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Abstract: The outlined methodology for calculating operating costs in open-cast mines and quarries
not only facilitates the selection of optimal mining equipment and systems for working lower-grade
secondary deposits but also adds significant value in navigating the challenges of fluctuating prices of
energy carriers and fuels. Moreover, the study rigorously assesses the impact of mining operations on
the performance of deployed mining equipment and the overall viability of the rock mining project.
The selection procedure relies on a comprehensive analysis of the technical and economic parameters
of selected solutions, providing critical insights to guide decisions regarding the continuation or
discontinuation of mining operations. We analyse, based on empirical data, the technical and
economic parameters of several variants of mining equipment to be used for the extraction of rocks
and stones from secondary deposits in conditions of fluctuation depending on the level of energy
prices, in order to find the best configuration in terms of operating costs and potential revenue. In
addition to analysing the structure of operating costs, the article presents their correlation with the
required profit from the sale of raw materials using the linear correlation method. The results clearly
demonstrate the economic viability of mining secondary deposits, taking into account the actual costs
incurred by mining companies.
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1. Introduction

Secondary marginal deposits are often found in surface mines and quarries adjacent
to current workings and excavations, and the presence of numerous karst interlayers adds
a further complication to the exploitation of the target deposits. Hitherto, the secondary
deposit sections have been regarded as waste rock sections to be hauled away to dumping
sites; alternatively, they have been left undisturbed when not interfering with excavation
works in progress. This is now regarded as a major issue in the light of the economic,
engineering, and environmental considerations presented by Dino, G. A. et al. [1].

In the light of current environmental concerns and the need to foster sustainable
mining practices, it is reasonable to thoroughly analyse the structure of mining costs related
to potential configurations of mining equipment in relation to the viability of secondary
deposit mining projects, particularly when the prices of energy carriers and fuels tend to
increase and fluctuate.

This issue is of particular importance because of the perpetual demand for rock and
stone for the construction and road-building industry; moreover, the extraction sector is
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secondary mineral deposits and waste rock sections.

In view of the above, it seems necessary to carry out an analysis, based on empirical
data, of the technical and economic parameters of several variants of mining equipment
to be used for the extraction of rocks and stones from secondary deposits in fluctuating
conditions, depending on the level of energy prices, in order to find the best configuration
40/). in terms of operating costs and potential revenues.
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The cost effectiveness of machine system configurations is analysed in relation to the
impact of fluctuations in energy and fuel carrier prices over the period 2019-2023.

The starting point of the analysis is 2019, when energy and fuel prices were stable,
followed by a decrease in 2020, then a slight price increase in 2021, followed by a brief
stabilisation and a sharp increase in 2022. The analysis is complemented by data up to
mid-2023 showing current price levels for energy and fuel sources. In addition to analysing
the structure of operating costs, the article presents their correlation with the required profit
from the sale of raw materials using the linear correlation method.

Mining practice has shown that even in cases when the secondary mining operations
are planned to be resumed, in most cases, they will never commence, as described by Jonczy,
I. and Gawor, L. [2] and Marcisz, M. et al. [3]. On the other hand, selective extraction would
allow the limitation of the size of dumping sites through generating smaller amounts of rock
debris, as described by Dino, G. A. et al. [1], Stenis, J. and Hogland, W. [4], and KaZmierczak,
U. et al. [5]. The exploitation of secondary mineral deposits, hitherto treated as rock waste,
alongside the excavation of the target deposit, may prove cost effective in the end since
entire sections of waste rock do not go to the dumping site, as described by Patyk, M. and
Bodziony, P. [6] and Yildiz, T. D. [7]. Rana, A. et al. [8] and Kumar Gautam, P. et al. [9]
described the scope of recycling in the limestone mining industry is described.

Anon [10] outlines the broad cost patterns for the major functions within an open-pit
operation. The estimation of operating costs in mining in Australia were investigated
in [11-13]. Bertisen J. and Davis G. [14] described the modelling of the capital costs of
mining projects via Monte Carlo analysis. The estimation of operating costs with multiple
variables for open-pit mines is also described in the paper [15]. Analyses for reducing the
operating costs of mining ventures are described in [16,17]. The authors of this article tried
to describe the cost structure of machine systems in quarries [18]. Improvements in the
operational efficiency of mining processes and cost efficiency were analysed in [19]. Rai San,
H. et al. [20] determined the proportions of operating costs and capital expenditures, taking
into account the transportation costs, in an open-pit mine. This issue was also addressed
by Demir, E. et al. [21] and Hajarian, A. and Osanloo, M. [22], Rodovalho, E. [23] and
Ercelebi. S. and Bascetin, A. [24], and Choudhary, R. [25]. Kecojevic, V. and Komljenovic,
D. [26] investigated the cost and environmental burden of the haul trucks deployed in
surface mining. Kecojevic, V. et al. [27] determined the proportions of the cost of energy
consumption and the total energy cost in relation to the total revenue from open-pit coal
mining. Ozdemir, B. and Kumral, M. [28] proposed a cost model that considers all activities
in the mining cycle, adopting a system-wide approach to minimizing the total cost of bench
production. Guo, H. et al. [29] relied on artificial intelligence to estimate costs in open-pit
copper mining [30]. An empirical analysis of mining operations in Australia was conducted
by Valle de Souza, S. et al. [31]. Carmichael, D. G. et al. [32] explored the relationship
between the optimal unit cost of surface mining operations and the optimal unit of the
emissions produced. Dougall, A. and Mmola, T. [33] identified key performance areas in
southern African surface mining. Budeba, M. et al. [15] proposed a model for estimating
the cost and technical efficiency of a surface mine. Teplickd, K. et al. [34] summarised the
research work on economic indicators used to evaluate the efficiency and functionality of
mining processes. Da Gama, C. [35] presented the methodology used in each phase of an
open-pit mining project to assess its current technical and economic feasibility. Dehghani,
H. [36] and Costa Lima, G. A. [37] described the impact of cost variability on a mining
project. Meanwhile, Mishra, P. C. et al. [38] described the impact of various factors on the
performance of mining operations. Uberman, R. [39] and Mancini, S. et al. [40] wrote about
the demand for recycled raw materials and secondary deposits in the EU.

2. Materials and Methods

The analysis was conducted to support the selection of mining equipment to be de-
ployed in a surface limestone quarry with interbedded karst interlayers, such that 30% of
the deposit is regarded as off-spec material and thus treated as waste rock. Additionally,
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Alternative W1

—100% material,
10m (600 t/h)

Alternative W2

WL 2 x HT Hauling distance: 1220m E MCE —

this waste rock has to be hauled to the dumping site, which leads to a further increase in
production costs. The output product is the raw material base (RMB) free from admixtures,
requisite for preparing aggregate mix for the construction industry. The predetermined
output level was taken to be 600 t/h for each configuration of the mining equipment. The
underlying assumption was that equipment should be leased and serviced by a third-party
service hired by the manufacturer of the mining equipment (the lessor company). Invest-
ment outlays on machines are not taken into consideration because the mining equipment
in most part should be leased. Apart from haul trucks, all machines are effectively used
during the two active work shifts for Te = 7 h (productive time). It was assumed that the
machines would be used for 25 days in a month, totalling 350 h.

Figure 1 shows the potential configurations of mining equipment to be deployed for
secondary deposit mining (selected machines and haulage distances).

> Hauling distance: 1760.m >
30% waste (180 t/h)

%
Hauling distance: 1000 m

T RN 7 7
70% utility mineral (420 t/h)

> WL 1xHT Hauling distance: 2780 m _ ED
30% waste (180 t/h)

100% material (600 t/h)

Alternative W3

'— 3C D3 70% utility mineral R AMP
900 m* (420 t/h)

D2 30% waste >

100% material, 1760m (180 t/h)
%ot [ s |[w]

Description:

L D1 70% utiliry minergl R D3_70% utilty mineral _ ["ppsp
1220 m

(420 t/h) 900 m* (420 t/h)

E — Excavator, WL — Wheel Loader, HT — Haul Trucks (55 Mg capacity), AMP — Aggregate Mining Plant, ED — External Dump,
MCpe— Mobile Crusher (diesel / electric), MS,y— Mobile Screen (diesel), BC — Belt Conveyor (900 m), (420 t/h) — 420 capacity of transport
equipment in tonnes per hour, *length of conveyor belt route

Figure 1. Configurations of the mining equipment to be deployed for secondary deposit mining.

Previous studies on mining operations in secondary deposits [6] investigated the
performance of different mining equipment configurations, yet their deployment proved
too costly and hence unprofitable. That is why these variants are not considered in the
present analysis.

The following assumptions were made for the analysis. Fixed costs depend on op-
erational factors, while variable costs depend on geo-environmental factors (quantity of
heap masses) and energy consumption factors. In this case, the amount of waste mate-
rial in the deposit and the energy consumption of mining equipment (including trans-
portation and processing equipment) influence variable costs, similar to in the work by
Mishra, P.C. et al. [38]. This influence may result in a reduction in the environmental factor
in the form of a lower volume of heap masses (less environmental degradation).

Furthermore, to comprehensively address the problem of mining operations, the
assumption is that the cost of energy carriers will be the main and decisive component
of all operating costs, determining the profitability of mining secondary deposits. Thus,
energy consumption costs have a direct and decisive impact on the profitability of mining
production. Additionally, it is assumed that there is a strong linear correlation between all
operating expenses and generated revenue from the sale of the raw material base (RMB).

Additionally, the profitability range of raw material base (RMB) production was
determined based on a cost balance where the sales revenue is reduced by the cost of waste
rock storage and the overall operating costs of the mining equipment. Taking into account
the sales revenue, which increases due to price adjustments in response to growing demand
and the need to cover rising operating costs, a linear regression analysis was conducted to
verify the accuracy of the adopted economic model.
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The costs involved in the operation of several variants of machines and equipment for
secondary deposit mining are thoroughly analysed and categorised, including:

Fuel consumption (diesel oil/electricity);
Leasing costs;

Servicing and maintenance;

Tyres and tyre servicing (haul trucks);
Labour costs (payroll).

Fuel consumption (1):

Y rc = Conw L (Ceony:"Qon) + Cry; ) (CE.Ey, QE) (1)

where

CE.on,,;—fuel consumption costs for the technological and transport machines powered by
diesel fuel in the i-th variant, PLN/year;

Ck.g,,,—energy consumption costs for the technological and transport machines powered
by electricity in the i-th variant, PLN/year;

Qon—average price of diesel fuel, 1/PLN;

Qr—average price of electricity, MWh/PLN (Table 1);

Con,,,—number of technological and transport machines powered by diesel fuel in the
i-th variant;

C,,,—number of technological and transport machines powered by electricity in the
i-th variant.

Table 1. Average price of electricity and diesel oil (per month) over the years 2019-2023.

Cost 2019 2020 2021 2022 2023
Electricity [PLN/MW] 460 380 560 780 1085

f(‘]‘;lh(t‘rizsel oil) [PLN/100litre] - 0y /400 306/326  4.28/428  585/585  4.97/497

Fuel costs were obtained, taking into account the operating time of machines over one
month (350 h), the average price (from year to year, calculated month to month) of one litre
of diesel oil and the price of electricity (1 kWh), the average fuel and power consumption,
and the forecasted fuel consumption over a given transport route for haul trucks, as well as
the number of active shifts.

The payroll costs depend on the number of employees and their wages (2).

Y we=2.(Cmoy; Cm12)+) (Chr.Dy,; Crr-12) 2)

where

Cm.o,,—number of operators of loaders, crusher screens, and belt conveyors in the
i-th variant;

CHT.Dy,—number of haul truck drivers in the i-th variant;

Cp—machine operator wages, Cy; = 5175 PLN/month;

Cyr—haul truck driver, Cyt = 4500 PLN/month.

Leasing costs for individual variants depend on the type and actual configuration of
the mining and quarrying equipment (3).

Y ic= 2(Cwmy Crmy,) +)_(Chryy-CLaTy,) (3)

where

Cm,y;—number of loaders, crusher screens, and belt conveyors in the i-th variant;
Chr,,,—number of haul truck in the i-th variant;
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Cr.m,,;—costs of leasing of loaders, crusher screens, and belt conveyors in the i-th variant,
PLN/year;
Cr.HT,y;—haul trucks leasing costs in the i-th variant, PLN/year.

The total maintenance costs of haul trucks depend on the number of machines and the
usage rate of the dump bed; in the case of other machines, these are related to their number
and unit costs. The cost calculation procedure was similar to that adopted to obtain the
leasing costs (4).

ZMC (CMWi'CM~MWi) + (CHTWi'CM-HTWi) (4)
where

Cm.m,y;,—maintenance costs of loaders, crusher screens, and belt conveyors in the i-th
variant, PLN/year;

Cm.HT,,—maintenance costs for haul trucks in the i-th variant, PLN/year;
Cm,,;—number of loaders, crusher screens, and belt conveyors in the i-th variant;
Cur,,,—number of haul trucks in the i-th variant.

Tyre service (5):

ZTC (CM~TWi'CT~MWi) + (CHT-TWi'CT‘HTWi) (5)

where

Cm.1,;,—number of loader tyres in the i-th variant;

Cr.my,,—tyre service costs for loaders in the i-th variant, PLN/mth;
CHT.1);—number of haul truck tyres in the i-th variant;

Cr.HT,,—tyTre service costs for haul trucks in the i-th variant, PLN/mth.

All analysed costs are presented as values excluding tax (net). The cost data for diesel
fuel were derived from actual data [41]. The data regarding the costs for electricity, leasing,
servicing, and tyres were provided by the mines as average monthly costs. The labour
costs have been adopted as average monthly remuneration costs for specific production
employees, provided by several mining plants with a similar production profile.

The total operating costs of the machines are presented in Table 2.

Table 2. Analysed costs of mining and quarrying equipment over the years 2019-2023.

2019-2023 Leasing Maintenance Payroll Fuel ON Energy Tyres
[PLN] [PLN] [PLN] [PLN] [PLN] [PLN]
E—excavator 29,611 5694 5852 44,499-79,853 - -
WL—wheel loader 54,232 18,951 5852 45,640-81,900 - 3796
MCON-—mobile crasher diesel 52,605 13,016 - 37,083-66,544 - -
MCE—mobile crasher electric 52,605 5423 - - 19,684-40,404 -
MSON-—mobile screen diesel 21,693 5423 - 25,102-45,045 - -
BC—belt conveyor 2582 3254 - - 19,152-39,312 -
HT—haul trucks 45,555 18,439 5088 * - 6074

* Costs related to the hauling distance and land features.

The cost analysis involved three steps (stages). Step 1 highlighted the cost structure
and cost itemisation for different configurations of mining equipment covering the years
2019-2022. In Step 2, the focus was on the variability of costs involved in the operation
of mining equipment in various configurations to identify the key cost components. In
Step 3, the range was determined in which the production of the RMB from secondary
deposits was still economical and profitable in the conditions of fluctuating costs. The
cost effectiveness of the mining equipment in each configuration was analysed empirically,
assuming that all products (aggregate mix) should be sold and that sales proceeds and
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dumping prices might fluctuate. The costs of blasting works, which remained unchanged
in each considered variant, were omitted for further analysis as they had no bearing on the
overall operating costs of the mining equipment.

3. Results and Discussion

Step 1—Cost structure in different configurations of mining equipment for the years
2019-2023 (itemised costs).

The starting point in the analysis was the year 2019, when both fixed and variable
costs had remained stable and unchanged for several years. For variant 1, the total costs
were found to be the lowest in relation to the remaining variants. The respective differences
were PLN 144 thousand (20%) in relation to W2, PLN 158 thousand (22.1%) in relation to
W3, and PLN 454 thousand (63.5%) (Table 3 and Figure 2). The unit costs for energy carriers
and fuels were PLN 460/MW (electricity price) and PLN 4.0 per one litre of diesel oil.

Table 3. Cost components in each configuration of mining equipment in 2019.

2019 Leasing Cost Maintenance Cost Payroll Fuel Cost—Diesel = Energy Cost Tyre Cost
w1 257,915 86,115 39,268 311,052 - 20,732
W2 312,111 100,054 44,809 334,368 47,012 20,732
W3 309,317 92,582 44,086 359,428 47,012 20,732

1,000,000
859,086 873,158
800,000 I I
715,083
600,000
Z
-
&
400,000
- .
0
W1 W2 W3

M Leasing cost

W Maintenance cost Payroll Fuel cost diesel M Energy cost M Tiers cost

Figure 2. Cost structures of mining equipment operations in different configurations in 2019.

All costs have been expressed in PLN.

In 2020, the total costs decreased slightly in relation to 2019, as shown in Figure 3,
and variant W1 proved to have the lowest total cost. The respective differences between
variant W1 and the remaining variants were PLN (142 thousand 21.4%) in relation to W2
and PLN 420 thousand (63.4%) in relation to W3 (Table 4, Figure 3). In 2020, the unit costs
of energy carriers and fuels were PLN 380/MW (electricity price) and PLN 3.26 per one
litre of diesel oil.
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1,000,000

800,000

600,000
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400,000

200,000

B Leasing cost

795,744 805,041
I I
663,266
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B Maintenance cost Payroll Fuel cost diesel M Energy cost M Tiers cost

Figure 3. Cost structures of mining equipment operations in different configurations in 2020.

Table 4. Cost components in each configuration of mining equipment in 2020.

2020 Leasing Cost Maintenance Cost Payroll Fuel Cost—Diesel = Energy Cost Tyre Cost
W1 260,329 86,921 41,582 253,507 - 20,926
W2 315,032 100,990 47,449 272,510 38,836 20,926
W3 312,212 93,448 46,684 292,934 38,836 20,926

All costs have been expressed in PLN.

In 2021, the unit costs for energy carriers and fuels were PLN 560/MW (electricity
price) and PLN 3.26 per one litre of diesel oil, showing a sharp increase in the price of
electricity (Table 5), leading, as a consequence, to a marked increase in the total operating
costs (Figure 4). The total cost involved in variant W1 was PLN 765 thousand, whilst
variants W2 and W3 would generate higher costs: W2—LN 161 thousand (21%) and
W3—PLN 176 thousand (23%).

Table 5. Cost components in each configuration of mining equipment in 2021.
2021 Leasing Cost Maintenance Cost Payroll Fuel Cost—Diesel = Energy Cost Tyre Cost
Wi 274,961 91,807 43,570 332,826 - 22,102
W2 332,738 106,667 49,718 357,774 57,232 22,102
W3 329,760 98,701 48,916 384,588 57,232 22,102

All costs have been expressed in PLN.

In 2022, the prices of all energy carriers and fuels on the world markets rose dra-
matically, particularly the price of electricity; the increase in the price of diesel oil was
less significant. The average unit price of diesel oil was PLN 5.85/litre and the price of
electricity was PLN 780/MW. W1 is found to be the most economical and cost-effective
variant in those conditions, its total costs being PLN 939 /month. As regards W2 and W3,
their total costs exceed the costs of variant W1 by PLN 202 thousand /month (21.5%) for
W2 and PLN 226 thousand/month (24%) for W3 (Table 6 and Figure 5). Moreover, the
respective cost components in variant W1 are found to be the lowest as this configuration
uses the fewest machines, so, obviously, the leasing, maintenance, and payroll costs should
be the lowest, too.
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1,000,000 926,231 941,299
800,000 765,266
600,000
Z
—
=
400,000
200,000
0
W1 w2 W3
M Leasing cost W Maintenance cost  Payroll Fuel cost diesel M Energy cost M Tiers cost
Figure 4. Cost structures of mining equipment operations in different configurations in 2021.
Table 6. Cost components in each configuration of mining equipment in 2022.
2022 Leasing Cost Maintenance Cost Payroll Fuel Cost—Diesel = Energy Cost Tyre Cost
W1 309,406 103,308 46,260 454,914 - 24,871
W2 374,422 120,029 52,787 489,013 79,716 24,871
W3 371,070 111,065 51,936 525,663 79,716 24,871
1,400,000
1,200,000 1,140,838 1,164,322
1,000,000 938,759
800,000
Z 2
-
A~ 600,000
400,000
200,000
0
W1 w2 W3

M Leasing cost W Maintenance cost ® Payroll

Fuel cost diesel M Energy cost W Tiers cost
Figure 5. Cost structures of mining equipment operations in different configurations in 2022.

All costs have been expressed in PLN.

In 2023, the price of diesel oil fell slightly whilst the price of electricity has continued to
increase; the mid-year average unit prices were PLN 4.97 /L (diesel o0il) and PLN 1085/MW
(electricity). All the same, W1 still remains the most economical variant, entailing total
costs of PLN 896/month (a 4.5% decrease in relation to 2022) and variants W2 and W3
come next in line). The respective cost components of variant W1 are still the lowest. The
electricity costs for variants W2 and W3 are decidedly higher, and their total costs exceed
W1 by PLN 30 thousand /month (26%) for W2 and by PLN 250 thousand /month for W3
(Table 7 and Figure 6).
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Table 7. Cost components in each configuration of mining equipment in 2023.

2023 Leasing Cost Maintenance Cost Payroll Fuel Cost—Diesel = Energy Cost Tyre Cost
W1 324,172 108,238 51,512 386,482 - 26,058
W2 392,289 125,757 58,780 415,452 110,887 26,058
W3 388,778 116,365 57,832 446,589 110,887 26,058

1,400,000
1,200,000 1,129,224 1,653,152
1,000,000 896,461 _
Z 800,000
~
600,000
100000 — B
0
w1 w2 W3
W Leasing cost ® Maintenance cost Payroll Fuel cost diesel M Energy cost m Tiers cost

Figure 6. Cost structures of mining equipment operations in different configurations in 2023.

All costs have been expressed in PLN.

The most considerable cost component in variant W1 is the fuel price, its relative share
ranging from 38.2% in 2020 to 48.5% in 2022. The leasing cost is next in line, accounting for
36.1% of the total cost, on average. The relative share of leasing costs in variant W1 ranges
from 33.0% in 2020 to 39.2% in 2022. The third-largest cost component, accounting for
about 12% of the total cost, is maintenance. These costs range from 11.0% for 2022 to 13.1%
in 2020. Average payroll and tyre service costs in this variant account for 8.5% of total costs.
In the case of variant W1, a certain regularity is revealed: when fuel prices decrease (2020),
leasing and maintenance will increase their share in the total cost structure. As regards
the cost structure in variants W2 and W3, leasing costs account for 32.8%/31.9% of the
total cost in 2022 and 39.6%/38.8% in 2020, respectively, with an average of 35.9%/35.0%.
The relative share of maintenance costs is slightly smaller (relative to W1), ranging from
10.5%/9.5% in 2022 to 12.7%/11.6% in 2020, averaging 11.5%/10.5%. Fuel costs, as in W1,
are found to be the largest component in W2 and W3, with their relative shares ranging
from 34.2%/36.4% in 2020 to 42.9%/45.1% in 2022—an average of 38.3%/40.5%, which
15 5.1%/2.9% less than in variant W1. It can be attributable to the effect of an additional
cost component (electricity), ranging from 4.9%/4.8% in 2020 to 9.8%/9.7% in W2 and W3,
respectively, in the first six months of 2023, with its average relative share being 6.7%/6.6%.

Step 2—The effects of the fluctuating prices of energy carriers and fuels on the operat-
ing cost structure of mining equipment over the years 2019-2023 (monthly).

In step 2, the relative shares of particular cost components in the total cost structure
over the 2019-2023 (monthly) period are collated and analysed

In variant W1, with all equipment being diesel-powered, total costs diminished by
about 7.2% in 2020 relative to 2019 (Figure 7). This decrease was the lowest among the
analysed variants, due to the absence of electric-powered machinery. As a consequence of
the increase in diesel prices in 2021, the total costs of operated mining equipment rose by
15.4% relative to 2020 and by 7.0% relative to 2019. The largest increase was reported in
2022, when the total costs increased by 22.7% relative to the previous year and by 31.3%
relative to 2019. As shown in Figure 7, the increase in total costs was chiefly caused by the
increase in the cost of diesel fuel and the leasing and maintenance cost; each of these cost
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components grew by 12.5%. In 2023, At the same time, there was a decrease in total costs
attributable to a decrease in the diesel oil price. The decrease in total costs in 2023 relative
to 2022 was 4.5%, equivalent to less than PLN 45 thousand /month.

1,000,000 938,759 896,461

765,266

800,000 715,083 663,266

Z 600,000
=]
ey
400,000
200,000
0
2019 2020 2021 2022 2023
B Leasing cost M Maintenance cost mPayroll 7 Fuel cost diesel M Energy cost M Tiers cost
Figure 7. Variable costs of mining equipment operations for variant W1 over the years 2019-2023,
with the main cost categories.

In variant W2, the total costs in 2020 relative to 2019 decreased by about 7.4%. The
following year (2021) brought a 16.4% increase in total costs relative to the previous year
and a 7.8% increase relative to 2019. In 2022, costs increased by 23.2% relative to 2021 and
by 32.8% relative to 2019 (Figure 8). In 2023, there was a 1.0%, decrease in costs, equivalent
to less than PLN 12,000/ month. In this variant, electricity costs account for 6.7% of all costs
on the average, while the aggregate costs of fuel and energy carriers account for 45.0% of all
costs, showing a strong dependence on the prices of energy carriers and fuels, particularly
diesel oil. On average, diesel costs account for 38.3% of the total cost in the investigated
period of time; they accounted for 34.2% in 2020, 42.9% in 2022, and 36.8% of the total cost
in 2023. The annual increases in electricity costs caused its relative share of the total costs
to rise to 9.8% in 2023 for variant W2. In comparison, the costs of electricity and diesel in
2022 accounted for 7.0% and 42.9% of the total cost, respectively (totalling 49.9%), and for
9.8% and 36.8% in 2023, totalling 46.6%.

1,200,000 1,140,838 1,129,224
1,000,000
800,000

%

= 600,000
400,000
200,000
0

2019 2020 2021 2022 2023

M Leasing cost W Maintenance cost W Payroll 1 Fuel cost diesel M Energy cost M Tiers cost

Figure 8. Variable costs of mining equipment operations for variant W2 over the years 2019-2023,
with the main cost categories.
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For variant W3, the total costs in 2020 relative to 2019 decreased by 7.8%, the most sig-
nificant decrease registered among the analysed variants. In 2021, the total costs increased
by 16.9% relative to the previous year and by 7.8% relative to 2019. The most significant
cost increase was reported in 2022, making it 23.7% (a year average) relative to the previous
year and 33.3% relative to 2019, which is the largest reported increase with respect to other
variants. In 2023, there was a slight decrease in total costs of about 1.5%, equivalent to PLN
18,000/ month. For this variant, electricity costs accounted for about 6.6% of the total costs
(on average), while the fuel and energy carriers contributed about 47.1% towards the total
cost (Figure 9), revealing a strong dependence on the prices of energy carriers and fuels,
particularly diesel oil. The relative share of diesel costs over the entire period under review
averages 40.5%. In 2020, it accounted for 36.4% of the total costs; in 2022, the relative share
was as high as 45.1%, while in 2023, it dropped again to 39.0%. The change in the relative
share of diesel oil costs in 2023 was due to the increasing costs of electricity, accounting for
9.7% in 2023 (a 2.8% increase in relation to 2022). In comparison, the costs of electricity and
diesel oil in 2022 accounted for 6.8% and 45.1% of the total costs (totalling 52.0%), and in
2023, their relative shares were 9.7% and 39.0%, respectively (totalling 48.6%).

1,164,322 1,146,510

805,041

2020 2021 2022 2023

M Leasing cost W Maintenance cost m Payroll Fuel cost diesel M Energy cost M Tiers cost

Figure 9. Variable costs of mining equipment operation for variant W3 over the years 2019-2023,
with the main cost categories.

The analysis of cost components and their variability revealed the diesel costs as
the main cost component in all the considered variants. For variant W1, the average
relative share of these costs is 43.4% in the analysed years: 48.5% in 2022, and 43.1% in
2023. For variants W2 and W3, the average relative share of these costs is 45.0% and
47.1%, respectively, approaching 49.9% and 52.0% in 2022, and 46.6% and 48.6% in 2023.
The difference between these variants and W1 is that W2 and W3 use electric-powered
machinery, which accounts for about 6.6% of all costs. The analysis shows that in 2022,
fuel and electricity costs increased by 5% relative to other years and thus accounted for
more than half of the total costs of mining equipment and machinery. On the other hand, a
decrease in the price of diesel oil led to a 3% decrease in the relative share of fuel costs in
relation to the increasing prices of electricity by 2022.

Step 3—Analysis of the profitability range of RMB production from secondary deposits
in each considered variant of deployed mining equipment.

In step three, the profitability range of aggregate mix production is determined in the
context of fluctuating operating costs (Table 8) for each investigated variant of the mining
equipment, assuming increasing revenues from RMB sales and variable dumping costs.
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Table 8. Total costs involved in the investigated variants of mining equipment over the years
2019-2023.

2019 2020 2021 2022 2023 (m-y)
W1 715,083 663,266 765,266 938,759 896,461
W2 859,086 795,744 926,231 1,140,838 1,129,224
W3 873,158 805,041 941,299 1,164,322 1,146,510

The profitability range of RMB production was derived relying on the cost balance
expressed as sales revenue minus the cost of waste rock dumping and the total operating
costs of mining equipment. Dumping costs (Table 9), like other cost components, tend to
vary over the years, mainly due to the fluctuating prices of the energy carriers and diesel
fuel required for waste rock haulage to the dumping site.

Table 9. Dumping costs and revenues from sales of aggregate mix over the years 20192023 for the
considered variants of mining equipment.

2019 2020 2021 2022 2023 (m-y)
Dumping costs 378,000 365,400 415,800 504,000 630,000
Sales revenue 1,470,000 1,617,000 1,911,000 2,205,000 2,352,000

aggregate mix

Sales revenues show a growing trend thanks to sales price adjustments as a conse-
quence of increasing demand and the need to cover rising costs of mining equipment
operations. Both cost components are collated in Table 9.

A linear regression analysis performed to check the validity of the economic model
adopted (Figures 10-12 and Tables 10-12) for all variants representing different config-
urations of machine systems is presented below; a statistical linear relationship of high
significance was noted between the RMB sales revenue generated and the resultant op-
erating costs developed in the analysis in steps 1 through 3. The data used for analysis
were considered error-free as they are actual data obtained from the mining facility (all cost
components, including the electricity price and revenue from sales in RMB). However, fuel
prices (diesel) were based on real market data.

2600

2400 y = 3.7665x = 1 x 106
R2=0.8547

2200

2000

1800

1600

1400

1200

Sales revenues aggregate mix [kKPLN]

1000
600 650 700 750 800 850 900 950 1000

Production costs [kPLN]

Figure 10. Regression of variant W1 aggregate mix sales revenue and production costs (MSE = 16.8%).
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Figure 11. Regression of variant W2 aggregate mix sales revenue and production costs (MSE = 10.2%).
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Figure 12. Regression of variant W3 aggregate mix sales revenue and production costs (MSE = 12.7%).

Table 10. Regression model and analysis of variance for W1.

Regression Coefficients Analysm of Regression Residual Total
Variance
Multiple R 0.924 df 1 8 9
R-Square 0.855 Ss 1.5 x 10'2 2.6 x 101 1.8 x 1012
Adjusted R-Square 0.837 MS 1.5 x 102 3.3 x 10%0
Standard Error of the Estimate ~ 1.81 x 10° F 4.7 x 10!
Observations 10 Significance F 1.3 x 1074
Lower Upper
b Standard t Statistic p-Value Confidence Confidence
Error o .
Limit Limit
Intercept —1.2 x 100 40 x 10° —2.908 0.020 —2.1 x 100 —2.4 x 10°

Variable X 1 3.7665 0.549 6.859 0.000 2.500 5.033
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Table 11. Regression model and analysis of variance for W2.
. L . Analysis of . .
Regression Coefficients Variance Regression Residual Total
Multiple R 0.942 df 1 8 9
R-Square 0.888 SsS 1.6 x 102 2.0 x 101 1.8 x 1012
Adjusted R-Square 0.874 MS 1.6 x 1012 2.5 x 10'0
Standard Error of the Estimate ~ 1.59 x 10° F 6.3 x 10!
Observations 10 Significance F 45 x 1072
Lower Upper
b Stzx;i)arrd t Statistic p-Value Confidence Confidence
Limit Limit
Intercept -92x10° 32 x10° —-2918 0.019 -17 %10  —1.9 x 10°
Variable X 1 2.8452 0.357 7.962 0.000 2.021 3.669
Table 12. Regression model and analysis of variance for W3.
. . . Analysis of . .
Regression Coefficients Variance Regression Residual Total
Multiple R 0.914 df 1 8 9
R-Square 0.836 Ss 1.5 x 1012 3.0 x 101 1.8 x 1012
Adjusted R-Square 0.815 MS 1.5 x 1012 3.7 x 10%0
Standard Error of the Estimate ~ 1.93 x 10° F 4.1 x 10!
Observations 10 Significance F 2.1 x 107*
Lower Upper
b StaEr;iird t Statistic p-Value Confidence Confidence
Limit Limit
Intercept —1.0 x 10° 4.1 x 10° —2.521 0.036 —2.0 x 10° -89 x 10*
Variable X 1 2.8840 0.452 6.379 0.000 1.841 3.926

The credibility level of the proposed model was verified by calculating the mean
squared error (MSE) for each variant, expressed as an absolute percentage value (6).

n A1 \2
MSE — W 6)

where

y;i—the value predicted by the model for the i-th variant, PLN/year;
yi—the actual value for the i-th variant, PLN/year;

n—the number of observations;

k—the number of predictors (independent variables).

The determined regression models are statistically significant. For all variants, the
linear model turned out to be the best. The value of the coefficient of determination for all
considered variants oscillates between 84 and 89%, and so their significance is similar. The
level of significance for all the determined parameters of the models is <0.05. The model
and the analysis of variance show that the best variant in terms of the efficiency of the costs
incurred is variant W1 because for an increase in cost by a unit there is almost a fourfold
increase in revenue. Variants W2 and W3 also yield good results, but an increase in cost
by a unit yields a threefold increase in revenue. The analysis of the residuals shows their
normal distribution, which indicates that they do not significantly affect the values derived
from the regression model.

The mean squared error (MSE) expressed in absolute percentage values for variants
W2 and W3 is 10.2% and 12.7%, respectively. However, in the machine system for variant
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W1, this error is 16.7%. This indicates that the model is correctly configured, especially for
technological systems simultaneously powered by electricity and diesel fuel.

To summarise the entire technical and economic analysis, Table 13 shows the analysed
cost balance for all variants over the entire calculation period. A chart was then drawn up
showing the range of profitability of RMB production when the variable costs of energy
carriers are taken into account (Figure 13).

Table 13. Cost balance for the investigated variants of mining equipment over the years 2019-2023.

2019 2020 2021 2022 2023 (m-y)
W1 376,917 588,334 729,934 762,241 825,539
W2 232,914 455,856 568,969 560,162 592,776
W3 218,842 446,559 553,901 536,678 575,490
Range of cost-effectiveness for Variants W1-W3 with fluctuating energy and diesel prices
diesel price energy price - - W1 W2 W3
0.7 0.8 0.9 1.0 11 1.2

Total Production Costs RMB [million PLN]
Figure 13. Cost effectiveness of variants W1-W3 with fluctuating electricity and diesel prices.

The most cost-effective option throughout the analysis period was option W1, as
shown in Table 13. In 2020, the variant generated a profit of nearly PLN 590 thousand;
W2 and W3, yielding PLN 450 thousand, rank second. In 2021, all costs increased (by 16%
on average); however, the price of the marketed product (aggregate mix) also increased
by nearly 18%, which improved the profitability of the enterprise compared to previous
years. The profit generated from aggregate mix production in W2 and W3 was about PLN
560 thousand /month and almost PLN 730 thousand /month in variant W1. However, due
to a sharp increase in electricity prices (almost 40%) and diesel oil (about 37%), it was only
in variant W1 that profits improved despite further increases in the price of the marketed
product (aggregate mix), yielding PLN 762 thousand /month. In the remaining variants,
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W2 and W3, the profitability decreased by 1.5% and 3.1%, respectively, equivalent to profit
levels of PLN 560/537 thousand /month. In 2023, the price of DIESEL oil decreased by
about 15%, whilst the price of electricity rose again by 39.1%. Additionally, the dumping
cost have increased significantly this year (by 25%). The increase in electricity prices led
to another increase in the price of the marketed product (by 6.7%). Nonetheless, in one
possible scenario, all variants should be profitable in 2023 as the price of marketed aggregate
mix tends to increase whilst the price of diesel oil remains low.

Figure 13 shows the levels of profitability for each variant of the implemented mining
equipment as a function of the actual prices of energy and fuel carriers. For variants W2
and W3, the profitability of RMB production varies according to the total production costs,
which are the result of the price of energy carriers and fuels (diesel and electricity). In
contrast, in the case of variant W1, the profitability depends only on the price of diesel.

The machinery system in variant W1 is powered solely by diesel and, as the analysis
shows, this variant is the most cost-effective, even with a large increase in total costs. This
is influenced by the smallest number of machines—three rigid dumpers, one loader, one
excavator, and one mobile crusher—and the shortest transport routes. Consequently, the
diesel consumption is the lowest of the mining equipment configuration options analysed.

The profitability range in W2 and W3 (shown on the graph as a filled image section
between the dotted and dashed lines) is also dependent on the price of electricity used
to power some of the mining machinery. Nevertheless, in all variants, the total operating
cost show the strongest dependence on the diesel price. Variant W3 can be regarded as an
expanded version of W2, with the addition of a Diesel-powered screen separating the waste
rock from the excavated material near the excavation site, thus shortening the haulage
routes. Variant W2 features a lower DIESEL consumption due to the smaller number of
deployed machines (five machines and three haul trucks) compared to W3 (six machines
and three haul trucks). Although the distance covered by haul trucks in variant W2 is
longer, the incorporation of another screen in W3 leads to increased diesel oil consumption,
thus increasing the total operating cost.

4. Discussion

The empirical analysis of associated costs reveals a notable impact of fluctuating
fuel costs on the operating expenses of mining equipment, with diesel oil costs being
the primary component of the total expenditure. The second-most-significant element
constitutes the leasing costs, which exhibited a marginal increase of less than 1% in 2020,
followed by approximately 5.6% in 2021, a substantial 12.5% in 2022, and a 4.8% rise in 2023
on a year-to-year basis. Maintenance costs demonstrated a similar trend to leasing costs.

Payroll expenses saw a 5.9% increase in 2020, followed by a 4.8% rise in 2021, a 6.2%
increase in 2022, and a notable 11.4% surge in 2023 compared to the previous year. Diesel
costs experienced an 18.5% decrease in 2020 relative to 2019, succeeded by a substantial
31.3% increase in 2021 and an additional 36.7% rise in 2022 relative to 2021.

Electricity costs underwent a 17.4% decline in 2020 compared to 2019, followed by
a significant 47.4% increase in 2021 and a 39.3% rise in 2022 relative to the previous year.
However, in 2023, the cost of electricity decreased by 15% compared to the preceding
year. Over the analysed period, the average year-to-year increase in diesel oil costs was
46.3% (2019-2022) and 79.4% (2020-2022), with the overall increase for the entire period
(2019-2023) remaining below 25%. Conversely, electricity costs escalated more dramatically,
registering a nearly 70% increase (2019-2022) and over 105% in the subsequent period (2020-
2022), resulting in a total increase of 135.9% for the entire analysed period (2019-2023).

The cost effectiveness of each variant is heavily contingent on the prices of energy
carriers and fuels, as well as the operational context, including haulage route lengths
and mining equipment configurations. In W1, where the haulage routes are the shortest,
profitability is optimized. Variances in the profitability of W2 and W3 are attributed to the
size of the mining equipment fleet, favouring W2 with a smaller machine count.
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5. Conclusions

The principles outlined underscore the importance of strategic planning in the mining
industry, particularly when dealing with challenging deposits. It is a complex and chal-
lenging subject, involving many interrelated variables and often incomplete and uncertain
data, with high expectations placed on the results of such analyses. Given the assumed
maximum efficiency from limited deposits, there is a compelling need for high-quality
strategic planning to facilitate the comprehensive optimisation of mining operations. Conse-
quently, the need to conduct this type of analysis and to further develop the methodologies
becomes apparent.

The analysis indicates that an empirical approach should be taken to the economic
evaluation of mining equipment used on an annual basis, as the differences in costs recorded
at the end of the year can reach significant percentages. Comparing the performance of
mining equipment over longer periods may not accurately reflect the challenges posed by
fluctuating energy, fuel, and other variable costs. Nevertheless, the production of aggregate
mixes from quarry tailings can still be profitable with the assurance of sufficient revenue
from the sale of the RMB.

The analysis shows that simpler mining systems (using fewer units) tend to have
lower costs. In the case of electrically powered machines, the diversification of energy
sources and fuels is of paramount importance and can lead to more stable increases in total
costs, which requires the effective planning of mining operations and production levels.

The economics of the mining equipment used depend primarily on the price of diesel
fuel, with electricity prices playing a secondary role. However, the profitability of mining
production is affected by the variable ratio of electricity prices to diesel prices. Energy and
fuel costs (diesel and electricity) account for approximately 50% of the total costs, but other
significant components include the leasing and maintenance costs.

The aim of the article was to present a universal and possibly comprehensive approach
to the method of analysis of the structure and impact of operating costs on the profitability
of mining activities in terms of secondary deposits and the profitability of RMB production,
which was verified by means of linear regression.

With the escalation of electricity prices, mining systems that incorporate electrically
powered machines are likely to incur higher costs than systems that rely on diesel. Further
increases in electricity prices may alter the relative proportions of the respective cost
components, potentially leading to a dominance of electricity costs over maintenance costs.

Energy and fuel costs are highly volatile. With the introduction of GBH gas emission
charges for mining equipment, cost parity may shift substantially in favour of electrically
powered equipment.
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