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Abstract

The marble extractive industry heavily depends on diesel-powered equipment, particularly
wheel loaders and excavators used for block handling, resulting in high energy consump-
tion and operating costs. In this study, the potential for fuel reduction through managerial
and technological transitions was evaluated using the example of the marble quarry located
in the Carrara basin. The energy demand of excavators, wheel loaders, and dumpers
was characterized using telemetry data gathered through an Industry 4.0 methodology. A
standard elementary cycle was modeled via the program evaluation and review technique
(PERT) to map productive tasks and idling periods. To ensure comparability, a specific con-
sumption coefficient (SCC) was defined. Subsequently, a novel fuel handling index (FHI)
is proposed to prioritize investments by accounting for the uncertainties and production
variables typical of quarry projects. Results demonstrate that while idle management offers
a 4% fuel reduction, transitioning to hybrid wheel loaders represents a more significant
strategy, achieving a 12% saving among the scenarios analyzed. The full-hybrid scenario
leads to a cumulative 17% reduction. This framework supports decision-making for energy
efficiency in high-yield extraction sectors, mitigating the economic risk associated with
technological transitions.

Keywords: sustainable mining; marble quarry; hybrid wheel loader; hybrid excavator;
PERT; mining electrification; KPI; quarry 4.0

1. Introduction

Heavy-duty vehicles used in the mining sector represent one of the major sources
of atmospheric pollution, contributing significantly to greenhouse gas emissions [1]. Ac-
cording to a report by the Southwest Research Institute [2], approximately 28,000 diesel
mining trucks worldwide consume over 6 billion gallons of diesel fuel each year, generat-
ing around 68 million tons of carbon dioxide. These figures highlight the urgent need to
transition toward cleaner and more efficient technologies, in line with both European and
national decarbonization policies [3]. In this context, several studies have demonstrated
the potential of vehicle electrification and hybridization as effective solutions to reduce
both fuel consumption and emissions [4].

However, the actual efficiency of these vehicles in a quarry environment is strictly
dictated by their operating conditions, primarily defined by the load factors (LFs) and the
specific duty cycles of the extraction process. As emphasized by Klanfar et al. [5], determin-
ing duty cycle-specific fuel consumption coefficients is fundamental for accurate energy
estimation in quarrying activities, as generic values often fail to capture the variability

Mining 2026, 6, 16

https://doi.org/10.3390 /mining6010016


https://crossmark.crossref.org/dialog?doi=10.3390/mining6010016&domain=pdf&date_stamp=2026-02-20
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/mining
https://www.mdpi.com
https://orcid.org/0009-0004-6478-3187
https://doi.org/10.3390/mining6010016

Mining 2026, 6, 16

2 of 14

of real-world mining cycles. Within the natural stone industry, economic sustainability
is strictly linked to production efficiency. As noted by Buyuksagis and Goktan [6], deter-
mining optimum operational conditions is of paramount importance. This is particularly
true in marble machining, where cutting and handling operations represent a significant
cost item.

Life-cycle analyses [7] and studies on the electrification of mining trucks [8,9] fur-
ther demonstrate that replacing conventional diesel vehicles with fully electric or hybrid
alternatives can drastically reduce both energy costs and emissions.

The growing interest in these technologies is not limited to the mining sector but
extends to agriculture and construction [10-12]. A detailed energy flow analysis of hybrid
compact wheel loaders has shown up to a 30% reduction in fuel consumption per cycle [13].
These improvements in the efficiency of the powertrain system are achieved through both
hardware and software enhancements. In this regard, Prinz et al. [14] demonstrate that
modifying technical settings through the machine’s own software package can signifi-
cantly reduce fuel consumption and CO, emissions per unit of product, highlighting that
operational optimization is as critical as the choice of powertrain.

In parallel, the adoption of electro-hydraulic hybrid powertrains and regenerative
braking has shown reductions in peak power demand [15-17]. Comparable benefits have
been reported for excavators and bulldozers [18]; specifically, Liu et al. [19] synthesize
the main hybrid powertrain architectures (series, parallel, and electro-hydraulic). The
integration of these advanced systems requires sophisticated monitoring and predictive
tools. Recent research has emphasized the growing role of data analytics; for instance,
Saim et al. [20] have demonstrated the effectiveness of machine learning techniques in
predicting the fuel consumption of mining excavators, providing a baseline for data-
driven energy management. Building on this, Brennan and Nojabeai [21] showed how
real-time data collected from loaders and haul trucks can optimize maintenance and
production efficiency.

Within this framework, the present study defines a systematic procedure to fully
exploit the extensive availability of Industry 4.0 telemetry datasets, directly linking accu-
rate data acquisition to informed operational decision-making. A new key performance
indicator (KPI), the fuel handling index (FHI), is proposed using the results of a case
study conducted in the Carrara marble basin. By integrating real-time telemetry data
(Industry 4.0) with technical and economic analyses, this study decouples the impact of
managerial interventions (idle management) from technological gains (hybridization). The
objective is to identify investment priorities for the transition from diesel to hybrid solutions
in the specific context of marble block handling.

To this end, this study seeks to provide answers to the following fundamental ques-
tions: First, how can Industry 4.0 telemetry data be effectively synthesized into a single
indicator to prioritize energy-saving investments? Second, to what extent can managerial in-
terventions, such as idle management, reduce fuel consumption compared to technological
transitions like hybridization? Finally, can the proposed FHI serve as a scalable diagnostic
tool for identifying logistical bottlenecks and guiding decarbonization strategies?

2. Materials and Methods
2.1. Site Description and Data Acquisition

The present study was conducted in a marble quarry located in the Carrara basin (Italy),
characterized by an annual production of approximately 15,000 m® and a yield of 55% [22].
The analysis focused on the dimensional marble block handling operation within the quarry
yard, which represents a critical process suited for fuel consumption optimization.
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To ensure high data fidelity, the study relied on real-world telemetry data acquired
through Industry 4.0 remote monitoring systems. The data acquisition framework involved
an industrial IoT gateway interfaced with each machine’s CAN bus system, utilizing the
SAE J1939 protocol for direct communication with the engine control unit (ECU). The
data-gathering process focused on daily aggregated records.

The fleet, monitored over a 6-month period, consists of three crawler excavators (EXC),
three wheel loaders (WLO), and one articulated dumper (AD) (detailed specifications are
provided in Table 1).

Table 1. Technical specifications of the heavy-duty machinery fleet monitored.

Machine Opel:atlng Engine Power Displacement Max Torque Loading EU .Ste.xge
Model Weight [kW] [L] [Nm @ rpm] Capacity [m3] Emission
[ton] Certification
EXC 01 75.1 362 15.2 2164 @1400 3.3 Stage IV
EXC 02 75.1 362 15.2 2564 @1260 3.3 Stage IV
EXC 03 489 332 125 2144 @1400 3.3 Stage IV
WLO 01 51 439 18.1 2852 @1200 6.4-7.3 Stage IV
WLO 02 51 439 18.1 2852 @1200 6.4-7.3 Stage IV
WLO 03 30.9 313 125 2206 @1200 42-12 Stage IV
ADO01 51.9 276 12.5 2120 @1200 17.5 Stage IV

Note: the symbol @ stands for “at”, referring to the engine speed [rpm] at which the maximum torque is measured.

For each unit, the following primary duty cycle parameters were extracted:

e  Operational hourly consumption (L/hop);
e Idling hourly consumption (L/hjge);
e  [Effective working hours and inactivity periods (h).

Following the methodology suggested by Klanfar et al. [5] regarding load-specific
factors, the collected data underwent statistical validation to filter out sensor noise and
ensure the representativeness of the typical quarry work cycle. This data-driven approach
aligns with recent research by Saim et al. [20], confirming the reliability of telemetry for
predicting energy demand in heavy mining equipment.

2.2. Data Cleaning and Pre-Processing

Given the stochastic nature of quarry operations, which involve inherent uncertainties
in operational and production parameters [23], the telemetry dataset was subjected to a rig-
orous filtering phase to eliminate outliers and non-representative events. These anomalies,
which could stem from sensor sampling errors, signal loss, or non-representative opera-
tional events, were identified and removed using the interquartile range (IQR) method.

This statistical technique was applied individually to each machine’s consumption
distribution to respect their specific operational profiles. Following this approach, outliers
were defined as any data points falling outside the following interval:

[Q, — 1.5-1QR; Q; — 15-1QR] (1)

where Q; and Q3 represent the first and third quartiles, respectively, and the interquartile
range (IQR = Q3 — Q) represents the spread of the middle 50% of the data. On average, this
filtering process resulted in the exclusion of approximately 2% of the initial observations,
indicating a high level of reliability in the original telemetry signal. This process ensured
that the statistical analysis and scenario modeling were based on consolidated and repre-
sentative machine behaviors, providing a robust baseline for energy efficiency assessment.
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2.3. Energy Normalization: Specific Consumption Coefficient (SCC)

To ensure comparability between machines of different sizes and to allow the scalability
of results to other extractive contexts, fuel consumption data were normalized relative to
the rated engine power (kW). This process led to the definition of a specific consumption
coefficient (SCC) expressed in [L/(h - kW)].

This approach is based on the load-specific fuel consumption concept proposed by
Klanfar et al. [5], who identified the ratio between hourly consumption and delivered power
as a fundamental parameter for estimating energy efficiency in quarries. By using the rated
power as a normalization factor, it is possible to decouple the fuel performance from specific
machine size, providing a universal metric for efficiency. While the authors acknowledge
that engine torque and average operational load provide a more direct representation of
engine effort, the rated power was selected as a consistent and easily accessible baseline for
cross-fleet benchmarking.

The coefficient is calculated as follows:

Hourly Consumption {H

ScC = Rated Power [kW]

(2)

To capture the different thermodynamic behaviors of the engines, two distinct coeffi-
cients were calculated for each machine category:

e  SCCop: for active operational phases;
o  SCCigle: for inactivity periods with the engine running.

This decomposition is supported by the findings of Saim et al. [20], who identified
effective working time and idling periods as the two primary drivers of total fuel consump-
tion in mining units. While duty cycles are highly dependent on specific site conditions
and applications, this normalization approach provides a methodological framework that
can be adapted to diverse mining and quarrying environments.

2.4. Definition of the Standard Elementary Cycle

The material-handling process was decomposed into a standard elementary cycle,
defined as the set of operations required to move a standard unit of 20 tons (7.5 m?). The
sequential logic and the interdependence between the machines were modeled using the
program evaluation and review technique (PERT), Figure 1. This scheduling approach
allowed for the precise mapping of both productive work and non-productive idling times
arising from logistical bottlenecks and spatial constraints.

Gud>— A | —~ &

Figure 1. PERT modeling of the standard elementary cycle for marble block handling (20-ton unit).
Phase designations A, B, and C refer to the activities detailed in Table 2.

Based on an observed operational yield of 55%, the total volume handled in the cycle
is distributed as shown in Table 2.
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Table 2. Operational phases for the elementary cycle.

Phase Activity Machines Volume (m?3) D1(sly<tranr;ce Description
Clearing the waste material
A Excavation and 1 Crawler 34 ) and loading debris onto
Clearing Excavator (EXC) ’ the dumper to provide
access to the marble block
. Transporting waste from
B Debris Transport 1 Articulated 3.4 0.800 the working face to the
dumper (AD) desi .
esignated refuse pile
Moving the commercial
C Block handling Wh(f"/‘f}LL(;’fderS 41 0.350 block from the face to the

secondary handling area

The visual representation of these operational phases is provided in Figure 2, which
illustrates the specific machinery involved in each task. As detailed in Table 2, phase C
involves the simultaneous operation of two-wheel loaders to handle the commercial block.
This cooperative handling is a logistical choice and safety requirement, dictated by the

need to ensure stability during the transport of loads.

Figure 2. Phases of the standard elementary cycle: (a) Phase A—Excavator clearing waste material to
provide access to the block; (b) Phase B—Articulated dumper transports waste; (c) Phase C—Wheel
loaders handling and transporting the 20-ton marble block.

All the aforementioned phases are strictly governed by safety guidelines and op-
erational best practices pertinent to the operation in the Carrara basin, which dictate
recommended periods for machines not actively engaged in the concurrent task [24].

2.5. Improvement Scenarios and Sensitivity Analysis

In this study, a scenario is defined as a specific operational or technological con-
figuration of the quarry fleet, characterized by distinct engine settings and powertrain
architectures. The model compares the current state (Scenario 1) with two progressive
levels of optimization to evaluate the impact of different decarbonization strategies.

e  Scenario 1 (Baseline): Represents the current operational state as characterized in the
6-month monitoring campaign. It is defined by the existing machinery fleet using

https://doi.org/10.3390 /mining6010016


https://doi.org/10.3390/mining6010016

Mining 2026, 6, 16

6 of 14

conventional diesel engines and the current frequency of idling periods identified
through PERT modeling.

e  Scenario 2 (Managerial Optimization): Defined by the implementation of active engine-
stop management to reduce idling periods while maintaining the existing technological
assets. This scenario focuses on operational efficiency and behavioral changes.

e  Scenario 3 (Technological Transition): Consists of the gradual replacement of con-
ventional units equipped with diesel powertrains with comparable hybrid units
featuring diesel-electric hybrid powertrains. This configuration applies to an op-
erational consumption reduction factor (5 = 0.12) derived from experimental evidence
in Section 3.1.2.

To provide a contextual baseline for the annual impact, diesel fuel data from 2025
in Italy were used as a reference point [25]. Since fuel costs are subject to significant
fluctuations in the international market, this parameter is utilized solely to estimate relative
operational cost variations rather than as a fixed economic value.

2.6. Load Factor (LF)

The load factor (LF) represents the portion of the rated engine power effectively
utilized during the machine’s work cycle. This index is fundamental to understanding the
operational efficiency of the fleet, as it identifies whether the engine is working within its
optimal performance range. The LF is calculated as follows:

qn-P
LF = P.Sy 3)
where

qn: measured hourly fuel consumption [L/h];

p: diesel density, assumed as 0.85 kg/L;

P: rated engine power [kW];

Sq: specific fuel consumption, assumed as 0.22 kg/kWh. This value represents an
optimal efficiency benchmark for modern mining machinery equipped with advanced
engine technologies, specifically validated for the power range characterizing the monitored
fleet [5].

2.7. The Fuel Handling Index (FHI)

To determine the technological investment priority, the FHI is proposed. This KPI is
defined as the residual fuel fraction following operational or technological modifications.
Under this normalized framework, the baseline (Scenario 1) is established at a value of 1,
representing the full energy demand of the current quarry cycle. Consequently, the FHI
measures the residual fuel consumption fraction for each equipment category, or the entire
fleet, after implementing idle management and hybridization strategies. The total fuel
displacement achieved through optimization is subsequently calculated as the difference (1-
FHI). By integrating machine power, phase duration, and specific consumption coefficients,
the FHI provides a scalable decision-making tool for quarry operators regardless of their
specific fleet size.

Z?: 1 (Pi'Tidle,i'SCCidle,i) + ((1 - 6)'P1'Twork,i'sccop,i)

FHI =
Fuelcyde

(4)

where
P; = rated engine power of the i-th machine [kW];
Tiglei: total idling duration within the standard cycle [h];
SCCige,i: specific fuel consumption coefficient during idling [L/h/kW];
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&: hybrid reduction factor, assumed as 0.12 based on experimental evidence;

Twork i: active operational work duration within the standard cycle [h];

SCCop,i: specific fuel consumption coefficient during the operational phase [L/h/kW];

Fuelqye: total fuel consumption of the cycle [L].

The model utilizes the SCC values from the monitored diesel fleet as a reference
baseline. It is assumed that the specific operational differences and duty cycle vari-
ations in the hybrid powertrains are effectively captured by the hybrid reduction fac-
tor, which accounts for the total net efficiency gain of the hybridized unit relative to its
conventional counterpart.

This formulation assumes that energy contributions can be linearly aggregated across
different equipment categories. This assumption is justified using machine-specific power
rating (P;) and SCC, which effectively weights each machine’s contribution to the total fleet
energy balance, ensuring the FHI remains a scalable and representative indicator.

FHI Efficiency Zone

The sensitivity analysis of the FHI is categorized into three efficiency zones, cali-
brated to reflect the fleet’s progression from the current energy state toward the optimum.
The thresholds for these zones are defined based on the percentage of fuel displacement
achieved, linked to the LF analysis:

e Red Zone (0.95 < FHI < 1): Represents a condition where the fuel reduction is lower
than 5%. This zone is assigned when the LF is lower than industrial benchmarks
(LF << LFoptimum), placing the baseline (FHI = 1) in a high optimization potential area.

e  Yellow Zone (0.85 < FHI < 0.95): Marks a transitional state with fuel savings between
5% and 15%. This transition represents operational improvements that move the fleet
closer to its performance peak.

e  Green Zone (FHI < 0.85): A value below 0.85 indicates a fuel displacement greater than
15%. This zone indicates that the optimized fleet has reached an energy performance.

3. Results
3.1. Fleet Monitoring and Parameter Validation

In this section, the technical and statistical characteristics of the monitored fleet are
detailed, along with the empirical validation of the hybridization efficiency factor.

3.1.1. Statistical Characterization of Consumption

The 6-month monitoring campaign provided a dataset of fuel consumption during
operational and idling phases. Table 3 presents the primary statistical descriptors for the
operational hourly consumption [L/hop] of each monitored unit. Similarly, Table 4 reports
the statistical descriptors for the idling fuel consumption [L/h;qi.], representing the fuel
rate when the engine is running but the machine is not performing active work.

Table 3. Statistical descriptor of real-world operational fuel consumption.

. Mean Operational o Standard Error o
Unit Model Consumption [L/hop] Std.Dev CV [%] of the Mean 95% CI
EXC 01 28.05 6.62 23.60 0.59 1.17
Excavators EXC 02 23.69 4.82 20.38 0.45 0.89
EXC 03 17.21 2.85 16.56 0.25 0.50
WLO 01 21.41 4.55 21.26 0.41 0.80
Wheel Loaders WLO 02 12.96 1.98 15.28 0.19 0.37
WLO 03 16.67 2.83 16.95 0.24 0.47
Dumper AD 01 11.08 0.83 7.47 0.10 0.20
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Table 4. Statistical descriptor of real-world idling fuel consumption.
. Mean Idling o Standard Error o
Unit Model Consumption [L/hsgy] Std.Dev CV [%] of the Mean 95% CI
EXCO01 2.24 0.86 38.66 0.08 0.15
Excavators EXC 02 3.54 0.65 18.39 0.06 0.11
EXC 03 1.38 0.69 50.12 0.06 0.12
WLO 01 1.85 0.52 28.11 0.05 0.09
Wheel Loaders WLO 02 217 0.44 20.21 0.04 0.07
WLO 03 1.02 0.44 43.34 0.04 0.08
Dumper AD 01 1.25 0.28 22.71 0.03 0.05

Specifically, for each model, the tables report the mean consumption, the standard
deviation, and the coefficient of variation (CV), which expresses the relative variability of
the data. Furthermore, to account for the precision of the estimates, the standard error of
the mean and 95% confidence interval (CI) are provided.

3.1.2. Field Validation of the Hybrid Efficiency Factor (5)

To ensure the robustness of the FHI, the hybrid reduction factor (5 = 0.12) was em-
pirically validated through a dedicated two-month monitoring campaign in an auxiliary
quarry. This preliminary study compared a conventional diesel unit against a hybrid unit
of the same class performing identical intensity tasks.

Data acquired via Industry 4.0 telemetry revealed a consistent performance gap. As
illustrated in the probabilistic analysis (Figure 3), hybrid technology achieved a mean
consumption of 22.21 L/h (typriq), compared to the 25.17 L/h (gjesel) Of the conven-
tional diesel unit. To quantify this performance gap, the hybrid efficiency factor (9) is
defined as the percentage reduction between the two mean hourly consumptions, calcu-

lated as follows:
Hdiesel — Hhybrid

Hdiesel
0.09 T T T T T T
== Conventional Diesel (Mean: 25.17)
=== Hybrid Technology (Mean: 22.21)
0.08 - //7\ - =
/ A #2.96 L/h
[ |
0.07 / - =
/ i \
\
/ : : \
0.06 - / \ -
2 / ! !
K7 / 1 1 \
c / 1 1 \
8005 // i | \ i
> / 1 1 \
= / 1 1
K- L = 1 1 -
§ 004 / | !
° / 1 1
o /
o / 1 1
0.03 - / ' ; J
/ 1 I
// 1 1
0.02 — // ! ! =
1 1
/ 1 1
0.01 / : -
i i
//
- 1 1 ~
0 1 1 1 1 I SO
10 15 20 25 30 35 40 45

Specific Hourly Consumption [L/h]

Figure 3. Probabilistic analysis of fuel displacement: comparison between conventional diesel and
hybrid heavy equipment.

This result confirms a consolidated fuel reduction of 12%. It is crucial to note that this
value represents a real-world field measurement, reflecting the actual operational stresses
typical of heavy equipment in the quarrying sector. Consequently, = 0.12 was adopted
as the conservative empirical benchmark for the Scenario 3 modeling. While different

https://doi.org/10.3390 /mining6010016


https://doi.org/10.3390/mining6010016

Mining 2026, 6, 16

9of 14

machinery types (EXC, WLO, AD) possess distinct hybrid architectures, the value 6 = 0.12
was applied uniformly as a conservative average. This simplification is justified by the
study’s objective to provide a scalable decision-making framework (FHI) rather than a
manufacturer-specific technical assessment.

3.2. Load Factor (LF) Calculation

The results of the telemetry campaign, summarized in Table 5, reveal the current
energy state of the quarry fleet compared to the benchmarks provided by Klanfar et al. [5].

Table 5. Calculated LFs vs. literature benchmarks.

Machine Category Rated Power [kW] Cons. (q) [L/h] Calculated LF Klanfar Range (LF)
Excavators 332-362 17.21-28.05 0.21-0.30 0.46-0.66
Wheel Loaders 313-439 12.96-21.41 0.21-0.22 0.25-0.31
Dumper 276 11.08 0.18 0.23-0.24

As observed, all machine categories exhibit an LF lower than the optimal range
proposed by Klanfar [5]. This systematic efficiency gap justifies the positioning of the
Scenario 1 baseline within the Red Zone of the FHI sensitivity charts (Figures 4 and 5).

1
¥
% 3
© 0.95
=
[=2]
£
°
s 0.9
g0
)
3
L
T
- 085] _ m
g Only Excavator operational optimization direction ko
g == Only Wheel Loaders ~ g
8 == Only Dumper L g
& |=Full Fleet Management o
0.8
0 10 20 30 40 50 60 70 80 90 100

Idle Time Reduction (%)

Figure 4. FHI sensitivity analysis: impact of operational idle time reduction.
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Figure 5. FHI sensitivity analysis: impact of technological hybridization.
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3.3. Specific Consumption Coefficients (SCCs)

To establish a rigorous baseline for energy analysis, the telemetry data were used to
calculate the average specific consumption coefficients (SCCs) for each machinery category.
These coefficients, expressed in [L/(h - kW)], represent the fuel intensity normalized by
engine power, distinguishing between active movement (operational) and static (idling)
states. The calculated average values are summarized in Table 6.

Table 6. Average SCCs for the monitored fleet.

. Average SCC,p Average SCCiqje
Machines [L/(h - kKW)] [L/(h - kKW)]
Excavators 0.065 0.007

Wheel Loaders 0.044 0.004
Dumpers 0.040 0.005

The data reveals a significant disparity in energy intensity between operational and
idling states. Excavators exhibit the highest average consumption during movement
(SCCop = 0.065). In contrast, SCCiqje values remain consistently low across the fleet. These
average coefficients serve as the fundamental inputs for the scenario modeling and the
subsequent calculation of the FHI.

3.4. Calculation of the FHI

In this section, the FHI formula defined in Section 2.7 is applied to quantify investment
priorities within the quarry fleet. The application of the FHI allows for the isolation of
the combined saving potential—both managerial and technological—for each machine
category within the standard 20-ton elementary cycle.

As shown in Figure 4, the FHI was evaluated as a function of idle time reduction
(at steps of 50% and 100%). At the current state (Scenario 1), the entire fleet starts at
the normalized baseline of 1.00, falling within the red zone. This position is consistent
with the low LF previously discussed in Table 5. This high idling frequency is largely
due to the continuous operation of HVAC and air filtration systems, which are vital for
maintaining operator health and comfort against thermal stress and marble dust inhalation
in the quarry environment.

Reducing the idle time by 100% (Scenario 2) results in a decrease in the FHI for all
categories. However, even with a total elimination of idling, the excavators and dumper
only reach an FHI of 0.99, while the wheel loaders achieve an FHI of 0.98, with all categories
remaining in the red zone. Full fleet management achieves a more significant reduction to
0.96 but still fails to cross the 0.95 threshold required to enter the yellow zone.

Figure 5 (FHI sensitivity: technological impact) represents the impact of reducing the
SCCoyp through hybridization. By applying a reduction coefficient 6 = 0.12 (study target),
the FHI for the full fleet drops to 0.84, successfully entering the green zone. According
to the analysis of the impact of individual technological interventions, the standalone
hybridization of the excavator would reduce the index to 0.93, while the hybridization of
wheel loaders and dumpers would result in values of 0.89 and 0.94 respectively. All these
individual values fall within the yellow zone.

Furthermore, the sensitivity analysis explores the maximum potential of technology. If
the manufacturer’s optimistic reduction of 6 = 0.25 were achieved, the excavator FHI across
the full fleet would drop to 0.72, penetrating deeply into the green zone. These results
validate the FHI as a scalable decision-making tool.

The comprehensive evolution of the FHI values across all analyzed scenarios is sum-
marized in Table 7.
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Table 7. FHI values across the three modeled scenarios.

Machines FHI Scenario 2 FHI Scenario 3
Excavator 0.99 0.93
Wheel loader 0.98 0.89
Dumper 0.99 0.94
Fleet-wide 0.96 0.84

3.5. Scenario Analysis and Economic Impact

This section evaluates the cumulative effects of the proposed decarbonization strate-
gies by comparing the baseline (Scenario S1) with progressive optimization levels. The
transition from behavioral changes to technological replacement yields significant energy
and financial benefits, as summarized in Table 8.

Table 8. Cumulative analysis of fuel consumption and savings across operational and technological

scenarios.
. e Saving vs.
Scenario Description Total Fuel [L/cycle] Scenaric:g,l [%]
1 Current state 17.13 -
2 Fleet-wide idle management 16.42 4.1%
Excavator idle management 16.93 1.1%
Wheel loaders idle management 16.79 2.0%
Dumper idle management 16.95 1.0%
3 Hybrid Fleet-wide upgrade 14.28 17%
Excavator hybrid upgrade 15.95 7%
Wheel loaders hybrid upgrade 15.11 12%
Dumper hybrid upgrade 16.06 6%

The simulation results for Scenario 2 demonstrate that “Fleet-wide idle management”,
a zero-cost intervention, provides a 4% reduction in fuel consumption, lowering it from
17.13 to 16.42 L per cycle. When disaggregating this impact by machine category, the wheel
loaders emerge as the most sensitive unit to idling optimization, contributing to a 2% saving
on the total cycle.

The impact is significantly amplified in Scenario 3, where technological hybridization
is introduced. As anticipated by the FHI analysis in Section 3.4, the wheel loader hybrid
upgrade yields the highest individual benefit, achieving a 12% reduction vs. Scenario 1.
Interestingly, the full-hybrid fleet-wide upgrade leads to a 17% cumulative reduction.

4. Discussion

The statistical analysis reveals that the fleet’s energy consumption is characterized
by moderate variability, with a coefficient of variation (CV) ranging from 7 to 23%. This
variability aligns with the stochastic nature of quarry operations [23]. However, significant
findings emerge from the calculated LF, with a range between 0.18 and 0.30. These values
are notably lower than the benchmarks proposed by Klanfar et al. [5], who suggest ranges
of 0.46-0.66 for excavators and 0.25-0.31 for wheel loaders. This discrepancy suggests
that the machinery used in the Carrara site is potentially oversized for specific block-
handling tasks, resulting in underutilized engine capacity. In this context, the load factor
acts as a preliminary test for operational efficiency. According to the benchmark, an LF
significantly lower than the literature range serves as an early warning sign of a poorly
organized production cycle, characterized by excessive idling or logistical bottlenecks.
This observation directly justifies the focus on Scenario 2. If the LF is below the optimal
threshold, it implies that there is a substantial margin to reduce the FHI at “zero-cost”
through managerial interventions alone.
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A key contribution to this research is the introduction of the FHI as a diagnostic tool
for cycle efficiency. Unlike traditional consumption metrics, the FHI integrates specific fuel
coefficients with operational time management. If a high FHI is detected, quarry managers
can use it as a trigger to re-examine the PERT modeling of the production cycle. By identi-
fying which phase or machine is causing the index to spike, it becomes possible to pinpoint
logistical bottlenecks or spatial constraints that were previously hidden. This allows for a
targeted optimization of the scheduling logic before any capital investment is considered.
Specifically, while established KPIs such as specific fuel consumption or production-based
metrics provide an absolute measure of energy intensity, they often act as “black box”
indicators that fail to isolate the source of inefficiency. The FHI offers incremental value by
providing a normalized baseline that decouples the impact of operational behavior from
powertrain technology. This allows for a direct, percentage-based comparison between
managerial improvements and technological upgrades, which is not easily captured by
traditional parameters.

While scenario 2 (idle management) offers a potential saving of 4% by altering oper-
ational behavior, it is crucial to recognize that a portion of the idling time is a technical
necessity for maintaining HVAC and air filtration systems. Consequently, achieving the
full saving potential without compromising operator health might not be entirely “zero-
cost”, as it could require alternative solutions for cabin environmental systems during
downtime. The FHI demonstrated that once idle times are minimized through managerial
interventions, a technical ceiling is reached. To break through this limit and achieve more
substantial decarbonization, the transition to hybrid technology (Scenario 3) is necessary
to reach the 17% threshold. These figures are more conservative than the 30% reduction
reported by Allam et al. [13] for compact loaders, reflecting the higher operational stress
of 20-ton marble block handling. Additionally, while hybrid powertrains may experience
efficiency fluctuations under continuous maximum load, the intermittent duty cycles typi-
cal of marble quarrying, characterized by frequent energy recovery opportunities during
maneuvering and load lowering, minimize the risk of significant system degradation.

5. Conclusions

This study demonstrates that the integration of Industry 4.0 telemetry and data ana-
lytics is a fundamental prerequisite for the energy transition in the marble sector. A novel
KP]I, the fuel handling index (FHI), was proposed and validated as a practical tool for
monitoring cycle efficiency.

The FHI serves a dual purpose: first, as an operational monitor to verify whether
the production cycle is performing according to the optimal PERT logic, and second, as a
strategic guide for fleet renewal. Our findings show that while “zero-cost” interventions,
such as idle management, can yield immediate fuel savings of 4%, the transition to hybrid
technology is essential to achieve more substantial reductions (up to 17%). However, the
FHI clearly indicates that managerial optimization alone is insufficient to meet modern
sustainability targets. The transition to hybrid technology, particularly for wheel loaders, is
essential to achieve more substantial reductions.

In conclusion, this research provides quarry managers with a practical decision-
making framework. By using the FHI to identify inefficiencies in real time, operators
can first optimize their current logistical assets and then prioritize investments in hybrid
equipment. This integrated approach decouples production from carbon emission, ensuring
the long-term economic and environmental sustainability of the natural stone industry.

Although the proposed model could potentially be further improved through the
inclusion of a wider variety of machine models and geological conditions, it establishes
a solid baseline for future developments. Future research should focus on the scalability
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of the proposed framework to fully electric fleets, evaluating the impact of charging
infrastructure on quarry logistics and grid stability. Building on the predictive capabilities
of machine learning models, further research could integrate real-time telemetry with
Al-driven dispatch systems to dynamically optimize engine load factors and minimize
idle times.
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