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Keywords: This study proposes value-oriented thermal management in a sustainable biomass-based freshwater and
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percritical COz Brayton cycle and PEM water electrolysis, driven by rice straw biomass. A comprehensive
Heat-driven HDH desalination
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Metaheuristic bat algorithm varying operating conditions, including gas turbine pressure ratio, turbine inlet temperature, and biomass feed
Cost-effective framework rate. High-temperature exhaust gases from the gas turbine transfer their thermal energy through two heat ex-
changers as a cost-effective approach. The first heat exchanger supplies heat to drive the supercritical COz (sCO2)
Brayton cycle, generating additional power. Within the sCO: cycle, an internal heat exchanger provides heated
air for residential space-heating applications. The second heat exchanger recovers residual exhaust heat to drive
the HDH desalination cycle, producing freshwater. The system simultaneously delivers electricity, freshwater,
hot air, hydrogen, and oxygen. Performance analyses indicate that increasing the gas turbine pressure ratio
enhances electrical power and hydrogen production while reducing thermal outputs such as freshwater and hot
air. Conversely, higher turbine inlet temperatures favor freshwater and hot air generation. Results show that
freshwater production increases significantly with higher turbine inlet temperature and biomass feed rate,
reaching up to 216.8 L/h and 235.3 L/h, while higher pressure ratios reduce water yield due to enhanced energy

* Corresponding author: Aeronautical Technical department, Najaf Technical Institute, Al Furat Al Awsat Technical University, Kufa, Najaf, Iraq.

Corresponding author: Department of Electrical Engineering, Faculty of Engineering, Islamic University of Madinah, Madinah 42351, Saudi Arabia.
Corresponding author: School of Digital Economy and Management, Sichuan University of Technology and Business, Meishan, Sichuan 620000, China
Corresponding author: Department of Applied Mechanical Engineering, College of Applied Engineering, Muzahimiyah Branch, King Saud University, P.O. Box
800, Riyadh 11421, Saudi Arabia

x#ix Corresponding author at: Department of Electrical and Electronic Engineering, Faculty of Engineering and Architecture, Istanbul Gelisim University, Avcilar-
Istanbul, 34310, Istanbul, Tiirkiye

E-mail addresses: hyderballa@atu.edu.iq (H.H. Abed Balla), medarbi@iu.edu.sa (M.A. Khlifi), SCI868@126.com (H. Zhang), yfouad@ksu.edu.sa (Y. Fouad),

ibmaharig@gmail.com (I. Mahariq).

https://doi.org/10.1016/j.icheatmasstransfer.2026.111615

Available online 1 June 2026
0735-1933/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:hyderballa@atu.edu.iq
mailto:medarbi@iu.edu.sa
mailto:SCI868@126.com
mailto:yfouad@ksu.edu.sa
mailto:ibmahariq@gmail.com
www.sciencedirect.com/science/journal/07351933
https://www.elsevier.com/locate/ichmt
https://doi.org/10.1016/j.icheatmasstransfer.2026.111615
https://doi.org/10.1016/j.icheatmasstransfer.2026.111615
http://crossmark.crossref.org/dialog/?doi=10.1016/j.icheatmasstransfer.2026.111615&domain=pdf

Y. Li et al.

International Communications in Heat and Mass Transfer 178 (2026) 111615

extraction in the power cycle. A metaheuristic bat algorithm is used for multi-objective optimization to maximize
freshwater and hydrogen production while improving overall system efficiency. An optimal configuration ach-
ieves high freshwater yield, considerable hydrogen generation, and efficiency exceeding 80%.

1. Introduction

The rapid growth of global energy demand, coupled with increasing
environmental concerns, has intensified the search for sustainable and
efficient energy systems [1-3]. Conventional fossil-fuel-based power
generation not only depletes natural resources but also significantly
contributes to greenhouse gas emissions and environmental degrada-
tion. In this context, multi-generation energy systems [4-6] have
emerged as a promising approach, offering the simultaneous production
of electricity, heat, freshwater, and chemical fuels such as hydrogen
[7-9]. These systems aim to enhance overall efficiency by utilizing en-
ergy streams more effectively and integrating renewable or alternative
energy sources, thereby reducing environmental impact and improving
energy security [10,11].

Among renewable options, biomass-based energy systems [12,13]
are particularly attractive due to their carbon-neutral nature and wide
availability, especially from agricultural residues such as rice straw,
wood chips, and other lignocellulosic materials [14-16]. Integrating
biomass with advanced thermodynamic cycles, including supercritical
carbon dioxide (sCO2) Brayton cycles, electrochemical hydrogen pro-
duction, and humidification-dehumidification (HDH) desalination, en-
ables efficient use of fuel energy while producing multiple valuable
outputs. Modern high-efficiency recuperation concepts for gas turbines,
including chemically recuperated and exhaust-driven fuel-reforming
systems, have shown strong potential for improving cycle performance
[17,18]. Biomass-based hydrogen plays a key role in enabling clean and
sustainable energy systems [19-21]. The design and optimization of
such integrated systems are essential for maximizing energy utilization,
reducing emissions, and providing sustainable solutions for both rural
and industrial applications. Consequently, research in this domain ad-
dresses both technical challenges and environmental imperatives,
making it a critical area for advancing next-generation energy
technologies.

Sharifishourabi et al. [22] developed a solar-biomass-based multi-
generation system integrating Brayton, Rankine, and absorption cycles
to produce heat, power, hydrogen, and hot water. The system demon-
strated notable energy (58.43%) and exergy (56.92%) efficiencies,
highlighting the feasibility of combining renewable sources and
advanced thermodynamic cycles for efficient, multi-output energy sys-
tems, aligning with the objectives of the present study. Fu et al. [23]
proposed a biomass gasification-based fuel cell trigeneration system
with an exergy-cost-carbon approach, integrating ORC, absorption, and
heat exchange cycles. The study provided comprehensive insights into
cost, carbon footprint, and exergy relationships for multiple energy
outputs, demonstrating how optimized configuration and exergy-level
analysis enhance the performance and sustainability of multi-
generation systems. Xu et al. [24] introduced a polygeneration system
converting lignocellulosic biomass (corn stover) into dimethyl ether
(DME) and electricity using S-CO, Brayton and WGS cycles. The system
achieved 49.54% energy efficiency and 41.12% exergy efficiency, while
capturing CO,, highlighting the potential of integrating biomass con-
version and advanced cycles for simultaneous fuel and power produc-
tion. Chen et al. [25] presented an innovative biomass-based
multigeneration system producing power, freshwater, cooling, and
hydrogen. The integration of supercritical CO, cycles, HDH desalina-
tion, and electrolyzers demonstrated efficient multi-energy utilization.
Parametric and hybrid optimization studies revealed trade-offs between
exergy efficiency and resource outputs, emphasizing the importance of
multi-objective optimization for sustainable energy solutions. Li et al.
[26] designed an integrated biomass-to-energy system combining

gasification and pyrolysis for electricity and hydrogen production. Re-
sults showed high energy efficiency, lower CO5 intensity, and the in-
fluence of pyrolysis and gasification temperatures on hydrogen and
power outputs. This study reinforces the value of hybrid thermochem-
ical processes in achieving efficient, environmentally-friendly biomass
utilization. Ju et al. [27] developed a biomass-powered micro energy
grid (BSP-MEG) for islands, integrating desalination and power-to-hy-
drogen. Using hybrid differential evolution, the system optimized en-
ergy, water, and material flows, reduced costs and environmental risks,
and enhanced renewable resource utilization, demonstrating effective
multi-objective optimization for self-sustainable regional energy
systems.

This study addresses the growing demand for efficient, sustainable,
and multifunctional energy systems through the integration of biomass-
based multigeneration technologies with advanced optimization
methods. In contrast to conventional configurations, the proposed sys-
tem incorporates a supercritical CO2 Brayton cycle, hydrogen produc-
tion, freshwater generation, and air heating within a unified and flexible
framework. This integrated design enables the simultaneous production
of multiple energy carriers while enhancing the overall thermodynamic
performance of the system. A major contribution of this work lies in the
application of the metaheuristic Bat Algorithm for multi-objective
optimization. This approach makes it possible to determine optimal
operating conditions that achieve a desirable compromise among power
generation, freshwater and hydrogen production, system efficiency, and
emissions reduction. The adopted methodology offers a systematic
means of investigating the complex and nonlinear interactions among
key operating parameters, including pressure ratio, turbine inlet tem-
perature, and biomass feed rate. The objectives of this research are
threefold: (i) to assess the thermodynamic and environmental perfor-
mance of the proposed biomass-based polygeneration system under a
range of operating conditions; (ii) to optimize system performance using
the Bat Algorithm and identify the most promising operating points for
practical application; and (iii) to compare the system outputs with those
reported in the literature in order to demonstrate potential improve-
ments in efficiency, sustainability, and energy utilization. The results of
this study are expected to support the development of next-generation
renewable energy systems that are environmentally responsible, oper-
ationally efficient, and economically feasible.

2. System description and modeling
2.1. System description

The proposed multi-generation energy system (proposed in Fig. 1)
utilizes rice straw biomass as the primary fuel for a gas turbine unit. The
biomass and air are fed into the turbine combustor, where combustion
reactions occur to generate power. A portion of this electrical power
constitutes the first share of the system's output, while another portion
drives a proton exchange membrane (PEM) electrolyzer to produce
hydrogen and oxygen from water electrolysis. The generated gases are
subsequently stored as hydrogen and oxygen reserves. The high-
temperature exhaust gases leaving the gas turbine transfer their ther-
mal energy through two heat exchangers. The first exchanger supplies
the necessary heat to operate a supercritical carbon dioxide (sCO3)
Brayton cycle, which generates an additional portion of power,
contributing to the second segment of the total power output. Within the
sCO, Brayton cycle, an internal heat exchanger also provides heated air
for residential space-heating applications. The second heat exchanger
recovers residual exhaust heat to drive a



Y. Li et al.

humidification-dehumidification (HDH) desalination cycle, thereby
producing freshwater. Ultimately, the remaining flue gases are released
as emissions. Hence, the system simultaneously delivers electricity,
freshwater, hot air, hydrogen storage, and oxygen storage. The overall
efficiency and emission levels are analyzed as key performance
indicators.

2.2. System modeling

When formulating the thermodynamic model, radiative heat transfer
within the system components is neglected and all working fluids are
assumed to behave as ideal gases [28,29]. The model is developed under
steady-state operation with thermodynamic equilibrium assumed
throughout all components [30,31]; changes in kinetic and potential
energy are neglected [32,33]. Ambient reference conditions are taken as
1 bar and 25 °C. It should be noted that the assumptions of complete
combustion and ideal gas behavior may introduce minor deviations in
the predicted thermodynamic properties; however, these assumptions
are commonly adopted for system-level performance evaluation and are
not expected to significantly affect the comparative trends or the overall
conclusions of the present study.

Fuel is supplied to the combustion chamber and reacts with the air
stream under predefined operating conditions. The outlet stream of the
combustion chamber consists of nitrogen, carbon dioxide, steam, and
oxygen, assuming a complete combustion process. Because complete
oxidation is assumed, formation of dioxins and furans is neglected. The
global combustion reaction between the fuel and the air agent is
expressed as [34]:

Tt COx, Hy, Ny, + Tigir—=1in, N2 + Tico, CO; + iy, 0H2 0 + 1ip, 02 1)

where rig,e and rig- are the molar flow rates of the fuel and air, respec-
tively. x1, x2, and x3 represent the numbers of oxygen, hydrogen, and
nitrogen atoms per mole of carbon in the fuel.

The molar flow rate of each exhaust component n; is determined
from elemental balances:

TifuerXs + g (N Of air) = 2riy, (2)
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Tpe = Meo, 3
TgeXs = 2Mp,0 @)
riﬁ,elxl + riai,(O Of air) = 2Tic02 + T:leo + 2r'102 (5)

The combustion energy balance is defined as:

TuetPguct + MairPair—Tin, Ay + Tico, Rco, + Tyofin,o + Mo, Mo, (6)

Rice straw biomass has been selected as the fuel for the combustion
chamber [35]. Its proximate composition consists of 16.55 wt% fixed
carbon, 65.23 wt% volatile matter, 5.58 wt% moisture, and 12.64 wt%
ash. The ultimate analysis reveals 38.61 wt% carbon, 4.28 wt%
hydrogen, 1.08 wt% nitrogen, and 37.16 wt% oxygen. The lower heat-
ing value (LHV) of the rice straw biomass is 14.4 MJ/kg, indicating a
moderate energy density typical of agricultural residues [35].

Water electrolysis has been widely studied as a promising technique
for hydrogen production [36-38]. In this process, water is decomposed
into hydrogen and oxygen gases through the application of an electric
current, as expressed by the following reaction [39-41]:

1
HyO)—Hag) + EOQ(g) @

The corresponding reduction and oxidation reactions are formulated
as [42,43]:

2H20(1) + 2e” —>H2(g) + 20H" (aq) (8)

1
HzOm—)EOz(g) + 2H" (aq) + 2e” (9)
The chemical reaction occurring within the mixing chamber is rep-
resented by [44,45]:
2H™" (aq) T ZOHi(aq) —)2H20(1) (10)
The molar flow rate of the produced hydrogen is calculated by [46]:

J

ﬁHz,out = ﬁ. (11)
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Fig. 1. Schematic representation of the proposed integrated energy system illustrating the main components and thermodynamic interactions among the subsystems.
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where J is the current density and F denotes the Faraday constant. The
outlet water and oxygen flow rates are defined as [46]:

. . J

Ny,0.0ut = NH,0,in — 5F 12)
. J

No, our = 4_F (13)

The input power supplied to the electrolyzer can be evaluated by
[47,48]:

Woegy = ANVJ a4
where A is the active surface area, N represents the cell number, and V is
the cell voltage, calculated as [49]:

V = Vet + Vorm + Vi (15)

The activation, ohmic, and Nernst voltages are respectively defined
as [49]:

_RT (. af J o J
Vit = F (smh ( 2Jo.an) + sinh < 3 Ju.m> > (16)
D
dx
Vorm = J X — a7)
" /0 Tpem[£(x) ]
Vy = 1.229 — 8.5 x 107 x (Tpgy — 298) 18)

The local membrane conductivity is expressed as [49]:

1268 (ﬁﬁ)
Cpem[¢(x)] = (0.5136 x ¢(x) —0.326 ) x e (19)

where

() = (ot g, 20)

Finally, the exchange current densities for the anode and cathode are
given as [50,51]:

Eactan

Joan = JF e Rlvew (21)

Eact.ca

Joca = IS e Rlpem (22)

In recent years, supercritical carbon dioxide (sCO2) has been widely
investigated as a working fluid for Brayton cycles due to its high thermal
efficiency, low environmental impact, and non-toxic characteristics
[52-54]. The sCOy subsystem considered in this study is a simple
recuperated Brayton cycle, in which the recuperator is used to recover
heat from the turbine exhaust and preheat the compressed working fluid
before entering the heater. The power outputs of the compressor and
turbine and their respective isentropic efficiencies are defined as
[55-57]:

Pcom = AhcomrﬁCOZ (23)
Py = AhyyMco, 24
AR
— com 2
Ncom Aheom (25)
Ahgy
= 2
Mur = R (26)

Here, Ah denotes the enthalpy difference between outlet and inlet,
and Ah’ represents the isentropic enthalpy change. The heat transferred
in a heat exchanger is expressed as [58-60]:

Que = Mco, (Ahhm> (27)
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where AR™! is the enthalpy change of the hot stream. The efficiency of
the heat exchanger is defined as [61,62]:

Ahhot
NMue = Ahcold

(28)
with AR representing the enthalpy difference in the cold stream.

Humidification-dehumidification (HDH) desalination couples an air-
driven humidifier with a dehumidifier to extract fresh water from saline
feed [63-66]. Mass production of freshwater in the dehumidifier is ob-
tained from the change in the air humidity ratio across that component
[671:

mf = MyQin — maauut) (29)

In the humidifier, the freshwater yield may be expressed similarly,
and is also equal to the difference between the seawater feed and the
brine discharge [48,68]:

mf = maaout - maain = ms - mb (30)

Energy conservation is applied separately on the dehumidifier and
the humidifier. For the dehumidifier:

i, A, = ritg A, — riyhy (31)

and for the humidifier:
mshs = maAha + mbhb (32)

Here m denotes mass flow (kg/s), a is humidity ratio (kg water per kg
dry air), h specific enthalpy (kJ/kg), and Ah indicates the enthalpy
difference between inlet and outlet of the corresponding stream.

Based on a preliminary screening analysis, pressure ratio (5-15),
turbine inlet temperature (800-1000 °C), and biomass feed rate
(1.25-1.75 kg/min) are selected as the main decision variables affecting
the system performance.

2.3. Metaheuristic bat algorithm

In this study, the bat algorithm, a nature-inspired metaheuristic
optimization technique [69], is employed to determine the optimal
operating conditions of the integrated multi-generation energy system.
Fig. 2 presents the flowchart of the bat algorithm, outlining the
sequential steps of the optimization process from initialization of the bat
population to iterative updating of candidate solutions and convergence
toward the optimal solution. The algorithm is inspired by the echolo-
cation behavior of microbats, which use sound pulses to navigate and
locate prey [70,71]. Each bat in the algorithm represents a candidate
solution, defined by a set of decision variables including pressure ratio,
turbine inlet temperature, and rice straw feed rate. The movement of
bats through the search space is governed by velocity and position up-
dates, with adjustments in loudness and pulse emission rate controlling
the exploration and exploitation balance [72,73]. Bats with higher
fitness, evaluated based on a multi-objective function incorporating
power output, hydrogen and oxygen production, freshwater generation,
system efficiency, and emissions, are more likely to influence the
swarm's trajectory toward promising regions of the solution space. The
algorithm iteratively updates the positions and velocities of bats,
adapting the pulse frequency and emission rate to refine the search for
optimal solutions [74]. This approach effectively navigates the high-
dimensional, nonlinear, and multi-modal landscape of the system,
enabling identification of multiple candidate optimum points that bal-
ance energy, water, and hydrogen outputs while minimizing emissions.
The flexibility, simplicity, and proven convergence properties of the bat
algorithm make it particularly suitable for complex multi-objective
optimization in advanced energy systems [75].
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Fig. 2. Flowchart of the metaheuristic bat algorithm illustrating the main optimization procedure, including initialization, solution update using frequency, velocity
and position adjustments, evaluation of fitness, and the acceptance criteria based on loudness and pulse emission rate.

3. Results and discussion
3.1. Model validation

As shown in Fig. 3, the HDH thermodynamic model was tested
against the results reported in [76] for both temperature and flow var-
iables. Maximum absolute deviations for the dehumidifier and product-
water temperatures were under 3%, and the discrepancies for seawater
and distilled-water mass flow rates were under 2%. These validation
outcomes indicate the model is both accurate and dependable.

In Fig. 4, the cell voltage predictions produced by the PEM model are

benchmarked against the experimental/literature curves from refer-
ences [77,78] at multiple current densities. The comparison yields a
high-quality fit: modeled potentials align with the references through
the examined current range, with only marginal differences at isolated
points. This close conformity confirms that the model reliably represents
electrochemical behavior under practical operating conditions.
Accordingly, the validation confirms and validates the PEM modeling
approach, establishing confidence in its accuracy for both analysis and
design tasks.

To assess the fidelity of the supercritical CO5 Brayton-cycle model,
we examined a matrix of eight operating points. These cases span two
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Fig. 4. Validation figure showing the predicted voltage behavior of the PEM
cell versus current density in comparison to literature data; results confirm the
model's reliability.

maximum pressures (200 and 300 bar), two turbine inlet temperatures
(550 and 750 °C) and two ambient/initial temperatures (T1 = 32 °C and
50 °C), reproducing the test conditions used by the reference study [79].
For each condition the computed pressure ratio was extracted and
benchmarked against the corresponding values reported in [79]. The
comparison, plotted in Fig. 5, shows excellent agreement: the modeled
pressure ratios closely follow the reference results across all eight sce-
narios. Quantitatively, deviations remain below 3% in every case. Taken
together, the benchmarking exercise demonstrates that the present
thermodynamic model reliably captures the cycle behavior under a
broad set of temperatures and pressures, and thus the model's predictive
capability for pressure-ratio estimation is validated.

3.2. System performance assessments

Fig. 6 illustrates the influence of the gas turbine pressure ratio (PR)
on the overall system performance in terms of total electrical power
output, freshwater generation rate, and hot air production capacity. The
results reveal opposite trends among these three outputs as PR increases

International Communications in Heat and Mass Transfer 178 (2026) 111615

from 5 to 15. The total power output rises monotonically with higher PR
owing to improved turbine expansion work and enhanced thermal uti-
lization within the sCO, Brayton cycle. Specifically, power increases
from 198 kW at PR = 5 to 286.5 kW at PR = 15, representing an absolute
gain of 88.5 kW and a 44.7% improvement. This growth reflects the
combined effect of reduced compressor work and greater turbine-outlet
enthalpy drop, which collectively elevate the net power of the hybrid gas
turbine/sCO5 subsystem. Conversely, both freshwater and hot air out-
puts exhibit declining tendencies with rising PR. The freshwater pro-
duction rate decreases from 201.7 L/h at PR = 5t0 97.95 L/h at PR = 15;
a reduction of 103.75 L/h, corresponding to a 51.4% decline. Similarly,
the hot air volumetric flow rate falls from 5588 m3/h to 3148 m3/h,
amounting to a 43.7% decrease. These reductions stem from the
diminished exhaust gas temperature at higher PR, which lowers the
available thermal energy transferred through the heat-recovery ex-
changers to the HDH desalination and space-heating units. Overall, an
increase in PR enhances the power generation efficiency of the inte-
grated system but compromises the thermal driven products (freshwater
and hot air). Therefore, an optimal PR must balance electrical gain
against the reduction in co-generated heat dependent outputs to maxi-
mize the system's multi-generation effectiveness. The analysis of power,
freshwater, and hot air production with respect to pressure ratio shows
consistent trends in line with prior studies. Increasing the pressure ratio
enhances power output but reduces freshwater and hot air generation.
These trends are consistent with previous investigations by Ibrahim
et al. [80], Ghaffarpour et al. [81], Ahmadi et al. [82], and Haseli et al.
[83], confirming that higher pressure ratios favor energy conversion
while slightly diminishing auxiliary outputs such as desalination and
space heating.

Fig. 7 presents the variation of hydrogen and oxygen storage rates
with respect to the gas turbine pressure ratio (PR). Both storage outputs
exhibit a clear and consistent upward trend as PR increases from 5 to 15.
This positive correlation arises because higher PR enhances the overall
power output of the integrated system (as shown in Fig. 6), thereby
providing more electrical energy to drive the PEM electrolyzer for water
electrolysis. The hydrogen storage rate increases from 1.452 kg/h at PR
= 5 to 2.101 kg/h at PR = 15, corresponding to an absolute gain of
0.649 kg/h and a 44.7% increase. Similarly, the oxygen storage rate rises
from 11.52 kg/h to 16.67 kg/h, resulting in an improvement of 5.15 kg/
h or 44.7%. The identical growth percentages confirm the stoichiometric
relationship between the two gases in the electrolysis process, in which
oxygen production is theoretically eight times that of hydrogen on a
mass basis. The monotonic enhancement of both gases with PR reflects
the thermodynamic and electrical synergies between the gas turbine, the
sCO; Brayton cycle, and the PEM electrolyzer. At higher PR, the com-
bined power generation subsystems deliver greater net electrical output,
a portion of which is utilized to sustain higher electrolysis current
density. Consequently, more water molecules are decomposed per unit
time, yielding higher Hy and O production rates. These findings
emphasize that optimizing the gas turbine pressure ratio not only boosts
power generation efficiency but also strengthens the hydrogen and ox-
ygen storage capacities, thereby improving the overall multi-generation
potential and flexibility of the proposed system.

Fig. 8 illustrates the variation of overall cycle efficiency and emission
intensity as a function of the pressure ratio (PR) in the supercritical CO5
Brayton cycle. The results clearly indicate that increasing the pressure
ratio leads to a substantial enhancement in system efficiency while
simultaneously reducing emission levels. Specifically, as PR rises from 5
to 15, the efficiency improves continuously from 50.4% to 76.99%,
representing an impressive 52.7% relative increase. This improvement
can be attributed to the elevated thermodynamic potential of the
working fluid at higher compression ratios, which strengthens the
recuperation process and reduces irreversibilities across the compressor
and turbine. Consequently, a greater portion of the input heat is con-
verted into useful work, leading to improved performance. In contrast,
the emission intensity decreases steadily with increasing PR, declining
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from 14.43 g/kWh at PR = 5 to 9.446 g/kWh at PR = 15. This corre-
sponds to a 34.6% reduction in emissions, highlighting the environ-
mental advantages of operating at higher pressure ratios. The reduced
emission rate results from enhanced combustion efficiency and better
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Fig. 8. Variation of overall efficiency and emission intensity with pressure ratio
(PR) in the supercritical CO, Brayton cycle, showing efficiency improvement
from 50.4% to 76.99% and emission reduction from 14.43 g/kWh to 9.446 g/
kWh as PR increases from 5 to 15.

energy conversion, which together lower the specific fuel consumption
for the same power output. Additionally, the smoother temperature
gradients at higher PR levels contribute to more complete fuel oxidation
and lower carbon-based byproducts. The simultaneous increase in effi-
ciency and decrease in emission levels with higher pressure ratios
emphasize the dual techno-environmental benefits of system optimiza-
tion. Thus, selecting a suitably high PR offers a favorable balance be-
tween thermodynamic performance and environmental sustainability in
the supercritical CO4 Brayton cycle. These observations align with pre-
vious studies by Ebrahimi and Majidi [84], Mojaver et al. [85], Ghaf-
farpour et al. [81], and Sanjay et al. [86], highlighting the interplay
between biomass type, pressure ratio, and environmental performance.

Fig. 9 illustrates the influence of the gas turbine inlet temperature (T)
on three key performance parameters: power output, freshwater pro-
duction rate, and hot air generation within the integrated supercritical
CO; Brayton-based system. The results reveal a contrasting trend among
these outputs as the turbine inlet temperature increases from 800 °C to
1000 °C. Specifically, while the power output exhibits a gradual decline,
both freshwater production and hot air generation consistently increase.
As temperature rises from 800 °C to 1000 °C, the power output decreases
from 281.3 kW to 239.4 kW, corresponding to a 14.9% reduction. This
decrease is attributed to the lower density and higher specific volume of
the working fluid at elevated temperatures, which reduces the mass flow
rate through the turbine and consequently the mechanical power pro-
duced consistent with observations by Bakare et al. [87], Ibrahim and
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Fig. 9. Variation of power output, freshwater production, and hot air genera-
tion with gas turbine inlet temperature, showing a power decrease from 281.3
kW to 239.4 kW (—14.9%), freshwater increase from 104.2 L/h to 153 L/h
(+46.8%), and hot air increase from 3490 m3/h to 4306 m3/h (+23.4%) as
temperature rises from 800 °C to 1000 °C.

Rahman [88], and Ghaffarpour et al. [81]. Despite this decline, the
thermal energy available in the exhaust gases becomes more favorable
for cogeneration applications. Conversely, the freshwater production
rate increases markedly from 104.2 L/h to 153 L/h, representing a
46.8% enhancement corroborating trends reported by Assareh et al.
[89] and Ding et al. [90], while the hot air generation rises from 3490
m>/h to 4306 m>/h, amounting to a 23.4% increase in agreement with
findings of Yilmaz et al. [91] and Mojaver et al. [85]. These upward
trends result from the greater availability of waste heat at higher turbine
outlet temperatures, which improves the performance of the desalina-
tion and air-heating subsystems. The intensified heat transfer processes
in both units enable more efficient utilization of the thermal energy that
would otherwise be lost. Increasing the turbine inlet temperature leads
to a trade-off: a moderate reduction in power output is counterbalanced
by significant gains in freshwater and thermal energy production. This
outcome underscores the importance of optimizing turbine inlet tem-
perature to achieve the best compromise between power efficiency and
multi-generation performance.

Fig. 10 illustrates the effect of gas turbine inlet temperature (T) on
the rates of hydrogen and oxygen storage in the integrated hybrid energy
system. The results clearly show that both Hy and O, storage capacities
decrease steadily as the turbine inlet temperature rises from 800 °C to
1000 °C, indicating a decline in electrolyzer performance with
increasing gas turbine temperature. Quantitatively, the H storage rate
declines from 2.063 kg/h to 1.756 kg/h, corresponding to a 14.9%
reduction, while the O storage rate decreases from 16.38 kg/h to 13.93
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Fig. 10. Variation of hydrogen and oxygen storage rates with gas turbine inlet
temperature, showing a decrease in H, storage from 2.063 to 1.756 kg/h
(—14.9%) and O, storage from 16.38 to 13.93 kg/h (—15.0%) as temperature
increases from 800 °C to 1000 °C.
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kg/h, equivalent to a 15.0% reduction. This behavior is in line with
previous investigations by Abid et al. [92] and Hai et al. [93]. These
nearly proportional reductions reflect the direct electrochemical rela-
tionship between hydrogen and oxygen generation within the water-
splitting unit. The observed decline in storage performance can be
attributed to the redistribution of available energy within the system. At
higher turbine inlet temperatures, a larger portion of the input heat is
converted into mechanical work in the gas turbine, leaving compara-
tively less waste heat available to drive the thermal and electrical pro-
cesses that power the electrolyzer. Consequently, the reduced electrical
energy input to the electrolysis subsystem results in diminished rates of
hydrogen and oxygen production.

Fig. 11 presents the influence of the gas turbine inlet temperature (T)
on the overall system efficiency and emission intensity. The results
demonstrate that as the turbine inlet temperature increases from 800 °C
to 1000 °C, system efficiency decreases progressively, while emission
levels increase correspondingly. This inverse trend highlights the ther-
mal and environmental trade-offs associated with high-temperature
turbine operation within the integrated Brayton-based multi-genera-
tion system. Specifically, the system efficiency declines from 75.28% to
62.96%, representing a 16.4% reduction, whereas the emission intensity
rises from 9.66 g/kWh to 11.55 g/kWh, corresponding to a 19.6% in-
crease. These trends agree with earlier studies by Bakare et al. [87],
Haseli et al. [83], and Ebrahimi and Majidi [84], highlighting the in-
verse relationship between thermal loading and overall thermodynamic
performance. The reduction in efficiency is primarily due to the
diminishing performance of subsystems such as the electrolyzer and
desalination units at elevated temperatures. As the turbine inlet tem-
perature rises, a greater portion of the input thermal energy is converted
into high-grade work within the gas turbine, leaving less residual heat
available for low-temperature processes, thereby reducing the overall
energy recovery efficiency. The observed increase in emissions is linked
to higher fuel consumption needed to sustain elevated turbine inlet
temperatures. Although the power output of the system decreases only
moderately, the higher combustion temperature results in greater CO»
release per unit of net energy generated. Consequently, optimizing
turbine temperature becomes crucial not only for energy efficiency but
also for environmental sustainability.

Fig. 12 illustrates the impact of the rice straw feed rate on three
primary performance indicators of the integrated system: power gen-
eration, freshwater production, and hot air output. As the feed rate of
rice straw increases from 1.25 kg/min to 1.75 kg/min, all three pa-
rameters exhibit a consistent upward trend, demonstrating the strong
dependency of system productivity on the amount of biomass supplied
to the gasification and combustion units. The power output rises from
214.1 kW to 299.8 kW, corresponding to a 40.1% increase, while
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Fig. 11. Variation of system efficiency and emission intensity with gas turbine
inlet temperature, showing a decrease in efficiency from 75.28% to 62.96%
(—16.4%) and an increase in emissions from 9.66 g/kWh to 11.55 g/kWh
(+19.6%) as temperature rises from 800 °C to 1000 °C.
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Fig. 12. Variation of power output, freshwater production, and hot air gener-
ation with rice straw feed rate, showing increases from 214.1 kW to 299.8 kW
(+40.1%), 110.5 L/h to 154.7 L/h (+40.0%), and 3302 m®/h to 4622 m*/h
(+40.0%) as the biomass feed rises from 1.25 kg/min to 1.75 kg/min.

freshwater production grows from 110.5 L/h to 154.7 L/h, representing
a 40.0% enhancement. Similarly, the hot air generation increases from
3302 m>/h to 4622 m>/h, amounting to a 40.0% improvement. These
nearly proportional increases indicate that the energy conversion pro-
cesses respond linearly to the available fuel energy within the examined
operating range. The observed performance enhancement can be
attributed to the larger thermal input provided by higher biomass feed
rates. The increased fuel flow results in more syngas production during
gasification, which in turn elevates the turbine power output and the
availability of exhaust heat for the desalination and air-heating sub-
systems. Consequently, the multi-generation efficiency of the overall
system improves substantially with greater feed availability. However, it
is important to note that further increases beyond the studied range
could potentially introduce operational challenges such as incomplete
combustion, heat exchanger overloading, or reduced turbine perfor-
mance due to excessive mass flow. Therefore, while a higher feed rate
clearly enhances energy and water production capacities, the optimal
operating point should balance the benefits of increased output against
potential thermodynamic and mechanical constraints.

Fig. 13 presents the effect of rice straw feed rate on the hydrogen
(Hy) and oxygen (O,) storage rates in the integrated hybrid energy
system. The results reveal a clear and nearly linear enhancement of both
storage parameters as the biomass feed rate increases from 1.25 kg/min
to 1.75 kg/min, indicating that the system's electrolysis unit benefits
directly from the higher fuel energy input and consequent increase in
available electrical power. Quantitatively, the H, storage rate rises from
1.57 kg/h to 2.199 kg/h, representing a 40.1% increase, while the O,
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Fig. 13. Variation of hydrogen and oxygen storage rates with rice straw feed
rate, showing increases in Hz storage from 1.57 to 2.199 kg/h (+40.1%) and O:
storage from 12.46 to 17.45 kg/h (+40.0%) as the feed rate rises from 1.25 kg/
min to 1.75 kg/min.
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storage rate increases from 12.46 kg/h to 17.45 kg/h, corresponding to a
40.0% improvement. These proportional variations confirm the stoi-
chiometric balance of the water-splitting reaction, where every unit of
hydrogen generated is accompanied by a consistent production of oxy-
gen in a fixed molar ratio. The observed trend can be attributed to the
higher chemical energy released during biomass gasification at elevated
feed rates. The increased production of syngas enhances turbine per-
formance and electricity generation, which in turn supplies more elec-
trical energy to the electrolyzer. As a result, both hydrogen and oxygen
generation rates increase steadily with the feed rate. Moreover, the
nearly linear relationship between the input biomass rate and the stor-
age capacities suggests efficient energy conversion with minimal system
losses within the studied operating range. Increasing the rice straw feed
rate significantly improves the hydrogen and oxygen production po-
tential of the system. However, it is essential to maintain optimal feed
conditions to prevent excessive fuel consumption or thermal imbalance
that could affect long-term system stability and operational efficiency.

Fig. 14 illustrates the influence of rice straw feed rate on the overall
system efficiency and emission levels. The feed rate of rice straw was
varied between 1.25 kg/min and 1.75 kg/min to evaluate its effect on
the performance of the system. Across this entire range, both the effi-
ciency and emission values remained constant, indicating a state of
operational stability within the studied interval. Specifically, the system
efficiency maintained a constant value of 68.12%, with no observable
variation as the rice straw feed rate increased. Similarly, the emission
level remained unchanged at 10.68 g/kWh throughout all tested feed
rates.

Fig. 15 presents a three-dimensional representation of freshwater
production as a function of pressure ratio (PR) and turbine inlet tem-
perature (T) in the proposed multi-generation system. The results indi-
cate a strong dependence of freshwater generation on both operating
parameters. At a constant pressure ratio, increasing turbine inlet tem-
perature from 800 to 1000 °C leads to a consistent rise in freshwater
production. For instance, at PR = 5, freshwater output increases from
180.9 L/h to 216.8 L/h, while at PR = 15, it rises from 65.98 L/h to
120.9 L/h. This trend can be attributed to the higher thermal energy
available in the exhaust gases at elevated temperatures, which enhances
the performance of the humidification—-dehumidification (HDH) desali-
nation unit. Conversely, at a fixed temperature, increasing the pressure
ratio results in a significant reduction in freshwater production. For
example, at T = 800 °C, freshwater decreases from 180.9 L/h at PR =5
to 65.98 L/h at PR = 15. This behavior is due to increased energy
extraction in the gas turbine at higher pressure ratios, leaving less
recoverable heat for desalination.

Fig. 16 presents a three-dimensional representation of overall system
efficiency as a function of gas turbine pressure ratio (PR) and turbine
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Fig. 14. Variation of system efficiency and emission with respect to rice straw
feed rate. Both parameters remain constant across the tested range (1.25-1.75
kg/min), indicating steady-state performance and stable combustion charac-
teristics of the system.
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Fig. 15. Three-dimensional variation of freshwater production as a function of
gas turbine pressure ratio and turbine inlet temperature in the proposed
biomass-based multi-generation system.
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Fig. 16. Three-dimensional variation of overall system efficiency as a function
of gas turbine pressure ratio and turbine inlet temperature in the proposed
biomass-based multi-generation system.

inlet temperature (T) for the proposed biomass-based multi-generation
system. The results reveal two distinct and opposing trends associated
with these operating parameters. At a constant pressure ratio, increasing
turbine inlet temperature from 800 to 1000 °C leads to a gradual decline
in efficiency. For example, at PR = 5, efficiency decreases from 55.64%
to 46.61%, while at PR = 15, it drops from 85.08% to 71.17%. This
reduction can be attributed to increased thermal losses and a shift to-
ward higher-temperature energy streams that are not fully converted
into useful work. In contrast, at a fixed temperature, increasing the
pressure ratio significantly enhances system efficiency. At T = 800 °C,
efficiency rises from 55.64% at PR = 5 to 85.08% at PR = 15, and a
similar trend is observed across all temperature levels. This behavior is
primarily due to improved compression and expansion processes in the
gas turbine, resulting in more effective energy conversion.

Fig. 17 presents a contour plot illustrating the variation of freshwater
production as a function of gas turbine pressure ratio (PR) and rice straw
feed rate in the proposed multi-generation system. The contour trends
clearly demonstrate that freshwater generation is strongly influenced by
both parameters, with opposite effects observed for PR and feed rate. At
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Fig. 17. Contour plot of freshwater production as a function of gas turbine
pressure ratio and rice straw feed rate in the proposed biomass-based multi-
generation system.

a constant pressure ratio, increasing the biomass feed rate from 1.25 to
1.75 kg/min results in a nearly linear increase in freshwater production.
For instance, at PR = 5, freshwater output rises from 168.1 L/h to 235.3
L/h, while at PR = 15, it increases from 81.63 L/h to 114.3 L/h. This
behavior is attributed to the higher thermal energy input associated with
greater biomass consumption, which enhances heat recovery for the
humidification-dehumidification desalination process. Conversely, at a
fixed feed rate, increasing the pressure ratio leads to a consistent
reduction in freshwater production. For example, at 1.25 kg/min,
freshwater decreases from 168.1 L/h at PR = 5 to 81.63 L/h at PR = 15.
This reduction is due to greater energy extraction within the gas turbine
cycle, which limits the residual heat available for desalination.

Fig. 18 presents a contour plot illustrating the variation of freshwater
production as a function of turbine inlet temperature (T) and rice straw
feed rate in the proposed multi-generation system. The results show that
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Fig. 18. Contour plot of freshwater production as a function of turbine inlet
temperature and rice straw feed rate in the proposed biomass-based multi-
generation system.
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temperature and biomass feed rate, indicating a synergistic effect of
thermal input and fuel supply. At a constant temperature, increasing the
rice straw feed rate from 1.25 to 1.75 kg/min leads to a nearly linear rise
in freshwater production. For example, at 800 °C, freshwater increases
from 86.84 L/h to 121.6 L/h, while at 1000 °C, it grows from 127.5 L/h
to 178.5 L/h. This trend reflects the direct impact of higher biomass
consumption on the available thermal energy for the humid-
ification-dehumidification desalination process. Similarly, at a fixed
feed rate, increasing turbine inlet temperature significantly enhances
freshwater generation. At 1.25 kg/min, freshwater rises from 86.84 L/h
at 800 °C to 127.5 L/h at 1000 °C, demonstrating the role of elevated
exhaust gas temperatures in improving heat recovery and desalination
performance.

3.3. Metaheuristic bat algorithm optimization

Fig. 19 presents the optimization results obtained using the meta-
heuristic bat algorithm, highlighting nine potential optimum points for
the integrated multi-generation system. Each point represents a distinct
combination of pressure ratio (PR), turbine inlet temperature (T), and
rice straw feed rate. The solutions cover a broad operational range: PR
varies from 5.04 to 15, T from 800 to 1000 °C, and feed rate from 1.25 to
1.75 kg/min. Notably, several points (e.g., 01, O5, 08) cluster around
lower temperatures (800 °C) with moderate PR and feed rates, indi-
cating favorable conditions for balanced energy, hydrogen, and fresh-
water production. Conversely, points with extreme PR and feed rate
values (02, 03, 06) suggest potential for maximizing specific outputs
such as electricity or hydrogen, albeit with trade-offs in efficiency or
emissions. The distribution of these points illustrates the flexibility of
the system under different operational priorities and demonstrates the
effectiveness of the bat algorithm in exploring a multi-dimensional so-
lution space to identify promising candidate configurations for optimal
performance.

Fig. 20 illustrates the system outputs corresponding to the nine po-
tential optimum points identified via the metaheuristic bat algorithm. In
Fig. 20-a, power, freshwater, and hot-air production are shown. Power
ranges from 155.2 kW (04) to 365.8 kW (03), indicating that points
with higher pressure ratios and feed rates generally achieve greater
electricity generation. Freshwater production varies between 64.05 L/h
(02) and 204.72 L/h (09), showing that lower pressure ratios or higher
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Fig. 19. Optimization results using the metaheuristic bat algorithm, showing
nine potential optimum points for the integrated energy system with different
combinations of pressure ratio, turbine inlet temperature, and rice straw
feed rate.
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Fig. 20. System outputs at the nine candidate optimum points identified by the
bat algorithm: (a) power, freshwater, and hot-air production; (b) hydrogen and
oxygen storage; (c) system efficiency and emission rates.

feed rates favor water yield. Hot air flow spans 2495.8 to 6025.4 m>/h,
with the maximum associated with 09, highlighting trade-offs among
outputs. Fig. 20-b presents hydrogen and oxygen storage, where Hj
production ranges from 1.138 kg/h (04) to 2.683 kg/h (03), and O:
storage varies from 9.034 kg/h (04) to 21.29 kg/h (03). Points with
higher feed rates and moderate PRs favor electrochemical gas produc-
tion, reflecting enhanced PEM electrolyzer performance. Fig. 20-c shows
efficiency and emissions. Efficiency spans 47.12% (04) to 84.85% (03),
while emissions range from 8.715 g/kWh (03) to 15.32 g/kWh (04).
This highlights the trade-off between maximizing efficiency and mini-
mizing environmental impact. Overall, O3, 06, and O7 demonstrate
high efficiency and acceptable emissions, whereas O4 achieves high
freshwater and hot air outputs but at low efficiency and elevated
emissions. These results emphasize the multi-objective nature of system
optimization and the importance of selecting points that balance all
outputs according to operational priorities.

The desirability analysis (based on the equal weights) identifies O7
as the most favorable point with a desirability of 0.653, followed by 06
(0.621) and O3 (0.575). This indicates that O7 provides the best
compromise among all objectives, delivering high power, substantial
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hydrogen and oxygen storage, moderate freshwater and hot-air output,
and acceptable efficiency-emission trade-offs. Conversely, O4 has the
lowest desirability (0.030), reflecting its poor balance, with low effi-
ciency and high emissions despite high freshwater and hot-air produc-
tion. These results demonstrate the usefulness of the desirability
approach in selecting a truly optimal operational point in a multi-
objective system.

Fig. 21 illustrates the schematic performance of the proposed system
at the optimal operating point, highlighting the simultaneous generation
of electricity, freshwater, hot air, hydrogen, and oxygen together with
their corresponding optimal production rates. Under these conditions, it
delivers 328.7 kW of power, produces 121.1 L/h of freshwater, supplies
4056.6 m>/h of hot air, and stores 2.4 kg/h of Hy and 19.1 kg/h of Os.
The overall efficiency and emissions are 75.8% and 9.5 g/kWh,
respectively.

Despite the promising thermodynamic and environmental perfor-
mance of the proposed multi-generation system, several application
challenges should be considered for real-world deployment. The inte-
gration of biomass gasification, gas turbine, sCO5 Brayton cycle, HDH
desalination, and PEM electrolysis increases the overall system
complexity and requires careful control of heat and mass interactions
among the subsystems. In addition, issues such as fluctuations in
biomass quality and moisture content, high initial investment cost,
material durability under high-temperature and high-pressure condi-
tions, and the need for reliable control strategies may affect stable long-
term operation. These practical considerations should be addressed in
future pilot-scale and industrial studies to facilitate commercialization
of the proposed concept.

Future studies may further extend the present work by investigating
off-design and dynamic performance under variable biomass feed con-
ditions and changing energy demands. It would also be valuable to
conduct detailed economic, exergoeconomic, and life-cycle assessments
to complement the thermodynamic evaluation presented here. In addi-
tion, other researchers may explore alternative biomass resources,
advanced sCO- cycle configurations, improved heat recovery layouts,
and hybrid energy-storage strategies to further enhance system flexi-
bility, efficiency, and environmental performance. Experimental vali-
dation at pilot scale would also be an important step toward practical
implementation.

International Communications in Heat and Mass Transfer 178 (2026) 111615

4. Conclusions

This study investigates a novel biomass-based multi-generation en-
ergy system integrating a supercritical CO Brayton cycle, PEM water
electrolysis, and HDH desalination for simultaneous production of
electricity, hydrogen, oxygen, freshwater, and hot air. The system em-
ploys rice straw biomass, leveraging its renewable and carbon-neutral
characteristics, and demonstrates significant potential for enhancing
energy utilization and reducing environmental impact. Thermodynamic
models of all subsystems were validated against literature and experi-
mental data, showing high accuracy and reliability. Performance ana-
lyses reveal that increasing the gas turbine pressure ratio enhances
electrical power output and hydrogen/oxygen production, while
reducing thermal outputs such as freshwater and hot air. Conversely,
higher turbine inlet temperatures favor freshwater and hot air genera-
tion but slightly decrease power output and electrolyzer performance.
Increasing biomass feed rate improves all system outputs proportionally,
confirming the importance of fuel availability for maximizing multi-
generation efficiency. These trends underscore the necessity of
balancing operational parameters to achieve optimal system perfor-
mance. A key innovation of this research is the application of the met-
aheuristic bat algorithm for multi-objective optimization. Nine
candidate optimum points were identified, demonstrating the flexibility
of the system in meeting diverse operational priorities. Desirability
analysis highlighted an optimal configuration (O7), achieving a
balanced compromise between electrical efficiency, hydrogen/oxygen
storage, freshwater and hot air production, and emission levels. This
emphasizes the effectiveness of the bat algorithm in navigating the high-
dimensional, nonlinear solution space of complex energy systems. The
proposed integrated system offers a robust approach for sustainable,
efficient, and multi-functional energy generation. By optimizing oper-
ational parameters with advanced metaheuristic techniques, the study
provides valuable insights for designing next-generation biomass-based
energy systems that simultaneously address energy, water, and envi-
ronmental sustainability goals.
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