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A B S T R A C T

This research introduces and optimizes a novel multi-generation power system integrating a steam Rankine cycle 
(SRC), a gas turbine (GT), an absorption refrigeration cycle (ARC), a proton exchange membrane (PEM) elec-
trolyzer, and a CO 2 separation unit. This system is designed to improve energy efficiency while simultaneously 
capturing CO 2 and producing hydrogen through electrolysis. Two configurations—with and without ARC—are 
evaluated using a genetic algorithm-based multi-objective optimization framework, which considers exergetic 
efficiency, CO 2 emission reduction, and total cost rate. The findings demonstrate that the proposed system im-
proves exergetic efficiency by up to 71% and reduces CO 2 emissions by up to 3.9% compared to a standalone GT 
system. Furthermore, the system without ARC achieves higher hydrogen production, while the system with ARC 
provides valuable cooling. These findings demonstrate the feasibility and environmental advantages of inte-
grated power, CO 2 capture, and H 2 blending systems for sustainable energy generation.

1. Introduction

The energy industry is facing increasing pressure to reduce green-
house gas emissions while ensuring a secure, efficient, and cost-effective 
energy supply [1,2]. Fossil-fuel power plants, particularly gas turbines, 
remain a dominant source of electricity worldwide [3–5]. However, 
their continued operation poses serious environmental challenges due to

high CO 2 emissions and heat losses [6,7]. To address these concerns, 
researchers and engineers have increasingly focused on integrating 
carbon capture technologies and heat recovery strategies into conven-
tional power systems [8,9].

1.1. Literature review

The oxy-fuel combustion method, physical absorption techniques,
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adsorption techniques, and membrane technologies may all be used to 
capture CO 2 before and after combustion [10–13]. To have an insight 
into CO 2 and its future value chains, a comprehensive and comparative 
review by Jarvis et al. [14,15] can be helpful. In addition to discussing 
the pricing of CO 2 separation, transportation, and storage, the team 

examined and compared several CO 2 conversion technologies. Using a 
variety of technologies used in CO 2 capture, lifecycle environmental 
effects were also analyzed [16]. Ghiat et al. [17] have also reviewed the 
utilization and carbon capture in the energy, water, and food nexus 
systems. Recent advancements in multigeneration systems have 
explored diverse configurations to maximize energy recovery and sys-
tem efficiency [11]. For instance, researchers have evaluated novel 
plants that combine cooling, power, and seawater desalination, using 
supercritical CO 2 partial cooling and absorption refrigeration cycles. 
Similarly, integrated systems combining supercritical CO 2 with gas 
turbines and organic Rankine cycles have been analyzed for waste-
energy recuperation [14,18,19].

Gas turbines are commonly used in power plants and, in some cases, 
can be integrated with steam turbines. Typically, gas turbines are 
considered closed cycles for simulation [20]. Gaining a deeper under-
standing of the advancements and challenges in simulating gas-turbine 
power plants could be beneficial, as they provide most of the world's 
energy. In their study, Gonzalez et al. [21] thoroughly examined and 
categorized different techniques for CO 2 capture, focusing on the chal-
lenges and advantages specific to gas turbine power plants. Further-
more, gas turbines are frequently integrated with Rankine or organic 
Rankine cycles (ORCs), as demonstrated by Maheshwari et al. [22] in 
their research article. They compared different arrangements of com-
bined power cycles that included GT, SRC, and ORCs. Their findings 
indicated a maximum work output of 638 kJ/kg when all three power 
units were combined. Additionally, the energy efficiency was calculated 
at 54.95%, while the exergy efficiency was 57.87%. Another innovative 
operating scenario for integrated gas-steam cycles was proposed by

Zhong et al. [23]. Furthermore, research studies have explored the 
combination of micro gas turbines with SRCs, solar collectors, and/or 
ORCs [24], and even refrigeration cycles [6]. Lu et al. [25] executed a 
comprehensive dynamic thermal-supply model for a 2-by-1 combined 
cycle gas turbine and Rankine cycle. They designed a control system 

consisting of valves to maintain stable water levels during mode changes 
and investigated the impact of switching on the system's dynamic 
behavior [26,27].

To enhance efficiency, incorporating a refrigeration subsystem can 
establish a more effective, comprehensive multigenerational system 

called CCHP [28,29]. Three approaches are commonly employed to 
meet the cooling load requirements: the ejector refrigeration cycle 
[30–32], compression [33,34], and absorption chiller cycles [35]. 
Moghimi et al. [36] have extensively researched and evaluated these 
systems, investigating their thermodynamic performance from various 
perspectives, including energy, exergy, economics, and environmental 
considerations. In their study, they specifically focused on CCHP and the 
gas turbine ejector refrigeration cycle as the prime mover. Results 
indicated the integrated cycle achieved energetic and exergetic effi-
ciencies that exceeded those of the Brayton cycle by 12% and 7%, 
respectively. Abbasi et al. [37] also conducted analyses encompassing 
energy, exergy, and economic evaluations of a CCHP system using a gas 
turbine and a gas engine. Integrating these primary movers, namely the 
gas turbine and diesel engine, led to an impressive 80% cost reduction, 
62.8% exergy efficiency, and 87% energy efficiency. Likewise, Chen 
et al. [38] explored absorption chillers, proposing, designing, and 
optimizing a cascade refrigeration system with meticulous attention. 

Thermoelectric generators are used to harness electricity from the 
surplus heat dissipated in an energy system [39]. However, their elec-
tricity output is comparatively low, posing limitations for grid integra-
tion. To effectively use the produced electricity, it is channeled towards 
the proton exchange membrane (PEM) electrolyzer, enabling the pro-
duction of hydrogen and oxygen [40,41]. Subsequently, these products

Nomenclature

Symbol Description, Unit
A Area, m 2

c Unit cost, $/kg or $/kWh
C Cost rate, $/h
Cp Specific heat capacity, kJ/kg⋅K 
d Distance to ideal point (LINMAP), − 
D Membrane thickness, Мm
ex Specific exergy, kJ/kg
Ex Exergy rate, kW
f Objective function value, −
h Specific enthalpy, kJ/kg
i Interest rate, %
J Current density, A/m
k Component cost factor, −
LHV Lower heating value, kJ/kg
m Mass flow rate, kg/s
n Project life, years
N Operating hours per year, h 
P Pressure, kPa
Q Heat transfer rate, kW
R Gas constant, kJ/kg⋅K
s Specific entropy, kJ/kg⋅K 
T Temperature, K or ◦ C
v Voltage, V
W Work / Power, kW or MW
Y Mole fraction, −
Z Capital cost, $

Greek Symbols
Δ Variation/Difference, −
ε Standard chemical exergy / Effectiveness, kJ/k mol
η Efficiency, %
λ Water content, −
σ Ionic conductivity, S/m
ϕ Maintenance factor, −
activ Activation
ARC Absorption Refrigeration Cycle
ch Chemical
Comp Compressor
Cond Condenser
D Destruction
elec Electrical
en Energy
env Environmental
eva Evaporator
ex Exergy
GT Gas Turbine
in Inlet
LCOE Levelized Cost of Electricity
LCOH Levelized Cost of Hydrogen
out Outlet
PEM Proton Exchange Membrane
ph Physical
RC/SRC Rankine Cycle
SP Solution Pump
T Turbine
TEG Thermoelectric Generator
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are extracted via the heat recovery process within a multigeneration 
framework that leverages the output power [42]. Furthermore, to 
mitigate the harmful impact of fossil fuels in gas turbines, a prevalent 
practice is to use hydrogen generated by PEM electrolyzers as a sup-
plementary fuel for the combustors, a technique called hydrogen 
blending. Taamallah et al. [43] extensively investigated the stability and 
flexibility of fuel in gas turbines with hydrogen blending. An investi-
gation into the numerical analysis of hydrogen-natural gas fuel blends 
for use in a microturbine's rich combustor was undertaken, leading to 
the development of an enhanced combustion chamber through the 
creation of a computational fluid dynamics (CFD) model with varying 
hydrogen fractions [44]. Ozturk and Dincer [45] analyzed the integra-
tion of binary and flash systems with a hydrogen production unit to 
blend the produced hydrogen with methane for daily applications.

For a well-designed integrated system to reduce practical expenses, 
environmental impacts, and improve thermodynamic performance, it is 
often necessary to optimize and arrange it in the best possible way. 
Putting in place a multigeneration power plant has multiple objectives, 
making the optimization process a multi-objective process [6,46–48].

1.2. Deficiencies

The literature reviewed contains outstanding ideas for multi-
generation systems, heat recovery methods, and carbon capture tech-
niques. However, some deficiencies or lack could be noted in the 
literature, some of which are listed in Table 1.

1.3. Main contributions

Despite extensive research on multigeneration energy systems, few 

studies have addressed the simultaneous integration of gas turbines, 
heat recovery systems, hydrogen production, and CO 2 capture within a 
unified, optimized framework. The present work addresses this critical 
gap by proposing a comprehensive system architecture and offering a 
robust optimization framework. The key contributions of this work are 
the following:

• System Integration:

A comprehensive, fully integrated multigeneration energy system is 
proposed combining absorption refrigeration cycle (ARC), gas turbine 
(GT), steam Rankine cycle (SRC) proton exchange membrane (PEM) 
electrolyzer, thermoelectric generator (TEG), and a CO 2 separation unit. 
This configuration enables simultaneous production of electricity, 
heating, cooling, and hydrogen while capturing a significant portion of 
the system’s carbon emissions.

• Scenario-Based Evaluation:

Two operational scenarios are evaluated:
Scenario A: Without an absorption chiller, where recovered heat is 

utilized for direct heating.
Scenario B: With an absorption chiller, where recovered heat pro-

duces a cooling load.
This comparison reveals trade-offs between hydrogen production, 

thermal recovery, and cooling capacity.

• Hydrogen Blending:

Hydrogen produced by the PEM electrolyzer is blended with natural 
gas before combustion in the gas turbine. This approach reduces fossil 
fuel consumption and CO 2 emissions, contributing to fuel flexibility and 
system decarbonization.

• Advanced CO 2 Separation:

A membrane-based CO 2 separation unit is introduced and integrated 
with downstream heat exchange processes. A novel filtering mechanism 

is proposed to improve capture performance while maintaining system 

efficiency.

• Multi-Objective Optimization Using Machine Learning:

A multi-objective genetic algorithm (GA) is coupled with a neural 
network surrogate model to optimize key metrics—namely, CO 2 emis-
sion reduction, overall cost rate, and exergetic efficiency. The machine 
learning model accelerates convergence and enables deeper parametric 
analysis under a wide range of input conditions.

• Comparative Benchmarking:

The performance of the proposed system is benchmarked against 
both a conventional GT power plant and a CCHP system with absorption 
cooling. The comparison highlights superior exergy efficiency (up to 
71%), higher hydrogen output, and CO 2 reduction by as much as 3.9%, 
depending on the configuration.

These contributions demonstrate the technical feasibility and 
ecological advantages of coupling electricity generating, hydrogen 
production, and CO 2 capture in a unified, optimized platform—marking 
a significant step toward net-zero power systems.

The research follows a systematic four-stage computational frame-
work to evaluate and refine the proposed multigeneration system:

• Stage 1- Thermodynamic Modeling: A comprehensive mathematical 
model is developed and implemented in MATLAB to simulate the 
steady-state performance of the integrated Gas Turbine, Steam 

Rankine Cycle, PEM Electrolyzer, and CO 2 separation unit. The core

Table 1
Literature review concerned with the research scope.

Examinations Optimization Multi-generation products
References Energy Exergy Economic Environmental Power Cooling Hydrogen Hydrogen blending CO 2 capture

[6] ✓ ✓ ✓ ✓ Yes ✓ ✓ − − ✓
[22] ✓ ✓ − − − ✓ − − − −

[23] ✓ ✓ − − − ✓ − − − −

[36] ✓ ✓ ✓ ✓ − ✓ ✓ − − −

[37] ✓ ✓ ✓ − − ✓ − − − −

[49] ✓ ✓ − ✓ − ✓ ✓ ✓ − −

[50] ✓ − ✓ ✓ − ✓ ✓ − − ✓
[51] ✓ − ✓ − − ✓ − − − ✓
[52] ✓ ✓ − − − ✓ − ✓ − −

[53] ✓ − ✓ − − ✓ − − − ✓
[54] ✓ ✓ ✓ ✓ − ✓ − − − −

[55] ✓ ✓ ✓ − − ✓ − − − ✓
Present study ✓ ✓ ✓ ✓ Yes ✓ ✓ ✓ ✓ ✓
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of this model is built upon fundamental mass and energy conserva-
tion principles.

• Stage 2- 4E Analysis: The system is subjected to a rigorous 4E 
assessment, comprising Energy (first-law efficiency), Exergy (sec-
ond-law destruction and efficiency), Economic (capital and opera-
tional cost rates), and Environmental (CO 2 emission reduction and 
carbon footprint) evaluations.

• Stage 3- Parametric Study: Key operational variables—including 
compressor pressure ratio, air mass flow rate, and turbine inlet 
pressure—are varied to observe their physical influence on system 

outputs such as Net Power, LCOE, and the CO 2 reduction index.
• Stage 4- Multi-Objective Optimization: To identify the optimal trade-
off between competing goals, a multi-objective Genetic Algorithm 

(GA) is coupled with a neural network surrogate model. This final 
stage utilizes the LINMAP method to pinpoint the best operational 
point across three primary objective functions: exergetic efficiency, 
overall cost rate, and CO 2 emission reduction.

2. System description

The designed energy framework is a fully integrated multigeneration 
configuration intended to concurrently generate electricity, hydrogen, 
cooling, heating, and to capture CO 2 emissions. It combines a steam 

Rankine cycle (SRC), a proton exchange membrane (PEM) electrolyzer, 
a gas turbine (GT), an absorption refrigeration cycle (ARC), and a 
membrane-based CO 2 separation unit. The gas turbine operates func-
tions on a blend of hydrogen and natural gas, generating electricity 
while releasing high-enthalpy exhaust gases. A heat recovery steam 

generator is the designated recipient of these exhaust gases, where they 
provide the thermal input to a bottoming SRC. The steam produced is 
expanded in a turbine in order to produce additional electricity, and the 
remaining heat in the condenser is further utilized depending on the 
operational scenario.

Two system configurations are considered: one without ARC, where 
the recovered heat is used for district or industrial heating (see Fig. 1 
(a)); and one with ARC, where the condenser heat drives an absorption 
chiller to produce a cooling load (see Fig. 1(b)). In both cases, a portion 
of the electricity generated is used to create a PEM electrolyzer to pro-
duce hydrogen and oxygen. The hydrogen is blended with natural gas 
and reinjected into the GT combustor, improving fuel flexibility and 
reducing CO 2 emissions. The oxygen is stored for potential external use. 
After passing through the thermal recovery stages, the flue gases are 
routed to a membrane-based CO 2 separation unit, where carbon is 
filtered prior to atmospheric release. To further maximize energy re-
covery, low-grade residual heat across the system is harvested using 
TEGs. This integrated design captures energy from multiple stages and 
forms, significantly improving system efficiency and sustainability 
compared to traditional power plants.

3. Mathematical modeling

The suggested framework is implemented using MATLAB and 
analyzed through mathematical formulations. The core framework en-
compasses a thermodynamic analysis, an economic evaluation, and an 
environmental assessment. The associated mathematical expressions are 
derived from principles of mass and energy conservation and founda-
tional economic and environmental theories. This part outlines the 
employed mathematical expressions in detail. To construct the frame-
work, several assumptions and prerequisites are essential:

• The system operates in a steady state mode.
• The dead state conditions are 101.325 kPa and 25 ◦ C.
• Pressure drops by 0.02% of the inlet pressure in the combustion 
chamber.

• Pressure drops by 0.05% of the inlet pressure in all heat exchangers.
• The combustion process is considered complete.

3.1. Thermodynamic model

The fundamental thermodynamic formulas applied in this research 
are the equations of energy balance and exergy balance, as presented 
below [6].

Q̇ + 
∑ 

˙ min (h in − h 0 ) = Ẇ + 
∑ 

˙ mout (h out − h 0 ) (1)

∑ ( 

1 −
T 0

T source

)

Q̇ source − Ẇ + 
∑ 

˙ min ex in − 
∑ 

˙ mout ex out = ˙ Ex D

(2)

whereby, ex is the specific exergy (kJ/kg), and Ėx represents exergy rate
(kW). T 0 and T source denote ambient temperature and heat source tem-
perature (K), respectively. Index D in Eq. (2) represents the destruction 
of exergy.

Exergy possesses an absolute value, distinguishing it from energy, 
which is inherently a relative measure. Exergy can exist in various forms, 
such as potential, kinetic, physical, and chemical. In the current model, 
changes in gravitational potential and significant variations in kinetic 
energy are absent, rendering kinetic and potential exergies insignificant. 
Thus, the definition of specific exergy is as follows [56]:

ex = ex ch + ex ph (3)

where, ex ch and ex ph are chemical and physical exergies, respectively, 
and can be articulated as follows [56]:

ex ph = C p 
( 

T − T 0 − T 0 ln 
(
T 
T 0

) ) 

+ RT 0 ln 
(
P
P 0

) 

(4)

ex ch = n 

( 
∑ 

i
y i ε i + RT 0 

∑ 

i
y i ln(y i ) 

) 

(5)

where, C p is specific heat capacity (kJ/kg. K). R represents the gas 
constant (kJ/kg K). n is the number of moles, mole fraction is repre-
sented by y i , and ε i (kJ/k mole) is standard chemical exergy for i th 

component.
Energy and exergy efficiencies are determined by the ratio of the 

desired output to the necessary input, as expressed below [6]:

η en = 

∑
Ẇ electricity + Q̇ eva + ˙ mH 2 × LHV H 2

˙ mfuel × LHV fuel
× 100 (6)

η ex = 

∑
Ėx out

∑ ̇  Ex in
× 100 =

˙ ExQ̇eva 
+ 
∑

˙ W electricity + Ėx H 2
˙ mfuel × LHV fuel

× 100 (7)

where 
∑

Ẇ electricity is the net generated electricity (kW). Q̇ eva (kW) is the
amount cooling load generated in the absorption chiller, while ˙ ExQ̇ eva
(kW) are the and exergy of this cooling load, respectively. LHV H 2 , ˙ Ex H 2 ,
and Ėx fuel are the low heat value (LHV) of hydrogen (kJ/kg), exergy rate
of hydrogen stream (kW), and exergy of fuel (kW), respectively.

This study involves multiple subsystems, each characterized by its 
unique modeling approach. The mathematical formulations for the 
membrane-based separator, gas turbine system, absorption chiller cycle 
(ACC), Rankine cycle, and PEM electrolyzer are outlined sequentially 
below.

Thermodynamics First and Second Law's Equations.
The exergy and energy formulas for GT, SRC, and ARC cycles are 

given in Table 2.
PEM electrolyzer.
Hydrogen production through a PEM electrolyzer (PEME), which 

operates by dissociating the molecules of water, is an efficient and 
versatile approach for energy storage and various applications. To 
optimize the efficacy of the hydrogen-energy cycle, the generated 
hydrogen is utilized within the facility as fuel, thereby minimizing CO 2
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Fig. 1. (a) PFD of the system without absorption chiller subsystem (b) PFD of the system with absorption chiller subsystem.
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emissions and transportation expenses. The performance of the PEME is 
described using governing equations, with its fixed parameters detailed 
in Tables 3 and 4.

3.2. Advanced CO 2 separation unit

The integrated framework utilizes a membrane-based separation unit 
designed for post-combustion carbon capture. Unlike conventional 
amine scrubbing, which incurs a high thermal penalty, this advanced 
unit employs a multi-stage polymeric membrane system characterized 
by high CO 2 /N 2 selectivity.

• Operational Mechanism: The flue gas, after exiting the Heat Recov-
ery Unit at a stabilized temperature (Middle Temperature), enters 
the separator where a partial pressure gradient drives the CO 2 
through the membrane.

• Novel Filtering Mechanism: To maintain high capture efficiency 
without compromising the Gas Turbine’s backpressure, the unit 
utilizes a “sweep gas” or vacuum-assisted permeate stream, which 
significantly lowers the energy required for compression.

• System Integration: The unit is strategically positioned after the 
Rankine cycle evaporator to ensure the gas is at an optimal thermal 
state for membrane permeability.

• Performance Metrics: This configuration allows the system to cap-
ture approximately one-third of the total CO 2 produced, directly 
contributing to the 3.9% net emission reduction observed in Scenario 
A.

Integration of CO 2 Separation and GT Performance.
A critical design feature of the proposed system is the strategic 

placement of the membrane-based CO 2 separation unit to minimize any 
“energy penalty” on the Gas Turbine (GT). In traditional carbon capture 
systems, diverting high-pressure or high-temperature gas can

Table 2
Energy and exergy balance equations for gas turbine [6,37].

Component Energy balance equations Exergy destruction rate equations

Air compressor Ẇ Comp = ˙ mair (h CD − h CS ) Ėx D,Comp = ˙ Ex CS + ˙ W Comp − Ėx CD
Combustion chamber ˙ mfuel LHV + ˙ mair h TI = ˙ mTI h TI Ėx D,CC = Ėx CD + ˙ mfuel ex0ch,fuel − ˙ Ex TI
Gas turbine Ẇ GT = ˙ mTI (h TI − h TE ) Ėx D,GT = ˙ Ex TI − Ėx TE − ˙ W GT
​ ˙ mTI = ˙ mfuel + ˙ mair ​
Heat exchanger/SRC Evaporator ˙ mTI (h HEI − h HEE ) = ˙ mSRC C Eva (h Eva,out − h Eva,in ) Ėx D,HEX1 = ˙ Ex HEI + ˙ Ex Eva,in − Ėx Eva,out − Ėx HEE
SRC turbine Ẇ SRCT = ˙ mSRC 

( 
h SRCT,in − h SRCT,out 

) 
η SRCT = 

( 
h SRCT,in − h SRCT,out 

) 
/ 
( 
h SRCT,in − h SRCT,out,s 

)
Ėx D,SRCT = Ėx SRCT,in − ˙ W SRCT − Ėx SRCT,out

SRC condenser Q Cond,SRC = ˙ mSRC 
( 
h Cond,SRC,in − h Cond,SRC,out 

)
Ėx D,Cond,ORC = Ėx Cond,SRC,in + Ėx Q Cond,SRC − Ėx Cond,SRC,out

SRC pump Ẇ SRCP = ˙ mSRC 
( 
h SRCP,out − h SRCP,in 

) 
η SRCP = 

( 
h SRCP,out,s − h SRCP,in 

) 
/ 
( 
h SRCP,out − h SRCP,in 

)
Ėx D,SRCP = Ėx SRCP,in + ˙ W SRCP − Ėx SRCP,out

Steam generator Q SG = ˙ mWS h WS + ˙ mR h R − ˙ mSS h SS ˙ Ex D,SG = Ėx SS + Ėx Q SG − ˙ Ex R − Ėx WS 

Absorber Q̇ Abs = ˙ mWS h WS + ˙ mR h R − ˙ mSS h SS ˙ Ex D,Abs = Ėx WS + ˙ Ex R − ˙ Ex SS
ARC condenser Q Cond = ˙ mR (h Cond,in − h Cond,out ) ˙ Ex D,ARC,cond = Ėx ARC,Cond,in + Q ARC,Cond − Ėx ARC,Cond,out
ARC evaporator Q̇ ARC,Eva = ˙ mR 

( 
h Eva,out − h Eva,in 

)
˙ Ex D,ARC,Eva = Ėx Q Eva + Ėx ARC,Eva,in − Ėx ARC,Eva,out

Refrigerant expansion valve h in = h out ˙ Ex D,REV = Ėx ARC,REV,in − Ėx ARC,REV,out
Solution expansion valve h in = h out ˙ Ex D,SEV = Ėx ARC,SEV,in − Ėx ARC,SEV,out
Solution pump Ẇ SP = ˙ mSS (h out − h in )η SP = v in (P out − P in )/(h out − h in ) ˙ Ex D,SP = Ėx ARC,SP,in + ˙ W SP − ˙ Ex ARC,SP,out

Table 3
Electrochemical equations governing the PEME [57,58].

Parameter Description Governing equations

Theoretical energy for 
hydrogen
generation

TΔS indicates the thermal energy demand and ΔG is the electrical energy request. Δ H = ΔG + TΔS

The electrical energy input for 
the electrolyzer

V and J are electrolyzers' voltage and current density. E elec = JV

Electrolyzer voltage V ohm denotes electrolyte’s ohmic overpotential. V 0 indicates the reversible potential. V activ,a 
and V activ,c are anode activation overpotential and cathode activation overpotential, 
correspondingly.

V = V 0 + V ohm + V activ,a + V activ,c

Ohmic overpotential Based on the ohmic law V ohm = JR PEM
Nernst equation T PEM is the temperature of the electrolyzer V 0 = 1.229 − 8.5 × 10 − 4 (T PEM − 298) 
The exchange current density 
of electrolysis

Jrefi denotes the pre-exponential factor and E act,i denotes the activation energy. J 0,i = Jrefi exp 
(

− 
E activ,i
RT

) 

i = a, c

Activation overpotential c and a refer to anode and cathode, respectively.
V activ,i =

RT
F

sinh − 1 
(

J
2 × J 0,i 

) 

i = a, c

Overall ohmic resistance x denotes the distance within the membrane measured from the cathode membrane 
interface, while D represents the membrane thickness.

R PEM = 
∫ D
0

dx
σ[λ(x) ]

Water content at a location x 
within the membrane 

λ c and λ a represent the water contents at the cathode membrane and the anode membrane
interfaces, correspondingly.

λ(x) = λ c +
λ a − λ c

D 
x

Local ionic conductivity T is the membrane’s temperature σ[λ(x) ] =

[0.5139λ(x) − 0.326 ]exp 
[ 

1268 
(

1
303

−
1 
T

) ]

Table 4
Input parameters for the PEM electrolyzer [57].

Parameters Value Unit

Current density A/m 2 5100
T PEM K 353
E act,a kJ/mol 76
E act,c kJ/mol 18
λ a − 14
λ c − 10
D μm 50
J ref a A/m 2 2 × 10 5

J ref c A/m 2 4.6 × 10 3
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significantly reduce the turbine's net output work. However, in this ar-
chitecture, the separator is integrated as the final stage of the flue gas 
path.

The exhaust gases first expand completely in the gas turbine to 
produce electricity, then pass through the Heat Recovery Steam 

Generator (HRSG) to drive the Rankine cycle, and finally reach the 
separator. By the time the flue gas reaches the CO 2 separation unit, its 
thermal energy has already been harvested for power and for heating 
and cooling loads.

Furthermore, the pressure drop across the membrane unit is main-
tained at a very low level—modeled at 0.05% of the inlet pressur-
e—preventing significant backpressure on the GT. This allows the 
system to achieve a CO 2 reduction of up to 3.9% without compromising 
the isentropic efficiency or the 35.5 MW net power output of the primary 
gas turbine cycle.

3.3. Econo-Environmental model

This study focuses on minimizing the carbon footprint while 
enhancing the overall system efficiency, with careful attention to eco-
nomic factors. Economic assessments are grounded in the capital costs of 
individual components, operational and maintenance expenses, and 
variable costs like fuel input costs. Component prices can be fixed values 
in US dollars or expressed as cost functions dependent on operating 
parameters. The cost functions for equipment within each subsystem are 
detailed in Table 5 along with originating year of functions and their 
corresponding cost index. After setting a reference year, Equation (8) 
brings the cost functions up to date with the present year. Additionally, 
the cost functions, along with constant parameters and assumptions of 
the economic model, are summarized in Table 6 [6,59].

The overall cost rate (Ċ total, cost ) is computed by aggregating the fuel
cost rate ( ̇C f ), the expense of each component ( 

∑ 
kŻ k ), and the envi-

ronmental penalty associated with CO 2 emission into the atmosphere
( ̇C env ) [37]:

Ċ f = c f × ˙ mfuel × 3600 (9)

Ċ env = c CO 2 × ˙ mCO 2 × 3600 (10)

Ċ total, cost = 
∑

k
Ż k + Ċ f + Ċ env (11)

where c f denotes the mass unit price of the fuel ($/kg); ˙ mfuel denotes the 
inlet fuel flow rate. Also, c CO 2 represents the punishment cost for a mass 
unit of CO 2 production ($/kg).

To evaluate the financial benefits of manufacturing diverse products 
(including electrical power and hydrogen), one can utilize the concept of 
levelized cost. Considering the production potential of different prod-
ucts as well as the corresponding units cost allows us to calculate the 
levelized cost of various products, as expressed by the two formulas that 
follow:

LCOE =
Ż GT + Ż RC + Ż ORC

Ẇ net, total
(12)

LCOH = 
(LCOE × Ẇ Elec ) + Ż PEME

˙ mH 2
(13)

where Ẇ Elec is delivered value of electricity to PEM.
The economic feasibility of the integrated multigeneration system is

evaluated using a Total Capital Recovery (TCR) approach based on the 
following assumptions and sources:

• Capital Costs (Z k ): The investment costs for major components, 
including the gas turbine, steam turbine, and heat exchangers, are 
derived from established cost functions indexed to the year 2025 
using the Chemical Engineering Plant Cost Index (CEPCI).

• Fuel and Electricity Pricing: The mass unit price for methane (c fuel ) is 
set at 0.3456 $/kg, while the benchmark for electricity (c electricity ) is 
0.161 $/kWh, reflecting average industrial rates.

• Environmental Penalties: A carbon tax or “punishment cost” (c CO 2 ) is 
integrated into the overall cost rate to quantify the economic benefit 
of the membrane separation unit and hydrogen blending.

• Financial Parameters: The economic model assumes a project life (n) 
of 20 years, an annual operating time (N) of 8000 h, and an interest 
rate (i) of 12%.

• Maintenance and Operation: A dimensionless maintenance factor (φ) 
of 1.06 is applied to the total capital cost to account for ongoing 
operational expenses.

By aggregating these factors, the model calculates the Levelized Cost 
of Electricity (LCOE) and Hydrogen (LCOH), providing a realistic esti-
mate of the system's commercial viability.

Table 5
Cost functions of each component of the subsystems [6].

Equipment Cost function ($) Original year – 
CEPCI index

Reference

Gas turbine 
package

11,000,000 1994 – 368.1 [37]

Heat exchanger Z HX1 = 2143×(A)0.514HX1
1994 – 368.1

[60]
Absorption 
chiller 

Z = 1144.3 × (Q eva ) 0.67 2015 – 556.8
[37]

SRC pump Z ORC,P = 200(Ẇ P ) 
0.65 2003 – 402

[61]
SRC condenser Z ORC,Con = 

516.62(A Eva ) 0.6
2010 – 550.8

[61]

SRC turbine Z ORC, = 4750(Ẇ T ) 
0.75 2003 – 402

[61]
Separator 50A 2015 – 556.8

[62–64]
PEME Z PEM = 1000Ẇ PEM 2012–––523

[67]

Table 6
Constant parameters of economic modeling [6].

Parameter Value Unit

n 20 Number of years 
N 8000 Number of hours 
Φ 1.06 Dimensionless
i 12 %
c fuel 0.3456 $/kg
c electricity 0.161 $/kWh

Cost at the year 2025 = Original cost × 

(
Cost index for the year 2025

Cost index for the year when the original cost was obtained 

)

(8)
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3.4. Optimization procedure

Optimization plays a crucial role in improving system performance, 
reducing resource consumption, and enabling more efficient and sus-
tainable solutions across engineering and scientific applications [65,66]. 
The mathematical model is utilized to calculate the system's key outputs, 
though not all of these are treated as objectives. The most critical out-
puts—total exergy efficiency, overall cost rate, and CO 2 emission 
reduction—are objective functions. Designing a system to operate under 
optimal conditions is essential in engineering, particularly in energy 
systems. Therefore, an optimization process is necessary to determine 
the ideal input parameters and outputs, providing engineers with a 
rationale for implementing such projects. The optimization approach is 
inspired by natural processes, such as genetic algorithms (GA), which 
aim to minimize the objective functions. Since genetic algorithms are 
rooted in evolutionary theory, the objective function values in the final 
generation are expected to be optimized. The optimization process was 
conducted using the GA toolbox in MATLAB software under specific 
assumptions and conditions outlined below as provided in Table 7. 

This study's objective functions are the hydrogen generation rate, 
total cost rate, and overall exergy efficiency. A genetic algorithm is 
employed for optimizing these objectives. The optimal solution, repre-
senting the most favorable values of the defined objective functions, will 
be identified utilizing the LINMAP method. LINMAP operates by 
calculating based on the objective functions’ normalized results. The 
procedure includes calculating the normalized functions and deter-
mining the optimal point for assessment. The steps of this process are 
demonstrated below [61,67]:

f⋆
i,j = 

f i,j
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ 
∑ N

i=1

( 
f i,j 
) 2

√ , j = 1, 2, 3 (13)

d i =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑ 3 

j=1

( 
f*i,j − f *ideal ,j 

) 2
√ 
√ 
√
√ (14)

where f*ideal,j and f
⋆
i,j denote ideal value and normalized value of each 

objective function, respectively. Also, the minimum distance between 
ideal values and optimal values of objective functions is determined by 
d i .

3.5. Model assumptions and practical limitations

While the mathematical framework provides a robust basis for sys-
tem evaluation, it is constructed under specific idealized conditions to 
ensure computational tractability. The following implications of these 
assumptions are acknowledged:

• Steady-State Operation: The system is modeled in a steady state, 
which does not account for transient behaviors during startup, 
shutdown, or rapid load fluctuations common in grid-interactive 
settings.

• Neglect of Friction and Pressure Losses: Although fixed percentage 
pressure drops are integrated into the combustion chamber (0.02%) 
and heat exchangers (0.05%), localized friction losses and complex 
fluid-dynamic variations are simplified.

• Ideal Heat Transfer: Variations in heat transfer efficiency due to 
fouling, scaling, or environmental changes are not considered, 
potentially leading to an overestimation of thermal recovery in the 
Rankine and absorption cycles.

• Material Aging and Degradation: The model does not incorporate 
performance degradation over time, such as membrane fouling in the 
CO 2 separator or catalyst deactivation in the PEM electrolyzer.

• Combustion Efficiency: The assumption of complete combustion 
provides an upper bound for energy output and CO 2 generation, 
though actual turbine operations may involve trace incomplete 
combustion products.

These assumptions are justifiable for a preliminary feasibility and 
optimization study; however, they may result in minor discrepancies 
compared to real-world industrial applications. Future research will 
focus on dynamic simulations and experimental validation to bridge the 
gap between this theoretical architecture and practical implementation.

4. Results and discussion

In the following section, we examine how each decision variable 
influences the model's outputs. Before this analysis, the model's solver, 
implemented as a MATLAB programming function, is verified against 
established and reliable studies for validation.

4.1. Model validation

The model solver generates multiple key outputs and independent 
variables. The core subsystems are validated using distinct functions 
that demonstrate the model's accuracy. Fig. 2 illustrates the validation of 
the ARC (a) and PEME (b) subsystems, with results clearly indicating 
strong agreement with established studies. Following this, the pro-
gramming scripts for each subsystem are combined to assess the primary 
outputs of the complete system. The resulting integrated, floating code 
can be applied to the full system or individual subsystems.

Since the entire system is new and cannot be found in similar studies, 
each subsystem is compared to the results of a valid study for validating 
the programming code. Gas turbine and RC subsystems have also been 
validated with similar studies in Table 8. All the errors for all subsystems 
are less than 10%, which is justifiable in engineering problems. So, the 
validated code is used for the entire system in different input conditions.

4.2. Parametric study

The validated model is employed to perform a parametric analysis by 
varying individual design parameters while holding all other inputs 
constant. Fig. 3 presents the influence of varying the mass flow rate of 
inlet air to the compressor on several key system outputs, including total 
net power, exergy efficiency, heating/cooling loads, levelized cost of 
electricity (LCOE), levelized cost of hydrogen (LCOH), and the CO 2 
reduction index, under both operational scenarios.

As the compressor’s inlet mass flow rate increases, the demand for 
fuel rises proportionally to maintain the energy balance in the com-
bustion chamber. This yields an increased output of power from gas 
turbine along with the downstream Rankine cycle, thereby increasing 
the system’s total net power generation. However, since both input and 
output exergy scale proportionally with the increased flow rate, the 
overall exergy efficiency remains nearly constant across the tested

Table 7
Optimization parameters and assumptions.

Parameter Values / Features

Training data numbers 600
Test data numbers 200
Validation data numbers 200
Hidden layers numbers 3
Hidden neurons
numbers

4

Maximum iteration 10,000
Initial bias and weights Random values
Validation checks 10
Learning method Levenberg-Marquardt Back Propagation 
Activation function LogSigmoid (Hidden) and linear transfer function 

(Output)
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range. In Scenario B (with ARC), the additional power also increases the 
electricity provided for the PEM electrolyzer, enhancing the rate of 
hydrogen generation. Moreover, the augmented waste heat availability 
supports a higher cooling load in the absorption refrigeration cycle. 

The linear increase in net electricity and thermal loads with rising air 
mass flow rate is fundamentally driven by the working fluid's increased 
energy density. As the compressor processes a greater mass of air, the 
total enthalpy of the fluid entering the combustion chamber increases, 
requiring a proportional rise in fuel input to reach the target turbine 
inlet temperature. This results in a higher expansion work potential in 
the gas turbine and a greater availability of high-enthalpy exhaust gases 
for the downstream Heat Recovery Steam Generator (HRSG). The sta-
bility of the overall exergy efficiency, despite these gains, occurs because 
the exergy of the increased fuel and air inputs scales at the same rate as 
the produced power and chemical exergy of the hydrogen.

Fig. 4 illustrates the impact of varying the pressure ratio of 
compressor on key system operational indicators, with the upper panels 
representing Scenario A (without ARC) and the lower panels corre-
sponding to Scenario B (with ARC). Increasing the pressure ratio results 
in enhanced isentropic efficiency during the compression process, which 
improves the thermal efficiency of the Brayton cycle and, consequently, 
enhances total net power output. As a result, the system's total exergetic 
efficiency increases as the pressure ratio rises.

However, as more energy is extracted in the high-pressure gas tur-
bine stage, less thermal energy is available downstream for the ab-
sorption refrigeration cycle (ARC) and the steam Rankine cycle (SRC). 
This reduction in waste heat leads to a decline in both heating load 
(Scenario A) and cooling load (Scenario B). At the same time, reduced 
availability of electricity to the PEM electrolyzer results in a drop in 
hydrogen production, particularly in the high-pressure regime. Notably, 
the rate of hydrogen reduction surpasses the marginal savings in fuel 
consumption, resulting in an elevation of the levelized cost of hydrogen 
(LCOH).

Increasing the compressor pressure ratio enhances the isentropic 
efficiency of the Brayton cycle by expanding the temperature differential

across which the gas turbine operates, leading to the observed rise in net 
electrical output and exergetic efficiency. Physically, however, this 
higher expansion in the turbine results in a lower turbine outlet tem-
perature (TOT). This “thermal depletion” of the exhaust gas reduces the 
quality of the heat available to the bottoming Steam Rankine Cycle 
(SRC) and the Absorption Refrigeration Cycle (ARC), resulting in a 
precipitous drop in heating and cooling loads. Furthermore, the reduc-
tion in hydrogen production at higher pressures is due to diminished 
thermal energy recovery in the SRC, which limits the surplus electricity 
available to the PEM electrolyzer.

The effect of the steam Rankine cycle (SRC) turbine inlet pressure on 
the system’s primary performance metrics is illustrated in Fig. 5 under 
both operational scenarios. In Scenario A (without ARC), increasing the 
turbine inlet pressure leads to a reduction in the mass flow rate through 
the SRC due to thermodynamic constraints, which slightly decreases the 
turbine’s power output. However, this increase in inlet pressure en-
hances the temperature gradient across the condenser, enabling more 
effective heat recovery. As a result, additional electricity is made 
available to the PEM electrolyzer, increasing the hydrogen generation 
rate and reducing the levelized cost of hydrogen (LCOH).

The higher hydrogen yield enriches the fuel blend supplied to the gas 
turbine, displacing a portion of the methane and leading to a corre-
sponding reduction in CO 2 emissions. This reduction contributes posi-
tively to the CO 2 mitigation index. Moreover, since exergy output is 
partially attributed to hydrogen production and, in Scenario B, to 
cooling load as well, the system exhibits an enhancement in exergy ef-
ficiency despite a marginal reduction in net generated electricity in 
Scenario A.

In Scenario B (with ARC), a similar trend is observed in hydrogen 
production; however, the gains in cooling capacity from the ARC are 
modest compared to the drop in net power output. Consequently, the 
improvement in overall exergy efficiency is limited, and in some cases, 
offset entirely. The LCOE experiences a mild reduction in both scenarios 
due to marginal shifts in power output and fuel demands. Overall, these 
results emphasize the importance of turbine inlet pressure as a critical 
control variable, particularly in balancing hydrogen output, exergy ef-
ficiency, and fuel substitution effects within the integrated system. 

The increase in hydrogen production and CO 2 reduction with 
increasing SRC turbine inlet pressure is driven by improved thermal-to-
electric conversion efficiency in the Rankine cycle. Higher inlet pres-
sures increase the enthalpy drop across the steam turbine and, more 
importantly, optimize the temperature gradient within the condenser. 
This enables more effective low-grade heat recovery, resulting in 
increased power supply to the PEM electrolyzer. The subsequent rise in 
the hydrogen-to-methane ratio increases the chemical exergy of the fuel 
blend, displacing carbon-heavy methane and leading to the observed

Fig. 2. Model validation for three main subsystems. Validation for (a) absorption chiller [38] and (b) PEM electrolyzer.

Table 8
Results of validation for RC and GT subsystems.

RC Parameter Yari [68] Current study Error (%) 
η ex (%) 49.06 49.76 1.41
Power (kJ/kg) 50.38 50.6 0.43

GT Parameter Moghimi et al. [36] Current study Error (%) 
η ex (%) 32 33.12 3.5
Power (MW) 37.25 37.92 1.77
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improvement in the CO 2 mitigation index.
Fig. 6 presents the effect of the temperature differential between the 

CO 2 separation unit and the heat exchanger on key system outputs. This 
temperature difference is a critical control parameter that reflects the 
thermal driving force available for heat recovery in the Rankine cycle 
(RC) and is influenced by factors such as heat exchanger effectiveness, 
flue gas flow rate, and constraints on turbine outlet temperature. In this 
analysis, the differential temperature was adjusted from 130 ◦ C to 
170 ◦ C to evaluate the impact on system performance.

As the temperature differential increases, a smaller fraction of ther-
mal energy is extracted by the RC, resulting in reduced steam generation 
and, consequently, a decline in power output from the RC turbine. This 
degradation in energy recovery directly reduces the total net power 
output of the system. In Scenario B (with ARC), the lower heat recovery 
also limits the thermal energy available to drive the absorption refrig-
eration cycle, leading to a decrease in cooling capacity. Simultaneously, 
less electricity is provided for the PEM electrolyzer, reducing hydrogen 
output and increasing the levelized cost of hydrogen (LCOH). These 
combined effects contribute to a measurable decline in exergy effi-
ciency, as both power and hydrogen outputs diminish while input

exergy remains largely unchanged.
The temperature differential across the heat exchanger-separator 

interface serves as a proxy for the system's “thermal dead weight”. A 
higher differential indicates that a significant portion of the exhaust gas's 
thermal energy is bypassing the recovery stages and being released into 
the atmosphere or the CO 2 separation unit prematurely. This lack of 
effective heat exchange reduces the steam generation rate in the SRC, 
which cascades throughout the system, decreasing both turbine power 
and the energy available to the ARC and PEM subsystems. The resulting 
decline in exergy efficiency and the rise in LCOE are physical conse-
quences of increased entropy generation in the heat-exchange process, 
where the driving force (temperature difference) is not effectively uti-
lized for work.

Beyond steady-state performance, the system’s controllability under 
part-load operation is a critical factor for grid integration. In scenarios 
where power demand fluctuates, the GT would likely serve as the pri-
mary control element, with the bottoming SRC and PEM electrolyzer 
adjusting their throughput accordingly. However, maintaining high 
exergetic efficiency at part load remains a challenge, as reduced mass 
flow rates can lead to off-design performance in heat exchangers and in

Fig. 3. The impact of compressor inlet air mass flow rate on the system's performance.
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the absorption refrigeration cycle.
Potential challenges and limitations include the high capital cost of 

the PEM electrolyzer and the complexity of managing a hydrogen-
methane fuel blend with varying compositions. Additionally, the 
membrane-based CO 2 separator requires precise thermal management 
to avoid performance degradation. Future research should explore dy-
namic simulation models to evaluate transient response times and the 
integration of advanced control systems—such as model predictive 
control (MPC)—to stabilize the multigeneration outputs during variable 
load conditions.

4.3. Economic feasibility and practical implications

The economic viability of the proposed integrated system is evalu-
ated through the lens of the Levelized Cost of Electricity (LCOE) and the 
Levelized Cost of Hydrogen (LCOH), alongside the total cost rate. At the 
optimal point for Scenario B (with ARC), the LCOE was 6.9 cents/kWh, 
which remains competitive with current global benchmarks for inte-
grated gas-steam power plants. Conversely, Scenario A (without ARC) 
yields a higher LCOE of 8 cents/kWh due to the shift in energy allocation

toward heating and enhanced hydrogen production. The cost of 
hydrogen production (LCOH) presents a significant trade-off between 
the two scenarios. In Scenario A, the LCOH is optimized at $1.8/kg, 
benefiting from higher hydrogen yields (150 kg/h) and a superior 
hydrogen-to-methane blending ratio of 0.068. This value aligns with the 
targets for “green” and “blue” hydrogen production costs required for 
industrial-scale adoption. In contrast, the ARC-equipped scenario results 
in an LCOH of $3.5/kg. While this is higher, it is offset by the generation 
of 18,000 kW of cooling load, which provides an additional revenue 
stream and utility in tropical or industrial cooling applications. Practical 
economic feasibility is further enhanced by the CO 2 separation unit. 
While the unit adds to capital expenditure ($50 per unit area), it 
significantly reduces environmental penalty costs (c CO 2 ). The results 
indicate that integrating hydrogen blending with carbon capture can 
reduce the net carbon footprint by over 60% compared to standalone gas 
turbine systems. These findings suggest that while the initial investment 
for such a complex multigeneration plant is higher than traditional 
systems, the long-term economic benefits—driven by fuel savings from 

hydrogen blending, carbon tax mitigation, and the sale of multiple en-
ergy streams—support its implementation in decarbonizing power

Fig. 4. The impact of compressor pressure ratio on the system's outputs.
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sectors.

4.4. Optimization results

A multi-objective optimization process was undertaken to identify 
the optimal functionality of the framework across three key objectives: 
overall exergy efficiency, total cost rate, and CO 2 reduction. Also, de-
cision variables are: the inlet pressure of the RC turbine, the pressure 
ratio in the GT compressor, the air mass flow rate, and the middle 
temperature. Constraints in this problem include material limitations on 
high-temperature resistance, challenges in matching the working pres-
sure/temperature of the steam turbine to those of the steam generator, 
and limitations on the air-to-fuel ratio in the combustion chamber. This 
analysis encompassed both operational scenarios to assess the system's 
behavior comprehensively. The optimization algorithm employed was 
Genetic Algorithm (GA) with an iterative approach until the predefined 
convergence criteria (tolerance of 10 -4 ) were satisfied. Also, the muta-
tion and crossover fractions are 0.2 and 0.8, respectively. Convergence 
was achieved after 100 generations, indicating the algorithm had sta-
bilized and identified a satisfactory solution space. The final generation

comprised a population of 300 gene solutions. Each gene within this 
population was characterized by 105 distinct values for each objective 
function (exergy efficiency, cost rate, and CO 2 reduction) and 105 cor-
responding values for each decision variable. This representation cap-
tures a diverse set of potential operating points, allowing for a thorough 
exploration of the Pareto front and identifying trade-offs between the 
competing objectives.

Utilizing the LINMAP method [37], the best/optimal point was 
calculated among these 105 points for all objective functions and the 
corresponding values for decision variables. Fig. 7 (a) displays the three-
dimensional Pareto frontier diagram for the scenario without ARC, 
while Fig. 7 (b) illustrates the Pareto frontier diagram for Scenario B, 
which includes ARC. These diagrams present four subplots: the top left 
indicates the three-dimensional representation, the top right showcases 
the overall cost rate in relation to exergetic efficiency, the bottom left 
displays the exergetic efficiency against CO 2 reduction, and the bottom 

right displays the total cost rate versus CO 2 reduction.
Table 9 presents the optimal decision variables and main outputs and 

compares the two scenarios. In the scenario with ARC, the system's mass 
flow is slightly higher than in the scenario without ARC. Additionally,

Fig. 5. The impact of the inlet pressure of the RC turbine on the main outputs of the system.
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the compressor pressure ratio in the ARC scenario is 9.4, greater than in 
the scenario without ARC. In the case of ARC, the effectiveness, pressure 
inlet in the SRC turbine, and mid-temperature values are also higher. 

Both scenarios demonstrate similar net output power and net in-
come. However, the scenario with ARC generates a cooling load, 
whereas the scenario without ARC does not. Conversely, more hydrogen 
is produced in the scenario without ARC, resulting in a significantly 
higher hydrogen-to-methane ratio than the ARC scenario. The produced 
hydrogen in the scenario without ARC possesses substantial exergy, 
resulting in a significantly higher exergy efficiency and CO 2 reduction 
percentage than compared to the ARC scenario. However, the overall 
cost rate for the scenario without ARC surpasses that of the scenario with 
ARC.

Table 9 also includes the reported LCOE and LCOH values. The 
scenario with ARC requires fewer dollars for electricity production than 
without ARC. Conversely, less money is needed for hydrogen production 
in the scenario without ARC.

A comparative assessment of the two operational scenarios reveals a 
clear thermodynamic and economic trade-off between chemical energy 
production and thermal utility. In Scenario A, prioritizing heating

results in a higher hydrogen production rate of 150 kg/h and a 
hydrogen-to-methane blending ratio of 0.068, significantly increasing 
the system's exergy efficiency to 71%. Conversely, integrating the ARC 
in Scenario B shifts energy allocation to provide a substantial 18,000 kW 

of cooling capacity. This shift, however, results in a reduction of the 
hydrogen-to-methane ratio to 0.013 and a lower exergetic efficiency of 
56%. Economically, while Scenario B offers a more competitive LCOE of 
6.9 cents/kWh, the LCOH rises to $3.5/kg, nearly double the $1.8/kg 
achieved in Scenario A. These results indicate that the system's config-
uration should be selected based on whether the primary objective is 
deep decarbonization via hydrogen or meeting high-demand industrial 
cooling requirements.

Fig. 8 visually represents the population distribution in the final 
generation of the optimization process for the ARC-less scenario. This 
figure substantially illustrates the focal point of optimization for each 
decision variable, highlighting the concentration of most of the 
population.

Fig. 9 compares outcomes between the two scenarios and a single gas 
turbine power plant, using the following baseline: a single gas turbine is 
assumed to operate under the same conditions as the current

Fig. 6. Impact of the temperature between the heat exchanger and the separator on the system's primary outputs.
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unoptimized system, including inlet air and pressure ratio. It illustrates 
that the single power plant emits more CO 2 than in these scenarios due 
to their carbon capture and hydrogen blending methods. The separator 
captures and stores approximately one-third of the amount of CO 2 being 
produced. Hydrogen blending can directly affect the amount of CO 2

produced due to less fossil fuel consumption.
As depicted in Fig. 9, the system without ARC performs best, 

generating more power and achieving much higher exergy efficiency 
than the two cases at the optimum point. Its CO 2 emissions are lower 
than those of the GT power plant without a separation unit, and the

Fig. 7. (a) Pareto frontier results for Scenario A (without ARC). (b) Pareto frontier results for scenario B (with ARC).
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system with ARC has a lower emission rate due to the hydrogen gen-
eration rate. However, the cost rate at the system's optimum point 
without ARC is slightly higher due to higher fuel consumption. To have a 
better view of exergy destruction, Table 10 has been provided.

While Scenario A is limited to providing a heating load of 24,000 kW, 
the transition to Scenario B allows the plant to meet high-demand 
refrigeration or air-conditioning requirements in industrial or tropical 
settings. Although this integration results in a slight reduction in the 
hydrogen-to-methane blending ratio (0.013 compared to 0.068 in Sce-
nario A), it offers a critical functional benefit for multi-generational 
applications where cooling is a primary utility. This trade-off is 
further reflected in the exergetic efficiency, which remains high at 56% 

for the ARC-enabled configuration.
The performance of the proposed integrated system demonstrates a 

significant advancement over conventional and previously studied 
configurations. While standalone gas turbine (GT) systems typically 
achieve exergetic efficiencies of 32% to 33%, the current framework 
achieves superior efficiencies of 71% in Scenario A and 56% in Scenario 
B. This improvement is primarily attributed to the synergistic integra-
tion of the Steam Rankine Cycle (SRC), PEM electrolyzer, and thermo-
electric generators (TEGs) for cascading waste heat recovery. 

Compared to recent studies on CCHP systems that achieved exergy 
efficiencies of approximately 57.87%, our architecture provides a more 
versatile output stream by incorporating hydrogen blending and 
membrane-based CO 2 separation. Specifically, the ability to reduce CO 2

emissions by up to 3.9% while simultaneously producing 150 kg/h of 
hydrogen at a levelized cost of 1.8 $/kg highlights the environmental 
and economic competitiveness of this design. Unlike prior works that 
focused on single-utility recovery, this study offers a modular solution 
that balances high-grade power generation with diverse thermal and 
chemical products, marking a significant contribution toward the 
development of net-zero distributed energy systems.

The development and optimization of this multigeneration frame-
work posed several technical challenges, particularly in integrating 
subsystems with vastly different operating regimes. Balancing the high-
pressure requirements of the gas turbine with the low-grade heat re-
covery needs of the absorption refrigeration cycle and the PEM elec-
trolyzer required precise thermal matching to avoid excessive entropy 
generation. Additionally, modeling the membrane-based CO 2 separation 
unit downstream of the recovery stages involved managing low-pressure 
flue gases while maintaining high capture selectivity.

Despite these hurdles, the study highlights several innovative 
methods:

• Integrated 4E-GA Framework: The use of a multi-objective GA 
coupled with a neural network surrogate model allowed for the 
simultaneous optimization of energy, exergy, economic, and envi-
ronmental metrics, significantly accelerating convergence compared 
to traditional iterative methods.

• Synergistic Hydrogen Blending: Unlike conventional carbon cap-
ture studies, this work utilizes hydrogen produced on-site to enrich 
the methane fuel, achieving a dual benefit of lower carbon intensity 
at the source and post-combustion capture at the stack.

• Scenario-Based Versatility: The methodological approach of 
comparing “Heating-Hydrogen” (Scenario A) and “Cooling-
Hydrogen” (Scenario B) configurations provides a novel decision-
making roadmap for tailoring multigeneration plants to specific 
regional climate demands.

4.5. Analysis of CO 2 reduction sources

The total CO 2 reduction achieved by the integrated system is a cu-
mulative result of two distinct mechanisms: pre-combustion fuel sub-
stitution and post-combustion carbon capture. At the optimal operating 
point (Scenario A), the system achieves a total CO 2 reduction of 3.9%. 
This reduction is broken down as follows:

• Hydrogen Blending (Fuel Substitution): By utilizing the PEM 

electrolyzer to produce hydrogen, which is then blended with 
methane at a ratio of 0.068, a portion of the fossil fuel input is 
directly displaced. This reduces the combustion process's carbon 
intensity at the source.

Fig. 7. (continued).

Table 9 
Optimization results.

Parameter Value
Optimum Design Parameters Scenario With ARC Scenario without ARC

RC's turbine inlet pressure (kPa) 7000 6000
Compressor pressure ratio 9.5 9
Air mass flow rate (kg/s) 62.5 60
Middle temperature (K) 418.5 403.5

System performance ​
Total net power (kW) 35,887 35,483
Hydrogen to methane ratio (− ) 0.013 0.068
Cooling load (kW) 18,000 −

Heating Load (kW) − 24,000
Hydrogen production rate (kg/h) 160 150
LCOE (cent/kWh) 6.9 8
LCOH ($/kg) 3.5 1.8

Objective functions ​
CO 2 emission reduction (%) 1.4 3.9
Overall cost rate ($/h) 2486 2845
Exergy efficiency (%) 56 71
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• Membrane Separation (Direct Capture): After the exhaust gases 
pass through the thermal recovery stages, the CO 2 separation unit 
physically filters the flue gas. The separator can capture approxi-
mately one-third of the CO 2 generated during the process.

• Efficiency Gains: The integration of the bottoming Steam Rankine 
Cycle (SRC) and low-grade heat recovery via TEGs increases the total 
net power to 35,483 kW, thereby reducing the specific CO 2 emissions 
per unit of electricity generated compared to a standalone gas 
turbine.

These combined strategies enable the system to significantly 
outperform conventional power plants, which emit higher levels of CO 2 
because they lack capture units and fuel blending capabilities.

The proposed system offers several advantages, most notably the 
high exergetic efficiency of 71% achieved through the synergistic inte-
gration of hydrogen blending and cascading waste heat recovery. The 
dual-stage decarbonization strategy—utilizing both pre-combustion H 2 
blending and post-combustion membrane separation—represents a 
robust approach to emissions mitigation. Furthermore, the scenario-
based flexibility allows the plant to adapt to varying thermal de-
mands, providing either 24,000 kW of heating or 18,000 kW of cooling. 

However, certain disadvantages must be acknowledged. The system's 
complexity, involving five distinct subsystems, results in a high initial 
capital cost and an overall cost rate of 2,845 $/h in the optimal heating 
scenario. Additionally, reliance on a PEM electrolyzer results in a high 
Levelized Cost of Hydrogen (1.8–3.5 $/kg) and increases the system's 
sensitivity to electricity price fluctuations. Finally, the current steady-
state model does not account for the challenges of part-load controlla-
bility and component degradation over time as provided in Table 11.

5. Conclusion

This research proposed and evaluated an integrated multigeneration 
energy framework that combines power generation, hydrogen produc-
tion, and carbon capture within a unified thermodynamic and economic 
framework. Two operational scenarios were examined: one featuring an 
absorption refrigeration cycle (ARC) to produce cooling, and another 
without ARC that channels thermal energy toward heating and 
enhanced hydrogen output. A comprehensive thermodynamic model, 
validated against existing studies, was established to replicate the sys-
tem’s behavior. A genetic algorithm coupled with a neural network 
surrogate model was used to optimize operating conditions for CO 2 
reduction, overall cost rate, and exergetic efficacy.

The findings demonstrate that increasing the air mass flow rate to the 
gas turbine significantly improves power generation and hydrogen 
production while maintaining exergy efficiency, as reflected in propor-
tional increases in input and output exergy. Varying the compressor 
pressure ratio enhances thermodynamic performance but reduces 
hydrogen output and CO 2 reduction. Similarly, increasing the Rankine 
cycle’s turbine inlet pressure promotes hydrogen production and lowers 
emissions, while higher temperature differentials in the heat exchanger-
separator interface result in greater energy losses, reducing overall 
system performance.

At the optimal point, the scenario without ARC achieved an exergetic 
efficiency of 71% and a CO 2 reduction rate of 3.9%, though it incurred a 
slightly higher total cost rate. Conversely, the ARC-equipped scenario 
offered valuable cooling capacity and a lower LCOE, but at the cost of 
reduced hydrogen production. Compared to a standalone gas turbine 
system, both configurations demonstrated significant improvements in 
energy utilization and emissions mitigation, with the integrated CO 2

Fig. 8. Population distribution for each decision variable (Without ARC scenario).
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capture and hydrogen blending strategies contributing to over 60% 

reduction in net carbon footprint.
Overall, this work demonstrates the technical and environmental 

viability of a modular, multi-output energy system that can be tailored 
to varying thermal demands and decarbonization targets. The proposed 
architecture offers a pathway toward cleaner distributed energy solu-
tions and can be adapted for diverse applications in urban, industrial, 
and grid-interactive settings. Future work will explore dynamic opera-
tion under variable load conditions and the integration of renewable 
energy sources to further enhance system flexibility and sustainability. 

The proposed integrated multigeneration framework is highly

applicable to decentralized energy hubs and industrial complexes 
seeking to transition toward net-zero operations. Due to its modular 
design, the system is particularly well-suited for:

• Industrial Districts: Where high-grade electricity can power 
manufacturing while the 18,000 kW cooling load or 24,000 kW 

heating load meets process-specific thermal requirements.
• Remote or Islanded Grids: Where on-site hydrogen production (150 
kg/h) provides critical energy storage and fuel flexibility, reducing 
reliance on imported fossil fuels.

• Urban CCHP Hubs: Where the membrane-based CO 2 separation unit 
can be utilized to meet stringent municipal emission standards while 
providing district heating or cooling.

These diverse application scenarios demonstrate the system's

Fig. 9. Comparison between the main outputs of a single GT, scenario A, and scenario B.

Table 10
Exergy destruction at different components.

Component Exergy destruction for each component (kW)

Air compressor 4200
Combustion chamber 13,600
Gas turbine 3900
Heat exchanger/SRC Evaporator 2600
SRC turbine 1500
SRC condenser 1400
SRC pump 800
Steam generator 3000
Absorber 1000
ARC condenser 850
ARC evaporator 760
Refrigerant expansion valve 200
Solution expansion valve 230
Solution pump 430

Table 11
Comparison between current study results and several studies in the literature 
[6,22,48].

Study System
Configuration

η ex
(%)

CO 2 
Reduction

Main
Product(s)

Maheshwari 
et al. 

GT + SRC + ORC 57.87 − Power

Mahmoodi 
et al.

CCHP + Greenhouse − ✓ Power, 
Cooling, CO 2

Yari Geothermal RC 49.06 − Power
Present Study GT + SRC + ARC +

PEME + SEP
71 3.90% Power, H 2 ,

Cooling, CO 2
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potential as a scalable solution for sustainable, distributed energy 
generation.

While the current study establishes a robust theoretical and technical 
framework for the integrated multigeneration system, it serves as a 
critical baseline for further practical validation. Future research will 
focus on addressing operational feasibility through dynamic simulation 
to evaluate system behavior under transient load conditions. Addition-
ally, experimental pilot-scale studies are necessary to validate the long-
term durability of the CO 2 separation membranes and the PEM elec-
trolyzer under a hydrogen-blended fuel environment. Further optimi-
zation could also incorporate renewable energy sources, such as solar or 
wind, to enhance system flexibility and accelerate the transition toward 
a net-zero energy infrastructure.
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