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Abstract:

Oxy-combustion is a promising route to facilitate carbon capture in gas turbine and hybrid power sys-
tems by enhancing the concentration of CO, in the flue gases and thereby simplifying downstream
separation. In solid oxide fuel cell-micro gas turbine (SOFC—mGT) hybrid cycles, oxy-combustion
can be exploited not only to provide CO,-rich exhaust streams that are more compatible with capture
processes, but also to significantly reduce NO,. formation through the removal of atmospheric nitro-
gen from the oxidant stream. However, a systematic assessment of how oxy-combustion conditions
and fuel utilization factor jointly affect CO, enrichment, NO, formation potential, and overall cycle
performance in SOFC—mGT hybrids is still lacking.

In this work, an SOFC—mGT hybrid cycle is modeled in Aspen Plus to investigate the impact of
oxy-combustion on flue gas composition and emissions, focusing on CO, and NO,. reduction poten-
tial. The specific aim of this study is to quantify the combined influence of fuel utilization factor and
the oxidant composition on the feasibility of integrating oxy-combustion into SOFC—mGT systems,
thereby identifying operating regimes that balance CO, capture readiness, NO, mitigation, and cy-
cle efficiency. Results show that partial oxy-combustion, moderate O, enrichment (zo,,ox ~ 0.4-0.6)
combined with high fuel utilization (U; > 0.5), simultaneously achieves CO, concentrations above
22 %, suppresses NO, formation potential by eliminating N, from the oxidant, and maintains turbine
temperatures within feasible bounds, making it a practically attractive strategy for carbon capture
integration in hybrid power systems.
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1. Introduction

Solid oxide fuel cell-micro gas turbine (SOFC—mGT) hybrid cycles have been investigated for
decades as high-efficiency power systems that combine electrochemical conversion in the fuel cell
with turbomachinery-based recovery of remaining chemical and sensible enthalpy in the exhaust
[1-4]. Beyond their potential for high net electrical efficiency, hybrid cycles offer additional degrees
of freedom for thermal management and power split, but also introduce strong coupling between elec-
trochemical operating conditions, post-anode oxidation, and turbomachinery temperature limits [4,5].
At the same time, decarbonization constraints and waste-gas utilization motivate renewed interest in
converting carbon-containing low-calorific fuels (e.g., CO,-diluted natural gas and flare gases) into
electricity with improved efficiency compared to standalone micro gas turbines [6-8|]. However, flare-
gas-to-power remains underexploited in practice, and fuel variability (light hydrocarbons, CO,, and
inerts) complicates both cycle integration and emissions control [6,9].

Most SOFC-GT capture concepts rely on post-combustion separation for CO, recovery, but small-
scale systems face strong penalties when treating nitrogen-diluted exhaust streams [10]. Oxy-



combustion and oxygen-enriched combustion are therefore attractive because reducing the N, con-
tent of the oxidant increases the CO, concentration in the flue gas and can simplify downstream
separation compared to conventional air firing [11]. From an emissions standpoint, removing at-
mospheric nitrogen also suppresses the dominant reactant pool for thermal NO formation, which is
commonly described using extended Zeldovich chemistry and is dependent on high-temperature res-
idence time [12}/13]].

In SOFC—mGT hybrids, the combustor is typically fed by SOFC anode off-gas rather than a fresh,
well-characterized fuel stream; consequently, combustor inlet composition depends on fuel utilization
and fuel composition, and the combustor simultaneously acts as a constraint-enforcing component for
turbine inlet temperature [5.8]. This effect is especially important under oxygen-enriched conditions.
In this case, the higher O, concentration can increase the flame temperature and promote thermal NOy
formation as long as N, remains present. Therefore, intermediate oxidizer compositions between air-
fired and nitrogen-free operation may create a NOy “risk window” [12,/13]. As a result, a systematic
evaluation of oxidant composition, fuel utilization, and fuel composition is needed to identify op-
erating regions where CO, enrichment yields capture-ready exhaust streams without unacceptable
penalties in operability and performance, and without elevated NO, formation in intermediate enrich-
ment regimes.

In our recent work, we developed a steady-state Aspen Plus model of an externally reformed SOFC—
mGT hybrid using Elcogen SOFC stacks [14] coupled to the 10 kWe MITIS Micro-10 micro gas
turbine [15], and demonstrated the influence of fuel utilization and dry-reformed CH4/CO, flare-gas
surrogates on cycle efficiency, turbomachinery temperatures, and anode-off-gas composition [16].
The present paper adopts the same baseline configuration and modelling framework [[16] but shifts
the focus to the oxy-combustion dimension itself: instead of air firing, the SOFC fuel utilization
and oxidant composition are systematically varied from air to oxygen-rich and nitrogen-free limits to
quantify (i) CO5 enrichment and capture-relevant exhaust indicators, (ii) thermal-NO,, formation po-
tential across the enrichment-to-oxy transition, and (iii) the associated trade-offs in cycle performance
and turbine temperature feasibility.

A key modelling challenge is that system-level parametric sweeps require robust and repeatable com-
bustion calculations across large composition ranges, while thermal NO formation is inherently ki-
netic rather than equilibrium-controlled. Accordingly, the cycle simulations are used to provide con-
sistent thermochemical states and exhaust compositions, while NOy is evaluated as a formation po-
tential through kinetic post-processing with a residence-time sweep using detailed gas-phase chem-
istry [12,/17,/18]. This work aims to establish a framework for identifying operating windows in
SOFC-mGT hybrids where oxy-combustion enhances CO- capture readiness and mitigates nitrogen-
driven NO,, formation, while maintaining turbine temperature limits and minimizing efficiency losses.

2. System description

This section presents the modeled SOFC—mGT hybrid cycle, including its overall concept, process
boundaries, and key component specifications. The process layout is first outlined, followed by details
on the oxidant stream transitioning from air-fired to oxygen-rich conditions for oxy-combustion.

2.1. System concept and boundaries

The system considered, shown in Fig[I] is an atmospheric SOFC-mGT hybrid cycle in which the
SOFC delivers electrical power and a hot anode off-gas stream that is subsequently oxidized in a
dedicated combustor to provide the thermal input of the micro gas turbine. The present work adopts
the same baseline configuration and component philosophy as our recent SOFC—mGT study [16], but
focuses on the impact of oxidant composition (air to oxygen-rich to nitrogen-free limits) and SOFC
fuel utilization on flue-gas composition, capture readiness, and thermal-NO, formation potential.

The analysis is performed at steady state conditions. The system boundary includes the SOFC stack,
the post-anode combustor, the turbomachinery (turbine, compressor, shaft/generator), and the main
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Figure 1: Considered SOFC—mGT hybrid cycle, including the compressor (1), membrane (2), recuperator (3), high
temperature recuperator (4), turbine (5), SOFC stack (6), reformer (7) and the oxy-combustor (8).

heat-exchange devices used to achieve the required thermal integration between the SOFC and the
mGT. When oxygen-enriched or oxy-fired operation is considered, the oxygen supply is treated as
part of the overall system boundary through an equivalent oxidant stream specification. Unless ex-
plicitly stated otherwise, auxiliary subsystems not essential to establish the thermodynamic state of
the working fluid (e.g., detailed balance-of-plant controls, start-up hardware) are not modeled.

2.2. Process layout

Fig[I]summarizes the cycle layout. Ambient air enters the compressor (1), is pressurized, and is then
routed through the recuperative heat-exchange network (3 and 4) to reach the turbine (5) and, from
there, the SOFC cathode (6) inlet temperature required for stable stack operation. In oxy-fired cases,
an air separation unit (ASU) or oxygen membrane (2) provides the required O,-rich oxidant stream
(detailed in Section [2.3]). The heated oxidant stream then flows through the SOFC cathode channels
(6), where oxygen is consumed electrochemically in proportion to the imposed fuel utilization. The
hot cathode exhaust provides heat for recuperation (3) before leaving the system.

On the fuel side, a single flare-gas surrogate fuel (50% CH,4 + 50% CO-) is considered throughout
this work to isolate the effects of oxidant composition and fuel utilization Uy on cycle behaviour and
exhaust properties [16]. The fuel cell stack (6) is operated at prescribed Uy over the range Uy €
(0.3, 0.8], which determines the fraction of electrochemically active fuel converted in the cell and
therefore sets the residual chemical energy and composition of the anode off-gas. For each Uy, the
resulting anode off-gas provides the combustor (8) inlet fuel stream and is sent to a dedicated post-
anode combustor (8), where any remaining combustible species are oxidized. This dedicated anode-
off-gas oxidation stage (i.e., separated from cathode exhaust mixing upstream) is retained to enable
COs-rich exhaust streams under oxygen-enriched and oxy-fired conditions. This coupling ensures
that changes in U propagate to combustor heat release, turbine inlet temperature (TIT), and exhaust
composition, allowing operating regions to be identified based on capture readiness, temperature
feasibility, and NOy formation potential.

The compressed heated air stream is expanded in the turbine (5) to produce shaft work, which drives
the compressor (1) and an electrical generator. The turbine exhaust provides the hot-side thermal
source for the SOFC cathode (6) before going for the recuperator for heat exchange (3). The flue-gas



composition, in particular dry CO,, H,0, and residual O,, is used to evaluate CO, capture readiness
and its sensitivity to oxidant composition and Uy.

2.3. Oxidant specification: air to oxygen-rich to nitrogen-free

To study the transition from conventional air firing to oxygen-rich and nitrogen-free operation, the
oxidant composition supplied to the post-anode combustor is parametrically varied from air to an
O;,-rich mixture and finally to the nitrogen-free limit. Oxygen enrichment is modeled using high-
selectivity polymeric or ceramic oxygen transport membranes, which currently achieve 40-42% of O4
purity; the analysis extrapolates beyond this to establish technology targets for full oxy-combustion.
In the “air-fired” reference cases, the oxidant is atmospheric air. In the oxygen-enriched cases, the O,
mole fraction is increased while the balance is primarily N,. In the nitrogen-free cases, the oxidant
is specified as O, without N,, representing the oxy-fired limit. This approach enables a systematic
assessment of how reducing N, dilution changes (i) CO, enrichment in the exhaust and (i1) thermal-
NOy formation potential across the enrichment-to-oxy transition.

3. Methodology

This section describes the steady-state modeling framework used to evaluate oxy-combustion effects
in the SOFC—mGT hybrid cycle. The approach builds on our baseline model by implementing a
parametric sweep of SOFC fuel utilization (Uy) and post-combustion oxidant composition (o, ox),
complemented by kinetic post-processing for thermal-NO,, formation potential.

3.1. Base SOFC-mGT model

The present work uses a steady-state Aspen Plus model of an atmospheric SOFC—mGT hybrid cycle
adopting the same baseline configuration as our recent study [16]] and the same underlying modelling
framework. The goal is not to re-establish the baseline model, but to extend it toward a system-
atic oxidant-composition sweep (air — oxygen-enriched — nitrogen-free) and to quantify its con-
sequences for flue-gas composition, capture readiness, thermal-NO,, formation potential, and cycle
performance.

Unless otherwise stated, the parametric space is defined by Uy € [0.3, 0.8] and by an oxidant sweep
spanning o, ox € [0.21, 1.0], where xo, ox denotes the O mole fraction of the oxidant stream sup-
plied to the post-anode combustor. The SOFC is operated at atmospheric pressure with a quasi-
isothermal stack temperature assumption, and fuel utilization is imposed as a control variable. For
each operating point, the prescribed fuel utilization factor Uy determines the fraction of electrochemi-
cally active fuel converted in the cell and therefore sets the residual chemical energy and composition
of the anode off-gas entering the post-anode combustor.

The micro gas turbine subsystem is represented as an externally fired recuperated cycle; the com-
pressor, turbine, and heat exchangers (including the high-temperature recuperator providing thermal
coupling to the SOFC exhaust) are modeled in Aspen Plus to provide consistent steady-state mass and
energy balances across the full parametric sweep, while turbine inlet and outlet temperatures (TIT and
TOT) are tracked as primary operability indicators.

For each case, the net electrical efficiency is computed on a lower heating value (LHV) basis as:

Wel,net

elnet — . 1 t1<7) 1
Melnet = 0 THV 1

where Wel’net is the net electrical power output of the hybrid system (SOFC AC power plus turbo-
machinery shaft power converted to electricity, minus auxiliary loads included in the cycle model).
Because the present paper focuses on the intrinsic influence of oxidant composition and SOFC fuel
utilization, an explicit oxygen-production penalty is not included.

A single fuel surrogate is deliberately retained throughout this study to isolate the thermochemical ef-
fects of oxidant composition and Uy from fuel-composition variability; sensitivity to fuel composition



is reserved for a dedicated follow-up investigation.

3.2. Oxy-combustion implementation

The oxidant sweep is defined by the O, mole fraction in the oxidant stream, zo, ox. In the oxygen-
enriched cases, the balance of the oxidant stream is primarily Ny; in the nitrogen-free cases, Ny is
removed entirely and the oxidant is specified as pure O,. For each point in the sweep and each selected
Uy, the full cycle is re-solved to ensure self-consistent combustor inlet conditions and turbomachinery
states.

The post-anode combustor is modeled as an adiabatic equilibrium reactor using the Aspen Plus
RGibbs block. In Aspen, RGibbs performs equilibrium calculations by minimizing the total Gibbs
free energy of the mixture subject to elemental balance constraints, which provides a robust solution
strategy over wide composition ranges [19]. This representation is therefore suited for system-level
sweeps aimed at assessing exhaust CO, enrichment, oxygen slip, and turbine-temperature feasibility
as functions of oxidant composition and Uy, but it does not represent finite-rate pollutant chemistry;
consequently, NO,, is evaluated via kinetic post-processing (Section [3.3)).

CO;, capture readiness is evaluated primarily through the dry CO, mole fraction in the flue gas, to-
gether with supporting indicators such as residual Oy (oxygen slip). In addition to composition, the
associated changes in combustor adiabatic temperature and the resulting TIT/TOT are tracked to iden-
tify feasibility limits and to determine whether oxygen-enriched or nitrogen-free operation remains
compatible with the targeted turbomachinery operating envelope.

Oxygen-enriched and nitrogen-free oxidant streams are imposed at the combustor inlet using a sim-
plified separator (SEP) representation that enforces the target zo, ox Without accounting for separation
power, oxygen compression, or purity-dependent losses. This simplification isolates the thermochem-
ical and cycle-integration effects of oxidant composition from the technology-dependent oxygen pro-
duction penalty.

3.3. NO, evaluation (formation potential)

Thermal NO,, formation is governed by highly temperature-dependent kinetics and depends strongly
on high temperature residence time; therefore, NO, is evaluated here as a formation potential using
kinetic post-processing rather than being taken from equilibrium cycle calculations.

For each case (specified by Uy and o, ), the combustor inlet thermochemical state is extracted
from the steady-state cycle simulation: inlet temperature 7¢omp in, PIESSUIE Peomb in, and composition
vector X comb,in (Mole fractions). The inlet state is formed by mixing the SOFC anode off-gas stream
with the oxidant stream specified for the considered enrichment level; molar flow rates from the cycle
solution are retained so that the equivalence ratio and dilution level implied by the integrated system
are preserved in the kinetics post-processing.

NO,, is computed using a zero-dimensional, well-mixed reactor model intended to represent an ideal-
ized combustor control volume. The reactor is treated as adiabatic at constant pressure (p = Dcomb.in)s
and a residence-time sweep is performed to bound the sensitivity of NO formation to uncertain com-
bustor time scales. Accordingly, each operating point is associated with a band of NO,. values rather
than a single deterministic number, and the residence-time range is reported together with the results.
Gas-phase kinetics are represented using GRI-Mech 3.0, which is a natural-gas combustion mecha-
nism optimized against targets that include prompt-NO formation and includes 53 species and 325
reactions [17]. Time integration is carried out using reactor network methods, as implemented in
Cantera [18]].

NO, is reported as NO + NOs on a dry basis, using

NO, (ppiyq) = 106 N0 N0z @)
1 — SL’H2O

When comparison to standard reporting conventions is required, NO, may additionally be referenced



to a fixed oxygen content; because oxygen slip can vary substantially across the oxidant sweep, such
normalized values are reported alongside the raw dry-basis value.

Across the air-to-oxy transition, it is expected that two competing effects are captured: increasing
oxygen enrichment can raise adiabatic temperature while Ny remains present (potentially increasing
thermal NO formation rates), whereas approaching nitrogen-free oxidant removes the dominant ni-
trogen reactant pool and drives thermal NO, toward negligible values under the present assumptions.
The computed values are therefore interpreted as formation potential and used to locate enrichment
ranges that may elevate NO,, and to identify operating windows where CO, enrichment and low NO,,
are simultaneously achieved.

4. Results

This section presents contour maps of performance indicators across the Uy € [0.3,0.8] and Oy
fraction xo, ox € [0.21,1.0] ranges. The analysis quantifies CO, enrichment potential (section ,
thermal-NO,, formation risk (section 4.2)), turbine thermal limits (TIT/TOT), and efficiency trade-
offs (section #.3)), culminating in optimal operating windows that balance capture readiness with
cycle performance.

4.1. CO, enrichment and capture readiness

The two operating parameters span the ranges Uy € [0.3,0.8] and z, € [0.21, 1.0], with the resulting
dry CO, content varying between approximately 11% and 36% (Fig [2). The CO, concentration is
reported on a dry basis, i.e., after virtual removal of water vapor from the flue gas, as this convention
eliminates the variability introduced by moisture content, and provides a directly comparable metric
across different system configurations and relevant to downstream capture processes, where water
is typically condensed out prior to the separation unit [20]. The dry flue gas (after H,O removal)
consists primarily of COs, O4, Ny, with traces of CO, Hy, CH4 from incomplete combustion/fuel slip.
Ny dominates at low zo, ox (air-fired: ~70-75%), dropping to zero at xo, ox = 1.0.
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Figure 2: Dry CO; mole fraction in the flue gas as a function of SOFC fuel utilization U and oxidant O, fraction xo, ox.
COx, fraction increases monotonically with both Uy and 2o, ox, reaching values above 30 % at high Uy and zo, ox.

Post-combustion CO. capture technologies become significantly more cost-effective and energeti-
cally favorable as the feed CO, concentration increases [21]. At concentrations typical of air-fired
systems (around 15-20 vol%), MEA-based absorption already achieves specific reboiler duties of
3.6-3.8 Ml kg~! CO, ; below this threshold, the separation penalty rises steeply. Conventional
SOFC operation with air (zp, ~ 0.21) and moderate fuel utilization (U; ~ 0.5-0.6) yields dry CO,



concentrations in the range of 14—18% as evidenced by the lower-left region of the map.

The figure identifies the path toward maximum CO, enrichment: both U; and zo, must be pushed
toward their upper bounds simultaneously. Operating at Uy — 0.8 ensures that the largest possible
fraction of the carbon-bearing fuel is electrochemically oxidized within the stack, directly maximizing
CO, production at the anode outlet [23]. Simultaneously, increasing o, toward unity eliminates
nitrogen as a diluent in the cathode stream, preventing its introduction into the recirculated or mixed
exhaust (an effect analogous to the nitrogen suppression strategy employed in oxy-fuel combustion
[8]). The combined effect in the upper-right corner of the map yields dry CO, fractions exceeding
32%, a level at which even more energy-efficient capture routes such as low-temperature condensation
or physical absorption become accessible [23].

The iso-concentration contours define operating envelopes within which a given capture technology
remains viable. For example, a capture system requiring a minimum dry CO, feed of 20%, as is
typical for vacuum pressure swing adsorption (VPSA)-based processes [24]], can be satisfied across a
broad range of (zo,, Uy) combinations in the upper half of the map, providing operational flexibility.
Notably, even moderate oxygen enrichment (xp, ~ 0.5-0.6) combined with high fuel utilization
(Uy > 0.7) already achieves concentrations above 25%, suggesting that a partial air separation unit at
the cathode inlet could offer an attractive trade-off between enrichment cost and capture performance
without requiring a full oxy-fuel configuration [8,25].

4.2. NO, formation potential under enrichment-to-oxy transition

The NO, formation potential exhibits a non-monotonic trend with respect to oxygen enrichment, as
shown in Fig 3] Starting from the air-fired baseline, NO, progressively decreases with o, until
reaching a low region at very high o, concentrations. In this regime, increasing the oxidizer oxygen
fraction raises the adiabatic flame temperature but concurrently reduces the nitrogen concentration
available for the extended Zeldovich reactions. As a result, despite the higher thermal conditions, the
overall NO, formation rate decreases due to the diminished N5 participation in the reaction chain.
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Figure 3: Thermal-NOy formation potential (zero-dimensional well-stirred reactor, mid-residence-time, dry ppm) versus
Uy and z0,,0x, obtained by kinetic post-processing with GRI-Mech 3.0. A “risk window” of elevated NO, (>10 ppm)
appears at intermediate/low enrichment (o, ,0x ~ 0.21-0.7), driven by higher adiabatic temperatures while higher con-
centrations of Ny are still present.

At intermediate Uy values (0.5-0.7), the effective fuel slip on the anode side decreases enough to limit
the local heat release, resulting in moderate flame temperatures. This thermal moderation suppresses
the extended Zeldovich mechanism, leading to lower NO, concentrations even at constant oxidizer
composition.



Beyond 2, ox > 0.7, a sharp decline in NO, concentration is observed, converging toward negligible
values under almost fully oxy-combustion conditions. Here, the absence of N5 in the oxidizer effec-
tively suppresses thermal-NO,, formation despite the persistence of elevated flame temperatures. The
remaining minor formation potential likely originates from prompt or residual-Fuel-N mechanisms,
both limited by the reduced presence of hydrocarbon radicals and nitrogen-bearing intermediates.

4.3. Net trade-offs and operating windows

TIT increases strongly (from 630°C to 930°C) with decreasing Uy across the full zo, o« range, driven
by reduced heat-capacity dilution of the combustor products as more fuel slips from the SOFC anode
exhaust (Fig ). The substitution of Ny with CO2/H,O amplifies this TIT rise per unit heat release,
with Oz-enrichment showing a non-monotonic effect: moderate gains up to zo, ox ~ 0.5 followed by
decline at higher fractions due to reduced thermal dilution.
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Figure 4: Turbine inlet temperature (TIT, °C) as a function of Uy and o, ox. TIT rises sharply with the decrease of Uy
due to reduced Ny heat-capacity dilution; low U exacerbates this by increasing fuel slip and heat release in the combustor.

At the air-fired baseline (zo, ox = 0.21), the combustion process remains markedly dilute, resulting
in TIT values lower than with increased x, ox fractions. These low temperatures are characteristic
of the SOFC anode off-gas combustion, where large amounts of inert N» and residual steam absorb a
significant fraction of the released heat. As U; increases toward 0.6—0.7, the available fuel for post-
anode combustion decreases sharply, lowering the heat release and driving TIT down to approximately
580°C. Conversely, at low Uy (=~ 0.3-0.4), higher fuel slip from the SOFC anode leads to more
exothermic combustion, elevating TIT toward the turbine material limit (1000°C) but remaining safely
below this physical constraint.

The sensitivity of TIT to oxygen fraction highlights a small interdependence between combustor
stoichiometry and system-level thermal constraints. For intermediate xo, ox values (0.4-0.7), TIT
remains constant. Beyond this regime (2o, ox > 0.7), TIT starts to decrease for all Uy values. For
intermediate xo, ox values (0.21-0.3), TIT decreases for the same Uy value.

Turbine outlet temperature (TOT) follows the same qualitative trends as TIT but at lower absolute
levels due to energy extraction across the turbine stages (Fig [5). In general, TOT remains below
750 °C, providing an appropriate margin for downstream recuperation. The red contour marks the
minimum temperature (580 °C) required to the SOFC cathode preheating. Regions where TOT falls
below this limit correspond primarily to high/intermediate Uy (> 0.5), where limited anode slip
combined with reduced mass flow leads to incomplete energy utilization and lower post-expansion
gas temperatures.

Conversely, the high-U regime defines a thermally balanced operating window achieving both TIT <



1000 °C and TOT > 580 °C. Within this domain, adequate heat release supports efficient recuperation
without approaching turbine material limits, offering a pathway for stable oxy-combustion integration
with SOFC—microturbine systems.
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Figure 5: Turbine outlet temperature (TOT, °C) versus Uy and xo,,0x. TOT follows TIT trends but is moderated by
turbine expansion; the red contour marks the TOT limit of 580 °C required for the SOFC cathode inlet temperature.

Collectively, these temperature maps confirm that oxygen enrichment increases combustor product
temperatures by diminishing inert dilution and increasing the effective enthalpy of combustion. The
identified operating window coincides with the high-CO,, low-NO,, regions in Figs [2] and [3| under-
scoring that thermochemical feasibility and formation potential mitigation can be jointly achieved
through appropriate selection of 2o, ox and Uy.

The global performance of the SOFC—-mGT cycle is summarized in Fig[6|by plotting the normalized
net electrical efficiency against the dry CO, mole fraction in the flue gas. Each point is color-coded
by oxidant composition o, ox and classified according to the turbomachinery feasibility constraints.
The feasible operating points, highlighted in circles (TIT< 1000 °C and TOT> 580 °C), form a
distinct Pareto front representing the optimal trade-off between carbon capture potential and electrical
efficiency. Each point collection represents one value of Uy, with the highest normalized efficiency
representing Uy = 0.3 and the lowest Uy = 0.8.

A general inverse correlation between efficiency and CO, concentration emerges, reflecting the com-
bined impact of thermodynamic and flow-field changes under oxygen enrichment. As zo, ox in-
creases, the combustor experiences higher adiabatic flame temperatures and reduced mass flow, lead-
ing to increased turbine inlet temperatures. Nevertheless, this efficiency penalty remains moderate
across most of the examined range.

The Pareto-optimal region is populated predominantly by intermediate/high U; (= 0.4-0.8), which
consistently deliver dry CO5 mole fractions above 18 % while sustaining normalized efficiencies up
to 1.1 relative to the SOFC standalone efficiency. These conditions represent an effective compromise
between combustion temperature, expansion work, and recuperation effectiveness. Within this range,
the thermal and mass-flow balances of the turbomachinery remain favorable, keeping both TIT and
TOT within safe operational limits while enhancing the CO, capture readiness of the cycle.

In contrast, infeasible operating points (shown as x) cluster at the boundaries of the design space.
Atlow Uy (< 0.4), TIT surpasses material limits, as there is more fuel available for the combustor,
producing thermal overloads near the turbine inlet. Conversely, at high/intermediate levels (U >
0.5), the greater presence of inert gas and lower adiabatic temperatures lead to TOT values below
580 °C, impeding effective recuperation and SOFC cathode preheating. Both conditions compromise
system viability and thus lie outside the feasible design envelope.
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the best compromise between CO; enrichment (> 22%) and high efficiency (> 1.1) within feasible limits for Uy = 0.5.

Interestingly, the region of elevated NO, formation identified in Fig [3| overlaps with the infeasi-
ble high-TIT zone, demonstrating that emission control and thermal constraints can be decoupled
through appropriate parameter tuning, especially at high o, ox. Specifically, maintaining zo, ox as
high as possible mitigates the NO, penalty while preserving acceptable TIT and TOT values. At the
opposite extreme, full oxy-combustion (zo, ox = 1.0) yields the highest flue-gas CO; concentrations
(exceeding 30 %), but the associated thermal and mass-flow penalties result in diminishing efficiency
gains and tighter operational margins.

Overall, this analysis reveals a clear guideline for system optimization: combining moderate oxygen
enrichment (2o, ox ~ 0.4-0.6) with high SOFC fuel utilization (Uy > 0.7) enables simultaneous
attainment of higher efficiency, robust CO, enrichment, and feasible turbomachinery operation. This
finding reinforces the viability of partial oxy-combustion as a practical strategy for carbon capture
integration in hybrid SOFC—microturbine systems.

It should be noted that the net efficiencies reported here do not account for the oxygen production
penalty associated with the oxidant supply. When separation costs are considered, whether via cryo-
genic ASU, oxygen transport membranes, or electrolytic routes, the net efficiency advantage of partial
oxy-combustion will narrow relative to the air-fired baseline, and the optimal enrichment level iden-
tified in Fig [f)may change.

5. Conclusion

This work investigated the combined effect of oxidant composition and SOFC fuel utilization on
flue-gas CO, fraction, thermal-NO, formation potential, and cycle performance in an atmospheric
SOFC—mGT hybrid system, with the aim of identifying operating windows where oxy-combustion
yields a net benefit for carbon capture without compromising thermomechanical feasibility.

The results confirm that oxy-combustion is an effective lever for producing capture-ready exhaust
streams in SOFC—mGT hybrids without requiring fundamental cycle redesign. CO, enrichment arises
from two concurrently suppressible dilution mechanisms—electrochemical conversion of carbon-
bearing fuel and elimination of N, from the oxidant stream—whose combined effect is sufficient to
satisfy the feed thresholds of established capture technologies even under partial oxygen enrichment.
Thermal-NO,, formation is not monotonically suppressed across the air-to-oxy transition. A risk
window of elevated formation potential persists at intermediate enrichment levels where elevated
flame temperatures and residual Ny availability reinforce one another, underscoring that enrichment



protocols must be designed with explicit awareness of this non-monotonic behavior to avoid transient
emissions excursions.

The Pareto analysis reveals that partial oxy-combustion, rather than full oxy-firing, represents the
more practically attractive near-term strategy: moderate enrichment combined with high fuel uti-
lization simultaneously achieves acceptable CO, concentrations, favorable turbine temperatures, and
competitive cycle efficiency. Full oxy-combustion delivers the highest capture readiness but at the
cost of tighter operational margins and diminishing efficiency returns.

A key limitation of the present study is the omission of explicit oxygen production penalties. When
separation costs are accounted for (via cryogenic ASU (~0.2-0.3 kWh/Nm?® O,), membrane sep-
aration, or electrolytic routes) the net efficiency advantage of partial oxy-combustion will narrow,
and the optimal enrichment level may shift. Quantifying these penalties, alongside fuel-composition
sensitivity and dynamic operability analysis, constitutes the primary direction for future work.
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Nomenclature

Letter symbols
my fuel mass flow rate, kg /s
P pressure, Pa
T  temperature, K
U;  fuel utilization factor
0% power, W
x mole fraction

Greek symbols
i efficiency

Subscripts and superscripts
comb combustor
el  electrical
net net
ox  oxidant

Abbreviations
ASU Air Separation Unit
LHV Lower Heating Value
mGT micro Gas Turbine
SOFC Solid Oxide Fuel Cell
TIT Turbine Inlet Temperature
TOT Turbine Outlet Temperature
VPSA Vacuum Pressure Swing Adsorption
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