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Abstract

This study examines a sustainable energy framework designed for hydro-
gen production. It includes various components like a geothermal energy
module, a Claude cycle system for hydrogen liquefaction, and a modified
organic Rankine cycle. A detailed investigation into its operational features
is conducted across various aspects, with its energy conversion efficiency
measured using key performance indicators. The assessment of operational
effectiveness was based on factors such as energy yield, exergy utilization,
and economic considerations. A sensitivity analysis assesses how changes
in operation affect performance. A dual-objective genetic algorithm with
the TOPSIS method enhances the hydrogen production infrastructure. The
system achieves an energy conversion efficiency of 45% and exergy efficiency
of 53%, producing 4.88 kg of hydrogen per hour and 1,425 kW of power,
with operational costs of $37.16 per hour. The Levelized Cost of Energy is
19.8 cents per kWh, while the Levelized Cost of Hydrogen is 24.39 $/kg.
The energy needed for hydrogen liquefaction is reduced through a two-stage
thermal management strategy.
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1 Introduction

The growth of cities and the increasing need for energy
have led experts to focus on creating reliable energy
solutions. Discussions on energy efficiency must con-
sider cost and environmental care [1]. Combined Heat
and Power (CHP) systems, or cogeneration, are impor-
tant in decentralized energy production. They produce
multiple types of useful energy from one fuel source, im-
proving efficiency and reducing fuel use and pollution.
Current methods waste much energy as low-grade heat,
making it vital to recover these resources for better
overall efficiency [2]. There is a strong need for energy
optimization and sustainable energy due to limited fos-
sil fuels and environmental harm. Combined heat and
power (CHP) technology effectively meets energy de-
mands and offers financial benefits [3]. Efficiency is
crucial due to the rising costs of fossil fuels, their lim-
ited availability, and environmental issues. Adopting
alternative energy, especially renewables like geother-
mal energy, is vital for stable power from the Earth’s
heat. Geothermal energy is useful for heating, cooling,
drying, and distillation, depending on source charac-
teristics [4]. The Earth contains a vast, hidden en-
ergy source from the sun, known as geothermal energy,
which can meet current and future energy needs if ac-
cessed correctly [5].

Geothermal energy comes from the heat inside the
Earth, with temperatures increasing as depth increases.
Heat moves from hot areas to cooler ones, leading to
high-temperature reservoirs in certain geological zones
that can be used for energy [6]. This approach gen-
erates energy without fuel, similar to wind and solar
power, helping to save fossil resources and keep the air
clean. The environmental impact of geothermal en-
ergy is now very low due to re-injecting fluids back
into the earth. These facilities take up less land and
avoid many problems other energy sources face. They
operate continuously, even in tough conditions [7]. Hy-
drogen is emerging as a highly advantageous energy
transfer medium due to its storage versatility, high en-
ergy density, and zero emissions when combusted. It
holds potential for various applications, including ve-
hicle propulsion, heating, and decentralized electricity
generation, especially in remote areas. Economically
and logistically, hydrogen may be more appealing than
traditional electrical power, fueling research for its inte-
gration into societal energy needs [8]. Hydrogen, a sus-
tainable alternative to fossil fuels, faces challenges due
to low volumetric density, complicating transport and
storage. Liquefaction is key for enhancing its energy
density. Supported by advancements in fuel cell tech-
nology, hydrogen’s role in renewable energy systems as

a clean and enduring power source is increasingly rec-
ognized [9, 10].

A groundbreaking liquid hydrogen generation ap-
paratus was unveiled by Bi et al. [11], who then con-
trasted its operational metrics with predecessor de-
signs. They evaluated its inherent thermodynamic im-
perfections by quantifying the exergy detriment asso-
ciated with each distinct section of the system. This
new development recorded an 18% performance fac-
tor and a 54% exergy efficiency. The study conducted
by Kaykha and colleagues [12] centered on refining
a geothermal infrastructure that incorporated organic
Rankine cycles, dual-stage and dual-pressure evapora-
tion practices, and zeotropic fluid mixtures. Their sub-
sequent analysis demonstrated that the most substan-
tial systemic energy hemorrhage originated from the
steam turbine and its corresponding expansion valve,
rendering them the greatest sources of wasted power.
Separately, Cao et al. [13] engineered a synergistic sys-
tem combining solar and geothermal energy, strategi-
cally designed to meet the power requirements of urban
environments and decrease running costs by exporting
excess electricity back to the main utility grid.

Mehrpoya et al. [14] devised an innovative approach
for the simultaneous liquefaction of both hydrogen and
natural gas. Their proposed system featured a distinc-
tive configuration employing a multi-component refrig-
erant, achieving an exergy efficiency of 0.24 and a coeffi-
cient of performance (COP) of 62.54%. Separately, Zoo
et al. [15] explored coupling a wind-powered cogenera-
tion system with a hydrogen generation facility. They
reported that incorporating larger wind turbines led to
enhanced economic outcomes, superior energy utiliza-
tion, and a diminished carbon dioxide footprint. Siam
et al. [16] engineered a substantial, large-scale system
incorporating a cloud cycle and a nitrogen pre-cooling
unit. This design, powered by three 130 MW isobu-
tane power plants, demonstrated a daily production
capacity of 335 metric tons and significantly reduced
the specific electricity consumption during liquefaction
by 6.41 kWh/kg. Separately, Nouri et al. [17] unveiled
a system capable of simultaneously producing liquid
hydrogen and carbon dioxide. Leveraging photovoltaic
and electrolysis technologies, their setup achieved an
hourly output of 3.3 kg of liquid hydrogen and 10.4 kg
of liquid carbon dioxide. Studies focused on enhancing
cryogenic processes have yielded several key findings.

Ho Myung et al. [18], for instance, focused their
research on a specialized liquefaction configuration,
finding that incorporating a Liquefied Natural Gas
(LNG) cooling module improved the overall opera-
tional efficacy of the system. Extending this area of
research, Teknat and colleagues [19] provided evidence
that replacing conventional nitrogen with LNG dur-
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ing the hydrogen precooling sequence generates sub-
stantially greater efficiency within the observed archi-
tecture. Their findings specified compelling thermo-
dynamic results: the studied system attained an en-
ergy efficiency of 51.53%, alongside an exergy efficiency
of 59.17%. This drive toward highly optimized, ad-
vanced power systems is essential in the current cli-
mate, spurred by both the escalation of energy expen-
ditures globally and the pressing environmental man-
date to mitigate global warming through solutions that
maximize efficiency and drastically curtail emissions.
Given the constrained availability of sustainable power,
methodologies involving the integration of distinct en-
ergy systems have been explored specifically for the
purpose of reclaiming thermal energy that would other-
wise be discarded. This particular investigation focuses
on utilizing the residual heat discharged by an adapted
Rankine power cycle – which acts as the foundational
energy structure – to drive the synthesis of hydrogen.
This strategy is highly effective because the temper-
ature characteristics of the Rankine system’s exiting
streams are optimally matched to the thermal input
requirements of the downstream hydrogen generation
process. Harnessing a single process to yield multi-
ple valuable outputs simultaneously offers significant
advantages, proving economically sound, energetically
efficient, and broadly effective.

Acknowledging the extensive prior advancements in
system design, this research introduces a novel inte-
grated thermodynamic cycle. This innovative frame-
work is specifically engineered for the parallel genera-
tion of both electrical power and hydrogen. Its founda-
tional structure modifies a conventional Rankine sys-
tem, with the key distinction and original contribu-
tion of this study being the seamless incorporation of
a Proton Exchange Membrane (PEM) electrolyzer and
a dedicated Claude liquefaction system for hydrogen.
The core purpose of this investigation is to thoroughly
analyze the entire system from both a thermodynamic
and thermoeconomic perspective. This will be accom-
plished using the EES software, alongside a compre-
hensive parametric investigation. A novel advancement
aimed at mitigating environmental impacts involves the
seamless integration of a PEM electrolyzer, which cap-
italizes on the surplus thermal energy from a modified
Rankine system to simultaneously generate both elec-
tricity and hydrogen.

2 System Description

Detailed in Figure 1 is the conceptual layout of the
geothermal energy system central to this study. Its op-
erational architecture brings together a hydrogen liq-
uefaction Claude cycle, an absorption precooling cy-

cle, a modified organic Rankine cycle, a geothermal
power unit for energy provision, and an electrolyzer
for generating hydrogen through water electrolysis. To
achieve superior operational effectiveness, the config-
uration of the Organic Rankine Cycle (ORC) appa-
ratus was significantly upgraded through the simulta-
neous integration of an internal thermal recovery unit
and a generator linked to a steam-fed heat exchange
mechanism. These modifications function alongside the
foundational machinery of the system: the expander,
the vaporizer, the heat sink, and the fluid pressurizer.
Immediately after the high-temperature subterranean
working fluid exits the pressure-regulating throttling
device, it is directed onward into the separation cham-
ber.

Steam is directed to Turbine 1, whereas the liquid
phase is handled by the Organic Rankine Cycle (ORC)
heat exchanger. This ORC employs a fluid with a low
boiling point, enabling its evaporator to produce vapor
for Turbine 2 from modest heat sources. After pass-
ing through Turbine 2, the working fluid is cooled and
liquefied in Condenser 2, then returned to the system
by the pump. Operational efficacy is boosted within
the Organic Rankine Cycle (ORC) by integrating an
internal heat recovery unit. This regenerator works to
minimize thermal dissipation typically occurring in the
condenser by channeling the waste heat from the tur-
bine’s exhaust to preheat the pressurized working fluid
exiting the pump. Concurrently, the output stream
generated by Turbine 1 supplies the input flow to the
electrolyzer.

The overall process initiates with a single-effect ab-
sorption chiller subjecting the electrolytic hydrogen to
preliminary cooling, a tactical step that dramatically
curtails the subsequent energetic requirements neces-
sary for conversion into liquid form. Submitting to a
Claude cycle compressor, the hydrogen is subsequently
divided into two distinct streams. The initial stream
undergoes cooling within Heat Exchanger 1, which em-
ploys chilled vapor sourced from a separator. Simul-
taneously, Heat Exchanger 2 leverages nitrogen gas
to cool the second, parallel hydrogen stream. These
two flows then converge before proceeding into a pre-
cooler, which is immersed in a bath of liquid nitrogen.
Further thermal reduction is achieved in an additional
heat exchanger using separator-derived vapor, preced-
ing the hydrogen’s departure from the system. Once
separated from its gaseous phase, the produced liquid
hydrogen is then meticulously stored in a reservoir.
The essential energy input for this system is drawn
from a subterranean geothermal facility, which extracts
thermal energy stored within the Earth’s crust. Sys-
tem efficiency is significantly boosted through an in-
tegrated steam thermal exchange unit that recovers
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excess waste heat, optimizing the performance of the
adapted Rankine thermodynamic circuit. The result-
ing process generates gaseous dihydrogen and dioxy-
gen via Proton Exchange Membrane (PEM) electro-
chemical decomposition of water. An Organic Rankine
Cycle (ORC) generator delivers the requisite consis-
tent and carbon-neutral electrical current that pow-
ers the electrolysis, thereby facilitating the sustained
and environmentally sound production of hydrogen.
Following this, a Claude refrigeration process is em-
ployed to convert the gaseous hydrogen, previously pro-
duced through electrolysis, into its liquid state. This

liquefaction greatly streamlines both its containment
and distribution. Beyond its core function of hydro-
gen generation, this geothermal-powered infrastructure
also provides essential thermal regulation services, en-
compassing both heating and cooling. The strategic
selection of R123 as the zeotropic working fluid for the
Organic Rankine Cycle (ORC) significantly enhances
the system’s overall efficiency and reinforces its com-
mitment to environmental stewardship, primarily due
to R123’s negligible ecological impact, exceptional ther-
modynamic performance, and cost-effective applicabil-
ity.

Fig. 1. Schematic view of the proposed system

The evaluated system is modeled using the follow-
ing presumptions [20]:

• Every system component takes the steady-state
condition into account.

• The reference conditions, 101 kPa for pressure
and 20 ◦C for temperature, are applied.

• Kinetic and potential energies are excluded from
the system’s performance analysis.

• The performance of compressors, turbines, and
pumps is characterized by their isentropic effi-
ciencies.

3 Thermodynamic Modeling of
the System

Energy and exergy assessments are crucial for study-
ing energy transformation systems. Traditional energy

analysis overlooks the qualitative differences among en-
ergy forms, while exergy analysis evaluates their true
utility based on thermodynamic principles. This ap-
proach identifies inefficiencies and wasted energy, creat-
ing a robust framework for thermodynamic evaluation.
The goal is to enhance energy and exergy efficiency
while reducing exergy dissipation. The governing equa-
tions are systematically applied to every steady-state
control volume within the system [21]:∑

mi =
∑

me , (1)

Q−W =
∑

mehe −
∑

mihi . (2)

ṁ denotes the mass flow rate, Q the heat exchange rate
within the control volume, and W the work exchange
rate. Energy, a fundamental capacity for change or
work, is governed by conservation principles, outlined
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in the First Law of Thermodynamics. This law recog-
nizes energy as a primary thermodynamic attribute,
manifesting either as intrinsic content or as an ex-
change through specific pathways. The Second Law of
Thermodynamics introduces a hierarchy, asserting en-
ergy’s inherent quality diminishes during natural pro-
cesses, evidenced by thermal energy migration from
high to low temperatures. It emphasizes an increase in
total entropy, illustrating thermodynamic irreversibil-
ity. Consequently, exergy analysis identifies inefficien-
cies within thermodynamic systems, enabling improve-
ments in both operational modes and efficiency by pin-
pointing areas where energy potential is wasted. This
method, in essence, provides the conceptual basis for
computing specific physical exergy [21]:

exph = (h− h0)− T0(s− s0) (3)

The specific enthalpy, temperature, and specific en-
tropy at the dead state are denoted by h0, T0, and s0,
respectively. Following this, the specific chemical ex-
ergy is calculated using the equation shown below [21]:

exch =
∑

yi ex
ch,0
i +RT0

∑
yi ln yi (4)

The executed analysis determined the mechanism’s
performance capabilities when functioning within its
typical parameters. The essential structure underpin-
ning its operation is clarified by referencing the accom-
panying chart (Table 1), which exhaustively outlines
all the input parameters fed into the synthetic testing
environment.

Table 1. Thermodynamic operating parameters of
the system [22–24]

parameter value

Geothermal fluid mass flow rate (kg/s) 1.2
Geothermal production well pressure (kPa) 100
Geothermal production well temperature ( ◦C) 162
Geothermal reinjection well temperature ( ◦C) 69
Geothermal reinjection well pressure (kPa) 30
Isentropic efficiency of turbine (%) 80
Isentropic efficiency of compressor (%) 80
Isentropic efficiency of pump (%) 85
mass flow rate of turbine 1 (kg/s) 14.1
Inlet temperature of PEM electrolyzer ( ◦C) 80
Inlet pressure of PEM electrolyzer (kPa) 100

The absorption heat transformer’s coefficient of per-
formance is displayed as follows:

COP =
Q̇evaporator

Q̇generator + Ẇpump2

(5)

The formula enables the determination of the modified
Rankine cycle production power value:

ẆORC = Ẇturb1 + Ẇturb2 − Ẇpump1 (6)

Water splitting for hydrogen production involves elec-
trolysis, separating hydrogen and oxygen from water.
The process starts by heating water in an electrolyzer,
transforming a portion into gases. Unreacted water is
expelled with oxygen, isolated, and returned to the in-
let, yielding final outputs of hydrogen and oxygen. The
equations that govern the operation of PEM electrol-
ysis are detailed in Table 2, with the coefficients a, b,
and c defined as 3.382, 0.97, and 5.928, respectively.

Table 2. Relationships used for electrolyzer modeling [25,26]

parameter Value

PEM electrolyzer work WPEM = 0.25×Wtotal

Amount of hydrogen produced MH2,out
= aH2

×W
bH2
PEM + cH2

Hydrogen production rate per hour NH2,out
= 3600×MH2,out

Theoretical energy for hydrogen production ∆G = ∆H + T∆S

Electrical energy required Eelec = JV

Electrolytic voltage V = V0 + Vohm + Vact,a + Vact,c

Nernst voltage V0 = 1.229− 8.5× 10−4(TPEM − 298)

Anode and cathode overpotential Vact,i =
RT

F
sinh−1

(
J

2J0

)
Exchange current density J0 = Jref exp

(
−Eact,i

RT

)
Ohmic voltage Vohm = JRPEM

Total ohmic resistance RPEM =

∫ L

0

dx

σλ(x)

Local ionic conductivity σλ(x) =
[
0.5139λ(x)− 0.326

]
exp

[
1268

(
1

303
− 1

T

)]
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The following relationships are employed to assess
the system’s energy efficiency and exergy [27]:

ηenergy =
WORC +Wchiler −WPEM

m1h1 −m5h5
(7)

ηexergy =
WORC +Wchiler −WPEM + Ecooling

m1e1 −m5e5
(8)

Exergy is the maximum useful work a system can
achieve while achieving equilibrium with its environ-
ment, dependent on ambient characteristics. It uni-
fies thermodynamic laws: the First Law focuses on
energy conservation and quantity, while the Second
Law addresses energy quality and entropy produc-
tion. Exergy evaluations inform exergoeconomic as-
sessments, enhancing system efficacy by identifying
ways to maximize useful work. Assessing exergy in

process streams is crucial for strategic planning and
optimization efforts. Irreversibilities quantify a sys-
tem’s functional deficiencies, guiding exergy investiga-
tions to identify inefficiency locations and causative fac-
tors. This process involves two stages: assessing ther-
modynamic performance gaps via exergy destruction
quantification, and identifying optimization opportu-
nities by distinguishing between reducible and inher-
ent exergy losses. Inherent losses are unavoidable due
to limitations, while reducible losses indicate potential
performance improvements. Exergy analysis reveals in-
efficiency sources and potential pathways to enhance
system design or operation, with Table 3 providing
mathematical representations of exergy degradation in
a combined heat and power (CHP) system.

Table 3. Exergy destruction relations of different components of the system

component exergy destruction equation

Absorption cooling cycle absorber Ėx18 + Ėx24 − Ėx19 − ExQ,abs

Absorption cooling cycle generator Ėx21 − Ėx15 − Ėx22 + ExQ,gen

Absorption cooling cycle condenser Ėx15 − Ėx16 − ExQ,cond

Absorption cooling cycle evaporator Ėx17 − Ėx18 + ExQ,evap

Absorption cooling cycle vapor heat exchanger Ėx20 + Ėx22 − Ėx23 − Ėx21

PEM preheater Ėx7 − Ėx8

Rankine cycle pump Ėx12 − Ėx13 +Wpump,ORC

Rankine cycle turbine1 Ėx6 − Ėx7 −Wturb1,ORC

Rankine cycle condenser Ėx11 − Ėx12

Rankine cycle turbine2 Ėx9 − Ėx10−Wturb2,ORC

PEM Electrolyzer Ėx26 − Ėx27 − Ėx28 +WElectroliz,PEM

heat exchanger 1 Ėx25 + Ėx4 − Ėx5 − Ėx26

heat exchanger 2 Ėx13 + Ėx10 − Ėx14 − Ėx11

Heat recovery vapor generator Ėx3 + Ėx14 − Ėx9 − Ėx4

Claude cycle compressor Wcomp,rev −Wcomp,act

Claude cycle heat exchanger 1 Ėx31 + Ėx40 − Ėx41 − Ėx32

Claude cycle heat exchanger 2 Ėx32 + Ėx42 − Ėx33 − Ėx43

Claude cycle heat exchanger 3 Ėx33 + Ėx39 − Ėx34 − Ėx40

Claude cycle heat exchanger 4 Ėx34 + Ėx44 − Ėx45 − Ėx35

Claude cycle heat exchanger 5 Ėx35 + Ėx38 − Ėx36 − Ėx39

4 Economic Analysis

Optimizing thermal engineering infrastructure requires
a holistic framework that integrates first-law and
second-law analyses with fiscal assessment. Thermoe-
conomics bridges energy quality and financial metrics
by combining exergy analysis with monetary evalua-
tion, aiming to reduce operational costs through opti-
mal energy resource management. This methodology
offers analytical advantages beyond traditional mod-
els by using exergy as the basis for monetizing ther-
modynamic degradation. Key steps include exergy as-

sessment, financial analysis, exergy-based pricing, and
predictive thermoeconomic metrics formulation. The
research identifies optimal operational parameters by
aligning thermodynamics with financial data, analyz-
ing energy flow, exergy utilization, and economic im-
pact, resulting in accurate cost per functional output
unit for the entire system. The following equation rep-
resents the steady-state economic equilibrium for sys-
tem costs:

ĊP,total = ĊF,total + ŻCI,total + ŻOM,total (9)

The application of a thermoeconomic framework offers
significant utility for the comprehensive evaluation of
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energy systems. Building on this advantage, our in-
vestigation proceeds to compute the facility’s levelized
cost of energy (LCOE) and hydrogen (LCOH), utilizing
the subsequent criteria [28]:

LOCE =
AOC

(Wtotal +Qcooling +Qheating)× τ
(10)

LCOH =
AOC

(LHVH2
ṄH2

ṁH2
+Qcooling +Qheating)× τ

(11)

The system’s annual operating hours (τ) are as-
sumed to be 8,000 per year. The Annual Operating
Cost (AOC) is determined as follows:

AOC = TOC× ϕ× CRF (12)

The term TOC (Total Operating Costs) encom-
passes the aggregate sum of all running expenditures.
A maintenance augmentation factor, symbolized by ϕ,
is stipulated at a value of 1.06, adhering to the prece-
dent set in reference [29]. The variables i and n cor-
respond, respectively, to the prevailing rate of interest
and the power station’s projected duration of active
service. Based on these inputs, the Capital Recovery

Factor (CRF) is consequently derived as [30]:

CRF =
i(1 + i)n

(1 + i)n − 1
(13)

To precisely determine the expense rate of a sys-
tem, economic considerations including interest rates
and the capital recovery factor are employed. This re-
sultant yearly expense is subsequently divided by 7,446
operational hours to ascertain the system’s cost per
hour [31].

Ztotal =
TOC× ϕ× CRF

t
(14)

Within this framework, ‘n’ signifies the operational
duration, and ‘i’ corresponds to the prevailing interest
rate. Table 4 elucidates the pivotal interdependencies
leveraged to harmonize energy output with financial ex-
penditure factors. Achieving congruence between these
crucial parameters establishes the economic practical-
ity of meeting power generation targets concurrently
with stringent expenditure management. The judicious
application of these linkages consequently elevates the
comprehensive operational efficacy of the system while
ensuring peak fiscal optimization.

Table 4. Cost functions of different components of the system [32,33]

component cost function

Absorption cooling cycle generator z = 17500×
(
Agen

100

)0.6

Absorption cooling cycle condenser z = 8000×
(
Acond

100

)0.6

Absorption cooling cycle absorber z = 16000×
(
Aabs

100

)0.6

Absorption cooling cycle evaporator z = 16000×
(
Aevap

100

)0.6

Absorption cooling cycle steam heat exchanger z = 12000×
(
ASHE

100

)0.6

Organic Rankine Cycle Condenser z = 516.62× (Acond)
0.6

Organic Rankine Cycle Turbine z = 4750×Wturb)
0.75

organic Rankine cycle pump z = 200× (Wpump)
0.65

organic Rankine cycle heat exchanger1 z = 130×
(
Aheat exchanger

0.093

)0.78

organic Rankine cycle heat exchanger 2 z = 4122× (Aheat exchanger)
0.6

organic Rankine cycle compressor z = 7900× (Wcomp)
0.62

Claude cycle heat exchanger z = 8500 + 409× (Aheat exchanger)
0.8

PEM electrolyzer cycle Z = 1000×Welec
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5 Genetic Algorithm Optimiza-
tion of the System

Inspired by the adaptive mechanisms found in biolog-
ical life, a genetic algorithm functions as an optimiza-
tion technique. This computational approach is specif-
ically classified as a numerical, direct, and probabilistic
search methodology. Operating in an iterative fashion,
it draws upon principles from genetic science, mimick-
ing natural evolutionary processes to effectively lever-
age the knowledge embedded within a given population
for the purpose of generating novel and enhanced so-
lutions. As optimization algorithms operating within
a computational framework, Genetic Algorithms excel
at intelligently sifting through various segments of the
solution spectrum. They achieve this by appraising
multiple candidate solutions concurrently in each gen-
eration, and notably, their search process avoids the
computationally intensive task of defining the objec-
tive function across the entirety of the solution set. In-
stead, the objective function’s computed value at each
data point feeds into a statistical aggregation process.
This process reveals the objective function’s behavior
across relevant sub-regions. These sub-regions are then
processed concurrently through parallel statistical av-
eraging, leveraging their individual objective function
data. This inherent parallel processing, termed implicit
parallelism, guides the search towards regions of higher
average objective function values, thus improving the
chances of discovering a global optimum.

In contrast to conventional optimization methods

that may become confined to narrow search trajecto-
ries, this algorithm’s continuous and extensive inter-
rogation of the entire domain substantially diminishes
the risk of premature convergence to a suboptimal find-
ing. A notable advantage stemming from this design
is its independence from functional regularity; specifi-
cally, the algorithm imposes no prerequisites regarding
mathematical traits such as differentiability or requisite
smoothness. This optimization method functions by
exclusively assessing the objective function at various
input values, completely disregarding any derivative in-
formation or other supplementary data. To achieve a
favorable trade-off between enhanced precision in find-
ing optimal solutions and reduced computational effort,
the simulation employed a population of 100 individu-
als and ran for a maximum of 200 generations. During
the optimization, a crossover rate of 0.8 was utilized,
and the mutation rate was established at 0.05. The op-
timization parameters in a genetic algorithm have the
following defined ranges: the compressor compression
ratio varies between 180 and 220, the turbine isentropic
efficiency ranges from 65% to 85%, and the compressor
isentropic efficiency falls between 72% and 92%.

6 Validation

This investigation unveils a groundbreaking system ar-
chitecture designed for parallel manufacturing opera-
tions. Its operational efficacy undergoes rigorous vali-
dation through a comparative analysis, juxtaposing its
performance against empirical data compiled in Table 5
and the established findings of Arora et al. [34].

Table 5. Validation of the proposed system utilized Arora et al.’s evaluation [34]

Parameter obtained results Reference results

absorbent heat (kW) 2943 2945.26
condenser heat (kW) 2506 2505.91
evaporator heat (kW) 2355 2355.4
coefficient of performance 0.79 0.7609
absorptive exergy destruction (kW) 70.16 70.478
condenser exergy destruction (kW) 6.606 6.066
evaporator exergy destruction (kW) 86.28 86.275

For the purpose of this analysis, the system model
is configured under ambient conditions of 25 ◦C and
a pressure of 101 kPa. Fundamental modeling pos-
tulates include the assumption that both temperature
and pressure remain effectively constant as process flu-
ids circulate through the system’s various constituent
components. Furthermore, it is posited that the solu-
tions exiting the absorber and generator stages achieve

saturation, aligning with their respective equilibrium
temperatures and solute concentrations. The system
postulates that the vapor exiting the evaporator and
the refrigerant within the condenser both exist in a
saturated state, each corresponding to its specific satu-
ration temperature. Furthermore, the superheated re-
frigerant vapor that emerges from the generator is as-
sumed to be at the generator’s operating temperature.
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The study accounts for realistic operational scenarios,
incorporating non-equilibrium conditions at the ingress
points of both the generator and the absorber, as well
as considering the state of fluids leaving the solution
pump and the heat exchanger. To support a refriger-
ant mass flow of 1 kg/s, the generator and its associ-
ated heat source are maintained at a uniform temper-
ature ranging from 87 to 88 ◦C. With the condenser
and absorber concurrently operating at 37.8 ◦C, and
the evaporator holding steady at 7.2 ◦C, the compara-
tive analysis yielded remarkably similar outcomes. The
minimal discrepancies observed unequivocally attest to
the high precision of the validation method.

7 Environmental Analysis

The evaluation and execution of energy systems signif-
icantly depend on the necessity of performing environ-
mental analyses. This practice promotes a comprehen-
sive understanding of the potential ecological impacts
associated with energy production, distribution, and
consumption. The range of such studies goes beyond
traditional energy assessments, considering various el-
ements such as carbon emissions, habitat destruction,
and resource depletion. By incorporating environmen-
tal factors into the decision-making process, stakehold-
ers can successfully identify and alleviate possible neg-
ative effects while fostering sustainability practices and
resource conservation. As a result, the integration of
environmental analysis facilitates the development and
management of energy systems in a way that reduces
their ecological footprint and supports a sustainable
and resilient future.

8 Results and Discussion

Thermodynamics has traditionally been defined by its
focus on energy and entropy, as dictated by its first and
second laws. A fresh understanding, however, presents
thermodynamics as the science of energy and exergy, a
framework that more seamlessly integrates both laws.
This perspective enables ongoing measurement of en-
ergy and exergy within a system, thereby permitting
the calculation of vital efficiencies via thorough energy
and exergy analysis. The true value of a system’s op-
erational effectiveness is best gauged by its exergy ef-
ficiency, as this metric provides the most accurate and
precise assessment of performance. Leveraging both
energy and exergy accounting has become a globally ac-
cepted thermodynamic methodology for the evaluation
and comparison of industrial processes and mechanical
configurations. This framework is robustly grounded in
the fundamental theorems established by the First and

Second Laws of Thermodynamics. Because of its com-
prehensive nature, this analytical approach is widely
recognized as the most logical and insight-driven pro-
cedure available for systematically benchmarking dis-
parate systems against one another. Building upon
the computational framework previously outlined, we
meticulously determined crucial thermodynamic state
variables, including thermal energy, pressure poten-
tial, specific heat content, and disorder, for all points
throughout the studied system. Thereafter, the funda-
mental principle of energy conservation, as described
by the First Law of Thermodynamics, was applied and
solved for each constituent element of the cycle. The
exergy evaluation commenced by employing the two
specified formulae to quantify the aggregate exergy as-
sociated with each constituent part. This foundational
calculation subsequently enabled the determination of
the latent exergy content, the projected exergy expen-
ditures, and the overall exergy conversion efficiencies
pertaining to the complete operational loop. This esti-
mation methodology proved crucial for singling out the
system’s elements that exhibited the most substantial
exergy values, and for subsequently appraising their in-
dividual operational effectiveness. Table 6 comprehen-
sively illustrates the outcomes derived from the ther-
modynamic assessment of the conceptualized system.

Table 6. Results of thermodynamic evaluation

parameter value

system energy efficiency (%) 45
system exergy efficiency (%) 53
hydrogen production rate(kg/h) 4.88
Output power of PEM electrolyzer cycle(kw) 475.1
Output power of liquefaction cycle(kw) 13.77
Total output power(kw) 1425

The exhaustive thermodynamic assessment con-
ducted on the deep-earth thermal resource employed
water as the principal operational medium. This rig-
orous evaluation established a mechanical output ca-
pability of 1,425 kilowatts. Furthermore, the analy-
sis determined the thermal effectiveness (energy effi-
ciency) to be 45%. The corresponding quality factor
(exergy efficiency) was found to be slightly superior,
registering 53%. A foundational principle governing all
genuine operational cycles is the consistent consump-
tion of available work potential, meaning the incoming
exergy invariably exceeds the outgoing exergy. This
inevitable deficit stems entirely from inherent process
imperfections and is scientifically labeled as exergy de-
struction. It is essential to precisely delineate the inter-
nal dissipation of exergy, which inherently arises from
thermodynamic imperfections, from the external ef-
flux of exergy, representing valuable, unutilized energy
discharged into the surroundings. While both these
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phenomena underscore a decline in energy quality, the
concept of irreversibility itself lacks the direct exergy-
specific or environmental framing that characterizes ex-
ergy loss. Analysis of the system revealed substan-
tial thermodynamic losses, evident as significant exergy
destruction, primarily concentrated in the Proton Ex-
change Membrane (PEM) electrolyzer and the Organic
Rankine Cycle (ORC) components, specifically the tur-
bine and condenser. In contrast, the pumps exhibited
the lowest levels of exergy dissipation among all sys-
tem elements. The total exergy loss across the entire
system was quantified at 56,140 kW. A detailed break-
down of exergy destruction for each individual compo-
nent is presented in Table 7.

Table 7. Exergy destruction results of different
components of the system

parameter value

PEM electrolyzer (kw) 47295
evaporator of the absorption cooling cycle
(kw)

86.29

ORC Cycle Pump (kw) 2.196
ORC cycle turbine 1 (kw) 1255
ORC cycle turbine 2 (kw) 1849
condenser of absorption cooling cycle (kw) 6.62
PEM Preheater (kw) 2831
ORC Cycle Condenser (kw) 252
absorption cooling cycle generator (kw) 49.96
expansion valve of the absorption cooling
cycle (kw)

6.934

vapor heat exchanger absorption cooling
cycle (kw)

6.33

heat exchanger 1 (kw) 5.094
heat exchanger 2 (kw) 6.328
heat recovery vapor generator (kw) 840.5
Claude cycle Compressor (kw) 7.277
Claude cycle heat exchanger 1 (kw) 81.16
Claude cycle heat exchanger 2 (kw) 14.07
Claude cycle heat exchanger 3 (kw) 79.67
Claude cycle heat exchanger 4 (kw) 6.328
Claude cycle heat exchanger 5 (kw) 117.4

The financial advantages are determined through
an examination of how businesses can strategically in-
corporate co-products into their operations, aiming to
either amplify income streams or diminish waste man-
agement expenditures. This evaluation covers tangi-
ble advantages, such as decreased input material and
transportation expenses, alongside intangible benefits
like an enhanced reputation and more straightforward
regulatory approvals. Following this, a thorough eco-
nomic feasibility study of the suggested system is un-
dertaken. This analysis integrates updated cost algo-
rithms for each element, ensuring optimal operational
efficiency across a wide spectrum of applications. The

specific cost rates for the system’s constituent parts are
itemized within Table 8.

Table 8. Results of cost rates of different compo-
nents of the system

parameter value

Absorption cooling cycle absorber ($/h) 31992
ORC cycle pump ($/h) 1178
ORC cycle turbine 1 ($/h) 403275
Absorption cooling cycle condenser ($/h) 11291
absorption cooling cycle generator ($/h) 17484
vapor heat exchanger absorption cooling
cycle ($/h)

9322

ORC cycle turbine 2 ($/h) 1185755
PEM preheater ($/h) 21213
PEM electrolyzer ($/h) 5038654
ORC cycle condenser ($/h) 8698
absorption cooling cycle evaporator ($/h) 36134
Claude cycle Compressor ($/h) 40152
Claude cycle heat exchanger 1 ($/h) 8544
Claude cycle heat exchanger 2 ($/h) 8549
Claude cycle heat exchanger 3 ($/h) 8520
Claude cycle heat exchanger 4 ($/h) 8516
Claude cycle heat exchanger 5 ($/h) 8609

The sustained triumph of this system is fundamen-
tally contingent upon its financial viability. By fos-
tering synergistic partnerships with adjacent industrial
entities, enterprises can effectively curtail logistical ex-
penditures, diminish waste management outlays, and
monetize valuable co-products. To thoroughly assess
the proposed system’s economic feasibility, an exergoe-
conomic investigation was also undertaken, which pin-
pointed an overarching hourly expense rate of $37.16
for the specific scenario examined. Supplementary core
findings from this financial appraisal are presented in
Table 9. Two paramount indicators in the system’s
economic evaluation are the levelized cost of hydrogen
production (LCOH) and the levelized cost of electric-
ity generation (LCOE), which were determined to be
$24.39 per kilogram and 19.8 cents per kilowatt-hour,
respectively.

Table 9. Results of economic analysis

parameter value

LCOE (cent/kWh) 19.8
LCOH ($/kg) 24.39
CRF 18
Total cost of system ($/h) 37.16

The efficiency and cost rate of the proposed sys-
tem were compared with other systems and, as shown
in Table 10, the studied system has the appropriate
implementation capability and effectiveness in various
industrial applications.
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Table 10. Results of economic analysis

parameter Present work Alirahimi et al. [35] Emadi et al. [36]

Exergy efficiency (%) 53 21.63 24.92
Total cost ($/h) 37.16 63.89 423.5

8.1 Conduction of sensitivity analysis

An analysis of how system design parameters influence
performance is presented in this section. Specifically,
the study analyzes the influence of thermodynamic fac-
tors like turbine efficiency, outlet temperature and pres-
sure of turbine 1, and outlet temperature of thermal
recovery steam generator on system performance crite-
ria.

8.1.1 Effect of the variation of the isentropic
efficiency of turbine

As demonstrated in Figure 2, changes in turbine effi-
ciency profoundly influence several critical system at-
tributes. These include the quantity of power pro-
duced, the cumulative exergy loss, the associated eco-
nomic cost, and the overall energetic and exergetic ef-
ficiencies. A clear trend is evident: an improvement
in turbine efficiency, specifically from 75% to 85%, di-
rectly leads to a higher net power generation. This en-
hanced output directly results from the turbine’s im-
proved capability to convert energy into useful work,
a function fundamental to electricity production. An
uptick in power generation directly benefits the elec-
trolyzer’s functionality, fostering a higher rate of hy-
drogen synthesis within the system. Concurrently, op-
timizing turbine efficiency translates into elevated en-
ergy and exergy efficiencies, alongside noteworthy eco-
nomic advantages. This positive correlation between
generated power and exergy efficiency is distinctly il-
lustrated in the accompanying diagram. Overall, the
system has demonstrated enhanced operational effec-
tiveness, evidenced by its increased capacity for en-
ergy and work production. Nonetheless, this advance-
ment has been met with escalating expenditures. These
higher financial burdens stem from not only the in-
creased investment in equipment and production pro-
cesses but also from the indirect costs associated with
system downtimes and interruptions. A key financial
drawback has been the suboptimal economic return on
our production capacity. This inefficiency has directly
inflated comprehensive system costs, as every individ-
ual component contributes its own fiscal burden. Ther-
modynamically speaking, exergy represents the practi-
cal work extracted from the turbine, with energy con-
version effectiveness directly mirroring the aggregate
work produced. Consequently, optimizing turbine per-
formance is critical. This will fundamentally enhance

the system’s thermal dynamics, resulting in elevated
gross energy and available exergy levels, a boost in net
power output, and a significant curtailment of energy
degradation.

8.1.2 Effect of the variation of the pressure at
the outlet of the turbine 1

Figure 3 comprehensively illustrates the system’s re-
sponse to fluctuations in Turbine 1’s discharge pressure,
specifically detailing its influence on net power gener-
ation, irreversibility (exergy destruction), operational
cost, and the overall energy and exergy efficiencies. A
clear trend emerges, indicating that an escalation in
this exit pressure consistently correlates with an in-
tensified rate of exergy destruction. This situation in-
evitably leads to elevated energy dissipation along with
a degradation in the system’s overall operational effec-
tiveness. Furthermore, a decline in both energy and
exergy conversion efficiencies is consistently observed,
a consequence of their intrinsic connection to the power
generated and the system’s exergy state. By contrast,
deliberately scaling back the system’s power output
mitigates the necessity for expensive, high-performance
thermodynamic components. This strategy, therefore,
results in a reduced levelized cost for electricity gener-
ation, hydrogen synthesis, and the total system expen-
diture.

8.1.3 Effect of the variation of the temperature
at the outlet of the turbine 1

Figure 4 visually articulates how the exhaust temper-
ature of Turbine 1 modulates the system’s energy and
exergy utilization effectiveness, its operational cost im-
plications, the rate of power generation, and the ex-
tent of exergy irreversibility. Within the thermal win-
dow spanning 70 to 90 ◦C, an escalation in temper-
ature demonstrably intensifies internal system ineffi-
ciencies and exergy destruction. This, in turn, leads
to a significant decline in the generated power output
and detrimentally impacts both the energetic and exer-
getic performance of the system. Surprisingly, a more
modest production output can actually bolster finan-
cial sustainability. This is achieved through a reduction
in the long-term, per-unit cost of both hydrogen and
electricity, alongside a decrease in the ongoing capital
investment associated with larger-scale equipment.
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Fig. 2. Effect of the variation of the isentropic efficiency of turbine

Fig. 3. Effect of the variation of the pressure at the outlet of the turbine 1
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Fig. 4. Effect of the variation of the temperature at the outlet of the turbine 1

8.1.4 Effect of the variation of the tempera-
ture at the outlet of the thermal recovery
steam generator

The influence of the heat recovery steam generator’s
(HRSG) terminal temperature on the modified Rank-
ine cycle’s power output, exergy destruction, cost rate,
and overall energy and exergy efficiencies is investi-
gated in Figure 5. Critically, a greater HRSG outlet
temperature translates to a diminished heat transfer
to the ORC working fluid, consequently lowering its
thermal energy input. Achieving a more conservative
use of energy, while reducing overall thermodynamic
losses, concurrently curtails the electrical yield of the
ORC turbine. A reduction in the cycle’s operational
inlet temperature impairs the system’s thermal energy
uptake, consequently weakening its capacity for elec-
tricity generation. This subsequent shortfall in power
constrains the turbine, lessening the electrical supply it
can provide to the electrolyzer and thereby hindering
the rate of hydrogen synthesis. Furthermore, given the
fundamental relationship between a system’s output
capacity, its exergy performance, and the associated
unit costs, any reduction in power generation will in-
evitably result in diminished thermodynamic efficiency
and increased production expenses for both hydrogen

and electricity.

8.2 Two objective optimization

The pursuit of ideal operational outcomes for objec-
tive functions and critical structural variables within
sprawling, sophisticated architectures constitutes an
immense modeling difficulty. This significant degree of
intricacy often stems from the intrinsic attributes of the
performance metrics themselves, the sheer volumetric
scale of adjustable factors, and the pervasive influence
of underlying nonlinear foundational equations. For-
tunately, Genetic Algorithms (GAs) furnish a resilient
and powerful computational approach designed to re-
liably pinpoint optimal remedies within these highly
constrained and convoluted environments, doing so by
directly harnessing the core mechanisms of Darwinian
natural selection. This investigation employed a dual-
objective genetic algorithm to identify the most favor-
able operating conditions and performance metrics for
the proposed system. The central aim was to enhance
the system’s thermodynamic performance by simulta-
neously minimizing operational expenses while maxi-
mizing both energy and exergy efficiencies. Through
this optimization, the ideal values for the design vari-
ables and their corresponding objective functions were
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precisely determined. The optimal configuration, de-
tailed in Table 11, reveals that the system can achieve
an energy efficiency of 46%, an exergy efficiency of 54%,

and an hourly operating cost of $37.07 when function-
ing under these peak conditions.

Fig. 5. Effect of the variation of the temperature at the outlet of the thermal recovery steam generator

Table 11. Optimal values

Decision variable Optimum case

total cost of system($/h) 37.07
exergy efficiency of system (%) 54
energy efficiency of system (%) 46
Isentropic efficiency of turbine (%) 70
Isentropic efficiency of compressor (%) 87
Isentropic efficiency of pump (%) 82
Outlet pressure of turbine 1 (kPa) 49.95
inlet temperature of turbine 2 ( ◦C) 133.3
LCOE (cent/kWh) 19.62
LCOH ($/kg) 24.41

Envisioned with ecological longevity at its core, this
geothermal installation harnesses inexhaustible energy
sources, delivering clean power while significantly mit-
igating its ecological footprint. The performance en-
hancement methodology employed a Pareto efficiency
frontier, mapping optimal trade-offs across three dis-

tinct operational contexts. Subsequently, the Tech-
nique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) was utilized to rigorously appraise
candidate solutions and pinpoint the most efficacious
operational setting. A profound comprehension of the
dynamic relationship between expenditure levels and
operational throughput is indispensable for discerning
the inherent compromises between these critical objec-
tives. This section, illustrated in Figures 6, 7, and 8,
details the performance outcomes of the system’s opti-
mization across various scenarios. Specifically, Figure 6
highlights the ideal operating point (indicated in red)
determined by the TOPSIS methodology, taking into
account both exergy efficiency and the overall cost of
operation. Moving on, Figure 7 illustrates the inter-
play between energy efficiency and the averaged cost
of generating electricity. Finally, Figure 8 explores the
connection between energy efficiency and the averaged
cost of producing hydrogen.
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Fig. 6. Pareto diagram considering exergy efficiency
and total cost

Fig. 7. Pareto diagram considering exergy efficiency
and levelized cost of electricity generation

Fig. 8. Pareto diagram considering exergy efficiency
and levelized cost of hydrogen production

9 Conclusion

A comprehensive evaluation was executed, spanning
energy efficiency, exergy accounting, and thermoeco-
nomic viability. This assessment specifically focused on
an innovative, integrated configuration composed of a
modified Rankine cycle directly coupled with a hydro-
gen generation unit, all driven solely by geothermal en-

ergy. The entire hybrid setup was simulated and its de-
tailed thermodynamic and economic performance ana-
lyzed through the application of EES software. An in-
depth parametric sensitivity analysis was further car-
ried out on the integrated system to unravel the intri-
cate connections between its operational variables and
the defined performance metrics. Heat constitutes an
indispensable input for industrial operations, yet these
processes habitually discharge considerable quantities
of energy as waste during their routine functioning.
Propelled by the escalating expenses of manufacturing,
numerous initiatives have focused on recuperating this
discarded thermal energy. In this investigation, a thor-
ough thermodynamic (energy and exergy) and financial
evaluation was performed on a novel poly-generation
cycle.

The operational methodology detailed here facili-
tates the concurrent generation of three distinct utility
streams – thermal energy, chilling capacity, and electri-
cal output – through a highly integrated system archi-
tecture. This infrastructure is founded upon the syn-
ergistic deployment of Organic Rankine Cycle units,
a thermally-activated absorption cooling apparatus, a
Proton Exchange Membrane (PEM) cell dedicated to
electrolysis, and a specialized mechanism for converting
the resulting hydrogen gas into its liquid phase. This
entire analytical framework is strictly governed by the
foundational tenets of the First and Second Laws of
Thermodynamics. A simulation of the combined cycle
was conducted, adhering to the first and second laws of
thermodynamics for its constituent parts. The system
offers substantial efficiency gains by minimizing the en-
ergy input needed for liquid hydrogen generation. This
is accomplished by first pre-cooling the hydrogen with
an absorption chiller and subsequently exposing it to
two liquid nitrogen bath heat exchangers. The PEM
unit represents the primary source of inefficiency, re-
sponsible for 84% of the overall energy loss in the in-
tegrated multi-generation setup. Conversely, the bulk
energy dissipation is apportioned among three compo-
nents: the Claude circuit, which accounts for 3% of
the total exergy destruction; the absorption refrigera-
tion mechanism, which accounts for 1%; and the Or-
ganic Rankine Cycle (ORC), which is responsible for
the largest share at 12%. Of all components within the
integrated plant, the ORC electrolyzer represents the
primary locus of thermodynamic irreversibility. This
extreme level of destruction can be dramatically cur-
tailed through the straightforward intervention of ele-
vating the input stream temperature, thereby yielding
a marked improvement in the system’s overall opera-
tional efficacy.

Accordingly, this study provides a meticulous inves-
tigation into how critical operational parameters dic-
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tate the machine’s efficiency metrics. The performance
of this system was examined by altering four critical
factors: the isentropic efficiency of the turbine, the
pressure at the turbine’s first outlet, the final tem-
perature from the thermal recovery steam generator,
and the temperature at the turbine’s first outlet. Our
parametric analysis showed that a higher isentropic ef-
ficiency for the turbine led to enhanced energy gen-
eration, improved exergy efficiency, and greater overall
power production. Conversely, raising the pressure and
temperature downstream of the turbine’s initial stage
negatively affected the system’s power output and low-
ered its energy efficiency. To pinpoint the ideal set-
tings for operation, we then utilized multi-objective
optimization approaches. While the project’s founda-
tional effort was initially dedicated to honing the tech-
nical parameters and maximizing mechanical efficiency,
a comprehensive financial assessment is reserved for a
subsequent chapter. This assessment will specifically
quantify the lifecycle production costs for both hydro-
gen and electrical power, thereby allowing for a defini-
tive determination of the system’s overall monetary vi-
ability.

An in-depth economic analysis has revealed that the
electrolyzer component accounts for a significant ma-
jority, specifically 73%, of the overall expenses associ-
ated with the multi-generation system. The remaining
costs are distributed among the absorption refrigera-
tion unit (23%), the hydrogen liquefaction cycle (1%),
and the modified Rankine cycle (3%). The internal
structure, benefiting from meticulously integrated con-
stituents, yields inherently robust operation and high
output metrics, successfully achieving an energetic con-
version rate of 45% and an exergetic efficacy of 53%.
Financial assessment was instrumental in executing the
design process, ensuring the development of a mini-
mally burdensome cost profile. The resulting data es-
tablished the system’s total required running expendi-
ture at just 37.16 $/h, thereby confirming its outstand-
ing monetary viability. By pinpointing the ideal opera-
tional sweet spot, multi-objective optimization dramat-
ically cuts a system’s expenditure rate and enhances
its energy conservation capabilities. Employing evolu-
tionary computation, this approach yields a remarkable
54% boost in energy efficiency, resulting in an aggregate
cost rate of 37.07 $/h. Based on the environmental as-
sessment conducted on the system, the carbon dioxide
emission rate is calculated to be 0.6 kg/MWh, which
indicates the compatibility of the studied system with
the environment for the development of sustainable en-
ergy systems.
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