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ABSTRACT 

This thesis presents an investigation of hydrogen generation using ultrasound technology. 

The experimental setup uses a newly developed integrated system employing ultrasound 

technology. The system operates at 40 kHz with a power output of 100 W. Various 

parameters such as temperature and isopropyl alcohol concentration are used to evaluate 

the hydrogen production process. Presented results indicate a variability in hydrogen 

production rates under different experimental conditions. For instance, distilled water at 

25°C yields a hydrogen production rate of 0.059 µmol/min, which increases to 0.109 

µmol/min at 70°C, demonstrating the positive impact of temperature on hydrogen yield. 

Other water resources such as tap water, lake water and wastewater also show improved 

hydrogen production rates at higher temperatures. The experimental datasets indicate that 

distilled water consistently produces the highest hydrogen yield compared to other water 

types. In terms of alcohol concentration, a 5% concentration produces the highest hydrogen 

production rate of 0.356 µmol/min. Additionally, CO  injection into the reactor enhances 

hydrogen production by up to 30%, whereas air injection leads to a hydrogen concentration 

of 83 ppm after 60 minutes. Compared to conventional electrolysis, ultrasound-assisted 

electrolysis increases hydrogen production from 0.0486 µmol/min to 0.092 µmol/min. The 

conceptual part of the research demonstrates the integration of this hydrogen production 

technique into renewable energy-based multigeneration systems, denoted as System 1,2 

and 3. System 1 produces 12,839.5 kW of electrical power and 32.92 kg/h of hydrogen, 

with an energy efficiency increase from 37.68% to 55.32% by varying the solar tower's 

output temperature from 800 K to 1300 K. System 2 results show an energy efficiency of 

83.28% and an exergy efficiency of 58.71%. Finally, system 3 demonstrates 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 also presents 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 technological 

innovations that enhance our quality of life. Energy fuels transportation networks, 

facilitating global trade and personal travel [1] and in homes, it provides essential services 

such as heating, cooling, lighting and the operation of electronic devices [2]. 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 internal combustion engines, generate 

electricity in power plants and provide the heat necessary for industrial processes [3]. 

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 

atmosphere. In 2024, global CO  emissions from fossil fuel combustion are projected to 

reach a record high of 41.6 billion metric tons. This greenhouse gas traps heat, contributing 

to global warming and climate change. The increasing concentration of CO  exacerbates 

the greenhouse effect, leading to rising global temperatures and accelerating the melting of 

polar ice. For instance, the Greenland ice sheet is losing about 270 billion tons of ice per 

year, significantly contributing to sea-level rise. These climate changes have widespread 

impacts, affecting ecosystems, agriculture, water resources and human 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 dioxide (SO2). 

These pollutants degrade air quality and are linked to respiratory and cardiovascular 

diseases, contributing to increased morbidity and mortality rates [6]. Furthermore, 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 
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environments, causing long-term ecological damage [7]. 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 affected areas. The infrastructure required for fossil fuel 

extraction and transportation, including pipelines and refineries, can also disrupt local 

ecosystems and communities. Large-scale extraction methods, such as open-pit mining and 

hydraulic fracturing (fracking), can lead to deforestation, habitat destruction and increased 

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 and promoting a healthier, more 

sustainable future for all. 

In response to the environmental challenges (e.g., climate change, air pollution, 

resource depletion), there's an increasing shift towards clean and renewable sources of 

energy [8]. Some specific technologies, such as wind turbines, solar panels and advanced 

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 long-term economic benefits of renewable energy. 

Investments in renewable energy are becoming a major driver of economic growth, 

creating jobs in industries such as solar panel manufacturing, wind turbine installation and 

energy 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 inequality, particularly 

in developing regions where renewable technologies can expand energy access and 

improve living standards. 

Renewable energy sources such as solar, wind, geothermal offer several advantages. 

They emit far fewer greenhouse gases and pollutants compared to fossil fuels. This shift 

can lead to cleaner air and a healthier environment. Economically, renewable energy also 

stabilizes energy prices, reduces healthcare costs by mitigating pollution-related 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 landscape [9]. It converts 

sunlight directly into electricity using photovoltaics (PV). Solar energy is abundant, clean 
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and increasingly cost-effective. concentrating solar power (CSP) systems are an innovative 

way to generate electricity from the sun [10]. 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 operation and cost-

effective with low operational expenses. Wind power enhances energy independence, 

supports job creation and allows 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 into existing 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 various life forms and processes that span the universe. 

It has multiple applications including industrial uses, serving as rocket fuel and being utilized 

in fuel cells for generating electricity and powering vehicles. Traditionally, this energy is 

derived from fossil fuels. However, the growing awareness of fossil fuels' negative impacts on 

the environment such as contributing to air pollution and climate change, emphasizes the need 

for more sustainable alternatives. Hydrogen can be sustainably produced using ultrasonic 

technologies. Hydrogen, recognized as a clean and versatile energy carrier, plays a crucial 

role in addressing climate change and ensuring energy sustainability. Its applications span 

various sectors, including transportation, industry and 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 approaches, as depicted in Figure 1.1 and described 

in Table 1.1. 

1.2.1 Electrochemical Methods 

This category encompasses processes like electrolysis, where electricity is used to split 

water into hydrogen and oxygen. Electrolysis becomes particularly appealing when 

powered by renewable energy, resulting in zero-emission hydrogen production.  

The electrochemical process of water splitting occurs at the anode and cathode of an 

electrolysis cell, where the following reactions take place [11]:  
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At the anode:  

H2OŸ2H
++1/2O2+2e

ī        (1.1) 

At the cathode: 

2H++2eīŸH2          (1.2) 

Overall reaction: 

H2OŸH2+1/2O2         (1.3) 

Table 1.1: Comparative analysis of hydrogen production methods: conventional and emerging 

technologies 

 
Criteria Electrochemical 

Method 
Thermo-
chemical  
Method 

Thermal  
Method 

Chemical 
Method 

Biological 
Method 

Photonic 
Method 

Sonic  
Method 

Principle Uses electric 
current to split 
water 

Uses heat to 
induce 
chemical 
reactions for 
hydrogen 
production 

Uses high 
temperatures 
to split water 

Based on 
chemical 
reactions 
without 
external 
energy 

Utilizes 
microorganisms 
to produce 
hydrogen 

Utilizes 
sunlight to 
catalyze water 
decomposition 

Uses 
ultrasound 
waves to 
generate 
hydrogen 
from water 

Energy 
Efficiency 

High with 
renewable 
electricity 

High, 
requires high 
temperatures 

High, but 
requires high 
temperatures 

Variable, 
depends 
on 
chemical 
reactions 

Variable, 
dependent on 
biological 
processes 

High, direct 
use of solar 
energy 

Potentially 
high  

Energy 
Source 

Renewable or 
fossil-based 
electricity 

Fossil fuels, 
biomass 

High thermal 
energy, often 
from non-
renewable 
sources 

Chemical 
energy 
from 
reactants 

Solar energy, 
organic matter 

Solar energy Electrical 
energy for 
ultrasound 

CO2 
Emissions 

Low with 
renewables, 
otherwise high 

Moderate to 
high, 
depends on 
feedstock 

Low to 
negligible, 
but energy 
source 
matters 

Depends 
on 
chemicals 
used 

Low, uses 
renewable 
sources or 
waste 

Low, uses 
solar energy 

Low, if 
powered 
by 
renewable 
energy 
sources 

Infrastructure 
Needs 

Investment in 
electrolysis 
plants 

Established 
for SMR, 
developing 
for others 

High for 
temperature 
management 
systems 

Depends 
on scale 
and 
chemicals 
used 

Developing, 
requires 
bioreactors or 
similar 

Developing, 
needs 
photocatalytic 
systems 

Emerging, 
ultrasound 
equipment 

Scalability Scalable with 
renewable 
energy 
integration 

Scalable, 
especially 
SMR 

Limited by 
high energy 
demands 

Limited by 
chemical 
sources 
and safety 

Potentially 
scalable with 
bioreactor 
advancements 

Depends on 
photocatalyst 
development 

Potential 
for 
scalability 
with 
advances 
in 
technology 

Environmental 
Impact 

Low with 
renewable 
energy 

Depends on 
feedstock; 
generally 
moderate 

Low direct 
emissions, 
but depends 
on energy 
source 

Depends 
on 
chemicals 
and 
processes 

Low, uses 
waste or 
renewable 
resources 

Low, solar 
energy is 
clean 

Potentially 
lower with 
reduced 
energy 
needs and 
emissions 
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Figure 1.1: 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 high-temperature 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 water-gas shift reaction [12]. 

These are represented by the following equations [13]:  

Methane reforming: 

CH4+H2OźCO+3H2         (1.4) 

Water-gas Shift: 

CO+H2OźCO2+H2          (1.5) 

Alternatively, dry methane reforming (DMR) uses carbon dioxide as a reactant: 

CH4+CO2ź2CO+2H2        (1.6) 

Hydrogen 
production 
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Both SMR and DMR require high temperatures (around 1000ÁC) and specific operational 

pressures of 34 bar for SMR and 4 bar for DMR. 

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 energy input required 

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, they tend to be less 

scalable and more suited to smaller applications. The environmental impact varies 

depending on the chemicals used and some processes 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: biophotolysis, photofermentation and dark fermentation. Biophotolysis 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 without sunlight. The advantage 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 water-splitting reactions. In 

this approach, photoactive materials absorb sunlight and generate electron-hole pairs, 

triggering the redox reactions needed to separate water into hydrogen and oxygen. A key 

challenge for photonic methods is identifying efficient, durable photocatalysts that can 

withstand solar radiation and aquatic environments over time. 
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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 oxygen [14]. 

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 the sonohydrogen process [15]:  

Ultrasound-induced dissociation: 

H2O+SsoundŸOH+H         (1.7) 

Formation of hydrogen: 

2OH+2HŸ2H2+O2          (1.8) 

where S is the energy added. 

In summary, hydrogen production methods encompass a variety of techniques, each 

with unique principles that either improve traditional processes or introduce innovative 

pathways. Conventional methods such as steam methane reforming and electrolysis face 

challenges like high energy requirements and greenhouse gas emissions [16]. In contrast, 

emerging approaches, such as ultrasound-based hydrogen production, show promise for 

overcoming these limitations and contributing to more sustainable hydrogen generation. 

These innovations, along with ongoing advancements in hydrogen infrastructure, hold 

potential to facilitate the transition toward cleaner energy systems. 

1.3 Sonic Methods of Hydrogen Production 

The exploration of ultrasound-assisted pathways for hydrogen production is a growing area 

of interest in renewable energy research. The use of ultrasound introduces unique physical 

and chemical effects into these processes, potentially leading to more efficient and effective 

hydrogen production. 

As shown in Figure 1.2, there are six sonic methods identified for hydrogen production: 

sonoelectrolysis, sonocatalysis, sonoelectrocatalysis, sonophotolysis, sonophotocatalysis 

and sonohydrogen. 
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Figure 1.2: Sonic techniques in hydrogen production 

 

1.3.1 Sonoelectrolysis 

Sonoelectrolysis is an innovative technique that combines the principles of ultrasound with 

traditional electrolysis. In this method, ultrasound waves are applied to an electrolytic 

system, where water is typically split into hydrogen and oxygen gases. The introduction of 

ultrasound is found to significantly improve the efficiency of hydrogen generation. This 

improvement is primarily attributed to the reduction in overpotential and ohmic voltage in 

the electrolysis process. The ultrasound waves assist in the removal of gas bubbles from 

the electrode surfaces, enhancing the overall reaction surface area and thus increasing the 

hydrogen production rate. 

1.3.2 Sonocatalysis 

Although sonohydrogen production can occur without catalysts, researchers have explored 

the use of catalytic substances to enhance reaction rates and improve energy efficiency. 

Noble metals like platinum and palladium, as well as metal oxides, are used as catalysts in 

some experimental setups. These materials can lower the energy barrier for water 

dissociation, thereby making the process more efficient. Moreover, reagents like sodium 

sulfate are investigated for their ability to stabilize cavitation bubbles, thereby enhancing 

the overall efficiency of the process. In sonocatalysis, the ultrasonic waves can enhance the 
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catalytic activity by increasing the mass transfer rates and possibly creating more reactive 

surfaces on the catalysts. This leads to a more efficient breakdown of water molecules or 

other hydrogen-containing compounds, ultimately boosting hydrogen production. 

1.3.3 Sonoelectrocatalysis 

 Sonoelectrocatalysis is a hybrid technique that integrates ultrasound with electrocatalysis. 

This method focuses on enhancing the hydrogen evolution reaction, a key process in many 

hydrogen production technologies. By applying ultrasound, researchers aim to improve the 

efficiency and rate of hydrogen production. The cavitation effect produced by ultrasound 

can lead to increased mass transfer and improved contact between reactants and the 

electrocatalyst, thereby enhancing the overall reaction kinetics. 

1.3.4 Sonophotolysis 

Sonophotolysis combines ultrasound with light to promote the chemical reactions 

necessary for hydrogen production. This technique leverages the synergistic effects of 

acoustic and photonic energies to break down water molecules or organic compounds to 

release hydrogen. The results of studies in sonophotolysis vary, with some showing 

significant improvements in hydrogen production rates. The interaction between light and 

ultrasound can create unique conditions that enhance the overall reaction efficiency, though 

the exact mechanisms and optimal conditions are subjects of ongoing research. 

1.3.5 Sonophotocatalysis 

Sonophotocatalysis represents the integration of ultrasonic irradiation with light and 

photocatalysis. This approach utilizes various catalysts under different conditions to 

optimize hydrogen production. The combination of ultrasound and light can enhance  ̀

activity of photocatalysts, leading to increased hydrogen yields. The ultrasonic waves in 

this process can aid in the dispersion of catalyst particles and the removal of gas bubbles, 

while the light source activates the photocatalytic process. Together, these mechanisms can 

significantly boost the efficiency of hydrogen production. 

1.3.6 Sonohydrogen 

Sonohydrogen stands out as a unique method where ultrasound alone is employed to 

produce hydrogen. This process relies on the direct effects of ultrasound, such as cavitation, 

to facilitate the breakdown of water molecules.  
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This approach is particularly intriguing as it presents a simplified, yet potentially effective, 

method for hydrogen generation, relying solely on the physical effects of ultrasound [17]. 

1.4 Industrial  Applications of Ultrasound 

 Ultrasonic technology harnesses sound energy at frequencies beyond the human hearing range, 

typically exceeding 20,000 Hz. This technology has found widespread use across numerous 

fields as presented in Table 1.2. For instance, in the medical sector, therapeutic ultrasound is 

frequently applied in physical therapy, pain relief and promoting tissue regeneration [18]. 

Additionally, ultrasonic surgical tools have revolutionized minimally invasive surgeries, 

offering precision in cutting, coagulating and removing tissues[19]. Another example is 

lithotripsy, a procedure that uses focused ultrasonic waves to break down kidney stones. 
 

Table 1.2: Summary of industrial applications of ultrasounds 

Frequency Range Industrial Application(s) 

40-80 MHz Monitoring car engines performance 

10 MHz Mapping the thickness of the lubricant film along the 
piston skirt and measuring the contact stresses 
between the wheel and rail 

3.1-5 MHz Piping leakage inspection 

2-4 MHz Monitoring the thinning of pipe walls 

500 kHz Detection of axial and circumferential cracks in pipes 

100 kHz Monitoring and analysis of diverse food materials 

70 kHz Discovering corrosion in piping 

70 kHz Discovering notch in piping 

40-48 kHz Car parking sensors 

30-40 kHz Sonohydrogen generation 

4-20 kHz Thermoacoustic heat engine 

400 Hz Thermoacoustic refrigeration 

 

Ultrasonic technology also plays a vital role in quality control and precise instrumentation. 

Non-destructive testing relies on ultrasonic waves to identify defects in various materials, such 

as welds, pipelines and concrete structures [20]. Thickness measurement techniques make use 

of ultrasonic waves to gauge the thickness of materials like glass plastics and metal [21]. 

Ultrasonic flow meters accurately measure the flow rate of liquids and gases, further enhancing 

quality control efforts. In medical imaging, ultrasound is a crucial application, employing high-

frequency sound waves to create real-time images of organs, tissues and blood flow, which is 

essential for diagnosis and monitoring [22,23]. Moreover, ultrasonic technology facilitates 

welding, cutting of materials (like metals and plastics) and cleaning through cavitation in a 

range of industrial sectors [24, 25]. 
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These examples highlight the continuing evolution of ultrasound technology, 

demonstrating its growing influence in fostering innovation and enhancing processes in a 

variety of industries. Its precision, non-invasive characteristics and versatility render it an 

invaluable tool for numerous applications. For example, in industrial cleaning, ultrasound 

proves effective in cleaning materials used in industries such as automotive, electronics 

and pharmaceuticals  [26,27]. Research by Chen et al. [28], explored the use of ultrasound at 

frequencies between 20-25 kHz and a maximum power of 1800 W to improve chemical 

reactions for heavy metal removal from soil. 

 Ultrasonic technology also finds significant application in water treatment, where it 

demonstrates impressive efficacy [29]. Utilizing high-frequency sound waves, ultrasonic 

systems effectively break down organic matter, eradicate harmful microorganisms 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 for 

delivering safe, clean water to communities around the globe. Water treatment 

encompasses several processes aimed at ensuring water 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 reducing secondary pollutant generation, positioning ultrasound as an 

appealing alternative in this field. 

In recent years, ultrasound is extensively employed due to its ability to facilitate 

energy-efficient and eco-friendly production techniques [32]. Various experimental 

approaches are developed to optimize the efficiency of these processes. A commonly used 

technique is the sonochemical reactor, which consists of a reaction chamber paired with an 

ultrasound generator. The generator emits high-frequency sound waves that travel through 

the liquid within the reactor, causing the formation of cavitation bubbles [33]. These 

bubbles, upon collapsing, generate localized high-energy conditions, enhancing chemical 

reactions and process efficiency. 

Ultrasound operates with sound waves at frequencies above the human hearing range, 

typically exceeding 20 kHz. In sonochemistry, ultrasound is categorized into two primary 

types: diagnostic ultrasound, with high frequencies ranging from 2 to 10 MHz, which is 
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widely used in medical applications and low-frequency power ultrasound, between 20 kHz 

and 2 MHz, which induces cavitation in liquids, thereby affecting chemical reactions and 

processes. Different applications utilize various frequency ranges [34], including 

thermoacoustic refrigeration, thermoacoustic heat engines, sonohydrogen production, car 

parking sensors, detection of piping defects like corrosion and notches, food material 

analysis and monitoring, ultrasonic viscometers, food processing and preservation, crack 

detection in pipes, monitoring pipe wall thinning, piping leakage inspection, measuring 

wheel/rail contact stresses, lubricant film thickness mapping along piston skirts and 

monitoring car engine performance. These applications rely on specific frequencies, as 

illustrated in Figure 1.3, which shows their relative ultrasonic frequencies. 
 

 
Figure 1.3: Ultrasound applications at different ultrasonic frequencies. 

 

By examining the diverse applications and experimental uses of ultrasound, 

particularly in water treatment and sonohydrogen generation, researchers can gain valuable 

insights for further advancements. A relevant example in this field is the study by Rashwan 

et al. [35], which explored the use of an ultrasonic water treatment bath to investigate the 

influence of CO2 as a dissolved gas on ultrasonic hydrogen production. This study offers 
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useful perspectives on optimizing ultrasonic techniques in hydrogen generation, 

contributing to more efficient and environmentally friendly energy solutions. 

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 fuels, leading 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 utilizing renewable energy sources and innovative technologies 

to enhance hydrogen production efficiency. The key motivations driving this study include: 

¶ The need to produce hydrogen using renewable energy sources for a sustainable 

and clean energy future. 

¶ The need to investigate new methods to improve hydrogen production compared to 

traditional methods. 

¶ 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: 

¶ To develop, build and test a new ultrasonic-driven hydrogen production system 

experimentally. 

¶ To investigate the performance of the experimental system through energy and 

exergy methods. 

¶ To study the effects of varying operating conditions and injecting different gases, 

such as CO2 and air into the sonoreactor solution on the hydrogen production rate 

and efficiency. 

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

into a conventional electrolyzer. 
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¶ To determine the maximum hydrogen production rates under various operating 

conditions for the experimental sonic hydrogen generator. 

¶ To conceptually develop, analyze, evaluate and optimize three integrated 

multigeneration systems incorporating sonic hydrogen production subsystems, 

determining the energy and exergy efficiencies of each system and evaluating their 

environmental impacts. 

1.7 Novelties 

The novelties of the study aim to enhance the hydrogen production rate using ultrasound 

technology. There are some novelties of the study, listed as follow: 

¶ A novel sonoreactor-based system for sonic hydrogen production is built. 

¶ A vapor collection system, including traps and a condenser, is built specifically for 

the sonic hydrogen generator. 

¶ A conventional electrolyzer is integrated with ultrasound to improve the 

performance of hydrogen production. 

¶ Three new renewable-based 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: 

¶ A new experimental sonoreactor system that utilizes ultrasound for hydrogen 

generation is developed, built and tested, contributing to advancements in 

sonochemical hydrogen production. 

¶ A traditional alkaline electrolyzer is integrated into the experimental sonic, 

demonstrating its potential for improving electrolytic hydrogen production. 

¶ The hydrogen production capacities of the experimental system are investigated 

and evaluated. 

¶ New community-based integrated energy systems are developed, incorporating a 

sonic hydrogen production subsystem. 
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1.9 Thesis Outline 

 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 challenges. It also 

explores the hydrogen production methods and applications of ultrasound technology in 

this context. Additionally, it outlines the thesis objectives novelties and contributions, 

setting the stage for subsequent chapters. Chapter 2 provides a comprehensive review of 

relevant topics, including the cavitation bubble formation process and detection methods 

for cavitation bubbles. It also covers sono-reactor designs, bubble phenomena, 

experimental setups and the applications of ultrasonic methods in hydrogen production, 

offering a foundation for understanding the scientific principles and methodologies 

underpinning the research. In addition, it identifies key research gaps in the literature. 

Chapter 3 describes the experimental apparatus, including the equipment, measurement 

devices and the 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 implementation of the 

ultrasonic methods. Chapter 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 experimental results. 

Chapter 6 presents the results and discussion, showcasing the experimental findings, 

validation studies and integrated system performance analysis. Finally, Chapter 7 

summarizes the key findings, contributions and implications of 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 ultrasound-induced applications like sonohydrogen production. A thorough 

examination of the various stages of bubble formation, from nucleation to collapse and 

post-collapse phenomena, reveals the complexity and potential of cavitation in enhancing 

hydrogen production. Furthermore, the review discusses different experimental setups and 

methodologies that have been explored in previous studies, underlining gaps in current 

research, particularly in the optimization of reactor design, frequency selection and novel 

enhancements such as CO2 injection.  

2.1 Cavitation Bubble Formation Process 

Understanding the formation and behavior of cavitation bubbles is essential for improving 

various ultrasound-induced cavitation applications, such as sonohydrogen production. The 

formation of cavitation bubbles follows several intricate physical processes that are divided 

into distinct stages: (a) nucleation, (b) bubble growth, (c) bubble stability, (d) bubble 

collapse and (e) post-collapse phenomena (see Figure 2.1).  

 
Figure 2.1: Process of cavitation bubble formation in liquid 

 

(a)  Bubble nucleation: 

The first step in cavitation bubble formation is nucleation, where tiny gas-filled cavities 

emerge in the liquid. Impurities, pre-existing air bubbles, or areas of low pressure can 

trigger this process, influenced by the liquidôs properties such as viscosity (ɛ), surface 

tension (ů) and external conditions like temperature (T) and pressure (P). Nanobubbles, 

typically a mixture of water vapor and air, significantly lower the cavitation threshold, 

facilitating easier nucleation under certain conditions. Additionally, the ultrasoundôs 

acoustic properties, particularly its frequency and intensity, have a profound impact on 
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nucleation. Variations in ultrasound pressure can change the nucleation rate, with higher 

frequencies creating more, smaller nucleation sites, while lower frequencies yield fewer, 

larger bubbles. The interaction between ultrasound waves and the thermal characteristics 

of the liquid can also cause localized heating, influencing nucleation. This interplay 

between acoustic and thermal effects is crucial for optimizing sonohydrogen production. 

Nucleation is also heterogeneous, often occurring at specific sites within the liquid, 

like impurities, particles, or microstructural irregularities on the container's surface. 

Understanding these nucleation sites, including their size, distribution and material 

composition, is key to controlling nucleation. Managing these sites is vital for achieving a 

consistent cavitation process, enhancing hydrogen production and improving water 

treatment efficiency. 

(b)  Bubble Growth: 

Following nucleation, bubbles grow due to the influence of ultrasound waves. During the 

low-pressure phase of the acoustic cycle, bubbles expand as the internal gas pressure 

(Pinternal) drops below the surrounding liquid pressure (Pliquid). This expansion is described 

by the Rayleigh-Plesset equation:  

ὙὙ Ὑ                    (2.1) 

where R is the bubble radius and ɟ is the liquid density. During this phase, bubbles may 

coalesce to form larger bubbles. 

Growth dynamics are also influenced by the type of gas inside the bubble and the 

physicochemical properties of the liquid.  

Gases with higher solubility tend to dissolve quickly, limiting bubble growth, while 

less soluble gases promote larger bubble formation. Dissolved gases in the liquid can 

contribute to diffusion-driven growth, where gas molecules enter the bubble, causing it to 

expand. 

Interactions between bubbles during growth are another critical factor. Fluid dynamics 

and acoustic forces can cause bubbles to coalesce, resulting in fewer but larger bubbles. 

These coalescing bubbles significantly impact the efficiency of cavitation processes. In 

sonohydrogen production, bubble size and distribution affect hydrogen generation yield 
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and rate. Controlling this bubble dynamic can lead to more efficient and controlled 

cavitation processes.  

(c)  Bubble Stability: 

Not all bubbles collapse; some reach a stable size, affected by factors such as acoustic 

pressure, liquid viscosity and gas diffusion. This stability is vital in determining the 

bubble's lifespan within the fluid. The concept of the Blake threshold sets the minimum 

pressure required for a bubble to grow explosively, expressed as [34]: 

ὖ ὖ ὖ         (2.2) 

Ὑ ὖ ὖ              (2.3) 

Here, PB is the Blake threshold, P0 is the ambient pressure, R is the bubble radius and Pv 

represents the vapor pressure. The surrounding hydrostatic pressure is usually 1 bar, while 

the vapor pressure is about 2.33 kPa. Surface tension (ů) in water, which is the force acting 

per unit length on a liquid's surface, has a value of 0.0728 N/m. 

Bubble stability is also governed by gas diffusion across its boundary. Gas diffusion, 

either into or out of the bubble, depends on the concentration gradient between the gas in 

the surrounding liquid and within the bubble. If the internal pressure is lower than the 

surrounding gas concentration, gas diffuses into the bubble, stabilizing it. Conversely, 

when internal pressure is higher, gas diffuses out, causing the bubble to shrink and possibly 

collapse. This balance plays a critical role in determining the bubble's ultimate size and 

longevity within the fluid. Additionally, the oscillatory nature of acoustic fields in 

ultrasound further complicates bubble stability. Periodic pressure fluctuations from the 

acoustic waves cause bubbles to experience repeated expansion and contraction cycles, 

known as pulsation. These pulsations help stabilize the bubble by balancing the forces 

acting on it, preventing early collapse. This behavior is particularly significant in processes 

like sonohydrogen production, where bubble stability and pulsation dynamics directly 

impact process efficiency. 

(d)  Bubble Collapse: 

The bubble collapse occurs during the high-pressure phase of the acoustic cycle, resulting 

in extreme temperatures and pressures. This collapse is marked by a rapid reduction in 

bubble size, creating a localized "hotspot" in the liquid, a critical condition for 
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sonochemical reactions like sonohydrogen production. The Keller-Miksis equation 

describes the dynamics of bubble collapse, accounting for liquid compressibility and 

bubble behavior [36]: 

” ρ ὙὙ Ὑ ρ
 
 ρ ὴ ὴ ὴίὭὲς“Ὢὸ     

                                                                                                                                        (2.4) 

where ὴ  is acoustic pressure amplitude, Ὢ is the ultrasonic frequency, ‘ is the liquid 

viscosity, „ is the surface tension, ὴ  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 medium density and R is the bubble radius over time. 

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

ὖ          (2.5) 

where B is the molecular co-volume of the gas inside the bubble, K is the Boltzman 

constant (1.38 × 1023 J/K) [37], and Ng is the total number of the gas molecules [38]. 

Bubble collapse is an energetic process. As the bubble shrinks, the gas inside 

undergoes adiabatic compression, causing significant increases in temperature and 

pressure. This leads to the formation of shock waves and microjets within the liquid, which 

are essential for triggering sonochemical reactions and inducing mechanical effects. In the 

context of sonohydrogen production, these extreme conditions aid in breaking down water 

molecules, generating hydrogen. 

Asymmetric bubble collapse is another key factor. In non-uniform acoustic fields or 

near solid surfaces, the collapse may become uneven, producing high-speed microjets 

aimed at the nearest surface. These microjets generate increased shear forces and enhanced 

mixing in the liquid, which benefits both sonochemical reactions and mechanical processes 

such as cleaning or mixing. Optimizing the efficiency of cavitation-based applications 

requires understanding the factors influencing collapse symmetry, including the proximity 

to solid boundaries and the distribution of acoustic pressure. 

Additionally, repeated bubble collapses in an acoustic field lead to cavitation erosion, 

which gradually damages nearby surfaces, including reactor walls or submerged 

https://www.sciencedirect.com/topics/engineering/acoustic-pressure
https://www.sciencedirect.com/topics/engineering/liquid-viscosity
https://www.sciencedirect.com/topics/engineering/liquid-viscosity
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equipment. This is particularly important in the design and material selection for 

sonohydrogen reactors and other systems based on cavitation. Minimizing erosion is 

crucial for extending the lifespan and ensuring the efficiency of these devices. 

(e) Post-Collapse Phenomena: 

After the bubble collapses, it may either dissolve or undergo multiple rebounds, leading to 

secondary cavitation. These secondary bubbles can interact with the ultrasound waves, 

repeating the cycle of growth and collapse. The dynamics of this stage are complex and 

depend on the initial conditions of both the bubble and the surrounding fluid. 

This post-collapse phase involves several complex behaviors driven by the energy 

and dynamics from the prior collapse. One key phenomenon is the generation of shock 

waves that radiate outward from the collapse site. These shock waves can facilitate the 

nucleation of new bubbles in the surrounding liquid, thereby initiating another cycle of 

cavitation. This is particularly important in sonochemical applications, where shock waves 

can enhance chemical reactions and improve mixing in the fluid. 

Additionally, rebounding bubbles interacting with the surrounding fluid can 

produce significant fluid dynamic effects, such as microstreaming and increased 

turbulence. These effects are advantageous for enhancing mass transfer, which is beneficial 

for applications like water treatment and chemical synthesis. By understanding and 

controlling these post-collapse fluid dynamics, more efficient cavitation-based systems can 

be designed and operated. 

Understanding the stages of bubble collapse and rebound is essential for optimizing 

processes like sonohydrogen production. By adjusting parameters such as ultrasound 

frequency, acoustic pressure and reactor geometry, it is possible to control the stability, size 

and frequency of cavitation bubbles, which in turn affects the efficiency and yield of 

sonochemical processes. 

2.2  Detection Methods for Cavitation Bubbles 

Cavitation bubbles play a significant role in various fields, including industrial processes 

and marine applications. The ability to understand and detect cavitation is essential for 

optimizing these processes and ensuring both safety and efficiency. As highlighted by Wu 

et al. [31], 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 (PCD) and self-sensing cavitation 

detection (SSCD), as shown in Figure 2.2. In 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 involves analyzing the spectrum of noise produced by cavitation 

bubbles. When traditional measuring sensors, such as hydrophones, cannot be used in high-

temperature environments, such as during the ultrasonic processing of molten metals, 

SSCD can serve as a monitoring tool. This method employs high-temperature sensors, like 

a high-temperature cavitometer, or utilizes the existing processing transducers within the 

working medium for detection. 
 

 
 

Figure 2.2: Schematic representation of three distinct acoustic methods utilized for 

characterization of cavitation. 

 
2.3 Acoustic Cavitation: Sono-Reactor Designs and Bubble Phenomena 

Cavitation is a fascinating phenomenon that occurs when pressure changes within a liquid, 

such as water, result in the formation 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 the liquid 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 bubble. The 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 the formation of bubbles in a liquid through 

sound waves, is commonly produced using devices called sonoreactors. Figure 2.3 outlines 

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

 
Figure 2.3: Various sono-reactor 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 wavelengths, leading to the 

formation of cavitation bubbles. Certain designs also incorporate a cooling bath or chiller 

to lower the solutionôs temperature, with the transducer plates positioned either beneath 

or inside the cooling system [39]. 

A comparison of these configurations is presented in Table 2.1. Additionally, Figure 

2.4 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 the efficiency of 

bubble generation and distribution, maintenance needs and the complexity 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 configurations may be tested under different conditions 

to identify the most efficient setup. 

 

 
Figure 2.4: Proposed sono-reactor 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 impact bubble size and the energy dynamics within the bubbles. The fluidôs 

properties are also key; for example, viscosity can dampen bubble movement and slow the 

collapse rate, while surface tension influences bubble formation and stability. The fluidôs 

density affects bubble buoyancy and movement and temperature plays a crucial role as 

well. Higher temperatures tend to lower the fluidôs viscosity and surface tension, leading 

to altered bubble behavior. 

The geometric constraints of the system, such as the size and shape of the container 

or reactor, also play a significant role in bubble behavior. These constraints can affect how 

bubbles interact with their surroundings, influencing processes like bubble growth, 

movement and collapse. It is important to distinguish acoustic cavitation bubbles from 

Taylor bubbles. While Taylor bubbles are shaped and influenced by the physical properties 

of the tube and gravitational forces, acoustic cavitation bubbles are primarily governed by 

sound wave dynamics and the fluidôs properties. This distinction is further outlined in Table 

2.2. 

 

Table 2.1: Comparative analysis of sono-reactor configurations for acoustic cavitation bubble 

generation 

Type Probe 
Location 

Plate Location  Cooling 
Method 

Advantage Disadvantage 

A Bottom-
Bath 

No Plate Natural ¶ Lower construction costs 
due to a natural cooling 
method. 

¶ Bottom placement of 
probe may facilitate 
bubble dispersion. 

Not suitable for 
configurations 
requiring top 
placement of probe. 

B Top-
Vessel 

No Plate Natural ¶ Lower construction costs 
due to a natural cooling 
method. 

¶ Probe at top may 
facilitate maintenance. 

Possible inefficient 
dispersion of 
bubbles. 

C No 
Probe 

Right and left 
side -Not directly 
connected to the 
vessel 

Natural ¶ Lower construction costs 
due to a natural cooling 
method. 

¶ Both probe and plate 
utilized for better 
efficiency. 

Complexity in setup. 
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D Top-
Vessel 

Right- Direct 
connection to the 
vessel 

No 
cooling 

¶ The right placement of 
plate may offer unique 
benefits. This might be 
useful in some 
experiments. 

¶ Probe at top may 
facilitate maintenance. 

¶ Both probe and plate 
utilized for better 
efficiency. 

Lack of cooling 
method 

E Top-
Vessel 

Bottom- Not 
directly 
connected to the 
vessel 

Natural ¶ Lower construction costs 
due to a natural cooling 
method. 

¶ Probe at top may 
facilitate maintenance. 

¶ Both probe and plate 
utilized for better 
efficiency. 

No direct connection 
of plate to vessel 
can lead to 
inefficiency. 

F No 
Probe 

Bottom- Not 
directly 
connected to the 
vessel 

Natural ¶ Lower construction costs 
due to a natural cooling 
method. 

 

Lack of probe may 
affect efficiency. 

G No 
Probe 

Bottom- Not 
directly 
connected to the 
vessel 

Natural ¶ Lower construction costs 
due to a natural cooling 
method. 

 

Lack of probe may 
affect efficiency. 

H Top-
Vessel 

Bottom- Direct 
connection to the 
vessel 

Forced ¶ Chiller offers effective 
cooling. Both probe and 
plate utilized. 

¶ Probe at top may 
facilitate maintenance. 

¶ Both probe and plate 
utilized for better 
efficiency. 

Complexity and cost 
of setup. 

I Top-
Vessel 

No Plate No 
cooling 

¶ Probe at top may 
facilitate maintenance. 

Lack of cooling 
method could affect 
efficiency. 

J Top-
Vessel 

Bottom- Direct 
connection to the 
vessel 

No 
cooling 

¶ Probe at top may 
facilitate maintenance. 

¶ Both probe and plate 
utilized for better 
efficiency. 

Lack of cooling 
method could affect 
efficiency. 

 

In the context of acoustic cavitation, the Weber number may help predict whether a 

bubble will undergo stable oscillations or break up. The Weber number is a dimensionless 

number that gives an indication of the relative importance of the fluid's inertia compared 

to its surface tension.  
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The Weber number can be calculated as follows: 

ὡὩ                 (2.6) 

where ” is the density of the fluid, L is the characteristic length (typically the diameter of 

the bubble), ὺ  is the velocity of the fluid relative to the object and „  is the surface tension 

of the fluid. 

Table 2.2: Comparison of acoustic cavitation bubbles and Taylor bubbles 

Aspect Taylor Bubbles Acoustic Cavitation Bubbles 

Formation Form in two-phase flow systems, 
especially in narrow vertical tubes. 

Form in a liquid due to rapid pressure changes 
induced by sound waves. 

Shape Elongated, bullet-like shape with a 
distinct nose and a trailing liquid 
film. 

Generally spherical or near spherical. 

Size Large, often occupying a 
significant portion of the tube's 
cross-section. 

Smaller in size, not constrained by tube 
dimensions. 

Flow Regime Occur in slug flow regimes within 
tubes. 

Not specific to any flow regime in tubes; occur in 
bulk liquid. 

Influencing 
Factors 

Influenced by tube diameter, fluid 
viscosity, surface tension and 
gravity. 

Influenced by the frequency and amplitude of 
sound waves, fluid properties and ambient 
conditions. 

Behavior Stable elongated shape, moving 
steadily along the tube. 

Dynamic behavior with cycles of growth and 
collapse, influenced by oscillatory pressure fields 
of sound waves. 

Typical 
Environment 

Found in low-viscosity liquids in 
vertical tubes. 

Can occur in various liquids subjected to 
ultrasonic or acoustic energy. 

Gravitational 
Influence 

Gravitational forces significantly 
affect shape and motion. 

Gravitational forces are less influential compared 
to the forces induced by sound waves. 

 

In bubble dynamics, the Bond number helps in understanding the shape of the bubble 

and its rise behavior in the fluid. The Bond number measures the influence of gravitational 

forces compared to surface tension forces. It is calculated using the formula: 

ὄέ                  (2.7) 

where ῳ” is the difference in density between the two phases (liquid and gas), g is the 

acceleration due to gravity, L is the characteristic length.   

To calculate the Weber and Bond numbers for bubbles, several key physical properties 

of the fluid must be considered, including its density and surface tension, as well as the 

size of the bubbles. In the case of the Weber number, the relative velocity between the 
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bubble and the fluid is also important. These values can differ widely depending on the 

experimental setup, the type of liquid involved and the specific conditions under which 

cavitation is induced. 

Additionally, the Rayleigh-Plesset equation is crucial for describing the radial 

dynamics of oscillating bubbles in an incompressible fluid. This equation provides insights 

into how changes in bubble size, pressure fluctuations and fluid properties affect the 

behavior of bubbles. Important factors such as fluid viscosity, surface tension, temperature 

and acoustic parameters (like frequency and intensity) significantly influence the 

formation, growth and collapse of bubbles. A comprehensive understanding of these factors 

is essential for optimizing sonochemical processes, including sonohydrogen production 

and water treatment, by connecting the theoretical framework of bubble dynamics with 

practical applications. 

In summary, the study of ultrasound-induced cavitation provides valuable insights into 

the mechanisms, operating conditions and applications critical for optimizing 

sonohydrogen production and other sonochemical processes. The process, involving stages 

like nucleation, growth, stability, collapse and post-collapse phenomena, along with key 

operational factors such as ultrasound frequency, intensity and sonication duration, 

significantly impacts the effectiveness and results of ultrasound-assisted experiments. 

Choosing the right sono-reactor design and understanding bubble dynamics are crucial for 

enhancing the efficiency of cavitation-based technologies. Additionally, various methods 

for detecting cavitation bubbles, including active, passive and self-sensing techniques, 

offer essential tools for monitoring and managing the cavitation process. This knowledge 

not only deepens our understanding of cavitation's fundamental science but also opens up 

new possibilities for applications in energy production, environmental conservation and 

more. The integration of advanced water treatment techniques with cavitation technology 

emphasizes a comprehensive approach to addressing global issues related to energy, water 

shortages and environmental sustainability. 

2.4  Experimental Setups and Applications Using Ultrasonic Methods  

This section starts by providing an overview of various experimental setups and 

applications involving ultrasound technology. It will then focus specifically on 

experimental configurations used in water treatment and hydrogen production. As 
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previously mentioned, ultrasonic technology has seen growing use across numerous 

industries for a wide range of applications. In the medical field, it plays a key role in 

therapeutic ultrasound, ultrasonic surgical tools and lithotripsy. In quality control and 

precision instrumentation, ultrasound is crucial for non-destructive testing, thickness 

measurement and ultrasonic flow meters. It is also essential in medical imaging, providing 

real-time visualizations of organs, tissues and blood flow. Ultrasound's industrial 

applications are diverse, including ultrasonic welding, cutting and industrial cleaning. 

Ultrasonic cleaners, for instance, utilize cavitation bubbles to effectively remove 

contaminants from sensitive items or complex components. The following section reviews 

studies that implemented various sono-reactor designs. 

Polachini et al. [40], utilizing Type B, explored the effectiveness of converting electric 

energy to acoustic energy within acid suspensions. Their experiments involved 2 liters of 

untreated CB acid suspensions housed in a jacketed stainless-steel chamber. To maintain a 

consistent temperature of 20 ÁC, a thermostatic bath was employed. Ultrasound was 

introduced to the suspensions using an ultrasonic processor equipped with a 22 mm 

diameter titanium sonotrode, operating at a frequency of 24 kHz. The study varied the input 

power from 160 to 400 W, resulting in acoustic intensities between 12.90 and 68.57 W/cmĮ. 

Son et al. [41], using Type D, conducted a study with a large-scale sonoreactor and 

potassium iodide dosimetry to examine the correlation between cavitation energy 

distribution at various ultrasonic frequencies and sonochemical efficiency. The frequencies 

evaluated were 35, 72, 110 and 170 kHz, with a system power input of 240 watts. The 

results revealed that the most significant and consistent cavitation energy distribution 

occurred at 72 kHz, while the distance encompassing half of the cavitation energy was 

greater at 35 kHz, indicating higher cavitation energy per cycle at lower frequencies. In 

contrast, the cavitation energy distribution at 110 and 170 kHz was much lower and less 

effective. The relationship between cavitation energy and sonochemical efficiency was best 

described by a quadratic fit, with efficiency assessed over a range of cavitation energies 

from 31.76 to 103.67 W. Throughout the experiments, the water temperature in the 

sonoreactor was maintained at 18-19ÁC without cooling and the tests were conducted after 

aerating the water with three air diffusers for 20 minutes to reduce the effects of degassing. 
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Dehane et al [42], utilizing Type G, conducted a study to determine the number of bubbles 

in a sonicated liquid. They performed sonolysis experiments at an ultrasound frequency of 

300 kHz using a standing wave sonoreactor with a 500 mL capacity. The sonoreactor was 

driven by a piezoelectric disk powered by an electric generator, allowing operation at 

different power levels of 20, 40 and 60 W. In all experiments, water was used as the 

sonicated liquid. 

Son et al. [43], using Type J, employed a 20 kHz probe system to investigate cavitation 

activity under varying experimental conditions. The study explored the influence of 

different factors on sonochemical reactions in a probe-type sonicator system, proposing 

optimal conditions for achieving high sonochemical activity. These conditions included 

positioning the probe close to the bottom of the vessel and maintaining an optimal liquid 

height. The experiments were conducted using a 20 kHz probe-type sonicator with a 

threaded titanium alloy probe, featuring a replaceable tip with a diameter of 13 mm. The 

probe was placed in a 500 mL glass vessel for the experiments. 

In addition to the aforementioned applications, ultrasounds can also be incorporated into 

energy systems for water treatment and hydrogen production, as shown in studies [45, 46]. 

These examples highlight the adaptability of ultrasound technology across multiple sectors 

of mechanical engineering, with particular emphasis on sustainable energy and 

environmental solutions. 

2.4.1 Experimental Setups and Applications Utilizing Ultrasound for Hydrogen 

Production 

There are a few techniques to produce hydrogen using ultrasounds. A technique to spilt 

water molecules into oxygen and hydrogen gases is water electrolysis using an electric 

current. This is useful in industrial and scientific applications, such as hydrogen fuel 

production and the establishment of clean energy storage systems. Use of ultrasound 

technology can increase the efficiency of water electrolysis using improving the rate of 

reaction and reducing the energy input required to produce hydrogen and oxygen gases.  

Applying ultrasound waves to water during the electrolysis process, can facilitate the 

formation of gas bubbles, which increases the surface area of the electrodes and helps more 

efficient gas separation [46].  Additionally, the mechanical agitation caused by the 
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ultrasound waves can also promote the movement of ions and electrons, further enhancing 

the efficiency of the process. 

In this section different experimental set-ups are demonstrated for those including 

hydrogen or hydrogen peroxide production. For example, Petrier & Francony [47] and 

Jiang et al. [48], performed studies using ultrasonic waves at a frequency of 20 kHz, 

generated by a titanium horn with a 3.5 cm diameter, powered by a Branson Sonifier 450. 

They also used higher frequency transducers operating at 200, 500 and 800 kHz, with a 

piezoelectric disc of 4 cm diameter, connected to a high-frequency power source from 

Electronic Service. On the other hand, Merouani et al. [49] carried out experiments using 

a 300 kHz piezoelectric disc, from which ultrasonic waves were emitted from the bottom. 

Additionally, they conducted tests at even higher frequencies of 585, 860 and 1140 kHz, 

employing a Meinhardt multi-frequency transducer (model E/805/T/M) with a 5.3 cm 

diameter. The experiments demonstrated an increase in the production rate of H2O2 with 

the frequency increase, reaching a peak before declining. 

Using Type A, the influence of ultrasound on the behavior of bubbles on a stainless 

steel plate electrode during HER was explored in the study of Cho et al. [50]. In this 

experiment, a reactor with dimensions of 50 Ĭ 50 Ĭ 65 mm and a working volume of 20 ml 

was used. Ultrasound was generated by installing a 700 W single probe type ultrasonic 

transducer operating at 20 kHz. A sonotrode with a diameter of 10 mm was used, which 

was submerged 20 mm through the base of the reactor with the aid of an O-ring. The 

ultrasonic probe tip was positioned 10 mm away from the base of the inner cell. An 

electrolyte consisting of distilled water and NaOH was used in the experiment. The velocity 

and diameter of bubbles in HER were observed in the analysis, with data collected through 

high-speed imaging under both sonication and silent conditions. In the study of Lee and Oh 

[51], the aims were to assess the increase and decrease in the production of H2O2 and to observe 

the regions where the reaction caused by sound waves occurs. The experiments were conducted 

employing Type C and using frequencies of 28, 584 and 970 kHz. The temperature of the liquid 

inside the reactor was maintained at 20 Ñ 1 ÁC. Various power levels were employed, including 

100, 150, 200, 300 and 400 W. A solution volume of 3.9 L was utilized and samples of 3 mL 

were gathered for H2O2 investigation every 10 minutes for a total of 60 minutes. 
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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 of H2O2, 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 distilled water was utilized. The temperature 

of the solution was carefully maintained at a constant level of 18 ± 2 °C. 

Mizukoshi et al [53], using Type F,  conducted a study in which they subjected organic 

liquids to sonication at different temperatures under an argon atmosphere. In their study 

one of the main decomposition products was hydrogen. The sonication process was 

evaluated using an ultrasonic generator with a frequency of 200kHz and a power density 

of 6 W/cm. An oscillator made of barium titanate with a diameter of 65 mm was used. The 

sonication experiments were carried out in a cylindrical glass vessel with an inside diameter 

of 20 mm and a total volume of 38 ml. A volume of 10 ml of argon-purged organic liquids 

was sonicated. The sonolysis experiments were conducted at various temperatures ranging 

from 5 to 50ÁC and a water bath was used to control the vapor pressure of the organic 

liquids. The resulting gaseous sonolysis products included carbon monoxide, propylene, 

ethylene, acetylene, propane, ethane, methane and hydrogen. 

In their study, Mohapatra et al [54], presented the utilization of sonoelectrochemistry 

to create nanotubes, which are then examined for their ability to produce hydrogen through 

photoelectrocatalysis via water splitting (Type F with electrodes) . The process involved 

anodization of titanium foils in a 300 ml electrolytic solution, with the assistance of 

ultrasonic waves operating at a power of 100 W and a frequency of 42 kHz. The 

experiments were conducted at the room temperature ranging from 22 to 25ÁC. 

Hassanzadeh [55], 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 variables, such as the active surface area of electrodes and the electrolyte 

solution. The hydrogen yield was quantified with a hydrogen flowmeter and the mean 

productivity efficiency of the electrolysis cell was calculated to be 78%. The findings 

revealed that the implementation 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 about 70% and the hydrogen 

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 surface for electrochemical reactions, 

which in turn improved the production of hydrogen. 

In the study of Pham et al. [56], an approach have developed to explore the potential 

of using ultrasound power for converting waste into energy in an environmentally friendly 

manner. The sonolysis process was carried out in an ultrasonic cleaner bath operating at 40 

kHz to produce CO, methane (CH4) and hydrogen (using Type G). The experiment 

involved using a 10 mL solution of Rhodamine B (RhB) with a known concentration, 

ranging from 5 to 100 ppm, which was placed in a 20-mL headspace vial with a septum 

cap. In addition, the acoustic intensity was found to be approximately 38 W/L.  The overall 

experimental arrangement for this study, consisted of an Ultrasonic bath, a Reactor vial, an 

Inside thermocouple, an outside thermocouple, a timer controller, two peristaltic pumps, a 

cooling coil, a cooling bath thermocouple and an interface. 

In the study of Shestakova et al. [57], 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 on 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 utilizing 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 minī1, occurred at 381 kHz, 20 

mA and an ultrasonic power of 0.02 W/cm3. 

The study of Kerboua and Merabet [58], aimed to explain the mechanism of action of 

acoustic cavitation in alkaline sono-electrolysis, specifically focusing on factors such as 

hydrogen production rate and the contribution of ultrasounds the overall process. In this 

experiment Type G with electrodes was employed.  In an H-cell, a 300 mL solution of 

KOH was subjected to electrolysis while being exposed to ultrasonic waves in a bath. The 

https://www.sciencedirect.com/topics/chemistry/rhodamine-b


33 

 

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 power rating of 60 

W. 

Singh and Sinha [59] 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 stainless-steel tip with a diameter of 4 mm, linked to a PZT transducer type 

ultrasound generator able to produce ultrasound at a frequency of 20 kHz and varying input 

powers from 10 to 40 W. The catalyst used was (Cadmium Sulfide) CdS supported by RGO 

(Reduced Graphene Oxide), with one gram of catalyst suspended in 250 mL of aqueous 

solution. The pH of the solution was maintained at 8.6 and the pressure inside the reactor 

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

approximately 299 K. 

McMurray et al. [60], evaluated the use of a titanium sonotrode and ultrasonic 

irradiation to enhance the rate of electrochemical hydrogen evolution in a neutral aqueous 

electrolyte, employing Type I electrodes. They utilized a sono-electrochemical cell 

arrangement with a titanium (Ti) tip sonotrode.  For the experiment, they employed a 20 

kHz ultrasound generator equipped using a typical 10 mm flat Ti tip. The power level was 

adjusted to 26 W/cm2. The electrolyte temperature was maintained constant within 1ÁC 

during the experiment and voltametric assessments were kept at 30ÁC. 

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 methodologies, outcomes and 

efficiencies. A comparative analysis reveals that the frequency of ultrasound waves plays 

a critical role in optimizing the hydrogen production rates, with studies demonstrating that 

higher frequencies tend to increase H2O2 production up to a certain peak before 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 electrolytic cell, significantly 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 
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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 to have a notable 

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 ultrasound-assisted electrolysis 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 life on Earth, has become increasingly important as the global 

population expands and industrial activities intensify. This surge in demand has 

necessitated the development of effective water treatment methods to ensure a sustainable 

supply of clean water. Water treatment processes remove contaminants and undesirable 

components, making it safe for consumption and various industrial applications. The 

significance of water treatment becomes even more pronounced when considering 

innovative applications like the sonohydrogen production process. Utilizing treated water 

in the sonohydrogen process not only enhances the efficiency of hydrogen production but 

also ensures that the process is environmentally sustainable. The quality of water used in 

the sonohydrogen process is crucial, as impurities can affect the reaction dynamics and the 

overall energy efficiency of the system.The availability of fresh, potable water is becoming 

threatened due to pollution and overexploitation of natural water sources. In Table 2.3 some 

of the most effective methods used to remove contaminants from wastewater are explored. 

While there is extensive research on water treatment methods, there is a notable scarcity of 

studies focusing on the production of hydrogen using treated water. 

Table 2.3: Water treatment methods 

Water Treatment Method Description Reference  

Suspended Solid Removal Separates and removes solid particles like dirt and debris 
through sedimentation or filtration, improving water clarity 
and reducing environmental harm. 

 [61] 

Adsorption Techniques Involves contaminants binding to the surface of a solid 
adsorbent, effectively removing organic pollutants, heavy 
metals and certain chemicals. 

[62] 

Ion Exchange Exchanges ions in wastewater with a solid resin, removing 
dissolved inorganic pollutants like heavy metals, calcium 
and magnesium ions. 

 [63] 
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Reverse Osmosis Utilizes a semi-permeable membrane and applied pressure 
to purify water, leaving behind pollutants. 

 [64] 

Electrodialysis Uses an electric field to remove ions, particularly useful in 
desalination processes. 

 [65] 

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

 [66] 

Nutrient Removal Targets the reduction of nutrients like nitrogen and 
phosphorus to prevent eutrophication in water bodies. 

 [67] 

Solar Desalination Leverages solar energy to produce fresh water by 
evaporating and condensing water, leaving behind salts 
and impurities. 

 [68] 

Advanced Oxidation 
Processes (AOPs) 

Utilizes powerful oxidants to generate hydroxyl radicals that 
degrade a wide range of pollutants. 

[69] 

Ultrasonic Disinfection Kills microorganisms using cavitation bubbles created by 
high-frequency sound waves. 

[70] 

Ultrasonic Degradation of 
Organic Compounds 

Facilitates the removal of organic pollutants in water 
through sonochemical degradation. 

[71] 

Ultrasonic Membrane 
Cleaning 

Cleans membranes in water treatment processes, 
dislodging materials like biofilms and particles. 

[72] 

Ultrasonic AOPs Combines ultrasonic waves with other advanced oxidation 
techniques for water treatment, generating reactive species 
like hydroxyl radicals. 

[73] 

Ultrasonic Dechlorination Removes chlorine or chloramine from water using high-
frequency sound waves. 

[74] 

Ultrasonic Treatment for 
Algae-Laden Water 

Optimizes algal removal and the release of algae organic 
matter in water treatment. 

[75] 

Ultrasonic Treatment of 
Textile Wastewater 

Employs high-frequency ultrasound for the degradation of 
Indigo dye substances in textile wastewater. 

[76] 

 

2.4.3 Hydrogen Production with Treated Water 

In the context of sonohydrogen production, treated water serves as the primary reactant. 

The process involves the dissociation of water molecules into hydrogen and other radicals, 

a reaction that is energy-intensive but holds significant potential for clean energy 

generation. By employing ultrasonic irradiation, the sonohydrogen process can efficiently 

produce hydrogen, a clean and renewable energy source. The integration of water treatment 

and sonohydrogen production exemplifies a holistic approach to resource management and 

energy generation. By utilizing treated water, the sonohydrogen process not only 

contributes to resolving the energy crisis but also supports water conservation efforts, 

showcasing an innovative synergy between environmental sustainability and energy 

production. This approach ensures that the increasing demands for clean water and 

sustainable energy are addressed in a manner that benefits both the environment and future 

generations.  
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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 adding chemicals 

to the water that bind with dirt and dissolved particles, 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 through filters to 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 of sono-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 molecules into 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 captured and stored. Hydrogen storage can be in the form of high-pressure tanks, as 

a liquid in cryogenic tanks, or through metal hydrides or other chemical means. Stored 

hydrogen is a versatile energy carrier that can be used for various applications, including 

fuel cells for electricity generation, hydrogen-powered vehicles and as a feedstock for 

chemical industries. This 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 promote sustainability and reduce reliance on fossil fuels. In a study, 

Rashwan 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 the discussion on electrocoagulation-enhanced technology for removing pollutants 

from water and the detailed explanation of the ultrasonic-aided 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 

sedimentation, filtration and reverse osmosis, 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.  

 

 
Figure 2.5: An example method for sonic hydrogen production with treated water 

 

In summary, the integration of advanced water treatment methods with sonohydrogen 

production represents a forward-thinking approach to simultaneously addressing the 

challenges of water scarcity, environmental sustainability and 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 capable of producing high-purity 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 experimental setup for sonohydrogen production, there 

are various parameters to consider (see Figure 2.6). The efficiency of the sonohydrogen 

production process can be affected by several factors, such as power density, ultrasound 

frequency, catalysts and reactor design [78]. 

(a) Frequency 

The acoustic frequency is a key parameter in sonohydrogen production. High-frequency 

ultrasound waves can generate high-pressure regions in the solution, which are essential 

for the formation and subsequent collapse of cavitation bubbles. This collapse produces 

conditions conducive to the dissociation of water molecules into hydrogen and oxygen. 

The effectiveness of ultrasound in promoting hydrogen production depends on the 

cavitation phenomenon. Lower frequencies are more effective for creating cavitation 

bubbles, which is essential for disrupting water molecules. The results of a parametric 

analysis of a study [39] indicated that the greatest cavitation energy aligns with the peak 

negative pressure, which occurs within the frequency range of 60 to 80 kHz. 

The pressure variation P(t) in an elastic medium can be described by the following equation 

[79]: 

 ὖὸ ὖίὭὲ ς“Ὢὸ—        (2.8) 

where PA represents the amplitude of the acoustic pressure, f denotes the wave's frequency. 

 As the frequency rises, it becomes essential to elevate the amplitude (or intensity) of the 

irradiation to preserve the same level of cavitation energy. This makes inducing cavitation 

in liquids at higher frequencies, like those in the MHz range, more challenging. The 

rationale behind this is those higher frequencies lead to shorter compression and rarefaction 

cycles. For cavitation to occur, sufficient time is needed for the molecular separation to 

happen. 
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Figure 2.6: Factors affecting sonohydrogen production 

 

(b) Power 

Power, or the intensity of the ultrasound waves, also significantly influences the sonolysis 

process. A higher power level leads to more intense cavitation, resulting in higher pressures 

and temperatures that facilitate the splitting of water molecules. The power of the 

ultrasound source should be enough to induce sufficient cavitation. However, too high a 

power can led to energy inefficiency and equipment damage. The optimal power depends 

on specific experimental setup and reactor size.  

The intensity of ultrasound power is calculated by dividing the power transmitted to a liquid 

by the surface area of the ultrasonic transducer. The relationship between ultrasonic power 

intensity and acoustic pressure can be described by the formula [79]: 

Ὅ             (2.9) 

where I, is the sound wave's power intensity, P0 is the acoustic pressure, ” is the liquid's 

density and C is the sound speed in the liquid. Higher acoustic pressure results in more 

frequent and intense cavitational events. The highest reaction rate usually corresponds with 
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the optimal power intensity. However, increasing the power beyond this point can decrease 

the reaction rate due to the bubble shielding effect.  

 At high power intensities, numerous cavitation bubbles accumulate around the 

transducer, which obstructs sound wave propagation because of both scattering and 

absorption, particularly for bubbles of resonant size. This leads to a decrease in sound wave 

intensity, which diminishes more quickly with distance from the source at very high-power 

intensities compared to optimal intensities.  

(c) Temperature 

Temperature is another important variable affecting sonohydrogen production. Elevated 

temperatures can provide the energy required to dissociate water molecules into oxygen and 

hydrogen. However, overly high temperatures can cause the recombination of hydrogen and 

oxygen, reducing the efficiency of hydrogen production. 

The average gas bubble temperature can be determined as [80]: 

 Ὕ Ὑὖ)         (2.10) 

where  ὅ is the heat capacity at constant volume, T0 is the initial gas temperature (293 K). 

The ὒ  can be calculated as: 

ὒ άὭὲ 
ȿ ȿ

ȟ          (2.11) 

where a is the gas thermal diffusivity and can be calculated as follow: 

 ὥ            (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 dimensions and volume of the reaction vessel influence the distribution and stability of 

cavitation bubbles. This, in turn, affects the overall efficiency of sonohydrogen production. 

Optimal vessel size should be determined based on the specific objectives and constraints of 

the experiment. The reactor should be large enough to accommodate the volume of water being 

treated, but not so large that the ultrasonic waves dissipate ineffectively.  
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(e) Transducer and Probe 

The transducer generates ultrasound waves by converting electrical energy into mechanical 

vibrations, while the probe delivers these waves directly into the liquid medium within the 

reaction vessel. The type, shape and material of both the transducer and probe play significant 

roles in influencing the frequency, power and directionality of the emitted ultrasound waves. 

Additionally, the design and positioning of the probe can affect the ultrasound field's 

distribution and intensity within the vessel. The synergistic performance of the transducer and 

probe is critical for effective cavitation and, subsequently, efficient sonohydrogen production. 

2.5.2. Effects of Some Parameters on Sonohydrogen Production 

In this section, the impact of various parameters, including frequency, acoustic intensity 

and liquid temperature, on the bubble temperature and the number of moles of H2 is 

assessed based on the information provided in references [49] and [81,82].  

As shown in Figure 2.7, the increase in wave frequency has an expected negative 

impact on the production of hydrogen molecules and the peak temperature of the bubble. 

This can be attributed to the decrease in collapse intensity and molar production of acoustic 

cavitation as the frequency rises. Essentially, as the wave frequency increases (shortening 

the acoustic period), less water vapor enters the acoustic cavitation during the expansion 

phase, leading to a less severe collapse. As a result, the final temperature of the bubble is 

lower, resulting in a reduced amount of hydrogen molecules generated through water vapor 

dissociation. Figure 2.8 depicts the relationship between acoustic intensity and the molar 

yield of hydrogen production, as well as the bubble temperature, at a frequency of 355 kHz. 

The frequency of 355 kHz is chosen because the micro-bubble exhibits its highest sono-

activity around this frequency [82].  

In Figure 2.8, it is shown that by increasing acoustic intensity, both bubble temperature 

and number of moles of H2 increase. The molar production of hydrogen and the 

decomposition of methanol are graphically represented across a range of liquid 

temperatures, specifically at an acoustic intensity of 1 W/cmĮ and a frequency of 355 kHz. 

Figure 2.9 illustrates the effect of liquid temperature on the bubble temperature and 

number of moles of H2. Generally, by an increase in liquid temperature from 293 to 333 K, 

the number of bubble temperature decreases while the number of moles of H2 increase.   
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Figure 2.7: Effect of ultrasound frequency on  bubble temperature and hydrogen production per 

collapse (data from [82]) 

 
Figure 2.8: Effect of acoustic intensity on  bubble temperature and hydrogen production per 

collapse (data from [82]) 
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Figure 2.9: Effect of liquid temperature on  bubble temperature and hydrogen production per 

collapse (data from [82]) 

 

2.6 Performance Evaluation of Different Experimental Setups 

In this section the different experimental setups are compared (see Table 2.4). These are 

the experimental setups previously mentioned in this document. 

Table 2.4: A comparison of different experimental setups. 

Ref. Freq. 
(kHz) 

Liq. 
Temp. 
(°C) 

Power Reactor 
Size 
(ml) 

Efficiency/Production Rate 

Electric 
Power 
(W) 

Acoustic 
Intensity 
(W/cm2) 

Petrier & Francony 
[47] 

20 
200 
500 
800  

20 30 - 300 The production rate of hydrogen peroxide 
(H2O2), was recorded at 0.7 ɛmol/min for a 
frequency of 20 kHz and demonstrated a 
significant increase to 5 ɛmol/min at a 
frequency of 200 kHz. 

Jiang et al.  [48] 20 
200 
500 
800 

40 30 - 250 The production rate of hydrogen peroxide 
(H2O2), expressed in ɛmol/min, registered 
at 1.1 for an ultrasonic frequency of 20 kHz 
and increased to 5.2 at a frequency of 200 
kHz. 
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Merouani et al. [49] from 
213 to 
1100  

- - 1 - The production rate of hydrogen peroxide 
(H2O2), measured in ɛmol/min, was 
observed to be 2.1 at a frequency of 1140 
kHz and 4.2 at 585 kHz. 

McMurray et al. [60] 20 30 - 26 - - 

Mizukoshi  et al. [53] 200 
 
 

5-50 - 6 38 - 

Mohapatra et al. [54] 42 22ï25 100 - 300 - 

Hassan Zadeh [55] 
 

20 
 

- - - 1000 The study found that the application of 
ultrasound enhanced the production 
efficiency by 4.5% and increased the 
energy efficiency by 1.3%. 82.5%. 

Kerboua and Merabet 
[58] 

40  60 - 300 Average improvement in the hydrogen 
production rate of 3.93% when sonication is 
integrated into the electrolysis process. 

Shestakova et al. [57] 
 
 
 

381  
863  
992  
1176  

20 250 - 40-7000  - 

Ji et al. [52] 20 
100 
362 

18  - 250 - 

Singh and Sinha [59] 20 25 10-40 - 250 - 

Pham et al. [56] 40 
 

25-45 - 38 20 - 

Choi et al. [83] 300 20 77.2 - 220 H2 generation rate increased with specific 
alcohol concentrations; highest for 
methanol at 5% (5.46 ɛmol/min) 

Merabet and Kerboua 
[84] 

40 
 
 

27, 40, 
45, 50, 
55 and 
60 

60 - 300-350 Efficiency and kinetics of hydrogen 
production improved with sonication, 
especially in continuous mode 

 

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 and electrodes and the innovative integration of sonication with traditional 

electrolysis processes. Each element plays a pivotal role in determining the success and 

efficiency of the production process, underlining the importance of meticulous setup 

configuration to achieve optimal results. These factors are listed as below: 

¶ 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 al. [48],  show a notable increase in hydrogen production 

rates at 200 kHz compared to 20 kHz. This suggests that selecting a higher frequency, 

within the 200-800 kHz range, could enhance production efficiency, with an optimal 

frequency likely dependent on other experimental conditions such as liquid temperature 

and reactor design. 

¶ Temperature considerations: Temperature variation, as shown by Jiang et al. [48] and 

Mizukoshi et al. [53], affects the hydrogen production rates. A controlled temperature 

environment, particularly around 20°C to 40°C, seems beneficial for stabilizing reaction 

conditions and possibly enhancing hydrogen production rates. Thus, experiments should 

aim for temperature control within this range to optimize results. 

¶ 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 study  [55], for 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 outcomes of such 

experiments. 

¶ Probe and electrode selection: The choice of probes and electrodes, such as the titanium 

sonotrode used by McMurray et al. [60] 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 

electrodes for anodization, as described by Mohapatra et al. [54], highlights the 

importance of electrode configuration in optimizing production. 

¶ Integration of sonication into electrolysis: Studies like that of Keboua and Merabet [58] 

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 ushered in a new era in sustainable energy 

generation, where the role of ultrasonic equipment and technology is paramount. This 

section delves into the intricacies of ultrasonic devices used in this innovative field. The 

equipment sets are illustrated in Figure 2.10. 

 
Figure 2.10: Equipment required for sonic hydrogen production 

 

2.7.1 Ultrasonic Generator 

The Ultrasonic Generator is the heart of the sonohydrogen production process. Its primary 

function is to generate ultrasonic waves, which are essential for initiating the sonolysis of 

water, a process where ultrasonic waves cause the dissociation of water molecules into 

hydrogen and oxygen. These generators are designed to emit waves at specific frequencies 

and intensities, which are key parameters in determining the efficiency of the sonolysis 

process. The ability to adjust these frequencies and intensities according to the 

experimental requirements allows for flexibility and optimization in hydrogen production. 

Regular maintenance and calibration of the ultrasonic generator are crucial. Ensuring that 
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it operates at the correct frequencies and intensities is vital for maximizing the efficiency 

of hydrogen production, as well as for the longevity and reliability of the equipment. 

2.7.2 Transducer 

The Transducer serves as a critical component in converting electrical energy from the 

ultrasonic generator into mechanical vibrations, which in turn produce the ultrasonic waves 

in the water. There are various types of transducers and the selection depends on several 

factors including power output, frequency range and durability under continuous operation. 

The proper installation and alignment of transducers within the reactor vessel are essential. 

This ensures optimal wave propagation and energy distribution, which are key to the 

efficiency of the sonolysis process. 

2.7.3 Reactor Vessel 

The Reactor Vessel, where the sonolysis reaction takes place, needs to be robustly designed. 

It must be constructed from materials capable of withstanding the continuous ultrasonic 

vibrations and, depending on the scale of the experiment, high pressures. Commonly used 

materials include stainless steel or specialized alloys. Additionally, the vessel should 

incorporate safety features such as safety valves, pressure gauges and emergency shut-off 

mechanisms. These are essential for preventing accidents due to overpressure or equipment 

malfunction, thus ensuring the safety and integrity of the process. 

2.7.4 Gas Collection System 

A gas collection system is integral to the setup. This system, which often includes gas 

collection tubes or balloons, is designed to safely collect the hydrogen gas produced during 

the experiment. Given hydrogen's flammable nature, the system must incorporate safety 

protocols to prevent gas leaks and potential explosions. Proper storage solutions, such as 

gas cylinders equipped with pressure regulators, are necessary, especially in larger-scale 

operations to ensure safe handling and storage of the produced hydrogen. 

2.7.5 Temperature Control System 

Temperature control is a key aspect of the sonohydrogen production process. As sonolysis 

generates heat, which can affect the reaction's efficiency and safety, a system to monitor 

and control the temperature is crucial. This might include cooling systems such as cooling 

jackets around the reactor vessel, along with temperature sensors and automated control 

systems to maintain a constant, optimal operational temperature. 
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2.8 Measurement and Analytical Instruments 

Analytical Instruments play a vital role in the process. These instruments, which include 

gas chromatographs and mass spectrometers, are used to analyze the composition and 

purity of the produced hydrogen gas. Gas chromatography is particularly effective for 

determining hydrogen purity and concentration. The results from these instruments are 

crucial for optimizing the sonolysis process to achieve better yield and efficiency. 

Measurement systems are essential for recording experimental parameters like ultrasound 

frequency, power, temperature and hydrogen production rate. These systems often include 

an interface for adjusting the ultrasonic generator and temperature control systems, 

allowing for precise manipulation of experimental conditions to optimize the process. 

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 classified based on the frequency range they operate 

in, such as sonic, ultrasonic and megasonic (see Figure 2.11).  

The sonic type typically works at audio frequencies and is less than 20 kHz. There are 

several examples of these devices, such as the bimorph cantilever and the buzzer, which 

are made using piezoelectric materials attached to a metallic base. These materials can 

produce sound levels above 100 dB at resonance and can also be used as an actuator at off-

resonance conditions. For laboratory-scale sonohydrogen experiments, piezoelectric 

transducers are ideal due to their ability to operate at specific, tightly controlled 

frequencies. The freedom to adjust frequency parameters allows researchers to optimize 

conditions for maximum hydrogen yield. Over the years, advancements in material science 

have led to the development of piezoelectric materials with enhanced electromechanical 

coupling coefficients, thereby increasing the efficiency of these mechanical oscillators. 

Transducers that operate in the ultrasonic range are used in a variety of applications, 

including distance measurement, medical imaging and cleaning. A common design in this 

frequency range is the longitudinal ultrasonic motor. High-frequency transducers, which 
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operate in the megahertz (MHz) range, are most commonly used in cleaning applications 

and offer advantages like gentle and controllable cleaning without damage. 

 

 

Figure 2.11: Different type of transducers 

 

The performance of a transducer is influenced by its frequency, vibration mode and 

wavelength. Different transducers achieve varied performances across a broad range of 

applications. Ultrasonic transducers with longitudinal vibration modes are unique because 

they can produce both high vibration amplitude and power density. The speed of vibration 

is limited by the materials' properties but using materials like PZT (lead zirconate titanate) 

for the Probe, higher vibration speeds can be achieved compared to other materials. The 

Probe-type transducer has a large volume of active material relative to its size, which can 

increase the power capacity of the device. The Probe-type transducer stands out for its 

ability to produce high amplitude and power density, leading to its use in a wide array of 

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 high-powered ultrasonic 

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. 

Transducers
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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 facilities. The 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 essential for the probes to operate efficiently. The precision in 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 chemicals. Moreover, 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 tailored to meet the exact requirements of the task at hand. 

The ability to fine-tune these devices extends their utility beyond standard applications, 

presenting possibilities for innovation in various fields, including 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 waves at points within a 

reactor, creating localized zones of high-intensity 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 focus ultrasound also opens 

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, Hassanzadeh [85] examined 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 rates of hydrogen (H2) 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 targeting the 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 topic.  Table 2.5 shows experimental setups 

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

Table 2.5: Hydrogen production including water as the solution. 

Source Solution Frequency 
(kHz) 

Power 
(W) 

Production rate when water is 
the only solution (ɛmol/min) 

Sasikala et al. 
[86] 

Water/Water -
Methanol- Particles 

40  200  0.008 

Wang et al. [87] Water-Methanol/Water 40  50  0.0062  

Henglein [88] Water/Water-Methanol 300 70 3 

Kerboua and 
Hamdaoui [89] 

Water - Oxygen 200 200  5.4 

Choi et al.[83] Water/Water-Alcohol 300 77  0.31 
 

Sasikala et al.[86] 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 by Venault [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 

intensity of 0.6 W/cm2, hydrogen was produced at a rate of 0.8 ɛM/min. This rate escalated 

to 2.1 ɛM/min and 5 ɛM/min as the acoustic intensity was increased to 1.1 W/cm2 and 2.5 

W/cm2. Wang et al. [87] conducted a study on sonochemical hydrogen production 

catalyzed by Au/TiO2. They demonstrated that Au/TiO2 acts as an efficient sonocatalyst 
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for generating hydrogen from water or aqueous solutions, significantly increasing the yield 

of HÅ and ÅOH radicals during the sonolysis of water. The sonolysis experiments were 

performed using a 40-kHz transducer operating at 50 W, with an average power intensity 

of ultrasound at 0.045 W/mL and the reaction temperature maintained at 21-25°C. They 

reported a very fast H2 evolution rate of 21.6 ɛmol h-1 in the presence of Au/TiO2 during 

sonolysis, compared to much slower rates with bare TiO2 (1.3 ɛmol h-1) or without any 

catalyst (0.37 ɛmol h-1). 

The study by Cho et al. [50] 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 O-ring. Polachini et al. [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 in acoustic intensities between 12.90 and 68.57 

W/cm². Dehane et al. [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 

and sonoreactor capacity of 500 mL. They utilized a piezoelectric disk, driven by an electric 

generator and operated it at different power levels. Du et al. [91] conducted an experiment 

on hydrogen production by ultrasonic decomposition of alcoholic aqueous solutions. They 

developed an experimental system for hydrogen production by ultrasonic decomposition 

of methanol, ethanol and propanol solutions and systematically studied the effects of 

solution concentration, temperature, pH value and the addition of sodium chloride on the 

hydrogen production rate. The findings showed that for methanol, ethanol and propanol 

solutions, the effect of solution concentration on hydrogen 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 to the methanol 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 either too high 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 of 3-11. 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 high-frequency 

power of 3.5 watts/cm² was used for the irradiation. The waves passed through a cooled 

water bath into a thin glass vessel holding 20 cm³ of the solution. The primary products of 

water sonolysis under pure argon were hydrogen and hydrogen peroxide, formed in nearly 

equimolar amounts. 

In a study by Kerboua and Hamdaoui [89], a specific case of harmonics excitation 

using ultrasonic waves with frequencies of 200, 300 and 500 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 raised the H2 molar yield. 

Although the production remained more significant at a low frequency of 200 kHz, the gain 

when switching from sine to summed harmonics was found to be greater at a high 

frequency of 500 kHz. 

The study by Choi et al. [83] 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, isopropanol, n-propanol and n-butanol were 

used at concentrations ranging from 0% to 100% v/v. In pure water, the H2 generation rate 

was 0.31 ɛmol/min. The highest H2 generation rate observed was 5.46 ɛmol/min with 5% 

methanol. No H2 was detected at 100% alcohol concentrations.  

The above literature shows a gap in considering new parameters, such as the injection 

of CO2, on the hydrogen production rate specifically at a frequency of 40 kHz.  Despite 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 for hydrogen 

production, this study aims to contribute to the development of a viable, eco-friendly 

alternative that could reshape energy consumption patterns worldwide, fostering a more 

sustainable future. The key novelties of this study include the development, 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 condenser, a configuration 

that is not studied before. The study proposes and investigates the effects of CO2 injection 

into the water solution under ultrasonic conditions, an area with very limited prior research. 

The primary objectives of this study are to investigate the effects of a 40 kHz ultrasonic 

frequency on hydrogen production from water, assess the impact of CO2 injection on the 

rate of hydrogen production and compare hydrogen production rates across different types 

of water under controlled ultrasonic conditions. The study aims to evaluate experimental 

variables such as temperature and dissolved gas composition to provide a comprehensive 

analysis of hydrogen production rates under varying experimental conditions. This study's 

innovative approach and unique configurations 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 two 

transducers operating at a frequency below 40 kHz and a power of 100 W within the 

framework of the sonohydrogen method.  In addition, there is currently no large-scale 

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, environmentally 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 research and development, 

ultrasonic applications could pave the way for innovations in energy production, industrial 

processes and environmental 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 stages of bubble dynamics, nucleation, growth, stability, collapse and post-

collapse phenomena, highlighting their influence on cavitation efficiency. Additionally, 

various experimental setups and methodologies were analyzed, emphasizing key 

parameters such as frequency, acoustic intensity, power, reactor design and temperature 

control. Comparative studies of sonoreactor configurations demonstrated how optimization 

of these parameters can improve hydrogen and hydrogen peroxide production. 

Furthermore, this chapter identified gaps in the current literature, particularly the limited 

studies focusing solely on ultrasound-induced hydrogen production using pure water and 

the potential impact of CO2 injection at lower ultrasonic frequencies. Addressing these gaps 

through innovative reactor designs, multi-transducer 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 cavitation dynamics 

but also paves the way for novel applications in clean energy and environmental 

sustainability. 
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Chapter 3. Experimental Apparatus and Procedure 

In this section, the experimental apparatus 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 hydrogen 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 system is shown 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, 

hydrogen sensor and measurement device. In addition, Figure 3.1b has electrodes to 

distinguish between conventional electrolyzers and those enhanced with ultrasound. The 

experimental setups of the experiment are shown in Figure 3.2 and Figure 3.3. These 

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 detail. 

When subjected to high-intensity ultrasonic waves at 40 kHz and 100 W, the rapid pressure 

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 molecules, leading to the 

formation of hydroxyl radicals (ÅOH) and hydrogen radicals (HÅ), which subsequently 

recombine to form molecular hydrogen (H ) and oxygen (O ). The selection of 40 kHz was 

based on literature findings that demonstrate its optimal balance between cavitation 

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 that these radicals 

contribute to enhanced hydrogen production efficiency by promoting secondary reactions 

in the aqueous medium. This literature-supported understanding of cavitation dynamics 

strengthens the rationale for the chosen operational parameters and underscores the 
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potential of ultrasound-assisted 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 possible use. The functionality of the condenser 

system was assessed by monitoring the efficiency of water vapor removal. The cooling 

performance of the condenser was controlled by intermittently operating a water pump, 

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 real-time feedback on the experimentôs success. The hydrogen sensor was 

connected to an Arduino board, which interfaced with a computer for real-time data 

logging. Any potential signal noise or latency in monitoring was minimized through careful 

calibration and signal processing techniques. Calibration of the 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 reliability. To 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 sources such as solar and 

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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(a) 

 

 

(b) 

Figure 3.1: Overall schematic of designed system (a) without electrodes (b) with electrodes 
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Figure 3.2: Experimental setup for hydrogen production (first prototype) 

 

3.2 Equipment and Measurement Devices 

The novel experiment setup is designed to investigate the production of hydrogen from 

water using ultrasound-induced cavitation, employing the power of high-frequency 

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 measured electrical input. 
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Figure 3.3: Experimental setup for hydrogen production (final prototype) 

 

(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. 

 

 

Figure 3.4: Equipment of experimental 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 ultrasound-induced 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 

connected 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 heating and transfer. 

This allows for the exploration of temperatureôs influence on the cavitation and the 

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 in the water. 

During the low-pressure phase, vapor-filled bubbles (cavities) form due to the local drop 

in pressure below the liquidôs vapor pressure. When the high-pressure phase follows, these 

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 O-H bonds, which require about 460 kJ/mol to dissociate. The 

violent collapse of the smaller bubbles formed at higher frequencies results in greater local 

temperatures and pressures, promoting more efficient hydrogen and oxygen separation. 

(f) Gas capture and condensation 

As the water molecules split, the resulting gas mixture contains hydrogen, oxygen 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 a cold-water 

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 systemôs overall efficiency. 

(g) 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, hydrogen can 

be stored in high-pressure tanks (350ï700 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 and efficiency, 

depending on the specific application requirements. This sensor is based on an 

electrochemical principle, where a chemical reaction between hydrogen and the sensorôs 

electrodes generates an electrical current. The magnitude of this current is directly 

proportional to the hydrogen concentration in the gas stream. The sensor features a 

detection range of 0-1000 ppm, with strong anti-interference capabilities, high sensitivity 

and excellent stability, making it well-suited for both industrial hydrogen monitoring 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 readings. Additionally, it 

includes a threshold alarm function, providing immediate alerts if hydrogen levels exceed 

safe limits. This sensor supports multiple output modes, including analog, I2C and UART, 

ensuring seamless compatibility with various control systems. In this experimental setup, 

it is connected to an Arduino board, which processes and transmits real-time data to a 

computer-based logging system for continuous analysis. The sensorôs factory calibration 

ensures precise measurements, while routine calibration checks are performed using known 

hydrogen concentrations to maintain accuracy. Furthermore, the sensorôs long lifespan 
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(over two years in ambient conditions) minimizes the need for frequent replacements, 

making it a reliable and cost-effective solution for long-term hydrogen monitoring. By 

integrating this sensor into the experimental setup, the hydrogen production efficiency and 

gas purity can be accurately evaluated, ensuring the reliability of the systemôs performance 

analysis. 

(h) System monitoring and control 

In addition to hydrogen detection, the system includes several monitoring and control 

features to ensure safe and accurate operation: 

¶ 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. 

¶ 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. 

¶ 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. 

(i) 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. 

(j)  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, including temperature 

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, preventing overheating and ensuring the system operates efficiently during 

extended experiments. The cooling system can be integrated 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 parameters are chosen, the 

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, adjustments are made 

and the process returns to the parameter selection step to refine 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 are complete, the data is analyzed and a conclusion is 

drawn, with the findings being summarized and reported. Figure 3.6 describes the 

procedure for the ultrasound-assisted electrolyzer used in hydrogen production, adding an 

initial step compared to the previous figure. It 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, the data is recorded. 

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 collected data is 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 additional step 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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Figure 3.5: Flowchart illustrating procedure for sonohydrogen production 
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Figure 3.6: Flowchart illustrating procedure of  ultrasound-assisted electrolyzer for hydrogen 

production 
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3.4 Uncertainty Analysis  

In the sonic hydrogen generation experiment, alcohol is added to a graduated container and 

hydrogen is produced by injecting air and CO2 using 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, injected gas flow rates and hydrogen 

concentration.  

This analysis accounts for both random and systematic errors, utilizing the 

experimental conditions, detection accuracy and error propagation techniques similar to 

those described in the reference material (see Table 3.1 and Table 3.2). 
 

Table 3.1: Detection range and accuracy of measurement devices for volume of isopropyl, 

volumetric flow rate, and hydrogen concentration 

Device Parameter 
measured 

Detection range Accuracy 

Graduated container 
(alcohol) 

Volume of isopropyl 0 to 500 mL ±1 mL (representing the smallest 
graduation on the container) 

Cylinders for air and 
CO2 injection 

Volumetric flow rate 
(ccm) 

0.1 to 20 L/min (100 
to 20,000 ccm) 

±5% of full scale reading for both 
air and CO2 flows 

Hydrogen sensor Hydrogen 
concentration (ppm) 

0 to 1,000 ppm ±5% of reading 

 

The general equation for experimental uncertainty is given by: 

Ὗ В Ὗ           (3.1) 

where Ὗ  is the combined uncertainty of the result, ὼ are the individual measured variables 

and Ὗ 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: 

Ὗ Ὑ Ὓ           (3.2) 

where  Ὑ   represents the random uncertainty component and Ὓ    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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Table 3.2: Associated errors and uncertainty percentages for detection and measurement devices 

Device Measurement 
parameter 

Reference 
value 

Relative 
precision 
error (%) 

Absolute 
bias error 
(%) 

Relative 
bias error 
(%) 

Overall 
uncertainty 
(%) 

Graduated 
container 
(alcohol) 

Volume (mL) 200 0.5 0.2 0.5 0.71 

Air/CO2 
cylinder 

Flow Rate 
(ccm) 

10,000 1.0 0.3 0.2 1.05 

Hydrogen 
censor 

Concentration 
(ppm) 

500 0.6 0.4 0.5 0.93 

 

In the Table 3.2, relative precision error 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 systematic components. The 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 can be drawn 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 uncertainty analysis for the sonic hydrogen production system. The 

experimental setup, including key components such as the ultrasonic generator, 

transducers, reactor vessel, temperature control system and hydrogen detection 

mechanisms, was thoroughly described. The step-by-step experimental procedures for both 

sonohydrogen production and ultrasound-assisted electrolysis were outlined, ensuring 

clarity in replicability 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 volume, gas flow 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 applications. 
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Chapter 4. System Development 

In this chapter three newly developed integrated system designs, in which sonohydrogen 

is a subsystem, are explained in detail. 

4.1 Development of System 1 

Figure 4.1 depicts a fully integrated energy system that incorporates a variety of 

technologies. The system is made up of nine key subsystems: a biomass energy system, a 

solar power system, thermal energy storage, a steam Rankine cycle (SRC), an organic 

Rankine cycle (ORC), a Brayton cycle (BC), an absorption system, reverse osmosis  and a 

sonic hydrogen production process. Solar and biomass, two leading renewable energy 

sources, provide promising solutions to tackle these challenges. 

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 onto a central 

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 oxygen-free environment, producing 

methane-rich biogas (state 15) and nutrient-rich 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 the potential 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 sector and for household use, providing a sustainable 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 system, functioning 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 irradiation or limited biomass feedstock processing. By decoupling 

energy production from consumption, the TES subsystem significantly improves the 

system's overall resilience and efficiency. The use of a NaNO3-KNO3 molten salt mixture, 

selected for its excellent thermal 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 energy 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 the thermal energy 

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 steam, which 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 until it can be reheated 

by additional thermal input from the solar and biomass systems, thus completing the cycle. 

This cyclic process of heating, energy utilization, cooling and reheating is essential to the 

TES subsystem, as it ensures continuous and efficient thermal 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 Brayton cycle. They 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. The Brayton 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 high-temperature 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 ammonia-water combination is ideal 

due to its excellent thermodynamic properties, balancing efficiency, environmental impact 

and operational stability. In the DEAS, ammonia absorbs heat from its surroundings in the 

evaporator (EV), creating a cooling effect, which is essential for the system's refrigeration 

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 condenser (CN2) 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 

fi ltered 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, the pre-treated 

water enters the reverse osmosis system, where it is subjected to high pressure, forcing it 

through semi-permeable membranes. These membranes allow water molecules to pass 

while blocking contaminants such as salts, bacteria and viruses, 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, high-frequency sound waves induce cavitation in the water, causing vapor-filled 

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 water (H2O), 

splitting it into hydrogen (H2) and oxygen (O2) gases.  

4.2  Development of System 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 cycle and a 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 system. The reason for selecting TES in 

the developed system comes with several compelling advantages that can significantly 

enhance efficiency, cost-effectiveness and reliability [12].  

The working fluid in the TES is 60% NaNO3, 40% KNO3. 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 also capture, and store 

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 savings. Additionally, improved efficiency could potentially 

reduce the capital costs associated with other system components like boilers and chillers. 

TES systems also increase reliability by providing an energy reserve that can be tapped 

into during power outages and 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 considering its thermodynamic efficiency, cost-effectiveness 

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 ammonia-water as its substance. 

Ammonia acts as the refrigerant, while water acts as the absorbent. 
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An ammonia-water mixture, when used as a working fluid, can present benefits like 

being environmentally benign [94]. 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 regions. The surplus electricity can be used to produce 

hydrogen through ultrasound processes. Sonohydrogen production is an innovative method 

that utilizes ultrasonic waves to generate hydrogen gas from water [34]. This 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 bubbles, which 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 process. Also, the extra electricity can be stored in 

battery systems to 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 events. They 

are crucial for residential settings in ensuring uninterrupted power.  

Ultrasound-assisted 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, growth and 

implosive collapse of bubbles in a liquid. When ultrasonic waves travel through water, they 

create high-pressure and low-pressure cycles. During the low-pressure phase, tiny vacuum 

bubbles form, grow over several cycles and then violently collapse upon reaching a certain 

size. This collapse generates intense local heat, high pressure and strong 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 the liquid's vapor pressure, temperature 

and ultrasonic intensity. The sonochemical reactions occurring during this process can 

often be quantified using pseudo-first-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 bubbles near 
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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 process more energy 

efficient. 

4.3 Development of System 3 

The developed system is illustrated in Figure 4.3. In this system, solar energy capture 

system lies an expansive field of heliostats, which are ingeniously designed, large, 

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 on a towering 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 receiver is 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 VP-1. This thermal oil is chosen for its exceptional ability to withstand high 

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 substantial thermal 

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 during overcast 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, directly to water. 

This intricate process effectively transforms the water into superheated steam, which then 

propels a back-pressure 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 efficacy.In scenarios 

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 ammonia-water mixture. This specific mixture is 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 uninterrupted, leveraging 

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, making it 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 it to be 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 ultrasonic-enhanced sonication of water, a technique 

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 cutting-edge research in hydrogen production. The hydrogen 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 exemplifies a forward-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 emissions. The 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 VP-1. This fluid, chosen for its high-temperature stability, 

transfers the captured thermal energy to various power generation subsystems, including 

the SRCT, Kalina cycle Turbine (KCT) and Organic Rankine cycle turbine (ORCT). Each 

subsystem is selected for its specific operational strengths: the SRCT for high-temperature 

steam generation, the KCT for utilizing low to moderate temperatures with an ammonia-

water mixture and the ORCT for efficient low-temperature 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 reliability and efficiency. This strategic integration and matching of subsystems 

ensure maximum energy utilization and adaptability to varying energy demands. 

In summary, this chapter presents the 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, advanced thermal storage solutions and optimized energy 

conversion cycles. System 1 combines solar and biomass energy with multiple 

thermodynamic cycles and reverse osmosis, ensuring effective energy utilization and 

hydrogen production. System 2 employs solar and geothermal energy, along with thermal 

energy storage, organic Rankine cycles and an absorption system to enhance energy 

efficiency and cooling applications. System 3 focuses on solar energy conversion, utilizing 

heliostats, thermal transfer fluids and advanced 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 a clean and innovative method for hydrogen generation, contributing to a more 

sustainable and energy-independent future. These developments provide a strong 

foundation for future research and optimization in renewable energy systems, 

demonstrating the feasibility 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 the experimental setup and three developed 

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) Acoustic energy (ultrasound power) 

The first major energy input is acoustic energy, which comes from ultrasound power. In 

this setup, high-frequency sound waves at 40 kHz are introduced into the liquid medium 

through an ultrasonic transducer. These waves create alternating regions of high and low 

pressure, leading to acoustic cavitation, a process where microscopic bubbles form, grow 

and collapse violently. The collapse of these bubbles generates localized extreme 

conditions with temperatures reaching 4000ï5000 K and pressures more than 1000 atm 

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 

dissociation of water molecules (H O Ÿ HÅ + OHÅ), liberating hydrogen atoms that later 

combine to form H  gas. The presence of additional gases and chemical additives can 

significantly influence this reaction. For example, injecting CO  into the reactor enhances 

cavitation efficiency by increasing the number of nucleation sites, allowing bubbles to form 

more easily and collapse with greater intensity. Similarly, adding some isopropyl 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, if any) 

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 

(40ï70°C) improve cavitation intensity and efficiency. This is because lower viscosity 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 into the system to further optimize 

hydrogen production by maintaining an optimal thermal 

5.1.2 Energy outputs 

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

(a) Hydrogen energy 

The primary energy output in the system is hydrogen energy, which 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 used and ultrasonic 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 W to 100 W) leads to a higher rate of bubble 

formation and collapse, resulting in greater hydrogen output. The efficiency of gas injection 

also influences hydrogen production; for example, CO  injection can increase yield by up 

to 30% by promoting more efficient bubble nucleation and collapse dynamics. 

(b) Waste heat 

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 in the transducer 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 efficiency of the system. 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 

losses. Future 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 and mechanical losses 

Acoustic and mechanical losses represent another form of energy dissipation in the system. 

Not all of the ultrasonic energy is effectively converted into cavitation, as some energy is 

lost due to wave reflections, fluid viscosity and non-optimal cavitation conditions. When 

ultrasonic waves encounter reactor walls or interfaces, some of the energy is reflected, 

leading to inefficient energy transmission. Similarly, high-viscosity fluids dampen bubble 

oscillations, reducing the intensity of their collapse and, consequently, the hydrogen yield. 

Reactor design also plays a crucial role in minimizing losses. If the transducer 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 distribution and 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: 

%  % %  %       (5.1) 

where %  includes electrical energy, heat and chemical potential from reactants. 

%  represents the chemical energy stored in the produced hydrogen. %   

accounts for thermal losses to the surroundings and %   includes inefficiencies 

in ultrasonic energy transfer. 

5.2 Analysis of System 1 

This section introduces the essential equations for analyzing the major subsystems and 

components of the system 1, including those related to energy, exergy and economic 

evaluations, as well as environmental impact assessments. 

Energy and exergy are fundamental concepts in thermodynamics, critical for analyzing and 

improving energy systems. Energy refers to the capacity to perform work and is conserved 

in isolated systems according to the first law of thermodynamics, manifesting in forms such 

as thermal, mechanical and electrical energy. Exergy, on the other hand, represents the 

quality or usability of energy, reflecting the maximum work that can be obtained as a 

system moves toward equilibrium with its surroundings. Unlike energy, exergy is not 
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conserved and can be destroyed, particularly in irreversible processes, highlighting 

inefficiencies within the system. The distinction between the two is important: energy 

analysis focuses on the total energy, while exergy analysis evaluates how effectively that 

energy is converted into useful work. For instance, in power plants, energy analysis reveals 

the energy input and output, but exergy analysis identifies efficiency losses by locating 

where usable energy is wasted. Systems with higher exergy efficiency tend to have less 

energy loss and lower environmental impacts, making exergy analysis essential for 

developing more sustainable energy solutions. 

Energy and exergy balance equations for major components in system 1 

Table 5.1 presents a comprehensive collection of balance equations pertaining to the 

primary components of the proposed system [95]. These equations provide a summary of 

the energy and exergy conversions taking place within each significant element of the 

system. 

Heliostat system 

To determine the amount of heat taken in by the receiver and the rate at which heat is 

collected from solar radiation in the solar heliostat system, the following equations are 

utilized [96]: 

1 ʂ1          (5.2)  

1 )!П            (5.3) 

Furthermore, the heat received by the receiver is calculated in the following manner, where 

ʂ represents the solar radiation efficiency and the letter I indicates the efficiency of the 

heliostat field: 

1 1 ȟ 1 Ȣ                           (5.4) 

1 ȟ Í  #  4  ȟ  4   ȟ     (5.5) 

The overall heat losses in the receiver can be assessed as follows: 

1 Ȣ 1 ȟ 1 ȟ 1 ȟ 1 ȟ     (5.6) 

where 1 ȟ   , 1 ȟ  , 1 ȟ  and  1 ȟ  are  heat losses  caused by  conduction, 

convection, reflection and emissivity respectively. These terms may be calculated as 

follows: 

1 ȟ
 ȟ  П

                 (5.7) 

https://www.sciencedirect.com/topics/engineering/conduction-heat-loss
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1 ȟ
П
          (5.8) 

1 ȟ
ȟȟ ȟ ȟ ȟ ȟ П

               (5.9) 

1 ȟ
ȟ П

ȟ

                            (5.10) 

where & , # and ʀ   are view factor, concentration ratio and average emissivity values of 

the receiver.  

ʀ           (5.11) 

# П              (5.12) 

&
ȟ
            (5.13) 

The energy and exergy efficiencies of the receiver and heliostat field can be computed as 

follows: 

ʂ ȟ            (5.14) 

ʕ ȟ           (5.15) 

ʂ ȟ            (5.16) 

ʕ ȟ                     (5.17) 

Digester 

In the system 1, an anaerobic digestion unit is selected. This technology leverages 

microorganisms to break down organic materials in the absence of oxygen, producing 

biogas as a renewable energy source. Anaerobic digestion is capable of processing a wide 

range of organic wastes, such as sludge, agricultural by-products and food waste, providing 

a sustainable waste management solution. The resulting biogas can be used for heat 

production, electricity generation, or as transportation fuel, making it a promising approach 

to meet energy demands while simultaneously reducing waste and greenhouse gas 

emissions. The study specifically emphasizes the conversion of food waste into biomass 

for energy recovery through anaerobic digestion. The thermodynamic equations for the 

digester are presented in this section. 

Í ȟ Í Í ȟ           (5.18) 
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ÅØÅØ ÅØ         (5.19) 

Here, ÅØ  and ÅØ represent the physical and chemical exergies of organic streams, 

respectively. The specific chemical exergies of organic streams can be determined as given 

below [97]: 

ÅØ σφςȢππψσ#ρρπρȢψτρ(ςȢτρψ.ρωφȢχπρ3ψφȢςρψ/ςρȢρ!  (5.20) 

  The percentages of carbon, hydrogen, oxygen, nitrogen, sulfur and ash are denoted by 

C, H, O, N, S and A, respectively. Table 5.2 presents the composition of these elements in 

biomass and digestate. 

Table 5.1: Energy and exergy equations for major equipment 

Components Energy and exergy balance equations 

Low pressure turbine (LT) ÍÈ Í È 7  

ÍÅØ Í ÅØ 7 %ØÄ  

High pressure turbine (HT) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Heat exchanger 1 (HX1) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ ÍÅØ %ØÄ  

Pump 1 (P1) Í È 7 Í È 

Í ÅØ 7 ÍÅØ %ØÄ  

Condenser 1 (CN1) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Condenser 2 (CN2) Í È Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ %ØÄ    

Pump 2 (P2) Í È 7 Í È 

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 3 (P3) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 4 (P4) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Absorber (ABS) Í È Í È  Í È 1  

Í ÅØ Í ÅØ Í ÅØ %ØÄ   

Evaporator (EV) Í È  1 Í È    

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Organic Rankine cycle turbine (OT) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Reverse osmosis turbine (RT) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Pump 5 (P5) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Condenser 3 (CN3) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ   
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The specific physical exergies of organic streams can be determined as given below: 

ÅØ # 4 4 4ÌÎ         (5.21) 

The physical and chemical exergies of the gas streams can be determined as follows: 

ÅØ # 4 4 4ÌÎ 24ÌÎ       (5.22) 

ÅØ ÎВÙʀ 24ВÙÌÎ Ù        (5.23) 

The exergy destruction of the digester can be calculated as given below: 

ÍÅØȟ 1 ȟ ρ ÍÅØ Í ȟ ÅØȟ %ØÄ    (5.24) 

where 1 ȟ  may be calculated as follows: 

1 ȟ Í# 4 4         (5.25) 

The energetic and exergetic efficiencies of the digestion unit can be determined as given 

below: 

ʂ
ȟ

ȟ ȟ
        (5.26) 

ʕ
ȟ ȟ

ȟ ȟ

        (5.27) 

 

Table 5.2: Composition of chemical elements in raw biomass and digestate with moisture-free 

analysis 
 

Component (%W dm) Raw Biomass Digestate 

A 5.9 26.9 

S 1.9 0.9 

N 39.9 21.1 

O 0.3 6.1 

H 5.9 5.7 

C 46.1 39.3 

 

Brayton cycle 

The Brayton cycle utilizes heat from the digester unit to generate electricity and transfers 

heat to the steam Rankine cycle. In this closed-loop system, air serves as the working fluid. 

Key components of the Brayton cycle include the combustion chamber (COCH), gas 
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turbine (GT), heat exchanger (HX1) and compressor (CP). The balance equations for these 

primary elements of the Brayton cycle are outlined below [12]. 

For COCH: 

Í Í                (5.28) 

Í È 1 Í È              (5.29) 

where 1   is the heat provided by the biogas exited from digestion unit and can be 

determined as: 

1 Í ȟ ,(6ʂ             (5.30) 

where ,(6  and ʂ  are lower heating value of the #( and efficiency of the 

combustion chamber, respectively. 

Í Ó 3ȟ Í Ó              (5.31) 

Í ÅØ Í ÅØ Í ÅØ Í ÅØ Í ÅØ Í ÅØ

Í ÅØ %ØÄ          (5.32) 

where ÅØ , ÅØ, ÅØ  and ÅØ  are specific chemical exergies of the #( , / ,(/ 

and #/ , respectively. These specific chemical exergies are tabulated in Table 1.1.  

For GT: 

Í Í                 (5.33) 

Í È Í È 7          (5.34) 

Í ÅØ Í ÅØ 7 %ØÄ         (5.35) 

Í Ó 3ȟ Í Ó                   (5.36) 

For CP: 

Í Í               (5.37) 

Í È 7 Í È              (5.38) 

Í ÅØ 7 Í ÅØ %ØÄ         (5.39) 

Í Ó 3ȟ Í Ó  
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Table 5.3: Specific chemical exergies of components in system 1 [12] 

Components Specific chemical exergy (kJ/kg) 

#/ 442.73 

(/ 527.78 

/  124.06 

#( 51950 
 

 Reverse osmosis desalination unit 

This document discusses the utilization of a reverse osmosis (RO) unit. An RO unit, 

especially in the context of a seawater reverse osmosis-desalination plant, is a sophisticated 

system designed to purify water by removing salts and other impurities to produce fresh 

water from seawater. This system is integral to regions where freshwater resources are 

scarce and it operates through a multi-stage process to ensure the production of potable 

water. A standard seawater reverse osmosis-desalination facility consists of four stages: 

seawater intake, pretreatment, the reverse osmosis system and a post-treatment section. The 

RO system serves as the primary stage where the separation process occurs. Based on the 

design of a standard seawater RO plant, the RO unit incorporates a singular RO stage 

consisting of b trains. The high-pressure pump of the RO unit consumes significant energy 

and to recuperate a portion of this energy, the high-pressure brine discharged from the RO 

stage is channeled through a hydro-turbine. For the purpose of modeling the RO 

desalination unit, both mass and energy balances are employed: 

7 Â 7 7                         (5.40) 

Here, bn represents the quantity of trains, with the current study featuring 7 trains. The work 

rate necessary for the RO pump is denoted by 7  and the work rate recaptured by the 

hydro-turbine is represented by 7  ȢThese can be characterized as follows [98]: 

7
Ў

          (5.41) 

7
Ў

             (5.42) 

where PD signifies the trans-membrane pressure, while ʂ  and ʂ  are the isentropic 

efficiencies of the RO pump and hydro-turbine, respectively. The flow rate of fresh water, 

Í is influenced by two key factors: firstly, the amount of electricity powering the RO 

system and secondly, the recovery ratio (RR), which is a technical characteristic specific 

to the membrane. This relationship can be described as follows: 
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28
32

m
m

RR
=             (5.43) 

The trans-membrane pressure is calculated using the following method: 

w mP J k dD = Ö +D          (5.44) 

where km is assumed to be the membrane permeability resistance, assigned a value 8.03  

10-11 m2s/kg.Pa. Additionally, the permeate volumetric flow rate, denoted by Jw is 

calculated using the following approach: 

32

32

w

mem

m
J

nAr
=

Ö
         (5.45) 

In this expression, 'n' represents the total number of membranes, Amem is the area of each 

membrane and ʍ   denotes the density at point 52. Furthermore, æŭ is the trans-membrane 

osmotic pressure, which is calculated as follows: 

5805.1  10 wC RdD = ³          (5.46) 

where concentration at the membrane wall, denoted as CW, can be expressed in the 

following manner: 

( )

49

1

w

mass

w

mass

j

k

w j

k

e x
C

e R R

å õ
æ ö
ç ÷

å õ
æ ö
ç ÷

³
=

- +

         (5.47) 

where kmass and R represent the mass transfer coefficient and the membrane rejection 

coefficient, respectively. The calculation of kmass is as follows: 

0.75 0.330.04 s
mass

D
K Re Sc

d
=          (5.48) 

Here, Ds and d refer to the feed channel thickness and the diffusivity, respectively. The 

Reynolds number is determined in the following way: 

49
30

49.ch m

m
Re

N W NPm
=                     (5.49) 

where Wm, 49m , NP and Nch represent the membrane width, water's dynamic viscosity, the 

count of pressure vessels and the quantity of feed channels, respectively. Sc is the Schmidt 

number, which is defined as follows: 
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49

49 s

Sc
D

m

r
=                     (5.50) 

 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 operations has made it 

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 element of energy management 

and policy development. These assessments provide a structured evaluation of the potential 

environmental effects stemming from energy production, helping to identify impacts on 

air, water and soil quality. Additionally, they form a critical foundation for creating 

strategies aimed at minimizing the negative ecological footprint of energy activities. 

Table 5.4 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 CO2 emissions is particularly important due to its central role in climate change. 

As a major contributor to global warming, quantifying CO2 emissions is crucial for 

informed decision-making and mitigating environmental impacts. Accurate estimates help 

policymakers, researchers and industry leaders gauge the carbon footprint across sectors 

such as energy production, transportation and manufacturing. This understanding is 

essential for developing strategies to reduce emissions, such as adopting more efficient 

technologies, shifting to renewable energy and improving carbon capture and storage. 

Additionally, CO2 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. In this case, the evaluations assume natural gas as the energy source instead 

of renewables. 

Table 5.4: Typical emission levels from US power plant [12] 

 NOx (kg/MWh) CO2 (kg/MWh) SO2 (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 summarized in [99]. 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 

Table 5.5. 

Table 5.5: Cost functions for some components of system 1 

Component  Cost function Reference 

Solar heliostat ρυπ! .  [100] 

Compressor ςτȢωπςπȢυτω0 πȢπυυ0 [99] 

Pumps υχφȢρ

σωχ
ρȢψωρȢσυρȢυ# 

,ÏÇ# σȢσψωςπȢπυσφÌÏÇ7

πȢρυσψÌÏÇ7  

[101] 

Cold storage tank σ τȢυψς1  [102] 

Hot storage tank πȢςς6 υφσ [102] 

Hydrogen Storage 
tank 

ςωρ
Í

ρπ
 

[102] 

 

Central to the economic study is the operational capacity factor of the plant, a metric 

that reflects the efficiency and utility of the energy system over time.  The capacity factor 

(CF) equation provides a quantitative measure of the plantôs operational efficiency, 

indicating the proportion of time it operates at full capacity over the course of a year. A 

higher capacity factor signifies greater efficiency and utilization of the plant, directly 

impacting its economic attractiveness. This factor is crucial for understanding 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 (Cequip), which is pivotal for financial planning and budget allocations. This 

is articulated as follows: 

# Î #ȟ  
 

      (5.52) 

This equation delineates the relationship between the cost of equipment for the desired 

capacity (K) and a reference capacity (K0), incorporating 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 cost reflects 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: 

"%#ɫ# )ÎÓÔÁÌÌÁÔÉÏÎ ÃÏÓÔ        (5.53) 

This cost metric encapsulates the direct expenses related to the physical setup of the plant, 

laying the groundwork for an exhaustive financial evaluation. The 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 support and 

service costs: 

%0##"%#)ÎÄÉÒÅÃÔ ÃÏÓÔ        (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###ÏÎÔÉÎÇÅÎÃÙ ÃÏÓÔ       (5.55) 

Here, TPC embodies the comprehensive financial commitment required for the project's 

fruition, with an emphasis on risk management through contingency planning. The total 
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overnight cost (TOC) amalgamates the TPC with additional overnight costs, such as the 

owner's costs and third-party expenses, offering a complete picture of the financial 

requirements: 

4/#40#/ÖÅÒÎÉÇÈÔ ÃÏÓÔÓ       (5.56) 

Through this equation, stakeholders gain insight into the aggregate financial 

landscape of the project, encompassing all costs from equipment procurement to 

unforeseen expenses. The operational expenditure (OpEx) of the plant encompasses all 

costs associated with the day-to-day functioning of the facility. This broad category 

includes expenses for raw materials, which are indispensable for the plantôs operations. For 

this integrated energy system, significant raw materials include food waste, utilized as the 

biomass in the digester and water, essential for sonic hydrogen production. The cost of 

acquiring, transporting and processing these materials constitutes a considerable portion of 

the operational budget. Additionally, OpEx covers maintenance, labor, utilities and other 

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 instrumental in 

assessing the long-term 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.  

$ÅÐÒÅÃÉÁÔÉÏÎ ÒÁÔÅ
  

 
       (5.57) 

The depreciation rate helps 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, electricity and 

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: 

4ÏÔÁÌ ÒÅÖÅÎÅÕ 2ÅÖÅÎÕÅ   2ÅÖÅÎÕÅ    2ÅÖÅÎÕÅ

   2ÅÖÅÎÕÅ         (5.58) 

4ÏÔÁÌ ÒÅÖÅÎÅÕ . #&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 for the 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: 

0ÒÅÓÅÎÔ ÃÁÓÈ ÆÌÏ× #&!4$ÉÓÃÏÕÎÔÉÎÇ ÆÁÃÔÏÒ    (5.60) 

#ÕÍÕÌÁÔÉÖÅ ÃÁÓÈ ÆÌÏ× В#ÁÓÈ ÆÌÏ×     (5.61) 

where CFAT is cash flow after tax.  

5.3  Analysis of System 2 

The analysis 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, 

steady-state conditions. Variations in gravitational and kinetic energy terms are considered 

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 efficiency is assumed 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 system [104]. By 

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, making it possible to 

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

step in the design, analysis and optimization of systems, particularly in multigeneration 

systems where various forms of energy are 

 produced and utilized. 
 

Table 5.6: Energy and exergy equations for equipment in system 2 

Component Energy and exergy balance equations 

Steam turbine (ST1) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

High pressure turbine (HT1) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Low pressure turbine (LT1) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Heat exchanger 1 (HX1) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 2 (HX2) Í È ÍÈ 1  

Í ÅØ Í ÅØ ÍÅØ Í ÅØ %ØÄ  

High temperature heat exchanger (HTH) Í È Í È 1  

Í ÅØ Í ÅØ
Í ÅØ Í ÅØ %ØÄ  

Low temperature heat exchanger (LTH) Í È Í È 1  

Í ÅØ Í ÅØ
Í ÅØ Í ÅØ %ØÄ  

High temperature generator (HTG) Í È  Í È 1  

Í ÅØ Í ÅØ
Í ÅØ Í ÅØ Í ÅØ
%ØÄ  

Low temperature generator (LTG) Í È  1 Í È Í È  

Í ÅØ Í ÅØ
Í ÅØ Í ÅØ Í ÅØ
%ØÄ  

Condenser heat exchanger (CH) Í È  1 Í È  

Í ÅØ Í ÅØ
Í ÅØ Í ÅØ %ØÄ  

Condenser 1 (CN1) Í È Í È 1  

Í ÅØ Í ÅØ %Ø %ØÄ  

Condenser 2 (CN2) Í È Í È 1  
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Í ÅØ Í ÅØ %Ø %ØÄ  

Pump 1 (P1) Í È 7 ÍÈ 

Í ÅØ 7 ÍÅØ %ØÄ  

Pump 2 (P2) Í È 7 Í È 

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 3 (P3) Í È 7 Í È 

Í ÅØ 7 ÍÅØ %ØÄ  

Pump 4 (P4) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Absorber (ABS) Í È Í È  Í È 1  

Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Evaporator (EVA) Í È  1 Í È  

Í ÅØ Í ÅØ
Í ÅØ Í ÅØ %ØÄ  

High pressure turbine (HT2) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Low pressure turbine (LT2) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Pump 5 (P5) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 6 (P6) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 7 (P7) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Heat exchanger 3 (HX3) ÍÈ Í È 1  

ÍÅØ Í ÅØ
Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 4 (HX4) Í È 1 Í È  

Í ÅØ Í ÅØ
Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 5 (HX5) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ
Í ÅØ Í ÅØ Í ÅØ
%ØÄ  

Condenser 3 (CN3) Í È Í È Í È 1  

Í ÅØ Í ÅØ

Í ÅØ %Ø %ØÄ  

Hot storage tank (HST) Í È Í È 1  

Í ÅØ Í ÅØ %Ø %ØÄ  

Cold storage tank (CST) Í È Í È 1  

Í ÅØ Í ÅØ %Ø %ØÄ  

 

Exergy analysis, rooted in the second law of thermodynamics, serves as a 

thermodynamic evaluation method [105]. 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 efficiencies that 

accurately indicate how closely actual performance aligns with the ideal scenario. 

Secondly, it more precisely pinpoints, compared to energy analysis, the nature, origins and 

locations of thermodynamic losses. Therefore, energy analysis informs us about the amount 

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 presented in Table 5.6. 

Environmental impact assessment 

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

potential environmental consequences associated with an integrated system. When used, 

fossil fuels release pollutants such as mercury (Hg), CH4, NOx, SO2 and carbon dioxide 

into the air, contributing to air pollution [44]. 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 presents the emission figures for the main fossil fuels utilized 

in power generation facilities across the United States.  In the context of environmental 

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

measures encompass upgrading 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 

worsening environmental impact, as indicated by the exergo-environmental 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 state-of-the-art equipment and recovery of waste heat, 

can enhance overall performance while minimizing adverse environmental effects [106]. 

Continuous monitoring and adaptation strategies are essential for achieving ongoing 

environmental improvement, as reflected in the exergo-environmental impact 
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improvement metric accordingly.  The data presented in Table 5.4 are also utilized in this 

section. 

5.4  Analysis of System 3  

The section presents the key equations for analyzing main equipment in system 3, including 

those related to energy and exergy, along with assessments of environmental impact of the 

system. 

Energy and exergy analyses 

To ascertain the primary-energy 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 embodies the principle of 

energy conservation and involves the application of an energy balance to the system [25, 

26]. The conventional energy analysis, based on the first law of thermodynamics, focuses 

mainly on evaluating energy in terms of its amount [107]. 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 quality [108]. Table 5.7 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 location-related factors give rise 

to uncertainties about the specific environmental repercussions or the potential for 

noteworthy adverse environmental consequences.  

This analysis is crucial in evaluating the system's environmental footprint through the 

examination of organits emissions, waste generation and use 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 

CO2, CH4, NOx and SO2 into the air. Conversely, employing renewable energy sources in 

the trigeneration system circumvents the emission of these detrimental gases. To compute 

the decrease in emissions, the system's performance is compared against a fossil fuel-based 

system producing an equivalent heat capacity. Table 5.4, 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 CO2 emission reduction achieved by the trigeneration system. In 
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addition, when assessing a system from an exergo-nvironmental perspective, various 

factors need to be taken into account and analyzed (see Table 5.8). 
 

Table 5.7: Energy and exergy balance equations for major components of system 3 

Component Equation 

Steam Rankine turbine (SRCT) Í È ×È ØÈ ÙÈ ÚÈ 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Kalina cycle turbine (KCT) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Organic Rankine cycle turbine (ORCT) Í È Í È 7  

Í ÅØ Í ÅØ 7 %ØÄ  

Heat exchanger 1 (HX1) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 2 (HX2) Í È 1 Í È  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 3 (HX3) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 4 (HX4) Í È 1 Í È  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 5 (HX5) Í È 1 Í È  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Heat exchanger 6 (HX6) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

Condenser (COND) Í È Í È 1  

Í ÅØ Í ÅØ %Ø %ØÄ    

Pump 1 (P1) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 2 (P2) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 3 (P3) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Pump 4 (P4) Í È 7 ÍÈ 

Í ÅØ 7 ÍÅØ %ØÄ  

Pump 5 (P5) Í È 7 Í È  

Í ÅØ 7 Í ÅØ %ØÄ  

Absorber (ABS) Í È Í È  Í È 1  

Í ÅØ Í ÅØ Í ÅØ %ØÄ    

Desorber (DES) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  

High temperature recuparator (HTR) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ    

Low temperature recuparator (LTR) Í È Í È 1  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ    

Steam boiler (SB) Í È 1 Í È  

Í ÅØ Í ÅØ Í ÅØ Í ÅØ %ØÄ  
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Table 5.8: Exergo-environmental index equations 

Equation Description 

#
ρ

ʂ Ⱦρππ
 

Cei represents the coefficient of exergo-environmental impact. 

ʃ Æ #  ʃ denotes the factor of exergo-environmental impact. 

ʃ
ρ

ʃ
 

ʃ  signifies the improvement in exergo-environmental impact. 

Æ
%Øȟ

%Øȟ %Ø ȟ

 
Æis the exergy stability index. 

%Øȟ is total exergy destruction rate. 

ʃ Æ ʃ  ʃ is the exergy sustainability factor. 

Æ
%Ø ȟ

%Ø
 

 Æ  is the exergo-environmental impact index. 

%Ø  is the total input exergy rate. 

 

In summary, this chapter presents a detailed analysis and modeling of three 

integrated energy systems, focusing on energy, exergy, economic and environmental 

assessments. Thermodynamic balance equations were applied to evaluate system 

performance, identifying inefficiencies and opportunities for optimization. Exergy analysis 

highlighted energy losses, while environmental impact assessments quantified CO  

emissions, demonstrating the sustainability advantages of renewable-based systems over 

fossil-fuel alternatives. 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 efficiency, reduce emissions and support sustainable energy transitions. 
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Chapter 6. Results and Discussion 

In this section, the results of the experiment are compared with previous related studies in 

the literature and 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 concentrations and gas 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 

Figure 6.1 presents a comparison of the performance and production of the current study 

using different water types with those reported in the literature to test the experiment. 

 

Figure 6.1: 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, lake and wastewater, as well as the values reported by Wang et al. (Study 1) [87] and 

Sasikala et al. (Study 2) [86]. The hydrogen production rates reported by Wang et al. [87] 

and Sasikala et al. [86]are 0.008 µmol/min and 0.006 µmol/min, respectively. This 

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 µmol/min 

at 25 °C, 0.0891 µmol/min at 40 °C, 0.1042 µmol/min at 60 °C and 0.1096 µmol/min at 70 

°C (see Figure 6.2). For tap water, the hydrogen production rates are 0.0500 µmol/min at 

25 °C, 0.0544 µmol/min at 40 °C, 0.0612 µmol/min at 60 °C and 0.0681 µmol/min at 70 

°C. For lake water, the hydrogen production rates are 0.0410 µmol/min at 25 °C, 0.0458 

µmol/min at 40 °C, 0.0531 µmol/min at 60 °C and 0.0626 µmol/min at 70 °C. For 

wastewater, the hydrogen production rates are 0.0340 µmol/min at 25 °C, 0.0384 µmol/min 

at 40 °C, 0.0414 µmol/min at 60 °C and 0.0528 µmol/min at 70 °C.  

 

Figure 6.2: Hydrogen production rate of proposed system using different water sources at varying 

temperatures over a 60-minute period 
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These findings indicate that the current study's use of distilled, tap, lake and wastewater 

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 water and wastewater. 

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 water and wastewater, over various 

time intervals. The hydrogen concentrations were measured at 15, 30, 45 and 60 minutes 

and are reported in ppm. At the 15-minute mark, distilled water had a hydrogen 

concentration of 14 ppm, followed by tap water at 13 ppm, lake water at 9 ppm and 

wastewater at 8 ppm. As time progressed, the hydrogen concentrations in all samples 

increased steadily. After 30 minutes, distilled water reached 22 ppm, tap water 21 ppm, 

lake water 18 ppm and wastewater 14 ppm.  

 

Figure 6.3: 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 31 ppm for distilled water, 30 ppm for tap water, 27 ppm for lake water and 20 

ppm for wastewater. By the 60-minute mark, the hydrogen concentrations were highest 

across all water types, with distilled water at 40 ppm, tap water at 39 ppm, lake water at 36 

ppm and wastewater at 26 ppm. Overall, distilled water consistently exhibited the highest 

hydrogen concentration at each time interval, whereas wastewater showed the lowest 

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 the most effective 

medium in this study. 

Figure 6.4 illustrates the hydrogen concentration in a hydrogen storage system over 

time at two different CO2 flow rates: (a) 100 cm³/min and (b) 200 cm³/min. For each CO2 

flow rate, the hydrogen concentration is measured using four types of water: distilled water, 

tap water, lake water and wastewater. At a CO2 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 minutes, 35 ppm 

at 20 minutes, 38 ppm at 25 minutes and 41 ppm at 30 minutes. This trend continues, 

reaching 59 ppm by 60 minutes. Tap 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 

minutes and 39 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 minutes and 33 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 minutes and 25 ppm at 30 minutes, reaching 37 ppm at 60 minutes. 

At a higher CO2 flow rate of 200 cm³/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 ppm at 25 minutes and 48 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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(a) 

 
(b) 

Figure 6.4: Hydrogen concentration in hydrogen storage over time at different CO2 flow rates: (a) 

100 cm3/min (b) 200 cm3/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 minutes and 38 

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 minutes and 29 ppm at 30 minutes, peaking at 47 ppm by 60 

minutes.  These results demonstrate that higher CO2 flow rates lead to increased hydrogen 

concentrations across all water types. Distilled water consistently achieves the highest 

hydrogen concentration, followed by tap water, lake water and finally wastewater, which 

exhibits the lowest values. The findings indicate that both CO2 flow 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 CO2 injection 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/min.  At a 100 cm³/min flow rate, the hydrogen production rates 

for various types of water; distilled, tap, lake and wastewater are presented over 15, 30, 45 

and 60 minutes. Distilled water shows the highest hydrogen production, initially at 0.062 

µmol/min at 15 minutes, then decreasing to 0.051 µmol/min at 30 minutes, 0.043 µmol/min 

at 45 minutes and finally 0.038 µmol/min at 60 minutes. At a 200 cm³/min flow rate, the 

hydrogen production rates increase across all water types. Distilled water shows the highest 

production again, starting at 0.092 µmol/min at 15 minutes, then decreasing to 0.078 

µmol/min at 30 minutes, 0.076 µmol/min at 45 minutes and further to 0.068 µmol/min at 

60 minutes. Tap water's rates increase from 0.097 µmol/min at 15 minutes, dropping to 

0.085 µmol/min at 30 minutes, 0.080 µmol/min at 45 minutes and finally to 0.071 

µmol/min at 60 minutes. Lake water shows a comparable pattern, starting at 0.102 

µmol/min at 15 minutes, decreasing to 0.088 µmol/min at 30 minutes, 0.083 µmol/min at 

45 minutes and further to 0.074 µmol/min at 60 minutes. Wastewater shows the lowest yet 

improved production, beginning at 0.106 µmol/min at 15 minutes, dropping to 0.091 

µmol/min at 30 minutes, 0.086 µmol/min at 45 minutes and then to 0.077 µmol/min at 60 

minutes. 
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(a) 

 

(b) 

Figure 6.5: Effect of CO2 injection into sonoreactor over time period on hydrogen production rate 

(micromole/min): (a) at 100 cm3/min flow rate (b) at 200 cm3/min flow rate. 
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Figure 6.6: A comparison of average hydrogen production rates between two cases: without CO2 

injection and with CO2 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, 30, 45 and 60 minutes. The comparison is 

made between two conditions: without CO  injection and with CO  injection at a rate of 

200 cm³/min. Each subfigure represents a different water type, with blue bars indicating 

hydrogen production rates without CO  injection and orange bars indicating rates with CO  

injection. For Distilled Water, the hydrogen production rate shows a steady increase over 

time for both cases. Without CO  injection, the rate starts at 0.0486 mmol/min at 15 minutes 

and reaches 0.059 mmol/min at 60 minutes. With CO  injection, the rate starts higher at 

0.092 mmol/min and rises to 0.106 mmol/min by 60 minutes, approximately doubling the 

production rate across all time intervals compared to the condition without CO . For Tap 

Water, an increase in hydrogen production is also observed over time. Without CO  
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injection, the rate rises from 0.0432 mmol/min at 15 minutes to 0.05 mmol/min at 60 

minutes. With CO  injection, the production rate is consistently higher, starting at 0.078 

mmol/min and increasing to 0.091 mmol/min. This indicates a significant enhancement in 

hydrogen production with CO  injection compared to without. Lake Water also exhibits 

increased hydrogen production rates with CO  injection. Without CO , the production rate 

starts at 0.0351 mmol/min and reaches 0.041 mmol/min by 60 minutes. With CO injection, 

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  injection. Wastewater shows the lowest hydrogen production 

rates among the four water types, both with and without CO  injection. Without CO , the 

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

CO  injection, the production rate rises from 0.068 mmol/min to 0.077 mmol/min, 

approximately tripling the production rate at each time interval compared to without CO . 

 

Figure 6.7: Investigation of average hydrogen production rate (µmol/min) over different time periods and 

using different water types. 
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Figure 6.7 presents the hydrogen production rate, measured in µmol/min, across 

different time intervals (15, 30, 45 and 60 minutes) utilizing various types of water 

(Distilled, Tap, Lake and 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 µmol/min at 15 minutes 

and rising to 0.059 µmol/min at 60 minutes. Tap water follows, with production rates 

increasing from 0.0432 µmol/min to 0.05 µmol/min over the same period. Lake water 

exhibits a similar pattern, albeit with lower production rates ranging from 0.0351 µmol/min 

to 0.041 µmol/min. Wastewater shows the lowest hydrogen production rates, beginning at 

0.027 µmol/min at 15 minutes and reaching 0.034 µmol/min by the 60-minute mark. These 

results underline the consistent performance hierarchy, with distilled water yielding the 

highest hydrogen production, followed by tap water, lake water and wastewater. 

6.1.5  Time-Depended Hydrogen Production Results with Isopropyl 

Figure 6.8 demonstrates the effect of varying isopropyl alcohol (C H OH) percentages in 

the water solution on hydrogen concentration in the sonohydrogen production process. As 

alcohol percentage increases, there is a notable fluctuation in the amount of hydrogen 

produced across different reaction times (20, 40 and 60 minutes). At 0% alcohol, the 

hydrogen concentration is minimal, measuring 6 ppm after 20 minutes, 13 ppm after 40 

minutes and 19 ppm after 60 minutes. However, with a slight increase to 2% alcohol, the 

hydrogen concentration rises significantly, reaching 22 ppm, 43 ppm and 65 ppm for 20, 

40 and 60 minutes, respectively. The concentration continues to peak at 5% alcohol, 

achieving 29 ppm (20 minutes), 59 ppm (40 minutes) and 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 

and 78 ppm for the respective time intervals. At 20%, it drops further to 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 low (0ï2%) and high alcohol levels (20ï

100%) result in reduced hydrogen output.  
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Figure 6.8: Effect of alcohol percentage in solution on hydrogen concentration 

 

 Figure 6.9 illustrates the relationship between alcohol percentage in water and the 

hydrogen production rate, measured in micromoles per minute (µmol/min), at three 

different time points: 20, 40 and 60 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 µmol/min with 0% 

alcohol, increases to 0.119 µmol/min at 5% and then begins to decline, dropping to 0.105 

µmol/min at 10%, 0.073 µmol/min at 20% and finally to 0.013 µmol/min at 100% alcohol. 

At 40 minutes, the production rate begins at 0.051 µmol/min with 0% alcohol, peaks at 

0.237 µmol/min at 5% and then decreases to 0.210 µmol/min at 10%, 0.145 µmol/min at 

20% and 0.027 µmol/min at 100% alcohol. At 60 minutes, the production rate starts at 

0.076 µmol/min with 0% alcohol, increases to a maximum of 0.356 µmol/min at 5% and 

subsequently declines to 0.315 µmol/min at 10%, 0.218 µmol/min at 20% and 0.040 

µmol/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) 



113 

 

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

µmol/min at 5% alcohol after 60 minutes. 

 

Figure 6.9: Average hydrogen production rates at different mixture of water and alcohol 
 

6.1.6 Comparative Results of Time-Depended 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 injections such as CO2 and air.  

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

of CO2 or air over a period of 60 minutes. When CO2 is injected, the hydrogen 

concentration starts at 34 ppm after 15 minutes, increasing steadily to 48 ppm at 30 

minutes, 62 ppm at 45 minutes and 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 minutes and 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 CO2 injection throughout the observed timeframe.The 

introduction of air and CO  into the hydrogen production system influences production rate 

due to their thermodynamic and physical properties. The specific heat ratio (ɔ) and speed 
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of sound of these gases determine their cavitation efficiency within the sonoreactor. Air, 

with a higher ɔ (1.4) compared to CO  (1.3), facilitates stronger pressure fluctuations, 

enhancing cavitation effects that improve hydrogen production. Additionally, specific 

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% 

higher hydrogen concentration than CO  injection due to these enhanced cavitation 

dynamics. These findings support the conclusion that air is more effective in increasing 

hydrogen production rates compared to CO . 
 

 
Figure 6.10: Hydrogen concentration in storage for different types of gas injection 

 

6.1.7 The Results of Integrated Sonic Hydrogen Generator and Electrolyzer 

The hydrogen generation rate may depend on factors such as 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 how ultrasound influence the hydrogen production rate over time.  

Figure 6.11 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.  

 

Figure 6.11: 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 reactive species to and from 

the electrode surfaces. Second, the collapse of these bubbles generates localized high-

pressure and high-temperature conditions, which clean and activate the electrode surface, 

thereby improving the reaction kinetics. Finally, the mechanical and 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 under ultrasound-assisted electrolysis 

compared to the voltage-only condition. This highlights the potential of integrating 
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ultrasound as a complementary technique in low-voltage electrolysis systems for improved 

hydrogen generation efficiency. 

In this study, two experiments were conducted to assess the performance of an 

alkaline electrolyzer one 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 baseline 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 electrolysis 

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 that the 

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 the rate of hydrogen generation 

and the overall efficiency of the process. 

6.1.8 Optimal Results of Experimental 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 different types of water; 

distilled water, tap water, lake water and wastewater in producing hydrogen when exposed 

to ultrasound energy. By calculating key statistical metrics, including the mean, variance, 

standard deviation and coefficient of variation for each water source, 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 deviation and 

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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       Table 6.1: Standard deviation and statistical metrics for various experiments 

 Mean Variance Standard deviation Coefficient of Variation (%) 

Distilled water 0.059 0.000014 0.003786 6.42 

Tap water 0.05 0.000008 0.002769 5.53 

Lake water 0.041 0.000011 0.003266 7.97 

Wastewater 0.034 0.000003 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 for each water 

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 hydrogen production 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 hydrogen production 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 hydrogen 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 may hinder 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 0.000014 and the standard deviation is 0.003786 

micromole/min. These values suggest that there is a relatively 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 and standard 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 inorganic substances 

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 production rate remains 

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 the 

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 other water 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 constituents present in 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 variability. From 

the data it can be concluded that distilled water shows the 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 CV. Tap water emerges as a viable 

alternative with relatively high hydrogen production and the lowest CV among all sources, 

suggesting both efficiency and consistency. Lake water, while capable of producing 

hydrogen, displays higher variability, likely due to 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 may not 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 efficiency. Overall, this analysis 

provides critical insights into 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 

ultrasound-driven hydrogen production. The reliability and efficiency of hydrogen 

production are key factors that could influence the selection of a suitable water source for 

sustainable energy solutions. 

6.1.9  Cost Assessment and Scale-up Results  

The cost assessment of sonohydrogen production is a crucial factor in evaluating the 

systemôs scalability and economic feasibility. When integrated into a renewable-based 

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) and reactor vessel ($0.00228M) indicate that the core elements of the system 

are relatively inexpensive compared to major expenditures like the compressor 

($8.66524M) and turbines ($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 

annually), a detailed examination of cost per unit production is necessary to determine the 

financial sustainability of expanding this system. If this system is scaled up, several cost 

implications arise. A larger-scale production setup would require increased investment 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 maintenance. The 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 of self-utilized 

electricity may need reassessment to ensure that excess power generation remains 

profitable. Additionally, the capital cost of storage and transportation must be factored in 

as higher hydrogen output necessitates expanded infrastructure. To estimate the cost of 

hydrogen production on a daily basis, a scale-up procedure 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 hydrogen, an increase in production by a factor 

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

revenue. However, in real-world scenarios, scaling effects such as efficiency gains, bulk 
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procurement benefits and operational optimizations must be considered. The 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 $173.4M. This suggests that at higher 

production scales, the project remains viable if market demand and pricing conditions are 

favorable. A cost-benefit assessment incorporating economies of scale, production 

efficiency and market demand projections will be critical in determining the optimal scale-

up strategy for sonohydrogen production. 

6.2  Integrated System Results 

The results of the study on all three systems are presented in this section. These systems 

are modeled in engineering equation solver program. 

6.2.1  System 1 Results 

The results of the study 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 system, exergy destruction results and economic study results. 

(a) Model validation 

The developed system is unique and comprises five primary components (ORC, SRC, BC, 

DEAS and RO), each modeled separately with their respective exergy flow rates. To make 

the analysis possible, there is a need tom make some assumptions as follows: 

¶ In the exergy and energy equations, changes due to kinetic and gravitational factors 

are deemed negligible.  

¶ 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, validation can be effectively carried out 

by applying the first and second laws of thermodynamics. This validation process involves 
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ensuring consistency and accuracy through energy, exergy, entropy and mass balance 

equations. By meticulously verifying these fundamental principles within the system, 

engineers can confirm that the model accurately represents the real-world behavior of the 

system under study.  The system underwent a thermodynamic analysis using the 

Engineering Equation Solver (EES) program [109], where all state point properties, 

including temperature, pressure and mass, were meticulously chosen for this study. The 

selection was aimed at maximizing the system's efficiency and was accomplished through 

the application of the genetic optimization method within the EES program. Moreover, this 

modeling underlies an optimization method to select the optimum values for input 

parameters. The primary objective of this optimization was to enhance the system 

efficiency and reduce exergy destruction. Table 6.2 displays the variables considered, along 

with their upper and lower bounds. Additionally, it presents the optimum value for each 

variable. Table 6.2, which displays the state point characteristics of the integrated system, 

confirms the reality of the optimization and the thermodynamic balance equations as 

compared to [46,110].   
 

Table 6.2: Decision variables and their corresponding range and optimal value for system 1 

Decision variables Lower band Upper band Optimum Value 

High pressure in absorption system (kPa) 700 1200 900 

Low pressure in absorption system (kPa) 200 500 311 

T20 (K) 280 340 328.40 

High pressure in BC (kPa) 3000 5000 4475 

Low pressure in BC (kPa) 100 3000 2585 

T17 (K) 300 1400 700 

High pressure in SRC (kPa) 5000 25000 8115 

Medium pressure in SRC (kPa) 100 1000 180.90 

Low pressure in SRC (kPa) 1 150 15.20 

T7 (K) 500 1000 680 

SRC mass flow rate (kg/s) 0.1 20 7.9 
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Table 6.3: Sate point properties of system 1 

 Fluid Temperature 
(K) 

Pressure 
(kPa) 

Mass 
flow rate 
(kg/s) 

Specific 
enthalpy 
(kJ/kg) 

Specific 
entropy 
(kJ/kgK) 

Specific 
exergy 
(kJ/kg) 

1 NaNO3-
KNO3 

790 319.1 136.7 389.2 0.595 1612.45 

2 NaNO3-
KNO3 

780 193 136.7 373.8 0.5755 1602.81 

3 NaNO3-
KNO3 

666 193 136.7 200 0.3345 1500.93 

4 NaNO3-
KNO3 

656 100 136.7 184.8 0.3115 1492.57 

5 NaNO3-
KNO3 

656 319.1 136.7 184.9 0.3115 1492.71 

6 Water 306.80 8115.00 7.90 148.40 0.48 1404.56 

7 Water 680.00 8115.00 7.90 3155.00 6.38 2652.66 

8 Water 390.20 180.90 7.90 2512.00 7.16 1777.34 

9 Water 680.00 180.90 7.90 3291.00 8.29 2220.13 

10 Water 426.60 15.20 7.90 2789.00 8.51 1652.41 

11 Water 358.30 15.20 7.90 2658.00 8.18 1621.27 

12 Water 306.30 15.20 7.90 138.80 0.48 1396.46 

13 Biomass 295 100 10.2    

14 Fertilizer 307.2 100 9.2    

15 Biogas 312 100 1    

16 Air 734.80 4475.00 70.00 751.10 5.54 500.84 

17 Air 900.00 4475.00 70.00 933.20 5.76 616.31 

18 Air 742.60 2585.00 70.00 759.60 5.71 458.91 

19 Air 660.80 2585.00 70.00 671.60 5.58 408.39 

20 Ammonia-
Water 

273.30 311 3.28 -233.40 -0.18 1220.00 

21 Ammonia-
Water 

273.40 900 3.28 -232.50 -0.18 1221.00 

22 Ammonia-
Water 

273.40 900 1.92 -232.50 -0.18 1221.00 

23 Ammonia-
Water 

289.81 900 1.92 -157.20 0.09 1217.00 

24 Ammonia-
Water 

289.81 900 1.70 -157.20 0.09 1217.00 

25 Ammonia-
Water 

328.40 900 1.70 154.50 1.08 1235.00 

26 Ammonia-
Water 

358.40 900 1.05 288.10 1.45 1256.00 

27 Ammonia-
Water 

276.60 900 1.05 -216.40 -0.10 1213.00 

28 Ammonia-
Water 

288.00 900 2.51 -165.50 0.08 1211.00 

29 Ammonia-
Water 

275.10 900 2.51 -223.10 -0.12 1214.00 
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30 Ammonia-
Water 

275.21 311 2.51 -223.10 -0.12 1213.00 

31 Ammonia-
Water 

289.81 900 0.22 -156.19 0.10 1217.00 

32 Ammonia-
Water 

286.30 900 1.58 -173.40 0.03 1217.00 

33 Ammonia-
Water 

296.30 900 1.46 -128.80 0.21 1210.00 

34 Ammonia-
Water 

273.40 900 1.36 -232.50 -0.18 1221.00 

35 Ammonia-
Water 

285.71 900 1.36 -176.00 0.02 1217.00 

36 Ammonia-
Water 

389.20 900 0.65 1531.00 5.09 1414.00 

37 Ammonia-
Water 

294.70 900 0.65 1136.00 3.86 1385.00 

38 Ammonia-
Water 

294.70 900 0.65 1017.00 3.46 1386.00 

39 Ammonia-
Water 

334.00 900 0.12 1393.00 4.71 1390.00 

40 Ammonia-
Water 

284.00 900 0.77 50.44 0.19 1394.00 

41 Ammonia-
Water 

264.80 311 0.77 50.44 0.20 1390.00 

42 Ammonia-
Water 

267.70 311 0.77 1265.00 4.77 1244.00 

43 Isobutane 289.70 1377.00 7.56 239.70 1.13 1302.78 

44 Isobutane 358.00 1377.00 7.56 668.20 2.39 1356.12 

45 Isobutane 315.90 349.90 7.56 621.10 2.42 1301.11 

46 Isobutane 289.10 349.90 7.56 237.50 1.13 1300.58 

47 Water 289.00 100.00 43.34 66.57 0.24 1396.79 

48 Water 289.00 75.00 43.34 66.54 0.24 1396.77 

49 Water 305.00 75.00 43.34 133.50 0.46 1396.49 

50 Water 305.40 6200.00 43.34 140.70 0.47 1402.68 

51 Water 305.40 105.00 25.96 135.20 0.47 1396.61 

52 Water 305.40 5200.00 17.38 139.80 0.47 1401.61 

53 Water 305.50 100.00 17.38 135.50 0.47 1396.49 

54 H2 298 100 6.584    

55 Air 295.00 1.00 46.67 295.40 5.69 0.02 

56 Air 275.00 1.00 46.67 275.30 5.62 0.95 

57 Air 275.00 1.00 18.33 275.30 5.62 0.95 

58 Air 318.00 1.00 18.33 318.50 5.76 0.61 
 

In the current system modeling, the exergy efficiencies are the energy efficiencies 

because high-quality and high-temperature energy sources are employed. This is verified 

with different references such as  [95]. As a result, in real-world processes, exergy 
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effectively captures both the amount and the quality of energy, which energy alone does 

not. 

(b) Overall system performance results 

In this section, the general results of the study are presented, including the main production 

value of the developed system, the exergy efficiencies of the turbines and the energy and 

exergy efficiencies of both the overall system and its subsystems. Figure 6.12 presents the 

turbineôs exergy efficiencies in the proposed system.  

 

Figure 6.12: Turbine exergy efficiencies inn system 1 

It illustrates that the exergy efficiencies of the gas turbine (GT), high-pressure 

turbine (HT), low-pressure turbine (LT), organic Rankine cycle turbine (OT) and reverse 

osmosis turbine (RT) are 93.77%, 73.48%, 88.45%, 85.64% and 85.3% 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 DEAS. The energy 

efficiencies for the BC, ORC and SRC are noted as 29.69%, 10.49%, 30% and respectively. 

In terms of exergy efficiency, the BC ORC and SRC are at 46.74%, 62.73% and 53.43% 

respectively. Additionally, the DEAS achieves energetic and exergetic COPs of 1.67 and 

0.65 respectively. Moreover, the overall system energy and exergy efficiencies are 37.68% 

and 71.25%, respectively.  As illustrated in Figure 6.14, the system generates 12,839.500 

kW of electricity, 791.8 kW for heating and 937 kW for cooling. Additionally, the system 
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has the capacity to produce 32.92 kg/h of hydrogen. In addition, Table 6.4 devotes capacity 

of major components. 

 

 

(a) 

 

(b) 

Figure 6.13: Performance evaluation of system 1: (a) energy and exergy efficiencies (b) energetic 

and exergetic COPs. 
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Figure 6.14: Main productions of system 1 

 

Table 6.4: Capacity of major components in system 1 

Component Capacity (kW) Component Capacity (kW) 

Digester heat exchanger  360 CN3 2900 

Compressor 6547 HGN 1034.9 

Gas turbine 10332 LGN 256.75 

Other turbines 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 study results for different parameters in system 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 exergy efficiencies 

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 chamber. The 
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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 suggests a significant 

contribution to the cycle's energy generation capability, highlighting the digester's role in 

enhancing the energy efficiency of the integrated system. The Figure shows that elevating 

the methane molar fraction from 0.3 to 0.8 leads to enhanced energetic and exergetic 

efficiencies. This outcome is expected, as biogas with a higher methane content typically 

exhibits increased energetic and exergetic efficiencies. The 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 performance. Notably, even a marginal increase in the methane 

molar fraction can significantly improve the digester's overall efficiency. This indicates 

that optimizing methane levels in biogas is crucial for increasing the efficiency and 

sustainability of digestion systems. 

 
Figure 6.15: Effect of biogas quality on efficiencies of digester in system 1 

 

Figure 6.16 illustrates the effect of the high-temperature 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 increase in COPs, 

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. 

 

 
Figure 6.16: Effect of HTG inlet temperature on COPs efficiencies in system 1 

 

Figure 6.17 showcases the outcomes of a parametric study examining the 

correlation between the reference (ambient) temperature and energy and exergy 

efficiencies of the system. The analysis shows that 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 external temperature conditions. On the other hand, there's a 

remarkable increase in exergy efficiency, which escalates from 5.59% to 79.08% across 

the same temperature spectrum. This 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 the sensitivity of 

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 to utilize energy in alignment 

with environmental conditions, markedly improves. 

 
Figure 6.17:Effect of reference temperature on system 1 efficiencies  

 

Figure 6.18 shows the effect of 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 experience 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 interval. This observed trend is rooted in fundamental 

thermodynamic 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 efficiency. This enhancement 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 production, thus elevating thermal 

efficiency of the cycle. Furthermore, the sensitivity analysis elucidates an augmentation in 

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

the work potential of the heat source as the temperature ascends.  

 
Figure 6.18: Effect of solar tower output temperature on system 1 efficiencies  

 

Figure 6.19 shows the effect of SRC mass flow rate on the 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 a flow rate 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 increases is elucidated by 

principles of thermodynamics and fluid dynamics. A higher 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 energy into 

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. As the mass 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 capability of the system to convert heat 

into useful work, as evidenced by the increased exergy efficiency. 

 
Figure 6.19: Effect of SRC mass flow rate on system 1 efficiencies  

 

Overall, based on the descriptions of the sensitivity analyses 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 temperature from 800 K to 1300 K. Specifically, energy efficiency 

jumps from 37.68% to 55.32% and exergy 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 assessment results 

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 essential in mapping out 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 comparison of 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 endeavors to elevate 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 propelling the transition towards 

more environmentally friendly and sustainable energy paradigms. 

In the context of assessing the environmental impacts of various energy systems, 

Figure 6.20 presents a comparative analysis of three distinct configurations: a conventional 

power-only system, a combined heat and power (CHP) system and an advanced 

multigeneration system. The essence of this comparison lies in its focus on the exergy 

efficiency and CO2 emissions characteristic of each system, thereby shedding light on their 

respective environmental performance metrics. Specifically, the power-only system, which 

is designed to generate electricity exclusively, demonstrates energy and exergy efficiencies 

of 32.94% and 70.57%, respectively, accompanied by CO2 emissions 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 CO2 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 CO2 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 CO2 emissions 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 sustainability and the operational characteristics of different energy 

systems. The transition to multigeneration systems represents a forward-thinking approach 

to energy production, one that harmonizes the objectives of maximizing energy efficiency 

with the imperative of minimizing 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.  

 
Figure 6.20: Distribution of efficiencies and CO  emissions across for scenarios in system 1 
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(e) Thermal energy storage system results 

The TES emerges as a crucial component in multigeneration energy systems, addressing 

the challenge of balancing energy supply and demand. In these systems, TES provides a 

flexible and efficient means of storing excess thermal energy generated during periods of 

low demand for later use during peak consumption times. This capability not only improves 

the overall efficiency of the energy system but also plays a significant role in stabilizing 

the energy grid. By effectively bridging the gap between production and consumption, TES 

allows for the optimization of energy resources, reducing the reliance on continuous energy 

generation and mitigating the environmental impact. Specifically, in multigeneration 

systems, where different energy outputs (like electricity, heating and cooling) are produced 

simultaneously, TES proves indispensable. It ensures a steady and reliable supply of 

thermal energy, thereby facilitating a more sustainable and resilient energy infrastructure, 

which is especially beneficial in systems integrating renewable energy sources with 

variable outputs. Utilizing TES becomes particularly advantageous when there's a 

mismatch between energy generation and consumption. Figure 6.21 illustrates the hourly 

energy storage levels, discharging and charging of the designed system, set at an 

environment like Ottawa, Canada. During the hours of 7:00 to 17:00, energy is 

predominantly generated from solar power systems, leading to an abundance of energy 

production, especially noticeable after 9:00. This excess energy, available from 9:00 to 

17:00, can be tactically utilized during periods when energy demand exceeds its 

production. The additional energy accumulated offers a possibility for storage and its 

subsequent use in producing hydrogen via ultrasound technology. The observed pattern in 

energy consumption and generation sheds light on effective energy management strategies. 

The early morning hours show a consistent energy demand, not matched by production, 

highlighting a dependence on stored energy. This scenario provides a pivotal chance to 

allocate the surplus energy for enhancing grid reliability and advancing eco-friendly 

initiatives. Employing excess energy for hydrogen production during peak times is not only 

resource-efficient but also supports sustainable energy objectives. Hydrogen, generated 

through ultrasound methods, serves as a renewable and effective solution and its storage 

for high-demand periods assists in stabilizing the energy grid. Effectively harnessing the 

daily surplus energy may make a significant contribution to the local energy landscape, 
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decreasing dependence on traditional energy sources and encouraging a more robust and 

eco-conscious energy framework. 

 

Figure 6.21: Average daily charging, discharging and level of thermal energy storage in system 1 

 

(f) Exergy destruction rate assessment results 

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 system's exergy 

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 parts responsible 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 improves the sustainability 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 improving 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 kW. This 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 lower exergy destructions. These include reverse osmosis, 

double effect absorption system, sonohydrogen process and organic Rankine cycle, with 

exergy destructions of 236.24 kW, 204.71 kW, 185.6 kW and 70.26 kW, respectively. 

Table 6.5: Exergy destruction rates for main equipment in system 1 

Components Exergy destruction rates (kW) 

BL 4067 

P1 0.01 

HT 1834 

LT 517.8 

CN1 1370 

P2 11.15 

COCH 5548 

CP 75.21 

GT 686.2 

HX1 39 

ST 59.73 

CN3 8 

P4 2.531 

Filter 1.08 

P5 46.33 

RO Module 175.8 

RT 13.03 

LGN 8.683 

HHX 14.43 

LHX 0.001 

CHX 4.54 

CN2 0.06 

EV 69.43 

ABS 0.02 

P3 0.45 

Sonohydrogen process 185.6 

 

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, 9.9 and 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 elevated pressures, 
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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 increased mass 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 at the lowest 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.  
 

 

Figure 6.22:Effect of inlet pressure of SRC high pressure turbine on exergy destruction rate of 

components in system 1 

 

(g) Economic analysis results 

The economic analysis section delves into the 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 category and 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. 

Table 6.6: Capital cost of major components in system 1 

Component  Major capital costs of the plant ($M)  

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 

Estimation Cost (BEC) at $34.49 million and the Engineering, Procurement, Construction 

and Commissioning (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), which are near 

$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 one year and part (b) displays the 

percentage contribution of each production category to the total revenue. The data is 

distributed among four production categories: cooling, heating, electrical power and 

hydrogen. Despite a revenue of $123,516, the cooling services contributed less than one 

percent to the total revenue. This surprisingly low percentage contribution, given 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 $13,902,330.24, accounting 

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, generating $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 component of the revenue strategy. 

 

 
Figure 6.23: Break down of total costs of system 1 

 

Figure 6.25 illustrates 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 evolution of the NPV from 2024 to 2054 under four different hydrogen (H2) selling 

price scenarios. Initially, each scenario commences with an identical NPV of -$53.80 

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

 

 
(b) 

Figure 6.24: Revenue analysis of developed system by production category: (a) total revenue in 

USD over one year and (b) percentage contribution of each production category to total  

revenue. 

. 
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(a) 

 
(b) 

Figure 6.25: Net present value of system 1 in different year: (a) presented values (b) sensitivity 

analysis results with different hydrogen prices. 
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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, the turnaround to 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. In the most optimistic price 

setting of $13,000 per ton, the break-even also occurs in 2031, but the NPV soars to $3.74 

million, showcasing the substantial impact of higher hydrogen prices on the projectôs 

financials. Each consecutive year demonstrates incremental growth 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 hydrogen at $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 on the time it takes for the investment to become 

profitable and on the magnitude of financial returns. Higher selling prices for hydrogen 

accelerate the break-even point and enhance the NPV considerably each year, reinforcing 

the importance of market pricing strategies in the projectôs economic viability. 

6.2.2 System 2 Results 

 The thermodynamic evaluation of the system was conducted utilizing EES program [109]. 

A genetic algorithem is used to find the data and to optimize the  performance of the system 

(see Table 6.7). Table 6.8 displays the characteristics at each state point (temperature and 

pressure are defined as input parameters), while Table 6.9 displays various output 

quantities along with their corresponding units.  In addittion, the performance parameters 

and their corresponding values are presented in Table 6.10. 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 heating and delivering 903.8 kilowatts for 

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

Table 6.7: Decision variables and their corresponding range and optimal value for system 2 

Decision variables Lower band Upper band Optimum Value 

High pressure in absorption system (kPa) 700 1200 908.89 

Low pressure in absorption system (kPa) 200 500 320.10 

High pressure in ORC 1(kPa) 1000 5000 2798 

Low pressure in ORC1 (kPa) 100 700 300.40 

High pressure in SRC (kPa) 5000 25000 14500 

Low pressure in SRC (kPa) 1 150 80 

SRC mass flow rate (kg/s) 0.1 20 0.521 

ORC1 mass flow rate 0.1 20 7.7 

Highest temperature in the SRC 500 1000 714 

Highest temperature in the ORC1 300 600 449 

Highest temperature in the ORC2 300 600 447 
 

(a) Impact of environment temperature on system parameters 

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 utilization.  Figure 6.26 illustrates the 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 constant at 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 gradually to 56.16%.  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 ambient temperature 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 COP. The 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 performance of the system. In contrast, the exergetic COP 

increases significantly to 0.9436, indicating an enhanced ability of the system to effectively 
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utilize the available energy with the rise in ambient temperature.  It should be highlighted 

that the performance of the absorption system is compared and verified against the findings 

in reference  [111], which reported an COP of 1.5. 
   

Table 6.8: Characteristics at each state point in system 2 

 Substance Temperature 
(K) 

Pressure 
(kPa) 

Mass flow 
rate (kg/s) 

Specific 
enthalpy 
(kJ/kg) 

Specific 
entropy 
(kJ/kgK) 

Specific 
exergy 
(kJ/kg) 

1 NaNO3/KNO3 710 120 33.33 266.80 1539 1539 

2 NaNO3/KNO3 850 100 33.33 481.70 1671 1671 

3 NaNO3/KNO3 710 100 33.33 266.70 1539 1539 

4 NaNO3/KNO3 704.40 200 50 258.10 1534 76682 

5 NaNO3/KNO3 797.10 200 50 400 1619 80959 

6 NaNO3/KNO3 794.10 100 50 395.40 1616 80815 

7 NaNO3/KNO3 794.10 100 50 395.40 1616 80815 

8 NaNO3/KNO3 794.20 200 50 395.50 1616 80816 

9 NaNO3/KNO3 733.30 200 50 302.30 1560 77976 

10 NaNO3/KNO3 714.30 200 50 273.30 1542 77124 

11 NaNO3/KNO3 704.30 100 50 258.10 1534 76682 

12 NaNO3/KNO3 704.30 100 50 258.10 1534 76682 

13 Isobutane 449 2798 7.7 857.30 1429 11000 

14 Isobutane 425.20 1395 7.7 826.70 1394 10735 

15 Isobutane 449 1395 7.7 884.70 1413 10877 

16 Isobutane 408.80 300.40 7.7 810 1328 10226 

17 Isobutane 292.90 300.40 7.7 246.70 1300 10012 

18 Isobutane 294.50 2798 7.7 252 1305 10046 

19 Water 357.10 14500 0.521 363 1432 746 

20 Water 714 14500 0.521 3137 2711 1412 

21 Water 366.60 80 0.521 2329 1787 930.80 

22 Water 355.60 80 0.521 345.50 1417 738.10 

23 Ammonia-
Water 

273.20 320.10 3.27 -233.70 0.18 1220.48 

24 Ammonia-
Water 

273.30 908.89 3.27 -232.90 0.18 1221.10 

25 Ammonia-
Water 

273.30 908.89 1.913 -232.90 0.18 1221.12 

26 Ammonia-
Water 

289.80 908.89 1.913 -157.59 0.09 1216.94 

27 Ammonia-
Water 

289. 80 908.89 1.692 -157.59 0.09 1216.90 

28 Ammonia-
Water 

328.30 908.89 1.692 147.400 1.053 1234.04 

29 Ammonia-
Water 

358.30 908.89 1.043 281.19 1.42 1255.03 

30 Ammonia-
Water 

277.19 908.89 1.043 -213.59 0.09 1213.81 

31 Ammonia-
Water 

287.90 908.89 2.499 -165.80 0.09 1210.48 
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32 Ammonia-
Water 

275 908.89 2.499 -223.39 0.11 1214.08 

33 Ammonia-
Water 

275.19 320.1 2.499 -223.39 0.11 1213.28 

34 Ammonia-
Water 

289. 80 908.89 0.2208 -157.59 0.09 1216.94 

35 Ammonia-
Water 

285. 79 908.89 1.578 -176.10 0.023 1217.36 

36 Ammonia-
Water 

295.70 908.89 1.456 -131.50 0.18 1209.48 

37 Ammonia-
Water 

273.30 908.89 1.357 -232.90 0.18 1221.08 

38 Ammonia-
Water 

285 908.89 1.357 -179.10 0.013 1217.40 

39 Ammonia-
Water 

387 908.89 0.6491 1525 5.06 1413.96 

40 Ammonia-
Water 

295 908.89 0.6491 1132 3.83 1385.76 

41 Ammonia-
Water 

295 908.89 0.6491 1019 3.47 1386.53 

42 Ammonia-
Water 

330 908.89 0.1222 1383 4.66 1390.34 

43 Ammonia-
Water 

281 908.89 0.7713 36.47 0.15 1395.05 

44 Ammonia-
Water 

265.50 320.1 0.7713 36.47 0.16 1392.45 

45 Ammonia-
Water 

265.60 320.10 0.7713 1208 4.55 1254.38 

46 Isobutane 292.40 2798 10 247 1.15 1305 

47 Isobutane 447 2798 10 851.90 2.77 1427 

48 Isobutane 423.10 1395 10 821.50 2.78 1393 

49 Isobutane 447 1395 10 879.80 2.91 1411 

50 Isobutane 406.70 300.40 10 805.50 2.94 1327 

51 Isobutane 290.90 300.40 10 241.80 1.14 1300 

52 Water 465 100 225 2859 7.799 1934 

53 Water 450.1 100 225 2829 7.799 1905 

54 Water 450.1 100 225 2829 7.735 1924 

55 Water 449.1 100 225 2827 7.73 1923 

56 H2 298 100 0.001551    

 

Table 6.9: Different productions of system 2 

Output Value Unit 

1  4337 kW 

1  4338 kW 

1  903.8 kW 

7 ȟ  2177 kW 

Hydrogen production rate 0.0016 Kg/s 
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Figure 6.26: Effect of ambient temperature on overall efficiencies of system 2 

 
Figure 6.27: Effect of ambient temperature on COPs of system 2 
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Table 6.10: Performance parameters and their corresponding values for system 2 

Performance Parameters Values 

Energy efficiency of the multigeneration system (%) 83.28 

Exergy efficiency of the multigeneration system (%) 58.71 

Energetic COP 1.646 

Exergetic COP 0.6215 

 

(b) Impact of heat input on the system efficiencies 

An insightful analysis of a system's performance metrics, in relation to solar heat input, is 

presented in Figure 6.28. This analysis is crucial as it helps to understand and optimize the 

system for better energy and exergy efficiencies. The data reveals that as the solar heat 

input increases from 12036 kW to about 12500 kW, there is a slight decrease in both energy 

efficiency and exergy efficiency. At a solar heat input of 12036 kW, the system achieves an 

energy efficiency of 85.2% and an exergy efficiency of 60.61%. However, as the solar heat 

input rises to 12560 kW, the energy efficiency and exergy efficiency slightly reduce to 

approximately 83.50% and 59%, respectively. The analysis is important as it can guide 

enhancements to the system's design and operation to maintain optimal efficiency under 

varying solar heat inputs. 

 
Figure 6.28: Effect of solar heat transfer rate on overall efficiencies of system 2 
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Figure 6.29: Effect of geothermal heat transfer rate on overall efficiencies of system 2 
 

Figure 6.29 provides 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 

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. 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 64.18% and 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 assessment is crucial for recognizing potential 

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

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 64.18% and 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 assessment is crucial for recognizing potential 

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

(c) Impact of heat input on the net work and hydrogen production rate 

Figure 6.30 shows the effect of the solar heat transfer rate on the total work output of the 

system and the hydrogen generation rate. The graph reveals a clear positive correlation, 

indicating that as the solar heat transfer rate rises from 12000 kW to 12500 kW, there is a 

rise in both the system's work output and the hydrogen generation rate. The total work of 

the system experiences an increase from approximately 1982.44 kW to 2167.24 kW. 

Similarly, the hydrogen production rate also shows an upward trend, rising from around 

5.083 kg/s to 5.557 kg/s.  

 

Figure 6.30: Effect of solar heat transfer rate on hydrogen generation rate and system 2 net work 

rate 
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Figure 6.31: Effect of geothermal heat transfer rate on hydrogen generation rate and net work 

(d) Environment impact assessment results 

The environmental significance of multigeneration systems is underscored by their 

potential to mitigate CO2 emissions. By optimizing the use of a single energy source to 

simultaneously produce multiple forms of energy, such as electricity, heat and cooling, 

these systems can achieve higher efficiencies, thereby reducing the amount of fuel required 

and, consequently, lowering CO2 emissions. This is particularly crucial in the context of 

global efforts to combat climate change, as reducing CO2 emissions is a key step towards 

minimizing the environmental impact of energy production. Hence, multigeneration 

systems can serve as an effective strategy for sustainable and environmentally responsible 

energy generation. To evaluate this, in this specific segment, the assumption is made that 

the system operates using fossil fuels, specifically natural gas, instead of renewable energy. 

In Figure 6.32, a comparative analysis of three distinct energy production systems is 

presented: power, combined heat and power (CHP) and multigeneration, focusing on their 

respective exergy efficiencies and carbon dioxide emissions. The system, that produces 

only power, exhibits an exergy efficiency of 35.49%, accompanied by carbon dioxide 

emissions of 3.35 kg/kWh. In contrast, the CHP system, which concurrently generates 
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electrical power and useful heat, demonstrates enhanced performance with an exergy 

efficiency of 46.11% and reduced emissions at 1.12 kg/kWh. The most efficient among the 

trio, the Multigeneration system, optimizes the utilization of energy by producing multiple 

forms of useful outputs, achieving an impressive exergy efficiency of 58.71% and the 

lowest carbon dioxide emissions at 0.61 kg/kWh. When fueled by natural gas, these 

systems underline the potential for significant reductions in carbon dioxide emissions by 

optimizing energy use across diverse applications. 

Figure 6.33 presents a graphical analysis of CO2 emissions in relation to the total heat 

input across different options. Spanning a range from 10,000 kW to 15,000 kW, the figure 

depicts a linear increase in CO2 emissions for three options: multigeneration, power 

generation and combined heat and power (CHP). The emissions for the multigeneration 

system, beginning at 0.4365 kg/kWh and rising to 0.6547 kg/kWh, show a 50% increase, 

paralleling the increase in heat input. Similarly, the power generation emissions escalate 

from 2.365 kg/kWh to 3.548 kg/kWh and the CHP emissions from 0.7906 kg/kWh to 1.186 

kg/kWh, both mirroring the same 50% rise.  
 

 

Figure 6.32: Distribution of exergy efficiency and CO  emissions for various scenarios in system 

2 
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Figure 6.33:  Effects of total heat rate input on CO2 emissions for different option considered in 

system 2 

 

(e) Thermal energy storage system results 

Thermal energy storage (TES) can be utilized when there is a disparity between energy 

production and consumption, allowing surplus energy generated during peak production 

hours to be stored and used when demand exceeds supply. This approach enhances energy 

efficiency, reduces waste, and promotes grid stability. By strategically storing excess 

energy, TES helps mitigate fluctuations in energy availability, ensuring a more consistent 

and reliable supply. The stored energy can be employed during periods of high demand, 

reducing reliance on conventional energy sources and supporting sustainable energy 

management. Figure 6.34 (a) depicts average energy production and consumption of the 

developed system in an environment similar to Ontario, Canada. Figure 6.34 (b) shows the 

amounts of charging, discharging and energy storage levels for each hour. Figure 6.35 

illustrates the hourly surplus and shortage in production. It is evident that during specific 

hours, particularly from 7:00 to 17:00, there is an excess of energy production. This surplus 

from 7:00 to 14:00 can be strategically used during hours when demand surpasses 

production.  
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(a)  

 

(b)   

Figure 6.34: Integrative view of energy utilization and thermal storage in system 2 

 

 












































