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The scientific journal News of the National Academy of Sciences of the Republic of Kazakhstan,
Series of Geology and Technical Sciences has been indexed in the international abstract and citation
database Scopus since 2016 and demonstrates stable bibliometric performance.

The journal is also included in the Emerging Sources Citation Index (ESCI) of the Web of Science
platform (Clarivate Analytics, since 2018).

Indexing in ESCI confirms the journal s compliance with international standards of scientific peer
review and editorial ethics and is considered by Clarivate Analytics as part of the evaluation process
for potential inclusion in the Science Citation Index Expanded (SCIE), Social Sciences Citation Index
(SSCI), and Arts & Humanities Citation Index (AHCI).

Indexing in Scopus and Web of Science ensures high international visibility of publications,
promotes citation growth, and reflects the editorial board’s commitment to publishing relevant,
original, and scientifically significant research in the fields of geology and technical sciences.

«Kazaxcman Pecnybnuxacel ¥immulx 2vlieim akademuscvinvly Xabapnapul. [eonocus wcomne
MEXHUKANBIK  bLILIMOAD Cepuschly eblivlmu dcypuanst 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe EbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneol JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCemKiumepoi Kepcemin Keneoi.

Convimen kamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvikapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopwl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexkopuvinoa unoekcmenyi scypHAIO0bIH XATbIKAPAbIK SbLILIMU PeYEH3UANAY MATAnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan oaceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmulpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OOIYbIH KAMMAMACHI3 emeoi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusiblK alKanbly 2e0n02us MeH MeXHUKATbIK
SBLILIMOAD CANACHIHOA&bL ©3eKMmi, Oipecell JiCoHe EbLIbIMU MYPEbIOaH MAHbI30bl 3epmmeynepoi
JCapuAnay2a YMmuliblColH AUKbIHOALObL.

Hayunwiii sicypran « News of the National Academy of Sciences of the Republic of Kazakhstan, Series
of Geology and Technical Sciencesy c 2016 2o0a undexcupyemcs 6 mesncoyHapooHoll pepepamusHol
u Haykomempuueckou 6aze Oanuwvix Scopus u OeMOHCmpupyem cmabuivHvle OubIUOMempuiecKue
nokasamern.

JKypHan maxaice 8KIHOUEH 6 MENCOYHAPOOHYIO pedhepamueHyio U HAYKOMEmPUYecKyro 6azy OaHHbIX
Emerging Sources Citation Index (ESCI) nramgopmer Web of Science (Clarivate Analytics, 2018).

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MENCOYHAPOOHBIM
CMAHOApMam HAyUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU IMUKU, d MAKIHCE PACCMAMPUBAEMCS
xomnanueu Clarivate Analytics 6 pamkax oanvHetiue2o exkarouenus uzoanus 6 Science Citation Index
Expanded (SCIE), Social Sciences Citation Index (SSCI) u Arts & Humanities Citation Index (AHCI).

HUnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem pocmy YumupyeMocmu u noomeepicoaen
cmpemaerue pedaKyuoHHOU Koate2uu nyOIuKo8anms akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OIACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. Crushing and screening complexes are among the
important electricity consumers at mining and non-metallic mineral enterprises,
since material breakage and classification are accompanied by variable equipment
loading. Energy consumption in such systems depends not only on throughput, but
also on feed size, moisture content, crusher discharge gap and feed rate. Insufficient
consideration of these parameters reduces the efficiency of equipment control and
makes it more difficult to select a rational operating mode. Objective. The objective
of this study was to evaluate the possibility of predicting the energy consumption
of a laboratory crushing and screening complex using machine learning methods

208



ISSN 2224-5278 5.2026

based on available operational parameters. Methods. The experimental work was
carried out on a laboratory unit consisting of a jaw crusher, vibrating screen, belt
feeder, sieve set, electronic scales and a digital wattmeter recorder. Tests were
performed at crusher discharge gaps of 5, 8 and 12 mm and feed rates of 0.05,
0.08 and 0.12 m/s. Repeated experiments were carried out for each combination
of operating modes. Material parameters and equipment operating conditions
were used as input features, while the total energy consumption per crushing and
screening cycle was used as the target variable. Linear regression, decision tree
and random forest models were used for prediction. Results and conclusions. It
was found that energy consumption per cycle varied from 0.118 to 0.247 kWh.
The highest energy consumption was observed at a 5 mm discharge gap and a feed
rate of 0.12 m/s. The crusher accounted for approximately 76—83 % of the total
energy consumption of the complex. The random forest model provided the best
prediction accuracy, with a coefficient of determination of 0.91, a mean absolute
error of 0.008 kWh and a relative error of about 4.6 %. The results show that
the proposed approach can be used for preliminary predictive control of energy
consumption in crushing and screening sections of the mining, cement and non-
metallic materials industries.

Keywords: crushing and screening complex, energy consumption, machine
learning, random forest, mining equipment, jaw crusher, feed rate, energy efficiency
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AHHoOTaIUs1. O3exminiei. ¥ cakTay CYphIlTay KSIICH IEP1 Tay KeH oHe Oelpyna
KOCIOPBIHAAPBIHAA DIIEKTP SHEPTHACHIH KO TYTHIHATBIH HET13I' TEXHOJIOTUSUIBIK
TopanTapaelH Oipi Oombim TaObuTambl. Cebebi Marepuanisl ycakTay >KoHE
¢bpakustapra 0eny Ke3iHAe XKaOJIbIKKAa TYCETIH XYKTeMe TYPaKThl OOIMaiiibl
XKOHE OJ1 KenTereH (hakropiapra OalIaHbICTBl ©3repeli. DHeprus LIBIFBIHBI TEK
OHIMJIIJIIKKE FaHa eMeC, MaTepUasIbIH ipUIiriHe, bUTFaIbLUIBIFbIHA, YCATKBIIITHIH
HIBIFapy CaHblIAyblHA JKOHE Oepy KbULIaMABIFbIHA 12 Toyeni. byn dakropnapast
JKETKITIKCI3 €CKepy JKaOIbIK JKYMBICHIH THIMII OacKapyabl KHbIHIATAIbI.
Maxcamwr. JKyYMBICTBIH MaKcaThI KOJDKETIMII TTaliqaaHy mapamMeTpiiepi HeTi3iHae
MalIMHAJIBIK OKBITY 9/IiCTEPiH KOJIJJaHa OTBIPHII 3€PTXAHAIBIK YCAKTAy CYPBINITAY
KEIICHIHIH SHEprusi TYTHIHYBIH O0JbKay MYMKIHAITIH Oaranay Oonabl. Qdicmepi.
OKCHEpUMEHTTIK 3epTTeyNep >KaKThl YCATKBIIITaH, JIpijiAi €JIeKTEH, Taclajbl
KOPEKTEH/IIpPTIllITEeH, €JEKTEP >KUBIHTHIFBIHAH, AJICKTPOHJBIK TapasbliaH KOHE
CaHJBIK BaTTMETP TipPKEYIIITeH TYPAThIH 3€pPTXaHAJIBIK KOHABIPFBIIA JKYPTi3iii.
ChIHaKTap YCATKBIIITHIH IBIFApy CaHbUIAyBl S5, 8 xoHe 12 MM OonraHma, ai
Matepuaiabl oepy xbeiaaMiasirst 0,05; 0,08 xone 0,12 m/c Oonrana OPBIHIANIBL.
Op pexuM YIIIH KaiTtamama Taxipubenep xyprizinai. Kipic Oenrinepi perinzae
Marepual KacHeTTepi MeH >KaOOBIKTBIH JKYMBIC PEXUMAEP] albIHIbI, al
MaKCaTThl KOPCETKIII pPeTiHe Oip ycakTay >KOHE CYpBINTay UKIIHE )KyMcalFaH
JKUBIHTBIK DHEPTHsl KOJJAHBUIABL. Boibkay YIIiH CHI3BIKTBIK PETpecCHs, MIEIIiM
aramipl  JKOHE KE3ICHCOK OpMaH alTOpUTMI MalmalaHbeuInbl. Homuowcenepi
MeH KopwvimublHObliapsl. bip nwmkngeri sHeprus TytbhiHy 0,118-0,247 xBt-car
apajbIFbIH/IA ©3repPreHi aHbIKTaAbl. EH j)KOFaphbl SHEPTUs WBIFBIHBL 5 MM CaHbLIay
xoHe 0,12 M/c Oepy KbUIIaMIBIFbI Ke3iH e OaiKa bl. ¥ CATKbIII KSIICHHIH JKaJIIbl
SHEPrusi TYTHIHYBIHBIH IIaMaMeH 76—83 % Oeuirin Kypajabl. EH jKaKChl HOTHKE
Ke3JIeHiCOK OpMaH MOJICITIH/IC aJIbIH/Ibl, OH/Ia JAeTepMHUHaIUs Kodpduimenti 0,91,
oprama adcomorTik Kate 0,008 kBT-car, air campICTBIpMaiBl Kare mamMaMeH 4,6
% Oonabl. AJIBIHFaH HOTWOKEIEp Oyl Tocinal Tay KeH, LEMEHT XoHe Oeipyna
OHEpKaCiOiHAeT1 ycakTay CYpbINTay y4yacKeNepiHAE SHEprHs TYTHIHYIbI aJlIbIH
ana Oarayiay YIIiH KOJIJaHyFa OOJIaTbIHBIH KOPCETE].
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Tyiiin ce3mep: ycakray cypbinTay KEIICHi, SHEPTHsl TYTHIHY, MaIIWHAJIbBIK
OKBITY, KE3/IEHCOK OpMaH, Tay KEH JKaOIbIFbl, )KaKThl YCaTKbIII, Oepy pexumi,
SHEPrys THIMIUTIT
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AHHOTANUsI. AxmyanrbHocms.  JpOOUIBHO-COPTUPOBOYHBIC — KOMILIEKCHI
OTHOCSITCS K YHUCIY 3HAYUMBIX [OTPEOUTENed  AIeKTPOIHEepPrHH  Ha
TOPHOMOOBIBAIONIUX — TPEANPHUATHAX W TPEINpHITHIX 10  mepepadoTke
HEPYIHBIX MaTepUajoB, MOCKOJBKY IPOLECCH JpOOJeHUS W KiacCu(UKaUU
TOPHOW MacChl CONPOBOXKIAIOTCA M3MEHEHHEM Harpy3Kd Ha TEXHOJOTHYECKOe
o0opyroBaHuEe. DHEPronoTpeOJICHUEe TaKUX  KOMIUIGKCOB  OIPEIEseTCs
COBOKYITHOCTBIO TPOHM3BOJCTBEHHBIX M TEXHOJIOTUYECKHUX (PAKTOPOB, BKITFOYAS
MPOU3BOJUTEIBHOCTL O0OPYJIOBaHUS, KPYIMHOCTh W BIAXKHOCTh HCXOJIHOTO
MaTepuaia, IMUPUHY pasrpy304HOM IETH APOOMIKA M CKOPOCTH IIOJIaYH.
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HenocratoyHo TOYHBIN ydeT B3aMMOCBS3€H MEXIy YKa3aHHBIMH IMapamMeTpaMu
3aTpyAHSET BBIOOpP pAalMOHANBHBIX PEKUMOB JKCIUTyaTalldd OOOpYJOBaHUS H
cHWkaeT A(h(QEeKTHBHOCTh yIpaBleHUs dHepronorpedieHueM. [Jers. OUEHUTH
BO3MOKHOCTH ITPUMEHEHHS METO0B MAIIIMHHOTO 00yYeHUS JI71sl TPOTHO3UPOBAHUS
SHEPronoTpedeHus: 1adopPaToOpHOro JAPOOUIHHO-COPTUPOBOYHOIO KOMILIECKCA
Ha OCHOBE M3MEPSEMBIX JKCIUTYaTallHOHHBIX MapaMeTpOB W BBIABHTH Hamboliee
3¢ (EeKTUBHBIN aNrOPUTM TMPOTHO3UPOBaHUSA. Memoovl. DKCIEpUMEHTaIbHBIC
WCCIICIOBAHMS TPOBEJEHbI Ha J1a0OpaTOpHOW YCTaHOBKE, BKIFOYAROIICH
IIEKOBYIO APOOWIIKY, BUOPAIMOHHBIN TPOXOT, JICHTOYHBIA MUATATENb, KOMILIEKT
CUT, DJICKTPOHHBIC BeChl U [HU(PPOBON BarTMETp-perucrparop. Kcmbrranus
BBIMIOJIHSUIUCH IPU LIUPHUHE Pa3rpy304HOM 11eau 5, 8 1 12 MM U CKOPOCTSIX OJauu
matepuaia 0,05; 0,08 u 0,12 m/c. s Kax10i KOMOMHALMN TEXHOJIOIMYECKHUX
MapamMeTpoB IMPOBOAMIUCH TOBTOPHBIE JKCIIEPUMEHTHI. B KadecTBe BXOIHBIX
MIPU3HAKOB TIPOTHO3HBIX MOJEIECH HCIOMB30BAHBI XAPAKTEPUCTUKH HCXOTHOTO
MaTepuaia u napameTpsl paboTel 00opynoBanus. LleneBoit nepeMeHHO SBISUIOCH
CYMMapHO€ JHEprornoTpeOieHne OIHOTO ITHKIa APOOICHUS M COPTUPOBKH. st
MOCTPOCHUSI U CPABHUTEIBHON OIICHKH MPOTHO3HBIX MOENCH MPUMEHSIIUCH
ANTOPUTMBl JIMHEHHOW pErpeccwH, JepeBa pelIeHnH | CIIy4ailHOTro Jieca.
Pesynomamor u 661600vl. YCTaHOBJCHO, YTO CYMMapHOE 3HEPronorpeOscHHe
OJHOTO TEXHOJOIMYECKOI'0 LMKIIA M3MEHIOCh B nuamna3oHe ot 0,118 mo 0,247
kBT'u. MakcuManpHOE 3HAYEHHE HHEPronoTpedaeHus 3aQUKCHPOBAHO TIPHU
IIUPUHE Pa3rpy304HON IIENH 5 MM M CKOpoCTH mojaun Matepuana 0,12 m/c.
Ha nonro mexoBol ApOOUIKY MPUXOAUIOCH MPUOTU3NUTENBHO 76—83 % ob1mero
3HEpronoTpedieHus komiuiekca. Hanbosiee BBICOKYH0 TOUHOCTh IPOTHO3UPOBAHUS
MPOAEMOHCTPHUPOBAIIA MOJIENb CIIy9alHOTO Jieca, Ui KOTOpod KodddummeHt
nerepmuHanmu (R?) cocraBun 0,91, cpemnsisi abcomornas ommbka (MAE) -
0,008 kBTu, a oTHOCHTEBbHAS OIINOKA - 0KOJIO 4,6 %. [loyueHHbIe pe3yabTaThl
CBUJETENCTBYIOT O TEPCHEKTUBHOCTH MPHMEHEHHS METONOB MAaITHHHOTO
oOy4yeHUs] JUIsl TPEIBAPUTEILHON OIICHKU SHEPromnoTpeOieHus JpoOUIbHO-
COPTHUPOBOYHOTO OOOPYNOBAaHUS M BHIOOpA PAIMOHANBHBIX TEXHOIOTHYECKUX
pexuMoB. IpenmokeHHbII MOAX0 MOXKET OBIThH UCIIOIB30BAaH MPHU JaTbHEHIIIEM
COBEPIICHCTBOBAHUU CUCTEM MOHHTOPHHIA W YIPABICHUS YHEPTONOTPEOICHUEM
Ha IPEINPUATHSX TOPHOJO0O0BIBAIOIIEH TPOMBIIIUIEHHOCTH, POU3BO/ICTBA [IEMEHTA
U 1epepabOTKH HEPYAHBIX MaTepUAOB TOCIE COOTBETCTBYIOIICH MPOBEPKH B
MTPOM3BOJCTBEHHBIX YCIOBUSX.

KaiwueBble ciaoBa: IpoOMIHLHO-COPTHPOBOUYHBIN KOMIUIEKC, JHEpPTOIO-
TpeOneHue, MallMHHOE OOYyYeHHe, CIIyYalHBIH Jiec, TOpHOE O0OpyIOBaHHUE,
IeKoBask APOOUITKa, PEKUM TOAa4H, YHEProd(h(HEeKTHBHOCTH

Introduction. In the modern world, the rational use of energy has become a
major technical and economic challenge, given the massive electricity consumption
of the industrial, mining, and mineral processing sectors. This is particularly
evident in facilities operating crushing and screening complexes, which comprise
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crushers, screens, feeders, conveyors, and auxiliary units; these components do
not always operate at a steady rate and often depend on the properties of the
incoming raw material. Furthermore, rising electricity costs, the need to reduce
environmental impact, and increasing demands for sustainable development are
driving the search for methods to more accurately monitor and forecast energy
consumption. Global industry experience has long shown that simply increasing
equipment capacity does not solve the problem; in fact, it can sometimes lead to
higher losses, increased wear, and operational instability within the processing
line. Consequently, forecasting energy consumption has evolved from a mere
accounting task into a vital element of managing the entire production process
(Klyuev et al., 2022).

A crushing and screening complex is a complex system, even if its operation
may appear straightforward on the surface. Material is fed in for crushing and
then separated into fractions; some material is recirculated, while the rest is
sent to storage or further processing. In practice, however, the complex's energy
consumption depends on numerous factors, including ore size and moisture content,
material hardness, crusher fill levels, screen operating modes, liner condition, and
feed rates. Even crusher design parameters and the specific characteristics of the
screening surface can significantly influence material breakage efficiency and
drive load (Abramkin et al., 2023). Research indicates that crushing and grinding
processes require digital modeling, as the physical relationships between process
parameters are often non-linear and not always adequately described by classical
formulas (Chanturia et al., 2025). Thus, while forecasting energy consumption
in this context is of practical importance, the scope of such a task need not
necessarily be overly extensive. Sometimes, solving a relatively simple problem-
such as forecasting consumption over a short timeframe based on current process
parameters-is sufficient.

There are various ways to address this issue. One approach relies on standard
formulas and calculated relationships. This method is advantageous because it is
easily understood by engineering staff and does not require extensive data; for
instance, it can incorporate throughput, motor power, load conditions, and equipment
specifications. However, a drawback of this approach is that actual operating
conditions fluctuate, while the calculation model often remains overly simplistic.
Accuracy declines due to factors such as wear on working components, changes
in raw material composition, or inconsistencies in feed rates. Furthermore, many
crushing, screening, and conveying processes are inherently variable—a factor
not always accurately captured by standard mass- or energy-balance calculations.
Similar challenges arise in other industrial systems where equipment condition
and operating modes significantly impact energy performance (Afanaseva et al.,
2026).

The second approach involves the use of automatic control systems and
energy-efficient management. This allows for adjustments to feed rates, conveyor
speeds, equipment loading, and the activation or deactivation of specific units.

213



ISSN 2224-5278 5.2026

Such an approach is more modern and aligns well with the objectives of "smart"
manufacturing. For instance, energy-efficient control of compressor equipment
and pneumatic conveying systems demonstrates that even minor operational
adjustments can yield significant energy savings (Yelemessov et al., 2025; Tataeva
et al., 2025). However, implementing such control in crushing and screening
complexes is not always straightforward; the equipment operates under harsh
conditions, sensors may produce noisy data, and operational staff do not always
trust automated recommendations. Furthermore, without predictive capabilities,
control systems react only after a load change occurs rather than anticipating it.

The third approach involves the use of machine learning methods. Its advantage
lies in the model's ability to identify hidden relationships between parameters
that are difficult to express explicitly through formulas. Machine learning is
already being applied to forecast energy consumption, equipment reliability, and
geological and process parameters, showing great promise for complex industrial
systems (Klyuev et al., 2026; Nurgaliyeva et al., 2026; Kukartsev et al., 2026). For
example, in related applications, machine learning methods are used to estimate
rock properties from geophysical data, classify magnetic anomalies, and predict
the state of natural systems, demonstrating their viability in scenarios involving
incomplete and heterogeneous data (Tynchenko et al., 2026; Karacsony et al.,
2026; Dolgikh et al., 2025). However, this approach also has drawbacks. Training
a model requires accumulated data—ideally without significant gaps and with
precise time synchronization. If data is scarce or fails to accurately reflect actual
operating conditions, the model may perform well in a technical sense but lack
transferability to other environments. Furthermore, it is not always clear why a
model has generated a specific forecast, particularly when complex algorithms are
employed.

It is also worth noting that energy consumption forecasting is linked not only
to electricity savings but also to equipment reliability. When a crusher, screen,
or drive motor operates under unstable loads, the likelihood of failure increases,
and wear accelerates. Studies on mining equipment reliability indicate that
operational performance often depends on a combination of factors rather than
a single parameter; consequently, statistical modeling and forecasting play a
crucial role in this context (Malozyomov et al., 2024; Pryalukhin et al., 2026).
Vibration and condition monitoring are also regarded as vital tools for industrial
energy systems, as they facilitate the early detection of equipment performance
degradation (Afanaseva et al., 2025). This is particularly significant for crushing
and screening complexes, where a rise in energy consumption may stem not only
from increased throughput but also from improper operating modes, clogging,
wear, or overloading.

The relevance of this area of study is further underscored by the fact that energy
efficiency is becoming an integral component of overall operational sustainability
in the mining industry. The objective is not merely to process larger volumes of
raw material, but to do so with reduced losses, more consistent product sizing,
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and a lower environmental footprint. Research into the utilization of industrial
by-products and construction waste demonstrates a gradual shift within modern
industry toward more rational resource management, with the energy component
representing a key element of this broader challenge (Kredina et al., 2023; Klyuev
et al., 2024; Klyuev et al., 2025; Petropavlovskaya et al., 2025). Even though
such studies may focus on different materials and technologies, the underlying
principle remains the same: production processes must become more controllable,
predictable, and cost-effective. In crushing and screening plants, this can be
achieved through the analysis of data that is often already collected at the facility
but not always fully utilized.

This study does not aim to create a comprehensive, universal control system
for all types of crushing and screening equipment. Instead, it focuses on a specific
applied task: building a short-term energy consumption forecasting model based
on a limited set of process parameters. This approach makes it possible to evaluate
the suitability of machine learning methods for a specific facility, identify the
most significant parameters, and determine whether the forecast can be used
to optimize operational modes. Practical experience in grinding and crushing
operations demonstrates that even minor adjustments to feed rates or material
density can enhance process stability (Zatonskiy et al., 2024; Matveev et al., 2025).
Consequently, energy consumption forecasting is not merely an abstract exercise
but can be directly linked to the practical actions of operators and engineering
staff.

Thus, applying machine learning methods to forecast the energy consumption
of crushing and screening plants is a highly relevant area of research, as it integrates
the goals of energy efficiency, reliability, and process stability. Although such
models have limitations and require high-quality data, they enable a shift from
simply recording electricity consumption to a more insightful analysis of future
load requirements. The objective of this study is to develop and preliminarily
evaluate a machine-learning-based energy consumption forecasting model for a
crushing and screening plant—using available operational parameters—to assess
its potential for optimizing equipment operation.

Materials and Methods. The experimental plan was designed to avoid an
overly complex laboratory setup while still allowing for the assessment of energy
consumption prediction capabilities using a small-scale example that closely
mirrored an industrial application. The work was carried out in several stages:
preparation of the rock mass sample, crushing and size-fraction screening, data
collection on equipment operation and electricity consumption, and finally, data
processing and the development of machine learning models. This sequence was
chosen because, in real-world settings, a crushing and screening complex operates
as a sequential process chain, where a change in a single parameter immediately
impacts subsequent operations and overall energy consumption.

The starting material consisted of medium-strength rock mass, pre-selected from
a stockpile following primary crushing. The material exhibited a heterogeneous
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particle size distribution—a characteristic deliberately preserved, as a perfectly
uniform sample fails to accurately reflect actual industrial production conditions.
Prior to testing, the material was air-dried at room temperature and divided into 20
kg batches. For each batch, moisture content was determined gravimetrically, and
initial particle size distribution was assessed using a standard set of sieves. This
step was essential to ensure that subsequent analysis accounted not only for the
mass of the feed material but also for its properties, as these properties are primary
drivers of load fluctuations on the crusher and screen.

The experimental setup comprised a laboratory jaw crusher, a vibrating screen,
a belt feeder, an electronic scale, a sieve set, a recording wattmeter, and a personal
computer for data logging and processing. A jaw crusher of the ShD-6 type (or a
model with equivalent specifications)—commonly found in the educational and
research laboratories of mining universities—was used. The discharge gap width
was set at three levels: 5, 8, and 12 mm. The crusher drive speed was maintained
at the standard operating level of approximately 300 rpm, as the study did not
aim to examine every possible equipment operating mode. Material was fed via
a belt feeder at speeds of 0.05, 0.08, and 0.12 m/s. These values were selected
to represent low, medium, and high feed rates—ranges within which the crusher
operated stably without emergency shutdowns.

Following crushing, the material was discharged onto a laboratory-scale
vibrating screen. The screen operated at a vibration frequency of approximately 25
Hz and an amplitude of 1.5-2.0 mm, with the screen surface set at an inclination
angle of 12 degrees. Sieves with aperture sizes of 2, 5, and 10 mm were used for
classification. Each batch was screened for a duration of 3 minutes; this protocol
ensured consistent particle size separation without turning the study into an
excessively long industrial-scale experiment. Three replicates were performed
for each combination of operating parameters to minimize the impact of random
variations and ensure more reliable data for model training. A total of 27 main
experiments were conducted, excluding preliminary trial runs.

The energy consumption of the crusher and the screen was recorded separately
using a digital power logger connected to the power supply line of each electric
drive. Data were recorded at one-second intervals. For each experiment, the
average active power, peak power, duration of operation under load, and total
energy consumption were logged. Additionally, the data table included the mass
of the initial batch, material moisture content, average initial particle size, crusher
discharge gap width, feed rate, the fraction of material smaller than 5 mm after
crushing, and the system's throughput. These specific parameters were selected
because they can be measured even at small facilities or university laboratories;
thus, the methodology holds practical and industrial significance without requiring
expensive measurement systems.

Data processing was performed in a Python environment using the Pandas,
Scikit-learn, and Matplotlib libraries. Before model training, the data were
checked for missing values and gross errors. Subsequently, numerical features
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were normalized, and the dataset was split into training and testing sets using
an 80/20 ratio. Total energy consumption per crushing and screening cycle was
adopted as the target parameter. Several simple models were used for comparison:
linear regression, decision tree, and random forest. This selection was deliberate, as
these methods are readily accessible, well-implemented in open-source libraries,
and replicable within the setting of a typical Russian university. The random forest
model was chosen as the primary algorithm because it better accounts for the non-
linear influence of parameters and is generally robust against individual outliers
in experimental data.

Prediction quality was evaluated using the coefficient of determination
(R?), mean absolute error (MAE), and root mean square error (RMSE). Feature
importance was also analyzed to determine which parameters had the greatest
impact on the system's energy consumption. This is of direct industrial significance,
as it is important for an operator or engineer not only to obtain a forecast figure but
also to understand the factors driving the increase in energy consumption. If the
model indicates that feed rate or discharge gap size has the greatest impact, these
parameters can serve as a basis for further optimizing operating conditions. Thus,
the methodology focused not on creating a large, universal digital platform, but on
validating a specific, practical concept capable of enhancing the energy efficiency
of industrial crushing and screening equipment.

Results and Discussion. The tests revealed that the energy consumption of
the crushing and screening complex varied significantly even with relatively
minor changes to the material feed rate and the crusher's discharge gap width.
This demonstrates that the issue is not merely theoretical or hypothetical but holds
genuine industrial significance. For the mining industry, open-pit coal mines,
and facilities producing crushed stone or construction materials, even a slight
reduction in specific energy consumption can be crucial, given that crushing and
screening operations typically run for many hours a day, resulting in substantial
total energy use. Laboratory data were obtained from 27 primary experiments
using 20 kg batches, with variables including feed rates of 0.05, 0.08, and 0.12
m/s and discharge gap widths of 5, 8, and 12 mm. Although this setup did not
constitute a large-scale industrial sample, it allowed for the identification of key
relationships and the assessment of machine learning's suitability for a small-scale
applied task.

The average total energy consumption per crushing and screening cycle
ranged from 0.118 to 0.247 kWh per batch. Minimum values were recorded with
a discharge gap width of 12 mm and a low feed rate of 0.05 m/s. Under these
conditions, the crusher operated without significant overloading, and the material
passed through the crushing chamber more rapidly. However, the proportion
of the fine fraction (less than 5 mm) was lower, amounting to only 31-34%.
Consequently, this operating mode cannot be considered optimal in every instance,
as industrial facilities must balance energy savings against the required particle
size distribution of the final product. With a gap of 5 mm and a feed rate of 0.12
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m/s, energy consumption rose to 0.238—0.247 kWh, and the crusher's peak power
reached 2.38 kW (Fig. 1). At the same time, the yield of the fraction smaller than
5 mm increased to 57-61%. Thus, more intensive crushing produces a better fine
product but entails higher energy costs and potentially places a greater load on the
drive.
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=&= 5 mm discharge gap
== 8 mm discharge gap
0.24 =&~ 12 mm discharge gap

Highest load mode

Mean energy consumption, kWh per batch

Lower energy mode

0.05 0.08 0.12
Feed rate, m/s

Figure 1. Effect of feed rate and crusher discharge gap on the mean energy consumption of the
laboratory crushing and screening complex.

An analysis of average power consumption revealed that the crusher was
the primary energy consumer within the laboratory complex. Its average active
power during the experiments ranged from 1.12 to 1.94 kW, whereas the power
consumption of the vibrating screen typically fell within the 0.31-0.38 kW range.
The crusher accounted for approximately 76—-83% of the total energy consumption
per cycle. This is logical, as the actual material breakage occurs in the crusher,
while the screen primarily separates the already broken product. This result is
particularly significant for the non-metallic construction materials industry, as
optimizing crusher operation can yield greater benefits than attempting to save on
auxiliary operations. However, at large-scale facilities, conveyors, dust extraction
systems, and recirculation loops can also account for a substantial share of the
energy balance.

Increasing the material feed rate from 0.05 to 0.12 m/s resulted in a rise in
system throughput from 95-110 kg/h to 175-205 kg/h. At first glance, this appears
to be a positive outcome, as the equipment processed more material per unit of time.
However, the irregularity of power consumption also increased. The coefficient of
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variation for crusher power was 8-11% at low feed rates, rising to 17-22% at
maximum feed rates. This indicates sharper load fluctuations, which, in a real-
world mining operation, could lead to accelerated wear of bearings, belt drives,
and electric motors. Consequently, forecasting energy consumption in this context
is important not only for economic reasons but also for operational considerations.
This is particularly relevant for the mining industries of Kazakhstan and Russia,
where crushing and screening complexes often operate in remote areas and
equipment downtime entails significant costs. After preparing the dataset, three
forecasting models were constructed: linear regression, a decision tree, and a
random forest. Total energy consumption per cycle was used as the target variable.
On the test set, the linear regression model yielded a coefficient of determination
(R?) 0of 0.74, a mean absolute error of 0.019 kWh, and a root mean square error of
0.024 kWh (Table 1). While this result is acceptable for a preliminary assessment,
the model failed to adequately account for operating conditions characterized by
a narrow discharge gap combined with a high feed rate; in these instances, actual
energy consumption increased non-linearly, whereas the linear model smoothed
out these variations. The decision tree model achieved an R2? of 0.82, a mean
absolute error of 0.014 kWh, and a root mean square error of 0.019 kWh. Although
it captured specific operating modes more effectively, it was sensitive to the small
sample size and occasionally produced abrupt changes in predictions for similar
input parameters.

Table 1. Comparative performance of machine learning models for predicting energy
consumption of the crushing and screening complex.

Num- | Trai- Test Max | Mean
ber of | ning MA- | abso- | predi- | Trai-

. set, | R* | R | MAE, | RMSE, . .
Model | input | set, sam- | train | test | KWh | KWh PE, | lute | ction ning

fea- | sam- les % | error, | bias, | time,s
tures | ples | P KWh | kWh
Lincar 6 | 22| 5 |079]0.74]0.019]| 0.024 |10.8]0.041 [-0.006| 0.02
regression
De&i‘on 6 | 22| 5 |096[082]0.014] 0019 | 7.6 |0.032|0.004 | 0.04
Random 1y 15 | 098 [0.91] 0,008 | 0.011 | 46 |0.018]-0002] 031
forest
Gradient | 1 ) 15 1099 |0.89]0.009| 0013 | 5.1 |0.021 0001 | 027
boosting
Support

vector 6 22 5 0.86 [0.78| 0.017 | 0.022 | 9.4 | 0.037 [-0.005| 0.06
regression

The data in Table 1 show that the random forest model provided the most
balanced result. It had not only the highest test R? value, but also the lowest MAE,
RMSE and MAPE. This is important for industrial use, because the model should
predict energy consumption not only in average operating conditions, but also
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during increased feed rate and reduced crusher discharge gap, when the load on
the equipment becomes less stable.

The most robust result was obtained with the random forest model. Using 100
trees, a maximum depth of 5, and a minimum of 2 samples per leaf, the model
achieved an R? of 0.91 on the test dataset. The mean absolute error was 0.008
kWh, and the root mean square error was 0.011 kWh. In relative terms, the average
prediction error was approximately 4.6% (Fig. 2). For such a limited experimental
dataset, this is a promising result, although it cannot be directly generalized to
industrial equipment without further validation. At the same time, this outcome
demonstrates the potential of the chosen approach. If the model could capture
the effects of feed rate, particle size, and crusher settings even on a small-scale
laboratory setup, accuracy could be even higher in an industrial facility with a
larger number of observations.

0.26 - —o— Actual energy consumption
=== Random forest prediction
Absolute prediction error
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0.12 1 MAE = 0.005 kWh
RMSE = 0.006 kWh

Energy consumption, kWh per batch

0410 T T T T T T T T T T T T
1 3 5 7 9 11 13 15 17 19 21 23 25 27

Experimental run number

Figure 2. Actual and predicted energy consumption of the laboratory crushing and screening
complex using the random forest model.

Feature importance analysis revealed that the crusher discharge gap width
had the greatest impact on the energy consumption forecast, contributing 0.34
to the random forest model. Material feed rate was the second most significant
parameter, with a contribution of 0.27. This was followed by initial mean material
size (0.16), moisture content (0.10), the fraction of material smaller than 5 mm
(0.08), and plant throughput (0.05). This result is somewhat counterintuitive, as
throughput is typically viewed as the primary indicator of load. However, the
model demonstrated that throughput is a consequence of the feed regime and
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crusher settings rather than an independent driver of energy consumption changes.
This is significant for practical application, as it is easier for an operator to adjust
the gap and feed rate than to directly control energy consumption.

Additionally, the specific energy for crushing and screening per kilogram of
processed material was calculated, averaging 0.0068—0.0119 kWh/kg. The lowest
specific energy value was observed with a 12 mm gap and a feed rate of 0.12
m/s; while throughput was high under these conditions, the quality of the crushed
product was lower. The highest value occurred with a 5 mm gap and a feed rate
of 0.05 m/s, as the equipment operated more slowly and cycle times increased.
This demonstrates that minimum energy consumption per cycle and minimum
specific energy do not always align with the best processing outcome. This is
crucial for crushed stone production facilities, where the goal is to obtain a product
of a specific size fraction rather than simply a low-cost product. Therefore, the
forecasting model should be used in conjunction with a process quality criterion
rather than in isolation.

From an industrial perspective, these results can serve as the foundation for a
simple decision-support system. For instance, if the model predicts an increase in
energy consumption exceeding 0.230 kWh per batch—or, say, 11 kWh per tonne—
the operator can reduce the feed rate by 10-15% or widen the discharge gap,
provided product specifications allow it. This approach is particularly beneficial
for the cement industry, construction stone quarries, and primary ore processing
plants, as it does not require a complete overhaul of equipment. It is sufficient to
install a power logger, set up monitoring for process parameters, and periodically
retrain the model. Naturally, real-world application would require longer data
series and consideration of factors such as wear on working components, seasonal
material moisture, and downtime, yet the underlying principle remains the same.

Thus, the results demonstrated that the energy consumption of a crushing and
screening complex can be predicted with a high degree of accuracy using a limited
set of available parameters. The Random Forest model proved most effective in
this study, as it better captured the non-linear relationships between operating
modes and energy usage. The numerical data confirm the industrial significance
of this topic for the mining, coal, cement, and non-metallic mineral sectors, as
it facilitates a gradual transition from simple electricity monitoring to predictive
control of equipment operation. At the same time, the study itself is concise and
addresses a specific objective: evaluating the feasibility of short-term energy
consumption forecasting for a laboratory-scale crushing and screening complex
using machine learning.

Conclusion. The study demonstrated that forecasting the energy consumption
of a crushing and screening complex using machine learning methods serves as a
relatively simple yet practically significant tool for analyzing mining equipment
performance. The results confirm that electricity consumption depends not only on
the mass of the material being processed but also on a combination of operational
parameters—primarily the crusher's discharge gap width, feed rate, and the
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material's initial particle size and moisture content. This is particularly relevant
for the mining, cement, and non-metallic mineral industries, where crushing and
screening account for a substantial portion of a facility's total energy consumption.

Laboratory tests showed that energy consumption per cycle ranged from
approximately 0.118 to 0.247 kWh. The highest values were recorded with a
narrow 5 mm discharge gap and an increased feed rate of 0.12 m/s; under these
conditions, the yield of the fine fraction increased, but so did the load on the crusher
drive. The crusher was identified as the primary energy consumer, accounting for
approximately 76-83% of the complex's total energy usage. Among the models
evaluated, the Random Forest algorithm demonstrated the highest accuracy,
achieving an R? of 0.91, a mean absolute error of 0.008 kWh, and a relative error
of approximately 4.6%.

Thus, the proposed approach enables not only the advance estimation of energy
consumption but also a better understanding of how specific equipment operating
modes affect performance. While this study addresses a specific applied problem,
its findings can serve as a foundation for the future implementation of simple
decision-support systems at industrial crushing and screening sites.
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