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Abstract: In this study, an energy and exergy analysis is
conducted on a novel and integrated polygeneration system
based on biomass gasification. The primary objective of the
system is to simultaneously produce electricity, freshwater,
hot water, and hydrogen with reduced environmental
emissions, utilizing pine sawdust as a biofuel through a
gasification process. The system architecture comprised a
gasifier, water heater, proton exchange membrane (PEM)
electrolyzer, an organic Rankine cycle (ORC) equipped with a
recuperator, and a thermal desalination unit. A gas turbine
carried out the main electricity generation. The results of the
analyses indicated that the system achieved a thermal
efficiency of 80% and an exergy efficiency of 42.55%, with
the total exergy destruction of 4065 kW. A detailed
breakdown of exergy destruction across system components
revealed that the gasifier and gas turbine were the dominant
contributors, accounting for 48% and 34% of the total exergy
loss, respectively. A comparative assessment with similar
systems reported in the literature demonstrated that the
proposed system exhibits a higher thermal efficiency.
Parametric studies further revealed that increasing the working
fluid pressure in the ORC up to 5800 kPa reduced exergy
destruction in the steam generator, resulting in an increase in
the net power output to 3379 kW and an improvement in
exergy efficiency to 45.0%. Additionally, raising the inlet air
temperature to the combustion chamber to 1300°C enhances
the net electrical power output to 3508 kW and increased the
overall exergy efficiency to 46.0%.
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Extended Abstract

Introduction

Global energy demand is rising steadily due to
economic growth and the population increase, yet
access to clean and reliable energy remains insufficient
for many. Renewable energy currently accounts for less
than 30% of electricity generation, falling short of
targets for 2030. Conventional single-output systems
suffer from low thermodynamic efficiency, motivating
the development of the integrated polygeneration
systems that simultaneously produce multiple valuable
outputs by utilizing waste heat and improving overall
efficiency. Biomass gasification, especially using pine
sawdust, offers a promising sustainable feedstock for
generating syngas with significant energy content. This
study proposes a novel integrated system combining a
gas turbine, an organic Rankine cycle (ORC) with a
recuperator, thermal desalination, and PEM
electrolyzer for the simultaneous production of
electricity, freshwater, heat, and hydrogen. Using the
first and the second law analyses, the system’s
thermodynamic performance was evaluated, with
parametric studies on key operating variables to
optimize efficiency and output. The proposed
configuration effectively recovered waste heat from
biomass gasification, enhancing overall system
performance and multi-product generation.

Materials and Methods

The proposed system was simulated and developed in
the Aspen HYSYS environment. The assumptions in
this modeling were as follows:

e The effects of tar and heavy hydrocarbons in
the syngas were negligible.

The modeling conditions were steady-state.
Gasification occured without pressure drop
and at atmospheric pressure.

e Changes in kinetic and potential energy were
negligible.

e There was no heat loss from the equipment to
the surroundings.

e The exergy of the streams included both
chemical and physical exergy.

e Pressure drop in the equipment was
negligible.

e The working fluid in the organic Rankine
cycle used ortho-xylene as the heat recovery
medium.

e The combustion gas mixtures exiting the
burner and the air were considered real and
purified gases.

The biomass gasification process was simulated using a
Gibbs reactor. This modeling method is known as non-

stoichiometric due to the unknown nature of all
reactions occurring in the gasifier, which appears to be
a suitable approach for a complex phenomenon such as
gasification. The gasification reactions occur based on
the chemical method of Gibbs free energy
minimization. The Gibbs free energy of the system was
minimized using the Lagrange multiplier method in the
Aspen HYSY'S process simulation.

Results
Each subsystem of the proposed multi-generation
system was validated against similar studies,

confirming the accuracy of the simulation. Parametric
analyses showed that increasing ORC pressure
improved net electrical power and freshwater
production, while higher combustion chamber inlet air
temperature raised electrical output but slightly reduced
freshwater yield. Exergy analysis identified the gas
turbine as the largest contributor to exergy destruction,
and increasing power output enhanced overall system
exergy efficiency. Energy and exergy assessments
quantified subsystem efficiencies and highlighted the
main sources of irreversibility. Under the studied
conditions, the system produced 3213 kW of
electricity, 3599 kW of heat, 2988 kg/h of freshwater,
and 6.05 kg/h of hydrogen with overall thermal and
exergy efficiencies of 80% and 42.3% respectively.
Most exergy destruction occurred in the gasifier,
burner, and electrolyzer, accounting for over 77% of
total losses. Waste heat recovery significantly
improved performance, particularly in the ORC and
desalination units, while the total exergy destruction of
4065 kW highlighted critical areas for further
optimization.

Conclusion

This paper proposes a novel fully integrated multi-
generation system for simultaneous production of
electricity, freshwater, hydrogen, and heat using
biomass as a sustainable fuel. Pine sawdust is gasified
into high-energy syngas, which is combusted to drive a
gas turbine and an organic Rankine cycle while
supplying heat and powering a thermal desalination
unit. The system produces clean hydrogen with zero
direct carbon emissions and reduces reliance on fossil
fuels. Thermodynamic performance is evaluated
through energy and exergy analyses, identifying major
sources of exergy destruction in the gasifier,
combustion chamber, and electrolyzer. Parametric
studies on key operating parameters provided insights
for optimizing efficiency and multi-product output,
offering a promising pathway for sustainable energy
generation.
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