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RESERVOIR PERFORMANCE SIMULATION
AND PROCESS-TO-SIMULATOR QUALITY CONTROL
TO SUPPORT EOR METHOD SELECTION
IN CARBONATE-CONTAINING RESERVOIRS

Abstract

Enhanced oil recovery (EOR) selection requires reservoir performance simulation that reproduces not only
production trends but also the physical mechanisms controlling pressure, fluid behavior, multiphase flow, gas
mobility, well constraints, and long-term reservoir response. This study presents a reservoir performance simulation
and process-to-simulator quality-control workflow for CO:-based EOR evaluation in anonymized carbonate-
containing Field X, Kazakhstan. The field-scale simulation uses a three-dimensional ECLIPSE E300 compositional
model with 93 x 88 x 78 grid cells, 194,413 active cells, and a 40-year forecast period. The framework integrates
compositional pressure-volume-temperature/equation-of-state (PVT/EOS) behavior, minimum miscibility pressure
(MMP), three-phase relative permeability, hysteresis, vertical connectivity and gravity override, injection scheduling,
bottomhole-pressure (BHP) control, wellbore thermal response, CO2 tracking, and mass-balance verification. Each
mechanism is linked to a simulator functional block, diagnostic output, sensitivity test, and acceptance criterion. A
representative ECLIPSE E300 process-to-code sequence — RUNSPEC, GRID, PROPS, SOLUTION, SCHEDULE,
SUMMARY, followed by MATLAB post-processing — provides traceability from reservoir physics to forecast
interpretation. Sensitivity analysis identifies vertical connectivity, gas relative permeability, MMP uncertainty,
fault transmissibility, hysteresis, and BHP constraints as the principal controls on simulated reservoir performance.
Continuous CO- injection increases cumulative oil production from 17.96 to 25.37 Mt, yielding 7.41 Mt of
incremental oil (+41.3%); at year 40, the CO: case maintains 238.6 t/d while the Base case declines to zero. The
results demonstrate that reservoir performance simulation provides a rigorous engineering basis for forecasting
reservoir behavior, quantifying model sensitivity, validating physical consistency, and supporting defensible EOR
method selection.

Keywords: CO:-EOR; reservoir performance simulation; physical-process coding; EOR method selection;
CO: mass balance; carbonate-containing reservoir.
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Introduction

Carbon dioxide enhanced oil recovery (CO.-EOR) differs from waterflooding and simplified
gas-pressure-maintenance models because the injected component modifies phase behavior, oil
composition, oil volume, viscosity, gas mobility, residual trapping and pressure-temperature
response. Compositional modeling of pure and impure CO2 demonstrates that fluid composition
and phase-equilibrium representation directly affect both oil recovery and storage predictions [1, 2].
Consequently, a reliable forecast requires verification of the physical mechanisms represented by the
simulator rather than a comparison of production curves alone.
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Gas mobility is equally important. Water-alternating-gas (WAG) and related conformance-control
strategies are sensitive to miscibility, gravity, heterogeneity, cycle design, relative permeability and
hysteresis [3, 4, 5]. Alternative CO: delivery concepts, including microbubble injection, further
emphasize that gas mobility and interfacial transport must be treated explicitly rather than embedded
in a generic gas-injection assumption [14].

Pressure safety and wellbore behavior form a second control layer. CO: injection can generate
significant pressure redistribution near faults and sealing units, and geomechanical studies therefore
require the operating pressure to remain within defined integrity limits [6, 7]. Dense-phase CO- also
undergoes strong pressure-temperature transients during well start-up; numerical wellbore studies
show that the start-up schedule and pressure drop must be evaluated together with the temperature
profile 8, 9].

The objective of this paper is to develop and quantitatively demonstrate a process-to-simulator
quality-control workflow for CO: injection modeling and to show its representative process-to-code
implementation at ECLIPSE E300 section level. Field X is the anonymized publication designation of
the case study. The workflow requires each relevant physical mechanism to be connected to a simulator
functional block, a diagnostic output, a sensitivity test and a pass/fail criterion. Within an EOR
method-selection workflow, this framework is used to test whether the CO- option remains technically
credible under process and implementation uncertainty. This structure separates uncertainty in the
reservoir description from uncertainty created by model implementation. Geostatistical uncertainty
concepts provide a compatible framework for this separation because multiple realizations and
diagnostic statistics can be used to distinguish spatial variability from model-form uncertainty [10].

The scientific contribution is methodological rather than the proposal of a new constitutive law.
The workflow makes the model auditable: the predicted incremental oil is considered credible only
after thermodynamic behavior, flow functions, vertical segregation, operational controls and CO:
accounting have passed defined quality-control checks. Reactive transport is not included in the
executed calculation set and is not used to support the reported results; it is retained only as a future
extension when mineral reactions or brine chemistry control injectivity [11,12].

Materials and methods

Field X numerical model and calculation layers

The publication dataset combines two connected calculation layers for Field X, the anonymized
designation of the carbonate-containing complex reservoir interval used in the underlying modeling
dataset. The first is the anonymized field-scale ECLIPSE E300 compositional model used for the
direct Base-versus-CO2 comparison. The second is a sector/process-diagnostic layer used to isolate
the individual CO2 mechanisms shown in Figures 3-9. Commercially sensitive coordinates, well
identifiers and selected absolute PVT values are normalized for publication, while grid architecture,
aggregated field-scale outputs, sensitivity ranges and process relationships are retained. The two
layers are reported separately to prevent process-diagnostic pressure or rate values from being
misinterpreted as full-field operating constraints.

Only the Base case and the continuous COx: case are claimed as explicit field-scale dynamic runs
in this manuscript. WAG and surfactant-alternating-gas (SAG) appear as process-control schedule
diagnostics and engineering follow-up options; they are not presented as additional full-field
production forecasts. This distinction is maintained throughout the Results and Discussion section.

Process-to-simulator quality-control principle

The workflow consists of five sequential checks: (1) identify the physical mechanism; (2) assign
the mechanism to a simulator functional block; (3) define the diagnostic output; (4) run a controlled
sensitivity test; and (5) accept the forecast only when the diagnostic response is physically and
numerically consistent. The sequence prevents the common error of interpreting incremental oil
without confirming that the underlying CO. mechanism is represented in the model.
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Table 1 — Main characteristics of Field X compositional modeling basis

Parameter Reported value Role in the study
Dynamic simulator ECLIPSE E300, compositional Explicit CO2 component transport and phase
mode behavior
Grid dimensions 93 x 88 x 78 Three-dimensional reservoir representation
Total cells 638,352 Geological discretization
Active cells 194,413 Cells participating in dynamic flow

100 x 100 x 1 m

40 years; yearly export

Base case and CO: injection case
EOS/MMP, relperm/hysteresis,
gravity override, schedule, thermal
start-up, CO: balance, sensitivity

13.2 MPa

Lateral and vertical numerical resolution
Base-versus-CO: long-term comparison
Quantitative production comparison
Mechanism-specific QC

Nominal cell size
Field-scale forecast
Explicit field-scale cases
Process-diagnostic
outputs

Regional laboratory reference used for
below/near/above-MMP interpretation [13]

MMP pressure-window
reference

] ) o,
@ 5| @ ]| [~

K

Credible
forecast

Simulator
functional block

Diagnostic
output

Sensitivity /
QC test

CO; physical
mechanism

L @ &

A forecast is accepted only when the physical mechanism, implementation block, disgnostic output, and QC criterion are consistent.

Figure 1 — Process-to-simulator quality-control workflow for CO: injection modeling

Table 2 — Physical-process checks used in the Field X process-to-simulator workflow

and miscibility

equation of state (EOS)

Physical Simulator functional Main input Diagnostic / pass criterion
process block
Phase behavior Compositional PVT / Components, binary MMP-pressure response is

interaction coefficients
(BICs), MMP reference,
viscosity and swelling
response

continuous and consistent
with the adopted pressure
window

Three-phase

Gas-oil-water relative

Sgc, Sorg, krg/kro functions

No unrealistically mobile

flow permeability gas front; drainage endpoint
and breakthrough response
checked

Hysteresis and Drainage/imbibition Separate gas drainage and Trapping changes gas

trapping history imbibition functions mobility and retained CO: in
the expected direction

Gravity Vertical permeability PERMZ, kv/kh, layering, Vertical plume follows

override and grid connectivity density contrast connectivity; grid refinement

does not reverse the
mechanism

Well operation

Schedule and pressure
control

CO: composition, rate, BHP
cap, WAG/SAG cycle

No rate-only pressure
violation; switching logic is
explicit
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Continuation of Table 2

Physical Simulator functional Main input Diagnostic / pass criterion
process block
Thermal start- Wellbore thermal QC Start-up time, rate, wellhead Minimum BHT remains
up pressure, BHP, BHT above the internal thermal
QC threshold
Pressure Pressure/fault-control BHP cap, fault multiplier Pressure response stays
integrity layer inside the specified
screening operational envelope

CO: accounting

Component mass
balance

Injected, produced, dissolved,
trapped and mobile CO-

Absolute mass-balance error
<1%; reported cases close
at 0%

Sensitivity
ranking

Low/base/high
sensitivity matrix

MMP, kv/kh, krg, hysteresis,
fault, BHP, impurity, grid,
ramp-up

Dominant response controls
are quantified and traceable

Notation: BHP — bottomhole pressure; BHT — bottomhole temperature; GOR — gas—oil ratio; kv/kh — vertical-
to-horizontal permeability ratio; krg and kro — gas and oil relative permeability, respectively; Sgc — critical gas

saturation; Sorg — residual oil saturation to gas.

Simulator functional architecture

Generic labels such as MULT or LGR are not treated as universal simulator keywords. Instead,
the implementation is organized by ECLIPSE-type deck sections and simulator-agnostic functional
descriptions. Exact keyword syntax can vary by simulator version; therefore, Table 3 identifies the
required function rather than implying that one abbreviation is universally valid.

RUMNSPEC Compositional activation, components and phases

GRID Porosity/permeability, vertical transmissibility. faults, local refinement
PROPS EQSIBICS, viscosity, rock functions, three-phase relperm and hysteresis
SOLUTION Initial pressure, saturation, compaosition and contacts

SCHEDULE CiO: stream, rate/BHP control, WAG/SAG switching logic

SUMMARY Oilfwater/gas, pressure, GOR and C0: mass-balance diagnostics

re ECLIPSE-type architecture labels; the functional descriptions are simulator-agnostic and do not imply universal keyword syntax.

Table 3 — Functional implementation chain for the Field X CO: model

Figure 2 — Functional architecture for compositional CO2 modeling.

Section names follow an ECLIPSE-type deck structure;
the implementation descriptions are simulator-agnostic

E300 section Functional implementation Physical process QC output
represented
RUNSPEC Compositional activation; Component tracking and | Component/phase
components and phases phase behavior consistency
GRID PORO, PERMX, PERMZ, Heterogeneity and gravity | CO: plume
transmissibility and grid- segregation geometry
resolution controls
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Continuation of Table 3

E300 section Functional implementation Physical process QC output
represented
PROPS EOS/PVT, BIC, viscosity, three- | Miscibility, swelling, MMP, viscosity,
phase relative permeability, viscosity reduction, gas swelling,
hysteresis mobility and trapping breakthrough
behavior
SOLUTION Initial pressure, saturation, Initial thermodynamic Initialization
composition and contacts state consistency
SCHEDULE CO: stream, rate/BHP limits, Operational control BHP, rate and
GOR constraint, WAG/SAG GOR
logic
SUMMARY Pressure, production and CO- Forecast diagnostics and | Mass-balance
inventory outputs carbon accounting closure and
retained CO:

Representative ECLIPSE E300 implementation of the process-to-code workflow

To demonstrate how the proposed process-to-code concept is implemented at simulator level,
the principal physical mechanisms are mapped to the corresponding functional sections of an
ECLIPSE E300 compositional model. The example below is intentionally abbreviated and omits
field-identifying and commercially sensitive parameters. It illustrates the implementation sequence
rather than reproducing the complete Field X simulation deck. The essential requirement is that
phase behavior, three-phase flow functions, hysteresis, injection composition, well constraints,
and diagnostic output vectors are configured consistently before the predicted incremental oil is
considered credible.

-- Representative ECLIPSE E300 process-to-code implementation

RUNSPEC

COMPOSITIONAL MODEL
Components and active phases
CO2 explicitly represented as an injected component
GRID
PORO / PERMX / PERMZ
Vertical-connectivity and fault-transmissibility controls
Local grid-resolution controls where required
PROPS
EOS / compositional PVT definition
Component critical properties and binary interaction coefficients
Oil-density, viscosity and swelling calibration
Three-phase gas-oil-water relative-permeability functions
Drainage / imbibition functions for hysteresis and residual-gas trapping
SOLUTION
Initial pressure
Initial water, oil and gas saturations
Initial fluid composition and fluid contacts
SCHEDULE
CO2 injection-stream composition
Injection-rate constraint
BHP constraint
Producer GOR constraint
WAG/SAG switching logic where evaluated
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SUMMARY

Reservoir pressure

Injector and producer BHP

Oil, water and gas production

GOR

Injected and produced CO2

Dissolved, trapped and mobile CO2 inventories

CO2 retention and mass-balance diagnostics
POST-PROCESSING

E300 diagnostic outputs

l
MATLAB quality-control module

!
MMP response / mobility ratio / gravity-override index /
CO2 mass-balance closure / sensitivity ranking

The implementation shown above establishes a direct traceability chain between reservoir
physics and numerical representation. The EOS/PVT block controls the pressure-dependent CO2—oil
response around the adopted MMP reference; the three-phase relative-permeability and hysteresis
functions control gas mobility and residual trapping; vertical permeability and transmissibility settings
govern gravity override and interlayer communication; SCHEDULE controls define physically
admissible injection conditions; and SUMMARY outputs provide the quantitative variables required
for independent quality control. The MATLAB module therefore operates on simulator-derived
diagnostics and does not replace the compositional reservoir model.

MATLAB diagnostic module and dimensional consistency

The MATLAB layer is a quality-control pre/post-processor and does not replace the compositional
simulator. The minimum miscibility pressure is explicitly defined as MMP_MPa = 13.2. The logistic
parameter transitionWidth MPa = 0.7 MPa is a numerical transition-width parameter used only
to map pressure difference to a continuous diagnostic miscibility index. It does not modify the
physical MMP reference and is not used as a simulator calibration parameter. With this definition,
the diagnostic index equals 0.269 at MMP — 0.7 MPa, 0.500 at MMP and 0.731 at MMP + 0.7 MPa.
Physical MMP uncertainty is tested independently using the +1 MPa sensitivity cases.

MI=1/[1+exp(-(P—MMP) /AP tr)], MMP=13.2 MPa, AP tr=0.7 MPa

The original overrideIndex combined kv/kh, density difference and gas viscosity and therefore
carried dimensions. The algorithm first calculates the raw gravity-segregation proxy and then
normalizes it to the Base diagnostic reference. The resulting overrideIndex is dimensionless: values
above 1 indicate stronger gravity-segregation tendency than the Base reference, while values below
1 indicate weaker tendency.

G raw = (kv/kh) [p o—p CO2|/pn _g; overrideIndex =G raw /G_raw,ref

CO: balance error is also normalized, so the quality-control criterion is expressed as a percentage
of injected CO: rather than as an unscaled mass difference.

retainedCO2=injectedCO2—producedCO2 ; massError%=100 % (retainedCO2—dissolvedCO2—t
rappedCO2 — mobileCO?2) / injectedCO2

Algorithm 1 — MATLAB diagnostic logic for process-to-simulator quality control of the Field
X CO2 model

input = readtable(‘Xfield co2 inputs.csv’);

MMP_MPa=13.2;

transitionWidth MPa = 0.7; % numerical QC smoothing width, not an MMP correction

dP_MPa = input.pressure. MPa — MMP_MPa;

MI=1./(1 +exp(-dP_MPa ./ transitionWidth MPa));

mobilityRatio = (input.krg ./ max(input.kro,1e-6)) .* (input.mu_oil ./ max(input.mu_gas,1e-6));

overrideRaw = input.kvkh .* abs(input.rho oil — input.rho_co02) ./ max(input.mu_gas,le-6);
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baseMask = strempi(input.caselD,’Base’);

overrideRef = median(overrideRaw(baseMask),’omitnan’);

overrideIndex = overrideRaw ./ max(overrideRef,1e-12);

retainedCO2_kt = input.injectedCO2_kt — input.producedCO2_kt;

massError_kt = retainedCO2_kt — input.dissolvedCO2 _kt — input.trappedCO2_kt — input.
mobileCO2_kt;

massError_pct = 100 .* massError kt ./ max(input.injectedCO2_kt,1e-9);

out = table(MI,mobilityRatio,overrideIndex,retainedCO2_kt,massError pct);

writetable(out,”Xfield qc.csv’);

Quantitative sensitivity design

The analysis reports the numerical low/base/high ranges rather than qualitative sensitivity
labels. The tested process-diagnostic ranges are MMP shift -1/0/+1 MPa; kv/kh = 0.02/0.08/0.16;
krg endpoint = 0.45/0.65/0.85; hysteresis state = off/base/enhanced; fault multiplier = 0.1/1/5; BHP
cap = 13.5/14.5/15.5 MPa; CO: impurity = 0/5/10%; grid refinement = coarse/base/refined; and
thermal ramp-up = 0.5/2/6 h. These ranges are used to quantify both oil-response and COz-retention
sensitivity.

Scope boundary for reactive transport and geomechanics

Reactive transport is not part of the executed Field X calculation set. It is therefore removed from
the Abstract, the list of calculated outputs and the conclusions. It is discussed only as an extension
criterion for carbonate-water-rock systems in which dissolution, precipitation or salinity changes
control injectivity [11,12]. Likewise, the present study reports pressure-integrity screening through
BHP limits, pressure response and fault-transmissibility sensitivity; it does not claim a fully coupled
geomechanical solution. Coupled geomechanics remains a separate validation layer when fault slip
or caprock stress is a project decision criterion [6,7].

Results and discussion

EOS/MMP diagnostic and oil-property response

The MMP pressure-window diagnostic uses 13.2 MPa as a regional laboratory reference for
CO:-oil interaction [13]. Figure 3 is a diagnostic pressure sweep, not a field pressure-history curve.
Across the normalized sweep from 8 to 23 MPa, the miscibility index increases continuously from
approximately 0.001 to 1.000. The normalized oil-swelling factor increases from 1.000 to 1.180,
while the diagnostic oil viscosity decreases from 4.20 to approximately 2.44 cP. The shaded MMP
+0.7 MPa zone visualizes the numerical transition width used in Algorithm 1; the physically tested
MMP uncertainty remains £1 MPa and is reported independently in the sensitivity matrix.

Field X: EOS/MMP process diagnostic
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Figure 3 — EOS/MMP process diagnostic for Field X. The 0.7 MPa band is a numerical
transition width used for quality-control visualization and does not modify the MMP reference
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Three-phase gas relative permeability and hysteresis

The gas-flow input functions are reported explicitly as model-input curves rather than as direct
special core analysis (SCAL) measurements. The drainage gas relative-permeability endpoint
reaches 0.82, whereas the imbibition endpoint reaches 0.48. The separation between the drainage
and imbibition curves creates a trapping envelope that limits gas remobilization during alternating
injection. The krg endpoint sensitivity of 0.45/0.65/0.85 changes oil response by -16% and CO-
retention by -20% relative to the Base diagnostic case, while enhanced hysteresis changes the
corresponding responses by +9% and +24%. These values demonstrate that gas mobility and trapping
are first-order numerical controls rather than secondary settings [3, 4, 5].

Field X: gas relative permeability and hysteresis input

— Gas kr drainage
0.8 1 Gas kr imbibition
Hysteresis | trapping envelope

0.6 1

0.4 4

Relative permeability

0.2 4

0.0 ——

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Gas saturation, fraction

Figure 4 — Gas relative-permeability drainage/imbibition functions used
for three-phase gas-oil-water flow and hysteresis diagnostics in Field X

Vertical permeability, grid resolution and gravity override

Figure 5 shows the calculated gas-saturation diagnostic along the injector-producer section.
The highest normalized gas concentration occurs in the upper portion of the section, demonstrating
the gravity-override tendency. The vertical-to-horizontal permeability ratio kv/kh is tested at 0.02,
0.08 and 0.16. Increasing vertical connectivity produces the largest adverse oil-response shift in the
process sensitivity matrix (-18%) and reduces CO: retention by 12%. Local grid refinement produces
a +5% oil-response shift and +9% retention shift, confirming that numerical dispersion and vertical
discretization must be checked together rather than treated as independent post-processing details.

Field X: gravity-override diagnostic
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Figure 5 — Field X gravity-override diagnostic controlled by vertical connectivity,
density contrast and grid resolution
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WAG/SAG schedule logic and operational control

CO: injection is not represented solely by a constant gas-rate constraint. The pilot-scale
schedule diagnostic alternates 10-day water/surfactant slugs at 2,200 m*/d with 20-day CO: slugs
at 3,000 t/d over the 120-day screening window. The two streams are plotted on separate axes so
that mass rate and volumetric rate are not combined. The schedule block is pressure-limited and is
evaluated together with BHP and GOR constraints. The design is a process-control diagnostic; it is
not presented as an additional full-field WAG/SAG production forecast. The role of cycle timing,
gravity and permeability heterogeneity in WAG performance is consistent with published numerical
studies [4, 5].

Field X: WAG/SAG schedule diagnostic
== C0; injection
= 0= Waterfsurfactant shug

3000 fo == =0 PRSP o= o--g 2200

i ]

' 2000
1
v

2500

H
]

: 1800
| 1600 +
|

2000 1400

1200

i 1000

CO; rate, t/id

800

600

‘Water/surfactant rate, m’/d

400
500

200

0 p——C—m—=m== == Aol = = = B MOl = m = mm m e =i )

0 10 20 0 40 50 60 70 80 a0 100 110 120
Pilot time, days

Figure 6 — Field X WAG/SAG schedule diagnostic with CO2 mass rate
and water/surfactant volumetric rate shown on separate axes

Wellbore thermal start-up

The start-up calculation ramps CO- rate from 0 to 2,980 t/d over 6 h. BHP rises from 12.5
to 15.2 MPa, while bottomhole temperature decreases from 70.0 °C to a minimum of 62.4 °C at
approximately 1.2 h and then recovers to 68.9 °C by 6 h. The figure uses a 10 °C internal thermal
QC threshold only as a conservative numerical flag for excessive cooling; it is not presented as a
universal hydrate-equilibrium boundary. The calculated minimum BHT remains more than 52 °C
above that QC line. This treatment resolves the thermal risk as a quantified start-up diagnostic rather
than an undefined hydrate or integrity margin [8, 9].

Field X: Joule-Thomson start-up screening
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Figure 7 — Joule-Thomson start-up screening for Field X.
Temperature is reported in °C and CO: rate in t/d on a separate axis
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CO: retention balance and mass-balance closure

The CO:2 accounting table reconciles injected, produced, dissolved, residual-trapped and mobile
CO:, for every reported year. The retained fraction decreases from 0.875 in 2027 to 0.804 in 2037 as
produced CO: increases, while the calculated mass-closure error remains exactly 0 kt in all reported
cases. The MATLAB module also reports massError pct and applies a <1% acceptance criterion.
This makes carbon accounting a quantitative simulator QC requirement rather than a qualitative
carbon capture, utilization and storage (CCUS) statement.

Field X: CO: retention balance and mass-balance closure

. Dissolved
J === Residual trapped

= Mobile retained
—— Injected minus produced

COs, kt

2028 2030 2032 2034 2036
Year

Figure 8 — Field X CO: retention balance. Dissolved, residual-trapped
and mobile retained CO2 sum exactly to injected
minus produced CO: for the reported diagnostic cases

Quantitative sensitivity of process implementation

Figure 9 and Table 4 quantify the response to nine model-implementation assumptions. Across
the tested envelope, the oil response ranges from -18% to +12%, and the CO:-retention response
ranges from -20% to +24%. The largest adverse oil changes are associated with kv/kh (-18%), krg
endpoint (-16%) and MMP shift (-14%). The strongest positive retention response is produced by
enhanced hysteresis trapping (+24%). Increasing the BHP cap produces a +12% oil-response shift
but is retained as an operational sensitivity rather than an automatic optimization target because
pressure integrity must be evaluated concurrently [6, 7].

Field X: sensitivity of process-diagnostic response

I Oil-response impact, %
N CO-retention impact, %

MMP shift 4

lewkh 4

krg endpoint 4

Hysteresis -

Fault multiplier -

BHP cap §

CO: impurity 4

Grid refinement

Thermal ramp-up -

—-20 =10 o 10 20
Impact relative to base diagnostic case, %

Figure 9 — Quantitative sensitivity of Field X oil response
and COsz retention to process-diagnostic assumptions
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Table 4 — Quantitative sensitivity matrix for Field X process diagnostics

Parameter Low / Base / High Oil impact, % Retention impact, % Primary block
MMP shift -1/0/+1 MPa -14 -5 EOS/PVT
kv/kh 0.02/0.08/0.16 -18 -12 GRID / vertical flow
krg endpoint 0.45/0.65/0.85 -16 -20 Three-phase relperm
Hysteresis trapping | off / base / enhanced +9 +24 Hysteresis
Fault multiplier 0.1/1/5 -11 -18 Fault connectivity
BHP cap 13.5/14.5/15.5 MPa +12 +8 SCHEDULE
CO: impurity 0/5/10% -7 -3 EOS/PVT
Grid refinement coarse / base / refined +5 +9 GRID
Thermal ramp-up 05/2/6h +3 +2 Thermal QC

Field-scale production response

The field-scale E300 model provides an independent quantitative check that the process
diagnostics correspond to a material production response. Over the 40-year forecast, cumulative oil
increases from 17.96 Mt in the Base case to 25.37 Mt in the CO: case, giving 7.41 Mt of incremental
oil and a 41.3% relative increase. At year 40, the Base oil rate is 0 t/d, while the CO: case retains
238.6 t/d. Average reservoir pressure is 22.98 MPa in the Base case and 23.11 MPa in the CO: case.
Cumulative COs2 injection reaches 15.67 billion m?, corresponding to approximately 2,115 m* CO:
per tonne of incremental oil. These values are the explicit field-scale results; WAG/SAG and foam
remain engineering mobility-control options rather than additional full-field forecast claims.

Table 5 — Explicit field-scale Base-versus-CO: results for Field X

Indicator Base case CO: case Difference / interpretation
Cumulative oil, Mt 17.96 25.37 +7.41 Mt (+41.3%)
Oil rate at year 40, t/d 0.0 238.6 Late-life production sustained by CO: case
Average reservoir pressure at 22.98 23.11 Pressure-support contribution
year 40, MPa
Cumulative CO: injection, - 15.67 Field-scale injection volume
billion m*
Specific CO: injection, m?/t - 2,115 Gas-utilization engineering indicator
incremental oil
Cumulative water production, 55.1 80.0 Higher water handling reflects extended
thousand t production period

Integrated interpretation

The results establish a two-level acceptance logic. At the process level, the model must pass
EOS/MMP, three-phase flow, hysteresis, vertical segregation, operational, thermal and carbon-
accounting checks. At the field level, the accepted CO. model must produce a material and
operationally interpretable response. This separation prevents a positive production curve from being
accepted when it is generated by an overly mobile gas function, excessive vertical transmissibility,
an undefined MMP transition or incomplete CO-2 accounting. The approach therefore converts the
earlier qualitative checklist into a reproducible process-to-simulator quality-control framework with
an explicit, auditable process-to-code implementation layer.

Conclusions
1. CO2-EOR for Field X is represented as a compositional, multiphysics modeling problem

rather than a simple additional gas-injection stream. The workflow connects each physical mechanism
to a simulator functional block, a diagnostic output, a quantitative sensitivity test and an acceptance
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criterion. A representative ECLIPSE E300 implementation chain (RUNSPEC-GRID-PROPS-
SOLUTION-SCHEDULE-SUMMARY-MATLAB post-processing) makes the physical-process
coding concept explicit without claiming disclosure of the complete confidential Field X deck.

2. The underlying field-scale model is explicitly documented: ECLIPSE E300 compositional
mode, 93 x 88 x 78 cells, 638,352 total cells, 194,413 active cells, nominal 100 x 100 x 1 m resolution
and a 40-year forecast. Only the Base and continuous CO: cases are claimed as explicit field-scale
dynamic runs.

3. The MMP reference is 13.2 MPa. The 0.7 MPa term is defined as a numerical logistic
transition width used only in the MATLAB QC diagnostic; it does not modify MMP. Physical MMP
uncertainty is independently tested at =1 MPa.

4. The gravity-override indicator is dimensionless because the raw segregation proxy is
normalized to the Base diagnostic reference. The CO: accounting is also normalized, and the reported
diagnostic cases have zero mass-closure error.

5. Quantitative sensitivities identify kv/kh (-18% oil response), krg endpoint (-16%), MMP
shift (-14%), fault multiplier (-11%), BHP cap (+12%) and hysteresis (+9% oil; +24% retention) as
the principal process controls. The total tested range is -18% to +12% for oil response and -20% to
+24% for CO: retention.

6. At field scale, continuous CO: injection increases cumulative oil from 17.96 to 25.37 Mt,
providing 7.41 Mt of incremental oil (+41.3%) and maintaining 238.6 t/d at year 40 compared with
zero in the Base case. This field-scale response is supported by the process-level QC workflow rather
than interpreted independently of it.

7. Reactive transport is not claimed as an executed result. It is retained only as a future extension
when mineral or brine reactions become an injectivity-control mechanism. Pressure-integrity
screening is reported without claiming a fully coupled geomechanical solution.
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KAPBOHATKYPAM/Ibl KOJUIEKTOPJIAPJIA MYHAM BEPTTIITIKTI
APTTBIPY OAICIH TAHAAYAbI HEI'I3JAEY YIIIH KABATTBIH UTEPLTY
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Anjarna
MyHait OeprimTiKTi apTTBIPy OAICTEpiH CEHIMII TaHAay OHIIpY AWHAMHKACHIMEH KaTap, KbICBIMHBIH ©3Te-
pyiH, GarouaTepAiH KacweTTepiH, Kerdaszaibl arblHIBI, Ta3JbIH KO3FaJFBIIITHIFbIH, YHFbIMATAPILl Maligaany
HICKTEYJIEPiH KOHEe KabaTThIH y3aK MEp3iMl PeakiusChIH CHIIATTAThIH KEIICH/II MOJIeNIbICY /Il Tanamn erei. by

585



HERALD OF THE KAZAKH-BRITISH
Vol. 23, No. 3, 2026 TECHNICAL UNIVERSITY

symbicTa KazakcTanarbl aHOHUMICHAIPIITeH KapOOHATThI X KeH OpHBIHBIH MbIcasibinaa CO: alijayra Heri3ienrexH
MyHaii OeprimTikti apTTeipy (MBA) onicrepin Oaranay yuriH KaOaTThIH NaijanaHy KOPCETKIIITEPIH MOAECIbICY
JKOHE (DM3HMKAJIBIK MPOLECTEP/l KOATAY TOCUIl YChIHBUFAaH. TONBIK ayKbIMIbI ecentey 93 X 88 X 78 ysmbIKTaH
TypaTbiH, oHBIH imiHae 194 413 Gencenni ysambrer 6ap ymemmemai ECLIPSE E300 xoMmo3unusuiblk Moaei
Herizinme 40 XpUTABIK OomKaMIsl Ke3eHre Kyprizingi. Ecentey xyiieci PVT/EOS cumatTamachiH, €H TOMEHT1
apajnacy KbIChIMBIH (MMP), yinr (aszajbl cajabICTBIPMANbl OTKI3TIMITIKTI, THCTEPE3UCTI, TIK THAPOIAHAMHUKAIIBIK
0aiIaHBICTBIIBIK TICH TPABUTALIUSIIBIK CErPEralysiHbl, aii/jay KEeCTECiH, TYNTIK KbICHIM IIEKTEYJIEePiH, YHFbIMaIarbl
KBUTYJIBIK acepiiep/i skone CO2 MaTepHaiIblK OaltaHChiH OipikTipei. OpOip GpU3NKaIBIK MEXaHU3M CUMYJISITOP/IBIH
THICTI ()YHKIIMOHATABIK OJOTHIMEH, TUATHOCTHKAIIBIK KOPCETKIMINEH, Ce3IMTAIABIK TaJllaybIMEH JKOHE KaObUIIay
kputepuitimer OaitmansicTeIpbuTFaH. RUNSPEC-GRID-PROPS-SOLUTION-SCHEDULE-SUMMARY Ti36eri
xkoHe MATLAB OarmapiaMacsl apKeUIIbl HOTIDKENIEP/l KeHiHTI eHaey KabaT (u3nkackiHAaH Oactam O0KaMIBIK
HOTIOKENEPIi TYCIHAIpyTe JeHIHTI KalaFralaHyIIbUIBIKTEI KaMTaMachl3 eTefli. Ce3iMTanapIK Tauaaybl HOTHKECIH/IE
TiK 0ailIaHBICTBUIBIK, Ta3/bIH CAJIBICTBIPMAJIBI OTKI3rimITIri, MMP Genrici3niri, kapbIKIIaKTapIblH ©TKI3TiIITIri,
THCTEPE3NC JKOHE TYNTIK KBICBIM IIEKTeyJiepi Herisri ¢akropnap perinae aiikpiHnanabl. CO»-HI y31iKci3 aitnay
JKMHAKTaJIFaH MyHail eHAipy kesieMiH 17,96 miH ToHHanmaH 25,37 MIH TOHHara JeWiH apTTeIpb, 7,41 MiH
TOHHA KeJeMiHAe KochiMmma eHmipymi (+41,3%) kamramacei3 erti. 40-KpUTbl MyHal AeOuTi ToymiriHe 238,6
TOHHA JICHIeHiHJe cakrajca, Oa3aiblK HYCKaJa Oyl KOpCEeTKIIl HeNTe NeHiH TOMEHIeHi. ANBIHFaH HOTIDKENIEp
Ka0aT »KYMBICBIH MHTETpallMsUIaHFaH MOJENbACY OHBIH MIHE3-KWIKBIH OoJpKayFa, Oenrici3miKTepi CaHIBIK
TYPFBIZIaH Oaranayra )KoHE TeXHUKAIBIK HerizjenreH MBA oficiH TaHmayra KaXeTTi CeHIMII MHXXEHEpIIiK Heri3
KaJIbINITACTBIPATHIHBIH KOPCETE .

Tyiiin co3nep: CO>-MBA, xeH opHBIH Urepyai MoJelbaey, GU3HKaIbIK npouectepai koaray, MBA anicin
targay, CO2 MarepuanpK OanaHchl, KapOOHATKYPaMIbl KOJUIEKTOP.
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MOJEJIUPOBAHUE MMOKA3ATEJEMN PASPABOTKH IVIACTA U KOHTPOJIb
KAYECTBA IIEPEHOCA TEXHOJTOT'HYECKOI'O ITPOIECCA B CUMVJIATOP
AJ151 OBOCHOBAHUS BBIBOPA METOJA YBEJIUMYEHUSA HEOTEOTJAYHN
B KAPBOHATCOAEPKAIIUX KOJJIEKTOPAX

AHHOTALMA

Hanexxublil BEIOOp METOAOB yBEIHUYEHUSI HeTEOTAAUN TpeOyeT I'MAPOANHAMUYECKOTO MOJIEIUPOBAHUS pa3-
PabOTKH, BOCIIPOU3BO/ISIIETO HE TOJIBKO TMHAMUKY JOOBIYH, HO U (pU3NUeCcKre MEXaHU3MBI, OTIPEICISOLIHIE JaBiie-
HHe, CBOMCTBA (ITIOMI0B, MHOTO(a3HOe TeUeHUE, OABM)KHOCTh ra3a, paboTy CKBaKUH U JIOJITOCPOYHYIO PEAKIIUIO
wracta. B pabore npeuiokeH MOxXoa K MOJEIMPOBAHMIO Pa3pabOTKH M KOAMPOBAHHMIO (PU3MYECKUX MPOLIECCOB
JUISL OIIEHKH MeTozoB yBenudeHust Hedreornaun (MYH) Ha ocHoBe 3akauku CO: Ha mpuMepe aHOHUMH3HPOBaH-
HoOTO KapOoHaTconepxkamero oonrekra Field X B Kazaxcrane. [lomHomacmtabHOE MOJETHPOBAHNE BBIITOTHEHO B
ECLIPSE E300 Ha TpexMepHOU KOMIO3UIIMOHHOW Mojienu 93x88x78 sueek, Bkiatouast 194 413 akTUBHBIX siueek,
¢ nporuo3ubiM nepuonom 40 ner. Pacuernas cxema oobenunsier PVT/EOS, MuHUManbHOE JaBiIeHHE CMECUMOCTH
(MMP), Tpex¢azHble OTHOCUTEIbHBIC IPOHUIIAEMOCTH, TUCTEPE3UC, BEPTHKAIBHYIO CBSI3aHHOCTh M T'PaBUTAIMOH-
HYIO Cerperanuio, rpauk 3aKadku, OrpaHHYCHUS 110 32001HOMY JTaBJICHUIO, TEPMHUECKHI OTKIMK CKBaXKHHBI U Ma-
TepuanbHbIi 6ananc CO». Kaxapiit huznueckuii MeXxaHU3M CBsI3aH ¢ (YHKIIMOHAIBHBIM OJIOKOM CUMYJISITOPA, THa-
THOCTHYECKNM TIOKa3aTesieM, aHaJIM30M YyBCTBUTEIBHOCTH M KpUTepHeM mpuemseMocTH. IlocnenoBarenbHOCTH
RUNSPEC-GRID-PROPS-SOLUTION-SCHEDULE-SUMMARY c¢ nocnexytomeit oopadotkoit B MATLAB
obecrieurBaeT MPOCIIEKNBAEMOCTh OT TIACTOBOW (DU3UKH 10 MHTEPIIPETAIMU IIPOrHO3a. AHAIN3 YyBCTBUTEIHHO-
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CTH BBIJICJIUII BEPTHKAJIBHYIO CBSI3aHHOCTb, F'a30BYI0 OTHOCHTENILHYIO POHUIIAEMOCTb, HeonpenesieHHOCT MMP,
MPOBOJMMOCTB Pa3jIOMOB, 'HCTEPE3HUC U OTPAHUYEHHS 10 3200HHOMY JIaBJICHUIO Kak OCHOBHBIE (hakTopsl. Herpe-
priBHas 3akadka CO: yBeIMUMBaCT HAKOIUIEHHYIO 100bay HedtH ¢ 17,96 no 25,37 muH T, obecrieunBas 7,41 MitH T
JnononHuTensHoi noosan (+41,3%). Ha 40-i1 ron nebut Hedtu coxpansiercst Ha ypoBHe 238,6 T/CyT IPOTHB HYJISI B
6a30BoM BapHuaHTe. Pe3ynbTaThl MOATBEPKIAIOT, YTO HHTETPUPOBAHHOE MOZICIINPOBAHUE Pa3paboTKu oOecTieunBaeT
WHKEHEPHYIO OCHOBY JUIsl IIPOrHO3MPOBAHUS [TOBEACHHS TIAcTa, KOJIMUECTBEHHOH OLIEHKH HEONPEEeIeHHOCTH U
00ocHOBaHHOTO BBIOOpa MeToga MY H.

Kuouesnble ciioBa: CO-MYH, runponinamudeckoe MoACIMPOBaHUE pa3paboTKU, KOAUPOBAHHE (HU3HUECKHX
mpoiieccoB, Beioop Meroga MYH, marepuanbhsbiii 6ananc CO2, kapOOHATCOIEPKAIIUI KOJUICKTOP.
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