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PERFORMANCE ANALYSIS OF TRANSPORT SYSTEMS
IN THE SIBOVC SURFACE LIGNITE MINE BASED
ON THE AHP-PROMETHEE APPROACH (KOSOVO)

Purpose. To evaluate the performance of continuous, truck-shovel and hybrid transport systems in the Sibovc
surface lignite mine using an integrated multi-criteria decision-making framework and to determine the most appro-
priate technological alternative under variable geological and operational conditions.

Methodology. The study applies an integrated AISM-AHP-PROMETHEE framework. The AISM approach was
used to structure the decision-making problem and define the evaluation criteria. AHP was applied to determine
criterion weights, while PROMETHEE was used to rank the alternatives. Three systems were considered: continuous
BWE, truck-shovel and hybrid BWE+TS. The assessment was based on a consolidated 3 x 9 decision matrix includ-
ing effective capacity, plan fulfillment, availability, OPEX, energy consumption, CO,eq emissions, flexibility, HSE
performance and outages. The criteria were classified as benefit or cost indicators, with calibrated preference and
indifference thresholds.

Findings. The PROMETHEE ranking showed that the HYBRID BWE + TS system is the most preferable alterna-
tive for the Sibovc mine. The final ranking was HYBRID BWE + TS > BWE > TS. The hybrid system obtained the
highest positive flow and the only positive net outranking flow, ¢ = +0.220, while the BWE and TS systems obtained
¢ =-0.055 and ¢ = —0.165, respectively. Its advantage is mainly associated with operational flexibility, higher avail-
ability and reduced outage intensity.

Originality. The study adapts the AISM-AHP-PROMETHEE approach to the operational conditions of the Si-
bovc surface lignite mine by integrating production, economic, energy, environmental, flexibility and HSE-related
criteria into a unified decision-making framework. The use of calibrated thresholds and criterion contribution analy-
sis enables justification of the hybrid system’s priority through engineering interpretation.

Practical value. The results can support technological and investment planning in surface lignite mines. For the
Sibovc mine, the hybrid system should be considered a gradual, selective solution, with the continuous BWE system
remaining the primary production basis. At the same time, truck-shovel equipment is used in critical areas requiring
additional flexibility. The framework can also be adapted to other surface lignite mines with similar geological and
operational conditions.
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Introduction. In countries where electricity is gener-
ated from fossil fuels, surface coal mining remains one
of the most complex and strategically important activi-
ties in the mining industry. In Kosovo, lignite is not only
the main raw material for energy production but also an
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important factor in economic, political and social sta-
bility, since more than 90 % of electricity is generated by
thermal power plants supplied directly from the Kosovo
lignite basin [1]. Therefore, the performance of the
technological exploitation system has a direct influence
not only on mining efficiency, but also on energy secu-
rity, environmental management and socio-economic
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development. In this context, the environmental dimen-
sion of mining technologies should also be considered
alongside land-use transformation, ecosystem functions
and post-mining restoration priorities [2, 3]. In this
context, environmental and industrial safety consider-
ations during subsoil development also support the need
to include ecological and HSE-related indicators in the
evaluation of mining technological systems [4]. Envi-
ronmental risk assessment in Kosovo mining regions
also confirms the relevance of including environmental
indicators in technological evaluation frameworks [5].
In a broader mineral-resource context, the evaluation of
mining technologies should also be linked with system-
atic monitoring of the mineral resource base and the in-
creasing role of strategic and critical minerals in raw
material security and investment planning [6, 7].

The Kosovo coal basin is characterized by a complex
geological and tectonic structure, expressed through
heterogeneous lithological formations, variable geo-
technical properties and spatial changes in overburden
and lignite layers. Modern surface mines operate with
heavy equipment, high production targets and strict re-
quirements for coordinating excavation, transport,
maintenance and environmental protection processes.
Under such conditions, the difference between planned
and actually achieved capacities can be considerable [8].
International mining practice also confirms that devia-
tions between nominal and realized capacities are com-
mon in surface mining and are usually associated with
geological limitations, insufficient coordination of work
cycles, unplanned technical stoppages, changes in haul-
age distances, restrictions of mining fronts, and envi-
ronmental or legal constraints [9, 10].

For this reason, the optimization of exploitation and
transport systems in surface lignite mines cannot be re-
duced to a one-dimensional analysis based only on pro-
duction capacity, operating cost or equipment produc-
tivity. The real mining system includes a set of interre-
lated technical, economic, energy, environmental, safety
and organizational parameters. Consequently, selecting
a technological system requires an integrated decision-
making approach that balances engineering performance
with the practical constraints of mine operations.

Analysis of recent studies and publications. The tech-
nological development of surface lignite exploitation has
traditionally been associated with two main groups of
systems: discontinuous systems based on truck-shovel
operations and continuous systems based on bucket-
wheel excavators and belt conveyors [9]. Continuous
systems are generally considered suitable for large-scale
deposits with stable geometry, high production volumes
and standardized operating conditions, since the coor-
dinated operation of flow-transport mechanisms is criti-
cal for maintaining stable material movement [11]. Their
advantages include high capacity, lower specific operat-
ing costs and better energy performance under stable
mining conditions. However, their efficiency may de-
crease in areas with variable geotechnical conditions,
restricted working fronts or frequent changes in the di-
rection and organization of mining operations.

Discontinuous truck-shovel systems, in contrast,
provide greater operational flexibility and better adapt-
ability to changing mining conditions. At the same time,
their efficiency depends strongly on loading and hauling

cycle time, equipment coordination and operational de-
lays [12]. At the same time, they are usually associated
with higher fuel consumption, higher operating costs,
greater dependence on fleet management and route pa-
rameters, the technological state of haul trucks [13, 14]
and haul road conditions, as well as a higher environ-
mental impact [15]. Between these two technological
approaches, hybrid systems combining bucket-wheel
excavators, belt conveyors and truck-shovel equipment
can be considered a compromise solution. Such systems
enable the preservation of the volumetric and energy ad-
vantages of continuous mining while leveraging the flex-
ibility of discontinuous equipment in technically diffi-
cult or geotechnically constrained areas [16, 17].

The advantages of each system, such as operational
flexibility, production capacity or operating cost, may
be accompanied by disadvantages related to occupa-
tional safety, energy consumption, environmental
emissions or geotechnical stability [18, 19]. Therefore,
the selection of a technological system for surface min-
ing constitutes a typical multi-criteria decision-making
problem, in which criteria are heterogeneous, partly
conflicting and measured in different physical and eco-
nomic units.

The scientific literature proposes a wide range of
methods for solving multicriteria decision-making
problems in mining, including the Technique for Order
Preference by Similarity to Ideal Solution (TOPSIS),
the Analytic Hierarchy Process (AHP), ViseKriterijum-
ska Optimizacija I Kompromisno Resenje (VIKOR),
fuzzy logic-based approaches, and outranking methods
[20, 21]. In addition, the development of expert and
decision-support systems in mining confirms the need
for formalized tools capable of integrating heteroge-
neous technical, economic, environmental and safety-
related criteria [22]. These approaches are useful for
formalizing complex engineering decisions. However,
their practical application in mining may be limited if
the criteria are treated separately or if technical, eco-
nomic, environmental and safety dimensions are not
integrated into a single decision-making structure [23].

In this context, the PROMETHEE method is of
particular interest because it enables direct pairwise
comparisons of alternatives, uses preference and indif-
ference thresholds, and preserves the engineering mean-
ing of the criteria without excessive mathematical trans-
formation [24]. The combination of AHP and PRO-
METHEE is especially relevant for mining problems
where the relative importance of criteria must be justi-
fied. At the same time, the final ranking of alternatives
should reflect the real dominance of one technological
solution over another.

Unresolved aspects of the general problem. Despite
the significant number of studies devoted to equipment
selection, mining method selection and the application
of multi-criteria decision-making methods in mining,
several aspects remain insufficiently resolved for surface
lignite mines operating under variable geological and
operational conditions. First, many decision-making
approaches still focus mainly on technical or economic
indicators, while energy consumption, environmental
impact, operational flexibility and HSE-related param-
eters are not always considered within a single evalua-
tion framework. This creates the risk of selecting a sys-

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2026, N2 3 23



tem that is optimal according to one criterion but un-
stable or inefficient under real operating conditions.

Second, the selection of transport systems in lignite
mines is often considered separately from the operation-
al variability of the mining field. In the case of the Si-
bovc mine, massive clay layers, lithological discontinui-
ties and changes in the physical and mechanical proper-
ties of materials directly affect the stability of working
fronts, equipment availability and production continu-
ity. These conditions require a decision-making model
that can evaluate not only nominal capacity but also the
technological system’s ability to maintain stable opera-
tion under constraints.

Third, the practical comparison of BWE, truck-
shovel and hybrid BWE+TS systems requires a harmo-
nized matrix of criteria that includes production, plan-
ning, operating time, cost, energy, environmental and
safety indicators. Without such a matrix, the final deci-
sion may depend mainly on expert judgment or on sepa-
rate operational indicators rather than on a transparent,
reproducible analytical procedure.

Thus, the unresolved part of the general problem lies
in the need to develop and apply an integrated multi-
criteria framework that enables the comparative assess-
ment of continuous, discontinuous and hybrid transport
systems under the real operational conditions of the Si-
bovc surface lignite mine.

Purpose of the article and research objectives. The
purpose of this article is to evaluate the performance of
continuous, truck-shovel and hybrid transport systems
in the Sibovc surface lignite mine using an integrated
multi-criteria decision-making framework based on
AHP weighting and PROMETHEE ranking.

To achieve this purpose, the following research ob-
jectives were formulated:

- to substantiate the need for an integrated assess-
ment of technological transport systems in surface lig-
nite mining under variable geological and operational
conditions;

- to define the main alternatives for comparison: the
continuous BWE system, the truck-shovel system and
the hybrid BWE+TS system;

- to form a consolidated 3 x 9 decision matrix in-
cluding technical, economic, energy, environmental,
flexibility and HSE-related criteria;

- to apply AHP-derived criterion weights and PRO-
METHEE preference functions for ranking the techno-
logical alternatives;

- to interpret the obtained ranking in terms of opera-
tional efficiency, production stability, flexibility, energy
consumption, environmental impact and practical ap-
plicability for the Sibovc mine.

The scientific contribution of the study consists of
adapting the AHP-PROMETHEE procedure to the op-
erational conditions of the Sibovc surface lignite mine
by integrating production, cost, energy, environmental,
flexibility and safety criteria into a unified decision-
making framework. The practical value of the study lies
in the potential to use the results to support the strategic
planning of transport systems in surface lignite mines
with similar geological, operational and managerial
conditions.

Methods. Study area. The study was conducted at
the Sibovc surface lignite mine in Kosovo, which is part

of the Kosovo lignite basin and plays an important role
in supplying lignite for thermal power generation. The
mine is characterized by large-scale surface extraction,
the use of continuous excavation and transport equip-
ment, and variable geological and operational condi-
tions that affect production stability.

The selection of this mine as the study area is justi-
fied by the need to evaluate transport system perfor-
mance under real operating conditions, where produc-
tion planning, equipment availability, downtime, energy
consumption and operational flexibility are closely in-
terrelated. These features make the Sibovc mine suitable
for applying a multi-criteria decision-making approach
to compare continuous, truck-shovel and hybrid trans-
port systems. The location and satellite view of the study
area are shown in Fig. 1.

As shown in Fig. 1, the study area includes active ex-
traction zones, internal transport routes and surround-
ing land-use elements. This spatial configuration con-
firms the importance of transport organization in the
mine, since the efficiency of material movement de-
pends on the interaction between excavation areas, con-
veyor-based transport, truck access routes and opera-
tional infrastructure.

Therefore, the Sibovc mine represents a suitable case
for evaluating technological alternatives not only based
on production capacity, but also on flexibility, availabil-
ity, outage intensity, energy consumption, environmen-
tal impact and HSE performance.

Research framework. The methodology of this study
is based on the assumption that the optimization of
transport systems in surface lignite mining is a multi-
criteria decision-making problem within a complex
mining system. In the MCDA literature, such problems
are addressed using methods that preserve the hetero-
geneous structure of the criteria and allow alternatives
to be compared transparently [25]. The performance of
a mining transport system cannot be adequately evalu-
ated by a single indicator only, because it depends si-
multaneously on productivity, operating cost, energy
consumption, environmental impact, operational flexi-
bility, availability and safety. For this reason, the study
applies an integrated assessment framework combining
AISM, AHP and PROMETHEE. The general se-
quence of the proposed methodological framework is
shown in Fig. 2.

SATELLITE MAP
OF STUDY AREA
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Fig. 1. Location and satellite view of the Sibovc surface
lignite mine, Kosovo
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Fig. 2. Methodological framework of the AISM-AHP-
PROMETHEE assessment

As shown in Fig. 2, the methodological procedure
begins with the formation of the input dataset, includ-
ing operational indicators, technological alternatives
and evaluation criteria. Within the AISM framework,
the decision-making problem is structured, the criteria
are classified into benefit- and cost-oriented categories,
and the assessment logic is defined. The AHP proce-
dure is then applied to determine the relative impor-
tance of the criteria. At the same time, the PROMETH-
EE method is used for pairwise comparisons, the calcu-
lation of preference flows, and the final ranking of the
alternatives. The framework’s final output is the identi-
fication of the most appropriate transport system and
the formulation of practical recommendations for the
Sibovc mine.

Alternatives and evaluation criteria. Three techno-
logical alternatives were considered for the Sibovc sur-
face lignite mine:

- Al — BWE, representing the continuous system
based on bucket-wheel excavators and belt conveyors;

- A2 — T8, representing the discontinuous truck-
shovel system;

- A3 — HYBRID BWE+TS, representing the com-
bined system in which the continuous system is supple-

AISM-PROMETHEE
criteria set

Benefit criteria Cost criteria

@ Effective capacity (Mt/year)

@ OPEX (€/)

@ Plan fulfillment (%)

| |
J {@ Energy consumption (kWh/t) } E
% | {@ Cozeq (kgft) }
{ |

; @ Outages (/kt)

Fig. 3. Structure of benefit and cost criteria used in the
AISM-PROMETHEE assessment of transport sys-
tem alternatives

mented by truck-shovel equipment in operationally dif-
ficult or geotechnically constrained areas.

The criteria were selected to reflect the main dimen-
sions of transport system performance in surface lignite
mining. They include production capacity, plan fulfill-
ment, availability, operating cost, energy consumption,
environmental impact, operational flexibility, HSE per-
formance and outage intensity. The inclusion of HSE
performance is consistent with risk-oriented approaches
to transport system assessment, where incident risk is
considered through the interaction of technical, organi-
zational and human factors [26]. Each criterion was as-
signed either a benefit or cost orientation (Fig. 3). For
benefit criteria, higher values indicate better perfor-
mance. For cost criteria, lower values indicate better
performance.

As shown in Fig. 3, the evaluation criteria were di-
vided into two groups according to their preference ori-
entation. The benefit criteria include effective capacity,
plan fulfillment, availability, flexibility and HSE perfor-
mance, where higher values indicate better performance.
The cost criteria include OPEX, energy consumption,
CO,eq emissions and outages, where lower values are
preferred. This classification was wused in the
PROMETHEE procedure to determine the direction of
preference for each criterion correctly. The use of these
nine criteria enabled the formation of a consolidated
3 x 9 decision matrix, where the rows correspond to
technological alternatives and the columns to evaluation
criteria. The matrix itself is presented in the Results and
Discussion section.

Operational basis and preprocessing logic. The em-
pirical basis of the study was derived from consolidated
operational indicators for the Sibovc surface lignite
mine for the 2024 quarterly periods. These indicators
reflect planning, production, operating time, downtime,
cost, energy and environmental dimensions of the min-
ing transport system. The values used for the compara-
tive assessment were harmonized into a unified struc-
ture so that the continuous, discontinuous and hybrid
transport systems could be evaluated under comparable
conditions.

The consolidated values used in the decision matrix
are within the ranges documented in the annual opera-
tional reports of the Sibovc mine and in literature-based
models for similar lignite mining conditions. At the pre-
processing stage, the indicators were checked according
to three principles: the criterion’s interpretability, con-
sistency of measurement units and correct assignment
to the benefit or cost type. Since the criteria are ex-
pressed in different units, such as Mt/year, %, €/t,
kWh/t, kg/t and normalized indices, comparability was
ensured through criterion typology, weighting and
PROMETHEE preference functions rather than by di-
rect comparison of raw values (Table 1).

This preprocessing logic was used to preserve the
physical and engineering meaning of the criteria while
making them suitable for multi-criteria comparison.

Criterion weighting using AHP. The relative impor-
tance of the criteria was determined using the AHP pro-
cedure. The use of expert-based approaches is appropri-
ate when strategic and technological decisions depend
on heterogeneous indicators and cannot be reduced to a
single quantitative parameter [27]. In this study, the
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Table 1

Operational basis and preprocessing logic of the evaluation criteria

Criterion Unit Operational basis Preprocessing logic
K1 Effective capacity | Mt/year | Production and planning indicators | Conversion into comparable annualized production
capacity
K2 Plan fulfillment % Planned and actual production Ratio between actual and planned production
indicators
K3 Availability % Operating time and downtime Share of available operating time in scheduled working
indicators time
K4 OPEX €/t Operating cost indicators Specific operating cost per tonne of lignite
K5 Energy kWh/t | Electricity and fuel consumption Specific energy consumption per tonne of lignite
consumption indicators
K6 CO,eq emissions kg/t Energy use and emission-related Specific emissions expressed as CO,eq per tonne
indicators
K7 Flexibility index |Operational adaptability assessment | Normalized score reflecting the ability to adapt to
0—1 mining conditions
K8 HSE performance | index |Safety and operational exposure Normalized score reflecting safety-related
0—1 assessment performance
K9 Outages h/kt Downtime and interruption Outage duration normalized per thousand tonnes of
indicators lignite

consistency of the weighting procedure was assessed us-
ing the consistency ratio (CR), with CR <0.10 accepted
as the admissible limit [23, 28].

The following normalized vector of criterion weights
was used

w={0.18, 0.12, 0.10, 0.14, 0.10, 0.08, 0.10, 0.08, 0.10},

where

9
dw =1
i=l

The highest weights were assigned to effective capac-
ity and OPEX, reflecting the importance of production
performance and operating costs in assessing transport
systems. The remaining criteria were included to ac-
count for availability, energy consumption, environ-
mental impact, flexibility, HSE performance and outage
intensity.

PROMETHEE ranking procedure. The final ranking
of alternatives was performed using the PROMETHEE
method. PROMETHEE is an outranking method based
on pairwise comparison of alternatives for each criteri-
on. It is suitable for this study because it enables the
comparison of heterogeneous indicators and allows the
calibration of preference and indifference thresholds to
economic and operational tolerances.

Let

A=A{a,, ay, a3} = {BWE, TS, HYBRID BWE + TS},
be the set of alternatives, and
C: {1’ 2’ 3’ 4) 55 6! 77 8) 9}’

be the set of evaluation criteria. For each criterion 7, the
performance value of alternative a is denoted as gi(a),
and the criterion weight is denoted as w;.

For each pair of alternatives (a, b), the deviation for
criterion 7 was calculated according to the criterion type

g:/(a)—g,(b), for benefit criteria

g, (b)—g,(a), forcost criteria -

¢@m={

A linear V-type preference function with an indiffer-
ence threshold ¢; and a preference threshold p; was ap-
plied

0, d; <g,
E@ﬁy:ﬂlﬂ,%<4<ﬁ.
Pi _q,-
L d; = p,

The aggregated preference index of alternative a over
alternative b was calculated as

n(a,b) = zglwiPi (a,b),
i=1

where
0<mn(a,b)<1.

The positive outranking flow, negative outranking
flow and net outranking flow were calculated as follows

el .
b (@)=—— S n(a.b)

b#a

@)= .
¥ (@=-——n(ba;

b#a

0(a) = ¢"(a) - ¢ (a),

where 7 is the number of alternatives.

The final ranking was determined according to the
net flow ¢(a). The higher the value of ¢(a), the more
preferable the alternative.

Preference and indifference thresholds. Preference
and indifference thresholds were calibrated according to
operational and economic tolerances of surface lignite
mining. Differences below the indifference threshold g;
were treated as negligible. In contrast, differences equal
to or greater than the preference threshold p; were treat-
ed as sufficient to express a clear preference (Table 2).

The use of these thresholds enabled the ranking to
avoid excessive sensitivity to insignificant numerical dif-
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Table 2
Thresholds used in the PROMETHEE procedure

Criterion Unit q; Di
K1 Effective capacity Mt/year | 0.1 | 0.3
K2 Plan fulfillment % 1 3
K3 Availability % 1 3
K4 OPEX €/t 0.5 | 1.2
K5 Energy consumption kWh/t 0.5 | 1.5
K6 CO,eq emissions kg/t 0.3 1
K7 Flexibility index 0—1 | 0.05 | 0.15
K8 HSE performance index 0—1 | 0.05 | 0.15
K9 Outages h/kt 0.1 {04

ferences and to reflect the practical tolerances typical of
mining operations.

Results and discussion. Consolidated decision matrix.
The first stage of the results was the formation of a con-
solidated decision matrix for the comparative assess-
ment of the three technological alternatives considered
for the Sibovc surface lignite mine. The matrix includes
the continuous system based on bucket-wheel excava-
tors and belt conveyors, the discontinuous truck-shovel
system, and the hybrid BWE+TS system. Each alterna-
tive was evaluated according to nine criteria reflecting
production, operational, economic, energy, environ-
mental, flexibility and safety-related dimensions.

The selected criteria have different physical mean-
ings and units of measurement. Therefore, their direct
comparison is not possible without accounting for their
criterion types. Effective capacity, plan fulfillment,
availability, flexibility and HSE performance were treat-
ed as benefit criteria, where higher values indicate better
performance. OPEX, energy consumption, CO,eq
emissions and outages were treated as cost criteria,
where lower values indicate better performance. The
consolidated values used for the multi-criteria assess-
ment are presented in Table 3.

The matrix shows that none of the alternatives has
absolute superiority across all criteria. The continuous
BWE system demonstrates the lowest OPEX and energy
consumption, which confirms its efficiency under stable
operating conditions. However, it has the lowest flexibil-
ity index among the three alternatives. The truck-shovel
system has the highest flexibility value, but it also has
higher OPEX, energy consumption, CO,eq emissions
and outage intensity. The hybrid BWE + TS system oc-
cupies an intermediate or leading position for most cri-
teria, combining relatively high effective capacity, plan
fulfillment and availability with improved flexibility and
lower outage intensity compared with the truck-shovel
system.

Thus, the consolidated matrix reflects the multi-cri-
teria nature of the technological choice. The final deci-
sion cannot be made based on a single indicator, since

each alternative has both advantages and limitations.
For this reason, the matrix was also used as the input
dataset for the PROMETHEE procedure, in which the
criterion weights, benefit/cost orientation, and calibrat-
ed preference thresholds were taken into account.

PROMETHEE ranking results. After forming the
consolidated decision matrix, the PROMETHEE pro-
cedure was applied to determine the preference relations
between the three technological alternatives. For each
pair of alternatives, the preference index n(a, b) is calcu-
lated by aggregating the weighted preference values over
all nine criteria. This index expresses the degree to which
alternative q is preferred to alternative b, taking into ac-
count the criterion weights, benefit/cost orientation and
calibrated preference thresholds. The obtained prefer-
ence matrix is presented in Table 4.

The values of the preference matrix indicate that the
HYBRID BWE + TS system has the strongest pairwise
dominance over the other alternatives. Its preference in-
dex equals 0.59 against the BWE system and 0.61 against
the TS system. This means that, after applying the crite-
rion weights and preference thresholds, the hybrid sys-
tem demonstrates a more favorable aggregated perfor-
mance than both the continuous and discontinuous al-
ternatives.

The BWE system shows a moderate preference over
the TS system, with ©(BWE, TS) = 0.46, while the re-
verse preference n(TS, BWE) = 0.39. This indicates that
the continuous system has an advantage over the dis-
continuous system, though it is not dominant across all
criteria. In contrast, the TS system has the weakest pref-
erence position, especially in comparison with the HY-
BRID alternative.

Based on the preference matrix, the positive, nega-
tive and net outranking flows were calculated. The posi-
tive flow ¢* characterizes the extent to which an alterna-
tive dominates the other alternatives. The negative flow
¢~ characterizes the extent to which an alternative is
dominated by the others. The net flow ¢ represents the
balance between these two values and is used for the fi-
nal ranking of alternatives.

Since three alternatives were compared, the number
of pairwise comparisons for each alternative was
n — 1 = 2. Therefore, the positive and negative outrank-
ing flows were calculated as the average values of the
corresponding preference indices from the PROMETH-
EE preference matrix. The calculated PROMETHEE
flows are presented in Table 5 and visualized in Fig. 4.

According to the net outranking flow, the final rank-
ing of the technological alternatives is

HYBRID BWE + TS > BWE > T8.

The HYBRID BWE+TS system achieved the high-
est positive flow and the only positive net flow, ¢ =+0.22,
confirming its overall priority in the multi-criteria as-

Table 3
Consolidated decision matrix for the three technological alternatives
Alternative K1 K2 K3 K4 K5 K6 K7 K8 K9
CONT (BWE) 7.40 96.20 88.00 2.80 3.20 4.50 0.35 0.78 0.90
TS 7.50 94.00 85.00 3.60 8.90 7.20 0.85 0.70 1.40
HYBRID (BWE+TS) 7.60 97.00 90.00 3.10 5.10 5.20 0.75 0.82 0.70
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Table 4
PROMETHEE preference matrix m(a, b)
Alternative BWE TS HYBRID
BWE — 0.46 0.41
TS 0.39 — 0.35
HYBRID 0.59 0.61 —
Table 5
PROMETHEE flows and final ranking of alternatives
Alternative ¢oF o [0} Ranking
HYBRID 0.600 0.380 0.220 1
BWE 0.435 0.490 —-0.055 2
TS 0.370 0.535 —-0.165 3

sessment. The BWE system ranked second, with a
slightly negative net flow, ¢ = —0.055, while the TS sys-
tem ranked third, with the lowest net flow, ¢ =—0.16. As
shown in Fig. 4, the hybrid alternative is clearly sepa-
rated from the other two systems by its positive net
PROMETHEE flow.

Thus, the PROMETHEE ranking shows that the hy-
brid system provides the most balanced technological
solution for the Sibovc mine conditions. Its advantage is
not based on absolute superiority in every individual cri-
terion, but on the integrated balance between produc-
tion performance, flexibility, availability, HSE-related
parameters, energy consumption, emissions and outage
intensity. This result confirms the need to evaluate min-
ing transport systems as multi-criteria engineering sys-
tems rather than as alternatives compared by a single
productivity or cost indicator.

Contribution of individual criteria. To clarify the fac-
tors that determined the priority of the HYBRID
BWE+TS system, the final PROMETHEE result was
analyzed in terms of the individual criteria’s contribu-
tions. This is important because the hybrid alternative’s
first position does not imply absolute superiority across
all indicators. The ranking is based on the cumulative
effect of several criteria, in which the advantages in flex-
ibility, availability and outage reduction compensate for
the moderate increase in operating cost and energy con-
sumption compared with the purely continuous system.

0 HYBRID 0220
BWE+TS )

—0.055

0 -

° TS 0165

—-0.30 —0.20 —-0.10 0.00 0.10 0.20 0.30

Net PROMETHEE flow (¢)

Worse Better
performance | > performance

Fig. 4. Net PROMETHEE flow of the evaluated trans-
port system alternatives

For this purpose, the aggregated preference index
was decomposed into individual criterion contributions

Cia, b)y=w;" P(a, b),

where w; is the criterion weight; P«(a, b) is the preference
value for criterion i. This decomposition allows distin-
guishing between determining, supporting and neutral
criteria. Therefore, the PROMETHEE result is inter-
preted not only as a numerical ranking, but also as an
engineering justification of the technological choice.

The average criterion contributions for the HYBRID
BWE+TS system compared with the continuous and
discontinuous alternatives are presented in Table 6 and
Fig. 5.

As shown in Table 6 and Fig. 5, the largest contribu-
tion to the advantage of the HYBRID BWE+TS system
is associated with operational flexibility. Criterion K7
has the highest average preference value and the greatest
contribution, confirming its determining role in the final
ranking. This is consistent with the hybrid system’s
technological nature, which combines the high-capaci-
ty operation of the continuous BWE system with the
adaptability of truck-shovel equipment in geotechni-
cally or organizationally challenging areas.

Availability and outage intensity also play an impor-
tant role in the final result. Criterion K3 indicates that
the hybrid system provides better operational continuity
than the alternatives, while criterion K9 reflects the re-
duction of interruptions per unit of production. These
criteria are especially important for the Sibovc mine,
where production stability is directly related to the reli-
ability of coal supply to thermal power plants. In this
context, the hybrid system does not simply increase
flexibility, but also provides a reserve operational mech-
anism to maintain production when the continuous sys-
tem is constrained by front conditions, equipment syn-
chronization or local geotechnical constraints.

The contribution of energy consumption and CO,eq
emissions should be interpreted as a balancing factor.
The truck-shovel system is penalized by higher fuel and

Table 6
Average criterion contributions for the HYBRID
BWE+TS system

Criterion Type w; P |C.=wP Role
K1 Effective |Benefit | 0.18 | 0.30 | 0.054 |Supporting
capacity
K2 Plan Benefit | 0.12 | 0.10 | 0.012 | Neutral
fulfillment
K3 Benefit | 0.10 | 0.50| 0.050 | Defining
Availability
K4 OPEX Cost 0.14 {0.25| 0.035 |Supporting
K5 Energy Cost 0.10 [0.45| 0.045 |Defining
consumption
K6 CO,eq Cost 0.08 | 0.35]| 0.028 |Supporting
emissions
K7 Flexibility | Benefit | 0.10 | 1.00 [ 0.100 | Main

determining

K8 HSE Benefit | 0.08 | 0.40| 0.032 |Supporting
performance
K9 Outages | Cost 0.10 | 0.60 | 0.060 |Defining
> — 1.00 | — 0.416 —
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Fig. 5. Criterion contributions to the priority of the
HYBRID BWE+TS system

energy intensity, while the hybrid system reduces this
weakness by applying discontinuous equipment selec-
tively rather than as the main production system. There-
fore, the hybrid configuration limits the disadvantages of
the TS system while preserving part of its flexibility. At
the same time, it does not fully lose the structural ad-
vantages of the BWE system in terms of volume and op-
erational regularity.

OPEX and HSE performance act as supporting crite-
ria. The OPEX criterion indicates that the hybrid alter-
native does not offer the lowest specific operating cost, as
the continuous BWE system remains more favorable un-
der stable conditions. However, the difference in operat-
ing costs is offset by greater flexibility, higher availability
and reduced outage intensity. The HSE criterion sup-
ports the hybrid alternative because the selective use of
truck-shovel equipment can reduce the need to force the
continuous system in critical areas and enable safer orga-
nization of interventions and maintenance.

The effective capacity criterion plays a supporting
rather than a determining role. The three alternatives
have relatively close effective capacities, so this criterion
alone does not explain the final ranking. Similarly, plan
fulfillment is interpreted as a neutral criterion, since the
differences between alternatives are not sufficiently large
to dominate the final result.

Thus, the ranking HYBRID BWE + TS > BWE > TS
reflects a real technological compromise. The BWE sys-
tem remains strong in terms of cost and energy perfor-
mance, while the TS system provides high flexibility but
is limited by higher operating cost, energy consumption,
emissions and outages. The hybrid system occupies the
most balanced position because it combines the advan-
tages of both approaches and reduces their individual
weaknesses under the operational conditions of the Si-
bovc mine.

The additional pairwise contribution of the hybrid sys-
tem compared with the continuous system. In addition to
the average contribution structure, a separate pairwise
decomposition was used to compare the HYBRID
BWE+TS system with the continuous BWE system.
This comparison is important because the continuous

system is the strongest conventional alternative for
large-scale lignite mining and remains the main refer-
ence point for evaluating the practical value of hybrid-
ization (Table 7).

The pairwise contribution table shows that the pref-
erence of the HYBRID BWE+TS system over the con-
tinuous BWE system is mainly formed by three criteria:
availability, flexibility and outages. Criteria K3, K7 and
K9 each contribute 0.100, indicating that the main ad-
vantage of the hybrid system is not its nominal produc-
tion capacity alone, but its ability to operate under vari-
able mining conditions.

The OPEX criterion does not favor the hybrid alterna-
tive in this pairwise comparison. This means that the con-
tinuous BWE system remains more favorable in terms of
specific operating cost under stable operating conditions.
However, the absence of contribution from K4 is com-
pensated by the strong effects of K3, K7 and K9. In engi-
neering terms, this confirms that the hybrid system gains
its advantage through operational stability and adaptabil-
ity rather than through lower direct operating cost.

The contributions of K5 and K6 indicate that energy
and environmental indicators play a moderate role in
the comparison. The hybrid system does not fully elimi-
nate the energy-related disadvantages associated with
discontinuous equipment, but its selective use of truck-
shovel operations helps control them. Therefore, the
hybrid system remains more balanced than a fully dis-
continuous alternative.

Thus, the pairwise comparison with the continuous
system confirms the same general tendency as the overall
PROMETHEE ranking: the HYBRID BWE+TS sys-
tem should be interpreted as a compromise solution that
partially sacrifices the cost advantage of the continuous
system, but gains important operational benefits in flex-
ibility, availability and reduced interruption intensity.

Comparison with literature and operational reality.
The evaluation of the obtained multi-criteria ranking
should not be based only on the internal mathematical
coherence of the PROMETHEE procedure. For this
reason, the result was additionally interpreted in relation
to the operational conditions of the Sibovc mine and
compared with the conclusions of previous studies de-
voted to equipment selection, energy efficiency and
technological organization in surface mining.

The obtained ranking is consistent with studies
showing that truck-shovel systems are effective in con-

Table 7

Contribution of criteria in the HYBRID BWE+TS
vs continuous BWE comparison

Criterion P; w; G
K1 0.30 0.18 0.054
K2 0.10 0.12 0.012
K3 1.00 0.10 0.100
K4 0.00 0.14 0.000
K5 0.45 0.10 0.045
K6 0.35 0.08 0.028
K7 1.00 0.10 0.100
K8 0.40 0.08 0.032
K9 1.00 0.10 0.100
> — — 0.471
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ditions where the mining front is variable and opera-
tional flexibility is required. However, their use as the
primary technological system may be limited by higher
operating costs, greater fuel and energy consumption,
and greater reliance on fleet organization. This is espe-
cially important in lignite mines supplying thermal pow-
er plants, where production stability and continuity are
critical. Previous studies on loading and hauling opera-
tions have also emphasized that energy efficiency de-
pends not only on equipment type, but also on mine
planning, haulage distance, operator performance and
the organization of work cycles [13].

The second position of the continuous BWE system
also corresponds to the general understanding of con-
tinuous mining systems in large-scale lignite extraction.
Such systems are effective when mining conditions are
stable, the deposit geometry is favorable, and the trans-
port line can operate without frequent interruptions.
Under these conditions, BWE systems usually provide
high capacity, relatively low specific operating costs and
better energy performance. However, the operational
reality of the Sibovc mine includes geotechnical vari-
ability, lithological discontinuities and organizational
limitations that can reduce the efficiency of a purely
continuous system.

The first position of the HYBRID BWE + TS system
agrees with studies indicating that combined configura-
tions may represent a rational compromise when neither
continuous nor discontinuous systems alone can simul-
taneously satisfy production volume, flexibility and op-
erational stability requirements [9]. The hybrid system is
particularly relevant for mines where the continuous
system should remain the main production base, while
truck-shovel equipment is used selectively in areas with
difficult geotechnical conditions, restricted front devel-
opment or temporary interruptions of conveyor-based
operation.

In the case of the Sibovc mine, the final ranking is
also compatible with the operational logic of lignite sup-
ply to thermal power plants. The continuous system re-
mains important for maintaining the required produc-
tion volume. Still, its effectiveness can be reduced by
interruptions related to synchronization between buck-
et-wheel excavators, conveyor belts and the develop-
ment of mining fronts. The truck-shovel system pro-
vides flexibility, but its full-scale use as the main system
would increase energy intensity, OPEX and environ-
mental pressure. Therefore, the hybrid system reflects
the actual need to balance volumetric efficiency with
adaptability to variable mining conditions.

Thus, the PROMETHEE ranking should be inter-
preted as an engineering compromise rather than as a
formal mathematical result. The priority of the HYBRID
BWE + TS system stems from its ability to preserve the
structural advantages of continuous mining while miti-
gating the operational risks associated with limited flex-
ibility. At the same time, the selective use of truck-shov-
el equipment allows avoiding the main disadvantages of
a fully discontinuous system, especially in terms of oper-
ating costs, energy consumption and CO,eq emissions.

Practical implications for the Sibovc mine. The ob-
tained results have direct practical implications for the
technological and organizational planning of the Sibovc
surface lignite mine. The priority of the HYBRID

BWE + TS system does not mean that the continuous
system should be replaced by a discontinuous one. On
the contrary, the continuous BWE system should re-
main the main technological basis for achieving annual
production volumes, while truck-shovel equipment
should be used as a flexible complementary component
in critical areas.

From a technological standpoint, implementing the
hybrid system should be gradual and selective. The
truck-shovel component should be applied where the
continuous system encounters local constraints due to
geotechnical instability, limited working space, changes
in mining front geometry, temporary conveyor interrup-
tions or the need for flexible operational redistribution.
Such an approach can reduce the risk of technological
overlap and prevent unreasonable increases in capital
and operating costs.

From an organizational point of view, the application
of the hybrid system requires changes in maintenance,
transport management and operational planning, since
the efficiency of specialized transport systems depends
not only on equipment parameters, but also on the se-
lected management mode [29]. The presence of a flexi-
ble truck-shovel component creates reserve capacity that
can be used during preventive maintenance, unplanned
interruptions or temporary limitations of the continuous
system. This can reduce the operational load on the
BWE-conveyor system and improve the stability of lig-
nite supply to thermal power plants.

From an economic point of view, the hybrid system
should not be assessed only through OPEX per tonne.
Although the continuous system may have a lower spe-
cific operating cost under stable conditions, the total
cost of the mining system should also include losses
caused by production interruptions, non-fulfillment of
the production plan, equipment downtime and opera-
tional risk. In this context, the moderate increase in cost
associated with the hybrid system can be justified if it
improves production continuity and reduces the conse-
quences of unplanned stoppages.

From an environmental and safety perspective, the
hybrid system can help better control operational risks.
The selective use of truck-shovel equipment in difficult
areas may reduce the need to operate the continuous
system under unfavorable conditions. This can improve
HSE-related performance by enabling safer organiza-
tion of maintenance and interventions. At the same
time, limiting the use of discontinuous equipment only
to areas where it provides real operational value helps
control fuel consumption and CO,eq emissions.

The practical value of the AISM-AHP-PROMETH-
EE framework is also related to decision-making transpar-
ency. The proposed approach allows mine management to
compare technological alternatives not only by production
capacity or cost, but also by a broader set of operational,
energy, environmental and safety indicators. Therefore,
the model can be used as a supporting tool for investment
planning, technological modernization and the identifica-
tion of weak points in the existing transport system. Its fur-
ther application should be based on local operational data
and careful calibration of criteria, weights and preference
thresholds for each specific mining context.

Conclusions. The study confirmed that selecting a
transport system for the Sibovc surface lignite mine
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should be treated as a multi-criteria engineering prob-
lem rather than a single-criterion optimization task. The
performance of the technological system depends not
only on production capacity, but also on availability, op-
erating cost, energy consumption, environmental im-
pact, flexibility, HSE performance and outage intensity.

The application of the AISM-AHP-PROMETHEE
framework enabled comparison of three technological
alternatives: the continuous BWE system, the discon-
tinuous truck-shovel system, and the HYBRID
BWE + TS system. The final PROMETHEE ranking
showed the following order of preference: HYBRID
BWE + TS > BWE > TS. The hybrid system obtained the
highest net outranking flow, ¢ =-+0.220, which indicates
its overall priority under the considered operational
conditions.

The priority of the HYBRID BWE + TS system is
not caused by absolute superiority in all criteria. Its ad-
vantage is mainly formed by operational flexibility,
availability and reduced outage intensity. These criteria
are especially important for the Sibovc mine, where sta-
ble lignite supply to thermal power plants depends on
the mining system’s ability to operate under variable
geological and organizational conditions.

The continuous BWE system remains effective in
terms of production volume, operating cost and energy
performance under stable conditions. However, its low-
er flexibility and higher sensitivity to interruptions re-
duce its overall preference when geotechnical variability,
front limitations and synchronization of conveyor-based
operation are considered.

The truck-shovel system provides high operational
flexibility, but its full-scale use as higher OPEX, energy
consumption, CO,eq emissions and outage intensity
limit the main technological alternative. Therefore, its
most rational role in the Sibovc mine is not as a replace-
ment for the continuous system, but as a selective com-
plementary component within the hybrid configuration.

The practical value of the results lies in supporting a
gradual, selective implementation of the HYBRID
BWE + TS system. The continuous system should re-
main the main production basis, while truck-shovel
equipment should be used in critical areas where addi-
tional flexibility is required. The proposed approach can
also be adapted to other surface lignite mines with simi-
lar geological, operational and managerial conditions,
provided that local data, criterion weights and prefer-
ence thresholds are carefully calibrated.
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nizxony AHP-PROMETHEE (Kocoso)
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Meta. OuiHuTH eEeKTUBHICTh Oe3MepepBHOI, IT1-
KJIIYHOI i TiOpMaHOI TPAaHCIIOPTHUX CUCTEM B YMOBaX
OypOBYTIJIBHOTO Kap’epy Sibovc i3 BUKOpUCTAHHSIM iH-
TETPOBAHOrO0 0araTOKpuUTEpiaaIbHOIO ITiAXOAY Ta BU-
3HAYUTU HAKOLIBII TOUUTBHY TEXHOJIOTIYHY albTepHa-
TUBY 32 3MiHHUX I'€0JIOTIYHUX i BUPOOHUYUX YMOB.

Mertoauka. JlocimiaKeHHS BUKOHAHO Ha OCHOBI iH-
terpoBaHoi cxemu AISM-AHP-PROMETHEE. Ilin-
xin AISM BUKOpUCTaHO IJIs CTPYKTYPYBaHHsI 3amavi
MPUNHATTS pillleHb i (GOpMYBaHHS CUCTEMU KPUTEPIiB
ouiHoBaHHs. Meton AHP 3actocoBaHo mjis1 Bu3HA-
yeHHs Bar kputepiiB, a Meton, PROMETHEE — nnsa
paHXXyBaHHS TEXHOJIOTIYHUX aJlbTepHATUB. PO3risiHy-
TO TPU CUCTEeMU: Oe3IepepBHY CUCTEMY Ha 0a3i poTop-

HOTO0 eKcKaBaTopa i KoHBeepHoro Tpancnopty (BWE),
LIMKJIIYHY eKCKaBaTOpHO-aBTOMOOiIbHY cucteMy (TS)
i Tiopunny cuctemy BWE+TS. OuiHoBaHHSI BUKOHA-
HO 3a KOHCOJIiIOBaHOIO MaTpuIieto 3 X 9, 1110 OXOTLTIOE
e(eKTUBHY TMPOAYKTUBHICTh, BUKOHAHHS TUIAHY, O-
cTynHicTh obnmamHanHs, OPEX, eHeprocroxuBaHHs,
Bukunau CO,, rHyuKicTh, mokazHuku HSE Ta mpocroi.
Kputepii nompineHi Ha CTUMYJIIOOUi I 1€CTUMYITIOOUL
3 ypaxyBaHHSIM KajliOpOBaHMX TOPOTiB OaimyKOCTi
1 TIepeBaru.

Pe3syabTaTu. PanxyBaHHs 3a METOIOM
PROMETHEE noka3zano, 1o HaioOiIbll JOLiJIbHOI
aJIbTepHATUBOIO 1711 yMOB Kap’epy Sibovc € riopumHa
cuctema HYBRID BWE + TS. Otpumano Takuii mo-
psnoxk nepear: HYBRID BWE + TS > BWE > TS. T'i-
OpuaHa cucTeMa Ma€ HalOIIbIINI MO3UTUBHMI MOTIK
i eAMHe MomaTHe 3HAYEHHS YMCTOTO MOTOKY MepeBaru,
¢ = 40,220, toni six mns cucreM BWE i TS orpumani
BiznosigHo ¢ = —0,055 ta ¢ = —0,165. Ii nepepara Ha-
camIiepe]1 OB’ s13aHa i3 BUIIIOIO OrepaliiiHOIO THYYKiC-
TIO, KpaIlolo JOCTYIIHICTIO Ta 3HIDKEHHSIM iHTCHCHB-
HOCTIi IPOCTOIB.

HaykoBa HoBu3HA. AnantoBaHo minxim AISM-
AHP-PROMETHEE 1o ymoB 6ypoBYTiJIbHOIO Kap’epy
Sibovc 1uisixoM 06’enHaHHSI BUPOOHUYUX, EKOHOMiY-
HUX, EHepreTUYHUX, €KOJOTiUHUX, THyuKicHuX i HSE-
KPUTEPiiB y EAUHY CUCTEMY NMPUIHSTTS pillieHb. Buko-
pUCTaHHSI KajiOpoBaHUX TMOPOTIB i aHali3y BHECKY
OKpEMUX KPUTEPiiB JO3BOJIUIO OOIPYHTYBATH Mpiopu-
TeT TiOPUIHOI CUCTEMU He JINIIIE 32 YMCIIOBUM PERTUH-
roM, ajie i yepe3 iHTeprpeTalilo YMHHUKIB, 110 (op-
MYIOTb ii IiepeBary.

IIpakTana 3HaunMicTh. OTpUMaHi pe3yIbTaTH MO-
XKYTbh OyTU BUKOPUCTAHI IJIS1 TEXHOJOTIYHOTO I iHBEC-
TULIAHOTO TUIAaHYBaHHSI Ha OYpPOBYTUIBHUX Kap’e€pax.
Hns kap’epy Sibovc ribpuaHy cucteMmy AOLIBHO PO3-
[JISIIATH SIK TIOCTYITOBE i BUOIpKOBE PillIeHHS, 3a STKOTO
Oe3nepepBHa cucTeMa Ha 0a3i pOTOPHOro eKcKaBaTopa
Ta KOHBEEPHOTO TPAHCHOPTY 3IMIIAETHCS OCHOBOIO
BUPOOHMIITBA, a 00JagHAHHS €KCKaBaTOPHO-aBTOMO-
OiJTbHOT CUCTEMU 3aCTOCOBYETHCSI Ha NiJITHKAX, NI TI0-
TpiOHA MoAaTKOBA THYUYKiCTh. 3alpOIIOHOBAHM TTiAXil
MoXe OyTH aganTOBaHW i MJIsl IHIIMX OYPOBYTUILHUX
Kap’epiB 3i CXOXMMM TEOJOTIUHUMHU ¥ eKCIUTyaTalliii-
HUMH YMOBaMH.

Kmouosi ciioBa: 6yposyeinvhuii kap’ep, kap’ep Sibove,
POMOPHULL eKCKasamop, eKcKagamopHo-asmomodinbHa
cucmema, 2ibpuona mpamcnopmua cucmema, 6aeamo-
Kpumepianvhe NPUUHAMMS pilieHb
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