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Abstract. Optimization of methane feed intake plays a critical yet underexplored role in improving the thermodynamic
and economic performance of Gas-to-Liquids (GTL) plants. While previous studies primarily focused on catalyst
development and reactor temperature optimization, the methane intake rate itself has rarely been treated as a primary
decision variable within an integrated kinetic—-thermodynamic framework. In this study, a comprehensive nonlinear model
of a GTL plant was developed, integrating methane reforming kinetics, mass and energy balances, Fischer—Tropsch
synthesis reactor performance, and exergy analysis. The reforming section was described using Langmuir—Hinshelwood
kinetics, coupled with plug flow reactor mass—energy balances. A multi-objective optimization problem was formulated
to simultaneously maximize synthetic fuel yield and minimize specific energy consumption, CO, emissions, and exergy
destruction. The optimization was solved using a Multi-Objective Genetic Algorithm implemented in MATLAB. Pareto
front analysis revealed a narrow optimal methane intake window between 115 and 132 kmol/h. Within this region, fuel
yield increased by 8.9%, specific energy consumption decreased by 6.1%, CO, emissions were reduced by 8.1%, and
total exergy destruction decreased by 9.2% compared to baseline operation. Sensitivity analysis confirmed methane feed
rate as the dominant operational variable, contributing over 40% of total performance variance. Excess methane intake
(>140 kmol/h) was shown to increase thermal irreversibility and oxygen demand with marginal productivity gains, while
insufficient feed (<105 kmol/h) resulted in reactor underutilization. The developed framework demonstrates that methane
intake control represents a powerful and industrially viable optimization lever for GTL plants. The proposed methodology
can be integrated into advanced process control and digital twin platforms to enhance plant efficiency, reduce carbon
footprint, and improve operational stability.

Keywords: Gas-to-Liquids (GTL); Methane feed optimization; multi-objective optimization; Genetic algorithm; Fischer—
Tropsch synthesis; Exergy analysis; Syngas production; Nonlinear reactor modeling; Process intensification; Energy
efficiency.



¥/

MUHANDISLIK VA IQTISODIYOT 2026-yil, mart. Ne 3-son

Annotatsiya. Metan oqgimini optimallashtirish Gas-to-Liquids (GTL) zavodlarining termodinamik va iqtisodiy
samaradorligini oshirishda muhim, ammo yetarlicha o‘rganilmagan omil hisoblanadi. Avvalgi tadqigotlarda asosan
katalizatorlarni takomillashtirish va reaktor haroratini optimallashtirish masalalariga e’tibor garatilgan bo‘lsa, metan
berish tezligi integratsiyalashgan kinetik-termodinamik model doirasida asosiy boshqgaruv o‘zgaruvchisi sifatida kamdan-
kam o‘rganilgan. Ushbu tadgiqotda metan reformingi kinetikasi, massa va energiya balanslari, Fischer—Tropsch sintezi
reaktori ishlashi hamda eksergiya tahlilini o'z ichiga olgan GTL zavodining kompleks nochizigli modeli ishlab chiqildi.
Reforming bo‘limi Langmuir-Hinshelwood kinetikasi asosida tavsiflanib, u ideal siqgib chiqarish tipidagi reaktor uchun
massa va energiya balanslari bilan integratsiya qilindi. Bir vagtning o‘zida sintetik yoqilg‘i chigishini maksimal darajaga
yetkazish hamda solishtirma energiya sarfini, CO, chigindilarini va eksergiya yo‘qotishlarini minimallashtirish magsadida
ko‘p magsadli optimallashtirish masalasi shakllantirildi. Optimallashtirish MATLAB dasturida amalga oshirilgan ko‘p
magsadli genetik algoritm yordamida yechildi. Pareto fronti tahlili metan berishning optimal diapazoni 115-132 kmol/
soat oralig‘ida ekanligini ko‘rsatdi. Ushbu diapazonda yoqilg‘i chigishi 8,9 % ga oshdi, solishtirma energiya sarfi 6,1 %
ga kamaydi, CO, emissiyasi 8,1 % ga qgisqardi va umumiy eksergiya yo‘qotishlari bazaviy ish rejimiga nisbatan 9,2 %
ga kamaydi. Sezgirlik tahlili metan berish tezligi asosiy operatsion omil ekanligini tasdigladi va u umumiy samaradorlik
o'zgarishlarining 40 % dan ortig‘ini belgilashi aniglandi. Metan berishning haddan tashqari ko‘payishi (>140 kmol/soat)
issiglik gaytmasliklarini va kislorod talabini oshirishi, biroq ishlab chigarish samaradorligiga sezilarli ta’sir ko‘rsatmasligi
aniglangan. Aksincha, yetarli bo‘imagan berish (<105 kmol/soat) reaktor quvvatining to‘liq ishlatiimasligiga olib keladi.
Ishlab chigilgan metodologiya metan berishni boshgarish GTL zavodlari uchun samarali va sanoatda go‘llash mumkin
bo‘lgan optimallashtirish mexanizmi ekanligini ko‘rsatadi. Taklif etiigan yondashuv ishlab chigarish samaradorligini
oshirish, uglerod izini kamaytirish va operatsion bargarorlikni yaxshilash magsadida ilg‘or jarayon boshqgaruvi tizimlari
hamda ragamli egizak platformalariga integratsiya gilinishi mumkin.

Kalit so‘zlar: Gas-to-Liquids (GTL); metan oqgimini optimallashtirish; ko‘p magsadli optimallashtirish; genetik algoritm;
Fischer—Tropsch sintezi; eksergiya tahlili; sintez gaz ishlab chigarish; nochizigli reaktor modellashtirish; jarayon
intensifikatsiyasi; energiya samaradorligi.

AHHoTauus. ONTUMM3auLMs nogady MeTaHa UrpaeT BaKHYl, OOHAKO HEAOCTaTOYMHO W3YYEHHYK Pofb B MOBbLILIEHUM
TEPMOONHAMUYECKON WK 3KOHOMUYeckonm 3ddeKkTMBHOCTM ycTaHoBOK Gas-to-Liquids (GTL). B npegbigyLumx
nccnefoBaHNSaX OCHOBHOE BHMMaHWE yAensanocb paspaboTke KatanM3aTtopoB 1 ONTMMU3aLMn TeMnepaTtypbl peaktopa,
TOr4a Kak CKOpOCTb Mojavu MeTaHa pedko paccMatpuBanacb Kak KriodeBas nepemMeHHasi yrnpaBrieHus B pamKax
WHTErpUPOBaHHON KMHETUKO-TEPMOAMHAMUYECKO Mogenu. B aaHHoOM nccnegoBaHum Obina paspaboTtaHa komnnekcHas
HenuHenHasa moaenb yctaHoBku GTL, BkovaroLwasa KUHETMKY peddOpMUHra MeTaHa, MaTepuarnbHble U SHEepreTuYeckme
GanaHcbl, XxapakTepUCTUKN peakTopa cuHTesa duwepa—Tponia u akcepreTudeckuin aHanua. Cekums pedopMuHra
onucaHa C UCMofb30BaHNEM KUHETUKWU JlaHrMmiopa—XuHLenbsyaa, 06beAMHEHHON C ypaBHEHUSMW MaTtepuanbHOro 1
3HepreTmyeckoro 6anaHca peakTopa naeansHOro BelTeCHeHUA. bbina cdopmynupoBaHa 3agadya MHOroKpUTepransHoOu
onTUMM3aLUMM C UeNbio OOAHOBPEMEHHOMO MaKCHMM3NPOBaHWS BbIXOA4A CUHTETUYECKOro TOMMMBa U MUHUMM3ALMM
yOoenbHOro 3HepronoTpebnenns, BbibpocoB CO, M akcepreTmyeckmx notepb. OnTuMu3aumsa Obina BbIMOMHEHa C
NCMosib30BaHNEM MHOFOLIENIEBOrO FEHETUYECKOro anroputma, peanusoBaHHoro B MATLAB. AHanua dpoHTa [MapeTo
nokasar, YTO OnTMMarnbHOE OKHO Moaavn MeTaHa HaxoauTca B AnanasoHe 115-132 kmornb/y. B aTOoM ArManas3oHe Bbixof,
Tonnuea yBenuuuncs Ha 8,9 %, yaenbHoe aHepronoTpebnexHme cHuamnock Ha 6,1 %, Bbibpockl CO, yMeHbLWNAKCH Ha 8,1
%, @ CyMMapHble 3KCepreTnyeckne notepm cokpaTmunmcb Ha 9,2 % no cpaBHEHMUIO C 6a30BbIM peXMMOM paboTbl. AHanu3
YyBCTBUTENBHOCTM MOATBEPANI, YTO CKOPOCTb NOAAYN MeTaHa ABNSeTCS AOMUHMPYOLMM ONepaLMoHHbIM NapamMmeTpoMm,
obecneunBatowmm 6onee 40 % obLuen BapnaLum NPoON3BOACTBEHHbIX Nokasatenen. bbino nokasaHo, YTo M30bbITOYHas
nogaya metaHa (>140 Kmonb/4) NMPUMBOAWUT K YBENMUYEHMIO TEMIOBOW HeobpaTMMOCTM U MOTpebHOCTU B KMcropoae
Npu HEe3Ha4YUTENbLHOM POCTE NPOM3BOAMTENBHOCTM, Torga Kak HepocTatodHas nogada (<105 kmonb/4) Bbi3biBAET
Hepowvcnonb3oBaHne peaktopa. PadpabotaHHasi MeTodonorns AEeMOHCTPUPYET, YTO YMnpasreHue nopadvert mMeTaHa
npeacraenseT cobon adPdEKTUBHBIN 1 NPOMBILLNIEHHO peanu3yeMblil MIHCTPYMEHT ONTUMMU3auun Ans yctaHoBok GTL.
[MpeanoxeHHbIN NoAxon MOXET OblTb MHTErpMpOBaH B CUCTEMbI MPOABUHYTOTO yrpaBneHus npoueccaMmn 1 umdpoBble
[OBOVIHWKM ANS NOBbILLEHUS 3¢pEKTUBHOCTN NMPOU3BOACTBA, CHUKEHWUS YIIEPOAHOro criefa v yny4lleHns onepawyoHHON
CTabunbHOCTW.

Knioueeble crioea: Gas-to-Liquids (GTL); onTummusaums nogayM MeTaHa; MHOroKpuTepuarnbHas OnTUMU3auns;
reHEeTUYECKUIA anropuTM; cnHTe3 durepa—TponLua; 3KCePreTMYecknin aHanms; NPOU3BOACTBO CUHTE3-ra3a; HernMHenHoe
MoAenMpoBaHue peakTopa; MHTeHcUdMKaLns NpoLeccoB; aHepreTnyeckas 3MEKTUBHOCTb.
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INTRODUCTION

Gas-to-Liquids (GTL) technology has emerged as a strategic pathway for monetizing natural gas resources
and converting methane into ultra-clean synthetic fuels. The increasing global demand for low-sulfur diesel,
combined with stricter environmental regulations and the need to reduce gas flaring, has significantly intensified
interest in GTL processes [1-3]. Unlike conventional petroleum refining, GTL enables production of high-cetane
diesel with near-zero sulfur and aromatic content, making it attractive for future low-emission transportation
systems. The GTL process consists of syngas production followed by Fischer—Tropsch synthesis (FTS), where
synthesis gas (H,/CO mixture) is catalytically converted into long-chain hydrocarbons [4,5]. Among all process
units, methane reforming plays a dominant role in determining overall plant efficiency, accounting for up to 60%
of total energy consumption and being responsible for the majority of exergy destruction [6,7].

The methane feed intake rate directly influences: Syngas composition (H,/CO ratio), reforming temperature
peak, oxygen demand in ATR, carbon formation risk, catalyst stability, CO, emissions. Despite extensive
research on reforming kinetics and FTS catalysis [8—10], system-level optimization of methane intake under
thermodynamic and operational constraints remains insufficiently explored. Most studies have focused on
catalyst design [11], reactor hydrodynamics [12], or temperature optimization [13], while the methane feed itself
is often treated as a fixed parameter. Recent advances in process modeling and computational optimization
allow integration of kinetic, thermodynamic, and exergy analyses within unified frameworks [14—16]. Multi-
objective optimization techniques, including genetic algorithms and evolutionary strategies, have proven
effective in solving nonlinear chemical engineering systems with competing objectives [17-20]. However,
limited literature addresses the multi-objective optimization of methane intake rate considering fuel yield,
energy consumption, CO, emissions, and exergy destruction simultaneously.

REVIEW OF LITERATURE ON THE SUBJECT

Therefore, the present work aims to fill this gap by developing an integrated nonlinear GTL model
and applying multi-objective optimization to determine the optimal methane feed window. Steam methane
reforming and autothermal reforming have been extensively studied. Rostrup-Nielsen and Christiansen [8]
provided foundational kinetic and mechanistic models for methane reforming over nickel catalysts. Xu and
Froment [9] developed Langmuir—Hinshelwood rate expressions that remain widely used in industrial modeling.
Subsequent studies demonstrated that reforming performance strongly depends on feed composition and
steam-to-carbon ratio [10]. Exergy analyses confirm that reforming represents the largest irreversibility source
in GTL systems [6,7]. The performance of Fischer—Tropsch synthesis depends on syngas ratio, pressure, and
catalyst type. Dry [4] provided comprehensive analysis of FTS kinetics and product distribution. Iglesia [11]
highlighted the importance of cobalt catalysts in low-temperature FTS. Chain growth probability and selectivity
are highly sensitive to H,/CO ratio, which is directly influenced by methane reforming conditions [5]. Exergy-
based assessments have been applied to GTL plants to quantify inefficiencies [6,15]. Ahmadi and Dincer [16]
demonstrated that reforming accounts for more than half of total exergy destruction. These findings emphasize
the need for integrated thermodynamic optimization rather than purely kinetic improvements. Several
researchers have applied optimization techniques to GTL processes. Ertesvag [14] analyzed thermodynamic
improvements in integrated GTL systems. Mehrpooya et al. [15] applied multi-objective optimization to syngas
production but did not consider methane feed rate as a primary decision variable. Evolutionary algorithms have
shown strong performance in solving nonlinear chemical process optimization problems [17—-19]. However,
a comprehensive methane intake optimization framework integrating kinetic modeling and exergy analysis
remains absent in the current literature.

RESEARCH METHODOLOGY

Mathematical Modeling. Modeling Assumptions. To construct a tractable yet industrially relevant model
of the Gas-to-Liquids (GTL) plant, the following assumptions are adopted: Steady-state operation, Plug Flow
Reactor (PFR) model for reforming and Fischer—Tropsch reactors, ideal gas behavior in reforming section,
negligible radial gradients, no external mass transfer limitation, catalyst activity considered constant.

Reforming Reactor Model. Reaction Network. The reforming section includes: Steam methane reforming
(SMRY); Partial oxidation (ATR mode); Water—gas shift (WGS). Main reactions:

R,:CH,+ H,0 = CO + 3H,

1
Ry:CH, +20, = CO + 2H,

547
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Ry:CO+ H, 0« C0, +H,

Langmuir—-Hinshelwood type rate expressions:
ki Py, Py.o

r1:(1+Kr.'H4PE'H4 +Ky 0Py, 0% Kco Peo)®

_k,F EH,,P O

3

EBep, Py
— ==2 73
(PE'GPH._..G K

r.=k £q
3 3

Arrhenius dependence:

-=)

k=k,,exp* &T

Mass Balance Equations PFR Model:
For methane:

Fer,

av.o= o
For carbon monoxide:
dFrp

av =TT 1 —13
For hydrogen:
dFy
— T2

av =31 T 2 Ty
For carbon dioxide:

dFeq, _

T
dv ?
For water:

.:iFH1 o
dl’

Where:

F

V' _ reactor volume
Energy Balance. The reformer operates under strongly nonlinear thermal behavior. Energy balance:
dT  —2X r;AH;

AV XFC,,

-1, — T3

I molar flow rate (kmol/h)

Where: 4H; _ reaction enthalpy; Cosi - heat capacity

The Fischer—Tropsch synthesis reactor is modeled using Anderson—Schulz—Flory distribution: Chain
growth probability:
L
a =Fptk:
Hydrocarbon distribution:
W, =(1—a)a™?
Overall hydrocarbon production rate:
Tue = kerPeoP H,
Exergy Analysis. Total specific exergy:
E.=E

Xphysical *ehemical
Chemical exergy:

E. . = inexiu +RTDinlnxi

Exergy destruction:

Exdesr = Z Exiu - Z Exﬂut‘
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Optimization problem formulation. Decision variables:
x = [Fy,, T,,5/C,0/C]

Multi-objective function:

Maximize Y,

Minimize Q_

Minimize CO,,

Minimize Exdesr

Weighted objective function:

J(X):_ali}usi T @;Q.pee T @300, +a E,

Subject to constraints:

dest

Hy
1gS e =23
T =1100C

mav

min max
Fr.'.'!{, 5"T:rl'.'.'h[, EFEH4

Optimization methodology and MATLAB implementation. Nature of the optimization problem. The
developed GTL model represents a strongly nonlinear constrained multi-objective optimization problem. The
complexity arises due to: Arrhenius-type exponential kinetics; Coupled mass—energy balances; Thermodynamic
equilibrium constraints; Exergy-based performance indicators; Operational safety limits.

The methane feed intake Fcas affects the entire plant performance in a nonlinear and non-monotonic
manner. Therefore, classical gradient-based methods may converge to local optima. For this reason, an
evolutionary multi-objective optimization approach was selected.

A Multi-Objective Genetic Algorithm (MOGA) was implemented using MATLAB Global Optimization
Toolbox. The optimization problem is formulated as:

—fi(x)
fa(x)
fa(x)

minf)= L fa
Where:

fi= synthetic fuel yield
fa= specific energy consumption
fa= CO, emissions

fa= exergy destruction
Subject to nonlinear constraints:

glx)=0
h(x)=10
Decision variables (Table 1):
T,
x =
s/C
o/
Table 1. Bounds applied
Variable Lower Bound Upper Bound
Frya 80 kmol/h 180 kmol/h
T, 750 °C 1050 °C
S/IC 1.5 3.5
o/C 0.4 0.8

&
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Convergence behavior was evaluated using (Figure 1):

e = ||f(k} _ Fle-D ||

Fischer—Tropsch Reactor

Methane Feed .. Reforming Reactor Model

(2n+1) H; + nCO — C H,,,, + nH,0
Ry: CH, + H,0 — CO + 3H, .
W, = (1-a)a’

Ry: CHy + /20, — CO + 2H, J

Ry: €O + H,0 == CO, + H, l
Exergy Analysis
r_ »
T e

Exdm =} Ex,- ZE"W:
Reforming Reactor

Reaction Kinetics

= kPeuy Prio
r, = k,Pey, Po,

Ex, =Y x;ex’ +RT,Y  Inx
13 = k3(PeoPy,6™ PeoaPrad) & . e

x EXM = ZF. (H,= Ho = Ty(5,=55))
Mass Balance ) [ Energy Balance
ey, 14V ==~ r, dT,, =3 naH;
dFeq, /dV=r,+ 1,1, = Cpi )
dF,, sdv=
s SOt ) Optimization Objectives
I + imize Fuel Yield (Yg,./)

- Minimize Energy Consumption (Qs,)
= Minimize CO, Emissions
+ Minimize Exergy Destruction (Exes¢)

Figure 1. Mathematical model of GTL Process

ANALYSIS AND RESULTS

The multi-objective genetic algorithm produced a well-defined Pareto front representing trade-offs
between: Synthetic fuel yield, specific energy consumption, CO, emissions, exergy destruction. The optimization
converged after 162 generations with stable Pareto distribution. Optimal operating window. The decision space
analysis revealed an optimal methane intake window:

115= Fer, =132 kmolh

Within this region: H,/CO ratio stabilized at 2.05-2.18; Reforming temperature remained below 980 °C;
Carbon formation tendency minimized (Table 2).

Table 2. Comparison between base-case industrial condition and optimized regime

Parameter Base Case Optimized Improvement
Methane feed (kmol/h) 150 124 —
Fuel yield (%) 100 108.9 +8.9%
Specific energy (GJ/t) 14.8 13.9 -6.1%
CO, emissions (kg/t fuel) 420 386 -8.1%

The results demonstrate that methane intake reduction does not necessarily decrease productivity;
instead, it improves thermodynamic efficiency (Table 3).

Table 3. Exergy destruction distribution

Section Base Case (%) Optimized (%)

Reforming 63 57
FTS reactor 21 23
Heat exchangers 10 12
Separation 6 8

Reforming remains the dominant irreversibility source, but optimization reduces its relative contribution.
The reduction in exergy destruction confirms improved thermodynamic quality of the process (Figure 2).
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Optimal Operating Region
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Figure 2. 3D Pareto Surface for methane feed optimization

A local sensitivity coefficient was computed:
ay F::H,,

5Fc;{, ¥
Global Sensitivity Analysis. To quantify the relative influence of decision variables on objective functions,
a global sensitivity analysis was performed using variance-based Sobol indices. Decision variables analyzed:
x = [F; » Tr.s/C.,0/C
Total Sobol index (Table 4):
B Vﬂrxﬂ(Ex[—{?ﬂ{wi]]

S5.=1
T Var(Y)
Table 4. Results
Variable Fuel Yield Energy CO, Exergy

Frps 0.42 0.51 0.48 0.46

T, 0.31 0.28 0.22 0.34
S/IC 0.18 0.14 0.19 0.13
o/C 0.09 0.07 0.11 0.07

Methane feed intake is the dominant variable influencing all objective functions. Scenario Analysis. Three
industrial scenarios were evaluated: 1-Scenario A - high gas availability - high productivity target. Result:

Yield (up) 1.8%; Energy (up) 9.2%; Exergy destruction (up) 11.4%4 Ff—'H.: > 150 kmol/h. Conclusion:
Thermodynamically inefficient. 2-Scenario B - carbon-constrained operation - CO, minimization prioritized.
Result: Optimal methane: - 118 kmol/h; CO, (down) 12%; Yield (down) 2.6%. Conclusion: Suitable for carbon
tax regimes. 3-Scenario C - balanced industrial operation - multi-objective optimization solution. Result:
Methane - 124 kmol/h; Fuel (up) 8.9%; Energy (down) 6.1%; Exergy (down) 9.2%. This scenario provides best
compromise (Figure 3).
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Bl Methane Intake Rate M Fuel Yield Wl Specific Energy I CO, Emissions
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% Change from Base Case
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Methane Intake Rate (kmol/h)
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High Gas Availability Carbon-Constrained Balanced Industrial

Operation Operation

Scenario B -Carbon-CondiriedOperation Seenario C- Balanced Industrial Op

Figure 3. Scenario analysis of methane intake optimization

_ Scenario A -High Gas Availabllity

Stability under feed composition variability. Industrial natural gas may contain: 85-98% methane, CO,
impurities, N, traces. Simulation with £+10% methane purity variation showed: Optimal feed shift < 5%, H,/CO
ratio maintained within acceptable window. This demonstrates industrial robustness. Although the model is
steady-state, a pseudo-dynamic perturbation test was performed: Small step increase in methane feed:

AFgy = +5%

Observed effects: Reforming temperature peak (up) 32 °C, H,/CO ratio (down) 0.07, Exergy destruction
(up) 4.5%. This confirms nonlinear sensitivity of high-temperature regime. Proposals. We propose installing
an additional receiver to receive and store feedstock in case of methane supply interruptions and to ensure
uninterrupted operation of the Uzbekistan GTL plant. We are aware of the time required to shut down and
restart the plant, as well as the impact on product productivity (Figure 4).

Methane Supply from
Shurtan Gas Chemical Complex y e

| Added buffer gas receiver
for uninterrupted operation

Uzbekistan GTL Plant

Continuous Methane Supply Ensured

Figure 4. Continuous Methane Supply Ensured

CONCLUSIONS AND SUGGESTIONS

The present study developed and validated an integrated nonlinear modeling and optimization
framework for methane feed intake in a Gas-to-Liquids (GTL) plant. By combining reforming kinetics, mass
and energy balances, Fischer—Tropsch synthesis reactor performance modeling, and exergy analysis within
a unified computational environment, a comprehensive representation of the GTL process was achieved.
Unlike conventional approaches that treat methane feed rate as a fixed operational parameter, this work
demonstrated that methane intake constitutes a highly influential control variable capable of significantly
affecting thermodynamic efficiency, environmental performance, and overall plant productivity. The multi-
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objective optimization results revealed the existence of a narrow yet industrially feasible methane intake
window that ensures a balanced compromise between fuel yield and energy efficiency. Within the identified
optimal range, synthetic fuel production increased substantially while specific energy consumption, carbon
dioxide emissions, and total exergy destruction were simultaneously reduced. These findings indicate that
productivity enhancement and thermodynamic improvement are not mutually exclusive; rather, they can be
achieved concurrently through appropriate feed rate regulation. The analysis further showed that excessive
methane intake leads to disproportionate increases in reforming temperature, oxygen demand, and thermal
irreversibility, with only marginal gains in hydrocarbon production.

Conversely, insufficient feed flow results in reactor underutilization and deterioration of syngas productivity.
The sensitivity and robustness assessments confirmed that methane feed rate is the dominant operational
parameter influencing overall plant performance, and that the optimized solution remains stable under
realistic kinetic and feed composition uncertainties. From a practical standpoint, the developed optimization
framework provides a scientifically grounded decision-support tool that can be integrated into advanced
process control systems and digital twin architectures. Methane intake regulation emerges as a cost-effective
and implementable strategy for enhancing energy efficiency, reducing carbon footprint, and improving long-
term operational stability of GTL facilities. Overall, this study establishes methane feed optimization as a
critical and previously underexploited lever for process intensification in GTL technology and offers a rigorous
methodological basis for further research in dynamic optimization, catalyst deactivation modeling, and low-
carbon GTL integration pathways.
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