Li)

Cp !t = CRy + Cpl ™ (22)
oy
By Z Crc” 23)
C —
Rp — (1 —+ ’L)y Ly
y=1
L gri ] BT
BT,Li __ ec
Cre ™' = ; ST (24)
LB = min(L27H LB (25)
: 1—Fo
BT,Li _
Lcyc f= %/77’ (26)
P 0SS
el = BleﬁQ(%)(n%c x DoD x Ecey) 27

where LPT:1 ig the life of Li batteries, determined by the min-
imum of calendar life (L}""") and cycle life (LET"%); EoL
is the end-of-life fraction, and e, is the annual energy loss
percentage; (31 and o are the pre-exponential and exponential
temperature function factors [15]; nfy, is the annual number
of charge/discharge cycles; DoD is the depth of discharge;
and F.; is the energy capacity of each cell. The Rf battery
replacement cost model, similar to Li batteries but excluding

degradation, includes terms for energy and power components:

cp =Ry o (28)
I-LélT% OBT

f (1 4 i)y LBTRS
y=
where CEE is calculated by (23) and LET-Rf is the life of

the Rf batteries. The salvage value models of both the Rf and
Li batteries are calculated as follows:

CET = CET +

2 LESTIN 2 L’”-‘]
’ BT
) re(ogr)

bs (31)

(30)
cgr =iepr (o

LBT

2 us
cET =BT . <1 - LBT> -d (32)

where C§ and CET are the salvage values of the energy
and power capacities, respectively. LPT, LBT, and LJT
represent the battery cell, the inverter, and balance of system
lifetimes, respectively. Also, LZT and LBT are the number
of years that the last battery pack and inverter have been used,
respectively, that applies to both batteries as calculated below:

LET = Lpr — [(LBT X fLm”) - ng] (33)
Lpr

Lfsj:IN = LIBNT - |:(LIBNT X fégﬂ) - ng]
IN
4) Diesel generators
The NPC of the DGs is calculated using (1), where, operation
cost (C’g &Y and salvage value (C’g &) are determined using (2)

and (3), respectively, while the capital (Cg &Y and fuel costs
(CI? G are calculated as:

(34)

CEY = PR&* - cpa (35)
Lmg DG .C?G
DG __ yr
e e
8760/ AT
ID9="Y" (A Phg+B)AT (37)

t=1
where PJ&" is the maximum power capacity; cp¢ is the per

unit capital cost of the DG; c]’? G is the fuel cost; and lf,,G is the
annual diesel requirement. A and B are the parameters of the
fuel consumption curve and AT is the time interval. Unlike
other MG components, DGs produce operational emissions,

calculated as follows:
Limg

EMpg =Y 109 up_gs-empa
y=1
where emp¢ is the per unit emission of the DG and ur_gs
is the unit conversion factor.

This analysis evaluates trade-offs using net present Lev-
elised Cost of Energy (LCOE) and per unit Emissions (EMpu),
providing insight into the economic and environmental impacts
of different combinations of MG components. This approach
seeks an optimal balance between cost and sustainability. The
LCOE and EMpu are calculated as follows:

CEV +CFT + CRT + CR°
Eload X ng
EMpg
EMpu = Front X Ly 40)
where Ej,.q is the total load demand served by all MG
components.

(38)

LCOE =

(39)

III. RESULTS AND DISCUSSION

The results in this section are from a case study of a typical
mine site in Australia. Due to space limitations, the input
parameters and the primary assumptions are discussed in the
supplementary file [16].

A. Scenario-based MG Combinations

Different MG combinations with varying fractions of RES
(PV and wind systems), BESS, and DG have been simu-
lated to meet the energy demand of the mining site. Dif-
ferent technology combinations and sizes scenarios, includ-
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Per unit cost vs emissions analysis for the scenario-based simulation
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Fig. 3. Energy generation of microgrid combinations showing curtail-
ment (%); (a) DG12, (b) DG12S15, (c) DG12W20, (d) DG12S10W10, (e)
DG12S10W10B15/60, (f) STOW70B75/300.

ing the base case ‘DG only’[DG12] have been considered,
such as DG+PV [DG12S5..5..60] (means PV capacity starts
at SMW, each subsequent scenario has an increment of
SMW and maximum is 60MW), DG+WT [DG12W5..5..60],
DG+PV+WT [DG1285..5..60W5..5..60], DG+PV+WT+BAT
[DG12S5..5..50W5..5..50B5/20..5/20..65/260], PV+WT+BAT
[S70W70B75/300]. In this study, DG operates as a spinning
reserve for scenarios without battery storage and with a
SMW/20MWh battery, as it cannot meet the 12MW peak load.
For battery capacities greater than 12MW, DG is in cold start
mode, reducing costs and emissions. The battery capacities are
evenly divided between Li and Rf batteries, each with a 0.25-
C rating. The required DG capacity is 12MW, which matches
the peak demand as a backup.

B. Cost and Emissions Trade-off Analysis

Figure 2 compares emissions and costs for different MG
scenarios. Data points represent various MG configurations.
The pink Pareto front curve shows optimal trade-offs. As
illustrated in Fig. 2, the combination of DG and WT provides
the most optimal cases such that it can reduce both the LCOE
and EMpu by 36% and 62%, respectively, proving renewable
integration effectively optimises mining power systems.

C. Energy Generation of Microgrid Combinations

Figure 3 shows the energy generation mix and curtailment
percentages for the least cost and emissions from each of
the MG configurations of Fig. 2. Each bar represents com-
binations of a 12MW diesel generator (DG12), 1I0MW and
I5SMW PV (S10, S15), 10MW and 20MW wind (W10, W20),

2o e
o N B
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S o

Percentage (%)

2
o
8 830]
g
6
. 520
5l 101
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Fig. 4. Energy generation histogram analysis of DG12S10W10B15/60 sce-

nario.

MG Combinations
DG12 Reference
DG11 + 530 + W30 + B60/240
DG11 + S25 + W25 + B50/200
DG11 + S15 + W15 + B30/120
DG11 + S15 + W15 + B15/60
DG11 + S10 + W10 + B20/80
DG11 + S10 + W10 + B10/40
DG11 + S5 + W5 + B10/40
DG11 + S5 + W5 + B5/20
DG11 + S5 + W5 + BO/O
DG11.7 Standalone
DG11.5 Standalone
DG11.4 Standalone
DG11.3 Standalone
DG11.2 Standalone
DG11.4 + S15 + W15 + B15/60
DG11.2 + 515 + W15 + B15/60
DG10.7 + S15 + W15 + B15/60
DG10.5 + S15 + W15 + B15/60
DG11.4 + S5 + W5 + B10/40
DG11.2 + S5 + W5 + B10/40
DG10.7 + 55 + W5 + B10/40

Reliability (%)

2 2 2 23333333443

[ XX X

Fig. 5. Reliability, NPC and emissions analysis of the mining MG.

and 15SMW/60MWh and 75MW/300MWh BESS (B15/60,
B75/300). DG12 is the reference without renewables. The
S70W70B75/300 combination shows high surplus and curtail-
ment without DGs. Scenarios with higher renewables, such as
S70W70B75/300, have substantial curtailment due to the vari-
ability of RES. Scenarios like DG12S15, with a backup DG,
have a lower curtailment, which better matches demand. Prop-
erly sized batteries and renewables (DG12S10W10B15/60)
significantly reduce curtailment.

Figure 4 shows the energy output histograms for the
DGI12S10W10B15/60 scenario from case (e) in Fig. 3. The
analysis examines the economic impact of BESS and the
environmental implications of the DG. Battery capacity, due
to high storage costs, significantly affects system cost, while
DG, as the sole emissions source, predominantly affects the
environmental footprint. The goal is to optimise BESS and DG
capacities by evaluating their utilisation rates. The results show
that BESS is underused above 10MW, suggesting a SMW
reduction for cost savings. DG capacity drops significantly
beyond 11MW, making a IMW reduction viable to lower
emissions. However, these changes may affect MG reliability
and increase unmet energy demand. The next phase will
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TABLE II
REL(%), LCOE(A$/MWH), AND EM(TONNE/MWH) VALUES FOR
VARIOUS MG COMBINATIONS

MG Combination REL LCOE EM
DGI11S15W15B30/120  99.89 125 0.23
DG11S15W15B15/60 99.82 113 0.26
DG11S10W10B20/80 99.78 125 0.35
DG11S10W10B10/40 99.78 113 0.37
DG11.4S15W15B15/60 100 113 0.26
DGI11.2S15W15B15/60 99.96 113 0.26
DGI12 100 139 0.753

investigate the impact on MG reliability and quantify ‘energy
not served (ENS)’ to balance cost, emissions, and reliability.
D. MG Combinations Reliability Analysis

Figure 5 illustrates the interplay between reliability, NPC and
emissions for scenarios in three contexts: (i) Varying BESS
sizes with RES and fixed DG capacity, (ii) Variable DG
capacities and (iii) Variable combinations of BESS, RES and
DG capacities.

The objective is to assess how the reduction of DG or
BESS capacities, along with RES, affects reliability. Figure 5
shows that the DG capacity is crucial for reliability, with minor
reductions causing significant decreases compared to the BESS
and RES adjustments. Several scenarios in Table II achieve
substantially lower LCOE and emissions than the reference
case (DG12 only) while maintaining near-perfect reliability.

Among configurations in Table II, DG11S15W15B15/60
is very practical with balanced sizes, reduced BESS, low
cost and high reliability. Comparing DG11S15W15B15/60
and DG11S15W15B10/40 shows that the former has higher
reliability and lower emissions at the same cost. The final part
will analyse ENS for this MG configuration, assessing the fre-
quency and duration of unmet energy events and quantifying
them as a proportion of total load demand.

Figure 6 presents the ENS for the DG11S15W15B15/60
scenario. The x-axis categories instances by the number of
consecutive 5-minute timesteps with unmet load demand. The
left y-axis shows the frequency of these occurrences in a year,
while the right y-axis represents the average percentage of
unmet energy demand relative to the total load demand for
these timesteps. This analysis shows that the MG configuration
is highly reliable, with minimal unmet demand. This shortfall
can be mitigated by slightly reducing ventilation system load
or using alternative energy sources, such as batteries in electric
trucks, to enhance the resilience and sustainability of the MG
system.

IV. CONCLUSIONS AND FUTURE WORK
This research presented a framework for analysing RES in-
tegration into MGs in the mining industry, focusing on cost,
emissions, and reliability trade-offs. Integrating solar PV, wind
turbines, BESS, and DGs shows benefits, with a mixture of
wind and DGs offering the lowest cost and emissions. The
study highlights the balance between reducing DG capacity
and maintaining reliability, noting that changes in DG capacity
significantly affect the reliability of MG. Future studies will
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Fig. 6. Energy not served (ENS) occurrences and average percentage of ENS
to load demand for DG11S15W15B15/60 combination with 99.82% reliability.

explore using mobile energy storage systems, such as electric
haul trucks, to address unmet power demands, aiming for opti-
mised battery coordination and improved system sustainability.
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