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In this current study, the energy, exergy, economic, and environmental efficiency of an integrated solid oxide fuel cell
(SOFC) with two proposed waste heat recovery cycles - an organic Rankine cycle (ORC) and a supercritical carbon
dioxide Brayton cycle (sCO:) was investigated. The SOFC model used in the analysis was detailed and included
electrochemical equations along with expressions for activation, ohmic, and concentration losses derived from it and
was validated against reference experimental data. Then a systematic energy and exergy analysis of the complete system
was performed to identify the optimum cycle in terms of efficiency and SWOT evaluation. The supercritical carbon
dioxide Brayton cycle was then optimized multi-objectively with the Grey Wolf Optimizer (GWO) algorithm for
maximum power and minimum destruction of exergy. The results indicated that an increase in the current density from
0.4 to 1 A/cm? reduced the cell voltage from 0.88 to 0.63 V, while the recovered heat increased from 12 to 25 kW. At
the optimal position from the GWO, the energy efficiency, net system power, current density, and total rate of exergy
destruction were 0.875 A/cm?, 501 kW, 53.74%, and approximately 377.23 kW, respectively. The comparison between
the two configurations showed that the energy efficiency of the SOFC—sCO: system was greater than that of the stand-
alone SOFC by more than 24%. In addition, incorporation of the waste heat recovery system into the SOFC—sCO-
system reduced the same CO: emissions by 39.21% relative to the independent SOFC system.
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Table 1 Input parameters for the supercritical carbon dioxide
modeling.

Parameter Value Unit
Compressor Pressure Ratio 2.5 =
Compressor Inlet Temperature 310 K

Compressor Inlet Pressure 8000 kPa
Turbine Inlet Temperature 800 K

CO_ Mass Flow Rate 0.2 kg/s
Compressor Isentropic Efficiency 0.8 -
Turbine Isentropic Efficiency 0.8 -

Ambient Reference Conditions 298.15,101.325 K, kPa
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Capital Cost Annual = Cyiger X Wigr X CRF YY)

OM Cost Annual = OM_ X Wiy X 3600 X 3000 (YA)
/1000

Fuel Cost per Year = Cpye) X P, in RS,

X Hours per year

Total Annual Cost = Annualized Capital Cost
+ Annual OM Cost ¥+
+ Fuel Cost per Year

Annual Energy Output = W, X Hours per year ")
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Table 2 Validation results for sCO, Brayton cycle and ORC

Relative Error

Description  Units Present study Reference

(%)

ORC efficeincy % 23.45 23.6 0.63

SEOBLIER I g 39.82 396 0.55
Cycle
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Fig. 2 Validation of the thermodynamic model of the solid oxide fuel cell
(SOFC) with experimental data from reference [28].
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Fig. 5 Effect of current density on the efficiency of the solid oxide fuel
cell, the ORC, and the hybrid cycle.
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Fig. 6 Effect of current density on the exergy destruction rate of the solid
oxide fuel cell and the supercritical carbon dioxide Brayton cycle
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concentration, and ohmic voltage losses in the solid oxide fuel cell (SOFC).
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Fig. 7 Effect of current density on the exergy destruction rate of the solid
oxide fuel cell and the organic Rankine cycle
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Table 2 SWOT analysis of using the supercritical carbon dioxide Brayton cycle and the organic Rankine cycle.

- More complex design due to the presence of gas

- Lower efficiency compared to SOFC-GT systems.
- Heat recovery limited to lower temperature ranges.

- Low thermal stability of organic fluids at higher
temperatures.

- Higher maintenance and temperature control costs.

compressor and turbine.

Weaknesses

- Requirement for materials resistant to high

temperatures.

- Lower efficiency may indirectly increase CO,
emissions on a large scale.

- High complexity and initial costs may limit
commercialization.

Threats

- Limitations in stable organic fluids and environmental - Requires precise control to prevent thermal shocks in

risks associated with leakage.

sCO,, which is sensitive to rapid load changes.

Advantage: sC02 9 Lower

Higher Overall Energy Efficiency

Advantage: sC02 9 Higher per kWh

Lower per kWh Greenhouse Gas Emissions

Weakness: sC02 ¢ Lower

Higher Mechanical Complexity

Depends on scale Residential or small-scale

Industrial, MW-scale Most Suitable Application
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Table 3 Optimization results obtained using the Grey Wolf Optimizer
algorithm.

Description Units Optimized Value Parameter

Optimal Trade-off

Point b.et\{veen Afcm? 0.875 Optimizedlcurrent
Conflicting density
Objectives

Close to the
maximum kW 61.28
achievable power

Power Generation

Within an
acceptable range
relative to the
generated power

kw 288.6 Exergy destruction

65

Power (kW)
E &5 8 B 8
]
L]

™
13

30

140 190 240 290 340
Exergy destruction (kW)
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Fig. 10 Pareto front obtained from the optimization of the hybrid cycle.

IS il 51 A6 90k aur el B Guyy B Jedz

SSlg300S Hhagsd
Table 4 Investigation of specific points on the Pareto front resulting
from the optimization of the supercritical carbon dioxide cycle
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(A/em?)
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GWO Optimal
Optimal 0.8750 288.6 61.28 Trade-off
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End of the 0.9390 318.6 60.76 End of the
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Fig. 11 Evaluation of performance: (a) efficiency and (b) power and heat
under optimal conditions
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