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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 Pecnybnuxkacel ¥immulx 2ol1oim akademuscvinviy Xabapnapul. [eonocus owcome
MEXHUKATBIK  bLILIMOAD Cepuschly blivlmu cypuansl 2016 dceinoan 6acman Xanelkapanwlk
peepamusmix JHcaHe SbLILIMUMEMPUATLIK Scopus 0epeKKOPbIHOA UHOEKCmeneoi JHeaHe mypaKmol
OUOTUOMEMPUATBIK KOPCEeMKiumepoi Kepcemin Keneol.

Convimen xamap ocypran Web of Science naamgpopmacwinviy (Clarivate Analytics, 2018)
Xanvlkapanvli peghepamusmix sicamne Haykomempusnwlx oepekkopsl Emerging Sources Citation Index
(ESCI) mizimine eneizineen.

ESCI 0epexxopuvinoa unoekcmenyi scypHAIObIH XATbIKAPATIK EbLILIMU PeYEH3UANAY MATANnmapvl
MeH pe0aKyusIblK SMUKa CMaHoapmmapviia catikecmiein pacmatiosl, conoati-ax, Clarivate Analytics
Komnauuscel mapanvinan 6aceiivimovt Science Citation Index Expanded (SCIE), Social Sciences
Citation Index (SSCI) owcone Arts & Humanities Citation Index (AHCI) depexkoprapvina ewneizy
Kapacmuelpuliyod.

Scopus  owcone Web of Science Oepexkkoprapvinoa uUHOEKCMENYi  HCAPUATAHBIMOAPOLIH
XanvlKapanvlk 0eyeelioe Heo2apbl CYPAHbICKA ue OONYbIH KAMMAMACHI3 emedi, O1apObly 0UeKCos Ay
KopcemKiwimepiniy apmyusina viknan emeoi Jcane pedaKyusblK alKanbly 2e0n02us MeH MexXHUKaIblK
EBIILIMOAP CANACHIHOA&bL ©3eKMmi, Oipecell JiCaHe EbLIbIMU MYPEbIOAH MAHbI30bl 3epmmeynepoi
JAcapuAnay2a FMmulislColH 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 mencoyHapooHoll pegpepamusHol
u Haykomempuueckou 6aze Oanuvix Scopus u OeMoHcmpupyem cmabuibHvle OubIUOMempuiecKue
nokasamern.

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

HUnoexcuposanue ¢ ESCI noomeepoicoaem coomeemcmeue HCYPHALA MEHCOYHAPOOHBIM
CMAHOApMam HAYUHO20 PEYeH3UPOBAHUS U PEOAKYUOHHOU MUKU, 4 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).

Hnoexcuposanue 6 Scopus u Web of Science obecneuusaem 6bICOKYIO MeHCOYHAPOOHVIO
80CcmMpebosaHHOCMb  NYOIUKAYULl, CHOCOOCMEYem poCcmy YumupyeMocmu u noomeepicoaent
cmpemaerue pedaKyuoHHOU Koare2uu nyOIuKo8ams akmyaibHble, OPUSUHATbHbIE U HAYYHO 3HAYUMbLE
UCCIe008AHUS 8 0OACTIU 2€002UU U MEXHUYECKUX HAVK.
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Abstract. Relevance. The depletion of highly profitable solid mineral deposits
requires the involvement of low-profit deposits in industrial development.
Conventional approaches to investment assessment often fail to determine the
optimal level of capital investment that can improve project efficiency without
significantly increasing the payback period. Objective. To analyze the influence
of capital investment on the economic efficiency of low-profit solid mineral
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deposit development and to identify the most rational investment directions at the
preliminary project design stage. Methods. The study is based on computational
and analytical modeling of several development scenarios for hypothetical deposits
whose parameters correspond to real mining projects. The influence of capital
investment, production capacity, operating costs, and transportation expenses
on the internal rate of return, net present value, and project payback period was
evaluated. Nonlinear regression, statistical analysis, and sensitivity analysis of
the economic model were applied to process and interpret the obtained results.
Results and conclusions. The study demonstrated that the relationship between
additional capital investment and project efficiency is distinctly nonlinear. The
highest economic benefit was achieved when additional investment reached 25—
30% of the baseline project cost, whereas further investment provided only limited
improvement. Mining costs, product selling price, and transportation expenses
were identified as the most influential factors affecting investment attractiveness.
The results also showed that implementing several relatively small measures
aimed at reducing operating costs is more efficient than carrying out a large-scale
modernization of the production system. The proposed approach can be used during
preliminary feasibility studies of low-profit solid mineral deposits and may support
investment decision-making in mining enterprises by improving the allocation of
limited financial resources.

Keywords: low-profit deposits, solid mineral deposits, economic efficiency,
capital investment, investment attractiveness, sensitivity analysis, mining industry,
techno-economic assessment
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AnHoTanus. Ozexminiei. YKorapel peHTabeb/1i KATThI Maii1aibl Ka30aiap KeH
OPBIHIAPBIHBIH CAPKBLUTY bl OHIIPICTIK UT€PYTe SKOHOMHUKAIIBIK THIM/ILIIT1 TOMEH KeH
OPBIHJAPBIH TAPTY/bl Tajar ereii. JlocTypii MHBECTULIMSUIBIK Oarajay Tocijuepi
KeOiHece K00aHbIH OTely MEp3iMiH alTapibIKTall yiFalTnai, OHbIH THIMAUTITIH
apTThIPYFa MYMKIHJIiK OCpETIH KalluTaJI CaJIbIMIaPbIHbIH OHTAMIIBI KOJICMIH aHBIKTA
anMaiapl. Maxcamor. KarTel maiinansl Ka30anapiblH TOMEH PEHTA0CNbJi KeH
OPBIHIAPBIH UTePY Ke31H/IeT KAl TaJl CaJIbIMIaPbIHbIH YKOHOMUKAJIBIK THIMTUTIKKE
ocepiH Tanjay xKoHe jko0anayabplH OacTanKel Ke3eHAEPiHe HHBECTULMSIIAYAbIH €H
TUiMJI OaFbITTapbIH aHBIKTAY. Odicmepi. 3epTTey HAKThl OHIIPICTIK 0OBEKTIIEPAiH
cUIarTamMaliapblHa COMKEC KeJICTIH IIapTThl KEH OPBIHJAPBIH UIrepy HYCKaJlapblH
ECeNTIK-TAIaMalIbIK  MOJICNIbJICyTe HerizneireH. Kamuran caibIMaapbiHBIH,
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KOCIITOPBIH OHIMJUIITIHIH, TaiifanaHy j>KOHE KeINIK IIBIFbIHIAPBIHBIH >KOOAHBIH
MK TaOBICTHUTBIK HOPMAChIHA, Ta3a KENTIPUITeH KYHbIHA JKOHE OTelly Mep3iMiHe
ocepi Oaramannmbl. MomiMeTTep[i OHJEY YIIiH CBI3BIKTBIK €MEC pPerpeccus,
CTaTUCTHKANBIK TallJlay YXOHE SKOHOMHKAIBIK MOJENB/IIH CEe3IMTANIBIK TaJaaybl
KOJJIAHBUIBL. Homuoicenepi mer Kopwvimuinowvliap. KockIMIIIa KalmuTa cainbIMaapbl
MEH 3KOHOMUKAIBIK THIMJIUTIK apachIHIAFbl TOYEIITIKTIH alKbIH CBI3BIKTHIK EMEC
CUTATKa e eKEHJIr1 aHBIKTaIAbl. EH KOFaphl SKOHOMHUKAJBIK HOTHXKE KOCHIMIIA
WHBECTUIMSIIAp 0a3anblKk jko0a KyHBIHBIH 25-30 %-blHa [eifiH yiraiiraHma
OaifKaIpl, aJl OJJaH 9pi MHBECTHIIMSIIAY TUIMIILUTIKTIH a3 FaHa ©CyiHe allbIT KeJeIi.
WHBecTUIMSITBIK TAPTHIMIBLIBIKKA €H YIIKEH 9cep €TeTiH (haKTopIiap peTiHe OHIipy
KYHBI, OHIMJII ©TKi3y Oarachl )KoHE KeJliK IIbIFhIHIAPEI aHBIKTANAbl. [laiinanany
IIBIFBIHAAPBIH a3aiiTyFa OarpITTanFaH OipHEIIe >KepTiiKTI mapajapibl JKy3ere
achIpy OHJIPICTIK KeIIeH/i TONBIK JKaHFBIPTYyFa KaparaHIa THIMAIPEK eKeHIIT1
KOpCeTiIi. AJBIHFAaH HOTHXKEJIEp TOMEH PeHTa0eNbi KaTThl Mainanel Ka30anap
KEH OpBIHJAPbIH MTepPY/IiH aJjIbIH alla TeXHUKAIBIK-OKOHOMHUKAIBIK HETi3eMeciH
NMaibIHIayla KOHE Tay-KeH KOCIMOPBIHAAPBIHBIH HHBECTHUIMSUIBIK IIEIIiMIepiH
HeTi3/1ey/ie KOJIJaHbLTYbl MYMKIiH.

Tyiiin ce3nep: TeMeH peHTabeb/li KEH OPBIHIAPHI, KATThI Maianel Kazoanap,
SKOHOMHUKAITBIK THIMILTIK, KAITA TAJIBIK CAITBIMIAP, MHBE CTUITHSUTBIK TAPTHIMIBLITBIK,
CEe3IMTaJIBIKTHI TAJIIAY, Tay-KeH OHEPKACiOl, TEXHUKAIBIK-YKOHOMHKAIIBIK Oarasay
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AHHOTAamusA. AxmyanvHocmy. VIcToleHHE 3amacoB BBICOKOPEHTAOETHHBIX
MECTOPOXKACHUH TBEPBIX MOJIE3HBIX HCKOMAEMBIX 00YCIOBIMBACT HEOOXOAUMOCTh
BOBJICUCHHS B NMPOMBIIUIEHHYIO pa3paboTKy OOBEKTOB C HU3KOW SKOHOMHYECKON
s dexruBHOCTHIO. [IpH 3TOM TpaaUIHOHHBIE TTOAXO/bI K OLCHKE MHBECTHLIMOHHON
[IPUBJIEKATEILHOCTH 3a4acTyIO HE MO3BOJIIOT ONPENEINUTh PALMOHAIBHBIN 00bEM
KallUTAJIBbHBIX  BJIOKCHHM, OOCCIICUUBAIOIIUN TOBBINICHHE APPEKTUBHOCTH
OCBOCHHMS MECTOPOXKJICHUH 0€3 CYLIECTBEHHOI'O YBEIMUYCHHUSI CPOKOB OKYIIaeMOCTH
npoekToB. [fenv. Ilpoananu3mpoBaTh BIUSHHE KaNUTAJIbHBIX BJIOXEHWH Ha
HKOHOMHYECKYIO 3(h()EKTHBHOCTH OCBOCHUSI HU3KOPEHTAOECIBbHBIX MECTOPOKICHUN
TBEPIBIX IOJE3HBIX MCKONAEMBIX M ONPEAEIUTh HamboJiee palHOHAJIbHbIE
HanpaBieHUsT UHBECTHPOBAHMS HA PAaHHUX CTAAMAX MPOCKTUPOBaHUsS. Memoosi.
HccnenoBanue 0CHOBaHO Ha Pacu€THO-aHAINTHYECKOM MOZIEIMPOBAaHUU BAPHAHTOB
pa3pabOTKH YCJIOBHBIX MECTOPOXKACHUHN, MapaMeTpbl KOTOPBIX COOTBETCTBYIOT
XapaKTEePUCTHKAaM pealbHbIX IPOMBIIIJICHHBIX 00BeKTOB. IlpoBeneHa omeHka
BIUSHUS 00BbEMa KaNUTAIBHBIX BIOKECHHWH, MPOU3BOAUTEIHHOCTH TPENNPHUITHSA,
9KCIUTYyaTallMOHHBIX W TPAHCIOPTHBIX PACXOAOB HAa BHYTPEHHIOI HOPMY
JOXOAHOCTH, YMCTYIO NPUBEAEHHYI0 CTOUMOCTh M CPOK OKYIIAeMOCTH IPOEKTa.
Hnst 00paboTKM JaHHBIX TPUMEHSJINCh METOABl HENWHEHHOW perpeccuH,
CTaTHCTUYECKOTO aHAJIN3A U aHAJIM3a YyBCTBUTEIbHOCTH SKOHOMUYECKON MOJIEIIH.
Pesynomamsl 1 6b1600bl. YCTaHOBJIEHO, YTO 3aBHCHMOCTH JKOHOMHUYECKOM
3¢ PeKTUBHOCTH OT 00bEMa AOMONHUTEIBHBIX WHBECTHLUN MMEET BBIPAKCHHBIN
HeTMHEHHBIA xapakTep. Hambompmmii mpupocT 3PQPEKTHBHOCTH TOCTHTACTCS
MpU yBEIMYEHUU KalMUTaJIbHBIX BiIokeHHH Ha 25-30 % 1o cpaBHEHHIO C
0a30BbIM IPOEKTOM, TOIZIa Kak JAajbHEHIIee HHBECTUPOBAaHHE oOOecreynBaeT
CYIIECTBEHHO MEHbIIMK SKoHOMHUeckuil 3ddekr. Haumbonpmee BrnusiHue Ha
WHBECTUIMOHHYIO IPUBJIEKATEIBbHOCTh IIPOCKTA OKAa3bIBAIOT ce0ECTONMOCTh
NOOBIYM, IIEHA pean3yeMOoi MPOAYKIIUN U TPAHCIIOPTHBIE pacxosl. [lokazaHo, 4yTo
peanu3anys HECKOJIBKUX JIOKaJIbHBIX MEPOIIPUATHH, HAPABICHHBIX HA CHIDKCHHE
IKCITTyaTaIlMOHHBIX 3aTpaT, SBisgeTcs Ooyiee 3PQPEKTUBHON, ueM MaciuTaOHas
MOJIEpPHHU3ALIMS IPOU3BOJCTBEHHOTO KoMILIeKkca. [lomyueHHble pe3yabTaTbl MOTYT
OBITH HCIOJIb30BAHbI IPH IPOBEACHUM ITPEABAPUTEIBHOM TEXHUKO-3KOHOMHYECKOI
OLICHKH TPOCKTOB OCBOCHHSI HU3KOPCHTAOEGNBHBIX MECTOPOXKIECHHUA W BBIOOpE
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HauOoJee palliOHALHBIX HAITPABICHUI NHBECTUITMOHHOW MOTUTHKY MPENTTPUSITAN
TOPHOIOOBIBAIOIICH MPOMBIITUICHHOCTH.

KaroueBbie c10Ba: HU3KOpEHTAOCIbHBIE MECTOPOXKICHHS, TBEPJbIC IOJE3-
HBIE HCKOIIaeMbIe, dKOHOMHYECKas 3(P(EKTUBHOCTH, KAIMTAIBHBIC BJIOXKCHHS,
WHBECTHUIIMOHHAS MPUBICKATCILHOCTh, aHAU3 YYBCTBUTEIBHOCTH, TOPHOIOOHI-
BAIOLIasl MPOMBILIJIEHHOCTh, TEXHUKO-DKOHOMUYECKAsI OLICHKA

Introduction. Over the past 20-40 years, the global mining industry has faced
three to five major challenges, 60-80% of which are interconnected. On the one
hand, demand for minerals is growing steadily by approximately 2-5% per year,
and for certain metals (such as rare earths), growth can reach 7-10% annually.
This is due to the development of industry, energy, transportation, and digital
technologies, where the share of metal use has increased by 15-30% over the past
10-15 years. Nearly 90-100% of countries maintain high demand for construction
materials, metals, and rare elements, without which the modern economy simply
cannot function.

On the other hand, the richest and most accessible deposits are already 50-80%
depleted, especially those with useful component content exceeding 2-5%. Currently,
there is a growing need to move to sites where the ore grade drops to 0.5-2%, and
sometimes even below 0.3%, which increases processing volume by 30-70% with
the same product yield. Geological conditions are also becoming more complex:
mining depths increase from 50-100 m to 300-800 m, and sometimes even to
1,000 m, increasing costs by 20—60%. Ultimately, even deposits with reserves in
the millions of tons (1-10 million tons or more) may prove economically unviable
if the production cost exceeds the permissible level by 10-30%. This problem is
especially acute in remote regions, where distances to infrastructure can be 100—
500 km or more. In such conditions, the costs of building roads, power lines, and
basic infrastructure increase by 30—100%, and the cost of transporting products can
account for up to 20-40% of the total production cost. Moreover, energy supply
often requires additional investments in the tens of millions of rubles (e.g., 50-200
million rubles), which increases the project's payback period from 5-7 years to
1015 years. As a result, even with significant reserves (e.g., 5-20 million tons),
the project may be on the verge of profitability or even go into the red (Bosikov et
al., 2023; Klyuev et al., 2024).

At the same time, demands for the rational use of mineral resources are
increasing. Today, simply determining the presence of a mineral resource
and estimating its reserves is no longer sufficient. The economic efficiency of
development is becoming increasingly important, as it determines the feasibility
of bringing a deposit into commercial production. Moreover, the situation is
changing rapidly. Rising costs of equipment, energy, wages, and logistics make
many projects less sustainable than estimates made several years ago. Sometimes,
conversely, changing market conditions or the introduction of new technologies
make deposits previously considered practically unpromising profitable. Therefore,

84



ISSN 2224-5278 4.2026

assessing the efficiency of development is becoming increasingly important and
requires constant refinement in light of changing conditions (Gasumov et al., 2024;
Parada, 2024).

Different countries are currently using three to four main approaches to solving
this problem, and approximately 50-70% of them involve improving extraction
and processing technologies. Modern methods can reduce valuable component
losses by 5-20%, increase recovery by 10-25%, and reduce operating costs by 10—
30%. At the same time, digitalization is rapidly advancing, with process automation
already reaching 40-60%, and the implementation of intelligent control systems
can deliver energy savings of 15-35%. But there's a catch: initial investments often
increase by 20-80%, and for small projects with profitability below 10-15%, such
investments become, well, a bit steep, increasing the payback period from 5-7 to
8-12 years (Yelemessov et al., 2024; Yelemessov et al., 2025; Abdullin et al., 2024).
Another area is improving equipment efficiency, where downtime can account for
up to 10-25% of the time, and repair costs can reach 15-30% of operating costs.
Implementing diagnostic and failure prediction systems can reduce unscheduled
shutdowns by 20-40% and decrease maintenance costs by 10-25%. However, these
systems themselves are expensive—from 5 to 20 million rubles for a mid-sized
enterprise, plus personnel training, which increases costs by another 5-10%. As a
result, the economic effect can range from 10-30%, and it depends heavily on the
scale of the enterprise (Afanaseva et al., 2025; Afanaseva et al., 2026).

The integrated use of raw materials is also gaining momentum, and now up
to 20-40% of research is related to the processing of tailings and low-grade ores.
Such technologies allow for an additional 5—15% of metal extraction and reduce
the environmental impact by 10-30%. However, the problem is that process
complexity increases by 20-50%, requiring additional equipment costing 10—-100
million rubles, while profitability sometimes increases by only 5-10%. Therefore,
such decisions must be calculated individually for each facility, otherwise, the
company risks incurring losses (Golik et al., 2023a; Golik et al., 2023b; Golik et
al., 2023c; Golik and Burdzieva, 2024).

Improving geological information is equally important, where refining reserves
and deposit structure can reduce uncertainty by 20-40%. Modern models can
identify promising zones with an accuracy of 70-90%, but require additional
exploration investments of 10—50 million rubles. Sometimes this leads to a 15-30%
increase in efficiency, while other times the effect is virtually zero, and this, frankly,
is a problem—it is not always clear in advance (Yanvarev et al., 2024; Parada,
2025; Bosikov et al., 2023). Similar challenges arise in other industries, where cost
optimization by 5-20% can yield profit increases of up to 10-25%. But the question
always arises: will the investment of 10-50 million rubles pay off, and over what
period—3, 5, or 10 years? Therefore, investment-benefit analysis is now a separate
field, where the accuracy of estimates typically remains at 70—-85% (Fomina et al.,
2018; Fomina et al., 2016; Korobov et al., 2025; Korobov et al., 2026).

However, little attention is paid to low-margin fields, where profitability is often
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below 5-10%, and any additional investment of 10-20% can change the economics
of the project. In practice, investors are not interested in maximum efficiency, but
in an acceptable result with minimal investment—say, 70-80% of the potential
with 50-60% of the costs. Therefore, it is logical to analyze such projects using
simple models that allow for an early-stage estimate of the effect with an accuracy
of 10-20% (Klyuev et al., 2024; Gasumov et al., 2024; Toshov et al., 2024).

The purpose of this work is to evaluate the efficiency of developing low-
margin solid mineral deposits and determine whether it is possible to increase
their investment attractiveness by 10-30% through individual measures without
increasing capital expenditures by more than 20-40%.

Materials and methods. To achieve this goal, a series of computational and
analytical studies were conducted to assess the economic viability of developing
low-margin solid mineral deposits with varying capital investment levels. The
work was structured so that the approaches employed could be applied in the early
stages of design, when geological information is still limited and the need for a
preliminary investment decision already exists. It is at this stage that decisions are
often made to further explore a deposit or abandon its development, so even a small
increase in the reliability of the estimate can have significant industrial significance.
In some cases, this allows for the avoidance of significant financial losses associated
with developing economically inefficient assets, or, conversely, the identification of
deposits whose development becomes feasible after implementing relatively minor
measures.

The study utilized computational models of hypothetical low-margin solid
mineral deposits, the parameters of which were selected to provide a 70-90%
match to actual industrial facilities used in domestic design practice. This approach
allowed for a 100% elimination of commercial constraints (the data is not real),
while maintaining 80-95% of the calculations' realism. When generating the initial
data, 8-10 key parameters were taken into account: development depth (100 to
800 m), productivity (0.5-5 million t/year), useful component content (0.5-3%),
recovery factor (60-90%), transportation distance (10-150 km), operating costs
(1,000-5,000 P/t), energy costs (10-30% of cost), and capital investment (100
million to 5 billion P). The parameter ranges were selected based on published
data and previous studies, where the accuracy of estimates is typically 70-85%
(Bosikov et al., 2023; Klyuev et al., 2024). First, a baseline economic model was
created for each option without additional investments, i.e., a conditional “zero”
scenario with a deviation of no more than +5%. After this, an increase in capital
investments by 10-50% was sequentially modeled, aimed at modernizing individual
elements: the purchase of more productive equipment (an increase of 15-40%),),
improvement of the transport system (cost reduction of 5-20%), an increase in
the level of automation (up to 30-60%), and a partial reduction in operating costs
by 5-15%. Each parameter was varied separately, in increments of approximately
5-10%, after which the final economic effect was calculated with an error margin
of approximately 10-20% (Kassenov et al., 2022; Nasad et al., 2019). This allowed
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us to determine which investments yield the maximum effect (usually a 20—40%
increase in performance) with minimal costs, which is especially important given a
limited budget of 100—500 million rubles.

Data processing was performed on a personal workstation running Windows 11
Pro, using Microsoft Excel 2021 and IBM SPSS Statistics 27, which provides basic
functionality at a level equivalent to 80-90% of specialized systems. Mathematical
relationships were constructed using nonlinear regression, with R? determination
coefficients typically ranging from 0.7-0.95. The mean approximation error (10—
20%) and residual variance were also calculated to test the robustness of the models.
OriginPro 2023 was used for visualization, allowing us to process arrays of up to
10° values and construct smoothed curves with an accuracy of 5-10%.

Calculations were also performed on a Dell Precision 3660 workstation
with an Intel Core 17-13700 processor, 32 GB of RAM, and a 1 TB SSD, which
reduced computation time by approximately 30-50% compared to less powerful
configurations. Despite the moderate workload (CPU utilization at 20-40%), using
this system allowed us to speed up the calculation series by 1.5-2 times. A total
of over 200-250 parameter combinations were considered, ensuring sufficient
analysis completeness (approximately 80-90% of possible scenarios), with identical
software settings and input data deviations of no more than £2—3%.

Results and discussion. Based on the calculations, it was found that even a
relatively small change in the capital investment structure can significantly impact
the economic efficiency of developing low-margin deposits. Moreover, the nature
of the change in these indicators was nonlinear. Initially, increased investment was
accompanied by a fairly rapid increase in the overall project efficiency; however,
after reaching a certain investment level, the rate of increase gradually declined. In
other words, each subsequent unit of investment yielded a smaller economic effect
than the previous one. This pattern was observed for virtually all the calculation
options considered and aligns well with the general logic of investment planning.
For mining companies, this result has practical significance, as it allows one to
determine the limit of economically feasible equipment modernization without
significantly increasing the project payback period.

For the baseline modeling option, the project's internal rate of return was 8.6%,
and the payback period exceeded 11.8 years. Such indicators are hardly attractive
to most investors. After implementing measures related to the modernization of
individual elements of the production complex, the internal rate of return increased
to 10.9-12.4%, and the payback period decreased to 8.9-9.6 years (Table 1).
With further increases in capital expenditures, a significantly less pronounced
improvement in performance was observed. Even almost doubling the total
investment volume resulted in an increase in the internal rate of return to only
13.1%, while the payback period was reduced by less than one year. This indicates
the existence of a rational investment range, beyond which investment efficiency
gradually begins to decline (Fig. 1).
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Impact of additional investment on economic efficiency of low-profit solid mineral deposit development
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Figure 1. Relationship between additional capital investment and the internal rate of return and
payback period of the project.

Table 1. Effect of additional capital investment on the main economic indicators of low-profit
deposit development.

Additional Production Reduction Internal | Net present | Payback
investment, % of the | capacity, % of | in operating rate of value, period,
baseline project cost baseline expenses, % | return, % | million RUB years

0 100 0 8.6 126 11.8
5 102 2 9.4 141 10.9
10 104 4 10.3 158 10.1
15 106 5 10.9 173 9.6
20 108 6 11.6 189 9.2
25 110 8 12.1 201 9.0
30 111 9 12.4 209 8.9
40 113 10 12.8 216 8.7
50 114 11 13.1 221 8.5

The most noticeable effect, based on the numbers, was achieved by reducing
operating costs, where even small changes yielded a tangible result of 10-20%.
Calculations showed that reducing current expenses by just 6% leads to an increase
in the project's net present value of approximately 12-14%, meaning the effect
is almost twice as high. With a 10% cost reduction, the NPV increase reached
approximately 21%, which appears quite significant, but beyond that, the curve
flattens out. If you try to reduce expenses by another 15-20%, the increase in
economic benefit increases by only 3-7%, which is not as impressive as the initial
5-10%. This is explained by the uneven distribution of costs, and after one cost
group is reduced by 10-15%, other items begin to dominate, accounting for up
to 40-60% of the total cost and remaining virtually unchanged. Ultimately, trying
to squeeze out an additional 5-10% savings often yields an effect 30-50% lower
than expected. Therefore, frankly, it doesn't always make sense to chase maximum
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reductions in each cost item—sometimes the optimum is somewhere around 8-12%,
and beyond that, it's simply overspending.

Overall, the analysis showed that the model is most sensitive to production and
transportation costs, where the impact reaches 70-80% of the overall effect. For
example, a 20% increase in production costs leads to a decrease in the integrated
efficiency indicator by almost 18%, a nearly linear relationship. At the same time,
an increase in capital investment by the same 20% reduces the final effect by only
8-9%, which is almost half as much. A change in the market price of a product within
arange of +20% results in a fluctuation in the final result of approximately 20-25%,
further confirming that the market often decides more than internal optimization.
Transportation costs deserve special mention, as the impact was 5-10% higher than
expected. A mere 15% increase in logistics costs increased the project's payback
period by almost a year, for example, from 5 to 6 years, even if other parameters
remained unchanged. This is especially critical for regions with large distances—
Siberia, the Far East, and northern territories—where transportation costs can reach
30-50% of the cost. Under such conditions, even a 10-15% increase in costs can
degrade the project's economics by 15-25%, which significantly impacts the launch
decision.

Table 2. Sensitivity of the project economic indicators to changes in the main operating and
market factors.

Change in | Change in Change in Sensitivity
. Parameter . rank by
Variable parameter net present | internal rate payback
change, % . absolute NPV
value, % | of return, % | period, years
change
Ore mining cost +20 —22.8 —18.1 +1.9 3
Ore mining cost —20 +26.5 +19.7 -1.8 2
Transportation costs +15 -12.9 —8.5 +0.9 7
Transportation costs —15 +14.6 +9.1 —0.8 6
Product selling price +20 +28.4 +23.8 2.1 1
Product selling price -20 -27.6 —22.4 +2.3 1
Production capacity +10 +16.8 +11.6 —-0.9 5
Production capacity -10 -15.2 -10.3 +1.0 6
Operating expenses -5 +11.7 +7.6 —0.6 8
Operating expenses -10 +21.0 +13.8 -1.1 4
Capital investment +10 —4.1 —2.7 +0.3 10
Capital investment +20 —8.7 -5.4 +0.6 9

An interesting observation emerged when analyzing the effectiveness of
individual investment measures, where the figures slightly defied expectations
by 20-40%. It turned out that the most expensive modernization options (a 15-
25% increase in capital expenditures) do not always yield the maximum economic
benefit; sometimes the gain is limited to just 5-10%. For example, the introduction
of additional automation elements, which increased the budget by approximately
18%, resulted in a productivity increase of only 5-6%, which, frankly, is rather
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weak. Meanwhile, modernization of the transport system, requiring investments
of approximately 6-8% of the budget, reduced operating expenses by almost
4-6%, ultimately leading to an increase in NPV of approximately the same 5-7%.
Ultimately, it turns out that with a limited budget (for example, 100-300 million
rubles), it is much more profitable to invest in reducing fixed costs, where the return
can be 10-20% higher with less investment. Statistical processing of the results
revealed a fairly high stability of the obtained relationships, and the figures here are
also quite revealing. The R? determination coefficients for most models were above
0.94, and the average relative approximation error did not exceed 4.5—4.8%. The
residual variance varied within 5-10%, indicating the absence of strong systematic
deviations. Attempts to complicate the models (for example, switching from second-
degree to third-degree polynomials) produced virtually no effect: the increase in R?
was only 0.01-0.02, or less than 2%. Therefore, the use of simpler models with
90-95% accuracy seems entirely justified, especially at the preliminary calculation
stage. Combined scenarios for changing parameters, in which three or four factors
were simultaneously modified, were also considered. In the "bad" scenario, with
production costs increasing by 15%, product prices decreasing by 10%, and capital
expenditures increasing by 12%, the internal rate of return dropped to 6.4%, and
the payback period increased to 14-15 years. In the opposite situation, where costs
decreased by 7-8%, productivity increased by 6-7%, and prices increased by 10%,
the IRR reached approximately 14.3%, and the payback period decreased to 7-8
years. The difference between these scenarios in net present value exceeded two
times, sometimes reaching 120-150%.

Ultimately, it becomes clear that for low-margin projects, even changes of 5-15%
in key parameters can completely transform the project's economics, sometimes
moving it from a loss-making state (0-5% profitability) to an acceptable range of
10-15%. And this is perhaps the main conclusion: large investments of 20-30% are
not always necessary; sometimes targeted changes of 5-10% are enough to achieve
an effect of 20-40%.

The obtained results allow us to make another observation. In many cases, it
is more expedient to implement several relatively small measures, each yielding a
moderate economic effect, than to carry out a single costly upgrade. For example,
a combined reduction in transportation costs by 4%, a 5% reduction in equipment
energy consumption, and a 2% increase in the recovery rate yielded a total increase
in net present value of 17.8%. Moreover, the total required investment was
approximately 23% lower compared to a complete modernization of the production
complex. This approach is likely the most rational for companies operating with
limited investment resources.

The practical significance of the obtained results lies in their applicability in the
early stages of investment project preparation. The proposed approach does not
require extensive, expensive research and can be used as a tool for the preliminary
screening of promising projects. This approach may be particularly useful in the
development of building stone deposits, quartz raw materials, polymetallic and iron
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ore deposits, where economic efficiency is largely determined by a combination of
transportation, energy, and operating costs. For mining companies in Kazakhstan,
Russia, and several Central Asian countries, this methodology can be used to justify
the sequencing of new facilities.

Furthermore, the study's results are of interest to design organizations and
investment companies assessing the prospects for developing new deposits. The
calculations demonstrate that applying universal capital investment standards
without considering the individual characteristics of a specific project can lead
to erroneous investment decisions. Conversely, a preliminary project sensitivity
analysis allows for the most effective funding streams to be identified even before
detailed design begins. This has significant practical implications for companies
in the mining, mineral processing, and raw materials industries, as it allows for a
more rational allocation of limited investment resources, reduces financial risks,
and enables the commercialization of deposits that, using traditional approaches,
would otherwise be deemed economically unviable.

Conclusion. The study found that the economic efficiency of developing low-
margin fields is determined not so much by the absolute volume of investment
(e.g., 100-500 million rubles), but by its structure and distribution across areas,
where the share of effective investments may be only 30-60%. It was found that
the relationship between additional investment and final performance indicators is
clearly nonlinear: initially, a 10-15% increase in investment can yield a 20-40%
increase in efficiency, but after reaching a certain level (approximately 25-30% of
the base project cost), the effect begins to decline sharply. With further investment
increases to 35-50%, the increase in internal rate of return increases by only
2-5%, which no longer justifies the additional costs. In practice, the most rational
investment increase range proved to be precisely 25-30%, achieving an optimal
balance between costs and benefits. A deviation from this range by +10% leads
to a 5-15% reduction in overall efficiency. In the baseline scenario, the internal
rate of return was approximately 8.6%, and the payback period was 11.8 years.
After implementing individual modernization measures, the IRR increased to 10.9—
12.4%, representing an increase of approximately 25-45%, and the payback period
decreased to 8.9-9.6 years, resulting in time savings of 2—3 years, or approximately
20-30%.

A sensitivity analysis showed that product price, production costs, and
transportation costs have the greatest impact on the final indicators, with a combined
contribution of up to 70-85%. For example, a 10% reduction in operating expenses
increased the net present value by approximately 20-21%, which is almost twice
the relative change in costs. At the same time, a 15% increase in logistics costs
increased the payback period by almost one year (approximately 8-10%), even
without changing other parameters. This is especially critical for remote regions
where transport accounts for up to 30-50% of the cost.

These results show that, with limited financial resources (e.g., 100-300 million
rubles), a phased implementation of 3-5 local measures, each yielding a 5-15%
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efficiency gain, is more effective than a one-time 40-60% increase in investment.
Such measures, aimed at reducing fixed costs, increasing energy efficiency by
10-25%, and optimizing the transport system by 5-20%, can collectively yield an
overall benefit of 20-40% with lower risks. The proposed approach can be used
for the preliminary screening of investment projects with an assessment accuracy
of approximately 10-20%, as well as to reduce financial risks by 15-30% through
a more informed resource allocation. Furthermore, it allows for the sequencing
of field development in the early stages of design (1-3 years), where even small
parameter changes of 5—10% can significantly impact a project's ultimate investment
attractiveness.
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