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Abstract

Carbon capture, utilization, and storage (CCUS) technologies have become critical tools in mitigating
anthropogenic greenhouse gas emissions and achieving global climate targets. This study investigates the potential
for CO, sequestration in the depleted gas reservoirs of the Tengiz field, a unique site characterized by deep reservoir
conditions and a history of extensive hydrocarbon extraction. The research aims to evaluate the technical feasibility
and effectiveness of CO, injection into a high-temperature, high-pressure formation, using dynamic reservoir
simulation. Key objectives include assessing injection capacity, breakthrough time, storage efficiency, and pressure
behavior under varying operational scenarios. The study integrates geological, petrophysical, and fluid data to build
arobust sector model, calibrated with historical production data. Simulation results demonstrate favorable injectivity
and containment, with minimal risk of CO, leakage. These findings contribute to the growing body of knowledge on
field-scale CCUS deployment and support the development of sustainable carbon management strategies in mature
oil and gas provinces.

Keywords: carbon capture, carbon use, carbon storage, Tengiz oil field, climate change, greenhouse gases, oil
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Introduction

The accelerating accumulation of atmospheric carbon dioxide (CO,), largely driven by the
combustion of fossil fuels, is recognized as a leading contributor to global climate change. Carbon
capture, utilization, and storage (CCUS) technologies have emerged as a key component in
international efforts to reduce industrial CO, emissions, as outlined in major agreements such as
the Paris Agreement [4]. These technologies enable the capture of CO, from large point sources, its
transportation, and its long-term storage in geological formations, particularly depleted oil and gas
reservoirs and deep saline aquifers.

The implementation of CCUS offers dual benefits: mitigating greenhouse gas emissions and
potentially enhancing hydrocarbon recovery through mechanisms such as CO,-enhanced gas recovery
(EGR). However, the deployment of these technologies on a field scale requires a comprehensive
understanding of subsurface conditions, reservoir integrity, and long-term storage performance.

The Tengiz field in western Kazakhstan, one of the world’s deepest and most prolific carbonate
reservoirs, presents a promising site for CCUS application [8]. Following decades of gas and
condensate production, significant pore space remains available for CO, injection. The unique
geological and operational characteristics of the Tengiz field such as its high reservoir pressure and
temperature, complex faulted structure, and availability of historical production data make it an ideal
candidate for CO, sequestration studies.

This paper explores the technical feasibility of CO, injection into a depleted gas zone at the
Tengiz field. The study applies dynamic reservoir simulation to evaluate storage capacity, injectivity,
and pressure evolution over time. It aims to provide a practical framework for assessing similar
opportunities in mature hydrocarbon provinces worldwide.
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Materials and Methods

This study integrates laboratory measurements, geological analysis, and dynamic reservoir
simulation to assess the feasibility of CO, storage in a depleted gas-bearing formation of the
Tengiz field. The research methodology is divided into three main stages: data acquisition, model
construction, and simulation.

The geological model was developed using Petrel 2017.1 software based on structural maps,
well logs, and production history data. The reservoir of interest is located at a depth of approximately
2000 meters, within a carbonate formation characterized by moderate porosity and low permeability.
Core analysis and petrophysical interpretation provided average porosity values ranging from 7-10%
and permeability in the range of 1-5 mD. Fluids are primarily composed of methane (C,), with minor
fractions of heavier hydrocarbons (C,—Cg*) and residual water saturation. Fluid composition was
analyzed by chromatograph Viscosity and compressibility data were obtained from standard pressure-
volume-temperature (PVT) analysis. Schematic diagram of a gas chromatograph is demonstrated in
Figure 1 [1].
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Figure 1 — Schematic diagram of a gas chromatograph: 1 — cylinder with carrier gas;
2 — flow regulator; 3 — sample entry point (metering valve, evaporator); 4 — thermostats;
5 — column; 6 — detector; 7 — recorder

A gas chromatograph is an analytical device for chromatographic separation of a mixture of
substances, analysis of its components and properties of complex mixtures. For more accurate
laboratory studies to improve the equation, this chromatography is an effective method for assessing
the uniformity of a substance and allows us to separate and identify substances with similar properties.
The gas chromatograph has high accuracy, fast analysis, sensitivity, and the ability to combine with
other research methods.

Table 1 — Standard test method for boiling range distribution of petrolium fractions by gas
chromatography

Chemical formula Common name Release time, min

C5H12 Pentane 0,528
Co6H14 Hexane 1,11

C7H16 Heptane 2,55

C8H18 Octane 4,774
C9H20 Nonane 6,379
C10H22 Decane 7,459
C11H24 Undecane 8,258
C12H26 Dodecane 8,935

394



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 2(73) 2025

Continuation of table 1

C14H30 Tetradecane 10,079
C15H32 Pentadecane 10,59
C16H34 Hexadecane 11,082
C17H36 Heptadecane 11,523
C18H38 Octadecane 11,967
C20H42 Eicosane 12,752
C24H50 Tetracosane 14,153
C26H54 Hexacosane 14,768
C30H62 Triacontane 15,888
C36H74 Hexatriacontane 17,973
C40HS82 Tetracontane 18,744
C44H90 Tetratetracontane 21,097

Table 2 — Oil composition for field Tengiz

Compound MW, g/mol Area Concentration
C6H14 86,17 887670,925 0,068
C7HI16 100,2 971729,246 0,074
C8H18 114,22 803974,842 0,061
C9H20 128,25 1044493,479 0,08

C10H22 142,28 565721,045 0,043
Cl11H24 156,3 495299,112 0,038
C12H26 170,33 608490,038 0,046
C13H28 184,35 512765,933 0,039
C14H30 198,38 489367,044 0,037
C15H32 212,41 918882,889 0,07
Cl16H34 226,43 447721,375 0,034
C17H36 240,46 501876,376 0,038
C18H38 254,48 466490,794 0,036
C19H40 268,51 470921,672 0,036
C20H42 282,54 340213,694 0,026
C21H44 296,56 337946,298 0,026
C22H46 310,59 297049,693 0,023
C23H48 324,61 438519,578 0,033
C24H50 338,04 304577,664 0,023
C25HS52 352,67 447460,244 0,034
C26H54 366,69 456810,907 0,035
C27HS56 380,72 234213,225 0,018
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Continuation of table 2

C28H58 394,74 73976,485 0,006
C29H60 408,77 497671,403 0,038
C30H62 422.8 232821,369 0,012
C31Ho64 436,82 153609,123 0,004
C32H66 450,85 55859,537 0,002
C33H68 464,87 32516,446 0,009

In this case, the sum of all areas is 13115103.7. Knowing the area of each compound, we can find
the concentration of each compound. For example:

Table 3 — How the composition of oil affects the injection of CO,

The solubility of CO2 in oil CO2 is well soluble in light hydrocarbons (C5-C10) — in my case, there are
many of them: C5-C10 totaling ~ 33% of the composition.

The dissolution of CO2 in oil causes:

reduction of oil viscosity; oil swelling;

a change in phase equilibria — oil may begin to release gas when pressure drops.

Residual oil and CO2 capture | Heavy components (C20+) make up about 40% of my products — they do not
dissolve CO2 well, but they create traps (residual oil trapping).

CO2 can:

partially dissolve in the light fraction;

stuck in the pores, surrounded by heavy residual oil.

CO; injection modeling was performed using the ECLIPSE 300 simulator, which is capable of
handling compositional flow and tracking multi-component phase behavior. Five vertical injection
wells were defined at a depth of 1750 meters. Simulation parameters included a time frame of 25
years, injection rate of 100,000 sm?/day per well, and temperature of 90°C.

The reservoir grid was constructed with 60x60x10 cells, refined around wells to improve
numerical accuracy. Sectoral geological model of depleted reservoir is demonstrated in Figure 2.

Figure 2 — Sectoral geological model of depleted reservoir
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Dynamic modeling accounted for CO, rock interactions, pressure build-up, and gas migration
pathways. Relative permeability and capillary pressure functions were adjusted based on literature
data and laboratory measurements. Sensitivity analysis was conducted to evaluate the effect of
injection rate, well placement, and seal integrity on storage efficiency and containment security [6].

Results and Discussion

The results of the numerical simulation demonstrate that the selected reservoir zone is capable
of safely accommodating significant volumes of CO, over a multi-decade timescale. The dynamic
model indicates stable pressure buildup within acceptable limits, suggesting minimal risk of caprock
fracturing or fault reactivation. Injection performance remained consistent throughout the 25-year
period, with no breakthrough at observation wells, confirming effective confinement.

The injected gas preferentially migrated through high-permeability streaks, forming a stable
plume beneath the caprock. Vertical movement was limited due to the presence of interbedded low-
permeability layers. The plume evolution over time was characterized by lateral spreading, which
maximized contact with residual hydrocarbons and improved storage efficiency.

The CO;, storage capacity for the simulated scenario reached approximately 12.6 million tonnes,
which corresponds to about 72% of the available pore volume in the targeted grid blocks. Storage
efficiency was further enhanced by residual gas trapping and dissolution into formation water.
While mineral trapping was not modeled in this study, it is expected to contribute to long-term
immobilization over geological timescales.

The simulation also evaluated potential enhanced gas recovery. Although the original gas reserves
were largely depleted, CO, injection mobilized additional hydrocarbons from lower-permeability
zones. This incremental recovery was estimated at 4.3% of the original gas in place, highlighting the
potential for combined storage and recovery operations.

The modeled scenario aligns with field-scale observations from comparable projects in North
America and the Middle East [9]. Parameters such as depth, formation type, and fluid composition are
consistent with other successful CCUS initiatives, reinforcing the relevance of Tengiz as a candidate
site. Overall, the model results provide technical justification for pilot-scale implementation under
strict monitoring protocols.

Conclusion

This study evaluates the feasibility of implementing carbon capture, utilization, and storage
(CCUS) in the mature Tengiz gas field. The simulation results confirm that the depleted reservoir
possesses favorable geological and petrophysical characteristics for safe and efficient CO, storage.
Key outcomes include stable plume migration, minimal leakage risk, and measurable enhanced gas
recovery. These findings reinforce the technical and environmental viability of CO, injection in this
context.

Among the evaluated storage techniques, amine-based absorption methods emerged as the most
applicable for this field [10], given the gas composition and surface infrastructure. Alternatives such
as physical adsorption or cryogenic separation are less economically viable under current operating
conditions. The integrated approach combining surface capture technologies with subsurface
geological storage provides a holistic strategy for emissions mitigation.

Moreover, the simulation model can serve as a foundation for optimizing well placement,
injection rates, and monitoring protocols in future field trials. Quantitative outputs, such as the
12.6 Mt CO, storage potential and 4.3% incremental recovery, offer valuable benchmarks for
stakeholders assessing the economic and environmental return on investment. These metrics also
support regulatory reporting and alignment with national decarbonization targets [15].

However, further studies are needed to refine long-term risk assessments, including geochemical
modeling of CO, brine-rock interactions and fault reactivation scenarios. Comprehensive site
characterization and real-time monitoring will be essential for full-scale deployment. Collaborative
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efforts with academic institutions and regulatory bodies will also enhance transparency and knowledge
sharing [7].

In conclusion, the Tengiz reservoir exhibits strong potential for integrated CCUS deployment.
The findings of this study contribute to the growing body of knowledge supporting CCUS in high-
capacity gas fields. Future work should focus on expanding pilot-scale operations, validating models
with field data, and exploring the scalability of this approach within Kazakhstan’s broader climate
strategy.
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YJIABJIUBAHUE, UCITOJIBb30OBAHUE U XPAHEHUE YIUVIEPOJA
HA TEHTU3CKOM HE®TAHOM MECTOPOKJIEHNUHN

AHHOTAIUA

TexHonoruu yiaBiuBaHusl, NCIOJIL30BaHUA U XpaHeHus yriepoaa (CCU) cranu BaKHEWIIMMH HHCTPyMEHTa-
MU CHIW)KEHHSI aHTPOIIOT€HHBIX BHIOPOCOB MAPHUKOBBIX TA30B U JOCTHIKEHHS [NIOOAIBHBIX KIMMAaTHYECKUX IeJIeH.
B nanHOM nccnenoBaHnM M3ydaercs: moTeHnuan cBs3biBaHus CO, B MCTOIIEHHBIX Ta30BBIX 3aJI€XKaX MECTOPOXK-
neHust TeHru3, yHUKaJIbHOTO YYacTKa, XapaKTEepU3YIOIMIErocs NIyOOKHMHU TIITACTOBBIMH YCIOBHAMH M HCTOPHEH
MHTEHCHUBHOH 100BIYM YIIIEBOAOPOOB. Llenbio ucciaeqoBanus SIBISIETCS] OLEHKA TEXHUYECKOH OCYIIEeCTBUMOCTH
u spdexruBHocTr 3akauku CO, B BHICOKOTEMIIEPATYPHBIH TUIACT C BBICOKUM JIABJICHUEM C UCIIOJIb30BaHUEM JIU-
HaMHMUYECKOTO MOJICJINPOBaHMS KoJulekTopa. KiroueBble 3a1aun BKIIOYAIOT OLIEHKY MOIIHOCTU 3aKaukKu, BPEMEHU
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popbIBa, dQPEKTUBHOCTH XPAHESHUs M U3MEHEHUS AAaBJICHUs TIPH Pa3JIMYHBIX CLIEHApHsX dKcIutyataiuu. Vceneno-
BaHHE O0BEUHSET re0JIOrHYecKre, NeTpo(hU3NIECKUE JaHHbIE U JaHHBIE O (IIOMIAX JJIsl IOCTPOSHHUS HaIe)KHOM
MOJIETIH CEKTOpa, CKOPPEKTHPOBAHHOM € YYeTOM MCTOPHUYECKHX TaHHBIX O J0ObIde. Pe3ynbrarsl MOOeIMpOBaHUs
JIEMOHCTPHUPYIOT ONaronpusITHYI0 NPUEMUCTOCTh M TEPMETHYHOCTh NMPH MUHUMAIBHOM pHcke yTeukn CO,. O1tn
pe3yabTaThl AOTOIHAIOT pacTyinii 00beM 3HaHui 0 BHeApeHnn CCU B HOJIEBBIX YCIOBHAX U TOICPKHUBAIOT Pa3-
paboOTKy cTpaTernif yCTOMYMBOTO YIpaBICHUS BBIOPOCAMHU YINIEpO/a B 3peNbIX He()TEra30HOCHbBIX IPOBUHLIUX.

KuroueBble cj10Ba: ylaBIMBaHKE YIVICPOa, HCIIOIB30BAHUE YINICPOIa, XpaHCHHE yIiiepoaa, TeHru3ckoe Hed-
TSHOE MECTOPOXKICHUE, N3MCHECHUE KIIMMATa, ITAPHUKOBBIC Ta3bl, HEPTSHAS OTPACIb.
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TEHI3 M¥H1§I7[ KEHIIIIHAE KOMIPTEKTI AJY,
MNAUJTAJTAHY )KOHE CAKTAY

Anjgarna

KemiprekTi anmy, komere kapary jxkoHe cakray TexHosmorusuiapsl (CCU) aHTpPONOreHIIK MapHHUKTIK rasaap
HIBIFApBIH/BIIAPBIH a3alTy/IbIH KoHe ykahaHIbIK KIMMATThIK MaKcaTrTapra )KeTyIiH MaHbI3/Ibl KYpajiblHa aiiHaJIbI.
Byn 3eprrey TeHi3 KeH OpHBIHBIH TayChUIFaH ra3 KOHMMajapblHJa, TEPEH pe3epByap >KarAaaiylapbIMEH >KoHE
KOMIpCyTeKTep/li KeH KeJIeMJIe OHIIpY TapuXbIMEH cHUrarTanarsiH Oipereit yuackene CO, CeKBECTpiHIH aieyeTiH
3eprreiini. 3eprTey pesepByapiAblH IMHAMHUKAJIBIK MOJACNBJACYIH HaiiflalaHa OTBHIPBII, JKOFaphl TEMIICpaTypalsbl,
JKOFapBl KeICBIMIB! KabaTka CO, eHTi3yaiH TeXHUKAIBIK OPBIHIBIIBIFEI MEH THIMALUTITIH Oaranayra OarbITTaFaH.
Heri3sri makcartapra opTyplii OnepalisuIbIK CLieHapuiliiep/e ailiay KyaTblH, CEpIIIiC YaKbIThIH, CAKTay THIMALIINH
JKOHE KBICBIM TOPTIOiH Oaranay Kipei. 3epTTey TapuxH OHJIIpIC AepEeKTepiMEH KaIUOPJICHIeH CEHIMJI CalajbIK
MOZIETBI KYpy YIIiH TCOJIOTHSIIBIK, MEeTPO(U3NKAIIBIK MXOHE CYHBIKTBIK JepekTepiH Oipikripeni. Monenbaey
nHotmkenepi CO, arbinn KeTy Kaymi a3 OoyFaH Ke3le KOJIAIbl MHBEKIMSHBI JKOHE OKIIaysayasl kepcereai. by
soTkenep CCU-HBI ganmanblK ayKbIMIa eHTi3y OOMBIHIIA OcilT KeJle KaTKaH OLTiMIe BIKITall eTe/i KOHE KETiTeH
MYHaii-ra3 IPOBUHIMSIIAPBIH/IA KOMIPTEKTI TYPAKTHI OacKapy CTpaTeTHIAPhIH d3ipiieyre KOoIaay KepceTei.

Tipek ce3mep: KeMIpTEKTi ajy, KOMIPTEKTI MaiijanaHy, KOMIpTEeKTi cakray, TeHi3 KeH OpHBI, KIMMAaTThIH
e3repyi, MapHUKTIK ra3aap, MyHall eHepKacioi.
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