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Abstract. Carbonate raw material processing generates significant limestone screen-
ings and CO: emissions from the chemical decarbonization reaction (CaCOs; — CaO +
CO:). Fragmented environmental measures fail to systematically reduce the overall envi-
ronmental burden. This study develops an integrated approach to managing mineral and
carbon flows. The methodology includes analysis of scientific publications, examination of
technological schemes, balance modeling of material and carbon flows, and conceptual
assessment of integrating Carbon Capture and Utilization (CCU) technologies into wet flue
gas cleaning systems. Implementation of the integrated scheme enables the involvement of
85-95% of limestone screenings in secondary economic circulation. Process decarboniza-
tion calculations show CO: emissions reach approximately 0.418 t per ton of processed raw
material (95% CaCO:s content). CCU implementation with 60% capture efficiency reduces
total CO: emissions by 30—40%. Comparative analysis reveals a synergistic environmental
effect through comprehensive management of solid, particulate, and gaseous flows. Land(fill
volumes decrease by 6—10 times compared to fragmented management. The proposed con-
cept aligns with circular economy principles and serves as a methodological basis for mod-
ernizing carbonate processing enterprises.
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FbIJIBIM MAKAJTA

U3BECTHSIK KAJJBIKTAPBIH KAWTA OHJIEY MEH CCU
TEXHOJIOTUSIIAPBIH KYPBLJIBIC MATEPUAJJIAPBIH
OHJIPYTE UHTEI PALIUSLIIAY

H.A. Pycremos' @ | 1.E. Enemec!*® | K.A. Haypysoaes' @ , I'X. Kepeiioaepa' @
M.P. Kapunosa! © | A.K. Hypaxosa' ® , M.V, Xomxkaexos2 @

!J1.B. TonuapoB aTbiHaarsl Kazak aBTOMOOUIIL-KO0I HHCTUTYTEI,

050061, Anmarsl, Kazakcran

*Mup30 Y1bIkOek aThiHaarbl CaMapKaH I Coy/IeT-KyphLIbIC YHUBEPCHTETI,
140147, Camapkann, O30ekcTan

Annarna. Kapbonammul wuxizammul xaima eHOey Yyoepici matioa oOucnepcmi
u3BeCmHuAK pakyusiapviHoly (omcesmepoiy) eoayip Keaemoe Mmy3inyiMeH, COHOAuU-ak
xumuanvly  oekapoonuzayus peaxyusacvina (CaCOs; — CaO + CO:) o6aiinanvicmol
KOMIPDKbIUIKBL 2A3bIHbIY OONiHyiMen Kamap odcypeoi. Kekenezen mabuzammol KOpeay
wewimoepin  y3iK-y3iK eHei3y JHCUBIHMbBIK OKONOSUSNLIK JHCYKMeMeHi Jcylieni mypoe
memenoemyoi Kammamacvlz emneudi. 3epmmey MUHEPANObIK JICOHE KOMIPMEKMIK
azvlHOapovl OACKapyoObly UHME2PAYUAIAHAH MICINIH 23ipaeldi. OOJiCHaMAanvlK Hezizee
EBLILIMU  JHCAPUANIAHBIMOAPObL  MAN0Ay,  MeXHON02UANbIK — CYA0anapobl — 3epoeney,
Mamepuanovik JHaHe KOMIPMEKMIK aeblHOApOblY OANaHCMbIK MOOeibOeHYl, COHOAl-aK
wvlzameld  2a30apovl  bli2anovl masanay keszinoe COx-ui ycmay ocoHe nauodaiaHy
mexuonoeusnapvin (CCU) unmeepayusanay aneyemin mymcolpblMOamanslk oasanay Kipeoi.
Hnumeepayusnanzan cynbanol emeisy omcesmepoiy 85—95%-vina Oeulinin eKiHwi pemmik
Wapyawslivlk AUHAILIMA mapmyea MYMKIHOIK Oepedi. Ilpoyecc OexapbonusayuscolH
ecenmey CO: wbl2apbiHObLIAPbI OHOeN2eH WuKizammbly ap mouHacvina wiamamern 0,418 m
aocememinin kepcemeodi (CaCOs kypamovinvievr 95%). 60% ycmay muimoiniciven CCU
eneizy orcannvl CO: wwizapvinoviiapsin 30-40%-2a azatimaowsi. Canvicmuipmaivl mauioay
Kammol, Waymapizoi dcone 2azsmapizoi OHIM a2bIHOAPbIH KeuleHOI b6acKkapy Hcaz0aublHOa
CUHEP2eMUKANIbIK IKONOSUANLIK 2CepOily MYbIHOAUMbIHbIH O0anendeudi. PpazmeHmapvly
backapymer canviCmulpeanoa noaueox kKeaemoepi 06—10 ecece a3zaaovi. ¥cvinblieau
MYACHIPLIMOAMA  YUPKYTAPILIK  IKOHOMUKA —KASUOAMMAPLIHA — CaliKeC Keneoi JcaHe
KapboHammul ~ Mamepuanoaposbl — Kauma oeHoey  KaCINOPLIHOAPbIH — HCAHRLIPMYObIH
20icHamanvlK He2i3i 6ona anaowi.

Tyitin ce3nep: uzgecmusax Kanovikmapsl, CO: Kanovikmapwl, oexapoonuzayus, CCU,
2a30apovl blIAN0bl MA3ANAY, YUPKYIADILIK SIKOHOMUKA, UHMe2PaAYUSIAHEAH MICLT
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WHTET'PALIAS HEPEPABOTKH U3BECTHAKOBbBIX
OTXO10B U TEXHOJIOI'MHU CCU B NIPOU3BOJACTBE
CTPOUTEJIBHBIX MATEPHUAJIOB

H.A. Pycremos' @ | 1.E. Enemec!*® | K.A. Haypysoaes' @ , I'X. Kepeiioaepa' @
M.P. Kapunosa! © | A.K. Hypaxosa' ® , M.V, Xomxkaexos2 @

'Kasaxckuii aBToMOOUIBEHO-10pOKHBIA HHCTHTYT uM. JI.B. Tonuaposa,

050061, Anmarel, Kazaxcran

>CamapKaH/ICKHil apXHTEKTYPHO-CTPOUTENLHBIN YHUBEPCUTET UM. Mup30 Yiyroeka,
140147, Camapkang, Y30ekucTan

AHHoOTauus. [lepepabomka KapOOHAMHO20 CbIPbA CONPOBOHCOAEMCS 00PA3Z08AHUEM
SHAYUMENLHLIX  00bEMO8  MENKOOUCNEPCHBIX — U3BECMHAKOBbIX (hpakyuti (omcesos) u
Gopmuposanuem 6bl0pOCO8 OUOKCUOA Yelepood, CBA3AHHBIX C XUMUYECKOU peaxyuell
oexkapoonusayuu (CaCOs; — CaO + CO:). @PpacmenmapHoe 6HeOpeHUe OMOENbHbIX
NPUPOOOOXPAHHBIX peuleHull He obecnedyusaem CUCMEMHO20 CHUMNCEHUs COBOKYNHOU
9KoNI02Udeckou Hazpysku. HMccnedosanue pazpabamviéaem uHMeZPpUPOBAHHbIU NOOX00 K
VNPABNIEHUI0 MUHEPANIbHLIMU U Y2lepoOHbIMU nomokamu. Memodonozuueckyro ocHo8y
COCMABNAIOM AHANU3 HAYYHLIX NYOIUKAYUL, U3YYeHUe MEXHONO2UYeCKUX cxem, Oaiancogoe
MOOeNUposaHue MamepuaibHulx U y21epooHblX NOMOKO8, d MAK#Ce KOHYEenmyanbHds OYeHKd
nomenyuana uHme2payuu mexuono2uti yrasaueanusi u ucnoavszoganus CQO: (CCU) npu
MOKpOU OouuUCmKe OMX0OAWUX 2a308. BHeOpeHue unmezpuposanHol cxemvl NO0380751em
gosrekamv 00 85-95% omcesos 60 emopuumwvili Xo3aUcCmeeHHblll o0bopom. Pacuemul
npoyeccHoll  Oekapbouuzayuu  nokaswvlgarom, umo  ewviopocet CO:  docmuearom
npubdnausumenvro 0,418 m na monny nepepabomantnozo cvipvsi (npu cooepxcanuu CaCO:s
95%). Bueopenue CCU c agppexmusrnocmoio yrasnusanus 60% crusicaem obuue 6b10pocul
CO: Ha 30-40%. Cpaenumenvhviti  aHAIU3  OEMOHCHPUDYEM  BbIPANCEHHYILL
CuHepeemudecKkull 3Kono2udeckuli d¢hghexm npu KOMWIEKCHOM YAPAGIeHUU HNOMOKAMU
MBEPObIX, NBLIEBUOHBIX U 2A3000pa3HbIX Npodykmos. O0vbembl CKIAOUPOBAHUS OMX0008
cHudicaromes 8 6—10 paz no cpasnenuto ¢ ppazmenmapuvivm ynpasieHuem. llpeonoocennas
KOHYenyus. coomeemcmeyem npUHYUnNam YupKyaiapHOU SKOHOMUKU U MOJCEm CIYHCUMD
Memo00a02Uu4ecKoll OCHOBOU 0Jis MOOEePHUZAYUU NPeOnpusmuLl nepepabomku KapooHamHulx
mMamepuanos.

KuoueBble ciioBa: uzgeecmusikogvie omcesul, evlopocvl CO., dexapoonuzayus, CCU,
MOKPAsSl O4UUCKA 24308, YUPKYIAPHASL SIKOHOMUKA, UHMEe2PUPOBAHHbLI NOOX00
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1 INTRODUCTION

Carbonate rocks, primarily limestone and dolomite, are among the most widely used mineral
resources and serve as essential raw materials for the production of lime, cement, construction com-
posites, mineral fillers, and various chemical products. Their global extraction and processing reach
billions of tons annually, resulting in significant anthropogenic impacts on the environment
throughout the entire production cycle-from mining and crushing to thermal treatment and handling
of by-products.

A key feature of limestone processing is the thermal decarbonization of carbonate raw materi-
als, which occurs at elevated temperatures and is accompanied by the release of carbon dioxide ac-
cording to the reaction:

CaCOs — CaO + CO» (1)

Unlike energy-related emissions associated with fuel combustion, process-related CO- emis-
sions are inherently unavoidable, as they are determined by the chemical nature of lime production.
This significantly limits the potential for reducing the carbon footprint solely through energy effi-
ciency improvements or transition to low-carbon energy sources, making this industry a priority
target for the development of specialized carbon management solutions (Leung et al., 2014; IEA,
2018; Habert et al., 2020).

In addition to gaseous emissions, crushing, screening, and classification processes generate
substantial volumes of limestone screenings, which may account for up to 30-35% of the processed
raw material. These fractions are characterized by a high content of fine particles and a large specif-
ic surface area, leading to intensive dust formation during storage and transportation. The accumu-
lation of screenings in dumps results in land occupation and creates persistent sources of secondary
air pollution.

Thus, limestone processing generates interconnected mineral and carbon flows that are tradi-
tionally treated as separate environmental issues: on the one hand, the management of solid waste
and dust emissions, and on the other hand, the reduction of CO: emissions. However, addressing
these challenges separately limits the achievement of a comprehensive environmental effect and
prevents the realization of potential synergies between them.

A review of scientific literature and industrial practices indicates that existing technological
solutions are largely fragmented: screening utilization is considered independently from decarboni-
zation, while CO: capture technologies are implemented without integration into mineral material
flows. System-level approaches aimed at creating a unified mineral-carbon loop in lime production
remain insufficiently developed (Habert et al., 2020; Scrivener et al., 2018).

Research Gap: Despite extensive research on individual aspects of limestone processing, a
critical gap remains in the systematic integration of solid waste management and carbon capture
technologies. There is a lack of comprehensive models that consider limestone screenings pro-
cessing and CO: capture as elements of a unified mineral-carbon loop.

Scientific Novelty: This study addresses this gap by developing a unified material-carbon
flow model that quantifies the synergistic effect of combining screening utilization with wet gas
cleaning and CCU technologies.

In the context of global climate strategies and the transition toward a circular economy, the
development of integrated approaches for simultaneous management of solid and gaseous techno-
genic products becomes particularly relevant.

The aim of this study is to substantiate a concept of integrated CO- emission management and
limestone screening utilization in lime production, incorporating wet gas cleaning and carbon cap-
ture and utilization (CCU) technologies.

269



Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Nel (99), 2026. Construction

The processing of carbonate raw materials is widely recognized as a significant source of an-
thropogenic environmental impact. Scientific studies primarily focus on two key aspects: CO2 emis-
sions associated with thermal decarbonization and the generation of dust emissions and solid miner-
al waste during crushing and calcination.

Analysis of studies on the carbon footprint of the industry shows that a substantial portion of
CO: emissions originates from process-related decarbonization rather than fuel combustion. This
distinguishes carbonate processing from most other energy-intensive industries and necessitates the
development of specialized decarbonization strategies (Leung et al., 2014; Hills et al., 2016; IEA,
2018; Habert et al., 2020).

Simultaneously, limestone crushing and classification processes generate fine screenings,
which may constitute up to 30-35% of the processed material. Their accumulation leads to land use
issues and the formation of secondary dust emission sources, deteriorating local air quality.

Thus, the environmental impact of carbonate processing is inherently dual in nature, involving
both gaseous and solid technogenic flows.

A wide range of applications for limestone screenings has been proposed in the literature, in-
cluding:

- use as mineral additives in mortars and concrete;

- application as fillers in composite materials;

- utilization in road construction (Kazhetaev et al., 2025);

- incorporation into dry building mixtures;

- use as neutralizing and sorbent materials (De Weerdt et al., 2011; Irassar et al., 2001;
Chen et al., 2014).

Some studies also explore their application in animal feed additives and household chemicals,
provided that purity and granulometric requirements are met.

However, most studies focus on individual utilization pathways without considering the over-
all material flow system of the enterprise. The integration of screening utilization with other envi-
ronmental measures remains insufficiently addressed.

In recent years, carbon capture and utilization (CCU) technologies have gained significant at-
tention as tools for reducing industrial carbon emissions. The main approaches discussed in the lit-
erature include:

- absorption-based CO: capture;

- adsorption methods;

- membrane separation technologies;

- mineral carbonation;

- CO: utilization in chemical synthesis and construction materials (Scrivener et al., 2018;
Gartner & Sui, 2018; Shi et al., 2011; Provis, 2018; Meyer, 2009; Zhilkibayeva, 2024; Bektur-
ganova, 2023; Irgibayev, 2023).

Mineral carbonation is of particular interest, as it enables the permanent binding of CO2 in
stable solid phases and is considered a promising long-term carbon sequestration mechanism
(Lackner, 2003; Leung et al., 2014).

Critical Analysis: While Scrivener et al. (2018) and Habert et al. (2020) provide comprehen-
sive decarbonization strategies for the cement industry, their approaches are less applicable to
standalone lime production due to differences in gas flow characteristics and CO- concentrations.
Similarly, studies on limestone screening utilization (De Weerdt et al., 2011; Chen et al., 2014)
focus on material properties without accounting for the carbon footprint of the processing cycle.
Unlike these fragmented approaches, the present study proposes a closed-loop system where screen-
ings serve as both a construction material and a potential sorbent for captured CO-, thereby address-
ing both waste and emission challenges simultaneously.

Nevertheless, most CCU studies are focused on the cement industry or large-scale energy sys-
tems. The specific features of carbonate processing industries-such as gas flow characteristics, CO-
concentrations, and the availability of mineral by-products-are only partially addressed in the litera-
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ture (Hills et al., 2016; Habert et al., 2020; Scrivener et al., 2018).

Overall, the analysis shows that mineral waste utilization and carbon management technolo-
gies are typically developed independently. There is a lack of integrated studies that consider lime-
stone screenings processing and CO: capture as elements of a unified technological system.

A comprehensive model linking material flows from crushing and calcination, fine fraction
generation, gas cleaning processes, and CO- utilization within the same production cycle is current-
ly absent.

As a result, environmental solutions remain fragmented and provide limited effectiveness.

Within the framework of circular economy principles, there is a growing need to develop in-
tegrated models for managing technogenic flows. This study aims to address this gap by proposing
an integrated approach combining limestone screening utilization, wet gas cleaning, and CCU tech-
nologies into a unified mineral-carbon loop.

2 MATERIALS AND METHODS

The object of the study is the technological cycle of carbonate rock (limestone) processing,
including crushing, classification, calcination, and flue gas cleaning.

The subject of the study is the material (solid and particulate) and carbon flows generated dur-
ing limestone processing, as well as the potential for their integrated management within a unified
technological system.

A typical scheme of mineral and gaseous flow formation is shown in Figure 1, illustrating the
key environmental and carbon-related challenges of the industry.

< Commercial Output Environmental Risks Limited Efficacy of Fragmented
. ‘ Primary Product Pamgfulate Burden on the Environment / Dust Mitigation Strategies
Crushing Fines / Crusher Loading on Ecosystems ‘ _ Sole Reliance on Waste Fines Utilization
Screenings ;and Jlb:fmd:‘f“ dD;’; o \:E:C Dumping/ Spoil g cjygive Deployment of Carbon Capture and
N\ Upto 30% of Processing Throughput eap-dliced Land Degracanion Utilization (CCU)
"+ '\ (Accumulation of Solid Waste Residues) < Sole Implementation of Dust Filtration
-1 Y e

A Measures / End-of-Pipe Dust Control Alone
Dust Emissions

.
. /.‘/_‘- Fine Particulate Fractions / Fine-

A Integrated Management

*\* Dispersed Particle . .
% Sl . Climate Risks 2
( ) Air Pollution / Atmospheric = St B i of Crushing Fines,
~e creasing Carbon Footprint / Rising Carbon 2
s ¢ Contammation 2 ks = Dust Emissions,
. Intensity o
CO; Emissions Process-Related CO, Emissions / Inherent Process 2
Limestone Processing Process-Related + Energy-Related 0, and Resource Flows
-] - -

Quarrying / Crushing / Screening | CO2 Process Emissions + Combustion Limits of Renewable-Only Decarbonization / The
Calcination ’ Emissions Inability to Achieve Full Decarbonization via RES

Decarbonization Alone Q\@\% é
CaCQ; = Ca0+ CO (Caleination  Climate Commitments / Nationally Determined &
Reaction) Contributions (NDCs)

Figure 1 — Environmental challenges associated with limestone processing and rationale for the implementation of an
integrated approach (author’s materials)

The study is analytical and conceptual in nature and is based on:

— analysis of scientific publications on decarbonization and carbonate material processing;

— examination of typical technological schemes;

— material flow balance analysis;

— comparative assessment of environmental strategies;

— conceptual modeling of an integrated mineral—carbon loop.

Material flow distribution during crushing and classification is illustrated in Figure 2, where
fine fractions (screenings) may reach 30-35% of the raw material.
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Technological Operations . X ’
Raw Limestone Feed (100%) —p| Marketable Fraction (Primary Product) ‘ . ’
Technological Operations ,;J- ial / 1
Raw Baitodko(Canbunsts Roek) 0 o éﬁgﬁ Commercial Product / Marketable Product
T

Coarse and Intermediate Fractions (75-85% by Mass)

Variable Mechanical Strength / Natural Heterogeneity T i
rushed Stone / Limestone Aggregate

. . - L]
Screening and Classification =
Particle Size Separation / Fraction Sizing ot

4 ! v

Dust Emissions

Stockpiling / Waste Dumps

Crushing Fines
Anthropogenie Spoil Heaps / Industrial Waste Secondary Dust Generation / Fugitive Dust

~o-,
Sereenings and Fine Fractions / Fines and

Piles @ Re-entrainment ao [— : 4
Q'J ) Undersize Material
Long-term Accumulation / Prolonged Stockpiling Loading / Stockpiling / Wind Exposure Pt 14

Crushing and Classification Fines (30-35% by Mass) /
Fine Reject Stream (30-35 wt.%)

Land Take / Secondary Dust Sources / Loss of Mineral Wind Erosion / Material Handling Operations / Particle

Resource Dispersion

Figure 2 — Material flow distribution in limestone processing and formation of limestone screenings
(author’s materials)

The efficiency of screening utilization is summarized in Table 1 and Figure 3.

15%

B Construction materials
15% = Mineral fillers
Feed additives
Feed additives

20%

Figure 3 — Distribution of reuse pathways for processed limestone screenings (author’s materials).

Table 1
Comparative Characteristics of Baseline and Integrated Scenarios for Limestone Screenings Management (author's ma-
terials)

Parameter Baseline Scenario (Landfilling) Integrated Scenario (Processing)
Share of utilized screenings, % <20 85-95
Dust load High Significantly reduced
Production of secondary products Absent Yes
Potential economic value Low Medium—High
Environmental effect Negative Positive

CO: emission structure is analyzed and presented in Figure 4, distinguishing between process

and energy emissions.

B Process CO: emissions from limestone decarbonation

CaCO; — CaO +CO2 50-65%

B CO:- emissions associated with fuel combustion

Fossil fuel combustion  35-50%

Figure 4 — CO: emission structure in the processing of carbonate rocks

(author’s materials)
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Two scenarios are modeled (Figure 5): landfill disposal and secondary utilization.

Baseline Scenario
Storage and Landfilling

Altemative Scenario
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Figure 5 — Management scenarios for limestone screenings: landfilling and reuse

(author’s materials)

Wet gas cleaning using vortex scrubbers is incorporated into the integrated model. Industrial
data indicate dust removal efficiency of 98-99.9%, with closed-loop water circulation and no
wastewater generation. Captured sludge can be returned to the process, enhancing resource efficien-

cy (Hamidullina N.A. et al. 2017; Akmalaiuly K. et al. 2025).

The integrated concept is illustrated, comparative strategy assessment is shown in Figure 6.

Resource
efficiency

Environmental
impact

CO: emission
reiduction

Dust emission
reduction

Waste

reduction

Circular
economy

—— Screenings-based approach

——— CCU-based approach

Integrated approach

Figure 6 — Comparative evaluation of fragmented and integrated approaches to screenings utilization and CO- emis-
sions management (author’s materials)
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The effectiveness of the strategies was evaluated based on the following generalized criteria:
the share of screenings utilized (%); reduction in waste disposal volumes; reduction in dust emis-
sions; CO: capture potential; reduction in the overall carbon footprint; and compliance with circular
economy principles.

A qualitative comparative assessment based on these criteria was used to construct the gener-
alized graphical representation (Figure 7).

HHTerprpoBarELIH NOINOT K YTIPaSTeEHIO MHECPATHHBIMH B YT1ePOIEBIMH MOTOKAMH

Secondary Mineral Materials Limestone Extraction and Processing Core Production
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x\lmex;l Addmve; [ ) ’ '\) Construction Materials
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Solid Mineral Flows Gaseous Flows Sole Reliance on Fines i Sole Reliance on CCU
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1 Improved Alignment with Circular Economy Principles

Figure 7 — Comparative assessment of environmental efficiency of fragmented and integrated strategies for managing
mineral and carbon flows (author's materials)

For the quantitative assessment of mineral flow redistribution, a simplified material balance
model was applied.

Let: Mo - mass of initial limestone raw material, t; M - mass of marketable product fraction, t;
M - recycled (return) fraction, t; Ms - mass of screenings (fine fraction), t; Mq - dust losses, t.

The overall material balance is expressed as:

My =M+ M, + Mg + M, (2)

The share of screenings formation is defined as:
ag = 75 100% (3)
0

According to industrial practice, the value of as may reach 30-35%.
Under the integrated processing scheme, a coefficient of screenings utilization is introduced:

N, == 100% 4)

N

where Ms util - 1s the mass of screenings reused in economic circulation.
In the integrated scenario (Figure 3 and 6), the target value of ns is 85-95%, which allows
minimizing the volume of landfilled waste:

Ms,landfill = Ms(l - 775) @)
Process-related emissions are determined by the stoichiometry of the decarbonization reac-

tion:;
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CaC0s 5 Ca0 + CO, 1. 6)

Molar masses: CaCOs = 100 g/mol; CO2 = 44 g/mol.

Thus, the theoretical CO: fraction in limestone is: $=44/100=0.44. Accordingly, calcination of
1 ton of pure CaCOs produces: Eproc=0.44 T CO2

Considering the carbonate content in raw material y (typically 0.90—0.98):

Ep,,oc =044-y-M, @)
Total emissions are defined as:
Etorar = Eproc + Efuel (8)

where: Efuel - sHEpret represents fuel-related emissions.
The share of process emissions is:

Sproc = 22+ 100% 9)

Etotal

Analytical estimates show that dproc may reach 55-65%, confirming the limited effectiveness
of purely energy-based decarbonization measures (Figure 5).
With the implementation of CO: capture technologies, the capture efficiency is defined as:

Mecy =~ 100% (10)

proc

where Ecaptured - 1s the amount of captured COs.
Residual emissions are calculated as:

EresiduaI=EtotaI_Ecaptured (11)

The overall reduction in carbon footprint is expressed as:

Reo, = —cavtured . 10004 (12)

Etotal

For comparative analysis of fragmented and integrated strategies (Figure 7), a generalized
environmental performance index is proposed:

loco = W1Ns + WaNccy + W3 AP + w, AL (13)

where: ns - screenings utilization rate; nccu - CO: capture efficiency; AP - reduction in dust
emissions; AL - reduction in landfill volume; wi - weighting coefficients.

Under the integrated approach, the value of leco is significantly higher, as illustrated in Figure
7.

3 RESULTS AND DISCUSSION

The material balance analysis shows that processing Mo=1.0 million tons/year of limestone
results in screenings generation of M=0.30-0.35 million tons/year. Even at the lower bound (30%),
annual screenings reach 300 thousand tons, creating substantial pressure on land resources under
conventional disposal practices. The distribution of material flows during crushing and classifica-
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tion is shown in Figure 2. Fine fractions are mainly generated at secondary and tertiary crushing
stages, where the proportion of particles smaller than 5 mm increases.

With the implementation of the integrated processing scheme (Figure 3 and 6), the utilization
rate of screenings can reach 85-95%. Consequently, landfill volumes decrease to 15-45 thousand
tons/year, which is 6-10 times lower than the initial amount. These results confirm the high resource
efficiency potential of integrated screenings processing. Furthermore, the incorporation of limestone
screenings into construction composites reduces the demand for virgin raw materials, aligning with
the principles of resource conservation advocated in recent studies (Zhilkibayeva, 2024; Bektur-
ganova, 2023).

Calculation of process emissions for 1 million tons of limestone (with CaCOs content of 95%)
yields: Eproc=0.44-0.95-1.0=0.418 million tons CO.. Thus, process decarbonization alone generates
approximately 418 thousand tons of CO: annually (Leung et al., 2014; IEA, 2018). Including fuel
emissions, total emissions may exceed 0.6-0.7 million tons CO: per year (Figure 5). The process
component accounts for 55-65% of total emissions, confirming the limited effectiveness of energy-
efficiency-only strategies (Habert et al., 2020; Monteiro et al., 2017).

With 60% capture efficiency: Ecaptured=0.60-0.418=0.251 million tons CO: (Lackner, 2003;
Leung et al., 2014; Hills et al., 2016). Residual emissions are reduced by more than 250 thousand
tons annually. This level of reduction is significant for regional carbon management plans, particu-
larly in the context of Kazakhstan's strategy to achieve carbon neutrality by 2060. The captured CO-
can be utilized for mineral carbonation, where it reacts with calcium-rich screenings to form stable
carbonates, effectively sequestering carbon in building materials (Scrivener et al., 2018; Gartner
& Sui, 2018).

Comparative Analysis: The achieved screening utilization rate of 85-95% exceeds the values
reported by Zhilkibayeva (2024) for modified binders (approximately 60—70%), primarily due to
the diversified application pathways including road construction and mineral fillers. Similarly, the
CO: reduction potential of 30-40% aligns with findings by Lackner (2003) for mineral carbonation,
but offers additional benefits through simultaneous dust suppression.

Comparative analysis shows:

Fragmented strategy - partial effect, either waste or emissions remain high. In this case, only a
partial environmental effect is achieved, while significant volumes of waste disposal or a high re-
sidual carbon footprint remain.

The integrated strategy includes: the utilization of screenings in the production of secondary
materials; wet gas cleaning with simultaneous reduction of dust emissions; and CO2 capture and
utilization.

A comparative assessment is presented in Figure 7 (closed mineral-carbon loop). The results
show that the integrated model provides: a reduction in waste disposal volumes by 85-95%; a de-
crease in dust emissions due to wet gas cleaning; a reduction in total CO- emissions by 30—-40%
(depending on the capture efficiency); and the generation of additional secondary products.

Analysis of the schemes presented in Figure 6 and 7 highlights the key systemic effect-
closing the material and carbon loops within the production cycle. Screenings and fine particulate
fractions are used as raw materials for secondary products, while the captured CO: can be: directed
to mineralization; utilized in construction materials; applied in chemical processes; or reintegrated
into the technological cycle. Thus, a unified system is formed in which the demand for primary re-
sources is reduced, waste volumes are minimized, and the overall carbon footprint is lowered.

From an economic perspective, the integrated approach offers additional value streams. The
production of mineral fillers and modified binders from screenings (Zhilkibayeva, 2024) can offset
the operational costs associated with CCU technologies. Although carbon capture imposes an ener-
gy penalty, the utilization of waste heat from calcination processes for solvent regeneration in ab-
sorption units can mitigate this impact. Moreover, the reduction in landfill taxes and environmental
penalties enhances the financial viability of the proposed scheme.

Technically, the integration of wet gas cleaning with CCU allows for the simultaneous re-

276



Bulletin of the Kazakh Leading Academy of Architecture and Civil Engineering. Nel (99), 2026. Construction

moval of particulate matter and CO-. Vortex scrubbers, known for their high dust removal efficien-
cy (98-99.9%) (Hamidullina et al., 2017; Irgibayev, 2023), can be adapted with chemical solvents
to capture CO: from the flue gas stream. This dual-functionality reduces the need for separate
equipment trains, lowering capital expenditure. However, challenges remain regarding the stability
of solvent performance in the presence of dust and the management of liquid waste streams. Closed-
loop water circulation systems, as modeled in this study, address the latter concern by preventing
wastewater generation.

The obtained results confirm that the isolated implementation of individual environmental
measures does not provide maximum efficiency. Only the integration of mineral waste processing
and CO: management technologies creates a synergistic effect, resulting in the simultaneous reduc-
tion of material load, dust emissions, and carbon footprint. This finding is consistent with global
trends towards industrial symbiosis and circular economy models (Provis, 2018; Meyer, 2009).

From the perspective of circular economy principles, the integrated model corresponds to the
concept of closed-loop production systems and efficient resource utilization (Zhilkibayeva, 2024;
Bekturganova, 2023; Irgibayev, 2023; Akmalaiuly et al., 2025). Future research should focus on
pilot-scale validation of the proposed integrated scheme and detailed techno-economic analysis to
optimize the balance between capture efficiency and energy consumption.

4 CONCLUSIONS

1. It has been established that limestone processing generates significant volumes of screen-
ings, accounting for up to 30-35% of the initial raw material mass, corresponding to 300-350 thou-
sand tons annually for a 1 million ton/year capacity. Process-related CO. emissions based on the
decarbonization reaction (CaCOs — CaO + CO2) reach approximately 0.418 t per ton of processed
raw material (95% CaCOs content), accounting for 55-65% of the total carbon footprint.

2. Material balance modeling demonstrates that the implementation of an integrated pro-
cessing scheme allows for the utilization of 85-95% of limestone screenings in secondary applica-
tions. This reduces the volume of landfilled waste by more than 6-10 times compared to a frag-
mented management approach, significantly alleviating pressure on land resources.

3. The implementation of carbon capture and utilization (CCU) technologies with a capture
efficiency of approximately 60% of process emissions enables a reduction in total CO2 emissions by
more than 30-40%. This confirms the limited effectiveness of measures based solely on energy ef-
ficiency improvements and necessitates specialized carbon management solutions.

4. Comparative analysis shows that the highest efficiency is achieved through the formation
of an integrated mineral-carbon loop that combines solid waste processing, wet gas cleaning, and
CO: capture. The proposed concept is consistent with the principles of circular economy and sus-
tainable development, serving as a methodological basis for further applied research and industrial
implementation.
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