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Abstract: This article presents a comparative assessment of energy consumption and fume emissions
such as NOx, CO;, and CO associated with the excavation of a specified gypsum volume using two
mining methods (blasting and mechanical extraction). The analysis was carried out based on a case
study gypsum open-pit mine in Poland where both extraction methods are applied. The findings in-
dicate that, for the same output volume, blasting operations require significantly less energy (ranging
from 1298.12 MJ to 1462.22 M]) compared to mechanical excavation (86,654.15 M]J). Furthermore, a
substantial portion of the energy in blasting operations is attributed to explosive loading and drilling
(970.95 MJ). Conversely, mechanical mining results in higher fume emissions compared to blasting.
However, during mechanical extraction, the fumes are dispersed over a prolonged period of 275 h,
whereas blasting achieves the same gypsum volume extraction in approximately 7.5 h. The prediction
model suggests that, based on the obtained data, overall gypsum extraction will decline unless new
operational levels are developed or the mine is expanded. This reduction in gypsum extraction will
be accompanied by a corresponding decrease in energy consumption and emission of fumes.

Keywords: energy consumption; drilling; blasting; mechanical excavation; fumes

1. Introduction

Mineral extraction in open-pit mining is mostly related to the application of the blasting
technique and mechanical extraction; however, drilling and blasting are considered the
primary methods for quarrying rock mass due to their cost-effectiveness and ability to
produce large volumes of well-fragmented rock in a relatively short period. This method is
predominantly used for mining deposits of rock raw materials with compressive strengths
above 20 MPa [1]. However, during the detonation process, explosive charges in boreholes
generate a significant amount of energy, and, through the impact of the shock wave, stress
waves, and expansion of the gaseous reaction products on the rock mass, they fracture
the rock mass and release energy into the environment [2]. The literature shows that
only 20-30% of the detonation energy is used for fragmentation, with the remaining
energy being dispersed into the environment in the form of blast-induced vibrations,
airborne shockwaves, and fly rock [3-6]. In sites where housing structures are close to
open-pit mines, these environmental impacts can significantly restrict or even prohibit
the use of blasting techniques [7-12]. Aside from the environmental risks associated with
the release of detonation energy into the environment, the main gaseous products of
decomposition reactions are large quantities of carbon and nitrogen oxides, which are
considered fumes [13,14].

Where restrictions exist due to proximity to, e.g., housing structures or other construc-
tions, quarry mining operations employ mechanical equipment, such as crawler tractors or
bulldozers with ripper arms, excavators equipped with hydraulic breakers and vibration
ripper devices, or continuous surface miners [15]. Compared to drilling and blasting,
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mechanical excavation is considered to be more expensive and time-consuming, with its
main environmental impact associated with the production of fumes from diesel engines
or near-distance emission of noise and dust [16-18]. The production rate of mechanical
extraction in quarries depends on the type of machine used, its size, the mining and ge-
ological conditions, and the skills of the operators, based on which it varies from 10 to
500 Mg-h~! [19-21]. The most common heavy equipment used in quarries is powered by
diesel combustion engines, which are estimated to be 35-45% energy efficient [22-25].

Energy consumption in mechanical extraction by applying dozers with ripper attach-
ments and/or eccentric vibratory skidders is widely discussed in the literature [21,26-30].
In general, ripping with crawler dozers is used to loosen the rock mass with a ripper and
then move the loosened rock mass for loading, using single-head excavators or loaders,
onto process haulers. Susceptibility to ripping is influenced by the physical properties of
the rock, i.e., compressive strength, bedding plane, fracturing and cracking, brittleness
and crystalline content, hardness, and weathering susceptibility. These parameters have
a significant influence on the selection of the cavity size and the fracture angle of the
ripper [21,26,31]. In the process of ripping, the ripper blade acts on a certain space of the
rock medium in the space in front of the ripper and from its sides. As a result, the structure
of the medium is destroyed to a degree that depends on the type of rock being ripped. In
sum, these interactions constitute the magnitude of the ripping resistance [27]. The greatest
efficiency of excavation with a crawler dozer with a skidder attachment is obtained by
excavating the rock center in the direction of the fall of the deposited layers. However, the
application of this method is associated with a high risk of repair downtime due to frequent
damage and the accelerated wear of skidder attachment components. On the other hand, a
vibratory ripper is an attachment fastened to the boom of a hydraulic backhoe excavator
that is used to rip rock using its natural fractures. The process of ripping is based on the
compression of the wedge of the working tool by the eccentric rotation of a shaft driven
by a hydraulic motor. The process of destruction of the rock structure by the wedge tool
is a dynamic phenomenon, and it is difficult to clearly determine the impact force and,
therefore, the individual components of the resistance acting on the skidder [28-30]. Its
value is determined by the unit penetration resistance—the resistance related to the unit
length of the blade and the unit size of the penetration into the rock medium. This indicator
depends mainly on the compressive strength of the rock and the natural cracks present in
calcite. In order to determine the approximate mining efficiency of an eccentric vibratory
skidder, it is necessary to determine the impact energy of the mining tool and the maximum
force acting on the tool at the final stage of its penetration into the rock to a depth which
depends on the type of equipment [27].

Comparative studies on mechanical mining versus blasting works have mainly been
carried out for underground hard-rock mining. Stewart et al. compared the progress of
excavation by TBM and blasting and highlighted the relevance of hybrid methods that
combine both excavation technologies based on tunneling [32]. A similar comparison was
made by Wennmohs [33] and Feijéo [34]. Skawina et al. compared the tunnel progress
of mechanical excavation by a modular mobile mining machine and blasting based on
discrete event simulation [35]. An LCA analysis and comparison of the two quarrying
methods for quarries was carried out by Bascompta et al. and identified the critical factors
in the emissions caused by blasting and mechanical excavation [36]. However, no studies
have been carried out comparing the energy consumption of drilling and blasting and
mechanical mining in quarry rock extraction operations.

This research paper presents a comparative analysis of the energy consumption of two
mining methods—excavation with blasting techniques and mechanical extraction—based
on the case study of an open-pit gypsum mine located in Poland. The energy consump-
tion for excavating a selected section of the deposit with different mining methods was
compared based on real data. Furthermore, the environmental impact of excavation by the
selected methods was estimated based on the amount of gaseous products released into
the environment in the form of carbon and nitrogen oxides. The energy consumption and
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the fumes were selected for comparison due to their applicability in both mining methods
and the vulnerability of other performance factors to fluctuations in mining, geological,
and market conditions and electricity and gas prices. This study aims to determine and
compare the energy consumption and environmental impact due to fume emissions from
mechanical excavation, drilling, and blasting, based on the case study of a Polish gypsum
surface mine. The findings on energy consumption for both mining methods are of par-
ticular relevance to open-pit mine authorities, given the increasing costs of blasting per
ton of output. Furthermore, the predictive model for overall output, based on data from
the past five years, provides valuable insights into potential opportunities and risks at the
operational level of the mine.

2. Materials and Methods
2.1. Test Stand

The evaluation of energy consumption was conducted for a gypsum open-pit mine
located in the southern part of Poland. The proximity of the mine to residential structures
imposes restrictions on the use of blasting operations. Consequently, extraction is per-
formed using a combination of mechanical methods and blasting techniques. The area
where these combined extraction methods are applied is depicted in red in Figure 1.

Figure 1. Open-pit mine’s aerial view.

The gypsum deposit exhibits a gypsum content ranging from 75% to 99%, as illustrated
in Figure 2 The uppermost layer of the deposit is primarily composed of low-calcination
gypsum with a purity between 75% and 85%. Additionally, this layer is characterized by the
presence of various geological features such as intrusions and sinkholes. The quality of the
deposit improves progressively with depth (from the second operational level), reaching
gypsum purity levels between 90% and 99%.



Energies 2024, 17, 5662

4 of 28

Figure 2. An overview of the deposit quality model.

The jaw crusher utilized in the open-pit mining operation specifies that all quarried
material with a diameter of approximately 650 mm or greater is classified as overbur-
den material.

2.1.1. Blasting Works

Blasting operations, shown in Figure 3, were carried out by a drilling and blasting
company active on the Polish market. Single-row, long-borehole blasting was employed.
Explosive charges were undivided, with each series comprising 11 boreholes loaded with
ANFO (ammonium nitrate fuel oil). The characteristics of the ANFO components are
detailed in Section 2.2. Each ANFO charge was primed using an electronic detonator and
a 0.5 kg TNT booster. The blasting pattern parameters, listed in Table 1, were provided
directly by the mine authorities and represent the actual parameters employed on-site.

Figure 3. Blasting works at open-pit mine.

Given the proximity of the mine to the residential structures (top side of Figure 1) and
the road (right side of Figure 1), the adoption of mechanical mining methods has become
increasingly prevalent.
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Table 1. Blasting pattern.

Name of Parameter Value
Bench height, m 8.0
Borehole diameter, mm 95.0
Length of borehole with subdrill, m 9.0
Stemming length, m 1.0
Burden, m 3.5
Spacing, m 3.8
Mass of explosive per borehole, kg 37.0
Mass of explosive per delay, kg 37.0
Total mass of explosive, kg 407.0
Number of boreholes in series 11
Number of rows 1
Gypsum volume, tons 12,779

2.1.2. Mechanical Extraction

In a research case study, the widespread combination of a crawler dozer equipped
with ripper attachments and an excavator equipped with a hydraulic eccentric skidder
was used. The technological machinery system extracted an average of 12,779 tons of
gypsum over a calendar year. This extraction was achieved over a cumulative operational
period of approximately 1350 mths (hours of operation). The information about mechanical
extraction is provided in Table 2.

Table 2. Mechanical extraction.

Name of Parameter Value
Annual gypsum extraction, tons 12,779
Bench height, m 8.0
Burden, m 3.5
Bench length, m 41.8
Gypsum volume, tons 12,779

Detailed data on fuel consumption (omitting the fuel consumption for other techno-
logical processes) and the quantity of gypsum extracted by each mechanical system are
presented in Table 3.

Table 3. Summary of machine output for annual gypsum extraction and corresponding fuel con-
sumption for each machine.

Parameter Caterpillar 330DL Caterpillar D9R
Annual volume of gypsum extraction, Mg 6711 6068
Value of fuel consumption, 1 32,253 26,362

The mechanical equipment, which was applied in the blasting and mechanical opera-
tions, shown in Figure 4, is described in detail in Section 2.3.
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Figure 4. Mechanical extraction at the open-pit mine.

2.2. Materials

Ammonium nitrate (V) was produced by Yara International ASA (Szczecin, Poland).
The sample contained approximately 35.0% nitrogen, with a prill diameter of 1 mm and a
bulk density of 820 kg-m .

The fuel oil (FO) was delivered by one of the operators in the Polish market. This FO
sample consisted of a wide-range fraction of C10-C20 hydrocarbons, with a bulk density of
800 kg-m 3. The kinetic viscosity of the FO sample was measured at 13.6 mm?-s~! at 40 °C.

ANFO was blended in the Universal Mixing System (UMS). The system allows the
manufacturing of ANFO or emulsion bulk explosive on-site. Fuel oil was blended with
ammonium nitrate (V) straight before the loading process. The blending ratio of ammonium
nitrate (V) to FO was 94.0:6.0 (% wt.).

2.3. Equipment

The Hausherr HSB 111P was used in the drilling operations. The HSB 111P is a
crawler-mounted, hydraulic top-head drive drilling rig. The drilling rig had a gross power
output of 125 kW. The average diesel consumption of the rig was approximately 12 1-h~1.
The engine of the drilling rig complied with the Tier 1/Final Stage I emission standards.
The technical specifications of the drilling rig are detailed in Table 4.

Table 4. Summary of the technical parameters of the machines included in the analysis.

Technical Parameters Caterpillar 330DL Caterpillar D9R Hausherr HSB111-P
Gross power, kW 200 302 125
Average diesel consumption, Ih? 22.76 26.76 12.32

Total efficiency of the powertrain

anitr, % 35 37 38

The Mobile Explosive Mixing Unit (MEMU) is a truck designed for the on-site pro-
duction and loading of ANFO, emulsion bulk, and heavy ANFO explosives. This unit
was mounted on the Scania chassis, which provided a gross power output of 353 kW. The
efficiency of the MEMU in manufacturing and loading ANFO averaged between 70 and
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80 kg-h~!. During loading and blending operations, the fuel consumption of the MEMU
was typically between 30 and 35 1-h 1"

The Caterpillar D9R crawler dozer is a versatile machine engineered for a range of
mining operations including ripping overburden or production dozing. The dozer complies
with Tier 3/Final Stage IIIA emissions requirements. It boasts a gross power output of
337 kW and has an operating weight of approximately 49.99 tons. Fuel consumption
according to technical data varies depending on the type of operation (light, medium,
heavy), ranging from 32 to 46 | h—!; however, the average fuel consumption obtained from
data from the mine site was determined to be 251 h~! The technical specifications of the
crawler dozer, which was equipped with a ripper, are detailed in Table 4.

The Caterpillar 330D is a hydraulic excavator equipped with an XC 30 excentric ripper.
This excavator has an approximate operating weight of 35.3 tons and a gross power output
of 200 kW. The average fuel consumption is approximately 23 I-h—!. The Caterpillar 330D
complies with the Tier 3/Final Stage IIIA emission standards. The technical specifications
are detailed in Table 4.

2.4. Methods
2.4.1. Energy Consumption and Fumes

Fumes (COx and NOy) were quantified in accordance with the standard [37], which
adheres to directive [38]. ANFO charges, each weighing 500 g, were detonated within a
steel mortar situated in the blasting chamber. Following detonation, the resulting fumes
were homogenized for 3 min using a mixing procedure. Subsequently, gasses were collected
for 20 min via the ventilation system. The concentrations of COx and NOx were determined
using IR (MIR 25e, ENVEA, Paris, France) and chemiluminescent (TOPAZE 32M, ENVEA,
Paris, France) analyzers, respectively. The concentrations of carbon monoxide (CO) and
nitrogen oxides (NOy) in the gaseous products were measured and reported per kilogram
of explosive used.

The explosion energy was evaluated using a detonation calorimeter.

The method enables the assessment of the detonation energy generated from the
detonation of 1 kg of explosive material. A 50 g sample of non-ideal explosive was initiated
with an electric detonator and a 5 g RDX (Royal Detonation Explosive) booster. The results
were recorded by considering the characteristic temperatures of four cycles (T1-T}4), the
duration of the main period of the cycle (1), and the total heat effect (Q) calculated for the
predetermined heat capacity of the assembly (K). These parameters were noted upon the
completion of the measurement. The total heat effect was calculated using Equation (2).

Q=K- (AT —k) 1)

In the above equation, K is the heat capacity of the assembly, in cal °C; AT is the
variation in temperature during the main period of the cycle, where AT = T3-T», °C; T1, Ty,
T3, and Ty are the specific temperatures in characteristic points of the measurement cycle,
in °C; and k is the coefficient which is responsible for making a correction on losses of the
assembly, in °C, computed based on Equation (2):

k=05-102- (T — T))+0.2 - (Ty — To)] + (02 (n — 1) - (T4 — T3)) )

In the above equation, # denotes the duration of the main period of the cycle, in min.

The total efficiency of the powertrain systems, as well as the efficiency of the hydraulic
working systems of the machines, was assessed based on the technical and operational
documentation provided by the manufacturers. The drivetrain systems of the analyzed
machines were evaluated by considering their drivetrain structure as a mixed, series-
parallel configuration, which was calculated according to Equation (3). In these systems,
the drivetrain components, together with the motor, are responsible for the conversion
and transmission of energy from the driving components to the passive components,
which are subjected to resistance forces. However, not all the work performed by the
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active forces is used for the intended purposes. A portion of the energy is expended in
overcoming frictional resistance during movement, which is dissipated as heat into the
environment [39]:

n =TT i 3)

where 7 is the total efficiency of the powertrain unit in %; n is the number of powertrain
components; and 7;; is a multiplication of the efficiency of individual components of the
powertrain unit.

The analyzed machines were equipped with diesel engines meeting the Tier 3/Stage
IITA /B emission standard. Fume (NOyx and COy) emissions were determined based on
Equation (4), used for the Tier 3 methodology [40]:

Mg = N-HRS-P-(1+ DFA)-LFA-EFBase (4)

In the above equation, the following definitions are used:

ME is the mass of emissions of pollutant during inventory period in g-h~!;

N is the number of engine units;

HRS is the annual hours of use in h;

P is the engine size in kW;

DFA is the deterioration factor adjustment;

LFA is the load factor adjustment;

EFBase is the vase emission factor in g-kWh™!.

The parameters N, HRS, P, DFA, LFA, and EFBase are split further by classification
systems as detailed below.

The machinery/vehicle population (N) is split into different technology levels and
power ranges; the annual working hour (HRS) is a function of the age of the equip-
ment/vehicles, so, for each subcategory, individual age-dependent usage patterns can
be defined; power (P) is a function of the power distribution of the vehicles/machinery,
so, for each subcategory, an individual power distribution can be defined within the given
power ranges; the emission factor (EFBase) is determined for each pollutant as a function of
technology levels and power output; finally, the deterioration factor adjustment (DFA) is a
function of the power range of the vehicles/machinery and the technology level.

Table 5 and Figure 5 present the emissions of NOy, CO, and CO, produced during one
hour of effective operation in both mechanical and blasting processes.

Table 5. The volume of fume emissions related to the operating time of the analyzed machines.

Volume of GHG

. Caterpillar 330DL Caterpillar D9R Hausherr HSB111-P
Emissions of Gases
CO,gh! 300 450 125
CO,, g-h! 6140 7150 34,011
NOy, g-h™! 648 544 38

2.4.2. Prediction Model Method

The prediction models were determined using the FBProphet algorithm (based on the
FBProphet module in Python 3).

The FBProphet algorithm is an additive regression model featuring either a piecewise
linear or logistic growth trend. This model incorporates a yearly seasonal component,
represented via Fourier series, and a weekly seasonal component, modeled using dummy
variables. Due to the limited dataset provided by the open-pit mine authorities, a full
seasonal analysis was not included in the manuscript. Generally, the Prophet model is
well-suited for datasets that encompass extended time periods (months or years), exhibit
multiple strong seasonality, include known significant yet irregular events, contain missing
data points or significant outliers, or show non-linear growth trends approaching a limiting
value. The algorithm was employed for modeling time series data as a combination of trend,
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seasonality, and noise components, utilizing Bayesian inference. It applied a decomposable
time series model described by Harvey and Peters [41,42], according to Equation (5) [43]:

y(#) = g(t) +e(t) +h(t) +E; ®)

where y(t) represents the value of the time series at a specific time; g(t) is the trend com-
ponent; e(t) is the error term; s(t) indicates the periodic changes; h(t) represents the effects
with irregular schedules; and E is an error term that accounts for any unusual changes not
accommodated within the model [43]. As previously mentioned, the season analysis, due
to the size of the dataset, was omitted.

(a)
CO emission, g-h!
125
300
450
m Caterpillar 330DL = Caterpillar DOR = Hausherr HSB111-P
(b)
. . -1
CO, emission, g-h
6,140
‘/‘ 7,150
34,011
m Caterpillar 330DL = Caterpillar DOR = Hausherr HSB111-P
(c)

NO, emission, g-h1
I‘38

544 648

m Caterpillar 330DL = Caterpillar DOR = Hausherr HSB111-P

Figure 5. Fumes emitted from mechanical equipment during one hour of operation time: (a) CO,
(b) CO,, and (c) NOx.
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The trend was modeled using a piecewise linear regression approach, allowing it to be
represented as a sequence of linear segments. The slope of each segment was a function of
change points within the time series data. The mathematical representation of the trend
follows Equation (6):

y(t) = g(t) +e(t) 6)

The trend component was modeled as a piecewise linear function, described by
Equation (7):

8(t) = (k(t)-t) +m(t) (7)

where k(t) defines the slope of the trend at time (¢), and m(t) represents the intercept at
time t. Both the slope and the intercept were modeled using a hierarchical Bayesian model.
This approach allowed for the regularization of estimators and captured the uncertainty
surrounding them.

The growth function in the prediction model modelled the overall data trend. By
default, the algorithm applies a linear growth model, using piecewise linear equations with
varying slopes at specific change points. When a time series approaches a saturation level,
it means that the values are constrained by a maximum (cap) or minimum (floor), and a
logistic growth function is preferable, as it accounts for these upper and lower limits. If no
trend growth is observed, a flat growth function is applied, resulting in a constant trend
value over time. For the current analysis, csv files containing either energy consumption or
the annual gypsum extraction volume were provided to model these growth dynamics.

3. Results and Discussion
3.1. Blasting Techniques

Blasting operations are a crucial aspect of mining activities, playing a significant
role in the efficiency of resource extraction and the overall energy consumption of the
mining process. The energy consumption in blasting is multifaceted, encompassing the
energy stored in the explosives, the energy required for drilling boreholes, and the energy
expended in post-blast activities such as mucking and hauling. However, for this analysis,
the energy related to post-blast activities will be omitted due to the similarity of these
processes to those performed during mechanical extraction at the mine site.

3.1.1. Evaluation of Explosion Energy of Energetic Materials

The primary energy input in blasting operations is the energy stored in the applied
explosives. The energy released from explosives is crucial for fragmenting the rock mass
and facilitating subsequent extraction processes. The total explosive energy was calculated
based on detonation calorimetry tests, providing a measure of the energy content of the
explosives used. This approach enables the evaluation of the actual energy output from the
tested blasting series.

Table 6 presents the specific energy release values for 1 kg of the applied explosives.
Based on the detonation calorimetry measurements, the energy release for ANFO (ammo-
nium nitrate fuel oil) is approximately 3940 kJ-kg~!. In one blasting series, a total of 407 kg
of ANFO was used, resulting in an energy release of 1603.58 MJ. In comparison, the TNT
booster generated approximately 6400 k] kg 1. For the same blasting series, a total of 5.5 kg
of TNT was used, producing an energy release of 35.2 MJ. Combining both explosives, the
total mass of ANFO and TNT charges used was 412.5 kg, yielding an estimated stored
energy in the explosives of 2635.6 MJ.

Table 6. Average energy of explosion.

Energetic Material Average Energy of Explosion, kJ-kg—1 Maximum Deflection, %

ANFO 3940 0.5
TNT * 6400 -

* TNT energy of explosive based on OZM research [44].
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It is important to note that not all the stored energy in the explosives is utilized for
quarrying. According to studies by Rai and Singh, Pyra, and Smujtlo, approximately
70-80% of the energy is dissipated into the environment in the form of air blast, blast-
induced vibrations, and fly rock. Therefore, the effective energy available for quarrying is
only 20-30% of the total stored energy [5,45,46].

From the total energy value of 1638.78 M]J, the effective energy for quarrying, calculated
as 20-30% of the total, ranges from 327.76 M] to 491.63 MJ. This indicates that a significant
portion of the energy is lost to non-productive forms, emphasizing the need for optimizing
blasting operations to enhance energy efficiency.

3.1.2. Evaluation of Energy Consumption of Loading and Drilling Operations

The energy expenditure required to excavate part of the deposit is determined by
Equation (8), taking into account the effective energy of detonation of the blasting net
of explosives and the energy required to drill and load the blasting net of the holes, as
well as the total efficiency of the drive systems of the machines used, including the fuel
and total efficiency. Drilling boreholes is essential in overall blasting operations. Energy
consumption in drilling depends on several factors, including the type of drilling equipment
used, the geological characteristics of the rock mass, and the borehole diameter and depth.
In general, energy consumption from blasting operations can be presented according to
Equations (8) and (9):

Erg = Epet + EDrilling + ELoading 8)

Erp=a-Epc-Qr+) (771' - Vro, - dro; - CVFOi) ©9)

In the above equations, the following definitions are used:

Erp is a total sum of the energy consumption from all blasting operations in MJ;

Ep; is the energy released from the detonation of explosives in MJ;

Eprilting 1s the energy consumption from drilling operation in MJ;

ELoading is the energy consumption from loading operations in MJ;

« is an index for quarrying (energy which is subjected only for extraction 0.2-0.3,
according to [21,26,28]);

Qr is the energy of the explosion in MJ-g~1;

17; is the total efficiency of the powertrain unit in %;

Vroi is the average volume of combusted diesel o0il in dm3-h~1;

dro; is the fuel oil density in kg-dm?;

CV o is the calorific value of combusted fuel oil in M]-kg’l.

According to Table 3, the Hausherr 111P drill rig has a drilling efficiency of 23.18 m/h
and an average fuel consumption of 11.57 dm3/mth drilled.

For an analyzed series requiring a total borehole length of 99 m (11 boreholes), the
drilling operation (assuming no maneuvering time) takes approximately 256 min. This
results in a total diesel consumption of 49.40 dm?>. Given the average density of diesel at
0.8325 kg-dm?® and a calorific value of 42.6 MJ-kg !, the drilling process consumes 41.13 kg
of diesel, corresponding to an energy requirement of 1752.14 MJ.

Considering that diesel engines and power transmission systems for Hausherr 111P
have an efficiency of 38%, as shown in Table 4, the effective energy utilized for drilling is
approximately 665.81 M]J.

The process of loading explosives into boreholes involves the handling and placement
of explosive materials, such as ANFO and boosters, and is generally less energy-intensive
compared to drilling. The Mobile Explosive Manufacturing Unit which is utilized at the
blasting site in this case study operates for an average of 35 min (to produce and load
11 boreholes with ANFO). During this period, the mobile unit consumes an average of
32.5 dm? of diesel oil. Given the diesel oil’s density of approximately 0.8325 MJ-kg ! and
its calorific value of 42.6 MJ-kg 1, the total mass of diesel combustion is 18.85 kg. This
combustion results in a total energy output of 803.01 MJ [47].
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However, considering the efficiency of diesel engines, which is typically around 38%,
the effective energy available for the loading process is approximately 305.14 M]. This
energy estimation underscores the relatively lower energy demands of the loading phase
compared to the drilling phase in blasting operations and is close to the energy range of
327.76 M] to 491.63 M]J stored in explosives.

Analyzing the overall energy consumption of the loading and drilling process, de-
tailed in Table 7 and Figure 6, it can be stated that drilling and loading actions require
around 970.95 M]J of energy. The calculated value of energy consumption which is derived
from loading and drilling actions is 2.5-3 times greater than the energy released from the
explosive material which is subjected only to quarrying. However, the main difference is
the process duration. In terms of the explosive decomposition reaction, the energy release
is abrupt, which results in rock fragmentation.

Table 7. Average energy consumption of each blasting operation.

Operation Energy Consumption, M]
Detonation process (quarrying) 327.76-481.63
Drilling process 665.81
Explosive loading process 305.14

(a)

Energy consumption, MJ

305 \ 328

666

= Detonation process (quarrying) Drilling process Explosive loading process

(b)

Energy consumption, MJ

305
482

666

= Detonation process (quarrying) Drilling process Explosive loading process

Figure 6. Total energy consumption of blasting works where the effective energy of detonation is
(a) 20% and (b) 30%.

3.1.3. Evaluation of Energy Consumption of Loading and Drilling Operations

Blasting operations are a critical component of mining activities, serving as a fun-
damental method for breaking rock and facilitating the extraction of mineral resources.
These operations encompass a series of processes, including drilling, explosive loading,
and detonation, each contributing to the overall efficiency and effectiveness of the mining
process. However, these operations also result in the generation of fumes and emissions,
which pose significant health, safety, and environmental challenges.
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The detonation of explosives in mining leads to the production of various fumes, the
composition of which is influenced mainly by the type of explosive used and the efficiency
of the detonation process. The composition of the fumes generated by the detonation of
the applied explosives—ANFO (ammonium nitrate fuel oil) and TNT (trinitrotoluene)—is
detailed in Table 8.

Table 8. Average fume volume formed during the decomposition reaction.

3 ko1
Energetic Material Amount, dm®-kg

CO, co NOy
ANFO 1445 16.4 13.1
TNT 919.6 115 48

According to Table 7, the detonation of the explosives that were applied in series
(ANFO and TNT) resulted in the release of various gaseous byproducts. The volumetric
emissions per kilogram of ANFO were as follows: 144.5 dm? of carbon dioxide, 16.4 dm3 of
carbon monoxide, and 13.1 dm? of NOy, as detailed in Table 8 and Figure 7. In comparison
to ANFO, 1 kg of TNT generated 919.6 dm3 of CO,, 11.5 dm? of CO, and 4.8 dm? of
NOy'. The observed disparity in carbon dioxide emissions between ANFO and TNT
can be attributed to the oxygen balance inherent in these explosives. ANFO exhibits an
approximately zero oxygen balance, leading to a more complete combustion process and,
consequently, lower fume concentrations. Conversely, TNT possesses an oxygen balance
of approximately —74%, indicating an oxygen-deficient decomposition reaction which
results in a higher volume of carbon oxides (COyx). Moreover, the chemical structure of
the explosive significantly influences the composition and volume of the fumes generated.
TNT’s molecular configuration is rich in carbon atoms, accounting for its substantial CO,
output. In contrast, ANFO’s composition is nitrogen-rich, contributing to its distinct fume
profile which includes higher nitrogen oxides. For a combined detonation of 412.5 kg of
explosives, the estimated total fume volumes produced were 63.87 m3 of CO,, 6.74 m3 of
CO, and 5.36 m? of NO,.

Fume volume, dm?-kg™

co, co NO

BANFO BmTNT

Figure 7. Fume volume comparison of ANFO and TNT fumes.

The emissions of NOx and CO resulting from diesel combustion during drilling and
loading operations were assessed based on parameters outlined in the literature, particu-
larly referencing standards such as the Tier and Final stage. The assessment considered the
engine horsepower and age for both the drilling rig and the Mobile Explosive Manufactur-
ing Unit. In the case of the drilling rig, the NOy emission was evaluated to be 50 g-h—! and
CO 187.5 g-h~1.The drilling of 11 boreholes required 256 min. This resulted in the emission
of 0.21 kg of NOy and 0.8 kg of CO. The combustion of diesel generated 2.67 kg of CO, per
liter. For 41.13 kg of diesel fuel consumed, the CO; emission was 109.8 kg of CO5.
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In the case of loading operations, the NOy emission was evaluated to be 60 g-h~! and
CO 225 g-h~ . The loading process lasted for 35 min, resulting in the following emissions:
0.0348 kg of NOy, 0.1305 kg of CO, and 50.3 kg of CO,. Combining the emissions from
drilling and loading operations with those from the detonation of explosives, the total
emissions were calculated as follows: 10.48 kg for NOj, 8.61 kg (density 1.91 g-dm 3 based
on [48]) for CO, and 286.34 kg for CO;, as detailed in Table 9 and Figure 8.

@)
CO,, kg

VY

126

110

m Detonation process = Drilling operations = Explosive loading
(b)
CO, kg

0.13
0.80
—V

7.68

m Detonation process = Drilling operations = Explosive loading
(c)
NO,, kg

0.21 0.035

10.23
= Detonation process = Drilling operations = Explosive loading

Figure 8. Cont.
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(d)
Overall, kg

10

[i=)

286

0, mCO mNOy

Figure 8. Total fumes emitted from all blasting operations: (a) CO, (b) CO;, (c) NOy, and (d) overall.

Table 9. Average fume emissions from this case study’s blasting operations.

. Amount, kg
Type of Operation co, co NO,
Detonation process 126.24 7.68 10.23
Drilling operations 109.8 0.8 0.21
Explosive loading 50.3 0.130 0.035
Overall 286.34 8.61 10.48

This analysis revealed that, while drilling and loading operations contribute to fume
emissions, the detonation process is the primary source of rapid and concentrated fume
emissions, particularly impacting air quality in the vicinity of the blast site. Unlike the
gradual emission and dispersion from drilling and loading, the sudden release of gasses
during detonation poses a more immediate hazard to workers and necessitates stringent
safety measures.

3.2. Mechanical Excavation
3.2.1. Evaluation of Mechanical Excavation’s Energy Consumption

Mechanical excavation in open-pit mining involves the use of various types of heavy
machinery and equipment, each contributing to the total energy consumption of the mining
operation. The energy usage in such operations is primarily dependent on the types of
machinery employed, the nature of the deposit, the scale of the mining activities, and the
operational practices followed. In the specific case study examined, gypsum excavation
was conducted through the coordinated operation of a crawler bulldozer and a crawler
excavator. It is noteworthy that hauling operations were not considered within the scope
of this analysis, since they remain a requisite of both mechanical and blasting excavation
methods. In general, energy consumption from mechanical excavation can be presented
according to Equations (10) and (11):

Eme = ER + Eg + EoF (10)

EME =) . (77mi *Vro,,; " AFOmi - CVFOmi) (11)

In the above equations, the following definitions are used:

Eum is a total sum of energy consumption from mechanical excavation, MJ;

ER is the energy consumption from ripping operations by dozer, MJ;

Ef is the energy consumption from excavation operations by a backhoe with a skidder, MJ;

Eof is the energy consumption from oversize excavation operations by a backhoe
with a skidder, MJ;
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i is the total efficiency of the powertrain of all machines in the technological system, %;

VFomi is the average volume of combusted diesel oil in dm3h~1;

dromi is a fuel oil density, dm3-h~1;

CV romi is a calorific value of combusted fuel oil in M]-kg_l.

According to Table 3, the average fuel consumption for the Caterpillar D9R crawler
dozer and the Caterpillar 330DL excavator is 26.76 dm? h’ll and 22.76 dm3-h—1, respec-
tively. Considering the work hours needed to excavate 12,779 tons of gypsum (assuming
only excavation with no additional maneuvering) and the average fuel consumption of each
machine, the total diesel fuel required amounts to 6781.38 kg (3285.27 kg for Caterpillar
330DL and 3496.10 kg for Caterpillar D9R).

Given the average density of diesel fuel at 0.8325 kg-dm3 and a diesel calorific value of
42.6 M]-kg, the total energy consumption for Caterpillar 330DL, factoring in its transmission
system efficiency of 35%, was 40,778.71 M]J. For Caterpillar D9R, the energy consumption,
based on a diesel consumption of 3496.10 kg and a transmission efficiency of 37%, amounted
to 45,875.43 MJ. Consequently, the total energy consumption for mechanical excavation
operations (ripping and quarrying) was 86,654.15 M], as shown in Table 10 and Figure 9.

Table 10. Average energy consumption of each mechanical excavation operation equivalent to the
gypsum output from one blasting series.

Operation Energy Consumption, MJ
Er—Ripping operation by dozer 45,875.4
Er—Excavation operation by excavator with excentric skidder 40,778.7

Eor—Oversize excavation operation by excavator with

excentric skidder 86,654.2

Energy consumption, MJ

45,875

86,654

40,779

= Ripping operation by dozer
Excavation operation by excavator with excentric skidder

Oversize excavation operation by excavator with excentric skidder

Figure 9. Energy consumption during mechanical extraction.

3.2.2. Evaluation of the Fumes Generated by Mechanical Excavation

The emissions of NOx and CO resulting from diesel fuel combustion during me-
chanical excavation were evaluated using the parameters defined in [40] and according to
Equation (11). The analysis considered both gross power and operational hours for the
Caterpillar D9R dozer and the Caterpillar 330DL hydraulic excavator. For Caterpillar DIR,
the base fume emissions were estimated at 543.6 g h™! for NOx and 450 g h~! for CO.
With an average operational time of 130.6 h, this resulted in emissions of approximately
71.00 kg of NOx and 58.78 kg of CO (Table 11). Additionally, the combustion of 1 dm? of
diesel fuel emits approximately 2.67 kg of CO,, leading to an estimated CO, emission of
9334.60 kg for the dozer during mechanical excavation. For the Caterpillar 330DL exca-
vator, base emissions were estimated at 648 g h~! for NOx and 300 g h~! for CO. With
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an operational time of approximately 144.4 h, this resulted in emissions of approximately
93.56 kg of CO and 43.31 kg of NOx. The corresponding CO, emissions were estimated at
8771.68 kg. Overall, the mechanical extraction of 12,779 tons of ore resulted in emissions of
approximately 18,106.28 kg of CO,, 152.34 kg of CO, and 114.32 kg of NOy, as shown in
Table 11 and Figure 10.

Table 11. Average fume emissions from blasting mechanical excavation in this case study.

. Amount, kg
Type of Operation co, co NO,
Ripping process 9334.60 58.78 71.00
Excavation operations 8771.68 93.56 43.31
Overall 18,106.28 152.33 114.32
(@)
3.ko-1
CO,, dm3-kg
9,335
8,772
= Ripping process = Excavation operations
(b)

CO, dm3-kg?

94

m Ripping process = Excavation operations

Figure 10. Cont.
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(c)

CO, dm3-kg?

= Ripping process = Excavation operations

(d)
Overall Fume Volume, dm?-kg™

114 152

Figure 10. Total fumes emitted from all mechanical extraction operations: (a) CO, (b) CO,, (c) NOy,
and (d) overall.

3.3. Comparison of Energy Consumption and Gas Emissions

The total energy consumption for drilling and blasting ranged from 1298.71 to 1452.58 MJ,
as shown in Table 6, and, for mechanical mining, it equaled 173,308.30 MJ, as shown in
Table 9. Despite the application of high-energy agents, the amount of energy required to
extract the deposit was more than 100 times less than for mechanical excavation because of
the accumulation of energy from the detonation in the mining process. For drilling and
blasting, the most energy-consuming operation was borehole drilling (45.8% of the total
energy), and the explosion itself consumed only 21.0% of the total energy of the extraction
process. For the mechanical mining case, the energy required to extract the rock from the
deposit was roughly equal to the energy consumption of re-crushing excessively large
boulders produced during the extraction process. This is because properly adjusted blasting
parameters allow one to obtain homogenous fragmentation of the extracted rock.

To compare the discussed mining techniques in terms of energy consumption, it was
necessary to relate the impact of effective mining energy to the unit volume of the extracted
deposit. Figure 11 shows the comparison of the energy intensity of the mining process and
the effective productivity per hour for the analyzed mining techniques.
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Energy intensity Effective productivity
of the mining process, MJ/Mg of the mining process, MJ/h
0.5; 3% 10.0; 3%

14.8; 97% 366.7; 97%

m Extraction using drilling and blasting = Extraction using the machine system

Figure 11. Relation of energy intensities and effective productivities of the mining process using
blasting works and mechanical extracting.

As can be seen from the analysis carried out for the process of mining with explo-
sives and mechanical mining, these modes present an inversely proportional relationship
regarding the energy required to mine part of the same deposit, Figure 11.

The total emission of fumes for drilling and blasting is 305.43 kg, as shown in Table 9,
and, for mechanical mining, this equals 18,372.93 kg, as shown in Table 10. Although
explosives produce an enormous amount of gaseous products per unit of mass, it has been
found that the total amount of fumes produced in this process is more than six times less
than for mechanical mining.

In both cases, carbon dioxide emissions are the highest. Considering blasting works,
more nitrogen oxides are produced than carbon oxides, while the reverse applies to me-
chanical mining. It is evident that mechanical extraction results in significantly higher
emissions, primarily due to the greater volume of diesel combusted. However, during
the prolonged mechanical extraction process, these emissions are gradually dispersed into
the environment.

The blasting technique, which involves drilling and explosive loading, results in the
instantaneous release of high concentrations of fumes from explosive decomposition. This
can pose significant occupational hazards to employees. However, despite being more
energy-intensive (86,654.15 MJ) than blasting (1298.12 to 1462.22 M]J), mechanical extraction
does not generate adverse environmental effects such as air blasts, blast-induced vibrations,
or fly rocks. The absence of these effects is a major advantage of mechanical extraction.
Nonetheless, it should be noted that the efficiency of mechanical extraction may decrease
over time due to the potential wear and tear on technical equipment.

3.4. Prediction Model Results

The prediction of the total extraction volume was made using a 5-year dataset of
extraction records from the mine, as shown in Table 1.

In Table 12, a gradual decline in extraction volume can be observed, decreasing from
approximately 800,000 tons to around 530,000 tons, with a slight recovery to 600,000 tons in
the final year. Based on these trends, it is anticipated that extraction volumes will continue
to decrease, as shown in Figure 12, due to the depletion of the deposit at the current
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operational levels of the open-pit mine. The opening of a new operational level or the
development of a new excavation area could alter this predicted trend.

Table 12. Overall annual extraction, energy consumption with the assumption of 80% energy dissipa-
tion from explosive detonation, and fume emission from blasting operation and mechanical extraction.

Y Gypsum Energy Amount, kg
ear Mass, Tons  Consumption, MJ CO, CcO NOy
1 804,473 949,506 192,902.6 3398.6 3934.1
2 827,956 1,031,034 209,789.4 3588.6 4138.6
3 529,479 735,154 150,017.3 2422.8 27729
4 529,320 961,798 176,508.9 2636.1 2983.2
5 619,790 552,251 111,117.9 2315.9 2732.5

1-10°

1.0

0.8 1

06 .

E L]

4 4

0.2 1

0.0 4

1 2 3 s s 6 7
ds, years

Figure 12. Prediction model for overall gypsum extraction.

The reduction in gypsum extraction volume will be accompanied by a corresponding
decrease in energy consumption, as depicted in Figure 13.

However, it should be noted that, when extraction volumes decrease, many fixed
energy costs remain constant, leading to a higher energy intensity since the same amount
of energy is used to extract a smaller volume of ore. This scenario applies only if the
extracted gypsum volume continues to diminish. Should the open-pit mine initiate a new
operational level or open a new excavation area, energy consumption related to haulage
and preparatory works (which are not accounted for in the current analysis) would increase.
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1-10°

0.8

w. min tonnes

0.6

0.4 7

0.2 4

1 2 3 4 5 & 7

ds, yiars
Figure 13. Prediction model of overall energy consumption.

As the open-pit mine deepens, the distance between the pit and the processing facility
increases, resulting in longer haulage times. This increase in haulage distance necessitates
greater fuel consumption by trucks, directly affecting the energy efficiency of the operation.
Additionally, mine expansion requires extensive preparatory work, including the removal
of overburden to access the deposit. The increased volume of waste material to be removed
and transported adds to the energy demand, reducing the efficiency of ore extraction and
raising the energy consumption per ton of ore mined. These factors must be considered
when evaluating the implementation of new extraction options. A decrease in energy
consumption would also lead to a reduction in emissions, due to lower demands for fuel
and explosives in mechanical extraction and blasting operations. The predictive model
developed for carbon dioxide, carbon monoxide, and nitrogen oxide emissions corroborates
this, as shown in Figure 14. However, if the total volume of extracted gypsum were to
increase, the emission volume would rise proportionally as well.
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Figure 14. Prediction models for the emission of (a) CO,, (b) CO, and (c) NOx.

3.5. Theoretical Discussion on Environmental Impact

As mentioned in the Introduction Section, quarrying can have a negative impact on the
environment and local communities, regardless of the method of extraction [17,36,49-52].
Current studies show that the most common impacts of blasting operations in surface
mines include blast-induced vibration [53-55], fly rock [56-58], air overpressure [59-61],
air dust [62-64], noise [65-67], and gaseous emissions [68,69]. In the process of drilling
blastholes with drilling rigs, noise, gas emissions from diesel engines, and air dust emissions
can be identified [70,71]. Machine-based quarrying mainly concerns itself with the effects
of noise, dust emission, and gas pollution from diesel engines [72,73]. The impact of quarry
operations can be considered in terms of the nature and extent of the impact. Quarrying may
affect the natural environment (i.e., greenhouse gas emission or noise), the anthropogenic
environment (vibrations’ effect on the technical condition of nearby buildings), and human
health (i.e., silica exposure from rock dust or noise exposure). Depending on the nature of
the hazard, the impacted area can vary. The environmental impacts of blasting operations,
depending on technological factors and mining and geological conditions, may affect
the distant surroundings of the mine (blast-induced vibration, air overpressure), while
others are rather local, limited to the direct vicinity. In mechanical quarrying, the most
far-reaching impact is noise, while other hazards are mostly confined to the pit area. Due
to the impact zone, limited mitigation options, and the urbanized surroundings of quarries,
blast-induced vibrations and air overpressure are major sources of risk in quarrying [74-76].
Drilling and blasting may not be feasible in sites with short distances between the mine
face and buildings or where geological conditions are unfavorable. In such cases, one
of the most common approaches to ensuring production is the use of mechanical-based
rock excavation.
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4. Conclusions

This manuscript presents the comparison of energy consumption for two mining
methods (gypsum extraction with blasting techniques and mechanical extraction).

The energy consumption analysis indicated that mechanical extraction with a com-
bination of a crawler excavator and a crawler bulldozer required much more energy
(86,654.15 MJ]) compared to blasting techniques. In the case of blasting techniques, energy
consumption ranged from 1298.12 to 1462.22 M]. This range depended on the effective
utilization of the detonation energy for quarrying. Moreover, approximately 970 MJ of
energy was obtained from the detonation process. The residual energy was derived from
diesel combustion in explosive loading and drilling operations. The energy from diesel
combustion in both mining systems dissipated over a long period of time, resulting in the
dilution of fumes. Based on the obtained data, it was established that the extraction of
12,779 tons required, depending on the extraction system, approximately 7.46 h (blasting
techniques) or 130.6 h (mechanical excavation). This reveals that, in terms of operation time,
the blasting technique is much more efficient. The analysis showed that, while blasting is
more energy-efficient in terms of energy used per unit of extracted material, the mechanical
excavation efficiency may decrease over time due to equipment wear and tear. This decline
in efficiency can impact the overall productivity of the mining process.

Although explosives are classified as high-energy materials, the extended duration of
mineral extraction for an equivalent volume of gypsum resulted in mechanical extraction
being a significantly more energy-intensive process. This was primarily due to the substan-
tial amount of fuel required for combustion during mechanical operations. Moreover, the
energy required for mechanical extraction was released with time.

The fume analysis indicated that, in terms of blasting operations, the CO and NOx
are mostly generated by the explosive’s detonation. The CO, is mostly derived from the
combustion of diesel. However, the composition of the fumes may be influenced by the
type of explosives that are used. In terms of mechanical extraction, the overall emission of
fumes was 18,106.28 kg of CO,, 152.34 kg of CO, and 114.32 kg of NO.

The prediction model indicated that gypsum extraction will decrease significantly
within a relatively short period unless proactive measures, such as opening a new op-
erational level or expanding the mine, are undertaken. Based on the data obtained and
analyzed using the Prophet algorithm, it was established that the reduction in extraction
volume will be accompanied by a corresponding decrease in both energy consumption and
emission of fumes. However, it is important to note that, as extraction volumes decline,
many fixed energy costs, such as those associated with machinery operation and mine
maintenance, will remain constant. This will result in an increase in energy intensity, as
the same amount of energy will be required to maintain operations, despite the smaller
output of extracted material. Consequently, energy efficiency will deteriorate as the energy
consumption per unit of extracted deposit will increase.

The FBProphet algorithm offers a robust and accessible approach for the predictive
analysis of diverse trends. This algorithm has never been used before in the mining industry.
The accuracy of the model is largely dependent on the dataset size, with larger datasets
typically enhancing model precision. Additionally, the algorithm is particularly well-suited
for time series modeling involving multiple seasonal patterns, making it a valuable tool for
predicting general extraction volumes and other industry-relevant metrics. As the analysis
showed, apart from the need for the mechanical excavation of hard rock, the impact of
the detonation of explosives in the form of a blast wave, and the scattering range of rock
fragments, the only factor that can be considered is cost. The authors plan to add an
economic aspect to the case study discussed here in a future analysis.
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