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Design and Optimization of a Biomass-Gasification-Driven MCFC—-ORC Hybrid System for
Efficient Waste Heat Recovery and Low-Carbon Operation
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Abstract

The present study introduces a novel hybrid energy system that integrates a heating unit, an Organic Rankine Cycle (ORC), and a
Molten Carbonate Fuel Cell (MCFC) to reduce direct CO: emissions while efficiently utilizing waste heat. In this system, biomass
gasification is employed to produce syngas, which serves as the fuel for the MCFC. Subsequently, the waste heat from the MCFC is
recovered by the ORC to generate additional power and provide heating. Thermodynamic modeling and parametric analysis were
conducted to evaluate the system’s performance. The key results indicate that the system achieves a maximum overall efficiency of
47.46%, and at a fuel utilization factor (Uy) of 0.88, it delivers a net power output of 670.7 kW. The MCFC contributes significantly
to power generation, with its efficiency being highly sensitive to current density and flue gas temperature. Parametric analysis shows
that increasing the current density from 630 to 900 A/m? enhances power output at the expense of reduced efficiency, primarily due
to increased ohmic losses. An increase in Uy initially improves efficiency but begins to decline after Uy = 0.88. At Ur= 0.9, CO:
emissions are minimized, corresponding to a unit product cost of 7.534 $/GJ. Furthermore, multi-objective optimization results
revealed that under optimal conditions, the system achieves an exergy efficiency of 59.59%, a unit product cost of 7.45 $/GJ, and
CO: emissions equivalent to 0.48 tons per MWh.

Keywords: Molten carbonate fuel cell (MCFC), Organic rankine cycle (ORC), Biomass gasification, waste heat recovery, multi-
objective optimization, Low-carbon energy system.
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