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ARTICLE INFO ABSTRACT
Keywords: The rising global demand for sustainable energy, coupled with the urgent need for low-carbon hydrogen pro-
Hydrogen-rich syngas duction, presents a significant challenge for modern energy systems. Existing multi-generation frameworks often

Liquefied natural gas

Low-carbon hydrogen generation
Steam methane reforming
Exergo-enviro-economic analysis
Machine learning-based optimization

suffer from inefficient thermal resource utilization and high computational costs during optimization. To address
these gaps, this study proposes a novel, thermodynamically integrated liquefied natural gas (LNG)-based quad-
generation system that synergistically combines LNG cold energy recovery with steam methane reforming, gas
turbine power, steam Rankine and Kalina cycles, and a proton exchange membrane electrolyzer. To ensure high-
efficiency performance, a surrogate-aided optimization plan, utilizing a Multi-Layer Perceptron model tuned
with Cuckoo Search algorithm, is developed to navigate the complex decision space. Simulation results
demonstrate that the optimized system achieves a remarkable exergy efficiency of 56.50% and a primary energy
saving ratio of 34.43%, while maintaining competitive specific CO, emissions of 0.297 kgcoz/kWh. Economi-
cally, the optimal configuration yields a total unit cost of product of 10.84 $/GJ and an annual profit of 31.01 M
$, with a dynamic payback period (DPP) of 3.34 years. Comprehensive sensitivity and uncertainty analyses
revealed that LNG flow rate and gas turbine outlet pressure are the primary drivers of overall system perfor-
mance. These findings indicate that the proposed framework offers a robust, technically feasible, and econom-
ically viable solution for industrial-scale quad-generation, providing a scalable pathway for enhancing resource
efficiency and promoting sustainable hydrogen production in future energy infrastructures.
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Nomenclature

Cr LNG fuel cost rate

(¢0) Carbon monoxide

CO, Carbon dioxide

Excy Chemical exergy

Exp Destroyed exergy

Ex Fuel exergy

Exp Product exergy

Expy Physical exergy

Ep; Component i-th destroyed exergy

h Enthalpy

H, Hydrogen

m Mass flow rate

Mco, Total CO, emission rate

n System lifetime

Pele Electrical power price

Pheating  Heating price

Peooling ~ Cooling price

Py Hydrogen price

0 Transferred heat rate

q Interest rate

Qheating Heating energy

Qcooling COOlil‘lg energy

Ous Hydrogen energy

Or Fuel energy

R Gas factor

R2? Coefficient of determination

s Entropy

ty Annual working hours of the system
W Generated net power rate (rate of work)
Wi Power output of the system

Z; Equipment cost

ZiCI Capital investment cost for i-th component
Z?M Operation and maintenance cost for i-th component

B Component i-th exergy destruction rate

W, Component i-th exergy efficiency

v e Electrical efficiency of the system

vg Energy efficiency of the system

Yug Exergy efficiency of the system

®co, Specific CO, emission

Abbreviation

Al Annual Income

AS Annual Saving

CAPEX Capital Expenditure

CCHP Combined Cooling, Heating, and Power system
CRF Capital Recovery Factor

DPP Dynamic Payback Period

EII Exergo-environmental Impact Improvement
FC Fixed Cost

FCI Fixed Capital Investment

GWP Global Warming Potential

IRR Internal Return Rate

LCOE Levelized Cost of Energy

LCA Life cycle assessment

LNG Liquefied Natural Gas

MAPE  Mean Absolute Percentage Error
MAE Mean Absolute Error

MG Multi-Generation

MLP Multi-Layer Perceptron

OPEX Operating Expenses

PESR Primary Energy Saving Ratio

PEME  Proton Exchange Membrane Electrolyzer
RMSE Root Mean Square Error

SI Sustainability Index

SMR Steam Methane Reforming
TAC Total Annual Cost

TCR Total Cost Rate

TCI Total Capital Investment
TUCP Total Unit Cost of Product
4E Energy, Exergy, Economic, and Environmental

1. Introduction
1.1. Background and motivation

Multi-generation (MG) systems improve overall fuel utilization by
producing multiple outputs such as electricity, heating, cooling, and
chemical energy carriers, from a single energy source. Compared to
conventional single-output plants, MG systems reduce exergy destruc-
tion and improve resource utilization [1,2]. In the last decades, liquefied
natural gas (LNG) is increasingly deployed as a transitional fuel due to
lower carbon intensity compared to coal and oil as well as multifaceted
and high-loading energy fuel source [3,4]. In the light of global increase
of LNG trade volume [5], there is an urgent requirement to minimize the
use of fuel, and reduce the emission of greenhouse gases along the LNG
supply chain [6,7]. During regasification of LNG at a temperature of
—162°C, it is converted from its ultra-cold liquid state back into natural
gas giving off significant cold energy [8]. Efficient recovery of this cold
energy can significantly enhance system-level performance. That is, it
can be ideally used in producing chilled water and supporting cooling
processes in MG plants [9]. On the other hand, the generated natural gas
through various technologies can be used in different units of MG plants
to generate electricity and useful heating [10,11].

In addition, hydrogen (Hy) is emerging as an energy carrier. How-
ever, hydrogen produced from natural gas via steam methane reforming

(SMR) is categorized as fossil-based or transitional low-carbon hydrogen
depending on system efficiency and emissions. The steam reforming of
natural gas is a common industrial process of converting natural gas into
syngas, which principally comprises Hy and carbon monoxide (CO).
During this reaction, the high temperature steam, usually between 700
and 1100 °C, reacts with natural gas under the influences of a nickel-
based catalyst. The main reaction is the methane steam reforming,
which converts methane and steam into hydrogen and carbon monox-
ide, while a water—gas shift reaction, adds even more hydrogen to what
is already produced. Integrating an SMR into MG energy systems enables
more efficient utilization of fuel by simultaneously producing multiple
energy products. For instance, when an SMR is integrated with fuel cells
[12] or gas turbines [13], the thermal and chemical energy produced
throughout the reforming procedure could be effectively used for power
generation. Similarly, coupling SMR with organic Rankine cycles [14] or
absorption cooling systems [15] enables additional recovery of waste
heat for electricity and cooling production, respectively. In systems that
utilize SMR in conjunction with fuel cells, the hydrogen-rich syngas
produced is well-suited for direct use in the fuel cell, enabling the
simultaneous production of electricity and heat, leading to improved
overall exergy efficiency [16]. Moreover, the high-grade heat from an
SMR unit can be utilized to drive organic Rankine cycles for electricity
generation or absorption chillers for cooling production, which can
enable a highly coupled MG system [17]. The integration of an SMR into
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Table 1
Comparison of recent steam-reforming-based MG systems with the present study.
Study Energy Configuration Optimization Method Performance Key Features Limitations
Source Indicators
Yan et al. Natural gas ~ SE-SMR -+ Ca-looping Parametric analysis Energy efficiency, Low-carbon CCHP system with No LNG cold energy

[20]

carbon capture + H; gas
turbine + absorption
chiller

Huetal. [21] Methanol Methanol steam reformer Experimental +
supplying SOFC simulation
Suetal. [22] Methanol MSR + scramjet cooling Parametric study
cycle + ammonia
synthesis + desalination
Chen et al. Methanol MSR + HT-PEM fuel cell Numerical simulation
[23]
Abed et al. Natural gas  Gas turbine + MSR + CO,  Energy/exergy/exergo-
[24] / methanol recondensation + economic analysis
desalination + absorption
chiller
Dai & Yin Natural gas  Gas turbine + SMR MOPSO-LINMAP
[25] thermochemical
recuperator + cooling +
desalination
Soltanimehr Natural gas  Pre-reformer + Multi-objective
et al. [26] tri-reformer reactor for optimization (CHEMKIN
syngas production -+ MATLAB)
Zhong et al. Methanol RM-HT-PEM fuel cell + NSGA-II + TOPSIS
[27] absorption refrigeration
(CCHP)
He et al. [28] Biogas Biogas steam reforming + Multi-objective
purification + MG system optimization
Present LNG LNG regasification + SMR ~ Hybrid Multi-Layer
Study (methane) + gas turbine + steam Perceptron (MLP)

Rankine cycle + Kalina
cycle + hot water boiler +

surrogate model +
Cuckoo Search

exergy efficiency,
carbon capture rate

Methanol
conversion,
reformer
performance
Energy, exergy,
environmental,
economic
indicators
Output power,
system efficiency
Energy efficiency,
exergy efficiency,
cost, emissions

Energy efficiency,
economic
indicators

CH,4 conversion, Hy
yield, CO,
emissions

Exergy efficiency,
CO,, emissions, cost

Energy, exergy,
exergo-economic
performance

4E analysis

CO; capture

Detailed reformer design and
experimental validation

Complex multi-product
generation system

Thermal self-sustained
reformer—fuel cell integration
Multi-product system including
hydrogen and freshwater

Multi-objective optimization of
MG system

Advanced reforming reactor
design

Fuel-cell-driven CCHP
optimization

Renewable feedstock utilization

Integrated LNG cold energy
recovery, moderate temperature
reforming strategy, and
surrogate assisted multi

recovery; limited
optimization

Reactor-level study; no
MG integration

No LNG integration; no
advanced optimization

Limited to electricity
generation

No machine-learning
optimization

No LNG cold energy
recovery

Reactor-level focus; not
MG

No hydrogen production
output

Small scale system; no LNG
integration

Low-carbon hydrogen
produced via fossil-based
SMR; upstream LNG
emissions not included in

PEM electrolyzer multi-objective

optimization

objective optimization for quad-
generation (electricity, heating,
cooling, hydrogen)

boundary

energy systems, besides resulting in lower net greenhouse-gas emissions
through improved thermal management, also contributes to the trans-
formation toward sustainable energy systems by facilitating hydrogen
production, which serves as a major vector of low-carbon energy solu-
tions [18,19].

1.2. Literature Review

Recent studies have explored the integration of steam reforming
processes with MG energy systems to enhance fuel utilization and enable
hydrogen production alongside power, heating, and cooling. However,
most existing studies remain limited either in system integration scope,
optimization methodology, or boundary definition.

Yan et al. [20] proposed a low-carbon CCHP (combined cooling,
heating, and power) system integrating sorption-enhanced (SE) SMR
with a calcium (Ca) looping carbon capture process. Their configuration
included an absorption chiller and a Hp-based gas turbine, achieving
high energy and exergy efficiencies, with carbon capture rates up to
96%. Although this work demonstrates the potential of integrating
reforming with carbon capture for low—carbon energy production, the
study focuses primarily on tri-generation (namely power, heat, cooling)
rather than broader MG frameworks and does not consider LNG cold
energy recovery or system-level optimization strategies.

Hu et al. [21] experimentally investigated a methanol steam
reforming reactor designed to supply hydrogen for kW-scale fuel cells.
Their work provides valuable insights into reformer design parameters
such as steam-to-carbon ratio, heating temperature, and liquid hourly
space velocity. However, the study is primarily reactor-level and

experimental, focusing on methanol conversion and reformer perfor-
mance rather than integrated energy systems. As a result, system-level
thermodynamic integration and MG performance evaluation are not
addressed.

Su et al. [22] proposed a complex MG plant integrating methanol
steam reforming with a scramjet multi-cooling cycle, ammonia syn-
thesis, and desalination. The system was analyzed using 4E (energy,
exergy, economic, and environmental) indicators. While the work
demonstrates a comprehensive multi-product energy system, its
configuration is highly specialized and does not involve LNG cold energy
recovery or natural gas-based reforming. Additionally, optimization is
mainly based on parametric investigations rather than advanced ma-
chine learning or surrogate-based optimization methods.

Chen et al. [23] developed a numerical model integrating methanol
steam reforming with high-temperature proton exchange membrane
fuel cells (HT-PEMFC). Their work emphasizes the thermal self-
—sufficiency of the integrated reformer—fuel cell system and investigates
operating parameters such as the steam-to-carbon ratio and reformer
temperature. Although the study provides valuable insights into fuel cell
integration, it focuses primarily on power generation systems rather
than broader MG frameworks and does not consider waste heat recovery
or hydrogen utilization beyond the fuel cell.

Abed et al. [24] investigated an MG system based on a gas turbine
combined with methanol steam reforming, a CO» (carbon dioxide)
recondensation cycle, desalination, and absorption cooling. Their
exergo-economic analysis demonstrated great energy and exergy effi-
ciencies. While the system integrates multiple outputs including
hydrogen, cooling, and freshwater, the study relies mainly on
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Fig. 1. Detailed process of the newly presented quad-generation energy system that can produce Hj, electricity, cold water, and hot water simultaneously.

conventional thermodynamic and exergo-economic analyses and does
not incorporate advanced optimization techniques or machine lear-
ning-assisted design strategies.

Dai and Yin [25] proposed a gas-turbine-driven MG system incor-
porating SMR as a thermochemical recuperator, producing power,
hydrogen, cooling, and freshwater. Their work includes multi—objective
optimization using the MOPSO-LINMAP algorithm and demonstrates
improvements in system efficiency and payback period. Despite these
contributions, the system does not exploit LNG cold energy and the
optimization approach relies solely on evolutionary algorithms without
surrogate modeling to reduce computational cost.

Soltanimehr et al. [26] introduced a novel tri-reforming reactor
configuration aimed at improving syngas production for methanol
synthesis. Their work integrates CHEMKIN-based combustion modeling
with MATLAB optimization to maximize methane conversion and
hydrogen yield while minimizing CO, emissions. Although this study
contributes to reforming reactor design and optimization, it remains
process-level rather than system-level, and does not investigate inte-
gration with MG energy systems.

Zhong et al. [27] studied a CCHP system based on reformed meth-
anol HT-PEM fuel cells integrated with a cycle of absorption refrigera-
tion. An advanced optimization employing NSGA-II was implemented
to simultaneously improve exergy efficiency and reduce CO, emissions.
While the work demonstrates effective system optimization, it focuses
on fuel-cell-driven CCHP systems and does not address broader MG
outputs such as hydrogen production or LNG cold energy recovery.

He et al. [28] proposed a biogas-based MG system incorporating
steam reforming and hydrogen purification, evaluated using energy,
exergy, and exergo-economic analyses. Multi-objective optimization
was applied to improve system performance. Although the use of
renewable biogas represents an environmentally attractive pathway, the

system scale and energy output remain relatively limited, and the study
does not consider LNG-based systems or advanced surrogate—assisted
optimization techniques.

On the whole, the reviewed related works demonstrate significant
progress in integrating steam reforming processes with energy systems
for hydrogen production and MG applications. To better position the
present work within existing research, Table 1 compares recent steam-
—reforming-based MG systems reported in the literature with the pro-
posed configuration. The comparison underlines differences in sources
of energy, configurations of system, optimizing approaches, and evalu-
ation metrics.

1.3. Research gaps, novelty, and contributions

Although previous studies have demonstrated the potential of steam
reforming-based MG systems for improving fuel utilization and enabling
hydrogen output, several limitations persist in the existing literature. As
summarized in Table 1, most investigations focus on methanol or biogas
steam reforming systems, while relatively few studies examine the
integration of SMR with LNG regasification processes. Furthermore,
many works concentrate on reformer performance or subsystem-level
integration, whereas the system-level coupling of LNG cold energy re-
covery with hydrogen-yielding reforming processes in quad—-generation
frameworks has received limited attention. In addition, the majority of
optimization studies rely on conventional evolutionary algorithms such
as genetic algorithms, NSGA-II, or particle swarm optimization, and the
use of surrogate-assisted optimization approaches to reduce computa-
tional cost in complex thermodynamic models remains rare. Another
limitation concerns the inconsistency in the definition of system
boundaries and evaluation metrics in 4E analyses, which complicates
the comparison of different system configurations. Moreover, many
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existing studies primarily aim to maximize hydrogen yield or component
performance without sufficiently examining system-level trade-offs
between hydrogen production, power generation, and overall efficiency.

In order to overcome these limitations, the current project suggests a
thermodynamically integrated LNG-based quad-generation system that
combines LNG cold energy recovery with SMR to simultaneously pro-
duce electricity, heating, cooling, and hydrogen. The proposed config-
uration uniquely integrates LNG regasification, SMR, a gas turbine, a
steam Rankine cycle, a Kalina cycle, a hot water boiler, and a proton
exchange membrane electrolyzer (PEME) to enhance overall energy
utilization through effective recovery and cascading use of thermal and
cold energy streams. This integrated design aims to improve system
efficiency while enabling lower—carbon hydrogen production through
enhanced thermodynamic coupling. In addition, a surrogate-assisted
multi-objective optimization framework based on a Multi-Layer Per-
ceptron (MLP) model coupled with the Cuckoo Search algorithm is
developed to accelerate the optimization of the complex thermodynamic
model. Finally, clearly defined system boundaries are adopted for the 4E
analyses, enabling a transparent and comprehensive evaluation of sys-
tem performance and facilitating comparison with previously reported
MG configurations. Thus, the main contributions of this study are
summarized as follows:

Development of a thermodynamically integrated LNG-SMR
quad-generation system that operates under moderate reformer
temperatures to enhance fuel utilization and enable low-—carbon
hydrogen production.

Clear and explicit definition of system boundaries for the 4E ana-
lyses, providing transparency and consistency in performance
evaluation.

Detailed parametric investigations illustrating the sensitivity of sys-
tem behavior to critical design and operating variables.
Comprehensive feature-importance analysis identifying key opera-
tional parameters influencing major performance indicators.
Implementation of a surrogate-aided multi-objective optimization
plan combining an MLP model with an algorithm of Cuckoo Search
for efficiently exploring the performance trade-offs.

Quantitative benchmarking against prior literature, demonstrating
the advantages of the proposed configuration in energy utilization,
exergy recovery, overall environmental and economic performance.

2. System description

Fig. 1 showcases a detailed process of a novel natural gas-centered
quad-generation system that can generate Hj, electricity, cold water,
and hot water simultaneously. This process integrates the SMR unit,
steam Rankine cycle, gas turbine system, Kalina cycle, water boiler and
electrolyzer for efficient heat recovery during the system.

e Steam reforming process.

The process begins with the LNG fuel entering (stream 1), which is
initially pressurized by the P-100 pump. The suggested system utilizes
the low-temperature properties of LNG by passing it through the E-100
to creates a chilled water. As LNG exits the E-100 exchanger, it un-
dergoes a phase change and transitions into natural gas. This high-
pressure natural gas is further heated in the E-101 heat exchanger to
raise its enthalpy before expansion. The pressurized and heated gas
moves through turbine T-100 for expansion to convert its thermal en-
ergy into mechanical work and electricity. After expansion, the natural
gas exhaust, which still has considerable heat energy, gets into the unit
of the reformer. The reforming reactions need steam, which is generated
by pressurizing feedwater with the P-101 pump and transferring such
pressurized water into the E-102, this required steam is generated.
Within the reformer, the three endothermic reactions take place which
are SMR reaction (Eq. (1)), the water—gas shift reaction (Eq. (2)), and the
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combined methane reforming reaction (Eq. (3)) as below:

CH4 +H20<—>C0+3H2 (1)
CO +H,0 < CO, +H, (2)
CH4 +2H,0 < CO, + 4H, 3)

The combined reactions produce a hot synthesis gas, syngas, which is
enriched with hydrogen as a key input for other downstream power and
hydrogen production processes.

e Steam Rankine process.

The reformer’s hot syngas (stream 11) enters the heat exchanger E-
103, which is the heat source for a steam Rankine cycle subsystem. In
this subsystem, steam supplied by the high-pressure P-102 pump absorbs
energy from the syngas, vaporizing into depressing high pressure satu-
rated steam. This steam undergoes expansion in the turbine T-101,
converting thermal energy into additional energy in the form of elec-
tricity, thereby improving total energy efficiency of the overall system.
After expansion, the steam is condensed in the E-105 condenser, and the
condensed steam is returned back to P-102. The syngas leaving E-103 is
in a two-phase state due to the extraction of heat and the conditions of
operation, thus requiring phase separation in the V-100 separator. In V-
100, water, which destroys the calorific value of the syngas is removed
from the syngas and the hydrogen-rich syngas is sent directly to the gas
turbine cycle for power generation.

e Gas turbine system.

The hydrogen-rich syngas (stream 14) enters to the gas turbine
burner, where is combined with the compressed air by K-100
compressor. This compressed air is preheated in the E-104 heat
exchanger for efficient combustion process. The combusted gases are
expanded through the GT-100 turbine to produce valuable electric
power. However, the flue gas from the turbine has valuable thermal
value, that heat recovery processes is designed to capitalize on the us-
able thermal heat. Specifically, the flue gas passes through the E-104
heat exchanger for preheating combustion air and then is further used
for adding heat to the reforming process in which is used in E-101 for
preheating natural gas and E-102 for generating steam.

e Kalina process.

This flue gas with elevated temperatures, passes through the vapor
generator E-106 of the Kalina cycle (stream 23) to vaporize the Kalina
cycle working fluid. The Kalina cycle uses a mix of water and ammonia
as a working fluid. The vaporization process provides vapor-liquid
mixture, which is separated in V-101 and the vapor is expanded in
turbine T-102 to produce more mechanical and electrical power. The hot
liquid exits the separator and transfers residual heat via the economizer
E-107 to the Kalina working fluid and then merge with the turbine
exhaust. The combined operating fluid is compressed in E-108 at a
constant pressure and is then pumped to a higher pressure with pump P-
103. This high-pressure working fluid is routed through the economizer
to recover heat and then returned to E-106 to complete the Kalina cycle.

e Water boiler and electrolysis process.

The passed flue gas through the vapor generator E-106 is directed
into the hot water boiler E-109 (stream 32) to produce hot water for
domestic utilization and hydrogen generation. The cooled flue gas is
discharged to the atmosphere after conducting all heat recovery. The hot
water for hydrogen generation goes to the PEME (stream 44) which uses
it as feedwater for electrolysis process, in which the separation is
occurred for producing hydrogen with suitable purity.
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Fig. 2. The multi-stage approach of the proposed quad-generation system design.

Table 2

The design and operation data of components [29,35].
Parameter Value
Dead state temperature (°C) 25
LNG rate (kg/s) 0.5
Air to burner (kg/s) 14
GT-100 outlet pressure (kPa) 106
Dead state pressure (kPa) 101.3
K-100 outlet pressure (kPa) 600
P-100 outlet pressure (kPa) 3000
T-102 outlet pressure (kPa) 600
T-102 inlet pressure (kPa) 3000
T-101 outlet pressure (kPa) 4
T-101 inlet pressure (kPa) 4000
PEME temperature (°C) 80
PEME pressure (kPa) 101.3
Stream 6 temperature (°C) 800
Stream 36 temperature (°C) 45
Stream 10 temperature (°C) 800
Stream 19 temperature (°C) 700
Stream 13 temperature (°C) 30
Stream 28 temperature (°C) 26
Stream 31 temperature (°C) 170
Stream 3 temperature (°C) 5
Hot water temperature (°C) 80
Chilled water temperature (°C) 6

3. Methodology and materials

This study adopts a multi-stage approach for the design [29] and
evaluation of a novel quad-generation system capable of generating
power, heating, cooling, and hydrogen at the same time. The overall
design procedure is illustrated as a flowchart in Fig. 2. The process starts
with the simulation stage, in which the specifications of system com-
ponents and the required input data are defined to simulate the inte-
grated system. Following the simulation, a comprehensive 4E
assessment is performed, including energy, exergy, environmental, and
economic analyses. Subsequently, a detailed parametric study is carried
out to investigate the influence of key operating parameters on system
performance under different conditions. Lastly, the research undertakes
a multi-dimensional optimization analysis to determine the optimal

operating parameters of the system that achieve an appropriate balance
between technical performance, economic viability, and environmental
impact [30,31].

3.1. System simulation

The simulation of the proposed quad-generation system is carried
out using Aspen HYSYS, which provides a robust platform for modeling
complex process interactions. To accurately represent the thermody-
namic behavior of the involved subsystems under varying operational
conditions, the Peng-Robinson equations of state are selected [32],
which are described in the form of the relationships shown below
[33,34]:

P:(RT><[v—b]“)—[a/[v—(v+b)+b(v—b)]] (4)
22

a= 0.45724&05 (5)

b= 0.07780% (6)

c

where P and T refers to the pressure and the temperature of fluid. The
parameter v is molar volume of the mixture, the constant of a and b are
Peng-Robinson property package, and R is a gas factor.

The design and operation data of the components simulated in this
process are listed in Table 2 and the thermophysical properties results
directing the system and mass balance for key points of the current
system are presented in Tables 3 and 4, correspondingly:

Additionally, the following assumptions are taken into account in
developing subsystems and components:

e The composition of the LNG stream includes pure methane [7].

e Entire system operates under steady state environments [7].

e Kalina cycle operates using a mixture of ammonia and water as a
working fluid [7].

e PEME accomplishes hydrogen generation [7].

e Pressure losses for pipelines and equipment are assumed negligible
[36].
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Table 3
Thermophysical properties results for each stream of the proposed trigeneration
system.

Stream  T(°C) P . (kg Mass Enthalpy Mass Entropy
(kPa) m(?) (kJ/kg) (kJ/kg. °C)
1 —161.60 101.3 0.500 —5579 4.762
2 —159.40 4000 0.500 —5567 4.799
3 5.00 4000 0.500 —4765 9.251
4 25.00 101.3 4.892 —15890 2.981
5 6.00 101.3 4.892 —15970 2.697
6 800 4000 0.500 —1942 13.690
7 607.10 600 0.500 —2798 13.800
8 25.00 101.3 2.000 —15890 2.981
9 25.04 600 2.000 —15890 2.981
10 880.00 600 2.000 -11620 11.600
11 522.30 600 2.500 —9855 12.440
12 38.61 3000 5.275 —9651 4.104
13 30.00 600 2.500 —12650 5.993
14 30.00 600 0.838 —6281 11.820
15 30.00 600 1.661 —15860 3.053
16 25.00 101.3 14.00 —0.283 5.258
17 238.60 600 14.00 220.3 5.302
18 1907.00 600 14.84 332.6 7.746
19 700.00 600 14.00 728.9 6.008
20 959.90 106 14.84 —-1007 7.466
21 1315.00 106 14.84 —527 7.808
22 887.50 106 14.84 —-1102 7.387
23 430.10 106 14.84 -1677 6.759
25 26.37 4000 2.507 —15880 2.998
26 251.30 4000 2.507 —13100 8.885
27 29.25 4.00 2.507 —14000 9.218
28 26.00 4.00 2.507 —15880 2.996
29 26.37 4000 2.507 —15880 2.998
30 93.95 3000 5.275 —-9390 4.875
31 170.00 3000 5.275 —8324 7.487
32 104.00 106 14.84 —2056 6.038
33 170.00 3000 2.925 —4960 9.281
34 170.00 3000 2.349 —12510 5.254
35 106.3 600 2.925 —5214 9.355
36 45.00 3000 2.349 —13100 3.702
37 95.31 600 5.275 —8726 6.867
38 38.19 600 5.275 —9655 4.101
39 93.96 3000 5.275 —9389 4.876
40 55.33 106 14.84 —2110 5.884
41 25.00 101.3 3.496 —15870 —9.060
42 80.00 101.3 3.496 —15640 —8.353
43 80.00 101.3 3.461 —15640 —8.353
44 80.00 101.3 0.035 —15640 —8.353
45 80.00 101.3 0.003 789.700 2.430
46 80.00 101.3 0.031 50.490 0.155

e Heat loss for the system is assumed negligible [37].

e Changes in kinetic and potential exergy are assumed negligible [38].

e Steam reformer simulation is conducted using a Gibbs equilibrium
reactor model [39].

Notably, in this study, LNG is simulated as pure methane to simplify
the thermodynamic formulation and to enable direct comparison with
previous conceptual LNG-based system studies that adopt the same
assumption [7]. Given that methane is typically the dominant
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constituent (often exceeding 90% molar fraction) of commercial LNG,
this approximation is considered acceptable for a system-level assess-
ment and is not expected to alter the overall performance trends or
comparative conclusions, although it may slightly shift the absolute
values of some calculated parameters.

3.1.1. PEME modeling

Given the PEME modeling, the electrolysis reaction involves elec-
trochemical and thermal processes simultaneously, and can be divided
into two stages: the anodic half-reaction and the cathodic half-reaction,
whose equations are presented as below [40]:

1
H,0-2H" + 5o2 +2e* @)

2H" + 2e"—H, (€)]

The PEME is driven by a part of the electrical power from the steam
turbine, the process energy demand is expressed as follows [41,42]:

AH = AG+TAS (C)]

In this relation, TAS is the thermal energy demand and AG refers to
the Gibbs free energy change. In addition, the flow rates of products and
reactants can also be obtained according to Faraday's laws and the
stoichiometry of the electrolysis reaction [41,42]:

. J .
NHg.out = ﬁnF = NHZO,reacted (10)
. J

NOZ ,out 4_Fr|F (1 1)
. . J

Nh,0.0ut = NH,0,in — ﬁnp 12)

where NHz.out is the molar flow rate of hydrogen produced; NHZOmcted
is the molar flow rate of reacted water; Noz:out is the molar flow rate of
unreacted water; and NHZOJ,, is the molar flow rate of incoming water. J
and F refers to the current density and Faraday factor, while n indicates
the efficiency of Faraday. In the current project, the efficiency of
Faraday is taken to be 100% because the value has been reported to
exceed 99% in numerous studies [43,44]. The electricity required for
PEM electrolysis is defined as follows [40]:

Eele =J X V X Neent X Acent 13)

V= Vet Vact,a + Vohm + Veon + Vo 14)

where A,y refers to the efficient cell area, which here the PEM
electrolysis area is considered 1 m?, while Ny represent the number of
cells. Vo, Vact, Vonm, Veon are overpotentials from reversible, activation,
ohmic and concentration aspect. If the current density of the PEME is not
too high (that is, J < 10,000 A/mz), the Vo, is neglected [45,46].

The Vy is calculated by the Nernst equation [40,47]:

Vo = 1.229 — 8.5 x 10~*(Tpgye — 298) 15)

Table 4

Results of mole fraction for important and key streams of the steam reforming and LNG regasification.
Components 11 21 16 7 26 14 31 34 33

Mole fraction

CH4 0.134 0.000 0.000 1.000 0.000 0.312 0.000 0.000 0.000
Cco 0.005 0.000 0.000 0.000 0.000 0.011 0.000 0.000 0.000
CO, 0.055 0.058 0.000 0.000 0.000 0.127 0.000 0.000 0.000
H,O 0.574 0.151 0.000 0.000 1.000 0.007 0.456 0.7538 0.2239
Hy 0.233 0.000 0.000 0.000 0.000 0.543 0.000 0.000 0.000
Ny 0.000 0.716 0.79 0.000 0.000 0.000 0.000 0.000 0.000
O, 0.000 0.074 0.21 0.000 0.000 0.000 0.000 0.000 0.000
NHj3 0.000 0.000 0.000 0.000 0.000 0.000 0.544 0.246 0.7761
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Fig. 3. Validation of the developed subsystem models against previously reported studies: (a) LNG regasification process, (b) Kalina cycle, and (¢) PEME.

where Tppy indicates the electrolyte temperature within the PEME.
The Vo is expressed as [40]:

Vohm = JRpeme (16)

where Rppye refers to the total ohmic resistance and is calculated as
[40]:

L dx
Rpeme = /

o OPEME [MX) ] a7

where L is the membrane thickness, and oprve[A(x)] indicates the
conductivity of local ionic that is determined as follows [42]:

cpEME[x(x)]:[0.5139x(x)—0.326]exp{1268(i ! )} (18)

303  Teeme

where A(x) is the water content at location x whin the PEME

membrane and is calculated as follows [40]:

_}\a_hc
T L

A(x) X+ e a9

In the above equation A, and A, refer to the water content between
the anode-membrane and cathode-membrane. The overpotential of the
electrode activation can be expressed as [14]:

RT .  _,( J RT, | J J )
Vamf?smh (2‘]071) 7?111 2Jo.i+ (ZJo,i) +1|,i=a,c

(20)

where R represent the gas factor, and J,; indicates the exchange
current density, which can be written as [40]:
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Fig. 3. (continued).

Table 5 Table 7
SMR modeling verification considering Ref. [39]. The energy and exergy balance equation for each component [56,57].
Parameter Ref. [39] This System Error (%) Components  Energy Exergy
Reformer temperature (°C) 900 900 0.0 P-100 mih; + W = mphy Ex; + W —Ex,
Reformer duty (kJ/h) 3.861 x 108 3.88 x 108 0.49 E-100 ryhy + myshs = mghs + mshs Ex, + Exy —Exs —Exs
Reformer outlet composition (kmole/h) E-101 mshs + maohyy = mehe + mazha Exs + Exoo —Exe —Exa2
CH, 9.65 9.63 0.21 T-100 fche — W 4 tiyhy g W —Exy
Ethane-hexane 0.0000114 0.000011 ~0 Reformer fiyhy + myohie = myh i Exio —Ex
707 100110 11011 X7 + EX10 11
co 786.46 785.65 01 E-102 mohg + mzshzy = myohio + mazhas Exg + Exgp —Ex; —Ex:
CO, 473.27 472.39 0.18 A 9 T e TR0 TR
H, 4224.31 4222.58 ~0 P-101 ghg + W = mgh Exg + W —Exo
Ny 2.75 2.75 0.0 K-100 thyghie + W = tyzhyy Exis + W—Exqy
H,0 3720.01 3716.65 0.1 V-100 myzhiy = mishig + myshis Exis —Ex14 —Ex;s5
E-103 myihyy + mpshys = myshis + maghas  Exyp + Exos —Exy3 —Exog
T-101 tgshps = W + thgzhyy Exos —W —Exa7
E-104 my7hi7 4 marhyy = thighyg + maghag Ex17 + Exa; —Ex10 —Exag
Table 6 ) ) . . . Burner my4hg + mighyg = myghig EXH + EXlg —Exlg
Steam Rankine cycle modeling verification regarding Ref. [50]. GT-100 fighie = W+ g hos Exis W _Exay
Parameter Ref. This System  Error (%) E-105 myrhyy = Q + mgghag Exgy —ExXog
[50] P-102 tigghas + W = maohyo Exps + W —Expg
Water pressure from pump (kPa) 3819 3819 0 PEME Mashas + W = riushas + mashae Exas + W —Exys —Exag
Water temperature from condenser (°C) 35 35 0 E-106 taohgo + Mashas = sohsy + Mathar  Fxgy + Exps —Exsy —Exa
Water pressure from condenser (kPa) 6 6 0 V-101 mzrhs; = mazhsz + magshag Exg; —Exgs —Exaq
Water temperature from evaporator (°C) 416 416 0 E-107 maghzs + myshys = maghse + m3ghsg Exss + Ex15 —Exse —Exso
Water pressure from evaporator (kPa) 3819 3819 0 T-102 Thashss = W + migshas Exss —W —Exas
Water temperature from turbine (°C) 35 35.28 0.8 E-108 fhgyhgy = O + maghsg ExXay —FxXss
P-103 tgghss + W = myahys Exgs + W—Exqp
E E-109 maghsy + Marhyy = myohso + myohsy  Exgy + Exu; —Exgo —Exsn
Joi = Ji‘efexp< - ;{,CT"I), i=a,c (21)

where Ji“’f is the pre-exponential factor and E,y; is the activation
energy of the anode or cathode.

3.2. System modeling verification

The developed thermodynamic model is validated by comparing the
performance of all major subsystems with previously reported

experimental or simulation data. LNG regasification results (in Fig. 3
(a)), including LNG temperature, pressure, mass flow rate, and natural
gas outlet conditions, closely match Ref. [7], indirectly validating the
gas-turbine boundary conditions derived from the regasification pro-
cess. The Kalina cycle model is validated against Ref. [48], demon-
strating negligible deviations (<0.1%) in electrical power output and
energy-exergy efficiencies (See Fig. 3(b)). In addition, as presented in
Fig. 3(c), the PEME model accurately reproduces the experimental
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Table 8

Life cycle impact assessment values for utilities, focusing on GWP [68,69].
Utilities GWP Unit
CO, 1.000 kgco, ., /k8co,
Steam 0.183 kgcoHq /K8team
Cooling water 0.613 Kgco, ., /kWh
co 1.900 kgco, ., /K8co

Table 9
The capital cost functions for i-th component.
Component Cost Function CEPCI  Year
Turbine [77] 4405 x W7 468.2 2005
Pump [78] 3540 x le 586 2011
Exchanger Ane \°78 468.2 2005
[79] 130 (0093 )
Reformer [80] 135 10 A \078 3240 04 386.5 1997
i (0.093) + (3240 x V) +
(2128 x V)
Gas turbine 479.34 % miy i Pin 368 1995
[81] 0.92 — Pin " poy
Pout
(1 +exp(0.036Ti, — 54.41))
Combustor 6.08 x 1y [1+ exp(0.018Tg — 26.4)] 368.1 1994
[82] 0.995 — Pout
in
Compressor 7900 x W2 771.1 2021
[83]
Electrolyzer 103 x Wppme 551 2010
[84]
CEPClygy3 = 797.9
Table 10
Boundary of design parameters for optimization approach.
Design Parameter Unit Upper Lower
Bound Bound
LNG flow rate kg/s 0.5 1.2
Hydrogen production rate kmol/ 5 20
h
Water flow rate (steam to reformer kg/s 1 3
rate)
GT-100 outlet pressure, Py, kPa 106 206
T-102 outlet pressure, P35 kPa 400 600
Air-to-burner temperature, Tyg °C 700 1200
Air-to-burner flow rate kg/s 8 24

polarization behavior reported in Ref. [49] over a wide current-density
range.

Plus, SMR verification results in Table 5, including reformer duty,
operating temperature, and outlet composition, show excellent agree-
ment with Ref. [39], with deviations below 0.5%, confirming the reli-
ability of the Gibbs—equilibrium reformer model. As shown in Table 6,
the steam Rankine cycle is verified against Ref. [50], with key thermo-
dynamic state points matching reference values and maximum de-
viations below 0.8%. The strong agreement observed across all key
subsystems confirms the robustness of the adopted thermodynamic and
electrochemical models and supports the reliability of the integrated
quad-generation system analysis.

It should be noted that the validation of the present integrated sys-
tem relies on the independent verification of its constituent subsystems,
as no experimental benchmark for the full quad-generation configura-
tion is currently available in the literature.

10

Table 11

Hyperparameter search ranges and selected optimal values in terms of the MLP-
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surrogate method and Cuckoo Search multi-objective optimization.

MLP
Optimized Type Search Range Selected
Variable Value
Hidden Layers Integer 1-5 3
Neurons Integer 16 - 512 300
Learning Rate Continuous 0.0001 - 0.1 0.005
Batch Size Integer 16 -128 52
Dropout Rate Continuous 0-0.5 0.2
L2 Regularization Continuous 1x10°-1x102 1 x 1072
Activation Function = Categorical ReLU / Tanh / -
ELU
Optimizer Type Categorical Grid Search CV -
Cuckoo Search
Parameter Description Search Space /
Range
Population Size (N) Number of nests / 10 -100 50
candidate solutions
Discovery Probability of nest 0.1-0.5 0.3
Probability (Pa) replacement
Maximum Optimization 50 - 300 150
Iterations termination criterion
Lévy Flight Step Search movement 0.01-2.0 0.1
Size («) coefficient
Lévy Exponent (f3) Distribution control 1.0-2.0 1.6
parameter
Randomization Exploration coefficient ~ 0.01 - 1.0 0.05
Factor
Lower Bound Minimum search Variable -
boundary dependent
Upper Bound Maximum search Variable -
boundary dependent
Fitness Function Optimization objective =~ Minimize RMSE / -
MAE
Stopping Criterion Search termination Max iteration / -
condition convergence
Search Dimension Number of optimized 5-12 12
MLP variables
Elitism Strategy Best solution retention ~ Enabled / -
Disabled
Constraint Boundary control Clipping / -
Handling method Reflection

3.3. System evaluation

3.3.1. Energy and exergy modeling

In this study, a steady-state energy-exergy evaluation of the proposed
quad-generation system is implemented. The following equations and
definitions form the basis for the detailed energy and exergy evaluation
of the suggested system.

The general energy balance for a control volume at steady state can
be written as [51,52]:

W —_ Q = Z Ii'linhin - Z Ihouthout

in which W and O are the generated power rate (rate of work) and
transferred heat rate, respectively; m;, and m,,, are the input and output
mass flow rates, and h;, and h,, refer to the corresponding specific
enthalpies.

In the present study, exergy analysis is fallen apart into chemical and
physical units, neglecting potential and kinetic contributions, as shown
by Eq. (23) [53]:

(22)

EX = EXpH + EXCH (23)

The exergy balance for a component or subsystem is calculated based
on Eq. (24) [54]:
Exp = Exp + Exp 24)

where the exergy destruction rate is indicated by Ex;, and the exergy
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Fig. 4. Convergence of the HV metric over 300 generations for the three multi-objective optimization scenarios based on MLP-Cuckoo Search algorithm.

Table 12
Thermodynamic performance parameters and pinch-point data for the system’s
heat exchangers.

Heat Exchangers

Component LMTD Heat Duty  Min. Hot Pinch Cold
Q) (kw) Approach Temp. Pinch
({9} Q) Temp.
({9
E-100 57.7593 401.1381 20.0000 25.0000 5.0000
E-101 421.9394  1411.2945  159.9915 959.9413  799.9498
E-102 93.9573  8534.9595 7.4996 887.5411  880.0415
E-103 59.9049 6976.5717 3.6329 30.0000 26.3671
E-104 623.4421  7120.1859  614.8585 1314.8585  700.0000
E-106 70.3904  5621.7839 10.0002 103.9528 93.9527
E-107 22.5424 1379.9095 6.3867 45.0000 38.6133
E-109 22.2089 803.0163 23.9528 103.9528 80.0000

rate of the fuel (input exergy) and that of the product (useful exergy
output) are correspondingly indicated by Ex; and Exp.

The destruction ratio of exergy for the i-th component or subsystem
(B;) is defined as [55]:

_ Eni
> i-1En,

and the efficiency of exergy for the i-th component or subsystem (y,)
is determined by the following equation [55]:

Bi (25)

Ep,

Fi

y; =100 x (26)

The energy and exergy balance equation for each component are
depicted in Table 7.

The primary energy saving ratio (PESR) measures the potential
reduction in the primary energy consumption of the suggested system in
comparison with a reference system that provides the same products,
based on the following equations [58]:

PEref - PEMG

PESR =
PEref

27)

11

- MG

PE _ Wnet + Qheating Qcooling (28)
ref = " ref ref ref  COP,
elect 1]th T]e1ect ref
MG

In Eq. (28), W,
system, Qheaﬁng and Qcooling are the useful heating and cooling loads,
COP,¢ depicts the performance coefficient of the reference chiller
(COP,e¢ = 3), and nef and 0=, are the reference thermal and electrical
efficiencies, correspondingly equaling 80% and 33% [59].

In the SMR section, the conversion rate of methane into syngas is
calculated by:

is the net electrical power delivered by the MG

net

_ CHy; — CHq,

Aen, = CHa, (29)

in which the molar flow rates of methane at the reformer input and
output are respectively indicated by CH,; and CHy,.

The energetic efficiency of the reforming section has been deter-
mined as:

_ Wnet + Qcooling + QSG

nre orming — A ~ ~ (30)
forming Qr + Qg101 + Qk102

where leing is the useful cooling duty provided by the refor-
mer-associated heat exchanger, Qg is the heat recovered as superheated
steam or syngas, Q; is the chemical energy of the fuel supplied to the

burner, and Qg and Qg are the heat duties in the associated heat
exchangers E101 and E102. These terms are calculated as:

Qcooling = m3 (h3 - hZ) (31
Qp = iy LHV; (32)
QE]OI = myo(hy —hao) (33)

Similar definitions are used for Qgq, (not shown for brevity). Also,
the energy efficiency of the gas turbine, steam Rankine cycle, and Kalina
cycle are calculated as [60]:

Wiet _ Werio0 — Wiioo

e T’ 9 34
Qse my4LHV14 39

n gas turbine
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Table 1 Ve ; :
able 13 _ Wner + Qcooling + QH2 + Qheating (38)
The results of exergy-related parameters. Mg = Q
F
Component Exp Exp Exp v Bi
- MG . . .
E-100 541 202 249 0.53 0.020 _ Wit + EXcooling + EXtz 4 EXpeating (39)
E-101 1067 750 317 0.70 0.025 Wne Exy
T-100 445 428 17 0.96 0.001
. MG , . .
Reformer 31,355 31,026 329 0.98 0.026 In Egs. (37)-(39), W, is the net electrical power output of the entire
P-100 9 7 2 0.78 0.000 . . . . . R
P-101 3 9 1 0.67 0.000 MG system, Qooling iS the useful cooling 1oad, Qpearing is the useful heating
E-102 5758 3399 2359 0.59 0.190 load delivered by the hot water stream, and Qy, is the energy associated
E-106 2430 1512 918 0.62 0.074 with the hydrogen product, defined as:
E-103 2489 2370 119 0.95 0.010
T-101 2524 2272 252 0.90 0.020 - :
= mysLHV. 40
E-105 66 43 23 0.65 0.001 Qniz = M4sLHVss “40
P-102 14 11 3 0.78 0.000 : : ;
EXneating 15 the exergy of the heating product:
V-100 309 309 0 0.99 0.000 heating 24 &P
K-100 3088 2904 184 0.94 0.015 . . To ) T,
E-104 5595 4180 1415 0.74 0.113 EXheating = Qheating X (1 - Tf) = M3 (hss —har) x (1 - Tf) (41)
Burner 34,860 29,984 4876 0.86 0.391 43 43
GT-100 13,030 12,760 270 0.98 0.022 : . . .
PEME 011 464 447 051 0.036 EXooling is the exergy of the cooling product:
E-109 375 317 58 0.84 0.004 ) ) T
V-101 1950 1939 11 0.99 0.001 EXcooling = Qcooling X (—0 — 1) (42)
T-102 809 743 66 0.91 0.005 Ts
E-107 293 166 127 0.56 0.010 . . . .
E-108 802 409 393 0.51 0.032 Exys is the total exergy of the hydrogen product, including physical
P-103 23 17 6 0.73 0.000 and chemical parts:
: : PH . CH
Expz = Exy, + Exyp (43)
Wnet WT]OI - WPlOZ :
NRankine = % = =1 (35) Ex; is the total exergy of the fuel supplied to the system:
ankine QVG mll(hll _ h13) F gy pPp. Yy
: : PH ; CH
] . . Exp = Ex; +Exg 49
~ Wiet ~ Wri02 — Wpios 36
Nkalina = ( )

QVG " mps(has — hap)

For evaluating the total thermodynamic performance of the newly
presented system, the electrical, energy, and exergy efficiencies of the
system are respectively defined as:

- MG
net

- 37)
Qe

Nme. ELE =

13

Here, T, is the ambient temperature, and T4; and Ts are the tem-
peratures at which heating and cooling are delivered, respectively.
LHV,s is the lower heating value of hydrogen, and mys is the hydrogen
mass flow rate.

In addition, the net electrical power output of the system (Whe) is
calculated as the total power produced by all turbines (3~ W) minus the
total power consumed by pumps (3 Wp), compressors e Wk), and the
electrical power demand of the PEME (Wpgyg).

WnMef = ZWT_ ZWP_ ZWK_WPEME

(45)
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Fig. 7. (a) Comparison of destroyed exergy by each component, and (b) Comparison of exergy efficiency of each component.
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Table 14 emission parameter (wco,) is used to quantify the footprint (i.e. the
The detailed costs and associated hourly cost rates of components. environmental impact) of the system [61]:
Component Cost ($) Cost Rate ($/h)
P-103 69,100 1.00 Table 15
E-108 43,600 0.63 Detailed CAPEX-related calculations for the integrated quad-generation system.
T-102 471,200 6.83
E-100 15,600 0.23 Parameter Equation Value ($)
E-107 27,900 0.40 [871]
E-109 101,600 1.47 CAPEX
GT-100 3,296,411 47.80 Direct Costs (DC)
P-1fO() :13;&93,402 1.75 Total purchased equipment cost (TPEC) 100% 9,528,880
Reformer ,55 57 Purchased equipment installation 40% 3,811,552
P-102 68,000 2‘99 Instrumentation and controls 20% 1,905,776
Burner 141,026 .04 Piping 15% 1,429,332
T-100 306,166 :;; Electrical systems 15% 1,429,332
E-106 329,300 7 Buildings (including services) 30% 2,858,664
P-101 6600 0’10 Yard improvements 10% 952,888
E-i[())?) 2156’(6)(6)2 3'33 Service facilities (waste treatment, receiving, 20% 1,905,776
V- 5 -37 shipping, packaging, storage, offices, etc.)
T-101 984,990 14.28 Total direct cost 23,822,200
V'll(()); :139’8280 253 Indirect Costs (IC)
E- 75, 5 Engineering and supervision 25% 2,382,220
E-104 ‘1‘013’?2 ) 15‘85 Contingency 30% 2,858,664
K;g;) 1,6950:?0 24612 Legal and contractors’ fees 10% 952,888
E- 911’00(7) 13‘21 Startup/construction 10% 952,888
EEIME ’ 0.85 Total indirect cost 7,146,660
3 0157 58,300 : Additional investment
Total = 9528880 § Working capital (WC) 15% of FCI 4,645,329
Fixed capital investment (FCI) FCI =DC + 30,968,860
IC
3.3.2. Environmental modeling Total capital investment (TCI) TCI=FCl+ 35,614,189
In this study, the environmental performance of the proposed system we
is evaluated by calculating the CO footprint of system. The specific COy
‘ I Equipment Cost [l Equipment Cost Rate
Pumps+ (1.6%) 2621004 3.80
Turbines (31.3%) 505876
Compressor+  (48.1%) 777730
Exchangers (9.5%) 1539631
Separators- (0.4%) 65400(0.95
Electrolizer (5.6%) 911001
Chambers-| (3.3%) 54058
Total §
T T T
15000000 10000000 5000000 50 100 150 200 250 -
V-100 Equipment Cost ($) Equipment Cost Rate ($/h) Reformer
. V101 6.6% 1% B Burner
11% o
v E-100 26.1%
39.1% , E-101
14% [ E-102
21.4% W E-103
I E-104
60.9% I E-105
I E-106
0,
3.8% 11.4% Il E-107 73.9%
I E-108
26.2% I E-109
9.3% 26.4%
Lurbines 19,5,
B GT-100 I P-100
M T-100 I P-101
o T-101 I P-102
T102 \ P-103

6.1%

65.2%

25.9%

2.5%

Fig. 8. The comparison of each component cost and their share in overall cost.
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Table 16
Detailed OPEX-related estimations for the proposed quad-generation system.
Parameter Equation [93] Value ($)
Raw material LNG 5 $/GJ 3,353,015
Utilities (electricity, fuel, stream, 10% of total product cost 3,268,054
water, air, refrigeration and cool
agent)
Operating and maintenance
Operating labor 46 labors/shift, 3 shifts/ 8,280,000
day, 60,000 $/labor/year
Supervision 20% of operating labor 1,656,000
Maintenance and repairs 6% of fixed capital 1,858,132
investment
Maintenance supplies 15% of maintenance and 278,720
repairs
Laboratory charges 15% of operating labor 1,242,000
Patents and royalties (indirect cost) 1% of total product cost 326,805
Depreciation Recovery period 20 years, 1,471,021
salvage value 5%
Local taxes and insurance 3% of fixed capital 929,066
investment
Plant overhead costs 60% of (3.1 + 3.2 + 3.3) 7,076,479
General expenses
Administration 5% of production cost 1,634,027
Marketing 5% of total production cost 1,634,027
Research and development (R&D) 4% total production cost 1,307,222
Total product cost (TPC) 1+2+3+4+6+7+8 32,680,540
Oco, = Mco,
> energy rate of the resultant products
_ Mco, (46)

MG . . .
Wnet + Qheating + Qcooling + EnHZ

where mco, refers to the total emission rate of CO; in the flue gas,
which is determined to be 4892 kg/h based on the simulation results.
The denominator represents the total useful energy output of the MG
system, including the net electrical power (WnMe?), useful cooling load
(Qeooiing)» useful heating 10ad (Qpeating)> and the energy associated with
the produced hydrogen (Eny,) calculated based on its lower heating
value. This formulation expresses the CO» emission intensity relative to
the overall useful energy products of the system [62].

On the other hand, this study calculates the Sustainability index (SI)
parameter to assess the sustainability of the system by considering input
and output exergy, and exergo-environmental impact improvement (EII)
parameter to indicate the level of enhancement in exergy-related envi-
ronmental effect using Egs. (47) and (48) [63,64]:

E
) . (47)
EXF — EXP
EIl = M (48)
Xp

In addition, in order to comprehensively evaluate the environmental
performance of the proposed system, a gate-to-gate boundary for the life
cycle assessment (LCA) is established [65]. This approach encompasses
both indirect emissions associated with the operational utilities and
direct emissions in terms of the combustion process. The total global
warming potential (GWPy,,) has been calculated via the following
expression [66]:

GWPtotal (kgcoz—eqFUil) = Z Gwpdirect + Z Gwpindirect - CapturedCOZ
(49)

where GWPyjex represents the CO, and CO emissions directly
released from the flue gas [67], and GWPj,girect Shows the environmental
impact of utility streams, specifically steam (0.18302 kgco2-eq/Kkgsteam)
and the electricity required for cooling water pumping (0.61365 kgcoo-
eq/kWh). The GWP values for key utilities, including steam and cooling
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water, are provided in Table 8 based on established literature data.

3.3.3. Economic modeling

In this study, an economic evaluation of the proposed system is done
using the exergo-economic and thermo-economic costs of the system.
The following equations are used to calculate the exergo-economic cost
using total unit cost of product (TUCP) [70], which is based on total cost
rate (TCR) [71]:

TCR
TUCP ($/GJ) = —— 50

(8/GJ) S Fx (50)
TcR= Y 7™+ & (51)

The economic performance of the proposed system is further eval-
uated using the total annual cost (TAC), which is defined as the sum of
the annualized capital expenditure (CAPEX,nu) and the annual oper-
ating expenses (OPEX). The CAPEX a1 is determined by multiplying
the total capital investment (TCI) by the capital recovery factor (CRF)
[72]. Additionally, the levelized cost of energy (LCOE) is calculated as
the ratio of the TAC to the total annual energy production, providing a
standardized measure of the unit cost of energy generated [3].

TAC = CAPEX, nua + OPEX (52)

CAPEX,,nuat = CRF x TCI (53)
TA

LCOE ¢ (54)

~ annual product of energy

The LNG fuel cost rate is indicated by Cy and is computed using
following equation [3]:

Cr = ¢ x Exp (55)

in which the Ex; parameter refers to exergy rate of input fuel, while
cg represents the cost factor for LNG fuel, which is considered equal to 5
$/GJ [3].

The Z?IJrOM

. . - OM . - CI
tion and maintenance cost (Z; ) for each i-th component. The Z;" and

- s -C
is composed of capital investment cost (Z; I) and opera-

Z?M is calculated using following equations [73]:

4 _ 106 x CRF 56)
ty
72N = 1.5%7 (57)

where t, is the annual working hours, which is considered equal to
7,446 h [74]. The Z, refers to the capital cost of i-th component using the
equations in Table 9. CRF is computed using the following equation
[75]:

qax(q+1)”

CRF=——+—"—
(q+D)" -1

(58)
in which q refers to rate of interest and n represents the lifetime of
the system, which are 8% and 20 years [76].
Based on following calculation, the profit for the system is computed
using Eq. (59) [85]:

n=20

AS

Profit = ——+—FC (59)
Z (1+4q)

AS=AT- G- Y 7" (60)

in which AS and Al refers to the annual saving and income, which is
calculated on the basis of heating price (Pheating) of 0.018 $/kWh, power
price (Peje) of 0.07 $/kWh [86], cooling price (Pcooling) of 0.08 $/kWh,
and hydrogen price (Py2) of 4 $/kg [85]. FC is the fixed cost, which
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Fig. 9. The comparison of the system profit under various product prices including (a) electricity, (b) hydrogen, (¢) cooling, (d) heating, and (e) LNG fuel costs.

includes the direct and indirect costs [85].

The dynamic payback period (DPP) takes into account the time value
of money and calculates the investment return time using the following
equation [85]:

DPP = min{n : Profit(n) > 0} (61)
The internal return rate (IRR) is computed as below [87]:
AS 1
0= o (1 - n) (62)
6.32* 37, (1 +IRR)

3.4. System optimization

In the complex energy system with intricate processes and several
performance goals, the utilization of optimization techniques is essential
for improving energy systems' quality, cost-effectiveness, and environ-
mental performance [88]. In this study, the optimization process starts
by methodically simulating the system and creating a dataset that il-
lustrates the connection between decision variables and performance
outcomes. A sum of dataset of 1200 samples is produced from detailed
process simulations covering the feasible operating region. The dataset
is divided into 900 samples (75%) for training and validation and 300
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samples (25%) for testing. The design space is defined by several key
decision variables, including the LNG flow rate at stream 1, hydrogen
production rate at stream 45, water flow rate at stream 8, GT-100 outlet
pressure (P21), T-102 outlet pressure (P3s), air-to-burner temperature
(T19), and air-to-burner flow rate. The operating bounds of these vari-
ables are presented in Table 10.

This study uses an integrated framework that combines multi-
dimensional optimization algorithm ability with an MLP model to cap-
ture the behavior of the system under various operating conditions. The
MLP model refers to a feedforward neural network composing an input
layer, several hidden layers with non-linear activating functions, and an
output layer that approximates the relationship between design vari-
ables and system performance indicators. The generated simulation
dataset is used to train the MLP model using Python software. To
improve model generalization and prevent overfitting, a five-fold
cross-validation procedure is applied during the training process. In
addition, Grid Search Cross—Validation (Grid Search CV) is employed to
determine the optimal hyperparameters of the MLP model. The detailed
hyperparameter search ranges and selected values are presented in
Table 11. The predictive performance of the trained network is evalu-
ated using several statistical metrics including root mean square error
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Fig. 10. Sensitivity analysis of the Profit and DPP to selling-buying prices.
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Fig. 11. Tornado diagram for the one-way sensitivity analysis of the TUCP in terms of a &+ 25% variation in major economic parameters.
expressed as:
Table 17
LCA results showing the contribution of direct emissions and utility-related in- X =x0; 4 ax Levy(2) (63)

direct emissions to the total GWP of the system.

Parameter Value
Direct GWP (kgcoz-eq/h) 4892
Steam GWP (kgcoz-eq/h) 963
Cooling water pumping GWP (kgcoz.cq/h) 5903
CO GWP (kgco2.cq/h) 49
Indirect GWP (kgcoz-eq/h) 6915
Total GWP (kgcoz-eq/h) 11,807
Total GWP per produced energy (kgcoz-eq/kWh) 0.8536

(RMSE), mean absolute error (MAE), mean absolute percentage error
(MAPE), and coefficient of determination (Rz) [89,90].

This trained MLP model drastically cuts down on computational
costs by replacing direct simulations during optimization stage. Subse-
quently, the Cuckoo Search algorithm is used to effectively explore the
optimization landscape. This nature-inspired metaheuristic algorithm is
based on the brood parasitism behavior of cuckoo birds, which lay eggs
in other species' nests. The algorithm employs Lévy flight random walks
to generate new candidate solutions and improve exploration of the
search space [91]. The main update mechanism of the algorithm is

where Levy()) indicates a random step taken from a Lévy distribu-
tion and a is the step size, allowing a balance between local exploitation
and global exploration of the solution space. The complete parameter
settings are summarized in Table 11.

The Cuckoo Search algorithm iteratively eliminates less-fitting so-
lutions and keeps those with higher fitness values, ultimately creating a
Pareto front of non-dominated solutions that represent the best possible
trade-offs between competing objectives. Fig. 4 illustrates the conver-
gence behavior of the proposed multi-objective optimization algorithm
across three different scenarios. All scenarios exhibit a rapid initial in-
crease in the Hypervolume (HV) metric, indicating a fast exploration
and improvement of the Pareto front. Scenarios 1 and 2 achieve stability
within the first 50-75 generations, while Scenario 3 reaches a steady
state by approximately generation 150. The plateauing of all curves
confirms that the Cuckoo Search algorithm successfully converged to a
set of optimal non-dominated solutions within the predefined 300
generations.

Finally, the Linear Programming Technique for Multidimensional
Analysis of Preference (LINMAP) method is applied to determine the
most desirable operating point from the obtained Pareto front. This
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Table 18
The main outcomes of the 4E analysis in terms of the proposed quad-generation
system.

Parameters Value
LNG energy inlet (kW) 25,017
LNG exergy inlet (kW) 26,070
LNG LHV (kJ/kg) 50,030
Hydrogen rate (kg/h) 14.11
Net power out (kW) 12,160
Heating power load (kW) 803
Cooling capacity (kW) 401
Syngas generated LHV (kJ/kg) 31,750
Gas turbine power out (kW) 12,760
Steam cycle turbine power out (kW) 743
Kalina cycle turbine power out (kW) 6976
Steam cycle vapor generator heat load (kW) 3088
K-100 power in (kW) 3088
Kalina cycle vapor generator heat load (kW) 5620
LNG rate (kg/s) 0.5
E-104 heat load (kW) 7120
E-101 heat load (kW) 1411
Methane conversion (%) 30.48
System energy efficiency (%) 55.29
System exergy efficiency (%) 48.99
System electricity efficiency (%) 48.59
Primary energy saving ratio (%) 34.43
Specific CO, emission (kgco2/kWh) 0.3537
Sustainability index (—) 1.96
Exergo-environmental impact improvement (—) 1.04
Total investment cost rate ($/h) 138.164
Fuel cost rate ($/h) 450.311
Total cost rate ($/h) 588.475
Total unit cost of product ($/GJ) 12.798
CAPEXannual ($) 3,627,384
OPEX ($) 32,680,540
Total annual cost ($) 36,307,924
Levelized cost of energy ($/kWh) 0.3525
Profit (M$) 21.68
Dynamic payback period (year) 3.34
Internal return rate (—) 0.26

method evaluates each solution by calculating its Euclidean distance
from an ideal point, assuming equal weighting for all objectives, and
selects the solution with the minimum distance as the optimal
compromise solution [92].
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4. Results and discussion
4.1. Pinch-point analysis and T-Q diagrams

To quantitatively evaluate the thermal integration performance,
Table 12 presents the thermodynamic analysis of the heat-exchanger
network, identifying E-102 and E-104 as the primary thermal drivers
which manage the highest heat duties at 8534.96 kW and 7120.18 kW,
respectively. High heat recovery efficiency is achieved in units E-103
and E-107, where minimum approach temperatures are minimized to
3.63°C and 6.38°C. In contrast, E-104 operates under extreme thermal
gradients with a logarithmic mean temperature difference (LMTD) of
623.44°C. The distribution of pinch temperatures, spanning from 5°C in
E-100 to 1314.86°C in E-104, establishes the thermodynamic bound-
aries and confirms the effective thermal coupling of streams across the
process’s operational spectrum.

The composite curves in Fig. 5 illustrate the heat transfer behavior
and thermal integration within the proposed system, where the red lines
represent the hot composite streams (heat sources) and the blue lines
denote the cold composite streams (heat sinks). The global profile in
Fig. 5(a) depicts the overall enthalpy-temperature relationship, showing
the total heat integration potential and the thermal driving forces across
the cycle. The individual diagrams in Fig. 5(b) provide a detailed anal-
ysis of the heat exchange localized within components E-101 through E-
107; notably, E-103 exhibits a plateau indicating phase-change
behavior, while units like E-104 show large temperature gaps consis-
tent with high-grade heat transfer. These profiles confirm the thermo-
dynamic feasibility of the network by demonstrating that the hot and
cold streams maintain the required temperature approach without
crossover, thereby validating the pinch-point analysis.

Fig. 6 provides a structural visualization of the heat exchanger
network, mapping the precise thermal coupling between the hot streams
(red) and cold streams (blue). This diagram details the sequential heat
recovery across components E-100 through E-109, showcasing the en-
ergy cascade from high-temperature sources—starting with E-104 at
1314.9°C —down to the lower-temperature sinks. By defining the
intersection points and thermal loads for each exchanger, the grid val-
idates the physical configuration of the system’s integration, ensuring
that the enthalpy exchange between process streams is optimized ac-
cording to the established pinch-point constraints.

Building on the thermodynamic insights from the pinch analysis, the
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Fig. 12. The system’s y,;, PESR, LCOE, TUCP, Profit, IRR, wco,, and SI at higher LNG flow rate operating conditions.
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Table 19
Predictive accuracy of the MLP surrogate model for all target outputs based on
the evaluated metrics for train-test datasets.

Target Sample RMSE  MAE R? MAPE
System energy efficiency (%) Train 0.405 0.043 0.992 0.086
System exergy efficiency (%) Train 0.366 0.039 0.991 0.089
Net power out (kW) Train 94,511 10.057 0.995  0.092
Levelized cost of energy Train 0.004 0.001 0.988  0.155
($/kWh)
Total unit cost of product Train 0.133 0.012 0.985  0.087
($/GJ)
Profit (M$) Train 0.491 0.045 0.989 0.591
Internal return rate (—) Train 0.004 0.001 0.988  0.297
Specific CO, emission Train 0.004 0.001 0.986 0.157
Sustainability index (—) Train 0.011 0.002 0.994 0.086
Exergo-environmental impact Train 0.021 0.002 0.988 0.181
improvement (—)
Target RMSE  MAE R? MAPE
System energy efficiency (%) Test 0.162 0.077 0.999 0.155
System exergy efficiency (%) Test 0.151 0.070 0.999 0.159
Net power out (kW) Test 41.309 18.861 0.999 0.156
Levelized cost of energy Test 0.001 0.001 0.998 0.193
($/kWh)
Total unit cost of product Test 0.045 0.020 0.999 0.143
($/GJ)
Profit (M$) Test 0.203 0.081 0.998 0.516
Internal return rate (—) Test 0.002 0.001 0.998  0.373
Specific CO, emission Test 0.001 0.001 0.998  0.205
Sustainability index (—) Test 0.004 0.002 0.999 0.124
Exergo-environmental impact Test 0.009 0.004 0.998  0.287

improvement (—)

overall 4E performance of the system is evaluated next.

4.2. 4E analysis outcomes

4.2.1. Exergy and energy outcome

The system's overall exergy destruction, as determined by an analysis
of the energy-related parameters in Table 13, is equal to 12,442 kW,
which represents the amount of lost input exergy as a result of irre-
versibility and inefficiencies across different components. Fig. 7(a) de-
picts each system component's contribution to the overall exergy
destruction, along with the amount of exergy destroyed by each
component. This figure draws attention to the fact that a considerable
amount of the system overall exergy losses is owing to specific parts,
including the burner with the contribution of 39.2%, and heat ex-
changers of E-102, and E-104 with contributions of 19% and 11.4%.
Given the high irreversibility of combustion processes, the burner stands
out as the primary source of the destructed exergy in the system with
value of 4876. Additionally, large temperature differentials and thermal
inefficiencies cause significant destruction of exergy approximately
2,359 kW and 1,415 kW in heat exchangers such as E-102 and E-104. In
contrast, a large number of other parts, such as a number of pumps and
vessels, exhibit comparatively low exergy destruction, suggesting
effective operation. The main areas where thermodynamic advance-
ments could be focused to increase overall system efficiency and lower
exergy waste are improvements in the components operation with the
highest losses.

Given that the burner is responsible for the largest share of exergy
destruction (39.2%, corresponding to 4876 kW), this high contribution
is mainly attributed to the intrinsic irreversibility of the combustion
process, including high-temperature chemical reactions, fuel-air mix-
ing, and large temperature gradients between the reacting gases and the
surroundings. In the present system, the use of hydrogen-rich syngas and
elevated combustion temperatures further intensifies entropy genera-
tion within the burner. Nevertheless, several strategies can mitigate this
exergy destruction. These include optimizing the air-to-fuel ratio to
approach more ideal combustion conditions, improving air preheating
through the existing heat recovery network (e.g., heat exchanger E-104)
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to reduce temperature gradients, and enhancing the recovery of thermal
energy from exhaust gases. Implementing such measures can decrease
entropy generation in the combustion chamber and consequently
improve the overall thermodynamic performance of the system.

Fig. 7(b) contrasts the exergy efficiency of different system compo-
nents, emphasizing that the PEME for hydrogen generation and E-100
for cooling generation have comparatively lower efficiencies around
50%. This lower exergy efficiencies of components are due to their
higher contribution in destruction of system exergy.

4.2.2. Economic outcome

Economically, the detailed costs and associated hourly cost rates in
terms of different components of the presented system are listed in
Table 14, where the overall equipment cost amounts to 9,528,880 $.
Fig. 8 depicts the contribution of component in the overall cost, high-
lighting the high share of turbines in the overall cost and their sub-
stantial share of the capital investment. Among the turbines, the GT-100
is the most expensive unit, accounting for the share of 65.2% and cost of
3,296,411 $. The K-100 compressor, with a cost of 1,151,402 $, is
another major cost contributor.

According to Table 15, the CAPEX estimation utilizes the total pur-
chased equipment cost (TPEC) as the baseline (9528880 $), applying
specific factors for direct and indirect costs. The fixed capital investment
(FCI) is calculated at 30,968,860 $ after accounting for installation,
instrumentation, and contingency fees. By incorporating a 15% working
capital, the total capital investment (TCI) for the integrated system is
estimated at 35,614,189 $, providing a transparent and standardized
investment profile for the project.

Plus, based on Table 16, the OPEX analysis reveals a total product
cost (TPC) of 32,680,540 $ per year. The breakdown highlights that
operating labor and plant overhead represent the most significant
operational expenditures. Unlike simplified models, this assessment
accounts for variable factors such as raw materials (LNG), maintenance
supplies (15% of repairs), and general expenses (marketing and R&D),
ensuring the economic results reflect the complexities of a large-scale
integrated energy system.

Fig. 9 compares the profit of the system under various product
prices—including electricity (Fig. 9(a)), hydrogen (Fig. 9(b)), cooling
(Fig. 9(c)), heating (Fig. 9(d)) and LNG fuel costs (Fig. 9(e)). As shown in
Eq. (59), the fuel costs have an inverse relationship with system prof-
itability, while product prices have a direct impact on system profit.
Higher product prices result higher annual income which increases
profitability and shortens the dynamic payback period (DPP). On the
other hand, when the cost of LNG fuel rises, the system's profitability
decreases and the DPP lengthens. According to the presented figures, the
system's profit is greatly increased and the DPP is shortened by raising
the selling prices of electricity, hydrogen, cooling, and heating to about
0.12 $/kWh, 8 $/kg, 0.16 $/kWh, 0.09 $/kWh, respectively. On the
other hand, when the price of LNG fuel is raised from 3 $/kg to 9 $/kg,
the profitability drops from 35 M$ to 5 M$, and the DPP lengthens from
2.69 to over 20 years.

To further assess the economic sensitivity of the system, Fig. 10 il-
lustrates that the economic performance of the system is most strongly
influenced by the electricity price compared with the other selling-
buying price parameters. An increase in the electricity selling price
leads to a noticeable reduction in the DPP and a substantial increase in
Profityy, whereas a decrease in electricity price significantly worsens
both indicators. In contrast, variations in heating, cooling, and hydrogen
prices have much smaller effects on the DPP and only moderate impacts
on Profityy. Overall, the results indicate that the project profitability is
primarily governed by electricity market conditions, while the other
utility price parameters play a secondary economic role.

Moreover, the sensitivity results in Fig. 11 show that TUCP is most
strongly affected by fuel cost, with the baseline value of 12.798 $/GJ
varying between 10.35 and 15.25 $/GJ for a & 25% change in fuel price.
The interest rate (q) and system lifetime (n) costs also influence TUCP,
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Fig. 19. (a) Agreement between the actual values and predicted ones, and (b) residual distribution in terms of ,,;, LCOE, Profit, wco,, TUCP predictions using

MLP model.

but with much smaller magnitude. The effect of component cost esca-
lation is also comparatively smaller. This confirms that LNG price
volatility is the dominant economic uncertainty in the suggested MG

system.

4.2.3. Environmental outcome

Form environmental perspective, based on Eq. (46), the specific COy

emission (wco,) of the system is estimated at 0.3537 kgco2/kWh, and the
exergo-environmental calculation registers a sustainability index of
1.96, and an exergo-environmental impact improvement factor of 1.04.
Furthermore, based on the simulation results of the LCA in Table 17, the
total GWP for the system is determined to be 11,807 kgcoz-eq/h. This
correlates to a specific environmental impact of 0.8536 kgco2.eq/kWh of
produced energy. The inclusion of utility-related impacts ensures that
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Table 20
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Optimal design parameters and performance indicators obtained from the multi-objective optimization of the proposed system using the MLP-Cuckoo Search al-

gorithm for three optimization scenarios.

Design Parameters Unit Base Scenario 1: Scenario 2: Scenario 3:
Wmg-LCOE-0co, Yug-TUCP-Profit Yme- Profit —aco,
LNG flow rate kg/s 0.5 1.05 0.51 1.06
Hydrogen production rate kmol/h 7 5.00 7.10 5.08
Water flow rate (steam to reformer rate) kg/s 2 1.95 1.91 1.93
GT-100 outlet pressure, Py kPa 106 164.73 154.38 114.06
T-102 outlet pressure, P35 kPa 600 572 402.79 518.58
Air-to-burner temperature, Tig °C 700 777 1198 752
Air-to-burner flow rate kg/s 14 23.92 13.92 13.90
Performance criteria
wMe kw 12,160 18,153 14,017 18,108
net
Nvg % 55.29 56.99 63.34 52.22
Wng % 48.99 50.46 56.50 46.27
©co, kgcoa/kWh 0.353 0.270 0.297 0.260
SI — 1.96 1.90 2.26 1.80
EII - 1.04 1.27 0.75 1.34
TUCP $/GJ 12.79 12.19 10.84 13.10
LCOE $/kWh 0.352 0.237 0.307 0.237
Profit M$ 21.68 11.52 31.01 21.42
IRR - 0.26 0.17 0.33 0.25

the assessment reflects the total operational footprint of the conceptual
design, rather than just localized combustion emissions.

To further clarify the environmental accounting, the contribution of
the main CO; emission sources has been quantified. The gas stream
leaving the reformer (after water separation) contains 1389.07 kg/h
CO., whereas the total CO5 flow rate in the final stack gas is 4892.36 kg/
h. Therefore, approximately 28.4% of the total CO2 emissions are
directly associated with the reforming section, while the remaining
71.6% arise from downstream combustion processes, mainly due to the
oxidation of unconverted methane and other combustible species in the
gas turbine combustor.

Collectively, the results in Table 18 provide the integrated 4E per-
formance of the proposed system. The steady-state results indicate that
the system produces 14.11 kg/h hydrogen, 12160 kW net electrical
power, 803 kW useful heating, and 401 kW cooling capacity.

Within the SMR section, heat supplied through heat exchangers
E-101 and E-102 raises the reformer temperature to approximately
522.3 °C, resulting in a methane conversion of 30.48%. It should be
noted that this conversion level is a consequence of the selected oper-
ating strategy rather than a limitation of the reforming model. The
reformer is integrated as an intermediate hydrogen-rich syngas gener-
ator within the presented system, and it is not optimized for maximum
methane conversion. Due to the moderate operating temperature,
controlled steam-to—carbon ratio, and limited recoverable heat within
the integrated configuration, only a portion of methane is converted to
Hy and CO. The remaining unconverted methane is subsequently uti-
lized as a combustible component in the gas turbine combustor, thereby
contributing to downstream power production. Hence, the reported
30.48% conversion reflects a thermodynamic trade-off between
hydrogen production, preservation of chemical energy for power gen-
eration, and overall system efficiency optimization.

Accordingly, the total energy and exergy efficiencies of the proposed
system are calculated as 55.29% and 48.99%, respectively, with a pri-
mary energy saving ratio of 34.43%. Environmentally, the system
demonstrates a specific CO5 emission of 0.3537 kgcoz/kWh, alongside a
sustainability index of 1.96 and an exergo-environmental impact
improvement factor of 1.04. Economically, the system achieves a total
unit cost of product (TUCP) of 12.798 $/GJ and a competitive levelized
cost of energy (LCOE) at 0.3525 $/kWh, resulting in a projected Profit of
21.68 M$ with a dynamic payback period (DPP) of 3.34 years. Overall,
these results demonstrate the technical feasibility, environmental
competitiveness, and economic viability of the proposed integrated
quad-generation system.
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4.3. Parametric study outcomes

To further understand system behavior, a parametric study is con-
ducted. According to Fig. 12, the system at higher LNG flow rates at
stream 1 reveals higher power generation and economic benefits but at a
wastage of exergy efficiency and environmental sustainability. As the
flow rate increases from 0.5 to 0.8 kg/s, the system exhibits decline in
Yy from 48.9% to 43%, due to higher irreversibility of E-100 at
elevated flow rates. On the other hand, it results in enhancing electricity
production capacity, leading to LCOE lowering from 0.35 to 0.25 $/kWh
and TUCP increasing to around 13.5 $/GJ. Although PESR drops from
34.4% to 25.8% due to increased LNG rate as main heat source, the
system Profit is improved from 22 to 30 M$, and IRR is increased to 0.33
due to lower unit costs. The environmental impact indicators show
mixed behavior so that increasing the LNG rate up to 0.65 kg/s indicates
higher wco, of 0.37 kgco2/kWh, while beyond this value wco, is
declined. The higher irreversibility results in SI declining from 1.96 to
1.75.

Fig. 13 shows that the system with higher production of hydrogen
rate at stream 45 results in lower power generation and efficiencies,
which rises unit costs and environmental consequences. As the flow rate
of hydrogen changes between 5 and 20 kmol/h, y,,; decreases to 45.8%
from 49.5% because of a lower performance and a great irreversibility in
the operation of PEME. At the same time, the decline in net electricity
generation increases LCOE to an increased rate of 0.375 $/kWh and
TUCP of 13.6 $/GJ. PESR decreases in response to a reduction in energy
efficiency at high production levels to 24.2%. Economically, the system
suffers from a loss in its Profit from 21.6 to 20.6 M$ and in IRR to 0.25
because of less annual income through power production. Moreover, the
system footprint rises with a low overall energy output, increasing wco,
from 0.35 to 0.37 kgco2/kWh that provides a minor decrease in SI from
1.96 to 1.85 due to higher destroyed exergy.

Fig. 14 shows that, by increasing water flow rates at stream 8, power
output and efficiencies are increased while unit costs and environmental
impacts are reduced. When the water flow rate is increased from 1 to 3
kg/s, Wy in the system has improved to 51.9% compared to 46.0%,
because the increased input steam into reformer enhances this unit ef-
ficiency and lower irreversibility. Moreover, an increase in the capacity
of electricity production causes a reduction of LCOE to 0.334 $/kWh,
and TUCP to 12.1 $/GJ. PESR rises up to 38.2% owing to the boosted
efficiency of the system. On an economic basis, the system Profit in-
creases to 25.5 M$ due to the higher energy production. Also, the
footprint reduces by lowering wco, from 0.37 to 0.33 kgco2/kWh. A
decrease in destruction of exergy leads to an increase in SI grows to 2.08.
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Fig. 20. The three-dimensional MLP-Cuckoo Search optimization in three different scenarios.

Fig. 15 demonstrates that running the system at elevated pressures of
stream 21 reduces power generation and efficiencies, thus leading to
higher unit costs and environmental outcomes. As the pressure increases
up to from 106 to 206 kPa, the system is characterized with a drastic
drop in yy, to 35.5% from 48.5% mainly because of more irreversibility
experienced in E —104. The less electricity production capacity culmi-
nates in the increment of LCOE to 0.48 $/kWh and TUCP to 17.5 $/GJ.
The increased inefficiency leads to PESR reduction from 34.4 to 7%.
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Consequently, there is a sharp decline in Profit by of 22 to 3 M$ owing to
the less generation of energy. In addition, the wco, indicator goes up
from 0.36 to 0.49 kgco2/kWh bringing more environmental effects,
while the increase in destruction of exergy results in the reduction of SI
to 1.54.

Fig. 16 indicates that higher pressure at stream 35 contributes to
slight lowering power generation with significant enhancement in
heating capacity, leading to enhancement in energy-based metrics and
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Fig. 20. (continued).
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Fig. 22. (continued).

degradation in exergy-based ones. As the pressure increases from 400 to
600 kPa, the system exhibits a modest decrease in y,,; from 49.4% to
49.0%, primarily due to higher irreversibility in the T-102. Conversely,
the improvement in energy output leads to a slight reduction in LCOE
down to 0.352 $/kWh, while the decrease in exergy output results in an
increase in TUCP to 12.79 $/GJ. Consequently, the system’s PESR drops
to 34.4% and its profitability declines to 21.6 M$ due to lower power
generation and increased costs. The higher energy output causes a slight
decrease of wco, to 0.35 kgcoa/kWh, while higher destruction of exergy
leads to SI deteriorating to 1.96.

Fig. 17 indicates that higher temperature at stream 19 improves the
combustion efficiency in the burner, which significantly enhances the
power generation, heating capacity, and economic and environmental
advantages. With increasing the temperature from 700 to 1200 °C, there
is an increase in the ;g from 49% to 55% due to lesser irreversibility in
the process. The achievements in the energy and exergy productions
lead to a reduction in LCOE to 0.32 $/kWh and TUCP to 11.4 $/GJ.
Moreover, the reduced irreversibility leads to the rise in PESR up to
41.6% from lower value of 34.4%. Consequently, the Profit of the system
increases considerably up to 29.8 M$, and wco, shows a reduction from
0.33 to 0.26 kgco2/kWh by an increase in the system outputs. Addi-
tionally, the decrease in exergy destruction leads to an enhancement in
SI, which reaches a value of 2.22.

According to Fig. 18, the system at higher air-to-burner flow rates
exhibits improved exergo-enviro-economic performance but at the
expense of unit cost indicators. As the air-to-burner flow rate rises from
8 to 24 kg/s, the system shows an increase in y,,; from about 43% to
nearly 52%, mainly due to the increase in irreversibilities within the
combustion and heat-transfer units at elevated air flow rates. In
contrast, the higher air supply enhances the power generation capability
and thus strengthens the economic performance; LCOE decreases from
roughly 0.41 to 0.32 $/kWh, while TUCP decreases from about 14.5 to
13 $/GJ. The system Profit rises from nearly 14 to 27 M$, while IRR
grows from around 0.19 to 0.31, confirming the economic attractiveness
of operating at higher air-to-burner flow rates. However, the exer-
go-sustainability indicators exhibit the opposite tendency. PESR in-
creases to 40% with increasing air-to-burner flow rate, while w¢o, first
increases up to 0.36 kgcoa/kWh (at air-to-burner flow rate of 12 kg/s)
then decreases to 0.315 kgco2/kWh. Consequently, SI slightly increases
from about 1.75 to 2.12, reflecting the trade—off between exergo-enviro-
economic performances at higher air-to-burner flow rates.
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4.4. MLP-Cuckoo Search optimization outcomes

Beyond parametric trends, multi-variable optimization is performed
using the MLP-Cuckoo Search framework. The predictive performance
of the trained MLP model is evaluated using several statistical metrics
including RMSE, MAE, MAPE, and RZ As presented in Table 19, the
model exhibits excellent generalization performance, with test-set R>
values above 0.998 for all outputs. The corresponding error metrics are
consistently low. For thermodynamic indicators, RMSE/MAE values are
0.162/0.077 for energy efficiency and 0.151/0.070 for exergy effi-
ciency. Net power output is predicted with an RMSE of 41.309 kW and
an MAE of 18.861 kW. Economic outputs also show high precision,
including 0.001,/0.001 for LCOE, 0.045/0.020 for TUCP, 0.203/0.081 M
$ for Profit, and 0.002/0.001 for IRR. Environmental indicators are
similarly accurate, with RMSE/MAE values of 0.001/0.001 (wco,),
0.004/0.002 (SI), and 0.009/0.004 (EII). These results confirm the
robustness of the developed surrogate model.

In line with this table, the performance analysis of the MLP modeling
in prediction of critical performance metrics, namely y,,;, LCOE, Profit,
®co,, and TUCP, are shown in Fig. 19. Based on Fig. 19(a), it can be seen
that the MLP model in the testing stage has outstanding forecasting
power with incredibly high coefficients of determination (R%), which are
equal to 0.9963 for g, 0.9978 for LCOE, 0.9991 for Profit, 0.9973 for
©co,, and 0.9992 for TUCP. This high R? values signify a very good fit of
the model to describe the complexity of the nonlinear forms of relations
that existed between different operational and economic parameters
within the suggested system.

Furthermore, analysis of the MLP error distribution plots in Fig. 19
(b) shows a general trend with low error between the actual and the
predicted values of performance parameters. The analysis of residual
errors shows that most of predictions errors with very little dispersion
are set in narrow range approximately [-0.8, +0.8] for g, [-0.001,
+0.001] for LCOE, [-1.0, +1.0] for Profit, [-0.006, +0.006] for wco,, and
[-0.2, +0.2] for TUCP. This figure indicates that most of errors are more
concentrated around zero, especially in Profit parameter, which repre-
sents that there is no bias and a very good agreement. This high con-
sistency and low error spread attests to the strength of the MLP model in
mapping out complex and non-linear relationships and guarantees great
certainty of its forecasting potential for performance evaluation and
optimization of advanced energy systems.

The optimization results in Table 20 indicate different trade-offs
among thermodynamic, economic, and environmental objectives. Sce-
nario 1 significantly reduces LCOE (0.237 $/kWh) and wco, (0.270



Y. Liet al

Fuel 428 (2027) 140372

800
MG
) WS )
700 4
,JZ\—
400 |
= 300+ , x
= § e
g S il
200 M
100
0.35 0.40 0.45 0.50 055 8000 10000 12000 14000 16000 18000
Predicted Value Predicted Value
ATMG
Unma WMG

iTuce G| [ELCOE (skWh)

Count

0.03 0.04 0.05

Predicted Value

Predicted Value

TUCP LCOE

700

500

T 0o; (kgCO/KWh)

0 A
0 20 30 40 50 60 7

Count

Count

1

0 . 035 0.40
Predicted Value Predicted Value

Profit wco,

Fig. 23. Probability distributions of the objective functions obtained from Monte Carlo uncertainty propagation, showing the variability and clustering of system
performance across the decision-variable design space.
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kgco2/kWh) while moderately improving exergy efficiency (50.46%).
Scenario 3 provides the lowest wgo, (0.260 kgco2/kWh) with relatively
lower exergy efficiency of 46.27% and Profit of 21.42 M$. Overall,
Scenario 2 represents the most favorable balance between system effi-
ciency and economic performance with the greatest exergy efficiency of
56.50%, the lowest TUCP of 10.84 $/GJ, and the best Profit of 31.01 M$.

Fig. 20 depicts the three-dimensional MLP-Cuckoo Search optimi-
zation in three different scenarios that each one analyses the tradeoffs
among the major key performance indicators. In Scenario 1 (Fig. 20(a)),
the LINMAP-selected optimum point based on the MLP-Cuckoo Search
optimization achieves y,; of 50.46%, and comparatively lower LCOE of
0.23 $/kWh and wco, of 0.27 kgco2/kWh, satisfying the cost-
effectiveness and exergo-environmental benefit of the system. On the
other hand, Scenario 2 (Fig. 20 (b)) registers the highest y,,; of 56.50%,
which paired with the lowest TUCP of 10.84 $/GJ and the best Profit of
31.01 M$, suggesting potential exergo-economic advantages. Scenario 3
(Fig. 20 (c)) presents g, at 46.27% and Profit of 21.42 M$ with the
lowest wgo, of 0.26 kgcoa/kWh. This scenario-base optimization un-
derscores the capability of the Cuckoo Search algorithm to navigate
complex multi-dimensional objectives, balancing exergy performance,
environmental impact, and economic returns.

Fig. 21 illustrates the distribution of seven key design variables
across the Pareto front solutions obtained via Cuckoo Search optimiza-
tion. The plots reveal distinct operational ranges and clustering patterns
for each scenario, demonstrating how the algorithm explores the deci-
sion space to satisfy conflicting objective functions. Notably, the air-
—to-burner temperature (T19) shows a binary preference, with solutions
heavily concentrated at approximately 700 °C and 1200 °C. Hydrogen
production rates display a clear preference for lower values, clustering
primarily between 5 and 7 kmol/h, suggesting that lower hydrogen
output is prioritized across the current configurations. LNG flow rates
exhibit a broad distribution, ranging from 0.5 to 1.1 kg/s, while water
flow rates remain constrained within a narrow band of 1.90 to 2.00 kg/s.
Furthermore, the GT-100 outlet pressure (P2;) and T-102 outlet pres-
sure (P35) show significant dispersion, with Py; values largely distrib-
uted between 105 and 205 kPa and P35 between 400 and 590 kPa.
Finally, the air-to-burner flow rate shows clear stratification, with so-
lutions clustered at three distinct levels—approximately 8, 14, and 24
kg/s—reflecting the algorithm’s strategic navigation of the system’s
performance boundaries.

4.5. Sensitivity, feature-importance, and uncertainty analyses

Following the identification of the optimal operating scenarios, a
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sensitivity and uncertainty analysis is performed on the MLP-Cuckoo
Search optimization framework to evaluate the influence of the selected
decision variables on the considered objective functions and to examine
the robustness of the predicted responses. In this regard, a Monte Carlo-
based one-way sensitivity analysis is conducted by perturbing each de-
cision variable within its admissible range while monitoring the varia-
tion in the thermo-enviro-economic objective functions.

One-way sensitivity analyses in Fig. 22 show the system’s thermo-
enviro-economic performance is predominantly driven by the LNG
flow rate, GT-100 outlet pressure (P21), air-to-burner temperature (T9),
and air-to-burner flow rate, while remaining relatively robust against
variations in the steam-to-reformer rate (water flow rate), hydrogen

production, and T-102 outlet pressure (P3s). Specifically, while Py

negatively impacts g, W, , Profit, and SI, it significantly increases

TUCP, LCOE, ®co,, and EIL. On the other hand, LNG flow rate acts as a

critical economic driver, significantly enhancing WHM:, Profit and EII,
while reducing s, LCOE, and SI. Consequently, the system’s perfor-
mance volatility is primarily concentrated in the air and fuel supply
streams as well as GT-100 outlet pressure, identifying these as the key
parameters for future operational optimization and control strategy
development.

To further assess the robustness of the surrogate-based predictions,
the uncertainty analysis shown in Fig. 23 was also carried out using
Monte Carlo sampling of the selected decision variables. The obtained
probability distributions prove that while the integrated system exhibits
stable performance across a broad operational range, the probability
distributions of the predicted outcomes demonstrate a clear gravitation

toward specific performance regimes. While metrics such as WnMef and
wco, follow near-normal distributions, indicators like g, SI, and EII
display skewed or multi-modal profiles, with high-frequency clustering
at their operational bounds. Furthermore, the presence of distinct peaks
in economic indicators such as TUCP and LCOE highlights that the
system’s performance is sensitive to particular parameter combinations,
which favor specific economic clusters rather than a uniform distribu-
tion of results. Taken together, these findings underscore that the
MLP-Cuckoo Search framework not only captures the nonlinear re-
lationships between the decision variables and objective functions, but
also reliably identifies robust and distinct optimal operating regions.

4.6. Quantitative benchmarking with literature

Finally, the proposed system is benchmarked against recent MG
studies in the literature, as summarized in Table 21. In terms of energy
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Table 21
Comparison of Nyg, Yugs @co,, LCOE, and TUCP indicators between the pro-
posed system and relevant literature.

Studies Source Configuration g (%)
[20] Natural gas SE-SMR, Ca-looping carbon capture, 61.00
H, gas turbine, and absorption
chiller
[24] Natural gas / Gas turbine, MSR, CO» 53.35
methanol recondensation, desalination, and
absorption chiller
[25] Natural gas Gas turbine, SMR thermochemical 60.48
recuperator, cooling, and
desalination
[28] Biogas Biogas steam reforming, purification, ~ 31.51
and MG system
[94] Biomass, Hybrid biomass-LNG-based MG 29.90
LNG system combining a coffee husk
combustor with LNG cold energy,
electrolyzer, desalination, and
organic-ammonia Rankine cycles
This LNG LNG regasification, SMR, gas Base: 55.29
study turbine, steam Rankine cycle, Kalina  Opt.: 63.34
cycle, hot water boiler, and PEME
V(%)
(25] Natural gas Gas turbine, SMR thermochemical 32.55
recuperator, cooling, and
desalination
[271 Methanol Reformed methanol HT-PEMFC fuel 43.12
cell and absorption refrigeration
(CCHP)
[28] Biogas Biogas steam reforming, purification,  31.14
and MG system
[94] Biomass, Hybrid biomass-LNG-based MG 14.38
LNG system combining a coffee husk
combustor with LNG cold energy,
electrolyzer, desalination, and
organic-ammonia Rankine cycles
[95] BFG, LNG Gas turbine, LNG utilization, 36.61
seawater desalination unit, modified
Kalina cycle, and PEME
This LNG LNG regasification, SMR, gas Base: 48.99
study turbine, steam Rankine cycle, Kalina ~ Opt.: 56.50
cycle, hot water boiler, and PEME
wco, (kgcoz/
kwh)
Methanol Reformed methanol HT-PEMFC fuel ~ 0.510
[27] . . .
cell and absorption refrigeration
(CCHP)
[94] Biomass, Hybrid biomass-LNG-based MG 0.600
LNG system combining a coffee husk
combustor with LNG cold energy,
electrolyzer, desalination, and
organic-ammonia Rankine cycles
[95] BFG, LNG Gas turbine, LNG utilization, 0.410
seawater desalination unit, modified
Kalina cycle, and PEME
This LNG LNG regasification, SMR, gas Base: 0.353
study turbine, steam Rankine cycle, Kalina ~ Opt.: 0.297
cycle, hot water boiler, and PEME
LCOE
($/kWh)
[95] BFG, LNG Gas turbine, LNG utilization, 0.480
seawater desalination unit, modified
Kalina cycle, and PEME
This LNG LNG regasification, SMR, gas Base: 0.352
study turbine, steam Rankine cycle, Kalina Opt.: 0.307
cycle, hot water boiler, and PEME
TUCP ($/GJ)
[28] Biogas Biogas steam reforming, purification, 16.23
and MG system
[94] Biomass, Hybrid biomass-LNG-based MG 15.59
LNG system combining a coffee husk

combustor with LNG cold energy,
electrolyzer, desalination, and
organic-ammonia Rankine cycles
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Table 21 (continued)

Studies Source Configuration g (%)
[95] BFG, LNG Gas turbine, LNG utilization, 47.23
seawater desalination unit, modified
Kalina cycle, and PEME
This LNG LNG regasification, SMR, gas Base: 12.79
study turbine, steam Rankine cycle, Kalina ~ Opt.: 10.84

cycle, hot water boiler, and PEME

efficiency (nyg), the optimized configuration achieves 63.34%,
exceeding comparable natural gas-centered systems (53.35-61%) and
substantially outperforming biomass- and biogas-based configurations
(29.90-31.51%). The exergy efficiency (y,g) reaches 56.50% (opti-
mized), which is significantly higher than previously reported values
ranging from 14.38% to 43.12% for hybrid LNG, biomass, methanol, and
blast furnace gas (BFG)-based systems. Environmentally, the optimized
system reduces the wgo, rate to 0.297 kgco2/kWh, compared to litera-
ture values of 0.410-0.600 kgco2/kWh. From an economic perspective,
the system shows competitive performance with an optimized LCOE of
0.307 $/kWh, lower than the reported 0.4805 $/kWh, and an optimized
TUCP of 10.84 $/GJ, which is markedly below the 15.59-47.23 $/GJ
range in comparable studies. Therefore, these outcomes confirm the
simultaneous thermo-enviro—-economic superiority of the proposed
configuration.

5. Conclusion

The present project presented a new thermodynamically integrated
LNG-based quad-generation system designed for the concurrently pro-
duction of electricity, cooling, heating, and hydrogen. By effectively
cascading LNG cold energy recovery with steam methane reforming, a
gas turbine, a steam Rankine cycle, a Kalina cycle, and a PEME, the
system achieved a baseline energy efficiency of 55.29% and an exergy
efficiency of 48.99%, alongside competitive specific CO, emissions of
0.3537 kgcoz/kWh. To address the computational complexity of the
integrated model, a surrogate-assisted multi-objective optimization
framework—utilizing a Multi-Layer Perceptron model coupled with the
Cuckoo Search algorithm—was successfully implemented. The optimi-
zation revealed distinct trade-offs between objectives, with the LINMAP-
selected Scenario 2 offering a superior compromise, yielding an opti-
mized exergy efficiency of 56.50%, a Profit of 31.01 M$, and a total unit
cost of product of 10.84 $/GJ. Comprehensive sensitivity and uncer-
tainty analyses identified LNG flow rate and GT-100 outlet pressure as
the primary drivers of system performance, while benchmarking
confirmed that the proposed configuration outperforms recent literature
in energy utilization and exergo-economic-environmental viability.

Practical Implications: The proposed quad-generation framework
provides a highly efficient pathway for decarbonizing hydrogen pro-
duction while maximizing resource utilization through effective cold
and thermal energy recovery. The high profitability and competitive
LCOE values suggest that this system is technically and economically
mature for deployment in industrial settings requiring multi-utility
outputs.

Limitations and Future Directions: While this study provides a
robust steady-state analysis, it relies on the simplification of LNG as pure
methane, which may necessitate further refinement through multi-
component fluid analysis to enhance precision for real-world feedstocks.
Future research should prioritize dynamic modeling to evaluate system
response to transient load fluctuations and renewable energy integra-
tion, as well as the implementation of advanced control strategies to
maintain optimal operating zones under variable market and opera-
tional conditions.



Y. Li et al.
CRediT authorship contribution statement

Yonghui Li: Project administration, Investigation, Funding acquisi-
tion, Formal analysis. Ali Basem: Formal analysis, Data curation. Hyder
H. Abed Balla: Supervision, Investigation. Mohamed Arbi Khlifi:
Writing — original draft, Formal analysis. Haibo Zhang: Supervision,
Resources, Formal analysis. Saleh Alhumaid: Validation, Conceptuali-
zation. Nasser Alsharif: Validation, Data curation. Sherzod Abdullaev:
Writing — review & editing, Writing — original draft. Yasser Fouad:
Supervision, Methodology, Funding acquisition, Conceptualization.
Ibrahim Mahariq: Writing — review & editing, Supervision, Formal
analysis.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

Ongoing Research Funding program, (ORF-2026-698), King Saud
University, Riyadh, Saudi Arabia. This work was financially supported
by the Key Project of Philosophy and Social Sciences in Yunnan Prov-
ince: “Research on Rule Coordination and Governance Innovation in
China-Myanmar Cross-Border Data Flow (ZD202525)”; the National
Social Science foundation project of China (23BJL08S).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.fuel.2026.140372.

Data availability

The authors do not have permission to share data.

References

[1] Kalan AS, Khuyinrud MB, Jahangiri F, Ahmadi R, Mahboubi A, Lii X, et al.
Thermodynamic analysis and performance enhancement of an integrated
solar-geothermal polygeneration system using grey wolf optimization and LSTM-
based forecasting with monte carlo uncertainty analysis: a case study on tenerife
island. Appl Energy 2025;401:126640.

Slimene MB, Basem A, Osman H, Soliman NF, Khlifi MA, Elkhaleefa AM,
Safarova L, Jumanazarov D, Khudoynazarov E. A novel heat integration in a hybrid
geothermal-biomass energy system for sustainable production of electricity,
methanol, and desalinated water: exergoeconomic assessment and data-driven
optimization. Process Saf Environ Prot 2025;108348.

Zhao T, Ahmad SF, Agrawal MK, Ahmad AYAB, Ghfar AA, Valsalan P, et al. Design
and thermo-enviro-economic analyses of a novel thermal design process for a
CCHP-desalination application using LNG regasification integrated with a gas
turbine power plant. Energy 2024;295:131003.

Li M, Yang J, Mehrpooya M, Guo Z, He T. Off-grid green hydrogen production and
liquefaction system driven by renewable energy and LNG cold energy: a
comprehensive 4E analysis and optimization. Appl Energy 2025;392:125882.
Ebrahimnejad M, Mehrpooya M, Bid-hendi GN. Introducing and performance
evaluation of a novel multi-generation process for producing power, fresh water,
oxygen and nitrogen integrated with liquefied natural gas regasification and
carbon dioxide removal process. Appl Therm Eng 2024;248:123241.
Machfudiyanto RA, Humang WP, Kamil I, Latief Y, Wahjuningsih N, Putra YYA.
Enhancing small-scale LNG supply chains: risk mitigation strategies and
frameworks for archipelagic distribution. Cleaner Logist Supply Chain 2025;16:
100249.

Yousef MS, Santana D. Thermo-economic assessment and optimization of an
innovative tri-generation system using supercritical CO2 power system and LNG
cold energy recovery. Energy Convers Manage: X 2024;21:100516.

Zonfrilli M, Facchino M, Serinelli R, Chesti M, De Falco M, Capocelli M.
Thermodynamic analysis of cold energy recovery from LNG regasification. J Clean
Prod 2023;420:138443.

Noor Akashah MH, Mohammad Rozali NE, Mahadzir S, Liew PY. Utilization of cold
energy from LNG regasification process: a review of current trends. Processes 2023;
11:517.

[2

—

[3

=

[4]

[5

—

[6

[}

[7

—

[8

—

[9

—_

33

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Fuel 428 (2027) 140372

Fioriti D, Baccioli A, Pasini G, Bischi A, Migliarini F, Poli D, et al. LNG
regasification and electricity production for port energy communities: economic
profitability and thermodynamic performance. Energy Convers Manag 2021;238:
114128.

Hsu C, Basem A, Le LT, Singh PK, Rusho MA, Abdullaeva B, et al. Evaluation of a
novel environmentally friendly cascade combined cooling and power system
integrated with LNG regasification and desalination unit. Therm Sci Eng Prog
2025;104113.

Slimene MB, Basem A, Hasan MA, Le LT, Khlifi MA, Islam S, Atamuratova Z,
Sabirov S, Mukhitdinov O, Mahariq I. Exergoeconomic analysis and optimization of
a thermal-thermochemical system integrating biomass gasification and geothermal
energy for power, methanol, and liquefied hydrogen. Appl Therm Eng 2025;
129438.

Liang Z, Liang Y, Luo X, Wang H, Wu W, Chen J, et al. Integration and optimization
of methanol-reforming proton exchange membrane fuel cell system for distributed
generation with combined cooling, heating and power. J Clean Prod 2023;411:
137342.

Boujelbene M, Basem A, Sawwan H, Samad S, Hamida MB, Amari A, Makharov K,
Safarova L, Mahariq I. Multi-Objective optimization of a biogas-fueled
multigeneration system with a supercritical CO2-based power and multi-level
cooling cycle: a hybrid ANN-MOPSO approach. Fuel 2026;405:136687.

Yang J-H, Yoon Y, Ryu M, An S-K, Shin J, Lee C-J. Integrated hydrogen liquefaction
process with steam methane reforming by using liquefied natural gas cooling
system. Appl Energy 2019;255:113840.

Achomo MA, Kumar A, Peela NR, Muthukumar P. Hydrogen production from
steam reforming of methanol: a comprehensive review on thermodynamics,
catalysts, reactors, and kinetic studies. Int J Hydrogen Energy 2024;58:1640-72.
Sornumpol R, Nimmanterdwong PP. Comprehensive energy exergy economic and
environmental assessment of an integrated organic rankine cycle solid oxide fuel
cell and absorption chiller system fueled by steam reformed natural gas.
Proceedings of the International Petroleum Technology Conference. 2024.

Tang X, Wu Y, Fang Z, Dong X, Du Z, Deng B, et al. Syntheses, catalytic
performances and DFT investigations: a recent review of copper-based catalysts of
methanol steam reforming for hydrogen production. Energy 2024;295:131091.
Abbas AHM, Cheralathan KK, Porpatham E, Arumugam SK. Hydrogen generation
using methanol steam reforming-catalysts, reactors, and thermo-chemical
recuperation. Renew Sustain Energy Rev 2024;191:114147.

Yan L, Jia Z, Liu Y, Geng C, He B. Thermodynamic and economic analyses of a
novel cooling, heating and power tri-generation system with carbon capture.
Atmosphere (Basel) 2024;15:836.

Hu Y, Han C, Li W, Hu Q, Wu H, Li Q. Investigation of methanol steam reforming
reformer heated by catalyst combustion for KW-scale fuel cell. Therm Sci Eng Prog
2023;45:102114.

Su Z, Su Y, Majdi HS, Shawabkeh A, Abbas SZ, Eldin SM, et al. 4E analyses of a
novel multi-generation system based on methanol-steam reforming integrated with
scramjet multi cooling cycle and ammonia synthesis. Process Saf Environ Prot
2023;171:578-90.

Chen Z, Yin B, Wei Z, Dong F. Coupling of high-temperature proton exchange
membrane fuel cells with methanol steam reforming: modeling and simulation for
an integrated coupled for power generation system. Energy Convers Manag 2024;
301:118044.

Abed AM, Shawabkeh A, Jhala R, Ramachandran T, Shankhyan A, Mann VS, et al.
Exergoeconomic investigation of a multi-generation system based on gas turbine,
carbon dioxide recondensation, multi effect desalination and methanol-steam
reforming. Therm Sci Eng Prog 2025;58:103170.

Dai Z, Yin X. Investigating the performance of a gas turbine system combined with
steam methane reforming as a thermochemical recuperator in a power, cooling,
freshwater, and hydrogen production multigeneration system. Energy 2024;311:
133346.

Soltanimehr S, Rahimpour MR, Shariati A. Development of a green process based
on a novel tri-reforming reactor to produce syngas for methanol synthesis: process
design, modeling and multi objective optimization. J Clean Prod 2023;418:
138167.

Zhong Z, Gao X, Zhu J, Zhao W, Li N, Araya SS, et al. Multi-objective optimization
of a combined cooling, heating and power system integrated with reformed
methanol high-temperature proton exchange membrane fuel cell. Energy Sources
Part A 2025;47:3674-91.

He J, Han N, Xia M, Sun T, Ghaebi H. Multi-objective optimization and
exergoeconomic analysis of a multi-generation system based on biogas-steam
reforming. Int J Hydrogen Energy 2023;48:21161-75.

Abedinia O, Shakibi H, Shokri A, Sobhani B, Sobhani B, Yari M, et al. Optimization
of a syngas-fueled SOFC-based multigeneration system: enhanced performance
with biomass and gasification agent selection. Renew Sustain Energy Rev 2024;
199:114460.

Junjie J, Yongqi Z, Zhou X, AL-Bukhaiti K, Anping W, Cheng X, Ji X. Enhanced
YOLO-IASE for robust safety inspection in complex substation environments.
Signal Image Video Process 2025;19:686.

Junjie J, Yongqi Z, Anping W, AL-Bukhaiti K, Huang J, Cheng X. Multi-target
detection for safety monitoring in complex substation environments using YOLO-
DySE. Signal Image Video Process 2025;19:804.

Ansarinasab H, Mehrpooya M, Pouriman M. Advanced exergoeconomic evaluation
of a new cryogenic helium recovery process from natural gas based on the flash
separation—-APCI modified process. Appl Therm Eng 2018;132:368-80.
Lopez-Echeverry JS, Reif-Acherman S, Araujo-Lopez E. Peng-robinson equation of
state: 40 years through cubics. Fluid Phase Equilib 2017;447:39-71.


https://doi.org/10.1016/j.fuel.2026.140372
https://doi.org/10.1016/j.fuel.2026.140372
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0005
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0005
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0005
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0005
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0005
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0010
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0010
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0010
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0010
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0010
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0015
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0015
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0015
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0015
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0020
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0020
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0020
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0025
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0025
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0025
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0025
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0030
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0030
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0030
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0030
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0035
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0035
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0035
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0040
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0040
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0040
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0045
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0045
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0045
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0050
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0050
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0050
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0050
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0055
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0055
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0055
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0055
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0060
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0060
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0060
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0060
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0060
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0065
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0065
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0065
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0065
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0070
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0070
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0070
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0070
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0075
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0075
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0075
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0080
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0080
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0080
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0085
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0085
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0085
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0085
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0090
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0090
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0090
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0095
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0095
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0095
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0100
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0100
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0100
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0105
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0105
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0105
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0110
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0110
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0110
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0110
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0115
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0115
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0115
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0115
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0120
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0120
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0120
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0120
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0125
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0125
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0125
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0125
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0130
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0130
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0130
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0130
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0135
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0135
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0135
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0135
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0140
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0140
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0140
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0145
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0145
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0145
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0145
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0150
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0150
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0150
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0155
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0155
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0155
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0160
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0160
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0160
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0165
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0165

Y. Li et al.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Ji L, Basem A, Balla HHA, Li Y, Alkhatib OJ, Ayadi M, et al. Thermo-economic
decision-making and intelligent optimization of a sustainable biogas-driven system
with integrated peak demand management. Biomass Bioenergy 2026;207:108785.
Kong D, Tian X, Li G, Liu C, Niu X, Isaev SA, et al. Numerical study of particle
deposition and heat transfer characteristics in an S-shaped miniature cooling
channel of a gas turbine blade. Powder Technol 2026;468:121612. https://doi.org/
10.1016/j.powtec.2025.121612.

Shakibi H, Assareh E, Chitsaz A, Keykhah S, Behrang M, Golshanzadeh M, et al.
Exergoeconomic and optimization study of a solar and wind-driven plant
employing machine learning approaches; a case study of Las Vegas city. J Clean
Prod 2023;385:135529.

Bian Y, Pan J, Liu Y, Zhang F, Yang Y, Arima H. Performance analysis of a
combined power and refrigeration cycle. Energy Convers Manag 2019;185:259-70.
Azizi S, Shakibi H, Shokri A, Chitsaz A, Yari M. Multi-aspect analysis and RSM-
based optimization of a novel dual-source electricity and cooling cogeneration
system. Appl Energy 2023;332:120487.

Chehade AMEH, Daher EA, Assaf JC, Riachi B, Hamd W. Simulation and
optimization of hydrogen production by steam reforming of natural gas for refining
and petrochemical demands in Lebanon. Int J Hydrogen Energy 2020;45:
33235-47.

Zhang X, Zeng R, Du T, He Y, Tian H, Mu K, et al. Conventional and energy level
based exergoeconomic analysis of biomass and natural gas fired polygeneration
system integrated with ground source heat pump and PEM electrolyzer. Energy
Convers Manag 2019;195:313-27.

Habibollahzade A, Gholamian E, Ahmadi P, Behzadi A. Multi-criteria optimization
of an integrated energy system with thermoelectric generator, parabolic trough
solar collector and electrolysis for hydrogen production. Int J Hydrogen Energy
2018;43:14140-57.

Ni M, Leung MKH, Leung DYC. Energy and Exergy analysis of hydrogen production
by a proton exchange membrane (PEM) electrolyzer plant. Energy Convers Manag
2008;49:2748-56.

Tijani AS, Rahim AHA. Numerical modeling the effect of operating variables on
faraday efficiency in PEM electrolyzer. Procedia Technol 2016;26:419-27.

Tijani AS, Kamarudin NAB, Mazlan FAB. Investigation of the effect of charge
transfer coefficient (CTC) on the operating voltage of polymer electrolyte
membrane (PEM) electrolyzer. Int J Hydrogen Energy 2018;43:9119-32.
Nieminen J, Dincer I, Naterer G. Comparative performance analysis of PEM and
solid oxide steam electrolysers. Int J Hydrogen Energy 2010;35:10842-50.
El-Emam RS, Dincer 1. Development and assessment of a novel solar heliostat-based
multigeneration system. Int J Hydrogen Energy 2018;43:2610-20.

Mehrenjani JR, Gharehghani A, Ahmadi S, Powell KM. Dynamic simulation of a
triple-mode multi-generation system assisted by heat recovery and solar energy
storage modules: techno-economic optimization using machine learning
approaches. Appl Energy 2023;348:121592.

Mokarram NH, Mosaffa AH. A comparative study and optimization of enhanced
integrated geothermal flash and kalina cycles: a thermoeconomic assessment.
Energy 2018;162:111-25.

Toroi T, Yasuda K, Siroma Z, Fujiwara N, Miyazaki Y. Thin film electrocatalyst layer
for unitized regenerative polymer electrolyte fuel cells. J Power Sources 2002;112:
583-7.

Hou S, Zhou Y, Yu L, Zhang F, Cao S, Wu Y. Optimization of a novel cogeneration
system including a gas turbine, a supercritical CO2 recompression cycle, a steam
power cycle and an organic rankine cycle. Energy Convers Manag 2018;172:
457-71.

Habibollahzade A, Rosen MA. Syngas-fueled solid oxide fuel cell functionality
improvement through appropriate feedstock selection and multi-criteria
optimization using air/O2-enriched-air gasification agents. Appl Energy 2021;286:
116497.

Zemin D, Yueming L, Zhicheng Y, Youhong Y, Yongbao L. Coordinated control
strategy of engine-grid-load-storage for shipboard micro gas turbine DC power
generation system: a review. J Energy Storage 2025;134:118205.

Wen D, Wei X, Bruneau A, Maroonian A, Maréchal F. Techno-economic analysis of
ammonia to hydrogen and power pathways considering the emerging hydrogen
purification and fuel cell technologies. Appl Energy 2025;390:125871.

Feili M, Nourani P, Haghghi MA, Bahman AM. Machine learning optimization of
integrating an advanced thermal-electrochemical plant with an oxy-biogas fuel
plant employing a CO2 capture process. Energy Convers Manag 2025;335:119871.
Chen L, Xiao K, Hu F, Li Y. Performance evaluation and optimization design of
integrated energy system based on thermodynamic, exergoeconomic, and
exergoenvironmental analyses. Appl Energy 2022;326:119987.

Wang X, Ye L, Li W, Zheng T, Liang X, Liu C. Film cooling effectiveness in the
presence of internal hole random roughness: a comprehensive analysis. Int
Commun Heat Mass Transfer 2025;165:108990.

Ye L, She H, Sun C, Wang X, Liu C, Shi C. A mass-flux-vector-based design for self-
angled slot arrangements enhancing leading edge showerhead cooling. Int
Commun Heat Mass Transfer 2026;172:110305.

Li S, Zhu L, He Y, Fan J, Lv L. Thermodynamic evaluation of CCHP system based on
biomass gasification by exploring the feasibility of using CO2 as gasification agent.
Sustainable Energy Technol Assess 2020;42:100867.

Wang J, Zhai ZJ, Jing Y, Zhang C. Particle swarm optimization for redundant
building cooling heating and power system. Appl Energy 2010;87:3668-79.

Li H, Zhang J, Zhou J, Zang J, Shi G, Cai X. An active-soft-switching DC
transformer with auxiliary converter for DC offshore wind turbine. IEEE Trans Ind
Electron 2026.

Pan C, Hu X, Goyal V, Alsenani TR, Alkhalaf S, Alkhalifah T, et al. An innovative
process design of seawater desalination toward hydrogen liquefaction applied to a

34

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

Fuel 428 (2027) 140372

ship’s engine: an economic analysis and intelligent data-driven learning study/
optimization. Desalination 2024;571:117105.

Haorong L, Huixin Z, Xinlong W, Xiaojuan N, Wenpeng H, Haoran L. Enhanced
vapor condensation in bidirectional solar stills using copper foam with multiple
nucleation sites. Sci China Technol Sci.

Sinha AA, Choudhary T, Ansari MZ. Estimation of exergy-based sustainability
index and performance evaluation of a novel intercooled hybrid gas turbine
system. Int J Hydrogen Energy 2023;48:8629-44.

Yang K, He Y, Du N, Yan P, Zhu N, Chen Y, et al. Exergy, exergoeconomic, and
exergoenvironmental analyses of novel solar-and biomass-driven trigeneration
system integrated with organic rankine cycle. Energy 2024;301:131605.

He D, Li H, Gao R, Li Y, Fan L, Long X, et al. A fission response function based low-
cost adaptive reactor physics code for high-fidelity simulation. Nucl Sci Eng 2025:
1-19.

Wang Y, Mu Q, Bai Z, Elmasry Y, Balla HHA, Alkhayyat A, et al. Life cycle
assessment, techno-economic and environmental analysis of an innovative
integration air power cycle with LNG cold energy utilization in a biomass-fueled
multi-generation plant: soft computing technique and multi-objective optimization
approaches. Energy 2025;139182.

Ooi JB, Kau CC, Manoharan DN, Wang X, Tran M-V, Hung YM. Effects of multi-
walled carbon nanotubes on the combustion, performance, and emission
characteristics of a single-cylinder diesel engine fueled with palm-oil biodiesel-
diesel blend. Energy 2023;281:128350.

Tordan C, Lausselet C, Cherubini F. Life-cycle assessment of a biogas power plant
with application of different climate metrics and inclusion of near-term climate
forcers. J Environ Manage 2016;184:517-27.

Jo S-J, Kang T-H, Shin B-J, Mun J-H, Devkota S, Cha J-Y, et al. Internal carbon loop
strategy for methanol production from natural gas: multi-objective optimization
and process evaluation. J Clean Prod 2023;418:138140.

Fang Z, Shang L, Pan Z, Yao X, Ma G, Zhang Z. Exergoeconomic analysis and
optimization of a combined cooling, heating and power system based on organic
rankine and kalina cycles using liquified natural gas cold energy. Energy Convers
Manag 2021;238:114148.

Behzadi A, Duwig C, Ploskic A, Holmberg S, Sadrizadeh S. Application to novel
smart techniques for decarbonization of commercial building heating and cooling
through optimal energy management. Appl Energy 2024;376:124224.

Devkota S, Cha J-Y, Shin B-J, Mun J-H, Yoon HC, Mazari SA, et al. Techno-
economic and environmental assessment of hydrogen production through
ammonia decomposition. Appl Energy 2024;358:122605.

Feili M, Ghaebi H, Haghghi MA. Data-driven optimization of an innovative
environmentally friendly power-methanol co-production system utilizing biogas-
driven S-graz cycle, biogas steam reforming, and CO2 capture-hydrogenation
process. Renew Energy 2025;123835.

Abdolalipouradl M, Khalilarya S, Jafarmadar S. Exergoeconomic analysis of a novel
integrated transcritical CO2 and kalina 11 cycles from sabalan geothermal power
plant. Energy Convers Manag 2019;195:420-35.

Asgari N, Saray RK, Mirmasoumi S. Seasonal exergoeconomic assessment and
optimization of a dual-fuel trigeneration system of power, cooling, heating, and
domestic hot water, proposed for Tabriz Iran. Renew Energy 2023;206:192-213.
Sohrabi A, Asgari N, Imran M, Shahzad MW. Comparative energy, exergy,
economic, and environmental (4E) analysis and optimization of two high-
temperature kalina cycles integrated with thermoelectric generators for waste heat
recovery from a diesel engine. Energy Convers Manag 2023;291:117320.

Karim SHT, Tofiq TA, Shariati M, Rad HN, Ghasemi A. 4E analyses and multi-
objective optimization of a solar-based combined cooling, heating, and power
system for residential applications. Energy Rep 2021;7:1780-97.

Lin F, Wang J, Nutakki TUK, Ayadi M, Ahmad SF, Muhammad T, et al. Proposal,
process development, and multi-aspect investigation of a novel environmentally
friendly multigeneration process in arrangement with a sea water desalination
unit. J Environ Chem Eng 2023;11:111392.

Liu S, Hai T, Chauhan BS, Asadollahzadeh M, Oreijah M, Guedri K, et al. Multi-
aspect study of an innovative glycerol-fed polygeneration model involving
combined power cycles, chilled water unit, desalination, and methanol synthesis.
Desalination 2023;564:116795.

Zhu P, Wu Z, Guo L, Yao J, Dai M, Ren J, et al. Achieving high-efficiency
conversion and poly-generation of cooling, heating, and power based on biomass-
fueled SOFC hybrid system: performance assessment and multi-objective
optimization. Energy Convers Manag 2021;240:114245.

Cao Y, Dhahad HA, Togun H, Hussen HM, Anqi AE, Farouk N, et al.
Thermodynamic and economic assessments and multi-criteria optimization of a
novel poly-generation plant using geothermal energy and multi heat recovery
technique. Int J Hydrogen Energy 2021;46:27851-73.

Sadat SMS, Ghaebi H, Lavasani AM. 4E analyses of an innovative polygeneration
system based on SOFC. Renew Energy 2020;156:986-1007.

Faramarzi S, Nainiyan SMM, Mafi M, Ghasemiasl R. A novel hydrogen liquefaction
process based on LNG cold energy and mixed refrigerant cycle. Int J Refrig 2021;
131:263-74.

Zhang M, Timoshin A, Al-Ammar EA, Sillanpaa M, Zhang G. Power, cooling,
freshwater, and hydrogen production system from a new integrated system
working with the zeotropic mixture using a flash-binary geothermal system.
Energy 2023;263:125959.

Ata S. Comprehensive evaluation of a gas turbine-based multi-generation system
for power, heating, cooling, freshwater, hydrogen and ammonia: 4E assessment
and multi-objective optimization with RSM desirability approach. Renew Energy
2025;246:122900.


http://refhub.elsevier.com/S0016-2361(26)02127-7/h0170
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0170
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0170
https://doi.org/10.1016/j.powtec.2025.121612
https://doi.org/10.1016/j.powtec.2025.121612
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0180
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0180
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0180
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0180
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0185
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0185
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0190
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0190
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0190
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0195
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0195
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0195
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0195
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0200
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0200
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0200
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0200
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0205
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0205
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0205
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0205
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0210
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0210
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0210
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0215
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0215
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0220
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0220
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0220
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0225
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0225
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0230
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0230
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0235
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0235
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0235
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0235
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0240
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0240
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0240
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0245
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0245
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0245
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0250
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0250
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0250
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0250
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0255
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0255
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0255
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0255
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0260
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0260
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0260
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0265
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0265
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0265
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0270
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0270
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0270
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0275
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0275
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0275
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0280
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0280
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0280
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0285
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0285
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0285
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0290
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0290
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0290
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0295
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0295
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0300
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0300
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0300
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0305
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0305
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0305
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0305
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0315
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0315
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0315
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0320
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0320
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0320
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0325
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0325
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0325
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0330
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0330
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0330
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0330
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0330
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0335
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0335
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0335
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0335
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0340
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0340
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0340
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0345
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0345
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0345
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0350
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0350
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0350
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0350
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0355
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0355
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0355
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0360
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0360
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0360
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0365
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0365
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0365
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0365
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0370
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0370
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0370
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0375
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0375
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0375
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0380
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0380
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0380
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0380
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0385
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0385
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0385
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0390
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0390
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0390
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0390
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0395
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0395
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0395
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0395
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0400
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0400
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0400
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0400
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0405
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0405
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0405
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0405
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0410
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0410
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0415
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0415
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0415
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0420
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0420
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0420
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0420
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0425
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0425
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0425
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0425

Y. Li et al.

[86]

[87]

[88]

[89]

[90]

Haghghi MA, Jafarmadar S, Kaveh M. Modified-route chemical-to-power
conversion via biomass gasification-HSOFC with waste-to-power/freshwater
integration: 4E analysis for biomass selection and LS-boosting-based optimization.
Int J Hydrogen Energy 2026;245:155717.

Kansha Y, Abbas A, Manaf NA. Unlocking the techno-economic potential of
biomass gasification for power generation: comparative analysis across diverse
plant capacities. Waste Manag 2024;189:219-29.

Ooi JB, Chan XL, Jaliliantabar F, Tan BT, Wang X, Song CP, et al. Experimental
study of quaternary blends with diesel/palm-oil biodiesel/ethanol/diethyl ether for
optimum performance and emissions in a light-duty diesel engine using response
surface methodology. Energy 2024;301:131782.

Zhang B, Xue Y, Zhang Y, Su K. A self-calibrating digital twin for space thermionic
nuclear reactors under fault conditions. Reliab Eng Syst Saf 2026;268:111995.
https://doi.org/10.1016/j.ress.2025.111995.

Wan A, Xiong Z, Khalil A-B, Yin R, Yuan J, Cheng X, et al. An integrated TCN-ECA-
BiLSTM and TD3 framework for high-accuracy forecasting and optimal load
allocation in combined heat and power systems. Energy 2026;140670.

35

[91]

[92]

[93]

[94]

[95]

Fuel 428 (2027) 140372

Vo N, Tang H, Lee J. A multi-objective grey wolf-cuckoo search algorithm applied
to spatial truss design optimization. Appl Soft Comput 2024;155:111435.

Salari A, Shakibi H, Soltani S, Kazemian A, Ma T. Optimization assessment and
performance analysis of an ingenious hybrid parabolic trough collector: a machine
learning approach. Appl Energy 2024;353:122062.

Zhang Z, Delcroix B, Rezazgui O, Mangin P. Simulation and techno-economic
assessment of bio-methanol production from pine biomass, biochar and pyrolysis
oil. Sustainable Energy Technol Assess 2021;44:101002.

Alamri S, Sadeq AM, Agrawal MK, Chauhdary ST, Ahmed MA, Ayadi M, et al. Ben
hybrid biomass-LNG powered multigeneration multi-effect desalination system for
sustainable freshwater, energy and hydrogen production: design and optimization
using 4E analysis and machine learning-based evaluation. Desalination 2025;
119785.

Ayadi M, Alamri S, Becheikh N, Ghachem K, Kolsi L, Chauhdary ST, et al. Data-
driven multi-objective optimization of a novel waste-fueled polygeneration system
for simultaneous production of hydrogen, freshwater, hot water, chilled water,
cooling power, and electricity. Appl Therm Eng 2026;130553.


http://refhub.elsevier.com/S0016-2361(26)02127-7/h0430
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0430
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0430
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0430
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0435
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0435
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0435
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0440
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0440
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0440
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0440
https://doi.org/10.1016/j.ress.2025.111995
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0450
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0450
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0450
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0455
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0455
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0460
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0460
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0460
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0465
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0465
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0465
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0470
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0470
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0470
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0470
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0470
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0475
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0475
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0475
http://refhub.elsevier.com/S0016-2361(26)02127-7/h0475

	LNG/H2-rich syngas centric quad-generation plant with hydrogen-ready self-sustaining feeder; economic evaluation, Cuckoo se ...
	1 Introduction
	1.1 Background and motivation
	1.2 Literature Review
	1.3 Research gaps, novelty, and contributions

	2 System description
	3 Methodology and materials
	3.1 System simulation
	3.1.1 PEME modeling

	3.2 System modeling verification
	3.3 System evaluation
	3.3.1 Energy and exergy modeling
	3.3.2 Environmental modeling
	3.3.3 Economic modeling

	3.4 System optimization

	4 Results and discussion
	4.1 Pinch-point analysis and T-Q diagrams
	4.2 4E analysis outcomes
	4.2.1 Exergy and energy outcome
	4.2.2 Economic outcome
	4.2.3 Environmental outcome

	4.3 Parametric study outcomes
	4.4 MLP–Cuckoo Search optimization outcomes
	4.5 Sensitivity, feature-importance, and uncertainty analyses
	4.6 Quantitative benchmarking with literature

	5 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	Data availability
	References


