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ABSTRACT

The decarbonization of stationary power requires
efficient systems able to use unconventional fuels.
Hybridization of solid oxide fuel cells (SOFCs) with micro-
gas turbines (mGTs) is a promising option, combining
high efficiency with fuel flexibility. The performance of
such hybrids with CO,-rich flare-gas surrogates remains
insufficiently characterized. This work simulates an
SOFC—mGT hybrid in Aspen with an external dry
reformer, operated on CH4/CO; blends. Stack current is
linked to anode-inlet H,+CO flow and fuel utilization (U),
with cell voltage from a polarization model. Results show
that higher U increases efficiency as electrochemistry
displaces afterburner firing, while the mGT delivers
incremental efficiency by expanding hot, lean exhaust.
Net efficiencies reach up to 2 times the efficiency of the
traditional mGT with methane at representative
conditions and up to 3.5 times at higher U. The 50/50
CH4/CO, case provides the best compromise between
efficiency and carbon balance, highlighting the potential
of SOFC—mGT hybrids for flare-gas valorization.

Keywords: Solid oxide fuel cell, Micro gas turbine, SOFC—
mGT hybrid, Dry reforming, Aspen Plus modeling.

NONMENCLATURE
Abbreviations
DRM Dry reforming
EOS Equation of state
LHV Lower heating value
mGT Micro-gas turbine
PR-BM Peng—Robinson equation of state
RGibbs Gibbs free-energy reactor model
RStoic Stoichiometric reactor model
SOFC Solid-oxide fuel cell
WGS Water-gas shift
Symbols
F Faraday constant

pank Bank current

n Molar flow of related species
Prux Power losses

Psorc SOFC power

quel,in Fuel chemical energy input
U Fuel utilization

Veeu Cell voltage

Vstack Stack voltage

w Work of related components
n Efficiency

1. INTRODUCTION

The wurgent need to reduce greenhouse-gas
emissions while meeting rising electricity demand has
intensified interest in power cycles that combine high
efficiency with low environmental impact. Conventional
micro gas turbines (mGTs) are compact and robust but
are bounded by Brayton-cycle limits; simple-cycle units
without heat recovery rarely exceed =20% electrical
efficiency, whereas recuperated commercial machines at
the 30-100 kW scale typically achieve =25-30% on an
LHV basis [1,2]. In contrast, solid oxide fuel cells (SOFCs)
directly convert fuel chemical energy to electricity at high
temperature and routinely exceed 50% system electrical
efficiency. When integrated with gas turbines, numerous
reviews and assessments report hybrid net electrical
efficiencies in the mid-50% to =~60% range at distributed
scales [3—5]. These hybrid gains arise as electrochemistry
displaces combustion and high-grade SOFC heat
preheats/expands the turbine stream, reducing the
combustor fuel demand.

Hydrocarbons remain the main SOFC fuels because
of their high hydrogen yield upon reforming. Co-feeding
captured CO, via dry reforming (DRM) has gained
attention to valorize waste CO, while producing a syngas
with H,/CO = 1 that is well matched to typical SOFC
anodes. Dry reforming of methane is highly endothermic
and becomes thermodynamically favorable at the
elevated temperatures typical of SOFC operation, but its
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practical implementation requires effective control of
carbon deposition. [6-7]. Reviews of SOFC anodes and
hydrocarbon compatibility emphasize strategies to
mitigate coking and sulfur poisoning to ensure durability
under CH4/CO, feeds [8]. Studies further show that
direct/internal dry reforming in SOFCs is technically
feasible, with stable operation on CH,—CO, mixtures at
cell voltages around 0.7-0.8 V and moderate current
densities, though performance remains sensitive to feed
ratio, temperature, and carbon management [10].

Despite progress, the combined influence of fuel
composition (CH4/CO, ratio), fuel utilization, and SOFC—
mGT hybrid integration with DRM remains insufficiently
quantified for flare-gas-like feeds. Hybrid reviews
establish efficiency potential and outline integration
challenges, yet few studies connect Faradaic current, and
turbine/compressor work within a single, charge-
balanced flowsheet across utilization sweeps and
multiple CH4/CO, blends. This gap motivates the present
Aspen-based assessment that enforces electrochemical
charge balance and thermofluidic coupling while
reporting plant-referenced [3-5].

To anchor comparisons and align with DRM
stoichiometry (CHs + CO, — 2CO + 2H,), a 50% CH, /
50% CO, feed is adopted in this study as the reference
case; methane-rich 90/10 and intermediate 60/40
CH4/CO, blends are included to span the range from

pipeline-quality natural gas to CO,-rich flare-gas
surrogates [5-6,10-13]. Natural gas is predominantly
methane (often 85-96% by volume) with variable inerts
and light hydrocarbons [10,11], whereas associated/flare
gas composition varies widely across basins and facilities,
and flaring studies document substantial variability and
inefficiencies that motivate utilization pathways [12—-13].

2. METHODOLOGY

The hybrid system was modeled in Aspen Plus to
capture the thermodynamic interactions between SOFC
and a mGT.

2.1 System configuration

The schematic design of this cycle is shown in Fig. 1.
The cycle includes an external dry reformer (REFORMER)
upstream of the SOFC anode (ANODE) and a combustor
(COMB) handling the anode off-gas. The model structure
enforces electrochemical charge balance by linking stack
current to the anode inlet H,+CO molar flow and a
prescribed fuel utilization (U). Cell voltage is calculated
from a polarization relation evaluated at the resulting
current density, while heat and mass balances are
resolved across all unit operations. Parametric studies
were performed by varying the fuel utilization over the
range 0.40-0.70 at fixed total fuel input, for three
surrogate flare-gas compositions (90/10, 60/40, and
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Fig. 1 Aspen Plus schematic of the SOFC—-micro gas turbine (mGT) hybrid. The SOFC module (blue dashed box) comprises
the reformer, anode, and cathode. The mGT module (red dashed box) includes the compressor, combustor, high-
temoerature recuperator. and turbine.



50/50 CH,/CO,). Performance indicators include SOFC
power, gas-turbine (TURB and COMP) net work,
incremental efficiency relative to combustor fuel, and
overall cycle efficiency on an LHV basis. Feedstocks are
CH,/CO, blends (90/10, 60/40, 50/50 by mass) delivered
at 1.07 gs™" and preheated to ~600°C before entering a
dry reformer. At these temperatures, dry reforming (CHa
+ CO, — 2CO + 2H,) is strongly endothermic (=127
kJ/mol) and thermodynamically favored; equilibrium
modeling at =600 °C captures main trends in outlet
syngas and carbon activity when coking is managed
[7,14]. Reformer effluent feeds the SOFC anode; turbine-
discharge air feeds the cathode (CATHODE) at 0.151 kg/s.
Unreacted anode species (H,, CO, CH,) are oxidized with
the cathode O, carryover in a single combustor, and the
hot gas goes through a high temperature counterflow
recuperator (HIGHTEMP) to heat the compressed gases
before entering the turbine [15,16].

In this model, the SOFC stack is placed downstream
of the turbine. Although pressurized integration
upstream improves efficiency, it adds complexity and a
large, pressurized volume that hinders dynamics. The
post-turbine layout adopted here sacrifices some
efficiency but offers a simpler, more robust cycle, suited
to preliminary assessment.

2.2 SOFC stack model

The stack represents an intermediate-temperature
format (=570-620 °C) with 119 cells in series and 11 x 11
cm? active area per cell (121 cm?), consistent with
industrial Ecolgen SOFC scales documented in the
literature [17]. For the CH4/CO, reformate conditions
examined, cell voltage is fixed at 0.75-0.80 V to match
experimental SOFC operation on CH;—CO, mixtures at
moderate current densities [11,18]. The anode is
implemented as RStoic [19] with electrochemical fuel
utilization U that ranges between 0.3 and 0.7 applied to
H,+CO; the cathode removes O, by Faraday’s law to close
charge and species balances. Total bank current is
derived from anode-inlet molar flows (mol s™") and U [20,
21].

I __ 2FU(Ny,,intNco,in)
bank — 119

. 1 .. .
No,an = 2 (nHz,in + nCO,in) (2)

s Vstack = 119 Veey (1)

Here F is the Faraday constant; unless stated, CH, is
not credited to direct electro-oxidation

2.3 Reformer and Combustor Modelling

The dry reformer is modeled as an RGibbs
(equilibrium) reactor at 600 °C and anode pressure—an
accepted baseline for DRM at SOFC temperatures that
reproduces H,/CO~=1 trends seen in internal-DRM SOFC
studies [7,14]. The combustor is RGibbs, fully oxidizing
residual anode fuel with the O, available in the cathode
exhaust.

All cases are simulated in Aspen Plus v14 using the
Peng—Robinson EOS with the Boston—Mathias a-function
(PR-BM) for high-temperature hydrocarbon—CO,
mixtures; the suitability of PR-family EOS with consistent
a-functions in this regime is well established [25 - 27].

2.4 Micro gas turbine system

Compressor and turbine performance are taken
from manufacturer maps for the MITIS Micro-10 mGT
[22]. At the reference operating point, the map
efficiencies are consistent with small, recuperated
machines [23,24]. Off-design behavior is evaluated by
interpolating the non-dimensional maps (corrected mass
flow vs. pressure ratio; efficiency as a function of
corrected speed), and the net shaft work is computed as
Wiurb — Weomp - The recuperator is counter-flow with
pressure drops per block defaults; effectiveness/ATmin
choices align with mGT recuperator literature [15,16].

2.5 Performance indicators

SOFC power is Psprcpc = Ipank Vstack /1000. AC
power applies an inverter efficiency 70, = 0.96,
consistent with SOFC power-electronics reports [28].
Gas-turbine net power is Wiyp — Weomp - Plant net
power subtracts a fixed 2 kW auxiliary load from
Psorcpc + Pmer- A stacks-only electrical efficiency
referenced to consumed anode fuel is [20,21]:

Psorc (3)
(lez,consLHVHZ +flCO,C0nsLHVCO)

Nsorc =

while the plant-level (LHV) efficiency referenced to total
fuel into the cycle follows common SOFC—-mGT system
practice [39, 30]:

— (PSOFC+ Wnet_ Paux)
Noverall = (4)

quel,in

3. RESULTS AND DISCUSSION
3.1 Reformate composition

Fig 2. presents the reformer outlet compositions
reflected by the balance between methane conversion
and CO, utilization. The reformer outlet gas composition



results from a competition between CH,4 dry reforming
and the reverse water—gas shift. As the CO, fraction in
the feed increases, the balance shifts toward more CO
and H,0. With 90/10, methane slip dominates
(CH4=0.69) and syngas is near stoichiometric
(H»/C0=0.97).

H20 0.04
C0:20.11

CO:20.16

CHa 0.69

CHa 0.32
CH4 0.21

90/10 CH4/CO2  60/40 CH4/CO2  50/50 CH4/CO2

Fig. 2 RGibbs equilibrium at 600 °C and ~1 bar for
fuels (90/10, 60/40, 50/50 CH,/CO,). Dry-reformer
composition is independent of U.

Moving to 60/40 sharply reduces CH,4 (=0.32) and
raises CO and H, (CO=0.32, H,=0.25), while residual CO,
appears (=0.11), giving H,/COv=0.79. The 50/50 case
minimizes CHy slip (=0.21) and vyields the most CO-rich
gas (COv=0.34, H,=0.25) with some H,0 formed (=0.044)
from reverse WGS, so H,/CO falls to=0.74. When moving
from 90/10 to 50/50 CH4/CO,, CO, and (to a lesser
extent) H,0 fractions in the reformate rise relative to CO
and H,. Even before electrochemistry, this pushes the
downstream anode environment toward higher CO,/CO
and H,O/H, ratios, i.e., a lower propensity for carbon.
The 50/50 feed offers the lowest methane slip and the
most oxidizing reformate, while producing a CO-rich
syngas. Even with the stoichiometric reformer
composition (50/50 feed), due to the low operation
temperature, there is still methane left in the outlet
composition (0.21).

3.2 Anode-off gas analysis

The anode off-gas trends, shown in Fig. 3, reflect
charge balance: as U rises, electrochemical consumption
of H, and CO increases and the corresponding products
H,0 and CO; increase. For all fuels, yu, and yco decrease
monotonically with U (e.g., for the 50/50 case yH, drops
from 0.16 at U=0.3 to 0.07 at U=0.7, yco from 0.3 to

0.10), while yu,0 and ycoz increase (from 0.10 — 0.22
and 0.26—0.4, respectively).
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Fig. 3 The anode is modeled with electrochemical
consumption applied to H; and CO only; methane
slip is set upstream by the reformer.

Methane in the anode exhaust is nearly insensitive
to U because electrochemistry acts primarily on H,/CO
and there is no internal methane reforming; its level is
set upstream by the reformer and is lowest for the 50/50
feed (=0.21) and highest for the 90/10 case (=0.68). At
fixed U, CO,-richer fuels yield more oxidized anode
exhaust (higher H,O0 and CO,, lower H, and CO),
consistent with stronger dry reforming and reverse-WGS
effects.

Both ratios CO,/CO and H,O/H,, shown in Fig. 4,
increase with U and with CO, content in the feed,
indicating progressively more oxidizing conditions on the
anode. For the 50/50 fuel H,O/H; grows from =0.7 at
U=0.3to =3.0 at U=0.7 and CO,/CO from =1.1to =3.9; the
60/40 case reaches =2.8 and =3.6; the 90/10 case =2.4
and =2.4. Ratios exceeding unity are commonly



associated with reduced propensity for carbon
formation; therefore, low U with methane-rich fuel
(especially 90/10 at U<:0.4) represents the most coking-
sensitive regime, while higher U and CO,-rich feeds
provide the largest safety margin. This pattern pinpoints
the highest risk region: low U with methane-rich feeds,
typically near the anode inlet.
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Fig. 4 The plotted ratios increase with ¢/ and with
CO; content, indicating a more oxidizing anode
environment and reduced thermodynamic drive for
coking.

3.3 Overall efficiency

Overall efficiency increases with U for all fuels
because a larger fraction of the chemical energy is
converted electrochemically in the SOFC and less is
burned in the afterburner, reducing the turbine’s firing
requirement. The efficiency ranking follows fuel
composition: the 50/50 CH4/CO, mixture delivers the
highest values, from =2.9 at U=0.3 to =3.5 at U=0.7. The
60/40 case rises from =2.2 to =2.73 while the methane-
rich 90/10 case remains low (=0.94-1.1) due to
substantial methane slip through the reformer and
limited electrochemical fuel availability. All values are
reported as normalized efficiencies relative to the MITIS
Micro-10 mGT cycle operating with methane, which
explains why the 90/10 case aligns with the reference
cycle performance. The steeper slope for the CO,-richer
cases indicates stronger hybrid synergy as the cell takes
over more of the conversion duty while the MGT supplies
mainly pressure ratio and exhaust heat recovery.
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Fig. 5 Efficiency rises with U as a larger share of fuel
energy is converted electrochemically and less is
burned in the afterburner; 50/50 CH,/CO; achieves

the highest values across the range.

4. CONCLUSIONS

A thermodynamic SOFC—mGT hybrid model with
internal dry reforming was developed to assess coupled
effects of fuel composition and utilization. At 600 °C,
equilibrium reforming shows strong dependence on
CH,4/CO, ratio: shifting from 90/10 to 50/50 lowers
methane slip (0.69 — 0.21) and raises CO, and H,0,
producing syngas H,/CO ratios of 0.74—0.97 well suited
for Ni-YSZ anodes.

Anode exhaust compositions evolve with utilization:
H, and CO decrease while H,O and CO; increase, raising
the coking-safety proxies CO,/CO and H,O/H,. These are
lowest for methane-rich 90/10 fuel at low utilization and
highest for 50/50 at high utilization, identifying low-U,
CHy-rich operation as most coking-sensitive.

Efficiency rises monotonically with utilization as
more fuel energy is electrochemically converted. The
50/50 mix performs best (=2.9—3.5 between U=0.3—
0.7), followed by 60/40 (==2.2—2.7), while 90/10 stays
low (=~0.94—1.1) due to high CHj, slip and limited anode
reactants.

Overall, CO;-containing fuels enhance SOFC-GT
performance. A 50/50 CH,/CO, feed at U =~ 0.6-0.7
balances efficiency and carbon tolerance. Future work
will address DRM/WGS kinetics, coking pathways, spatial
SOFC electro-thermal models, and heat-exchanger
optimization with experimental validation.
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