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 1 

PREFACE 

This book presents the recent trends in science and engineering. The 

matters discussed and presented in the chapters of this book cover a 

wide spectrum of topics and research methods in the field of engineer-

ing. The book contains seven chapters: global energy supply security, 

stochastic optimization techniques, Adaboost-RF classifier for disease 

diagnosis, vegetable oil usage in the internal combustion engines, hy-

drogen post-injection in the diesel engine, the inverse problem of 

Sturm-Liouville operator, and the loading configuration of patterns in 

frames.  

This book provides academics, students, and researchers with the 

knowledge and theoretical tools necessary to address related questions 

in science and engineering. I believe that this book, which consists of 

different fields, will be a resource for academics and researchers. 

 

Dr. Ramazan ŞENER 1  
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INTRODUCTION 

Energy is a crucial component in terms of carrying out daily human 

activities, whether in a developed or a developing country (Suganthi 

& Samuel, 2012). The energy requirement keeps rising with the esca-

lation of welfare and life conditions throughout the world. The energy 

utilization rate and energy access are not exactly uniform everywhere 

(BP, 2020). Indeed, billions of people are not able to access enough 

amount of energy currently that is an indication of poorness 

(Kaygusuz, 2007).   

The whole world has witnessed to the dramatic increase in global en-

ergy needs for some time now (BP, 2020). The increase in total energy 

consumption is roughly estimated to be 50% between 2018 and 2050 

by the U.S. Energy Information Administration (EIA) as stated in the 

International Energy Outlook 2019 (IEO2019). The main portion of 

this escalation is originated from non-OECD (the Organization for 

Economic Cooperation and Development) nations, which concentrate 

in economically developing places that create demand, especially in 

Asia (U.S. Energy Information Administration, 2019). 

The industrial sector has the biggest percentage of world energy con-

sumption for both OECD and non-OECD countries, approaching to 

nearly 315 quadrillion British thermal units (Btu) by 2050. Manufac-

turing, agriculture, construction, refining, and mining are among the 

activities in the industrial sector that causes more than 50% of energy 

use throughout the world. Transportation ranks second with respect to 

the global energy utilization with 40% increase between 2018 and 
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2050. Non-OECD countries are responsible for most of this rise, 

where individual trip and freight transport related energy consumption 

shows faster growing trend as compared to many OECD nations. IEO 

forecasts that the least share of global energy usage belongs to the 

buildings sector, consisting of both residential and commercial con-

structions. In general, energy requirement globally increases in all 

sectors as a result of industrialization, population growth and easy 

access to electricity (U.S. Energy Information Administration, 2019).  

1. TYPES OF ENERGY 

Different forms of energy are employed all over the world as an essen-

tial constituent with the purpose of carrying out daily activities of 

people. Energy is divided into 3 groups in general, namely fossil fuels, 

nuclear energy and renewables. 

Fossil fuels which include coal, oil and gas are the most dominant 

suppliers in the global energy mix (Johansson, 2013).  EIA estimates 

that fossil fuels fulfill 77% of total energy use by 2040 in IEO2017 

(EIA, 2017). However, there is a remarkable concern about fossil 

fuels over the environmental, health, economic, and energy security 

impacts as worldwide (Expert Group on Renewable Energy, 2005). 

Firstly, these sources are unsustainable and cannot replenish them-

selves, thus they are ultimately expose to exhaustion. Secondly, during 

the combustion of fossil fuels, carbon dioxide and other greenhouse 

gases are released into the atmosphere which in turn causes global 

warming. This escalation in Earth’s temperature not only threats all 

living creatures, but also causes the glaciers to melt and so sea levels 
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to rise, which results in floods and negatively impact agriculture. Last 

but not least, fossil fuel utilization induces air pollution, acid precipi-

tation, ozone depletion, forest destruction, and radioactive emissions 

that damage our environment (Shahzad, 2015). Figure 1 illustrates the 

global CO2 concentrations by different fuel types, annually. It is clear 

from the figure that the majority of the total CO2 emissions per year is 

originated from fossil fuels, endangering the environment excessively 

as explained above (Ritchie & Roser, 2020). In detail, coal, oil and 

natural gas is responsible for the 45%, 35% and 20% of the total 

greenhouse gas emissions throughout the world, respectively (Covert, 

Greenstone, & Knittel, 2016). 

 

Figure 1. Global CO2 concentrations by fuel type (Ritchie & Roser, 2020) 

Nuclear energy was introduced in the early 50s, with the beginning of 

first nuclear reactor to operate in Idaho, United States. In the next dec-

ades, the commercial usage of nuclear power was put into practice by 

the U.S., UK, Russia, France, Germany and 20 other nations. Nuclear 
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energy was thought to reduce the momentum of global warming sig-

nificantly by virtue of hindering more than 60 billion tons of CO2 

emission since 1970. The recent prediction of Nuclear Energy Agency 

(NEA) shows that around 1.2-2.4 Gt CO2 emissions are suppressed 

from being released into the atmosphere on a yearly basis (Prăvălie & 

Bandoc, 2018). Recently, only 14% of electrical energy is supplied by 

nuclear power throughout the world (Dittmar, 2012).  

On the other hand, nuclear energy technology faces some problems 

needed to be answered. The planning of nuclear power plants requires 

some safety protection issues, so that both capital costs and electricity 

costs increase. Radioactive gas formation during the operation period 

of the power plant is another worrying case about this type of energy, 

because of the health risk of its potential release into the atmosphere. 

The possibility that the expansion of the nuclear power industry will 

lead to the transformation of the material into nuclear weapons also 

retains a serious threat (Asif & Muneer, 2007). Although it is consid-

ered as an option with regard to overcome the escalating energy de-

mand, it itself needs another feedstock to produce energy that is Ura-

nium. It is also challenging that not only the enriched Uranium but 

also the nuclear waste is radioactive and hazardous (Petrescu et al., 

2016). Additionally, nuclear power plants have to run at full capacity, 

meaning that they cannot operate on request. Moreover, they necessi-

tate to be built close to a massive body of coolant water which can 

contaminate local water sources and poses hazard for aquatic life 

(Dittmar, 2012).  
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Renewable energy, classified as wind, solar, biomass, hydropower, 

geothermal and tidal energy, is defined as the energy that can be re-

plenished at the same rate as it used, thus never depleted. The sustain-

ability and cleanness of renewable energy resources help to reduce 

greenhouse gas emissions and so lessen the severe effects of global 

warming (Figure 2).  

 

Figure 2. Primary CO2 emission reduction potential by technology, 2015-2050 

(IRENA, 2017) 

The cost of energy from renewables becomes cheaper along with the 

improvements in technology, in contrast to unrenewables, the cost of 

which gets higher as these sources are exhausted and requirement of 

energy ascends.  

Renewable energy is a relatively recent branch of industry in some 

regions of the world. Therefore, it can offer new job opportunities and 

make contribution to the economies, especially in developing coun-

tries  (Shahzad, 2015). In addition, the most crucial point about re-
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newable energy resources is its potential to meet more than 3000 

times the present need of energy as worldwide (Ellabban, Abu-Rub, & 

Blaabjerg, 2014). Renewable sources of energy are the fastest growing 

types between 2018 and 2050, in comparison to other resources in-

cluding natural gas, nuclear, petroleum, etc. (U.S. Energy Information 

Administration, 2019). 15 % of global energy need was met by re-

newable energy supply that is forecasted to increase to 28 % in 2050 

(Inzlicht, Schmeichel, & Macrae, 2014) 

2. ENERGY SUPPLY SECURITY 

Energy, which is the most important input parameter of almost every 

phase of life, also indicates the level of economic development. Sup-

ply security, which refers to the availability and sustainability of ener-

gy, is a phenomenon that fundamentally affects the economic growth 

and development of countries and even their national security ( Erdal 

& Karakaya, 2012). 

The definition of energy security has been expanded over time and 

started to be used synonymously with energy supply security in the 

literature ( Erdal & Karakaya, 2012). Energy security concept dates 

back to 200,000 years ago, when the Lower Paleolithic Period ended. 

In the past, the regions that is close to sufficient sources of combus-

tible material (i.e., wood), not expose to extreme safety risks or do not 

need work more than the cost of fire itself, was believed to have high 

energy security. With the historical developments, this technical word 

lately expresses the energy to be adequately available to satisfy 

enough amount, affordable for both the investors and the consumers in 
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terms of solvency, accessible and sustainable to guarantee fuel source 

procurement without interference (Valentine, 2011). Energy and secu-

rity have fundamentally two different aspects, where energy system is 

subjected to security risk or it causes risk. Figure 3 shows the analyti-

cal structure used to study the relationships between energy and secu-

rity (Johansson, 2013).  

 

Figure 3. The analytical structure of the relationships between energy and security 

(Johansson, 2013) 

Energy security is a significant subject attracting attention from dif-

ferent individuals, groups, parties, energy consumer enterprises, gov-

ernments, and the society who needs energy to sustain life standards 

with high quality without any interruption (Ang, Choong, & Ng, 

2015). The global fluctuations in energy market, the increasing com-

petitiveness of energy suppliers, and the desire to make progress in 

economy while declining the poverty rate are the reasons behind this 

inclination of several authorities for energy security, explained as the 
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conception in which dependable energy is provided to customers in a 

cost effective way (Hughes, 2009). 

There is a common misapprehension about security and independency 

of energy for being incorrectly employed in place of each other in 

some nationalities, as in the example of the United States. Likewise, 

evaluating energy security based on export results in ignoring the em-

phasis of local supply of sources and substructure (Hughes, 2009). 

The risk of supply security arises from the inability to reach the exist-

ing resource rather than the possibility of running out of the potential 

energy source. In energy supply security, the most important concern 

is fossil fuels due to the uneven distribution of energy resources 

around the world ( Erdal & Karakaya, 2012). 

The energy supply security is a comprehensive term that comprises of 

four dimensions (symbolized as four As), namely availability, acces-

sibility, affordability and acceptability (Figure 4) (Couder, 2015).  

 

 

Figure 4. Four As framework of energy security (Couder, 2015) 
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2.1. Availability 

The most important part of energy security is the existence and avail-

ability of energy source. In some sources, availability of energy is 

defined as the physically presence of it, especially for fossil fuels such 

as oil, natural gas and coal, which will be depleted in the future. It is 

also characterized by the ability of consumers to reach energy services 

they need. Therefore, availability, requires a market system in which 

parties who buy and sell energy goods and services agree on, regard-

less of the commercial, economic, political, strategic reasons ( Erdal 

& Karakaya, 2012). 

Assortment of different energy sources is an identifier of availability, 

by which interruptions of imported energy can be prevented or mini-

mized. Geopolitical position is also crucial for energy availability be-

cause of the fact that wars, volatile forms of governments, and/or local 

events may interfere the flow of energy (Ang et al., 2015). 

The International Energy Agency assumes that the exhaustion of non-

renewable energy sources will bring with harsh consequences, which 

is caused by the imbalance among limited energy supply, escalated 

population and industrialization. It is a worrying fact that the predicted 

time of limited conventional energy sources to exist is between 30 and 

150 years. Moreover, approximately 40 - 60% decrease of gas and oil 

generation is forecasted by 2030 (Kahia, Ben Aïssa, & Charfeddine, 

2016). In opposition to finite fossil fuel stocks, renewable energy re-

sources have the ability to provide energy for a long period depending 

on maintaining of sustainability when used (Johansson, 2013).  
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The pro-nuclear Federation of Japanese Electric Power Firms and the 

World Nuclear Association agree on that the remaining deposits of the 

world in terms of commercial uranium have a lifespan of 80-85 years. 

Even though there are some doubts about the availability of uranium 

in mid and long term, this stock is more attractive as compared to fos-

sil fuels as it is mostly concentrated in steady countries. Indeed, Aus-

tralia possess 31% of uranium reserves of the planet, while the shares 

of Canada and the U.S. are 9% and 5%, respectively. In short, nuclear 

energy might be considered as an available source for the fossil fuel 

dependent countries in the short term, but insufficiency of supply pre-

vents achieving energy security in the mid to long term. Renewable 

energy is a more favorable source than nuclear power with regard to 

energy security (Valentine, 2011). 

2.2.  Accessibility 

The accessibility of energy both refers to the distance between the 

production and consumption of energy from the reserve or available 

source and uninterrupted supply of energy. The disruption of energy, 

required for the daily routine of life, is an undesirable situation that 

prevents the production of all kinds of goods and services. In this con-

text, it is of vital importance to take the following measures in order 

not to be exposed to energy cuts and to increase the security of supply  

Erdal & Karakaya, 2012); 

▪ Diversification of supply sources, 

▪ Differentiation of the generation, transmission and distribution 

network of supply, 
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▪ Increasing the capacity of the supply network with its pipeline 

and distribution infrastructure, 

▪ Reducing the energy demand that will bring additional burden to 

the energy infrastructure, 

▪ Energy storage for use in emergency power outages, 

▪ Repair / improvement of damaged energy networks or infra-

structures, 

▪ Establishing supply and demand balance with instant infor-

mation sharing in the energy market. 

2.3. Affordability 

The rough expression of affordability is the cost effectiveness of a 

product or service of interest. As a more specific statement, energy 

affordability refers to the quality of the energy source being financial-

ly manageable for which a fair price related to income level should be 

suggested in order to handle poorness. In addition, the cost of energy 

ought to be invariable and publicly available to help make accurate 

predictions on future developments in terms of resource sustainability 

aspect (Hafezi & Alipour, 2020). 

Energy security, represents the reliable and sufficient supply of ener-

gy, fully meeting the needs of the global economy, with reasonable 

prices for consumer countries. Reasonable price is perceived different-

ly in terms of those who consume and produce energy. Since the price, 

which is determined by the market on the basis of the supply and de-

mand balance, is generally based on cost, it may change direction to-

wards both ends (in favor of the seller or buyer). Compared to the 
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supply side of energy security and, more importantly, to the domestic 

supply of consumer countries, a massive power outage is as dangerous 

as the oil crisis, which causes a long-term security problem. Fluctua-

tions in energy prices due to crises and speculative reasons may trig-

ger countries to suffer economic losses, social damages, and even po-

litical instability  Erdal & Karakaya, 2012).  

The vital magnitude of energy costs in the energy security equation is 

highlighted in many researches. That US dollar is used to commercial-

ly buy and sell crude oil controls the price of energy imported interna-

tionally, for which the value of different currencies is crucial.  Fossil 

fuel cost is unsteady leading to challenges with respect to energy sup-

ply security, which in turn complicates policy makers to achieve the 

national targets, such as capacity increasing, in the short-, mid-, and 

long term (Ang et al., 2015). It is noteworthy whether the impact of 

these global fluctuations in the costs of fossil fuels will be reflected on 

exporting countries that drastically influence on regional economies 

(Johansson, 2013) 

In opposition to fossil fuels, the capital cost is the primary component 

of production price by renewable energy, namely wind power, solar 

energy, etc., that follows a notably declining trend with technological 

improvements. However, after the power plants are installed once, the 

energy generation prices become low and steady (Valentine, 2011).  

For the case of nuclear power, the installation costs are very high and 

also operational costs are subject to the uranium reserves which are 

needed as a feedstock in nuclear energy technology (Johansson, 
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2013). The requirement of considering various security measures for 

the design of nuclear power plants leads to escalation in initial cost. 

Generating electricity from wind or gas costs half as much as that is 

derived from nuclear energy (Atalan, Tayanç, Erkan, & Atalan, 2020). 

2.4. Acceptability (Sustainability)  

The concept of energy security did not include environmental con-

cerns until recently. The preference and acceptance of the energy 

source by the society indicates the sustainability of the resource (Erdal 

& Karakaya, 2012). 

Actually, the relation of sustainability and environmental concerns to 

energy is undeniable, since global warming and air pollution are the 

two examples of consequence arising from emissions of carbon and 

other greenhouse gases. The significancy level of sustainability and 

the environment within the framework of energy security is also un-

derlined by The European Commission (Ang et al., 2015).  

Continuity in energy supply and environmental awareness in energy 

consumption is very important in terms of long term sustainability ( 

Erdal & Karakaya, 2012). The reduction of unfavorable losses related 

to the society, environment, economics, technology and even politics 

describes sustainability. Currently, it is connected to energy that inter-

actively defines the decline the effect of energy on environmental deg-

radation. Energy security is now focused on several aspects, such as 

human rights, environment, affordability, accessibility, etc., rather 

than checking a single dimension of energy supply (Hafezi & Alipour, 

2020). 
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Despite the fact that fossil fuels supply majority of the energy demand 

worldwide, they are finite sources of energy that cannot be reproduced 

again. In addition, they are hazardous for both human health and the 

environment because of the emissions of carbon dioxide and other 

greenhouse gases released after the combustion of these conventional 

resources. Therefore, the limited and harmful nature of fossil fuels 

make them unsustainable (Covert et al., 2016).  

Renewable energy offers a sustainable option to meet the increasing 

energy need for the future in a cost-effective way. It is an eco-friendly 

and finite energy that help mitigate environmental degradation and so 

remove the pollutants endangering the health of society (Bilgen, 2014; 

Qazi et al., 2019). 

Depending on the way of perception for sustainability term, different 

governments have dissimilar opinions whether the nuclear energy is 

sustainable or not. For instance, in South Korea nuclear power is be-

lieved to be a sustainable source, while in Denmark and Austria the 

opposite is accepted 

(Gralla et al., 2016). Due to the supply of accessible and affordable 

energy cost efficiently, nuclear energy is thought to be sustainable in 

some communities. However, the radioactivity of both the fuel and 

nuclear waste with the safety risks in short and long term make this 

source perceived as unsustainable (Kermisch & Taebi, 2017). 
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CONCLUSION 

Energy with the types and importance in terms of increasing demand, 

environmental concerns and public health is comperatively discussed 

in this book section. Energy security concept is described with regard 

to different types of energy. 

Energy is the main input of the production of goods and services in 

economic terms. With regard to security, it is an indispensable re-

source that raises the standard of living that will paralyze development 

and welfare if interrupted. Moreover, it carries environmental risks 

that may endanger the lives of future generations as a result of its ex-

cessive use in fossil fuels.  

Energy resources are not distributed homogenously worldwide. In 

some parts of the world, the possession and domination of energy re-

sources is an indicator of wealth, causing dependency from the stand-

point of exporters, while large numbers of people are trying to sustain 

their lives with a lack of energy in some other regions that demon-

strate poverty. 

Energy security is the uninterrupted reliable supply of energy in a cost 

efficient and sustainable way. Availability, accessibility, affordability 

and acceptability (or sustainability) constitutes the basic dimensions of 

energy supply security. The measures to be taken to increase the secu-

rity of supply in energy; diversification of energy sources and suppli-

ers, utilization of local resources, full liberalization of the domestic 

market, increasing cross-border investments, improving energy re-

source storage capacity, saving in energy consumption and increasing 
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energy efficiency. Renewable energy resources are considered as the 

best option with respect to potential to satisfy escalating energy re-

quirement, health of society and the environment, cost, job opportuni-

ties, sustainability and energy security, etc. Governments and authori-

ties should promote energy production by renewables in order to help 

minimize the dependency on foreign fossil fuel sources and so 

strengthen their economies besides dealing with the other environmen-

tal issues. 
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INTRODUCTION 

In the United States alone, more than 1 million people are diagnosed 

with pneumonia every year, and 50,000 of the cases die (Centers for 

Disease Control and Prevention, 2021). The most common method for 

diagnosing pneumonia is chest X-Ray (World Health Organization, 

2001). However, detecting pneumonia on chest X-rays is also a tedi-

ous and challenging process for specialist radiologists. 

A number of artificial intelligence (AI) systems based on machine 

learning (Maruyama et al., 2018) and deep learning (DL) (Gupta et al. 

2021) have been proposed by researchers, as this paves the way for 

faster interpretation of radiographic images by experts in disease di-

agnoses. Experts in determining the disease infected with pneumonia 

with these methods are mainly focused on CT imaging and have very 

supportive results at the decision stage (Zhao et al., 2018). One of the 

most critical challenges to this success is the optimization problem in 

DL. Finding optimal weight values to minimize error in the calcula-

tion process of the loss function is a situation that directly affects the 

ability to learn. The choice of stochastic optimization techniques plays 

an important role and also is needed expertise for choosing in this pro-

cess (Li et al., 2021).   

Feature selection is a keystone (Urbanowicz et al., 2018) in many ra-

diographic image classification problems (Nayak et al., 2021). Instead 

of all complex relationships to diagnose an image, only those who best 

identify that image are efficient and effective in classification. More 

features don't always mean better classification performance. Therefo-
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re, choosing the most compact subset by reducing the dimensionality 

of the property space requires good editing and flow in the model. In 

this way, an increase in classification performance is inevitable and 

the cost of calculation is reduced. 

In previous studies (Tuncer et al., 2020), Residual Exemplar Local 

Binary Pattern (ResExLBP) method which uses iterative ReliefF (IRF) 

based feature selection is suggested. After feature selection phase, five 

classifiers which are Decision tree (DT), linear discriminant (LD), 

support vector machine (SVM), k nearest neighborhood (kNN), and 

subspace discriminant (SD) were utilized to classify COVID-19 chest 

X-ray images. This method achieved 99.69% accuracy with SVM. 

The deep LSTM model (Demir, 2021), which is learning from scratch 

an application of the Sobel gradient and marker-controlled preproces-

sing schemes to raw images is suggested. These preprocess operations 

are applied to increase the performance of the model to detect 

COVID-19, pneumonia and normal (healthy) chest X-ray images. In 

(Stephen et al., 2019) a method of X ray image classification based on 

pneumonia is presented based on Convolutional Neural Networks 

(CNN-Conv). During implementation, the CNN architecture achieved 

with the Acc of 0.94%. In (Jaiswal et al., 2019), a deep R-CNN met-

hod of segmenting with different threshold values using global and 

local features for pixel-wise operations were developed. In addition to 

this, autonomous hyper-parameters determining have been a challen-

ging subject for researchers. Therefore, different state-of-art architec-

tures are experimented in a novel study which generates SGD methods 

with genetic algorithms (Ma et al., 2020). Moreover, to the contantry 
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of SGD, the Adam method achieves a more satisfactory result by 

using memory effectivelywhen classifying chest X-Rays (Montalbo, 

2021). This has shown us the importance of experimenting with SGD 

derivatives. 

In this work, Resnet-50 Network, whose success on medical images is 

indisputable in the classification process, was used. The effect of stoc-

hastic optimization techniques such as Stochastic Gradient Descent, 

Adadelta, RMSProp and Adam on Resnet-50 was experimented using 

Chest X-Ray image data. In the next step, the effect of ReliefF, which 

is a feature selection method, on existing analyses and selected hyper-

parameters, is also discussed. 

1. MATERIAL AND METHODS 

In the process of classifying images, there are many hyper parameters 

that affect the performance of DL use. The main ones are feature se-

lection and optimization parameters (Koutsoukas et al., 2017). Igno-

ring the use of feature selection in the training process can lead to a 

permanent deterioration in generalization performance. This disrup-

tion triggers the need to research different techniques to train models. 

In addition, larger training sets increase training time. Another prob-

lem in learning is the process of achieving optimal weight values du-

ring the training process. Finding weight values that minimize cost is a 

situation that directly affects the ability to learn, and the choice of 

stochastic optimization techniques plays an important role in this pro-

cess. Incorrect algorithm selection can lead to a lack of generalization 

ability, and the inability to reasonably obtain these values using a de-
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Figure 1. Two non-infected samples from image dataset (a)Sample#1, 

(b)Sample #2. Left: original gray scale image Right: Grad-CAM visualization. 

terministic optimization technique also leads to serious costs for lear-

ning times (Xu et al., 2019). 

1.1. Image Dataset 

Chest X-Ray image data consists of a total of 5856 images with 2 ca-

tegories of 1583 normal and 4273 infected is available on kaggle web-

site. Class activation mapping which utilizes gradient weighting 

(Grad-CAM) (Selvaraju et al., 2017) is used to determine and extract 

region of Interest (ROI) areas for images when dividing CXRs into 

normal and infected classes. Grad-CAM creates heat maps that are 

indicated by colored pixels and show high-level regions. Beyond vi-

sual explanation, Grad-CAM can be used as an approach to visuali-

zing classification predictions. Figure 1 and Figure 2 shows the visua-

lization of the heat map of the ROI for two different classes using 

Grad-CAM, respectively. 
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Figure 2. Two pneumonia samples from image dataset (a)Sample#1, (b)Sample 

#2. Left: original gray scale image Right: Grad-CAM visualization. 

1.2. Background on Very Deep Resnets 

In studies, it has been proven that the depth level of the network used 

in DL is one of the key factors of model expression (Rajpal et al., 

2021). Image classification one of the popular state-of-the-art designs, 

the Resnet-50, was utilized in architectural design. Resnet-50 has mi-

nimal risk of data loss from the first layers and in layer additions. In 

the ResNet architecture, the path from input to output is mapped by a 

nonlinear H(x) function and represented by another nonlinear function 

defined as   ( )    ( )    for the Residual block. In addition, by 

making a shortcut link from input to output, the input value x is added 

arithmetic to the function F(x). Then the function   ( )    ( )    

is passed together in Relu. In this method, the input layer is added to 

the end of the second layer and the values in the past layers are more 
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strongly transferred to the next layers. 

Convolutional (conv), Rectified Linear Unit (ReLU) and batch norma-

lization (Batch Norm) layers are the basis structs of a residual block. 

1.3. Proposed ResNet Classification Architecture 

The Resnet-50 model was utilized only by revising in accordance with 

the output layer classification sample without changing the layer arc-

hitecture. When calling the Resnet-50 network, the pooling parameter 

is given as avg. Whilst the training process, weight values were not 

updated, pretrained tuning weight values were used. Input shape is set 

to 128 x 128. Proposed Resnet-50 classification architecture is given 

in Figure 3. 

1.3.1. Training Process of Classification 

Whilst the train process, the image augmentation technique was used. 

Batch size value selected as 8 and the training process with 100 

 

Figure 3. Resnet-50 classification architecrure which is applied to Chest X-

Ray images. 



 
 33 

epochs was operated. SGD, AdaDelta, RMSProp and Adam functions 

were used as optimization functions in the training process. The lear-

ning rate is 0.01 for all optimization techniques and the momentum is 

given as 0.9. Momentum is the parameter that accelerates the optimi-

zation techniques in the relevant direction and reduces the oscillations. 

One of the main momentum-based techniques, Nesterov's accelerated 

gradient, was used. Decay value is optimized as 0.0005. 

1.4.  Optimization Algorithms 

1.4.1. Stochastic gradient descent (SGD) algorithm 

Gradient descent (GD) is a widely used optimization algorithm that 

converges the model to obtain appropriate parameters in the shortest 

possible time (Ketkar, 2017). GD can help CNN based models repre-

sent the most appropriate weight values in each training iteration. 

However, the performance of GD appears to be declining in validation 

and testing processes due to the excessive risk of being stuck in local 

solutions. Therefore, SGD is widely recommended to solve this issue. 

During training, GD scans all data in each iteration, while SGD trans-

lates only part of it, which means that it chooses only one stochastic 

training sample instead of all. While stepping each iteration in trai-

ning, samples are selected randomly. Weight updates as follows: 

         
  

  
 (1) 

Where   denotes weight parameter,   is learning rate, L represents the 

loss function. 
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1.4.2. RMSProp Algorithm 

The RMSProp (Hinton et al., 2012) algorithm has been developed 

against the problem of early and memorized termination of the trai-

ning process. It is improved by combining both the superiority of 

momentum and the application effectiveness of Adagrad in Eq.2 

      (   )    (2) 

Cumulative squared gradient is calculated according to the above for-

mula. The parameter   is used to check the effect of past gradients and 

is usually set to 0.9. It provides a balance between the historical ef-

fects of gradients and their second degree momentums. r is the gradi-

ent cumulative variable. 

         (  √ ) (3) 

The sum of squared gradients become larger when the number of ite-

rations increases. Therefore, to update the parameters   is used to gua-

rantee the nonzero denominator. 

1.4.3. Adaptive Momentum (Adam) Algorithm 

Adaptive Momentum (Adam) optimization algorithm is an extension 

to SGD and as determinedas RMSprop and SGD with momentum 

entegration (Kingma and Ba, 2014). The learning rate is optimized 

with Square gradients (RMSProp) and takes advantage of momentum 

using the moving means of the gradient (SGD). Adam uses exponenti-

ally moving means computed on the gradient and predicts the mo-
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ments. 

          (    )   (4) 

          (    )  
  (5) 

where m and v are moving averages,   is gradient on current mini-

batch, and    and    values are new hyperparameters of the algorithm. 

Given the values between 0.9 and 0.999 respectively would result in 

the network performing better.   

1.4.4. Adaptive Delta (AdaDelta) Algorithm 

AdaDelta (Zeiler, 2012)  is an extension of Adagrad, which attempts 

to uniformly reduce the gradient descent rate. In the AdaDelta stoc-

hastic optimization technique, not all past square gradients are addres-

sed, but instead past gradients are bounded by w as a fixed dimension. 

The sum of gradients is recursively defined as a skewed mean of all of 

the past square gradients. 

 [  ]    [ 
 ]    (   )  

  (6) 

The moving average  [  ]  in the time step.  As a fraction   similar 

to the term Momentum and depends only on the previous average and 

current gradients. Given the value approximately 0.9 to   would result 

in the network performing better.  

1.5. Feature Selection with ReliefF 

In Relief feature selection (Zhou, 2015; Jia et al., 2013) the concept of 

Margin is used to evaluate the classification capacity of feature size. 
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The Margin maintains the classification for the same samples within 

the area at the maximum distance between the classification regions. 

In addition, ReliefF is often preferred as a pre-model schema for the 

selection of features that will best identify the data. 

      
∑   ( )
 
   

   
 ∑   

   
    

∑   ( )
 
   

   
  (7) 

where   ( ) is the sum of distance between the selected instance and 

its kth nearest neighbor in   or  ,    is the prior probability of class  . 

Following pseudo-code of the ReliefF algorithm is designed according 

to Eq.7 presented in the reliefF procedure. 

Procedure: Pseudo-code of ReliefF (ReliefF(D)) 

Input: Feature data matrix: D, repeat times: n, the number of the neigh-

bors: k 

Output: Vector w for the feature attributes ranking 

00:Begin 

01:for i=1 to n do 

02:  Si instance is selected randomly 

03:  K nearest hits H and the nearest misses M are found 

04:     for j=1 to all features do 

05:  Wi estimations are updated 

06:    End 

07:End 

08:End 

 



 
 37 

2. EXPERIMENTAL RESULTS 

The evaluation metrics which were used for the analysis of the expe-

rimens are accuracy (Acc), Loss, and Auc. The mathematical equa-

tions fort the Acc is given in Eq.8. 

    
     

           
 (8) 

Chest X-Ray image data was used which is a total of 5856 images 

with 2 categories of 1583 normal and 4273 infected. 70% -30% of the 

images were divided for training and validation, respectively. Comp-

rehensive experiments were performed on Chest X-Ray dataset to 

compare our Resnet-50 classification network with ReliefF-Resnet50 

ensemble. Hardware used in the process from effective attributes se-

lected by the ReliefF feature selection preliminary scheme to the ope-

rating stage in the classification architecture was Intel(R) Core(TM) 

i7-4700HQ 2.40GHz processor, NVIDIA GeForce GTX 765M GPU 

card, and 16GB RAM. Chest images were loaded as W x H x 3 size 

and resized as for the W x H grayscale conversion to 500 X 500 size. 

In the experiment on the dataset a 250000 dimension feature space 

were obtained. Then, each feature component in the feature space was 

considered as a single feature. 

Table 1 shows average performance comparisons of Resnet-50 and 

reliefF-ResNet50. It can be seen that the adadelta optimization tech-

nique shows the best performance among others in the chest X-ray 

dataset, as well as the effectiveness of the selected parameters. When 

the feature selection was combined with Resnet-50, the classification 
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network achieved the highest performance measurements with 0.99% 

Acc, 0.997 Auc. The AdaDelta optimization technique has shown the 

best output when using both the Resnet-50 and the ReliefF-Resnet50 

method. 

Table 1.The comparison of classification performances between Resnet-50 and 

ReliefF-Resnet50 according to stochastic optimization techniques. 

 Resnet-50 ReliefF-Resnet50 

 Loss Acc Auc Loss Acc Auc 

SGD 0.548 0.904 0.957 0.001 0.980 0.996 

Adam 0.994 0.756 0.815 0.087 0.897 0.945 

RmsProp 0.421 0.845 0.905 0.393 0.891 0.930 

AdaDelta 0.076 0.929 0.976 0.005 0.988 0.997 

 

The classification architecture was performed with SGD, AdaDelta, 

RMSProp, and Adamstochastic optimization techniques and results 

were obtained by using Resnet-50 and ReliefF-Resnet50 ensemble, 

respectively. Classification performances with optimization tech-

niques were shown in Figure 4, Figure 5 respectively. 
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Figure 5. Loss progress for different stochastic optimization techniques. 

Figure 4. Auc progress for different stochastic optimization techniques. 



 
40 Experimental and Numerical Advances in Engineering and Technology 

When the differences in Acc performance between Resnet50 and Re-

liefF-Resnet50 were examined, the difference was 0.076 for SGD, 

0.141 for Adam, 0.046 for RmsProp, and 0.059 for Adadelta. The use 

of ReliefF has resulted in improvement for all optimization tech-

niques. These results further proves that although the proposed Res-

net-50 model is effective, its effectiveness increases even more when 

used with feature selection. 

CONCLUSIONS 

Due to the advantages of DL, such as low risk of any data loss in layer 

additions, weight sharing, and reduced down-sampling size, it has 

been widely used in research projects. In contrast, the optimization 

problem is one of the most critical challenges in DL, such as Resnet-

50. Finding optimal weight values that will minimize loss function 

calculation is a challenge to select optimal stochastic optimization 

techniques. Incorrect selection of the algorithm can lead to being stuck 

at the local minimum and lack the ability to generalize. On the other 

hand, a feature selection method may be needed for issues such as 

identifying sensitive features in medical images and reducing feature 

dimension. Therefore in this work, we integrated the ReliefF algo-

rithm scheme into the classifier to reduce feature sizes for feature se-

lection of chest x-Ray images, which improved classification perfor-

mance and speed. In addition to the studies in the literature using the 

stochastic optimization techniques, we tested which technique best 

suited to the scheme we proposed using Adam, RmsProp, AdaDelta 

and SGD methods. Experiments using the ReliefF-Resnet50 also show 
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that ReliefF feature selection method can effectively improve classifi-

cation accuracy and ease of integration in classification for X-Ray 

images. However, it has been revealed that the AdaDelta method is 

the best optimization technique for chest X-Ray images. However, 

SGD had the best improvement with the ReliefF-Resnet50 ensemble. 
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INTRODUCTION 

Coronavirus is a type of virus, was first seen in Wuhan, China, in 

early December 2019. This virus is an infectious virus that causes 

respiratory infection and can be passed from person to person. The 

World Health Organization (WHO) uses the term COVID-19 to 

describe the disease caused by the Coronavirus. This organization 

declared the COVID-19 disease as a pandemic on March 11, 2020. 

The clearest symptoms of COVID-19 are fever, cough, shortness of 

breath, and breathing difficulties. In more severe cases, an infection 

can cause pneumonia, acute respiratory failure, kidney failure, and 

even death (Lalmuanawma, Hussain, & Chhakchhuak, 2020; Mahase, 

2020). Experts use many sources to detect COVID-19 in patients. The 

first of these are the symptoms of this disease in people. The second is 

the Polymerase Chain Reaction (PCR) antigen test, which is 

performed by taking a swab sample from the nose and throat. If the 

PCR test of the person applying to the hospital is positive, it means 

that the virus is active in that person. Third, antibody-antigen testing is 

utilized. In order to perform this test, blood samples are taken from 

people. As a last method, the diagnosis of COVID-19 can also be 

made by lung tomography. All these diagnostic resources guide the 

initiation of the treatment protocol by the experts (Guo et al., 2020; Li 

et al., 2020; Zou et al., 2020). In addition, due to the fact that the 

disease has become pandemic, there has been a shortage of personnel 

per person in many hospitals and health units. As a result of this 

situation, the importance of artificial intelligence (AI) algorithms that 

can act as experts with various inputs and teachings has increased. 
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COVID-19 disease can also be diagnosed by AI-trained systems, 

thanks to both blood samples and tomography outputs. These systems 

can support experts in the decision phase of the diagnosis of COVID-

19, as in other diseases. In addition to this situation, the same systems 

allow patients to make pre-screening with their existing biochemistry 

tests (Ai et al., 2020; Naudé, 2020; Shiraishi, Li, Appelbaum, & Doi, 

2011). 

In order to overcome the COVID-19 pandemic with the least damage 

and in a controlled manner, it has been observed that machine learning 

algorithms are actively used in a wide range in this process. In the first 

stage, AI-based systems were used to quickly and automatically 

determine the body temperature of people in the entrance and exit 

areas of crowded places such as airports, train stations, shopping malls 

(Chun, 2020). Another purpose of using these systems in the process 

was to detect and control the social distance between people as a result 

of the processing of images taken from cameras (Rivas, 2020). Since 

the beginning of the COVID-19 pandemic in the literature, many 

studies have been conducted for the purposes of diagnosis, treatment, 

monitoring, prediction, and prevention of its spread(Hu, Ge, Jin, & 

Xiong, 2020; Jin et al., 2020; Lalmuanawma et al., 2020; Naudé, 

2020; Salman, Abu-Naser, Alajrami, Abu-Nasser, & Alashqar, 2020; 

Vaishya, Javaid, Khan, & Haleem, 2020).In the study conducted by 

Naudé, the contribution of AI systems to the COVID-19 pandemic 

was investigated (Naudé, 2020). In the study, it was emphasized that 

the contribution of these systems is generally in areas such as early 

warning, diagnosis, monitoring, data editing, and treatment (Naudé, 
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2020).In another study(Jin et al., 2020), researchers have tried to 

detect COVID-19 through chest computer tomography (chest CT) 

images using an AI system. In (Lalmuanawma et al., 2020; Vaishya et 

al., 2020), similar to other studies, the AI applications during the 

pandemic process were investigated. In these studies (Lalmuanawma 

et al., 2020; Vaishya et al., 2020), the importance of real-time AI 

systems in preventing the spread of the disease has been emphasized. 

In another study in this area, researchers have tried to predict through 

AI when the COVID-19 disease in China could end (Hu et al., 

2020).In (Salman et al., 2020), a deep learning model was used to 

diagnose the disease using X-ray images. There are also studies in 

which size reduction methods are applied after extracting the 

necessary features from X-ray images of COVID-19 patients (Ahishali 

et al., 2020; Albadr et al., 2020; Doanvo et al., 2020; Khuzani, 

Heidari, & Shariati, 2020; Rasheed, Hameed, Djeddi, Jamil, & Al-

Turjman, 2021; Sharma & Dyreson, 2020; Sonbhadra, Agarwal, & 

Nagabhushan, 2020; Wan, Wang, Peter, Xu, & Zhang, 2016; Yamac 

et al., 2020). It has been observed that principal component analysis 

(PCA) is preferred as a dimension reduction method in almost all of 

these studies (Ahishali et al., 2020; Albadr et al., 2020; Doanvo et al., 

2020; Khuzani et al., 2020; Rasheed et al., 2021; Sonbhadra et al., 

2020; Wan et al., 2016; Yamac et al., 2020). When the diagnostic 

studies in the literature were examined, it was seen that the common 

purpose of most of them was to detect the disease in the shortest time 

with the highest accuracy. 
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In this study, the effects of PCA, Linear Discriminant Analysis 

(LDA), and Partial Least Squares (PLS) dimension reduction methods 

in the diagnosis of COVID-19 using blood values of individuals were 

analyzed. For this purpose, 13-parameter blood analysis results 

obtained from 279 people, 177 of whom were positive for PCR test 

and 102 of whom were negative, were used as data (Brinati et al., 

2020). Since there are deficiencies in the data, this problem was 

solved by using the K-Nearest Neighbor (KNN) algorithm and the raw 

data set was obtained. Then, each dimension reduction method 

mentioned above was applied to this data set for dimensions between 

2 and 12. Raw data sets and data matrices created using PCA, LDA, 

PLS methods were presented to Naive Bayes, SMO-SVM, J48, 

decision trees, and Adaboost-Random Forest (Adaboost-RF) 

classifiers. Since the best performance results were achieved with 

Adaboost-RF in all data, the study was continued with this classifier. 

Among the coefficients of each method, the highest classification 

accuracy result was reached with the data matrix reduced to 10 

dimensions. In order to achieve the best average result, the Adaboost-

RF classifier was applied to the data matrices and raw data set 

obtained by changing its ‘seed’ training parameter between 1 and 25. 

Then, the statistical success criteria reached for each ‘seed’ value were 

averaged. According to the results obtained; it has been proven that 

the PCA method performs better than both the raw data set and the 

others. Figure 1 shows the general flow processes for the study. 
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Figure 1. General flow diagram of the study. 

 

Thanks to this study, it was aimed to reduce the existing data to less 

size in order to reduce the system working density. In addition, it has 

been tried to reach much higher success rates with reduced data than 

existing data. Unlike studies using the same data in the literature, 

gender and age factors were eliminated from the data used in the 

application. For this reason, only the effect of dimension reduction 

methods on blood parameters could be studied in detail. In addition, 

the effect of size reduction methods on one-dimensional data in the 

diagnosis of COVID-19 was also noted. The situations mentioned 

above reveal the importance of the study carried out. 
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1. MATERIALS AND METHODS 

In this study, records of 279 patients (who applied to San Raffaele 

Hospital between February and March 2020 in Milan, Italy, and 

whose blood samples were taken) were used as the data set (Brinati et 

al., 2020). In the specified data set, there are 13 blood parameters 

belonging to patients with PCR test results (177 positive and 102 

negative). The features and the units in the data set used for the study 

are shown in Table 1. 

Table 1. Features and measurement units of the data set (Brinati et al., 2020) 

Attribute Unit 

WBC x109 cells/L 

Neutrophils x109 cells/L 

Lymphocytes x109 cells/L 

Monocytes x109 cells/L 

Eosinophils x109 cells/L 

Basophils x109 cells/L 

Platelets x109 cells/L 

CRP mg/L 

AST U/L 

ALT U/L 

ALP U/L 

GGT U/L 

LDH U/L 
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Since there are missing data in the data set(Brinati et al., 2020) used in 

the study, this problem was solved first by using the KNN method. 

KNN, which is a classification algorithm, is also used to complete 

missing parts in any data set (Cabitza et al., 2021; Jadhav, Pramod, & 

Ramanathan, 2019). The missing data wanted to be filled in this study 

were completed by taking the average of the nearest 5 neighbors that 

do not contain missing values. 

In order to obtain data matrices with new dimensions, 3 different 

dimension reduction methods were applied to the completed data: 

PCA, classical LDA, and PLS. PCA, the first of these methods, is an 

effective statistical tool that aims to reduce the dimension of the data 

by recycling features that may affect the classification performance at 

a minimum or negative level. PCA aims to detect the targets at a 

higher success rate thanks to the transformation on data (Hotelling, 

1933; Yıldız, Çamurcu, & Doğan, 2010). Classical LDA is a 

multivariate statistical method developed to ensure that data with a 

known number of features are assigned to their real classes with 

minimum error (Fisher, 1936). However, it is known that the LDA 

method cannot find effective solutions against outlier data, and new 

LDA methods developed against this situation have been brought to 

the literature (Alkan, Atakan, & Alkan, 2018). Finally, large numbers 

of linearly connected samples can be reduced with PLS to a smaller 

number of new dimensions that do not require a linear connection 

between them (Bulut & Alın, 2009). 
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All the data prepared were separated as training and testing using the 

10-fold cross-validation method before being given to the classifiers. 

Then, Naive Bayes, SMO-SVM, J48, decision trees, and Adaboost-RF 

classifiers were used to classify data matrices and raw data sets. Since 

the best performance results were achieved with Adaboost-RF in all 

data, the study continued with this classifier. After changing the ‘seed’ 

training parameter of the Adaboost-RF classifier between 1 and 25, it 

was tried for all data respectively. The general purpose of boosting 

algorithms is to combine a large number of underpowered and low-

precision classifiers to obtain a single, more efficient, and sensitive 

classifier (Leshem & Ritov, 2007). Therefore, it is not surprising that 

the Adaboost-RF algorithm has better performance outputs. Finally, 

the classes were determined as "1" for those with COVID-19 and "0" 

for those that do not. Kappa coefficient, Precision, MCC, ROC area 

and accuracy (ACC) criteria were used for statistical performance 

analysis (Yücelbaş et al., 2017). 

2. EXPERIMENTAL RESULTS 

In this study, PCA, LDA, and PLS methods were applied to 

redimension blood parameters of the patients which were used for 

diagnosing COVID-19 and to separate with a high accuracy rate. By 

applying these methods to raw data, coefficients from 2 to 12 were 

obtained for each. These coefficients were presented one by one for 

each method to the Adaboost-RF classifier, which was decided as a 

result of various evaluations. As a result, it was seen that the highest 

performance outputs in all methods were achieved with 10-coefficient 
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data matrices. Then, it was tested for all 10-coefficient data matrices 

by changing ‘seed’ parameter belonging to the Adaboost-RF classifier 

in the range of 1-25 and average results were obtained. Likewise, for 

the raw dataset too, classification rates were registered by changing 

‘seed’ value on the same range, and the mean of these rates were 

taken. Table 2 shows the 10-coefficient data matrices belonging to all 

methods and mean performance of outcomes that were obtained with 

raw dataset. 

Table 2. The 10-coefficient data matrices belonging to the all methods and mean 

performance of outcomes obtained as a result of classification of the raw dataset 

with Adaboost-RF (TNI: total number of instances, CCI: correctly classified of 

instances) 

Dimensionality 

reduction methods 
PCA LDA PLS 

Raw 

data set 

TNI 279 

~ CCI 224 167 220 220 

Kappa 0.554744 0.050796 0.524888 0.518984 

Precision 0.80396 0.5638 0.78492 0.78564 

MCC 0.56596 0.05508 0.53064 0.52844 

ROC Area 0.8288 0.5384 0.82508 0.80708 

ACC (%) 80.3824 60.0236 78.7896 78.748 

 

When Table 2 is analyzed, approximately 224 of 279 data were 

accurately estimated thanks to the PCA method. As a consequence of 

classification with Adaboost-RF of the data matrix obtained by 

applying PCA, ACC rate and Kappa coefficient were obtained as 

80.38% and 0.5547, respectively. When the PCA method was applied, 
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it was reached higher accuracy rates as against the other methods. 

Additionally, it was observed that statistical performance results 

obtained were nearly even by using the raw dataset and the data 

matrices obtained by applying PLS. According to Table 2, it was 

observed that data that were redimensioned by applying LDA method 

was not sufficiently successful in the field of classification as against 

the other data. Figure 2 shows the change in the classification 

accuracy rates that were separately obtained with all data for each 

changing ‘seed’ value of Adaboost-RF classifier in the range of 1-25. 

 

 

Figure 2. The change in the classification accuracy rates that were separately 

obtained with the all data for each ‘seed’ value of Adaboost-RF classifier  

 

When the graph in Figure 2 was analyzed, the best classification rate 

was obtained as 81.72% for 20 ‘seed’ value in PCA method. In 

addition, it was seen that better performance results were achieved at 

12 ‘seed’ value for the raw data set and 16 for the PLS method. 
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DISCUSSION AND CONCLUSION 

Expert systems using artificial intelligence and machine learning 

algorithms are actively used in many areas such as the defense 

industry, smart home, security systems, and health sector. In addition, 

these systems are generally used for diagnostic purposes in the health 

sector. Today, it is seen that AI systems are used in order to diagnose 

COVID-19 disease in a faster and more reliable way which is the first 

agenda item and the problem of the whole world. In this study, for the 

same purpose, the effect of PCA, LDA, and PLS size reduction 

methods on the diagnosis of COVID-19 was analyzed through the 

blood values of individuals (Brinati et al., 2020). Data matrices 

created by using PCA, LDA and PLS methods with the raw data set 

obtained as a result of pre-processing were presented to Naive Bayes, 

SMO-SVM, J48, decision trees, and Adaboost-RF classifiers. As the 

performance outputs of Adaboost-RF, one of these classifiers, are 

much better than the others, the analyzes in the study were carried out 

with this. According to the results obtained; it was seen that the PCA 

method performed more successfully than both the raw data set and 

the others. The average classification accuracy was obtained as 

80.38% using the PCA method. PCA was followed by PLS, raw data 

set, and LDA with mean classification rates of 78.79%, 78.75% and 

60.02%, respectively. 

When the study is evaluated in general, it was seen that PCA, one of 

the size-reduction methods used in classifying the COVID-19 data, 

positively affected the system performance. The fact that the 
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performance outputs obtained as a result of the PCA method are better 

than those obtained with the raw data set shows that this method can 

be effective in one-dimensional data as well as image data. Using the 

PLS method, results were obtained close to the raw data set. It is 

thought that better results can be obtained if PLS can be applied to 

clearer data. In addition, LDA has been the most unsuccessful method 

in diagnosing COVID-19. This situation showed that the LDA method 

should be developed as the researchers recommend in the literature. 

As a result, it is thought that PCA and PLS methods can produce more 

effective results on data sets with minimal missing data and a large 

number of subjects. In future studies, it is estimated that COVID-19 

detection will be more successful as a result of presenting the blood 

values and lung images of the same person to artificial intelligence 

systems at the same time. 
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INTRODUCTION 

The global energy demand is rising day by day as a result of countries' 

socioeconomic growth, and this demand is once again dependent on 

energy supply (Kumar and Chauhun, 2013). Developing countries 

generally have to purchase crude oil to meet these increasing energy 

needs. Therefore, most of their economies are spent on energy pur-

chases (Oumer et al, 2018). Furthermore, air pollution, market compe-

tition, and fuel prices, and dwindling oil reserves have prompted all 

countries around the world to search out alternative, reliable, and re-

newable fuels to replace fossil-based fuels. (Gulum and Çakmak, 

2015). Renewable fuels such as alcohol, vegetable oil, and biodiesel 

are seen as a viable option to meet the energy demands while also re-

ducing emissions. (Imdadul et al, 2016). The use of vegetable oils is 

very old. They have been used since the invention of diesel engines. 

These oils obtained from plants have some advantages over petrole-

um-based fuels. These advantages are they are sustainable, biode-

gradable, low aromatic, and sulfur content. (Demirbas, 2017). Plants 

absorb most of the CO2 released during combustion during their 

growth. Therefore, the use of vegetable oils can reduce greenhouse 

gas emissions from the transportation sector. (Atabani et al, 2012). 

However, the use of vegetable oils, whether pure or transformed into 

biodiesel, has started to cause some drawbacks. Producers have large-

ly devoted their agricultural land to oilseed planting to obtain these 

vegetable oils obtained from oil seeds. The filling of agricultural lands 

with oilseed crops negatively affected food prices. This heightened the 
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controversy over the use of edible food for fuel production, as well as 

the question of food versus fuel, and drew widespread condemnation 

around the world. The process economy was influenced by the selec-

tion of non-edible raw materials with low production costs and high 

productivity in order to promote biofuel production and compete with 

other available resources. As a result, research focused on inactive 

cooking oils because they were cheaper. In addition, these oils were 

not only cheap but did not threaten food safety (Garcia, 2019). Be-

sides these listed positive properties, there were some downsides of 

waste cooking oil. 

It took a lot of effort, especially for it to be cleaned, filtered and 

fueled. In addition, if the oil contains high amounts of free fatty acids, 

this can form soap during the transesterification process, thus reducing 

the biodiesel yield (Garcia, 2018).  All these negativities continued the 

search for more suitable raw materials and determined microalgae as 

new raw materials. Microalgae are micro-organisms that consume 

CO2 emission very effectively compared to plants that are terrestrial 

biodiesel sources. (Oliveire et al, 2020). They are viewed as a promis-

ing raw material for use in a variety of industries, including food, 

feed, and biofuels. (Morais et al, 2020). Compared to traditional crops, 

microalgae offer numerous advantages for biofuel production (Mata et 

al, .2010). Ability to survive in wastewater, brine, or seawater, high 

growth and efficiency, high lipid or carbohydrate content. Moreover, 

more than 50% of the biomass of many microalgae species contains 

lipids (Mata, et al, 2013). Biofuels obtained from microalgae-based 
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oils are more advantageous than fossil fuels because they are both 

locally produced and energy-independent and more environmentally 

friendly (Mata et al, 2012). The high lipid yield of some micro algae 

species is the key to being attractive as a biomass raw material for 

producing biofuels. The rapid growth rates and high lipid content of 

green algae (chlorophyta) and diatoms (Bacillariophyta) made them 

particularly attractive raw materials for biofuel production. Microal-

gae, glucose, acetate etc. It grows by consuming organic carbon 

sources or inorganic carbon sources such as CO2 and provides lipid 

accumulation. This study has the potential to respond to the increasing 

global energy need and to contribute to the prevention of global 

warming, partially by converting excess carbon dioxide in the atmos-

phere into an efficient product through photosynthesis. In addition, the 

experimental use of the oil obtained from microalgae in diesel en-

gines, which provides the advantage of removing pollutants such as 

nitrogen and phosphorus in nature, which do not pose a great danger 

on drinking water resources such as terrestrial energy plants during 

production, through wastewater treatment was investigated. For this 

purpose, firstly pure microalgae oil was mixed with 2% and 4% diesel 

fuel by volume and two different fuels named as PVO-2 and PVO-4 

respectively were obtained. The test fuels obtained were examined in 

a test engine at an engine speed of 1500 rpm and under different load 

conditions. 
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Ġlkılıç and Öner (2003) stated in their study that the viscosity of oils 

obtained from plants should be reduced in order to be used in internal 

combustion diesel engines. 

Bao and He (2002) tested a blend of rapeseed oil and diesel fuel as 

fuel in 2002.They reported that there was no need for any modifica-

tions to use this mixture fuel. In their work, Bao and He said that vis-

cosity should be reduced in the use of vegetable oil. 

Aydın and Keskin (2000) used a single cylinder diesel engine to 

measure blends of cotton oil methyl ester and diesel in various propor-

tions (30/70, 50/50, and 70/30). According to the researchers, cotton 

oil methyl ester has similar torque values to diesel fuel in the engine at 

high engine speeds, similar power values to diesel fuel at high and low 

engine speeds, and higher actual fuel consumption than diesel fuel. 

According to their findings, cotton oil methyl ester / diesel fuel mix-

tures can be easily used as a diesel fuel substitute in diesel engines, 

and automobiles using these mixtures as alternative fuels can pass the 

exhaust emission test successfully. 

In their reports, Oğuz and Öğüt (2001) reported that the high viscosity 

problem must be solved first before vegetable oils can be considered 

as a diesel fuel substitute. Furthermore, using different methods on 

pure vegetable oils, the high viscosity problem is attempted to be 

solved. Dilution, microemulsion, pyrolysis, supercritical, and re-

esterification (transesterification) methods are the most common. 
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According to BaĢ et al. (1993), vegetable oils can be used as a fuel in 

traditional diesel engines with minor fuel system modifications. How-

ever, when vegetable oils are evaluated in terms of diesel engine fuel, 

the most important problem is that their viscosity is high and this 

causes blockages in fuel systems, deterioration of the combustion 

quality and carbon deposits in the combustion chamber, and in case of 

accelerating the research to eliminate the negative features of vegeta-

ble oils, an alternative renewable to petrol is It is stated in the re-

searches that the energy source will be gained. 

The effects of using vegetable oil as an alternative fuel in a single cyl-

inder diesel engine on engine efficiency and exhaust emissions were 

examined by Yücesu et al. (2001). Crude sunflower oil, crude cotton-

seed oil, crude soybean oil, sunflower oil methyl esters extracted from 

them, cottonseed oil methyl esters, soybean oil methyl esters, poppy 

oil, rapeseed oil, and corn oil processed with No 2-D diesel fuel were 

all used in his research. as a source of energy as a result of the tests, 

the performance values of vegetable oils are lower than diesel fuel, the 

smoke darkness is higher in vegetable oils, they stated that NOX emis-

sions were higher than No 2-D diesel fuel. On the other hand, it was 

stated that the engine performance values of vegetable oil methyl es-

ter-based fuels were better than crude oils and closer to diesel fuel 

performance values. 

In a study by Demirsoy and Kındıroğlu (1997), they used different 

proportions of sunflower, soybean, and cotton oils with diesel oil as 

fuel in a single cylinder direct injection diesel engine. They claim that 
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when vegetable oil blends with diesel are compared to diesel, they 

have about the same power values and more specific fuel consumption 

at high revs, and that the specific fuel consumption increases as the oil 

ratio in the mixture increases. 

Barsic and Humke (1982) used crude soybean oil as a fuel in a natu-

rally aspirated, 6-cylinder, direct injection diesel engine with a 50 per-

cent mixture of No.2-D diesel fuel to assess engine efficiency and 

emission characteristics. They compared it with the values of. 2-D 

diesel fuel and found that due to the higher density and viscosity of 

crude soybean oil compared to diesel oil, more soybean oil was trans-

ferred at full gas compared to diesel fuel, and in turn, the engine pow-

er increased, furthermore, the CO2, HC and particulate matter emis-

sions were. They noted that it was higher than its fuel, and its NOx 

emissions were lower. 

1. MATERIALS AND METHOD 

A four-cylinder four stroke water-cooled direct injection diesel engine 

was used in the tests. An alternator is attached to the diesel engine. 

The alternator output enters the electricity supply control panel. Volt-

age and current values are controlled on the panel and controlled by 

heater switches with resistors. A digital timer was used to determine 

the fuel consumption times in the experiments. Instead of the fuel tank 

of the engine, another fuel tank is placed on the scale and connected to 

the fuel line by means of pipes. Features of the analyzer measuring 

exhaust gas emissions. It is given in Table 1. After the engine reached 



 
 71 

its operating temperature, the receivers connected to the generator 

were gradually brought into the circuit, and electrical energy was 

drawn in three different locations. Diesel Engine Technical Specifica-

tions given in Table 2. 

Table 1. Technical specifications of the gas analysis device. 

Parameter Measuring Range Precision 

HC 0–20,000 ppm 1 ppm 

CO2 0–21% 0.1% 

CO 0–10.5% 0.001% 

O2 0–21.7% 0.01% 

NOx 0–5000 ppm 1 ppm 

 

Table 2. Diesel engine specifications. 

Engine power  18 kW@1500 rev/min 

Engine cooling system Water-cooled 

Intake system Naturally aspirated 

Engine model 4DW81-23D 

Diameter Stroke 85×100 mm 

Number of cylinders 4 

Combustion system Direct injection 

Compression ratio 17:1 
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2. RESULTS AND DISCUSSION 

2.1. Brake Specific Fuel Consumption (BSFC) 

Specific fuel consumption is the value in grams of the fuel that the 

engine should consume per kWh of work in stable operation. The 

amount of power obtained is proportional to the fuel injected by mass 

in the basic fuel consumption diagram (Boyalı, 2008). When Figure 1 

and 2 is examined, it is seen that PVO-2 has a specific fuel consump-

tion of 0.4914% and PVO-4 has a higher specific fuel consumption of 

2.9543 g/kWh compared to ULSD fuel. As the amount of pure oil in 

blended fuels increases, the increase in specific fuel consumption can 

be attributed to the decrease in thermal value (Ġlkılıç et al. 2015). An-

other point that stands out in the specific fuel consumption curve is 

that the minimum fuel consumption is obtained at the loads where the 

maximum engine power values are produced in all experimental fuels, 

and the specific fuel consumption increases in smaller loads other than 

this load, thus in smaller power generations. While Pulkrabek states 

that the increase in fuel consumption at low rotational speeds is due to 

higher heat loss due to longer cycle times (Pulkrabek, 2003). Stone, on 

the other hand, stated that the loading on the engine increases the tur-

bulence in the cylinder, so the combustion and the engine power in-

crease, and the increasing engine power decreases the specific fuel 

consumption (Stone, R.1989). 
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Figure 1. Specific fuel consumption differences in percentage of test fuels compared 

to ULSD fuel. 

 

Figure 2. BSFC variation of the test fuels depending on the load. 

 

2.2.  Effective Yield (ηe) 

The effective parameters of the engine, in which the mechanical re-

sistances and the useful work used in intake and exhaust times are 
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G. 2012). Mechanical losses are expressed as the loss of mechanical 

power per unit displacement that is expended to overcome many re-

sistances in the motor. Effective parameters of the engine; average 

effective pressure, effective power, torque, mechanical efficiency, 

effective efficiency and specific fuel consumption. One of these effec-

tive parameters is the effective performance, which is defined as the 

ratio of work taken from the motor shaft to total energy given. Effec-

tive efficiency, also known as overall efficiency, is a critical feature 

since it is informative about the operation of the engine. When the 

effective efficiency change of ULSD fuel and pure oil-diesel blends 

was examined, the yields were obtained in Figure (3,4,) with PVO-2 

to 22,185%, with PVO-4 fuel and 21,653% with ULSD fuel, with an 

average of 22,189%. It has been determined that the efficiency values 

show a decrease parallel to the pure oil ratio in mixed fuels. The prob-

able reason was that vegetable oils had lower thermal values than die-

sel fuel (Scholl, K.W. 1993). 
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Figure 3. Percentage effective efficiency differences of test fuels compared to 

ULSD fuel. 

 

Figure 4. Efficiency changes of test fuels depending on the load. 

 

2.3. Engine Emissions 

Internal combustion engine exhaust emissions are a major source of 

air pollution. In reality, internal combustion gasoline and diesel en-

gines are responsible for half of the emissions generated by the burn-

ing of fossil fuels. (Birsen, B. 2008). Carbon monoxide (CO), carbon 

dioxide (CO2), hydrocarbon (HC), and nitrogen oxides (NOx) are the 

most common exhaust emissions from internal combustion engines. 
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main reason for the presence of CO among exhaust emissions is due to 

insufficient oxygen or the inhomogeneity of some parts in the com-

bustion chamber. Figure 5.6. As the engine load increased, the (CO) 

emission changed to (CO2) emission as the cylinder temperature in-

creased, resulting in low (CO) emissions for all test fuels.  Indeed, as 

seen in Figure 7, 8, as the engine is loaded, the increase in CO2 emis-

sion in all fuels can be claimed as a proof of this. When the experi-

mental fuels were compared, an average reduction of 13.65% was 

observed in the CO emission values obtained by using PVO-2 and 

PVO-4 fuels compared to diesel fuel. 

 

 

Figure 5. Percentage carbon monoxide differences of test fuels compared to ULSD 

fuel. 

DĠFFERENCE [%]

PV0-2 0,01

PVO-4 0,02

C
O

 E
m

is
si

o
n

 [
%

] 

PV0-2 PVO-4



 
 77 

 

 

Figure 6. Carbon monoxide changes of test fuels depending on the load. 
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than ULSD fuel and PVO-4 fuel produced 0.62% higher CO2 than 

ULSD fuel. 

 

 

Figure 7. Percentage carbon dioxide differences of test fuels compared to ULSD 

fuel. 

 

Figure 8. Test fuels load-dependent CO2 emission change. 
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2.3.3. Hydrocarbon (HC) 

Measuring the hydrocarbon (HC) in the exhaust gas at the end of the 

combustion in the cylinders means that the fuel does not burn partially 

or completely. The cause of HC emission formation is a function of 

temperature and oxygen (O2) insufficiency, with incomplete combus-

tion occurring as a result of too little fuel, too much air or too much 

fuel, too little air, in some areas in the cylinder, if the air / fuel mixture 

ratio is unstable.  Oil cannot be completely combusted due to an in-

crease in the fuel ratio, a reduction in the air ratio, and a lack of oxy-

gen, resulting in the formation of HC. [26]. When the emission values 

of [HC] are examined in Figure 9,10, pure oil mixed fuels are PVO-2, 

PVO-4 respectively, from ULSD fuel.  1.87%, PVO-4 formed 3.12% 

lower HC. This decrease can be shown that the oxygen in the content 

of vegetable oils provides sufficient oxidation in the rich fuel-air mix-

ture regions. 

 

Figure 9. Percentage HC differences of test fuels compared to ULSD fuel. 
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Figure 10. HC changes of test fuels depending on the load. 
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fuel increased volumetrically and the NOX emission values increased 

(PVO-2: 0.39% increase, PVO-4: 2.81% increase). The explanation 

for the rise in NOx emissions, which rises in lockstep with the amount 

of pure oil in diesel fuel material, is assumed to be that the amount of 

oxygen in the pure oil raises the temperature at the end of combustion, 

causing NOx to form at these high temperatures. (Usta, N. 2005). 

 

 

Figure 11. Percentage NOx differences of test fuels compared to ULSD fuel. 

 

Figure 12. NOx changes of test fuels depending on the load. 
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CONCLUSION 

In this study, the pure microalgae oil obtained was tested by mixing it 

with diesel fuel in certain proportions in order to be used in diesel 

engines. The data obtained from the experiments are presented below: 

 Both PVO-2 and PVO-4 fuels caused more fuel consumption 

than ULSD fuel, and as the amount of pure oil in the ULSD in-

creased, the value of the oil increased in parallel. 

 Both PVO-2 and PVO-4 fuels produced lower efficiency than 

ULSD fuel. 

 Both PVO-2 and PVO-4 fuels produced lower CO emissions 

than ULSD fuel. 

 CO2 Conversions of PVO-2 and PVO-4 fuels are partially higher 

than ULSD fuel. 

 PVO-2 and PVO-4 fuels produced more NOx emissions than 

ULSD fuel. 
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INTRODUCTION 

Pollutant emission standards were further tightened with Euro 5 and 

Euro 6 (Chong et al., 2018). Because pollutant emissions have started 

to permanently disrupt the environment, human health and global 

thermal balance (Smith et al., 2019). The fact that 30% of the global 

greenhouse gas is sourced from the transport sector, which only in-

cludes passenger cars, justifies the tightening of these emission stand-

ards. (EPA, 2019). Also, the cost of petroleum-based fuels has in-

creased in recent years. However, the transportation sector meets most 

of its energy needs from gasoline and diesel (Tongroon et al., 2019). 

Conventional fuels produce NOx emission, which is greenhouse gas, 

especially owing to the high temperature in consequence of diesel 

combustion (Pedrozo et al., 2016). Ethanol and methanol, which have 

an important place among renewable alternative fuels, are commonly 

used fuels to control these emissions (He et al., 2018; Rakopoulos et 

al., 2019). In addition, ethanol is among the top renewable energy 

sources supported by the European Parliament (ICCT, 2018; Schöpe, 

2008). Ethanol has the characteristics of high autoignition tempera-

ture, high evaporation temperature and low cetane number. Hence, 

ethanol cannot be utilized in diesel engine by conventional methods 

(Tutak et al., 2017). However, ethanol may be utilized in diesel en-

gines with double injection, fumigation and emulsification methods 

(Bilgin et al., 2002; Satgé De Caro et al., 2001; Xiao et al., 2000). In 

addition, as the ethanol ratio increases due to phase separation and 

polar structure, ethanol and diesel do not show a homogeneous mix-
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ture (Tutak et al., 2017). Anhydrous ethanol should be preferred be-

cause the amount of water in ethanol affects its solubility with diesel 

fuel (Datta et al., 2016; Lapuerta et al., 2007; Shahir et al., 2014). The 

diesel-ethanol mixture needs an emulsifier to prevent phase separation 

in the emulsion method (Kwanchareon et al., 2007; Tongroon et al., 

2019). In addition, the emulsion must be heated against phase separa-

tion (Rakopoulos et al., 2019). Fumigation method is a process in 

which ethanol is atomized into the engine's intake air and evaporated 

(Damyanov et al., 2019; Heuser et al., 2015; Situ et al., 2013). It is 

suitable to use alcohols such as ethanol by fumigation method in die-

sel engines (Gürbüz et al., 2019). 

Ignition delay and HRR increase with ethanol, which provides an al-

most homogeneous mixture with intake air in this method (Ghadiko-

laei et al., 2019). Also, in the fumigation method, ethanol can be di-

rectly injected into the cylinder (Tutak et al., 2018). However, an extra 

tank, a second injector, control card and some design changes are 

needed in this method (Gürbüz et al., 2019). The advantages of using 

ethanol-diesel dual fuel are limited thanks to the carbon element in the 

structure of ethanol and diesel. Therefore, hydrogen can be used as an 

additional fuel to produce cleaner and more efficient energy using 

ethanol diesel dual fuel. Since there is no carbon element in the hy-

drogen molecule (H2) and consists only of hydrogen, just water is 

formed due to the combustion reaction with oxygen. The least NOx 

emission is released as the engine burns with high efficiency owing to 

the wide flammability interval of hydrogen (Mansor et al., 2017). Hy-
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drogen can be directly injected into the cylinder and the sucked air. 

Nevertheless, low volumetric efficiency and low power are happened 

with fumigation of hydrogen intake manifold. Hydrogen direct injec-

tion into cylinder in a diesel engine is hard because of the high au-

toignition temperature of hydrogen (Bose et al., 2009). The hydrogen 

self-ignition heat 571
o
C  (Yapicioglu et al., 2018). Therefore, a spark 

plug-like igniter is needed in a diesel engine to inject hydrogen direct-

ly into the cylinder (Köse et al., 2013). When hydrogen is used direct-

ly as additional fuel, a combustion cycle occurs close to the ideal con-

stant volume combustion cycle owing to the very high flame velocity 

and diffusion coefficient (Ji et al., 2009). Since the additional fuel 

must be mixed easily with air and main fuel in engines operating in 

dual mode, hydrogen is a substantial complimentary additional fuel 

because of its high combustibility and low pollutant emission (Dhole 

et al., 2014). Injection strategies have a serious contribution to homo-

geneous mixing and flammability. Also, direct injection of hydrogen 

provides greater volumetric efficiency and orderly combustion than 

port injection (Monemian et al., 2018). Hydrogen energizes after-

treatment apparatus such as lean NOx trap (LNT) to improve NOx 

reduction and desulfurization mechanisms (Dhole et al., 2014; Mone-

mian et al., 2018). Poulston and Rajaram (Poulston et al., 2003) found 

that LNT ability increases with the use of hydrogen in thermally an-

cient catalysts. Heffel (Heffel, 2003) determined that with low mix-

tures in dual fuel mode, hydrogen can operate at no-load and part-

loads and reduce NOx emissions. Hydrogen also lowers NOx levels at 
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intermediate and low loads contrasted to diesel fuel (Mirica et al., 

2015). 

Combustion quality in internal combustion engines can be increased 

with various injection strategies (Moiz et al., 2016). NOx emission 

levels can be reduced by pilot injection, while soot emissions can be 

decreased post injection(G. Wu et al., 2019). Quadais et al. (Abu-

Qudais et al., 2000) worked on emulsion and fumigation methods of 

ethanol in CI engine. They noticed a 51% reduction in soot emissions 

and a 55% increase in CO emissions with 20% ethanol fumigation. 

Ghadikolaeia et al. (Ghadikolaei et al., 2019) worked on effects of 

ethanol with emulsion and fumigation method in diesel engine. Igni-

tion delay and heat release rate increased with the fumigation of etha-

nol compared to diesel. Mariasiu et al. (Mariasiu et al., 2015) worked 

on the effects of 15% ethanol by volume with fumigation and emul-

sion method in diesel engine. With the fumigation method, NOx, HC 

and specific fuel consumption decreased compared to the emulsion 

method. Monemian et al. (Monemian et al., 2020) researched the ex-

perimental and numerical effect of fumigation of hydrogen in a diesel 

engine on driving cycles. Combustion simulation tests of hydrogen 

and diesel were performed in the GT Power software. With more hy-

drogen at low load, CO and soot emissions were depleted. Talibi et al. 

(Talibi et al., 2014) examined the impacts of hydrogen injection into 

the inlet air of normal aspirated diesel engine. The experiments were 

implemented at different loads and constant injection. Tests showed 

reductions in THC, particulate matter, CO emissions however led to a 
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large increment in NOx emissions. Saravanan and Nagarajan (Sara-

vanan et al., 2010) researched the impacts of hydrogen on diesel en-

gine in double form experiments. The injection angle and injection 

time of hydrogen were controlled by the electronic control unit. NOx 

emission and thermal efficiency increased while the smoke emission 

reduced in all operational loads. Boretti (Boretti, 2011) examined the 

effects of adding hydrogen in a dual mode diesel engine. The conse-

quences seen that the heat release rate increases with the supplementa-

tion of hydrogen, the combustion time was shortened and the engine 

power increased. Jafarmadar et al. (Jafarmadar, 2014) made exergy 

analysis on hydrogen and diesel in dual mode engine. They discovered 

that the energy ratio of hydrogen increased the temperature and pres-

sure entering the cylinder, reducing exergy efficiency. M. Masood, et 

al.(Masood et al., 2007), in a CFD study examining the effects of hy-

drogen, found that the NOx emission  raised with the rise in the 

amount of hydrogen involved in the burning.  

Different applications of hydrogen in conventional engines have re-

cently increased in research because hydrogen provides a high com-

bustion ratio and a substantial reduction in harmful emissions (Boretti, 

2011; Hafiz et al., 2018; Jafarmadar, 2014; Masood et al., 2007; Sara-

vanan et al., 2010). In addition, although the effects of hydrogen as the 

main fuel and the injection fuel in intake airport have been investigat-

ed, few works have been done to research the influence of hydrogen 

as a post-injection fuel on emissions and performance in diesel en-

gines operating with ethanol fumigation. In this study, the emission 
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and performance results of the diesel engine were determined primari-

ly by using diesel fuel. In the second step, the changes of 10% ethanol 

fumigation on emissions and performance were experimentally exam-

ined. In the third step, the engine modelled with AVL Boost software 

separately for ethanol fumigation and diesel. After verifying the nu-

merical models, effects of different post injection strategies of hydro-

gen in engine run with the ethanol fumigation on NOx emissions, Par-

ticulate Matter (PM) and engine performance were inquired.  

The main goal of this paper is to analyze the effects of combined use 

of hydrogen and ethanol on diesel-induced harmful emissions, which 

is a deadly threat to health and the environment. Hence, the presented 

research will make a significant contribution to this very weak issue, 

as post-injection strategies are focused on injection of hydrogen at 

different crank angles in the CI engine working with ethanol fumiga-

tion and diesel main fuel. 

1. METHODOLOGY  

In the paper, the diesel engine was connected to a DC dynamometer 

loaded with resistance. The CI engine tests were done from 1100 

r/min to 2200 r/min The CI engine tests were done from 1100 r/min to 

2200 r/min. In the second stage, the effects of ethanol fumigation an 

injector controlled by an ECU card designed with Arduino on 

emission and performance were investigated experimentally in a 

diesel engine, whose emission and performance levels were 

determined by diesel in the first stage. Ethanol of 99.9% purity was 

used in the experiments. This is the reason why high purity ethanol is 
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used, it provides better blends of diesel with others pure ethanol (Zhu 

et al., 2011). In ethanol experiments, 10% ethanol (FE10) was used by 

fumigation method. The experiment system stand is seen in Figure 1. 

The engine speed was measured by a sensitive proximity sensor. Fuel 

consumption was determined with precision scales and fuel meters. 

Emission measurements were measured with AVL 415S filter paper 

smoke meter and AVL Dicom 4000.  

In the third stage, the engine was modeled separately for diesel and 

FE10 fuels with AVL Boost 2016v software. Experimental data ob-

tained using diesel and FE10 fuels have been verified by tests with 

this model engine. The FE10 simulation model engine rearranged to 

hydrogen injection strategies. The same amount of hydrogen was 

ejected in every post injection strategy. Post hydrogen injections were 

applied in the engine operating with ethanol fumigation and diesel 

main fuel. Thus, the effects of ethanol and hydrogen on polluting 

emissions from diesel were investigated. 

2. SIMULATION MODEL AND VALIDATION 

In the research, the turbocharged experiment test engine was modeled 

in one dimension with AVL Boost software. The block diagram of this 

model engine is shown in Figure 2. The model was first validated with 

diesel experimental study data. This model was then developed for 

ethanol fumigation and validated with ethanol experiment data. 



 
96 Experimental and Numerical Advances in Engineering and Technology 

 

1-Engine, 2-DC dynamometer, 3-Control panel, Fuel tank, 5-Precision balance, 6-

AVL emission analyzer, 7-AVL Soot analyzer, 8-Amplifier, 9-Computer, 10-

Oscilloscope, 11-Pressure sensor, 12-Ethanol injector, 13-Proximity speed sensor, 

14-Load cell, 15-Arduino ECU, 16-Radiator, 17-Turbochargers, 18-DC motor 

controller, 19-Load indicator, 20-Voltmeter, 21-Ammeter, 22-Emergency stop 

button, 23-Engine speed indicator, 24-Coolant inlet temperature, 25-Coolant 

outlet temperature, 26-Exhaust temperature, 27-Fuel temperature, 28-Air 

moisture meter, 29-Date and clock, 30-Pressure sensor 

Figure 1. Experimental system setup. 

 

Figure 2. Block schema model of test engine. 
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The cylinder pressures of the FE10 experiment and simulation tests 

were compared to verify the engine model. The ignition delay was 

altered in regard to the average effective pressure curve for hydrogen 

utilization of the model. In addition, according to the combustion ve-

locity of hydrogen, the combustion time was determined again. To get 

more accurate results of the model verification, the in-cylinder pres-

sure data at low (1400 r/min), medium (1600 r/min) and high (2000 

r/min) engine speeds were compared separately in Figure 3. The veri-

fication results showed that the experiment and simulated cylinder 

pressure results almost exactly overlapped at three different engine 

speeds. Therefore, the overlap of the experimental and simulation two 

pressure data indicates that the verification of the model is acceptable. 

 

 
Figure 3. Validation of model software with cylinder pressure results. 

1 2 

3 
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Moreover, the model engine torque was compared with experimental 

data to validation the model. Comparison of the outcomes of engine 

torque of the model and experiment are seen in Table 1. The table 

shown that experiment and model data are quite in tune with each oth-

er. The error rate of data between experiment and model is less than 

1% at almost all speeds, and less than 3% only at highest speed.  

Models with an error rate of less than 4% between the motor torque 

test and simulation test can be considered as verified. Therefore, due 

to such low error rate, the model was validated and used with confi-

dence. 

Table 1. Comparison of engine torque of AVL model by experimental tests at some 

engine speeds. 

Engine speed 

[r/min] 

Engine torque [Nm] 

AVL model Experiment Error [%] 

1100 165.823 164.08 1.0622 

1200 165.641 164.21 0.8714 

1300 165.788 164.85 0.5691 

1400 165.862 165.22 0.3885 

1500 167.777 167.07 0.4231 

1600 169.668 169.38 0.1711 

1700 164.838 164.76 0.0473 

1800 167.232 164.64 1.5743 

1900 160.272 158.87 0.8824 

2000 160.465 160.23 0.1466 

2100 150.972 149.23 1.1673 

2200 107.066 104.04 2.9085 
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3. INJECTION STRATEGY 

Three various injection strategies seen in Figure 4 were done. In injec-

tion strategies, only hydrogen was injected as a post-fuel in the model 

engine powered with diesel and ethanol fumigation. 

 

 

Figure 4. Injection Test Strategies. 

In the first injection strategy, as soon as the main injection was com-

pleted, hydrogen post injection (HP0) was carried out at 0 °CA (crank 

angle). In the second injection strategy, after the main injection was 

completed, hydrogen post injection (HP10) was applied at 10 °CA. 

Finally, after the main injection was completed, hydrogen post injec-

2 

3 

1 
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tion (HP15) was applied at 15 °CA. The amount of hydrogen injected 

was applied evenly in all injection strategies. 

4. RESULTS AND DISCUSSION 

All experimental and simulation tests were performed at various en-

gine velocities from 1100 r/min to 2200 r/min. In the graphs, only 

diesel experiments D-Exp, 10% ethanol fumigation experiment and 

simulation results, respectively, FE10-Exp and FE10-Sim, and hydro-

gen post injection tests HP0, HP10 and HP15, respectively. 

Figure 5 shows engine power. Compared with the diesel results, the 

engine power was determined to be 35.49 kW, with an increase of 

7.8% at 2000 rpm with ethanol fumigation. The average engine power 

of the HP0, HP10 and HP15 hydrogen post injections was 30.89kW, 

29.86kW and 29.30 kW, respectively, with an increase of 8.49%, 

4.87% and 2.94% compared to the FE10-Sim. Engine power increased 

as the post fuel injection of hydrogen approached the main fuel 

injection. Therefore, the highest engine powers were obtained in the 

HP0 test. 
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Figure 5. The impact of ethanol fumigation and post injections of hydrogen on en-

gine power. 

BSFC (Brake specific fuel consumption) is presented in Figure 6. 

BSFC was remarkably dropped at low engine speeds with FE10 fuel 

compared to diesel, however, slightly increased at high engine speeds. 

In simulation tests, the specific fuel consumption of hydrogen in all 

three-post injection strategies reduced at all engine speeds compared 

to the FE10-Sim. BSFC decreased at low and middle speeds with the 

effect of ethanol and hydrogen. Comparing the HP0and HP10 tests 

with the FE10-Sim test in terms of total consumption, the injection 

tests decreased significantly such as 9.01% and 11.07%. If the 

hydrogen injected into the cylinder comes together with sufficient 

oxygen, BSFC decreases due to complete combustion (Deb et al., 

2015). 
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Figure 6. The impact of ethanol fumigation and post injections of hydrogen on 

BSFC. 

NOx emission changes are seen in Figure 7.  NOx emissions raised 

with FE10.  Because this increase is owing to the high evaporation 

temperature of ethanol, the self-ignition heat, the increased heat of the 

cylinder and the ethanol ratio in the mixture (An et al., 2013; Jamrozik 

et al., 2020). NOx emission increased considerably with hydrogen 

injection on ethanol fumigation and diesel. As the hydrogen post 

injection approached the TDC, NOx emission increased. Hence, the 

HP0 strategy has maximized NOx emissions, while with HP15, it has 

significantly decreased compared to other strategies. If the post 

injection is delayed excessively after the main injection without 

changing the injection amount, NOx emission decrease (Y. Wu et al., 

2019). The reason why NOx emission increases with the supplement 

of hydrogen; hydrogen holds the in-cylinder temperature at higher 

levels for longer (Saravanan et al., 2008).  
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Figure 7. The impact of ethanol fumigation and post injections of hydrogen on NOx 

emission. 

Figure 8 shows the changes of soot emission. At low engine speeds, 

there was a considerable reduce in soot emission with FE10. However, 

an increase in soot emission occurred at medium and high engine 

speeds. Soot emission was further reduced with hydrogen post 

injection. The least soot emission occurred in HP0 tests. As the post 

injection time approached the main injection, the soot emission 

decreased. In addition, in the HP0 strategy test, soot emission was less 

than diesel fuel with the addition of hydrogen. When there is enough 

oxygen, the combustion efficiency improves with additional hydrogen 

(Christodoulou et al., 2014). In the Hydrogen post injection tests, soot 

emission decreased by 35%, 11.36% and 9.21% for HP0, HP10 and 

HP15, respectively. However, soot emission increased slightly at 

medium and high engine speeds with the HP10 post injection 

according to the diesel D-Exp test. The increase in soot emission with 
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HP10 (10 °CA) may have been due to the lowering of cylinder 

temperature by late post injection. 

 

Figure 8. The effect of ethanol fumigation and post injections of hydrogen on soot 

emission. 

CONCLUSIONS 

In this research, the influences of ethanol on emissions and perfor-

mance by fumigation method in diesel engine were investigated ex-

perimentally. In addition, in the diesel engine modeled with AVL 

Boost software and operated with ethanol fumigation, the impacts of 

hydrogen post-injection strategies on emissions and performance were 

numerically analyzed. The following results were obtained in the 

study: 

 In ethanol fumigation tests, engine power increased compared to 

diesel fuel. This increase was approximately 9.59% on average 

of all engine speeds. The analysis shown that, the engine power 
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was highly dependent on hydrogen injection timing. Engine 

power that raised with ethanol fumigation increased even more 

with hydrogen injection optimization. However, the engine 

power obtained with the closest post injection to the main fuel 

injection was greater than the other post injections.  For the two 

post-injection strategies of hydrogen with 0 °CA and 10 °CA, 

this power increase was 8.49% and 4.87%, respectively. 

 Specific fuel consumption increased with ethanol fumigation. In 

addition, hydrogen post injection reduced specific fuel 

consumption by 11.28% and 9.47% in post 1 and post 2 

strategies, respectively, in the engine powered by diesel and 

ethanol fumigation.  

 NOx emission increased with FE10-Exp and hydrogen post 

injection strategies compared to D-Exp. As Hydrogen injection 

strategies move away from main diesel injection, NOx emission 

decreased.  

 Soot emissions have dropped significantly at low engine speeds 

with ethanol fumigation. However, soot emission raised at 

middle and high engine speeds. Soot emission was importantly 

reduced with hydrogen post injections at low and medium 

engine speeds compared to the FE10. With the HP0 strategy, the 

least soot emission was achieved in this strategy, since hydrogen 

injected closer to the TDC increases the combustion efficiency. 

 Post hydrogen injection crank angle can be widened to 

compensate for increased NOx emissions. 
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NOMENCLATURE 

BSFC           

CA               

DC 

ECU        

g 

H2               

HRR                       

J 

kW 

LNT 

NOx             

r/min 

TDC                           

THC 

PM          

Brake specific fuel consumption 

Crank angle 

Direct current 

Electronic control unit 

Gram 

Hydrogen 

Heat release rate 

Joule 

Kilowatt 

Lean NOx trap  

Oxides of nitrogen 

Revolution per minute 

Top dead center 

Total hydrocarbon 

Particulate matter 
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INTRODUCTION 

Inverse spectral problems arises when the linear operator is 

reconstructed from its spectral characteristics, for example spectral 

data (the sequences of eigenvalues and norming constants), spectral 

function, two spectra, scattering data, Weyl function, etc. In this work, 

the inverse problem of Sturm-Liouville boundary value problem is 

considered and state that the eigenfunctions of this problem have a 

discontinuity in an interior point of the finite interval. In that case, let 

us take the boundary value problem generated by the Sturm-Liouville 

equation 

( )2'' ( ) , 0, ,y q x y y x − + =     (1) 

with the discontinuity conditions at ,
2

x a
  =  
 

 

1( 0) ( 0), '( 0) '( 0),y a y a y a y a  −+ = − + = −         (2) 

and boundary conditions 

( ) ( )'(0) ' 0,y y hy = + =          (3) 

where ( )2( ) 0,q x L   is real valued-function, 0   and h  are real 

constant numbers,   is a spectral parameter. 

Boundary value problems for Sturm-Liouville equation with 

discontinuities within the interval arise in mathematics, physics, 

geophysics and other fields of natural sciences (see Anderssen, 1997; 

Gomilko and Pivovarchik, 2002; Hald, 1984; Tikhonov and 

Samarskii, 1990; Willis, 1984 and etc.), that's why there are so many 
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studies on such problems and the studies continue to improve. For 

instance, the direct and/or inverse problems (according to the different 

spectral characteristics) of the Sturm-Liouville problem with 

discontinuity conditions at interior points of the finite interval are 

examined in the works (Akcay, 2018; Akcay, 2019; Akcay, 2020; 

Huseynov and Dostuyev, 2016; Freiling and Yurko, 2001; Amirov, 

Ozkan and Keskin 2009; Guseinov and Mammadova, 2014; Kadakal 

and Muhktarov, 2006; Muhktarov and Aydemir, 2017; Muhktarov, 

Olğar, Aydemir and Jabbarov 2018; Şen, 2017; Wang, 2015; C. F. 

Yang and X. P. Yang, 2009; Zheng, Cai, Li and Zhang, 2018) and the 

references therein. 

The results obtained in this paper can be given as follows: firstly, it is 

proved that the eigenfunctions of the problem (1)-(3) form a complete 

system in ( )2 0,L   and then the eigenfunction expansion formula is 

obtained. Secondly, we examine the inverse spectral problem of the 

problem (1)-(3) that is indicated in the way: to determine the potential 

( )q x  and the boundary constant h  according to spectral data of the 

problem (1)-(3). Therefore, the fundamental equation of the inverse 

problem is constructed and the uniqueness theorem for the solution of 

inverse problem by spectral data is proved. Finally, an algorithm for 

the construction of the potential ( )q x  from the spectral data is given. 

1. MATERIALS AND METHODS 

To solve the inverse problem stated above, we use Gelfand-Levitan-

Marchenko (GLM) method. In this method, we use the transformation 
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operator and a linear integral equation (named by GLM equation or 

fundamental equation) is satisfied by the kernel of the transformation 

operator plays the central role. Whereas, considered problem has a 

discontinuity condition (2) at the point x a= , so the solution of the 

Sturm-Liouville equation (1) with discontinuity condition (2) is 

different from the transformation operator, it has the form of integral 

representation in which the kernel function ( , )H x s  has a 

discontinuity along the line 2s a x= −  for .a x    This integral 

representation is known from the work (Akcay, 2018) (in case of 

0 =  in the second discontinuity condition of this work) as follows: 

The solution of equation (1) under the discontinuity conditions (2) and 

initial conditions 

( ) ( )0, 1, ' 0,e e i  = =         (4) 

is defined by ( , )e x   and the integral representation of the solution 

( , )e x   is as follows: 

0( , ) ( , ) ( , ) ,

x

i s

x

e x e x H x s e ds
 

−

= +        (5) 

where 

0 (2 )

1 2

, 0 ,
( , )

, ,

i x

i x i a x

e x a
e x

e e a x



 
  −

  
= 

+  
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here 1 2

1 1 1 1
, ,

2 2
   

 
   = + = −   
   

 the kernel ( )1( ,.) ,H x L x x −  

for each ( )0,x   and satisfies the inequality.  

( ) ( )( )

0

( , ) 1, ( ) .

x x

c x

x

H x s ds e x x q d
    

−

 − = −   

Moreover, the kernel ( , )H x s  has a discontinuity along the line 

2s a x= −  for a x    and provide the following properties: 

( )

( )

0

1

0

1
, 0 ,

2
( , )

, ,
2

x

x

q d x a

H x x

q d a x

 

   


 

= 
  




 

( , 2 0) ( , 2 0)H x a x H x a x− + − − − =      

( ) ( )2

0

, ,
2

x a

a

q d q d a x
     

 
= −   

 
   

( ), 0.H x x− =  

Therefore, in this work, we use the integral representation (5) when 

solving the inverse spectral problem of Sturm-Liouville problem (1)-

(3) by applying the GLM method. In the finite interval, the inverse 

Sturm-Liouville problems are studied by using the GLM method in 

the works (Akcay, 2020; Akhmedova and Huseynov, 2010; Guliyev, 

2005; Huseynov and Dostuyev, 2016; Karahan and Mamedov, 2017; 

Nabiev, Gürdal and Saltan 2016). Moreover, note that the 

comprehensive information on the development of the theory of 
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inverse problems and the GLM method are given in (Agranovich and 

Marchenko, 1963; Freiling and Yurko, 2001; Levitan, 1987; Levitan 

and Sargsjan, 1991; Marchenko, 2011). 

Now, to discuss in detail the obtained results we need some 

preliminary facts about the spectral properties of the problem (1)-(3): 

Let ( ),x   and ( ),x   be the solutions of the equation (1) with the 

conditions (2) satisfying the initial conditions, respectively. 

( ) ( )
( ) ( )

0, 1, ' 0, 0,

, 1, ' , .h

   

     

= =

= − =
   (6) 

The function ( ),x   has the form which is obtained from the 

solution ( ),e x   formulated by (5): 

( ) ( )0

0

, , ( , )cos ,

x

x x L x s sds    = +    (7) 

where 

( )0

1 2

cos , 0 ,
,

cos cos (2 ),

x x a
x

x a x a x


 

    
 

=  + −  
 

and ( , ) ( , ) ( , ).L x s H x s H x s= + −  Moreover, from this equality, we 

have  

( )

( )

0

1

0

1
, 0 ,

2
( , )

, .
2

x

x

q d x a

L x x

q d a x

 

   


 

= 
  




          (8) 
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The characteristic function of the boundary value problem (1)-(3) is in 

the form 

( ) '(0, ) '( , ) ( , ).h         = = +             (9) 

The function ( )   is an entire function in ,  so it has a countable 

number of zeros  p  and the numbers  2

p
  are the eigenvalues of 

the boundary value problem (1)-(3). The solutions ( ), px   and 

( ),
p

x   are eigenfunctions of the problem (1)-(3) and there exists 

 p  such that 

( ) ( ), , , 0.
p p p p

x x     =         (10) 

The following asymptotic formula of the eigenvalues  2

0p p



 of the 

problem (1)-(3) is valid: 

,
p p

p p

p

s k

p
 


= + +  

where ,
p p

p h = +    ,
p

h l   p
s l  and   2pk l  (see Amirov, 

Ozkan and Keskin, 2009). Moreover, the norming constants of the 

boundary value problem (1)-(3) is defined by 

( )2

0

: ,p px dx



  =   

and the relation holds: 
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( ) ( ) ( )2 , .
p p p p

d

d
        


= =      (11) 

Note that consider  : : ,
p

G    = −   then the inequality holds: 

( ) Im
,C e G

 
                (12) 

here   is a sufficiently small positive number (see Amirov, Ozkan 

and Keskin, 2009). Furthermore, putting the asymptotic behavior in 

(9) as  →  

( ) ( ) Im

1 2

1
, cos cos 2 , ,

x
x x a x O e a x

      


 
= + − +    

 
 

we have as  →  

( ) ( ) ( )Im

1 2sin sin (2 ) .a O e
        = − − − +  (13) 

 

2. RESULTS  

2.1.  Eigenfunction Expansion 

Theorem 1. 

i. The eigenfunctions ( ) 
0

,
p

p
x 


 of the problem (1)-(3) 

form a complete system in ( )2 0,L  . 

ii. If ( ) [0, ] [ , ]h x AC a AC a    and satisfy the conditions (2) 

and (3), then the function ( )h x  has the uniformly 

convergent eigenfunction expansion 



 
124 Experimental and Numerical Advances in Engineering and Technology 

( ) ( )
0 0

1
( ) , , ( ) , .p p p p

p p

h x c x c h s s ds



   




=

= =   (14) 

Proof.  

i. Denote 

( )
( ) ( )
( ) ( )

, , , ,1
( , , )

, , ,

x s s x
x s

x s s x

   
 

    
=  

  (15) 

and take into account the function 

( ) ( )*

0

, , , ( ) .y x x s h s ds



  =          (16) 

The function ( )* ,y x   is the solution of the following problem: 

( ) ( ) ( ) ( )
( ) ( ) ( )

* * 2 *

* * * 1 *

* * *

'' ( ) ( ),

0, 0, , ' 0, ' 0, ,

' 0, ' , , 0.

y q x y y h x

y a y a y a y a

y y hy



     

    

−

− + = +

+ = − + = −

= + =

    (17) 

It follows from (10) and (11) that 

( ) ( )( ) ( ), , .
2

p

p p

p p

x x
  

   
 

=  

Taking into account this relation, the expressions (15) and (16), we 

have 

( ) ( ) ( )*

0

1
Re , , ( ) , .

2p

p p

p p

s y x x h s s ds



 
    

 =
=          (18) 

Let ( )2( ) 0,h x L   be such that 
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( )
0

( ) , 0, 0.ph s s ds p



  =   

It is obtained from (18) that ( )*Re , 0.
p

s y x
 


=

  Then, ( )* ,y x   is 

entire function of   for each ( )0, .x   Moreover, it follows from 

(12) and the estimates 

( ) ( ) ( ) ( )Im Im ( )
, , , ,

x x
x O e x O e

      −= = →  

that for a fixed 0   and sufficiently large 
* 0 :   

( )* *, , , .
C

y x G
   


    

As a result, we find ( )* , 0y x    by applying the maximum principle 

and Liouville theorem. Thus, from this fact and (17), we have 

( ) 0h x   almost everywhere on ( )0, .  

ii. Since ( ),x   and ( ),x   are solutions of the homogeneous 

problem (1)-(3), we transform ( )* ,y x   as follows: 

( ) ( ) ( )*

1 22 2

( ) 1
, , , ,

h x
y x z x z x  

 
= + +       (19) 

where 

( ) ( ) ( ) ( ) ( )1

0

1
, , ' ,

x

z x x s v s ds    
 


= +
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( ) ( ) ( ) ( ) ( ), ' , , : ' ,
x

x s v s ds v s h s



   


+ =


  

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )2

0

1
, , , ,

x

z x hh x x q s s h s ds       
 


= − +


  

( ) ( ) ( ) ( ), , .
x

x q s h s ds



    


+ 


  

Applying the standard method in the work (Freiling and Yurko, 2001), 

we calculate 

( )
0

lim max , 0, 1, 2.
k

x
G

z x k



 



→  


= =              (20) 

Take into account the following contour integral: 

( ) ( )*1
, ,

2
m

m

C

J x y x d
i

  


=   

where :
2

m m

b
C   = + 

 
 and here inf 0.

n k
n k

b  


= −   Using (19), 

we get 

( ) ( )( ) ,m mJ x h x x= −    (21) 

where 

( ) ( ) ( )1 2

1 1
, ,

2
m

m

C

x z x z x d
i

   
 

= − +    

and it follows from (20) that 
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( )
0

lim max 0.
m

m x
x




→  
=               (22) 

Moreover, applying the residue theorem, it is found that 

( ) ( ) ( )*

0 0

2 Re , , ,
p

m m

m p p

p p

J x s y x c x
 

   
=

= =

= =         (23) 

where 

( ) ( )
0

1
, .p p

p

c h s s ds



 


=   

Consequently, as m →  it follows from (21)-(23) that the 

eigenfunction expansion formula (14) is obtained. 

Corollary 2. The eigenfunctions ( ) 
0

,
p

p
x 


 form a complete and 

orthogonal system in ( )2 0, ,L   so it creates an orthogonal basis in 

( )2 0, .L   Moreover, for ( )2( ) 0,h x L   the Parsevale quality holds: 

( ) 22

00

.p p

p

h s ds c






=

=  

 

2.2.  The Uniqueness of Inverse Problem 

Consider the function 

( ) ( ) ( ) ( ) ( )0 00 0

0
0

, ,, ,
, ,

p pp p

p p p

x sx s
F x s

      

 



=

 
 = −
 
 

        (24) 
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where 0

p  are norming constants of the problem (1)-(3) where 

( ) 0.q x   

Theorem 3. The kernel appearing in representation (7) satisfies the 

following equation which is defined as fundamental equation of 

inverse problem for each (0, ] :x   

( ) ( ) ( ) ( )
0

, , , , 0, 0 ,

x

L x s F x s L x z F z s dz s x+ + =     (25) 

where 

( ) ( ) ( )

( )

2

1

1

( , ), 0 0 2 , ,

, , , 2 , 2 ,

1
, , .

L x s s x a and s a x x a

L x s L x s L x a s a x s a x

L x s a s x







      − 


= − − −   



 


 (26) 

Proof. It is obtained from the expression ( )0 ,x   that 

( )

( ) ( )
0

2
0 0

1 1

, , 0 ,

cos 1
, 2 , , .

x x a

x
x a x a x

 
     

 

  
=  − −  


 

Taking into account this formula, the solution (7) is converted to the 

following form:  

( ) ( ) ( ) ( )0 0

0

, , , , ,

x

x x L x s s ds x a     = +   

and 
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( ) ( ) ( ) ( ) ( ) ( )

( ) ( )

0 0 0

10

2
0

12

1
, , , , , ,

, 2 , , .

a x

a

a

a x

x x L x s s ds L x s s ds

L x a s s ds a x

       


  
−

= + +

− − 

 


 

Consequently, we get 

( ) ( ) ( ) ( )0 0

0

, , , , ,

x

x x L x s s ds     = +          (27) 

where ( ),L x s  is in the form of (26). Moreover, according to (27), 

( ) ( ) ( ) ( )0

0

, , , , .

x

x x N x s s ds     = +          (28) 

It is obtained from (27) and (28) that 

( ) ( ) ( ) ( )0 0 0

0 0

, , , ,m m
p p p p

p pp p

x s x s       

 = =

=        

               ( ) ( ) ( )0 0

00

, ,
,

x m
p p

p p

z s
L x z dz

   

=

+   

and 

( ) ( ) ( ) ( )0

0 0

, , , ,m m
p p p p

p pp p

x s x s       

 = =

=   

                           ( ) ( ) ( )
00

, ,
, .

s m
p p

p p

x z
N s z dz

   

=

+   

Then, using these equalities, we can write 



 
130 Experimental and Numerical Advances in Engineering and Technology 

( ) ( ) ( ) ( ) ( )
1 2 3 4

, , , , ,m m m m mx s x s x s x s x s    = + + +    (29) 

where 

( ) ( ) ( ) ( ) ( )0 0

0
0

, ,, ,
, ,

m
p pp p

m

p p p

x sx s
x s

      

 =

 
  = −
 
 

  

( ) ( ) ( ) ( ) ( )
1

0 00 0

0
0

, ,, ,
, ,

m
p pp p

m

p p p

x sx s
x s

      


 =

 
 = −
 
 

  

( ) ( ) ( ) ( ) ( ) ( )
2

0 00 0

0
00

, ,, ,
, , ,

x m
p pp p

m

p p p

z sz s
x s L x z dz

      


 =

 
 = −
 
 

  

( ) ( )
( ) ( )

3

0 0

0
00

, ,
, , ,

x m
p p

m

p p

z s
x s L x z dz

   


=

=   

( ) ( ) ( ) ( )
4

00

, ,
, , .

s m
p p

m

p p

x z
x s N s z dz

   


=

= −   

Let ( ) [0, ] [ , ].h x AC a AC a    Then, from Theorem 1 and the 

expression (24) we calculate 

( ) ( ) ( )0

0
0 0

0 00

lim max ( ) , lim max , ,
m m

m p p m p
m mx x

p p

h s x s ds c x c x



 
   

→ →   
= =

 = −     

                         ( )
0

0

lim max ( ) ,
m

p p
m x

p

h x c x


 
→  

=

 −    

   ( )0

0
0

0

lim max ( ) , 0,
m

p p
m x

p

h x c x


 
→  

=

+ − =    (30) 
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( ) ( )
1

0 0

lim ( ) , ( ) , ,m
m

h s x s ds h s F x s ds

 


→

=      (31) 

( ) ( ) ( )
2

0 0 0

lim ( ) , ( ) , , ,

x

m
m

h s x s ds h s L x z F z s dz ds

 


→

 
=  

 
        (32) 

( ) ( ) ( )
3

0 0

lim ( ) , , ,

x

m
m

h s x s ds h z L x z dz




→

=       (33) 

( ) ( ) ( )
4

0

lim ( ) , , .m
m

x

h s x s ds h s N s x ds

 


→

= −      (34) 

Thus, it is obtained from (29)-(34) that 

( ) ( ) ( )
0 0 0

( ) , ( ) , ,

x

h s F x s ds h s L x z F z s dz ds

   
+  

 
    

( )
0

, ( ) ( ) ( , ) 0.

x

x

L x s h s ds h s N s x ds



+ − =   

Since ( ) ( ), , 0L x s N x s= =  for x s  and ( )h x  can be chosen 

arbitrary, we have 

( ) ( ) ( ) ( )
0

, , , , ( , ) 0.

x

F x s L x s L x z F z s dz N s x+ + − =  

The above equation yields the fundamental equation (25) for .s x  

Lemma 4. The fundamental equation (25) has a unique solution 

( ) ( )2,. 0,L x L x  for each (0, ].x   

Proof. We will demonstrate that the homogenous equation 
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( )
0

( ) , ( ) 0

x

w s F s w d  + =         (35) 

has only trivial solution ( ) 0.w s =  Let ( )w s  be a solution of the 

equation (35) and ( ) 0w s =  for ( ), .s x   In that case,  

( ) ( ) ( )2

0 0 0

, ( ) 0

x x x

w s ds F s w w s d ds  + =    

or by means of (24), we get 

( ) ( ) ( )
2

2

0

00 0

1
,

x x

p

p p

w s ds s w s ds 




=

 
+  

 
   

( ) ( )
2

00
0 0

1
, 0.

x

p

p p

s w s ds 




=

 
− = 

 
   

Applying the Parseval equality,  

( ) ( ) ( )
2

2

00
00 0

1
, ,

x x

p

p p

w s ds w s s ds 




=

 
=  

 
   

we obtain 

( ) ( )
2

0

0 0

1
, 0.

x

p

p p

w s s ds 




=

 
= 

 
   

Since 0
n
   and the system ( ) 0

0
, p

p
s 


 is complete in ( )2 0,L 

from the statement i in the Theorem 1, we find ( ) 0.w s =  
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Now, let us point out the problem (1)-(3) as ( )( ),T q x h  and take the 

problem ( )ˆˆ ˆ( ),T q x h  which is the same form as T  but with different 

coefficients. 

Theorem 5. Assume that ˆ
p p

 =  and ˆ , 0.
p p

p =   In that case 

ˆ( ) ( )q x q x=  almost everywhere on ( )0,  and ˆ.h h=  That is, the 

operator T  is uniquely determined by the specification of the spectral 

data  2

0
, .

p p p
 


 

Proof. It follows from (24) that ( ) ( )ˆ, , .F x s F x s=  Thus, it is obtained 

from the equation (25) that ( ) ( )ˆ
, , .L x s L x s=  Using the formula (8) 

and (26), we find 

( ) ( )
0

1
, .

2

x

L x x q d =               (36) 

This relation yields ˆ( ) ( )q x q x=  almost everywhere on ( )0, .  Taking 

into account (13), we have ( ) ( )ˆ
p p     and ˆ

p p
 =  from the 

equality (11). It is obtained from (6) and (10) that ˆ.h h=  

Algorithm 6. The construction of potential ( )q x  according to the 

spectral data  2

0
,

p p p
 


 is as follows: 

• From the given spectral data  2

0
,

p p p
 


 build ( ),F x s  by the 

formula (24), 
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• Calculate ( ),L x s  by solving the fundamental equation (25), 

• Find ( )q x  from the relation (36). 
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INTRODUCTION 

Building codes permit pattern loads to be arranged to provide the most 

unfavorable internal forces in building frames’ structural analysis. 

Hundreds of patterns loading configurations must be performed, 

mainly if the structural analysis of multistory systems is performed 

according to this law. Such pattern loading arrangements are not 

feasible and economical, even with the most modern desktop 

technologies. Therefore, various pattern loading arrangements have 

been proposed in previous studies. Prof. Richard W. Furlong and Prof. 

Ugur Ersoy have published two well documented critical studies 

regarding pattern loading arrangements. This paper’s key motivation 

is to review these two previous articles on pattern loading 

arrangements, suggest a new methodology, and simplify all three 

different approaches by planning computer programs. Design tables, 

consisting of the most unfavorable internal forces required for design, 

will be ordered automatically using the prepared software 

applications. These tables would also be in a suitable format that the 

designer can quickly read and use. Consequently, the time required for 

the concrete frame structural examination would be reduced, making it 

easier for a designer to work. The author’s suggested solution, 

regardless of the number of spans and floors of a building structure, 

needs only five loading arrangements for patterns. 

In the structural analysis phase of multistory buildings’ design, the 

engineer must analyze live load patterns placed on the building frame 

floors. Building codes such as ACI 318-99, sec. 8.9.2 (ACI, 1977), TS 
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500-2000, sec. 6.3.3 (TSE, 2000) and others require analyses based on 

live load arrangements producing the most unfavorable effects on 

members. This requirement leads to hundreds of loading cases in the 

analysis of multistory structures. However, this may not be practical 

even with the use of the most recent desktop technology, and except 

supercomputers, all personal computers have limited capacity. It is 

known that if the number of live load arrangement increases, the 

probability of a specific live load arrangement occurring decreases 

(Ersoy, 1992). Also, internal forces in any element are not affected by 

the loadings on far away spans. Therefore, a reasonable number of 

pattern loading cases should be analyzed to obtain sufficiently 

accurate results. Proper arrangements are suggested by Prof. Richard 

W. Furlong, Prof. Ugur Ersoy, and the author of this paper, which are 

called Furlong Approach (FA), Ersoy Approach (EA), and Approach 

Number 3 (AN3). Even with computer programs, inputting loads for 

each pattern loading case of each approach by hand is time-

consuming. Also, during inputting, loads can be inputted onto the 

wrong element, yielding a false result. Another problem is identifying 

maximum internal forces from the resulting internal forces of each 

loading case of each approach. The selected maximum results of each 

loading case must be compared with each other, and maximum values 

must be taken as internal design forces. Also, this procedure should be 

repeated for all the approaches to get the most unfavorable effects. 

Another motivation of this paper is to shorten the time taken in the 

structural analysis phase of the structural design process. Accordingly, 

an easy method is needed to generate pattern loading arrangements 
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and do analysis according to these arrangements. Hence, computer 

codes for realizing this motivation were written in the “FORTRAN 

Visual Workbench v 1.00” programming language (Fortran, 1993). 

This paper aims to generate computer programs to automate pattern 

loading arrangements and apply pattern loads onto beams of frame 

structures according to approaches proposed by Richard W. Furlong, 

Ugur Ersoy, and the author of this paper, respectively. Hence, the 

methods of Richard W. Furlong, Ugur Ersoy, and the author of this 

paper were coded separately. Another objective is to quickly solve 

internal forces and identify maximum internal forces from each 

loading case resulting in internal forces. Ultimate results of each 

loading case were selected, and these results were compared with each 

other, and design tables were prepared using these maximum values, 

computer codes automatically generate all these phases. A designer 

can use design tables to start design directly. The methodology’s main 

stages for this paper’s objective are developing live load 

arrangements, analysis by stiffness method, finding member forces, 

and drawings generated live load arrangements. Illustrations were 

done for a visual explanation of the ideas of each approached live load 

arrangement. 

1. METHODOLOGY 

This research considers the problem of pattern loading arrangements 

in frames. Pattern loading is a phenomenon that occurs when live 

loads are present on some of the beams of the frame, but no live loads 

are present on the other beams of the frame. For example, imagine a 
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floor that sits beneath two different rooms in a home. If one day there 

is a person in one room but no one in the other room, this is a possible 

pattern load condition. Pattern loading only concerns live loads. Dead 

loads are always present and do not affect by pattern loading. 

According to Cavadas et al. (2020), load combinations can bedone in 

the order shown in Figure 1. This general approach is time-consuming 

and involves complex computations. Genetic algorithms are search 

algorithms based on the mechanics of natural selection and natural 

genetics. Their basic idea behind nature itself is the “Survival of the 

Fittest” (Zalzala & Fleming, 1997). In a genetic algorithm, in every 

generation, a new set of artificial creatures (strings) are created using 

bits (0 or 1), and the fittest of every string or chromosome is 

calculated (Jenkins, 1997). If they are strong enough to survive to the 

next generation, their genetic information is exploited to the new 

generation, thus exchanging its information to seek new and fitter 

strings in the preceding generations (Demirel, 1999). Leading 

operators of a Simple Genetic Algorithm: 1. Selection and 

Reproduction; 2. Crossover; 3. Mutation (Artar and Daloğlu, 2015; 

Toğan and Daloğlu, 2006). According to Turğut and Arslan (2001), 

pattern loads can be generated by using Genetic Algorithms. Turğut 

and Arslan (2001) worked on continuous beams, and they tried to 

develop pattern loading arrangements that cause the most unfavorable 

effects. 
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Figure 1. General approach for live load arrangements in a manner that the most 

unfavorable effects are created. 

As seen in Table. 1, in addition to their advantages, genetic algorithms 

have many drawbacks. Especially for pattern loading arrangements, 

Genetic Algorithms are mostly applicable for small structures such as 

indeterminate continuous beams or small frames. During the load 

combination process, too many files must be opened and read. More 

complex calculations are needed to obtain the internal forces’ 

unfavorable values found during this optimization process. These 

mentioned drawbacks show that getting the optimum design values is 

time-consuming and needs to be developed or supercomputer 

technology rather than standard desktop technology. However, more 

simple methods can be used for the optimization process, and the most 

unfavorable internal forces for the design process can be found by 

using these methods. 
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Table 1. Advantages and disadvantages of Genetic Algorithms. 

Technology Advantage Disadvantage 

Genetic 

Algorithms 

 Particularly well suited for 

challenging problems where 

little is known about the 

underlying search space. 

 Widely applicable. 

 Easy to incorporate other 

methods. 

 It can be run interactively, 

accommodate user proposed 

solutions. 

 Provide many alternative 

solutions. 

 There is no guarantee for 

the optimal solution within 

finite time. 

 Weak theoretical basis. 

 May need parameter 

tuning. 

 Often computationally 

expensive and slow. 

 

1.1. Furlong Approach 

Furlong Approach aims to get maximum internal forces in beams and 

columns with the least number of reasonable live load arrangements 

(Furlong 1981). In Furlong Approach, many loading cases are defined 

due to the number of frame structure spans. Using Eq. (1), the total 

number of loading cases for the frame structure can be calculated.  

 

nlc of FA = 2 + (m-1)       (1) 

 

Where “nlc,”“FA,”“m,”“2”, (m-1) are indicating the number of 

loading cases, Furlong Approach, the total number of spans, number 

of loading cases for positive span moments, number of loading cases 

for negative support moments, respectively. Loading cases along with 

the programming idea of FA is shown in Figure 2. Each circle 

indicates one floor; each space between dots on circles indicates a 
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single beam; thick curves on the circles indicate pattern loads; arrows 

indicate equivalent joint forces of pattern loads. 

 

Figure 2. Loading cases of Furlong Approach and the programming idea. 

1.2. Ersoy Approach 

Ersoy’s approach requires analyzing five cases irrespective of the 

number of stories and beams (Ersoy, 1992). A reasonable number of 

cases should be interpreted to obtain sufficiently accurate results 

(Ersoy, 1992). Loading cases along with the programming idea of EA 

is shown in Figure 3. In EA, two beams are loaded at the top story 

starting from the first beam, and the third one is unloaded. This 

loading continues until all beams at the top story are dealt with. This 

loading continues by skipping one beam in each story until all beams 

and stories are dealt with (Ersoy and Ozcebe, 1998). 
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Figure 3. Loading cases of Ersoy Approach and the programming idea. 

1.3. Approach Number 3 

Approach Number 3 requires the analysis of five cases irrespective of 

the number of stories and beams. The aim of Approach Number 3 is, 

as the aim of the Furlong Approach and Ersoy Approach, to obtain 

sufficiently accurate results with a reasonable number of loading 

cases. The first two loading cases are Classical Checkerboard Loading 

and the first two loading case of the Ersoy Approach. Loading cases 

for finding maximum negative moments are different from Furlong 

and Ersoy’s Approaches. Loading cases of AN3 along with the 

programming idea of AN3 is shown in Figure 4. Helix indicates all 

beams. In AN3, starting from the first beam, two adjacent beams are 

loaded, and the third one is unloaded at the upper left. This loading 

continues until all beams are dealt with. 
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Figure 4. Loading cases of Approach Number 3 and the programming idea. 

According to Balfour (1992), distributed loads on beam elements can 

be converted into equivalent joint forces. Therefore, loaded structure 

can be analyzed by computer programs quickly. According to 

Hibbeler (1990), this method is used for the structure analyzed by the 

hand calculation’s stiffness method. Beam elements of the frame 

structure are considered components of a matrix, “m” is the total 

number of spans and “lvl” is the total number of floors. Therefore, 

“m” is the column number and “lvl” is the row number of this 

matrix,as seen in Eq. (2).  

    (2) 

Using the Do loop, which changes from 1 to m, each span number can 

be defined, and by using the second Do loop, which varies from 1 to 

lvl, each beam number can be determined. Computer codes were 

written in Fortran programming language for all three approaches 
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(CCFA, CCEA, and CCAN3). Parts of each computer code are shown 

in Figure 5. 

2. RESULTS AND DISCUSSIONS 

According to “TS 500-2000” (TSE, 2000), unfavorable loads must be 

considered for the building design. An example frame 3x4 is shown in 

Figure 6. In this frame, factored loads are in kN per meter (kN/m). 

Load Combination is; Fd=1.0G+1.0Q, where G is dead load, Q is live 

load. Section properties for each element of the frame are given as: for 

beams; E=28,000,000 kN/m
2
, A=0.1125 m

2
, I=0.001898 m

4
, for 

columns; E=28,000,000 kN/m
2
, A=0.1225 m

2
, I=0.001250 m

4
.  
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Figure 5. Programming logic and parts of three approaches. 
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Figure 6. Example frame for the analysis (green for live load, black for dead load). 

Results from computer codes (CCFA, CCEA, and CCAN3) are shown 

in Table 2. Note that the most critical frame elements where the most 

unfavorable loads have occurred were presented. 
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Table 2. Comparison of CCFA, CCEA, and CCAN3 results for the frame in Fig. 6. 
B

ea
m

 n
o
 

D
es

ig
n

 

in
te

rn
a

l 

fo
rc

es
 CCFA CCEA CCAN3 

i-end 
span 

(+)  

span 

(-) 
j-end i-end 

span 

(+)  

span 

(-) 
j-end i-end 

span 

(+)  

span 

(-) 
j-end 

Along the element Along the element Along the element 

1 

M (kN.m) -121 124 34 -163 -122 127 32 -164 -121 127 32 -163 

V (kN) 171   -184 171   -185 171   -184 

N (kN)  -62   -63   -62  

5 

M (kN.m) -60 11 -14 -60 -70 16 -20 -72 -61 16 -20 -61 

V (kN) 68   -68 73   -74 68   -68 

N (kN)  7   7   7  

7 

M (kN.m) -152 107 27 -167 -151 -110 24 -169 -152 110 24 -167 

V (kN) 175   -179 175   -180 175   -179 

N (kN)  -7   -13   -7  

9 

M (kN.m) -167 107 27 -152 -168 110 24 -151 -167 110 24 -152 

V (kN) 179   -175 180   -175 179   -175 

N (kN)  -7   -14   -7  

11 

M (kN.m) -72 5 -22 -72 -74 8 -25 -77 -72 8 -25 -72 

V (kN) 70   -70 72   -73 70   -70 

N (kN)  6   6   6  

C
o

lu
m

n
 n

o
 

D
es

ig
n

 

in
te

rn
a

l 

fo
rc

es
 CCFA CCEA CCAN3 

i-end 
span 

(+)  

span 

(-) 
j-end i-end 

span 

(+)  

span 

(-) 
j-end i-end 

span 

(+)  

span 

(-) 
j-end 

Along the element Along the element Along the element 

14 

M(kN.m) 84 43 -39 -80 84 44 -41 -81 84 44 -41 -80 

V (kN) -48   -48 -49   -49 -48   -48 

N (kN)  -521   -477   -521  

17 

M (kN.m) -21 26 -5 42 -22 28 -6 45 -22 28 -6 45 

V (kN) 18   18 20   11 20   20 

N (kN)  -1001   -939   -1001  

23 

M (kN.m) 50 26 -23 -47 53 28 -25 -48 50 27 -25 -47 

V (kN) -28   -28 -30   -30 -28   -28 

N (kN)  -501   -489   -501  

 

If we want to apply all possible load combinations, there will be many 

pattern loads cases. On the other hand, using FA, EA, and AN3 

decreases (Table 3). 
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Table 3. Comparison of the total number of loading cases (LC) for the example 

frame according to FA, EA, AN3, and all possible load combinations. 

Number of LC 

of FA 

Number of LC 

of EA 

Number of LC 

of AN3 

Number of LC of All 

Possible Load 

Combinations 

4 5 5 2n = 212 = 4096 
 

CONCLUSIONS 

This study’s programming ideology is a useful example for those 

interested in programming in structural engineering. The author’s 

alternative approach (AN3) and computer codes (CCFA, CCEA, and 

CCAN3) were presented. The proposed method is straightforward, 

applicable, and efficient for programming.  

This research investigated the previous studies done by Furlong and 

Ersoy and developed the third approach called approach number three 

(AN3). The new proposal influenced the genetic algorithms based on 

the mechanics of natural selection or, in other words, the survival of 

the fittest. A new approach requires analyzing five cases only 

irrespective of the number of stories and beams. The AN3 has the aim 

to obtain sufficiently accurate results with a reasonable number of 

loading cases. Loading cases of the Furlong and Ersoy approaches are 

classical checkerboard loading. AN3 has different loading cases for 

finding maximum negative moments, starting from the first beam, at 

the upper left, two adjacent beams are loaded, and the third one is 

unloaded. This loading continues until all beams are dealt with. 
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Using computer programs (computer codes) short time is taken in the 

structural design purpose analysis phase. A designer and students can 

easily handle these programs and get design tables. By using these 

design tables, the engineer can start design directly. Results show that 

all three approaches give unfavorable internal forces that were very 

close to each other. However, the proposed alternative Approach 

(AN3) easier to apply for any building frame regardless of the number 

of spans and story. 
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