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(b) Flowchart of SOFC system Aspen Plus

K1 szibd EoR = B A SOFC £48 Aspen Plus A K
Fig. 1 Schematic diagram of experimental device and flowchart of SOFC system Aspen Plus
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Table 1 Operating conditions for hydrogen and methanol fuel

Fuel type Temperature/'C Pressure/bar Component/% H, flow/(L-h™) Air flow/(L-min-?)
H,-SOFC 750 1.013 25 100%H, 180.0 9
CH3OH-SOFC 750 1.013 25 X(CH30H):x(H,0)=2:3 0.2 9

x—Mole fraction.
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Table 2 Detailed description of the Aspen Plus flowchart unit action block

Aspen Plus name Block name Describe
Compr COMP The compressor increases the pressure of the input oxidizer to a level slightly higher than atmospheric pressure
HEATX1 Heat exchanger—simulate the preheating of methanol water by using the waste heat from the combustion of exhaust
gas through a burner
HeaterX HEATX2 Heat exchanger-simulates the preheating of reformed gas by utilizing the waste heat from the combustion of tail gas
through a burner
HEATX3 Heat exchanger—simulates the preheating of oxidant through the waste heat of exhaust gas burned by the burner
EJECTOR Mixer-simulates the mixing of fuel as it enters the fuel cell stack
Mixer EXHAUST Mixer-simulate the mixed emission of gases after heat exchange, which are produced by burning exhaust gas through
a burner
Pump PUMP Pump-simulate the delivery of fuel into the reformer
_ ANODE Gibbs free energy reactor-simulating the reaction occurring at the anode
RGIbbs BURNER Gibbs free energy reactor-simulating the complete combustion of residual fuel and depleted oxidizer
Rplug REREFOR Plug flow reactor-simulated methanol steam reforming
FSplit SPLIT Separator-separates the fuel exhausted by the burner into heat source for the heat exchanger
Sep CATHODE Separator—separates O, required for electrochemical reactions
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Table 3 Model input parameters(3d

- o . Concentration ~ Numerical
Activation polarization Numerical value polarization value
Activation energy
Ewia /(3-mol™) and 75104 and ox10°
) .
Ec / (3-mol™) Ultimate current 1610°

Pre-exponential factor density i /(A-m?)
7,/ (A-cm™) and

7, | (A-cm™)

7x10*and 7x10*
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Table 4 SOFC operating parameters(sl

Operation parameter Numerical value

x(Fuel)/% X(CH30H):x(H20) =2/3
Active area / m? 0.035
Operating pressure / bar 1.013 25
Fuel utilization rate / % 714
Inlet fuel temperature /°C 750
Low calorific value of methanol / (kJ-mol?) 640
SOFC temperature /'C 750
Combustion chamber efficiency / % 100
SOFC change in inlet and outlet gas pressure / bar 0
Air temperature /°C 750
Low-level calorific value of hydrogen / (kJ-mol) 241.8

*5 EESHSE

Table5 Composition of reformed gas

Name of reforming gas component Ratio/%
H. 67.20
Co, 21.28
H,O 10.68
CcO 0.64
CH30H 0.20
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BRBH 7373 )R 4l S F1 66.67%(BE /K EL) Ho+22.21%
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Fig. 3 Relation between voltage and power density and current
density of SOFC reactor running on pure hydrogen and
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Extended Abstract

Introduction  With the advancement of global energy transition, the development of efficient and clean energy conversion
technologies becomes crucial to addressing energy shortages and environmental pollution. Solid oxide fuel cells (SOFCs) have
attracted much attention due to their high energy conversion efficiency and fuel flexibility, while methanol as a liquid hydrogen
carrier offers advantages such as safe storage/transportation and wide availability. However, a systematic research on the off-design
performance and optimal design of methanol-SOFC systems remains insufficient, particularly for planar-tubular SOFC stacks through
modeling and experimental validation. This study was to establish an accurate mathematical model combined with experimental
verification to elucidate the power generation characteristics of methanol-SOFC systems under variable operating conditions,
providing theoretical foundations and technical support for efficient and stable system operation.

Methods This study proposed an equilibrium-based SOFC stack model based on the principle of minimizing Gibbs free energy,
integrating heat and mass balance calculations, while comprehensively considering the effects of ohmic polarization, activation
polarization, and concentration polarization on the voltage. An industrial-sized flat-tube SOFC stack (5 cells) was used to compare the
power generation performance of pure hydrogen and methanol reforming gas at 750 ‘C. The composition of the reforming gas was
analyzed by gas chromatography, and the I-V curve was tested. A system flow model wss constructed using a software named Aspen
Plus, and the 1-V curves obtained from the SOFC system model simulation aligned closely with the experimental results, confirming
the accuracy of the computational model used in this study. The sensitivity analysis was then performed to evaluate the effects of key
parameters (i.e., the steam-to-carbon molar ratio (STCR), fuel utilization rate (Us), and current density) on the system performance.

Results and discussion In the comparation of the performance of the SOFC system under pure hydrogen and methanol reforming
gas power generation conditions, the maximum power density difference was only 5.59%, confirming the practicality of methanol
fuel. Furthermore, the sensitivity analysis indicates that a) since anode carbon deposition is a key factor leading to stack failure, the
impact of the steam-to-carbon molar ratio (STCR) on the system power generation performance is studied. The operating voltage
decreases from 3.505V to 3.226 V, and the system efficiency reduces from 45.95% to 42.35% when the STCR increases from 1 to 4
(a commonly used STCR in industrial processes). A low STCR (=2) can balance both the efficiency and carbon deposition
suppression; b) the impact of fuel utilization rate on the system power generation performance is investigated. The system efficiency
increases from 35.79% to 57.25% when the fuel utilization rate increases from 55% to 95%. However, the excessive concentration
polarization can be avoided, and a fuel utilization rate of 85% is recommended; and c) after determining the system’s fuel utilization
rate and STCR, the impact of current density on the system power generation performance is studied. The calculated current density
range is 0.602-0.733 A-cm2, with the operating voltage range of 3.25-3.50 V' under the target power range conditions (i.e., P =
147.3-166.9 W). The system efficiency ranges from 38.18% to 43.27% at the optimal current density of 0.704 A-cm,

Conclusions This study proposed a computational model for the methanol power generation characteristics of flat-tube SOFC
stacks, enabling the performance prediction of the methanol-SOFC stack under different operating conditions. The accuracy of this
model was validated through modeling and experimental results. The study further clarified the performance behavior of the
methanol-SOFC system under varying conditions and proposed optimization ranges for key parameters. The results indicated that
methanol fuel could effectively replace pure hydrogen, and the stack output power could be controlled under high voltage conditions.
The efficient and stable operation could be achieved via adjusting the steam-to-carbon molar ratio, fuel utilization rate and current
density. At an output power of 150 W, the optimal operating parameters were a steam-to-carbon molar ratio of 2, a fuel utilization rate
of 85%, and a current density of 0.704 A-cm=2. Under the optimum conditions, the stack efficiency was 36.71%, and the system
efficiency was 42.21%. The research findings could provide an important reference for the engineering application of methanol-SOFC
systems and have significant implications for advancing clean energy technologies.

Keywords solid oxide fuel cell; methanol; system simulation; experiment; fuel utilization



