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Abstract: This study presents the design and thermodynamic
analysis of a novel biomass-based trigeneration system intended
for building applications. The system integrates an open
Brayton cycle, a supercritical carbon dioxide Brayton cycle, and
a high-performance absorption chiller. Energy and exergy
analyses were employed to evaluate system performance. A key
innovation lies in the use of a hot box for efficient heat recovery,
enabling the absorption chiller to achieve a coefficient of
performance (COP) of 82%. Under baseline conditions, the
system demonstrates energy and exergy efficiencies of 83.65%
and 47.78%, respectively, with total exergy destruction reaching
4366 kW. Raising the hot box outlet temperature to 160°C
further improves the chiller’s COP to 82.21% (energy-based)
and 32.33% (exergy-based). Parametric analysis indicates that
preheating air temperature, CO, turbine inlet temperature, and
hot box outlet temperature have a substantial impact on system
behavior. The results confirm the system’s strong performance
and adaptability, underscoring its suitability for integration into
hybrid energy systems utilizing renewable resources.

Keywords: Multigeneration,  Biomass,  High-Efficiency
Absorption Chiller, Supercritical Carbon Dioxide Brayton
Cycle, Energy and Exergy Analysis.

1. Introduction

The depletion of fossil fuels and the rise in greenhouse gas
emissions have increased the demand for sustainable and
high-efficiency energy systems [1]. Traditional fossil fuel-
based power generation faces major challenges, including
unstable fuel prices, high costs, and severe environmental
impacts [2]. Buildings are responsible for nearly 40% of
global energy consumption, with heating and cooling
accounting for about 80% of this usage [3]. Among renewable
energy sources, biomass is particularly attractive due to its
wide availability and ability to produce heat, power, and
biofuels [4]. Integrating biomass with advanced technologies
can help reduce fossil fuel dependency and emissions while
supporting environmental sustainability [5]. Combined heat
and power (CHP) and combined cooling, heating, and power
(CCHP) systems are effective solutions for improving overall
efficiency, saving 20-30% more energy compared to

conventional plants [6]. However, most previous biomass-
based CCHP studies have focused mainly on producing
chilled water using absorption refrigeration cycles, neglecting
the potential to simultaneously generate hot water. This study
proposes a novel biomass-based CCHP system that integrates
direct biomass combustion, a supercritical CO2 Brayton
cycle, and an ammonia—water absorption refrigeration cycle.
The system includes a multi-stage heat recovery unit, called
the hot box, which captures waste heat at three different
points and transfers it to the absorption cycle to produce both
chilled and hot water with a COP above 82%. The schematic
layout of the proposed system is shown in Figure 1,
highlighting its three main subsystems: the biomass
combustion chamber, the supercritical CO2 cycle, and the
absorption refrigeration unit. This design maximizes waste
heat recovery, significantly improving the energy and exergy
efficiencies of the system. The main objectives of this work
are to design and analyze the proposed CCHP system,
evaluate its performance through comprehensive energy and
exergy analyses, and introduce the Fuel Saving Ratio (FSR)
as a new performance indicator to assess its potential for
sustainable building energy management.

2. Methodology

Thermodynamic modeling of the designed integrated system
was conducted to evaluate key performance parameters such
as energy efficiency, electrical efficiency, fuel savings rate,
exergy destruction, exergy destruction ratio, and exergy
efficiency. The initial assumptions for the biomass-based
CCHP system included: all components operate under
thermodynamic equilibrium or steady-state conditions;
ambient temperature and pressure are 25°C and 101.3 kPa,
respectively; outlet streams from separators are saturated,;
kinetic and potential energy changes are negligible; pressure
drops in connections and heat exchangers are ignored; the
working fluid in the absorption refrigeration cycle is an
ammonia—water solution; the system is assumed adiabatic
with no heat loss to the environment, allowing exergy

* Manuscript received June 18, 2025, Revised August 31, 2025, Accepted September 08, 2025 .

1 M.Sc. Graduate in Energy Systems Engineering, Faculty of Mechanical Engineering, K. N. Toosi University of Technology, Tehran, Iran.
2 M.Sc. Student in Mechanical Engineering, Faculty of Mechanical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran.

3 M.Sc. Graduate in Aerospace Engineering, School of Mechanical Engineering, Iran University of Science and Technology, Tehran, Iran.
4 Corresponding Author: Associate Professor, Department of Mechanical Engineering, K. N. Toosi University of Technology, Tehran, Iran.

Email: msoltani@kntu.ac.ir



https://mechanic-ferdowsi.um.ac.ir/article_47216.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://doi.org/10.22067/jacsm.2025.94113.1339
mailto:msoltani@kntu.ac.ir
https://orcid.org/0009-0006-3926-5702
https://orcid.org/0000-0003-0878-6274

Arash Kalantari, Milad Mehrpooya, Alireza Pourmand, Majid Soltani 2

destruction to be calculated based on the difference between
fuel and product exergy. Following prior studies, the Peng-
Robinson equation of state was employed for gas mixture
property calculations within Aspen HYSY'S software. Mass,
energy, and exergy balances were applied to all system
components to characterize system behavior. Exergy analysis
included calculation of exergy destruction share and exergy
efficiency for each component, with relevant equations and
results tabulated for detailed assessment.

3. Results

This section presents the energy and exergy analysis results
of the integrated CCHP system. The base-case model outputs
include 3001 kw thermal power, 1283 kW cooling power,
and 2085 kW electrical power, with overall energy efficiency,
electrical efficiency, and exergy efficiency of 83.65%,
27.39%, and 47.78%, respectively. The inclusion of a hot box
in the absorption refrigeration cycle significantly improves
the coefficient of performance (COP), achieving 82.21%
(first law) and 32.33% (second law) enhancements. Exergy
destruction totals 4366 kW, predominantly in the biomass
burner (39.46%) and the supercritical CO2 Brayton cycle heat
exchangers, indicating key areas for thermal recovery
improvements. Increasing heat absorption in key heat
exchangers (E-100, E-101, and E-104) enhances both
cooling/heating output and electrical generation. Exergy
efficiency comparison shows phase separators perform best,
while heat exchangers have substantial potential for
thermodynamic optimization. Compared to similar biomass-
based studies, the proposed system demonstrates superior
COP, energy, and exergy efficiencies, mainly due to thermal
integration, hot box utilization, and a recuperator in the
supercritical CO2 cycle. Fuel savings analysis confirms the
process’s strong potential for energy conservation and
effective replacement of conventional systems through
advanced thermal integration.
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Figure 1 Overall schematic of the new CCHP system

4. Conclusion

This study proposes a novel biomass-fueled integrated CCHP
system featuring multi-stage heat recovery from a gas turbine.
The system demonstrates superior fuel savings and higher
energy and exergy efficiencies compared to previous similar
studies. A key innovation is the high-efficiency absorption
chiller achieving a coefficient of performance (COP) above
82%, enabled by the use of a hot box and enhanced heat
recovery. Energy and exergy analyses, alongside targeted

sensitivity assessments of critical parameters, reveal that the
hot box significantly improves the overall exergy efficiency
of the CCHP system. The results indicate that the inlet
temperature of supercritical CO2 to the turbine has a more
pronounced effect on energy and exergy efficiencies than the
combustion air preheating temperature. Notably, increasing
the CO2 turbine inlet temperature yields similar qualitative
effects to raising the air preheat temperature, with heating and
cooling outputs of the absorption chiller remaining stable—
implying balanced energy transfer through the hot box. Key
findings include a fuel savings rate confirming the system’s
strong potential as a thermal integration solution, exergy
destruction mainly concentrated in the biomass burner
(39.46% of total 4366 kW), and maximum permissible
temperatures identified as 750°C for air preheating, 700°C for
CO2 turbine inlet, and 170°C for the hot box outlet. Under
these optimal conditions, heat absorption in heat exchangers
100, 101, and 104 is maximized, resulting in exergy
efficiencies of 51%, 54%, and 53%, respectively.
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