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ARTICLE INFO ABSTRACT
Keywords: This study assesses a poly-generation system, driven by low-grade industrial waste steam, that is electrically and
Waste steam hydraulically self-sufficient — its hydrogen electrolyzer draws power and feedwater entirely from upstream

Hydrogen production

i subsystems within the cascade rather than from grid electricity or external freshwater supply — while depending
eat recovery

; on a continuous waste-steam stream, seawater feed, and auxiliary cooling infrastructure as its external thermal
Poly-generation system . .. . ..
PEM electrolysis and material boundary conditions. The system features a four-stage thermodynamic cascade comprising an
HDH desalination Organic Rankine Cycle (ORC), a Thermoelectric Generator (TEG), a Humidification-Dehumidification (HDH)
desalination unit, and a Proton Exchange Membrane (PEM) electrolyzer. The study was carried out for the ORC
working fluids R245fa, Cyclopentane, and n-Pentane, at different waste steam temperatures and qualities. A
rigorous mathematical model was developed in MATLAB, with each subsystem independently validated against
dedicated experimental datasets; full four-stage cascade validation was not attempted because no equivalent
integrated experimental system exists in the literature. The results show that using R245fa resulted in significant
operational instability, with a 16% power drop. Cyclopentane eliminates the transition penalty and ensures a
smooth, monotonic rise in power across the full temperature range. Under the highest steam operating conditions
(200 °C, saturated vapor), the system utilizing Cyclopentane delivers a maximum net power of 998.48 kW, a
peak hydrogen production rate of 22.12 kg/h, and an overall system efficiency of 12.82%, representing a 25%
improvement over the R245fa baseline. A complementary exergy analysis reveals that Cyclopentane also ach-
ieves the highest overall second-law efficiency (18.20%). Furthermore, component-level assessments identify the
HDH unit as the primary thermodynamic bottleneck with the lowest exergetic efficiency (0.19%). In contrast, the
PEM electrolyzer achieves the highest (>73%), confirming the rational allocation of high-quality electrical
exergy toward hydrogen production. Simultaneously, the HDH unit secures a substantial freshwater surplus of
1948 L/h beyond the electrolyzer's consumption. The study highlights a strategic trade-off: while saturated steam
maximizes electrical output, lower steam quality (0.8) maximizes the Energy Utilization Factor of a peak of
39.23%. Techno-economic and environmental assessments confirm the system's viability; utilizing Cyclopentane
at 200 °C minimizes the Levelized Cost of Hydrogen (LCOH) to an optimal 1.783 USD/Kkg, yielding a 20-year Net
Present Value (NPV) of 4967.5 kUSD with a rapid payback period (PBP) of 2.49 yr, while mitigating 3775.8 tons
of CO2 annually.

viable and sustainable energy carrier. Its high energy content, versatile
storage capabilities, and carbon-neutral burning make hydrogen a

1. Introduction promising option for reducing carbon emissions across multiple sectors
[1]. However, the production of green hydrogen via water electrolysis

As the world faces the serious impacts of fossil fuel depletion, climate faces two major obstacles. The first is the substantial energy intensity
change, and increased CO: emissions, shifting to sustainable energy required to split water [2]. PEM electrolysis is a widely used low-

sources has become essential. Hydrogen fuel is gaining recognition as a
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Nomenclature

A Area, m?

CCG Carbon Credit Gain, USD/yr

d Fin spacing, mm

Dy Hydraulic Diameter, mm

Eact Activation energy, kJ/mol

ex Specific exergy, J/kg

EXgest The exergy destruction rates, kW
EFgrig grid emission factor, kgCO2/kWh
F Faraday's constant, C/mol

Smisc miscellaneous factor, %

Gnm Mass velocity, kg/m? e s

AG Gibbs Free Energy, kJ/kmol

H Height, mm

AH Enthalpy change, kJ/kmol

h Specific enthalpy, kJ/kg

Rcony Convective heat transfer coefficient, W/m? ¢ K
I Electrical Current, A

J Current Density, A/m?

Jo Exchange current density, A/m?
Jo Pre-exponential factor, A/m?

K Thermal conductance, W/K

k Thermal conductivity, W/m e K
L Length, mm

Mpyo annual hydrogen production, kg
m Mass flow rate, kg/s

ML, annual mitigated carbon mass, kg/yr
n Year index/ Number of fins, —
N TEG modules number, —

Tpn Thermocouple number, —

N Molar flow rate, mol/s

Neeiis Number of electrolysis cells, —
Nu Nusselt Number, —

p Pressure, kPa

Pr Prandtl number, —

P, Reduced pressure, —

Q Heat Transfer Rate, kW

r Discount rate, %

R Thermal Resistance, K/W

Rioad Electrical Load Resistance, 2
Ron TEG Internal Resistance, 2

R/, specific contact resistance, m? ¢ K/W
Re Reynolds Number, —

R Universal gas constant, J/mol.K
Rpey total membrane resistance, 2.m?
r Discount rate, %

AS Entropy change, J/mol.K

T Temperature, 'C or K

t thickness, mm

v Voltage, V

Vo Reversible potential, V

Vet Irreversible overpotential, V
Vohm Ohmic loss, V

w Specific work, kJ/kg

w Electrical Power, kW

X Steam quality, —

Z Correction Factor, —

Zy equipment costs, USD

Greek symbol

a Seebeck coefficient, V/K

8 thickness, m

€ Heat exchanger effectiveness, %
n efficiency, %

A Membrane water content, —
u Dynamic viscosity, Pa.s

p Electrical resistivity, Q2.m
c Ionic conductivity, S/m

® Specific humidity, kg, /kg,,
¢ Relative humidity, %

W The exergetic efficiency, %
Subscripts

APTD Approach Point Temperature
act Activation

b Base

c Cold

CF Coolant fluid

cons Consumption

cond Condenser

conv Convection

D Dehumidifier

DSH Degree of Superheat

eff effective

evap Evaporation

ex.steam Exhausted steam

f Fin

fresh Freshwater

g Gas

gen generator

h Hot

H Humidifier

i Anode/ cathode

in Inlet

l liquid

n n-type semiconductor

net Net value

ohm ohmic

p Pump/p-type semiconductor
PPTD Pinch Point Temperature
pn Pn couple

req Required

s Isentropic

sat Saturation

sw Seawater

t Turbine

th Thermal

Abbreviations

CAOW  Closed-Air-Open-Water

CF Coolant Fluid

CNS Central Nervous System

COG Coke Oven Gas

CRF Capital Recovery Factor
CO, Carbon Dioxide Gas

CWOA  Closed-Water-Open-Air
CAPEX Capital expenditures

EUF Energy Utilization Factor
GOR Gain Output Ratio

GWP Global Warming Potential
H, Hydrogen Gas

HDH Humidification Dehumidification
HHV Higher Heating Value

HX Heat Exchanger

LCOH  Levelized Cost of Hydrogen
LHV Lower Heating Value

MD Membrane Distillation
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MED Multi-Effect Distillation

MSF Multi-Stage Flash Distillation
MR Mass Flow Rate Ratio

NGL Natural Gas Liquids

NPV Net Present Value

ORC Organic Rankine Cycle

ODP Ozone depletion potential
OPEX Operational expenditures

PEM Proton Exchange Membrane
PID Proportional-Integral-Derivative
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PBP Payback Period

RO Reverse Osmosis
RR Recovery Ratio
SOEC Solid Oxide Electrolysis Cells

SWOG  steelwork off-gas

TEG Thermoelectric Generator
TBT Top Brine Temperature

TRN Thermal Resistance Network

VFD Variable Frequency Drive
WHR Waste Heat Recovery

temperature method (50-80 °C), which offers operational flexibility but
incurs high operational costs due to an energy consumption rate of
approximately 4.8 kWh/m3 [3,4]. Alternatively, Solid Oxide Electrol-
ysis Cells (SOEC), which utilize high-temperature steam (600-1000 °C)
to reduce electrical demand to under 3kWh/m3 [5-7]. Both technolo-
gies rely heavily on sustainable power inputs to remain economically
and environmentally viable [6-8]. Recent advancements in hybrid
polygeneration systems have further underscored the importance of
integrating renewable energy with green hydrogen production to
enhance system sustainability and resilience [9,10].

The second, often overlooked barrier is the requirement for a stable
supply of high-purity water resources under immense global stress.
Water scarcity is a critical challenge of the 21st century [11,12].
Simultaneously, the industrial sector dissipates a vast amount of energy
as waste heat [13,14]. This WHR resource offers distinct advantages
over intermittent renewables like solar or wind, providing a consistent
baseload energy supply without extensive land requirements [15,16].

Research into WHR has traditionally followed distinct paths. The
first focuses on converting thermal energy into electricity. TEGs are
solid-state devices that convert temperature gradients directly into
electricity through the Seebeck effect [17]. They are favored for their
compactness, reliability, and lack of moving parts [18-20]. However,
widespread adoption is hindered by challenges in maintaining temper-
ature gradients [21-23] and low thermal efficiencies (4-7%) [24,25].
Recent optimizations include metastructure heat sinks [26] and large-
scale modular arrays [27,28]. For large-scale applications, thermody-
namic cycles such as ORCs are preferred. By utilizing organic fluids with
low boiling points, ORCs efficiently recover low-to-medium grade heat
[29-31], achieving efficiencies of 2-19% [32-34].

A second research stream uses low-grade heat to address water
scarcity through thermal desalination. Technologies such as HDH
[35-37], Membrane Distillation (MD) [38], Multi-Effect Distillation
(MED) [39] effectively utilize recovered heat without additional fuel
consumption. The HDH process is particularly well-suited for low-grade
waste heat, as it mimics the natural hydrological cycle [35]. The selec-
tion of the HDH process for such systems is increasingly supported by its
high adaptability for lightweight and off-grid applications, where
parametric optimization can significantly boost freshwater productivity
[40].

A third, more advanced research stream has focused on directly
integrating waste-heat power generation with hydrogen electrolysis.
Liimmen et al. [41] studied the integration of an ORC to power a PEM.
Similarly, Parham et al. [42] analyzed a multi-generation system using
an ORC and an absorption heat transformer to produce power for a PEM,
demonstrating that H2 production rates increased with the waste heat
temperature. Other studies focused on SOEC, which can utilize waste
heat for both power and steam generation [43,44]. Significantly, a few
studies have proposed complex multi-generation systems—for example,
Ishaq et al. [45] studied a system that used a steam RC, ORC, and a MED
system to produce electricity, freshwater, and hydrogen, but relied on a
complex thermochemical Cu—Cl cycle. Even more complex integrations
have been recently investigated. Shaofu et al. [46] studied a multi-
generation system recovering industrial flue gas to produce Hz, CO2,

power (via Steam Rankine Cycle, ORC, and TEG), freshwater (via Multi-
Stage Flash Distillation (MSF)), and cooling. Similarly, Noorbakhsh et al.
[47] analyzed a system primarily powered by a diesel engine, which
integrated a PEM with Reverse Osmosis (RO) and MSF desalination
units. Furthermore, harnessing waste heat from industrial or marine
sources to drive secondary power cycles is a proven strategy for
improving thermodynamic efficiency [9].

More recently, several advanced polygeneration studies have further
extended the complexity and scope of multi-generation systems. Lin
et al. [48] proposed a natural gas-based polygeneration system inte-
grating cryogenic NGL recovery, air turbines, ORC, and a PEM electro-
lyzer for simultaneous production of NGLs, electricity, hydrogen, and
thermal outputs. Multi-objective optimization using XGBoost machine
learning yielded energy and exergy efficiencies of 74.41% and 65.26%,
respectively, demonstrating the potential of data-driven approaches for
high-grade energy system design.

Shaersaikai et al. [49] presented a geothermal-LNG cascaded poly-
generation system for power, hydrogen, and freshwater production,
employing Grey Wolf Optimization and Random Forest machine
learning to achieve a unit specific product cost of 5.37 USD/GJ and a
NPV of 15.48 MUSD.

Alamri et al. [50] proposed a machine-learning-optimized multi-
generation system driven by recovered Coke Oven Gas (COG), inte-
grating ORC, Kalina cycle, MED desalination, and LNG vaporization to
simultaneously produce electricity, heating, cooling, and freshwater,
achieving an exergy efficiency of 40.30% through Ant Lion Optimizer-
based optimization. In a complementary effort, Alamri et al. [51]
introduced a steelwork off-gas (SWOG)-fueled polygeneration system
coupling a CO: transcritical cycle, ORC, ammonia Rankine cycle, MED
desalination, and PEM electrolyzer, attaining overall energy and exergy
efficiencies of 73.04% and 31.18%, respectively, with a short payback
period of 2.6 years.

More recently, Ben Hamida et al. [52] proposed a solar-driven pol-
ygeneration system integrating a supercritical CO; cycle, compressed air
energy storage (CAES), and a PEM electrolyzer for green hydrogen
production. Through the combined application of Grey Wolf Optimiza-
tion and artificial neural networks, the system achieved an exergy effi-
ciency of 47.9% and a net power output of 76.3 MW. Their study further
highlights the growing interest in integrating hydrogen production with
advanced multi-generation architectures and intelligent energy man-
agement strategies.

While these studies represent significant advances in waste-gas-
driven polygeneration — particularly the inclusion of advanced opti-
mization algorithms and comprehensive exergy-economic analysis —
they rely on combustible industrial off-gases as primary energy sources
and employ complex multi-cycle architectures that may not be appli-
cable to facilities with only low-grade saturated steam availability.
Furthermore, neither study addresses the thermodynamic instability
arising from subcritical-to-transcritical regime crossings in the ORC
working fluid — a critical design challenge for variable-temperature
waste heat recovery systems.

A comprehensive review of the literature reveals that while “Waste
Heat to Power” (via ORC or TEG), “Waste Heat to Water” (via HDH, MD,
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MED, or MSF), and “Waste Heat to Hydrogen” (via PEM or SOEC) have
been widely explored as isolated or partially integrated concepts, a
critical and practical research gap persists. Many existing multi-
generation systems are either (a) reliant on high-grade heat sources
[43], (b) exceptionally complex [45], or (c) lack a self-sufficient,
cascaded feedstock loop (power and water) specifically designed for a
PEM electrolyzer. Consequently, they often rely on non-electrolytic
methods [45] or complex desalination technologies like MSF and RO
[46,47] rather than a synergistically integrated (HDH) unit.

To the best of the authors' knowledge, no prior study has proposed or
analyzed a fully integrated poly-generation system in which a single
low-grade industrial waste steam stream is thermodynamically cascaded
through four sequential stages — ORC, TEG, HDH, and PEM — such that
each stage extracts only the energy appropriate to its thermodynamic
quality. To explicitly position this contribution against the existing
literature [48-51], the novelty of the present work is established across
three distinct and interconnected dimensions:

First, a thermodynamically exhaustive 4-stage single-stream cascade
architecture featuring TEG integration. While recent sophisticated
studies rely on high-grade combustible fuels such as natural gas [48] or
industrial off-gases [50,51], the proposed architecture is specifically
designed to valorize low-grade saturated steam with no supplementary
heat input. The steam first delivers its highest-grade latent heat to the
ORC evaporator. The partially condensed steam then flows across the
TEG array, where the Seebeck effect harvests the residual temperature
gradient. The further-degraded wet steam enters the HDH unit, driving
seawater evaporation to the optimal Top Brine Temperature (TBT) that
maximizes the Gain Output Ratio (GOR). Finally, the exhaust stream
preheats the HDH-produced distillate to the PEM electrolyzer's optimal
80 °C. Crucially, the inclusion of the TEG acts as a direct thermal bridge
that captures intermediate thermal gradients fundamentally discarded
in recent ORC-desalination or ORC-PEM configurations [48-51], maxi-
mizing exergy recovery from a single low-grade source.

Second, a 100% closed loop and self-sufficient feedstock system for
green hydrogen production. Although recent polygeneration frame-
works successfully co-produce freshwater and hydrogen [49-51], they
typically treat these as parallel outputs or require complex geographical
constraints (e.g., simultaneous geothermal and LNG availability [49]),
often relying on external water infrastructure. In contrast, the electrical
output of the ORC and TEG subsystems serves as the sole power source
for the PEM electrolyzer, while the freshwater produced by the HDH
unit serves as its sole water feedstock. This internal closure ensures the
system perfectly matches the strict ultra-pure water demands of the
PEM, eliminating any dependence on external freshwater supply or grid
electricity.

Third, a physics-driven characterization of fluid criticality insta-
bility. The most recent advanced multi-generation frameworks [48-51]
rely exclusively on steady-state, black-box machine learning algorithms
(e.g., XGBoost, Random Forest) for system optimization. While mathe-
matically robust, these approaches inherently overlook physical tran-
sient behaviors. The present work addresses this critical gap by explicitly
characterizing the hidden thermodynamic instability that occurs when
the heat source temperature crosses the working fluid's critical tem-
perature, resulting in a sharp, non-monotonic drop in net power output.
By systematically evaluating three working fluids (R245fa, n-Pentane,
and Cyclopentane) across a 90-200 °C range and inlet steam qualities of
0.8 and 1.0, this analysis demonstrates that fluid selection is not merely
a performance parameter but a system stability criterion, ensuring
actual operational reliability under fluctuating industrial thermal
loads—a factor entirely missed by standard data-driven optimizations.

Collectively, these contributions advance the state-of-the-art by
addressing critical gaps in recent multigeneration studies. While existing
literature predominantly treats ORC, TEG, and desalination as separate
or binary subsystems, this proposed four-stage cascade architecture
creates a synergistic link; the TEG unit successfully captures the residual
thermal gradient—which is traditionally dissipated in standard
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cycles—converting it into supplementary direct-current power while
strategically pre-conditioning the thermal fluid to match the strict
downstream demands of the HDH and PEM units. Ultimately, this
framework provides a precise blueprint for converting an environmental
liability (waste steam) into a reliable, operationally self-sufficient matrix
of electricity, freshwater, and green hydrogen.

Unlike references [48-51], which optimize ORC/Kalina/CO-cycle
polygeneration architectures using black-box machine-learning algo-
rithms without addressing subcritical-transcritical fluid instability or a
fully closed PEM feedstock loop, the present study is, to the authors'
knowledge, the first to combine all three elements — TEG-augmented
cascading, closed-loop feedstock self-sufficiency, and physics-based
fluid-stability characterization — within a single low-grade waste-
steam framework.

2. Physical model description

This study proposes a self-sufficient poly-generation system for clean
hydrogen production from a single low-grade industrial exhaust steam
source (90-200 °C). The system requires no external electricity or
freshwater supply once operating; the waste steam, seawater feed, and
auxiliary cooling-water circuit constitute its necessary external bound-
ary conditions rather than internally generated resources.

2.1. System cascade and coupling logic

The system operates as a four-stage thermodynamic cascade. In this
configuration, the exhaust steam progressively surrenders its thermal
energy, with each stage's outlet condition defining the next stage's inlet
boundary (Fig. 1).

Stage 1: the exhaust steam (State 5, x5 = 0.8-1) delivers its highest-
grade latent heat to the ORC evaporator for primary electricity gener-
ation. The outlet steam quality is actively controlled to x¢ = 0.5,
providing a fixed thermal boundary condition for all downstream stages,
regardless of upstream temperature. The fixed outlet steam quality x¢ =
0.5 is maintained through a dedicated closed-loop control architecture.
Temperature and pressure transducers installed at the evaporator's
steam exhaust provide real-time feedback to a Proportional-Integral-
Derivative (PID) controller. This controller directly regulates a Vari-
able Frequency Drive (VFD) attached to the ORC working fluid pump,
which serves as the primary actuator. By dynamically modulating the
organic fluid mass flow rate (mogc), the control loop ensures that the
exact amount of thermal energy is extracted to partially condense the
steam to the target quality. Furthermore, this control mechanism is
thermodynamically feasible across the entire evaluated temperature
spectrum (90-200 °C). Although the steam's latent heat of vaporization
decreases as the source temperature rises, the active modulation of mog¢
continuously matches the changing thermal load. This guarantees that
the required heat transfer is consistently met without causing full
condensation, thereby securing stable inlet conditions for the down-
stream TEG array.

Stage 2: the wet steam at x¢ = 0.5 flows across the TEG array, where
the residual temperature gradient drives secondary electricity genera-
tion via the Seebeck effect. The steam exits at a quality of x;, which
varies with source temperature. In stage 3,the partially condensed steam
(State 7) enters the seawater heat exchanger (HX-1), where its residual
latent heat heats the seawater feed to the TBT— the thermodynamically
optimal condition for maximum GOR. Finally, in Stage 4, the exhaust
stream (State 8) passes through a terminal heat exchanger (HX-2),
recovering residual thermal energy to preheat the HDH-produced
distillate to the PEM optimal operating temperature (80 °C) without
external heating. The combined DC power from the ORC and TEG then
drives the PEM electrolyzer. Table 1 summarizes the coupling variables
and inter-stage boundary conditions.
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Fig. 1. Schematic diagram of the proposed integrated poly-generation system.

Table 1 Table 2
Cascade coupling variables and inter-stage boundary conditions. Comparative properties of the selected ORC working fluids [53].
Stage  Subsystem  Key Input (Output) Energy Role Property R245fa n-Pentane Cyclopentane
1 ORC Steam: xe6= 0.5 Primary power Critical Temperature (°C) 154.01 196.55 238.57
T5=90-200 °C (controlled) generation Critical Pressure (bar) 36.51 33.70 45.15
x5=0.8, 1 Normal Boiling Point (°C) 15.14 36.06 49.25
2 TEG Steam: x¢=0.5 x7(temperature- Secondary GWP (100-yr) 1030 ~5 ~5
dependent) power ODP 0 0 0
generation ASHRAE Safety Group B1 A3 A3
3 HDH X7, Seawater Xg Freshwater Fluid Type Dry Dry Dry
25°C production Regulatory Status F-Gas Phase-down Permitted Permitted
4 PEM Xg, Distillate X9 + Hz output H: production +

preheating

2.2. Waste heat recovery system

2.2.1. ORC subsystem

The ORC unit constitutes the first energy recovery stage. The exhaust
steam (State 5) enters the evaporator and transfers thermal energy to a
closed-loop organic working fluid, which expands through a turbine to
drive the generator. Dry organic fluids are exclusively selected to
eliminate the risk of liquid droplet formation and associated turbine
erosion. Three candidates are evaluated against a multi-criteria frame-
work (Table 2). R245fa (Baseline) widely referenced in literature, but
subject to regulatory phase-down due to its high GWP (1030). n-Pentane
& Cyclopentane natural hydrocarbons with near-zero GWP (~5),

offering a sustainable alternative. The critical thermodynamic differ-
entiator is the critical temperature. As the heat source spans 90-200 °C,
R245fa and n-Pentane undergo a subcritical-to-transcritical transition
across this range, whereas Cyclopentane (T e = 238.57 °C) remains
entirely within the subcritical regime, ensuring greater operational
stability. Cyclopentane's sub-atmospheric condenser pressure necessi-
tates hermetically sealed turbomachinery, vacuum-grade shaft seals,
and continuous non-condensable gas removal to mitigate explosion risk
from air in-leakage (ASHRAE A3 classification) [53]. Furthermore,
while cyclopentane is not highly toxic, acute exposure to vapor con-
centrations exceeding 2000 ppm can induce Central Nervous System
(CNS) depression. Therefore, industrial deployment mandates contin-
uous ambient gas monitoring, ATEX-rated explosion-proof environ-
ments, and forced ventilation systems to mitigate both flammability and
inhalation risks.
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2.2.2. TEG subsystem

The TEG subsystem constitutes the second recovery stage, receiving
wet steam (xg= 0.5) from the ORC evaporator outlet. An optimized 12 x
833 module arrangement — selected from a systematic comparison of
four configurations (100 x 100, 50 x 200, 25 x 400, and 12 x 833) with
an identical total of 10,000 modules — was chosen because it yielded
the highest electrical power output and overall system efficiency while
maintaining a practical duct geometry and maximizing latent heat
extraction. The higher module count per duct (833) maximizes steam
residence time for effective condensation, while the 12 parallel ducts
ensure uniform steam distribution [33,34].

The 10,000 commercial SP1848-27145 TEG modules [54] are
distributed in a serpentine (zigzag) arrangement across the 12 ducts
(Fig. 2a), dimensioned to match the heat transfer area required by the 5
kg/s steam flow rate. A Thermal Resistance Network (TRN) resolves the
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local thermal path into steam-side convection, heat sink [55], contact
interface, and internal module resistances (Fig. 2b).

The cold-side coolant circuit uses a closed-loop intermediate fresh-
water system (treated water) to prevent corrosive degradation of the
aluminum heat sinks that would result from direct seawater cooling. To
continuously reject the absorbed thermal energy and maintain a stable
cold-junction temperature, this closed-loop freshwater is pumped
through an auxiliary industrial cooling tower. This ultimate heat rejec-
tion mechanism operates independently of the main thermodynamic
cascade, thus preserving the defined boundary conditions. The steam
releases its second portion of latent heat through this stage, exiting at
quality x7 to the HDH unit.

The proposed 10,000-module array represents a substantial scale-up
from an individually validated commercial module to a full industrial
installation, and three practical integration considerations beyond the
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(a) Physical configuration showing the optimized serpentine duct arrangement
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Rcmd. h R‘Cﬁai .h
TH RconL h
Te Rr.unt. c
Qc Rccnd. c Rtoml, "
Cold Side Reoav, ¢
(Coolant Fluid)
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(b) One-dimensional TRN

Fig. 2. Schematic representation of the TEG subsystem.
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present thermodynamic scope merit acknowledgment. The array's
physical footprint, based on the 12 x 833 arrangement with each
module occupying a 40 x 40 mm face area, corresponds to approxi-
mately 16 m? of active heat-transfer surface — a scale broadly consistent
with industrial heat-exchanger installations already common in waste-
heat-recovery facilities — though the full installed footprint, including
duct casing, manifolding, and serviceability clearances, would be sub-
stantially larger. Electrical interconnection of 10,000 series/parallel-
connected modules introduces wiring and bus-bar resistive losses not
captured in the present per-module power calculation, and thermal
contact resistance, modeled here as a single representative value per the
TRN above, is expected to exhibit module-to-module variability in a
manufactured array of this scale that could locally degrade performance
below the idealized value used in the simulation. These considerations
do not affect the validity of the thermodynamic cascade results pre-
sented in this study but identify manufacturability and electrical-
interconnection losses as priorities for future experimental refinement.

2.3. HDH subsystem

The HDH stage produces freshwater using the low-quality steam (x7)
exiting the TEG. A Closed-Air-Open-Water (CAOW) configuration is
adopted for its superior thermal efficiency over Closed-Water-Open-Air
(CWOA) designs [56]. In HX-1, the waste steam pre-heats the incoming
seawater feed in a counter-flow arrangement to the Top Brine Temper-
ature. The thermally conditioned seawater is then sprayed over packing
media in the Humidifier, evaporating into a recirculating air stream. The
resulting saturated air passes through the Dehumidifier, where it is
cooled by raw seawater, condensing vapor into high-purity distillate
(State 16). The depleted steam exits HX-1 at State 8 and proceeds to the
final recovery stage.

2.4. PEM electrolyzer subsystem

The PEM stage closes the energy and water loop. The exhaust stream
(State 8) passes through HX-2, where its residual thermal energy pre-
heats the HDH-produced distillate to the PEM optimal operating tem-
perature of 80 °C — confirmed by thermodynamic analysis to be
achievable without external electrical heating. The PEM electrolyzer
stack then splits this preheated, high-purity water into hydrogen and
oxygen using the combined DC power from the upstream ORC and TEG
subsystems, ensuring that hydrogen production is driven entirely by
recovered waste energy and waste-heat-purified water.

2.5. System state points

To ensure system reproducibility, Table 3 provides a comprehensive
mapping of all numbered state points appearing in Fig. 1 to their cor-
responding fluid stream, location, representative operating temperature,
pressure level, and thermodynamic phase or quality condition.

3. Mathematical model analysis

A detailed mathematical model is required to simulate the behavior
of the integrated system. To ensure transparency and reproducibility,
Table 4 consolidates all key modeling assumptions adopted across the
four subsystems. These assumptions are discussed in further detail
within their respective subsection models.

A steam mass flow rate of Meyxseeam= 5 kg/s is adopted as the system
design basis. This value is representative of medium-scale industrial
waste steam streams — such as those recovered from cement kilns,
chemical reactors, and food processing facilities — and is consistent
with mass flow rates employed in comparable WHR polygeneration
studies in the literature [41,46].

To establish a unified and transparent simulation framework, all
fixed operational parameters, component efficiencies, and geometric
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Table 3
Complete state-point definitions for Fig. 1.

State  Fluid Location in T (°C) P Phase /
System Quality

1 ORC Fluid Pump inlet Teond Py Saturated

liquid

2 ORC Fluid Pump outlet / Teond + Prigh Compressed
Evaporator ATy liquid
inlet

3 ORC Fluid Turbine inlet Tevap Prigh Sup. vapor /

Trans.

4 ORC Fluid Turbine outlet Teond Py Wet or sup.
/ Condenser Vapor
inlet

5 Waste System inlet Ts=90-200 Pggrars x5 = 0.8-1.0

Steam
6 Waste ORC evap. Tsaraxs Py X = 0.5
Steam Outlet / TEG (fixed)
inlet
7 Waste TEG outlet / Tsatax, Pgo X7
Steam HX-1 inlet
8 Waste HX-1 outlet / Tiaraxg Pgar xg or liquid
Steam HX-2 inlet

9 Condensate HX-2 outlet Twro PsataTyms Liquid

10 Seawater Raw seawater 25 Pam Liquid
inlet

11 Seawater HX-1 outlet / T1,=TBT Pam Liquid
Humidifier (heated)
inlet

12 Seawater HX-1 seawater 25 Pom Liquid
side inlet

13 Brine Humidifier T3 Liquid
outlet (reject)

14 Air Humidifier T4 Humid air
inlet (dry)

15 Air Humidifier Tis Pam Saturated
outlet humid air

16 Freshwater Dehumidifier T16 fresh Patm Liquid
outlet distillate

17 Freshwater HX-2 outlet / ~80 Pam Liquid
PEM inlet (preheated)

specifications across the integrated subsystems (ORC, TEG, HDH, and
PEM) are consolidated in Table 5. These baseline values are extracted
from established industrial standards and recent experimental literature
to ensure the practical feasibility of the thermodynamic model.

3.1. Waste heat recovery model

The WHR system serves as the primary power plant, converting the
latent heat in exhausted steam into electrical power. It is composed of
the ORC and TEG subsystems arranged in a series thermodynamic
cascade. The total net power generated by the WHR system (Wye wrr) is
the sum of the net power from ORC (Wetore) and TEG (Wiertrg), as
shown in Eq. (1):

Wnet,WHR = Wnet,ORC + Wnet.TEG 1)

To solve Eq. (1), a thermodynamic model is developed independently
for each power generation subsystem. The analysis begins with the first
component in the cascade, the ORC subsystem.

3.1.1. ORC model

The ORC recovers the highest-grade portion of the steam's latent
heat. The analysis follows standard Rankine cycle architecture (States
1-4). To establish the computational model, the following key as-
sumptions and boundary conditions are made consistent with the as-
sumptions summarized in Table 4. Firstly, the subsystem is designed to
utilize the steam's latent heat until its quality drops to x¢ = 0.5, which
defines the total heat input (Q;, orc)- Furthermore, component isentropic
efficiencies are assumed to be 0.85 for the turbine, 0.80 for the pump,
and 0.95 for the generator [29]. Finally, the ORC condenser is air-
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Table 4
Consolidated modeling assumptions for the integrated poly-generation system.

# Assumption Subsystem  Ref

1 Steady-state operation throughout All
2 All working fluids treated as pure substances All
3 Pressure drops and heat losses in connecting pipes All
are negligible
4 Changes in kinetic and potential energy are All
neglected
5 ORC steam latent heat recovered until quality ORC
reaches xg= 0.5
6 TEG p-n couples in electrical series and thermal TEG [57]
parallel
7 TEG material properties are temperature-dependent ~ TEG [58,59]
8 Heat dissipation from TEG external surfaces TEG [60]
neglected
9 Complex fluid dynamics at the serpentine bends are ~ TEG
simplified.
10 A fixed external load resistance (Rjyqq) is applied to TEG
each module.
11  The two- phase pressure drop across the TEG array
channels is considered negligible *
12 The pumping power and fan power are considered HDH [61,62]
minimal relative to the thermal energy input
13 Air and seawater treated as ideal mixtures in HDH HDH [63]
14  Top Brine Temperature constrained to 50-80 °C HDH [64]
15 The distillate water temperature (T3¢) is HDH [61]
approximated as the average of the dehumidifier
inlet air dew point and the exit air dry-bulb
temperature
16  PEM product gases (Hz, O2) treated as ideal gases PEM
17  Membrane water content varies linearly across PEM [33]

membrane thickness

@ Verified quantitatively in Section 4.2 via two-phase pressure-drop analysis.

cooled, maintaining a constant condensing temperature of 40°C [68].

The mathematical model employs a temperature-dependent control
logic to optimize the operational regime (subcritical or transcritical)
based on the relationship between the heat source temperature (Ts) and
the critical temperature of the working fluid (Tesiticar)-

When the heat source temperature permits evaporation below the
fluid's critical points (Ts < Teitical), the system operates in a subcritical
mode. In this range, the high-side evaporation pressure (Ps3) is governed
by the Pinch Point Temperature Difference (ATpprp) at the evaporator,
which represents the minimum temperature differential between the
heat source and the working fluid, typically in the region of 10 K to 30 K
[65,66]. For this study, the PPTD is set to 10 K, while the turbine inlet
temperature (Ts3) is determined by a Degree of Superheat (ATpsy) of 5 K
to ensure dry expansion [67]. These subcritical state relationships are
expressed as:

Tevap = TS - ATPPTZ) (2)
T3 = Tevap + ATDSH (3)
P; = Psat(Tevap) < Pritical @

Conversely, when the waste heat source temperature is sufficiently
high to support supercritical operation (typically exceeding the fluid's
critical temperature Ts > Tica), the system automatically transitions
to transcritical mode. In this regime, instead of fixing the pressure, an
adaptive pressure control strategy is implemented. The high-side pres-
sure (P;) is set to initiate slightly above the working fluid's critical
pressure and increases linearly with the source temperature. This
sliding-pressure strategy is crucial for minimizing the pump work pen-
alty and ensuring a smooth transition without thermodynamic in-
stabilities. Since no distinct phase change (boiling) occurs in the
supercritical region, the turbine inlet temperature is defined by an
Approach Point Temperature Difference (ATsprp) of 10 K [66], as
defined by:

International Communications in Heat and Mass Transfer 179 (2026) 112221

Table 5
Fixed operational parameters and component specifications across all
subsystems.

Parameter Description Symbol  Value Unit Ref.
ORC Model
Turbine Isentropic Efficiency Neurbine 85 % (29]
Pump Isentropic Efficiency Npump 80 % (29]
Generator Efficiency Ngen 95 % (29]
Pinch Point Temperature Difference AT, 10 K
P PPTD (65,661
D f S heat AT, 5 K
egree of Superhea DSH (671
Approach Point Temperature ATaprp 10 K
. [66]
Difference
Condensing Temperature Teond 40 °C [68]
TEG Model
Thermocouple (p-n) Count Mpn 127 - (54]
ol
Module Dimensions At 40 x 40 mm (54]
O
Individual Leg Area Aleg 14 x14 mm (54]
Duct Cross Section Area Aguer 0.006 m?
Individual Leg length Ligg 1.6 mm
[54]
Ceramic Plate thickness treg 0.8 mm (541
Total TEG height Hreg 3.9 mm (54]
ol
Total Number of Fins n 19 - (55]
20
Base Thermal Conductivity kp 235 w/
[55]
m-K
Individual Fin dimension Ly x tf 36 x 1.3 mm
[55]
Fin Spacin d 0.9 mm
pacing [55]
Base Dimension Ap 41 x 40.5 mm 551
Base length Ly 4 mm
[55]
External Load Resistance Rioad 3 Q
Coolant fluid inlet mass flow rate Mef; 25 Kg/s
HDH Model
Humidifier Effectiveness ey 85 % (69]
Dehumidifier Effectiveness £p 85 % (69]
Cycle Type - CAOW - [56]
Exit Relative Humidity Pour 100 % (701
Seawater Salinity - 35 g/kg [63]
PEM Electrolyzer Model
Stack Temperature Tpem 80 °C 4]
Cell Active Area Acel 0.0877 m? 1]
Cells in Seri N, 300 -
ells in Series stack [71]
Membrane Thickness L 50 Hm [72,73]
P3 = f(Ts) > Peritical (5)
T3 =Ts — ATapm (6)

While R245fa (Tl =~ 154 C), serves as the baseline fluid, the
computational model incorporates a comparative parametric study
evaluating alternative fluids—n-Pentane (Teitical = 196.5 C) and Cyclo-
pentane (Teica ~ 238°C) —to assess their potential in optimizing sys-
tem stability across the varying operational range.

The heat absorbed by the ORC evaporator (Qy, orc), is calculated
from the enthalpy drop of the steam:
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Qin.ORC = Mex steam ® (hS - h6) ()

where his the specific enthalpy of the steam as a function of temperature
and steam quality.

The pump pressurizes the liquid organic fluid to the high-side pres-
sure (P3). The actual specific pump work (W,) and enthalpy (hy) are
calculated using the pump's isentropic efficiency (i7,,mp):

w, =Ml ®)
npump
hz = WP + h] (9)

where is hys is the isentropic enthalpy at the pump outlet
The actual specific work generated by the turbine (W;) and the actual
enthalpy (h4) are found using the turbine's isentropic efficiency (17,,pine):

W, = Neurbine ® (h3 - h45) (10)
h4 = h3 - Wt (11)

where hy; is the isentropic enthalpy at the turbine outlet
The mass flow rate of the ORC working fluid (mogc) is calculated by
balancing the heat input from exhausted steam:

- Qin.ORc (12)

The net electrical power generated by the ORC (W ore) is the
generator-adjusted turbine power minus the pump power:

Wheeorc = (Miorc @ Wi @ 1lg,,) — (orc @ W) (13)

where 7,,, is the generator efficiency
Finally, the thermal efficiency of the ORC subsystem is:

W,
Ninore = 'net.ORC (14)
Qin.ORC

3.1.2. TEG model

The TEG subsystem recovers the “second portion” of the steam's
latent heat (wet steam at xg, Tg). The model utilizes a coupled thermo-
electrical energy balance. The mathematical formulation of the TEG
subsystem model is based on the following foundational assumptions
governed by the assumptions listed in Table 4. Notably, the 833
sequential modules per duct are assumed to impose a negligible pressure
drop on the steam flow (Table 4).

To verify the validity of the negligible-pressure-drop assumption
adopted in the TEG thermal model, a dedicated two-phase frictional
pressure-drop analysis was performed for the 833-module serpentine
duct geometry. Each parallel duct has a rectangular cross-section area
(Aguee) and carries a per-duct steam mass flow rate (Mex steam,duct)- The
frictional pressure drop was estimated using the classical Dar-
cy—Weisbach relation for the liquid-only and vapor-only flow compo-
nents:

L Gn?
APpo = fio — -2 1
1o = fio Dy 29, 1s)
L Gp?
APgo = feo — -2 16
GO fGO Dh ng ( )

where APpp and APgo are the pressure drops that would occur if the
liquid or vapor phase, respectively, flowed alone through the duct at the
total mass flux; L is the total duct length; Dy, is the hydraulic diameter;
G, is the total mass flux (mass flow rate per unit cross-sectional area);
and p; and p, are the saturated liquid and vapor densities at the local
saturation pressure.
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The corresponding Darcy friction factors (fio and fgp), evaluated
using the turbulent smooth-tube correlation [74]:

f=0.184 ¢ Re %2 an

The two single-phase pressure drops were then combined using the
separated-flow framework of Lockhart and Martinelli, in which the
Martinelli parameter X is defined as [75]:

/AP
X = ‘/Apco (18)

The resulting two-phase frictional pressure drop is obtained through
the Chisholm two-phase multiplier [76]:

c 1

2 = — _
h=1+3+% 19)
Atho—pha.:e = 4)% APpo (20)

where ¢? is the two-phase frictional multiplier applied to the liquid-only
pressure drop, and C is an empirical constant that depends on the flow
regime of each phase; for turbulent-turbulent flow, the value C = 20
[76].

To assess the thermal significance of the resulting pressure drop, the
corresponding shift in the local saturation temperature was estimated
using the Clausius-Clapeyron relation [77]:

AT _ Tiar Vg

dp hy, (21)

where Ty, is the saturation temperature in Kelvin, vg is the specific
volume difference between the saturated vapor and saturated liquid
phases, and hy, is the latent heat of vaporization at the local saturation
pressure.

Based on these assumptions, the model is constructed by applying a
couple of thermo-electrical energy balances. The analysis begins with
the core equations governing the performance of a single module. The
Seebeck coefficient (ap, a,,), thermal conductivities (K, K,,), and elec-
trical resistivities (p,, p,) for the p-type and n-type legs are calculated
using polynomial correlations derived from experimental data [58].
ayr = [5.9210102 e T> —3.274010 % ¢ T> +2.422010°°

o T— 27440107 (22)

O = [1.2920107 % 0T +1.074010°° ¢ T> —9.2720 1077
¢ T+8.95910°¢] (23)

Pory = [22490107* e T° —1.2510107 % e T>+1.3890 107
eT—2.245¢107] (©2))

Par) = [—1.246010 1 ¢ T —6.429¢10 "' 0 T* +9.103010°®
eT—1.04910°°] (25)

Kyr =[1.2520107 ¢ T>—1.243010 * ¢ T>+3.874 ¢ 10>
o T—2.363] (26)

Kuyry=[-1.593010°eT°+2.906010°eT? —1.583 102
o T+3.728] 27)

The individual leg properties are aggregated into equivalent junction
parameters representing a single p-n thermocouple pair [78].

Qpn (1) = Ap(T) — On(T) (28)

(KP(T) + Kur) ) o Arg

29
Lug (29)

Kpn(r) =
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(Por) + Pucry ) ® Lieg
Aleg

an(T) = (30)

where Ajeg (m?) and Lieg (m) are the cross-sectional area and length of
each semiconductor leg, respectively.

The heat absorbed at the hot side and rejected at the cold side of a
single p-n couple are governed by Peltier heat, Fourier conduction, and
Joule heating [79]:

Qn = Tgn ® [@pnir) @ T @ Ty + Kpnry @ (Tn — Tc) — 0.5 0 I* @ Ryyr) | (€13

Qc =My @ [apn(T) ole Tc +Kpn(T) 4 (Th - Tc) +05e 12 'an(T) ] (32)
where I is the electric current, Ty and T, are the hot and cold surface
temperatures, respectively, and R, is the electrical resistance of a single
pn couple (Q).

The electric current and module power output follow directly from
these properties:

(¢4 .(Th —T. )
7 = % c (33)
an(T) + Rlaad

Produle = 12 ® Ripaa (34)

Because the material properties in Egs. (15)-(20) depend on the
module surface temperatures, which are themselves unknown, the sys-
tem is nonlinear and coupled. To close it, the module surface tempera-
tures (Thand T,) are linked to the known bulk fluid temperatures via a
TRN, illustrated in Fig. 2a. On each side, heat traverses three resistances
in series: a convective resistance at the fin surface (R.n,), a conductive
resistance through the heat sink base (R.,.4), and a contact resistance at
the ceramic interface (R.o,) [80,81]:

Rhtotal = Reontact +Rb + Reonv (35)
Reontact = ﬁ (36)
Ry = k,,I:bAb @7
Reony = ! (38)

hconv ° Aeff

where R{_ is the specific thermal contact resistance (2.5 x 107° m2K/W
[82]), Ly and k;, are the base thickness (m) and thermal conductivity (W/
m-K), and Ayis the base area (A, = Wy e Ly).

The effective heat transfer area (A.) accounts for fin efficiency, and

is evaluated as [82]:
Aeff = Ab,unﬁnned + (Af,toml i ”f) (39)

where 7, is the fin efficiency, assuming an adiabatic fin tip, defined as:

tanhm e Ly
=——°7 40
where m is the fin parameter, defined as:
2 v
m— hcon ( 41)
kf (] tf

The total surface area of the fins (Af7[,,ta1) and the exposed unfinned
base area (Abvunﬁmed) are geometrically determined by:

Aot =20np 0L o W, (42)

Ap unfinned = Ap — (1 0 1y @ W) (43)
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where W, is the width of the heat sink base into the flow direction, A is
the total footprint area of the heat sink base (A, = W},  Ly), and k¢ is the
base/ fin thermal conductivity.

The convective coefficient (hen,) on the hot side (two-phase
condensing steam) is calculated using the Shah correlation [83]. To
apply this correlation, the mass flux (Gp,) is first determined from the
duct geometry and per-duct mass flow rate:

G. — Mex steam,duct

= (44
" Aduct

The liquid-phase heat transfer coefficient (h;)) and vapor quality
correction factor (Z) are [11]:

0.8
h = 00230 K o {M} o P14 (45)
Dy H
0.8
Z= [1:} o P04 (46)
x
The total hot-side convective coefficient is then:
3.8
hconv,h = hl ° |:1 +Zm:| (47)

where Gy, is the mass velocity (kg/mz. S), Aduct 18 the cross-sectional flow
area of a single duct (mz), P, is the reduced pressure, defined as the ratio
of the steam's saturation pressure to its critical pressure, and x is the
local vapor quality of the steam at a given cross-section along the duct.

On the cold side, the coolant fluid flows as a single phase and absorbs
waste heat from the system. Since the coolant fluid is actively being
heated during this process, the convective heat transfer coefficient
(heony,c) is calculated using the standard Dittus-Boelter correlation with a
Prandtl number exponent of 0.4. The correlation is valid for fully
developed turbulent flow (Re > 10,000) and 0.7 < Pr <160 [81], which
aligns with the operating conditions of the coolant channel.

Nu, = 0.023 o Re®® o P14 (48)
Nuek
hconv,c = Dh 2l (49)
The heat fluxes from the fluid to the module surfaces are then:

. Ts — T

Qh.conv = R5 h (50)
th,total.h

. T. — T,

Qc,conv = RC g (51)
th,total,c

This establishes a system of three non-linear equations that are
solved simultaneously for the three unknowns (T}, T,,I) at each control
volume step (i):

Qh(Th7 Tth) - Qh.conv(Th) =0 (52)
Q.(Tn, Tn, 1) — Qe oom(Tr) = 0 (53)
(Q,— Q) — (I ¢ Ripud) = 0 (54)

Since the model is discretized into 833 sequential control volumes,
the outlet conditions of each (i) define the inlet conditions for the
module (i+ 1).

Based on the calculated heat transfer (Qh,QC), the fluid properties are
updated using the energy conservation principle: For the steam (hot
side), the specific enthalpy drops due to heat extraction.
Qi

hsteam.out,i = Isteam,in,i —
Mex steam,duct

(55)

The new steam quality is then updated.
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hsteam‘out,i - hf

7’% s (56)

Xouti =

where hy, and hy are the specific enthalpies of saturated liquid and
saturated vapor, respectively, evaluated at the steam saturation tem-
perature.

For the cooling fluid on the cold side, the temperature increases:

Q.
ch,out,i = ch.in.i + 7'1
Mef i duct ® Cp.cf

(57)
where C, ¢ is the specific heat capacity of the cooling fluid at constant
pressure.

The cumulative power of the TEG subsystem is the summation of the
power generated by all modules (Ny,q) across all ducts:

Niotal
Whette6 = Produtei (58)
i=1
Finally, the TEG efficiency is defined as:
W,
Mnet.1EG = ﬂ (59)
Qin.TEG

where Qin,TEG is the total heat absorbed by the TEG module

Since the model is discretized, this value is calculated as the sum-
mation of the heat absorbed by the hot side of each module (i) across all
12 ducts:

833
Qinreg =120 Z Qni (60)
=1

To solve the discretized coupled system described above, specific
geometric dimensions and material properties are required. Table 5
details the technical specifications for both the commercial thermo-
electric modules and the aluminum plate-fin heat sinks adopted in this
simulation.

Several simplifying assumptions in the TEG thermal-electrical model
warrant explicit discussion regarding their expected influence on pre-
dicted power output. Bend-induced secondary flow, neglected in treat-
ing each of the 833 control volumes as an equivalent straight-duct
segment, simultaneously enhances local heat transfer and increases
pressure losses; its net effect on TEG power is therefore of uncertain sign
but expected to remain second-order relative to the dominant two-phase
resistance already resolved at each step.

The fixed external load resistance (Riqq= 3 €2), applied uniformly
despite the internal resistance varying with local module temperature,
causes the array to operate away from its temperature-dependent
maximum-power-point, making the reported power a conservative es-
timate relative to an idealized maximum-power-point-tracked array.
Neglected casing heat loss to ambient similarly biases the reported
power toward a mild overestimate, while linearly scaling the single
validated module (Section 4.1) to the full 10,000-module array, without
accounting for manufacturing tolerances or contact-resistance vari-
ability, introduces a comparable optimistic bias. These four simplifica-
tions should therefore be read as bounding the reported TEG power as a
representative first-order estimate, with prototype-scale validation
identified as a priority for future work.

3.2. HDH model

The HDH unit recovers the remaining latent heat (x;), for freshwater
production.

CAOW configuration is utilized. The mathematical formulation of
the HDH system model is based on the following foundational assump-
tions, as outlined in Table 4. Based on these assumptions, the mathe-
matical model is formulated using the mass and energy conservation
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laws for the primary components: the dehumidifier, the humidifier, and
the seawater heat exchanger. The governing heat and mass transfer
equations are consolidated in Table 6.

In the HDH model, component effectiveness is evaluated against
thermodynamic limits. Specifically, the ideal air enthalpy assumes the
air reaches full saturation at the seawater inlet temperature, while the
ideal seawater enthalpy assumes the water temperature reaches the inlet
air's dry-bulb temperature. To evaluate the performance indicators
defined above, the model incorporates specific operational constraints
and component characteristics. The fixed HDH operational parameters
are summarized in Table 5.

3.3. PEM Electrolyzer model

The final subsystem converts the recovered electrical power (Wpgy)
and high-purity water (16 f.s) into green hydrogen, simultaneously
closing the thermal loop.

The mathematical modeling of this subsystem is established under
steady-state as outlined in Table 4, and product gases (Hz,0-) are treated
as ideal gases. Furthermore, the membrane water content (1) is assumed
to vary linearly across the membrane thickness to simplify the analysis
of transport phenomena.

The thermodynamic identity governs the total energy required to
split water into hydrogen and oxygen [43,72,87]:

AH = AG + TppyAS (72)
where AH is the total enthalpy of reaction, AG is the Gibbs free energy
that must be supplied electrically, and TpgyAS is the thermal energy
contribution.

By operating at an elevated temperature of 80 °C, the thermal term
TpemAS increases, effectively reducing the electrical demand AG— the
primary motivation for integrating waste heat pre-heating with the PEM
electrolyzer. The minimum thermodynamic voltage required to initiate
water splitting is the reversible potential V,, which decreases with
increasing temperature according to the Nernst equation [87]:

Table 6
Governing mass and energy balances and performance metrics for the HDH
subsystem [84-86].

Governing Equation Eq.
Dehumidifier
Mass M6 fresh = Mair ® (Wair15 — Wair14) (61)
Energy Titgir ® (Mair1s — Mair14) = Mioaw ® (h11 — h1o) + Mg fresh © 1~ (62)
Effectiveness (h1s — h14) (h11 = h1o) 63)
ep = max ,
P |:(h15 —hisigeat)’ (M11,ideat — 10)
Humidifier
Mass 13 brine = M10,5w — M16 fresh (64)
Energy M10.5w ® R12 — M3 prine ® h13 = Mgir @ (15 — h14) (65)
Effectiveness ,_ o (as —Ma) (2 —his) (66)
(h1sideat — P1a) " (P12 — P13 ideat)
HX-1
Heat Input Qreqprr = Tt1osw ® (h12 — hi1) (67)
hg = hy — Qreq.HDH (68)
Mex steam
HDH Performance
GOR GOR — Mssresh ® Py (69)
Qreq.HDH
RR RR — mllé.fresh (70)
my0,sw
MR MR = Tlow 1)
Myir
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Vo =1.229 —8.5x 107" o (Tpry — 298) (73)
where Tpgy is in Kelvin (K)

To drive the reaction at a practical rate, additional voltages (over-
potentials) must be overcome. The exchange current density quantifies
the intrinsic electrochemical activity of each electrode Jy;, which fol-
lows an Arrhenius-type dependence on temperature [43,87,88]:

Eoei .
L“) i = anode, cathode

® Tpem

Joi = erf . exp( — 74)

where ;ef is the reference exchange current density (A/m?), Ege; is the
activation energy (J/mol), and R is the universal gas constant (J/mol.
K).

The voltage required to overcome the kinetic energy barrier at each
electrode surface is modeled using the Butler-Volmer equation
[43,72,87]:

RTpey

Vi = 7 sinh <%Ol> i = anode, cathode

(75)

where F = 96,485 C/mol is Faraday's constant and J is the operating
current density (A/m?).

Furthermore, ohmic losses arise from the membrane's resistance to
proton transport. The average ionic conductivity (Gpgy) of the mem-

brane is evaluated at the mean water content (1) [43]:

_ : 11
Gorm = (0.5139/1 - 0.326)exp {1268 . (@ - m) ] (76)

where opgy is the average ionic conductivity in S/m.
The membrane resistance (Rpgy) and the corresponding ohmic
overpotential (V) are then [89]:

L
Rpev = 77)
OpEM
Von = J ® Rpgy (78)

where L is the membrane thickness (m).
Finally, the operational cell voltage (V) is the sum of the reversible
potential and the irreversible overpotentials [43,90]:

Vcell = VO + Vact‘anode + Vact.cathode + Vohm (79)

Since V. is a nonlinear function of the current density (J =
Iack /Acen), the total stack power balance (Woegw) is expressed as:

WPEM = Ncells i Vcell i Ismck (80)

Once the operating current Iy, is resolved for the available power
input Wogn, the molar hydrogen production rate (1\'IH2 out) 1S governed by
Faraday's law [72]:

Ncells i Ixta:ks

2F 81

N, Hj.out —

The stoichiometric oxygen production rate (Noz,out) and the residual
water flow (NHQOD,,J are determined by mass balances:

. 1.
NOZ,out = ENHz.OLl[ (82)
NHZO.out = NHZO‘in - NHZ,out (83)

The PEM subsystem efficiency is evaluated on a Higher Heating
Value (HHV) basis, as the feedwater enters the stack as a liquid and the
total energy content of the produced hydrogen — including the latent
heat of vaporization — is relevant to the system energy balance [91,92]:
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o mHg.out e HHVy,

NpEm = H
Weem

(84)

where HHVy, ~ 141.8MJ/kg.

The activation energy barriers and exchange current factors specific
to each electrode are detailed in Table 7. and exergy balance equations
are detailed in Table 8.

3.4. Overadll system performance

To evaluate the thermodynamic performance of the fully integrated
system, two distinct parameters are defined to differentiate between
high-grade energy conversion and total resource utilization.

First, the overall system efficiency (7,,,) assesses the conversion of
low-grade waste heat into high-value hydrogen energy.
o mH2 out ® HHV o

= (85)

Tsys
Qin. total

The Higher Heating Value (HHV = 141.8 MJ/kg) is selected as the
efficiency reference because the PEM electrolyzer operates with liquid
water feedstock at a low temperature (80 °C). Unlike combustion sys-
tems where latent heat is lost via water vapor in exhaust streams, low-
temperature electrolytic systems preserve the chemical potential for
full latent heat recovery, making HHV the thermodynamically correct
reference for total stored energy. Adopting the Lower Heating Value
(LHV = 120 MJ/kg) would artificially inflate the reported efficiency by
18.2% (HHV/LHV = 1.182), misrepresenting the system performance.
This approach strictly aligns with standard evaluation metrics in liquid-
fed electrolysis literature [72,87].

Second, to account for the simultaneous production of freshwater,
which represents a significant portion of the recovered thermal energy,
the EUF is introduced. This metric represents the ratio of all useful
outputs (Hydrogen energy + Latent heat of the net freshwater surplus)

to the total thermal energy extracted from the waste source (Qun otal)-

(mHz,out L4 HHVH2) + (mlﬁ,fresh - mH20,cons) L hfg

Qin.total

EUF = (86)

where My, oue and Mp2ocons are the hydrogen production and water
consumption rates calculated in the PEM model.

3.5. Exergy analysis model

To complement the first law (energy-based) evaluation, a complete
second law (exergy) analysis is developed to quantify the thermody-
namic irreversibilities within each subsystem and identify the compo-
nents responsible for the degradation of available work potential across
the cascade. The exergy analysis is performed with respect to a reference
(dead) state defined as To = 298.15 K (25 °C) and Py = 101.325 kPa. For
any single-phase or two-phase pure-substance stream at state i neglect-
ing kinetic and potential exergy, the specific physical exergy is:

ex; = (hy —ho) — To(si — s0) 87)
Table 7
Key design specifications for the PEM electrolyzer model.
System Parameter Symbol  Anode Cathode Unit Ref.
Value value
Activation E; E, 76 18 kJ, L
Ci 1va‘10n nergy act /mo [72.73]
Barrier
Exchange Current Jd 1.764 x 4.61 x 10° A/m?
Factor 10°
Water Content A 14 10 -
Interface
Electrolyte L 50 - pum
Thickness
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Table 8
Summary of exergy balance equations used in the integrated
ORC-TEG-HDH-PEM system.
Component Exergy balance equation
ORC subsystem
Evaporator Exdest.evap = Mex steam (€X5 — €X6) — mwf (ex3 — exa) (89)
Turbine EXgest.urb = Morc(€x3 — €xa) — Wr.actual (90)
Condenser . . . T, 91
EXgestcond = Morc(€xs — €x1) — Qcond(l T ° )
‘cond
Pump EXgostpump = Wp actual — Morc (€X2 — €x1) (92)
TEG subsystem
EXdestTEG = Mex steam (€X6 — €X7) — Wher TeG (93)
HDH Subsystem
HX-1 EXgest X1 = Mex.steam (ex7 — exg) — Mo sw(€x11 — €X10) (94)
Humidifier EXgesthum = TM10.sw €X11 — 113 prine €X13 — Mgir(€X15 — €x14)  (95)
Dehumidifier  Exges dehum = Mlair(€X15 — €X14) — M16 fresh €X16 (96)
PEM Subsystem
HX-2 EXdestrx2 = Mex.steam (€Xg — €Xo) — Titg fresh (€X17 — €X16) 97
PEM stack EXgost.rem = WeeM -+ My in €X17 — M, €Xg, (98)

where h; and s; are the specific enthalpy (kJ/kg) and specific entropy
(kJ/kg. K) of the stream at its actual state, and hy and s, are the corre-
sponding properties evaluated at the dead state (T, Py). The total exergy
rate of a stream of mass flow rate m; is

Exi = mi'exi (88)

The exergy destruction rates for the individual components of the
ORC, TEG, HDH, and PEM subsystems are formulated based on the
general exergy balance equation (Ex, = EXou+ EXgsx+ W) and are
summarized in Table 8.

The total exergy destruction across the integrated cascade is the sum

of all subsystem contributions:
EXgest total = EXdest.orc + EXdest. TEG + EX dest.HpH + EXgest 1x2. + EXotest pEm (99)

The total exergy input to the system is the physical exergy of the
incoming waste steam relative to the dead state:

Exin,total = mex.steam’eXS (100)
System-wide exergy balance closure is verified by:
Exin.total = Exdest,tutal + thz €XH, + mex.stea.m €Xog (101)

The final term represents the residual physical exergy retained in the
spent steam exiting HX-2 (State9), which is not recovered by the present
cascade architecture.

The exergetic efficiency of each subsystem is defined as the ratio of
exergy in the desired product to the supplied exergy:

Wore = m (102)
Vion = % (104)
Vo = X (105)

Wheem + My, in €X17

The overall system exergetic efficiency, expressing the fraction of the
incoming steam's exergy ultimately converted into the chemical exergy
of the hydrogen product, is:
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Tflyz €Xp,

Vsys = (106)

Exin,totul
3.6. Economic and environmental assessment framework

3.6.1. Economic analysis

To assess commercial viability, a techno-economic model is devel-
oped that converts physical sizing parameters—obtained from the
thermodynamic simulation—into capital (CAPEX) and operational
(OPEX) expenditures. The system is designed as a hydrogen production
facility in which electricity and freshwater are consumed internally by
the PEM electrolyzer, yielding green hydrogen as the sole commercial
product.

The total capital expenditure (CAPEX) aggregates the purchased
equipment costs (Z;) with a 15% miscellaneous factor (f;sc) to account
for installation and piping:

CAPEX ot = (1 + fise) Y Z& (107)

The annual OPEX is estimated at 4% of CAPEX, covering mainte-
nance and auxiliary costs. Component cost functions (Z) are detailed in
Table 9.

Profitability is evaluated using three indicators: NPV, LCOH, and
PBP. These are calculated over a project lifetime of 20 years (N) at a 10%
discount rate (r), using the Capital Recovery Factor (CRF) [97,98]:

r(l +r)N

CRE = v -1

(108)

LCOH represents the minimum price required to recover all life-cycle
costs:

CAPEXmml-CRF + OPEthal
MH2 ° tup

LCOH =

(109)

The NPV quantifies the project's absolute economic value by dis-
counting all future net cash flows to the present. A positive NPV con-
firms commercial viability at the specified discount rate [99]:

N
R — OPEX,
NPV = — CAPEX i + Y ool 2 (110)
— (1+7)
Revenueama = Mz toy-Pra 111)

where Py, is the market price of hydrogen 5 USD/kg [100-102]
The PBP determines the number of years required for cumulative net
operating profit to recover the initial capital:

Table 9
Equipment capital cost functions.
Subsystem  Component Cost Function (Z) [USD] Ref.
TEG Module array Zrgg = 15000 Wrer 126 (03]
ORC Turbine Zubine = 43
102 62+1.43log(W,)-0.17 (log(W,))* [43]
:0.95
Generator Zgen =60 VVget.ORC [43]
HX (evaporator/ Anx \ %78
condenser) Zime =130 <m) o
P £ 071
ump Zyunp = 3540 0 W) [43]
HDH Humidifier Zy =317.46 e Vy [95]
o}
Dehumidifier _ 0.514
Zp = 2143 e Ap [96]
PEM Zppm = 1000 @ Wpgy [43]

Note: W and Q in kW, A in m?, and V in m®.
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CAPEX, total

PBP =
Revenueannual — OP. EXmml

(112)

To numerically solve the economic model, specific operational
limits, market prices, and financial assumptions must be defined. These
parameters are comprehensively summarized in Table 10.

3.6.2. Environmental-economic benefit

The COz mitigation benefit is calculated based on the displacement of
grid-based electrolysis. Given the Egyptian grid emission factor (EFgq=
0.4727 kgCO2/kWh [77]), the annual mitigated carbon mass (M’ggz) is:

Mg,

o2 (113)

(kg/yl‘) = Ew[al'top 'Ean'd

where Eyq is the total equivalent power recovered by the system.
Assuming a carbon credit price (Pco2) of 40 USD/t CO2 [105,106],

the corresponding Carbon Credit Gain (CCG) is determined by [107]:

CCG (USD _ (Meo P 114
( /yr) = 1000 ® Feoz ( )

3.7. Simulation strategy and solution procedure

The comprehensive mathematical model described in the preceding
sections has been fully implemented within the MATLAB computational
environment. The simulation employs a sequential cascading strategy,
replicating the thermodynamic degradation of the waste steam stream
as it progressively depletes its latent heat content through partial
condensation across the cascaded subsystems. Due to the coupled and
non-linear nature of the governing equations—particularly within the
TEG discretization and the PEM electrochemical model—a robust iter-
ative solution algorithm is employed, the logic of which is visualized in
the flowchart in Fig. 3.

The computational procedure initiates by defining the global
boundary conditions, including the steam mass flow rate, inlet tem-
perature range, and seawater intake conditions, alongside the fixed
geometric and efficiency specifications for all subsystems. The solution
sequence begins with the ORC subsystem, where the solver calculates
the thermodynamic properties at the inlet (State 5) and resolves the
Rankine cycle equations to determine the net power output and the
intermediate state of the steam exiting the evaporator (State 6).

Subsequently, the simulation progresses to the TEG subsystem,
where a discretized solver is applied to handle the non-linear tempera-
ture profiles. The duct is divided into 833 sequential control volumes;
for each step, the system of coupled thermo-electrical equations is solved
iteratively to determine the TEG surface temperatures and current. The
steam enthalpy, quality, and cooling water temperature are updated
dynamically for each subsequent module until the total TEG power, and
the final steam condition (State 7) are computed.

Following the power generation stages, the solver internally transi-
tions to the HDH desalination unit. The algorithm calculates the
required thermal load needed to raise the seawater temperature to the
specified Top Brine Temperature. By applying mass and energy balances
across the humidifier and dehumidifier, the freshwater production rate
is quantified, and the final state of the steam condensate (State 8) is
defined.

Finally, the PEM electrolyzer model acts as the convergence point for

Table 10

Economic parameters.
Parameter Value Unit Ref.
Annual operating hours top 8000 h/yr [103]
Discount rate r 10 %
Project lifetime N 20 yr
O&M cost factor 4 % of CAPEX,

fosm ° total [33,104]

Miscellaneous cost factor Somisc 15 %
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the system's outputs. The total generated electrical power and the
available freshwater are input into an electrochemical solver. An itera-
tive loop estimates the initial cell voltage, calculates the resulting cur-
rent density and overpotentials, and refines the voltage guess until
convergence is achieved. Upon solving, the model outputs the final
hydrogen production rate and evaluates the overall system efficiency.

4. Results and discussions

This section presents the simulation results of the proposed inte-
grated system based on the mathematical models described in the pre-
vious section. The analysis is divided into three main parts. First, the
accuracy of the developed models is verified by comparing the results
with experimental data and literature. Second, the overall system per-
formance is evaluated under the design operating conditions. Finally, a
parametric study is conducted to analyze the effect of varying the waste
heat source inlet parameters and different organic working fluids on
thermodynamic performance.

4.1. Component-level validation summary

To ensure the reliability of the developed hybrid computational
framework, the numerical models of all four subsystems were rigorously
validated against experimental data and established theoretical models
from the literature. Table 11 and Fig. 4 provides a consolidated sum-
mary of the validation metrics across all subsystems, followed by a
detailed discussion of each validation case.

Prior to experimental validation, the numerical implementation it-
self was independently verified. All nonlinear algebraic subsystems
(ORC state-point solver, TEG thermal-electrical coupling, HDH humid-
ifier/dehumidifier energy-mass balance, and PEM polarization solver)
were solved using MATLAB's built-in iterative solvers with a conver-
gence tolerance of 10~° on all residuals, and solution independence from
the initial guess was confirmed by perturbing initial conditions by
+20% and verifying convergence to identical state points in all cases.
Energy and mass balance closure across each subsystem boundary was
confirmed to within 0.01% at every simulated operating condition, and
a run-to-run reproducibility check confirmed that the deterministic
solvers produced bit-identical outputs across repeated executions. This
verification step confirms that the reported results reflect a numerically
converged and internally consistent solution, distinct from the subse-
quent experimental validation reported below.

It is acknowledged that direct experimental validation of the fully
integrated four-stage system was not feasible within the scope of this
work, as no published dataset exists for an identical
ORC-TEG-HDH-PEM cascade configuration. However, the adopted
modular validation approach — independently validating each subsys-
tem against dedicated experimental benchmarks—ensures the robust-
ness and physical accuracy of the overall integrated computational
framework.

4.2. ORC, PEM, TEG, and HDH validation cases
(a) ORC subsystem

The thermodynamic model of the ORC subsystem is validated against
the baseline reference data published by Zhang et al. [108]. The vali-
dation framework utilizes R245fa as the working fluid under standard
cycle constraints: a condensation temperature (75 °C), an evaporation
pressure (Pe,qp= 2.4 MPa), an isentropic pump efficiency (1, =0.8), and
an isentropic turbine efficiency (5, =0.75). The comparative evaluation
across all four thermodynamic state points is compiled in Table 12. The
numerical results exhibit exceptional agreement, with a maximum
relative error of 0.18% for fluid enthalpy and 0.03% for localized
operating pressures, confirming the thermodynamic consistency of the
cycle model.
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Fig. 3. Solution procedure flow chart.

Table 11
Summary of subsystem validation results.
Subsystem Validated Against Validation Error
Metric
-poi Zh: 1. Max. relati
ORC State-point data, Zhang et a ax. relative 0.18%
[108] error
PEM Polarl.zatlon curve, Shoaib & MAPE 1.27%
Electrolyzer Targhi [109]
I-V ch istics, TGM199-1.4-
TEG Module V characteristics, TGM199-1.4 MAPE 1.36%
2.0 [4]
HDH Unit GOR vs. MR, Sharqawy et al. [85] MAPE 3.74%
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(b) PEM Electrolyzer

The PEM electrochemical model is validated against experimental
polarization data from Shoaib and Targhi [109] at Tpey = 80 °C and
atmospheric pressure. A constant electrical contact resistance was
incorporated to account for interfacial losses, and the membrane water
content was calibrated for a fully hydrated Nafion membrane. Fig. 4a
compares the predicted polarization curve against experimental mea-
surements across the full operating range (up to 5000 A/m?), yielding a
MAPE of 1.27%. This minimal deviation confirms that the combined
Nernst-Butler-Volmer—-ohmic formulation accurately captures the cell
electrokinetic and ohmic losses across the full range of operating current
densities.
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MR for HDH desalination [85].

Table 12

Comparison between the present ORC model results and reference data [108] for R245fa.

State Pressure [MPa] Enthalpy [kJ/kg]

Present Zhang et al. [108] Error Present Zhang et al. [108] Error
1,0RC 0.695 0.695 0.03% 302.36 301.87 0.161%
2,0RC 2.4 2.4 0% 304.15 303.65 0.165%
3,0RC 2.4 2.4 0% 488.84 487.97 0.177%
4,0RC 0.695 0.695 0.03% 472.67 471.82 0.18%

(c) TEG subsystem

The thermoelectric conversion TEG model is validated against
experimental data reported by [4] for a commercial TEG module
(TGM199-1.4-2.0). Although the reference study investigates the
module under fixed boundary temperature conditions (T, =200'C,T, =
30°C), it serves as a robust benchmark to verify the accuracy of the
Seebeck, Peltier, and Joule heating equations adopted in this study.
Fig. 4b compares the current-voltage (I-V) characteristics obtained from
the present model with experimental data. To rigorously quantify the
accuracy of the prediction, the MAPE calculated. The results exhibit an
exceptional agreement, yielding a MAPE of 1.36%. This highly minimal
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deviation firmly confirms the validity and reliability of the thermo-
electric constitutive equations employed in the integrated simulation.

(d) HDH subsystem

Finally, The mathematical formulation characterizing the HDH
thermal desalination block is validated against the experimental per-
formance data reported by Sharqawy et al. [85] for a CAOW cycle.
Humidification cycle. The validation baseline was established under
documented reference conditions: top and bottom seawater inlet tem-
peratures of 60 °C and 30°C, respectively, a dehumidifier outlet air
relative humidity of 0.90, and a constant component effectiveness (&) of
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0.85 for both the humidifier and dehumidifier columns. Fig. 4c presents
the comparison between the simulated and experimental GOR across a
range of mass flow ratios. The numerical model achieves a highly
acceptable fit with a MAPE of 3.74%. This minor deviation stems from
the constant-effectiveness simplification, which cannot capture the
effectiveness drift that real humidifier/dehumidifier packing exhibits
under varying inlet conditions. This structural limitation, rather than the
relative-humidity boundary condition, is the dominant source of resid-
ual deviation, and is consistent with comparable constant-effectiveness
HDH validation studies reported in the literature [85].

4.3. Baseline system performance

With the computational framework rigorously validated, the study
proceeds to evaluate the performance of the fully integrated poly-
generation system. The following section presents the detailed thermo-
dynamic analysis under the design operating conditions, serving as a
baseline for the subsequent parametric investigations. Table 13 sum-
marizes the input parameters and boundary conditions adopted for this
baseline simulation. The waste heat source is assumed to be exhausted
steam at 130 °C.

Under these specified conditions, the steady-state simulation results
for the integrated system are presented in Table 14. The system effec-
tively recovers the waste heat through the cascaded stages.

Table 14 provides a summary of the system's overall performance
based on the proposed cascade strategy. In total, the system recovers
8.29 MW of thermal energy from the waste steam. When evaluating this
performance, it is important to distinguish between the two defined
metrics. The Overall System Efficiency (7,,) appears relatively low at
7.21%, as it strictly accounts for the produced hydrogen, the highest
form of energy in the system. However, this value does not tell the whole
story. The EUF gives a more complete picture, reaching 34.33%. This
higher figure reflects the system's ability to capture the significant value
of the freshwater produced (latent heat), proving that the system
effectively utilizes the resource even if the conversion to chemical en-
ergy (Hydrogen) is thermodynamically limited.

The energy distribution, shown in Fig. 5, follows the quality of the
available heat. The majority of the recovered energy (71.87%) is
consumed by the power generation stage (ORC & TEG) to maximize
electricity output (696.55 kW) for the electrolyzer.

As the steam quality drops to 0.45, the HDH unit takes over, utilizing
25.94% of the total energy to secure a sustainable water supply with a
GOR of 1.31. The cycle is completed by scavenging the last remaining
fraction of low-grade heat (2.19%) to preheat the PEM feedwater to
80 °C. Notably, the system proves to be entirely self-sufficient in water.
The PEM electrolyzer consumes only 3.7% of the generated freshwater,

Table 13
Design operating conditions and input parameters for the base case.

Subsystem Parameter Symbol Value Unit

Heat Source Steam Inlet Temperature Ts 130 ‘c
Steam Mass Flow Rate ms 5 kg/s
Steam Inlet Quality Xs 1 —

ORC Cycle Organic Fluid R245fa
Degrees of Superheat ATpsu 5 K
Pinch point temperature ATpprp 10 K
Condensing Temperature Teond 40 ‘c

TEG Unit Inlet Steam Quality X6 0.5 —
Cooling Water mass flow rate Mef; 25 kg/s
Cooling Water Temperature Teri 25 C

HDH Unit Seawater Inlet Temperature Tio 25 ‘c
Seawater Mass Flow M10.sw 25 kg/s
Air Relative Humidity h1415 100 %
Top Brine Temperature Ty 70 e
Mass Ratio MR 2 -
Component Effectiveness € 85 %

PEM Unit Water Inlet Temperature T17 80 °c
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Table 14
Thermodynamic performance results of the integrated system at the design
point.

Subsystem Performance Indicator Symbol Value Unit
Power ORC net power output Wietore ~ 675.06 kw
Generation TEG net power output Wieerre 2149 kw

Total net power supplied Wheewsr ~ 696.55 kw
Steam quality leaving the TEG X7 0.452 -
Freshwater Total freshwater rate M6 fresh 3613 L/h
Production Gained Output Ratio GOR 1.312 -
Steam quality leaving HDH xg  0.254 -
H, Hydrogen production rate Mgz 15.17 kg/h
Production PEM water consumption MH20 cons 135.6 L/h
Excess freshwater — mMy20 excess 3477.40 L/h
PEM system efficiency Npey  64.31 %
Steam quality leaving PEM Xo 0.2376
Overall Energy Utilization Factor EUF  34.33 %
System Overall System Efficiency Nys  7-21 %
Total thermal energy Qi oal 8286.14 kW

recovered

2.16%

25.94%

71.87%

= WHR

Fig. 5. Thermal energy recovery distribution among the integrated subsystems
(WHR, HDH, and PEM heating).

= HDH =PEM

leaving a significant net surplus of 3477 L/h available for export.
Additionally, the PEM operates at an efficiency of 64.31%, which aligns
well with standard commercial performance.

To fully justify the thermodynamic modeling of the TEG stage under
the baseline conditions, the two-phase frictional pressure-drop analysis
formulated in Egs. (15)-(21) was numerically evaluated for the 833-
module serpentine duct geometry at the design-point temperature of
130 °C. Each parallel duct features a rectangular cross-section area of
Aguet, Dp = 0.0632 m and carries a per-duct steam mass flow rate
Mey steam,duct Of 0.417 kg/s. With an axial length of 0.04 m per module,
consistent with the module footprint, the total continuous duct length
(L) is 33.3 m. For the independent cross-check, the homogeneous
mixture flow model was evaluated at the average steam quality across
the duct (x = 0.476), which directly represents the physical transition
from the inlet quality (x¢= 0.5) to the outlet quality (x;= 0.452) ob-
tained from the baseline simulation. Table 15 summarizes the resulting
two-phase frictional pressure drop (APp,—phase) and the corresponding
saturation-temperature shift (AT,,) obtained from both the separated-
flow framework and the homogeneous mixture model.

As indicated by the results, the two independent methods bound the
expected saturation-temperature perturbation between 0.68 K and 3.14
K across the full duct length. Given that the heat source temperature is
varied parametrically over a wide 110 K span (90-200 °C) in the sub-
sequent sections of this study, this maximum estimated shift represents
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Table 15

Two-phase frictional pressure drop across the 833-module TEG duct and the
corresponding saturation-temperature shift, evaluated at the design-point
source temperature of 130 °C.

Method APuyo_phase % of AT [K]
[bar] Pga
Separated-flow (Lockhart-Martinelli/ 0.254 9.38 3.14
Chisholm)
Homogeneous mixture model 0.067 2.49 0.83

less than 3% of the entire investigated temperature range. This suc-
cessfully confirms that the constant-saturation-temperature simplifica-
tion adopted in the TEG thermal model introduces only a minor, second-
order perturbation, validating the accuracy of the baseline performance
trends without introducing unnecessary computational complexity.

4.4. Effect of heat source temperature, steam quality, and working fluid

To evaluate the system's performance under off-design conditions
and identify the optimal operating strategy, this section examines the
thermodynamic response to fluctuating heat source temperatures
(90-200 °Cfor three candidate organic working fluids — R245fa, n-
Pentane, and Cyclopentane — under two steam inlet qualities (0.8 and
1.0). All downstream operating parameters are held at their design
values listed in Table 6.

4.4.1. Waste heat recovery (ORC + TEG) power and efficiency
Fig. 6 summarizes the WHR power generation profile over the heat-

source temperature range investigated, presenting the individual
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Fig. 6. Impact of varying heat source temperature on WHR subsystem perfor-
mance: (a) net power output of each subsystem, (b) and total integrated WHR
power output.
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subsystem power outputs (Fig. 6a) and the total integrated power gen-
eration (Fig. 6b).

As shown in Fig. 6a, the ORC power output increases with source
temperature for all working fluids. However, the shape of the perfor-
mance curve is governed primarily by the proximity of each fluid to its
critical temperature, whereas steam inlet quality mainly affects the
magnitude of the generated power. At the lower bound of the investi-
gated range (Ts= 90 °C), the three fluids exhibit similar performance,
with Cyclopentane exceeding R245fa by only 6.2%. In contrast,
increasing the steam quality from x5 = 0.8 to xs= 1.0 substantially in-
creases power generation for all fluids due to the larger thermal energy
available from saturated steam.

R245fa (Teriicq = 154.01 °C) exhibits a continuous increase in power
output until the source temperature approaches its critical point. Beyond
this region, the cycle transitions from subcritical to transcritical opera-
tion, producing a noticeable deterioration in performance. Table 16
summarizes the key thermodynamic state points across this transition.

The transition imposes a compound penalty on both sides of the
cycle. On the compression side, the high-side pressure rises from 28.37
to 38.21 bar (+34.7%), increasing pump specific work from 2.49 to 3.43
kJ/kg (4+37.9%). On the expansion side, turbine specific work falls from
38.31 to 25.44 kJ/kg (—33.6%), since supercritical heating provides a
smaller enthalpy drop than subcritical phase-change evaporation.
Together these effects reduce net specific work from 33.9 to 20.74 kJ/kg
(—38.8%), producing a 16.07% power drop — from 442.26 kW (x5=0.8)
/ 737.10 kW (x5=1.0) at 152.1 °C, to 371.18 kW / 618.64 kW at
154.9 °C. That the drop is identical in percentage terms at both steam
qualities indicates the instability originates in R245fa's thermophysical
properties near the critical point, rather than in the fixed discharge-
quality control strategy (x¢= 0.5), which is unchanged across all
temperatures.

n-Pentane (Tyicq ~ 196.55 °C) exhibits a similar thermodynamic
trend, but the transition occurs at a substantially higher temperature. As
a result, the fluid maintains stable subcritical operation over a wider
temperature range and outperforms R245fa throughout most of the in-
termediate region between 160 °C and 190 °C. However, as the source
temperature approaches its critical point, n-Pentane experiences the
same transition-induced degradation, with power output decreasing by
7.6% near 197.2 °C before recovering slightly at 200 °C. Cyclopentane,
by contrast, maintains the highest net power output of the three fluids
across the entire evaluated range (90-200 °C); no crossover between the
Cyclopentane and n-Pentane power curves is observed, as Cyclo-
pentane's combination of fully subcritical operation and superior ther-
mophysical properties preserves its lead at every source temperature
investigated. Consequently, the fluid avoids the compressibility effects
associated with transcritical operation, resulting in a smooth and
continuous increase in power output reaching 565.48 kW at x5 = 0.8 and
942.47 kW at x5 = 1.0 with no observable degradation.

In parallel with the ORC, the TEG subsystem provides crucial base-
load stability. As shown in Fig. 6a, TEG power output climbs steadily
with temperature—rising from 8.41 kW at 90 °C to a peak of 56.05 kW at
200 °C. Crucially, the power curves for different steam qualities

Table 16
Key ORC thermodynamic state points for R245fa across the subcritical-to-
transcritical transition.

Parameter 150 °C 156 °C 162 °C
(Subcritical) ~ (Near Critical)  (Transcritical)

Operating Mode Subcritical Transcritical Transcritical

High-side Pressure [bar] 28.37 38.2 40.31

Turbine Inlet Temperature [°C] 145 150.8 156.2

Turbine Specific Work [kJ/kg] 38.31 25.44 28.77

Pump Specific Work [kJ/kg] 2.49 3.43 3.63

Net Specific Work [kJ/kg] 33.9 20.74 23.71

Wieewnr [KW], x5= 0.8 439.95 374.36 392.84

Wheewnr [KWI, xs= 1 733.25 623.93 654.73




M. Ashraf et al.

perfectly overlap. This stability validates the system's control strategy:
by regulating the ORC to discharge steam at a fixed thermodynamic
state (xg = 0.5), the TEG always receives a consistent heat flux regard-
less of upstream source enthalpy fluctuations.

Fig. 6b reflects the total integrated system output. Because the ORC
dominates generation, the total power profile mirrors the ORC's
behavior, amplified by the steam quality multiplier. For Cyclopentane at
200 °C, shifting from moderate (xs= 0.8) to saturated steam conditions
(xs = 1.0) drives the total aggregate power from 621.5 kW to a
remarkable peak of 998.48 kW.

Fig. 7 illustrates the thermal efficiency evolution of the ORC and TEG
subsystems across the investigated temperature range.

A critical observation from the ORC efficiency profiles is the perfect
superposition of the curves for different steam inlet qualities (x5 = 0.8
versus xs= 1.0) for all three working fluids. This congruency indicates
that ORC thermal efficiency is thermodynamically decoupled from the
steam dryness fraction. While a higher steam quality increases the total
heat input, the system's control logic triggers a proportional increase in
the organic fluid's mass flow rate to absorb the extra load. Consequently,
the net power output scales linearly with the heat input, canceling out
the scaling factor and rendering efficiency strictly dependent on the
source temperature and fluid properties.

Driven by these fluid properties, Cyclopentane demonstrates the
highest thermodynamic performance, climbing steadily from 8.36% at
90 °C to a maximum of 19.43% at 200 °C. Its superiority stems directly
from avoiding the severe high-pressure liquid pumping penalties that
compromise the efficiencies of R245fa and n-Pentane near their critical
points. Conversely, the TEG efficiency is driven purely by the magnitude
of the temperature gradient across the modules. As the waste heat
temperature rises to 200 °C, the intensifying Seebeck effect raises the
TEG efficiency linearly to 6.38%. Like its power output, the TEG effi-
ciency remains entirely immune to variations in upstream steam quality
or working fluid selection, further confirming the resilience of the
cascading architecture.

4.4.2. TEG duct pressure drop estimation

4.4.2.1. Control-parameter sensitivity of ORC performance. To assess the
robustness of the performance hierarchy established above, Table 17
presents a one-at-a-time sensitivity analysis of the R245fa ORC net
power output at two representative source temperatures—150 °C
(subcritical) and 200 °C (transcritical)—under saturated steam condi-
tions (x5 = 1.0).

Turbine isentropic efficiency (#,pine ) is by far the most influential
parameter: varying it between 0.75 and 0.95 changes net power by

+12.6% at 150 °C and + 13.1% at 200 °C, consistent with its direct role
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Fig. 7. Impact of varying heat source temperature on ORC and TEG efficiency
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in the turbine work term. The pinch-point, superheat, and approach
temperature differences (PPTD, DSH, APTD) have a much smaller effect,
with deviations no larger than —2.2%, and pump efficiency has a
negligible influence (<1.5%) given the small pump work relative to
turbine output in this range. None of these variations shift the onset of
the R245fa transcritical instability near 154°C, confirming that the fluid
ranking established in this study — and Cyclopentane's advantage in
particular — is not an artifact of the chosen control parameters.

4.4.3. HDH desalination: Optimization and sensitivity

Before integrating the desalination unit with the upstream power
generation stages, a parametric optimization was carried out to define
its operating point, with the goal of maximizing thermodynamic effi-
ciency (GOR) rather than freshwater volume alone.

Fig. 8 shows that this behavior depends on the thermal regime. At
lower top brine temperatures (TBT = 50 °C and 60 °C), the GOR follows
a parabolic trend with MR, peaking before declining due to airflow
limitations; at higher TBT (70 °C and 80 °C), GOR instead increases
monotonically over the studied MR range. At a fixed MR of 1, lower TBT
consistently gives a higher GOR — 1.062 at 50 °C, falling to 0.841 at
80 °C — showing that lower brine temperatures use the available
enthalpy more efficiently per unit of freshwater produced.

The global maximum is found at TBT = 50 °C and MR = 1.75, giving
a GOR of 1.786, the highest in the study, with 2146 L/h of freshwater
produced from 804.6 kW of thermal input. By comparison, TBT = 80 °C
and MR = 2.5 gives a lower GOR of 1.277, despite a higher production
rate of 4445 L/h, because the thermal demand nearly triples to 2299 kW.

TBT = 50 °C and MR = 1.75 was selected as the design point on
efficiency grounds rather than production volume, for three reasons.
First, it gives the highest GOR in the study, extracting the most fresh-
water per unit of low-grade heat in a cascade where every kilowatt of
steam enthalpy is shared across four competing subsystems. Second, the
PEM electrolyzer's freshwater demand — set by the upstream electrical
power input — is a small fraction of the 2146 L/h produced at this point
across all studied conditions (Section 4.4.4). Third, the alternative (TBT
= 80 °C, MR = 2.5) would impose a thermal load of 2299 kW, nearly
three times the 804.6 kW required at the selected point, leaving less
residual steam enthalpy for the downstream PEM preheating stage and
potentially compromising its operating temperature. The selected design
point delivers freshwater at 37.83 °C, subsequently preheated to 80 °C in
HX-2 using the HDH exhaust steam.

With the HDH thermal load fixed at 804.6 kW, freshwater production
is fully decoupled from variations in the upstream heat source temper-
ature across the full 90-200 °C range: the steam leaving the TEG sub-
system always retains enough enthalpy surplus to meet the HDH
demand, so the desalination stage acts as a stable anchor supplying a
constant water stream to the PEM electrolyzer regardless of upstream
fluctuations.

To address the practical variations in component performance,
Table 18 presents a quantitative sensitivity analysis conducted by
varying the humidifier and dehumidifier effectiveness (eq, €p) between
0.75 and 0.90 around the baseline design point ¢ = 0.85). As summa-
rized in Table 17, under a severe component degradation scenario (¢ =
0.75), the freshwater yield decreases by 20.69% (to 1702 L/h) and the
GOR drops by 44.79% (to 0.986) due to the reduced latent heat recov-
ery. Conversely, targeting an optimized design (¢ = 0.90) enhances the
freshwater yield by 12.53% (to 2415 L/h) and boosts the GOR by
53.19% (to 2.736).

Importantly, even under the worst-case degradation scenario (¢ =
0.75), the freshwater output (1702 L/h) remains substantially higher
than the maximum water consumption required by the PEM electrolyzer
(197.68 L/h). This mathematically confirms that the assumption of fixed
baseline effectiveness does not compromise the core conclusion
regarding the system's absolute freshwater self-sufficiency.

To complement the parametric sensitivity analysis above with a
formal uncertainty quantification, the propagated uncertainty in the
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Table 17
Sensitivity of R245fa ORC net power to key control parameters (x5 = 1.0).
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Parameter Variation Ts= 150 °C (subcritical) Ts= 200 °C (transcritical)
[baseline] R R R R
Wher wir [kKW] AWnerwrr [%] Whetwrr [kW] AWnerwrr [%]
ATpprp [10K] 5K 744.056 +1.473 761.0167 0
15K 717.063 -2.21 761.0167 0
ATpsy [5 K] 2.5 730.117 -0.43 761.0167 0
7.5 735.593 +0.32 761.0167 0
ATaprp [10 K] 5 733.252 0 769.104 +1.06
15 733.252 0 748.309 -1.67
Nuarbine 10-851 0.75 640.66 -12.63 661.078 -13.13
0.95 825.844 +12.63 860.955 +13.13
Npump [0-80] 0.70 726.625 -0.91 750.335 —-1.40
0.9 738.392 +0.701 769.286 +1.09

Note: Baseline Wiee war 733.25 kW at 150 °C | 761.02 kW at 200°C.
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Fig. 8. Optimization of HDH performance: gain output ratio (GOR) as a func-
tion of mass flow ratio (MR) at varying top brine temperature (TBT).

Table 18
Sensitivity of the HDH desalination subsystem performance to variations in
component effectiveness.

Effectiveness ey, ep My fresh [L/ Amyg sresh [%0] GOR AGOR [%]
h]
0.75 (Severe 1702 —20.69% 0.986 —44.79
Degradation)
0.85 (Baseline Design) 2146 Reference 1.786 Reference
0.90 (Optimized Target) 2415 +12.53% 2736  +53.19

reported baseline ORC net power output was estimated using the root-
sum-square (RSS) method, combining representative instrument and
correlation uncertainties for turbine efficiency (+£2%), pump efficiency
(£2%), pinch-point temperature difference (+0.5 K), and mass flow rate
(£1%), consistent with typical industrial-grade sensor tolerances. The
resulting propagated uncertainty in net ORC power output is approxi-
mately +3.1% at the 200 °C design point (£31 kW on the reported
998.48 kW baseline). Applying the same procedure to the HDH fresh-
water yield, using effectiveness uncertainty of +2% and seawater flow-
rate uncertainty of +1%, gives a propagated uncertainty of approxi-
mately +2.6% (£56 L/h) on the reported 2146 L/h design-point yield.
These bounds are well within the margins established by the sensitivity
analysis above and confirm that the reported fluid-selection ranking is
robust to realistic combined measurement and modeling uncertainty.
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4.4.4. PEM hydrogen production and water self-sufficiency

The second heat exchanger (HX-2) effectively utilizes the HDH ex-
haust's latent heat to raise the 2146 L/h freshwater feed to the PEM's
80 °C operating requirement. Consequently, the PEM operates under
fully stable thermal conditions, meaning its performance is strictly
governed by the upstream electrical power supply.

Fig. 9a illustrates the hydrogen production trends. At lower tem-
peratures (90 °C), all fluids exhibit comparable yields (ranging from
6.58 to 6.96 kg/h at x5=0.8). However, as the heat source temperature
increases, the thermodynamic instability of R245fa and n-Pentane be-
comes highly visible; their transcritical dips severely bottleneck
hydrogen output near 154 °C and 196 °C, respectively. Conversely,
Cyclopentane ensures a smooth, monotonic production increase. Intro-
ducing saturated steam (xs=1.0) substantially amplifies the yields
across all fluids. At 200 °C, Cyclopentane achieves the absolute peak
hydrogen production of 22.12 kg/h, outperforming R245fa (18.37 kg/h)
and n-Pentane (19.65 kg/h) by roughly 24% and 12%, respectively,
confirming that Cyclopentane's advantage expands at higher power
levels.

Regarding operational sustainability, water consumption (Fig. 9b)
scales linearly with hydrogen yield. Even at Cyclopentane's peak con-
sumption of 197.68 L/h (x5=1.0, 200 °C), the HDH unit secures a
massive freshwater surplus of ~1948 L/h, thereby guaranteeing abso-
lute feedstock self-sufficiency regardless of the selected fluid.

Meanwhile, Fig. 9c highlights a fundamental thermodynamic trade-
off: as hydrogen production rises, the higher current density increases
ohmic and activation losses within the stack, causing a slight decline in
efficiency. For instance, Cyclopentane's efficiency drops from 65.57% at
90 °C to 62.77% at 200 °C. Thus, maximizing hydrogen yield inherently
involves a minor, expected penalty in instantaneous electrolyzer
efficiency.

4.4.5. Integrated system efficiency and energy utilization factor

The total thermal energy recovered (Qin,mml) is the denominator for
both the overall efficiency and EUF calculations. Because the ORC is
controlled to a fixed discharge quality (x¢=0.5) and the desalination and
PEM preheating loads are constant, Qm,mml depends only on the steam's
inlet temperature and quality — and is therefore identical across all
three working fluids.

Q‘in‘total itself shows opposite trends depending on inlet quality. At
x5=1.0, it falls from 7097.35 kW at 90 °C to 6797.02 kW at 200 °C,
because the specific enthalpy of vaporization decreases as pressure rises
toward the critical point, narrowing the saturation dome and reducing
the latent heat available per unit mass. At x5=0.8, Q_in instead rises
slightly, from 4814.86 to 4857.29 kW, because TEG's heat extraction
(proportional to AT) grows enough with source temperature to outweigh
the modest reduction in latent content at this lower quality.
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on PEM electrolyzer performance: (a) hydrogen production rate, (b) water
consumption, and (c) PEM efficiency.

Overall system efficiency (Fig. 10a) follows power generation trends,
including the transcritical instability. At 90 °C and x5=0.8, Cyclo-
pentane leads marginally (5.697% vs. 5.449% for n-Pentane and 5.385%
for R245fa). As temperature rises, R245fa peaks at 8.881% at 152.05 °C
before dropping to 7.626% at 154.87 °C and recovering to 9.603% at
200 °C; n-Pentane peaks at 10.222% at 194.35 °C before dipping to
9.582% at 197.17 °C. Cyclopentane again rises smoothly, reaching
11.514% at 200 °C under x5=0.8 and a global maximum of 12.82%
under x5=1.0.
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The EUF (Fig. 10b), which additionally credits the latent heat
recovered as freshwater, shows the opposite ranking by steam quality:
x5=0.8 gives a higher EUF than x5=1.0, despite delivering less power
and hydrogen. At 200 °C, Cyclopentane reaches an EUF of 39.23% under
x5=0.8 versus 31.93% under x5=1.0. This is a denominator effect: at
x5=1.0, Qi is 6797 kW versus 4857 kW at x5=0.8 (about 40% larger),
while the HDH's 804.6 kW contribution to the numerator stays fixed, so
it represents a smaller share of the total at higher quality even though
absolute power and hydrogen output are higher. The two metrics
therefore point to a genuine trade-off: high steam quality favors high-
value outputs (electricity, hydrogen), while lower quality favors over-
all thermal resource utilization.

Across both metrics, Cyclopentane is the better-performing fluid, and
— unlike R245fa and n-Pentane — achieves this without any tran-
scritical instability over the full 90-200 °C range.

As discussed previously, Cyclopentane's sub-atmospheric operation
imposes additional sealing and explosion-prevention requirements,
which are weighed against its performance gains in the economic dis-
cussion below. Because Cyclopentane is an ASHRAE A3 (highly flam-
mable) fluid, excluding oxygen from the sub-atmospheric zones is a
safety requirement rather than an optional design choice, avoiding the
risk of an internal explosive mixture. These requirements add capital
cost and operational complexity relative to a positive-pressure fluid, but
sub-atmospheric ORC operation is established industrial practice with
mature, commercially available solutions. Given Cyclopentane's roughly
22% advantage in net power and hydrogen production over R245fa at
200 °C, and the complete elimination of transcritical instability across
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the operating range, this added complexity is a reasonable trade for the
gain in performance and operational robustness — making Cyclo-
pentane the recommended working fluid for waste-heat-driven cascade
hydrogen polygeneration systems in this temperature range.

Table 19 benchmarks the three fluids at 200 °C under both steam
qualities. Under saturated steam, Cyclopentane delivers 998.48 kW of
total net power — 22.1% and 20.7% above R245fa and n-Pentane
respectively — and the highest hydrogen production at 22.12 kg/h
(20.4% and 19.2% above R245fa and n-Pentane). At x5=0.8, it also
achieves the highest EUF (39.23%, versus 37.60% for R245fa and
37.70% for n-Pentane). The most consequential difference between the
fluids, however, is operational stability: R245fa and n-Pentane both
show transcritical power instabilities (16.07% and 7.6% respectively)
within the studied range, while Cyclopentane's output increases mono-
tonically throughout — a property that may matter more than peak ef-
ficiency for real systems exposed to variable waste steam conditions.

4.5. Second-law (exergy) assessment

4.5.1. Component-level exergy destruction

To pinpoint the exact sources of thermodynamic irreversibility
within the cascade, an exergy destruction breakdown was performed.
Fig. 11 illustrates the component-level exergy destruction at the baseline
heat source temperature of 130 °C (x5 = 1.0). At this specific operating
point, the HDH unit and the ORC evaporator clearly dominate the
irreversibility profile across all working fluids. The HDH unit destroys a
constant 338.78 kW, driven primarily by the finite temperature differ-
ences within its seawater preheater. Meanwhile, the evaporator's exergy
destruction is fluid-dependent, with Cyclopentane exhibiting the lowest
destruction (256.68 kW) due to its superior thermal matching, and
R245fa exhibiting the highest (329.61 kW) as it operates closer to its
critical point.

However, expanding this analysis across the full sensible heat range
(90-200 °C) reveals a dynamic shift in the system's thermodynamic
bottlenecks, as summarized in Table 20. Because the HDH unit operates
at a fixed design condition to satisfy a specific freshwater demand, its
exergy destruction remains invariant. In contrast, the ORC evaporator's
irreversibility scales dramatically with the heat source temperature,
ranging from 182.9 kW at 90 °C to a peak of 618 kW at 200 °C.
Consequently, while the HDH unit is the primary exergy destroyer at
lower source temperatures, the evaporator overtakes it at elevated
temperatures. Together, these two heat-exchange-dominated compo-
nents represent the core targets for any future geometric or operational
optimization. The remaining subsystems—namely the PEM electrolyzer,
TEG, turbine, and condenser—contribute progressively less to the total
exergy destruction, with the pump being the most thermodynamically
reversible component across all scenarios.

Table 19
Comparative performance of the three ORC working fluids at Ts= 200 °C.
Parameter Xs R245fa n-Pentane Cyclopentane
ORC Net Power (kW) 0.8  457.08 462.45 565.5
1 761.81 770.78 942.47
Total Net Power (kW) 0.8 513.1 518.5 621.5
1 817.82 826.8
Ha Production (kg/h) 0.8 11.84 11.96 14.2
1 18.37 18.56 22.12
Freshwater Surplus (L/h) 0.8  2040.2 2039.12 2019.12
1 1981.8 1980.1 1948.32
Overall Efficiency 7, (%) 08 9.6 9.7 11.5
1 10.65 10.76 12.82
EUF (%) 08 37.6 37.7 39.23
1 30.1 30.2 31.93
Transcritical Instability - Yes Yes No
(16.07%) (7.6%)
Peak Power Drop - ~154°C ~196 °C -

Temperature
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Fig. 11. Component-level exergy destruction at the design-point temperature
(Ts= 130 °C, x5 = 1.0).

4.5.2. Exergetic efficiency and working-fluid comparison

Translating these irreversibilities into second-law efficiencies ()
provides a normalized measure of how effectively each subsystem uti-
lizes its available work potential, Table 21 summarizes the subsystem
and overall second-law efficiencies at basic case (Ts= 130 °C, x5 = 1.0).
The PEM electrolyzer emerges as the most exergetically efficient sub-
system (wppy > 73%), reflecting the inherently low entropy generation
associated with converting pure electrical exergy into chemical bonds
(hydrogen). Conversely, the HDH unit, despite its acceptable first-law
performance, exhibits a near-zero second-law efficiency @ypy=
0.19%). This stark contrast underscores a fundamental thermodynamic
reality: while the HDH effectively recovers latent thermal energy, its
final product (near-ambient liquid water) possesses negligible exergy
relative to the high-grade heat consumed.

At the system level, Fig. 12 maps the overall exergetic efficiency
(). The trends perfectly align with the component-level findings:
Cyclopentane consistently achieves the highest overall second-law effi-
ciency, peaking at 18.20% near 130 °C, outperforming both n-Pentane
and R245fa. As the heat source temperature increases beyond this op-
timum, v, gradually declines for all fluids, directly mirroring the
exponentially rising exergy destruction within the ORC evaporator
(Table 19). Furthermore, reducing the waste steam quality to xs= 0.8
noticeably depresses v, across the board, confirming that moisture
content not only reduces total energy input but actively degrades the
thermodynamic quality of the heat source.

4.6. Techno-economic and environmental performance

4.6.1. Levelized cost of hydrogen and profitability (NPV, PBP)

The economic viability of the proposed system was comprehensively
assessed using the LCOH metric across a temperature sweep of
90-200 °C for three distinct working fluids (R245fa, n-Pentane, and
Cyclopentane). As illustrated in Fig. 13, a consistent downward trend in
LCOH is observed for all candidates as the heat source temperature in-
creases, primarily driven by the exponential enhancement in net power
output and subsequent hydrogen production yields which outweigh the
associated incremental increase in CAPEX.

Among the evaluated fluids, Cyclopentane demonstrates a clear
thermodynamic and financial supremacy across the entire thermal
range. At the lowest boundary of 90 °C, Cyclopentane yields an LCOH of
2.215 USD/kg, compared to 2.272 USD/kg for n-Pentane and 2.305
USD/kg for R245fa.

As the source temperature escalates to 200C, Cyclopentane achieves
the optimum (lowest) LCOH of 1.783 USD/kg, representing a substantial
reduction that underscores its suitability for high-temperature WHR.
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Table 20
Exergy destruction ranking across the studied temperature range (90-200 °C, x5 = 1.0).
Ts Fluid ExdesLevﬂp ExXgestturb EXgest.cond Exdes[pump EXqest 156 EXdest pam
[°Cl [kw] [kw] [kw] [kw] [kw] [kw]
90 R245fa 206.87 102.57 9.722 2.61 50.66 112.29
110 261.65 133.25 15.88 4.53 81.68 153.44
130 329.61 155.14 21.073 6.99 117.91 184.43
150 408.5 170.83 22.22 10.20 158.66 205.94
170 503.58 185.63 2.849 16.77 203.43 210.25
200 575.97 176.17 63.01 16.04 277.43 230.65
90 n-Pentane 199.16 101.21 15.026 1.322 50.66 113.78
110 244.82 130.69 27.5 2.27 81.68 156.57
130 299.3 150.79 42.41 3.43 117.91 189.88
150 357.23 163.92 58.23 4.83 158.66 215.03
170 415.73 171.88 72.85 6.48 203.43 233.24
200 617.71 190.76 4.73 14.45 277.43 231.83
90 Cyclopentane 182.92 107.75 3.83 0.74 50.66 120.17
110 215.41 142.12 7.96 1.31 81.68 168.7
130 256.68 166.79 14.23 2.03 117.91 208.27
150 301.9 183.68 22.43 2.93 158.66 239.64
170 347.7 194.33 31.96 3.98 203.43 263.64
200 412.88 201.33 46.33 5.89 277.43 287.39
Table 21 25 . > y - r .
Second-law (exergetic) efficiencies at Ts = 130 °C, x5 = 1.0. I R2451a
I n-Pentane
Subsystem Wra4sfa [%0] Yo pentane [%] W cyclopentane x [ Cyclopentane
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Fig. 12. Variation of the overall system second-law with respect to the heat
source temperature (90-200 °C) for the investigated working fluids.

Conversely, R245fa exhibits an economic plateau beyond 150 °C due to
its lower critical temperature, causing its LCOH to experience a slight
penalty at 170 °C (1.975USD/kg) before settling at 1.945 USD/kg at
200 °C.

To project the long-term financial health of the plant over its 20-year
operational lifespan, the NPV was simulated at a fixed 10% discount
rate. Fig. 14 depicts the cumulative discounted cash flow curves, high-
lighting the profound divergence between the conservative conditions
(90 °C) and optimized thermal conditions (200 °C).

All simulated configurations yielded positive NPV values by Year 20,
verifying the baseline feasibility of the system. In alignment with the
LCOH findings, Cyclopentane at 200 °C establishes the absolute highest
fiscal yield, culminating in a dominant 20-year NPV of approximately

23

Heat Source Temperature ['C]

Fig. 13. The Levelized Cost of Hydrogen (LCOH) for different working fluids
across the evaluated heat source temperature range at a standardized thermal
source quality (x5 = 1.0).

4967.5 kUSD. This massive return is heavily supported by its high net
annual cash flow, driven by an annual hydrogen output of 181,380 kg. In
contrast, even under the worst-performing scenario—namely R245fa at
90 °C—the system still generates a healthy lifecycle NPV of 1955.3
kUSD, which confirms that the integration of the TEG-ORC-PEM archi-
tecture acts as an economically resilient waste-to-fuel pathway regard-
less of minor fluid or thermal fluctuations.

Table 22 establishes the parametric link between capital investment
and the actual velocity of capital return through the PBP. A critical
trade-off is evident: higher source temperatures inherently command
larger total CAPEX figures due to the required expansion of heat
exchanger surface areas and sub-system scaling (e.g., Cyclopentane
CAPEX rises from 1268.4 kUSD at 90 °C to 2053.9 kUSD at 200 °C).

However, the capital return rate accelerates markedly at elevated
temperatures. The PBP for Cyclopentane drops steadily from 3.1709
years at 90 °C to an exceptionally rapid 2.4904 years at 200 °C. This
behavior indicates that the revenue generated from high-capacity
hydrogen sales far outpaces the heightened initial investment. For n-
Pentane and R245fa, the shortest achieved payback periods are 2.6068
years (at 170 °C) and 2.7271 years (at 150 °C), respectively, signaling
that both alternative fluids face premature performance diminishing
returns at the upper boundary of the thermal scope.
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Fig. 14. Net Present Value (NPV) profiles over the 20-year project lifetime
comparing conservative (90 °C) and (200 °C) waste heat grades for R245fa, n-
Pentane, and Cyclopentane.

Table 22

Techno-economic performance metrics, capital investment summary (CAPEX),
lifecycle NPV, and payback period (PBP) comparison for the selected working
fluids at distinct waste heat grades.

Temperature Fluid CAPEX LCOH NPV PBP
[°cl [kUSD] [USD/ kgl [kUSD] [yr]
90 R245fa 1247.6 2.305 1955.3 3.316
n-Pentane 1243.3 2.272 2000.9 3.263
Cyclopentane 1268.4 2.215 2137.1 3.171
130 R245fa 1599.8 1.971 3296.2 2.782
n-Pentane 1599.2 1.925 3425.6 2.709
Cyclopentane 1665.9 1.862 3762.6 2.613
170 R245fa 1780.4 1.975 3654.6 2.789
n-Pentane 1818.5 1.858 4120.6 2.607
Cyclopentane 1923.1 1.785 4642.0 2.494
200 R245fa 1886.4 1.945 3971.9 2.741
n-Pentane 1883.0 1.934 4002.8 2.724
Cyclopentane 2053.9 1.783 4967.5 2.490

4.6.2. Carbon mitigation and credit valuation

The environmental merits of substituting conventional fossil-
dependent power with the integrated system were quantified based on
the displacement of the Egyptian electricity grid emission factor
(0.4727kgCO2/kWh). As summarized in Table 23, the system delivers
substantial carbon mitigation vectors that scale linearly with the total
electrical power routed to the PEM electrolyzer stack.

Once again, Cyclopentane provides the most robust environmental
mitigation profile. At a design temperature of 200 °C, the Cyclopentane-
fueled configuration sustains an aggregate power output of 998.481 kW,
translating directly into 3775.8 tons of avoided CO2 emissions annually.
Under a standardized carbon taxation/credit evaluation of 40 USD/t,
this level of decarbonization unlocks a supplemental CCG of 151,034.2
USD/yr. Even at the minimum waste heat grade of 90 °C, the system
prevents the release of at least 1729.4-ton CO2 per year across all fluids.
These indices definitively elevate the proposed system from a purely
profitable thermodynamic utility to a powerful tool for industrial
decarbonization.

4.7. Benchmarking against prior polygeneration literature

Conventional ORC-PEM hydrogen production systems driven by
industrial waste heat, such as cement plant exhaust (360-780 °C) and
refinery streams (~171 °C), typically report relatively low overall
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Table 23
Environmental decarbonization vectors, electrical power allocation, and simu-
lated Carbon Credit Gains (CCG) for the integrated system.

Temperature Fluid Wiet. wiR ML, CCG [USD/yr]

ral [kw] [t/yr]

90 R245fa 457.332 1729.4 69,177.8
n-Pentane 462.631 1749.4 69,979.4
Cyclopentane 485.255 1835.0 73,401.6

130 R245fa 695.791 2631.2 105,248.1
n-Pentane 713.304 2697.4 107,897.2
Cyclopentane 771.987 2919.3 116,773.8

170 R245fa 742.227 2806.8 112,272.2
n-Pentane 841.829 3183.4 127,338.4
Cyclopentane 934.667 3534.5 141,381.4

200 R245fa 817.817 3092.6 123,706.2
n-Pentane 826.792 3126.6 125,063.8
Cyclopentane 998.481 3775.8 151,034.2

energy efficiencies in the range of approximately 8.62%-14.45%
[43,111]. In comparison, the proposed TEG-ORC-HDH-PEM cascade
achieves a significantly higher overall energy efficiency of 12.82%,
despite operating under substantially lower-grade heat conditions
(90-200 °C), as summarized in Table 24, This demonstrates the effec-
tiveness of the proposed multi-stage thermal cascading strategy in
maximizing useful exergy extraction from low-temperature resources.
From an economic perspective, the proposed system achieves a
hydrogen production cost of 1.783 USD/kg, which is lower than most
reported renewable- and waste-heat-based hydrogen systems, including
biomass-driven ORC-PEM configurations (1.74 USD/kg [112]) and
refinery-based ORC-PEM systems (2.36 USD/kg [111]), while remain-
ing significantly more competitive than solar- and wind-based hydrogen

Table 24
Comparative benchmarking of the proposed system's performance against recent
polygeneration and waste-heat recovery literature.

Ref System description LCOH Main findings
[USD/
kgl
[43] Rankine cycle + PEM 1.55-1.63 At 360 °C
/ SOEC electrolyzer
e H; production =19.96 kg/h
® o = 12.88%.
At 780 °C
e H; production = 22.4 kg/h
® N = 14.45%.
Biomass waste heat + 1,74 H, production = 93.81 t/yr
112] RC/ORC + PEM
[113] PV/Wind + PEM 3.73-4.66 H, production = 1912 kg/yr
: Nen = 16.42%;
Nee = 12.76%;
PBP = 7-13.85 years
Solar tower + Brayton 7,01 15.8% enhancement in Hy
[114] + ORC + PEM + production accompanied by a
absorption chiller 4.2% reduction in Hy
production cost.
. PV, PVT, WT and 2.84 Nen & 35%
N hybrid renewable Nex = 17%
systems + PEM Electricity demand =
56.17-56.87 kWh/kgu»
[111] Low-grade refinery 2.36 H, production = 304.53 t/yr
waste heat + ORC + Nen = 8.62%
PEM Nex= 33.43%
[116] Geothermal + CSPVT 28.86 H, production = 0.249 kg/h
+ Wind + H, Nen= 48.61%
subsystem Nex = 88.31%
Present Condensing steam + 1.783 H, production = 22.12 kg/h
System  ORC + TEG + HDH + Hen= 12.82%

PEM Nex = 18.2%
EUF = 39.23%
Electricity demand = 45.14

KWh/kgpy
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systems (2.84-7.01 USD/kg [113-115]). Only SOEC-based high-tem-
perature cement waste heat systems report comparable or slightly lower
cost values (~1.55-1.63 USD/kg [43]), but these operate at substan-
tially higher temperature levels (up to 780 °C) and do not include in-
tegrated desalination or thermoelectric enhancement. In terms of system
utilization performance, the proposed configuration achieves an EUF of
39.23%, reflecting the combined contribution of electricity, hydrogen,
and freshwater outputs. While certain multi-source renewable systems
report higher overall efficiencies (e.g., 48.61% for a
CPVT-wind-geothermal hybrid system [116]), such configurations rely
on multiple external renewable inputs rather than a single waste-heat-
driven energy source. Therefore, direct comparison should consider
the difference in energy input structure and system boundary definition.
Overall, when considering low-grade waste heat-to-hydrogen-and-water
polygeneration systems, the proposed architecture demonstrates a
favorable balance between thermodynamic efficiency, hydrogen pro-
duction cost, and system integration complexity, achieved through a
unique four-stage cascade (ORC-TEG-HDH-PEM) that has not been
previously reported in the literature.

4.8. Practical implementation: Scalability, control, and maintenance

Regarding system scalability, the proposed cascade architecture
operates on a modular and inherently linear basis. Based on the peak
thermodynamic performance achieved with Cyclopentane at the base-
line 5 kg/s industrial waste steam flow, the system generates 998.48 kW
of electrical power to yield 22.12 kg/h of hydrogen, consuming 197.68
L/h of ultra-pure water. Consequently, the system establishes fixed
operational ratios: a specific energy consumption of approximately
45.14 kWh per kg of hydrogen, and a water consumption of 8.94 Liters
per kg of hydrogen.

While the present framework establishes water self-sufficiency on a
volumetric basis, the freshwater distillate produced by the HDH unit is
not modeled at the ionic-conductivity specification typically required by
commercial PEM membranes; a final polishing stage, such as mixed-bed
deionization, would therefore be necessary in a practical deployment,
with its associated energy and capital cost not included in the present
balance. The PEM stack is evaluated only at steady-state design points
across the investigated source-temperature range, and its transient load-
following response under fluctuating industrial waste-steam availability
is addressed in the System Limitations.

Adapting the system to larger industrial waste steam conditions (e.g.,
scaling up to 20 or 50 kg/s) will proportionally amplify the hydrogen
yield and water demand. However, this imposes direct footprint con-
straints: the ORC will require larger turbomachinery, the HDH unit's
packing volume must increase, and the TEG subsystem must utilize
parallel modular assemblies to accommodate higher steam volumes
while preventing severe aerodynamic pressure drops.

To reliably manage these scalability dynamics and variable indus-
trial conditions, the integrated system necessitates a sequential cascade
control strategy coordinated by a supervisory SCADA system. The pri-
mary control loop modulates the ORC mass flow rate in real-time—via a
VFD on the pump—to maintain the fixed outlet steam quality (x¢= 0.5),
ensuring stable TEG inlet conditions. While the solid-state TEG subsys-
tem requires no active control, the HDH unit operates at a fixed seawater
flow rate with its Top Brine Temperature regulated via a motorized
steam supply valve. Finally, the PEM electrolyzer's power input is
passively determined by the synchronized DC upstream electrical
output.

Beyond control logic, continuous industrial deployment introduces
specific maintenance and operational constraints. The primary deploy-
ment prerequisite is the continuity of the waste heat source; facilities
with highly intermittent batch processes are fundamentally incompat-
ible with the stable baseload requirements of both the TEG array and the
PEM electrolyzer. Furthermore, long-term operation necessitates pro-
active maintenance: the TEG modules are susceptible to heat sink
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fouling and thermal cycling fatigue, the HDH humidifier packing re-
quires periodic replacement due to seawater scaling, and the PEM stack
faces inherent membrane degradation over time. By incorporating
standard industrial inspection for the ORC turbomachinery, these me-
chanical and chemical maintenance challenges can be systematically
mitigated.

5. Conclusion

The study demonstrates that a four-stage, fully integrated system
utilizing ORC, TEG, HDH, and PEM units can recover thermal energy
from industrial exhaust steam to provide both electrical power and high-
purity water needed for hydrogen production, all driven by a single
waste steam stream. By systematically examining working fluids, the
research addresses the critical operational instability observed with
R245fa and n-Pentane under subcritical-transcritical regime crossings
and establishes criteria for fluid selection in environments with variable
temperatures. The MATLAB-CoolProp modeling approach accurately
captures dynamic thermodynamic and electrochemical behaviors from
90 °C to 200 °C. The main findings are summarized as follows:

e At higher temperatures, R245fa and n-Pentane experience perfor-
mance drops of 16% and 7.6%, respectively, due to critical-point
effects. Conversely, Cyclopentane's fully subcritical operation
maintains consistent power increases and achieves the highest
output throughout the temperature range. At 200 °C, Cyclopentane's
ORC power peaks at 998.48 kW, significantly outperforming the
other fluids and highlighting the importance of avoiding transcritical
instability.

e The TEG subsystem output rises linearly with temperature and re-
mains unaffected by fluid type or steam quality, thanks to controlled
inlet conditions, emphasizing robust system design.

e The HDH stage provides a stable freshwater output and maintains

optimal efficiency at 50 °C, effectively supporting the electrolyzer

with a considerable surplus of water across all tested ranges.

Cyclopentane delivers the best performance, converting up to

998.48 kW into a maximum hydrogen yield of 22.12 kg/h. This re-

sults in roughly 12% higher hydrogen output than n-Pentane and

24% more than R245fa, confirming that Cyclopentane offers the

greatest benefits at high power levels.

e Although PEM efficiency slightly decreases at higher temperatures,
the increased hydrogen production and excess water supply—well
within HDH capabilities—ensure the system's operational
independence.

e The highest overall efficiency and energy utilization factors are
achieved with Cyclopentane, reaching 12.82% efficiency at satu-
rated conditions and a peak EUF of 39.23% at 200 °C, underscoring
the importance of fluid choice and steam quality adjustments for
maximizing thermal resource utilization.
Exergy analysis identifies the HDH seawater preheater and the ORC
evaporator as the dominant sources of irreversibility across the
cascade, while the PEM electrolyzer operates closest to its thermo-
dynamic limit (>73% efficiency). Cyclopentane consistently ach-
ieves the highest overall second-law efficiency (16.78-18.20%),
confirming that its superiority extends beyond merely maximizing
power output to encompass a genuinely more reversible and ther-
modynamically sustainable system operation.

Cyclopentane emerges as the most economically lucrative and

environmentally robust candidate, achieving a remarkably short

payback period of 2.49 years and an absolute maximum 20-year NPV
of 4967.5 kUSD at 200 °C. Furthermore, its superior power allocation
capacity drives an annual grid-decarbonization vector of 3775.8 tons

of avoided CO2 emissions, unlocking an additional CCG of 155,103.4

USD/yr and reinforcing the system's alignment with global industrial

sustainability goals.
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6. System limitations and future directions

First, the present study adopts a steady-state mathematical modeling
framework by design, consistent with the objective of establishing
baseline thermodynamic performance envelopes and fluid-selection
criteria across the full 90-200 °C source-temperature range — a scope
choice standard in early-stage polygeneration feasibility studies before
transient controller design is undertaken. Within this steady-state
framework, the closed-loop control architecture (the PID/VFD-actuated
mass-flow modulation maintaining ORC outlet steam quality at xg
0.5, and the motorized-valve-regulated HDH Top Brine Temperature) is
explicitly modeled as the mechanism that enforces the fixed inter-stage
boundary conditions reported in Table 1; however, the dynamic response
of these control loops — including actuator response time, controller
gain tuning, and closed-loop stability margins under time-varying
thermal input — has not been simulated and is explicitly outside the
scope of the present work. Quantifying this dynamic response, along
with startup/shutdown transients, partial-load operation, and control-
loop fault tolerance under fluctuating industrial thermal input, re-
quires dedicated time-domain simulation tools (e.g., Aspen Plus Dy-
namics, Simulink) and constitutes a necessary and clearly identified next
phase of this research program, building directly on the steady-state
control architecture and design points established here.
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