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Abstract 

The power generation using fossil fuels has been practised globally through several hundreds 

of years. The calorific values of both the fuel are very high to be used as the source of energy. 

Fossil fuels are limited and require millions of years to be replenished. As of now, the whole 

planet strives for the energy crisis. Another shortcoming associated with the burning of fossil 

fuel is the emission of pollutant gases, which hamper the eco-friendly nature of the 

environment. The emission of COx, SOx, NOx, etc., cause serious environmental issues. 

Considering these aspects related to the scarcity and burning of fossil fuels researchers and 

scientists have focused on the alternate source of energy, which is renewable.  There are many 

green energy sources exist now a day. Solar energy, biogas, hydro energy, wind energy, ocean 

energy, H2 energy is some of the examples of new and renewable sources of energy. In this 

context, H2 energy has got much attention recently, as the energy density of hydrogen gas is 

142 MJ.kg-1, the by-product of the combustion of hydrogen gas is only water and heat, 

environment-friendly, and the most abundant material found in the universe. Hydrogen is 

primarily found in hydrocarbons in a combined state.  

There are many methods of hydrogen production exist. For example, water electrolysis, 

hydrocarbon synthesis, chemical methods, etc. Though different ways of production of 

hydrogen gas are present, each process has its own merits and demerits. Among these various 

techniques of hydrogen production, the chemical method appears to be a viable method of gas 

production. Therefore, the production of H2 gas using the Al-H2O reaction has been chosen for 

the present study. The reasons behind the selection of Al are as follows: it is lightweight with 

a high energy density of 29 MJ.kg-1, Al scrap is available in abundance, etc. Moreover, the 

reaction by-product Al(OH)3, finds many industrial applications.  

The major problems responsible to the limited use of hydrogen gas are the storage, and the 

transportation of H2. The ignition energy of hydrogen gas is only 0.02 mJ which makes it 

vulnerable to flammability. Hence, the novel work has been adopted to use on-board hydrogen 

gas in the sintering tube furnace. Thereby, reducing the disadvantages of storing and 

transportation of hydrogen gas. In this present work, the aluminium-water reaction in the 

presence of aq. NaOH has been carried out under different conditions to establish the kinetics 

of the reaction. The reactions are conducted at concentrations of aq. NaOH varying from 1M  
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to 5M in a step of 1M and temperature of the solution varies from 303 K to 333 K in a step of 

10 K. The effect of volume of aq. NaOH, size of aluminium pellets is also investigated. It is 

revealed that the reaction follows first-order kinetics. The rate of production of hydrogen gas 

is found to be increased with the rise in temperature and concentration of aq. NaOH. The 

maximum amount of hydrogen gas has been obtained as 1322 ml.g-1 of Al, which is ⁓ 97 % of 

the maximum theoretical yield. The optimum condition for producing hydrogen gas is 

determined as 5M/333 K. The activation energy is obtained as 57.62 kJ. mol-1. Activation 

energy is found to be reduced for finer pellets of Al.  

Hydrogen is a good source of energy for different industrial applications. However, the limited 

data available at the laboratory level for the production of H2 gas by the chemical reaction 

between Al and water in the presence of aq. NaOH cannot predict the feasibility of the process 

in an effective way for real-time applications. Moreover, in-situ production and utilization of 

H2 gas in industry needs close monitoring and control systems. Hence, an effective 

mathematical model is required for its real-time applications. The mathematical simulation for 

the reaction kinetics of the reaction is carried out using machine learning techniques viz. the 

ANN, and the MLR. The experimental data are trained, tested, and validated to achieve the 

best mathematical model which can be implemented for the industrial uses.  

On-board production and use of hydrogen in a sintering tube furnace has been demonstrated to 

investigate its thermal efficiency. The temperature profile of the combusted gas inside the 

sintering tube furnace in the radial and the axial directions are presented. The thermal efficiency 

of the furnace has been calculated as 76.22 % at corresponding actual fuel-air ratio of 1:60. A 

comparison study has been carried out for the cost of using the unit price of hydrogen gas with 

electricity and LPG. 
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Chapter-1 

Introduction 

 

 

1.1 Preface 

Fossil fuel technology for power generation have been practised through several hundreds of 

years around the globe. A survey on the use of different forms of energy have revealed that 84 

% of global energy requirement has been fulfilled by fossil fuel in the year 2020 [1]. In a report 

in 2019, it is mentioned that 490 EJ of energy requirement have been met by energy system 

operated on fossil fuel [1]. In the present scenario the increasing use of fossil fuel based energy 

sources have created lot of environmental pollution gases known as green-house gases (GHG). 

The concomitant effect of using fossil fuel on a large scale throughout the globe has depleted 

their reservoir [2]. Hence, the scientists and research communities around the world have 

focused their attention towards the use of new and renewable sources of energy. Scientists are 

dedicated to inventing cutting edge technology of producing alternate, environment-friendly, 

low cost, and renewable source of energy for power generation. The concept of using 

sustainable sources of energy is an another dimension in this study [3], [4]. Industries and 

educational organizations in the area of energy have also emphasized their research, 

development & demonstration (RD&D) works on clean and environment-friendly energy 

sources. The concept of sustainable energy will be more relevant if the energy demand can be 

fulfilled for several decades to come for the socio-economic benefits and conservation of 

environmental elements as well [5], [6].  

1.2 Extraction of hydrogen energy 

Energy at present, is extracted from various sources of new and renewable sources of energy. 

Some of the alternate energies are solar energy, geo-thermal energy, bio-gas energy, wind 

energy, ocean energy, H2 energy, etc. All these sources of energy are eco-friendly in nature, 

and free from any harmful contents. The industrial application of the sources of alternate energy 

is limited though, due to the inadequacies such as less energy efficient, complicacy in method 

of production, technical inefficiency, cost of production etc. associated with these sources of 

energy. Among the different sources of new and renewable energy, hydrogen is the most 

effective form of energy. The advantages of using hydrogen as a fuel are: (a) high calorific 
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value (141.86 MJ.kg-1), (b) non-toxic, (c) no harmful emission, etc. Considering these various 

characteristics, hydrogen is projected as a source of alternate energy for various applications. 

Hydrogen energy has many potential industrial applications as given below: 

1. In powder metallurgy industries hydrogen gas is used in sintering and annealing 

furnaces where reducing atmosphere is mandatory. 

2. Hydrogen gas is mixed with argon gas to weld stainless steel in the welding industries. 

3. Fuel cell-powered vehicles and passenger cars are presently trying to convert their 

engines fuelled by hydrogen gas. 

4. On-demand production of hydrogen gas finds applications in industrial gas-fired 

furnaces which can eliminate the high cost of petroleum and natural gases as well as high 

cost for hydrogen gas storage. 

5. Hydrogen gas has enormous uses in the pharmaceutical and cosmetics industries. 

6. In the chemical industries, hydrogen has got applications like making of fertilizers. 

7. In aeronautical industries, hydrogen is used as rocket propulsion gas. 

 

Many methods of production of hydrogen gas exists. But most of these methods of production 

are (a) based on fossil fuel, (b) require sophisticated technical instruments, (c) associated with 

high cost, and (d) slow energy transfer rate, etc. Production of hydrogen gas by chemical 

method is a viable technique of production. As the process is simple and cost effective yet yield 

substantial amount of hydrogen. Hydrogen can be produced by reacting metals with water in 

the presence of a bases.  Hydrogen gas generation by the reaction of aluminium and water in 

the presence of aq. NaOH solution is an effective method of production. The process is 

environmental friendly and produce only bayerite, which can be recycled. The emission of 

COx, NOx is nil in this process [7], [8]. Moreover, Al is readily available on the earth crust, 

light weight, cheap and largely available in scrap [9]. But, the cost of extraction of aluminium 

is definitely high. However, considering the impact of greenhouse gas emission as well as other 

advantages like on-demand supply of hydrogen, thereby avoiding the extra cost involved in 

storing and transportation of hydrogen gas generated by using fossil fuel.  Hence, there would 

be acceptance for using this technique for hydrogen generation at energy needs for small scale 

industries and electric automobile vehicles who are looking for means of avoiding batteries in 

EVs. 

The storage of hydrogen for different applications is a challenge due to its low density (0.088 

kg. m-3), in addition to the fact that it is highly inflammable. Presently, researchers have 

TH-3524_126103009



 
 

3 
 

emphasized on the production of hydrogen gas on-demand for various applications. In spite of 

the efforts put by the scientific communities to introduce hydrogen fuel in the market, it has 

not picked up momentum. The reasons for this can be attributed to (i) techniques of cost-

effective production and storage of high purity hydrogen for industrial needs has not been 

established, (ii) the resistance offered by the existing automobile industries to invest in RD&D 

for change over their design, (iii) the high pressure and influence by the existing fuel sector on 

the government policies to continue with the present fuels, (iv) reluctance to use hydrogen fuel 

in automobile engines due to high risks of explosion, and (v) insufficient RD&D results 

available in the open literatures. 

1.3 Characteristics of hydrogen gas 

Hydrogen is the smallest and the lightest element in the periodic table. It remains in the gaseous 

state under normal conditions. Hydrogen gas is lighter than vapour of air and gasoline by 14 

times and 57 times respectively [10].  It is prone to leakage due to its small molecular size and 

low viscosity. The physical properties of hydrogen are (a) colourless, (b) odourless, (c) 

tasteless, (d) non-toxic, and (e) non-poisonous. The auto-ignition temperature of hydrogen gas 

is 585 ⁰C as reported, which is much higher than that of gasoline {courtesy: 

https://h2tools.org/bestpractices/hydrogen-compared-other-fuels}. The following fig.1.1 

indicates the comparison of the auto-ignition temperature of the different fuels.  

 

Fig. 1.1 Auto-ignition temperature 

{courtesy: https://h2tools.org/bestpractices/hydrogen-compared-other-fuels} 

The flammability range of hydrogen varies from 4 % to 75 % compared to other fuels. The 

optimum condition for which the energy required to combust hydrogen is 29 % hydrogen to 
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air volume ratio {source: https://h2tools.org/bestpractices/hydrogen-compared-other-fuels}. 

Hydrogen gas burns with a pale yellow colour which is not possible to detect in daylight. 

1.4 Hydrogen energy and Artificial Intelligence 

The integration of Artificial Intelligence with the hydrogen energy systems has the potential to 

be used in the real-world engineering problems. The parametric study of the production of H2 

for industrial applications at an optimum level requires an effective mathematical model. The 

efficacy of the model depends solely on the numbers of data sets obtained through the actual 

experiments. However, obtaining a huge number of data by carrying out physical experiments 

is tedious and time consuming. Besides, in-situ production and utilization of H2 gas needs to 

be operated in a loop system for the necessary feedback and control. The constraint of the 

traditional physics based simulation method is the prerequisite of substantial amount of time 

for generating data. Hence, Artificial Intelligence (AI) can potentially provide the reasoning 

and decision support for different engineering and technological challenges in the era of Fourth 

Industrial Revolution (Industry 4.0). Machine Learning (ML) Techniques emerged as a 

powerful computing infrastructure to apply to more complex problems in engineering and 

technology. ML techniques have enabled the industries to better decision making, increasing 

the productivity and the sustainability of the industrial aspects [11]. ML Techniques are the 

latest development in the field of computer applications. It can address thorough and accessible 

information of various technical issues for the research community.  

AI gives a real-world applications of the engineering problems by bridging between the 

practical and imaginary fields. This new and advance method is more efficient than the 

traditional methods of simulation. It takes in to account of the real-time interconnection of the 

various input variables to give the output parameter. The non-linear and complex dynamics of 

the problems can be solved effectively by using the AI tools like the ANN, the RBFNN, the 

MLR Analysis, Deep Learning, Fuzzy Logic, and Non-linear Fit techniques. These methods 

offer practical techniques to translating ample amount of information hidden in data into 

important knowledge [12]. The optimization of the engineering problems now-a-days, is very 

complex, highly non-linear and hence difficult to map the solution. Artificial Intelligence based 

multi-objective optimization method (AI-MOO) is an advanced tool to handle this type of 

problems [13]. The UN Climate Change has taken several initiatives by involving different 

signatories to mitigate the emission of green-house gases and achieve neutral carbon footprint 

by 2050 [14]. Computational techniques play a pivotal role and provide cost effective 
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alternative method to understand the sustainable environmental engineering design through 

mathematical modelling and simulation [15]. Optimized modelling of energy systems, 

utilization and storage of the alternate source of energy are some of the highly employed areas 

of the computational techniques. It has been reported that AI has significant impact on the 

renewable energy systems [16] which uses data-driven model to predict the sustainability of 

the source [17]. Quantum computing (QC) [18], [19] has recently attracted the scientific 

community due to its high computing performances and its wide domain of application starting 

from (a) cryptography and finance, [20] to (b) molecular design [21], [22], and (c) combating 

climate change. AI technology has supported the energy industry in growing by integrating 

Internet of Things (IoT) and Renewable systems [23]. The global economy is strongly 

dependent on the production of energy, planning and distribution and financial sustainability 

[16]. This leads to the development of a smart energy systems which comprises of super 

computers, power electronics, information and control system, cyber security etc. [24]. 

1.5 On-Demand H2 powered Sintering Tube Furnace  

The present study involves the on-demand production and utilization of H2 energy in a sintering 

tube furnace and aimed at determining its thermal efficiency. In powder metallurgy industries 

sintering is an essential process to manufacture different products. Sintering of the powder 

materials is carried out in furnaces known as sintering tube furnace. Normally, this process 

requires high temperature. Hence, it is operated using either fossil fuel or electrical energy. H2 

gas is a green source of energy with high calorific values. This energy can effectively be utilised 

to power a sintering tube furnace in those types of industries. On-demand H2 gas to be used in 

the sintering tube furnace requires no means of storage. This method of using H2 gas in the 

furnace eradicate the chances of explosion due to gas leakage, high manufacturing cost of 

storing devices, transportation cost as well as mobility risk.   

1.6 Cost Assessment 

The analysis of cost associated with a project is important from the economic point of view. It 

enables to estimate the price of a product, profit margin, loss incurred, break-even-point, etc. 

There exist different methods of finding the various cost components in a project. The return-

on-investment, the net present value, the break-even-analysis are some of the widely used cost 

assessing techniques. Cost estimation also facilitate to compare the effectiveness of a process 

operated by different modes. This assists in selecting a process with higher level of satisfaction. 
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1.7 Motivation 

The field of new and renewable energy is an emerging field of study. There are lots of studies 

that have to be envisaged and established. Many scientists and engineers have discovered new 

technologies to generate power without using fossil fuel based source of energy. In this 

connection hydrogen gas has got many different uses in the modern era starting from the 

automobile industries to powder metallurgy industries [25]. Some of the specific uses of 

hydrogen are in heating, seasonal energy storage, long distant energy transportation, hydrogen 

vehicle, [26] etc. The combustion of hydrogen emits only water. Therefore, to have a pollutant-

free atmosphere and to resist the phenomenon like global warming, acid rain, ozone layer 

depletion, etc., hydrogen is an effective means of energy production. It can also be used as a 

source of renewable energy [27], [28].  

The study of the different literatures reveals that the production of hydrogen by the chemical 

reaction between aluminium and alkaline water appears to be a viable and cost-effective 

method. This method has the advantage that high purity hydrogen can be produced and thereby 

eliminating the impact of the greenhouse gases on the environment due to its combustion. 

Moreover, the reaction by-product aluminium hydroxide [Al(OH)3] can be recycled. Al(OH)3 

has got many practical applications like water treatment, paper making, and fire reticence. 

Being a light metal with high energy density, Al metal can be put to use in portable devices 

and in-situ production of hydrogen gas is feasible. Thus, deleting the challenges in connection 

to its storage. Aluminium scrap is also available in an ample amount. The present topic is 

therefore, chosen for the research to study the chemical kinetics of the reaction between Al 

scrap and alkaline water and the on-board use of hydrogen gas for the industrial furnace as 

well. 

1.8 Objectives of the study 

The following objectives have been addressed in the present thesis work:  

 Study the effect of operating variables on the rate of production of hydrogen gas. 

 Determine the kinetic parameters of the chemical reaction. 

 Modelling of hydrogen generation by Machine Learning Techniques. 

 Determine the thermal efficiency of the hydrogen fuelled sintering furnace.  

 Cost estimation of hydrogen gas production. 
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For the development of a hydrogen fired industrial furnace for mitigating the problems arising 

due to the use of fossil fuel, optimization of (i) the process variables for the  maximum 

hydrogen gas produced from Al-water reaction and (ii) determination of the fuel to air flow 

ratio for the maximum furnace efficiency is essential.   

1.9 Organisation of the thesis 

The present thesis has been organized by the following chapters. A synopsis of the subject 

matter has been presented concisely. The study incorporates the survey of scientific works 

carried out by the different researchers and scientists related to the hydrogen energy, its 

advantages, and disadvantages, method of extracting hydrogen energy from resources by 

various methods, the environmentally benign characteristics, and effective applications in 

science and technology. The investigation has been started to gather effective data, a hydrogen 

generation setup is fabricated and carried out parametric studies under several conditions to 

find the chemical kinetics of the reaction between Al and water in the presence of aq. NaOH 

solution. Data obtained from the experiments are used to model kinetics of the reaction by 

using Machine Learning Techniques. The thesis includes the procedures and experimental 

instruments used during the time of the experiments. The hydrogen gas is applied in a sintering 

tube furnace made of stainless steel, where the hydrogen gas is combusted to obtain the thermal 

efficiency of the furnace and also the cost estimation of hydrogen gas production has been 

conducted. This thesis consists of five chapters which are summarised as follows: 

Chapter 1: The thesis commences with a brief description of the urgency of new and renewable 

sources of energy in the nearest future due to the rapid depletion of fossil fuel. It states about 

the different possibilities of alternate sources of energy available. It encompasses the need 

behind the research work and the primary motivating factor. The eligibility of hydrogen gas as 

the future fuel or the dream fuel has been justified thoroughly. This chapter includes the 

integration of chemical kinetics with Artificial Intelligence (AI) techniques and Statistical tool. 

The main objectives of the present work have been summarised across this particular chapter. 

Chapter 2: The detailed study of the literatures available in this area of research has been stated 

precisely in this chapter. The working procedures, materials used and the experimental results 

for the production of hydrogen gas by different methods have been mentioned here. This 

chapter also includes the application base of the hydrogen gas produced by the corrosion 

reaction of aluminium.  
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Chapter 3: This chapter incorporates the details of the manufacturing process of experimental 

setup to conduct the kinetic reaction between aluminium and water. The engineering drawing, 

materials of the hydrogen generator are mentioned here. The preparation details of the as-

received raw materials i.e., the long hollow bars of aluminium is described in this lesson. The 

details of the experimental procedure with proper instrumentation have been described.  

Artificial Intelligence based Machine Learning Techniques such as the ANN modelling, the 

MLR technique, and the LSF method can be successfully implemented to establish the kinetic 

equation using the data obtained from the Al-H2O experimental results. The method of 

obtaining the best architecture through the various machine learning tools are elucidated 

through this chapter.  

The fabrication of the sintering tube furnace and the details of the experiments conducted on 

the furnace have been discussed thoroughly. The method of cost analysis relating to the present 

research work also has been discussed in this chapter along with the cost comparison among 

H2 gas, LPG, and electricity.  

Chapter 4: The results of H2 evolution in the aluminium-water reaction in the presence of aq. 

NaOH at the various conditions have been presented. The procedure for analyzing the data and 

the summary of results have been put forwarded. The results are also discussed with proper 

justification. The comparison of the simulated results with the experimental data obtained by 

the reaction of Al-H2O in the presence of aq. NaOH using the ANN, the MLR, and the LSF 

method are presented here. The various Statistical Correlation Factors are found out to establish 

the best kinetic model for the chemical reaction. The relative influences of the different input 

variables on the output result are discussed in this chapter.  

This chapter also include the application of hydrogen gas in the sintering tube furnace. The 

temperature profiles of the combustion reaction between H2 and air at different gas and air flow 

rate are explained. The optimum fuel-air ratio for which maximum thermal efficiency is 

attained is discussed in this chapter. Comparison study in terms of cost effectiveness among 

electric energy, LPG, and hydrogen energy has been conducted further and stated through this 

chapter.   

Chapter 5: The conclusions of the study and the optimum condition for a favourable reaction 

are presented here. The best kinetic equation for the reaction is established and presented. The 

accuracy of the data-driven model are stated here. The effectiveness of the hydrogen-fuelled 
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sintering tube furnace is discussed in this particular chapter. The chapter also includes the 

outcome of investment analysis. The scope for future works are discussed here followed by 

references and appendices. 
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Chapter-2 

Literature Survey 

 

 

2.1 The need for green fuel 

The need for a clean and alternate source of energy has been realized around the globe from 

the last few decades due to the depletion of fossil fuel and the environmental issues related to 

their combustion [29]. The world population is doubling about every thirty-five years, though 

the rate of growth is very different in different countries. The world energy use is doubling for 

every fourteen years and the need still goes on increasing. One of the main energy sources is 

hydrocarbon oil. Though abundant coal resource is available, the pollution associated with coal 

is more than oil, leading to acid rain and climate change. Combustion of hydrocarbon fuel and 

their continuous increase in demand contribute to the global energy crisis. From the literature 

available, it is reported as of 2017, petroleum provides 34 %, coal provides 28 % and natural 

gas provides 23 % of the total energy consumption around the world [30].  

Fossil fuel has been the major source of energy provider throughout the years. Though it is the 

major contributor to the world of energy, many drawbacks are related to it. Recently, 

environmental hazards like global warming, ozone layer depletion, raise in the sea water level, 

melting of ice glacier, etc. are caused by their extensive combustion. The combustion products 

of fossil fuels are COx, NOx, SOx, which are the pollutants to the environment [31]. In a report, 

it is referred that the global emission of CO2 jumps from 20.7 billion tons in 1990 to 32.5 billion 

tons in 2006 that corresponds to 35 % faster emission of CO2 than predicted [32]. This is owing 

to less efficiency of the fossil fuel and depletion of natural carbon sinks [4], [5]. The energy 

for future power generation should meet the criteria of sustainability, recyclability, reliability, 

cleanliness, cost-effectiveness, and flexibility [33]. From an environmental point of view, 

energy security is a must. The balance of the ecological system ought to be maintained and the 

zero-emission criteria have to be fulfilled strictly [34]. The concept of alternate sources of 

energy was conceived during the world oil crisis in the year 1970 [35]. Energy sources are 

divided mainly into three categories as given below: 
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1. The concentrated sources such as 

a. Coal 

b. Oil 

c. Gas 

d. Wood 

e. Nuclear 

2. The intermediate category like hydro 

3. The least concentrated such as 

a. Wind 

b. Solar 

c. Tidal 

d. Geothermal 

e. Wave 

The less concentrated sources generally come under the renewable energy category. The future 

energy sector seems to rely upon these renewable resources and among them, hydrogen is 

considered to be a viable and sustainable energy carrier. One of the major advantages of using 

hydrogen gas is the methods to avail hydrogen fuel are ecological friendly. Hydrogen gas has 

been recognized as the future for power industries because of the environment-friendly nature 

of the combustion product, versatility, high energy content per unit mass [36]. It satisfies the 

need related to social, economic, and environmental issues.  

The economic and technical development of the hydrogen economy was aimed at project 

hydrogen as an efficient fuel for the future. Hydrogen gas can be used in the internal 

combustion engine or a fuel-cell, fertilizer industries and petroleum industries. It has been 

reported an annual growth of 6 %  in the sale of hydrogen gas especially in the refineries [37]. 

The idea of using hydrogen gas however, has been subsided with the drop in oil price in the 

international market and because of many other agendas. It is in the 1990s when the havoc of 

the greenhouse effect has triggered around the globe, the researchers and scientists restart 

thinking of hydrogen fuel. Hence the critical assessment of all possible energy sources to 

produce clean energy and their methods of production is envisaged. To fulfil the need for 

energy and maintain an ecological balance, scientists are paying their attention to a new and  
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renewable sources of energy. Recently, the hydrogen economy has come out as a trend in the 

field of power generation. The conversion of hydrogen gas for empowering modern civilization 

by various methods is a matter of concern. Hydrogen gas can be produced in many ways. Some 

of the methods will be discussed in the following subsections. Hydrogen is envisaged as the 

global fuel for safety, efficient, flexible, affordable, domestic resource. The high calorific value 

(HHV=141.9 MJ.kg-1 and LHV=19.9 MJ.kg-1) of hydrogen gas makes it a suitable candidate 

for power generation. It is almost two and a half times greater than that of gasoline [38]. The 

reaction by-product of the combustion reaction of hydrogen and oxygen yields only water 

establishing its environmentally benign nature [39]. These particular characteristics of 

hydrogen fuel also make it suitable for mobile applications. The storage and transportation of 

hydrogen gas have been recognized as the major hindrance to the hydrogen economy. This 

issue can be attributed to the low boiling point (20 K) and reduced compressibility of hydrogen 

gas [13], [14]. 

2.2 Hydrogen economy 

Hydrogen economy is the term used for hydrogen fuel containing low carbon emission for 

different uses particularly in heating, automobile, seasonal storage of energy, etc. This term is 

firstly, introduced in General Motor (GM) Technical Centre in the year 1970 by John Bockris. 

Hydrogen is the most abundant of all elements in the universe. Hydrogen is estimated to make 

up to more than 90 % of all the atoms. Hydrogen on the Earth is chemically combined with 

other elements. The most common hydrogen-containing substance is water [40]. The other 

sources of hydrogen are in combination with carbon in the family of hydrocarbons. To separate 

hydrogen from the carbon in the hydrocarbons or from oxygen in water, energy must be 

supplied. This energy generally comes from the combustion of fossil fuels that are precursors 

for the production of greenhouse gases, acid rain, and global climate change which induce 

health hazards and environmental problems [41]. 

Hydrogen can be used as a fuel in future with many social, economic, and environmental 

benefits to its credit. It has the long-term potential to reduce the dependency on foreign oil and 

lower the carbon emissions from the transportation sector. During the last few decades, the idea 

of post-fossil fuel hydrogen-based economy started to gain momentum. Molecular H2 has the 

highest energy content per unit weight among the known gaseous fuels (143 GJ.ton-1) and is 

the only carbon-free fuel. 
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2.3 Methods of production 

Hydrogen though abundant, is rarely found as a free element in the environment [42]. Extensive 

survey of literatures has revealed the various methods of production of hydrogen gas. Chaubey 

et al. reviewed the different emerging technologies for the production of hydrogen gas [43].  

Some of the methods are (a) gasification of biogas, (b) water electrolysis, (c) splitting of water 

under the sun with the aid of catalysts [44], (d) partial combustion of hydrocarbons [45], (e) 

reforming hydrocarbons by steam [46], (f) the reaction of water with hydrides [47], (g) 

carbohydrate pyrolysis [48], (h) chemical reaction of metals in the presence of aqueous alkalis 

[49], etc. Each method has its own merits and demerits in terms of cost, conversion efficiency, 

method of production, etc. The slow conversion rate of hydrogen production through biological 

process is a limitation of this method [41]. Hydrogen production by partial combustion of 

hydrocarbons produces green-house gases. Water electrolysis is efficient in terms of 

conversion rate but the cost associated with this process has restricted its usability [50]. 

Production of hydrogen gas by chemical method has appeared to be a viable method in terms 

of cost, cleanliness, etc.  

Hydrogen gas is extracted chemically by biomass reforming, coal gasification, partial 

reforming of natural gas water photolysis, etc. Almost 95 % of hydrogen gas has been obtained 

by coal gasification and steam reforming of water [51]. Production of hydrogen gas from 

biomass, which is clean and renewable, is a promising technology. It is reported that the 

production of hydrogen-rich syngas from biomass can be increased in the presence of Ni 

catalyst by adding MgO. The yield of hydrogen was reported as 1194.6 ml.g-1 of biomass [52]. 

In the presence of Pt as a catalyst hydrogen gas is produced in the NaCl solution by using Ni-

rich AZ91D Mg alloy. The evolution of hydrogen gas is reportedly increased with the increase 

in the temperature of the NaCl solution [53].  

Photocatalytic splitting of water with the help of nano-sized TiO2 is a low cost and 

environment-friendly technology to convert solar energy to hydrogen energy as reported [51]. 

Solar hydrogen can be produced by Zn/ZnO water splitting thermos-chemical cycle. It is 

reported that the formation of Zn nanoparticles and in-situ hydrolysis for hydrogen generation 

is a viable and economic method of production. The production of hydrogen gas from MgH2 

with concentration of 1M KCl in pure water has been investigated. It is suggested that a 

significant increase in the production of hydrogen gas is observed when Mg is milled for half 

an hour [54]. The hydrolysis reaction of Mg or MgH2 with water yields hydrogen gas. But due 
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to the formation of passive layer of Mg(OH)2, the reaction stops suddenly. It is reported that 

this problem can be eliminated if Mg is milled with salt particles [55]. The volume of hydrogen 

gas produced from low-grade Mg in the presence of NaCl solution and Pt coated Ti as catalyst 

pressed over the Mg, is reported as 302.3 ml.min-1 for 1600 s. It has been also reported that 

around 7.5 times increase in the production of hydrogen is observed when the catalyst is 

grounded with the Mg samples [56].  

X-ray diffraction, DTA, and EDX techniques are used to determine the chemical properties of 

the hydrogen generating materials. The dependency of the rate of the chemical reaction on the 

quantity and quality of the composite has been reported [57]. Aluminium is a promising metal 

for on-board hydrogen production. For portable energy source applications, a microprocessor 

fuel system has been developed with Al and water as reactants. There are two such types of 

systems. In the first type, water is directly introduced. On the other hand, water vapor enters in 

the second type. A maximum conversion of 78.6 % concerning Al is achieved in the second 

type [58]. Rapidly quenched Ni-Al alloy is a good source of hydrogen energy. The reaction 

depends on the parameters viz. size of the particles of Ni-Al alloy, concentrations of the NaOH 

solution, and temperature. It is reported that the reaction between Ni-Al alloy and aq. NaOH 

can be well fitted with the shrinking core model.  

In the process of hydrogen generation, NaOH has been given a lot of importance. NaOH being 

a catalyst promoter to the production of hydrogen gas. In many applications like steam methane 

reforming, coal gasification, biomass gasification, etc. NaOH is an important ingredient. 

Metallic Al powder when reacts with tap water or deionized water produce hydrogen gas. In 

the reaction, metal oxide crystals like TiO2, Cr2O3, Fe2O3, NiO, etc. act as a modifier. The 

effect of various sizes of TiO2 on the reaction rate at ambient temperature is investigated. The 

metal oxide modifier produces hydrogen gas from Al and water reaction significantly at 25 ⁰C 

[59]. The Al-water reaction to produce H2 gas in presence of choline hydroxide (2-Hydroxy-

N, N, N-trimetylethane-1-aminium) accelerates the reaction. The activation energy is reported 

as 45.92 kJ.mol-1. Moreover choline hydroxide solution is less corrosive than NaOH [60]. Al-

Li alloy is a good carrier for hydrogen energy. It is clean and environment friendly as well. An 

amount of 1155.03 ml of H2 per gram of Al-Li alloy has been reported [61]. Milled Al-Bi-

hydride in pure water and at room temperature can yield ample amount of hydrogen. The 

hydrolysis reactivity increases if Al-Bi-hydride salt is milled for 5 h. The yield of H2 has been 

reported as 1050 ml.g-1 in 5 min [62]. The effect of different parameters like Al-water ratio, 
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reaction temperature, particle size etc. has been investigated thoroughly. It is reported that 

when Al is activated by Li, the Al-water reaction can be carried out with tap water at room 

temperature. Depending on the operating conditions, an amount of 200-600 ml.min-1.g-1 of Al 

is reported [63].  

Although these techniques are matured and have the lowest costs, they cannot act as a long 

term strategy for the hydrogen economy because the raw materials used are all based on fossil 

fuels, which are neither sustainable nor clean. Reforming biomass, an abundant and renewable 

source may be considered as a sustainable way to produce hydrogen but its carbondioxide 

(CO2) neutrality is still a controversial issue. Furthermore, this technique is seriously restricted 

by the low hydrogen yield and energy content of biomass. Moreover, additional energy will be 

required for the conversion of syngas into hydrogen through water–gas shift reaction. The high 

cost for growing, harvesting, and transporting biomass is another disadvantage for biomass 

utilization. Water photolysis, an advanced chemical technology regarded to be very promising, 

is still under development and some technical difficulties make it far from industrial 

applications. Considering these facts, the production of hydrogen gas from aluminium-water 

reaction in the alkaline medium is a viable technique.  

The thermal property and electrical conductivity of aluminium and its alloys are quite 

encouraging. The high energy density 29 MJ.kg-1 and low density 2700 kg.m-3 of aluminium 

metal make it a good carrier of energy. Moreover, aluminium can also be recycled establishing 

the approach of a sustainable source of energy. The low weight of aluminium and its alloys 

ease the fabrication of a lightweight portable energy conversion system. Aluminium and its 

alloys are used for the Al-water reaction in the presence of alkalis for hydrogen production 

[64]. In some other works Al metals are activated by the different mechanical processes to 

facilitate the rapid production of hydrogen gas. Mechanical activation of Al can be achieved 

by grinding and metallic alloying with Ga. Mechanical alloying of only 2-5 % of Ga and In 

with Al can result in better activation of Al as reported by Slocum [65]. Xu et al. have 

demonstrated activation of Al metal with liquid Ga, In, and Se to carry out the Al-water reaction 

without any interruption in the production of hydrogen gas [66]. Hence, some works have been 

published regarding the activation of Al with some Al-alloys and composites, but they are not 

sustainable. These alloys and composites got dissociated in the ambient condition.  
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The reaction by-product of Al and water reaction i.e., Al(OH)3 is used to produce some Al salts 

which find application ranging from water treatment (Al2(SO4)3) to pharmaceutical industries. 

The production of hydrogen gas from Al water reaction does not necessarily require Al of high 

purity, unlike aluminium/air batteries. Al available from beer cane, scraps are good source to 

produce hydrogen gas of very high purity. The devices where hydrogen gas of very high purity 

is required can be obtained by this method of production [67]. The production of hydrogen gas 

from commercially available Al and water has not been studied in depth. This process is easy, 

cheap, and safe as well. The reaction between Al and water is found to be ceased after a certain 

period. The reason can be attributed to the formation of a passive oxide layer of aluminium 

hydroxide over the aluminium surface, which hinders the direct contact of water molecules 

with the metal surface. There are several ways by which this preventive layer of oxide film can 

be removed. The layer can be destroyed by controlling (a) alkali concentration, (b) reaction 

temperature, (c) aluminium morphology, (d) the properties of the aluminium raw material, and 

(e) magnetic stirring. One such technique is the use of alkaline NaOH solution. The OH- ions 

present in the NaOH solution dissolve the oxide layer and facilitate the intervention of water 

molecules to carry forward the reaction yielding hydrogen gas [49], [58], [67]. But, as the 

reaction continues for long, the amount of OH- ions diminishes and at a certain point of time, 

the production of hydrogen gas gets saturated. Now a day, some other techniques are also 

adopted to activate the aluminium surfaces. Mechanical alloying of aluminium with different 

elements [64], [68] and ball milling with salt and some oxides are some of the effective 

techniques [57]–[61], [69]. The surface modification of aluminium can promote it to react with 

water even at room temperature to produce hydrogen [62]–[65]. There is fewer literature 

available stating the reaction of pure aluminium with water at high temperature or steam. 

Literature containing any information regarding the reaction of pure water and pure aluminium 

is almost negligible [66]–[68], [70], [71]. 

2.3.1 Activation of aluminium 

The rate of production of hydrogen gas can be enhanced by using activated aluminium powder. 

It is reported that the aluminium particles activated by mechanical means can be a good source 

of hydrogen gas. The alloys of Al with various metal e.g., In, Ga, Sn, Bi, etc. are good agent 

for water-aluminium reaction for the production of hydrogen gas as reported [64], [72], [73]. 

Aluminium particles are also mechanically treated to obtain fresh surfaces of aluminium to 

facilitate the water - Al reaction. The cut piece Al and ball-milled aluminium particles have 
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fresh surfaces with an extended surface area. The effect of freshly prepared aluminium surface 

on the production of hydrogen gas has also been investigated thoroughly [70], [72], [74]. In 

some researches salt particles are used with the Al particles during the processing to obtain 

better surfaces for the reaction [70], [74]. In this method Al and salt particles are amalgamated 

with different Al-salt ratios. The crystalline salt particles are broken down during the milling 

process and the sharp edges of salt particles cut the Al particles into a large number of pieces. 

Thereby, it increases the specific surface area and makes it feasible for the water molecule to 

react extensively during the reaction process. Hence, the kinetics of hydrolysis is also 

increased. Maximum rate of 75 ml.min-1.g-1 of Al of production of hydrogen has been reported 

for Al particles milled with salt particles [70].  

Fan et al. [75] reported the hydrolysis effectiveness of Al metal alloyed with other metals. It is 

stated that the ball milling of Al with Zn, Ca, Ga, Bi, Mg, In, and Sn is much more productive 

than making alloys of these metals by the process of melting. The hydrolysis property of the 

alloy of Bi and Sn with Al metal is quite good than the alloys of Zn, Ca, and Ga. The reaction 

rate is much faster for Al-Bi alloys than Al-Sn alloy. The introduction of Zn and Ga metal with 

the alloy of Al-Bi increase the rate of production of hydrogen gas. On the other hand, other 

metals like Sn, In, Mg deaccelerate the hydrolysis of Al alloy. The production of hydrogen gas 

in the presence of aq. NaOH is a good approach taking slight care of the corrosive nature of 

NaOH solution. The reaction rate is fairly slow in this reaction as reported [72], [76]. Soler et 

al. tested KOH in the reaction between Al and water to produce hydrogen gas as a catalyst. 

Theoretically, there is no consumption of KOH occurs except for Al and water. The KOH is 

converted into potassium aluminate during the reaction process, which undergoes dissociation 

to return to alkali. However, a minimal amount of KOH is reacted with CO2 in contact with air, 

causing the diminishing of KOH and suppressing the reaction rate. Comparative study of the 

effectiveness between NaOH and KOH in the production of hydrogen gas by the Al-water 

reaction is carried out by Porciuncula C. et al. [38]. It was reported that the reaction proceeds 

at a faster rate in case of NaOH than KOH. The activation energy for the reaction acted by 

KOH is higher than the reaction assisted by NaOH. A higher rate of reaction for KOH is 

reported by Soler et al. though, the proper explanation is not presented [77].  

The reaction of Al in the alkaline environment is exothermic and thereby, producing heat and 

hydrogen gas at an optimal temperature of (70-80) ⁰C as reported [77]. Another approach has 

been adopted to overcome the issue related to the slowing down of the hydrolysis kinetics of 
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Al-water reaction by the use of Hg and Zn amalgam. It is found that the reaction kinetics 

accelerates a better way while Zn amalgam is used as the catalyst rather than using Hg as a 

catalyst. The activation energies are reported as 43.4 kJ.mol-1 and 74.8 kJ.mol-1 for Zn amalgam 

and Hg coated Al respectively [68].  

2.4 The size of Al pellets 

The size of the Al pellets determines the rate of the reaction. Al pellets with lower surface areas 

are found to be more profound in the liberation of hydrogen gas [52], [53]. It was reported that 

60-80 % of hydrogen gas can be obtained by using 6 µm size of Al particles and also close to 

100 % of yield is possible using water at 200 ⁰C [78]. Another researcher has obtained 70-90 

% of hydrogen gas by using Al powder of size 4-7 µm at 200-2300 C [79].  It is stated that the 

production of hydrogen gas can be increased by using water at a higher temperatures and 

smaller powder size of Al. It has been suggested that Al particle of size 3 µm can run a faster 

reaction up to 50 ⁰C and at nearly vacuum condition, but it is astonishing fact that the production 

of hydrogen gas is nil at 75 ⁰C and atmospheric pressure. The reaction of Al particle of micron 

size with water vapor, (230 ⁰C) is carried out by another researcher. The conclusion of the 

experiment is that 100 % yield of hydrogen gas can be achieved at elevated temperature and 

micron-sized Al particles with a rapid rate of production [79]. The research carried out by 

Elitzur S. et al. showed that the hydrogen production rate depends on the specific surface area 

(m2. g-1) of the Al particles.  

2.5 The chemistry of Al-water reaction 

In-situ production of hydrogen gas has been attracted by many scientists. It expels the storage 

and transportation issues related to hydrogen gas. Al is a potential metal to yield an ample 

amount of hydrogen gas. The production of hydrogen gas by the corrosion reaction of 

aluminium metal is a viable technique of hydrogen production. Aluminium based material is 

reluctant to corrosion due to the oxide layer formed over the surface. Hence, NaOH is used in 

the aluminium-water reaction as a reaction promoter. The proper mechanism of hydrolysis of 

water in the reaction between Al-water has not been understood yet [67], [80], [81]. However, 

it is revealed from various literatures that the reaction mechanism follows the route given by 

equation no. (2.1) up to 280 ⁰C producing bayerite, Al(OH)3 and liberate hydrogen gas [58], 

[82]. The passive oxide layer over the Al surface has been confirmed from the work done by 

Bunker et al. [68] in the secondary ion mass spectrometry. It was suggested that a dense layer 
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of hydroxide ions inhibits the direct contact of water molecules with the Al surface. The 

chemical equation involved in the reaction between Al and water in the presence of aq. NaOH 

solution is [67], [80], [81]. 

2𝐴𝑙 + 6𝐻2𝑂 + 2𝑁𝑎𝑂𝐻
𝑦𝑖𝑒𝑙𝑑
→   2𝑁𝑎𝐴𝑙(𝑂𝐻)4 + 3𝐻2 ⁡⁡⁡⁡⁡⁡ (2.1) 

𝑁𝑎𝐴𝑙(𝑂𝐻)4
𝑦𝑖𝑒𝑙𝑑
→   𝑁𝑎𝑂𝐻 + 𝐴𝑙(𝑂𝐻)3 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ (2.2) 

Equation nos. (2.1) and (2.2) yields  

2𝐴𝑙 + 6𝐻2𝑂
𝑦𝑖𝑒𝑙𝑑
→   2𝐴𝑙(𝑂𝐻)3 + 3𝐻2⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2.3) 

 

It is implicated that the cavitation effect comes into play to destroy the protective oxide layer 

of bayerite. Nie et al. [83] has proposed a multi-stage mechanism for the reaction. Initially, an 

incubation period followed by the first reaction, and in the end, the reaction slows down. In the 

incubation period, the protective oxide layer is hydrated. After which the penetration of water 

molecules takes place to react with the Al surface, hence giving rapid production of hydrogen 

gas. They have stated that at the final stage of the reaction mechanism the precipitation of the 

bayerite, Al(OH)3 occurs. A similar type of result has been found in other publications too [84]. 

The authors have emphasized two main parameters that control the production of hydrogen gas 

viz. PH and the amount of aluminium hydroxide ion in the solution. Activation energies of 62 

kJ.mol-1 and 53 kJ.mol-1 are reported from their experimental findings for boehmite and 

bayerite respectively. The activation energy in the range of (53-100) kJ.mol-1, particularly 

below 100 ⁰C, has been reported in some literatures [59], [60]. The generation of hydrogen gas 

at low temperature is favourable because it does not require a sophisticated state-of-the-art 

reactor to control the reaction procedure. There is (54-56) % loss of energy has incurred in the 

production of hydrogen gas as reported. Therefore, it is anticipated that the high-temperature 

production of hydrogen gas can compensate for the loss incurred. High-temperature production 

of hydrogen gas also minimizes the need for additives, nano powders and increases the reaction 

kinetics at the same time. 

NaOH in this reaction is regenerated after the completion of the reaction. It acts as the catalyst 

in the reaction reducing the activation energy by altering the transition state of the reaction to 

produce the hydrogen gas. The Al-water reaction is dependent on the initial temperature and 

concentration of the aq. NaOH solution. From the various literature survey, it has been 
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observed that with the rise in temperature and concentration the rate of the reaction increases. 

The reaction follows a first-order kinetics. The activation energy for Al-water reaction has been 

reported as in the range of 42.5-68.4 kJ.mol-1 [69], [76], [85]. The activation energies for 1M, 

2M, and 3M concentration of NaOH are given by 67.77 kJ.mol-1, 64.79 kJ.mol-1, and 57.45 

kJ.mol-1 as reported by another researcher [38]. It is reported that 1 g of Al when reacts 

completely with water under ambient condition in the presence of aq. NaOH yields 1360 ml of 

hydrogen gas [78], [86]. The OH- ions present in NaOH solution dissolve the aluminium oxide 

layer and facilitate the production of hydrogen gas [86]. However, the rate is very slow (100-

280 ml.min-1g-1) at ambient conditions as reported. But, with the rise in temperature and 

concentrations of aq. NaOH solution, the rate further increases [87].  

The Al-water reaction depends on the size of the Al particles. The reaction rate is faster for 

smaller particles. As the reaction is characterized by surface chemistry. Therefore, the specific 

surface area plays an important role in this reaction. The reaction kinetics is controlled by the 

Arrhenius equation. The mechanism of the reaction has been best illustrated by the shrinking 

core model. According to this model, the water molecules firstly come in contact with the Al 

particles. As the suitable condition has arrived the hydrolysis of water starts. The reaction 

ceases after some time because of the formation of a protective oxide layer over the Al surface. 

Ultrasonic agitation, magnetic stirrer are some mechanical techniques by which the protective 

layer can be destroyed and the production of hydrogen gas can be resumed. The water molecule 

proceeds to the core of the Al particle after the initiation at the surface. The barrier of the oxide 

layer diminishes as the reaction temperature increases. Normally, the reaction of Al and water 

in presence of aq. NaOH solution is carried out under atmospheric pressure and below boiling 

point of water [57], [62], [77], [88]–[90]. The reaction rate and yield of hydrogen gas in the 

low temperature are very less due to the inhibitive nature of the protective oxide layer. The 

addition of alkaline solutions that contains hydroxide ions, remove the protective layer and 

causing the intervention of water molecules to the Al surface.  

In some literatures, it is observed that salt particles are also used for the same purpose. Al 

alloyed with reactive metals also promotes the hydrogen yield. The reaction promoted by Ga 

and trace amount of In and Sn improves the reaction rate [91]. Lithium-based activator is used 

in the reaction between Al and water to self-sustain the reaction at room temperature and 100 

% yield of hydrogen has been reported in some cases. The reaction rate is possible to control 

by controlling the water temperature, size of the Al particles, altering the process of activation 
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of metal and changing the ratio of metal and water [82].  Nanoparticles of Al are also reacted 

with water to investigate the yield of hydrogen. The reaction is found to be faster. But the 

problem of oxidation associated with the nanoparticles and the high cost cannot be overlooked. 

Therefore, the Al nanoparticles are not feasible for in-situ productions of hydrogen gas. Yavor 

Y. et al. reported the ultrasonic agitation of the Al particles in the reaction between aluminium 

and water. This method of recovering the Al surface from the protective oxide layer to continue 

the reaction can reduce the use of activated Al particles or the use of the corrosive acidic or 

alkaline solution. 

2.5.1 Outcomes of various works 

A systematic investigation correlating the kinetics of hydrogen gas production to various 

process parameters like the composition of Al, size, volume, morphology, reaction 

temperatures, the concentration of the alkaline medium, etc., is required to establish for any 

progress in the large scale hydrogen production for practical applications. Teng et al. [86] 

reported that the generation of hydrogen gas strongly depends on the surface area of the by-

product layer Al(OH)3 (bayerite). Hydrogen generation is more rapid when the by-product layer 

is present. In fig. 2.1 the effect of residual on the production of hydrogen is presented. The 

effect of two different types of Al(OH)3 powders stirred for 24 hours (top and bottom) and as-

received Al(OH)3 powders on hydrogen generation is shown in fig. 2.2. The as-received 

powder of 5 μm has some effect on hydrogen generation. The stirred Al(OH)3 is divided into 

two parts ‘top’ and ‘bottom’ and their effect is observed. The ‘top’ part exerts a prominent 

effect on hydrogen generation. 
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Fig. 2.1 Effect of the filtered reaction solution 

and two different Al(OH)3 powder on hydrogen  

generation [86] 

Fig. 2.2 Effect of different sized commercial 

Al(OH)3 powder on hydrogen generation during 

Al/water reaction [86] 

Gai et al. [39] reported that small-sized Al powder can be employed directly to generate 

hydrogen without any activation or modification.  They used a shrinking core model [39], [85] 

to analyse the reaction process. Al-water reaction is controlled by the surface chemical 

mechanism at the initial stage. Later, it is controlled by the diffusion of the H2O molecule 

through the by-product layer. The activation energy for the reaction increased from 

64.2 kJ.mol-1 to 88.7 kJ.mol-1 with increasing the Al particle size from 98.38 nm to 24.94 μm. 

X-ray analysis, shown in fig. 2.3 revealed that the reaction by-products are bayerite, a 

boehmite, or a mixture of them. The reaction by-product is found to be strongly dependent on 

the reaction temperature. 

Mahmoodi and Alinejad [74] have studied the generation of hydrogen by freshly prepared Al 

particles. The experiments are carried out by using fresh surfaces of Al by milling Al particles 

with salt. It is observed that hydrogen gas generation has got enhanced. In this, the salt acts like 

a nano-miller during milling and prevents oxidation of Al surfaces by developing a protective 

layer over the Al surface. 

 

 

TH-3524_126103009



 
 

23 
 

 

Fig. 2.3 X-ray patterns for (a) as –received 98.38 nm Al powder, (b),(c) and 

(d) that in (a) after reaction with water at 20 ⁰C for 82.12 h, 40 ⁰C for 5.05 h 

and 60 ⁰C for 1.88 h, respectively [39] 

Gai et al., have studied the reaction of Al powder with water under ambient conditions using 

six different sizes of Al particles of an average size of 98.38 nm. Both nano and micro-sized 

Al powders can react with water and generate hydrogen under ambient pressure at mild 

temperatures. Al nano-particles almost completely reacts with water at 20 ⁰C. Most of the 

micrometre-sized Al powders react with water at a temperature of > 40 ⁰C. The maximum 

hydrogen-generation rate (~ 80 cc H2.min-1. g-1 of Al) of 98.38 nm Al powder at 50 ⁰C and 60 

⁰C can be compared to that (> 100 cc H2.min-1. g-1 of Al) of Al in alkaline solution. They used 

a setup shown in fig.2.4. 

 

Fig. 2.4 Schematic diagram of hydrogen generation set-up: (1) thermostat, (2) water bath, (3) 

reactants (water and Al powder), (4) reactor, (5) pressure gauge, and (6) vacuum pump [39] 
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Several authors have used the Shrinking core model to analyze the reaction kinetics between 

Al and alkaline water system [76], [77], [92]. Solar L. et al. have considered the Al-water 

reaction as a solid-liquid heterogeneous reaction with spherical shape for the solid and 

assuming an isothermal reaction. The following rate equation is given by 

1 − (1 − 𝛼)
1
3 = 𝑘𝑡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2.4) 

where, k- surface chemical rate constant, 

When the mass transfer of the by-product is the rate-controlling step the rate equation is given 

by 

1 − (
2

3
)𝛼 − (1 − 𝛼)

2
3 = 𝑘/𝑡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2.5) 

where, k/= mass transfer rate constant. 

A curve is plotted using equation nos. (2.4) and (2.5) and obtained the following curves. 

The slopes of the curves will give the values of k and k/. 

 

Fig. 2.5 Fitting of the experimental data by shrinking core model controlled by the surface 

chemical reaction (♦) and the H2O diffusion through by-product layer (o) for the reaction of 98.38 

nm Al powder with water at 40 ⁰C, where the initial pressure in the reactor is 1 bar [77] 

The authors have carried out a set of experiments at different temperatures and different particle 

sizes. The rate of the reaction increased with an increase in temperature. The activation energy 

is calculated using Arrhenius equation as shown below: 
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𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2.6) 

where, A- pre-exponential factor, 𝐸𝑎 - Activation energy 

A curve between ln(k) and 1/T is plotted. The slope of the curve will give the value of activation 

energy and the intercept will give the value of the pre-exponential factor. It is shown in the 

fig.2.6. 

Deng and co-workers [93] have surveyed the state-of-the-art hydrogen generation materials for 

portable applications. The reaction of Al with water produces around 3.7-4.8 wt. % hydrogen 

with the generation of neutral by-products 

 

Fig. 2.6 Arrhenius plots for the reaction of different particle sized Al powders with water 

2.5.2 Life cycle assessment (LCA) 

The environmental impact, measured by evaluating the hydrogen life cycle as fuel, varies 

depending on the source of hydrogen, the process, and the complexity of the productive chain. 

Dante et al. [94] investigated the environmental impact by evaluating the hydrogen life cycle. 

They proposed some features to be considered for analyzing the LCA. There are some proposed 

methods for LCA. The LCA phases are: 

 The purpose of using hydrogen. 

 Environmental effect of the selected life cycle of hydrogen. 

 Classification based on the process of hydrogen extraction. 

 The emission of CO2 is an indicator of the viability of the process. 

 The life cycle is selected based on the indicator. 

TH-3524_126103009



 
 

26 
 

They have concluded that the LCA varies with the different processing methods of hydrogen 

production and the in-situ production of hydrogen from a renewable source is very effective. 

2.6 Hydrogen as a fuel for internal combustion engine (ICE) 

Soberanis and Fernandez [95] reviewed the technical adaptations for IC engines to operate with 

gas/hydrogen mixtures. They have stated that the emission of unburned hydrocarbons is the 

by-product of lubricating oil. The use of hydrogen in the IC engines with slight modifications 

can give rise to many advantages over fuel cell systems. Due to the wide flammability limit of 

hydrogen gas, the spark ignition (SI) engine can work with hydrogen with very little throttling 

as well as combustion with a variety of equivalent ratios. An IC engine works better with 

hydrogen in a lean mixture. The theoretical combustion reaction of hydrogen with oxygen is 

given by: 

2𝐻2 + 𝑂2 ⁡→ 2𝐻2𝑂⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2.7) 

Backfire or pre-ignition is a series of obstacles in the hydrogen engine as reported [96]. It 

occurs mainly due to the combustion of the air-fuel mixture in the intake manifold and if the 

mixture comes in contact with some thermal sources. The auto-ignition occurs when some 

unburned mixtures enter into the combustion chamber and come in the hot spots either before 

spark or after spark. This leads to knocking in the engine. The authors have reported on high-

pressure injection of the hydrogen into the cylinder by modifying in the existing IC engines 

[81]. Gasoline electronic injectors that have been developed so far cannot be used for hydrogen 

fuel. A large volume of hydrogen has to be injected due to its lower energy density. No-

lubricant property of hydrogen may also cause surface damage to the fuel injector. The high-

pressure gas injection can also be causing gas leakage. However, CNG electronic injectors may 

be used. 

A comprehensive overview of H2ICE was reported by Verhelst and  Wallner [97] and discussed 

the fundamentals of the combustion of hydrogen, details regarding different mixture formation 

strategies, their emission characteristics, etc. Measures to convert existing vehicles to a 

dedicated hydrogen engine, and a state-of-the-art on increasing power output and efficiency 

while controlling emissions and modelling are discussed in detail. To avoid the engine 

knocking due to high flame speed and wide range of ignition limits they have modified the 

spark plug and ignition system exists with the existing IC engines. 
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2.6.1 Engine performance analysis 

Das L.M. [98] investigated the engine performance on different fuel injection mood. Five 

different fuel injection modes are reported in literature are: 

 Carburetion 

 Continuous manifold injection (CMI) 

 Timed manifold injection (TMI) 

 Low-pressure direct cylinder injection (LPDI) 

 High-pressure direct cylinder injection (HPDI) 

Carburetion is not a suitable injection system because of the uncontrolled mixing of air and 

causing backfire as reported in the literatures. The comparison study between CMI and TMI 

also reveals that CMI is not as efficient as TMI. Since hydrogen is a gaseous fuel, CMI is not 

vastly different from carburetion. The testing of LPDI is also not fruitful due to some practical 

considerations. The mixing time of air and fuel is very short in this mode. Above all, the TMI 

mode of fuel injection has resulted satisfactorily. Figure 2.7 given below demonstrated the 

variation of Indicated thermal efficiency (ITE) and the equivalent ratio for TMI and CMI. 

 

Fig. 2.7 Variation of ITE with respect to the equivalence ratio for both fuelling modes such as CMI 

and TMI [98] 
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Fig. 2.8 BTE w.r.t. speed at constant equivalence ratio for both the TMI and LPDI operation [98] 

A TMI system can be used as the alternative to load control method by throttling process. This 

system reduces the chance of combustible mixture in the manifold leading to less probability 

of abnormal combustion. The system injects fuel just after the beginning of the intake stroke. 

It also provides pre-cooling effect and lessens the chance of pre-ignition at hot spots. TMI also 

quench and dilute some residual combustible materials near the TDC. A hydrogen-fuelled 

engine with a TMI system can be useful for both CI and SI engines [99].  Hydrogen fuelled 

engine incorporated with TMI behaves like a diesel engine with nearly the same brake thermal 

efficiency. 

2.7 Machine Learning Techniques 

Integration of AI, Big Data (BD), and Advanced Digital Technologies (ADT) with the Energy 

Management System (EMS) can substantially improve the efficient use of the renewable 

sources of energy. The combined systems of AI and energy are named as Smart Energy 

Management Systems (SEMS). AI, BD, and ADT have the great impact in the foreseeable 

future [100]. In the context of SEMS, AI can be utilised to energy generation forecasting, [17] 

demand forecasting, demand side management [101], optimized energy storage operations, 

energy theft detection, and predictive maintenance and control etc. AI models can be used to 

all types of renewable energy like wind energy, solar energy, ocean energy, bio energy 

geothermal energy, hydrogen energy, and hybrid energy [102]. Fuzzy logic (FL), Genetic 

algorithm (GA), ANN, Wavelet Neural Network (WNN), Support Vector Machine (SVM), 

Decision Trees, Hybrid, and Ensemble are some of the AI techniques. Hybrid ML is relatively 
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simple, faster and more accurate. Training of these models require ample data, thus BD 

technique is required. 

2.7.1 Intelligent Algorithms 

The intelligent algorithms can provide the best output autonomously by interlinking the various 

input variables. The EMS has to depend on some fixed mathematical formulae for its operating 

process, if algorithms are not applied on them. The AIs have the adaptive capability to work 

together with multiple intelligent algorithms. Some of these algorithms are trained, tested, and 

validated based on BD techniques. ANN, ML, and Deep Learning are falling in this category 

[100]. Among the various intelligent algorithms, the percentage user of Neural Network, Fuzzy 

Logic, Bayesian Network, Heuristics, Support Vector Machine, and Q-Learning are 33 %, 34 

%, 6 %, 3 %, 18 %, and 6 % respectively [100]. Hence, Fuzzy Logic is a very popular method 

of optimization technique preceded by Neural Network. 

2.7.2 Fuzzy Logic (FL) 

It is a branch of decision making that enables to understand and expose the reality in the real 

world that everything is matter of degree. FL is a computing paradigm that helps in data 

manipulation and representation [103]. It can be regarded as the extension of Binary theory 

which does not use crisp definition and distinction [104]. It is first proposed by L. Zadeh in 

1965. There are two types Fuzzy Interface systems namely Mamdani, and Sugeno [105]. The 

advantage of Mamdani Fuzzy is its intuitiveness and suitable for human interpretation. 

Mamdani Fuzzy reasoning is used for language control systems in which data is captured from 

experienced workers [106]. FL includes five working methods viz. (a) Fuzzify inputs, (b) Apply 

Fuzzy operator, (c) Apply implication methods, (d) Aggregate all outputs, and (e) Output 

Defuzzify [105]. 

(a) Fuzzify inputs: Here the Fuzzy Inference System input the precise value and map to 

0-1 through Fuzzy membership value. 

(b) Apply Fuzzy operator: In this step each input variable is fuzzified to obtain the output 

and then a logical operator is used to find the weight of each Fuzzy rule. 

(c) Apply implication methods: This method obtains the Fuzzy set by using Min or Prod 

method. 
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(d) Aggregate all outputs: The results of Fuzzy logic are based on the conclusions of all 

the Fuzzy rule. Hence, for each rule the implication method is used. Therefore, multiple 

number of Fuzzy set is obtained and the final Fuzzy set is synthesised based on the 

aggregate of each set. 

(e)  Output Defuzzify:  Finally, Defuzzifying of the synthesised Fuzzy set is done to get 

the accurate value. Deblurring methods include centroid, bisector, median of maximum, 

maximum of maximum and maximum of minimum. 

FL uses the following steps to operate: (a) Fuzzy rule, (b) Universe partitioning, (c) Creating 

relationship between input and output membership functions, and (d) Rules combination [107]. 

This technique is vastly utilised to predict the probable threats more efficiently. It works on the 

linguistic terms to generate the Fuzzy rule that connects the input variables logically to the 

output variables of the system. The data obtained from the experiments are placed in logical 

order to establish a mathematical model. Adaptive Neuro-Fuzzy Inference System (ANFIS) is 

a hybrid system which combines both neural network with fuzzy logic. ANN has the ability of 

self-diagnosing, which helps fuzzy systems to auto-correct a system [108]. In ANFIS 

membership functions are updated using a hybrid optimization method (backpropagation and 

least squares estimation) [109]. In many experiments it is observed that the experiments take 

several hours to complete. Due to which it is not possible to conduct a large number of 

experiments. Hence, by using small numbers of data the prediction cannot be done with a high 

accuracy to establish a mathematical model. In kinetic study also the traditional methods of 

simulation is not efficient to predict the behaviour of the kinetics of the reaction with high 

precision [110].  

The introduction of Machine Learning and Deep Learning techniques of data science in the 

recent years have been emerged in as a useful tool to predict the engineering problems with 

high accuracy. The different Machine Learning methods [111] viz. AI, the ANN, the FL, the 

RBFNN, the PSO, the GA, etc. provide the useful tool to interpolate any practical engineering 

problems. ANN modelling is found to be an effective technique to solve complicated problems 

with higher satisfaction. It is a very user friendly and systematic tool to classify the faults in a 

system, grouping, and recognition of the flow pattern [112]. It establishes the mathematical 

relationship between the input-output parameters from a given set of data and particularly 

beneficial for non-linear problems. The ability to control and predict the futuristic solution to 

the problem makes it more familiar amongst the researchers. To predict the production of 
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hydrogen gas and reaction kinetics, some researchers have used ANN technique [88], [90]. The 

ANN model sets the logical relationship between input-output parameters. The most commonly 

used ANN method is the back propagation technique in which the data are trained and the 

possible errors between the actual data and ANN data are found out. It then back propagates to 

optimize the error between each successive layers and stop when error percentage comes to a 

set value [4]. 

2.7.3 Multiple Linear Regression (MLR) Model 

Multiple linear regression (MLR) modelling is a machine learning technique that establishes 

the relationship between several independent parameters and dependent parameters using data 

obtained from experiments. MLR technique was used very effectively in many engineering 

applications. Xu et al. have predicted the surface integrity during machining of titanium alloys 

with cutting parameters as the input variables [113]. Ciulla and D`amico used the MLR 

technique for forecasting building energy performance [114]. Meerasri and Sothormvit used 

the drying temperature, time, and sample coating to predict the moisture content in pineapple 

cubes by MLR technique [115]. Dutta and Robi developed an MLR technique to predict the 

creep curve of nuclear pressure tubes [116]. The model was developed by taking stress, 

temperature, and time as the input parameters and creep strain as the output parameter. From 

these studies, it appears that the MLR technique can effectively be used for predicting the 

hydrogen generation curve in a reactor involving a reaction between Al and aq. NaOH under 

various conditions. 

2.7.4 Artificial Neural Network (ANN) 

In the human brain the neurons are the sensory parts of the body. It detects the stimuli, send 

to brain for processing and send back the signals to do the action. Thus, the neurons are 

interconnected and operates in a back propagation way. ANN is also the mathematical 

relationship of the various neurons that are interconnected, called machine learning language 

[111]. The history of ANN is several decades back. In the early age of 1940s ANN has been 

used for various engineering problems [117]. ANN was elaborated in the beginning by authors 

Rumelhart et al. in the year 1986 and Hecht-Nielsen in 1990. Feed Forward Back Propagation 

Network Modelling (BPNN) is familiar among the researchers. ANN consists of three layers 

viz. input layer, single/multi middle layer called as hidden layer and output layer. However, 

for most engineering applications single hidden layer is used. Independent variables compose 
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the input layer, while the output layer is the dependent variable. The dependent and 

independent variables are interconnected with some nodes called as neurons. These neurons 

have the ability to save data and subsequently process the data within the network. The data 

obtained as input function are processed based on the transfer functions (tansig, logsig, 

purelin, etc.) and send to the next layer. The output of the hidden layer neurons is the input 

for the output layer and send it to the output layer with different weightage.  

The ANN modelling is very fast and accurate at the same time, unlike other physics based 

simulation techniques. The individual layers and the neurons are connected with some weight 

functions (Wij). Each neuron is activated by biases (θj) in every layer of the network 

architecture. The mathematical relationship between the input and output parameters are 

processed in the hidden layer. The more the number of neurons the more complex is the 

network. The more the number of neurons in the network can reduce the simulation error up-

to a great extent and it leads to a generalisation of the architecture. The optimum numbers of 

neurons, epoch and transfer function are obtained by hit and trial method [118]. The BPNN 

is consisted of two passes. The input data signals in the input layer are fed in forward pass for 

processing. Depending on the transfer function and weight of the neurons the signal is sent to 

the output layer. The output signals of the network processed by the neurons are compared 

with the actual values. The error between the actual and predicted values are analysed and 

propagate back to the input layer through the hidden layer. The weight and bias are modified 

during back propagation to improve the error. This iterative process is known as the training 

of the data of the experiments.  

An epoch in ANN is defined as a single step to modify the weight functions of every training 

data sets. To modify the weight and thereby, reduce the error between the real experimental 

output vector and the predicted data a number of epochs are required. The total number of 

epochs needed to get a precise model in ANN is set as convergence rate. To optimize the error 

of the network by the adjustment of the weights, suitable optimization techniques are used. 

There are various back propagation methods available viz. Levenberg-Marquardt (trainlm), 

gradient descent with momentum (traingdm), sealed conjugate gradient (trainscg), resilient 

(trainrp), Bayesian regulation (trainbr), gradient descent (traingdm), etc. These methods are 

used to solve and predict the pattern of different engineering problems. Among these various 

methods Levenberg-Marquardt is used widely [110], [119], [120]. The particular ANN 

architecture is selected when the training data are trained successfully with optimize error. 
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Now, the same ANN model is tested with another sets of data points which were not used to 

train the network. An over-fitting of data is obtained when the difference of error during 

training and later on testing is very large. A well fitted data sets can be attributed to the close 

error during training and testing of data that leads to an effective architecture and it can be 

selected. The selected architecture is further confirmed to be accurate with another sets of data 

which are not used previously. This process of selecting the architecture is called as validation. 

After successfully obtained the ANN model, it can be used to obtain the output parameters 

for some unknown conditions. 

2.7.5 Radial Basis Function Neural Network (RBFNN) 

The radial basis function neural network (RBFNN) is an effective machine learning tool to 

establish the polynomial relationship between the various input-output parameters. RBFNN 

has been used in wide areas of research as revealed from the study of different literatures. The 

imbalance in the classification of data in a population is addressed by this method [121]. In 

civil engineering problems like landslides, and soil erosion RBFNN is successfully applied 

[122]. The security safety system is formulated based on a generalized radial basis function 

[123]. In the agricultural field, RBFNN is applied to predict the disease involving tomato 

leaves [124]. Alsaffar et al. [125] introduced the RBFNN and Backpropagation multilayer 

perceptron (BPMLP) to predict hydrogen produced by methane dry reforming. The PSO and 

the RBFNN optimization techniques are employed for the estimation of catalytic conversion 

of hydrogen gas through water gas shift reaction. 

2.7.6 Least Square Fit (LSF) Method 

Wang et al. [126] applied the least square fit method to measure the energy storage in lithium-

ion batteries. Tawalbeh et al. [127] reported the use of optimization techniques to maximize 

the production of hydrogen and efficient storage devices. The development of an integrated 

energy system coupled with hydrogen is modelled by data-driven AI&ML tools [128]. The 

least-square fit method may be considered as a special case of the maximum likelihood 

approach [129]. In this method the actual raw data points are plotted and a line of standard is 

drawn manually to reduce the error between the actual and the predicted data. The square of 

the errors of the different parameters in a constitutive equation is minimized by performing 

partial differentiation and equalizing it to zero. A ‘goodness of fit’ polynomial of a higher order 

curve is fitted to derive an equation of the form given below [130] 
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𝑓(𝑝) = 𝑞0 + 𝑞1𝑝 + 𝑞2𝑝
2 +⋯…… . . . 𝑞𝑛𝑝

𝑛⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(2.8) 

The constants 𝑞1, 𝑞2, … . . 𝑞𝑛 are so adjusted that the raw data are modified to obtain the best 

fit of the polynomial. 

2.8 Hydrogen fuelled furnace 

A furnace is a thermodynamically closed system, the prime aim of which is to heat a raw 

material to a very high temperature to change some of its physio-chemical properties. In many 

industries like steel making industry, non-ferrous industry, ceramic and glass industry, and 

calcination in cement factories furnace is an essential component. A furnace is expected to use 

the heat input up to the full scale i.e., the efficiency should be very high with minimum loss of 

energy. The furnace refractory materials are maintained well from erosion and corrosion during 

the sintering of materials. According to a report, published in 2017, 36 % of the global energy 

consumption is utilized by the industries [131]. Steelmaking, glass and ceramic, metallurgical 

are some of the energy-intensive industries. The operating temperature of the furnaces used 

ranges from (1000-1500) ⁰C [132]. The specific energy consumption of these furnaces varying 

from 2.4 to 14 MJ.kg-1 of finished product according to a survey [109]–[117], [119]. However, 

the specific energy consumption alters to a great extent based on the working temperature, 

nature of the finished product, fuel and oxidizer, etc. The primary sources of heat in a furnace 

are as given below: 

 Fossil fuel (coal, diesel, etc.) 

 Electrical energy 

 Chemical energy 

There are many types of furnaces available viz. Coke oven, Rotary kiln, Multiple hearth 

furnace, Fluid bed roaster, Batch -type, and Sintering tube furnace. Fossil fuel has been 

traditionally used in the iron making and sintering process to remove carbon dioxide. Though 

the reduction of carbon dioxide by using fossil fuel has good efficiency, the combustion of 

fossil fuel creates lots of hazards for the environment. Electrical energy is also used in the 

sintering furnace for power requirements. But the use of these energies can be limited by 

developing hydrogen gas-fuelled furnace for the sintering process.  

Researchers throughout the globe are investigating the various parameters of hydrogen-fuelled 

furnaces. The results are being optimized to effectively use hydrogen gas for furnace, which 

simultaneously releases the dependency either on fossil fuel or electricity. Their works also 
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incorporate the state-of-the-art of the mechanism for the injection of hydrogen-rich fuel in the 

sintering bed of a sintering furnace. The use of hydrogen for combustion in a closed chamber 

like the furnace always accompanied with severe problems. As the world has experienced the 

havoc created by the explosion of hydrogen gas in different parts of the world. Hydrogen gas 

is much more dangerous in a confined place rather than in an open space. It is stated that the 

sintering performance is enriched by injecting more amount of hydrogen fuel and allow it to 

combust for a longer time within the permitted range. The permitted values are 0.6-0.8 % and 

for 8 minutes as mentioned [133]. It is further elucidated that the early introduction of hydrogen 

gas into the sintering furnace has the potential to improve the sintering quality better than 

injecting at a later phase. The required timing is 5-13 minutes. 

2.8.1 Steelmaking industries and CO2 emission 

Global carbon emission has become a critical issue from the last few decades and the 

concomitant effect in the depletion of the ozone layer and associated ailment cannot be ruled 

out. According to the reviewers, the steel industry is the major contributor to the global increase 

in the level of carbon dioxide [120]–[124]. The continuous dissolving of the natural carbon 

sink is also a serious matter of concern. A policy is adopted to reduce the carbon emission per 

unit of GDP by 60-65 % as compared to 2005. But, in reality, it is predicted that by the year 

2030, the carbon emission level will attain at the climax and therefore, the emission is needed 

to be cut down. Steel is manufactured from iron ore which includes different stages to obtain 

the final product. The whole process is conducted at several degrees of temperatures. Fine iron 

ores are agglomerated and make a lump before proceeding to the smelting of liquid iron. The 

initial process of sintering of iron ore is a high enthalpy process and requires tremendous 

temperature [134]. This stage uses 10 % of the total energy and liberates 10 % CO2 of the total 

by burning fossil fuel. Steelmaking industries use the third-highest level of fossil fuel as 

reported. Hence, it is obvious that the application of fossil fuel has to be depleted to lessens the 

emission of not only carbon dioxide but also some other toxics. Therefore, in the present-day 

hydrogen gas has been acknowledged as the principal carrier of energy in various sectors. In 

steelmaking industries too, it has got importance for both the sintering process and the blast 

furnace process. Hydrogen gas can diminish the liberation of CO2 as the by-product of the 

combustion of hydrogen gas is water [135]. 

The combustion of liquid fuel in a furnace by spraying the fuel is studied for different fuels. 

The flame is divided into horizontal and vertical type. The horizontal flame is applied in some 
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compacted heating device [136]. Hydrogen jet flame has been investigated and the integral 

expression defining its trajectory is put forwarded [137]. The horizontal flame is effected by 

the buoyancy and the dimension of the burner impacts the flame temperature. Kim et al. [137] 

investigated the range of radial expansion of the hydrogen flame in the surrounding and the 

effect of buoyancy on the hydrogen jet while it is released from the high-pressure vessel. The 

nature of dispersion of the hydrogen flame into the atmosphere is necessitated to be 

acknowledged in the process of controlling the threat possessed by it. The Gaussian diffusion 

model is invalid to analyze the dispersion characteristics of hydrogen gas as the gas outflow 

and the succeeding dispersion follows an unsteady 3D pattern. Hydrogen gas escapes from a 

high-pressure tank, immediately forms a jet and the atmospheric air is entrapped into it. The 

air-hydrogen mixture gets diluted and the buoyancy comes into play its role as soon as the 

hydrogen gas gets lighter. The buoyancy force bends the hydrogen jet upward. The hydrogen 

jet which comes out of the high-pressure storage tank is a choked jet. Once the choked jet 

passes on to the sub-sonic jet, the prediction of the dispersal behavior of the hydrogen flame 

becomes more complicated. 

2.9 Storage 

Hydrogen gas has many uses viz. Cooking food, affordable electricity, driving a car, powering 

factories, aviation industries, etc. Hence, it points towards a new dawn of useful and 

sustainable, efficient source of energy, which can mitigate the energy crisis in the present 

situation. However, hydrogen storage is another important constituent for the development of 

the hydrogen economy. Although hydrogen has a high gravimetric energy density, its 

volumetric energy density is very low due to its low density. In addition, hydrogen is a 

flammable gas with an ignition energy of only 0.02 mJ. That means even a static electricity 

discharge or an agitation of compressed or liquid hydrogen may generate sufficient energy to 

cause its ignition. Thus, the technological development for compact and safe hydrogen storage 

has been a challenging task. To store more hydrogen for a given volume, conventional methods 

include high-pressure compression and low-temperature liquefaction. Although these two 

technologies are matured in today’s industries, their applications to hydrogen storage are not 

safe and there are still many technical problems to be resolved. The energy conversion of 

hydrogen gas by this process is much lower as compared to the tanks containing diesel and 

gasoline [99].  
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Researchers have tried to develop metal hydrides to store hydrogen gas and got success up to 

a certain level [138], [139]. But fails to act as a hydrogen reservoir for a prolonged time. 

Hydrogen gas has the potential to be used as the source of energy for static as well as dynamic 

applications with averting adverse effects on the atmosphere. Those nations who are not having 

sufficient natural resources to produce their fuel and have to depend on other countries, 

hydrogen gas can be helpful for them to meet the power requirement. The main obstacle in the 

growing hydrogen economy is the issue related to the storing. Hydrogen gas can be stored as 

follows: a) pressurize gas, b) cryogenic liquid, c) solid fuel as chemical or physical combination 

with other materials, such as metal hydrides, complex hydrides and carbon materials or on-

board application by methanol reforming [140].  

Hydrogen gas is stored by transforming its physical state into liquid or gaseous state in 

pressurised tank or cryogenic tank. The process by which hydrogen gas has been stored till date 

is not very favourable from application point of view and for safety purpose. This is because 

of low boiling point (-252.87 ⁰C) and low gaseous density (0.08988 g. L-1 at 1atm) of hydrogen. 

To maintain liquid hydrogen at cryogenic temperature an arrangement of refrigeration unit is 

required [141], which added extra cost to the system and make it a more complicated design at 

the expense of 40 % energy loss due to the increase in weight of the system [142]. However, 

the storage of the hydrogen gas at very high pressure is not advisable due to the chance of 

leakage. The storage of hydrogen gas either in liquid or gaseous form is always vulnerable to 

catch fire. So, safety is not assured in either stationary or mobile application. Hydrogen 

production by steam reforming of methanol requires an extra steam reformer to extract 

hydrogen from the carbon, which requires additional space and add weight to the system [140].  

The environmental and economic aspects are considered to make a futuristic model for 

hydrogen storage by the US Department of Energy (DOE) [143]. The minimum storage 

capacity of the system has been decided to be 6.5 wt. % and 65 g. L-1 of hydrogen gas available, 

within the decomposition temperature range of 60-120 ⁰C for commercial applications. The 

proposed system has been critically analyzed for its material toxicity property and the cost-

effectiveness. The study of various publications has revealed that the carbon nanotubes, carbon 

fibres, and activated carbon are ideal candidates to store hydrogen by the process of low-

temperature absorption of chemical compounds or by adsorption of a gas by carbon elements. 

However, the results obtained for the hydrogen storing capacity of carbon nanomaterials are 

not very encouraging. Data show the storing capacity of the carbon material between 0.2 to 10 
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wt. % [136], [137]. Though in today’s scenario the carbon material has been developed a lot in 

storing hydrogen gas, still it is not sufficient to run an automobile engine [144]. Some 

researchers have tried hydrides of Mg to store and carry hydrogen gas. These hydrides can 

increase their temperature or decrease the external pressure during the need for hydrogen gas 

discharge.  

A good metal hydride should have the following characteristics viz. high hydrogen contain 

capacity per unit mass, low dissociation temperature, fair dissociation pressure, lower value of 

heat of formation so that hydrogen extraction is easy, the dissipation energy for the formation 

of metal hydrides is kept low, reversibility, less amount of energy waste during the charging 

and discharging of hydrogen gas, high rate of conversion, high inertness towards oxygen and 

air for better reliability, recyclability, and well factor of safety. Many works suggest the use of 

various metal hydrides such as LaNi5, TiFe, TiMn2 for hydrogen storage. However, according 

to the criteria set by US Department of Energy, they are not able to meet the requirement for 

practical application. The hydrogen keeping capacity is only 2 wt. % as reported.  

A series of Mg based hydrides have been acknowledged as the potential and promising 

hydrides for hydrogen storage with 7.6 wt. % of capacity. Extensive research is conducted to 

reduce their dissociation temperature, increase durability, and safety. The hydrogen conversion 

rate is increased by allowing some catalysts to react with the hydrides. The ball milling is also 

done which is accompanied by defects and enhance surface areas [145]. A thorough 

investigation of sodium borohydride and ammonia borane is carried out in this regard by other 

scientists. It is aimed at fabricating a system which releases hydrogen gas at a moderate rate at 

ambient condition [33], [146].The high cost of metal hydrides and the requirement of high 

temperature for the release of hydrogen gas impede its wide utilization [99], [147]. Nakayama 

et al. reported the storage of hydrogen gas by using clathrate hydrate. A conceptual model of 

in-situ storage of hydrogen gas has been proposed [148]. Clathrate hydrates have a crystal 

structure with cage-like constructions. They consist of the water molecule and the foreign 

molecule engulfed inside the cage structure. The rhombohedral structure of hydrogen hydrate 

has been discovered in the year 1993 [149]. This particular structure has cavities of lesser size 

and the guest particles are entrained in the lattice. Thereby, making it possible for the clathrate 

hydrate to store hydrogen gas. Recently, certain chemical reactions of reactive metals 

accompanied by hydrogen evolution have received increasing interest in the field of hydrogen 

energy because of their potential applications in both hydrogen production and storage. In these 
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reactions, the hydrogen sources such as water and hydrocarbons are usually used as one of the 

reactants, from which hydrogen will be extracted with the help of metals of high activity. This 

is an innovative application of an old technology as hydrogen evolution through the 

displacement reactions of metals was discovered several centuries ago and some of these 

reactions have already been studied thoroughly. In certain metal reactions, a violent hydrogen 

release occurs soon after the contact between reactants even under mild conditions.  

On-demand hydrogen release using metals can eliminate the need for hydrogen storage. For 

those scenarios, hydrogen is indirectly stored in the form of its sources. Such systems can be 

more compact and much safer. Considering the stringent safety requirements for hydrogen 

storage, the production of hydrogen on-demand during the chemical reaction between 

aluminium and alkaline water can be developed as a viable, environment friendly, and cost 

effective technique. Development of a viable reactor for the production of hydrogen gas on-

demand would to a great extent solve the present problem of oil price hike, especially for 

automobile applications. Several reactors have been designed for the on-demand supply of 

hydrogen by this chemical reaction, each design has its limitations though. 

2.10 Precautions 

Hydrogen gas is inflammable with high heat energy content and hence, the utmost care has to 

be taken while using in varied applications. The controlled use of hydrogen gas has more 

benefits than demerits. People are quoted frequently with the dangerous nature of hydrogen 

gas, e.g. hydrogen bomb [150]. The conventional and skill-full use of hydrogen gas has no 

connection with its havoc nature. Hydrogen flame radiates very less unless it falls in the 

direction of flame, there is little chance of getting burnt. It is observed that the heat radiated 

from petrol fired flame is of high order than a hydrogen flame, and thus brings a threat to the 

life and property. The primary risk linked with hydrogen gas flame is its low minimum ignition 

energy and low lean limit of flammability. Therefore, a small leakage of hydrogen gas in a 

closed chamber may pose menaces. The ignition energy of hydrogen is so less that the high 

velocity of leakage through the air can combust due to the air friction [151].  

Hydrogen gas when contained in a tank at high pressure, special care should be taken so that 

there is no chance of leakage. The molecular diameter of hydrogen gas is very less than other 

fuel molecules. Thus, it is very difficult to retain hydrogen gas in storing devices. It is 

mentioned that hydrogen gas cannot be confined by using a high-pressure pipe, lined with poly-
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tetra-fluoro-ethylene (Teflon) [152]. The leakage of hydrogen gas can lead to a massacre if it 

undergoes combustion in a confined room. The same can be avoided in an outdoor case. 

Hydrogen gas in a closed room can accumulate and become the hot spot of combustion, unlike 

at outdoor the gas diffuse away in the atmosphere [151]. There is one exception for the large 

escape of liquid hydrogen gas, in which the gas is denser than air till it boils off by capturing 

heat from the surroundings.  

This is a well-known fact that hydrogen gas is odourless and colourless. It is very hard to detect 

the presence of hydrogen gas without having any means [153]. Hence, it is emphasised to have 

a state-of-the-art laboratory for testing hydrogen gas and safety considerations for any kind of 

emergency. A number of researchers have agreed with the safe use of hydrogen gas as a fuel 

for its better efficiency and environmentally benign nature than the fossil fuel [148]–[150]. The 

safety of the combustion of hydrogen gas can be realised with the proper engineering design 

of the reactor and scientific use of the gas with proper precautions. The safety considerations 

are not supposed to impede the hydrogen economy.  

2.11 Cost analysis 

The socio-economic benefit of academic research whether scientific or humanities is always a 

prior goal. The various scholarly articles aimed at the development of the society, science and 

technology, and economic strengthening of any nation. It is very important to define research 

work in terms of time and economic benefit. Statistical tools are very useful to describe the 

financial aspect of the project or research work. Some of the tools are the Break-Even Analysis, 

the Net present value Method, the Return On Investment, the Payback Period Method, the 

Internal Rate of Return Method, etc. The proper distribution of capital is the most crucial in the 

modern financial management system. 

2.12 Summary of literature survey 

The different methods of production of hydrogen gas have their own merits and demerits. 

Hydrogen gas produced by the hydrolysis process is costly to be used extensively. Steam 

reforming of water to produce hydrogen uses fossil fuel, which is not environment friendly. 

The conversion rate of hydrogen gas by the biological process is very slow. This impedes the 

use of this process. The hydrogen production from metal hydrides requires high temperatures. 

The storage of hydrogen is found to be inefficient. Moreover, hydrogen gas has very low 

ignition energy (0.02 mJ), and hence vulnerable to explosion. Considering all these aspects 
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hydrogen production from Al and alkaline water reaction is found to be a viable, cost-effective 

and environment friendly technique. Machine leaning algorithms can be successfully 

implemented to predict the evolution of hydrogen and kinetics of the reaction mechanism. The 

mathematical model of the rate equation for the production of hydrogen energy by chemical 

method can be established with the help of machine learning tool. In-situ hydrogen can be used 

in the industrial furnaces as a better replacement of fossil fuel and electricity for practical 

applications.  

2.13 Gaps in the literature review 

The following points are to be addressed from the review of the literatures: 

1. An extensive systematic study of the kinetics of the reaction between aluminium and 

the alkaline solution is required to be carried out. The experiments have to be carried 

out at a higher concentration of NaOH.  

2. Correlation between reaction rate and temperature, concentration, size & shape of 

aluminium, composition, etc. has not been established. The optimum condition for the 

concentration of NaOH solution and temperature has not been defined. 

3. There is not any effective technology to store hydrogen gas for a prolonged time. 

4. On-board production of hydrogen gas is yet to be addressed. 

5. The production of hydrogen gas depends not only on temperature and pressure but 

also some other factors that affect its production. Factors like the size of Al pellets, 

shape, morphology, type of water, the volume of water, etc. 

6. The proper design of a reactor for the production of hydrogen for the sintering furnace 

application is yet to be developed. 

7. Research related to the use of machine learning based computational technique has 

not been established to predict the evolution of hydrogen gas for real time 

applications. 

8. Investigation of combustion of hydrogen produced by chemical methods for sintering 

tube furnace application (efficiency etc.) not yet carried out. 
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Chapter-3 

Materials and Method 

 

3.1 Introduction 

Generation of hydrogen gas by various methods have been highlighted in chapter 2. From the 

literature survey it appears that the reaction of aluminium and aq. NaOH solution is a viable 

environment friendly technique for the generation of pure hydrogen gas. A hydrogen generator 

was developed to carry out the experiments and generate hydrogen production data by the 

chemical reaction. These data were used for modelling the reaction kinetics. For evaluation of 

the applicability of this technique, a hydrogen fuelled sintering tube furnace was fabricated and 

the thermal efficiency of the furnace was investigated. The procedures followed for this 

investigation are described in detail in the subsequent sections. 

3.2 Preparation of aluminium sample 

3.2.1 Raw materials 

Scrap aluminium in the form of hollow sections as part of the window and door panels having 

thickness 1.0 mm were used as the raw material. As-received Al sections were first cleaned 

with acetylene to remove grease and dust particles. These were cut into small pieces using hand 

shearing machine.  

3.2.2 Sodium hydroxide solution 

Commercially available sodium hydroxide pellets of 97 % purity were procured from the local 

market. The NaOH pellets were dissolved in distilled water to obtain the aqueous NaOH 

solution of required molarity. The reactions at high temperatures are conducted by dissolving 

NaOH in water with the required temperature. 

3.3 Design and Fabrication of the Chemical Reactor 

A reactor is a closed device in which reactants are allowed to react at the particular reaction 

condition. Safety of the reactor is very important since the gas which is evolved during the 

reaction is hydrogen gas. A reactor was fabricated for carrying out the chemical reaction 
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between Al and aq. NaOH solution for the generation of H2 gas. Enough safety precautions 

were taken to prevent any H2 gas leakage during the experiments. The features of the reactor 

include provision for (a) inserting the reactants in to the reaction chamber, (b) H2 gas out let, 

(c) removal of the solid reaction products after the completion of the experiment, (d) insertion 

of thermometer to measure the reaction temperatures, (e) stirrer to remove the passive layer of 

Al(OH)3 formed on the surface of the Al pellets, and (f) water bath for maintaining the 

temperature of the reactor. Figure 3.1 illustrates schematically the setup used for carrying out 

the kinetic experiments. The reactor consists of a 250 ml filtration flask kept in a water bath 

which is maintained at a constant temperature. The stirring of the reactor is facilitated using a 

magnetic stirrer placed in contact with the water bath. The temperature inside the reactor is 

measured at regular periods using an industrial mercury thermometer (specification -10 ⁰C to 

110 ⁰C) which was kept dipped in the reactor solution. The hydrogen gas generated in the 

reactor is transferred to the bottom of an inverted water column using a flexible pneumatic 

tube, which was placed inside a water bath exposed to air. The inverted column is made of a 

poly-methylmethacrylate (PMMA) tube of 4.5 cm ID and 100 cm length. A graduated scale 

with zero reading at the top is attached to the inverted tube to measure the water level in the 

tube.  The photograph of the setup is presented in fig. 3.2 

 

  
     Fig. 3.1 Schematic diagram of the experimental setup for hydrogen gas generation   
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Fig. 3.2 Photograph of the H2 generation set up 

3.4 Experimental Procedures 

The hydrogen generation rate during chemical reaction between Al pellets and aq. NaOH 

solution in the reactor was investigated. The experiments are carried out by varying the 

parameters viz., the concentration of NaOH solution, temperature, size of Al pellets, and the 

volume of water. The experimental matrix under which the reactions are carried out is 

presented in Table 3.1.  

Table 3.1 Experimental Matrix for the hydrogen generation 

Temperature 

(K) 

Concentration 

 (M) 

1 2 3 4 5 

303 
        

  

313 
   #*     

  

323 
     #  * 

  

333 
        

  

# These data were used only for validating the ANN model using BPNN  

* These data were used only for validating the ANN model using RBF and LSF  
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3.5 Modelling 

3.5.1 Constitutive equation for hydrogen generation 

Mathematical modelling by one-variable-at-a-time approach is incapable of establishing the 

impact of multiple variables interactions on the output. The Least Square Fit is a statistical tool 

that analyses the inter-relationship among multiple variables, which can be established by 

comparing the simulated and experimental data. The correlation between the variables is 

achieved by the minimization of the sum of the squares of the differences between the actual 

value and simulated value. In this study, the evolution of hydrogen gas (V) is considered as a 

function of water temperature (T), NaOH concentration (C), and reaction time (t). i.e., 

mathematically expressed by 

𝑉 = 𝑓(𝑇, 𝐶, 𝑡)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.1) 

It is found that the hydrogen generation profile is non-linear and hence equation no. (3.1) takes 

the form   

𝑉 = 𝐺 ∗ 𝐶𝛼 ∗ 𝑒(
−𝐸𝑎
𝑅𝑇

) ∗ 𝑡𝛽 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.2) 

Here, G, α, and β are constants. 𝐸𝑎 and R are the activation energy and universal gas constant 

respectively. Equation no. (3.2) can be reduced to the linear form by taking a natural log.  

𝑙𝑛𝑉 = 𝑙𝑛𝐺 + 𝛼𝑙𝑛𝐶 + (−
𝐸𝑎
𝑅
)
1

𝑇
+ 𝛽𝑙𝑛𝑡⁡⁡⁡⁡⁡⁡⁡⁡(3.3) 

The error 𝐸𝑖 is defined as follows: 

𝐸𝑖 = ⁡𝑙𝑛𝑉 − 𝑙𝑛𝐺 − 𝛼𝑙𝑛𝐶 + (
𝐸𝑎
𝑅
)
1

𝑇
− 𝛽𝑙𝑛𝑡⁡⁡⁡⁡(3.4) 

∑𝐸𝑖
2

𝑁

𝑖=1

=∑[𝑙𝑛𝑉 − 𝑙𝑛𝐺 − 𝛼𝑙𝑛𝐶 + (
𝐸𝑎
𝑅
)
1

𝑇
− 𝛽𝑙𝑛𝑡]2 ⁡⁡⁡(3.5) 

where, N is the number of data points 

Taking partial derivative of ∑ 𝐸𝑖
2𝑁

𝑖=1  with respect to 𝑙𝑛𝐺  and equate to zero we get, 
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∑ 𝜕𝐸𝑖
2𝑁

𝑖=1

𝜕𝑙𝑛𝐺
= 0 

2∑[𝑙𝑛𝑉 − 𝑙𝑛𝐺 − 𝛼𝑙𝑛𝐶 + (
𝐸𝑎
𝑅
)
1

𝑇
− 𝛽𝑙𝑛𝑡] (−1) = 0

𝑁

𝑖=1

 

∑𝑙𝑛𝐺 +∑𝛼𝑙𝑛𝐶 −

𝑁

𝑖=1

𝑁

𝑖=1

∑(
𝐸𝑎
𝑅
)
1

𝑇
+

𝑁

𝑖=1

∑𝛽𝑙𝑛𝑡

𝑁

𝑖=1

=∑𝑙𝑛𝑉

𝑁

𝑖=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.6) 

Similarly, equation nos. (3.7), (3.8), and (3.9) are obtained and given below: 

∑𝑙𝑛𝐺𝑙𝑛𝐶 +∑𝛼(𝑙𝑛𝐶)2 −

𝑁

𝑖=1

𝑁

𝑖=1

∑(
𝐸𝑎𝑙𝑛𝐶

𝑅
)
1

𝑇
+

𝑁

𝑖=1

∑𝛽𝑙𝑛𝑡𝑙𝑛𝐶

𝑁

𝑖=1

=∑𝑙𝑛𝑉𝑙𝑛𝐶

𝑁

𝑖=1

⁡⁡⁡⁡⁡⁡(3.7) 

∑
𝑙𝑛𝐺

𝑇
+∑

𝛼𝑙𝑛𝐶

𝑇
−

𝑁

𝑖=1

𝑁

𝑖=1

∑(
𝐸𝑎
𝑅
)
1

𝑇2
+

𝑁

𝑖=1

∑
𝛽𝑙𝑛𝑡

𝑇

𝑁

𝑖=1

=∑
𝑙𝑛𝑉

𝑇

𝑁

𝑖=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.8) 

∑𝑙𝑛𝐺𝑙𝑛𝑡 +∑𝛼𝑙𝑛𝐶𝑙𝑛𝑡 −

𝑁

𝑖=1

𝑁

𝑖=1

∑(
𝐸𝑎𝑙𝑛𝑡

𝑅
)
1

𝑇
+

𝑁

𝑖=1

∑𝛽(𝑙𝑛𝑡)2
𝑁

𝑖=1

=∑𝑙𝑛𝑉𝑙𝑛𝑡

𝑁

𝑖=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.9) 

Equation nos. (3.6-3.9) form a set of linear equations which may be represented by a matrix of 

order four. The matrix is given below: 

(

 
 
 

𝑁 ∑ 𝑙𝑛𝐶𝑁
𝑖=1 −∑

1

𝑇

𝑁
𝑖=1 ∑ 𝑙𝑛𝑡𝑁

𝑖=1

∑ 𝑙𝑛𝐶𝑁
𝑖=1 ∑ (𝑙𝑛𝐶)2𝑁

𝑖=1 −∑
𝑙𝑛𝐶

𝑇

𝑁
𝑖=1 ∑ 𝑙𝑛𝐶𝑙𝑛𝑡𝑁

𝑖=1

∑
1

𝑇

𝑁
𝑖=1 ∑

𝑙𝑛𝐶

𝑇

𝑁
𝑖=1 −∑

1

𝑇2
𝑁
𝑖=1 ∑

𝑙𝑛𝑡

𝑇

𝑁
𝑖=1

∑ 𝑙𝑛𝑡𝑁
𝑖=1 ∑ 𝑙𝑛𝐶𝑙𝑛𝑡𝑁

𝑖=1 −∑
𝑙𝑛𝑡

𝑇

𝑁
𝑖=1 ∑ (𝑙𝑛𝑡)2𝑁

𝑖=1 )

 
 
 

(

 
 

𝑙𝑛𝐺
𝛼
𝐸𝑎

𝑅

𝛽 )

 
 
=

(

 
 

∑ 𝑙𝑛𝑉𝑁
𝑖=1

∑ 𝑙𝑛𝑉𝑙𝑛𝐶𝑁
𝑖=1

∑
𝑙𝑛𝑉

𝑇

𝑁
𝑖=1

∑ 𝑙𝑛𝑉𝑙𝑛𝑡𝑁
𝑖=1 )

 
 

   (3.10) 

The above matrix i.e., equation no. (3.10) takes the form given by 

[𝐴][𝑋] = [𝐵] 

                                        [𝑋] = [𝐴]−1[𝐵]                                                       (3.11) 

The elements of [𝐴] and [𝐵] are obtained by carrying out the experiments of hydrogen 

production from the Al-H2O reaction. The four unknown parameters of the constitutive 
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equation no. (3.2)  viz. 𝐺, 𝛼, 𝐸𝑎, and 𝛽 are determined by solving equation no. (3.11). The 

corresponding values are shown in Table 4.6 below (section 4.2.3). 

The values thus obtained are substituted in equation no. (3.2) to predict the H2 production under 

various conditions of T, C, and t. A correlation was established between the actual data and 

predicted data. Equation no. (3.2) is validated with two unknown conditions as indicated in 

Table 3.1 with a (*) sign. 

3.5.2 Multiple Linear Regression (MLR) 

Multiple Linear Regression (MLR) is a data driven curve fitting multivariable mathematical 

technique to obtain a relationship between the input and output variables for any process. The 

principle behind the application of MLR is the minimization of the sum of the squares of the 

differences between the experimental and predicted value. In this study the volume of 

hydrogen gas generated per gram of Al (V in mol. g-1) is expressed as a function of reaction 

temperature (T) in K, concentration of aq. NaOH (C) in mole and time (t) in minute.  i.e., of 

the form 

   𝑉 = 𝑓(𝑇, 𝐶, 𝑡)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.12) 

Equation no. (3.12) can be explicitly written as [154] 

   𝑉 = 𝐺𝑇𝛼𝐶𝛽𝑡𝛾 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.13) 

where, G, α, β, and γ are the constants. Taking logarithms, equation no. (3.13) assumes the 

form of a linear equation as 

log(𝑉) = log(𝐺) + 𝛼 log(𝑇) + 𝛽 log(𝐶) + 𝛾 log(𝑡)       (3.14) 

The data obtained from the actual experiments are used to determine the values of G, α, β, and 

γ. The regression constants were obtained using the function ‘REGRESS’ in MATLAB® 2020b 

(Math Works Inc.). The time dependent volume of gas generated by the reaction is obtained by 

substituting the values of the constants in equation no. (3.13). 

 3.5.3 Artificial Neural Network (ANN) modelling 

Machine learning tool such as ANN is used to predict the evolution of hydrogen gas for 

industrial utilization and establish the kinetics of the reaction between Al-H2O. ANN is a data 

driven modelling technique where the output is obtained even if the physical relationship 

between the input-output variables are not known. In the present study, limited experiments 
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were performed to generate sufficient data for the ANN modelling. Twenty sets of 

experiments of hydrogen generation from aluminium-aq. NaOH solution reaction, as 

indicated in Table 3.1, were carried out for this purpose. Out of these, two experiments viz. 

2M/313 K and 3M/323 K were not used for modelling purposes. The data obtained from these 

two experiments were used only for validation of the developed ANN model. From the 

remaining 18 experiments a total of 613 input-output data sets were extracted for the 

modelling. These data were segregated into three groups: (a) 337 data sets (55 %) for training 

purposes; (b) 185 (30 %) for testing; and (c) 91 (15 %) for validation of the ANN architecture. 

The values of temperature, concentration, time, and the volume of hydrogen gas evolved are 

mapped to lie between 0.1 and 0.9.  A number of trial training experiments were carried out 

by varying the number of neurons in the hidden layer, target error goal transfer functions at 

input-hidden layer and hidden-output layer.  The transfer functions used were tansig, logsig, 

and purelin. The best ANN architecture and the processing function were achieved by training 

the neural network using the input-output data sets for the training and testing.  

The mathematical model for the ANN is based on the equation no. (3.1). The modelling is done 

by multi-layer perceptron feed forward back propagation method. The three neurons represent 

the temperature, concentration, and time in the input layer. The architecture has been shown in 

fig. 3.3 below. The output layer consists of the dependent parameter viz. volume of hydrogen 

gas generated. The simulation of training, testing and validation is carried out in MATLAB® 

2020b (Make: Math Works Inc.). The trainlm function is used to attune the weights and bias 

according to the Levenberg-Marquardt optimization algorithm. This trainlm method is a very 

efficient method to solve non-linear problems. Training and testing of the network architecture 

were carried out using the 337 and 185 data sets respectively. During the training period, only 

one hidden layer was used. A number of trial experiments were carried out by (i) varying the 

number of neurons in the hidden layers from 5 to 35, (ii) using different transfer functions viz.  

tansig, logsig, and purelin combinations, (iii) keeping minimum deviation error between the 

predicted and the experimental values, and (iv) varying the error goal between 0.0001 and 

0.00001. During the training and testing, the best network architecture was chosen based on 

the statistical analysis of the experimental and network data. The statistical parameters are 

described in the subsequent paragraphs. 
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Fig.3.3 Architecture of the Artificial Neural Network 

3.5.4 Statistical Analysis 

The error between the actual and the predicted values during the training process is minimized 

by the network by adjusting the weights. The performance of the network is measured by using 

root-mean square functional error which is given as follows [120]. 

𝑅𝑀𝑆𝑒𝑟𝑟𝑜𝑟
𝑓

= √
∑(𝑉𝑒 − 𝑉𝑝)2

𝑁𝑉𝑒
2 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.15) 

where, 𝑉𝑒 is the experimental value, 𝑉𝑝 is the predicted value, and N is the number of data 

points. The training error and the testing error are determined separately. The effective error of 

the training and testing data are calculated using the following equation: 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒⁡𝑒𝑟𝑟𝑜𝑟 = 𝑚𝑎𝑥⁡[𝑅𝑀𝑆𝑒𝑟𝑟𝑜𝑟
𝑓

⁡𝑜𝑓⁡𝑡𝑟𝑎𝑖𝑛𝑔⁡𝑑𝑎𝑡𝑎 − 𝑅𝑀𝑆𝑒𝑟𝑟𝑜𝑟
𝑓

⁡𝑜𝑓⁡𝑡𝑒𝑠𝑡𝑖𝑛𝑔⁡𝑑𝑎𝑡𝑎]   (3.16) 

The over fitting of data for the network is when the testing error is substantially larger than the 

training error. The network is assumed to be well fitted when the error between the testing and 

training data is significantly less. The details of the results obtained during testing and training 

of data has been presented in “Appendix III.” The best architecture network during the 

numerical trial experiments was chosen depending on the following conditions: (a) minimum 

functional RMS error between training and testing data, (b) 98 % of the predicted data falls 

within a deviation error of ± 5 % of experimental values, and (c) at least 95 % of the predicted 

data falls within a deviation error of ± 2 % of the experimental values. The prediction ability 

of the trained network is verified by using Statistical tools such as coefficient of correlation 

(Rcc), average absolute relative error (AARE), and average root mean square (RMS) error. 

These are given as follows: 
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𝑅𝑐𝑐 =
∑ (𝑉𝑒 − 𝑉𝑒̅)(𝑉𝑝 − 𝑉𝑝̅)
𝑁
𝑖=1

√∑ (𝑉𝑒 − 𝑉𝑒̅)2∑ (𝑉𝑝 − 𝑉𝑝̅)2
𝑁
𝑖=1

𝑁
𝑖=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.17) 

𝐴𝐴𝑅𝐸 =
1

𝑁
∑|

𝑉𝑒 − 𝑉𝑝

𝑉𝑒
| ∗ 100

𝑁

𝑖=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.18) 

𝑅𝑀𝑆⁡(𝑒𝑟𝑟𝑜𝑟) = ⁡√
1

𝑁∑ (𝑉𝑒 − 𝑉𝑝)
2𝑁

𝑖=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.19) 

where,  𝑉𝑒 is the experimental value and 𝑉𝑝 is the predicted value, 𝑉𝑒̅ and 𝑉𝑝̅ are the average 

values of 𝑉𝑒 and 𝑉𝑝 respectively and N is the number of data points used in the network. 

3.5.5 Sensitivity Analysis 

The importance of input parameters viz. temperature, concentration, and time on the volume of 

production of hydrogen gas is predicted by using the best weight matrix of ANN and Garson’s 

algorithm [155]. A novel method of partitioning the weights of neural network to determine 

the influence of each input parameter on the output was proposed by Garson and is given by 

 

𝐶𝑗 =
∑ ((|𝑤𝑗𝑝

𝑎𝑏| ÷ ∑ |𝑤𝑞𝑝
𝑎𝑏|) × |𝑤𝑝𝑟

𝑏𝑐|)𝑛𝑎
𝑞=1

𝑝=𝑛𝑏
𝑝=1

∑ {∑ ((|𝑤𝑗𝑝
𝑎𝑏| ÷ ∑ |𝑤𝑞𝑝

𝑎𝑏|) × |𝑤𝑝𝑟
𝑏𝑐|)𝑛𝑎

𝑞=1
𝑝=𝑛𝑏
𝑝=1 }𝑞=𝑛𝑎

𝑞=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.20) 

 

where,  𝐶𝑗 is the relative importance of the jth input parameter on the output parameter, 𝑛𝑎 and 

𝑛𝑏 are the number of input and hidden neurons respectively, 𝑤 is the connection weight. The 

subscripts a, b, and c designate to input, hidden and output layers respectively. The subscripts 

p, q, and r represent the input, hidden, and output neurons respectively. After the artificial 

neural network is frozen, the model is validated with 91 data points, which are not used in 

training and testing the architecture. The neural network is also used to simulate the output for 

experimental conditions which is not carried out. 

3.5.6 Radial basis function neural network (RBFNN) 

ANN is the latest and most important intelligence computational paradigm that processes 

information of a network by simulation technique of neuron network that resemblances human 

brain. One of the most important advantages of the ANN technique is the ability to compute 

non-linear relationships thereby, reducing the tediousness and complexity of the conceptual 
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model [157]–[158]. Radial Basis Function Neural Network (RBFNN) uses the RBF function 

as a kernel function and has a feed-forward structure. The RBFNN sets a relationship among 

the several input-output parameters through function normalization, noise detection, 

classification, etc. As shown in fig. 3.3 the three layers’ architecture consists of (a) the first 

layer which is known as the input, (b) the middle layer is called the hidden layer, and (c) the 

third layer is known as the output. The hidden layer is composed of radial basis function 

neurons and may be one or more. These layers are connected like a multi-layer perceptron 

(MLP) model. However, the collector and activation function are replaced with each other. The 

activators of the hidden layer neurons follow the radial basis function or Gaussian function 

whereas, the output layer function is linear [159]. Distinct advantages of using RBFNN for 

computational work in comparison to others include faster learning algorithms and 

nonappearance of local minima problems [160], [161].  

The Gaussian function 𝜁𝑗(𝑥) for the hidden layer is represented as given below [158]: 

𝜁𝑗(𝑥) = 𝑒𝑥𝑝
[−
‖𝑥−𝑐𝑗‖

𝛿2
]
⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.21) 

where, 𝑐𝑗𝑎𝑛𝑑⁡𝛿 are the centre and spread of the jth RBF node respectively.  

The output 𝑉 of the network is calculated by using the weighted sum of the hidden layers’ 

output. The weight (wj) is obtained by using ordinary least squares.  

𝑉 =∑𝑤𝑗𝜁𝑗

𝑛

𝑗=1

⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.22) 

Training of data can be performed by two steps method such as (i) setting the centre by 

clustering the training data (337 data in this case), and (ii) estimation of weight vector by the 

ordinary least square method. In the present RBFNN model, 337 data points (55 % of total 

data) are used to train the model. Meanwhile, RBFNN is suitable for interpolation rather than 

extrapolation [162]–[164]. MATLAB®2020b software provides NEWRB function for the 

selection of the best neural network. The function defines an approximate RBFNN which 

automatically determines the neurons in the hidden layer. During the execution of the function, 

the neurons will be added till the target error square sum is attained or the maximum number 

of neurons in the hidden layer is reached. The prediction excellence of the RBFNN is assessed 

by the statistical tool namely correlation coefficient (Rcc) and absolute average relative error 
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percentage (AARE %). Figure 3.3 depicts the architecture of the RBFNN. Temperature (T), 

concentration (C), and time (t) are the input parameters denoted by the circles in fig. 3.3. The 

middle layer is the hidden neuron (v), and the third layer is the output layer which is the volume 

of H2 liberated (𝑉). 

3.6 Study of thermal efficiency of H2 fuelled sintering tube furnace 

3.6.1 Experimental Setup and Sintering Furnace 

The experimental setup for investigating the performance of the sintering furnace using 

hydrogen fuel is shown schematically in fig. 3.4 and the photograph of the test rig is presented 

in fig. 3.5. The setup consists of the following: (i) a hydrogen reactor fitted with valve V1, (ii) 

an air compressor for supplying the air at required pressure through valve V2, (iii) two 

rotameters for measurement of hydrogen flow rate (specification is 0-10 liter per minute) and 

air flow rate (specification is 0-30 liter per minute), (iv) a burner on a stand for combustion of 

the fuel-air mixture, (v) a sintering tube furnace, (vi) tube connections, (vii) thermocouples (T1, 

T2, T3, T4, T5, and T6), and (viii) data acquisition system (DAQ) for record of temperature. The 

reactor is made of stainless steel having 10 liter capacity. The lid of the reactor can be opened 

to introduce the reactants, i.e., NaOH solution and Al pellets into the reactor chamber. The 

fuel-air ratio is adjusted by controlling the flow of these gases by opening the outlet valve from 

the reactor and regulating the pressure in the compressor.  

Hydrogen gas generated by the chemical reaction is transferred through rotameter and tube 

fittings to the burner where it gets mixed with the air from the compressor in the required fuel-

air ratio. The details regarding the sintering furnace, the thermocouple positions, and the 

chimney are shown in fig. 3.6. Figure 3.7 depicts the photograph of the furnace. The furnace 

consists of two concentric stainless steel cylinders. The outer cylinder is 260 mm ID, 6 mm 

thick, and 500 mm long whereas, the inner cylinder is 60 mm ID, 4 mm thick, and 1000 mm 

long. Henceforth, the combustion chamber referred to is the annular space between the inner 

and outer cylinder. Both ends of the outer cylinder were welded to 260 mm OD and 60 mm ID 

and 2 mm thick flanges using TIG welding. The inner tube was inserted through the 60 mm 

hole of the flange and sealed using high-temperature ceramic wool impregnated with sodium 

silicate and allowed to harden. This ensured a proper leak-proof combustion chamber. A 

provision for inserting the burner through which the flame due to the combustion of hydrogen-

air mixture at the required ratio is inserted into the annular space between the outer cylinder 
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and inner tube. The hot gas mixture passes through the combustion chamber and heats the inner 

tube which in turn heats the atmosphere inside the inner tube by conduction and convection 

respectively. The exhaust gas from the combustion chamber after the heat transfer escapes 

through the chimney provided at a distance of 470 mm as shown in fig. 3.6. In this teat rig a 

steel jar of volume 10 litre was used as a reactor instead of filtration flask to obtain higher 

amount of gas. The test rig consists of the following: (i) sintering furnace, (ii) a reactor, (iii) a 

data acquisition (DAQ) system, (iv) two rotameters for flow measurement of hydrogen gas and 

air, (v) thermocouples, and (vi) pneumatic pipe. 

 
Fig.3.4 Schematic of the experimental setup of the sintering tube furnace 

 

 

Fig. 3.5 Photograph of the sintering furnace test rig 
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Fig.3.6 Schematic diagram of the sintering tube furnace with thermocouples position and chimney 

 

 
Fig. 3.7 Photograph of the sintering tube furnace with thermocouples position and 

chimney 

 

Five thermocouples T1 to T5 were used to measure the temperature profile at distances 30 mm, 

130 mm, 230 mm, 330 mm, and 430 mm from the gas inlet of the outer cylinder of the 

combustion chamber as depicted in fig. 3.6. During the flow of the hot gas mixture through the 

annular space, the temperature profiles along three lines were measured using these 

thermocouples placed at same distances from the gas inlet end. These are: (i) along the centre 

line of the inner tube, shown by line L (ii) centre line of the annular space between the two 

cylinders, shown by line M, and (iii) the outside surface of the outer cylinder, shown by line 

N.  In addition, the temperature at the gas outlet was measured using the thermocouple T6 

placed at the top of the chimney. Separate experiments were carried out at the same conditions 
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of hydrogen gas generation and fuel-air ratio to measure the temperature profiles along these 

lines. The temperature of the variation along the radial direction of the combustion chamber 

near the inlet side was also measured. 

3.6.2 Experimental procedures for determination of thermal efficiency of the furnace 

The experimental procedure consists of two parts: (i) determination of the hydrogen generation 

rate due to the chemical reaction between aluminium and aq. NaOH solution and (ii) 

determination of the thermal efficiency of the sintering tube furnace due to the heat generated 

by the combustion of hydrogen produced by the above chemical method in the presence of air. 

In the former, experiments were carried out by reacting aq. NaOH solution with Al pellets at 

various combinations of temperature and concentration of the aq. NaOH and determined the 

condition of maximum hydrogen yield. While in the latter, keeping the same condition of 

maximality of H2 production, the combustion of hydrogen was carried out at different fuel-air 

ratios and the efficiency of the furnace for these conditions was determined.  

The fuel-air mixture at a definite proportion is combusted in the burner. The burner with the 

flame is then introduced at the inlet of the furnace and is allowed to flow parallel through 

annular space. The experiments were carried out at 7 different fuel-air ratios as mentioned in 

Table 3.2. The time-dependent temperature was recorded using the DAQ, from the instance the 

flame was introduced into the combustion chamber. Initially, the temperature profile along the 

three lines as mentioned in section 3.6.1 was taken. However, since later it was evident that the 

temperature along line M was representing the average temperature, the readings for Sl. nos. 

5-7 in Table 3.2 were taken only along this line. 

Stoichiometric fuel-air ratio (FARstoic) based on mass for H2 and air is 1:34 [165][166]     

Calculation of actual fuel-air ratio (FARac) based on mass [167] 

The volume flow rate for H2 and air has been expressed in terms of mass flow rate (kg.min-1) 

as described below. The fuel-air equivalent ratio (λ) is defined as the ratio of the actual fuel-air 

ratio (FARac) to the stoichiometric fuel-air ratio (FARstoic). 

For a volume flow rate of 10 lpm, taking the density of air as 1.225 kg.m-3,  

The mass flow rate of air  = 
10

1000
⁡× 1.225 = 0.0125⁡kg.min−1 
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For the volume flow rate of H2 as 2.8 lpm, taking the density of hydrogen as 0.086 kg.m-3,   

Table 3.2 Experiments carried out in the furnace 

Expt.  

No. 

Air flow rate 

(lpm) 

H2 flow rate 

(lpm) 

Locations of the thermocouples 

along [ref. fig. 3.4] 

Line L Line M Line N 

1. 5 4 
  

  
  

2. 5 2.8 
  

  
  

3. 8 4 
  

  
  

4. 8 2.8 
  

  
  

5. 10 2.8 -   - 

6. 12 2.8 -   - 

7. 15 2.8 -   - 

 

The mass flow rate of H2 = 0.0002 kg.min-1.              

Therefore,   𝐹𝐴𝑅𝑎𝑐 = 1: 60             (3.23) 

Hence, 𝐸𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑐𝑒⁡𝑟𝑎𝑡𝑖𝑜⁡(𝜆) =
𝐹𝐴𝑅𝑎𝑐

𝐹𝐴𝑅𝑠𝑡𝑜𝑖𝑐
⁡= 0.57⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.24) 

Hydrogen fuel is more efficient for a lean mixture (λ < 1) than a rich mixture [96]. Similarly, 

the FARac and the λ value have been estimated for the conditions of mass flow rates of H2 and 

air as shown in Table 3.2.  

The percentage thermal efficiency of the furnace is calculated for every set of experiments 

using the following equation: 

𝜂 = [
Inlet⁡temperature − Outlet⁡temperature

Inlet⁡temperature
] × 100⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(3.25) 

The maximum thermal efficiency of the furnace for the flow rates of H2 and air as mentioned 

in Table 3.2 is determined. The results of the experiments obtained are presented and discussed 

in detail in chapter 4.  
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3.7 Cost analysis 

3.7.1 Break-Even Analysis (B/E analysis) 

It is the most useful financial tool to be applicable in making investment decisions in Cost-

Volume-Profit (CVP) analysis. It acts as a powerful technique in profit planning and control. 

The break-even analysis establishes a relationship between revenues and cost with respect to 

sales quantity. It allows knowing the level of sales at which point the revenues and cost coincide 

and that point is termed as Break-Even Point (BEP). At BEP total cost is equal to total revenues 

making it as no-profit, no-loss zone. Towards the right, it is profit zone and in left it is a loss 

zone. One assumption of this analysis is that the sum of variable cost (V.C.) and fixed cost 

(F.C.) always equals to total cost (T.C.). Two approaches exist to evaluate the BEP. 

A. The formula approach 

B. The chart approach 

Both methods are employed here to tally the results. 

3.7.2 Payback period 

The Return On Investment (ROI) for any business is necessary for the growth and sustainability 

of the business. The ROI is expected to incur as early as possible. This is the amount of 

investment which when get back, the profit will follow. Hence, the estimation of the time of 

return is very essential. Payback period determines the time preferably in years for the ROI. 

Simple mathematics is employed to estimate the payback period as given below: 

𝑃𝑎𝑦𝑏𝑎𝑐𝑘⁡𝑝𝑒𝑟𝑖𝑜𝑑 =
𝐼𝑛𝑡𝑖𝑎𝑙⁡𝑖𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡

𝐶𝑎𝑠ℎ⁡𝑓𝑙𝑜𝑤⁡𝑝𝑒𝑟⁡𝑦𝑒𝑎𝑟
                      (3.26) 

3.7.3 Depreciation accounting 

The life of products decline with time. In financial systems depreciation accounting plays a 

vital role in deciding the life of an object. It may be defined as the value proposition decreases 

of a good for a particular time. Normally, it is calculated on per annum basis. A fix rate of 

depreciation per time is assigned to the products and the estimation is carried out to find the 

value of the product after a particular period. This is necessary to have an idea of replenish of 

the product.  
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3.7.4 Cost comparison of cooking using Electricity, LPG, and H2 gas  

The cost comparison of using the different modes of energy sources for household cooking 

purposes has been carried out. The modes of energy include in the present study are (a) 

electricity, (b) LPG, and (c) H2 energy. 1 kg of water is heated from room temperature to 100 

⁰C at 1atm by using the above mentioned sources of energy. The amount of energy consumed 

has been estimated and the cost was calculated for all the three modes of heating. Later, the 

costs are compared. 
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Chapter-4 

Results and Discussion 

 

The experimental procedures for the production of hydrogen gas from aluminium-water 

reaction in the presence of aq. NaOH solution adopted for the present study and the 

development of mathematical models for the reaction kinetics have been discussed in the 

previous chapter. This chapter presents the experimental results obtained, analysis of the results 

and discussions. Results of the modelling studies for the time dependent hydrogen generation 

experiments at different conditions viz., constitutive modelling, MLR, BPNN and RBFNN 

have been presented and discussed in detail in subsequent sections. 

4.1 Experimental results 

4.1.1 Hydrogen yield  

The hydrogen generation from Al-water reaction in the presence of aq. NaOH solution have 

been determined under different process conditions. The effect of temperature, the 

concentration of aq. NaOH solution, size of Al pellets, and volume of NaOH solution on the 

evolution of H2 gas are studied. The stoichiometric yield of hydrogen gas is 1360 millilitres 

per gram of Al (ml.g-1Al) [86]. The cumulative production of hydrogen gas at 5M/333 K after 

completion of reaction is found to be 1322 ml.g-1Al which is ~ 97 % of the theoretical yield. 

The relatively lower yield of H2 gas than the stoichiometric yield obtained from the 

experiments can be attributed to the presence of a thin layer of aluminium oxide on the surface 

of the Al pellets and the possibility of presence of small amount of air in the reactor at the start 

of the reaction.  

4.1.2 Mean hydrogen production at different temperatures and concentrations 

Experiments for the conditions as mentioned in Table 3.1 were performed four times for 

repeatability. Since the amount of H2 gas released were varying during each test, outliers were 

removed and the average of either two or three close readings were considered and plotted. 

Figures 4.1(a) – (d) depict the time dependent average hydrogen production at different 

conditions of temperatures and concentrations. All the curves depict initial faster rate of H2 gas 

production. However, hydrogen gas release rate gradually decreases with time and almost gets 
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saturated. Table 4.1 presents the test conditions along with the time required to achieve 90 % 

of the total average yield of H2 gas and the time taken to complete the reaction. 

Table 4.1 Details of the average H2 gas production from Al-H2O reaction 

Sl. No. Test 

conditions 

90% of the total 

average yield 

with maximum 

deviation (mol) 

Time required to 

reach 90% yield 

(min.) 

Overall 

average 

yield of H2 

(mol) 

Time required to 

obtain overall 

yield (min.) 

Overall average 

rate of 

production of H2 

(mol.min-1) 

1. 1M/303 K 0.045±11 360 0.05 940 5.3 × 10−5 

2. 2M/303 K 0.046±11 240 0.051 800 6.4 × 10−5 

3. 3M/303 K 0.048±11 168 0.053 300 1.8 × 10−4 

4. 4M/303 K 0.048±11 150 0.053 255 2.1 × 10−4 

5. 5M/303 K 0.048±10 111 0.053 190 2.8 × 10−4 

6. 1M/313 K 0.043±10 300 0.048 920 5.2 × 10−5 

7. 2M/313 K 0.046±10 234 0.051 780 6.5 × 10−5 

8. 3M/313 K 0.045±11 120 0.05 255 1.9 × 10−4 

9. 4M/313 K 0.046±11 105 0.051 190 2.7 × 10−4 

10. 5M/313 K 0.047±9 60 0.052 135 3.9 × 10−4 

11. 1M/323 K 0.044±12 240 0.049 840 5.8 × 10−5 

12. 2M/323 K 0.045±10 198 0.05 720 6.9 × 10−5 

13. 3M/323 K 0.045±11 35 0.05 90 5.6 × 10−4 

14. 4M/323 K 0.046±7 32 0.051 60 8.5 × 10−4 

15. 5M/323 K 0.045±6 22 0.05 50 1 × 10−3 

16. 1M/333K 0.043±10 190 0.048 840 5.7 × 10−5 

17. 2M/333 K 0.045±9 165 0.05 660 7.6 × 10−5 

18. 3M/333 K 0.045±6 33 0.05 75 6.7 × 10−4 

19. 4M/333 K 0.045±5 25 0.05 48 1 × 10−3 

20. 5M/333 K 0.054±5 31  0.06 45 1.3 × 10−3 

 

Figure 4.1 (a) reveals for the test condition 1M/303 K, 0.045±11 mol i.e., around 90 % of the 

total average yield of hydrogen in time 360 minute. The rate of evolution at this condition is 

indicated as 5.3 × 10−5 mol.min-1 from Table 4.1. Similarly, fig. 4.1 (b)-(d) indicate the 
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average rate of production of H2 gas as 6.5 × 10−5 mol.min-1, 8.5 × 10−4 mol.min-1, and 1.3 ×

10−3 mol.min-1 for the test condition 2M/313 K, 4M/323 K, and 5M/333 K, respectively. The 

average rate of production of H2 gas has been increased as the temperatures and concentrations 

are increased. In the present study, ± 12 % variation from the mean production of H2 is 

considered satisfactory and hence, the average values of the results obtained have been 

accepted for the present analysis and modelling. 

  

  

Fig. 4.1 Mean production of H2 gas at (a) 1M/303 K, (b) 2M/313 K, (c) 4M/323 K, and (d) 

5M/333 K 

4.1.3 Hydrogen generation at different temperatures 

The experiments were carried out with different concentrations of aq. NaOH solution with 1 

gram of Al at various temperatures indicated in Table 3.1. The percentage yield of hydrogen 

gas at NaOH concentration of 4M and different temperatures are shown in Table 4.2. Figure 

4.2 reveals that the overall yield of H2 at different temperatures and 4M aq. NaOH varies 

between 80.32 % - 88.33 % of the theoretical value [64], [86]. i.e., the H2 gas yield at 333 K is 

8 % higher compared to that at 303 K. The variation of H2 yield with process temperature is 

attributed to either one or more of processing incapability, inadequacy in set-up design, the 
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nonexistence of an ideal work environment, inaccuracy in the measurement of the volume of 

H2 released, and unassigned causes [168]. 

Table 4.2 Hydrogen yield at 4M aq. NaOH solution at 

different temperatures 

Temperature (K) H2 yield per gram of 

Al (%) 

Total production time 

(min) 

303 80.32 255 

313 83.33 190 

323 85.00 60 

333 88.33 48 
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Fig. 4.2 H2 yield at concentration 4M and for different 

initial water temperatures 

The cumulative hydrogen production curves are plotted in figs. 4.3 (a)-(e) at different 

temperatures and concentrations. It is evident that the overall hydrogen production is dependent 

on the initial temperature of the aq. NaOH solution. The production of hydrogen gas at lower 

concentrations figs. 4.3 (a) - (c) is very slow. From fig. 4.4 it is revealed that the maximum 

yield of 97.23 % of the theoretical yield of hydrogen achieved at 5 M/333 K in 55 minutes. 

However, 90 % of this total maximum yield for the same condition is reached in 31 minute.  

For the test condition at 2M/313 K the time required for releasing maximum yield and 90 % of 

the maximum yield of hydrogen gas is 780 minute and 234 minute respectively. The results 

indicate longer time for achieving the maximum yield at lower temperatures. Although the rate 

of production is faster at the initial stage for the reactions at higher temperature, the total 

amount of hydrogen evolved is almost constant with ± 7.8 % variation between the test 

condition 1M/303 K and 1M/333 K. The same is obtained for the reaction 5M/303 K and 
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5M/333 K as ± 3.8 %. 

  

  

 
Fig. 4.3 H2 production vs time at different temperatures and at aq. NaOH conc. (a) 1M, (b) 2M, (c) 

3M, (d) 4M, and (e) 5M 
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Fig. 4.4 Yield of H2 vs time at different temperatures/5M 

 

4.1.4 Hydrogen generation at different NaOH concentrations 

The Al-water reaction system in the presence of aq. NaOH solution is dependent on the 

concentration of aq. NaOH solution. Figure 4.5 depicts the plot of the rate of production of 

hydrogen gas vs time at 323 K. The plot reveals very high increase in the rate of H2 generation 

during the initial period. After achieving a maximum value, the rate tends to decrease with 

further increase in time. The maximum rate of production of hydrogen gas for 1M solution of 

aq. NaOH is 28.25 ml.min-1 which was achieved during a period of 10 minutes. The maximum 

rate of hydrogen generation increases to 52.03 ml.min-1 and 82 ml.min-1 within a period of 10 

minutes and 5 minutes, respectively as the concentration is increased to 3M and 5M. The 

overall rate of production of H2 gas for all the test conditions have been summarised in Table 

4.1. 

 

Fig. 4.5 H2 release rate at 323 K 
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Figures 4.6 (a) - (d) indicate the evolution of H2 gas for different concentration of aq. NaOH 

solution and at a particular temperature. The reaction rate is observed to be increased with the 

increase in the concentration of aq. NaOH solution. The rate of generation of H2 initially, is 

monitored to be rapid for all the conditions. However, after attaining the maximum yield of H2, 

the curves bent horizontally and the rate becomes very slow till the completion of the reaction. 

  

  

Fig. 4.6 H2 production vs time for different concentrations of aq. NaOH at (a) 303K , (b) 313 

K, (c) 323 K, and (d) 333 K 

The maximum H2 gas evolved at 303 K with NaOH concentrations of 1M, 3M, and 5M are 

0.048 mol. g-1 Al, 0.051 mol. g-1 Al, and 0.052 mol. g-1 Al, respectively. The same are also 

determined for the temperatures at 313 K, 323 K, and 333 K. Figure 4.6 (b) reveals the yield 

of H2 as 0.049 mol. g-1, 0.052 mol. g-1 Al, and 0.053 mol. g-1 Al. The yield of H2 for the 

concentration of 1M, 3M, and 5M at 333 K as evident from fig. 4.6 (d) are 0.052 mol. g-1 Al, 

0.053 mol. g-1 Al, and 0.0582 mol. g-1 Al, respectively. The maximum yield of H2 obtained as 

97 % of the stoichiometric yield at 5M/333 K. It is revealed from the above discussions that 

with the rise in the concentration of aq. NaOH solution the reaction rate is faster and the yield 

of hydrogen gas is higher as well. The reason can be attributed to the amount of OH- ions 

present in the reaction at the beginning are more [40], [60]. The ions dissolve the protective 

aluminium hydroxide layer on the Al surface. The reaction site in case of Al-water reaction is 
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the surface of the Al pellet. Thus, by eliminating the surface protective layer facilitates the 

reaction to occur without any hurdle. However, after some time the reaction attains a saturation 

level and the reaction slows down. This is due to the consumption of the OH- ions during the 

reaction process and cannot further improve the surface of the Al pellets. 

4.1.5 Effect of volume of water on hydrogen generation 

The experiments are carried out firstly, with 100 ml of NaOH and secondly, with 200 ml of 

NaOH solution. The size of aluminium pellets used for both experiments is (25x25x1) mm and 

NaOH solution was prepared in distilled water. The overall yield of hydrogen gas is not affected 

by the volume of aq. NaOH solution significantly as indicated in figs. 4.7 (a) and (b). However, 

the initial rate of H2 generation is affected by the volume of NaOH solution in the reactor. As 

depicted in fig. 4.7 (a) for 200 ml of solution, the initial rate of H2 generation is 0.003 mol.min-

1 compared to 0.002 mol.min-1 at 100 ml. The same has been observed in fig. 4.7 (b) to be 0.005 

mol.min-1 for 200 ml compared to 0.003 mol.min-1 at 100 ml. The initial faster rate of 

production of hydrogen gas with a higher volume of NaOH solution can be attributed to the 

higher collision frequency of large numbers of water molecules with the aluminium. However, 

as soon as the protective aluminium hydroxide layer is formed over Al pellets, the contact of 

water and Al is lost, and slower production rate results.  

 
 

Fig. 4.7  Plot of H2 gas released  vs time at (a) 3M/333 K and (b) 5M/323 K for different 

volumes of solution in the reactor 

 

4.1.6 Effects of the size of Al pellets 

The effect of the size of Al pellets on the production of H2 gas has been investigated. Two 

different sizes of Al pellets viz. dimensions L×B×H (in mm) of 25×25×1 (area 625 mm2) and 
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25×37.5×1 (area 937.5 mm2) are used in the reaction maintaining the same volume. The 

reactions are carried out at 4M/333 K and 5M/323 K. Figures 4.8 (a) and (b) show the hydrogen 

generation plot for the two different sizes of Al pellets. As revealed from fig. 4.8 (a), the rate 

of production of H2 gas for smaller and bigger pellets are 0.003 mol.g-1.min-1 and 0.002 mol.g-

1.min-1, respectively. Figure 4.8 (b) reveals the same as 0.004 mol.g-1.min-1 and 0.003 mol.g-

1.min-1, respectively. The pellets with lower surface area per unit volume react with aq. NaOH 

at a much faster rate compared to the pellets with higher surface area per unit volume. This is 

mainly due to the higher contact area between the Al pellets and the aq. NaOH solution in the 

case of small-sized pellets [87]. The overall yield of hydrogen is found to be almost similar for 

both experiments. The slower rate of reaction for big-size particles can be attributed to higher 

incubation time for the water molecules to intervene in the Al pellets [169]. 

  

Fig. 4.8 H2 gas released vs time for Al pellets with two different sizes at (a) 4 M/333 K and (b) 

5M/323 K 

4.1.7 Variation of hydrogen pressure 

The overall pressure of the reaction follows the same trend as followed by the H2 production 

curve. The reaction pressure increases with the increase in the concentration of aq. NaOH as 

well as the initial temperature of the reaction. Figures 4.9 (a) and (b) reveal that the pressure 

increases as the temperature of the reaction increases. Figure 4.9 (a) indicates that the pressure 

increases rapidly to 0.58 bar and 0.36 bar within a period of 5 minutes for the reaction 

temperature of 333 K and 323 K, respectively. Then after the reaction pressure increases with 

a decreasing rate and reaches an equilibrium in 25 minutes and 35 minutes, respectively. The 

maximum pressure attained are 1.01 bar and 0.82 bar, at 333 K and 323 K, respectively within 

a period of 65 minutes. Figure 4.9 (b) also depicts similar curves at 5 M concentration of aq. 
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NaOH with maximum pressure of 1.06 bar and 1.07 bar for temperatures of 323 K and 333 K, 

respectively within a period of 60 minutes.  

 

  

Fig. 4.9 Pressure vs time plot for aq. NaOH concentrations of (a) 4M and (b) 5M at different 

temperatures 

 

  

Fig. 4.10 Variation of pressure with time for different concentrations and at (a) 323 K, (b) 333 K 

Figures 4.10 (a) and (b) indicate pressure vs time plot for temperatures of 323 K and 333 K at 

different concentrations of aq. NaOH, respectively. It is evident from figs. 4.10 (a) and (b) that 

the pressure rises as the concentration of aq. NaOH solution increases. The rate of production 

of H2 gas at higher concentration is higher as discussed in the previous section 4.1.4. This can 

be attributed to the initial high pressure of the gas generated. Figure 4.10 (a) depicts maximum 

pressure of 0.88 bar and 0.78 bar at aq. NaOH concentrations of 5M and 4M, respectively 

within a time of 65 minutes and 80 minutes. The same is estimated from fig. 4.10 (b) and found 

to be 1.2 bar and 1.1 bar, respectively within a time of 55 minutes and 70 minutes. 
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Fig. 4.11 Plot  of H2 evolved vs time for 5M solution at (a) 323 K and (b) 333 K 

The pressure of the hydrogen gas during the reaction process increases as the amount of 

hydrogen gas increases. Initially, since the production of hydrogen gas is rapid, the pressure 

also develops rapidly as indicated in figs. 4.11 (a) and (b). Both the pressure curve and the H2 

evolution curve follow the same trend. A maximum amount of 0.26 mole of hydrogen gas 

corresponding to the maximum pressure of 0.61 bar in 55 min is observed in fig. 4.11 (a). 

Similarly, 0.28 mole of hydrogen gas have been obtained corresponding to the maximum 

pressure of 1.03 bar within the same time i.e., 55 minutes as observed in fig. 4.11 (b). 

 

4.1.8 Variation of pressure with the volume of NaOH 

Figures 4.12 (a)-(f) depict the pressure variation during the evolution of H2 gas with time for 

different volume of NaOH solution. The experiments are carried out at aq. NaOH solution of 

3M, 4M, 5M and temperatures 323 K, 333 K. It is revealed from fig. 4.12 (a) the pressure 

rapidly increases to 0.34 bar in 10 minute in case of 200 ml solution whereas, during the same 

time interval pressure reaches to 0.17 bar for 100 ml solution. The pressure curves attain 

saturation after 50 minutes. The maximum pressure achieved for 200 ml and 100 ml solution 

are 0.65 bar and 0.63 bar at time 90 minute and 130 minute respectively. The gas pressure as 

indicated by fig. 4.12 (b) at an interval of 10 minutes are 0.50 bar and 0.28 bar for 200 ml and 

100 ml solutions, respectively. Figure 4.12 (b) indicates the maximum pressures are 0.83 bar 

and 0.78 bar in 90 minute and 120 minute, respectively for 200 ml and 100 ml NaOH solution. 
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Fig. 4.12 Pressure vs time plot for different volume of NaOH solution at (a) 3M/323 K, (b) 

3M/333 K, (c) 4M/323 K, (d) 4M/333 K, (e) 5M/323 K, and (f) 5M/333 K 

It has been observed from fig. 4.12 (a)-(f) that pressure increases as the temperature and 

concentration increase. The fact of having higher pressure for higher volume of NaOH solution 

is attributed to the amount of hydroxide ion present is large for 200 ml of NaOH solution. 

Hydroxide ions destroy the barrier of the protective aluminum hydroxide layer and help in 

producing higher amount of hydrogen, consequently, the gas pressure is also high. As the 

reaction progresses, OH- ions concentration decrease and the production of hydrogen gas 

reaches an equilibrium. As a result of that, hydrogen gas pressure is also stabilized. 
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4.1.9 Modeling of reaction kinetics 

The kinetics of the chemical reaction between Al and aq. NaOH solution is important especially 

while developing a portable reactor. This is necessary since it provides insights into how fast 

reaction will proceed and how reaction conditions can be optimized for desired outcomes. The 

factors on which the kinetics of the reaction depends are: (a) concentration of the reactants, (b) 

reaction temperature, (c) presence of catalyst, if any and (d) the activation energy. The 

activation energy is defined as the minimum energy required for the chemical reaction to occur. 

In the present study aq. NaOH plays the role of a catalyst in the Al-water reaction and facilitates 

the reaction to occur. It is a known fact that as the concentration of aq. NaOH increases the 

activation energy drops so that the reaction can proceed easily. The rate equation relates the 

rate of the reaction to the concentrations of the reactants. Since the chemical reaction between 

Al and water is a first order reaction, the rate of the reaction is directly proportional to the 

concentration of aluminium. The constant of proportionality k is known as the rate constant. 

The rate constant can be expressed by the Arrhenius equation expressed by  

𝑘 = 𝐴. 𝑒−𝐸𝑎/𝑅𝑇 ⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(4.1) 

where, 𝑘 is the rate constant in min-1, 𝐴 is the pre-exponential factor or collision frequency, 𝑅 

is the universal gas constant = 8.314 J K-1 mol-1 and 𝑇 is the temperature (K).   

The rate constants (k) at temperatures 303 K, 313 K, 323 K, and 333 K are found from the 

initial slope of the 𝑙𝑛⁡[
𝐶0

𝐶𝑡
] vs time (t) curve, shown in fig 4.13.   

 

Determination of the rate constant (k) 

The reaction between aluminium and water in the presence of aq. NaOH solution is given by 

equation no. (2.3) as discussed above and is given by 

2𝐴𝑙 + 6𝐻2⁡𝑂
𝑦𝑖𝑒𝑙𝑑𝑠
→    2𝐴𝑙(𝑂𝐻)3 + 3𝐻2⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 

 

As reported the volume of H2 generated per gram of Al is 1360 cc. The initial volume of Al 

considered for the reaction is 0.37 cc.  

At time t, let us assume ‘x’ cc is the volume of H2 generated which can be obtained from the 

experimental data sets. The volume of Al consumed to produce ‘x’ cc of H2 is estimated from 

the expression 
0.37

1360
× 𝑥⁡cc 

For the first-order reaction, the differential rate equation is given by, 
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⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑙𝑛 [
𝐶𝑡
𝐶0
] = ⁡−𝑘𝑡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(4.2)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡ 

or,⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡𝑙𝑛 [
𝐶0

𝐶𝑡
] = ⁡𝑘𝑡⁡                          (4.3) 

 where, 𝐶0 is the initial volume of Al = 0.37 cc 

  𝐶𝑡 is the volume of unconsumed Al at time t = 0.37 − (𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑⁡Al)  

  or,     =   0.37 −
0.37

1360
𝑥 

 

  

Fig. 4.13  Plot of  𝑙𝑛⁡[
𝐶0

𝐶𝑡
] vs t at different 

temperatures 

Fig. 4.14  ln(k) vs 1000/T plot 

 

The activation energy of reaction is calculated from equation no. (4.1). 

Taking logarithm on both sides  

𝑙𝑛 𝑘 = −⁡
𝐸𝑎
𝑅𝑇
+ 𝑙𝑛 𝐴⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(4.4) 

 

𝐸𝑎

𝑅
 is obtained from the slope of the line 𝑙𝑛 𝑘 vs 1000/𝑇 . From fig. 4.14 the value 𝐸𝑎 is 

determined as 57.62 kJ.mol-1. This value is very close to the value 53 kJ.mol-1  reported in the 

literature [84]. 

4.1.10 Activation energy for different sizes of Al pellets 

The activation energy decreases as the size Al pellets decrease. Figure 4.15 illustrates the 

activation energy (𝐸𝑎) vs area plot. In order to compare the activation energies for the different 

sizes of Al pellets the following pellets of sizes 925 mm2, 1112.5 mm2 and 3950 mm2 were 

considered. From fig. 4.15 it is evaluated that the activation energy reduces from 78.21 kJ.mol-
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1 to 57.62 kJ.mol-1 which is 26.33 % reduction as the area of Al pellets reduces from 3950 mm2 

to 925 mm2 [7].  

 

Fig. 4.15 Activation energy (𝐸𝑎) vs size of Al pellets for Al-water reaction 

4.2 Modelling by Machine Learning Techniques   

4.2.1 Multiple Linear Regression Model 

Multiple Linear Regression model is based on equation no. (3.13), i.e., 𝑉 = 𝐺𝑇𝛼𝐶𝛽𝑡𝛾. The 

values of the constants G, α, β, and γ determined following the methodology mentioned in 

section 3.5.2 are 31.1906, 0.6304, 4.3717, and 0.4585, respectively. In order to authenticate the 

regression equation, the model was tested for the two conditions viz. (a) 5M/313 K, and (b) 

3M/313 K as mentioned in Table 3.1. The data for these two conditions were not utilized during 

the regression model development. The H2 gas evolved vs reaction time data simulated using 

the MLR equation is presented in fig. 4.16 along with the experimentally obtained curves. The 

values of Rcc, RMS error, and AARE % for the hydrogen generation curve as obtained by MLR 

at 5M/313 K are 0.84, 0.07, and 10.4 % respectively. The corresponding values at 3M/313 K 

are 0.89, 0.06, and 9.76 %. The values of Rcc and RMS error are acceptable. However, though 

the value of AARE % obtained during the simulation by the MLR technique is on the higher 

side, this can be accepted since AARE % error up to ~10 % is acceptable.  
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Fig. 4.16 Plots of MLR predicted and experimental cumulative volume generation of 

H2 gas vs time for the two unknown conditions. 

4.2.2 Feed forward back propagation neural network (BPNN)  

BPNN architecture was arrived at by carrying out a number of experimental trials using the 

input-output data sets for training and testing simultaneously. This followed by validating 

network architecture using the validation data. Subsequently, the hydrogen generation data was 

simulated for the unknown conditions 2M/313 K and 3M/323 K. The results obtained are 

presented in the following sub-sections. 

a) Training and Testing 

The best neural architecture was arrived at by performing number of training and testing 

experiments simultaneously. The details regarding the training, testing and validation of the 

ANN architecture has been described in section 3.5.3. From the trial experiments, the best 

network architecture was obtained by using the Tansig transfer function at the input-hidden 

layer and Purelin at the hidden-output layer.  The tansig function calculates the output by the 

expression. 

𝑂𝑢𝑡𝑝𝑢𝑡⁡𝑜𝑓⁡𝑡ℎ𝑒⁡𝑛𝑒𝑢𝑟𝑜𝑛 =
𝑒𝑦𝑧−𝑒−𝑦𝑧

𝑒𝑦𝑧+𝑒−𝑦𝑧
            (4.5) 

where, z is the net input to the neuron and y is a constant. Purelin function calculates output by 

the expression 

𝑂𝑢𝑡𝑝𝑢𝑡⁡𝑜𝑓⁡𝑡ℎ𝑒⁡𝑛𝑒𝑢𝑟𝑜𝑛 = 𝑦𝑧⁡                      (4.6) 

The details regarding the best ANN architecture are shown in Table 4.3  
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Table 4.3 Details of the best ANN Architecture 

No. of neurons in the input layer 3 

No. of hidden layers 1 

No. of neurons in the hidden layer 35 

No. of neurons in the output layer 1 

Processing function at the input hidden 

layer 
tansig 

Processing function at the hidden output 

layer 
purelin 

Error goal 0.00001 

 

Figures 4.17 (a) and (b) show the plot of the experimental value of H2 gas evolution vs ANN 

predicted values during the training and testing, respectively. A straight line is drawn from the 

origin at an angle of 45⁰ to the horizontal axis. The points which lie on this straight line 

correspond to a perfect fit. Two lines corresponding to ± 5 % deviation error are also indicated 

in fig. Figure 4.17 (a) reveals  that 333 points out of the 337 training data, which corresponds 

to 99.41 %,  lie inside the  ± 5 % error lines. The maximum deviation error of the ANN 

predicted data compared to the experimental data during the training process is 5.29 %. The 

correlation coefficient (Rcc), average absolute relative error (AARE) and RMS functional error 

during the training process are 0.99, 1.975, and 0.00014, respectively.  The corresponding 

values during testing are 0.998, 1.377, and 0.00021 with a maximum deviation error of 6.27 

%.  During testing, 181 data points out of the 185 (i.e., 97.8 %) is found to lie within the ± 5 

% error lines. 

  

Fig. 4.17 The correlation between the experimental and ANN predicted data of the number of 

moles of hydrogen gas produced (a) after training and (b) after testing the neural network 

Figures 4.18 (a) and (b) show the relative % error vs frequency count for the training and 
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testing, respectively. It is clear from the figures that the relative error is ± 6 % and ± 7 % for 

the training and testing, respectively. The relative  % error indicates that 99.41 % of the 

simulated data lie within the ± 5 % error line for training and 97.8 % points lie within the ± 5 

% error line for testing. Figures 4.19 (a) and (b) show the distribution of the ANN simulated 

data around the zero line (solid line in figures). The segregation of the data on both sides of the 

zero line indicates no systematic error in the ANN model. It also signifies the unbiased nature 

of the frozen ANN architecture. The main reason behind the principal error is the noise in the 

experimental data. However, it alone cannot be responsible fully for the predictive error of the 

model.   

The relative importance of each of the input parameters to the output can be identified using 

the Garson algorithm given by equation no. (3.20). Figure 4.20 shows the relative importance 

of each of the input variables viz. temperature, concentration, and time on the production of 

hydrogen gas from Al water reaction in the presence of aq. NaOH solution. The share of the 

input variables ranges from 22.7 % to 37.5 %. The relative importance of 37.5 % indicates that 

the most influencing parameter for H2 generation is the concentration of aq. NaOH solution. 

This is followed by temperature and time with relative importance of 29.7 % and 22.7 %, 

respectively.    
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Fig. 4.18 The relative error between experimental and predicted data of the volume of 

hydrogen gas produced (a) after training and (b) after testing the neural network 
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Fig. 4.19 Relation between residuals and ANN predicted data for (a) training and (b) testing of 

the neural network 
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Fig. 4.20 The relative importance of the input parameters on the production of hydrogen gas to 

simulate the neural network using Garson’s algorithm 

b) Validation  

The most suitable ANN architecture is frozen after successful training and testing. This 

architecture is used to validate the data which were not used during the training and testing 

phase. The curve between ANN predicted data and experimental data are plotted and shown in 

fig. 4.21 (a). Out of 91 data 89 data (97.8 %) lie within the ± 5 % line with a maximum 

deviation error of 4.44 %. The correlation coefficient (Rcc) and average absolute relative error 

(AARE) % are found to be 0.998 and 1.377 % respectively. Figure 4.21 (b) shows relative % 

error vs frequency count for the validation. It is clear from the figure that the relative % error 

varies from -4 % to +7 %. The residuals versus ANN predicted data are shown in fig. 4.21 (c). 

Having gained a confidence level of 95 % on the predictive capacity of the chosen ANN model, 

it is used to compare with the experimental data for the two unknown conditions viz. 2M/313 

K and 3M/323 K. 
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Fig. 4.21 (a) Correlation, (b) relative error between experimental and predicted data of 

hydrogen production, and (c) residuals versus ANN predicted data after validation 

c) Simulation of H2 generation by BPNN 

The most suitable ANN architecture detailed in Table 4.3 is frozen. This frozen network is used 

to simulate the hydrogen generation for the conditions 2M/313 K and 3M/323 K. After the 

simulation the experiments were carried out for these two conditions to determine the time 

dependent H2 gas generation by the chemical reaction. Figure 4.22 shows plot of cumulative 

H2 released vs time during simulation for the above two conditions. It is indicating an almost 

perfect fit between the simulated data and original data. The values of the fitting parameters 

viz. Rcc and AARE % are shown in Table 4.4. From Table 4.4, it is observed that the values of 

Rcc and AARE vary in the range of 0.97-0.99 and 1.31-1.35 % respectively confirming the 

accurate predictability of the ANN architecture. 
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Fig. 4.22 Cumulative amount of H2 released vs time during simulation 

Table 4.4 Values of Rcc, and AARE % of the ANN predicted data 

correspond to the experimental data 

Concentration 

(M) 

Temperature 

(K) 

Rcc 

 

AARE  

(%) 

3  323  0.99 1.31 

2  313  0.97 1.35 

 

To check the authenticity of the ANN architecture two sets of experiments were simulated and 

compared with the MLR simulation. The experimental conditions are 5M/323 K and 5M/303 

K. Figure 4.23 shows the comparison among the curves obtained by experiment, ANN 

simulation, and MLR stimulation. It is clearly evident that the experimental curve and the ANN 

simulation are almost coinciding. However, the curve obtained by MLR simulation has 

deviated from the above two. The values of Rcc and AARE % between experimentally obtained 

graphs, the ANN, and the MLR predicted graphs for the above-mentioned experimental 

conditions are tabulated in Table 4.5. It is observed from Table 4.5 that the results predicted by 

the ANN model are almost the same as the experimental result with Rcc varying from 0.98-

0.99. Whereas, the same is varying between 0.90-0.91 in the case of the MLR model. The 

results indicate that the ANN architecture is more accurate than the MLR model. 
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Fig. 4.23 Comparison of H2 generation for experimental data, ANN 

simulation data, and MLR model 

Table 4.5 Comparison of ANN and MLR model 

Concentration 

(M) 

Temperature 

(K) 

ANN MLR 

Rcc AARE % Rcc 
AARE % 

5 M 323 K 0.99 1.37 0.90 
0.08 

5 M 303 K 0.98 1.33 0.91 
0.06 

 

4.2.3 Least square fit (LSF) method  

The values of the constitutive parameters G, α, 𝐸𝑎, and β of equation no. 3.2, determined by 

the least square fit technique are listed in Table 4.6. Based on these values, hydrogen production 

was simulated for two unknown conditions of 2M/313 K, and 4M/323 K i.e., these data were 

not used for determining the constitutive parameters.  

Table 4.6 Values of unknown parameters for equation no. 3.2 

𝐺 𝛼 𝐸𝑎 (kJ. mol-1) 𝛽 

30.3126 0.5439 57.1782 0.5014 

 

The LSF predicted and experimentally obtained time-dependent data of H2 liberation for the 

two unknown conditions are shown in figs. 4.24 (a) and (b). The simulated value of hydrogen 

generation is found to be slightly higher than the experimentally obtained values. The 
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correlation coefficient (Rcc) determined for the plots of predicted vs experimental values for 

2M/313 K and 4M/323 K are 0.971 and 0.962, respectively. These values of the correlation 

coefficient indicate that the prediction of hydrogen gas by the LSF technique is reasonably 

satisfactory. Figures 4.25 (a) and (b) reveal the deviation of the predicted data from the mean 

line which is drawn at 45⁰ to the horizontal axis. Figure 4.25 (a) implies that out of 28 data 

points 21 data points fall within ± 10 % line indicating 75 % points within the acceptance level 

of 90 %. The same is calculated in fig. (b) and found to be ⁓ 62 % of data points confined 

within the significance level of 90 %. 

  

Fig. 4.24 Correlation between experimental data and LSF predicted value at (a) 2M/313 K, (b) 

4M/323 K 

 

  

Fig. 4.25 The comparison between experimental data and LSF predicted data for the unknown 

conditions (a) 2M/313 K (b) 4M/323 K 

4.2.4 Radial basis function neural network (RBFNN) technique 

Modelling for the H2 evolution during the chemical reaction was carried out as per the details 

mentioned in Table 3.1. Figures 4.26 (a) and (b) depict the correlation between the 
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experimental and RBFNN predicted data for the two unknown conditions: (a) 2M/313K and 

(b) 4M/323 K, respectively. A diagonal line at an angle of 450 is drawn as shown in fig. Another 

two lines representing ± 5 % deviation from the perfect fit line are also indicated in the figures. 

The data which fall on the 450 lines are considered to be a perfect fit whereas those data falling 

within the range of ± 5 % are considered to be highly acceptable. Figure 4.26 (a) indicates that 

only 2 out of the 34 data points for the 2M/313 K condition fall beyond a deviation error of ± 

5 % i.e., 94.1 % points are within the range of acceptance as shown. The coefficient of 

correlation Rcc and Absolute Average Relative Error % (AARE %) are found to be 0.991 and 

1.91 % respectively. Similarly, from fig. 4.26 (b) it is revealed that for the 4M/323 K 

experimental condition only 3 out of 35 data points fall outside the ± 5 % deviation lines i.e., 

91.4% of data are within the range of acceptance. The corresponding values of Rcc and AARE 

% are found to be 0.99 and 1.49 % respectively, which also indicate very good simulation 

results. The above results indicate the high prediction capability of RBFNN for simulating the 

production of H2 gas from the Al-H2O reaction. 

The plot of frequency count vs relative error % between the experimental data and RBFNN 

predicted data for the unknown condition of 4M/323 K is depicted in fig. 4.27. The overall 

relative error % varies from -4 % to +3 %. The standard deviation for the normal distribution 

of the data points is observed to be 0.889. Figures 4.28 (a) and (b) show the distribution of the 

residuals of the predicted data points around a central zero line for the experimental conditions 

of 2M/313 K and 4M/323 K, respectively. The uniform distribution of data around the zero 

line indicates the unbiasedness of the RBF neural network. The RBFNN predicted plot of the 

time-dependent hydrogen generation for the unknown conditions of (a) 4M/323 K and (b) 

2M/313 K is plotted and compared with the data of H2 obtained from subsequent experiments. 

It is shown in fig. 4.29 (a) and (b). The Rcc values of 0.999 and 0.991 indicate very good 

prediction capability by the RBFNN technique. The AARE % values are found to be 1.49 % 

and 1.91 % respectively. 
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Fig. 4.26 The comparison between experimental data and RBFNN predicted data for the unknown 

conditions (a) 2M/313 K (b) 4M/323 K 
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Fig. 4.27 Relative error between experimental 

data and RBFNN predicted data of H2 

production at 4M/323 K 

Fig. 4.28 (a) Plot between RBFNN predicted 

data and residuals at 2M/313 K 

 

 
 

Fig. 4.28 (b) Plot between RBFNN predicted 

data and residuals at 4M/323K 

Fig. 4.29 Correlation between the experimental 

and RBFNN predicted data (a) 4M/323K and 

(b) 2M/313K 
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4.2.5 Comparison between Experimental, RBFNN and LSF 

 

Fig. 4.30 Comparison plot among the experimental H2 production data, RBFNN predicted, and LSF 

predicted data (4M/323 K) 

The prediction accuracy of the two data-driven models viz. RBFNN and LSF for 4M/323 K are 

shown in fig. 4.30. The correlation coefficient (Rcc) for the experimental and RBFNN predicted 

data is given by 0.999 [fig. 4.29 plot (a)] and that of LSF is 0.962 [fig. 4.24 (b)]. The results 

indicate that the RBFNN model has better prediction capability in comparison to the LSF 

model. 

4.3 Sintering tube furnace 

4.3.1 Introduction 

  Hydrogen gas produced by the chemical reaction between Al and aq. NaOH solution is utilized 

on-board in a sintering tube furnace. The combustion of H2 and air is carried out at different 

fuel-air ratios. The hot combustion product was used to heat a sintering furnace and the thermal 

efficiency of the furnace was determined for different fuel-air ratios. Since the maximum rate 

of hydrogen generation was achieved at 5M/333 K, this condition was used to generate the H2 

gas for the furnace efficiency study. In order to ascertain the viability of using H2 gas for 

heating purpose, experiments were carried out using commercially available induction cooker, 

domestic kitchen stove using LPG as well as H2 gas as fuel. The results of the comparative 

study for the time required for heating 1 kg of water using the above three energy sources as 

well as cost analysis are presented and discussed in the subsequent sections.  
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4.3.2 Temperature profile along the axial direction inside the sintering tube furnace 

Hydrogen gas produced in the reactor and air supplied from the compressor is channelized to 

the gas burner where combustion of H2 occurs. The hot combustion product is allowed to enter 

the inlet of the sintering furnace. The thermocouples T1 to T5 shown in fig. 3.3 measure the 

temperature of the hot gas at various locations which is recorded with the help of a DAQ. 

Thermocouple T6 fixed over the chimney detects the exhaust gas temperature. The temperature 

vs time recorded by the thermocouples at different depths from the furnace surface, i.e., along 

the lines L, M, and N in fig. 3.4 are depicted in figs. 4.31-4.33. The thermocouples T1 to T5 are 

attached to the surface of the furnace along line N whereas, they are placed inside the furnace 

along lines M and L as mentioned in section 3.6.1. The experiments are carried out with H2 gas 

and air with flow rates of 0.0002 kg.min-1 and 0.012 kg.min-1, respectively. The temperature 

profile obtained from thermocouples placed along the lines L and M as shown in fig. 4.31 and 

4.32 can be distinguished from each other. However, as evident from fig. 4.33, the temperature 

profiles at the furnace surface (line N) are overlapping. It is necessary to maintain minimum 

loss across line N. The requirement for a sintering tube furnace is to have a minimum 

temperature gradient along the longitudinal axis of the furnace so that uniform heat is circulated 

inside the furnace chamber and at the same time have a large temperature gradient along the 

radial direction.  

Figure 4.31 reveals that the gas temperature at the furnace entry (shown by T1) remains almost 

constant at 543 K until around 9 minutes and then starts to increase at an average rate of around 

6 K. min-1. The temperature attains a maximum value of 603 K in 21 minutes and subsequently 

remains almost constant for the rest of the time. It is evident from fig. 4.32 that the temperature 

of T1 at 17 minutes was 583 K and then started increasing at an average rate of around 5.2 K. 

min-1 to a maximum value of 635 K in the next 10 minutes. The outer surface temperature along 

the line N rises from ambient conditions to a maximum of 315 K as indicated by the 

thermocouples T1 to T5 in fig. 4.33.  
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Fig. 4.31 Axial temperature distribution along the line L. The gas flow rate and airflow rate are 

0.0002 kg/min and 0.012 kg/min respectively 

  

Fig. 4.32 Axial temperature distribution along 

the line M. The gas flow rate and airflow rate 

are 0.0002 kg/min and 0.012 kg/min 

respectively. 

Fig. 4.33 Axial temperature distribution along the 

line N. The gas flow rate and airflow rate are 

0.0002 kg/min and 0.012 kg/min respectively. 

 4.3.3 Radial temperature profile  

Figure 4.34 reveals the radial temperature distribution at lines L, M, and N measured by the 

thermocouples placed at the same axial distance (thermocoupleT3). The experimental condition 

is 0.0002 kg. min-1 of gas flow rate and 0.012 kg. min-1 of air flow rate. The experiment has 

been repeated three times with all the parameters kept constant. The temperatures measured 

were found to be varied within a range of ± 2 K for each repetition. The results of the radial 

temperature are summarised in Table 4.7 below. 
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Table 4.7 The average temperature obtained along 

the radial direction 

Position of thermocouple Tmax (K) 

Along line L 594 

Along line M 606 

Along line N 314 

 

It is observed from Table 4.7 that the maximum temperature is obtained along line M. The 

reason is attributed to the fact that hot gas initially heated the annular region of the furnace by 

forced convection resulting in a higher heating rate. Furthermore, the inner pipe gets heated by 

convective heat transfer and conduction where the heating rate is comparatively lower than 

heating by forced convection. The heat loss to the surroundings is minimal due to the thermal 

insulation provided at the inside part of the outer cylinder. Hence, the remaining experiments 

to investigate the furnace efficiency at a fuel-air ratio (FARac) of 1:60 are carried out by placing 

the thermocouples only along line M.  

  

Fig. 4.34 Radial temperature distribution detected 

by T3 along the lines L, M, and N for FARac of 

1:60 

Fig. 4.35 Variation of temperature across the 

lines L and N at steady state measured by T3 

4.3.4 Radial temperature variation 

For determining the steady-state radial temperature profile in the furnace, a separate experiment 

was carried out by placing an additional thermocouple at different radial distances from line L 

at the axial position of T3. Figure 4.35 depicts the radial temperature distribution after achieving 
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the steady state condition. The temperature at the furnace centre line (i.e., at line L) is 586 K 

and gradually increases towards line M. The maximum temperature of 646 K is obtained along 

line M. Thereafter, the temperature drops sharply towards the outer surface. The temperature 

gradient initially is slightly positive up to line M of the furnace which drops abruptly to the 

outer surface with a high gradient indicating very little amount of heat rejection to the 

surroundings thereby increasing the furnace efficiency. 

4.3.5 Thermal efficiency   

The thermal efficiency, using equation no. 3.25, of the hydrogen-fuelled furnace is calculated 

from the temperature data obtained for different FARac. The efficiency obtained for different 

FARac is tabulated in Table 4.8 and plotted in fig. 4.36. Maximum thermal efficiency of 76.22 

% is obtained corresponds to FARac =1:60 or in terms of flow rate, the best efficiency is 

obtained at 0.0002 kg. min-1 H2 flow rate and 0.012 kg. min-1 air flow rate which corresponds 

to lean mixture λ = 0.57. At a lower value of λ (i.e. λ < 0.57), a shortage of fuel exists due to 

which excess air is present.  Hence heat is lost by the unburnt part of the air resulting in lower 

energy density for combustion products. Further, the time of exposure of hot combustion 

products inside the furnace plays an important role in determining the thermal efficiency [170]. 

As this time is reduced due to the high air flow rate, the heat dissipation time reduces. 

Consequently, cooling increases and results in low thermal efficiency [171], [172]. The 

condition at λ = 0.57 corresponds to the stoichiometric H2:O2 ratio for combustion thereby 

providing a sufficient amount of air to burn the hydrogen completely. The heat generated is 

therefore effectively utilised inside the sintering tube furnace yielding high inlet gas 

temperature resulting in high thermal efficiency. The combustion of hydrogen is not completed 

at λ > 0.57 due to insufficient supply of air and consequently, the air temperature is not very 

high resulting in low thermal efficiency. 
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Fig 4.36 Plot of thermal efficiency vs λ and corresponding 

FARac on the secondary axis 

Table 4.8 Thermal efficiency of the furnace for various air flow 

rates and at the H2 gas flow rate of 0.0002 kg. min-1 

Air flow rate (kg. min-1) FARac λ η (%) 

 0.006  1:30 1.13 65.30 

0.010  1:50 0.68 71.92 

 0.012  1:60 0.57 76.22 

0.015  1:75 0.45 73.34 

0.018  1:90 0.37 72.89 

 

4.4 Cost analysis  

The socio-economic benefit of academic research whether scientific or humanities is always a 

prior goal. The various scholarly articles aimed at the development of the society, science and 

technology, and economic strengthening of any nation. It is very important to define research 

work in terms of time and economic benefit. Statistical tools are very useful to describe the 

financial aspect of the project or research work. Some of the tools are the Break-Even Analysis, 

the Net present value Method, the Return On Investment, the Payback Period Method, the 

Internal Rate of Return Method, etc. The proper distribution of capital is the most crucial in the 

modern financial management system. Cost estimation of the present work has been done to 
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have an idea of the economic viability of using hydrogen gas as a fuel. A cost comparison 

statement is also given among electricity, LPG, and hydrogen gas. 

4.4.1 Break-Even Analysis (B/E analysis) 

It is the most useful financial tool to be applicable in making investment decisions in cost-

volume-profit (CVP) analysis. It acts as a powerful technique in profit planning and control. 

The break-even analysis establishes a relationship between revenues and cost with respect to 

sales quantity. It allows knowing the level of sales at which point the revenues and cost coincide 

and that point is termed as break-even point (BEP). At BEP total cost is equal to total revenues 

making it as no-profit, no-loss zone. Towards the right, it is profit zone and in left it is a loss 

zone as can be observed in fig. 4.37 below. One assumption of this analysis is that the sum of 

variable cost (V.C.) and fixed cost (F.C.) always equals to total cost (T.C.). Two approaches 

exist to evaluate the BEP. 

C. The formula approach 

D. The chart approach 

Both methods are employed here to tally the results.  

A. The analytical or formula approach 

Estimation 

It is found that the price of the H2 cylinder is Rs 800.00 per 7 m3. Hence, Rs 0.11 is the price 

of 1 liter of H2. Based on the price of commercially available H2 cylinder the following 

calculations are performed. 

From the best result obtained in the experiment at 5M/333 K, we find 

1 gram of Al produces = 1.3 liters of H2 

or, 50 gram of Al produces = 65 liters of H2 

Let us scale up to 100 times, 

50 gram Al earns revenues = Rs 7.15 

5 kg of Al earns revenues = Rs 715.00 
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Hence, a revenue of Rs 715.00 is obtained per unit (cylinder) hydrogen gas.  

Variable cost (V.C.) = Rs 500.00 per unit hydrogen gas 

Fixed cost (F.C.) = Rs 10,000.00 

Therefore, BEP (units) = (F.C.)/(Revenue per unit- V.C. per unit)    (4.7) 

or,      = 10,000.00/(715.00-500.00)  

or,       = 46.51 ≈ 47 units                                      

BEP (Rupees) = (F.C.)/{1- (V.C. per unit/Revenue per unit)}            (4.8) 

or,   = 10,000.00/{1- (500.00/715.00)}  

or,   = Rs 33,333.33                                                        

Assessment of payback period 

Since, 50 grams Al is completely consumed in 55 minutes.  

Hence, Time required to produce 1 unit of hydrogen gas i.e., consumption of 5 kg of Al in 20 

litres tank      = 5500 minute 

or, Time required to complete 47 units   = 2,58,500 minute 

or,        = 0.5 years 

or,       = 6 months 

 

Depreciation accounting 

Let us assume a depreciation @ 5 % per annum (pa).  

In 6 months it is anticipated to earn      = Rs 33,333.33 

or,1 month earning   = Rs 5,555.55 

@ 5 % depreciation pa, Rs 33,333.33 is reduced by =  Rs 1666.67 pa 

Hence, depreciation for 6 months     = Rs 833.33    

That means due to 5 % pa depreciation the amount has been earned after 6 months  

    = Rs (33,333.33 – 833.33) = Rs 32,500.00 
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or,          = Rs 5416.67   

Hence, the required payback period owed to 5 % pa depreciation for collecting the revenues of 

Rs 33,333.33    = Rs 33,333.33/5416.67 

or,          = 6.15 months 

or,         ≈ 6 months 

B. The chart approach 

The above BEP in terms of unit and rupees is also determined by the graphical method and the 

results are verified. Figure 4.37 represents the break-even analysis chart with various elements 

including the profit and loss zone. X-axis represents the number of cylinder of hydrogen 

produced and the in the Y-axis cost and revenues are plotted. It is seen that the variable cost 

line and the total cost line are parallel. The fixed cost line is parallel to the horizontal axis. The 

intersection of the revenues line and the total cost line is called the break-even point (Q). Two 

perpendicular lines are drawn from point Q to X-axis and Y-axis to indicate the break-even 

sale unit and break-even revenues. From the graph B/E sale unit is found to be 47 unit and B/E 

revenues is Rs 33,605.00. A difference of Rs 271.67 is found between the analytical and chart 

approach. The BEP unit is the same for the two methods though (refer to equation no. (4.7)). 

The difference in the BEP rupees is due to the consideration of the fractional value (46.51 units) 

in the case of the analytical approach whereas, in the graphical method the value is round up 

to the next integer i.e., 47 units. 

 

Fig. 4.37 Break-Even analysis of the hydrogen production set up 

4.4.2 Comparison study among Electric energy, LPG and Hydrogen energy 

The following discussions involve the monetary comparison study of cooking by electrical 

energy, traditional domestic gas for cooking (LPG), and cooking by hydrogen energy. For this 
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investigation, 1 kg of water has been considered and allowed to boil. The time requirement and 

the energy consumption to boil the water in each of the three cases have been evaluated and 

presented in terms of rupees. The case studies are described one by one below. 

i) Estimation of the cost of electricity 

Let us consider 1 kg of water at 25 ⁰C. The amount of heat required to boil water at 100 ⁰C 

𝐻 = 𝑚𝑎𝑠𝑠⁡𝑜𝑓⁡𝑤𝑎𝑡𝑒𝑟 × 𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐⁡ℎ𝑒𝑎𝑡⁡𝑜𝑓⁡𝑤𝑎𝑡𝑒𝑟 × ∆𝑇         (T is the temperature in K) 

𝐻 = 1 × 4186 × 75 = 0.3⁡𝑀𝐽  

Suppose, the capacity of the electrical device is 1.2 kW 

That is, 1200 J of energy is transferred = 1 s 

or,          1 J of energy is transferred in     = 1/1200 s 

or,  0.3 × 106 J of energy is transferred in     = (1 1200⁄ × 0.3 × 106) s    

                                                = 250 s ≈ 4 minute 

Electrical energy consumed in 4 min. =  1.2⁡𝑘𝑊 × 4 60⁄ ⁡ℎ = 0.08⁡𝑘𝑊ℎ ≈ 0.1⁡𝑢𝑛𝑖𝑡  

or,                         = 1.2⁡𝑘𝑊 × (5/60)⁡ℎ𝑟 

or,                          = 0.1 kWh 

Assume, cost of electricity per unit = Rs 10.50 

or,     cost of 0.1 unit         = Rs 1.1 

ii) Estimation of cost of LPG 

Suppose, daily consumption of LPG in household use be 7 hours on an average in a family 

consists of four members. Also it is assumed that a cylinder of mass 14.2 kg can sustain for 30 

days. It is to be noted that a full LPG cylinder in India contains 14.2 kg of gas. 

Therefore, in a month of 30 days, the consumption of LPG (in hour) =  7 × 30 = 210⁡ℎ 

That means, in 210 hours the amount of LPG consumed = 14.2 kg 
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or,           in 1 hour the amount of LPG consumed      = 14.2/210 kg.h-1 

or,              = 0.068 kg.h-1 

or,              = 0.068/60 kg.min-1 

or,              = 0.001 kg.min-1 

Water boils at 100 ⁰C in 10 min. on LPG burner 

Therefore, the consumption of LPG in 10 minutes        =0.001⁡𝑘𝑔/𝑚𝑖𝑛 × 10⁡𝑚𝑖𝑛 

or,              = 0.01 kg 

Consider, the price of a full LPG cylinder be Rs 1100.00        

Hence, the price of 14.2 kg of LPG = Rs 1100.00 

or,  the price of 0.01 kg of LPG = 
1100×0.01

14.2
= 0.77⁡ ≈ 80⁡𝑝𝑎𝑖𝑠𝑎 

iii) Estimation of the cost of hydrogen gas 

The energy required to boil water at 100 ⁰C, H = 3,13,950 J  

                                                               = 0.3 MJ  

Lower heating value of hydrogen = 120 MJ/kg              [as in Appendix I] 

120 MJ of heat is evolved from the complete combustion of = 1 kg H2 

or, 0.3 MJ of heat is evolved from the complete combustion of = 0.3/120 kg H2 

or,             = 0.0025 kg H2 

or,             = 0.003 kg H2  

Stoichiometric molar ratio of Al: H2 = 1:1.5 

= 27: 40.5 

Market price of aluminium scrap per kg = Rs. 150 
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or,     cost of 0.003 kg H2                         = 𝑅𝑠⁡150 [
(27×0.003)

40.5
] = 𝑅𝑠⁡0.3 = 30⁡𝑝𝑎𝑖𝑠𝑎 

The analysis of the cost estimation for electricity, LPG, and hydrogen gas has been found as 

Rs 1.10, 80 paisa, and 30 paisa respectively. Hence, hydrogen gas produced from aluminium 

scrap is an economic fuel for domestic cooking. However, it is highly inflammable and 

explosive. Extreme design of burner and precaution is mandatory for its wide application at 

houses. 
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Chapter-5 

Conclusions and Future Scope 

 

5.1 Conclusions 

The present situation of the energy crisis and pollution occurred globally due to the 

consumption of fossil fuel is a burning issue to be addressed. The effort to reduce the polluting 

gases and particles in the atmosphere thereby, clean the environment is a novel process. Many 

nations and environmental organizations have tried to balance the environmental system by 

using green fuel. The study of new and renewable sources of energy has been an emerging area 

in the present day. A substantial amount of such new technologies have been developed from 

the last few decades. The hydrogen economy is a feasible technology in this regard. The 

environmentally friendly nature of the by-product of the combustion of hydrogen gas making 

it a suitable candidate for power generation. There are several methods for hydrogen production 

exist though, the chemical method is less costly and free from polluting gases. The production 

of hydrogen gas from Al scrap is a very economic method of production. Moreover, the barrier 

in the growth of hydrogen economy due to the storage and transportation is ruled out in the 

present study.  

The on-board production and use of hydrogen gas in this research work turn into a novel 

approach. The study of reaction kinetics by using machine learning techniques to optimize the 

various parameters which affect the yield of hydrogen gas and the rate of production is another 

significant dimension in this work. The conclusions also incorporate the application base of 

hydrogen gas in a hydrogen-fuelled sintering tube furnace. In-situ hydrogen gas is burned 

inside the furnace and investigated the thermal efficiency at an optimum FAR. The statistical 

tool called the break-even analysis is employed to observe the cost-volume-profit relation of 

the production. Further, the economic aspect of the use of hydrogen gas for domestic cooking 

purposes is also elucidated.  
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5.1.1 Conclusions drawn from the present study 

The conclusions of the thesis work have been listed below: 

 A maximum yield of hydrogen gas through the chemical method is found to be ~ 97 % 

of the stoichiometric yield. 

 As the concentration of aq. NaOH increases from 1M to 5M, a significant increase of 

~ 44 % in the yield of H2 is observed. 

 The rate of chemical reaction between Al and water is affected by the size of the Al 

pellets. Fine pellets have shown a faster rate of reaction.  

 Activation energy obtained from the Arrhenius plot is 57.62 kJ. mol-1. The activation 

energy reduces from 78.21 kJ.mol-1 to 57.62 kJ.mol-1 which is 26.33 % reduction as the 

area of Al pellets reduces from 3950 mm2 to 925 mm2. 

 Among the three input parameters viz. concentration, temperature, and time, 

concentration is found to be the most influential in the production of hydrogen gas. The 

corresponding values of influence of each parameter are 37.5 %, 29.7 %, and 22.67 %, 

respectively. 

 The MLR model shows less correlation between the experimental result and the 

simulated result. Rcc varies from 0.90-0.91 and AARE % varies from 0.06-0.08 %. 

 98.61 % of data fall within the confidence level of 95 % for the ANN model. The values 

of Rcc and AARE % for the ANN model are in the range of 0.98-0.99 and 1.33-1.37 % 

respectively. Thus ANN model can predict the nature of the curve with high accuracy.  

 The acceptability of the ANN model is higher than the MLR model for the prediction 

of the generation of hydrogen gas from Al-water reaction in the presence of aq. NaOH 

solution. 

 Radial basis function neural network provides efficient prediction capability for real-

time monitoring and control of H2 generation by chemical method in industrial uses. 

 Maximum thermal efficiency of the sintering tube furnace is 76.22 % corresponding to 

FARac = 1:60.  

 Hydrogen-induced sintering tube furnace is a sustainable energy system for many 

industrial applications. 

 The analysis of the cost estimation for electricity, LPG, and hydrogen gas has been 

found as Rs 1.10, Rs 0.80 and Rs 0.30 respectively. Hydrogen gas produced from 

aluminium scrap is an economic fuel for domestic cooking.  
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5.2 Scope for future work 

The concept of green technology is a new idea with lots of prospects. This field of research 

needs inclusive exploration to get rid of the dependency on fossil fuel. The environment benign 

nature of the waste product of green energy is significant to the environment. In connection 

with the present work, many scopes are awaited, which must be addressed. The thorough 

research includes the alternation of various parameters e.g., the concentration of NaOH 

solution, temperature, morphology, size and shape of the raw metals, etc. The material 

characterization of the residue of the Al pellets can be carried out to acknowledge different 

phenomena. The appropriate alloying of Al with other metals can be a good source of hydrogen 

gas. In a nutshell, the technical development of the Al metal to be used in the reaction with 

water to produce hydrogen gas is a scope to extend the research. The effective treatment of the 

water is necessary because of the salt level present in the water. Water containing more salt 

particles are efficient to produce hydrogen from Al. 

 A well designed and fabricated hydrogen gas reactor is essential to generate hydrogen. A 

cylindrical reactor made of stainless steel with a thin inner liner of Teflon or such inert material 

can be effective in this regard. The primary importance is given to the non-diffusion nature of 

the setup material. The complete automation of the reactor is considered as the substantial 

development of the setup to satisfy the condition for the on-board application of hydrogen gas. 

The on-board application of hydrogen gas in the internal combustion engine is another incipient 

topic for research. Very few works have been reported in this area. The development of this 

technology can lead to a pollutant-free scenario with almost zero percentage of risk associated 

with the storage and transportation of hydrogen gas. 

The economic and effective production of hydrogen gas is anticipated. The hydrogen economy 

is forced to stagnant due to the reluctance of the oil industries based on crude oil and 

Government agencies. The wide application of hydrogen gas needs a lot of technical 

modifications to the existing systems. Which incur lots of money of course. However, it is the 

mind-set and due to political misuse of power, the advancement of the new technologies is 

suppressed. Though hydrogen gas is green energy and can fulfil the criteria as a dream fuel still 

it is not regarded as fuel in the present days. Hence, researchers and scientists are devoting their 

time and efforts to the economic manufacturing of hydrogen-fuelled engines and furnaces. The 

use of hydrogen may also cut short the wide use of electricity and fossil fuel as well. Therefore, 

an optimum condition for hydrogen production with a brand new design of a mechanical 
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system is expected to establish a hydrogen economy in the world. Thus, it is justified that an 

ample amount of works is waiting to be performed and completed within a very short period 

to be free from the global environmental problems and smooth running of the society around 

the different corners of the world. 
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Appendix I 

Physical property chart for hydrogen [98]  

Property Measure 

Molecular Formula H2 

Molecular Weight 2.016 g/mol 

Boiling Point        (at 1 atm) -253o C 

Freezing Point     (at 1 atm) -259o C 

Vapour Density   (at 20o C, 1 atm) 0.08376 kg/m3 

Liquid Density     (at normal 

boiling point, 1 atm) 

70.86 kg/m3 

Specific Volume  (Gaseous state at 

20o C, 1 atm) 

11.9 m3/kg 

Specific Volume  (Liquid state at -

253o C, 1 atm) 

0.014 m3/kg 

Specific Gravity   (Gaseous state at 

20o C, 1 atm) 

0.0696 (approx. 7% the 

density of air) 

Specific Gravity   (Liquid state at -

253o C, 1 atm) 

0.0708 (approx.. 7% the 

density of water) 

Expansion Ratio 1:848 

Higher Heating Value (at 25o C, 1 

atm) 

141.86 MJ/kg 

Lower Heating Value  (at 25o C, 1 

atm) 

119.93 MJ/kg 

Energy density (LHV)  (at 15o C, 1 

atm) 

(at 15o C, 200 bar) 

(at 15o C, 690 bar) (liquid) 

10.050 KJ/m3 

1,825,000 KJ/m3 

4,500,000 KJ/m3 

8,491,000 KJ/m3 

Flashpoint < -253o C 

Auto-ignition Temperature 585o C 

Octane Number 130+ (lean burn) 

Ignition Energy 0.02mJ 

Burning Speed 2.65-3.25 m/s 
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Appendix II 

Comparison of hydrogen as a fuel [173] 

Property 

 

Gasoline 

 

CNG 

 

H2 

 

Advantages 

of H2 fuel 

 

Flammability 

limits (%) 

 

1-7.5 

 

5.3-15 

 

9.75 

 

Lean AFR 

can be used 

 

Diffusivity 

 

0.05 

 

0.16 

 

0.61 

 

Homogeneo

us mixture 

 

Auto ignition 

temperature 

(0 C) 

 

230-480 

 

540 

 

585 

 

Knock 

resistance 

 

Emission 

product 

 

HC, CO, 

CO2, 

Nox, H2O 

 

HC, 

CO, 

CO2, 

Nox, 

H2O 

 

H2O 

 

Zero 

emission 

 

Energy 

density 

(MJ/m3) 

 

31.15 

 

32.56 

 

10.05 

 

Large tank is 

required for 

storage 

 

Quenching 

gap in air 

(mm) 

 

2 

 

2.03 

 

0.64 

 

Responsible 

for back-fire 

 

Flammability 

limits (%) 

 

1-7.5 

 

5.3-15 

 

9.75 

 

Lean AFR 

can be used 
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Diffusivity 

 

0.05 

 

0.16 

 

0.61 

 

Homogeneo

us mixture 

 

Auto ignition 

temperature 

(0 C) 

 

230-480 

 

540 

 

585 

 

Knock 

resistance 

 

Emission 

product 

 

HC, CO, 

CO2, 

Nox, H2O 

 

HC, 

CO, 

CO2, 

Nox, 

H2O 

 

H2O 

 

Zero 

emission 

 

Energy 

density 

(MJ/m3) 

 

31.15 

 

32.56 

 

10.05 

 

Large tank is 

required for 

storage 

 

Quenching 

gap in air 

(mm) 

 

2 
2.03 

 

0.64 

 

Responsible 

for back-fire 
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Appendix III 

Comparative results obtained during the ANN training and testing of process 

SL 

No 

File  

Name 

1st  

TF 

2nd TF neurons epochs goal 

TR_ 

Dev-M 

TST_ 

DEV_M 

NTR_10 NTR_5 NTst_10 NTst_5 RMS_Tr RMS_Ts 

1 Weight_H1 Tansig Purelin 35 10 0.001 22.23 15.77 6 37 2 16 0.0035 0.0036 

2 Weight_H2 Tansig Purelin 35 9 0.001 14.25 10.34 4 60 3 30 0.0035 0.0035 

3 Weight_H3 Tansig Purelin 35 1030 0.00001 2.65 4.39 0 0 0 0 0.00034 0.00042 

4 Weight_H4 Tansig Purelin 35 514 0.00001 3.06 4.46 0 0 0 0 0.00028 0.00038 

5 Weight_H5 Tansig Purelin 5 58 0.00001 65.00 47.00 105 197 57 105 0.0052 0.0052 

6 Weight_H6 Tansig Purelin 10 3000 0.00001 57.00 47.00 31 110 11 56 0.0035 0.0036 

7 Weight_H7 Tansig Purelin 5 713 0.00001 114.70 67.02 102 203 50 107 0.0076 0.0082 

8 Weight_H8 Tansig Purelin 25 1365 0.00001 2.81 3.49 0 0 0 0 0.00037 0.00049 

9 Weight_H9 Tansig Purelin 25 3000 0.00001 2.73 5.37 0 0 0 2 0.00037 0.00047 

10 Weight_H10 Tansig Purelin 25 1213 0.00001 2.95 5.47 0 0 0 2 0.00048 0.00051 

11 Weight_H11 Tansig Purelin 30 1711 0.00001 3.23 5.73 0 0 0 2 0.00033 0.00041 

12 Weight_H12 Tansig Purelin 35 1414 0.00001 1.97 7.11 0 0 0 2 0.00036 0.00045 

13 Weight_H13 Tansig Purelin 35 1500 0.00001 2.85 4.59 0 0 0 0 0.00035 0.00045 

14 Weight_H14 Purelin Tansig 25 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 184 185 0.194 0.1936 

15 Weight_H15 Purelin Tansig 35 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 184 185 0.194 0.1936 

16 Weight_H16 Purelin Tansig 30 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 184 185 0.194 0.1936 

17 Weight_H17 Purelin Tansig 20 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 184 185 0.194 0.1936 

18 Weight_H18 Purelin Tansig 15 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 184 185 0.194 0.1936 

19 Weight_H19 logsig Purelin 5 3000 0.00001 177.45 134.94 167 244 90 136 0.0072 0.0075 

20 Weight_H20 logsig Purelin 10 1394 0.00001 26.68 19.86 21 71 10 39 0.0034 0.0038 

21 Weight_H21 logsig Purelin 15 2100 0.00001 11.10 7.39 2 9 0 6 0.0016 0.0017 

22 Weight_H22 logsig Purelin 20 1502 0.00001 2.86 5.74 0 0 0 1 0.00077 0.0008 

23 Weight_H23 logsig Purelin 30 1128 0.00001 2.68 4.71 0 0 0 0 0.00031 0.00051 
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24 Weight_H24 logsig Purelin 35 1012 0.00001 2.34 5.51 0 0 0 1 0.0003 0.00045 

25 Weight_H25 Purelin logsig 5 2 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

26 Weight_H26 Purelin logsig 10 4 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

27 Weight_H27 Purelin logsig 25 4 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

28 Weight_H28 Tansig logsig 5 5 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

29 Weight_H29 Tansig logsig 15 5 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

30 Weight_H30 Tansig logsig 25 2 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

31 Weight_H31 Tansig logsig 30 2 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

32 Weight_H32 Tansig logsig 35 4 0.00001 
2.24.

× 104 

1.31

× 104 
337 337 185 185 0.8327 0.832 

33 Weight_H33 logsig Tansig 5 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 185 185 0.194 0.1936 

34 Weight_H34 logsig Tansig 15 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 186 185 0.194 0.1936 

35 Weight_H35 logsig Tansig 20 2 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 186 185 0.194 0.1936 

36 Weight_H36 logsig Tansig 35 3 0.00001 
5.27

× 103 

3.35.

× 103 
336 337 186 185 0.194 0.1936 

37 Weight_H37 Tansig Purelin 5 1432 0.00001 467.64 148.12 195 246 100 132 0.0216 0.0213 

38 Weight_H38 Tansig Purelin 5 54 0.0001 123.83 90.47 118 216 68 124 0.0216 0.0132 

39 Weight_H39 Tansig Purelin 10 1433 0.0001 52.35 42.76 8 67 5 38 0.0029 0.0028 

40 Weight_H40 Tansig Purelin 35 2601 0.0001 8.69 6.27 0 4 0 2 0.00079 0.00093 

41 Weight_H41 Tansig Purelin 40 1538 0.00001 2.82 12.35 0 0 1 1 0.0004 0.00056 

42 Weight_H42 Tansig Purelin 45 1198 0.00001 3.06 4.32 0 0 0 0 0.0005 0.00059 

43 Weight_H43 Tansig Purelin 35 1460 0.00001 2.86 4.47 0 0 0 0 0.00036 0.00048 

44 Weight_H44 Tansig Purelin 35 1694 0.00001 2.19 4.41 0 0 0 0 0.00036 0.00051 

45 Weight_H45 Tansig Purelin 35 1105 0.00001 2.41 5.01 0 4 0 15 0.00014 0.00021 

46 Weight_H46 Tansig Purelin 30 1223 0.0001 3.02 5.31 0 0 0 1 0.00015 0.00021 
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47 Weight_H47 Tansig Purelin 35 2500 0.0001 2.38 6.55 0 0 0 2 0.00012 0.00021 

48 Weight_H48 Tansig Purelin 35 2470 0.0001 2.09 4.90 0 0 0 0 0.00012 0.00021 
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