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ABSTRACT
This thesis presents an investigatairhydrogen generation using ultrasound technology.
The experimental setupses a newly developed integrated system employing ultrasound
technology. The system operates at 40 kHz with a power output of 100awus
parameters such as temperature igsngropylalcohol concentration are used to evaluate
the hydrogen production proceddtesentedesults indicatea variability in hydrogen
production rates under different experimental conditions. For instance, distilled water at
25°C yieldsa hydrogenproduction rateof 0.059 pumol/min, which increases to 0.109
pmol/min at 70°C, demonstrating the positive impact of temperature on hydrogen yield
Other water resources suchtap water, lake wateandwastewater also show improved
hydrogenproduction rates at higher temperatufdse experimental dasats indicatehat
distilled water consistently produsthe highest idrogen yield compared to other water
types. In terms of alcohol concentratio®% concentration produséhe highest hydrogen
production rate of 0.356 pmol/middditionally, C O i nj ec reactorenhancet o t he
hydrogen production by up to 3)whereasir injectionleadsto a hydrogen concentration
of 83 ppm after 60 minute. Compared to conventionalectrolysis ultrasoundassisted
electrolysigncreass hydrogen production from 0.0486 pmol/min to 0.092 pmol/riiime
conceptual part of the research demonstrates the integration of this hydrogen production
technique into renewable energgsedmultigenerationsystems denoted as System 1,2
and3. System Iproduce 12,839.5 kW of electrical power and 32.92 kg/h of hydrogen,
with an energy efficiery increase from 37.68% to 55.32% wgrying the solar tower's
output temperature from 800 K to 1300 8ystem 2 results show an energy efficiency of
83.28% and an exergy efficiency of 58.71%inally, g/stem 3demonstrate power
generation using heliostats for solar concentration with energy and exergy efficiencies of
58.28% and 76.75%, respectively.
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Chapter 1. Introduction
This chapter addresses the current global environmental challenges faced by society and
their connection to the energy sector. It gdsesents viable solutions to help mitigate these

challenges.

1.1  Energy, Environment and Sustainable Development
Energy is considered a cornerstone of modern civilization, serving as an essential driver of
economic growth and human development. It underpins nearly every aspect of daily life,
from powering industrial machinery that fuels the economy to enabling tecnre
innovations that enhance our quality of life. Energy fuels transportation networks,
facilitating global trade and personal trajglandin homes, it provides essential services
such as heating, cooling, lightimgdthe operation of electronic devicgy. Historically,
the globe has predominantly depended on fossil fuels to meet its energy needs. These fossil
fuels are the backbone of the global energy supply, providing a trustworthy and relatively
inexpensive energy source for decades. They power ihtammdustion engines, generate
electricity in power plant@nd provide the heat necessary for industrial procef3es
However, the extensive use of fossil fuels has significant environmental and health costs.
The combustion of fossil fuels releases substantial amounts of carbon dioxide into the
at mosphere. Il n 2024, gl obal CcO emi ssi ons
reach a record high of 41.6 billion metric tons. This greenhouse gas trap®h#diutng
to gl obal war ming and climate change. The
the greenhouse effect, leading to rising global temperatures and accelerating the melting of
polar ice. For instance, the Greenland ice sheet is losing aB0Owillion tons of ice per
year, significantly contributing to séavel rise These climate changes have widespread
impacts, affecting ecosystems, agriculture, water resoaraisuman health on a global
scale[4, 5]. In addition to global climate issues, fossil fuel consumption also leads to
localized environmental problems. The extraction and burning of fossil fuels release
various pollutants into the air, including nitrogen oxides (NOx) and sulfur dioxidg.(SO
These pollutants degrade air quality and are linked to respiratory and cardiovascular
diseases, contributing to increased morbidity and mortality f&led~urthermore, the
processes associated with fossil fuel extraction, such as mining and drilling, often result in

water and soil pollution. For example, oil spills can devastate marine and coastal



environments, causing loftgrm ecological damadé]. The dark color of spilled oil also
exacerbates warming by absorbing more solar radiation, leading to localized increases in
surface temperatures. This effect can disrupt marine environments further and accelerate
the degradation of ecosystems in affectezha.The infrastructure required for fossil fuel
extraction and transportation, including pipelines and refineries, can also disrupt local
ecosystems and communities. Laggale extraction methods, such as epigmining and
hydraulic fracturing (fraking), can lead to deforestation, habitat destruciiotincreased
seismic activity. These environmental and health risks highlight the critical need for a
transition to cleaner, more sustainable energy sources. Decreasing necessity on fossil fuels
is essential for qualifying harmful environmental impacts adnpting a healthier, more
sustainable future for all.

In response to the environmental challenges., climate change, air pollution,
resource depletionthere's an increasing shift towards clean and renewable sources of
energy[8]. Some specific technologies, such as wind turbines, solar parddsivanced
battery systems are gaining considerable momentum. This transition is driven by the need
to decrease greenhouse gas emissions. It also reflects a growing awareness of the finite
nature of fossil fuels and the lotgrm economic benefits of renela energy.
Investments in renewable energy are becoming a major driver of economic growth,
creating jobs in industries such as solar panel manufacturing, wind turbine instaltation
erergy storage systems. Transitioning to clean energy not only reduces greenhouse gas
emissions but also fosters economic resilience by reducing reliance on volatile fossil fuel
markets. These advancements offer opportunities to bridge energy inequdiity)qody
in developing regions where renewable technologies can expand energy access and
improve living standards.

Renewable energyourcessuch as solar, wind, geothernwdfer several advantages.

They emit far fewer greenhouse gases and pollutants compared to fossil fuels. This shift
can lead to cleaner air and a healthier environnigdnomically, renewable energy also
stabilizes energy prices, reduces healthcare costs by mitigating petelted diseases

and opens new markets for green technologies, making it a cornerstone of sustainable
development. Solar power is a key player in the renewable energy lanfcétpmnverts

sunlight directly into electricity using photovoltaics (PV). Solar energy is abundant, clean



andincreasingly coseffective. concentrating solar power (CSP) systems are an innovative
way to generate electricity from the gu®]. Wind energy is a renewable and sustainable
energy source generated by converting wind's kinetic energy into electricity using turbines.
It is environmentally friendly, producing no greenhouse gases during opexaticost
effective with low operational expenses. Wind power enhances energy independence,
supports job creatioandallows for dual land use, such as combining wind farms with
agriculture.However, despite its benefits, economic considerations such as the cost of
integrating wind energy intoxesting grids and managing intermittency remain areas for
policy innovation and technological advancement. These considerations are vital to
ensuring that the transition to renewable energy is both environmentally and economically

sustainable.

1.2  Hydrogen Production Methods

Hydrogen is a vital energy source for wvariou
It has multiple applications i momkednggutndusg
in fuel cell s for generating electricity an
derived from fossil fuels. However, the grow

the environment suchomasaondntfliti matenghaongaijre

for more sustainable alternatives. Hydr ogen

t e ¢ h n oHydragenerecognized as a clean and versatile energy carrier, plays a crucial
role in addressing climate changnd ensuring energy sustainability. Its applications span
various sectors, including transportation, industng energy storage, highlighting the
importance of developing efficient and sustainable methods for hydrogen production.
There are several methods for producing hydrogen, ranging from electrochemical and
thermochemical to biological and sonic approachespisied in Figurd.1 and described

inT a bllle

1.2.1 Electrochemical Methods

This category encompasses processes |ike
wat er i nto hydrogen and oxygen. El ectrol

€

y

powered by renewabl em msear @y, hryaeds wlgteinn ¢ riord u:

The el ectrochemical process of wat er spl i

electrolysis cell, wher ¢ 1the foll owing rea



At t he anode:
HXOY 2 H+ 1 /.2 De

At the cat hode:

2 B+ 2'¥ H>
Overall react.i

HO Y B+1/20

TablllecComparati ve

Criteria Electrochemici Thermeo
Method chemical
Method
Principle Uses electric = Uses heat to
current to split induce
water chemical
reactions for
hydrogen
production
Energy High with High,
Efficiency renewable requires higt
electricity temperature:
Energy Renewable or Fossil fuels,
Source fossibased biomass
electricity
CQ Low with Moderate to

Emissions renewables, high,

otherwise high depends on
feedstock
Infrastructure Investmentin Established
Needs electrolysis for SMR,
plants developing
for others
Scalability Scalable with = Scalable,
renewable especially
energy SMR
integration
Environment: Low with Depends on
Impact renewable feedstock;
energy generally
moderate

on:

anal

Thermal
Method

Uses high
temperature:
to split water

High, but
requires higt
temperature

High thermal
energy, ofter
from non
renewable
sources

Low to
negligible,
but energy
source
matters

High for
temperature
managemen
systems

Limited by
high energy
demands

Low direct
emissions,
but depends
on energy
source

ysis

Chemical
Method

Based on
chemical
reactions
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external
energy
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on
chemical
reactions
Chemical
energy
from
reactants
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on
chemicals
used
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on scale
and
chemicals
used
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chemical
sources
and safety

Depends
on
chemicals
and
processes

(1.1)

(1.2)

(1.3)

of hydrogen productio
technol ogi es

Biological
Method
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microorganism
to produce
hydrogen
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biological
processes

Solar energy,
organic matter
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renewable
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waste
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bioreactors or
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advancements

Low, uses
waste or
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Photonic
Method
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energy

Solar energy

Low, uses

solar energy

Developing,
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systems
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Sonic
Method
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ultrasound
waves to
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energy for
ultrasound
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powered
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sources
Emerging,
ultrasound
equipment

Potential
for
scalability
with
advances
in
technology
Potentially
lower with
reduced
energy
needs and
emissions
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Figurel.1: Hydrogen production methods

1.2.2 Thermochemical Methods

Thermochemical hydrogen production methods use heat to drive chemical reactions. One
widely adopted process is steam methane reforming (SMR), which generates hydrogen by
reacting hightemperature steam with hydrocarbons such as methane. Another method is
gasification, where coal or biomass is converted into hydrogen and other gases. The SMR
process involves two reactions: methane reforming and the-gageshiftreaction[12].

These are represented by the following equafib8ps

Met hane reforming:

CH+HOz CO+3H (2.9

Wat-gas Shi ft:

CO+,B2 CQ+ H (1.5)

Al ternatively, dry methane reforming (DMR)
CH+C£€ 2CO+22 H (1.6)



Both SMR and DMR require high temperatures

pressures of 34 bar for SMR and 4 bar for
1.2.3 Thermal Methods

Thermal hydrogen production, or thermolysis, relies on extremely high temperatures
(above 2500 K) to split water into hydrogen and oxygen. The primary challenge with this
method lies in efficiently separating the gases and managing the high energgaojneicr

to preserve such temperature.

1.2.4 Chemical Methods

In chemical methods, hydrogen is produced through reactions driven by chemical energy,
often without needing external energy sources. An example involves metals reacting with
acids to release hydrogen. Although these processes can be exothermic, tteelyddess
scalable and more suited to smaller applications. The environmental impact varies
depending on the chemicalssed and somerocesses may produce toxic waste,

emphasizing the importance of selecting sustainable chemical methods.

1.2.5 Biological Methods

Biological hydrogen production is a renewable technology that utilizes the metabolic
activities of microorganisms such as algae and bacteria. This method includes three main
techniques: biophotolysiphotofermentation and dark fermentati®@iophotolysis relies

on algae or cyanobacteria to use sunlight for splitting water into hydrogen and oxygen.
Photofermentation uses bacteria to convert organic compounds into hydrogen, while dark
fermentation produces hydrogen from organic material witeonlight. Theadvantage of
biological methods is their ability to use abundant and renewable resources, making them
a promising approach for sustainable hydrogen production.

1.2.6 Photonic Methods

Photonic hydrogen production employs solar energy to initiate \sptiting reactions. In

this approach, photoactive materials absorb sunlight and generate elet&opairs,
triggering the redox reactions needed to separate water into hydrogen ged.oXykey
challenge for photonic methods is identifying efficient, durable photocatalysts that can

withstand solar radiation and aquatic environments over time.



1.2.7 Sonic Methods

Sonic methods use ultrasound technology to produce hydrogen by applying ultrasonic
waves to water. Known as the Sonohydrogen method, this approach leverages cavitation,
where rapidly forming and collapsing bubbles create localized high temperatures and
pressures, promoting water molecule dissociation into hydrogen and oxyidgén
Compared to traditional hydrogen production methods, sonohydrogen production offers
several benefits, including the potential for a more sustainable and continuous hydrogen
supply. The following reactions describe so@mohydrogen proce$$5]:

Ultrasoundinduced dissociation:

H20+Sound OH + H (1.7
Formation of hydrogen:

20H+2H Y 2H2+02 (1.8)

whereSis the energy added.
Il n summary, hydrogen production methods

with unique principlesptbaetsseeds her i mprode

pat hways. Conventional met hods such as ste
chall enges | i ke high energy rédqbijremeonsr a
emerging approachbasedubhdasgehtpaeduatdi on
overcoming these | imitations and contribut
These innovations, along with onongbobung, atdoi
potential to facilitate the transition tow

1.3  Sonic Methods of Hydrogen Production

The exploratiaesicft edl praahovaryd f or hydrogen
of interest in renewable energy research.
and chemical effects into theseeptoaadsestie
hydrogen producti on.

As shownli @ thiegwera@are six sonic methods id
sonoel ectrolysi s, sonocatal ysionopbonoelheteat

and sonohydrogen.
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Figurel.2: Sonic techniques in hydrogen production

1.3.1 Sonoelectrolysis

Sonoelectrolysis is an innovative techniqgu
traditional el ectrolysis. I n this method,
system, where water is typicallwtspldiutcti mt:
ultrasound is found to significantly impro
i mprovement is primarily attributed to the

the electrolysis processe. rTehreo vwallt roafs oguansd bw
the electrode surfaces, enhancing the over

hydrogen production rate.

1.3.2 Sonocatalysis

Al t hough sonohydrogen production can occur
the use stibsbamatgsi to enhance reaction rat
Nobl e metals |ike platinum and pall adi um,

some experimental setups. These materials
di ssocheartdboyn, maki ng the process more effic
sul fate are investigated for, thbéerebypi enhg

the overall efficiency of the process. | n s

8



catalytic activity by increasing the mass
surfaces on the catalysts. This |l eads to a

ot her bhcyodhrtoagenn ng compounds, ul tiiomately boo

1.3.3 Sonoelectrocatalysis

Sonoelectrocatalysis is a hybrid technique
This method focuses on enhancing the hydr o
hydrogen production technol ogi @s. iBnprappel fi
efficiency and rate of hydrogen producti on
can |l ead to increased mass transfer and i
electrocatalyst, thereby enhancing the ove

1.3.4 Sonophotolysis

Sonophotolysis combi nes ultrasound with I
necessary for hydrogen production. Thi s t ¢
acoustic and photonic energies to break do
reallsee hydrogen. The results of studies in
significant i mprovements in hydrogen produ
ultrasound can create unique condi toiug@ms t he

the exact mechanisms and optimal <condition

1.3.5 Sonophotocatalysis

Sonophotocatalysis represents the integrat
photocatal ysi s. This approach wutilizes va
optimize hydrogen producti on. The combinat
activity of photocatalysts, |l eading to inc
this process can aid in the dispersion of
whil e the Iight source acti xateessse tmee hpma tsan

significantly boost the efficiency of hydr

1.3.6 Sonohydrogen
Sonohydrogen stands out as a unigue metho
produce hydrogen. This process relies on tF

to facilitate the breakdown of water mol ec



This approach is particularly intriguing a:
met hod for hydrogen generation, re|] $¥$7Yhg so
1.4  Industrial Applications ofUItrasound

Ultrasonic technol ogy harnesses sound energy

typically exceeding 20, 0wODdelgprdadsusechnobe

fi edsdspr esTeamli2ed Fbn i nstance, in the medical
frequently appliedrieni phyainda psiotmeortpm@hepat
Additionally, ultrasonic surgical tools hav

of fering precciosaigounl aitn ng utatsigdugd]le mbheng exampl e

|l ithotripsy, a procedure that wuses focused wu
Tabll2ze Summary of industrial application

Frequenclndustrial Applicati

4880 MHz Monitoring car engin

10 MHz Mapping the thicknes

piston skirt and mea

bet ween the wheel an

351 MHz Piping | eakage inspe

24 MHz Monitoring the thinn

500 kHz Detection of axial a

100 kHz Monitoring and analy

70 kHz Di scovering corrosio

70 kHz Di scovering notch 1in

48948 kHz Caparking sensor s

340 kHz Sonohydrogen gener at

420 kHz Ther moacoustic heat

400 Hz Thermoacoustic refri
Ultrasonic technology also plays a vital rc«
Nodestructive testing relies on ultrasonic w

as wplil pgsel icnoensc raentde[ 2@ huckoeges measurement tec
of ultrasonic waves to gauge the th[]iZzXkness

Ultrasonic flow meters accurately measure th

guality cémt medi efaf ormaging, ultrasound i s a
frequency sound-twanees mag ecirsesduledsomgaahads | ow, whi
essenti al for di hg2ARAbMarse oavnedr , maur ittroaarsiomg ¢ t ec

wel di ng, cutting of mat eamadl shéadnigleg en@v iatl at i
range of i n[d2&sht]r i al sectors
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These exampl es highlight t he continui ng

demonstrating its growing influence in fos
variety of indusitmveaesiveée'tchngudeaectadgn Ontfiyad e n
invaluable tool for numerous applications.
proves effective in cleaning materials wuse

and phar mMaz2ed Re s ead sh bly2,€kphoeéedathe use of
frequencief€5bé&tHweeamd2@® maxi mum power of 18
reactions for heavy met al removal from soil

Ultrasonic technology also finds significant application in water treatment, where it
demonstrates impressive efficg@@]. Utilizing high-frequency sound waves, ultrasonic
systems effectively break down organic matter, eradicate hami@uborganisms and
disintegrate suspended particles, offering a highly efficient and environmentally
sustainable approach to water purification. By targeting contaminants at the molecular
level, ultrasonic treatment enhances water quality, presenting a promising solution fo
delivering safe, clean water to communities around the globe. Water treatment
encompasses several processes aimed atiegsvater safety and quality for various uses
[30,31]. Developing technologies, such as ultrasound, provide innovative methods to
overcome existing challenges in water treatment by improving efficiency, lowering energy
demands and reducingecondary pollutant generation, positioning ultrasound as an
appealing alternative in this field.

Il n recent yeanxgd,ensli vedayowmpl oyed due to
eneeffyicienftrieemd!| gcor od(Bt2yami otuesc hex meaireisn
approardéeee®|l oped to optimize the efficiency
technique is the sonochemical reactor, whi
ultrasound generatofrefhenggneonandr wamiesst
ten |l iquid within the reactor, cl[auFheget he
bubbl es, upon coll apsinerggygemaeardat e olns¢ aleinah
reactions and process efficiency.

Ultrasound operates with sound waves at f
typically exceeding 20 kHz. I n sonochemi st

types: di agnostic ultrasound, with hsgh fr
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wi del y us ead pil ni cnaetdi-focnash uaenndc | oppower ul tr asoul

and 2 MHz, which induces cavitation in [|ig
processes. Di fferent applicat[idhlsi nwtliuldii e
t hermoacoustic refrigeration, thermoacoust
parking sensor s, detection of pi ping def e
analysis and monitoring, ul t paecerirvavYi oo m
detection in pipes, monitoring pipe wal/l t
wheel /rail contact Sstresses, l uski camst ahi

monitoring car engine perfepmantec Thesgeaceet

il lustrat®&d wihn ckhi guiroewsl .t heir rel ative ul tr

xial and circumferential crack
detection of pipes

Detecting piping corrosion _ ) - .
9 PIPing Pipe wall thinning monitoring

Detecting piping notch _ Piping leakage inspection
Car parking sensors

Sonohydrogen generation _
. .100 MHz
2 MHz

Thermoacoustic heat engine _

.40 kHz
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[ ] _ t Monitoring car engines
16 H ; performance
Analysis and
monitoring of various
food materials- ) ’
o Measuring wheel/rail
Ultrasonic viscometer| contact stresses

Thermoacoustic
refrigeration

_ apping of lubricant film thickness
along piston skirt

T

Food processing
preservation and safety

Figurel.3: Ultrasound applications at different ultrasonic frequencies.

By examining t he di verse applications
particul dmleatime nwataenrd sonohydrogen gener at
insights for fArneéleev amdtvaemxaemelnd sin this fi
et [8/swhi ch explored the use of an ultrasoni

influemas @af d€C®sol ved gas on wultrasonic hy
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useful perspectives on optimizing ul tras

contributing to more effeneegy saoadutnonson

1.5 Motivations
Hydrogen has emerged as a key energy carrier with the potential to contribute significantly
to a sustainable and clean energy future. However, traditional hydrogen production
methods rely heavily on fossil fuelgading to environmental concerns and limiting its
long-term viability. To address these challenges, there is a growing need to explore
alternative and more sustainable approaches to hydrogen production. This study aims to
highlight the importance of utding renewable energy sources and innovative technologies
to enhance hydrogen production efficiency. The key motivations driving this study include:
1 The need to produce hydrogen using renewable energy sources for a sustainable
and clean energy future.
1 The need to investigate new methods to improve hydrogen production compared to
traditional methods.
1 The need to further study the production of hydrogen through ultrasound
technology.
1.6  Objectives
The main objective of this thesis is to develop and evaluate a novel sonohydrogen method
for maximizing hydrogen production efficiency using ultrasonic technology. The following

are specific objectives of the thesis:

1 To develop, build and test a new ultrasetiitven hydrogen production system
experimentally

1 To investigate the performanaé the experimentalsystemthrough energy and
exergy methods.

1 To study the effects of varying operating conditions and injecting different gases,
such as C@and air into the sonoreactor solution on the hydrogen production rate
and efficiency.

1 To evaluate the performance of the experimental system by integrating ultrasound

into a conventional electrolyzer.

13



1 To determine the maximum hydrogen production rateder variousoperating
conditions for the experimental sonic hydrogen generator.

1 To conceptually develop, analyze, evaluate and optimize three integrated
multigeneration systems incorporating sonic hydrogen production subsystems,
determining the energy and exergy efficiencies of eachmayatel evaluatingheir
environmental impacts.

1.7  Novelties
The novelties of the study aim to enhance the hydrogen production rate using ultrasound
technology. There aomenovelties of the study, listed as follow:

1 A novel sonoreactabased system for sonic hydrogen production is built.

1 A vapor collection system, including traps and a condenser, is built specifically for
the sonic hydrogen generator.

1 A conventional electrolyzer is integrated with ultrasound to improve the
performance of hydrogen production.

1 Three new renewableased energy systems are developed, including
sonohydrogen subsystems.

1.8  Contributions

This thesis presents several key contributions to the field of hydrogen production using
ultrasound technology:

1 A new experimental sonoreactsystem that utilizes ultrasound for hydrogen
generation is developedyuilt and tested, contributing to advancements in
sonochemical hydrogen production.

1 A traditional alkaline electrolyzer is integrated into the experimental sonic,
demonstrating its potential for improving electrolytic hydrogen production.

1 The hydrogen production capacities of the experimental system are investigated
and evaluated.

1 New communitybased integrated energy systems are developed, incorporating a
sonic hydrogen production subsystem.

14



1.9 ThesisOutline

The structure of this thesis is organized into seven chapters, each addressing a specific
aspect of the research. Chapter 1 introduces the urgent need for sustainable energy
solutions, highlighting the significance of addressing global energy challengaso |
explores thehydrogen production methods aagplications of ultrasound technology in

this context. Additionally, it outlines the thesis objectives/eltiesand contributions,

setting the stage for subsequent chapters. Chapter 2 provides a camweheview of
relevant topics, including the cavitation bubble formapoocess and detectionethods

for cavitation bubbles. It also covers semactor designs, bubble phenomena,
experimental setigpandthe applications of ultrasonic methods in hydrogen production,
offering a foundation for understanding the scientific principles and methodologies
underpinning the researcn addition, it identifies key research gaipsthe literature
Chapter3 describes the experimental apparatus, including thgomgmt, measurement
devicesandthe procedures used in the study. This section provides detailed information
about the experimental setups, ensuring clarity and reproducibility of the research process.
Chapter 4 focuses on system development, detailing the development of various integrated
systems. It includes an exploration of their configurations and operational modes,
emphasizing the innovative aspects of the research and the practical implemehtaton
ultrasonic methodsChapter 5 centers on the analyses and modeling of the developed
integrated systems. This chapter explains the methodologies used to model the systems and
interpret their behavior, connecting theoretical frameworks with experamnessults.
Chapter 6 presents the results and discussion, showcasing the experimental findings,
validation studies and integratedsystem performance analysis. Finally, Chapter 7
summarizes the key findingsontributions and implicationsf the study. It highlights the

advancements made through this research and offers recommendations for future studies
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Chapter 2. Background and Literature Review
In this chapter, the background and literature review related to the study are provided,
highlighting the intricate processes involved in cavitation bubble formation and their
significance in ultrasounthduced applications like sonohydrogen productioth@ough
examination of the various stages of bubble formation, from nucleation to collapse and
postcollapse phenomena, reveals the complexity and potential of cavitation in enhancing
hydrogen production. Furthermore, the review discusses different mgueeal setups and
methodologies that have been explored in previous studies, underlining gaps in current
research, particularly in the optimization of reactor design, frequency selantiomovel
enhancements such as gfjjection.
2.1  Cavitation Bubble Formation Process
Under st dedifomg mati on and behavior of cavita
various -unduasdunalvi tation applications, sl
formation of cavitation bubbles foldedvs s e\
into distinct stages: (a) nucl eati on, (b)

col laangdeg -cppddtapse phenolena (see Figure 2.

Bubble
Formation
Bubble Bubble Bubble
e T Bubble Growth Stability Collapse PostCollapse

Figure2.1: Process of cavitation bubdi@mationin liquid

(aBubble nucl eation

The first step in cavitation bdbbledf camat
emerge in the Il-egusdingmpuri budd)| epreor a
trigger this prolkiegsi,dosnfpruemeridi)ser dahced a
tensti)md (exter nlail k ¢« otna@mp e matsure (T) and pr

typically a mixture of water vapor and ai |
facilitating easier nucAddtit t banalnldye,r tcheer t
acoustic properties, particularly i1ts fregqg
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nucl eation. Variations in ultrasound press

frequencies creating mor e, small er nucl eat
| arger bubbles. The interacti on rbaecttweereins tuilc
of the | iquid can also cause |l ocalized he
bet ween acoustic and ther mal effects is cr

Nucl eation is also heterogeneous, often
l'i ke 1 mpurities, particles, or mi crostruc

Understanding these nucl edit s oni bsuttireessg | amd
composition, is key to controlling nucleat
consistent cavitation procresampenkiangi nvat
treatment efficiency.

(bBubbl e Growt h:

Foll owi ng nucglreoast idoune, thou btbhleesi nf |l uence of
| opvr essure phase of the acoustic cycl e, b
(Prtdrnghrops bel ow the surdJuodmti sagekpguosdopr
by the -Rlaggd satghequati on:

YY =Y (2.1)

wheRies t her abdalujl € Itihgeui d Ddenegt yhis phase,

coal escleatgef obumbbl es.

Growth dynamics are also influenced by t
physicochemical properties of the Iliquid.
Gases with higher solubility tend to dis
|l ess soluble gases promote | arger bubbl e

contributda@rtiovedi fgfrioswitdin where gas mol eoul e
expand.

Il nteractions between bubbles during gr owt
and acoustic forces can cause bubbles to c
These coalescing bubbles signifieasstlsy i mp

sonohydrogen producti on, bubble size and d
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and rate. Controlling this bubble dynamic

cavitation processes.

(cBubble Stability:

Not all bubbl es coll apse; some reach a st:
pressurei sddgiutidd fafnuds i gans This stability i
bubble's I|ifespan within the fluid. The <co

pressure required for a bupb®4p to grow exp

0 o 0 — (2.2)

Y — 0 — 0 (2.3)

Her &j sPt he Bl akies tthhree sahnoblide,ntP prass wse ani@ i
represents the vapor pressure. The surroun
the prpoesure is about @) B3wktPar, Swhifak ei ¢ et

per unit |l ength on a |liquid's surface, has

Bubble stability is also governed by gas
either into or out of the bubble, depends
the surrounding | iquid and withirn tthhaen btuhbet
surrounding gas concentration, gas di ff use
when internal pressure is higher, gas diff
coll apse. This bal ance pleaybsubabl cerist iuclali nrad
| ongevity wiAddint itomeal FYyui dhe oscillatory
ultrasound further complicates bubbl e st at

acoustic waves cause bubbles to experience
known as peusles apulosnat iToons help stabilize th
acting on it, preventing early coll apse. TI
|l i ke sonohydrogenbbplreodautcd biolni, t ywvhaemae puwl sat
i mpact process efficiency.

(dBubbl e Coll apse:

The bubble col |l apspr eexswrres phuas en go ft hteh en i agdhc
in extreme temperatures and pressures. Thi

bubbl e si ze, creating a |l ocali zed Thotsp:
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sonochemical reactions l i ke -Mbokehygdreqgoen i

describes the dynamics of bubble <coll apse
bubbl e [b&Ghhavior
e =YY Y p — —p - -—Nn —— 0 i

(2.9

wheren is acoustic pressumplitude,”Qs the ultrasonic frequency, is theliquid
viscosity, , is the surface tensiom, represents the static pressure of the surrounding
medium in which the bubble is located, P is pressure inside the bubble, C is sound speed,

is liquid mediumdensity and R ithe bubbleadius over time.

When considering thermaffects, the internal pressure P can be calculated by:

o0 —— (2.5)

where B is the molecular emlume of the gas inside the bubble, K is the Boltzman
constan{(1.38 x 162 J/K) [37], and Ng is theotal number of the gas molecul&8].

Bubble collapse is an energetic process
undergoes adiabatic compressi on, causing
pressure. This | eads to the formation of s
areessential for triggering sonochemical rea
context of sonohydrogen production, these
mol ecul es, generating hydrogen.

Asymmetric bubbl e col | apumi fiosr na naoctohuesrt ikce
near solid surfaces, the coll-apsed maycrh@ijce
ai med at the nearest surface. Theseei croj e
mi xing in the |Iiquid, which benefits both s

such as c¢cleaning or mixing. -Opdedni apmplgi d art
requires understanding the facttohres pgrndxiumint

to solid boundaries and the distribution o
Additionall vy, repeated bubble coll apses i
whi ch gradually damages near by surfaces,
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equi pment . Thi s i s particularly i mportant

sonohydrogen reactors and ot her systems b

crucial for extending the |ifespan and ens
(ePo€ol | apse Phenomena:

After the bubble collapses, It may &either

secondary <cavitation. These secondary bubb

repeating the cycle of growth angleal laagse

depend on the initial conditions of both t

Thi scpbskapse phase involves sever al com
and dynamics from the prior coll apse. One
waves that radi ate outward from the coll ar
nucation of new bubbles in the surroundin
cavitation. This is particularly important
can enhance chemical reactions and |1 mprove

Addi tionally, rebounding bubbl es inter
produce significant fluid dynami c ef fect
turbulence. These effects are advantageous
for iapapli ons | i ke water treat ment and chel
controlli-ogl t apse Plbsid dynambasedmeyet embki
be designed and operated.

Understaedshgges of bubble coll apse and
processes | ike sonohydrogen production. B
frequency, axnodeatctorpmgeossnetey, it i s possil
andrequency of cavitation bubbl es, whi ch i
sonochemical processes.

2.2 Detection Methods for Cavitation Bubbles

Cavitation bubbles play a significant rol e
and marine applications. The ability to wur
optimizing these processes and hdngtrtiedg blyo
et [3HA]l there are three primary acoustic methods for characterizing cavitation, each
based on how signals are collected from the cavitation field. These methods include active
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cavitation detection (ACD), passive cavitation detection (P&dself-sensing cavitation
detection (SSCD), as shown in Figure@.2n ACD, cavitation is identified through
backscattering technology, where a transducer emits ultrasonic waves into the cavitation
field and either the same or a different transducer detects the reflections from the cavitation
bubbles. Conversely, PCD inves analyzing the spectrum of noise produced by cavitation
bubbles. When traditional measuring sensors, such as hydropbanest be used in high
temperature environments, such as during the ultrasonic processing of molten metals,
SSCD can serve as a monitoring tool. This method employséngperature sensors, like

a hightemperature cavitometer, or utilizes the existingcpssing transducers within the

working medium for detection.

Transducer —— | Current probe
—
SSCh Oscilloscope
Probe ——F—— |
== ==
— 8 -
OO0000000

U/

=/

\_

— )
ACD ) PCD

\_» Cavitation

bubbles

ACD: active cavitation detection
PCD: passive cavitation detection
SSCD: self-sensing cavitation detection

Ultrasound waves

Figure2.2: Schematic representation of thidistinct acoustic methods utilized for
characterization of cavitation.

2.3 Acoustic Cavitation: SoneReactor Designs and Bubble Phenomena

Cauvitation is a fascinating phenomenon that occurs when pressure changes within a liquid,
such as water, result in termation of small air bubbles. This typically happens in
turbulent fluid motion, which is marked by rapid variations in pressure and flow velocity.
Unlike the steady flow seen in laminar motion, cavitation is triggered by a drop in pressure,
causing theidjuid to boil and bubbles to form. These bubbles appear quickly but are short
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lived, collapsing almost immediately due to the substantial pressure difference between the
surrounding fluid and the near vacuum inside the bubiie. collapse creates a small
explosion as it interacts with the fluid flow. When this process is repeated, it can cause
significant damage to materials exposed to the fluid, compromising their structural
integrity. Acoustic cavitation, which refers to tfteemation of bubbles in a liquid through
sound waves, is commonly produced using devices called sonose&igore 2.3 outlines

ten major sonoreactor designs discussed in the literature, ranging from Type A to Type J.

o i

Type A Type B Type €
| |
| | L

i N

Type D Type E Type F
[ |
| |

] &

Type G Type H Type |

| |
Type J

Figure2.3: Various soneeactor configurations for acoustic cavitation bubble generation
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Some of these setups employ plate transducers, while others use an ultrasonic transducer
probe submerged in the liquid. In these systems, ultrasound waves emanate from the tip
of the probe, which has a smaller diameter than the acoustic wavelengthg) tedta
formation of cavitation bubbles. Certain designs also incorporate a cooling bath or chiller
to |l ower the solutionbs temperature, with
or inside the cooling systefR9].

A comparison of these configurations is presentddbie2.1. Additionally, Figure
24 introduces six new configurations for sonoreactors designed to generate acoustic
cavitation bubbles, offering fresh avenues for research using these innovative setups. The
choice of configuration depends on specific process requirements, such as i#mecgfot
bubble generation and distribution, maintenameeds and theomplexity of the design.
Each configuration comes with distinct advantages and drawbacks, making the selection
process dependent on the most critical factors for the intended application. For instance, in
sonohydrogen production, multiple configuratiomsy be tested under different conditions

to identify the most efficient setup.

= -
=
PO

Figure2.4: Proposed sonpeactor configurations for future studies.
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The behavior of bubbles in acoustic cavitation is governed by a complex interaction
of factors. Acoustic parameters, such as the frequency and intensity of sound waves,
directly i mpact bubble size and the energ
properties are also key; for example, viscosity can dampen bubble movement and slow the
coll apse rate, while surface tension influ
density affects bubble buoyancy ammvement andemperature plays a cruciallecas
wel | . Hi gher temperatures tend to | ower th
to altered bubble behavior.

The geometric constraints of the system,
or reactor, also play a significant role i
bubbl es i nteract with their surrowmwdihngs,
moveme and. coltl apsed mportant to distinguish
Tayl or bubbles. While Tayl or bubbles are st
of the tube and gravitationail mdorkgsgowaeon:
sound wave dynamics and the fluidoJaptepert
2.2.

Tab2le Comparati ver aaatl gyrsisomffi gwmat i ons f or ac
generation

Type Probe | Plate Location Cooling Advantage Disadvantage
Location Method
A Bottom No Plate Natural 9 Lower construction co Not suitable for
Bath due to a natural coolin configurations
method. requiring top

1 Bottom placement of = placement of prob:
probe may facilitate
bubble dispersion.

B Top No Plate Natural q Lower construction co Possible inefficient
Vessel due to a natural coolin dispersion of
method. bubbles.

1 Probe at top may
facilitate maintenance

C No Rightand left  Natural 9§ Lower construction co Complexity in setu
Probe  side-Not directly due to a natural coolin
connected to th method.
vessel 1 Both probe and plate
utilized for better
efficiency.
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D Top RightDirect No 1 The right placement o' Lack of cooling
Vessel connection to tt cooling plate may offer unique method
vessel benefits. This might be
useful in some
experiments.
1 Probe at top may
facilitate maintenance
1 Both probe and plate
utilized for better
efficiency.
E Top BottomNot Natural 9 Lower construction co No direct connectit
Vessel | directly due to aatural cooling of plate to vessel
connected to th method. can lead to
vessel 1 Probe at top may inefficiency.
facilitate maintenance
1 Both probe and plate
utilized for better
efficiency.
F No BottormNot Natural 9 Lower construction co Lack of probe may
Probe  directly due to a natural coolin affect efficiency.
connected to th method.
vessel
G No BottormNot Natural 9 Lower construction co Lack of probe may
Probe  directly due to a natural coolin affect efficiency.
connected to th method.
vessel
H Top BottomDirect = Forced q Chiller offers effective Complexity and co
Vessel  connection to t cooling. Both probe ar of setup.
vessel plate utilized.
1 Probe at top may
facilitate maintenance
1 Both probe and plate
utilized for better
efficiency.
I Top No Plate No 1 Probe at top may Lack of cooling
Vessel cooling facilitate maintenance method could affe
efficiency.
J Top BottomDirect = No 1 Probe at top may Lack of cooling
Vessel connection to tt cooling facilitate maintenance method could affec
vessel 1 Both probe and plate = efficiency.
utilized for better
efficiency.

I n the context of acoustic cavitat
bubbl e wil/ undergo stable oscillati
number that gives an indication
to its surface tension.

25

i on

ons

t

or

omparmedr el



The Weber mma mbelacswldant|el do ws
wQ — (2.6)
wheries the density of the fluid, L is the ¢
the bubbl ehe velocitythnd adalhjeedtltuhadgwerl fagades
of the fluid.
Tab22e Compari son of acoustic cavitation b
Aspect Taylor Bubbles Acoustic Cavitation Bubbles
Formation Form in twphase flow systems Form in Aquid due to rapid pressure chan
especially in narrow vertical tt induced by sound waves.
Shape Elongated, bulldte shape with Generally spherical or near spherical.
distinct nose and a trailing liq
film.
Size Large, often occupying a Smaller in size, not constrained by tube
significant portion of the tube' dimensions.
crosssection.
Flow Regime = Occur in slug flow regimes wit Not specific to any flow regime in tubes; ¢
tubes. bulk liquid.
Influencing Influenced by tube diameter, 1 Influenced by the frequency and amplitud
Factors viscosity, surface tensiod sound waves, fluid propeatidsambient
gravity. conditions.
Behavior Stable elongated shape, mov, Dynamic behavior with cycles of growth a
steadily along the tube. collapsanfluenced by oscillatory pressure
of sound waves.
Typical Found in lewiscosity liquids in. Can occur in various liquids subjected to

vertical tubes.
Gravitational foregnificantly

Environment
Gravitational

ultrasonic or acoustic energy.
Gravitational forces are less influential co

Influence affect shape and motion. to the forces induced by sound waves.

Il n bubble dynamics, the Bond number hel p:
and its rise behavior in the fluid. The Bol
forces compared to surface tension forces.
0€& — (2.7)
wheod s the difference Iin density between
acceleration due to gravity, L is the char.

To calcul ate the Weber and Bond numbers f
of the fluid must be considered, including
size of the bubbl es. I n the case e@fn ttthe W
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bubble and the fluid is also i mportant. Th
experi ment al setiumpy o ltvheed g aypdef tobfe d a nqduiitdi on s

cavitation is induced.
Addi tional |l yRPIl etstseet Rayluaitg o n i s cruci al
dynamics of oscillating bubbles in an incot

into how changes ifnl ubcutbubaltei omrisweam dpireessusiaudr fe
behavior of bubbl es. | mportant factors suc!|
andcoustic par ameters (i ke frequency anc
formatownh @gnaf cloddllpse. A comprtehessifvactum

i's essenti al for optimizing sonochemical [
and water treatment, by connecting the the
practical applications.

|l n sumimar vt udy -ionfd uucl etdr acsaovuintdat i on provi de
t he mechani smo,ndiotpieanast i ragicdr i aip@ali c aftoiron ® p
sonohydrogen production and other sonochemi
|l i ke nucleation,psgemawtplsitapadi phegpomend) aa
operational factors suohermsbs buplitaaatdi oounn dd ufrr
significantly impacts the eddsicdtievteane s e rail
Choosing t-heacightde®ingn and understanding
enhancing the efbfascede ntceyc honfo lcoagviietsa.t iAodndi t i ¢
for detecting cavitati on abgdsbd nessi,n gi ntcd cuhdniir
of fer essenti al tools for monitoring and m
not only deepens our wunderstanding of <cavi
new possibilities foriapp|lmemi domws@anst ener
more. The integration of advanced water tr
emphasizes a comprehensive approach to add
shoesagnd envustoaimeabiality.
2.4 Experimental Setups and Applications Using Ultrasonic Methods
Thi s section starts by providing an over
applications i nvol ving ul trasound technol

experi ment al configurations used i n water
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previously mentioned, ultrasonic technol o
industries for a wide range of applicati ol

therapeutic wul tr astoaumldd | awldtrraispsay.c Isrurgu & la

precision instrumentati octhestulutcrta svoeu ntde sitsi n
measur ement fanodw unettrearssonilct i s al so essent.i
r efail me visuali zdtiisemnusbsl ofadad rfdarmws ,i nud utsrtarsioaulr
applications are diversaeyttiinncgl uade dthega nud o g tars
Ultrasoni c cl eaner s, for i nstance, ut i | i z
contaminants from sensitive items or compl
studies that i mprleeanetndre dd eesairgmau.s sono

Pol achidi@fetl izli.ng Type B, explored the ef

energy to acoustic energy within acid susp
untreated CB acid suspensstoenesl hoohuasnmebde ri.n Tao
conqitstteemperature of 20 AcC, a thermostat.
introduced to the suspensions wusing an ul
di ameter titanium sonotrode, operating at ¢
poweomf 160 to 400 W, —resulting in acoustic
Son dt4,14sdi.ng Type D, conduestcead ea sothwdy awt
potassium iodide dosimetry to examine th
di stribution at various wultrasonic frequeni
eval uat ed 7Wearned 13862 0 ki th a system power in
results revealed that t he most significan
occurred at 72 kHz, whil e the distance enc
great erHzat i3n5di cating higher cavitation enct
contrast, the cavitation energy distributd.i
effective. The relationship between cavitat
described by a quadratic fit, with efficie
f

rom 31.76 to 103.67 W Throughout t he ex

onoreactor wak9 A@ i wittah awneddh eadtoelki@nsg wWetreer ¢ on

(7]

aerating the water with three air diffuser:
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Dehang 4@t idli zing Type G, conducted a study
in a sonicated |liquid. They performed sono
300 kHz wusing a standing wave sonoreactor

dri vempibkbyoelectric disk powered by an el e

di fferent power |l evel saldof eX@per 4dtheansdg, 6@a tw
sonicated | iquid.

Son dt4,8ali.ng Type J, employed a 20 kHz pro
activity wunder varying experimental condi

di fferent factors on sdry@ehemindalatroga cstyisa re
opti matli ocnosndfior achieving high sonochemica

positioning the probe close to the bottom

height . The experiments wertey peco nsdouncitceadt ous |
t hr etaidtealni um all oy probe, featuring a repl
probe was placed in a 500 mL glass vessel

I n addition to the aforementioned applicat

energy systems for water treat men[t44m6n]d hyd]

These examples highlight the adaptability ¢
of mechani cal engineering, wi t h particul
environmental solutions.

2.4.1 Experimental Setups and Applications Utilizing Ultrasound for Hydrogen
Production

There are a few techniqgues to produce hydr

water molecules into oxygen and hydrogen ¢
current . This is wuseful in industmrifabeland
production and the establishment of cl ean
technol ogy can increase the efficiency of

reaction and reducing the energyennpgateseq
Applying ultrasound waves to water during
formation of gas bubbles, which iIincreases t
efficient §d6] sAaddratoonal |l vy, the mechanic
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ultrasound waves can al so promote the move
the efficiency of the process.

Il n this section dupgdeaeceaeat dempersi manedl f g
hydrogen or hydrogé&onr pexRhatptiegerpr®déEdhpinoony
Jiang][ ¢®JleafFormed studies wusing ultrasonic
generated by a titanium horn with a 3.5 c¢cm
They also used higher fr eqg5u0eOn cayrkddz8OOwduhb e n
piezoelectric disc of 4-famqdieamgt @ro,weac 0 IsIDe
El ectronic Service. On[dBé@roit bdrobandxpder

a 300 kHz piezoelectric disc, from which u
Additionally, they conduct &@5t eaB8b6ORBAD even
empl oying a WNMeieghuamaty mulatnisducer ( model E
di ameter. The experiments demonst@ai ¢t an
the frequency increase,. reaching a peak be

Using Tyee iAfluence of wultrasound on the
steel pl ate electrode during HHRBOYW&as ¢xpl
experiment, a reactor with dimensions of 5
was used. Ultrasound was generated by 1inst
transducer operating at 20 kHz.u#&dedpnwht ol
was submerged 20 mm through t he -rbiansge. offh et
ultrasonic probe tip was positioned 10 mm
el ectrolyte consisting of distilTlhedvwadtoern te
and diameter of bubbles in HER were obser v
higpeed i maging under Dbot hl rsotnhiec asttiualry a&amfdL
[ 55 1]t he aims were to assess t heOpanncdr etaos eo basnedr |
the regions where the reaction caused by soul
empl oying Type C an,d u&sd kaghdhre7qOeenpeir ad ua fe 28
inside thmairematomedwas 20 N 1 AC. Various po\
100, 150, 2 OM0A s3d0I0u tainodn 4v00b ttmeé i s chph@dLowa$s

wer e gat pOgirrede ftoirgadt i on every 10 minutes for
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Ji et al.[52], using Type E, conducted a study comparing acoustic cavitation at various
ultrasonic frequencies: 20, 100 and 362 kHz. Experimental investigations were performed
to examine the chemical activity, specifically the yield @D produced by cavitation
bubbles at these frequencies. The results revealed that at 100 kHz, the cavitation bubbles
exhibited a transitional behavior between the high and low frequency ranges. During the
sonolysis experiments, a volume of 250 mL of destivater was utilized. Themperature
of the solution was carefully maintained at a constant level of 18 + 2 °C.

Mi zukoghi3lasialg Type F, conducted a stud
|l iquids to sonication at different tempera
one of the main decomposition products wa

evaluated!|! usasgniam generator with a freque

of 6 W cm. An oscillator made of barium ti
sonication experiments were carried out in
of md@ and a total volume of -B8rgdd &Ar gahiume
was sonicated. The sonolysis experiments w

from5®ACo andoaa hwamaesrons eod | t b he vapor press
|l iquids. The r esuplrtoidnugc t ga sienocu su dssaln oclayrshiosn |

ethyl ene, acetymenhbanprapdnbydebbeaene,

I n their studys,4]doleapatead e¢thealutili zatio
to create nanotubes, which are then examinc¢
photoel ectrocatalysis via water splitting
anodi zatiofrmobfstibhami B0 ml el ectrolytic

ultrasonic waves operating at a power of
experi ments were conducted at the room tem
Hassanzadelf55], discusses the use of alkaline water electrolysis coupled with
ultrasound to produce clean hydrogen. The study employed Type F with electrodes and
delved into the influence of ultrasound on a typical water electrolysis cell and other
significant variablessuch as the active surface area of electrodes and the electrolyte
solution. The hydrogen yield was quantified with a hydrofiewwmeter and thenean
productivity efficiency of the electrolysis cell was calculated to be 78%. The findings

revealed that themplementation of ultrasound raised the production efficiency by 4.5%
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and enhanced energy efficiency by 1.3%. Additionally, an increase of 43.75% in the
electrode active surface area improved current generation by Z%6uand thdydrogen
generation was enhanced by about 50%. Additionally, the examination determined that the
utilization of ultrasound led to the elimination of bubbles from the electrode and electrolyte
solution surfaces, thereby preparing the electrode surfaceldoirochemical reactions,
which in turn improved the production of hydrogen.

| 0 hset uvodBfham [e%,6]Jaaln. approach have devel opedc
of using ultrasound power for converting w
manner. The sonolysis process was carried
kHz to proneuk@mep@d,d hydrogen (using Type
invol ved using Rhd@amlLRe&sBB uwiitom @&@f known c

ranging from 5 to 100 mpmhewdsphcwasi pl awe

cap. I n addition, the acoustic intensity w:
experimental arrangemendt of omant Wil $ rattway.,c b
|l nside thermocouple, an outside thermocoup
cooling coil, a pcloeolainmdgeabfada qbet her mocou

In the study of Shestakova et fd7], the sonoelectrochemical decomposition of FA
(formic acid) is investigated with the objective of optimizing the electrochemical and
sonochemical parameters involved in FA degradation (using Type G with electrode). While
the primary focus of the study was the degradation and mineralization of FA, hydrogen
generation was a byproduct of the electrolysis process involved in the sonoelectrochemical
decomposition. According to the study, the most substantial mineralization of FA (97%)
was attained by utilizip 1176 kHz ultrasonic irradiation, in conjunction with 20 mA
electrolysis, for 120 minutes. Moreover, the investigation discovered that the fastest
degradation kinetics of FA, with a constant rate of 0.0374%niccurred at 381 kHz, 20
mA and an ultrasonipower of 0.02 W/crh

The study of Kerboua and Meraljg8], aimed to explain the mechanism of action of
acoustic cavitation in alkaline somtbectrolysis, specifically focusing on factors such as
hydrogen production rate and the contribution of ultrasounds the overall process. In this
experiment Type G with elactdes was employed. In anddll, a 300 mL solution of

KOH was subjected to electrolysis while being exposed to ultrasonic waves in a bath. The
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electrolyzer was powered by a DC power supply providing direct current. The ultrasonic
bath operated at a frequency of 40 kHz and served as a continuous source of indirect
sonication. The sonicator utilized in this process had an input electric powegroh60
W.

Singh and Sinh§9] conducted a study on the photocatalysis of water using visible
light, with ultrasound to evaluate the hydrogen production. In their study they used Type I.
They utilized a stainlesst eel ti p with a diameter of 4

mi

ultrapund generator able to produce ultrasoun

powers from 10 to 40 W. The catalyst wused
(Reduced Graphene Oxi de), with one gram
solution. The pH of the solution was maintained & &nd thepressure inside the reactor

was kept close to atmospheric pressure. The temperature of the liquid was found to be
approximately 299 K.

W

of

Mc Mur r ay[ 6d]vadluated the wuse of a titani

irradiation to enhance the rate of el ectro

electrolyte, empl oy iTrhge y T yupt ei-d li ezoetdir eoect hr sontneosa |

arrangement with a titanium (Ti) tip sonot

kHz ultrasound generator equipped using a

adjustedm oTR& & ectrolyte temperature was

during the exlptteamentemitc aamsisessments were kej

In synthesizing the diverse experimental approaches outlined, it becomes evident that
the application of ultrasound technology in hydrogen and hydrogen peroxide production
presents a multifaceted area of research with varying methodolagiesspmes and
efficiencies. A comparative analysis reveals that the frequency of ultrasound waves plays
a critical role in optimizing thbydrogenproduction ratesyith studies demonstrating that
higher frequencies tend to increaseOH production up to a certain peakfte a
subsequent decline, attributed to the formation of bubble clouds that dampen acoustic
intensity. Similarly, the choice of materials for electrodes and transducers, such as titanium
and piezoelectric discs, alongside the design of the electroliftisigaificantly influences
the efficiency of gas production by affecting bubble formation and the movement of ions

and electrons. The experimental setups, varying from single probe ultrasonic transducers

33



to multi-frequency systems, highlight the importance of mechanical agitation and the
surface area of electrodes in enhancing electrolysis and sonolysis reactions. Furthermore,
the incorporation of temperature control and chemical additives is shown ta hateble

impact on reaction kinetics, pointing towards an intricate balance between physical and
chemical parameters in optimizing hydrogen production. This synthesis not only
underscores the complexity of factors influencing ultraseassisted electrgsis but also

opens avenues for future research aimed at refining these parameters to achieve higher
efficiencies and scalability in hydrogen fuel production technologies.

2.4.2 Applications Utilizing Treated Water for Hydrogen Production

Water, a vital resource for all | ife on Ear
popul akxpaadd indest vi ali es intensi fy. Thi s
necessitated the devel opment of effective
supply of <c¢clean water. Water treat ment pr o
component s, ma knisnugmpitti osafaendf wrarcous i ndus
significance of wat er treat ment becomes €
innovative applications |Ii ke the sonohydro
in the sonohydrogen process not only enhan

al so ensures that the process iwsatemnviurscendmel

the sonohydrogen process 1is crucial, as i mj
overall energy efficiency of the system. The
threatened due to pol | uatli ova teaenrd sdiiBe cwexsp. | dint

of the most effective methods used to remo:

Whil e there is extensive research on water

studies focusing on the production of hydr
Tab23®x Water treatment methods

Water Treatment Method  Description Referenct

Suspended SoRgémoval = Separates and removes solid particles like dirt anc [61]
through sedimentation or filtration, improving wate
and reducing environmental harm.

Adsorption Techniques  Involves contaminants binding to the surface of a ¢ [62]
adsorbent, effectively removing organic pollutants,
metals ancertain chemicals.

lon Exchange Exchanges ions in wastewater with a solid resin, ri [63]
dissolved inorganic pollutants like heavy aleitats, c
andmagnesium ions.
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Reverse Osmosis Utilizes a seipérmeable membrane and applied pr¢ [64]
to purify water, leaving behind pollutants.

Electrodialysis Uses an electric field to remove ions, particularly L [65]
desalination processes.

Chemical Oxidation Employs powerful oxidizing agents to break down [66]
pollutants into simpler, less toxic substances.

Nutrient Removal Targets the reduction of nutrients like nitrogen anc [67]
phosphorus to prevent eutrophication in water bod

Solar Desalination Leverages solar energy to produce fresh water by [68]

evaporating and condensing water, leaving behinc
and impurities.
Advanced Oxidation Utilizes powerful oxidants to generate hydroxyl rac [69]
Processes (AOPs) degrade a wide range of pollutants.
Ultrasonic Disinfection Kills microorganisms using cavitation bubbles crez [70]
highfrequency sound waves.
Ultrasonic Degradation of Facilitates the removal of organic pollutants in wat [71]

Organic Compounds through sonochemical degradation.

Ultrasonic Membrane Cleans membranes in water treatment processes, [72]
Cleaning dislodging materials like biofilms and particles.
Ultrasonic AOPs Combines ultrasonic waves with other advanced q [73]

techniques for water treatment, generating reactiv
like hydroxyl radicals.

Ultrasonic Dechlorination Removes chlorine or chloramine from water using [74]
frequency sound waves.

Ultrasonic Treatment for Optimizes algal removal and the release of algae ( [75]

Algad_aden Water matter in water treatment.
Ultrasonic Treatment of = Employs highequency ultrasoundHerdegradation o' [76]
Textile Wastewater Indigo dye substances in textile wastewater.

2.4.3 Hydrogen Production with Treated Water

I n the context of sonohydrogen producti on,
The process involves the dissociation of w;
a reaction -itnhtaetnsiivyeemantgyhol ds significan
generati on. By employing ultrasonic irradi
produce hydrogen, a c¢clean and r enterweaabtlnee netn e
and sonohydrogen product i on uexceemprainfaigeesmean tl
energy generation. By utilizing treated \

contributes to resolving the energy <crisi:

showcasing an innovative syneirgy &redweaer
production. This approach ensures that t h
sustainabl e energy are addressed i n a mann:«

generations.

35



Figure 2.5 presents a method for producing hydrogen sonically using treated water. The
process begins with the treatment of fresh water to remove impurities and contaminants.
This is typically done through several stages. First, coagulation involves atia@imicals
to the water that bind with dirt and dissolved patrticles, forming larger particles called flocs.
Then, sedimentation allows the flocs to settle at the bottom of the water supply due to
gravity. After that, filtration passes the water througlefdtto remove smaller particles.
Next, disinfection uses chemicals or physical processes to kill any microorganisms present.
After the water is treated, it is fed into a reactor vessel, where it undergoes a process to
produce hydrogen. The "sono" part @ins-hydrogen suggests the use of sonication or
ultrasound technology. Sonication involves the application of sound waves to agitate
particles in a sample, and in the context of hydrogen production, it can be used to induce
the breakdown of water moleculieso hydrogen and oxygen gas through a process called
sonolysis. The sonolysis of water involves the formation of microbubbles due to
ultrasound, which then collapse and create localized high temperatures and pressures,
leading to the dissociation of water molecules. The hydrogen produced in the reactor vessel
is then aptured and stored. Hydrogen storage can be in the form ephegbure tanks, as
a liquid in cryogenic tanks, or through metal hydrides or other chemical means. Stored
hydrogen is a vers#ti energy carrier that can be used for various applications, including
fuel cells for electricity generation, hydrogpowered vehicles and as a feedstock for
chemical industriesThis process allows for the production of clean hydrogen fuel from
water without the carbon emissions associated with traditional hydrogen production
methods like steam reforming of natural gas. It's an example of using alternative energy
technologies to f@mote sustainability and reduce reliance on fossil fualsa study,
Rashvan et al[77], detailed the significant volumes of sewage in Canada and discussed
various wastewater treatment methods, such as coagulation and flocculation. It highlights
the integration of ultrasonic techniques to enhance these processes. Central to the paper
was thediscussion on electrocoagulatienhanced technology for removing pollutants
from water and the detailed explanation of the ultrasaited flocculation process, which
improves particle disintegration and flock formation in wastewater treatment. They
proposed an integrated system for treating textile wastewater, which included steps like

sedimentationfiltration and reversesmosis, followed by a sonoreactor for hydrogen
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production. The study concluded that ultrasonic wastewater treatment could offer
substantial benefits, including the reduction of disposal mass and the production of useful
gases like hydrogen, while achieving high removal efficiencies and reducing energy

consumption.
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Figure2.5: An example method for sonic hydrogen production with treated water

In summary, the integration of advanced water treatment methods with sonohydrogen
production represents a forwaittinking approach to simultaneously addressing the
challenges of water scarcity, environmergastainabilityand the search for renewable
energy sources. Water treatment technologies play a critical role in purifying water for use
in sonohydrogen production, ensuring that the process is efficient, environmentally
friendly and capablef producing highpurity hydrogen. This synergy between water
treatment and hydrogen production underscores the importance of innovative solutions in
overcoming contemporary environmental and energy challenges. By harnessing treated
water for hydrogen production, one can leverage the vast potential of sonohydrogen
technology to contribute significantly to sustainable energy landscapes. This approach not
only helps in conserving one of our most precious resources, water, but also in advancing

the use of clean, renewable energy sources for a more sustainable future.
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2.5 Comparative Analysis of Experimental Setups for Hydrogen Production
In this section, the first various parameters affecting the hydrogen production rate are

discussed and then different experimental setups are compared.

2.5.1. Key Parameters for Comparison

When it comes to constructing an experi men
are various paramet 6s tTlhhecendfdiidcarencyeeafFit
production process can be affected by seve
frequency, catallys8]s and reactor design

(@) Frequency

The acoustic frequency is a key -fpraergaureert ceyr
ultrasound wavepr easnurge nreg @it@enshiigm t he sol
for the formation and subsequent dalcleaspse

conditions conducive to the dissociation o

The effectiveness of ul trasound i n pr omot
cavitation phenomenon. Lower frequencies
bubbl es, which is essenti al for disrupting

anal ysi s[ 8B h d&i sdtueld/ t hat the greatest cavi

negative pressure, which occurs within the
The pressure variation P(t) in an elastic r
[ 7:9]

06 0i Q& "Qo— (2.8)
whemneepresents the amplitude whvehes aceugsti
As the frequency rises, it becomes essent.i
irradiation to preserve the same | evel of
in |l iquids at hi gher frequenci esengilmnge Ti
rationale behind this is those higher freqt
cycl es. For cavitation to occur, sufficien
happen.
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Figure2.6: Factors affecting sonohydrogen production

(b) Power

Power, or the intensity of the wultrasound

process. A higher power | evel | eads to mor €
and temperatures that faciliteatgowehre osfpl t
ultrasound source should be enough to indu
power can | ed to energy inefficiency and e
on specific experimental setup and reactor
The intensity of wultrasound power is calcul

by the surface area of the ultrasonic tran:

intensity and acoustic pres7sure can be des

0 — (2.9)

where |, i's the sounids wahvee ' asc opuosw eirtc hignrtledsngswii
densitysantdeCsound speed in the I|liquid. Hi
frequent and intense cavitational events. °
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the optimal power intensity. However, incr e

the reaction rate due to the bubble shield

At hp gwe r i ntensi ties, numer ous cavitati
transducer, which obstructs sound wave pr
absorption, particularly for bubbles of re:

i nt ewlsii¢ly, di mi ni shes more quickly -wowdr di st
intensities compared to optimal intensitie
(c) Temperature

Temperature is anot her i mportant vari abl e ¢
temperatures can provide the energy required
hydrogen. However, overly high tenmpeemtamrdes
oxygen, reducing the efficiency of hydrogen

The average gas bubble temperature can be determif@]:as
Y — —— W) (2.10)

where 0 is the heat capacity at constant volumgsThe initial gas temperature (293 K).

The0d can be calculated as:

0 aQ: S—gﬁ— (2.11)
where a is the gas thermal diffusivity and can be calculated as follow:

b — (2.12)

where cp is specific heat capacity at constant pressure, L is the gas thermal conductivity
and” is the density of gas.

d) Reactor Size

The di mensions and volume of the reaction Ve

cavitation bubbl es. Thi s, in turn, affects t
Opti mal vessel size should bevest ammi ceod s as
the experiment. The reactor should be | arge
treated, but not so | arge that the ultrasoni
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() Transducer and Probe
The transducer generates ultrasound waves b
vi brations, whil e the probe delivers these

reacti on v esshsaeple. aTnlwdé niay pedr,itahe transducer and

roles in influeoaeiendianedcet iforneagluietnyc ygf t he e mi
Additionally, the design and positioning of
di stribution and intensity within the vessel
probe i s fdreicttii wael cfaor temati on and, subsequentl

2.5.2. Effects of SomeParameters on Sonohydrogen Production
I n this section, the impact of vamtewsipgr
and Itiegmpiedr at ur e, on the bubble temperatur
assessed based on the i p#anpdseBi2iion provided

As shown 2ii,n tFheguirmcr ease i nexwaevcet efdr engeugean
i mpact on the production of hydrogen mol ec
This can be attributed to the decrease in
cavitation as Etshseenftrieagjuencyasritshees . wave freq
the acoustic period), |l ess water vapor ent
phase, |l eading to a |l ess severe coll apse.
| ower ngr @ s1ulat ir eodfu cheydd raongopeunn tmo | ecul es gener a
di ssodiigtuBadempZ.ct s the relationship between
yield of hydrogen production, as well as tfF
The frequency of 355 Kk Hozu bibsl ec heoxsheinb ibtesc aiutsse
activity aroy®8@2]this frequency

Il n Figure 2.8, it is shown that by increa
and number o2fi nmokease.of THe mol ar product.
decomposition of met hanol ar e graphical I\
temperatures, specifically at an acoustic
Figure 2.9 illustrates the effect of liquid temperature on the bubble temperature and
number of moles of H Generally, by an increase in liquid temperature from 293 to 333 K,

the number of bubble temperature decreases while the number of moleisaiedse.
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2.6  Performance Evaluation of Different Experimental Setups
In this section the different experimental setups are compared ébé=2.4). These are

the experimental setupseviouslymentioned in thislocument

Tab2de clompari son of different experi men

Ref. Freq. Lig. Power Reactor Efficiency/Production Rate

(kHz) Temp. Electric Acoustic Size
(°C)  Power Intensity (ml)

w)  (Wicrj)
Petrier & Francony 20 20 30 - 300 The production rate of hydrogen pero
[47] 200 (HO) , was r ec bnindea
500 frequency of 20 kHz and demonstrate
800 significant incre
frequency of 200 kHz.
Jiang et a[48] 20 40 30 - 250 The production rate of hydrogen pero
200 HO) , expressed ir
500 at 1.1 for an ultrasonic frequency of 2
800 andincreased to 5.2 at a frequency of
kHz.
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Merouani et §49] from - - 1 - The production rate of hydrogen pero

213 to HO) measured in
1100 observed to be 2.1 &eguency of 114(
kHz and 4.2 at 585 kHz.

McMurray et §0] 20 30 - 26 - -

Mizukoshi et @83] 200 550 - 6 38 -

Mohapatra et [84] 42 2225 100 - 300 -

Hassan Zad¢b5] 20 - - - 1000 The study found that the application ¢
ultrasound enhanced the production
efficiency by 4.5% arateased the
energy efficiency by 1.3%. 82.5%.

Ker boua a 40 60 - 300 Average improvement in the hydrogel

[58] production rate of 3.93% when sonicz
integrated into the electrolysis proces

Shestakova et @7] 381 20 250 - 407000 -

863
992
1176
Ji et al[52] 20 18 - 250 -
100
362

Singh and Sinf&] 20 25 1040 - 250 -

Pham et §56] 40 2545 - 38 20 -

Choi et al83] 300 20 77.2 - 220 H: generation rate increased with spe
alcohol concentrations; highest for
met hanol at 5% (E

Merabet and Kerbou 40 27,40, 60 - 300350 Efficiency and kinetics of hydrogen

[84] 45, 50, production improved sgthication,

55 and especially in continuous mode
60

To guide the optimization of hydrogen and hydrogen peroxide production, a
detailed analysis of experimental setups offers valuable insights into the critical factors
influencing efficiency and output. These factors include frequency selection, temperature
control, the interplay between power and reactor size, as well as the strategic choice of
probes andelectrodes and thénovative integration of sonication with traditional
electrolysis processes. Each element plays a pivotal role in determining thessacde
efficiency of the production process, underlining the importance of meticulous setup
configuration to achieve optimal resuli$iese factors are listed as below:

1 Frequency selection: The data indicate that the production rate of hydrogen peroxide

increases significantly with frequency, up to a certain point. For instance, Petrier and
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Francony [47] and Jiang et al48], showa notable increase imydrogenproduction

rates at 200 kHz compared to 20 kHz. This suggests that selecting a higher frequency,
within the 206800 kHz range, could enhance production efficiency, with an optimal
frequency likely dependent on other experimental conditions such as kqupetature

and reactor design.

1 Temperature considerations: Temperature variation, as shown by Jian{8} ahd
Mizukoshi et al.[53], affects thehydrogenproduction rates. A controlled temperature
environment, particularly around 20°C to 40°C, seems beneficial for stabilizing reaction
conditions and possibly enhancihgdrogenproduction rates. Thus, experiments should
aim for temperature control within this range to optimize results.

1 Power and reactor size: The table highlights the relevance of electric power and acoustic
intensity in determining the efficiency of experimental setups for hydrogen or hydrogen
peroxide production. Optimizing power levels in accordance with the specific
dimensions of the reactor can lead to enhanced efficiency. This optimization involves a
careful consideration of how acoustic intensity interacts with the reactor's volume to
maximize the efficacy of the sonication process. Hassan Zadeh's[S&]dfor instance,
demonstrates that focusing on energy efficiency within these parameters can lead to
notable enhancements in production efficiency, suggesting that the strategic adjustment
of power relative to reactor size is crucial for improving the out® of such
experiments.

1 Probe and electrode selection: The choice of probes and electrodes, such as the titanium
sonotrode used by McMurray et f0] and the barium titanate oscillator by Mizukoshi
et al.[53], can significantly impact the efficiency of the process. Selection should be
based on the material's ability to withstand prolonged ultrasonic exposure and its
effectiveness in facilitating the desired chemical reactions. The setup involving two
electrods for anodization, as described by Mohapatra et[5d], highlights the
importance of electrode configuration in optimizing production.

1 Integration of sonication into electrolysis: Studies like that of Keboua and M¢s&bet
show that integrating sonication into the electrolysis process can improve hydrogen

production rates. This suggests that future experimental setups could benefit from
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incorporating ultrasonic waves into traditional electrolysis setups to enhance overall
efficiency and productivity.

2.7  Ultrasonic Equipment and Technology in Sonohydrogen Production

The advent of sonohydrogen production has

generati on, where the role of ultrasonic
section delves into the intricacies of wult
equi psneaeimste i |l l ust2.@t ed in Figure

Reactor Vessel

=\ /)
= @ =

Figure2.10: Equipment required for sonic hydrogen production

2.7.1 Ultrasonic Generator

The Ultrasonic Generator is the heart of t
function is to generate ultrasonic waves,

water, a process where wultr asomdlce cwalveess icne
hydrogen and oxygen. These generators are
and intensities, which are key parameters
process. The ability to adpusatccbhdsag fte
experi ment al requirements allows for f1l exi
Regul ar maintenance and calibration of the
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it operates at the correct frequencies and

of hydrogen production, as well as for the

2.7.2 Transducer

The Transducer serves as a <critical compor
ultrasonic generator into mechanical vibrat
in the water. Theransaatdlheeaa ss @luescittiypresdedgen

factors includingraoweraoangerakcbhegneoncyg ¢
The proper installation and alignment of 1t
This ensures opti mal wavei opnr,o pvalgiadh oar e nkle
efficiency of the sonolysis process.

2.7.3 Reactor Vessel

The Reactor Vessel, where the sonolysis rea
It must be constructed from materials capa
vi brations and, depending on tbemsoalyeustd
materials include stainless steel or spec
i ncorporate safety f eat ugraeusg essu cahn da lsearsda fgeetnyc
mechani sms. These are essenvdragdr € o3urpe eo/re nd

mal function, thus ensuring the safety and

2.7.4 Gas Collection System
A gas collection system is integral to th
coll ection tubes or balloons, is designed t

the experiment . Given hydrogen' satfée asmanhhel ¢
protocols to prevent gas | eaks and potent.i
gas cylinders equipped with pressugealregul
operations to ensure safe hlyamdlgiemg and sto
2.7.5 Temperature Control System

Temperature control is a key aspect of the
generates heat, whi ch can affect the react
and control the temperature i s ucrhuaisalc.ooTh
jackets around the reactor vessel, al ong w

systems to maintain a constant, optimal op
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2.8  Measurement and Analytical Instruments

Anal ytical I nstruments play a vital rol e i
gas chromatographs and mass spectrometers,
purity of the produced hydrogen gasor Gas
determining hydrogen purity and concentrat
cruci al for optimizing the sonol ysis proc

Measurement systems are essential sfoound eco

frequency, power, temperature and hydrogen
an interface for adjusting the wultrasonic
all owing for precise manipul atipnooéssexper

2.9  Mechanical Oscillators
Mechanical oscillators form the cornerstone of many ultrasonic systems used in
sonohydrogen production. These devices generate ultrasonic waves by converting

electrical energy into mechanical vibrations.

2.9.1 Transducers

Transducers are devices that can be cl assi

in, suchl asasoni c,(anede #Fd)jausroeni c
The sonic type typically works at audio f
sever al examples of these devices, such as

are made wusing piezoelectric matetftisalcanat:t
produce sound | evels above 100 dB at-reson:
resonance condi t-s omalse $omo hlyadlrcorgaetnor g x per i

transducers ar e i deal due t o t hentrr od Hieldi

—+

requdmei dg.eedom to adjust frequency parar

conditions for maxi mum hydrogen yield. Ovel
have |l ed to the development of piezoelectr
coupglicmefficients, thereby increasing the
Transducers that operate in the wultrasoni ¢

ncluding distance meaeagsiteameagmmomeddesi gnm
frequency range is the I|I-omggquenmdecyalr andduac
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operate in the megahertz (MHz) range, ar e

and offer advantages I|Ii ke gentle and contr

Ultrasonic

Sonic

Megasonic

Transducers

Figure2.11: Different type of transducers

The performance of a transducemoidse &Banftll u
wavel engt h. Di fferent transducers achieve
applications. Ultrasonic transducers with
they can produce both high vi br atviidomr aa mpolni

is |Iimted by the material s properties bu
for the Probe, hi gher vibratihoemr shpaeteeds ad asn
Pr otbepe transducer has a | arge volume of act
increase the power capagpeytohnstdecaervstcear
ability to produce highiamgpltiotude arscke poawe

applications.

2.9.2 Ultrasonic Probes

Ultrasonic probes, also known as sonotrodes, play a critical role in the production of
hydrogen through sonication processes. These instruments are engineered to elevate the
intensity of ultrasonic vibrations, a feature that is essential for-pogiered lirasonic
applications. What sets ultrasonic probes apart from their piezoelectric counterparts is their

durability, which makes them suitable for the harsh conditions typical of industrial use.
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While piezoelectric transducers are often relegated to the controlled environment of
research laboratories, ultrasonic probes are built to endure the rigors of continuous
operation in production facilitiesThe construction of ultrasonic probes incorporates
intricate geometrical design, which is paramount to their functionality. These designs are
not arbitrary; they are meticulously calculated to achieve resonance at specific frequencies,
which is essentialoir the probes to operate efficiently. The presisin design also caters

to the optimization of the amplitude of the vibrations, which directly influences the efficacy
of the sonication process in hydrogen production.

Advancements in computational technology have greatly enhanced the capability to
design and test these probes. Simulation software now enables engineers to model and
predict the behavior of ultrasonic probes under various conditions, allowing them to
manipulate and precisely adjust the resonant frequencies and amplitudes before the
physical probe is even manufactured. This not only saves time and resources but also
ensures that the probes can be optimized for their specific application, whether it be for
cleaning, emulsifying, or the synthesis of chemicdlgreover, the adaptability of
ultrasonic probes means that they can be custom fabricated to meet diverse industrial needs.
Whether it's for processing large volumes of material or for use in a specialized chemical
reaction, these probes can be tailoreche®et the exact requirements of the task at hand.
The ability to finetune these devices extends their utility beyond standard applications,
presenting possibilities for innovation in various fields, idolg energy, pharmaceuticals

and materials science.

2.9.3 Transducer Arrays

In certain advanced applications, a single ultrasonic source may not suffice. Transducer
arrays systems that employ multiple ultrasonic transducers operating in concert offer a
solution. These arrays can be configured to focus the ultrasound waastatwithin a

reactor, creating localized zones of higkensity cavitation. This capability can
significantly enhance the efficiency of hydrogen production by ensuring that ultrasonic
energy is concentrated where it is most effective. The ability to fdcasaund alsopens
avenues for exploring phased array techniques, wherein the phase and amplitude of each

transducer can be individually controlled to create specific wave patterns.
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The study of various experimental setups for sonic hydrogen production involves
diverse methodologies. For example, Hassanzigigtexamined the use of ultrasound in
alkaline water electrolysis to produce clean hydrogen, finding enhancements in hydrogen
yield and electrode surface preparation. Previous studies primarily focused on using
ultrasound to enhance the production ratesydfdgen (H) through various experimental
setups and frequencies. However, a gap remains in the research, as these studies did not
focus on generating sonohydrogen solely based on ultrasound. The current study addresses
this gap by specifically targetinge production of hydrogen through sonolysis of water.

There is limited research available in the literature regarding the production of
hydrogen solely based on ultrasound using water as the solution. In this section, the authors
aim to gather the most relevant studies on this topable2.5 shows experimental setups

for sonic hydrogen production, where at least one application used pure water.

Tab25e Hydrogen production including wat ¢

Source Solution Frequency Power Production rate when wate
(kHz) (W) the only soluti@mol/min)

Sasikala etal. = Water/Water 40 200 0.008

[86] MethaneParticles

Wang et dB7] WateiMethanol/Wate 40 50 0.0062

Henglei{B8] Water/Watddethanol 300 70 3

Kerboua and Water Oxygen 200 200 5.4

Hamdao(89]

Choi et 483] Water/Watétlcohol = 300 77 0.31

Sasikala et di86] evaluated hydrogen generation from water with methanol and
particles present. They studied the sonochemical reaction in a 50 cm3 tubular quartz reactor
with an injection port and a gas purging inlet. They used an ultrasonic bath with a frequency
of 40 kHz and a power output of 200 W. They analyzed hydrogen gas using a gas
chromatograph.

The study byenault[90] provided experimental evidence showing that hydrogen
production varies with different levels of acoustic intensity. Specifically, when water
saturated with argon (Ar) was exposed to ultrasound at a frequency of 20 kHz and an
intensityof 0.6 W/ch hydr ogen was produced at a rate
to 2.1 €M/ min and 5 &M/ min as theam@bustic
Wi/cn?. Wang et al.[87] conducted a study on sonochemical hydrogen production

catalyzed by Au/Ti@ They demonstrated that Au/Ti@cts as an efficient sonocatalyst
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for generating hydrogen from water or aqueous solutions, significantly increasing the yield
of HA and AOH radicals during the sonol ysi
performed using a 4RHz transducer operating at 50 W, with an average powemsity
of ultrasound at 0.045 WL andthe reaction temperature maintained a281C. They
reported averyfastze vol ut i on r a4l m thedgresehck ofAu/EQuarg h
sonolysis, compared to much slower rates with bare TiQ . 3 -4)miowithout any
catalyst J0.37 egmol h

The study by Cho et gb0] investigated the ultrasound impact on behavior of bubble
during hydrogen evolution reaction. The ultrasound was produced at 700 W and 20 kHz,
featuring a 10 mm diameter sonotrode submerged 20 mm from the reactor's base and
secured with an @ing. Polachini et alf[40] examined the efficiency of converting electric
acoustic energy in acid suspensions. They conducted at temperature of 20°C. The
sonotrode was operating at a frequency of 24 kHz. The experiments utilized input powers
ranging from 160 to 400 W, resulting acoustic intensities between 12.90 and 68.57
W/cmz2.Dehane et a[42] performed a research to measure the bubble count in a sonicated
liquid. Their sonolysis experiments were performed at an ultrasound frequency of 300 kHz
andsonoreactor capacity of 500 mL. They utilized a piezoelectric disk, driven by an electric
generator and operatédat different power levels. Du et #1] conducted an experiment
on hydrogen production by ultrasonic decomposition of alcoholic agueous solutions. They
developed an experimental system for hydrogen production by ultrasonic decomposition
of methanol, etanol and propano$olutions and systematically studied the effects of
solution concentration, temperature, pH vadnelthe addition of sodium chloride on the
hydrogen production rate. The findings showed that for methanol, ethadplropanol
solutions, the effect of solution concentration odregen production rate first increased
and then decreased, with an optimal concentration peak for each. The increase in solution
temperature shifted the peak hydrogen production rate from high concentration to low
concentration. Adding sodium chloride teetmethanol solution decreased the hydrogen
production rate, although it was still significantly higher than that of pure water. The effect
of pH value on hydrogen production rate was not significant compared to concentration

and temperature, but eitheotbigh or too low pH values would lead to a decrease in the
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hydrogen production rate. Optimal hydrogen production rates were observed when the pH
value was in the range of13.. The ultrasonic generator operated at 20 kHz and 100 W.

Henglein[88] developed an experimental setup. In the experiment, irradiated water
with ultrasonic waves under an argon atmosphere containing small amounts of carbon
dioxide, nitrous oxide, or methane. A 300 kHz quartz oscillator with a-firégjuency
power of 3.5 watt/cm2 was used for the irradiation. The waves passed through a cooled
water bath into a thin glass vessel holding 20 cm? of the solution. The primary products of
water sonolysis under pure argon were hydrogen and hydrogen peroxide, formed in nearly
equimohr amounts.

In a study by Kerboua and Hamda¢&9], a specific case of harmonics excitation
using ultrasonic waves with frequencies of 2B00) andb00 kHz at an acoustic amplitude
of 2 atm was numerically investigated. This new method aimed to improve the
sonochemical production of hydrogen within an active cavitation bubble. The results
showed that increasing the number of summed harmonics rdieekb tmolar yield.
Although the production remained more significant at a low frequency of 200 kHz, the gain
when switching from sine to summed harmonics wasndl to be greater at a high
frequency of 500 kHz.

The study by Choi et aJ83] investigated the sonochemical generation of hydrogen
(H2) using various water/alcohol solutions under 100% argon in a 300 kHz sonoreactor.
Five alcohol types such as methanol, ethanol, isopropapogpanol and +butanol were
used at concentrations ranging from 0% to 100% v/v. In pure water; tienration rate
was O0.31 emol / sagienn.e rTahtei ohni grhaetset oHbhser ved was
methanol. No KHwas detected at 100% alcohol concentrations.

The above literature shows a gap in considering new parameters, such as the injection
of COy, on the hydrogen production rate specifically at a frequency of 40 Reizpite the
limited studies on hydrogen production using solely ultrasound waves and pure water, the
current research develope a novel approach focused on sonohydrogen production at a
specific frequency of 40 kHz. By advancing ultrasound technology forobgd
production, this study aims to contribute to the development of a viabldrieadly
alternative that could reshape energy consumption patterns worldwide, fostering a more

sustainable future. The key novelties of this study includediénelopment, design and
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testing of an innovative hydrogen production system featuring multiple transducers which
enhances the hydrogen production rate using ultrasound technology. The experimental
setup includes a unique vapor collection system with traps and a condenseguraborf

that is not studied before. The study proposes and investigates the effectsgeCion

into the water solution under ultrasonic conditions, an area with very limited prior research.
The primary objectives of this study are to investigateeffects of a 40 kHz ultrasonic
frequency on hydrogen production from water, assess the impact.ahgQion on the

rate of hydrogemproduction and compate/drogen production rates across different types

of water under controlled ultrasonic conditions. The study aims to evaluate experimental
variables such as temparee and dissolvedas composition to provide a comprehensive
analysis of hydrogen production rates under varying experimental conditions. This study's
innovative approach and unique configions aim to significantly advance the field of
sonohydrogen production, offering a sustainable and efficient alternative to traditional

hydrogen production methods.

2.10 Main Gaps in the Literature

Previous studies on sonic hydrogen production have discussed only a very limited number
of works in the sonohydrogen category, where hydrogen is produced solely using
ultrasound technology. Specifically, no study in the literature has explored the use of t
transducers operating at a frequency below 40 kHz and a power of 100 W within the
framework of the sonohydrogen methoth addition, there is currently no largeale
integrated energy system that incorporates sonic hydrogen production as a subsystem.
Given that there are few and limited studies in the literature, the need to further study the
production of hydrogen through ultrasound technology is evident. By advancing ultrasonic
technology, the goal is to support the creation of a sustainable, enentaly friendly
alternative that has the potential to transform global energy consumption patterns. This
shift toward more efficient and green energy solutions could play a significant role in
promoting a more sustainable future. Through ongoing reseamdh development,
ultrasonic applications could pave the way for innovations in energy production, industrial
processes andnvironmental protection, ultimately contributing to reduced reliance on

conventional energy sources and fostering a cleaner, more efficient energy landscape.
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In summary this chapter has provided a comprehensive review of the intricate
processes involved in cavitation bubble formation and their significance in ultrasound
induced applications, particularly sonohydrogen production. The discussion covered the
fundamental stges of bubble dynamicsucleation, growth, stabilityGollapse and post
collapse phenomendighlighting their influence on cavitation efficiency. Additionally,
various experimental setups and methodologies were analyzed, emphasizing key
paraméers such as frequency, acoustic intensity, power, redetgn andemperature
control. Comparative studies of sonoreactor configurations demonstrated how optimization
of these parameters camprove hydrogen and hydrogen peroxide production.
Furthermore, this chapter identified gaps in the current literature, particularly the limited
studies focusing solely on ultrasouimdluced hydrogen production using pure water and
the potential impact of COnjection at lower ultrasonic frequencies. Addressingelgaps
through innovative reactor designs, miitinsducer systems and enhanced detection
methods can contribute to advancing sonohydrogen production as a viable and sustainable
energy source. This knowledge not only deepens the understanding of @adystamics
but also paves the way for novel applications in clean energy and environmental

sustainability.

55



Chapter 3. Experimental Apparatus and Procedure
In this section, the experimentgparatus and procedure are described in detail, providing
a comprehensive understanding of the system's configuration and the methodology used.
Each component of the experimental setup is elaborated upon to clarify its role and
significance in the hydroge production process. Furthermore, the systematic steps
followed during the experiments, along with the controls and monitoring mechanisms in

place, are outlined to ensure replicability and accuracy of the findings.

3.1 Experimental Apparatus
The overall schematic of the designed systisnshown in Figure 3.1. In general, both
Figure 3.1a and Figure 3.1b include several components such as a power supply, ultrasonic
generator, transducer, reactor vessel, trap, moisture trap, condenser, hydrogen storage,
hydrogensensor and measuremetievice. In addition, Figure 3.1b haectrodes to
distinguish between conventional electrolyzers and those enhanced with ultraBoeind.
experimental setups of the experiment are shown in Figure 3.2 and Figuieh&sg.
systems operate at 40 kHz and 100 W.

To further elucidate the cavitation dynamics and their role in hydrogen production, it
is crucial to examine the formation and collapse of cavitation bubbles in greater detalil.
When subjected to higimtensity ultrasonic waves at 40 kHz and 100 W, thedrppéssure
fluctuations induce cycles of bubble expansion and violent collapse, generating localized
"hot spots" with extreme temperatures (~5000 K) and pressures (>1000 atm). These
extreme conditions facilitate the homolytic cleavage of water molecelading to the
formation of hydr oxyl radicals (AOH) and
recombine to form molecular hydrogen (H )
based on literature findings that demonstrate its optimal balance dreteavitation
intensity and stability, as lower frequencies generate larger but less stable bubbles, while
higher frequencies produce smaller bubbles that may collapse prematurely without
maximizing radical formation. Additionally, studies have shown tietse radicals
contribute to enhanced hydrogen production efficiency by promoting secondary reactions
in the aqueous medium. This literattmgpported understanding of cavitation dynamics

strengthens the rationale for the chosen operational parametersndadscores the
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potential of ultrasoundssisted hydrogen production as an effective alternative to
conventional methods.

The transducers, submerged in a water tank, transform the electrical signals into
mechanical vibrations that emit ultrasonic waves. These waves create cavitation bubbles in
the water, which collapse under extreme local temperature and pressure conditions,
breaking down the water molecules into hydrogen and oxygen gases. The hydrogen passes
through two vapor traps to capture any existing water vapor.

A condenser cooled by circulating water is used to collect the rising gas mixture,
condensing the steam back into water and isolating the hydrogen gas in a purer form. To
separate hydrogen and oxygen, a membrane can be utilized if necessary. The purified
hydrogen is then routed to a storage unit for possiblelisefunctionality of the condenser
system was assessed by monitoring the efficiency of water vapor removal. The cooling
performance of the condenser was controlled by intermittently operatingea puahp,
which ensured the circulation of cold water. Proper operation was verified by observing
whether the condensed water was effectively separated from the hydrogen gas before
entering the storage unit.

A hydrogen sensor located in the hydrogen storage monitors the hydrogen levels,
offering realt i me f eedback on t hTee hgdrogea rsensoe was 0 S
connected to an Arduino board, which interfaced with a computer fotimealdata
logging. Any potential signal noise or latency in monitoring was minimized through careful
calibration and signal processing techniques. Calibrafitiee sensor was performed using
reference gases with known hydrogen concentrations to ensure accuracy. Additionally,
systematic calibration and comparison with gas chromatography readings helped validate
the sensor's reliabilityTo avoid system heating, using a pulse function is recommended.
For larger scale applications, a cooling system can be implemented.

The environmental impact of the sonic hydrogen generator depends on the energy
source used to power the ultrasound process. If renewable energy souncssalaand
wind are utilized, the hydrogen production process remains clean, emitting no greenhouse
gases. However, if the electricity required for the ultrasonic system comes from fossil fuels,

the overall sustainability is reduced due to associated carbon emissions
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3.2 Equipment and Measurement Devices

The novel experiment setup is designed to investigate the production of hydrogen from
water using ultrasounthduced cavitation, employing the power of higbquency
ultrasonic waves to break the covalent bonds within water molecules. The equipment sets
are shown in Figure 3.3. The following are the equipment and process described in detail.
(a) Power supply

The power supply delivers 100 W of electrical power, which is monitored by a power meter
to ensure accurate measurement of power consumption during the experiment. This setup

ensures that the ultrasonic process is supplied with consistent and meastnied| éhguit.
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(b) Ultrasonic generator and transducers
The ultrasonic generator receives power from the supply and drives two piezoelectric
(PZT) transducers functioning 40 kHz frequency. These transducers transform electrical
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energy into mechanical vibrations at high frequencies. The selected frequency is ideal for
generating cavitation within the solution, as the ultrasonic waves create rapid pressure

fluctuations in the liquid medium.
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Figure3.4: Equipment okxperimental system

(c) Reactor vessel
The reactor vessel serves as the core component of the experiment, designed to handle a

variety of operating conditions, particularly temperature variations. The vessel contains 2
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liters of solution medium for the ultrasoumtluced reactions. The transducers are
mounted at the bottom of the vessel to ensure efficient transmission of ultrasonic waves
into the liquid.

The reactor is thermally insulated and tightly sealed to maintain a controlled
environment. It is equipped with an integrated heating system capable of raising the water
temperature to 70°C. If higher temperatures are required, an external water heater
comected to a reservoir can be used. This system allows precise control of the water
temperature, with the reservoir maintaining heated water at the desired temperature before
transferring it into the sonoreactor via a temperature control mechanism.

(d) Temperature control system

The external water heater and reservoir are essential for testing the effect of different
temperatures on the cavitation process. The reservoir includes an advanced temperature
control unit that ensures the water temperature remains stable during hedttranafer.

This allows for the exploration of temper
subsequent hydrogen production process.

(e) Ultrasonic cavitation mechanism

When the system is activated, the electrical power supplied to the ultrasonic generator is
converted into mechanical waves by the PZT transducers. These ultrasonic waves, with a
frequency of 40 kHz, produce alternating areas of low and high pressure watire

During thelow-pressurephase, vapefilled bubbles (cavities) form due to the local drop

in pressure below the | i gpuessdréphase fallpnws,theser e s s |
bubbles collapse, creating intense localized energy. The collapse of these bubbles generates
extremely high temperatures (5000 K) and pressures exceeding 1000 atmospheres within
the localized regions. This phenomenon, known as cavitation, provides the energy
necessary to break the-KD bonds, which require about 460 kJ/mol to dissociate. The
violent colapse of the smaller bubbles formed at higher frequencies results in greater local
temperatures and pressures, promoting more efficient hydrogen and oxygen separation.

() Gas capture and condensation

As the water molecules split, the resulting gas mixture contains dsr@xygen and

water vapor. In the first step, the gas mixture is passed through silica gel, which effectively

adsorbs a significant portion of the water vapor. Afterward, a specialized water trap is
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incorporated into the system to capture the majority of the remaining water vapor from the
gas mixture before it enters the hydrogen storage unit. To further improve efficiency, any
residual water vapor is condensed using a condenser, which utilizes -aatetd
circulation system to maximize condensation efficiency. The water circulating around the
condenser is cooled intermittently by a water pump. To prevent unnecessary energy
consumption, the pump operates periodically, only when the temperature of the
surrounding water rises, ensuring the condenser maintains optimal cooling performance
without reducing the systemdés overall effi
(g9) Hydrogen detection and storage

Once the gas mixture is processed through the condenser, it is directed to the hydrogen
storage unit, where an electrochemical hydrogen sensor continuously monitors the gas
composition and quantifies the hydrogen content. If the system is scaled up gmydaog

be stored in higipressure tanks (35000 bar) designed for safe containment, or
alternatively, in cryogenic storage as liquefied hydrogen. Advanced storage methods such
as metal hydrides may also be considered for improved energy density areheffici
depending on the specific application requiremeritgis sensor is based on an

el ectrochemical principle, where a chemica
electrodes generates an electrical current. The magnitude of this current is directly
proportional to the hydrogen concentration in the gas str@dm.sensor features a
detection range of-Q000 ppm, with strong aninterference capabilities, high sensitivity

and excellent stabilitymaking it weltsuited for both industrial hydrogen mitoring and
environmental protection applications. To enhance measurement accuracy, the sensor is
equipped with an integrated temperature compensation algorithm, which adjusts for
fluctuations in ambient temperature that might otherwise affect readidgstionally, it

includes a threshold alarm function, providing immediate alerts if hydrogen levels exceed
safe limits. This sensor supports multiple output modes, including at2d®gnd UART

ensuring seamless compatibility with various control systémithis experimental setup,

it is connected to an Arduino board, which processes and transmitsmealata to a
computetbased | ogging system for continuous an
ensures precise measurements, while routine catihretiecks are performed using known

hydrogen concentrations to maintain accur g
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(over two years in ambient conditions) minimizes the need for frequent replacements,
making it a reliable and casffective solution for longerm hydrogen monitoring. By

integrating this sensor into the experimental setup, the hydrogen productiomeyfiarel

gas purity can be accurately evaluated, en:

analysis.

(h) System monitoring and control
In addition to hydrogen detection, the system includes several monitoring and control
features to ensure safe asxturate operation:

1 Power Meter: A power meter continuously monitors the power consumption during
the experiment, providing data on energy usage and ensuring consistent
performance of the ultrasonic generator.

1 Voltage Protector: To safeguard the sensitive electronic components, a voltage
protector is integrated into the system, preventing damage from potential power
surges or voltage irregularities.

1 Air Pump: An air pump is used to circulate hydrogen from the reaction vessel to
the storage unit, ensuring efficient gas flow and preventing stagnation within the
system.

() Vacuum and solution management
To facilitate easy removal and replacement of the solution in the reactor vessel, a vacuum
pump is connected via a valve system. This setup allows for the rapid emptying of the
vessel, ensuring minimal downtime between experimental runs. By maintaining a
controlled vacuum environment, the pump ensures that all remaining gases and liquids are
effectively removed, keeping the reactor clean and ready for the next test.
() Cooling system
In this experiment, cooling is a component to manage heat generated during both the
ultrasonic cavitation process and the operation of various system components, such as the
transducers. Depending on the specific requirements of the process, includiatatanep
regulation of the solution or cooling of sensitive components like the transducers, an
integrated cooling system can be implemented.

For cooling purposes, the system may utilize a cooling bath or a chiller. A cooling bath

provides localized cooling, ideal for maintaining steady temperatures within the reactor
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vessel. Alternatively, a chiller offers more advanced temperature control by circulating
coolant around the reactor or transducers. This helps in maintaining optimal operating
conditions, preventingverheating and ensurirthe system operates efficiently during
extended experiments. The cooling systam beintegrated with temperature sensors that

monitor and maintain the desired temperature range

3.3  Experimental Procedure

Figure 3.5 illustrates the procedure for sonohydrogen production, where the process begins
with selecting the appropriate input parameters, such as frequency, power level, or
temperature that will affect the production efficiency. Once the parameteisosencthe
hydrogen production test is conducted. After the test, the results are evaluated to determine
if they meet the desired outcomes. If the results are not satisfactory, adjustreentxe

andthe process returns to the parameter selection steghiie the settings and retry the

test. If the test results are acceptable, the data is recorded. Next, the procedure evaluates
whether additional parameters need to be tested, looping back to parameter selection if
necessary. Once all required tests @mplete, thalata is analyzed andcanclusion is

drawn, with the findings being summarized and reportédure 3.6 describes the
procedure for the ultrasouras$sisted electrolyzer used in hydrogen production, adding an
initial step compared to the preus figure.lt starts with electrode placement, which is
crucial for preparing the electrolyzer system. After the electrodes are positioned correctly,
input parameters are selected, just like in the sonohydrogen production process.

These parameters are used to perform the test, after which the results are assessed. If
the test results do not meet expectations, the process loops back to the input parameter
selection step for adjustments. Once successful results are achieved, theatataled.

Similar to Figure 3.5, the flow continues by determining if more parameters need to be
tested, potentially returning to parameter selection if further adjustments are needed. When
all tests have been carried out satisfactorily, the collectdisl analyzed, followed by the
conclusion and reporting of the findings. The key distinction between these two procedures
lies in the electrode placement step in Figure 3.6, which is specific to the ultrasound
assisted electrolyzer setup. This additiostglp ensures that the electrolyzer is properly
prepared for hydrogen production by securing the electrodes, which are integral to the
functioning of the electrolyzer.
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3.4  Uncertainty Analysis
In the sonic hydrogen generation experiment, alcohol is added to a grachuateder and
hydrogen is produced by injecting air and£Ming cylinders. The generated hydrogen is
then detected using a hydrogen sensor. The uncertainty analysis for this experiment focuses
on measuring the key parameters: alcohol volume, injectefiayasatesand hydrogen
concentration.

This analysis accounts for both random and systematic errors, utilizing the
experimental conditions, detecti@tcuracy and error propagatitechniques similar to
those described in the reference matésakTable3.1 andTable3.2).

Table3.1: Detectionrange andccuracy ofmeasuremendevices forvolume ofisopropyl,
volumetricflow rate, andhydrogenconcentration

Device Parameter Detectiorenge Accuracy

measured
Graduatecbntainer Volume a$opropyl 0 to 500 mL +1 mL (representing the smal
(alcohol) graduation on the container)
Cylinders fair and Volumetritowrate = 01to 20 L/mid@0 +5% of full scale reading for t
CQ injection (ccm) to 20,000 ccm) air and CQlows
Hydrogegensor Hydrogen 0 to1,000 ppm +5% of reading

concentration (ppn

The general equation for experimental uncertainty is given by:

Y B— 7Y (3.1
where’Y is the combined uncertainty of the resditare the individual measured variables
and”Y are the uncertainties associated with each of the measured variables. To determine

the overall uncertainty in the experiment, random errors and systematic errors are

considered together. This is computed using:

~
g

Y YY (3.2)

where Y represents the random uncertainty component ‘ahd represents the
systematic uncertainty component. Random errors are caused by measurement variations,

while systematic errors are due to biases or calibration inconsistencies.
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Table3.2: Associatederrors anduncertaintypercentages faetection anagneasuremerdevices

Device Measurement Reference Relative Absolute Relative ' Overall
parameter value precision | biaserror = biaserror uncertainty

error (%) (%) (%) (%)

Graduated @ Volume (mL) 200 0.5 0.2 0.5 0.71

container

(acohol)

Air/CQ Flow Rate 10,000 1.0 0.3 0.2 1.05

cylinder (ccm)

Hydrogen | Concentration 500 0.6 0.4 0.5 0.93

censor (ppm)

In theTable3.2, relativeprecisionerror represents random changes in the readings
during repeated measurements. Absolute Bias Error is an estimate of systematic deviations
due to calibration or environmental factors. Overall Uncertainty is calculated based on the
combination of random and systatic componentd he uncertainty analysis for the sonic
hydrogen generation experiment highlights the key factors contributing to both random and
systematic errors in measurements. By carefully accounting for these uncertainties, more
reliable and accurate conclusions candbawn regarding the generation and detection of
hydrogen under various experimental conditions. Systematic calibration of measurement
devices and multiple replicates for key readings can further reduce the uncertainties
involved.

In summary, this chapter provided a detailed overview of the experimental apparatus,
procedures and uncertaingnalysis for the sonic hydrogen production system. The
experimental setup, including key components such as the ultrasonic generator,
transducers, reactor vessel, temperature consgdtem and hydrogen detection
mechanisms, was thoroughly described. Thebtegtep experimental procedures for both
sonohydrogen production and ultrasowassisted electrolysis were outlined, ensuring
clarity in repicability and optimization of key parameters. Additionally, an uncertainty
analysis was conducted to assess measurement accuracy, highlighting both systematic and
random errors associated with key variables such as alcohol vajamdlow rates and
hydrogen concentration. By implementing precise control and monitoring mechanisms, as
well as strategies to minimize uncertainty, this study establishes a robust framework for

advancing sonohydrogen production and optimizing its efficiency in future appis.
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Chapter 4. System Development
In this chaptethree newly developed integrated system designs, in which sonohydrogen

is a subsystem, are explained in detall

4.1  Development ofSystem 1

Figutdepicts a fully integrated energy S
technollhoegiseysstem i s made up of nine key sut
sol ar power system, t her mal energy storage

Rankine cycle (ORC), a Braytonosywsedsc( 8C) ,
sonic hydrogen production process. Sol ar i
sources, provide promising solutions to ta

The integrated system, combining solar power and biomass energy, leverages the
strengths of both renewable resources to create a sustainable and efficient energy solution.
The solar power system employs advanced heliostats to concentrate sunlight airtal a ce
receiver, generating significant thermal energy. This energy can be used immediately for
various applications or stored for later use, ensuring a steady energy supply even when
sunlight is unavailable.

Meanwhile, the biomass energy system complements this by converting organic and
food waste into valuable resources. Using digesters, it facilitates anaerobic digestion,
where biodegradable materials break down in an oxyigenenvironment, producing
methanerich biogas (state 15) and nutriergh fertilizer (state 14). The biogas can be
converted into thermal energy or electricity, adding to the energy mix and boosting the
overall efficiency of the system.

The anaerobic digestion unit, specifically designed to handle food waste (state 13), is a
crucial element of this integrated system. It not only addresses waste management issues
by significantly reducing the volume of organic waste but also unlocks teet@b of this
waste as a renewable energy source. The process is highly adaptable, making it suitable for
both industrial applications, where it supports manufacturing, particularly in the food and
beverage se¢or and for household use, providing a sustble solution for waste
management and energy production. Furthermore, the fertilizer produced through

anaerobic digestion enhances agricultural practices.
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The thermal energy storage (TES) subsystem is a vital component of the integrated
solar and biomass energy systdmmctioning as a reservoir for excess thermal energy
produced by both solar power concentrators and biomass digesters. This strategic storage
allows for a continuous and reliable energy supply to various subsystems, even during
times of low solar irradiabin or limited biomass feedstock processiBy decoupling
energy production from consumption, the TES subsystem significantly improves the
system's overall resilience and efficiency. The use of a Na&\D3 molten salt mixture,
selected for its excellenhérmal properties, serves as the working fluid within the TES.
This mixture is favored for its high specific heat capacity, thermal conductivity and stability
at high temperatures, making it an ideal medium for efficiently capturing and storing
thermal ensgy from both solar and biomass sources.

The process within the TES subsystem operates as follows: initially, the molten salt
absorbs excess thermal energy, heating up to a higher thermal state at state point 1. This
heated molten salt is then transferred to the hot tank, where it stores thal teergy
until needed by other subsystems, such as the Boiler. When energy demand arises, the
molten salt exits the hot tank at state point 2 and is directed to the Boiler. In the Boiler, the
thermal energy from the molten salt is used to generate sadaah can be harnessed for
electricity generation or heating purposes. This demonstrates the seamless integration and
efficient utilization of thermal energy within the overall system.

After transferring its thermal energy in the Boiler, the molten salt's temperature
decreases, reflecting a reduction in its thermal energy content. At this stage, the molten salt
moves to the cold storage phase at state point 3, where it is stored aartibé reheated
by additional thermal input from the solar and biomass systems, thus completing the cycle.
This cyclic process of heating, energy utilization, cooingreheating is essential to the
TES subsystem, as it ensures continuous and effithmrmal energy management,
supporting the overall stability and effectiveness of the integrated energy system. The
Steam Rankine Cycles (SRCs) are essential energy conversion units in the system, drawing
thermal energy from both the TES and the Braytorlecythey generate electricity and
heat, which in turn power the ORC and the double effect absorption system (DEAS). Both
the ORC and Brayton cycle are thermodynamic processes designed to boost the overall

energy and exergy efficiencies of the system. Titagy®n cycle can operate independently
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or in conjunction with the SRC, while the ORC is driven by the energy provided by the
SRC.

The DEAS is cleverly designed to utilize waste heat from the SRC at high
temperature generation (HGN), significantly improving energy efficiency while
contributing to sustainable operations by repurposing heat that would otherwise be wasted.
This hightemperature waste heat serves as the primary energy source for the DEAS,
initiating the absorption refrigeration process. The system's working fluid, a carefully
selected mixture of ammonia and water, plays a crucial role. Ammonia, with its high latent
heat of vaporization, serves as the refrigerant, efficiently absorbing heat at low
temperatures, while water acts as the absorbent, facilitating the effective absorption of
ammonia and allowing the cycle to regenerate. This amnveaier combination is ideal
dueto its excellent thermodynamic properties, balancing efficiency, environmental impact
andoperational stability. In the DEAS, ammonia absorbs heat from its surroundings in the
evaporator (EV), creating a cooling effect, which is essential for the syse&drigsration
capabilities. The evaporator becomes a focal point where the cooling effect is applied,
either to chill a secondary fluid or directly cool air for applications like industrial processes
or air conditioning. Additionally, the system's condenf&N2) reclaims heat during
ammonia's condensation, further improving overall system efficiency while also providing
the added benefit of heating.

At state point 47, the wastewater undergoes preliminary treatment to remove large
particulates and contaminants that could potentially damage the reverse osmosis (RO)
membranes or diminish their efficiency. Following this initial treatment, the water is
filtered to remove finer particulates before reaching the reverse osmosis turbine (RT). This
filtration step is critical for protecting the RO membranes. At state point 52, thepted
water enters the reverse osmosis system, where it is subjectett frésgure, forcing it
through sempermeable membranes. These membranes allow water molecules to pass
while blocking contaminants such as salts, bacteréviruses, resulting in purified water
at state point 53. This purified water is then either returned to the source or used for other
applications.

At state point 51, the fresh water produced by the RO system is collected, making

it suitable for community use or further processing in sonohydrogen production. In this
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process, higiirequency sound waves induce cavitation in the water, causing-frgobr
bubbles to form and then implode. The collapse of these bubbles creates intense localized
heat and pressure, which are sufficient to break the molecular bonds of(M#D9r
splitting it into hydrogen (k) and oxygen (&) gases.

4.2 Development ofSystem 2

The system 2 includes eight distinct subsystems: a solar system, a geothermal system, a
thermal energy storage system, two organic Rankine cycles, a double effect absorption
system, a steam Rankine cyaleda sonic hydrogen production process. To harness solar
energy, a solar heliostat field is utilized in this research. A solar heliostat serves as a tool
for directing sunlight towards a specific target, such as a solar receiver or central tower
[92]. Importantly, this solar heliostat system is designed for integration with the thermal
energy storage (TES) component of the current systéen.reason for selecting TES in

the developed system comes with several compelling advantages that can significantly
enhance efficiency, cosfffectivenessndreliability [12].

The working fluid in the TES i$0% NaNQ@, 40% KNQ. TES allows for load
leveling, helping to match energy supply with demand and enabling power plants to operate
at optimal conditions, thereby improving overall efficiency. It can edguure andstore
exceed heat for later use, further reducing energy waste. From a financial perspective, using
stored thermal energy during times of peak demand can mitigate the need for costly peak
electricity, resulting in cost saving&dditionally, improved efficiency could potentially
reduce the capital costs assoeihtvith other system components like boilers and chillers.
TES systems also increase reliability by providing an energy reserve that can be tapped
into during power outageand their adaptability makes them suitable for a variety of
applications. The TES drives the organic Rankine cycle 1 (ORC1) and steam Rankine
cycle. The SRC works with water and ORCs works with isobutane. Isobutane stands out
as the optimal working fluid comering its thermodynamic efficiency, cesffectiveness
and ecological impact{93]. The waste heat generated by the SRC within the- high
temperature generator (HTG) may be harnessed to operate the DEAS, thus improving the
efficiency of the system.

This system incorporates a DEAS utilizing ammengter as its substance.

Ammonia acts as the refrigerant, while water acts as the absorbent.

74



2Wa1sAs JowelBeipnewayos :g'yainbiq

Ayunwwrod 1oy 23e10)g Lrepeg mn
sindjno gaspy wopelg SmErey) ST

JepM ysaid uaBospAy  Audag3 e 1oH  Sunesy

TaOHOR

3Sea0yg Lpeg
Ji0AIasaY

— ¥oaudeg

75



An ammoniawater mixture, when used as a working fluid, can present benefits like
being environmentally benig®4]. The choice of the DEAS was mainly motivated by its
capacity to provide cooling for residential areas, effectively addressing a critical comfort
requirement in various geographic regionlse surplus electricity can be used to produce
hydrogen through ultrasound procesS&anohydrogen production is an innovative method
that utilizes ultrasonic waves to generate hydrogen gas from [8dleil his process can
be directly linked to an ultrasonic generator, which supplies the necessary acoustic energy
to initiate the reaction. A specialized probe, often immersed in the water, is used to focus
the ultrasonic energy and create cavitation bubfalksh when they collapse, produce the
conditions necessary for hydrogen production. The efficiency of this technique hinges on
the design of the probe and the frequency of the ultrasonic waves, allowing for precise
control over the hydrogen generation ggss.Also, the extra electricity can be stored in
battery systemt hold energy for future use. The modern battery storages are essential for
maintaining a consistent supply of electricity, especially when energy production can be
affected by factors such as weather conditions, power outages, or geopolitical evants. Th
are crucial for residential settings in ensuring uninterrupted power.

Ultrasoundassisted water treatment employs ultrasonic waves, sound waves with
frequencies above 20 kHz, to treat water and wastewater. The process is centered around
the phenomenon of acoustic cavitation, which involves the formation, grawdh
implosive collapse of bubbles in a liquid. When ultrasonic waves travel through water, they
create higkpressure and loypressure cycles. During the legvessure phase, tiny vacuum
bubbles form, grow over several cyciwdthen violently collapse upon reachingeatain
size. This collapse generates intense local heat, high pressidistrong shear forces,
which lead to the physical disruption of contaminants and induce chemical reactions. The
frequency of the ultrasound is calculated as the velocity of sound in water divided by the
wavelength. The cavitation threshold depends on thedlis vapor pressure, temperature
and ultrasonic intensity. The sonochemical reactions occurring during this process can
often be quantified using pseuticst-order kinetics.

Similarly, sonohydrogen production is a method of generating hydrogen gas from
water, enhanced by ultrasound, effectively a form of water electrolysis. In this process,

cavitation near the electrodes plays a crucial role. The collapse of cavitation nddries
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electrode surfaces increases the local temperature and pressure, promoting the dissociation
of water molecules into hydrogen and oxygen gases. This localized heat can also reduce
the overpotential needed for hydrogen evolution, thus making the proces&meogy
efficient.

4.3 Development ofSystem 3

The developed system is illustrated in Figdt8. In this system, solar energy capture
system lies an expansive field of heliostats, which are ingeniously designgé,
adjustable mirrors. These mirrors are meticulously positioned to follow the sun's path
across the sky with precision, effectively reflecting and concentrating the solar radiation
onto a strategically placed central receiver, typically mounted @nexing structure. This
meticulously assembled solar field is composed of numerous heliostats, each one carefully
calibrated to ensure optimal alignment, thus directing the sunlight towards the central
receiver with unmatched precision. This central resreiy pivotal in the process, adeptly
capturing the concentrated solar radiation to harness its power.

The central receiver employs a method to absorb solar energy, utilizing it to
significantly increase the temperature of a specialized heat transfer fluid (HTF), known as
Therminol VR1. This thermal oil is chosen for its exceptional ability to withstaigth hi
temperatures, achieved through the absorption of concentrated solar energy. Once heated,
this HTF becomes a crucial conduit for transferring the captured solar energy to various
power generation subsystems, granted with the capability to carry suddsthatmal
energy. This thermal energy, in turn, is harnessed to generate electricity, showcasing an
efficient conversion of solar power into usable electrical energy.

Integral to the functionality of this system is the implementation of an advanced storage
solution, designed to ensure the availability of generated electricity even during times when
solar radiation is not directly available, such as nighttime or duruggcast weather
conditions.

The first power generation subsystem (FPGS) theatres a pivotal position in the
overarching energy conversion process of this system, by facilitating the transfer of thermal
energy from the HTF, which is previously heated by the central receiver, diceathter.

This intricate process effectively transforms the water into superheated steam, which then
propels a backressure turbine, properly named the steam Rankine cycle turbine (SRCT).
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The operation of the SRCT is a prime example of the system's efficiency,
showcasing the seamless conversion of thermal energy into mechanical and subsequently
electrical energy, thereby generating electricity with remarkable efficasgenarios
where solar energy is temporarily out of reach, the second power generation subsystem
(SPGS) is ingeniously designed to take over. It employs the already heated HTF to increase
the temperature of an ammotiater mixture. This specific mixtuns then utilized to
power a distinct turbine, the Kalina cycle turbine, which is especially noted for its
proficiency in converting heat of low to moderate temperatures into electrical energy. This
capability ensures that the energy conversion process remains uninterruyeestyimeg
alternative thermal sources for continuous electricity production. Further diversifying the
system's energy conversion capabilities is the inclusion of the ORC. This cycle is
specifically tailored to use organic fluids with low boiling points, mgkt exceptionally
suitable for generating electricity from lower temperature heat sources. Isobutane, selected
for its thermodynamic characteristics, serves as the substance for the ORC, highlighting
the system's adaptability. The ORC's design allows lite powered by either the TES or
the Kalina cycle, demonstrating unparalleled versatility in thermal energy conversion and
further solidifying the system's position at the forefront of sustainable energy technology.

In the solar energy conversion system, an innovative hydrogen production process,
known as sonohydrogen production, plays a pivotal role in the sustainable utilization of
excess power. This method employs ultras@mbanced sonication of water, a techeiqu
that leverages ultrasonic waves to split water into hydrogen and oxygen. By integrating this
advanced process, the system not only ensures the efficient use of surplus electrical energy
but also aligns with cuttingdge research in hydrogen productioine iydrogen generated
through this process is stored and utilized as a clean fuel source, offering a promising
avenue for renewable energy storage and utilization. The incorporation of sonohydrogen
production into the energy conversion system exempliffesveard-thinking approach to
harnessing solar power, not just for immediate electricity generation but also for producing
sustainable fuel, marking a significant leap towards achieving energy independence and
reducing carbon emissionshe selection and matching of subsystems in the developed
trigeneration system are based on their ability to complement each other in harnessing and

converting solar energy efficiently. The system features an expansive field of heliostats for
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optimal solar radiation capture, directing it to a central receiver that heats a specialized heat
transfer fluid (HTF), Therminol VR.. This fluid, chosen for its higtemperature stability,
transfers the captured thermal energy to various power genesabsgstems, including

the SRCT, Kalina cycle Turbine (KC&ndOrganic Rankine cycle turbine (ORCT). Each
subsystem is selected for its specific operational strengths: the SRCT foemmigérature

steam generation, the KCT for utilizing low to moderat®peratures with an ammonia
water mixtureand the ORCT for efficient lowemperature energy conversion using
organic fluids. The system also includes an advanced thermal energy storage solution to
ensure continuous electricity production during periods of low solar radiation, enhancing
overall reliallity and efficiency. This strategic integration and matching of subsystems
ensure maximum energy utilization and adaptability to varying energy demands.

In summary this chapter presesthe development of three newly integrated energy
systems that incorporate sonohydrogen production as a key subsystem. Each system was
designed to maximize energy efficiency and sustainability by integrating multiple
renewable energy sources, advancednthérstorage solutionand optimized energy
conversion cycles. System 1 combines solar and biomass energy with multiple
thermodynamic cycles and reverse osmosis, ensuring effective energy utilization and
hydrogen productiorSystem Zmployssolar and geothermal energy, along with thermal
energy storage, organic Rankine cychesl an absorption system to enhance energy
efficiency and cooling applications. System 3 focuses on solar energy conversion, utilizing
heliostats, thermal transfer fluidadadvanced power generation cycles such as the Kalina
cycle and organic Rankine cycle, alongside hydrogen production for sustainable fuel
storage. The integration of sonohydrogen technology in each system highlights its potential
as aclean and innovative method for hydrogen generation, contributing to a more
sustainable and energydependent future. These developments provide a strong
foundation for future research and optimization in renewable energy systems,
demonstrating the fedmsiity of combining multiple energy sources to enhance overall
system performance and reliability.
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Chapter 5. Analysis

In this section, the analysis and modeling of ékperimental setup and thrdeveloped

systems are described in detail.

5.1  Analysis of Experimental Setup

In a sonohydrogen experiment, the energy balance is crucial for understanding how
efficiently energy is converted into hydrogen gas. The system involves three primary
energy inputs and three major energy outputs that define the overall performance. Below

is an expanded explanation of each point:

5.1.1 Energy inputs

The three primary energy inputs of the system are described below.

(a) Acousticenergy (ultrasound power)

The first major energy input is acoustic energy, which comes from ultrasound power. In
this setup, higrequency sound waves at 40 kHz are introduced into the liquid medium
through an ultrasonic transducer. These waves create alternating regions ofchigiv a
pressure, leading to acoustic cavitation, a process where microscopic bubbles form, grow
and collapse violently. The collapse of these bubbles generates localized extreme
conditionswith temperatures reaching 40000 K and pressurenore thanl000atm

which are sufficient to break down water molecules into hydrogen and oxygen. This
phenomenon is fundamental to the sonohydrogen process, as it provides the necessary
energy to initiate chemical reactions in the liquid.

(b) Chemical Potential Energy (Hydrogen Source)

Another essential input is chemical potential energy, which is stored in the molecular bonds

of water. When the cavitation bubbles collapse, the extreme conditions cause the
di ssociation of water molecules (Ha@er Y HA
combine to form H gas. The presence of a
significantly influence this reaction. For
cavitation efficiency by increasing the number of nucleation sites, aligoibbles to form

more easily and collapse with greater intensity. Similarly, adsamgeisopropyl lowers

surface tension, making it easier for cavitation bubbles to develop and sustain their energy,
thereby increasing the hydrogen production rate. These enhancements ensure that more

chemical energy is available for conversion into hydrogen.
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(c) Thermal energy (heat from external sources, ifany)

The third form of energy input is thermal energy, which may come from external heating
sources. Temperature plays a crucial role in bubble dynamics, as higher water temperatures
(40i 70°C) improve cavitation intensity and efficiency. This is because loseosity and
reduced surface tension at elevated temperatures make it easier for bubbles to collapse
violently, facilitating better energy transfer. In some configurations, external heat sources
such as solar or geothermal energy can be integrated ingystean to further optimize
hydrogen production by maintaining an optimal thermal

5.1.2 Energy outputs

The three primary energyutputs of the system are described below.

(a) Hydrogen energy

The primary energy output in the system is hydrogen enevbich is stored in the
chemical bonds of the produced hydrogen gas. The amount of hydrogen generated depends
on various factors, including the input power, type of water asddltrasonic parameters.

For instance, distilled water tends to yield the highest hydrogen production rates, as it
contains fewer impurities that could interfere with the cavitation process. Additionally,
increasing the ultrasonic power (e.g., from 50 V@0 W) leads to a higher rate of bubble
formation and collapse, resulting iregter hydrogen output. The efficiency of gas injection

al so influences hydrogen production; for
to 30% by promoting more efficient bubble nucleation and collapse dynamics.

(b) Wasteheat

Despite the efficient conversion of acoustic energy into hydrogen, a significant portion of
the input energy is lost as waste heat. Some of the electrical energy supplied to the
transducer is dissipated as heat, both within the liquid medium and inrikducear itself.

To prevent overheating, a cooling system is used to maintain operational temperatures,
ensuring that the reactor does not exceed optimal conditions. However, if this heat is not
properly managed, it can negatively impact the efficienclyeéystem. To improve energy
performance, heat recovery systems can be implemented to repurpose waste heat for
preheating water or maintaining stable operating conditions, thus reducing overall energy

lossesFuture advancements in thermal management could significantly enhance system
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efficiency by integrating innovative heat recovery technologies. losses while improving
overall performance.

(c) Acoustic andmechanicallosses

Acoustic and mechanical losses represent another form of energy dissipation in the system.
Not all of theultrasonic energy is effectively converted into cavitation, as some energy is
lost due to wave reflections, fluid viscosapdnonoptimal cavitation conditions. When
ultrasonic waves encounter reactor walls or interfaces, some of the energy is reflected,
leading to inefficient energy transmission. Similarly, kigécosity fluids dampen bubble
oscillations, reducing the intengibf their collapse and, consequently, the hydrogen yield.
Reactor design also plays a crucial role in minimizing losses. Ifrémsducer is not
optimally positioned, certain areas of the liquid may experience weaker cavitation effects,
leading to inefficient energy use. Addressing these inefficiencies through optimized reactor
geometry, improved wave distributiand fluid property adjustments can significantly
enhance overall energy conversion efficiency.

5.1.3 Energy Balance Equation

The energy balance for the system can be expressed as:

% % % % (5.2)
where % includes electrical energy, heanhd chemical potential from reactants.
% represents the chemical energy stored in the produced hyd®ggen.
accounts for thermal losses to theroundings anélo includes inefficiencies

in ultrasonic energy transfer.

5.2  Analysis of Systeml

This section introduces the essential equations for analyzing the major subsystems and
components of the system 1, including those related to enexgygy and economic

evaluations, as well as environmental impact assessments.

Energy and exergy are fundamental <concepts
i mproving energy systems. Energycoefsersetdo
in isolated systems according to the first
as ther malaganehechaniccadl energy. Exergy, on
guality or usability of energy, refl ecting
system moves toward equilibrium with its
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conserved and <can be destroyed, particul g

inefficiencies within the system. The di st
analysis focuses on the total enerygyt,hathi l
energy is converted into useful work. For i
the energy input and output, but exergy ar
where usabl e energy 1 s wast ecdy. tSeynsdt etnos hwa vt
energy | oss and | ower environment al I mpac

devel oping more sustainable energy solutio
Energy and exergy balance equations for ma
Tab3lepresents a comprehensive <collection o
primary components ][ @Hhtelse prqumds ed ss pgtoermd
the energy and exergy conversions taking |

system.

Hel i ostat system

To determine the amount of heat taken in |
collected from solar radiation in the solz:
ut i I[i964d

1 s 1 (5.2)

1 )q (5.3)
Furthermore, the heat received by the recei

srepresents the salhwherbhdtaéeroh ehtli caeprsy

heliostat field:

1 1 5 1 4 (5.4)

1 5 i # 4 F, 4 i (5.5)

The overall heat | osses in the receiver <ca
1 3 1 5 1 ; 1 ; 1 ;i (5.6)

whel e 1 5 ,1 5 ant  ar e heat | csossmedsctcans
convection, reflection and emissivity res|
foll ows:

1 5 i L (5.7)

84


https://www.sciencedirect.com/topics/engineering/conduction-heat-loss

1 (5.8

1 ; i L (519
- B
whe& ¢fandd are view factor, concentration r at

the receiver.

R — (511
# (517
& (G513

h

The energy and exeeggieéfiandnbekesosfat hei

foll ows:

s : (5.1 %

¢ h (515

s : (1%

¢ i (1Y

Digester

Il n the system 1, an anaerobic digestion

mi croorganisms to break down organic mat er
bi ogas as a renewabl e energy source. Anaer
range of organic wast e, odaadttosads ved sutdeg,e ,p raq
a sustainable waste management solution.
production, electricity generation, or as t
t o me et energy demands wht e asdmgrtegemenmws
emi ssTihoenss.t udy specifically emphasizes the
for energy recovery through anaerobic dige
digester Bnetpresseatedon.

I & i [ G513

85



Ao Ao Ao
Her B9 anBdrepresent
respectively. The

bel[ow7]

AG cogimyogp@p p(c8py.pwPprpB@&pY/cd! (B27P
The perafentaglkeen, hydrogengnashy e r,
C, H, &a&nA, N,r eS pTeachbldpvreelsye.nt s t he
bi omass and digestate.
Tabbl Energy and exergy equations
Component s Energy and exergy balance equations
Low pressure turbine (LT) i E T E 7
i Ao i Ao 7 % &
Hi gh pressure | E | E 7
i Ag | Ag 7 % &
Heat exchangeri E i E 1
i A | Ao i Ao | Ao %@
PumpP1) i E 7 i E
i Ao 7 i A %@
Condenser 1 (i E i E 1
i Ao I Ao | Ao I Ao %@
Condenser 2 ((i E | E i E 1
i Ao I Ao | Ad w%é
Pump 2 (P2) i E 7 i E
i Ag 7 i Ao %dé
Pump 3 (P3) i E 7 i E
i Ao 7 i A wdé
Pump 4 (P4) i E 7 =
i Ao 7 i A %@
Absorber (ABS)i E | E i E 1
i Ao I Ao | Ao %@
Evaporator (E\NI E 1 i E
i Ao I Ao | Ao | Ao wné
Organic Rankiri E | E 7
i Ao 1 Ao 7 % &
Reverse osmosil E i E 7
i Ao | Ao 7 % &
Pump 5 (P5) i E 7 i E
i Ao 7 i Ag@ %@
Condenser 3 ((i E i E 1
i Ag I Ao |1 Ao i AD wé

(519

the physical and

speci fic

chemi «

chemicabi erar gi ¢

dreintont @

composition

for I



The specific physical exergi egi wekn owgani c

Ao # 4 4 41 1— (5.2 )
The physical and chemical exergies of the
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A 1T BUrR 24 BUI U (5.2 B
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ComponentRaw Bi Di ge
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Brayton cycle
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heat to the steam Rlaon&kp ney styerh,e.ailm 4gdrnwe < |
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turbine (GT), herndo mx emsasmger( CPHX1)The bal an

primary el ements of the [Br2dyton cycle are
For COCH:

I I (5.28

i E 1 i E (5.29)
wherel is the heat provided by the biogas exited from digestion unit and can be
determined as:

1 i 5 , (65 (5.30)
where, ( 6 andsgs are lower heating value of thve ( and efficiency of the
combustion chamber, respectively.

i 6 — 35 e} (5.31)

i Ao i Ao | Ao I Ao | Ag I Ag@

i A %é (5.32

whereA @ A @, A @ andA @ are specific chemical exergies of the ,/ ,( /

and# / , respectively. These specific chemical exergies are tabulaleblial.l.
For GT:

| | (5.33
I E i E 7 (5.34)
i Ao 1 Ao 7 % & (5.35)
i 6 3; 1 O (5.36)
For CP:

i i (5.37)
i E 7 i E (5.39)
i Ao 7 i Ao %@ (5.39)
I 6 35 1 O
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Environmental impact assessment
This section addresses the crucial task of environmental impact assessment. As global
energy demand continues to rise, the expansion of power plant operatiomsdest
essential to closely examine their environmental consequences. The energy sector,
particularly power plants, significantly influences global environmental health. In light of
this, environmental impact assessments have become a key elementyfhen@gement
and policy development. These assessments provide a structured evaluation of the potential
environmental effects stemming from energy production, helping to identify impacts on
air, waterand soil quality. Additionally, they form a critical tondation for creating
strategies aimed at minimizing the negative ecological footprint of energy activities.

Table5.4 presents typical emission levels from power plants in the United States,
focusing on the broader environmental impacts of energy generation. It examines
emissions from various sources, providing insight into their environmental footprint.
Estimating CQemissions is particularly important due to its central role in climate change.
As a major contributor to global warming, quantifying £@missions is crucial for
informed decisiormaking and mitigating environmental impacts. Accurate estimates help
policymakers, researcheasdindustry leaders gauge the carbon footprint across sectors
such as energy production, transportateomd manufacturing. This understanding is
essential for developing strategies to reduce emissions, such as adopting more efficient
technologies, shifting to renewable enemgyd improving carbon capture and storage.
Additionally, CQ emission quantification is key to setting and achieving climate goals,
like those in the Paris Agreement. Monitoring progress toward these targets allows
countries to evaluate the effectiveness of their climate policies and make necessary
adjustments. Ithis case, the evaluations assume natural gas as the energy source instead
of renewables.

Tabblde Typical emi ssion J&2kls from US
NG (kg/MWh) CQ(kg/MWh) SG (kg/MWh)

Natural gas 0.77 515 0.04
oil 2 758 5
Coal 3 1020 6
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Cost assessment study

An economic analysis is essential for evaluating the financial viability and potential
profitability of an integrated energy system. This analysis follows established economic
principles and methodologies, as summariz§8%9% The system's economic evaluation is
conducted to determine the costs associated with each section and the overall system. The
capital cost functions for certain components of the system are outlined and presented in
Table5.5.

Tabbl5e Cost functi onsoff osrysstoenme 1component

Component Cost function Reference
Solaheliostat pu ! . [100]
Compressor CBOTMTCM T w0 TE8TLULVO [99]
Pumps L X [101]

c_mxpzwm P L PB # .

, 1#C o® YpwgdBtv o g I7C

™ v oYl 17C

Cold storagetank ¢ 18® Yl [102]
Hot storagetank T& ¢ 6 UL Q@O [102]
Hydrogen Storage I [102]
tank Cwp ——

Central tahe economic study is the operational capacity factor of the plant, a metric
that reflects the efficiency and utility of the energy system over tihine. capacity factor
( CF) equation provides a quantitative mea
indicating the proportion of time it operates at full capacity over the course of a year. A
higher capacity factor signifies greater efficiency anitization of the plant, directly
impacting its economic attractiveness. This factor is crdoialnderstanding the real
world performance of the energy system, allowing stakeholders to make informed
decisions about investments and operational strategies.

By evaluating the capacity factor in the context of current and projected energy
demands, we can derive meaningful insights into the system's economic feasibility and

long-term sustainability.

# & (5.51
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At the core of the capital cost estimation is the formula for computing the total
equipment cost (£uip), Which is pivotal for financial planning and budget allocations. This

is articulated as follows:
# [ # - — (5.52)

This equation delineates the relationship between the cost of equipment for the desired
capacity (K) and a reference capacity)Kncorporating the scaling factor (f) to adjust for
size differences. The chemical engineering plant cost index (CEPCI) for 2024 and the
project year provides a normalization factor to account for inflation or deflation over time,
ensuring that the costflects current market conditions.

Further advancing in our cost analysis, the bare erected cost (BEC) is derived by
aggregating the total equipment cost with the installation expenses:

" O%# t# YT OOART AOET 1T (5.53

This cost metric encapsulates the direct expenses related to the physical setup of the plant,
laying the groundwork for an exhaustive financial evaluatibme subsequent phase
encompasses the summation of BEC and indirect costs, forming the EPCC. Indirect costs
cover a wide array of expenses, including but not limited to, piping, structural sapdort

service costs:
%0 # #' %#) 1 AEXAGAD (5.54)

This equation offers a holistic view of the primary outlay required to bring the plant from
conception to operational status, highlighting the significance of accounting for both direct
and indirect expenditures.

A critical step in an economic analysis is the calculation of the total project cost
(TPC), which integrates the EPCC with a contingency cost. The contingency cost is a
prudent inclusion that accommodates potential unforeseen expenses, safeguarding against
financial overruns, particularly pertinent for novel integrated energy systems:
40#%0##1 1 OETAQAOAA U (5.55)

Here, TPCembodies the comprehensive financial commitment required for the project's
fruition, with an emphasis on risk management through contingency plafimagotal
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overnight cost (TOC) amalgamates the TPC with additional overnight costs, such as the
owner's costs and thhplarty expenses, offering a complete picture of the financial
requirements:

4/ #40#/ OAOTAE CEAD (5.56)

Through ths equation, stakeholders gain insight into the aggregate financial
landscape of the project, encompassing all costs from equipment procurement to
unforeseen expenseBhe operational expenditure (OpEx) of the plant encompasses all
costs associated with the deoday functioning of the facility. This broad category
includes expenses for raw materials, which
this integragd energy system, significant raw materials include food waste, utilized as th
biomass in the digestendwater, essential for sonic hydrogen production. The cost of
acquiring, transportingndprocessing these materials constitutes a considerable portion of
the operational budget. Additionally, OpEx covers maintenance, labor, utlittsther
miscellaneous costs required to ensure the continuous and efficient operation of the plant.
Managing these expenses effectively is vital for maintaining the profitability and
environmental sustainability of the plant.

The essence of cash flow analysis in this context is to project the financial inflows
and outflows throughout the plant's operational life, aiming to calculate key financial
metrics such as the payback period and total profit. This analysis is instrunmental
assessing the loAgrm economic viability of the project.

a) Depreciation rate
The depreciation rate of the plant equipment is a critical factor in understanding the
financial depreciation over time. It is calculated as the total project cost divided by the

depreciation period, as shown below.

$ ADOAABAOAH (5.57)

The depreciation ratkelps in determining the annual expense allocation for the plant's
equipment wear and tear, providing insights into the financial sustainability of the project.
b) Revenue generation

The revenue of the plant is generated through the sale of hydrogen, heating, elantticity

cooling services to industries and communities. The formula for calculating total annual
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revenue integrates the output and pricing of these products, which reflects the actual

operating efficiency of the plant are presented below:

47 @AIOAT-AOC 2A0AT ORAGAT OA 2A0AT OA

2 AOAT BA (5.59)
417 GROAT-AD . #& 0 1 #& 0 1
#& 0 7 #& 0 (5.59)

Here, CF, represents the capacity factor, which denotes the actual operating hours of the
plant..  stands for the rate of hydrogen output in tons per year, while P signifies the price
in US dollars per year.

c) Cash flow analysis

The present cash flow is calculated by deducting taxes and multiplying the net amount by
a discounting factor to account fibre time value of money. The cumulative cash flow is
then obtained by summing up all annual cash flows, providing a comprehensive view of

the plant's financial performance over time:

OOACMAGEE T % #&! 44 EOAT GHEAGHEIT © (5.60)

#0101 Ol AGEEBA <~ B#A@E T x (5.61)

where CFAT is cash flow after tax.

5.3  Analysis of System 2

Theanalysis of System 2 is conducted under a set of specific assumptions to ensure clarity
and precision. It is assumed that the system and its components operate under stable,
steadystate conditions. Variations in gravitational and kinetic energy terntoasidered
negligible in both energy and exergy equations. Pressure losses within heat exchangers and
pipelines are excluded from the calculations. Atmospheric air is presumed to behave as an
ideal gas. Additionally, the heliostat field's energy efficieiscgssumed to be 75%, while

the turbines and pumps within the system are set to operate with an isentropic efficiency

of 85%. These assumptions provide the foundational framework for the system's analysis
[45, 103]
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Energy and exergy analyses

Energy analysis has a key role in understanding the performance of a fG4énBy

examining the amount of energy input and output, it provides a fundamental assessment of

the energy transformations and the potential for improvements. Energy analysis evaluates

the quantity of energy used by different components and processes, mhgkisgjble to

identify where energy is consumed the most and where savings are possible. It is a vital

step in the design, analysasd optimization of systems, particularly in multigeneration

systems where various forms of energy are

produced and utilized.

TabSleeeEner gy and exergy
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Exergy analysis, rooted in the second law of thermodynamics, serves as a

thermodynamic evaluation meth@td5]. In contrast to energy analysis, exergy analysis
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offers a comprehensive way to assess and compare processes and systems with clarity and
purpose. Consequently, exergy analysis aids in enhancing and optimizing designs. There
are two primary advantages to exergy analysis: Firstly, it provides efficietiaes
accurately indicate how closely actual performance aligns with the ideal scenario.
Secondly, it more precisely pinpoints, compared to energy analysis, the nature amriyins
locations of thermodynamic losses. Therefore, energy analysis informsutstebamount

of energy present in a system, whereas exergy represents the quality of that energy.

To calculate the quantity of heat absorbed by the receiver and the rate of heat
capture from solar irradiation in the solar heliostat system, the same equation used in
System 1 is applied. Other balance equations are presentedl@b.6.

Environment al i mpact assessment

Conducting an environmental analysis constitutes a critical phase in the evaluation of the

potential environmental consequences associated with an integrated $y$temused,

fossil fuels release pollutants such as mercury (Hgk, Glx, SQ andcarbon dioxide

into the air, contributing to air pollutigd4]. In contrast, a multigeneration system powered

by renewable energy does not release these harmful gases. To quantify the reduction in

emissions, the pollution equivalent from a fossil fuel system producing the same energy

output is examined. Table 4.7 pemts the emission figures for the main fossil fuels utilized

in power generation facilities across the United Statasthe context of environmental

impact assessment studies, several potential mitigation measures are considered. These

measures encompmasipgrading exergy efficiency, which involves enhancing the overall

efficiency of energy utilization to reduce irreversibilities and energy losses. Additionally,

identifying and rectifying ineffectiveness in energy utilization is crucial to avoid a

worsenng environmental impact, as indicated by the exemaronmental impact index.
Incorporating sustainable energy sources, such as renewables, may pointedly

decrease the environmental footprint. Furthermore, leveraging advanced technology and

optimized system design, such as stdtéhe-art equipment and recovery of waste heat,

can emance overall performance while minimizing adverse environmental ef&$

Continuous monitoring and adaptation strategies are essential for achieving ongoing

environmental improvement, as reflected in the exemoronmental impact
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improvement metric accordingly. The data presentéichbie5.4 are also utilized in this

section.

5.4 Analysis of System 3
The section presents the key equations for analyzing main equiprsgatem 3including
those related to energy and exergy, along with assessments of environmental irtig@act of
system.
Energy and exergy analyses
To ascertain the primamgnergy inputs required for the production of a specific product or
service, it is essential to track the energy flow within the pertinent industrial system. This
process is founded on the first law of Thermodynamics, which embib@igsinciple of
energy conservation and involves the application of an energy balance to the[8stem
26]. The conventional energy analysis, based on the first law of thermodynamics, focuses
mainly on evaluating energy in terms of its amofdfit7]. In contrast, available energy
(availability) analysis, which is grounded in the second law of thermodynamics, takes into
account not only the quantity of energy but also its qulli®d]. Table5.7 presents the
energy and exergy balance equations for the major components of the system 3.
Environmental impact assessment
The environmental evaluation becomes necessary when the intricacy and magnitude of a
prospective project, technology, allocation of resources, or loegdlated factors give rise
to uncertainties about the specific environmental repercussions or thetiglofer
noteworthy adverse environmental consequences.

This analysis is crucial in evaluating the system'’s environmental footprint through the
examination of organits emissions, waste generaaiuse of resources. It focuses on
key elements like greenhouse gas emissions, offering insights into potential avenues for
diminishing the system's ecological impact. The use of fossil fuels leads to the release of
CO,, CHs, NO« andSQG into the air. Conversely, employing renewable energy sources in
the trigeneration system circumvents the emission of these detrigasésTo compute
the decrease in emissions, the system's performance is compared against a fbasitlel
system producing an equivalent heat capat€iyple5.4, which presents the primary fossil
fuels utilized in U.S. power plants, is also used here. This comparison is integral to

ascertaining the degree of €€mission reduction achieved by the trigeneration system. In
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addition, when assessing a system from an exevgonmental perspective, various

factors need to be taken into account and analyzed é&#e5.8).

Tabbl7e Energy and exergy bal anacfe yyutagmonhs f
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Tabol8eEx erregrovi ronmdekabkquati ons

Equation Description

" p CGrepresents thenwvoebhme
s pmm
] £ # [ denot es t heenfva crtoonrmeonft &
| P J] signifies the-einmpnrowene
I
%3 j AEis the exergy stabil ity
%D i %g, %9r is total exergy dest
] £ | J] is the exergy sustaina
%D i i sexkemwi r d mpercttali nde »
% %Di s theekxertatye.i nput

In summary, this chapter presents a detailed analysis and modeling of three
integrated energy systems, focusing on energy, exergy, ecormaienvironmental
assessments. Thermodynamic balance equations were applied to evaluate system
performance, identifying inefficiencies and opportunities for optimization. Exergy analysis
highlighted energy losses, while environmental impact assessmentsf quaatd CO
emissions, demonstrating the sustainability advantages of renevesad systems over
fossitfuel altenatives. Economic evaluations, including cost estimation and cash flow
analysis, confirmed the feasibility of these systems. Overall, the study underscores the
potential of integrating sonohydrogen production with renewable energy sources to

enhance effi@ncy, reduce emissioamdsupport sustainable energy transitions.
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Chapter 6. Resultsand Discussion
In this section, the results of the experiment are compared with preeiated studies in
the literatureand the effects of some parameters on the hydrogen production rate are

presented and discussed.

6.1 Experimental Study Results

This section presents an analysis of the experimental outcomes derived from the study,
focusing on various parameters influencing hydrogen production. The investigation
evaluates the effectiveness of the proposed system across different water sources,
temperatures, alcohol concentratiansigas injection methods. The findings are compared
with previous studies to highlight advancements in hydrogen production efficiency.

6.1.1 Comparison of Present Results with Literature Data

Figure6.1 presents a comparison of the performance and production of the current study

using different water types with those reported in the literatutest the experiment.
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Figure6.1: Hydrogen production rate of proposed system using different water resources at
varying temperature
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In Figure 6.1, hydrogen production rates are compared across various water types: distilled,
tap, lakeandwastewater, as well as the values reported by Wang et al. (St{&i§] &nhd
Sasikala et al. (Study 236]. The hydrogen production rates reported by Wang 4.
and Sasikala et al[86]are 0.008 pmol/min and 0.006 pmol/min, respectiveliis
highlights the significant advancements and effectiveness of the current study's methods in

enhancing hydrogen production across various water types.

6.1.2 Effect of Temperature on Hydrogen Production Rate

In the current study, the hydrogen production rates for distilled water are 0.059 pmol/min
at 25 °C, 0.0891 pmol/min at 40 °C, 0.1042 pmol/min at 6@ri@0.1096 pmol/min at 70

°C (see Figure 6.2)or tap water, the hydrogen production rates are 0.0500 pmol/min at
25 °C, 0.0544 pmol/min at 40 °C, 0.0612 umol/min at 60af@0.0681 pmol/min at 70

°C. For lake water, the hydrogen production rates are 0.0410 pmol/min at 25 °C, 0.0458
pmol/min at 40 °C, 0.0531 pmol/min at 60 °@hd 0.0626 pmol/min at 70 °CFor
wastewater, the hydrogen production rates are 0.0340 pmol/min at 25 °C, 0.0384 pumol/min
at 40 °C, 0.0414 pmol/min at 60 4hd0.0528 pmol/min at 70 °C.

0.08 \ T T T
I Distilled Water
I Tap Water

0.07 [ | ] Lake Water )
I \\Vaste Water

Hydrogen Production Rate

40 60
Temperature (°C)

Figure6.2: Hydrogen production rate of proposed system using different water sources at varying
temperaturesver a 6@minute period
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These findings indicate that the current study's use of distilled, tapatakeastewater
significantly outperforms the hydrogen production rates reported in the literature. The
distilled water shows the highest hydrogen production rates across all temperatures,
followed by tap water, lake watandwastewater.

6.1.3 Hydrogen Concentration Results

Figure 6.3 presents the hydrogen concentration in the hydrogen storage system for four
different types of water: distilled water, tap water, lake watekvastewater, over various

time intervals. The hydrogen concentrations were measured at 15, &0d@8 minutes

and are reported inppm At the 15minute mark, distilled water had a hydrogen
concentration of 14pm followed by tap water at 1Bpm, lake water at pm and
wastewater at pm As time progressed, the hydrogen concentrations in all samples
increased steadily. After 30 minutes, distilled water reachepp®?® tap water 2Jppm,

lake water 1&pmandwastewater 14pm

40 T T T T
I Distiled Water
35 | I Tap Water o |
[ Lake Water
I V/astewater
30 + =
25+ =
e
2 20t ]
ja® __
15+ -
10 + -
5 - -

15 30 45
Time (min)

Figure6.3: Hydrogen concentration in hydrogen storage at different temperature for different
water types.
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This trend of increasing concentration continued, with values at 45 minutes
reaching 3Jppmfor distilled water, 3Qppm for tap water, 2 ppmfor lake waterand20
ppm for wastewater. By the 6inute mark, the hydrogen concentrations were highest
across all water types, with distilled water afpfdn, tap water at 3ppm, lake water at 36
ppmandwastewater at 26pm Overall, distilled water consistently exhibited the highest
hydrogen concentration at each time interval, whereas wastewater showed tbie lowe
concentration values. This consistent increase in hydrogen concentration indicates a
uniform trend across all water types, demonstrating that the type of water impacts the rate
and extent of hydrogen storage efficiency, with distilled water being tis¢ efiective
medium in this study.

Figure6.4 illustrates the hydrogen concentration in a hydrogen storage system over
time at two different C®flow rates: (a) 100 cm3/min and (b) 200 cm?3/min. For each CO
flow rate, the hydrogen concentration is measured using four types of water: distilled water,
tap water, lake wateandwastewaterAt a CQ flow rate of 100 cm3/min, the hydrogen
concentration increases steadily over time for all water types. For distilled water, the
concentration begins at 28 ppm at 10 minutes and rises to 33 ppm at 15 mbyes) 3
at 20 minutes, 38 ppm at 25 minut@sd 41 ppm at 30 minutes. This trend continues,
reaching 59 ppm by 60 minutegap water follows a similar pattern, starting at 25 ppm at
10 minutes, increasing to 31 ppm at 15 minutes, 33 ppm at 20 minutes, 36 ppm at 25
minutesand39 ppm at 30 minutes, eventually reaching 57 ppm by 60 minutes. Lake water
shows slightly lower hydrogen concentrations, beginning at 20 ppm at 10 minutes, rising
to 24 ppm at 15 minutes, 27 ppm at 20 minutes, 30 ppm at 25 mand&8 ppm at 30
minutes, reaching 51 ppm at 60 minutes. Wastewater has the lowest concentrations, starting
at 15 ppm at 10 minutes, increasing to 19 ppm at 15 minutes, 21 ppm at 20 minutes, 23
ppm at 25 minuteand25 ppm at 30 minutes, reaching 37 ppm at 60 minutes.

At a higher CQ flow rate of 200 cm?3/min, hydrogen concentrations are greater
overall, with significant increases observed over time. For distilled water, the concentration
starts at 30 ppm at 10 minutes and increases to 34 ppm at 15 minutes, 39 ppm at 20 minutes,
44 ppmat 25 minutesind48 ppm at 30 minutes, reaching a peak of 75 ppm at 60 minutes.
Tap water also shows higher concentrations, beginning at 27 ppm at 10 minutes and rising

to 32 ppm at 15 minutes, 37 ppm at 20 minutes, ultimately reaching 77 ppm at 60 minutes.
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Figure6.4: Hydrogen concentration in hydrogen storage over time at differenfl@®rates: (a)
100cm®min (b) 200cm®/min.
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Lake water exhibits intermediate concentrations, starting at 22 ppm at 10 minutes,
increasing to 26 ppm at 15 minutes, 30 ppm at 20 minutes, 34 ppm at 25 ramil@&s
ppm at 30 minutes, reaching 62 ppm by 60 minutes. Wastewater again shows the lowest
concentrations, beginning at 17 ppm at 10 minutes, rising to 20 ppm at 15 minutes, 23 ppm
at 20 minutes, 26 ppm at 25 minutesd29 ppm at 30 minutes, peaking at 47 ppm by 60
minutes. These results demonstrate that highep @@ rates lead to increased hydrogen
concentrations across all water types. Distilled water consistently achieves the highest
hydrogen concentration, followed by tap water, lake waelfinally wastewater, which
exhibits the lowest values. The findings indicate that both @@ rate and water type
significantly influence hydrogen solubility and storage capacity. The purity and ionic
composition of the water play a crucial role, with purer water types facilitating greater
hydrogen concentrations.

6.1.4 Time-Depended Hydrogen Production Results

Figure 6.5 illustrates the impact of COnjection into a sonoreactor over time on the
hydrogen production rate, measured in micromoles per minute, at two different flow rates:
100 cm3/min and 200 cm3/mit a 100 cm3/min flow rate, the hydrogen production rates
for various types of water; distilled, tap, lakedwastewater are presented over 15, 30, 45
and60 minutes. Distilled water shows the highest hydrogen production, initially at 0.062
pmol/min at 15 minutes, then decreasing to 0.051 pumol/min atiB0tes, 0.043 pmol/min

at 45 minutesandfinally 0.038 pmol/min at 60 minutes. At a 200 cm3/min flow rate, the
hydrogen production rates increase across all water stiled water shows the highest
production again, starting at 0.092 pmol/min at 15 minutes, then decreasing to 0.078
pmol/min at 30 minutes, 0.076 pmol/min at 45 minwes further to 0.068 pumol/min at

60 minutes. Tap water's rates increase from 0.097 pmol/min at 15 minutes, dropping to
0.085 pmol/min at 30 minutes, 0.080 pmol/min & rinutesand finally to 0.071
pmol/min at 60 minutesLake water shows a comparable pattestarting at 0.102
pmol/min at 15 minutes, decreasing to 0.088 umol/min at 30 minutes, 0.083 pmol/min at
45 minutesandfurther to 0.074 yumol/min at 60 minuté¥astewater shows the lowest yet
improved production, beginning at 0.106 pmol/min at 15 minutes, dropping to 0.091
pmol/min at 30 minutes, 0.086 pmol/min at 45 minwesdthen to 0.077 pmol/min at 60

minutes.
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Figure6.5: Effect of CQ injection into sonoreactaver time period on hydrogen production rate
(micromole/min): (a) at 100 cimin flow rate (b) at 200 cémin flow rate.
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Figure6.6: A comparison ofveragenydrogen production rates between weses: without CO
injection and with C®injection at a rate of 200 cm3/min.

Figure 6.6 presents a comparative analysis of hydrogen production rates in the
selected water types over time intervals of 15, 30arf560 minutes. The comparison is
made between two conditions: without CO [
200 cm3/min. Each subfigure represents a different water type, with blue bars indicating
hydrogen production ndtesawgehbat sCOndi npe:
injection. For Distilled Water, the hydrogen production rate shows a steatsase over
time for both cases. Wi thout CO i njection,
and reaches 0.059 mmol/min at 60 minutes.
0.092 mmol/min and rises to 0.106 mmol/min by 60 minutes, appately doubling the
production rate across all ti me iFotTepr val s
Water, an increase in hydrogen production is also observed overWimd. h o u t coO
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injection, the rate rises from 0.0432 mmol/min at 15 minutes to 0.05 mmol/min at 60

mi nutes. With CO i njection, the productio
mmol/min and increasing to 0.091 mmol/min. This indicates a significant enhamiceme
hydrogen production with CO Il njection con
increased hydrogen production rates with C
starts at 0.0351 mmol/ min and r e amestiers 0. 04 ]
the rate starts at 0.076 mmol/min and increases to 0.086 mmol/min. Though the
enhancement is less pronounced compared to distilled and tap water, the rates are still
considerably higher with CO i nj eaddciioo n. Wa ¢
rates among the four water types, bot h wit

rate increases from 0.027 mmol/min at 15 minutes to 0.034 mmol/min at 60 minutes. With

CO Il njection, the production r awleinri ses
approximately tripling the production rate
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Figure6.7: Investigation ofaveragehydrogen production rate (umol/min) owdifferent time periods and
using different water types.

110



Figure 6.7 presents the hydrogen production rate, measured in pmol/min, across
different time intervals (15, 30, 4&nd 60 minutes) utilizing various types of water
(Distilled, Tap, Lakeand Waste). The updated results indicate a clear trend: hydrogen
production rates increase over time for all water types. Specifically, distilled water
consistently shows the highest production rates, starting at 0.0486 pmol/min at 15 minutes
and rising to M59 pumol/min at 60 minutes. Tap water follows, with productioesat
increasing from 0.0432 pmol/min to 0.05 pmol/min over the same period. Lake water
exhibits a similar pattern, albeit with lower production rates ranging from 0.0351 pmol/min
to 0.041 pmol/min. Wastewater shows the lowest hydrogen production rates)ibggin
0.027 pmol/min at 15 minutes and reaching 0.034 pumol/min by thei6Qte mark. These
results underline the consistent performance hierarchy, with distilled water yielding the
highest hydrogen production, followed by tap water, lake veatdwastevater.

6.1.5 Time-Depended Hydrogen Production Results with Isopropyl

Figure 6.8 demonstrates the effect of wvary
the water solution on hydrogen concentration in the sonohydrogen production process. As
alcohol percentage increases, there is a notable fluctuation in the amourmtradgemy
produced across different reaction times (20,a#@ 60 minutes). At 0% alcohol, the
hydrogen concentration is minimal, measuring 6 ppm after 20 minutes, 13 ppm after 40
minutesand19 ppm after 60 minutes. However, with a slight increase to 2%a@l|dine
hydrogen concentration rises significantly, reaching 22 ppm, 43gmuté5 ppm for 20,

40 and 60 minutes, respectively. The concentration continues to peak at 5% alcohol,
achieving 29 ppm (20 minutes), 59 ppm (40 minués)88 ppm (60 minutes). Beyond

this optimal point, further increases in alcohol concentration result in a gradual decline in
hydrogen output. At 10% alcohol, the hydrogen concentration decreases to 26 ppm, 52 ppm
and78 ppm for the respective time intervals. At 20%, it drops&irto 18 ppm, 36 ppm

and 54 ppm. The most extreme case, at 100% alcohol, sees a dramatic reduction in
hydrogen production, with the concentration falling to only 3 ppm (20 minutes), 7 ppm (40
minutes)and 10 ppm (60 minutes). These results suggest that moderate alcohol levels,
specifically around 5%, are most effective for maximizing hydrogen production,
particularly after 60 minutes, while both very lowi 296) and high alcohol levels (RO

100%) result ineduced hydrogen output.
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Figure6.8: Effect of alcohol percentage in solution on hydrogen concentration

Figure 6.9illustrates the relationship between alcohol percentage in water and the
hydrogen production rate, measured in micromoles per minute (umol/min), at three
different time points: 20, 4and60 minutes. The data shows that for each time point, the
production rate increases as the alcohol concentration rises from 0% to 5%, reaching a peak
at this concentration. At 20 minutes, the production rate starts at 0.025 pmol/min with 0%
alcohol, increaes to 0.119 pmol/min at 5%mdthen begins to decline, dropping td05
pmol/min at 10%, 0.073 pmol/min at 208adfinally to 0.013 pmol/min at 100% alcohol.
At 40 minutes, the production rate begins at 0.051 pmol/min with 0% alcohol, peaks at
0.237 pmol/min at 5%andthen decreases to 0.210 pumol/min at 10%, 0.145 pmol/min at
20% and 0.027 pmol/min at 100% alcohol. At 60 minutes, the production rate starts at
0.076 pumol/min with 0% alcohol, increases to a maximum of 0.356 pmol/min a&ns%
subsequently declines to 0.315 pmol/min at 10%, 0.218 pmol/min at &4$0.040
pmol/min at 100% alcohol. Overall, the data suggests that the optimal alcohol
concentration for hydrogen production is around 5% for all time points, beyond which the

production rate declines steadily. Furthermore, longer durations (from 20 to 60 minutes)

112



generally result in higher production rates, with the highest observed rate being 0.356

pmol/min at 5% alcohol after 60 minutes.
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Figure6.9: Averagehydrogerproduction rates at different mixture of water and alcohol

6.1.6 Comparative Results of TimeDepended hydrogen Production

Figure 6.10 shows the hydrogen concentration levels in storage over time, measured in
parts per million (ppm), for two different types of gas injectismsh a<CO, and air

The data shows how hydrogen concentration changes when subjected to either 200 cm3/min

of CO, or air over a period of 60 minutes. When £@ injected, the hydrogen
concentration starts at 34 ppm after 15 minutes, increasing steadily to 48 ppm at 30
minutes, 62 ppm at 45 minutemnd finally reaching 75 ppm after 60 minutes. In
comparison, with air injection, the hydrogen concentration consistently shows higher
values at each time point: starting at 35 ppm after 15 minutes, increasing to 53 ppm at 30
minutes 71 ppm at 45 minutesnd ultimately reaching 83 ppm after 60 minutes. These

results indicate that air injection leads to a more rapid and higher accumulation of hydrogen
concentration compared to @QOnjection throughout the observed timefraifes
introduction of air and CO I n tprodudtidneateh y d r o ¢

due to their thermodynamic and physical pr
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of sound of these gases determine their cavitation efficiency within the sonoreactor. Air,
with a higher o (1. 4) compared to CO (1.
enhancing cavitation effects that improve hydrogen production. Additiorsgicific

speed of sound ensures better energy transfer and microbubble collapse, further optimizing
hydrogen generation. Experimental data confirms that air injection results in a 10.7%
hi gher hydrogen concentrati on tdhaviatiorC O i
dynamics. These findings support the conclusion that air is more effective in increasing
hydrogen production rates compared to CO
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Figure6.10: Hydrogen concentration in storage for different types of gas injection
6.1.7 The Results ofintegrated SonicHydrogen Generatorand Electrolyzer
The hydrogen generation rateay dependon factors suchas the implementation of
enhancement techniques like ultrasound. Ultrasound is known to create cavitation effects,
which can improve reaction kinetics and mass transfer during the process. The objective of
this section is to evaluate hawrasoundnfluence the hydrogen production rate over time.
Figure 611 compares hydrogen production rates under two conditions: when a
voltage of 2V is applied alone and when it is supplemented with ultrasound at 40 kHz. In

both cases, the hydrogen production rate increases over time. However, a notable
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enhancement in hydrogen production is observed when ultrasound is applied,

demonstrating its significant impact on the electrolysis process.
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Figure6.11: Effect of ultrasound on hydrogen production rate

The application of ultrasound introduces an interactive effect that improves the
efficiency of hydrogen production during electrolysis. Ultrasound at 40 kHz induces
cavitation effects, wherein microscopic bubbles are repeatedly formed and collapsed within
the electrolyte solution. This phenomenon improves the overall process through several
mechanisms. First, the cavitation bubbles improve mass transfer by increasing the mobility
of ions in the electrolyte, facilitating the efficient transfer of reactivexigs to and from
the electrode surfaces. Second, the collapse of these bubbles generates localized high
pressure and higtemperature conditions, which clean and activate the electrode surface,
thereby improving the reaction kinetics. Finally, the medtanand thermal effects
associated with bubble collapse reduce the activation energy required for the hydrogen
evolution reaction, accelerating the generation of hydrogen. Together, these mechanisms
significantly boost the rate of hydrogen production undeasoundassisted electrolysis
compared to the voltagenly condition. This highlights the potential of integrating
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ultrasound as a complementary technique inVoltage electrolysis systems for improved
hydrogen generation efficiency.

In this study, two experiments were conducted to assess the performance of an
alkaline electrolyzeione using only electrical power and the other integrated with an
ultrasound device. In the first experiment, the electrolyzer operated solely on electrical
power, resulting in a hydrogen production efficiency of approximately 80%. This setup
provided a basine for comparison. In the second experiment, the electrolyzer was
integrated with the sonohydrogen system to harness ultrasound technology, potentially
improving the system's performance. The purpose of introducing ultrasound was to
enhance mass transport and improve bubble detachment from the electrode surfaces, which
are believed to hinder the efficiency of hydrogen production in conventional eledrolysi
systems. As a result of these improvements, the hydrogen production rate increased by
about 25% compared to the baseline experiment. More importantly, the overall system
efficiency also increased, rising from the initial 80% to 84%. This indicates hbat t
application of ultrasound not only boosted the production rate but also led to a modest yet
gain in overall process efficiency. The findings demonstrate that integrating ultrasound into
the electrolysis system has the potential to improve both thefraygrogen generation

and the overall efficiency of the process.

6.1.8 Optimal Results ofExperimental Study

In this section, an analysis is presented focusing on measuring the hydrogen production
rate (in micromole/min) for various water sources subjected exclusively to ultrasound
treatment. The goal of this analysis is to assess the efficacy of differentofypeser;
distilled water, tap water, lake wagmdwastewater in producing hydrogen when exposed
to ultrasound energy. By calculating key statistical metrics, including the mean, variance,
standard deviatioandcoefficient of variation for each waterwgaoe, valuable insight can
be gained into both the central tendency and the variability associated with the hydrogen
production rates. Table 6.1 provides an overview of these statistical metrics,
highlighting the mean hydrogen production rate, variance, standard devatobn
coefficient of variation for each water source. These metrics are crucial for understanding
not only the average hydrogen production efficiency for each water type but also the

reliability and consistency of the results.
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Tabolle St andard deviation and statistical

Mean| Variancg Standardeviatior] Coefficient of Variation
Distilled wat{ 0.059| 0.000014 0.003786 6.42
Tap water | 0.05| 0.00000¢ 0.002769 5.53
Lakewater | 0.041) 0.00001 0.003266 7.97
Wastewater 0.034( 0.000007 0.001826 5.37

The mean hydrogen production rate is a measure of the central tendency that describes the
average amount of hydrogen produced per minute across multiple trials fowatsch
source. This metric provides a sense of the overall effectiveness of each water source in
generating hydrogen under ultrasound treatment. The mean hydrogen production rates for
the four water types are as follows: Distilled water has a mean hydvogg@unction rate of

0.059 micromole/min, which is the highest among all the water sources tested. This
suggests that distilled water is potentially more conducive to efficient hydrogen production
under ultrasound conditions. Tap water has a mean hydrogeligiion rate of 0.05
micromole/min, indicating a slightly lower hydrogen production rate compared to distilled
water, yet still fairly effective. Lake water has a mean hydrogen production rate of 0.041
micromole/min, indicating a moderate capacity for fogen generation, which may be
influenced by impurities or organic matter present in natural lake water. Wastewater
exhibits the lowest mean hydrogen production rate, at 0.034 micromole/min, suggesting
that contaminants and other factors in wastewater mirader the efficiency of hydrogen
production. Variance and standard deviation are both measures of the dispersion or
variability of hydrogen production rates for each water type. Variance quantifies how much
the individual measurements differ from the mean, while the standard deviation provides a
more intuitive measure of variability by expressing it in the same units as the mean.
Distilled water has a variance of 0.000044d the standard deviation is 0.003786
micromole/min. These values suggest that tiheeerelatively small degree of variability

in hydrogen production, indicating a high level of consistency in the experimental
outcomes. Tap water shows a variance of 0.000008 and a standard deviation of 0.002769
micromole/min. This lower variance andstiard deviation, compared to distilled water,
suggest that hydrogen production from tap water is also consistent, with slightly less

variation in the observed rates. For lake water, the variance is 0.000011, with a standard
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deviation of 0.003266 micromole/min. The slightly higher standard deviation compared to
tap water suggests more variability in the hydrogen production rates, likely due to the
natural composition of lake water, which may contain organic and inorgani@ascbést

that vary between samples. Wastewater exhibits the lowest variance (0.000003) and a
standard deviation of 0.001826 micromole/min, indicating a relatively low level of
variability. However, despite this consistency, the mean hydrogen productioemaias

lower than the other water types.

The coefficient of variation (CV) is a useful metric for comparing the relative
variability across different water types, as it expresses the standard deviation as a
percentage of the mean. This allows for a direct comparison of variability regardless of t
scale of the mean. Distilled water has a CV of 6.42%, which reflects a moderate level of
variability relative to its high mean hydrogen production rate. Tap water has a CV of
5.53%, indicating that it has relatively low variability compared to the athger types,
which suggests a more reliable hydrogen production rate. Lake water has a CV of 7.97%,
the highest among all the water sources. This indicates greater variability in hydrogen
production, which may be attributed to the diverse constituentemren lake water.
Wastewater has the lowest CV at 5.37%, suggesting that while the hydrogen production
rate is relatively low, the results are consistently repeatable, with minimal varidbiity.
the datait can be concluded that distilled water shothe highest mean hydrogen
production rate, making it the most effective among the tested water sources for hydrogen
generation under ultrasound conditions. However, it also has a moderate level of
variability, as indicated by the standard deviation and TAp water emerges as a viable
alternative with relatively high hydrogen production and the lowest CV among all sources,
suggesting both efficiency and consistentgke water, while capable of producing
hydrogen, displays higher variability, likely due the presence of naturally occurring
impurities. Wastewater, on the other hand, demonstrates the lowest hydrogen production
rate, but with relatively consistent results, as indicated by its low variance and CV. This
could suggest that while wastewater nmmt be the most efficient source for hydrogen
production, the results are repeatable and predictable, which could be advantageous in
specific applications where consistency is prioritized over efficigdegrall, this analysis

provides critical insightsito the hydrogen production potential of different water sources.
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Understanding both the central tendency and the variability of hydrogen production rates
helps in evaluating the feasibility of each water type for practical applications involving
ultrasounedriven hydrogen production. The reliability and efficiency ofditogen
production are key factors that could influence the selection of a suitable water source for

sustainable energy solutions.

6.1.9 Cost Assessment and Scalgp Results

The cost assessment of sonohydrogen production is a crucial factor in evaluating the
systembébs scalability and economi c-bdselasi bi |
energy system, the initial capital costs of key components required for sonohydrogen
production such as the ultrasonic generator ($0.00812M), probe and transducer
($0.01133M)andreactor vessel ($0.00228M) indicate that the core elements of the system
are relatively inexpensive compared to major expenditures like the compressor
($8.66524M) andurbines ($1.62908M). However, when considering the operational costs
and daily production rates, it is essential to analyze how these expenses scale with increased
hydrogen output. Given that hydrogen production contributes 14% of total revenue ($2.3M
amually), a detailed examination of cost per unit production is necessary to determine the
financial sustainability of expanding this systdfrthis system is scaled up, several cost
implications arise. A largescale production setup would require incezhgvestment in
additional equipment, including larger or multiple ultrasonic generators and reactors, to
handle higher hydrogen throughput. Scaling up would also affect operational expenditures,
particularly in terms of energy consumption and maintenartoe cost of electricity is not
considered in this system, as part of the generated electrical power is utilized for hydrogen
production. However, as production capacity increases, the proportion -aftikzdd
electricity may need reassessment to endinat excess power generation remains
profitable. Additionally, the capital cost of storage and transportation must be factored in
as higher hydrogen output necessitates expanded infrastrubtuestimate the cost of
hydrogen production on a daily basis, a scadeprocedure must be followed, adjusting
costs in proportion to the increased capacity. Assuming linear scaling, if the current system
generates $2.3M in annual revenue from hydrogeimaease in production by a factor

of two would proportionlly raise the required capital investment while also doubling the

revenue. However, in reaorld scenarios, scaling effects such as efficiency gains, bulk
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procurement benefitand operational optimizations must be considerBoe net present
value analysis demonstrates that the hydrogen selling price significantly impacts
profitability. For example, a price of $7,000 per ton results in an NPV of $149.1M by 2054,
while a price of $13,000 per ton increases the NPV to $173 M suggests that at higher
production scales, the project remains viable if market demand and pricing conditions are
favorable. A cosbenefit assessment incorporating economies of ,sqaleduction
efficiencyandmarket demand projections will be critical in determining the optimal scale

up strategy for sonohydrogen production.

6.2 Integrated SystemResults
The results of the study on all three systems are presented in this SEeésa.systems
are modeled iengineeringequationsolver program.

6.2.1 System 1Results
The results of thestudy are presented in this section. This section describes model
validation, environmental and overall system performance, results of sensitivity analysis
for various parameters, assessment of environmental impact, results of the thermal energy
storage sstem, exergy destruction resuisdeconomic study results.

(&) Model validation
The developed system is unique and comprises five primary components (ORC, SRC, BC,
DEAS andRO), each modeled separately thdir respective exergy flow rates. To make

the analysis possibl&éhere is a need tom make some assumptions as follows:

1 Inthe exergy and energy equations, changes due to kinetic and gravitational factors
are deemed negligible.

1 The analysis does not account for pressure losses in the pipelines and heat
exchangers.
The system and its components function consistently in a steady state.
The behavior of atmospheric air is assumed to follow the properties of an ideal gas.
The turbines and pumps within the system are considered to have an isentropic

efficiency of 85%.

For the proposed thermodynamic system,

by applying the first and second | aws of
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ensuring consistency and accanmaygsthabaghbe
equations. By meticulously verifying thes:
engineers can confirm that +{wloe |l odelhaacour
system wunder study. The systemsungdertvnen
Engineering Equation1686]wherr e( BHS) spradger apn
including tempemas ssif ewepeemstireul ously <cho
selection was aimed at maximizing the syst
the application of the geneti c Mopteiomwiezrat it dt
modeling underlies an optimization method
par ameters. The primary objective of t his
efficiency and r eTauweél2d i esxpd ragyys d enset rvwaati iadnd .e s
with their upper and | ower bounds. Additio
var i.bdbbldze which displays the state point <ch
confirms the reality of the optimizati on
compatir &1l Qlo

Tabh6l2zdbeci si on varcioalrleessp oanndd ntgh eriafngre sanst emt 1 n

Deci sion variabl Lower Upper Opti mul

Hi gh pressure in700 1200 900
Low pressure in 200 500 311
T.{ K) 280 340 328. 40

Hi phessure in BC3000 5000 4475
Low pressure in 100 3000 2585

T { K) 300 1400 700
Hi gh pressure in5000 250008115
Medi um pressure 100 1000 180.90
Low pressure in 1 150 15. 20
T( K) 500 1000 680
SR@ass flow rate0O0.1 20 7.9
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3CAmmon 275. 21311 2.51 223.1-0.12 1213.

Wat er

31Ammon 289.81900 0.22 156.10.10 1217.
Wat er

32ZAmmon 286. 30900 1.58 -173.40.03 1217.
Wat er

3Ammon 296. 30900 1.46 128.80. 21 1210.
Wat er

34Ammon 273. 40900 1.36 232.5 0.18 1221.
Wat er

3EAmMmon 285. 71900 1.36 -176.00.02 1217.
Wat er

3€EAmMmMon 389. 20900 0.65 1531.(5.009 1414,
Wat er

37AmMmon 294, 70900 0.65 1136. (3. 86 1385.
Wat er

3&EAmMmMon 294. 70900 0.65 1017.1(3. 46 1386.
Wat er

3¢CAmmon 334. 00900 0.12 1393.1(4. 71 1390.
Wat er

4 CAmmon 284. 00900 0.77 50.44 0. 19 1394,
Wat er

41Ammon 264. 80311 0.77 50.44 0. 20 1390
Wat er

4ZAmmon 267. 70311 0.77 1265. (4. 77 1244
Wat er

42|l sobu289.701377.7.56 239.711.13 1302

44| sobu358.001377.7.56 668.2(2.39 1356

45| sobu315.90349. ¢7.56 621.112. 42 1301

4€l sobu289.10349. ¢7.56 237.511.13 1300

4 7Water 289.00100.043.3 66.57 0.24 1396

4 &EWater 289. 0075.0043. 3 66.54 0. 24 1396

4c¢Water 305.0075.0043.3 133.5(0. 46 1396

5CWater 305. 406200.43.3 140. 7(0. 47 1402

51Water 305. 40105.(25.9 135.2(0. 47 1396

52Water 305.405200.17.3 139.8(0. 47 1401

5Water 305.50100.C17.3 135.5(0. 47 1396

54 H 298 100 6. 58

5EAi T 295.001.00 46.6 295. 4(5.69 0.02

5€AI T 275.001.00 46.6 275. 3(5., 62 0. 95

57Ai1 r 275.001.00 18.3 275. 3(5.62 0. 95

5&8AI T 318.001.00 18.3 318.5(5., 76 0.61

In the current system modeling, the exergy efficiencies are the energy efficiencies
because higlguality and hightemperature energy sources are employed. This is verified
with different references such a$95]. As a result, in realorld processes, exergy
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effectively captures both the amount and the quality of energy, which energy alone does
not.

(b)  Overall system performancesults
In this section, thgeneral results of the study are presented, including the main production
value of the developed system, the exergy efficiencies of the tuidmaddse energy and

exergy efficiencies of both the overall system and its subsyskeguse 6.2 presents the

turbineds exergy efficiencies in the propo
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It illustrates that the exergy efficiencies of the gas turbine (GT),-igbsure
turbine(HT), low-pressure turbine (LT), organic Rankine cycle turbine (&Igreverse
osmosis turbine (RT) are 93.77%, 73.48%, 88.45%, 85&4985.3% respectively.
Figure 6.13 displays the efficiency levels of the newly integrated system, along with the
energetic and exergetic coefficients of performance (COPs) for the DH#ASenergy
efficiencies for the BC, OR@GndSRC are noted as 29.69%, 10.49%, 30% and respectively.
In terms of exergy efficiency, the BC ORMdSRC are at 46.74%, 62.7386d53.43%
respectively. Additionally, the DEAS achieves energetic and exergetic COPs of 1.67 and
0.65 respectively. Moreover, the overall system energy and exergy efficiercis 68%
and 71.25%, respectively. As illustrated in Figure 6.14, the system generates 12,839.500
kW of electricity, 791.8 kW for heatingnd937 kW for cooling. Additionally, the system
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has the capacity to produce 32.92 kg/h of hydrogen. In additainte6.4 devotes capacity

of major components.

SRC ORC BC

Cycles

Efficiency (%)
2N WA OO N
O O O 0o © O o

o

Overall

mEnergy efficiency m Exergy efficiency

(@)

1.8
16
14
12

COP

0.8
06
04
0.2

Energetic COP Exergetic COP
DEAS

(b)

Fi goalr3er f orenaalcwat isoymst(ear) lenergy and exergy ef:
and exergetic COPs.

125



14000 40

12000 -
- 30 ©
10000 - 2
= o
< &
2 8000 - c
3 S
1 - 20 3
O ko)
= 6000 4 <
2 &
3 g
4000 4 o
- 10 S,
I

2000 4

o L . , Lo

Heating Cooling Electricity Hydrogen
Useful Outputs

Fi girde Main pofodagsti ems

Tab6blde Capacity ofimapgsteoamponent s

Component Capacity Componen Capacity
Digester hi360 CN3 2900
Compressor 6547 HGN 1034. 9
Gas turbini10332 LGN 256. 75
Ot her turb/ 9480. 74 HHX 529.89
Pumps 420. 48 LHX 144.57
HX1 6160 CHX 77. 35

BL 23752.14 EV 935. 21
CN1 19901.68 ABS 1179.62
CN2 791. 85

(c)  Parametric studgesults for different parameterssystem 1

The sensitivity analysis results for different parameters are presented in this section. Figure
6.15 demonstrates the influence of methane's molar fraction within biogas on the energetic
and exergetic efficiencies of the digester. The performance of the digestion unit is assessed
using thermodynamic balance equations, resulting in energy and exerggnefés
determined to be 72% and 54.07%, respectively. It's established that the digester
necessitates 228.3 kW of heating for its operation. Subsequently, this unit is capable of
supplying 12747 kW of thermal energy to the Brayton cycle's combustion ehafie
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efficiency of the combustion chamber in this cycle is calculated to be 63.22%. Additionally,
it's worth considering the implications of these efficiency values in terms of overall system
performance. The high thermal output to the Brayton cycle suggestgndicant
contribution to the cycle's energy generation capability, highlighting the digester's role in
enhancing the energy efficiency of the integrated systém.Figure shows that elevating

the methane molar fraction from 0.3 to 0.8 leads to enhaeceryetic and exergetic
efficiencies.This outcome is expected, as biogas with a higher methane content typically
exhibits increased energetic and exergetic efficienties.rise in these efficiencies as the
methane molar fraction increases is attributed to the improved calorific value of the biogas.
A higher calorific value means a greater potential for useful work, which in turn enhances
energetic and exergetic perfomt&. Notably, even a marginal increase in the methane
molar fraction can significantlimprove the digester's overall efficiency. This indicates
that optimizing methane levels in biogas is crucial for increasing the efficiency and

sustainability of digestion systems
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Figure6.15: Effect of biogas quality on efficiencies of digedstesystem 1

Figure 6.16 illustrates the effect of the higtmperature generator (HGN) inlet
temperature on the system's performance. It is evident that increasing the HGN inlet
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temperature from 330 K to 350 K leads to notable changes in the COP for both energy and
exergy in the double effect absorption system. Specifically, the energetic COP rises from
1.7 to 2.25, while the exergetic COP increases from 0.66 to 0.74. This snane@a®Ps,
highlighted by the sensitivity analysis results, is attributed to the enhanced thermal
efficiency achieved through the higher inlet temperature, which optimizes energy

utilization in the system and improves overall performance
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Figure6.16: Effect of HTG inlet temperature on COPs efficiendéiesystem 1

Figure 6.17 showcases the outcomes of parametric studyexamining the
correlation between the reference (ambient) temperature emedgy and exergy
efficiencies of the systenThe analysishowsthat the system's energy efficiency maintains
a steady rate of 37.68% as the ambient temperature increases from 275 K to 325 K,
indicating that the system's ability to transform input energy into productive work is
resilient to fluctuations in externalngerature conditions. On the other hand, there's a
remarkablencrease in exergy efficiency, which escalates from 5.59% to 79.08% across

the same temperature spectrdrhis significant rise in exergy efficiency, as unveiled by
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the sensitivity analysis results, suggests that the system becomes increasingly adept at
harnessing available energy for productive work as the ambient temperature rises. The
contrasting trends observed in energy and exergy efficiencies highlight theevagrod

different aspects of system performance to ambient temperature changes: while energy
efficiency, which measures the ratio of productive work against total energy input, remains
unaffected, exergy efficiency, reflecting the system's ability tzetenergy in alignment

with environmental conditions, markedly improves.
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Figure6.17:Effect of referencéemperature on systetrefficiencies

Figure6.18 showstheeffectof varying solar tower output temperatures on the system's
energy and exergy efficiencies. Remarkably, the analysis illustrates that with an increase
in the solar tower's output temperature from 800 K to 1300 K, both energy and exergy
efficiencies experigce substantial improvements. Specifically, energy efficiency climbs
from 37.68% at 800 K to 55.32% at 1300 K, while exergy efficiency increases from 71.25%
to 87.93% over the same temperature intefMak observed trend is rooted in fundamental

thermodyamic principles and mechanisms. Firstly, at elevated temperatures, the
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availability of thermal energy for conversion into mechanical or electrical forms is
heightened, thereby boosting the system's overall energy efficiehisyenhancement is
grounded in the Carnot principle, which posits that a larger temperature differential
between the heat source (solar tower output) and the heat sink (either the environment or a
cooling medium) augments the potential for work produgctitiis elevating thermal
efficiency of the cycle. Furthermore, the sensitivity analysis elucidataggmentation in

exergy efficiency, indicating that the system becomes increasingly capable of exploiting

the work potential of the heat source as the temperature ascends.
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Figure6.19 showsthe effect of SRC mass flow ratenthe system's energy and exergy
efficiencies. The analysis uncovers a noteworthy positive correlation: an increase in the
SRC mass flow rate leads to enhanced efficiencies in both domains. Specifically, energy
efficiency sees an ascent from 37.68% at @ ftate of 7.9 kg/s to 47.02% at 10.9 kg/s,
while exergy efficiency climbs from 71.25% to 80.97% within the same flow rate interval.
This observed improvement in efficiencies as the mass flow rate iasnsaslucidated by
principles of thermodynamics and fluid dynamiéshigher mass flow rate equates to a
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larger volume of working fluid circulating through the system, augmenting its capacity to
absorb and convey energy. This is especially significant for the Rankine cycle, where an
increased flow rate enhances the system's ability to transform thermal entrgy
mechanical work, thereby boosting energy efficiency. Furthermore, the sensitivity analysis
results highlight that the uptick in exergy efficiency is indicative of a more efficient
exploitation of the thermal energy available for performing work.h&srhass flow rate
escalates, it facilitates more effective heat exchange by reducing temperature disparities
within heat exchangers, diminishing thermal irreversibilities. This enhancement in heat
transfer efficiency directly contributes to a higher calitgttof the system to convert heat

into useful work, as evidenced by the increased exergy efficiency.
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Figure6.19: Effect of SRC mass flowate on syster efficiencies

Overall, based on the descriptions of the sensitaiiglyses presented, the parameter
that appears most sensitive is the solar tower output temperature. The sensitivity analysis
shows substantial improvements in both energy and exergy efficiencies with an increase in
the solar tower's output temperaturarirB00 K to 1300 K. Specifically, energy efficiency
jumps from 37.68% to 55.32%ndexergy efficiency increases from 71.25% to 87.93%.

This sensitivity is rooted in thermodynamic principles, where a higher temperature
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differential between the heat source and sink augments the system's potential for work
production, thus enhancing both energy and exergy efficiencies. The significant
improvement in efficiencies over a wide temperature range highlights the solar tower
output temperature as a highly sensitive parameter impacting the system's performance,
demonstrating a pronounced ability to harness and convert thermal energy into work more
effectively as temperatures increase.

(d)  Environment impact assessmeesults

The assessment of environmental impacts within multigenerational energy systems plays
a pivotal role in steering efforts towards reducing carbon dioxide emissions and fostering
the adoption of sustainable energy practices. This approach is essentiabinghoay the
environmental footprints associated with different methodologies of energy production,
thereby providing a clear pathway for the optimization of such systems to ensure a minimal
ecological impact. By engaging in meticulous evaluation and cosgpeof diverse energy
systems, stakeholders can gain a profound understanding of how to effectively enhance
energy utilization, thereby curtailing the environmental consequences that accompany
traditional energy production methods. Focused endeavorguate energy efficiency
alongside concerted efforts to diminish carbon dioxide emissions underscore the
significance of integrating multigeneration systems into the broader matrix of energy
production strategies. Such systems are instrumental in prgp#igntransition towards

more environmentally friendly and sustainable energy paradigms.

In the context of assessing the environmental impacts of various energy systems,
Figure6.20 presents aomparative analysis of three distinct configurations: a conventional
poweronly system, a combined heat and power (CHP) syshmoh an advanced
multigeneration systenlThe essence of this comparison lies in its focus on the exergy
efficiency and C@emissions characteristic of each system, thereby shedding light on their
respective environmental performance metrics. Specifically, the pavhesystem, with
is designed to generate electricity exclusively, demonstrates energy and exergy efficiencies
of 32.94% and 70.57%, respectively, accompanied byed@ssions of 1.563 kg/kWh. In
contrast, the CHP system, which concurrently produces electricity and heat, exhibits
enhanced performance with energy and exergy efficiencies of 35.11% and 70.67%,

respectively and reduced C®@ emissions of 1.467 kg/kwh. However, it is the
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multigeneration system that emerges as the most environmentally advantageous
configuration, producing an array of beneficial outputs. This system achieves remarkable
energy and exergy efficiencies of 37.68% and 71.25%, respectively, with the lowest
recorded C@emissions of 1.367 kg/kWh. It is important to note that the efficiencies and
emission figures cited pertain to operations fueled by natural gas, underscoring the
significance of the energy source in determining the environmental impact of the energy
systems. The findings underscore the potential of multigeneration systems in significantly
reducing CQemissions through the optimized utilization of energy in various applications.
This optimization is not merely a technical challenge but also a strategic endeavor that
necessitates a comprehensive understanding of the interplay between energy efficiency,
environmental sustainabilittand the operational characteristics of different energy
systems. The transition to multigeneration systems represents a fomveidg approach

to energy production, one that harmonizes the objectives of maximizing energy efficiency
with the imperative of mmimizing environmental degradation. This approach is
particularly relevant in the context of global efforts to combat climate change and promote
sustainability in energy production and consumption patterns.
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(e) Thermal energy storage system results

The TES emerges as a cruci al component in
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decreasing dependence on traditional energ

ecowonscious energy framewor k.
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()  Exergydestruction rate assessmeggults
The measurement of exergy destruction is a fundamental concept in thermodynamics,
playing a crucial role in assessing the degradation of resources in various systems. Exergy
efficiency, a key metric in this field, evaluates the proficiency of a systersigyex
utilization, indicating how effectively a system converts available energy into useful work.
Conversely, the exergy destruction ratio is a vital tool for identifying specific areas within
a system where resource degradation occurs, highlighting the msponsible for
inefficiencies. By focusing on diminishing exergy destruction, engineers and scientists
work towards enhancing the overall efficiency of systems, thereby optimizing resource use
and reducing exergy losses. This approach not only impittneesustainability of systems
but also boosts their performance. Exergy destruction measures the extent of resource
deterioration, while exergy efficiency assesses how well a system utilizes its exergy, both
of which are integral in understanding and rmpng energy processes and systems.

Table 6.5 presents the irreversibilities for the main equipment of the developed

system. It can be recognized that the majority of the system's irreversibility occurs in the
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digestion unit, amounting to 153,973 kWhis high amount was expected due to the

highest temperature in the system. The next two subsystems with high irreversibility are

the Brayton cycle and the steam Rankine cycle, at 6,348.4 kW and 7,800 kW, respectively.

The other subsystems exhibit loweresgy destructions. These include reverse osmosis,

double effect absorption system, sonohydrogen pra@s$erganic Rankine cycle, with

exergy destructions of 236.24 kW, 204.71 kW, 185.6d¢W70.26 kW, respectivel
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Figure 6.22 illustrates the relationship between the inlet pressure of the high

pressure turbine and the SRC mass flow rate on the exergy destruction rate within a steam

Rankine cycle, with varying inlet pressures ranging from 5000 kPa to 25000 kPa and for

four different mass flow rates: 7.9, 8.9, @Ad 10.9 kg/s. The trend demonstrates an

increase in exergy destruction rate with rising inlet pressure across all mass flow rates. This

is attributed to the higher temperature gradients encountered at élguatesures,
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increasing irreversibilities and thus, the exergy destruction rate. Additionally, an increase
in the SRC mass flow rate at a fixed inlet pressure also leads to a significant rise in the
exergy destruction rate. This phenomenon is explained by the intmeass undergoing

the expansion process, which amplifies the total system irreversibilities. Key observations
include a marked increase in exergy destruction rate from 16270 kW to 22261 kW as the
mass flow rate increases from 7.9 kg/s to 10.9 kg/s atthest pressure of 5000 kPa.
Similarly, at the highest pressure of 25000 kPa, the exergy destruction rate escalates from
22781 kW to 31241 kW with the mass flow rate increase from 7.9 kg/s to 10.9 kg/s.
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(g) Economic analysigesults

The economic analysis section delves into financial dimensions of the developed
system, scrutinizing various cost components and revenue streams to gauge the project's
economic viability and profitability. This analysis illustrates cost breakdowns, revenue
generation by production categoayd the net present value (NPV) over time, under

different scenarios. For a detailed overview of the initial investment and ongoing financial
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obligations associated with this project, the major capital costs of the plant are presented
in Table 6.6. It is worth mentioning that the cost of electricity is not considered for
hydrogen production since a portion of the system's electrical power is utilized for
hydrogen production before selling electricity.

Tab6blee Capital compioneafy sdhaejmnr

Component Major capital costs of the plant
Digester 0.00180
Solar heliostat 0.04155
Combustion chamber 0.00655
Heat exchangers 0.41966
Compressor 8.66524
Pumps 0.01397
Gas turbine 0.00004
Other Turbines 1.62908
Cold storage tank 0.02855
Hydrogen storage 0.00838
Ultrasonic generator 0.00812
Probe and transducer 0.01133
Reactor vessel 0.00228

Figure 6.23 is a bar chart illustrating various cost categories for a project or
operational budget, measured in millions of dollars. The lowest cost shown is the Total
Capital Expenditure (Total CapEx) at $10.84 million. This is followed by the Budget
Esimation Cost (BEC) at $34.49 million and the Engineering, Procurement, Construction
andCommissioning (EPCC) costs at $41.39 million. The chart shows a significant increase
in costs for the Total Project Cost (TPC) and the Turnover Cost (TOC), whichare ne
$53.80 million and $55.87 million, respectively. Lastly, the Total Operational Expenditure
(Total OpEX) is presented at nearly $48.83 million, which, while not the highest, still
represents a significant portion of the expenses.

Figure 6.24 presents a revenue analysis of a developed system, divided into two parts:
part (a) shows the total revenue generated in USD over onaryeépart (b) displays the
percentage contribution of each production category to the total revenue. The data is
distributed among four production categories: cooling, heating, electrical pavder
hydrogen. Despite a revenue of $123,516, the cooling services contributed less than one
percent to the total revenue. This surprisingly low percentage contribgiven the

revenue amount, suggests that cooling services, although significant, occupy a minimal
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share in the context of the system's overall revenue generation, possibly due to high
operational costs or pricing strategies. The heating category generated a revenue of
$311,155.20, contributing 2% to the overall revenue. This suggests that while heating
services are part of the system's offerings, they constitute a minor portion of the revenue
stream, indicating a secondary role in the system's financial ecosystem. The electrical
power category stands out with a substantial revenue figure of $13,9Q2,38fcounting

for 84% of the total revenue. The prominence of electrical power generation in the revenue
structure underscores its critical role and profitability within the system, highlighting it as
the primary driver of financial growth. Moreover, geateng $2,307,033.60 in revenue, the
hydrogen production category contributed 14% to the total revenue. This considerable
contribution signifies a robust market demand and effective monetization of hydrogen

within the system, marking it as a key comporadrthe revenue strategy.
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Figure 6.25illustrates the net present value (NPV) of the developed system in
different year. Figure 5.23a presents the NPV results over the years. In this scenario, the
system is projected to generate revenue of $8.08 million in 2032. The figure 5.23b depicts
the ewlution of the NPV from 2024 to 2054 under four different hydroges) gdlling
price scenarios. Initially, each scenario commences with an identical NP$58180

million in 2024, indicating a common baseline of initial investment.

139



«10%

14 T T T
12 |- b
10 - b
e g+ .
o)
3
c
o
3 g- i
v 6
4 - —
2 - —
—
0
Electrical Power Hydrogen Heating Cooling
Production Categories
(a)
2%
14%

84% I Heating
I Electrical Power
I Cooling
[—JHydrogen

(b)
Figure6.24: Revenue analysis of developed system by production categotgtalaevenue in
USD over one year and (pgrcentage contribution of each production category to total
revenue.

140



200 T T T T

150

100
=
%
- 50
o
=z
0
-50
_1 00 | | 1 1 1
2024 2029 2034 2039 2044 2049 2054
Year
()
200 T T T T T
150 |-
100 -
s
oA
= 950
o
=z
0 -
———H,, Price = 7000 ($/ton)

-50 4 [ — H2 Price = 9000 ($/ton) |
—_— H2 Price = 11000 ($/ton)
=t H,, Price = 13000 ($/ton)

-100 1 1 1 I I
2024 2029 2034 2039 2044 2049 2054
Year
(b)

Figure6.25: Net presenvalue of systeni in different year: (a) presented values (b) sensitivity
analysis results with different hydrogen prices.

141



For the scenario where the hydrogen price is $7,000 per ton, the model predicts that
the initial negative NPV will be overcome by 2032, turning positive with an NPV of $6.87
million. In contrast, when the hydrogen price is set at $9,000 per ton, theoturdao a
positive NPV occurs slightly earlier, in the same year, but with a higher NPV of around
$9.29 million. Increasing the hydrogen price to $11,000 per ton results in an earlier break
even year by 2031, with an NPV estimated at $1.68 million. Inmib&t optimistic price
setting of $13,000 per ton, the breaken also occurs in 2031, but the NPV soars to $3.74
mil |l ion, showcasing the substanti al I mpact
financials. Each consecutive year demonstrates incremgmtath in NPV, which is
compounded by the respective hydrogen selling price. For instance, by 2035, at the
hydrogen price of $7,000 per ton, the NPV grows to nearly $32.94 million. At the $9,000
price point, it rises to around $36.40 million. With hydrogat $11,000 per ton, the NPV
reaches $39.87 million and at the highest price of $13,000 per ton, it peaks at $43.33
million. This upward trend continues through to 2054, where the NPV at the $7,000
hydrogen price culminates at around $149.1 million. At $9,000 per ton, it reaches $157.2
million. The $11,000 price scenario sees the NPV ascend to $165.3 million and the $13,000
price scenario tops at $173.4 million. The figure clearly indicates that the selling price of
hydrogen has a significant influence tie time it takes for the investment to become
profitable and on the magnitude of financial returns. Higher selling prices for hydrogen
accelerate the breaven point and enhance the NPV considerably each year, reinforcing

the importance of marketpriggn st r at egi es i n the projectaos

6.2.2 System 2Results

The thermodynamic evaluation of the system was conducted utilizing EES p{a§@im

A genetic algorithem is used to find the data and to optimize the performance of the system
(seeTableb6.7). Table6.8 displays the characteristics at each state point (temperature and
pressure are defined as input parameters), whable 6.9 displays various output
guantities along with their corresponding units.addittion, the performance parameters
and their corresponding values are presentd@&bie6.10. It can be seen that, the system

is capable of producing 0.0016 kilograms of hydrogen per second, generating a net work
of 2177 kilowatts, providing 4337 kilowatts for heatisgddelivering 903.8 kilowatts for

cooling. Moreover, the assessment of the system's performance indicated an energy

142



efficiency of 83.28% and an exergy efficiency of 58.71%. Additionally, the system
demonstrated energetic and exergetic COP of 1.646 and 0.6215, respectively.

Tab6l7dbeci si on variables and their cor2espondi

Decision variabl Lower Upper Opti mu
Hi gh pressure in700 1200 908. 89
Low pressure in 200 500 320.10
Hi gh pressure inl@®O0 5000 2798
Low pressure in 100 700 300. 140
High pressure 1 n5000 2500014500
Low pressure in 1 150 80
SRC mass( kfgl/osw r a0. 1 20 0.521
ORC1 mass flow r0.1 20 7.7

Hi ghest temperat500 1000 714

Hi ghest temperat300 600 449

Hi ghest temperat300 600 447

(almpact of environment temperature on sSys:
The effect of environmental temperature on the output of a multigeneration system is
crucial as it can significantly influence the system'’s efficiency and performance, potentially
affecting energy production and resource utilizatieigure 6.26 illustratethe relationship
between ambient temperature and the performance metrics of a system, specifically its
energy and exergy efficiencies. The data indicates that as the ambient temperature increases
from 280 K to 320 K, the energy efficiency remains camissh 83.28%, while the exergy
efficiency exhibits a decreasing trend. It signifies that the system's ability to convert input
energy to useful work is consistent regardless of the external temperature. However, the
exergy efficiency decreases gradually516%. This analysis suggests that while the
system maintains its energy conversion efficiency across the observed temperature range,
its effectiveness in utilizing the available energy, as measured by exergy efficiency,
diminishes as the ambiem¢mpeature increases. Figure 6.27 shows the relationship
between reference temperature and the performance of a system, specifically in terms of
its energetic COP and exergetic CAMPe data shows that as the ambient temperature
increases from 280 K to 320 K, the energetic COP remains constant at 1.646, while the
exergetic COP exhibits a notable increasing trend. The energetic COP stays unchanged,
indicating a consistent energy pearfance of the system. In contrast, the exergetic COP

increases significantly 1.9436, indicating an enhanced ability of the system to effectively
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It should be highlighted

that the performance of the absorption system is compared and verified tgaiimstings

utilize the available energy with the rise in ambient temperature.

in reference[111], which reported an COP of 1.5.
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Figure 6.29 preides a detailed analysis of how the energy and exergy efficiencies
of a system respond to changes in geothermal heat input. This is important as it allows for
the optimization of the system's performance under varying conditions. The data indicates
thatas the geothermal heat input increases from 6621.52 kW to 7080.9 kW, there is a slight
decrease in both the energy efficiency and the exergy efficiency of the system. At a
geothermal heat input of 6621.52 kW, the system shows an energgrefjiof 65.21%
and an exergy efficiency of 48.74%. As the heat input gradually increases to 7080.9 kW,
the energy efficiency slightly decreases to 64.18%the exergy efficiency marginally
decreases to 48.18%. This indicates that while the system is capable of maintaining
relatively stable performance, there is a minor decrease in both efficiencies as the
geothermal heat input increaséde assessment is crucial for recognizing potential
improvements in the system's design and operation to ensure optimal effidfieaciata
indicates that as the geothermal heat input increases from 6621.52 kW to 7080.9 kW, there

is a slight decrease in both the energy efficiency and the exergy efficiency of the system.
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At a geothermal heat input of 6621.52 kW, the system shows an energy efficiency of

65.21% and an exergy efficiency of 48.74%. As the heat input gradually increases to 7080.9

kW, the energy efficiency slightly decreases to 64.18f6 the exergy efficiency

marginally decreases to 48.18%. This indicates that while the system is capable of

maintaining relatively stable performance, there is a minor decrease in both efficiencies as

the geothermal heat input increases. The assessmential dor recognizing pential

improvements in the system's design and operation to ensure optimal efficiency.
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