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ARTICLE INFO ABSTRACT
Keywords: Biogas-driven combined cooling and power (CCP) systems face the challenge of simultaneously optimizing
Heat recovery systems thermodynamic performance and financial viability under nonlinear design and operational constraints. This

GAX cooling cycle

study proposes a novel biogas combustion-heat recovery configuration for CCP generation, evaluated through an
Combined cooling and power (CCP)

. - ; integrated thermodynamic—financial framework and optimized using machine learning (ML)-driven soft-
Thermodynamic—financial analysis . . . . . . . . s
Biogas utilization computing techniques. The system integrates a biogas combustion unit, a gas turbine, a modified supercritical
Machine learning optimization CO: cycle, and a generator-absorber-exchanger (GAX) cycle. Thermodynamic analyses based on the first and

second laws of thermodynamics are employed, while sustainability, financial, and environmental indicators are
incorporated into the assessment. A hybrid optimization approach, combining ML with the genetic algorithm
optimizer, is implemented to accelerate convergence and explore trade-offs among net present value (NPV), total
unit product cost (TUPC), and sustainability index (SI). The optimized configuration achieves an NPV of 13.03 M
$, an SI of 1.765, and a TUPC of 26.5 $/GJ. Besides, the system demonstrates an energy efficiency of 62.75%, an
exergy efficiency of 43.32%, and a payback period of 3.79 years, confirming technical robustness and economic
viability. Overall, ML-driven soft computing enables resilient, investment-ready CCP strategies, offering a scal-
able plan that aligns biogas utilization with sustainability, efficiency, and competitiveness.

gas [1,2]. While these resources have driven industrial development and
urban expansion, their combustion is directly associated with severe

1. Introduction environmental consequences, including greenhouse gas emissions, air
pollution, and long-term climate change [3,4]. In addition, the finite
The rapid growth in global energy demand has historically been met nature of fossil reserves raises concerns about energy security and

through extensive reliance on fossil fuels such as coal, oil, and natural
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Nomenclature

A Area (m?)

AB Air blower

Al Annual income ($)

ANN Artificial neural network

AS Annual savings ($)

c Cost rate ($/h)

c Unit exergy cost ($/GJ)

cC Combustion chamber; Cooling capacity
CCP Combined cooling and power

CCHP Combining cooling, heating, and power

CEPCI  Chemical engineering plant cost index
CO2ER  CO, emission rate (kg/kWh)
CRF Capital recovery factor

D, Depletion factor

e Specific exergy (kJ/kg)

EE Exergy efficiency (%)

E Exergy rate (kW)

FA Fuel to air ratio

FC Fixed cost ($)

GAX Generator—absorber—exchanger
GT Gas turbine

h Specific enthalpy (kJ/kg)

i Annual interest rate (%)

IF Inflation factor

Myox NOx emissions (g/kg fuel)
mco CO emissions (g/kg fuel)

m Mass flow rate (kg/s)

ML Machine learning

MSC Modified supercritical CO5
(n) Lifetime (years)

N Operational time (h)

(NPV)  Net present value ($)

NSGA-II Non-dominated sorting genetic algorithm-II
LHV Lower heating value (kJ/kg)

oC Operating cost ($)
P Pressure (kPa)
PP Payback period (year)

Q) Heat rate (kW)

RDF Real discount factor

SI Sustainability index

s Specific entropy (kJ/kg.K)

T Absolute temperature (K)
Tpz Adiabatic flame temperature (K)
TE Thermal efficiency (%)
TUPC Total unit product cost ($/GJ)
\Y% Voltage (V)

(W) Electricity (kW)

y Molar fraction (—)

Z Purchase cost ($)

Z Cost rate of investment ($/h)
Greek symbols

n Efficiency (%)

€ Effectiveness (%)

I Pressure dimensionless

) Temperature dimensionless
R4 H/C atomic ratio

T Primary zone residence time (s)
@ Maintenance factor
Subscripts

ch Chemical

des Destruction

ex Exergy

F Fuel

is Isentropic

in Inlet

L Loss

out Outlet

P (Product)

ph (Physical)

PY Present year

RY Reference year

th Thermal

tot Total

sustainability for future generations [5]. These drawbacks highlight the
urgent need to transition toward renewable energy sources as integral
components of modern energy management strategies, particularly
within urban environments where demand density and environmental
pressures are highest [6,7]. Among the diverse portfolio of renewable
options, biogas offers a promising pathway due to its carbon-mitigating
potential, availability from waste-to-energy processes, and ability to
support decentralized power generation [8,9]. Beyond simple energy
recovery, the combustion of biogas becomes especially valuable when
integrated into multi-functional systems that simultaneously generate
electricity, heating, and cooling [10]. Such integrated biogas-based
systems not only improve energy utilization efficiency but also
contribute to sustainable urban energy infrastructures that align envi-
ronmental stewardship with economic competitiveness [11].

Arslan and Yilmaz et al. [12] investigated the conversion of a biogas
power plant into a trigeneration system combining cooling, heating, and
power (CCHP) units. Energy, exergy, and cost analyses showed that
exergy efficiency increased to 50.14%, while unit costs for heating and
cooling decreased to 0.0178 $/kWh and 0.0352 $/kWh, respectively.
Castley et al. [13] modeled a CCHP system fueled by cattle manure in an
anaerobic digestion reactor (ADR) with biogas upgrading. Eight con-
figurations were simulated and optimized for an office building in a

heating-dominated European climate, achieving a performance index of
151.1%, a 93.7% reduction in carbon emissions, and 32.0% primary
energy savings. Ebadollahi et al. [14] analyzed a biogas-driven com-
bined power system coupling Brayton and Rankine cycles through
thermodynamic, exergoeconomic, and exergoenvironmental assess-
ments. The system produced 1372 kW net power, with 37.57% energy
efficiency, 21.27% exergy efficiency, and a unit cost of 21.46 $/GJ.
Herve et al. [15] studied a biogas-syngas co-firing CCHP system inte-
grating a gasification unit, an internal combustion engine (ICE), and an
organic Rankine cycle (ORC). Aspen Plus simulations showed that en-
ergy efficiency declined with higher methane content, whereas exergy
efficiency improved at 80-90% extraction rates. Increasing the gasifi-
cation temperature enhanced performance, while a higher biogas tem-
perature reduced efficiency. Anand et al. [16] proposed a hybrid system
combining biogas, photovoltaics (PV), and a battery energy storage
system with a fuel cell stack. A heuristic power management system and
artificial neural network (ANN)-based digester control were applied,
achieving 28.42% cost savings and 96% carbon emission reduction. Tian
et al. [17] developed a biogas-fueled CCHP system comprising ORCs,
heat exchangers, and an ammonia-water absorption chiller. Aspen
Hysys simulations reported 61% energy efficiency and 30.44% exergy
efficiency, with the biogas burner accounting for 87.4% of exergy
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destruction. The system emitted 0.293 kgco,/kWh, had a product cost of
0.017 $/kWh, and a payback period of 6.11 years. Gholizadeh et al. [18]
introduced a biogas-liquefied natural gas (LNG) cogeneration system
integrating open- and closed-loop Brayton cycles, an ORC, and an
ejector refrigeration cycle. Multi-objective optimization showed 1860
kW electricity, 427.3 kW cooling, 80.79% energy efficiency, 41.5%
exergy efficiency, a 48% reduction in carbon emissions, and a unit
product cost of 9.81 $/GJ. Huang et al. [19] investigated a biogas-driven
CCHP system with chemical reinjection to improve methane conversion
and heat integration. The system achieved 55.52 kW (6.2%) higher
electricity, 542.49 kW (101.5%) higher cooling, and an 8.31% increase
in exergy efficiency, with reduced irreversibilities. Haghghi et al. [20]
proposed an oxy-combustion polygeneration system fueled by biogas,
integrating a supercritical COz Brayton cycle, an ammonia-water com-
bined cooling and power (CCP) unit, a multi-effect desalination unit, and
a Rankine cycle. Optimization yielded 1644 kW electricity, 44.71 kW
cooling, 41.81 kW heating, and 66.35 m>/day water, achieving 49.32%
exergy efficiency and 27.54 $/GJ unit cost. Finally, Feili et al. [21]
presented a biogas-based multi-integrated system combining an S-Graz
cycle, a steam reforming unit, and a methanol synthesis unit. Hybrid
optimization yielded 3.25 m®/h methanol at 0.5771 $/kg, with 46.5%
exergetic efficiency and a 4.77-year payback period, demonstrating
efficient methanol and electricity co-production. Athari et al. [22]
investigated thermodynamic and exergoeconomic performance of
biomass gasification-based power plants, comparing externally fired, co-
firing, and post-firing combined cycle configurations. The post-firing
system was identified as the most economically effective, achieving
higher energy efficiency. Qeshmi et al. [23] analyzed a biomass-
powered multigeneration system producing electricity, heating, cool-
ing, hydrogen, and freshwater using exergy, exergoeconomic, and
exergoenvironmental approaches. The gasifier and heat exchanger were
identified as major sources of exergy destruction, highlighting eco-
nomic-environmental trade-offs. Laleh et al. [24] proposed a biogas-
fueled multigeneration system integrating oxy-fuel combustion, ther-
mochemical hydrogen production, ORC, and thermophotovoltaic power
generation. Thermodynamic, economic, and environmental analyses
combined optimization demonstrated high exergetic efficiency, reduced
product cost, and improved environmental performance. Rabet et al.
[25] developed a multigeneration system combining biomass digestion,
gasification, geothermal energy, Kalina cycle, and desalination tech-
nologies. Thermodynamic and exergoeconomic analyses showed mod-
erate second law efficiency, with major exergy destruction occurring in
desalination units.

Cooling is a fundamental aspect of engineering systems, essential for
maintaining safe operating temperatures, improving efficiency, and
extending equipment lifespan [26-28]. In addition to power generation,
the growing demand for cooling in residential, commercial, and indus-
trial sectors underscores the importance of integrating cooling sub-
systems into multi-generation energy systems [29,30]. Traditional
cooling technologies are often electricity-intensive, thereby increasing
peak loads on urban grids and reducing overall system efficiency [31].
By contrast, thermally driven cooling technologies enable the direct use
of waste heat, improving resource utilization and reducing reliance on
conventional electricity-based cooling. Among these, the gen-
erator-absorber—exchanger (GAX) cycle has gained attention for its high
efficiency, ability to operate with low-grade thermal energy, and
compatibility with renewable-fueled systems [32]. The GAX cycle not
only reduces primary energy consumption but also enhances overall
system sustainability by coupling power and heat recovery with effec-
tive cooling generation [33]. Haghghi et al. [34] evaluated a multi-
generation structure integrating a molten carbonate fuel cell (MCFC), a
superheated steam heat exchanger, a GAX cycle for cooling, and a
desalination unit. The system achieved 79.9% energy efficiency, 51.9%
exergy efficiency, 21.6 $/GJ unit exergy cost, and 247 kgco,/MWh
emissions, demonstrating efficient cooling generation alongside elec-
tricity and freshwater production. Salehi et al. [35] analyzed a tri-
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generation system combining a MCFC, a Stirling engine, a heat recov-
ery steam generator, and GAX and vapor absorption refrigeration cycles.
Utilizing the GAX cycle for cooling, the system reached 52.12% exergy
efficiency and 0.358 t/MWh CO: emissions, confirming effective cooling
generation and favorable thermodynamic and environmental perfor-
mance. Seiiedhoseiny et al. [36] investigated a high-efficiency multi-
generation structure powered by geothermal energy, integrating a
single-flash cycle, branched GAX cooling cycle, and an electrolyzer.
Optimization results included 36.82% energy efficiency, 65.42% exergy
efficiency, 7.046 $/GJ unit cost, 4187 kW net electricity, and 5.85 kg/h
hydrogen production, demonstrating low-cost multigeneration perfor-
mance with effective cooling. Jia et al. [37] proposed a hybrid absorp-
tion—compression heat pump, incorporating GAX-based internal heat
recovery to exploit low-temperature heat sources. The system achieved a
coefficient of performance above 1.61, a primary energy ratio above
1.11, and a temperature lift up to 85.9 °C, enabling efficient space
heating even at —40.6 °C and integration with solar collectors. Jawahar
[38] examined an ammonia-water absorption refrigeration system with
a GAX cycle. MATLAB simulations showed that adding Al:Os nano-
particles improved system performance by 15-20% compared to the
conventional cycle, enhancing cooling efficiency.

According to the literature, utilizing biogas for multigeneration
systems represents a sustainable and efficient approach to energy pro-
duction, particularly for urban energy management. Such systems are
especially valuable in urban environments, where high energy demand
and the need for environmentally responsible solutions require compact,
high-performance, and cost-effective energy infrastructures. Despite
advances in renewable energy technologies, the research gaps identified
in the literature review include:

e Limited attention has been paid to the simultaneous thermodynamic
and financial optimization of biogas-fueled multigeneration systems,
particularly those incorporating advanced cooling technologies.

e Most prior research on biogas utilization does not adequately address

integrated cooling generation, and thermally driven advanced cycles

have been insufficiently explored.

The GAX cycle has rarely been investigated in integration with

biogas combustion-based arrangements.

Optimization methodologies applied in previous works are pre-

dominantly conventional, with minimal use of hybrid soft-

computing or machine learning (ML)-assisted frameworks.

e Few studies adopt a holistic ML-evolutionary optimization approach
capable of effectively navigating nonlinear, multi-objective ther-
modynamic—financial design spaces while preserving solution
diversity.

With regard to these gaps, the main novel aspects of the paper are:

This study proposes a novel biogas-based multi-generation system
that couples a GT with a modified supercritical CO2 (MSC) cycle and
a GAX cooling cycle.

e The proposed configuration enables the simultaneous utilization of
high- and low-grade thermal energy, enhancing overall system
efficiency.

e The proposed configuration integrates sustainable system design
principles by aligning thermodynamic performance with financial
feasibility, ensuring that the solution is energy-efficient, investment-
ready, and suitable for real-world deployment.

e A hybrid ML-driven soft-computing optimization framework is

developed by coupling ML models with the non-dominated sorting

genetic algorithm-II (NSGA-II) algorithm to improve convergence
speed, solution accuracy, and diversity.

The study uniquely combines advanced thermodynamic cycles with

data-driven optimization in a biogas-fueled multigeneration context.

The objectives of this research are to design a biogas-driven CCP
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Fig. 1. The schematic plot of the planned biogas-driven system in this study.

system, perform a comprehensive thermodynamic and exergy analysis,
and evaluate financial feasibility using metrics such as net present value
(NPV), total unit product cost (TUPC), and payback period (PP). The
study also assesses sustainability performance through exergy efficiency
and a sustainability index (SI), develops the hybrid ML-driven optimi-
zation framework to handle complex multi-objective trade-offs, and
identifies optimal operating and design conditions that maximize ther-
modynamic performance while ensuring financial viability and envi-
ronmental benefits.

2. System description

The proposed system integrates a biogas-fired GT with a MSC cycle
and a GAX refrigeration cycle to maximize energy utilization, efficiency,
and economic feasibility (Fig. 1). The use of biogas as a renewable fuel
for GTs has been increasingly adopted worldwide in recent years,
providing a carbon-mitigating and reliable power source. The MSC cycle
is incorporated to recover high-grade waste heat from the GT exhaust,
converting it into additional electricity with minimal irreversibility,
while the GAX cycle exploits low-grade heat to produce cooling,
enhancing the overall sustainability of the system. This configuration is
supported by extensive experimental studies and real-world applications
of MSC and absorption refrigeration cycles, demonstrating their feasi-
bility when coupled with GTs. Considering the thermodynamic condi-
tions of the GT exhaust, the staged heat recovery through the MSC and
GAX cycles is fully justified, enabling multi-level energy extraction and
improved system performance.

As shown in Fig. 1, biogas enters the combustion chamber (CC) at
state 7, where it is burned with pressurized air supplied by the air blower
(AB) at state 2. The combustion products exit the CC at state 3 and
expand through the GT, generating power for the grid. The turbine
exhaust at state 4 is then directed to the MSC cycle for heat recovery.

Within the MSC cycle, CO: leaving the high-temperature recuperator
(HTR) at state 27 is further heated in gas heater 1 (GH1) before
expansion in SC's turbine 1 (SCT1), producing additional power. The
exhaust from SCT1 at state 10 undergoes sequential heat recovery in the
HTR and the low-temperature recuperator (LTR), exiting at state 11. At
state 12, the flow is divided: stream 13 is compressed in SC's compressor
1 (SCC1) to state 14, while stream 15 proceeds to the bottoming section
of the MSC cycle. In the second section, stream 18 is heated in GH2 and
expanded in SCT2 at state 19 to produce further power. The turbine
exhaust at state 20 transfers heat via exchanger HE1 to preheat stream
18, before mixing with stream 15 at state 21. The combined stream 16
flows into HE2 and is cooled down. Stream 22 is compressed in SCC2 to
state 23 and split into two streams: stream 17, which continues circu-
lation, and stream 24, which passes through the LTR to reach state 25.
After mixing with stream 14, stream 26 enters the HTR, closing the cycle
as stream 27.

Finally, the hot exhaust leaving GH2 at state 6 is directed to the GAX
cycle, where it drives the third stage of heat recovery to produce the
cooling load. In the GAX cycle, an ammonia-water mixture is employed
as the working fluid. The saturated weak solution with relatively higher
refrigerant concentration exits the absorber at state 28 and is pumped
toward the generator, passing through solution heat exchangers that
recover heat from both the absorber's high-temperature section and the
GAXD. Inside the generator, this solution undergoes boiling, producing a
vapor stream (state 41 V) enriched with ammonia. The remaining weak
solution (state 30) leaves the generator, flows through throttling valve 2
(TV2), and enters the GAXA at state 31, where it releases heat to the
solution discharged by the pump before returning to the absorber.
Meanwhile, the ammonia-rich vapor from the generator proceeds
through the GAXD (state 32) and the rectifier (state 34), where its
ammonia concentration is further increased, resulting in the nearly pure
vapor stream at state 35. The liquid condensed in the rectifier (state 33)
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Table 1

Initial input design parameters.

Biogas combustion and GT section [39,40]

GAX cycle [41,42]

Parameters value NHs mass fraction at rectifier outlet, Xou rect 0.995
AB pressure ratio, PRag (—) 10* Degassing range, DR 0.25*
CC operating temperature, T¢c (K) 1300% Generator's outlet temperature,Tgen (K) 420
Methane molar fraction, y¢, (—) 0.6* Absorber's outlet temperatures, T,ps(K) 309
AB isentropic efficiency, 1,5 (%) 86 Evaporator's outlet temperatures, Teya (K) 278.15
GT isentropic efficiency, ngr (%) 86 Condenser's outlet temperature, Tcong (K) 313
Electricity production capacity, Wretgr (KW) 1000 Inlet cooling water temperature, Tin water (K) 293.2
MSC cycle [43] Evaporator's outlet quality, Quyy eva 0.94
Low pressures of SC cycle, P,y sc (bar) 74 Pumps isentropic efficiency, Npums (%0) 50
High pressures of SC cycle, Ppgnsc (bar) 220 General system assumptions

Mass ratio, MSR = 4 /mig 0.83 Dead state pressure, Py (kPa) 101.3
Effectiveness HTR and LTR, €urrre (—) 0.86 Dead state temperature, Ty (k) 293.2
Effectiveness GHs, €gps (—) 0.90 Pressure drop in CC, APcc (%) 4
SCCs isentropic efficiency, ngees (%) 0.85 Pressure drop in HEs, APygs (%) 2
SCTs isentropic efficiency, nger, (%) 0.90

is directed back to the generator via the GAXD as stream 41 L. The pu-
rified liquid ammonia (state 35) passes through exchanger HE3, where it
is precooled by the vapor stream leaving the evaporator (state 38). It is
then throttled through valve TV1 to evaporator pressure (state 37),
producing the cooling load at state 50. The low-pressure ammonia vapor
generated in the evaporator (state 38) is subsequently absorbed by the
weak solution entering the absorber from the GAXA, thus completing the
cycle.

3. Methods

This study employs a combined thermodynamic, economic, and

optimization framework to evaluate the performance of the proposed
multigeneration system. The modeling and simulations were carried out
using engineering equation solver (EES) to perform detailed energy,
exergy, sustainability, and exergoeconomic analyses. The energy anal-
ysis determines the overall efficiency and distribution of energy streams,
while the exergy analysis quantifies the quality of energy conversion and
highlights the main sources of irreversibility. A sustainability assess-
ment was included to measure the long-term viability of the system from
the exergy perspective, and an exergoeconomic evaluation was con-
ducted to link thermodynamic inefficiencies with their associated costs,
providing insight into the system's economic competitiveness.

To further enhance system performance, ANN modeling was
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Table 2

Each component's mass, energy, and exergy balance equations.
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Component

Mass and energy balance equation

Exergy balance equation

Biogas combustion and GT section

Air blower
Combustion chamber

Gas turbine
MSC cycle

Gas heaterl

Gas heater2
HTL

LTL

Heat exchangerl
Heat exchanger2
SCT1

SCT2

SCC1

SCC2
GAX cycle

Absorber

GAXA
Generator

GAXD

Heat exchanger3

Condenser
Evaporator
Rectifier
Pumpl

Pump2

TV1
V2
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Ii’l35 (h35 - h36) = I‘hgg (h39 - hSS):eHES =

thz4(hsg — hss) = s (hag — hay);thas = s Mg = may

Thgs = M3y, M4g = M50;Qeva="3g (h3g — N37),Qeva = Mao (hao — hso)

M4 + M33 = M3z, M4s=M4e;M32X32 + M33X33 = M34X34
ige (h4e — hss) = maohsy — mashss — maghsg

; . hog —hgss . .
Wpumpt = Mas (has — hog), Npymps = on — s M44 =Mas
28 — has
hys — hyzs

Wpumpz = Mg (hag — haz), Npymps = s —har My3 = My
] ) 42 — hag
h3e = ha7;mze = msy

h3o = h31;m3 = m3

T35 — Tse
T35 — Tsg

Egeses = (Ess - Esa) - (Egg - E3g>
Egescond = (Ess - Ess) - <E4g - E47>
EdesAeVa = <E37 - ESS) - (Eso - E49>
Edes.rect = (ESZ - E34 - E33) - <E46 - E45)
Edes pump1 = Wpump1 — (Bag — Eag)

Eges pump2 = Wpumpz— (Ba3 — Ea2)

Edestvi = Ess — Es7
Egestv2 = E30 — Es1

integrated with the NSGA-II in MATLAB for optimization. The ANN
model was trained on data generated from the EES simulations to
establish accurate predictive correlations between design/operating
parameters and performance indicators. The NSGA-II algorithm was
then employed to solve the multi-objective optimization problem,
balancing conflicting objectives.

The processes of simulations, analyses, and optimization conducted
in this study are summarized in Fig. 2, which outlines the methodo-
logical workflow. Furthermore, the initial input design parameters used
in the simulations are presented in Table 1, serving as the baseline for
the research.

For system simulation, the following assumptions are applied
[39,43]:

e Air is composed of 21% oxygen and 79% nitrogen.

The system operates under steady-state conditions.

All system components are considered adiabatic.

Pressure losses within pipelines and exchangers are neglected.
Throttling valves are assumed to function under constant enthalpy
conditions.

The outlet states of the evaporator and condenser are maintained at
the saturated liquid and saturated vapor states.

Compressors, turbines, and pumps are represented using adiabatic
efficiency rather than ideal isentropic behavior.

3.1. Thermodynamic analysis

The thermodynamic analysis of the proposed system is based on the
application of first and second laws of thermodynamics to each
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Table 3

The data used for exergoeconomic assessment.
Parameter Value
Lifetime 20 years
Operational time in the year 8760 h
Interest rate 12%
Maintenance factor 1.06

Unit cost of biogas 14.39 $/GJ

component and the overall cycle. The energy balance equations are
applied to quantify the input and output energy streams, enabling the
calculation of system energy efficiency. In parallel, the exergy balance
equations are developed to evaluate the quality of energy conversion,
identify irreversibilities, and determine exergy destruction. These bal-
ances form the foundation for calculating the overall energy and exergy
efficiencies of the system, which serve as key indicators of its thermo-
dynamic performance.

In line with the laws of mass and energy conservation, the following
balance equations are considered for a control volume k operating under
steady-state conditions [44]:

Z Mjpx = Z I'hom,k (€9)
Qk - Wk = Z 1'hout,khout.k - Z 1'i‘lin.khin.k (2)

where m denotes flow rate of mass, Q is rate of heat transfer, W is work,
and h is specific enthalpy. Also, in and out show the input and output of
the control volume.

For exergy analysis, the destruction rate of exergy in control volume
k under steady-state operation can be expressed as [44]:

Edesx = Z (1 - T_(L) Qi — Wi + ZEin,k - ZEout.k = Epx —Epx 3)
Js i i

]
or

Egesk = Erx — Epx ()]

Ineq. 3, 3 (1 — %) Qj,k is the term showing the heat loss exergy

rate, W is the work exergy rate, ZiEm,k is the input streams' exergy rate,
and EiEout_k is the output streams' exergy rate. Also, EFJ( denotes the fuel
exergy rate and Ep) presents the product exergy rate.

Table 2 summarizes the detailed mass, energy, and exergy balance
equations applied to each system component.

Based on the proposed system illustrated in Fig. 1 and the performed
thermodynamic study, the evaluation of the system's product capacities
is presented. In this context, the electricity output (Wye) and cooling
output (QCooling) are determined using the following formulations [44]:

Waet = Wer + Waert +Wsera — Wag — Wseer — Wacez — Wpumpl - Wpumpz
(6]

QCOOling = Myohye — Msphsp 6)

Subsequently, the total rate of exergy destruction is found by [44]:

n
Edes,tot = ZEdes.k (7)

k=1

Finally, the thermal and exergy efficiencies associated with the
whole structure are defined as [39,40]:

Wnet + QCooling

=& TNOm » 100 ®
Mbpiogas LHVbiogas

Nen
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Wit + <E49 - Eso)

TNex E, (C)]
where Mpjogas and LHVy,iog.s denote the biogas flow rate and the lower
heating value of the biogas fuel.

1.1. Sustainability analysis

Following the thermodynamic and exergy analyses, the sustainabil-
ity assessment evaluates the long-term feasibility of the system. This
analysis aims to quantify how efficiently the system utilizes natural re-
sources while minimizing ecological damage, thereby balancing imme-
diate energy needs with sustainable practices. The sustainability
performance is often expressed using a sustainability index (SI), which is
defined as [45]:

1

Slior = D_p (10)

where D;, is the depletion factor, formulated as [45]:

Edes tot
D, = —destot an
p B
A higher Sl value indicates a system that is more environmentally
friendly and resource-efficient, reflecting its capacity to deliver energy
services with reduced ecological impact.

3.2. Economic analysis

The exergoeconomic analysis provides a structured approach to
evaluate the economic performance of energy systems by linking exergy
flows to their associated costs. It quantifies the cost of heat losses, work,
and material streams, enabling assessment of component-level and
overall system financial viability. The general cost balance for a control
volume k can be expressed as [46]:

Coo+ Y Cink+Zipy = Gy + Y Courn 12)

where ZkPY is the updated investment cost for the present year (PY), CQk
and ka represent heat loss cost rate and work cost rate, and > Cinx and

> Cout,k denote the costs of input and output streams.
The cost rate of any exergy stream can be defined as [46]:

C=cE 13)

where c is denotes the unit cost of exergy.

The reference-year investment cost of the control volume k, Zk7Ry, is
determined from component purchase cost (Z), operational time (N),
capital recovery factor (CRF), and maintenance factor (¢) [46]:

CRF
A a4
with CRF calculated as:
ir(141)"
CRF = ————+—— 15
(1+i)" -1 as

where i, is the annual interest rate and n is the system lifetime. Input
parameters for the analysis, including system lifetime, operating hours,
maintenance factor, fuel prices, and interest rate, are summarized in
Table 3. Table 4 summarizes the cost balance, auxiliary cost, and in-
vestment cost equations applied to each component of the system.

The PY investment cost rate can be estimated using the chemical
engineering plant cost index (CEPCI) [46]:
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Table 4

Each component's cost balance, auxiliary cost, and investment cost equations.
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Component Cost balance equation

Investment cost equation

Auxiliary cost equation

Biogas combustion and GT section

Air blower C1+ Zag + Cwas = Co
Combustion Cot Gt Tew — G
chamber 2 C7 Lo =Ca

Gas turbine Cs+ Zgr = C4+ Cwar

MSC cycle

Cs+ Co+ Zem =C
Gas heaterl 4+ Cot Zom s+

Ca7
s+ C1s + Zamz = G
Gas heater2 s+ Cis + Zomz = Co +
Cio
Cuo+ Cao + Zum, =
HTL ‘1o+‘26+ HTL
Ci1 + Gy
LTL qn + 924 T A
Cas + Ci2
Heat Coo + Cu7 + Zim1 =
exchangerl ClS + Czl
Heat Ci6+ Css + Zp2 =
exchanger2 Cos + Cao
SCT1 c;g + Zscr1 = Cio+
Cw,scr1
SCT2 Cro + Zscr2 = Cao +
Cw,scr2
. 5 ) .
SCC1 C_:13 + Zscc1 + Cw,sca
Cia
Car + Zscez + Cwsce =
scc2 22 + Zscea + Cwisce
Cos
GAX cycle
Caz + Cog + Cog +
Absorber Goa=Cay + Caq 1 Cao -
CSI + Zahs
Can+ Caor, = C
GAXA 42 + -40L 40V +
Cs1 + Zoaxa
G + Cao + C32=C,
Generator Cs + Cao + Ca2=Ce +
Cs3 + C29 + Ca3 + Zgen
GAXD G+ Can = Cav +
Cas + Cao + Cas + Zeaxp
Heat Gas + Cag—Cas + Cas +
exchanger3 Zugs
C Cas + Cas=Cay + Cay +
ondenser -
Zeond
E Cag + Cs0=Cay + Cyo +
vaporator -
Zeva
Rectifier §34 + 933 + Ca6=Caa +
Cas + Zrect
Cas=Cos + 7
Pumpl +44=C28 + Zpum +
Cw,pum1
Caz=Cuz + 7
Pump2 +43=Caz + Zpumz +
CW,pumZ
i Car=C6 + Zrv1
v2 C31:C30 + ZTVZ

5o [7rixi ) (P2 P
N WO X Nap P P
Zoc = LX';‘Z (1 +exp(0.018 x T3 — 26.4))
0.995 — ( 3)
Py
1536  1h3 (P3>
Zar = [ 22X 1+ exp(0.036 x Ts — 54.4
r (0-92*ﬂis.GT> Py ( B : )
AGHI 0.78
Zem =1
G =130 % (o.o93>
AGH2 0.78
Zanz =130
GH2 * (0093)
AHTL 0.78
Zum =1
. = 130 (0.093)
B ALTL 0.78
Zum, = 130 x (0.093>
AHEI 0.78
Zug =1
wer = 130 % (0.093)
0.78
Zugz = 130 x (é\“m )

ln

Z = 479.34 x
sert 0. 93 ﬂ SCT1

(14 exp(0.036 x Ty — 54.4))

) Pll)
Zscrz = 479.34 x In P19 x
0.93 — Ngcra, 93 11SCT2 PZO
(1 4 exp(0.036 x Tg — 54.4))

g (7110 (h)lncﬁ)
ST 109 —ngeer | \P13/ \Pr3
Zeccs = 71.1 x mgy (@) n (Pﬁ)

0.9 —ngeea | \P22 P23

A b 0.78
Zaps = 130 22
abs (0093)

Z — 130 Aoaxa o
GAXA 0.093
A, 0.78
Z — 1 gen
gen = 130 (0.093
AGAXD 0.78
Zeaxp = 130
GAXD (0.093>
-~ Anrz \°7®
Zies = 130(0.093)
Ac 0.78
Zeond = 130(0 0;‘3)
_ Aeva 0.78
Zewa =130 (0093)
A 0.78
o = 190(75)

. 0.71
Zpumpt = 3 X 422 X Wpump1 X

1.41{1 + (0.2/(1 = Nig pump1) ) }
Zpumpz = 3 % 422 X Wpumpa"* X
1.41{1 4+ (0.2/(1 = Mis pump2) ) }

cwap = Cweri;¢1 =0

c; =14.398/GJ
Cc3 =C4

c4 =Cs

Cs =Cg

Ci0 = C11

€11 = Ci2

C20 = C21

C16 = C22

Co = C10

C19 = C20

cwscar = ( Cwser1 + Cwserz)/( Wsern + Wsera)

cwscez = (Cwser1 + Cwserz)/( Wsern + Wscra)

<C39 + Ga1)/(Ezo + E31)=Cas/ Eas

(Caa+ C31)/( Eag + E31)=Ca0/ Ezg
Ca9/ E29=Cu2/ E42; c51=0

Caor — (Cmv + C31>)/( Eaor — (Emv + E31>) =(Cp2—
(C«)v + CSI))/( Egp — (E«)v + EBI))

(C32 - ng)/( E32 - E29):

(€30 — C20)/( Ego — Eao); co=cg

(CarL - (C41v +Ca9 +Ca3 + C43) )/(EaL —

(Eﬂv +Egg + B33 + E43>) =(Cs

(Czuv + Cao + Ca3 + C43))/( Eap — (E41v + Ego + Eaz + E43))

C35=C36
€34=C35; C47=0

C37=C3g; C49=0

C45=C46,C45=0
(C34 — C32)/(Ezq — Eg)=
(Cs3 — C32)/(E3z3 — Ex3z)

cw pumpt =( Cw.ser1 + Cwiscr2)/( Wsert + Wscr2)

cw pump2=( Cw scr1 + Cwscr2)/( Wsert + Wscr2)
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Fig. 5. Effect of AB pressure ratio on the (a) thermodynamic-sustainability and (b) economic criteria.

CEPClapy

CEPClagry (16)

Zypy = Zxry

Component-specific unit costs for fuel (cpy), product (cpy), and
exergy destruction cost rate (Cp,) are calculated as [46]:

Cpkx = E a17)
Cox

Cpk = = (18)
Epx

Caesk = CrkEdesk (19)

The unit costs of electricity and cooling are calculated by [46]:

Ci.. —SCi . €
E Wout K Z Wink Wt (20
Wnet Wnet

Celec =

Gy
Ccooling ==

2D
Eso

Moreover, the total unit product cost (TUPC) for the overall system
can be expressed as [46]:

10

_ it + G50

TUPC :
Wnet + ESO

(22)

Finally, the net present value (NPV) and payback period (PP) provide
indicators of the system's economic feasibility [46]:

NPV = (

where FC is the fixed cost and AS is the annual savings. Other parameters
include the inflation factor (IF) and the real discount rate (RDM) [46].

n
Z IFn RDF,y AS) —FC (23)

m=1

AS = AI-0OC 24
0OC = 0.06 x FC (25)
R —m
IF,, = (1 +ﬁ) (26)
RIR\ ™
RDF,, — (1 + m) @)

In this context, the operating cost (OC) accounts for annual system
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Fig. 6. Effect of CC operating temperature on the (a) thermodynamic-sustainability and (b) economic criteria.

expenses, while the annual income (Al) represents revenue generated.
The variables R and RIR correspond to the inflation rate and the real
interest rate, respectively. The payback period (PP) is determined as the
time required for the NPV to become zero.

3.3. Environmental analysis

Evaluating the environmental aspect of the system is critical for
understanding the impact of the planned biogas-fired systems. Such
analysis provides essential data for compliance with environmental
regulations and supports the development of cleaner and more sus-
tainable energy systems [47]. In this study, the environmental impact of
the system is evaluated by examining the emissions of NOx and CO, and
the CO:z emission rate. The emissions of NOx and CO can be estimated (in
g pollutant per kg of fuel) as follows [48]:

0.15 x 10'® x 15 x exp( — 71100/T,,)

Myox = (28)
i PI% x (AP /P3)*°
0.179 x 10° x exp(7800/T,
meo = ——— p(7800/Ty,) 29)
P2 X T X (APCC/PZ)
The adiabatic flame temperature in the primary zone, Ty, can be

calculated using [48]:

11

T,, = k0" exp [ﬁ(m + x)z] e v (30
X =a; +bio+ci0? 31
y' = as + by + cy0? (32)
z" = as + b3+ c30? (33)

Here, I1 and © denote the dimensionless pressure (P,/P;) and
dimensionless temperature (T5/To), respectively. ¥ represents the H/C
atomic ratio, and 7t is the primary zone residence time (0.002 s).

Also, x, a, B, A, aj, bj, ¢; are constants. The parameter ® depends on the
fuel-air equivalence ratio ¢ as follows [48]:

_ ;<1

“‘{¢702¢21 G
_ (FA)actual

(I) B (FA)stoichiometric (35)

where FA is the fuel to air ratio.
Finally, the CO:z emission rate (COzER) is determined as follows [34]:
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Fig. 7. Effect of high pressure of MSC cycle on the (a) thermodynamic-sustainability and (b) economic criteria.

CO:ER — <02

— = x 3600
Wnet + QCooling

(36)

1.2. Optimization

Optimization plays a crucial role in engineering design, particularly
in the development of energy systems, where efficiency, cost-
effectiveness, and environmental performance must be balanced
simultaneously [49,50]. Modern energy systems are inherently complex,
integrating multiple subsystems with nonlinear interactions and con-
flicting goals. Without optimization, system design may lead to exces-
sive energy losses, high operating costs, and significant environmental
impacts. Moreover, optimization enables engineers to identify trade-offs
among different objectives, improving decision-making and long-term
sustainability [51,52]. In renewable and multi-generation systems,
where performance depends on diverse factors such as fuel composition,
thermodynamic parameters, and subsystem integration, optimization is
indispensable. Thus, optimization serves as a bridge between theoretical
modeling and practical application, enabling advanced energy systems
to operate at their highest potential [53].

The optimization process in this study was structured as follows:

e Selection of objective functions.

o Identification of decision variables: Key thermodynamic and oper-
ating parameters defined within specified ranges.

Data generation: 2000 samples produced using EES simulations.
Data training: Development of intelligent models of objective func-
tions via ANN.

Optimization: Multi-objective optimization performed using NSGA-
1L

Decision-making: Final solution selected through the TOPSIS
method.

The optimization framework is built upon three objective functions:
sustainability index (SI), net present value (NPV), and total unit product
cost (TUPC). The SI was chosen to reflect the environmental and
resource-depletion impacts of the system, ensuring that solutions sup-
port long-term viability. The NPV was included to evaluate the economic
profitability of the system across its lifetime, accounting for investment,
operation, and revenue. Meanwhile, the TUPC measures the cost of
producing system outputs (electricity, heating, and cooling), offering a
benchmark for affordability and competitiveness.

The optimization process relies on selecting decision variables that
have the greatest influence on system performance. In this study, five
critical parameters were identified:
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Fig. 8. Effect of degassing range on the (a) thermodynamic-sustainability and (b) economic criteria.

Methane molar fraction (0.15-0.85): Since fuel composition strongly
affects combustion efficiency and emissions, methane content was
considered a key decision variable.

Air blower pressure ratio (8-15): This variable governs the airflow
and combustion characteristics.

CC operating temperature (1150-1550 K): The flame temperature is
directly linked to power output and efficiency.

High pressure of MSC cycle (150-220 bar): This parameter de-
termines the thermodynamic performance of the supercritical cycle.
Degassing range (0.25-0.30): This range refers to the concentration
difference between the strong and weak solutions in the GAX cycle.

By systematically varying the decision variables, the optimization
explores a wide design space to achieve the best balance among effi-
ciency, sustainability, and economic objectives. To support this process,
EES was employed to generate a dataset of 2000 samples across the
defined parameter ranges, ensuring comprehensive coverage of the
multidimensional design space. Each sample provided corresponding
values of the three objective functions (SI, NPV, TUPC), computed
through thermodynamic, exergoeconomic, and sustainability analyses.
This dataset forms the foundation for the subsequent machine-learning-
based surrogate modeling.

To capture the nonlinear relations between the input decision
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variables and output objectives, an ANN-based ML process was defined
based on the feedforward neural network architecture. Feedforward
networks are particularly suitable for this type of problem because they
can efficiently approximate complex mappings without requiring iter-
ative physical simulations. The network architecture consisted of an
input layer with five neurons corresponding to the decision variables
and an output layer with three neurons representing the objective
functions. The hidden layers included two fully connected layers, each
with 12 neurons, employing the sigmoid activation function, which was
chosen for its ability to model nonlinear interactions effectively. The
network is trained using the Marquardt-Levenberg algorithm [54],
selected for its fast convergence and robust error minimization
capabilities.

To ensure reliable generalization, the dataset was split into 70% for
training, 15% for validation, and 15% for testing. The training set was
used to adjust network weights, the validation set guided hyper-
parameter tuning and prevented overfitting, and the test set assessed the
predictive performance of the trained ANN [55]. These surrogate models
significantly reduced computational cost and enabled efficient applica-
tion of the NSGA-II algorithm in the optimization stage.

The multi-objective optimization problem was solved using the
NSGA-II method [56]. This method is widely recognized for its robust-
ness, elitism preservation, and ability to handle conflicting objectives
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Fig. 9. Sensitivity analyses results derived from the parametric study.

simultaneously. The algorithm begins with a randomly generated initial
population, with each individual representing a possible combination of
decision variables. Through iterative operations—selection, crossover,
and mutation—new generations are produced. The fitness of individuals
is evaluated using the ANN-based surrogate models of the objective
functions. NSGA-II employs a fast non-dominated sorting approach to
classify individuals into Pareto fronts and a crowding distance measure
to maintain diversity within the solution set. Over successive genera-
tions, the algorithm converges toward the Pareto-optimal front, repre-
senting trade-off solutions among SI, NPV, and TUPC.

After obtaining the Pareto-optimal set from NSGA-II, the Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS) method
[57] was applied for decision-making. TOPSIS identifies the best
compromise solution by measuring each alternative's relative closeness
to the ideal solution (maximum SI and NPV, minimum TUPC) and the
negative-ideal solution. The method ranks all Pareto-optimal solutions
based on this relative closeness, ultimately selecting the one that offers
the most balanced performance across all objectives.

4. Results and discussions

This section presents the findings of the study, combining simulation,
thermodynamic and economic analyses, and optimization to evaluate
the performance of the proposed multigeneration system. The discussion
is divided into three main parts, presented in the following.

4.1. Validation

This subsection presents the validation results in this study. By
comparing simulation outcomes with well-established literature results,
the validation process verifies that the adopted assumptions, governing
equations, and numerical methods accurately represent real-world
behavior. Fig. 3 illustrates the validation results for the biogas
combustion-GT section and GAX cycle.

Based on Fig. 3a, the performance of the biogas combustion-GT
section was validated by comparing the predicted production capacity,
thermal efficiency, and exergy efficiency with the results reported by
Gholizadeh et al. [58]. The comparison shows a maximum relative error
of only 1.9%, indicating that the present model accurately captures the
thermodynamic behavior of the GT subsystem. This small margin of
error confirms the reliability of the adopted assumptions and governing

equations for representing biogas-based GT performance.

Similarly, Fig. 3b validates the GAX cycle, where exergy efficiency
was evaluated across a degassing range between 0.24 and 0.52. The
simulation results were compared against the reference data provided by
Khoghi et al. [41], showing a maximum relative error of 3.3%. This close
agreement highlights the robustness of the developed model in pre-
dicting the performance of the GAX subsystem under varying operating
conditions.

4.2. Parametric analysis

The methane molar fraction in biogas plays a pivotal role in shaping
both the thermodynamic and economic performance of the system
(Fig. 4). Increasing the methane content from 0.15 to 0.85 enhances the
fuel quality, which strengthens combustion characteristics and reduces
internal irreversibility. As a result, the system delivers higher useful
outputs, with power production increasing from 1404 kW to 1458 kW
and cooling capacity rising from 325.5 kW to 341.1 kW. Although the
improved LHV augments energy production, it has a stronger impact on
the input side of the thermal efficiency calculation, leading to a decline
in thermal efficiency from 59.34% to 54.89%. In contrast, exergy-based
indicators reveal a net thermodynamic advantage. The exergy rate of the
useful outputs grows more rapidly than the input exergy, yielding an
increase in exergy efficiency from 40.92% to 43.02%. This improvement
reflects a more effective utilization of the available energy potential.
Similarly, the SI rises from 1.693 to 1.755, indicating a more favorable
balance between useful exergy production and exergy destruction as
methane concentration increases. From an economic perspective
(Fig. 4b), methane enrichment introduces a clear trade-off between
performance gains and cost escalation. The total investment cost rate
increases from 18.36 $/h to 25.19 $/h due to the requirement for
higher-capacity and higher-performance components. This, combined
with increased exergy flow rates in system streams, drives the TUPC
upward from 25.87 $/GJ to 29.85 $/GJ. Correspondingly, the unit cost
of cooling rises from 72.36 $/GJ to 77.43 $/GJ, while the unit cost of
electricity increases from 25.58 $/GJ to 29.56 $/GJ. Despite these
higher costs, the system produces greater quantities of electricity and
cooling per unit of fuel input, which enhances overall productivity. This
improvement offsets part of the cost increase and contributes to a higher
NPV, strengthening the project's financial viability and long-term
attractiveness.
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Fig. 10. Validation of the ANN convergence based on mean squared error (MSE) for (a) TUPC, (b) NPV, and (c) SI

Varying the AB pressure ratio exerts a marked influence on both
thermodynamic-sustainability and economic performance (Fig. 5).
Increasing the pressure ratio from 8 to 15 intensifies the compression
work requirement, which progressively offsets the gains in power gen-
eration and leads to a reduction in overall system productivity. As a
result, electricity output decreases from 1502 kW to 1389 kW, while
cooling capacity experiences a more substantial decline, from 415.4 kW
to 233.6 kW. This loss of useful outputs directly translates into a
reduction in thermal efficiency from 56.2% to 52.8%, indicating a less
favorable conversion of fuel energy into net products at higher pressure
ratios. Exergy-based indicators, however, reveal a more nuanced
behavior. Exergy efficiency increases slightly from 42.05% to a
maximum of 43.13% at a pressure ratio of 13.5, accompanied by a rise in
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the SI from 1.726 to 1.758 at the same operating point. This initial
improvement is primarily attributed to the reduction in required biogas
flow rate at higher pressure ratios, which lowers the input exergy rate.
Beyond a pressure ratio of approximately 13, the continued decline in
electricity and cooling outputs becomes dominant, causing both exergy
efficiency and SI to decrease marginally despite further increases in
pressure ratio. From an economic standpoint (Fig. 5b), increasing the AB
pressure ratio leads to higher costs and diminished financial perfor-
mance. The total investment cost rate rises from 21.9 $/h to 32.9 $/h
due to the need for more robust and expensive compression equipment.
Simultaneously, the TUPC increases from 29.25 $/GJ to 31.12 $/GJ,
reflecting both elevated capital costs and reduced useful energy pro-
duction. The unit cost of cooling increases from 76.3 $/GJ to 80.8 $/GJ,
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Q@ Pareto frontier
 Feasible solutions

Fig. 12. Pareto front generated by the NSGA-II method.

while the unit cost of electricity rises from 28.9 $/GJ to 30.9 $/GJ,
making the delivered energy services less competitive. Consequently,
the NPV declines from 14.01 M$ to 9.52 MS$, indicating lower

profitability and a longer payback period at higher pressure ratios.
Varying the CC temperature has a pronounced impact on the ther-
modynamic-sustainability and economic behavior of the system (Fig. 6).
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Increasing the CC temperature enhances the chemical-to-thermal energy
conversion per unit mass of biogas, resulting in higher flame tempera-
tures and exhaust gases with greater specific enthalpy. This raises the
turbine inlet temperature and increases the work extracted by the gas
turbine and downstream cycles, thereby strengthening overall system
performance. As the CC temperature increases from 1150 K to 1550 K
(Fig. 6a), useful energy outputs rise, although with different sensitiv-
ities. Electricity production increases moderately from 1423 kW to 1470
kW, whereas cooling capacity exhibits a much stronger response,
increasing from 191.8 kW to 518.6 kW. These gains in product capacities
lead to a marked improvement in thermodynamic performance. Ther-
mal efficiency increases steadily from 46.46% to 64.80%, reflecting
more effective utilization of the fuel's energy content. At the same time,
exergy efficiency improves from 38.95% to 45.83%, indicating a
reduction in internal irreversibility and a higher quality of energy con-
version at elevated combustion temperatures. The SI also increases
monotonically, from 1.638 to 1.846, confirming that higher CC tem-
peratures favor a more sustainable operating regime. The economic
response to CC temperature variation (Fig. 6b) exhibits a clear optimum
rather than a monotonic trend. As CC temperature rises, improved
output capacities initially dominate, causing the TUPC to decrease from
33.28 $/GJ at 1150 K to a minimum of 27.44 $/GJ at 1464 K. Consis-
tently, the unit cost of electricity decreases from 33.09 $/GJ to 27.04
$/GJ at 1464 K, while the unit cost of cooling declines from 85.3 $/GJ to
75.98 $/GJ at 1436 K. Beyond these temperatures, further increases in
CC temperature lead to higher capital and operating costs, reversing the
trend and raising TUPC to 30.52 $/GJ, the unit cost of cooling to 79.11
$/GJ, and the unit cost of electricity to 30.07 $/GJ at 1550 K. This trade-
off is also reflected in the investment and profitability indicators. The
total investment cost rate decreases from 32.41 $/h at 1150 K to a
minimum of 20.92 $/h at 1436 K, before increasing sharply to 43.26 $/h
at 1550 K. Correspondingly, the NPV rises from 11.76 M$ to a maximum
of 12.71 M$ at 1407 K, driven by improved thermodynamic perfor-
mance and lower unit product costs. At higher CC temperatures, how-
ever, escalating costs outweigh the thermodynamic benefits, causing the
NPV to decline significantly to 6.63 M$ at 1550 K.

Increasing the high pressure of the MSC cycle from 150 bar to 220
bar substantially reshapes the distribution of useful outputs and,
consequently, the thermodynamic and economic behavior of the system
(Fig. 7). Higher MSC pressure enhances heat recovery and raises the
turbine inlet enthalpy within the MSC cycle, which strengthens elec-
tricity generation and increases the system's net power output from
1361 kW to 1452 kW. This improvement, however, is achieved at the
expense of cooling production, as a greater fraction of the recovered heat
is diverted away from the GAX cycle. As a result, cooling capacity de-
clines sharply from 487.2 kW to 338.6 kW, revealing a clear trade-off
between maximizing electricity generation and maintaining cooling
output. This redistribution of useful products explains the contrasting
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efficiency trends. Exergy efficiency improves steadily from 40.24% to
42.76%, reflecting the growing dominance of net electricity production,
which has a higher exergy content. In contrast, thermal efficiency de-
creases from 57.09% to 55.29%, primarily due to the pronounced
reduction in cooling output. The SI increases with pressure, indicating
that higher MSC pressures favor long-term operational robustness
despite the loss in cooling capacity. The corresponding economic in-
dicators (Fig. 7b) suggest a modest improvement in overall attractive-
ness. The TUPC decreases from 30.57 $/GJ to 29.61 $/GJ, while the
NPV increases from 12.11 M$ to 12.56 M$, driven mainly by the higher-
value electricity output. At the product level, the unit cost of electricity
decreases from 30.12 $/GJ to 29.31 $/GJ, whereas the unit cost of
cooling increases slightly from 77.57 $/GJ to 77.19 $/GJ, reflecting the
reduced cooling production.

Fig. 8 illustrates the effect of varying the degassing range in the GAX
cycle from 0.25 to 0.30. Increasing the degassing range strengthens
desorption, which enhances refrigerant circulation to the evaporator
and leads to a noticeable increase in cooling output from 286.4 kW to
344.3 kW. This improvement directly supports a rise in thermal effi-
ciency from 53.68% to 55.47%, indicating more effective utilization of
the recovered heat for cooling production. Exergy efficiency also in-
creases slightly, from 42.73% to 42.77%, suggesting marginal gains in
energy utilization with negligible additional irreversibility. The sus-
tainability index remains nearly unchanged, varying only between
1.746 and 1.747, which implies that the thermodynamic benefits of
increasing the degassing range have a limited impact on long-term
sustainability. From an economic standpoint (Fig. 8b), variations in
the degassing range primarily affect cooling-related metrics, as elec-
tricity production remains constant at 1452 kW. Consequently, the
TUPC remains nearly unchanged at approximately 29.6 $/GJ, and the
NPV stays close to 12.6 M$, indicating minimal influence on overall
profitability. A significant benefit is observed in the unit cost of cooling,
which decreases from 85.18 $/GJ to 76.49 $/GJ due to the higher
cooling output distributing fixed costs over a larger useful product. In
contrast, the unit cost of electricity remains constant at 29.31 $/GJ,
consistent with the unchanged power generation level.

Fig. 9 presents the sensitivity analysis derived from the parametric
study (Figs. 4-8), highlighting the relative importance of each decision
variable on the system's thermodynamic, sustainability, and economic
performance. Among the parameters, the combustion chamber tem-
perature emerges as the most influential factor, with the highest sensi-
tivity index across nearly all criteria, except for net electricity output
where its effect is less dominant. On average, CC temperature records a
mean sensitivity index of 0.463, underscoring its critical role in driving
productivity, efficiency, and sustainability outcomes. This strong influ-
ence is attributed to its direct effect on combustion intensity, turbine
inlet conditions, and the quality of energy conversion. The AB pressure
ratio is identified as the second most impactful parameter, with a mean
sensitivity index of 0.200. Its significance lies in how compression work
and system pressure levels affect both power generation and irrevers-
ibilities, thereby influencing thermal and exergy efficiencies. Following
this, the methane molar fraction of the biogas fuel ranks third, with an
average sensitivity index of 0.174. Variations in fuel composition
directly modify the LHV, which alters the balance between electricity,
cooling production, and efficiency metrics. The high pressure of the MSC
cycle exhibits a moderate influence, with a mean sensitivity index of
0.116, primarily due to its impact on heat recovery and the trade-off
between cooling and power production. Finally, the degassing range
of the GAX cycle demonstrates the lowest sensitivity, with a mean index
of just 0.047, confirming that while degassing range influences cooling
performance, its effect on overall system performance and economic
viability is relatively minor compared to other decision variables.

4.3. Optimization results

This section presents the outcomes of the optimization process,
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combining ANN-based modeling with the NSGA-II algorithm and
decision-making via TOPSIS. First, the accuracy and predictive capa-
bility of the ANN model are discussed. Then, the Pareto frontier is
analyzed to illustrate trade-offs between objectives. Finally, the opti-
mized case is selected and evaluated against baseline performance.

4.3.1. ANN results

Fig. 10 illustrates the convergence behavior of the ANN during
training, expressed in terms of the mean squared error (MSE) for the
three selected objective functions: TUPC, NPV, and SI. The ANN dem-
onstrates excellent convergence, with the MSE values for TUPC and NPV
remaining below 107>, while the MSE for SI is below 10~”. These low
error levels indicate that the ANN effectively captures the nonlinear
relations between the decision variables and the objective functions. The
stable and smooth decline in MSE confirms that the training process is
free from overfitting or underfitting, ensuring reliable predictive

(©)

Fig. 14. Scatter distribution of decision variables.
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performance for optimization purposes.

Fig. 11 validates the ANN's accuracy using the regression coefficient
(R) between predicted and actual data for the training, testing, and
validation sets. The results show regression coefficients equal to 1 for
TUPC and 0.999 for NPV and SI, signifying an almost perfect correlation
between ANN predictions and the original EES-generated data. This high
degree of accuracy highlights the ANN's capability to model complex
thermodynamic and exergoeconomic behaviors with minimal deviation.
Furthermore, the consistency across training, testing, and validation
subsets confirms the robustness and generalization capability of the
ANN, making it a reliable surrogate model for the subsequent optimi-
zation using the NSGA-II algorithm.

4.3.2. Pareto frontier
Fig. 12 presents the Pareto front diagram obtained for the multi-
objective optimization by NSGA-II method, highlighting the trade-offs
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between the three conflicting objectives, including TUPC, NPV, and SI.
The results demonstrate that no single solution simultaneously maxi-
mizes or minimizes all objectives, which is expected in multi-objective
optimization problems involving economic and sustainability indices.
Instead, the Pareto front diagram provides a spectrum of optimal solu-
tions, where improvement in one objective generally comes at the
expense of another. To aid in the final selection, the TOPSIS decision-
making method is applied to rank the Pareto solutions based on their
relative closeness to the ideal point. Fig. 13 illustrates the final decision
point selected using the TOPSIS method from the Pareto front diagram.
At this optimal solution, the TUPC, NPV, and SI are found to be 26.5
$/GJ, 13.03 M$, and 1.765, respectively. Compared to the base mode,
TUPC decreases by 10.2%, indicating a substantial reduction in pro-
duction costs, while NPV and SI increase by 3.7% and 1.1%,

Table 5
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respectively, highlighting improved economic profitability and sus-
tainability. These results confirm the effectiveness of the NSGA-II and
TOPSIS framework in achieving a well-balanced solution.

Fig. 14 illustrates the scatter distribution of decision variables within
the optimization process, highlighting the regions where the most sig-
nificant activities and feasible solutions are concentrated. As shown in
Fig. 14a, the methane molar fraction exhibits the widest distribution,
ranging primarily between 0.45 and 0.70, indicating that this range is
particularly influential for achieving favorable objective outcomes. In
Fig. 14b, the AB pressure ratio shows the greatest activity between 0.09
and 0.13, suggesting that a moderate pressure ratio is optimal for
maintaining system efficiency while avoiding excessive compression
work. Fig. 14c reveals that the CC operating temperature concentrates
between 1425 and 1500 K, which balances effective combustion with

Thermodynamic and economic properties of system's streams obtained for the optimum point.

State T(K P(kPa k k: . [k E (kW $ - /%
“ o (i) (%) w(’F) ” “ (o) ¢(3)
1 293.2 101.3 —262.8 6.977 2.227 0 0 0
2 578.8 887.4 36.5 7.054 2.227 616.5 0.09827 60.58
3 1451 851.9 —1224 8.456 2.689 3113 0.07682 239.1
4 985.5 105.8 —1844 8.557 2.689 1366 0.07682 104.9
5 784.5 103.7 —2095 8.278 2.689 909.9 0.07682 69.9
6 559.2 101.6 —2363 7.882 2.689 502 0.07682 38.56
7 293.2 1200 —7657 8.967 0.462 3441 0.0518 178.3
8 394.9 99.55 —2549 7.495 2.689 307.6 0.07682 23.63
9 955.5 20,706 693.8 1.82E-01 2.795 1792 0.105 188.2
10 821.4 7400 536.3 2.03E-01 2.795 1334 0.105 140.1
11 565.7 7252 239.3 —2.25E-01 2.795 854.5 0.105 89.75
12 415.2 7107 70.37 —0.5691 2.795 664 0.105 69.74
13 415.2 7107 70.37 —0.5691 0.4752 112.9 0.105 11.86
14 539.3 21,560 174.6 —0.5398 0.4752 158.3 0.1105 17.49
15 415.2 7107 70.37 —0.5691 2.32 551.1 0.105 57.89
16 428.2 7104 85.37 —0.5334 4.944 1197 0.1056 126.5
17 390.7 22,000 —52.55 —1.042 2.624 664.5 0.1095 72.79
18 534.2 21,560 168.1 —0.5519 2.624 866.6 0.1168 101.2
19 754.5 21,129 442.5 —0.1175 2.624 1252 0.106 132.8
20 636.5 7400 319.3 —0.09583 2.624 912.5 0.106 96.77
21 439.8 7104 98.64 —0.5029 2.624 646.6 0.106 68.57
22 309.1 7400 —99.61 —1.06 4.944 1046 0.1056 110.5
23 390.7 22,000 —52.55 —1.042 4.944 1252 0.1095 137.1
24 390.7 22,000 —52.55 —1.042 2.32 587.6 0.1095 64.36
25 521 21,560 151 —0.5843 2.32 748.6 0.1131 84.69
26 524.1 21,560 155 —0.5766 2.795 906.8 0.1127 102.2
27 762.2 21,129 452 —0.1051 2.795 1350 0.1132 152.9
28 313.5 478.4 —59.21 0.4435 1.142 10,841 0.08527 924.4
29 358.4 1591 147 1.054 1.142 10,872 0.08528 927.2
30 423.2 1591 519.3 1.881 0.8518 3345 0.08498 284.3
31 384.9 478.4 519.3 1.911 0.8518 3338 0.08517 284.3
32 358.4 1591 1444 4.607 0.4352 8489 0.08524 723.6
33 358.4 1591 147 1.054 0.009726 92.55 0.09163 8.481
34 341.1 1591 1383 4.433 0.4255 8390 0.08525 715.2
35 314.2 1591 192.3 0.6779 0.4255 8351 0.08525 711.9
36 285.5 1560 54.38 0.218 0.4255 8350 0.08525 711.8
37 276.2 478.4 54.38 0.226 0.4255 8349 0.08526 711.8
38 278.2 478.4 1198 4.343 0.4255 8322 0.08526 709.5
39 304.2 468.9 1336 4.831 0.4255 8320 0.08531 709.8
40 L 358.4 478.4 199.5 1.116 0.7916 26.41 0.08847 2.336
40V 358.4 478.4 1572 5.48 0.07463 2.729 0.08847 0.2414
41 L 384.9 1591 283.7 1.4 1.085 95.38 0.07537 7.189
41V 384.9 1591 1565 4.923 0.233 73.88 0.07537 5.569
42 358.4 478.4 199.5 1.116 0.1348 669.9 0.08528 57.13
43 358.8 1591 202.1 1.119 0.1348 670.1 0.08539 57.22
44 3139 1591 —56.49 0.4478 1.142 10,843 0.08531 925
45 293.2 101.3 83.93 0.2962 0.9178 0 0 0
46 303.2 101.3 125.8 0.4365 0.9178 0.6403 0 0
47 293.2 101.3 83.93 0.2962 12.11 0 0 0
48 303.2 101.3 125.8 0.4365 12.11 8.45 0.4322 3.652
49 293.2 101.3 83.93 0.2962 7.781 0 0 0
50 278.2 101.3 21.39 0.07722 7.781 12.84 0.2718 3.49
51 293.2 101.3 83.93 0.2962 10.62 0 0 0
52 303.2 101.3 125.8 0.4365 10.62 7.408 1.431 10.6
53 293.2 101.3 83.93 0.2962 10.93 0 0 0
54 313.2 101.3 167.6 0.5722 10.93 29.85 0.5483 16.37
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Table 6
Exergy and exergoeconomic results of system's components obtained for the optimum point.
.k - k -k 'S -k -k -k
Element X (W) Ep (kW) E gos (kW) Cg ($/h) Cp ($/h) Cies ($/h) Z ($/h)
AB 666.6 616.5 50.10 56.45 60.58 4.923 4.129
cC 4058 3113 945.30 238.80 239.1 72.62 0.2612
GT 1746 1667 79.92 134.20 141.1 6.768 6.977
GH1 456.1 441.2 14.88 35.04 35.32 1.191 0.2811
GH2 408 385.9 22.11 31.34 31.62 1.812 0.2829
HTR 479 443.6 35.40 50.31 50.68 4.044 0.3668
LTR 190.5 161 29.54 20.01 20.33 3.731 0.3216
HE1 265.9 202 63.90 28.20 28.41 8.985 0.2069
HE2 151.2 29.85 121.30 15.97 16.37 66.53 0.3938
SCT1 458.1 440.5 17.62 48.11 49.22 1.969 1.103
SCT2 340 323.3 16.70 36.05 37.11 1.917 1.056
sccl 49.54 45.46 4.09 5.60 5.636 0.5066 0.03641
sccz 232.7 206.4 26.30 26.30 26.66 3.398 0.3645
Generator 14.93 15.03 8.063 0.09637
Absorber 194.4 89.4 105 227.20 10.6 122.7 0.2479
V1 8350 8349 1.00 711.80 711.8 0.08543 0.002045
TV2 3345 3338 7.43 284.30 284.3 0.6313 0.004094
Pump 1 3.103 1.653 1.45 0.35 0.5835 0.1639 0.2327
Pump 2 0.3479 0.2057 0.14 0.04 0.08854 0.01607 0.04921
Rectifier 6.638 0.6403 6.00 723.60 723.7 653.8 0.03254
Condenser 38.33 8.45 29.88 3.27 3.652 2.547 0.3847
HE3 1.327 2.174 3.50 0.11 0.296 0.2984 0.1829
Evaporator 26.95 12.84 14.11 2.30 3.49 1.203 1.192
generation and refrigeration cycles. For instance, state 27 reaches 1350
Table 7 kW exergy, underlining the effective utilization of high-pressure com-
Comparison of results obtained for the optimized case and base mode. bustion products in driving the MSC cycle. Similarly, cooling-related
Parameter Basemode  Optimized case streams (28-39) demonstrate very high exergy rates (over 8000 kW),
Methane molar fraction, yops(—) 0.60 0.65 e1?1ph2}5}21n'g their strong contrlb.utlo'n to system efficiency an.d Prod}lct
Air blower pressure ratio, PRag(—) 10 8.76 diversification. On the economic side, the cost rate (C) distribution
Combustion chamber operating temperature, shows that the largest expenses are associated with streams that manage
Tec(K) 1300 1450 high exergy flows (e.g., 28, 29, 34-38), reaching values above 700 $/h,
Supercritical CO, cycle high pressure, Pighsc(bar) 220 220 which reflects the intensive energy exchange occurring in these states.
Degassing range, DR (—) 0.295 0.2905 .
o : Table 6 presents the exergy and exergoeconomic performance of
Net electricity output, Wpet (kW) 1452 1478 h " . diti highlighti
Cooling capacity, Que (W) 3386 486.6 syster.n c.oml?onents at the optimum operating condition, highlighting
Total thermal efficiency, TEi(%) 55.29 62.75 the distribution of fuel exergy, product exergy, destructed exergy, and
Total exergy efficiency, EE (%) 42.76 43.32 associated costs. The results reveal that the CC and HE2 are the most
Total exergy fuel rate, Ep o (kW) 3415 3441 exergy-intensive components, with destruction rates of 945.3 kW and
Total exergy product rate, Ep io: (kW) 1461 1491 121.3 kW, respectively. The rectifier and CC also exhibit the highest
Total exergy destruction rate, Eqes,ior(kW) 1721 159 exergy destruction cost at 653.8 $/h and 72.6 $/h, respectively. Simi-
Total exergy loss rate, Er o (kW) 234 354.8 larly, heat exchangers (HE1 and HE2) show notable exergy destruction
Sustainability index, SI(—) 1.747 1.765 . . . crs .
. (63.9 kW and 121.3 kW), with HE2 being particularly critical due to its
Investment cost rate, Z:($/h) 24.49 18.21 high f d i 66.5 $/h). I h
Total unit product cost, TUPC ($/GJ) 20.51 2.5 igh cost of destruction (66.5 $/h). In contrast, components such as
Unit cost of cooling ($/GJ) 77.19 75.5 pumps and valves TV1 and TV2 demonstrate very low exergy destruc-
Unit cost of electricity ($/GJ) 29.61 26.4 tion (<2 kW) and minimal cost impact, confirming their limited role in
Exergoeconomic factor, fio($/h) 15.37 11.74 system irreversibilities. The exergoeconomic results also highlight the
Net present value, NPV (M$) 12.56 13.03 absorber and generator, which show moderate exergy destruction (105
Payback period, PP (year) 4.913 3.79 8 ’ 8y

material and thermodynamic constraints. Fig. 14d demonstrates that the
high-pressure level of the MSC cycle is most active within the 215-220
bar range, indicating that elevated pressure enhances cycle efficiency
and supports higher exergy utilization. Lastly, Fig. 14e shows the
degassing range clustering between 0.25 and 0.29, which reflects the
critical role of solution concentration differences in stabilizing the GAX
cycle performance.

4.3.3. Optimized case

Table 5 summarizes the thermodynamic and economic properties of
the system's streams at the optimum operating point, including tem-
perature, pressure, enthalpy, entropy, mass flow rate, exergy, and cost
parameters. The results highlight how different sections of the system
contribute to overall energy conversion and cost distribution. High-
temperature and high-pressure streams (e.g., states 9-14, 17-27) carry
significant exergy values, reflecting their critical role in power
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kW for the generator) but significant costs (over 120 $/h for the
absorber). Also, the highest investment cost rates belong to the AB and
CC at 6.977 $/h and 4.129 $/h, respectively.

Table 7 compares the base mode and optimized case, illustrating how
the optimization framework enhances both thermodynamic and eco-
nomic performance. From the design perspective, the methane molar
fraction is slightly increased (0.60 — 0.65), while the AB pressure ratio
decreases (10 — 8.76), and the CC temperature rises substantially (1300
— 1450 K). These shifts highlight a balance between improving com-
bustion quality and reducing compression work. Thermodynamically,
the total thermal efficiency improves significantly from 55.29% to
62.75%, while the exergy efficiency shows a smaller gain (42.76% —
43.32%). The increase in CC temperature enhances useful product
exergy (1491 kW), while exergy destruction decreases by ~7.3% (1721
— 1596 kW). Indeed, the cooling capacity nearly increases by 44%
(338.6 — 486.6 kW), confirming the system's improved polygeneration
potential. Economically, optimization substantially reduces the invest-
ment cost rate (24.49 — 18.21 $/h) and the TUPC (29.51 — 26.5 $/GJ).
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Fig. 15. Exergy flow diagram of the system under the optimized case.
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mized case.

The unit cost of electricity declines by ~10% (29.61 — 26.4 $/GJ), while
the unit cost of cooling shows a minor reduction (77.19 — 75.5 $/GJ).
The exergoeconomic factor drops, indicating better alignment between
thermodynamic and cost performance. Sustainability-wise, the sustain-
ability index improves slightly (1.747 — 1.765), while the NPV increases
from 12.56 M$ to 13.03 M$, and the payback period shortens notably
(4.913 — 3.79 years). This confirms the optimized configuration de-
livers faster economic returns with enhanced efficiency. Thus, the
optimized case achieves higher efficiency, lower costs, improved prof-
itability, and greater cooling output, validating the effectiveness of the
applied optimization strategy.

Fig. 15 illustrates the exergy flow diagram of the optimized system,
highlighting the distribution of input exergy, useful outputs, and exergy
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destruction across all components. The exergy flow diagram emphasizes
the system's strong performance in converting high-grade exergy into
multiple useful outputs, while also identifying critical components
responsible for the majority of exergy destruction, guiding future design
improvements and operational strategies. The diagram provides a clear
visual representation of where energy quality is most effectively utilized
and where irreversibilities occur. From the plot, the CC clearly stands
out as the largest source of exergy destruction, consistent with the high-
temperature reactions and associated thermodynamic irreversibilities
observed in Table 6. Other significant contributors include the high-
temperature heat exchangers (HE1 and HE2) and turbomachinery
(GT), indicating that thermal gradients and mechanical work conversion
are key areas for potential efficiency improvement.

Fig. 16 presents the NPV and payback period trends for both the
optimized and base modes of the system over a 20-year operational
lifetime. The results demonstrate a clear economic advantage of the
optimized configuration. In the optimized case, the NPV consistently
remains higher than the base mode, reaching 13.03 M$, compared to
12.56 MS$ for the base configuration. This increase reflects the combined
effects of improved exergy performance and cost distribution, which
translate into greater long-term revenue and cost savings. The payback
period is also significantly reduced for the optimized system, falling to
3.79 years, compared to 4.91 years for the base mode. This shorter
payback period indicates that the initial investment is recovered more
quickly, highlighting the financial feasibility and attractiveness of the
optimization strategy.

Fig. 17 illustrates the influence of fuel cost and interest rate on the
NPV, PP, and TUPC of the optimized biogas-based system. As shown in
Fig. 17a, increasing fuel cost leads to a decline in the NPV and a cor-
responding increase in both PP and TUPC, reflecting the direct impact of
higher operating expenses on long-term profitability and product cost.
In contrast, lower fuel costs enhance economic attractiveness by
improving cash flow, shortening the PP, and reducing the TUPC.
Fig. 17b demonstrates that the interest rate has a strong inverse effect on
NPV, as higher discount rates reduce the present value of future reve-
nues. Consequently, PP increases and TUPC rises with increasing interest
rate, indicating greater financial burden and reduced investment appeal.
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4.4. Practical limitations and comparison with previous studies

While the present study demonstrates the thermodynamic, exer-
goeconomic, and sustainability potential of the proposed biogas-driven
system, practical implementation may encounter several challenges.
First, biogas quality and composition can vary depending on feedstock
type, seasonal availability, and digester performance. Variations in
methane content, moisture, or the presence of contaminants can affect
combustion stability, turbine operation, and overall system efficiency.
Addressing these issues requires robust fuel conditioning and real-time
monitoring. Second, maintenance and operational considerations are
critical. GT, MSC heat exchangers, and GAX refrigeration unit necessi-
tate periodic inspection, cleaning, and replacement of consumables.
These requirements can increase operational costs and impact long-term
reliability. Advanced control strategies, predictive maintenance, and
operator training are essential to ensure stable performance. Third,
system integration and operational complexity present further practical
hurdles. Coordinating the GT, MSC, and GAX cycles during start-up,
shutdown, and transient operation requires precise control to prevent
thermal fatigue and ensure safety. Implementing adaptive control sys-
tems, modular designs, and real-time monitoring can mitigate these
challenges, while pilot-scale testing and gradual deployment are rec-
ommended to validate system performance under real-world conditions.

Table 8 presents a comparative evaluation of the proposed biogas-
based system against recent studies reported in the literature. The
comparison highlights the competitive thermodynamic efficiency and
economic indicators achieved by the present configuration, particularly
due to the integration of advanced thermodynamic cycles and a hybrid
optimization framework. Differences observed among studies can be
attributed to variations in system configuration, operating conditions,
and optimization strategies.

5. Conclusions

This study investigated the thermodynamic, economic, and envi-
ronmental performance of a novel hybrid energy system integrating a
biogas combustion—GT unit, a MSC cycle, and a GAX cooling cycle, using
a comprehensive methodology that combined parametric analysis,
sensitivity analysis, ANN modeling, and multi-objective optimization
(NSGA-II coupled with TOPSIS). The analysis quantified the effects of
key design variables, including methane molar fraction, AB pressure
ratio, CC temperature, MSC cycle high pressure, and GAX degassing
range, while ANN modeling enabled accurate performance prediction
across the design space, and the optimization framework produced
Pareto-optimal solutions that balance efficiency, sustainability, and
economic feasibility. The study's novel contributions include the
simultaneous utilization of high- and low-grade thermal energy, the
integration of advanced MSC and GAX cycles for enhanced system
performance, and the application of a hybrid ML-assisted optimization
framework that improves convergence, accuracy, and solution diversity.
These results demonstrate the practical potential of biogas-fueled mul-
tigeneration systems for sustainable urban energy management and
provide a foundation for future research into dynamic operation stra-
tegies, integration with other renewable sources, and uncertainty-aware
optimization to further enhance real-world applicability. Based on the
conducted work, the main conclusions are drawn as follows:

e The CC temperature was the most influential decision variable, with
a mean sensitivity index of 0.463, showing the largest impact on
efficiencies, sustainability index, and cost indicators, except for net
electricity output. The AB pressure ratio ranked second, followed by
methane molar fraction, MSC high pressure, and degassing range.

Higher methane content in the biogas improved power and cooling
productivity, exergy efficiency, and the sustainability index. At the
same time, it reduced TUPC and increased NPV, demonstrating the
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importance of fuel quality in system feasibility and supporting
methane enrichment as an effective strategy.
Moderate air blower pressure ratios enhanced exergy efficiency and
SI, but higher ratios reduced power and cooling outputs while
increasing TUPC and investment costs, ultimately lowering NPV. An
optimal operational window was identified where exergetic sus-
tainability and economic viability were balanced.
Increasing the CC temperature consistently improved thermody-
namic and sustainability. Economic performance, however, showed
an optimal range of 1400-1450 K, where TUPC was minimized and
NPV peaked. Beyond this, economic feasibility declined despite
continued efficiency gains.
Raising high pressure in the MSC cycle improved electricity gener-
ation but reduced cooling capacity, creating a trade-off between
power and refrigeration. Exergy efficiency and SI increased slightly,
while thermal efficiency declined. Economically, the system became
more favorable with reduced TUPC and higher NPV, making it
suitable when electricity was prioritized.

e The main influence of degassing range was on cooling capacity and
thermal efficiency, while electricity generation, costs, and NPV
remained almost unchanged. This parameter was most effective as a
fine-tuning control for cooling-demand-oriented applications.

o The optimization results showed that the TOPSIS-selected optimum
point achieved balanced performance, with TUPC of 26.5 $/GJ, NPV
of 13.03 M$, and SI of 1.765. Compared to the base case, TUPC
decreased by 10.2%, while NPV and SI increased by 3.7% and 1.1%,
respectively, demonstrating improved economic and sustainability
outcomes.

o Exergy and exergoeconomic analysis revealed that turbines and the
combustion chamber were the largest sources of exergy destruction
and cost, while the rectifier exhibited a high cost destruction rate
despite low exergy flow. These findings emphasized the need for
targeted component-level improvements.

e The long-term economic assessment showed that, over a 20-year
lifetime, the optimized case significantly improved financial
viability compared to the base mode, with a higher NPV and a
shorter payback period (3.79 vs. 4.91 years).

e The optimized system achieved CO emissions of 0.00151 g/kg fuel,
NOx emissions of 6.2 x 10~° g/kg fuel, and a COzER of 1.048 kg/
kwWh.

The following topics are suggested for future research topics:

e Implementing the proposed biogas-based CCP configuration at pilot
or demonstration scale would allow validation of thermodynamic
predictions, economic metrics, and long-term operational stability.

e The performance of the soft-computing optimizer may be further

improved by employing deep learning, reinforcement learning, or

surrogate-based models to enable real-time control and adaptive
decision-making.

Future works can analysis the integration of life-cycle assessment

(LCA) and exergoenvironmental indicators to quantify broader

environmental impacts.

Applying the proposed framework to different biogas sources, plant

capacities, and industrial or district-energy scenarios would assess

scalability and generalizability across diverse energy systems.
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