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PREFACE 

In this comprehensive volume, we embark on a journey through 

various facets of contemporary research and innovation, spanning diverse 

fields of science and technology. Each chapter offers unique insights and 

contributions, advancing knowledge and understanding in their respective 

domains. Here, we provide a brief overview of the chapters and their key 

contributions: 

Chapter 1: Energy Efficient Through Near-Zero Energy Building 

Approach Across the Lifecycle of Existing Public Buildings 

Continuing our journey, we shift our attention to energy efficiency in 

existing public buildings. This chapter explores the near-zero energy building 

approach as a sustainable solution, emphasizing strategies to reduce energy 

consumption, improve building performance, and minimize environmental 

impact. 

Chapter 2: Advance in Lithium-Ion Batteries: An Overview 

Transitioning to the realm of energy technology, we delve into the 

advancements in lithium-ion batteries. This chapter addresses critical 

challenges, explores emerging technologies, and underscores the pivotal role 

of lithium-ion batteries in shaping our evolving energy landscape. 

Chapter 3: Fuel Injection Strategies to Improve After-Treatment 

Thermal Management in Diesel Engine Systems: A Review 

Our journey takes us into the world of automotive technology. 

Chapter 4 provides a comprehensive review of fuel injection strategies in 

diesel engine systems. It highlights how these strategies can enhance after-

treatment thermal management, leading to reduced emissions and improved 

engine performance. 

Chapter 4: Tribological Effects of Cobalt and Boron on Copper-

Based Composites 

Shifting our focus to materials science and tribology, Chapter 5 

explores the tribological effects of cobalt and boron on copper-based 

composites. This study investigates the addition of these elements to enhance 

the properties of copper, offering valuable insights into their impact on 

hardness, wear resistance, and microstructure. 
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Chapter 5: Exploring the Interplay of Structural and Magnetic 

Properties in Technologically Enhanced Eu-Doped GdMnO3 Materials 

Continuing our exploration of materials science, Chapter 6 delves into 

the intricate interplay between structural and magnetic properties in 

technologically enhanced materials. It focuses on Eu-doped GdMnO3 

materials and their potential applications in advanced technologies, shedding 

light on their magnetic and structural behavior. 

Chapter 6: Rocket Motor Thrust Analysis with CFD 

Venturing into the realm of aerospace and computational fluid 

dynamics (CFD), Chapter 7 analyzes rocket motor thrust. This chapter 

explores the complexities of rocket propulsion, offering insights into 

optimizing thrust performance for space exploration and beyond. 

Chapter 7: Hydrogeochemical Characterization and Health 

Implications of Freshwater Springs in the Fatmalı-Önsen Region, Turkey 

Our journey concludes with a unique chapter on hydrogeochemistry. 

This chapter provides a deep understanding of the hydrogeochemical 

characteristics and health implications of freshwater springs in the Fatmalı-

Önsen region of Turkey, adding a thought-provoking dimension to our 

exploration. 

The content and accuracy of each chapter are the sole responsibility 

of their respective authors, whose expertise and dedication have been pivotal 

in shaping this compilation. 

We extend our heartfelt gratitude to IKSAD International Publishing 

House for their support in bringing this volume to fruition. Their commitment 

to disseminating cutting-edge research has made this endeavor possible. 

We also express our appreciation to the esteemed chapter authors for 

their dedicated contributions, which have enriched this compilation with 

valuable insights and expertise. 
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These chapters collectively contribute to the expanding realm of 

knowledge, offering valuable perspectives and solutions in their respective 

fields. We hope this volume inspires further exploration and innovation, 

fostering a deeper understanding of the multifaceted world of science and 

technology. 

With the highest regards, 

Assist. Prof. Serkan Güldal  

Adiyaman University 
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INTRODUCTION 

One of the primary causes of climate change is the carbon emissions 

released from energy sources derived from fossil fuels. According to data 

from 2022, building construction and related activities constitute the largest 

share in both global final energy use (36%) and carbon emissions resulting 

from energy consumption (46%) (Figure 1). Therefore, the building and 

construction sector takes a central role in efforts to reduce greenhouse gas 

emissions. Hence, there is a growing need for further action to reduce 

emissions and promote a low-carbon, sustainable built environment. 

 
Figure 1: (a) "Global Share of Final Energy Use in Buildings and Construction 

Sector (b) Global Share of Emissions from Buildings and Construction Sector (United 

Nation Environment Programme, 2022) 

The operational energy demand for functions within buildings, 

including heating, cooling, water heating, lighting, cooking, and other 

purposes, accounts for approximately 30% of the total final energy demand. 

This demand has increased by approximately 4% compared to 2020, reaching 

135 EJ, surpassing the previous value in 2019 by 3% (United Nation 

Environment Programme, 2022). Global growth in fuel use in the building 

sectors from 2010 onwards has been concentrated on electricity, natural gas, 

and traditional biomass usage, with a recent surge in electricity consumption 

contributing to an increase in CO2 emissions (Figure 2). 
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Figure 2: Global Final Energy Use in the Building Sector by Fuel Type (United 

Nation Environment Programme, 2022) 

The increase in carbon emissions released into the environment due to 

energy consumption in buildings, along with the growing challenge of 

accessing cost-effective energy, are considered significant barriers to the 

development of a sustainable built environment. The primary drivers of this 

situation can be attributed to the global population growth and the expansion 

of building use (International Energy Agency, 2022).  

The energy intensity in buildings (final energy use per square meter) 

has been consistently decreasing by approximately 0.5% to 1% since 2010. 

However, it has been emphasized within the Sustainable Development 

Scenario (SDS) that in order for energy efficiency in buildings to sustainably 

continue, there should be a minimum annual decrease of 2.5% in energy 

intensity per square meter (Figure 3). 
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Figure 3: Within the scope of the SDS, CO2 emissions related to energy consumption 

in buildings, 2000-2030 (International Energy Agency, 2020) 

Although total energy efficiency expenditures in buildings saw a 

relative decrease as of 2018, they remained above the $250 billion threshold 

as of 2022. However, a decline in these investments is anticipated in the short-

term future (Figure 4). The slowdown is attributed to investments in energy-

efficient building systems continuing in countries such as the United States 

and China, while investments within the EU countries are slowing down. 

Nevertheless, the real estate market continues to invest due to the increase in 

Environmental, Social, and Governance (ESG) scores, which serve as 

promising metrics for the sector, leading to the adoption of green buildings 

and green building rating systems (Global Environmental Social and 

Governance Benchmark, 2022).  
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Figure 4: Global energy efficiency investments by sector (International Energy 

Agency, 2022) 

The evaluation of efforts aimed at designing nearly Zero Energy 

Buildings (nZEB) for existing public buildings should encompass 

environmental, technological, economic, and social variables. Furthermore, it 

is crucial to approach the process dynamically, identify risks, and incorporate 

monitoring and review procedures. Anticipated gains or challenges during the 

operational phase should be outlined, and life-cycle costs must be 

comprehensively considered. The validity of proposed models should be 

confirmed, aligning them with legal regulations and objectives. Given its 

inherently interdisciplinary and multi-stakeholder nature, this process should 

be thoroughly examined from various perspectives and addressed by all 

stakeholders. 

In current energy efficiency initiatives for existing buildings, 

decision-making mechanisms are typically treated as static processes. 

Additionally, the risks and potential challenges of the process are not subject 

to monitoring and evaluation. Consequently, the criteria considered during the 

decision phase fail to provide insights into the post-renovation situation, 

hindering problem-solving efforts. 

Within the building energy efficiency sector, it is essential for 

stakeholders, including users, contractors, financiers, and administrators, to 

ensure that the outcomes of the process generate added value from a 

sustainable environmental perspective. This research proposes a process 

design that aims to provide user comfort, maximize profitability for 

contractors in the shortest time, ensure robust cash flow for financiers, and 
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offer sustainable, feasible, and scalable solutions for administrators while 

minimizing the environmental impact through dynamic process design. The 

study presents a perspective on this dynamic process design and offers 

recommendations. 

1. IMPLEMENTING THE NEARLY ZERO ENERGY 

BUILDING APPROACH IN EXISTING PUBLIC BUILDINGS 

Public buildings represent a significant share of energy consumption 

and a strategic area for achieving environmental and economic sustainability. 

The application of the near-zero energy building approach to existing 

buildings starts with the near-zero energy building approach, setting out the 

basic principles and potential benefits of this approach.  We then describe the 

tools that complement the approach, such as life cycle assessment (LCA) and 

life cycle cost analysis (LCC). These tools will help us to understand and 

optimise the environmental and economic impacts of energy efficiency 

projects. Under the concept of deep renovation, we examine how existing 

buildings can be transformed and energy efficiency improved. We then focus 

on performance indicators to assess the impact of energy efficiency projects. 

Finally, we conclude the approach by addressing the energy efficiency 

implications of understanding and managing building occupant behaviour, 

which plays an active role in achieving energy saving targets.  

The paper is an introduction to the journey of understanding the 

complexity of implementing energy efficiency and addressing the challenges 

and proposing solutions to improve the energy efficiency of existing public 

buildings. 

1.1 Nearly Zero Energy Building Approach  

The process of converting existing buildings into nZEBs, which is 

applied in the world and conceptually known and targeted in our country, is a 

sensitive process that should be implemented by considering many variables 

together ((Attia et al., 2017; Brambilla et al., 2018; Di Giuseppe et al., 2017; 

Fotopoulou et al., 2018; Irulegi et al., 2017; Semprini et al., 2017; Wells et al., 

2018). The best results of this process depend on the dynamic design of the 

process and the consideration of the demands of all stakeholders. In the 

European Union (EU), efforts have been made in the context of reducing 

primary energy consumption in buildings; following the 2007 Climate and 

Energy Package, which aimed to reduce primary energy consumption by 20% 

by 2020, increase the share of renewable energy production by 20%, and 
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reduce greenhouse gas emissions by 20% compared to the 1990 level, the 

2030 Climate and Energy Framework and the European Roadmap for 2050 

have been published. According to these frameworks, greenhouse gas 

emissions are expected to be reduced by 40% compared to the 1990 level, the 

share of renewable energy is expected to increase to 32%, and energy 

efficiency is expected to improve by at least 32.5% (European Commission, 

2023).  

Reducing energy consumption and the use of energy from renewable 

sources in the construction sector constitute fundamental steps to reduce the 

EU's energy dependency and greenhouse gas emissions. The construction 

sector has been defined as a key sector in achieving the Sustainable 

Development Goals set by the EU and the United Nations (UN), particularly 

in efforts to achieve the 20/20/20 targets. Additionally, many of the 

sustainable development goals set by the UN's Agenda 2030 affect the 

construction sector. In its forecasts for 2050, the EU aims to achieve net-zero 

greenhouse gas emissions within the framework of the European Green Deal. 

To achieve this goal, the UN also emphasizes the urgent implementation of 

Sustainable Development Goals. 

The concept of nZEB, defined as buildings with very high energy 

performance (Official Journal of the European Union, 2018), is expressed as 

energy that can be significantly met with renewable resources produced in the 

building. The nZEB definitions, which reflect the national, regional or local 

conditions of the member states by EPBD and indicate a numerical indicator 

of primary energy use expressed in annual kWh/m2, are detailed. The primary 

energy factors used in determining the use of primary energy are based on 

national or regional annual average values, taking into account the relevant 

European standards. 

It is stated that the Member States need to provide quantitative 

definitions of "very high energy performance" and "energy significantly 

obtained from renewable resources", and also the meaning of "primary energy 

(total, non-renewable or renewable)" to be used in the numerical performance 

indicator and "near" are phenomena that need to be redefined in each country. 

One of the provisions restructured with the updated EPBD is related 

to the introduction of cost-effectiveness (cost-optimality). A comparative 

methodology framework is provided in the Delegated Regulation No. 

244/2012, which completes the renewal of the EPBD, for the minimum 
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energy performance requirements for buildings and their elements to be 

achieved at a cost-optimal level (Arambula Lara et al., 2015; Zangheri et al., 

2022). The optimum cost level is defined as "the level of energy performance 

that leads to the lowest cost over the estimated economic life cycle". The 

methodology includes defining reference buildings and implementing energy 

efficiency measures to reduce primary energy consumption and select 

economically the most advantageous solutions (D’Agostino et al., 2021, 2022; 

Yang et al., 2016). 

The concept of optimum cost, which plays a critical role in 

determining the minimum energy target level for both building renovation and 

new buildings, is intertwined with nZEB (Figure 5). According to the 

European Commission Recommendation on the Guidelines for nearly zero-

energy buildings, a single performance level cannot be determined for nZEBs 

across Europe. It has been stated that flexibility is needed to take into account 

the impact of climate conditions on heating and cooling needs and the cost-

effectiveness of energy efficiency and renewable energy resource packages. 

 
Figure 5: The nZEB consept 

The main goal of energy efficiency studies in buildings is to reduce 

building energy consumption and create a more environmentally friendly 

structure without compromising comfort levels. The path to follow to increase 

energy efficiency in the process of renovating existing buildings is primarily 

to minimize the energy demand of the building within the framework of 

budget and technological possibilities. Then, meeting part of the remaining 

energy need from renewable energy sources forms an important part of this 

process. If a minimum of 60% energy efficiency can be achieved with a deep 

renovation study in a building and the annual total energy demand can be met 
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from renewable sources, the criteria for zero energy buildings (nZEB) are met 

(Economidou & Bertoldi, 2014). 

The building energy need can be reduced with energy efficient 

design, planning, and applications depending on a number of variables such as 

the type, size, age, and location of the building (Figure 6). In this context, 

measures such as high-performance thermal insulation in the building 

envelope, high-efficiency heating, cooling and ventilation systems, lighting 

and heat recovery systems, variable speed and high-efficiency pump and fan 

selection, free cooling applications, implementation of automatic control and 

automation systems/energy management systems, selection of efficient office 

devices can be considered. 

 
Figure 6: Processes aimed at increasing energy efficiency in building (Republic of 

Türkiye Ministry of Environment Urbanization and Climate Change, 2020) 

The literature review conducted for the renovation of existing 

buildings with the nearly zero-energy building approach has included results 

related to nZEB design and potential energy savings that can be achieved with 

these design principles. It has been found that the established framework 

related to the subject has been examined in all its aspects, and in some studies, 

this framework is questioned, and new methods are proposed with the studies 

conducted. The relationship of design principles with user behavior, deep 

renovation applications, and economic feasibility has been revealed and 

policy criticisms have been made at national and international scales. 

However, no studies have been encountered where all economic, social, 

environmental, technical, and legal processes are carried out together. In 

addition, the fact that the process is mostly handled statically, not including 

risk analysis with monitoring and review processes, not revealing the gains or 

difficulties expected to be achieved during the operation period, one-sided 

handling of life cycle costs, not confirming the validity of the designed 
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models, not associating legal regulations and compliance with targets, 

examining this process which needs to be carried out interdisciplinary and 

multi-stakeholder by nature in one way or not being handled comprehensively 

and not being handled in terms of all stakeholders are considered as gaps in 

the studies conducted in this field. 

When the reasons why the process could not be handled holistically 

are analysed,difficulties encountered in obtaining physical data related to 

existing buildings, limited possibilities of strategy determination due to low 

performance of future energy consumption prediction models, limited 

interdisciplinary education opportunities in the field of energy efficiency and 

therefore possible difficulties and insufficient cooperation problems that may 

be experienced in teamwork that will form comprehensive thought can be 

listed. 

By considering the impact of energy-efficient transformation on 

climate change, there is a need for strategic visions that adopt international 

targets where relevant disciplines can communicate, financial opportunities 

and communication opportunities are expanded for high cooperation, 

especially related institutions and organizations act together on data sharing 

and for public buildings, which are among the most problematic areas in 

terms of energy consumption, to become energy efficient. 

1.2. Life Cycle Assessment (LCA) 

Life Cycle Assessment (LCA) refers to the process that aims to 

increase resource use efficiency and reduce liabilities by evaluating the 

potential impacts on the environment throughout the entire life cycle of a 

product or service, including production, distribution, use, and end of life 

(European Environment Agency, 2023). LCA is often referred to as "cradle to 

grave" analysis (Jiménez-González et al., 2000). The key elements of LCA 

are: (1) identification and measurement of relevant environmental burdens 

such as consumed energy and raw materials, produced emissions and wastes; 

(2) evaluation of the potential environmental impacts of these burdens; and 

(3) evaluation of existing options to reduce these environmental impacts. 

Life Cycle Impact Assessment (LCIA) covers all environment-related 

inputs such as mining, crude oil, water and land use, as well as air, water and 

soil emissions such as carbon dioxide and nitrogen oxide. Guidelines and 

requirements for LCA are available in ISO 14040 and 14044 (International 

Organization for Standardization, 2006). 
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In the goal and scope stage of the life cycle assessment, the product or 

service subject to the evaluation is first defined. A functional base reference is 

chosen for comparison and the required level of detail is defined. Then a goal 

is set that defines the scope, including purpose, application, and target 

audience. Finally, it is decided whether there needs to be a critical review of 

this goal. 

In the inventory analysis stage for the evaluation, a data compilation 

and an inventory analysis of what is taken from and released into the 

environment should be performed. The final inventory provides a list of all 

inputs and outputs associated with the life cycle of the product or service. 

In impact assessment, resource use and produced emissions are 

classified according to their potential impacts and quantified for a limited 

number of impact categories. They are then evaluated in terms of their relative 

importance for the purpose of the LCA study. The results of inventory 

analysis and impact assessment within the scope of life cycle assessment goal 

are discussed in terms of contributions presented, suitability, robustness, data 

quality, and limitations, and any opportunities to reduce the adverse effects of 

products or services on the environment are systematically evaluated. 

The LCA framework (International Organization for Standardization, 

2006): includes processes such as extracting an inventory related to natural 

resources and environmental emissions occurring along with water, energy 

and other raw materials used in the service provision process, evaluating 

possible environmental impacts associated with these inputs and outputs, and 

systematically and comparatively evaluating the results and presenting them 

to decision-makers (Figure 7). 
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Figure 7: LCA framework (International Organization for Standardization, 2006) 

 

1.3. Life Cycle Cost (LCC) 

In studies aimed at renewing existing buildings in an energy-efficient 

manner, ensuring economic feasibility, determining sustainable and affordable 

financing models for the implementation of the study, are dependent on the 

healthy continuation and completion of renovation works (Ascione et al., 

2017; Di Giuseppe et al., 2017; Guardigli et al., 2018; Hamdy et al., 2017; 

Semprini et al., 2017; Tagliabue et al., 2018). 

Life Cycle Costs (LCC) are expressed as the sum of cost estimates for 

both equipment and projects determined by an analytical study, and the total 

costs experienced throughout the entire life of the product or service 

(Barringer et al., 1996). The purpose of the LCC analysis is to select the 

lowest cost approach among a range of alternatives and thus reach the shortest 

term acquisition cost. 

LCC analysis helps decision-makers justify their choice of equipment 

and processes based on total costs rather than the initial purchase price. 

Operating, maintenance, and disposal costs often far exceed all other costs. 

The best balance between cost elements is achieved when LCC is minimized 
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(Landers, 1997). However, it should be kept in mind that LCC will give the 

best results when combined with good reasoning by considering many 

variables together, especially aesthetics and science. 

Various variables such as initial investment costs, energy costs, 

efficiency rates, payback periods, net present value calculations, and lifetime 

costs should be considered for comprehensive cost analyses for efficiency-

enhancing projects and scenarios. As a result of these analyses, scenarios and 

projects that both have appropriate payback periods and successfully meet 

indoor quality targets are determined. The energy efficiency increase rates 

that can be achieved in the context of energy efficiency-enhancing projects 

are presented in detail in Table 1. 

Table 1: Energy efficiency increase rates related to energy efficient projects 

(Republic of Türkiye Ministry of Environment Urbanization and Climate Change, 

2020) 

Savings 

Level 

Energy 

consumption 

reduction rate (%) 

Description 

Low %5-10 Short payback period (<3 years)  

Medium %10-20 Short to medium payback period (<6 years) 

High %20-40 Long payback period – deep renovation (>6 years)  

Very High %40-70 

Long payback period (energy efficiency measures, 

renovations, renewable energy systems, 

cogeneration/trigeneration systems, etc.) 

 

There are problems of high-cost initial investments and long payback 

periods for building owners and the Administration in front of the energy 

improvement of existing buildings. Therefore, different renovation strategies 

need to be evaluated through the measurement of economic sustainability in 

relation to the provision of energy efficiency aimed at reducing energy 

consumption and carbon emissions. In this context, in order to measure the 

economic sustainability of various design alternatives, determining net present 

value (NPV), discounted payback period (DPP) and global cost factors are 

among the most commonly used methods. However, it is necessary to prepare 

economic studies from this perspective in order to reduce energy costs and 

associate economic feasibility with the targeted energy efficiency rate and 

other stakeholder expectations, based on the fact that the studies focus only on 

economic feasibility during the construction process, do not make predictions 

related to the operating period, environmental factors remain in the 

background, international targets and user behaviors are ignored. 
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Energy-efficient transformations have economic benefits in the 

medium and long term as well as environmental benefits. The existence of 

these benefits offers a solution to reduce high initial investment costs. In order 

to make the economic benefits of energy efficiency measurable and reflect 

them in economic feasibility studies, it is necessary to make the 

environmental social and technical efficiency of buildings measurable by 

scoring, finding the efficiency value by calculating the purchase-sale values of 

buildings before and after energy-efficient transformation, and selecting an 

energy-efficient transformation project with dynamic project valuation 

methods that take into account the time value of money. 

1.4 Deep Renovation 

The energy consumed and needed by existing buildings and the 

alternatives to be put forward to meet this energy need to be economically 

feasible, applicable in terms of current construction conditions and 

technologies, and need to be supported by legal permits. In making existing 

buildings energy efficient, technical possibilities are also important alongside 

financial instruments (Agliardi et al., 2018; Ahmad et al., 2018; Ascione et al., 

2017; Brambilla et al., 2018; Ciancio et al., 2020; Di Giuseppe et al., 2017; 

Fotopoulou et al., 2018; Irulegi et al., 2017; Medved et al., 2021; Rosso et al., 

2020; Salata et al., 2020; Santangelo & Tondelli, 2017; Semprini et al., 2017; 

Wells et al., 2018). In this context, it is envisaged that the cost-optimal 

solutions, which are the lowest cost, least harmful to the environment, most 

profitable for financiers and contractors, income-generating in the medium 

and long term, applicable with current techniques, and can be developed with 

evolving technology, will respond to the variables demanded by all 

stakeholders. 

Studies to increase energy efficiency with deep renovation, which is 

widely used and encouraged by international authorities in renovation works 

to reduce energy costs of existing buildings, reduce energy consumption and 

achieve savings, are widely used worldwide. In this context, studies to 

increase the energy efficiency of existing buildings with deep renovation are 

frequently encountered especially in recent years (Agliardi et al., 2018; 

Ascione et al., 2017; Camporeale & Mercader-Moyano, 2021; Eliopoulou & 
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Mantziou, 2017; Ferreira et al., 2017; Fotopoulou et al., 2018; Guardigli et al., 

2018; Hamdy et al., 2017; Salvalai et al., 2017; Semprini et al., 2017). At the 

macro level, deep renovation, unlike traditional strengthening applications, is 

envisaged to consider the system as a whole, and it is expected to present 

energy savings of at least 30% as output, although it varies by regions and 

conditions. 

As a result of the studies conducted, it is seen that the application of 

deep renovation is at the forefront of the most effective and recommended 

technical studies in ensuring the energy-efficient transformation of existing 

buildings. Numerous studies have been encountered where energy-efficient 

renovation is evaluated together with factors such as architectural design 

techniques, economic feasibility, and new methods have been proposed in 

addition to established knowledge. However, it is necessary to prepare 

economic studies from this perspective in order not to evaluate all these 

factors together, not to achieve the expected effect from energy-efficient 

transformation and to associate energy costs reduction and economic 

feasibility with the targeted energy efficiency rate and other stakeholder 

expectations.  

In addition to the environmental benefits of energy-efficient 

transformations, there are also economic benefits in the medium and long 

term. The existence of these benefits offers a solution to reduce high initial 

investment costs. In order to make the economic benefits of energy efficiency 

measurable and reflect them in economic feasibility studies, it is necessary to 

make the environmental, social, and technical efficiency of buildings 

measurable by scoring, finding the efficiency value by calculating the 

purchase-sale values of buildings before and after energy-efficient 

transformation, and selecting an energy-efficient transformation project with 

dynamic project valuation methods that take into account the time value of 

money. 

There is no common deep renovation definition established at 

regional or international level, and it varies between regions. According to the 

survey results applied for the preparation of the technical report prepared by 

the Global Building Performance Network (GBPN), there is a clear distinction 
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between "deep renovation" and "deep retrofit". Experts from Europe have 

found that renovation is the most commonly used term, while experts from the 

US generally use retrofit. In general, all terms are primarily related to building 

shell regarding a deep renovation aiming at reducing all terms in depth. The 

definition of retrofit mainly focuses on mechanical systems of the building. 

In Europe, most definitions focus on heating, cooling, ventilation, and 

hot water, and generally emphasize that these should lead to at least 75% 

improvement after building renovation. Most commonly, deep renovation in 

the US requires improvements in the range of 30% - 50%, but this is based on 

total energy consumption including plug load. The relevant targets or final 

energy consumption after a deep renovation / retrofit project should be 

specified at local level within the values stated in definitions depending on 

climate zones, loads and building type. 

The EPBD published by the EU is recognized as an authority 

worldwide on the issue of energy-efficient renovation of buildings (Official 

Journal of the European Union, 2012). Although this directive does not 

directly mention the concept of "deep renovation", it regulates practices aimed 

at ensuring maximum energy performance with minimum requirements for 

existing building units and building elements subject to major renovation. 

According to the EPBD, a "major renovation" means renovating a building in 

the following cases: 

(a) The total cost of renovation work related to the building shell or 

technical building systems is higher than 25% of the building value, excluding 

the value of the land where the building is located, 

(b) More than 25% of the building's exterior shell surface undergoes 

renovation. 

This definition also defines a "window of opportunity" for "in-depth 

renovation". The minimum energy requirement will be determined by 

individual member states. However, it should be based on EPBD Article 4, 

which stipulates minimum energy performance requirements for building 

elements that form part of the building's exterior shell and have a significant 
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impact on the energy performance of the building's exterior shell when they 

are replaced. 

In recent years, stakeholders and politicians in the EU have started to 

show increasing interest in deep renovations. Other deep renovation 

definitions encountered in the research conducted by GBPN are as follows: 

RENOVATE EUROPE; Deep renovation can provide a decrease in 

energy consumption between 60% and 90% for most buildings in Europe. 

When this building renovation takes place, all existing energy-saving 

technologies should be included (Shnapp et al., 2013). 

EURIMA & Laustsen; A renovation classification of 2, 4, 6 or 10 is 

made, expressing the systematic decreases in energy performance as a factor, 

and it provides a decrease in energy consumption by 50%, 75%, 84% or 90% 

respectively compared to the performance before renovation (Economidou & 

Bertoldi, 2014). 

IEA; Deep renovation is a renovation that does not lock the savings 

potential. Deep renovation can only be carried out when the overall energy 

performance of the building is taken into account when designing the 

renovation program (Shnapp et al., 2013). 

ROCKWOOL; Normally, deep renovation is carried out using a cost-

optimal approach, associated with a major renovation of a building or 

buildings and/or as part of the standard 30-40 years renovation cycle. In low-

performing buildings, energy performance can generally be improved fourfold 

or between 65% - 95% by reducing final energy consumption compared to 

pre-renovation levels (Shnapp et al., 2013). 

BPIE (Building Performance Institution Europe); in-depth renovation 

is the process of capturing all of the potential to reduce energy demand in one 

or several steps if not possible, depending on the typology of a building and 

the climate zone. 

Energy in buildings is generally used in the form of electrical energy 

and thermal energy. During the building design process, various studies are 

carried out, usually using energy modeling software, to optimize energy 

consumption and increase efficiency. These modeling programs offer 
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powerful tools where factors such as heating/cooling loads, ventilation loads, 

lighting and electrical system designs in existing buildings can be calculated 

holistically and design optimization (optimization) can be done. In building 

renovation projects, a detailed analysis of current energy consumption is 

required to determine the targeted energy efficiency improvements. In Figure 

8, the relationships between different systems contributing to energy 

consumption are graphically shown. This provides a guide to better 

understand energy consumption and identify improvement opportunities. 

 

 
Figure 8: Relationships of energy consumption areas and systems in buildings 

(Republic of Türkiye Ministry of Environment Urbanization and Climate Change, 

2020) 

The energy need of a building arises from the total of heating, cooling, 

ventilation, hot water supply, lighting, elevator, electrical appliances and other 

energy consumption sources related to the use of different systems inside it. 

These energy consumptions have a structure that varies at different hours of 

the year. In Figure 9, an example of the Sankey Diagram (building energy 

flow diagram), which is frequently used in building energy consumption 

analyses, is presented (Momber et al., 2010). 
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Figure 9: Sankey (Energy Flow) Diagram in Building Energy Analysis  

The Sankey Diagram is a tool used to make a detailed analysis of the 

energy consumed between the systems used in buildings. This analysis is a 

fundamental starting point to determine whether energy efficiency can be 

improved and how these improvements can be made. Tools such as energy 

measurement and monitoring systems and energy modeling programs are used 

in these processes. After reducing the energy need, the remaining energy need 

can be met with appropriate renewable energy sources depending on the 

initial investment costs and the purpose of use of the building. However, the 

energy consumption of a building over its lifetime will be significant 

compared to the initial investment costs made. Therefore, when evaluating 

energy costs, factors such as total costs that will arise over the life of the 

building and annual CO2 emissions should also be taken into account. 

Deep renovation, which aims to ensure energy efficiency through the 

combined use of variables such as especially the exterior shell of the building, 

mechanical systems, heating, cooling, ventilation and hot water systems, 

generally aims for an energy improvement of 30-50%. Deep renovation, 

which means comprehensive energy renovation, should be carried out in 

accordance with the targets specified in national and international legal 

regulations in terms of final energy consumption; depending on the climate 

region where the buildings are located, the moving and dead loads they are 

exposed to throughout the year and the type of building. The renovation work 

should also be designed with a nearly zero-energy building approach to allow 

the building to meet its own energy at maximum level. In this context, 
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architectural, static and mechanical projects of existing public buildings 

should be examined, advantages and disadvantages of existing materials and 

materials and systems envisaged to be used within the scope of renovation 

should be revealed, design process related to renovation project and 

construction activity should be prepared using modern techniques such as 

Building information modeling (BIM) technologies with the data obtained. 

1.5 Performance Indicators Related to Energy Efficiency in 

Buildings 

Improving energy performance is one of the most important processes 

that need to be carried out in the energy-efficient improvement of existing 

public buildings. The Energy Management System (EnMS), prepared within 

the scope of ISO 50001, aims to continuously improve energy performance 

(Republic of Türkiye Ministry of Environment Urbanization and Climate 

Change, 2020). EnMS is defined as a set of activities systematically carried 

out to reduce the energy used and increase the energy efficiency of the 

institution for existing public buildings without reducing service quality. With 

an effective EnMS, energy efficiency of around 10-15% can be achieved just 

with the awareness created, and with a systematic roadmap, determining all 

energy consumption points and implementing techno-economically feasible 

projects, energy efficiency up to 40-50% can be possible. 

The EnMS defined according to the ISO 50001 standard is based on 

the principle of continuous improvement of energy performance. Studies for 

continuous improvement of energy performance can be achieved by adopting 

a systematic approach based on energy management known as the Deming 

Cycle, which is Plan - Implement - Check - Take Precautions. In daily 

applications, attention is paid to energy use and continuous improvement of 

energy performance is taken as a basis (Figure 10). 
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Figure 10: Deming Cycle for Energy Performance Improvement (Deming, 1982) 

The Energy Management System (EnMS), which can be applied to 

buildings of all scales and in many sectors including the building sector, can 

be carried out alone or in harmony with other management systems. In 

buildings where EnMS is implemented, besides improving energy 

performance, financial benefits, compliance with legal obligations, and many 

non-energy external and internal benefits can also be provided: 

Financial Returns: 

 Reduction in Energy Imports: Reducing energy consumption 

nationwide reduces dependence on energy imports, thereby increasing 

the country's energy security. 

 Decrease in Costs: Reducing energy consumption provides a significant 

decrease in the institution's energy costs, which increases profitability. 

 Continuous Operation: The energy consumption and operating 

conditions of the equipment are constantly monitored. This allows 

faults and service interruptions to be predicted and prevented in 

advance. 

Legal Compliance: 

 Continuous Compliance: It is mandatory to continuously comply with 

legal regulations related to energy use, and this ensures the institution 

fulfills its legal obligations. 

 Reduction of CO2 Emissions and Future Compliance: Reducing CO2 

emissions facilitates compliance with current and future environmental 

regulations. 
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External Gains: 

 Social Responsibility Image: The institution emphasizes its social 

responsibility more by providing energy efficiency, and this creates a 

positive impression on the public. 

 Fighting Climate Change: By increasing energy efficiency, the 

institution supports the fight against climate change and reduces its 

environmental impacts. 

Internal Gains: 

 Participation of Senior Management: Senior management plays a 

guiding role in improving holistic energy performance. 

 Coordination: Coordination is provided between units, which 

contributes to more efficient operation of business processes. 

 Improvement of Working Conditions: When energy efficiency is 

achieved in businesses, working conditions improve, productivity 

increases, and employee health problems decrease. 

 Sense of Belonging: Employees establish more connection with a sense 

of belonging by being part of contributing to the institution's energy 

efficiency goals. 

 Reduction of Energy-Related Risks: Energy efficiency measures 

provide safer working conditions for personnel. 

 Awareness Training: Awareness training makes employees more 

conscious about energy saving and increases job performance. This also 

contributes to strengthening corporate identity. 

 Tracking Innovations: Tracking innovations that emerge in the process 

of improving energy performance increases the competitive advantage 

of the institution. 

In the installation of the Energy Management System, getting an 

effective result is associated with the healthy operation of managerial and 

strategic structuring as well as technical structuring. In this context, the 

necessary steps for establishing EnMS (Figure 11):" 
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Figure 11: Stages of EnMS Installation (Republic of Türkiye Ministry of 

Environment Urbanization and Climate Change, 2020) 

The planning of the process consists of performance evaluation, 

setting goals, and creating action plans. In performance evaluation, the energy 

use analysis of the facility is made and efficiency opportunities are 

determined with the values taken as a basis for improvements in energy 

performance. In this context, data/consumption collection and monitoring, 

creation of Energy Reference Line, determination of Energy Performance 

Indicators, and analysis of energy use should be carried out. 

A criterion pool should be created for determining performance 

indicators by comparing the reports of the World Bank, International Energy 

Agency, Ministry of Energy and Natural Resources, Ministry of Environment 

and Urbanization, and sector reports. The performance criteria included in the 

relevant reports as a result of detailed studies conducted by these 

institutions/organizations, which are considered authorities in studies on 

energy efficiency worldwide, should be matched considering qualities such as 

building type and characteristics, climatic characteristics of the working area, 

availability of monitoring and evaluation, and final performance indicators 
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should be created. It should be possible to monitor and update throughout the 

entire life cycle of the process. 

1.6 Determining Building User Behaviors 

It is considered important that studies aimed at reducing energy 

consumption in buildings and the transition to nZEB do not compromise 

comfort in buildings. Therefore, within the scope of the research, it is 

necessary to know the building user behaviors first and to consider them in 

the process in order to transition to nZEB in existing public buildings (Attia et 

al., 2017; Rinaldi et al., 2018; Yousefi et al., 2017).  

In the renovation of existing public buildings, the durability, safety, 

indoor quality, and regulatory requirements of the building should be met 

first. While ensuring good indoor quality in buildings, it is aimed that 

buildings consume as little energy as possible and have low CO2 emissions. 

To reach these goals, the current energy consumptions of the buildings should 

be analyzed, and comfort elements that are currently lacking for the parts to 

be included in the renovation should be determined along with energy 

performance and/or energy efficiency targets. 

Regarding the determination of user behaviours, it is necessary to 

determine the characteristics of the building users such as gender, age, 

duration of building use, heating, cooling, lighting information, as well as the 

frequency of use of rooms, halls and classrooms, which vary according to 

building types. An inventory list used in heating, cooling and lighting in 

buildings should be created, knowing the shape and usage frequencies of these 

inventory and systems by users allows predicting user behaviors. In addition 

to this, revealing the problems experienced by users and user requests also 

contributes to measuring user behaviors in the energy-efficient transformation 

of existing buildings. There are many studies worldwide where data on user 

behaviors in buildings are produced with the help of surveys and building 

inventory lists. After meaningful data is obtained, determining behaviors 

affecting energy efficiency is defined as a multi-criteria decision-making 

process. 

Studies show that there is a correlation between energy use and 

building characteristics with user behaviors, and there is a strong relationship 

between user behaviors and built environment characteristics with building 

age. In addition to this, ambient temperature on building performance also 

directly affects performance by increasing fuel consumption due to heating 
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systems' usage times causing an increase. Studies show that it is possible to 

renovate existing public buildings as nearly zero-energy buildings and make 

them energy efficient without reducing comfort facilities for building users 

and considering them in the process contributes positively. However, it is seen 

as a gap in the literature that studies on determining user behaviors are not 

considered as part of the process in buildings to be renovated within nZEB 

and user details remain superficial. 

2. CONCLUSIONS AND RECOMMENDATIONS 

It is emphasized that the environmental, technical, economic, social, 

and legal dimensions of the studies carried out on energy efficiency in 

buildings should be considered separately. Not evaluating these studies with a 

holistic approach can lead to a lack of full understanding of energy efficiency 

and the development of limited solution options. Stakeholders in the energy 

efficiency sector need to collaborate to ensure that the outputs of the process 

provide sustainable environmental benefits. This requires a process design 

that does not harm nature with comfort for users, profitability for contractors, 

cash flow for financiers, and sustainable and applicable solutions for the 

administration. 

The goals of energy saving and reduction of CO2 emissions require 

creating a roadmap compatible with national and international objectives. 

Increasing the energy efficiency of public buildings requires important steps 

such as interdisciplinary communication, financial support, and adopting 

international targets. 

The environmental and economic benefits of energy efficiency offer 

the potential to reduce high initial costs. It is important to make these benefits 

measurable and score environmental, social, and technical factors for the 

selection of energy-efficient transformation projects to determine the value of 

energy efficiency projects. In addition, energy-efficient transformation 

projects should be designed with modern techniques such as the zero-energy 

building approach. 

Also, planning the process, performance evaluation, setting goals, and 

creating action plans are important. At this stage, an energy use analysis 

should be performed, energy performance indicators should be determined, 

and data should be monitored. A criterion pool based on performance criteria 

of organizations such as the World Bank, International Energy Agency, 

Ministry of Energy and Natural Resources, Ministry of Environment, 
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Urbanization and Climate Change should be created, and these criteria should 

be used for monitoring and updating the process. In this way, energy 

efficiency in buildings can make a significant contribution to building a 

sustainable future. 

In line with the research title “Clean, Accessible and Secure Energy 

Supply” within the framework of Green Deal Compliance called the new 

growth strategy that includes basic goals such as ending net greenhouse gas 

emissions by 2050 determined by the EU and zeroing dependence on resource 

use in economic growth; The research conducted should serve sustainable 

growth with the green transformation of Turkey's economy and industry, one 

of the objectives of the Green Deal.   
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INTRODUCTION 

Lithium-ion batteries (LIBs) are becoming inherent in contemporary 

society, integrated into everything from large-scale solar energy storage 

setups, hybrid, and electric vehicles, to more compact devices like laptops. 

They are being extensively utilized for high-powered portable purposes such 

as power tools, remote-controlled vehicles, lawn mowers, bicycles, and 

scooters. LIBs have emerged as the predominant energy storage solution, 

fundamentally transforming industries spanning from handheld electronics to 

electric cars and large-scale grid energy storage. Various configurations of 

lithium-ion batteries are vying as energy reservoirs for automotive 

applications. A variety of LIB types are being presented as energy storage 

options for the automobile sector. 

 The relentless march of battery technology progress and the 

seamless integration of electricity within the automotive domain have ushered 

in profound transformations within our evolving technological landscape. 

Today, we find ourselves immersed in a dynamic contest that spans a myriad 

of battery technologies, each vying for supremacy across an array of 

applications. In the grand scheme of this contest, victory will be bestowed 

upon those technologies that establish perfect resonance with the unique 

demands posed by each application, a harmonic interplay between battery 

technology/chemistry and the precise prerequisites set forth by the distinct 

spheres of application (Boukhalfa and Ravichandran, 2019). 

 At the core of the lithium-ion battery resides an intricate 

electrochemical arrangement. The functionality of the battery hinges on the 

reversible introduction and removal of lithium ions into and out of the cathode 

and anode substances as charge and discharge cycles take place (Goodenough 

and Park, 2013). Electrolytes, separators, and current collectors play a role in 

aiding ion movement between the dual electrodes. The effectiveness and 

comprehensive functionality of LIBs are intricately associated with the 

electrochemical speed, ionic movement, and durability of these constituents. 

1. LIB TYPES AND PROPERTIES 

Lithium-ion battery cells available for commercial use can be 

categorized according to their configuration and external appearance, 

delineating into cylindrical and prismatic cells. Cylindrical cells are encased 

in rigid shells, whereas prismatic cells encompass both rigid, rectangular 

prisms and soft, flexible pouch cells. A closer examination of the 
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manufacturing procedures for diverse lithium-ion battery cell designs, with a 

particular emphasis on the efficacy of the production cycle, has illuminated 

that the constraints of pick-and-place assembly are identified as the central 

hindrance in automotive manufacturing processes (Schröder et al., 2017). 

Figure 1 illustrates various cell types that are presently accessible in the 

market, along with their corresponding module configurations. 

 

Figure 1. Various LIB Cell Types 

A lithium-ion cell is composed of several components, including a 

cathode, an anode, a separator, and an electrolyte. The cathode and anode 

materials are coated onto current collectors made of copper and aluminum 

foil, respectively. The electrolyte serves as a medium for facilitating the 

movement of lithium ions between these electrodes. Positioned between the 

anode and cathode, the separator functions to prevent direct contact between 

the two electrodes, thereby averting short circuits, while still permitting the 

passage of ions. 

In the course of the discharge reaction, lithium ions traverse from the 

anode and embed themselves into the vacant spaces within layers of cathode 

crystals—a phenomenon termed "intercalation." Upon recharging, the reverse 

occurs. Lithium ions migrate from the cathode positioned on the positive side 

of the battery and incorporate themselves into the anode (Tarascon and 

Armand, 2001). The components and processes of the lithium-ion battery 

(LiB) are visually depicted in Figure 2. The fundamental principle of the 

lithium-ion battery is presented, highlighting the intercalation process of 

lithium ions (depicted as yellow spheres) into the anode and cathode matrices 

during the charge and discharge cycles, respectively. 
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Figure 2. The components and processes of the LiB (URL-2) 

The distinctive attributes of LiBs harnessed in the trials conducted as 

part of this study are elucidated below: 

 Lithium Cobalt Oxide (LCO or LiCoO2): LCO, a chemical 

compound, assumes a pivotal role as the positive electrode 

material in lithium-ion batteries. The performance of 

LiCoO2 in battery applications hinges on the dimensions of 

its particles, prompting research and fabrication of particles 

spanning a spectrum from nanometer to micrometer scales. 

It's imperative to heed the C-rating when charging or 

discharging Li-cobalt. For instance, consider an 18650 cell 

endowed with a 2,400 mAh capacity, which should undergo 

charging and discharging at a rate no higher than 2,400 mA. 

 Lithium Iron Phosphate (LFP or LiFePO4): LFP, an 

inorganic compound available in various shades of gray, 

brown, red, or black in solid form, remains impervious to 

water solubility. LFP batteries operate at 3.3 V, boasting a 

charge density of 170 mAh/g. Noteworthy for its extended 

cycle life and resilience to elevated temperatures, LFP 

demonstrates robust stability. 

 Lithium Nickel Cobalt Aluminum Oxide (NCA or 
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LiNiCoAlO2): NCA shares an affinity with nickel 

manganese cobalt oxide (NMC), renowned for its lofty 

specific energy and impressive longevity. NCA represents a 

notable stride forward from lithium nickel oxide. 

 Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoO2 or 

NMC): NMC, a standout contender in the realm of Li-ion 

systems, harmoniously amalgamates a cathode triad 

encompassing nickel, manganese, and cobalt. In its 

formulation, NMC incorporates lithium nickel manganese 

cobalt oxide as the cathode counterpart and graphite as the 

anode. NMC's specific energy density spans the spectrum 

from 150 to 220 Wh/kg, while its thermal runaway threshold 

stands at 210°C (Un and Aydin, 2021).  

 Lithium Titanate (Li4Ti5O12 or LTO): Li-titanate claims a 

nominal cell voltage of 2.40 V. Its exceptional feature lies in 

its rapid charging capability, delivering a discharge current 

that is a substantial tenfold of its rated capacity. Li-titanate 

distinguishes itself with commendable discharge 

characteristics even at lower temperatures and stands out for 

its exemplary safety profile (URL-3).  

Progressions in electrode materials are of paramount importance in 

augmenting the performance of lithium-ion batteries (LIBs). The trajectory 

from initial designs featuring graphite and lithium cobalt oxide (LiCoO₂) has 

led to the emergence of advanced cathodes like nickel cobalt manganese 

(NCM) and nickel cobalt aluminum (NCA), marking significant 

advancements (Lu et al. 2013). Additionally, the integration of silicon-based 

anodes into the equation has intensified the pursuit of superior energy 

densities, extended cycle lifetimes, and expedited charge/discharge rates. This 

pursuit has catalyzed the creation of innovative materials and composite 

architectures. This section accentuates the most recent strides in electrode 

materials, underscoring their profound influence on battery efficiency. 

  An NMC battery stands out with its remarkable attributes, including 

an extended cycle life, heightened stability, and a superior energy density 

when pitted against lithium cobalt oxide (LCO) and lithium iron phosphate 

(LFP) batteries. Flourishing within a temperature spectrum spanning from -

4.4 °C to 70 °C, LFP batteries exhibit an exceptional resilience to temperature 
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fluctuations, outshining other chemistries in this aspect. LFP batteries also 

hold a distinct advantage in terms of their reduced susceptibility to thermal 

runaways, a virtue attributed to their lack of reliance on cobalt. Nonetheless, 

these benefits are counterbalanced by certain drawbacks, such as a relatively 

lower energy density and a shorter operational lifespan in comparison to their 

NMC and NCA counterparts. Lithium iron nano phosphate (LiFePO4) 

batteries find their niche in a multitude of applications, including electric and 

hybrid vehicles, as well as renewable energy generation. 

LCO batteries lay claim to a significant current capacity and an 

extended calendar lifespan. Beyond these attributes, they offer an elevated 

energy density and an increased level of safety when juxtaposed with NMC 

batteries. LCO batteries function at heightened voltage levels compared to 

LFP batteries. Notably, the thermal runaway threshold for LCO stands at 250 

°C, a mark that stands relatively higher in comparison to NMC and NCA 

batteries, thus bolstering their safety profile. However, LMO batteries are 

marked by a notably abbreviated lifespan, spanning a range of 300 to 700 

cycles. Furthermore, their rapid charging characteristics can potentially trigger 

thermal runaway, while their performance deteriorates precipitously at 

elevated temperatures (Boukhalfa and Ravichandran, 2019). 

Figure 3 shows the different various graph representation of LIB’s. 

 

Figure 3. The comparison plots of LIB’s 
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2. LIB MARKET 

The demand for automotive LIBs experienced a substantial rise of 

approximately 65% to reach 550 GWh in 2022, up from about 330 GWh in 

2021. This growth was predominantly spurred by the expansion in sales of 

electric passenger cars, which saw new registrations surge by 55% in 2022 

compared to the previous year. In China, the demand for batteries used in 

vehicles witnessed an impressive increase of over 70%, coupled with an 80% 

rise in electric car sales during 2022 when contrasted with 2021. However, the 

growth in battery demand was slightly moderated by a growing proportion of 

Plug-in Hybrid Electric Vehicles (PHEVs). Conversely, battery demand for 

vehicles in the United States surged by approximately 80%, despite electric 

car sales experiencing a more moderate uptick of around 55% in 2022. 

Although the average battery size for battery electric cars in the United States 

expanded by roughly 7% throughout 2022, this average size continues to 

remain about 40% higher than the global average. This can be attributed in 

part to the greater prevalence of SUVs in the U.S. electric car market 

compared to other major markets. Additionally, manufacturers' strategic 

moves to offer extended all-electric driving ranges also contribute to this 

phenomenon. Notably, global sales of Battery Electric Vehicles (BEVs) and 

Plug-in Hybrid Electric Vehicles (PHEVs) are surpassing the sales of Hybrid 

Electric Vehicles (HEVs). Given that BEV and PHEV battery sizes tend to be 

larger, this trend further propels the demand for batteries (IEA, 2023).  

As of 2022, lithium nickel manganese cobalt oxide (NMC) has 

successfully maintained its dominant position as the primary battery 

chemistry, boasting a commanding market share of 60%. Trailing behind is 

lithium iron phosphate (LFP), capturing a market share just below 30%, while 

nickel cobalt aluminum oxide (NCA) occupies a relatively modest share of 

approximately 8%. A noteworthy trend in the battery landscape is the 

ascendancy of lithium iron phosphate (LFP) cathode compositions, marking 

their highest market share in the past decade. This surge can be largely 

attributed to the preferences of Chinese Original Equipment Manufacturers 

(OEMs). Impressively, a substantial 95% of LFP batteries found their home in 

electric Light Duty Vehicles (LDVs) manufactured in China. Notably, BYD 

has taken the lead in this demand, accounting for an impressive 50%, with 

Tesla contributing 15%. Interestingly, Tesla's adoption of LFP batteries 

surged from 20% in 2021 to an impressive 30% in 2022. Among the vehicles 

featuring LFP batteries by Tesla, a substantial 85% were manufactured in 
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China, while the remainder were produced in the United States using cells 

imported from China. On the contrary, the United States only produced 

approximately 3% of electric vehicles incorporating LFP batteries in 2022 that 

rely on nickel, manganese, and cobalt, such as NCA and NMC batteries. 

However, LFP batteries are met with the challenge of lower energy density in 

comparison to NMC batteries. Additionally, LFP batteries contain 

phosphorus, an essential element in food production.  

If LFP batteries were to dominate the battery landscape, their mass 

use could account for nearly 1% of the current agricultural phosphorus 

demand, signaling a potential clash between battery requirements and 

agricultural needs. 

In recent years, alternatives to traditional Li-ion batteries have 

emerged, and sodium-ion (Na-ion) batteries stand as a prominent example. 

This chemistry boasts a distinct advantage: it leverages more cost-effective 

materials, thereby enabling the production of economical batteries. 

Furthermore, Na-ion batteries entirely circumvent the necessity for critical 

minerals, setting them apart as the only feasible chemistry devoid of lithium. 

A significant stride in this direction is China's CATL, which has developed a 

Na-ion battery projected to cost 30% less than an LFP battery. However, Na-

ion batteries fall short of the energy density offered by Li-ion counterparts, 

presenting 75 to 160 Wh/kg compared to 120 to 260 Wh/kg. This distinctive 

feature positions Na-ion batteries as promising candidates for urban vehicles 

with shorter ranges or stationary storage, but their viability might be 

challenged in regions prioritizing extended range autonomy or facing 

limitations in charging infrastructure. Notably, China is at the forefront of Na-

ion battery production, boasting nearly 30 operational, planned, or under-

construction manufacturing plants with a combined capacity exceeding 100 

GWh. To provide context, the current manufacturing capacity of Li-ion 

batteries stands at approximately 1,500 GWh. Several automakers have 

already unveiled plans for Na-ion electric vehicles. For instance, BYD's 

Seagull offers an impressive range of 300 km, accompanied by a price tag of 

USD 11,600 (with the possibility of discounts that could potentially bring the 

price down to $9,500). Another notable entrant is the Sehol EX10, a product 

of the VW-JAC collaboration, boasting a range of 250 km. While these initial 

models might slightly exceed the cost of the most affordable small Battery 

Electric Vehicle (BEV) models in China, such as the Wuling Mini BEV 

available for a modest USD 5,000 to 6,500. They still maintain a cost 
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advantage over analogous options with comparable driving ranges. For 

context, the Wuling Mini BEV provides a range of 170 km, while BYD's 

Dolphin BEV, the second-best-selling small BEV in China in 2022, with a 

similar range to the announced Na-ion cars, can command a price exceeding 

USD 15,000. Notably, BYD is strategically poised to progressively integrate 

Na-ion batteries into all models priced below USD 29,000 as battery 

production scales up. These promising announcements hint at the imminent 

availability and operation of Na-ion-powered electric vehicles between 2023 

and 2024, symbolizing the attainment of a Technological Readiness Level 

(TRL) of 8-9, signifying preparedness for commercial application. This 

transition is particularly remarkable considering its prior TRL 6 (full-scale 

prototype) assessment in the IEA Clean Technology Guide in 2022, 

underscoring the swift pace of technological evolution (IEA, 2023). 

The global hunger for batteries is poised to undergo a seismic shift, 

surging from a modest 185 GWh in 2020 to a staggering projection that 

eclipses 2,000 GWh by the year 2030. While the landscape of 2020 was 

dominated by the prevalence of consumer electronics, the relatively restrained 

energy capacities exhibited by devices like phones naturally resulted in a 

corresponding demand that was less formidable in the gigawatt scale. 

However, the crux of this remarkable escalation is intricately tied to the 

sweeping electrification of the transportation sector, a phenomenon that is set 

to define the lion's share of battery requisites come 2030, manifesting in a 

palpable surge in overall energy storage capacity.  

This palpable wave of change has reverberated across the global 

stage, with numerous nations bearing witness to a resounding uptick in 

electric vehicle sales. At the vanguard of this transformative movement stands 

China, an exemplar of electric vehicle adoption, having already triumphantly 

recorded the sale of over 430,000 units in the inaugural half of 2019 alone. 

China's ascendancy in this arena is not ephemeral; it is rooted in a grander 

vision that envisages the deployment of approximately 532,000 electric buses 

within the realm of public transportation by the year 2022. 

A chorus of nations, resolute in their commitment to adopting more 

ecologically sound lifestyles, is coalescing around a transformative 

aspiration—the widescale embrace of electric vehicles. This movement, at the 

intersection of mobility and sustainability, is poised to yield a profound ripple 

effect, potentially signaling a momentous reduction in the consumption of 

gasoline within the automotive domain. In the wake of this astounding 
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momentum achieved by the burgeoning e-mobility technologies, the global 

demand for batteries stands on the precipice of substantial expansion, a 

transformation poised to carve the contours of our energy future. Figure 4 

shows the global battery demand forecast from 2020 to 2030 

           

Figure 4. Global Battery Demand Forecast (URL-1) 

 

3. ENERGY EFFICIENCY OF LIB’s 

Lithium-ion batteries are widely used energy storage devices that 

have become essential in various applications such as consumer electronics, 

electric vehicles (EVs), and renewable energy systems. Energy efficiency is 

an important aspect of these batteries, as it affects their overall performance 

and contributes to their economic and environmental viability.  

Here's some information on lithium-ion battery energy efficiency: 

 Coulombic Efficiency: Coulombic efficiency refers to the 

ratio of the actual amount of charge stored in the battery 

during discharge to the theoretical amount of charge that 

should have been stored based on the charge applied during 

charging. It represents the efficiency of the electrochemical 

reactions within the battery. Generally, lithium-ion batteries 

have high coulombic efficiencies, often exceeding 95% or 

more. 
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 Round-Trip Efficiency: Round-trip efficiency is a broader 

measure of battery energy efficiency, taking into account 

both charging and discharging losses. It considers not only 

the electrochemical losses within the battery but also factors 

like thermal losses during charging and discharging. Round-

trip efficiency typically ranges from 80% to 90% for most 

commercial lithium-ion batteries. 

 Peukert's Law: This law states that the capacity of a battery 

decreases as the discharge rate increases. This means that at 

higher discharge rates, the usable capacity of the battery is 

reduced, leading to lower energy efficiency. Manufacturers 

often provide discharge rate-dependent efficiency curves to 

help users understand the battery's performance under 

different loads. 

 Temperature Dependence: Lithium-ion battery efficiency is 

influenced by temperature. Operating the battery at extreme 

temperatures (either very high or very low) can reduce its 

efficiency. Charging at high temperatures can lead to 

capacity loss, while low temperatures can increase internal 

resistance, reducing the available capacity and overall 

efficiency. 

  Over the course of multiple charge-discharge cycles, 

lithium-ion batteries might experience capacity fade due to 

electrode degradation, solid electrolyte interphase (SEI) 

formation, and other factors. This can lead to a decrease in 

energy efficiency as the battery ages. 

 State of Charge (SoC) Range: The efficiency of a lithium-

ion battery can also vary depending on the state of charge. 

Operating the battery within certain optimal SoC ranges can 

improve its efficiency. Discharging a battery too deeply or 

charging it to extremely high levels can lead to reduced 

efficiency. 

 Energy-Dense vs. Power-Dense Designs: Lithium-ion 

batteries can be designed for either high energy density 

(more energy storage) or high power density (rapid energy 

release). The efficiency might vary between these two 

design types due to differences in electrode materials and 

internal structure. 
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 Improvements in Battery Chemistry: Research and 

development efforts are ongoing to improve lithium-ion 

battery energy efficiency. This includes developing 

advanced electrode materials, optimizing manufacturing 

processes, and enhancing the overall design to minimize 

losses. 

 Application-Specific Considerations: Energy efficiency 

requirements can vary depending on the application. For 

example, in EVs, high energy efficiency is crucial to 

maximize driving range, while in renewable energy storage, 

efficiency might influence the economics of storing and 

retrieving energy. 

 Battery Management Systems (BMS): Effective battery 

management systems play a significant role in optimizing 

the performance and efficiency of lithium-ion batteries. 

BMS monitors battery health, state of charge, temperature, 

and other parameters to ensure safe and efficient operation. 

It's important to note that while lithium-ion batteries are generally 

efficient, actual efficiency can vary based on factors such as battery 

chemistry, design, usage patterns, and operating conditions. 

Manufacturers often provide efficiency specifications for their specific 

battery models, so it's recommended to refer to those specifications for 

more accurate information. These efficiency values are approximations 

and can vary based on the exact battery chemistry, design, and operating 

conditions. Additionally, advancements in technology and manufacturing 

can lead to improvements in efficiency over time (URL-4). Table 1. 

shows the efficiency factors and ranges in lithium-ion battery 

performance. 
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Table 1. Efficiency Factors and Ranges in Lithium-Ion Battery Performance 

Aspect Efficiency Range Assumptions and Notes 

 

Coulombic Efficiency 

 

95% - 99% 

High efficiency due to 

controlled electrochemical 

reactions. 

 

Round-Trip Efficiency 

 

80% - 90% 

Includes charging, 

discharging, and thermal 

losses. 

 

Peukert's Law Efficiency 

 

70% - 95% 

Efficiency decreases at 

higher discharge rates due 

to internal resistance. 

Assumes discharge rates 

from C/5 to 2C. 

 

 

Temperature Dependence 

 

 

70% - 95% 

Efficiency decreases at 

extreme temperatures 

(below -10°C or above 

40°C). Assumes standard 

operating range between 

0°C and 35°C. 

 

 

 

Cycle Efficiency 

 

 

90% - 98% 

 

Efficiency might degrade 

by a few percentage points 

over 500 cycles. Assumes a 

typical lithium-ion battery 

chemistry. 

 

Energy-Dense Design 

 

95% - 98% 

Slightly higher efficiency 

due to optimized electrode 

materials for energy 

density. 

 

Power-Dense Design 

 

80% - 90% 

Slightly lower efficiency 

due to higher discharge 

rates for power density. 

 

Application-Specific 

 

Variable 

Efficiency varies based on 

specific application (EVs, 

consumer electronics, 

renewable energy storage). 

 

Battery Management  

System 

 

95% - 99% 

An efficient BMS can 

optimize charging and 

discharging, contributing to 

overall efficiency. 
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4. ADVANTAGES AND DISADVANTAGES OF LITHIUM-ION 

BATTERIES 

Exploring the advantages and disadvantages of lithium-ion batteries is 

essential to understanding their role in modern energy storage solutions. 

These power-packed batteries have revolutionized various industries, yet they 

also come with their own set of challenges. 

4.1. Advantages of Lithium-ion Batteries 

 High Voltage: Single-cell operating voltage is notably high, 

ranging around 3.7-3.8V (3.2V for lithium iron phosphate). This 

voltage is three times that of Ni-Cd and Ni-MH batteries. 

 Large Specific Energy: Actual specific energy is approximately 

555 Wh/kg, yielding a specific capacity of over 150 mAh/g. 

This is 3-4 times greater than Ni-Cd and 2-3 times greater than 

Ni-MH, approaching 88% of its theoretical value. 

  Lithium-ion batteries generally endure more than 500 charge 

cycles, and even surpass 1000 in some cases. Lithium iron 

phosphate variants can exceed 2000 cycles. 

 Small Self-Discharge: At room temperature, a fully charged Li-

ion battery retains a self-discharge rate of about 2% after one 

month, substantially lower than Ni-Cd (25-30%) and Ni-MH 

(30-35%). 

 Fast Charge: A battery charged at a 1C rate can achieve over 

80% of its nominal capacity in just 30 minutes. Lithium iron 

phosphate batteries can reach 90% capacity within 10 minutes. 

 Wide Working Temperature Range: Li-ion batteries are 

functional within a temperature range of -25 to 45 °C, with 

potential to extend to -40 to 70 °C with improvements in 

electrolyte and cathode technology. 

4.2. Disadvantages of Lithium-ion Batteries: 

 Aging: Lithium-ion battery capacity diminishes over time, 

depending on usage frequency and temperature. High 

temperatures can expedite this decline, particularly noticeable in 

products with high operational currents. 

 Vulnerability to Overcharge: Overcharging leads to irreversible 
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embedding of excess lithium ions in the lattice, resulting in a 

compromised battery life. 

 Sensitivity to Over Discharge: Over discharge triggers excessive 

removal of lithium ions from the electrode, causing structural 

damage to the lattice and reducing battery longevity. 

 Safety Concerns: The use of organic electrolytes in lithium-ion 

batteries can lead to safety hazards like overheating, fires, or 

even explosions (URL-2). 

 

5. ENVIRONMENTAL BACKGROUND OF LITHIUM-ION 

BATTERIES: 

Lithium-ion batteries consistently allure us with their unforeseen 

attributes and applications. As we embrace these unexpected revelations, they 

challenge preconceived limitations, igniting inventive resolutions for our 

energy landscape. However, it's essential to recognize that the life cycle of 

lithium-ion batteries, spanning production, utilization, and disposal phases, 

bears significant environmental consequences. The extraction of crucial raw 

materials, particularly lithium and cobalt, can trigger habitat disturbance and 

water pollution, highlighting the intricacies involved in ensuring their 

sustainability (Gruber et al., 2011). Furthermore, the energy-intensive nature 

of the manufacturing process adds to carbon emissions and exacerbates 

resource depletion. In this context, this section delves into the comprehensive 

life cycle assessment of lithium-ion batteries (LIBs), encompassing aspects 

like their carbon footprint, the viability of material recovery, and the prospects 

for efficient recycling. 
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Figure 5. Vehicles Evaluated Against Climate Targets (URL-5) 

Lithium-ion batteries stand as a pivotal foundation for achieving a 

fossil fuel-free economy, witnessing exponential growth in applications such 

as electric vehicles and stationary energy storage. This expansion can be 

attributed to technological strides and notable price drops. While their 

adoption in electric vehicles and stationary storage systems has undeniably 

curbed greenhouse gas emissions by replacing internal combustion engines, 

their optimal contribution to a fossil fuel-free economy hinges on recharging 

them exclusively with renewable energy sources. Policies designed to 

promote the adoption of lithium-ion batteries while upholding environmental 

considerations should encompass incentives throughout the battery value 

chain, encompassing closed-loop recycling systems. In the quest to counteract 

climate change and cultivate a fossil fuel-free economy, the global consensus 

is to promptly and substantially curtail greenhouse gas emissions. The Paris 

Agreement, for instance, lays out an ambitious plan to reduce global 

emissions. Human activities have been responsible for releasing 

approximately 50 billion tons of greenhouse gases (GHGs) in terms of CO2 

equivalent on a global scale each year since the mid-2010s. The electricity 

and heat sector assume the foremost role as the principal emitter, followed by 

the transport, manufacturing, and agricultural sectors. In this context, Li-ion 

batteries emerge as a promising and eco-friendly technology, poised to 

supplant conventional fossil-fuel powered devices. Notably, batteries have 

assumed exceptional significance in the two sectors primarily accountable for 
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GHG emissions; electricity generation and transportation. 

Particular significance is the interplay between these sectors, wherein 

advancements in one sector yield synergistic improvements in the other, 

establishing a virtuous cycle characterized by decreased costs, heightened 

production, and escalated demand. In the realm of electricity generation, the 

cost-effectiveness of LIBs facilitates the integration of greater renewable 

energy capacity through solar and wind sources into power grids. An 

acknowledged drawback of solar and wind energy is their inherent variability 

in power generation. Solar energy is dependent on sunlight availability, while 

wind energy relies on consistent wind patterns. To address these fluctuations, 

batteries store surplus energy during periods of high generation and distribute 

stored energy during times of deficiency. 

Furthermore, the substantial energy storage capacity of batteries 

enables a reduction in the maximum capacity requisite for power plants. This 

diminishes associated construction expenses, a significant factor given that 

power plants are designed to accommodate peak demands, such as during 

exceptionally hot summer days when air conditioning usage surges 

(Kawamura et al., 2021). 

             
Figure 6. Comparison of lifecycle carbon dioxide emissions in traditional, electrified, 

and plug-in hybrid automobiles across diverse European regions (Hall and Lutsey, 

2018) 
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                 6. CONCLUSIONS 

 The quest for advanced LIBs is a journey fraught with challenges 

that beckon innovative solutions. Among these hurdles, the specter of capacity 

degradation, constrained lifespan, and the looming scarcity of crucial 

resources stand out, demanding inventive strategies to steer the technology 

forward. In response to these challenges, the horizon shines with promising 

avenues. One such path entails the evolution of solid-state electrolytes, 

offering the tantalizing prospect of enhanced performance and safety. 

Complementing this trajectory are the strides made in smart battery 

management systems, which promise to optimize energy usage, enhance 

longevity, and streamline charging patterns. Moreover, addressing the 

pressing need for sustainable practices, the development of sophisticated 

recycling technologies paves the way for responsible disposal and resource 

recovery. 

 As researchers and engineers navigate these challenges, they also 

delve into the realm of alternative electrode materials and groundbreaking 

designs. Notably, the realm of lithium-sulfur and lithium-air batteries emerge 

as a realm of untapped potential, where creative material innovations hold the 

key to overcoming the current limitations faced by traditional LIBs. 

 In the larger context, the role of lithium-ion batteries transcends 

mere technological advancement. LIBs have played a pivotal role in 

catalyzing a paradigm shift in energy storage and utilization, facilitating a 

seamless transition towards a more ecologically balanced and electrified 

future. Yet, as the march towards sustainability continues, driven by the 

crescendo of demand for energy storage solutions that are both high-

performing and environmentally conscious, the imperative of ongoing 

research and development in LIB technology becomes even more pronounced. 

This overview offers an all-encompassing overview of the contemporary 

landscape, carefully delineating the challenges encountered and illuminating 

potential avenues for innovation in lithium-ion batteries. It serves as a 

resounding testament to their essential role in shaping the intricate tapestry of 

the energy landscape that awaits in the days ahead. 
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INTRODUCTION 

Today, modern heavy-duty (HD) vehicles are dominantly driven via 

use of diesel engines. The reason behind this widespread use is mostly due to 

high thermal efficiency, improved fuel economy, and reliability of 

compression-ignition (CI) engines. Customers may prefer gasoline-fueled cars 

for their private vehicles due to the low cost. However, when it comes to 

commercial use, particularly mass transportation of goods and people, diesel 

engines are the leading driving force. Many serious analyses project that this 

prevailing force is unlikely to go through a significant change at least for 

several decades to come [Kalghatgi (2018), Lešnik et al. (2020)]. A total 

replacement of current technology with electric vehicles is not seen to be 

achieved before overcoming the high cost, inadequate infrastructure, and too 

long battery charging time, which are significant and technically difficult 

setbacks for fully electric transportation [Ajanovic & Haas (2018)]. Instead of 

electric vehicles, hybrid vehicles are expected to be more favorable for the not 

too distant future, as they do not depend on battery power alone for operation. 

However, those vehicles partially use internal combustion engines and thus, 

need the improvement of diesel engines for next generation reliable 

transportation [Reitz et al. (2020)]. Therefore, the search for improved, more 

efficient diesel engines should continue in order to secure future 

transportation.  

One significant and continuing development for diesel engine is to 

improve its environmentally unfriendly emission rates [Joshi (2022)]. 

Although the thermal efficiency is enhanced up to 50% in some engines, the 

unhealthy nitrogen oxide (NOx) and the cancer-causing particulate matter 

(PM) are current and will probably be future paramount concerns for diesel 

engines to keep its leading role in transportation [Conway et al. (2021)]. Since 

this problem directly concerns human health, environmental organizations 

immediately issue some strict regulations on diesel emission rates. One 

reputable environmental body, European Union (EU), is highly determined to 

limit tailpipe harmful emission rates. Table 1 demonstrates the evolution of 

stringent emission rates for HD diesel engines due to EU [Dieselnet, EU 

standards (2023)]. It also shows how much EU is decisive to keep emission 

rates as low as possible. 
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Table 1: EU emission standards for heavy-duty CI (diesel) engines: Steady-state 

testing [Dieselnet, EU standards (2023)] 

 

It stands out in Table 1 that the restrictions for all emission rates 

become tighter and tighter since 1992. While the limits for NOx and PM in 

1992 are 8.0 and 0.612 g/kWh, respectively, current Euro VI regulation issued 

in 2013 states that NOx should remain below 0.40 g/kWh and PM cannot 

exceed 0.01 g/kWh. Those numbers are noticeably low compared to the initial 

standards and thus, are technically very difficult to overcome. Also, a possible 

more stringent Euro VII regulation, which is likely considering the previous 6 

regulations, can be even a greater threat for HD diesel engines. 

Faced with the all-time-low emission limits in Table 1, both diesel 

manufacturers and academicians are in an ongoing search for innovative 

techniques to reduce diesel emission rates [Fayyazbakhsh et al. (2022)]. One 

effective method to improve emission rates is to maintain low temperature 

combustion (LTC) [Imtenan et al. (2014)]. Since emission rates such as NOx 

and PM are more or less related to in-cylinder temperature, techniques such as 

RCCI, HCCI and PCCI are experimentally shown to provide LTC and thus, 

minimized NOx & PM rates [Agarwal et al. (2017)]. Another widely utilized 

approach is to provide exhaust gas recirculation (EGR) during the operation. 

A positive effect of EGR on the reduction of especially NOx rates comes from 

the fact that it can bring down the in-cylinder temperature through redirected 

engine-out exhaust gas [Agarwal et al. (2011), Millo et al. (2012)].  
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In addition to EGR, different types of non-diesel fuels are examined 

to limit the emission rates. Hydrogen has a significant potential to meet 

emission regulations for next generation diesel engines [Onorati et al. (2022)]. 

LNG, dimethyl ether, and methanol are seen as potential promising 

alternatives for diesel fuel for improved emission rates as well [Chen et al. 

(2018)]. Apart from non-traditional fuels, there is also a significant trend 

towards the use of battery as the energy source in vehicles, which can 

minimize inner-city emission rates [Goyal & Jain (2020)]. However, some 

studies state that electric vehicles can cause significant CO2 rise due to battery 

production and thus, are not that emission-free as most researchers think 

[Zimakowska-Laskowska & Laskowski (2022)]. Therefore, an overall 

transition of electric vehicles in highway transportation is not possible before 

a general consensus on emission rates is determined by producers and 

researchers. 

Those advanced strategies have high potential to diminish emission 

rates. However, not all cases in vehicles can attain low rates using these 

techniques alone. Therefore, manufacturers particularly implement an exhaust 

after-treatment (EAT) unit to fulfill strict emission norms. EAT is mostly put 

in the system right before the exhaust release. The intention is to clean the 

engine-out gas before its flow into the environment. The cleaning process, in 

other words, the reduction of NOx and PM rates at engine-exit flow, is 

maintained via some particular catalysts placed inside the EAT system 

[Votsmeier et al. (2009), Martinovic et al. (2021)]. 

EAT units mostly succeed to decrease harmful contaminants in diesel 

vehicles. However, producers are faced with a serious drawback while using 

these units in engine systems. These devices are heavily temperature-

dependent and are affected negatively particularly at low catalyst 

temperatures, as seen in Figure 1 [Li et al. (2021)]. At high temperatures 

(mainly above 250
o
C), catalyst inside the SCR unit is sufficiently warm to 

keep chemical reactions in a fast and well-performed manner. However, as the 

temperature remains especially below 200
o
C, the SCR system is prone to 

operate with a poor conversion efficiency. This causes a serious problem for 

diesel vehicles at low loads since exhaust temperature is highly inadequate 

(below 200
o
C) to achieve high conversion efficiency and reduce NOx rates. 



Advancing Through Applied Science and Technology| 64 

 

 

Figure 1: Impact of catalyst temperature on NH3 and NOx conversion efficiency of a 

SCR unit [Li et al. (2021)] 

Not only does SCR need high temperature (250
o
C – 450

o
C) in a 

conventional EAT system, but also DPF requires temperatures above 500
o
C to 

achieve high oxidation efficiency and minimize soot emissions, as seen in 

Figure 2 [Goldenberg (1983)]. Elevated exhaust temperature can help reduce 

diesel soot rates via improved DPF unit.  

 

 Figure 2: Effect of temperature on soot oxidation of DPF unit [Goldenberg (1983)] 
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This work concentrates on fuel-based inner-engine methods to 

improve EAT thermal management in diesel vehicles. The advantage of 

preferring those strategies is that there is no requirement of any external 

device to be placed and to be controlled on the engine system while exhaust 

thermal management (ETM) is improved and EAT is operated effectively. 

However, those methods also have the disadvantage of degrading combustion 

and thus, mostly result in fuel inefficiency. In the following part, some 

general effects of those methods are introduced. After this concise overview, 

previous works utilizing those techniques to achieve high exhaust temperature 

are separately explained. Each approach has its own positive and negative 

impacts on engine performance and thus, one can be more useful than the 

other depending on the operation condition of a vehicle. In order to overcome 

the negative effects and achieve low-fuel-penalty operation, those methods 

can also be combined with airflow-based ETM techniques. 

1. AN OVERVIEW OF FUEL-BASED ETM TECHNIQUES 

In general, engine-base strategies for enhanced EAT management are 

classified as air-dependent and fuel-dependent techniques. Airflow-base 

approaches such as intake throttling, variable valve timing (VVT) [Basaran 

(2017)], and cylinder deactivation (CDA) are examined extensively in a 

previous work [Basaran (2023)]. The aim of this work is to explore the fuel-

based strategies to improve diesel EAT thermal management. For the 

following subsections, some general features of those techniques are briefly 

mentioned. Then in the next section, each technique is explained in a detailed 

manner. 

1.1. Delayed Fuel Injection and Ignition Timing 

An easy method to modulate the combustion in diesel engines is to 

sweep the fuel injection timing later than the nominal timing. The same is 

valid for gasoline engines as well through delaying the ignition timing. As 

long as the combustion occurs far from the top dead center (TDC), in-cylinder 

temperature is kept at high levels through the exhaust phase, and thus, engine-

out temperature increases. The method is easy-to-implement in both diesel 

and gasoline engines as it only needs the reasonable control of injection or 

ignition timing. It does not need any outer engine component as well. 

However, modulating the combustion process generally worsens the thermal 

efficiency. Therefore, delayed injection timing mostly needs extra fuel 

injection to maintain constant engine load in the system. The technique seems 
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to be appropriate to use when a relatively low exhaust temperature rise is 

needed to achieve 250
o
C or above [Cavina et al. (2013)]. 

1.2. Close and Late Post-Fuel Injection 

In addition to the main injection, fuel can also be injected into the 

combustion medium as a post-fuel injection (PFI). PFI can be applied as close 

or late, depending on the injection timing near or far from the main injection 

process. Close PFI is generally implemented between 20 to 60 degrees after 

TDC. The aim of close PFI, similar to delayed fuel injection, is to boost 

exhaust temperature through keeping in-cylinder temperature at high levels 

before the exhaust phase. Not only injection timing but also quantity of PFI is 

significant to determine the engine-out temperature in diesel engines [Wu et 

al. (2021)].  

Different from close PFI, late PFI is applied mostly at timings higher 

than 60 degrees after TDC and is not directly related to the increase of in-

cylinder temperature. At late timings, not a significant amount of fuel is 

combusted and thus, the temperature in the medium is not noticeably elevated. 

Late PFI, unlike close PFI, provides high HC rates inside the cylinder before 

exhaust gas flows through the DOC. Those high HC rates within the flow can 

be oxidized inside the DOC unit and thus, generates increased exhaust 

temperatures at DOC-exit, which is useful for DPF and SCR units in diesel 

engines [Wang et al. (2020)]. Similar to close PFI, quantity of injected fuel (in 

addition to injection timing) is important in late PFI method to maintain high 

DOC-out temperature. 

2.    FUEL PATH STRATEGIES TO IMPROVE EXHAUST 

THERMAL MANAGEMENT 

Exhaust energy is critical in HD diesel vehicles at low loads unless an 

external device such as a heat storage unit is placed to warm up the EAT unit 

[Hamedi et al. (2019)]. Without outer tools, only exhaust heat provides the 

required heat transfer to EAT system and keeps it at efficient levels. Thus, 

high exhaust temperature is necessary to ensure improved EAT thermal 

management and low emission rates [Gao et al. (2019)]. This section attempts 

to introduce typical fuel path techniques used to achieve this purpose in diesel 

vehicles. 
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2.1. Delayed Fuel Injection Timing 

Retarding the timing of the fuel injection is one of the effective fuel 

path techniques to accelerate EAT heat up. As mentioned earlier, combustion 

is highly sensitive to fuel injection timing in diesel engines. Therefore, when 

nominal injection timing is swept forward or backward, combustion is 

inevitably altered. A modified combustion process directly influences the in-

cylinder temperature and thus, exhaust-out temperature. Bai et al. searched in 

a 6-cylinder diesel engine the effect of delayed fuel injection timing on fuel 

consumption and exhaust temperature [Bai et al. (2017)], as shown in Figure 

3. 

 

(a) 

 

(b) 

Figure 3: The impact of delayed injection timing on (a) Exhaust temperature          

(b) Rise on fuel consumption rate [Bai et al. (2017)] 
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The modes (A, B & C) on Figure 3 denote the operating conditions of 

the engine. The speeds and torques for A, B, and C are 1100 RPM with 100 

Nm, 1200 RPM with 200 Nm, and 1300 RPM with 300 Nm, respectively. 

Late fuel injection raises the exhaust temperature in all aforementioned engine 

loading cases. However, temperature rise is not very high in this method. For 

instance, in mode C, close to 28
o
C exhaust temperature rise is obtained 

(exhaust temperature can barely reach 253
o
C) even though the injection 

timing is retarded 10 
o
CA degrees from the nominal condition.  

One other important effect of retarded fuel injection is that it requires 

high fuel inefficiency as seen in Figure 3. Fuel consumption needs to be 

increased more than 10 g/kWh (close to 20 g/kWh in Mode C) as injection 

timing is delayed 9 
o
CA degrees from the baseline timing. Overall, late fuel 

injection timing is definitely useful to rise engine-out temperature. However, 

considering the high thermal inefficiency shown in Figure 3 (b), it is derived 

that it is mostly beneficial when the system needs a slight temperature rise to 

achieve an exhaust temperature of 250
o
C and above. 

Similar works examined the potential of late fuel injection timing at 

different loads in diesel engines [Lapuerta et al. (2014), Wu et al. (2021), 

Basaran (2022)]. General conclusion from those studies is that this technique 

can be helpful to improve exhaust temperature, but it should be combined 

with other techniques, particularly at low loads, to attain desirable high 

exhaust temperatures. 

2.2. Delayed Ignition Timing 

Delayed fuel injection timing is applied in diesel engines as fuel is 

indeed injected at a specific timing into the high pressure charge in those 

engines. Gasoline engines do not have injection timing, but ignition timing 

since air-fuel mixture is compressed in those engines. Retarding the ignition 

timing in a spark-ignition engine can be as successful as DFI to increase 

exhaust temperature [Kessels et al. (2010)]. Therefore, the method has a 

potential to achieve effective ETM in gasoline engines. Kim and Cho 

explored the impact of ignition retard in a 4-cylinder inline spark-ignition 

engine [Kim and Cho (2005)]. As demonstrated in Figure 4, spark timing of 

the engine is delayed through the TDC to improve the engine-out temperature. 
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Figure 4: The impact of ignition timing on exhaust temperature [Kim and Cho 

(2005)] 

It is explicitly seen that late spark timing boosts the exhaust 

temperature in the gasoline engine. The timings on the upper right of the plot 

shows the seconds past after the engine start. The measurements for late spark 

timing are achieved for 4 different cases: 50, 100, 150, and 200 seconds after 

the engine start. In all those cases, exhaust temperature gets higher values as 

long as spark timing is actuated from 15 
o
CA degrees BTDC to 5 

o
CA degrees 

BTDC (Texhaust is above 250
o
C for the latest timing in all conditions). It is 

stated that as the start of combustion is retarded, in-cylinder flame endures a 

longer time before the exhaust is opened and thus, hot exhaust gas is allowed 

to flow in delayed spark timing mode in the engine [Kim and Cho (2005)]. 

Obviously, as a certain timing is reached after the engine start (~ 100 sec), 

more temperature rise can be yielded and thus, exhaust temperature can be 

maintained above 300
o
C, which is noticeably helpful, particularly during 

engine start, to enhance EAT and curb emission rates. 

2.3. Close Post-injection 

Apart from delayed fuel injection timing and late ignition timing, 

close post-injection (CPI) can be adopted as an effective means to rise engine-

out temperature in diesel engines [Ozel et al. (2018)]. In a traditional fuel 

injection technique, the main injection has the highest injection rate and is 
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applied the longest duration compared to other pre-, close post- and late post- 

injections, as indicated in Figure 5 [Hu et al. (2023)]. 

 

Figure 5: The traditional fuel injection technique [Hu et al. (2023)] 

CPI is applied with a lower injection rate and with a shorter duration 

relative to the main injection. Pre-injection and late post-injection rates are 

also low compared to the main injection rate. Pre-injection is not directly 

related to the exhaust temperature improvement. Instead, it is applied to 

enhance the in-cylinder combustion and thermal efficiency. Unlike CPI, late 

post-injection is implemented far from the main injection timing. Therefore, it 

is generally effective on post-DOC temperature, rather than directly on 

exhaust port-out temperature. Unlike late post-injection, CPI occurs at a 

position where in-cylinder pressure and temperature remain still at high 

levels. In other words, it is placed at a timing appropriate for another 

combustion process (other than main combustion). Thus, it is certainly 

effective on the improvement of in-cylinder and engine-out temperature. 

Tan et al. quantified the impact of CPI on exhaust temperature and 

total hydrocarbon (THC) rates in an inline 6-cylinders, intercooled and 

turbocharged diesel engine, as seen in Figures 6&7 [Tan et al. (2020)]. 

CPI is provided in the fuel injection system with different fuel 

injection timings (10
o
CA, 20

o
CA, 30

o
CA, and 40

o
CA ATDC, respectively) 

and with different injection quantities (4, 8, 12, and 16 mm
3
 per cycle, 

respectively) in the plots below. The technique is applied at 100 RPM speed 

and at a torque of 100 Nm where exhaust temperature is 115
o
C (much below 

the threshold temperature of 250
o
C). As demonstrated in Figure 6, delaying 

the injection timing and increasing the injection quantity are both highly 

helpful to elevate exhaust gas temperature. Nominal exhaust temperature can 

be raised above 200
o
C through an injection timing of 20

o
CA ATDC and an 
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injection quantity of 12 mm
3
 per cycle. More importantly, CPI achieves to 

reach 250
o
C (an exhaust temperature rise of 135

o
C) via an injection timing of 

30
o
CA ATDC and an injection quantity of 16 mm

3
, which is a considerable 

improvement for EAT effectiveness. Overall, CPI has a notable potential to 

rise the temperature at EAT inlet. 

 

Figure 6: The impact of CPI timing and quantity on exhaust temperature [Tan et al. 

(2020)] 

 

Figure 7: The impact of CPI timing and quantity on THC rates [Tan et al. (2020)] 

CPI increases the in-cylinder and engine-out temperature since it 

allows an extra combustion inside the cylinder. Although the pressure starts to 

decrease as injection timing is further delayed from the TDC, the in-cylinder 

medium is still warm for an additional combustion. Not all the fuel injected is 
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combusted, but even partial combustion is useful to maintain high combustion 

chamber temperature. Thus, those extra injections provide added heat and 

maintain high in-cylinder temperature before the expansion and exhaust 

phases of the engine. 

The impact of CPI on HC rates is significant as well, as shown in 

Figure 7. As mentioned earlier, the combustion in CPI mode is not complete 

since the in-cylinder medium is not as hot as the one in the main injection 

mode. Therefore, some part of the fuel remains unburnt inside the cylinder 

and rises the HC rates of the in-cylinder charge before flowing through the 

DOC in the system. As the oxidation of HC is possible inside the DOC, more 

HC rates in CPI mode correspond to high DOC-out temperature and thus, is 

beneficial for DPF and SCR units. THC rates tend to increase in Figure 7 in 

all injection timings as more fuel is injected into the system. The rise can be 

attributed to ineffective combustion of the fuel, leading to higher THC rates 

due to higher unburnt amount of fuel at high injection quantities. The 

injection timing does not seem to be affecting THC rates in a noteworthy 

manner. However, as pointed out in Figure 6, not all injection timings attain to 

improve exhaust above 200
o
C or even 250

o
C. Therefore, using slightly 

delayed post-injection instead of highly delayed post-injection is generally 

preferred when the system does not necessitate a significant exhaust 

temperature rise to maintain EAT unit above 250
o
C. In some cases, an 

optimization between injection timing and quantity can be needed since high 

exhaust temperature at DPF & SCR inlet can be obtained at moderately 

delayed post-injection timings if the THC rates are raised adequately to 

improve DOC-exit temperature in the system. 

CPI proves to be an effective method to sustain high exhaust 

temperature in diesel engines [Anbarasu and Ramani (2022)]. However, as 

stated formerly, it deteriorates the combustion and thus, generally increases 

the fuel consumption. Nie et al. analyzed the effect of CPI on BSFC in a 4-

cylinder direct injection diesel engine [Nie et al. (2022)]. It is seen in Figure 8 

that both quantity and timing of post-injection worsen the BSFC. The main 

reason for increased fuel penalty is the incomplete combustion of additional 

fuel injection. The study examines the effect of altitude in Figure 8 as well. 

Using post-injection particularly at high altitudes needs more BSFC than sea 

level condition due to low airflow and inadequate combustion at those levels. 

Thus, reasonable control of CPI is a must to keep fuel penalty at low levels.  
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Figure 8: The impact of post-injection quantity and post-injection timing on BSFC at 

different engine speeds and at different altitudes [Nie et al. (2022)] 

2.4. Late Post-injection 

Close post-injection is one way to boost turbine-out exhaust 

temperature in engine systems [Subramanian and Rothamer (2023)]. Post-

injection does not have to be used close to main injection timing all the time. 

It can also be implemented far from the main injection timing, namely, late 

post-injection (LPI), as demonstrated previously in Figure 5. 

LPI generally refers to fuel injection at the second half of the 

expansion phase or close to the exhaust phase in diesel engines. Unlike CPI, 

which mainly aims to rise temperature at DOC inlet [Honardar et al. (2011)], 

LPI particularly aims to improve the temperature at DOC outlet [Tan et al. 

(2020)]. 

Sun et al. examined the impact of LPI on exhaust temperature and HC 

rates in a 4-cylinder common rail compression-ignition engine working at 

1400 RPM speed [Sun et al. (2020)]. The effect of LPI on exhaust 

temperature at the entrance and exit of DOC unit for different load ratios is 

shown in Figure 9. 
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Figure 9: Effect of LPI quantity on exhaust temperature at inlet and outlet of DOC 

unit [Sun et al. (2020)] 

In the analysis, timing of the post-injection is fixed at 140
o
CA after 

TDC and only the fuel quantity is changed from 1 to 4 mg/cycle. As explicitly 

shown in Figure 9, even at different loads, the quantity does not affect the 

temperature at DOC inlet significantly. However, a significant temperature 

rise (more than 100
o
C) is observed at DOC exit. High loads require more fuel 

consumption and thus, the temperature is maintained at higher levels in 40% 

Load ratio compared to 30% Load ratio. The benefit of LPI on particularly 

inlet and outlet of DOC unit can be better seen in Figure 10 [Sun et al. 

(2020)]. 

At baseline position in Figure 10, without LPI, HC rate is low at DOC 

inlet, which makes it difficult to rise the temperature at DOC exit, as seen in 

Figure 9. Also, HC conversion efficiency is relatively low (close to % 80) at 

this condition. However, as LPI is applied and the quantity of injected fuel is 

increased, more HC can be oxidized within the DOC unit and thus, both HC 

conversion efficiency (above % 90) and temperature at DOC exit (above 

400
o
C) are significantly improved. 
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Figure 10: Effect of LPI quantity on DOC conversion efficiency and HC emission at 

inlet and outlet of DOC unit [Sun et al. (2020)] 

It should also be noted that the DOC unit has a capacity to oxidize a 

certain amount of HC emission. As seen in Figure 10, after a certain quantity 

rise, conversion efficiency is not enhanced noticeably and HC rate at DOC 

exit starts to rise, which is not desirable. Therefore, the quantity rise should be 

adjusted in the system considering the adequate temperature rise in Figure 9 

and the sufficient conversion efficiency improvement in Figure 10. The 

optimum quantity can be the best solution for the lowest emission rates at 

engine exit. In a similar experimental work arranged with a 6-cylinder DI 

diesel engine, Wu et al. particularly emphasized the need to control the 

quantity and timing of post-injection in order to generate the possible 

minimum tailpipe soot and NOx rates [Wu et al. (2019)]. 

LPI is definitely effective at increasing the temperature at DOC-out 

through enabling higher HC oxidation inside the DOC [Chen et al. (2014)]. 

However, its effect on engine torque and engine-out emission rates should 

also be considered so as to understand the overall advantage or disadvantage 

of the technique. Wang et al. quantified the impact of post-injecting timing on 
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exhaust temperature and emission rates of a 4-cylinder turbocharged diesel 

engine at 3200 RPM speed and at different loads [Wang et al. (2022)]. The 

effect of post-injection timing on torque and exhaust gas temperature (EGT) 

are illustrated in Figure 11. While CPI generally improves the torque 

compared to no-post condition, LPI either keeps it similar at high loads (50% 

and 80% loads) or reduces it at low loads (20% load), which is 

disadvantageous since higher fuel consumption is needed in LPI mode to keep 

torque constant in the system. 

  

(a)                                              (b) 

Figure 11: Impact of post-injection timing on (a) Torque and (b) EGT [Wang et al. 

(2022)] 

Also, CPI causes a meaningful rise in EGT at all loads in Figure 11. 

However, LPI seems to be slightly or moderately effective at high loads and 

even has a negative effect on EGT at low load (20% load). This result is in 

fact consistent with the previous study examined in Figure 9 [Sun et al. 

(2020)]. Unlike CPI, the objective of LPI is not to boost EGT but to increase 

the DOC-out temperature via elevating the HC rates in the system. The 

reduction in EGT in extremely delayed post-injection timings may be due to 

highly lowered oxygen levels and thus, highly ineffective combustion at those 

timings. 
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The effect of post-injection on emission rates was investigated in the 

same work as well [Wang et al. (2022)]. The variation of NOx & soot rates 

with different post-injection timings are shown in Figure 12.  

  

(a)                                                  (b) 

Figure 12: Impact of post-injection timing on (a) soot and (b) NOx emissions [Wang 

et al. (2022)] 

CPI affects soot emission negatively at high load (80% load). The 

soot emission is comparable at medium load (50% load) and is reduced at low 

load (20% load) at low injection timings. Thus, CPI is preferable technique 

for improved ETM at low-to-moderate loads as it elevates EGT (in Figure 11) 

without any rise in soot rates. Unlike CPI, LPI causes a negative effect in soot 

rates in almost all loads in Figure 12. In-cylinder combustion degrades as 

post-injection is implemented at highly delayed timings (particularly further 

than 60 
o
CA). Most of the fuel in LPI mode cannot go through the combustion 

process. However, the in-cylinder medium is still warm for the evaporation of 

the fuel and thus, there is an unavoidable soot rise, especially in low and 

medium loads. At high load (80% load) there is not a significant rise in soot 

levels. This is because in-cylinder temperature is hotter at retarded injection 

timings in this condition compared to other loads. Therefore, the combustion 

process is not as ineffective as it is in other loads. Also, EGT is kept above 

550
o
C (close to 600

o
C) at this load, which is sufficient for active regeneration 
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of DPF unit. Thus, the soot rates can be reduced before the exhaust gas 

completely leaves the system. 

CPI has a comparable NOx rate at high load (80% load) and higher 

NOx rates relative to no-post condition in Figure 12. The main reason of NOx 

rise is that CPI increases the in-cylinder temperature in almost all loads, 

which is proportional with NOx formation inside the cylinders. However, 

despite the NOx rise, CPI is effective to improve both EGT and soot rates. 

Therefore, considering the SCR unit operates more effectively under 

increased EGT and is more likely to reduce NOx rates, CPI is still a good 

option to use for enhanced ETM in diesel engine. LPI does not affect NOx 

rates significantly at low-to-moderate loads since in-cylinder temperature is 

not altered noticeably in LPI mode. At high load (80% load), NOx rate is 

decreased via LPI application. This is attributed to low air-to-fuel ratio and 

reduced oxygen level at this condition, which does not allow a rise in NOx 

rate. 

Overall, both CPI and LPI are capable of boosting diesel EGT or 

DOC-exit temperature at different engine loads. Nevertheless, these 

techniques generally need fuel penalty and at some engine loads, rise the 

emission rates to undesirable levels. Therefore, it can be more useful to 

combine those methods with other techniques such as EGR and Miller cycle 

to achieve ETM improvement with relatively lower fuel penalty [Guan et al. 

(2020)]. 

CONCLUSIONS 

This work overviews the fuel injection methods to improve the diesel 

EAT thermal management in highway vehicles. Fuel injection strategies are 

generally seen to be effective at achieving high EGT (above 250
o
C) in diesel 

engines.  

Delaying the main injection timing is found to be slightly or in some 

cases (highly delayed cases) moderately effective to elevate EGT. Similarly, 

retarded ignition timing in gasoline engines can directly improve EGT at low 

loads. However, those two techniques mostly necessitate high fuel penalty 

(above %10) for a relatively mild temperature rise (up to 30
o
C) and a 

relatively low efficiency improvement in EAT unit. Thus, they are not 

preferred primarily at low loads. Those methods are normally combined with 

other inner-engine techniques such as Miller cycle to yield high EGT rise 

(50
o
C or more) with an acceptable (below %10) fuel consumption penalty, 
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which maintains NOx and soot rates at low levels. 

Unlike retarded injection timing, CPI and LPI enhance EGT more 

(100
o
C or more) with a similar fuel consumption penalty. While CPI boosts 

directly EGT at exhaust port, LPI particularly improves DOC exit temperature 

through more HC oxidation inside the DOC unit. Both CPI & LPI induce 

thermal inefficiency due to ineffective combustion of the additional fuel 

injected at a low-pressure medium. Incomplete combustion in CPI & LPI 

modes cause high soot rates, which is undesirable. However, LPI can enable 

reduced NOx rates at particularly moderate-to-high loads while EGT at DPF 

and SCR inlet is highly improved. The system is generally faced with a trade-

off between EGT and fuel penalty or EGT and soot rates as post-injection 

techniques are applied. Therefore, post-injection needs further research such 

as comparing diesel and non-diesel fuel injection, combining post-injection 

with EGR or electrical heating or with other effective airflow-based ETM 

methods. Those advanced works can be helpful to minimize fuel penalty and 

emission rates while EAT thermal management is improved in diesel engine 

systems. 
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INTRODUCTION 

Composite materials can be produced in different ways (Kirik et al., 

2013; Wang et al., 2010). One of these methods is powder metallurgy (Yalcin 

& Varol, 2008). Powder metallurgy involves the production of materials by 

pressing powdered products and sintering them at high temperatures (Zheng et 

al., 2008). Pure metals, plastics, ceramics and fine powdered alloys can be 

mixed in specific proportions and formed under pressure (Uzun & Usca, 

2018). These products are then sintered at a temperature below the melting 

temperature of the matrix material, creating a strong bond between the contact 

surfaces of the powdered particles. Complex and small parts can be easily 

produced with this method. Compared to other methods, material waste is less 

and a certain degree of porosity and permeability is achieved. The 

dime0nsional accuracy and excellent surface quality achieved in most 

materials produced by powder metallurgy eliminates the need for further 

processing (Sap, 2021). Uygur produced Fe-Cu-Mn-C-based steel by powder 

metallurgy and found that it increased hardness, tensile strength and reduced 

porosity (Uygur, 2007). Ozgun and Akbulut found significant increases in 

relative density values by adding Fe and B reinforcement to Stellite 6 super 

alloy matrix material with the same method (Ozgun & Akbulut, 2017). 

Copper (Cu) is widely used in engineering and electronics 

applications due to its excellent electrical and thermal conductivity and good 

ductility, and studies continue to increase (Jiang et al., 2018; Schubert et al., 

2008). Due to its unique properties, copper is expected to be an outstanding 

material for manufacturing parts in industries linked to water supply and 

electrical and thermal industries. It has wide applications in gas turbine 

nozzles, rocket engines, electrical switches, combustion chamber wall linings 

and electronics (Lu et al., 2013). However, there are some circumstances that 

affect the more widespread use of Cu. Copper is not preferred for structural 

applications due to its low mechanical properties at high temperatures (Nazeer 

et al., 2019). The poor mechanical and tribological properties of Cu limit its 

use. To increase the use of Cu and Cu alloys, it is necessary to add reinforcing 

elements (Chundru et al., 2019). 

Cobalt (Co) has been widely researched in recent years due to its 

unique properties (Barekat et al., 2016; Ozgün & Dinler, 2018). It is resistant 

to abrasion and corrosion and has biocompatible properties (Xia et al., 2013). 

Cobalt also has a high melting point and hardness (Baco-Carles et al., 2008). 

It is frequently used in many industrial fields such as cutting tools, magnets, 
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rechargeable batteries (Cabrol et al., 2019). 

Boron (B) is a corrosion resistant element and has very low solubility 

in metals at room temperature (Uzunsoy, 2010). The use of boron in powder 

metallurgy applications has been found to be quite limited. Boron-reinforced 

copper matrix composites can have properties such as high stiffness, high 

strength and thermal stability (Ma & Zhang, 2016; Zepon et al., 2015). In 

addition, boron's antimicrobial properties may also make it preferable for in-

body applications (Li et al., 2018).   

In this study, a new hybrid blend was made by adding 1% Co and 1% 

B to pure Cu powder. When the literature studies were examined, it was seen 

that a hybrid blend was not made using the reinforcing elements used in this 

study to Cu powders. It is aimed to improve the tribological properties of the 

Cu matrix composite with the addition of reinforcing elements used in the 

study. Microstructure (SEM, EDX and XRD), hardness and wear tests under 

10N load in dry conditions were carried out to characterize the composites. 

The fabrication, characterization and tribological experiments of the prepared 

hybrid composites are described in detail in the Method section. 

METHOD 

In the method section, the preparation of the powders, the preparation 

of the prepared hybrid powders into test specimens with the powder 

metallurgy process steps, the metallographic preparation and characterization 

of the hybrid composites, and finally the tribological tests will be explained in 

detail. 

Materials Used, Preparation of Powders and Production Scheme 

Powders with physical properties of 44 (µm) particle size and 99.9% 

purity were used in the study. Table 1 shows the amount of samples used by 

weight in the powders produced and the nomenclature of the composites. The 

sample preparation scheme is shown in Figure 1. In the preparation of the 

composites, the matrix material was adjusted to be copper and mixed with the 

reinforcing elements whose weight percentages are given in Table 1. Before 

the compounding process, the materials were weighed on a balance with a 

sensitivity of 10
-4

 in the ratios in Table 1 with a total weight of 3 grams. The 

prepared powders were mixed in a magnetic grinder for 2.5 hours at 250 rpm 

by adding ethyl alcohol and citric acid. The resulting solution was then dried 

in an oven at 90 °C for 6 hours without exposure to air. After drying, the 
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mixture was poured into a mold lubricated with zinc stearate (Zn(C18H35O2)2) 

and test specimens were prepared in a hydraulic press at a pressure of 35 

MPa. 

Table 1. Nomenclature of powders and amount of additives by weight 

Sample Name Cu B Co 

Cu %100 - - 

Cu-B %99 %1 - 

Cu-Co %99 - %1 

Cu-Co-B %98 %1 %1 

 

 
Figure 1. Preparation scheme of copper-based composites 

 

Microstructure, Hardness, Tribology and Characterization 

Figure 2 shows the process steps to be applied in microstructure, 

hardness, tribology and characterization of hybrid samples. 

 

 

                                         Figure 2. Flowchart 
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Microstructure 

The microstructures of the samples, which were produced, pressed, 

sintered, bakelite, sanded and polished and metallographically analyzed, were 

examined by X-Ray Diffraction (XRD) for the determination of the 

reinforcing element particles distributed in the Cu matrix structure and the 

distribution of the powders by Scanning Electron Microscope (SEM) and 

Energy Dispersive X-Ray Spectrometer (EDX) analysis. 

Hardness 

In hardness tests, measurements were taken from 5 different points at 

load values between 1-10,000 g with a hardness tester and the average 

hardness of the composites was determined by averaging these values. The 

average hardness value was found in Vickers. 

Tribology 

Wear tests were performed with a pin-on-disk wear tester at constant 

load (10 N), sliding distance (1000 m) and sliding speed (150 rpm). The 

weight loss of the composites as a result of abrasion was measured on a 

balance with a sensitivity value of 10
-4

. The measured values were recorded 

and weight loss graphs and coefficient of friction graphs were created for each 

sample according to the distance. 

Characterization 

As a result of the wear tests of the samples, the wear marks that 

occurred as a result of wear were examined and interpreted in detail in SEM 

analysis. 

RESEARCH AND FINDINGS 

The research and findings section of the hybrid composites, in which 

the production, characterization and tests carried out are mentioned in detail in 

the method section, includes the examination of the data obtained in the 

characterization results (XRD, SEM and EDX), the results of the hardness and 

wear tests of the hybrid composites and the SEM images of the wear depths 

occurring on the wear surfaces after wear. 

XRD Results 

X-ray diffraction is a non-destructive analysis method that can be 

used to determine the crystallographic properties of materials and the phases 
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they contain. As a result of X-ray diffraction applied to powder samples, 

properties such as grain size, primary orientation and crystal structure can be 

determined. The XRD diffraction patterns of the composites produced are 

shown in Figure 4. XRD analyses showed that each sample retained its 

characteristic peaks and these characteristic peaks are consistent with 

literature studies. After mixing, Cu and B formed the compound CuB24 among 

themselves. With the addition of reinforcing elements, the intensities of the 

characteristic peaks of copper changed. 

 

 

Figure 4. XRD diffraction patterns of the samples 
 

SEM Images and EDX Analysis 

SEM and EDX analysis results of the prepared hybrid composite are 

shown in Figure 5. In SEM images, it is seen that the reinforcing elements are 

homogeneously distributed on the copper matrix structure. EDX analysis also 

shows the formation of Co and B powders on the matrix structure. 
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                              a)                                                  b) 

 

                            c)                                                      d) 

Figure 5. SEM images and EDX analysis result a) Cu, b) Cu-B, c) Cu-Co, d) Cu-

Co-B 

Hardness and Tribology 

Oxide layers were also observed on the surfaces of the samples. In 

order to prevent these oxide layers from reducing the values to be obtained in 

tribological tests, the surfaces of the hybrid composites were prepared by 

sanding and polishing again. When the hardness values of the hybrid 

composites are examined, the average hardness values taken from 5 different 

points are shown in Figure 6. In hardness values, the highest hardness value 

was observed in Cu-B composite. In the hardness results, much higher 

hardness results were observed with the addition of reinforcing elements 

compared to pure copper composites. B and Co doping is also observed to 

positively affect the hardness results in literature studies. (Baco-Carles et al., 

2008; Barekat et al., 2016; Cabrol et al., 2019; Li et al., 2018; Ma & Zhang, 

2016; Ozgun & Dinler, 2018; Uzunsoy, 2010; Xia et al., 2013; Zepon et al., 

2015). The change in weight loss and coefficient of friction values of the 
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hybrid composites at a total sliding distance of 1000 meters are shown in 

Figures (7-9). Similar results to the hardness values were observed in the wear 

tests. The lowest weight loss in the samples was observed in the Cu-B sample, 

while the reinforcement elements increased the wear resistance. Co and B 

additives increased the friction resistance of copper matrix specimens and 

decreased the average friction coefficient values (Baco-Carles et al., 2008; 

Barekat et al., 2016; Cabrol et al., 2019; Li et al., 2018; Ma & Zhang, 2016; 

Ozgun & Dinler, 2018; Uzunsoy, 2010; Xia et al., 2013; Zepon et al., 2015). 

 

 
     Figure 6. Hardness results                      
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Figure 7. Wear weight loss results 

               

                                  

Figure 8. Coefficient of friction values 
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Figure 9. Average coefficient of friction values 

 

SEM Images After Wear 

SEM images of the friction coefficient values of the composites after 

wear are shown in Figure 10. In the wear images, it was observed that deep 

cracks and scars were formed on the pure Cu sample after wear. Adhesive 

wear mechanism was observed with the formation of deep craters in the pure 

Cu sample and deformation of the wear surface. With the addition of B and 

Co, a decrease in the wear scars and depths and a significant increase in the 

wear resistance of Cu-B and Cu-Co-B samples were observed. It was clearly 

observed in the total weight loss, friction coefficient value and SEM images 

after wear that the reinforcing elements significantly increased the wear of Cu 

matrix composites. (Baco-Carles et al., 2008; Barekat et al., 2016; Cabrol et 

al., 2019; Özgün & Dinler, 2018; Xia et al., 2013). Wear resistance was 

improved by the doping of B particles (Li et al., 2018; Ma & Zhang, 2016; 

Uzunsoy, 2010; Zepon et al., 2015). The best wear resistance was observed in 

Cu-B sample. It was observed that B reinforcement of Cu matrix composites 

formed a tribo layer between the wear pin and the wear sample during wear 

and the lubricity of B increased the resistance to wear. 
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Figure 10. SEM images after wear 

 

 

 



97 | Advancing Through Applied Science and Technology 

 

RESULTS 

Different composites (Cu, Cu-B, Cu-1Co and Cu-Co-B) were 

produced by powder metallurgy production method. When the results 

obtained in the study are analyzed; 

- XRD diffraction patterns show that the matrix material and reinforcements 

retain their characteristic peaks. 

- SEM images and EDX results show that the powders are homogeneously 

distributed. 

- In the hardness tests applied to the composites, 30% (Cu-B), 15% (Cu- 1Co) 

and 29% (Cu-Co-B) better results were obtained compared to pure Cu, 

respectively. The highest hardness value was observed in Cu-B composite. 

- In the wear test, Co and B additives increased the wear resistance of the Cu 

matrix material and better results were obtained in terms of weight loss in 

total sliding distance and friction coefficient values. 

- As a result of the tests, it was seen that studies can continue with different 

reinforcing elements to improve tribological properties in copper matrix 

composites. 
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1. INTRODUCTION 

Rare earth manganese compounds with a perovskite structure have 

remained a subject of intensive exploration and investigation within the 

scientific community for several years. Their unique combination of 

ferroelectric and ferromagnetic properties has rendered them objects of great 

interest, with the potential for groundbreaking applications. At the forefront of 

this field is the compound REMnO3, which exhibits the ability to crystallize in 

two distinct perovskite structures: hexagonal and orthorhombic. Among these, 

the orthorhombic structure holds particular significance as it contributes to the 

formation of a remarkable class of materials known as magnetoelectric 

multiferroics, a category characterized by the simultaneous presence of 

ferroelectric and ferromagnetic orders.  Looking more closely at these 

compounds, two noteworthy structures, HoMnO3 and GdMnO3, have garnered 

substantial attention due to their remarkable behavior at low temperatures. 

These materials exhibit intriguing properties that can be further enhanced and 

tailored through the application of an external electric field. This unique 

characteristic bestows upon them the distinction of being magnetoelectric 

materials, where the interplay between electrical and magnetic phenomena 

can be harnessed for a range of potential applications (Cheng and Mostovoy, 

2007; Wang, Liu and Ren, 2009; Goto et al., 2004). 

The ability to modify the properties of HoMnO3 and GdMnO3 

structures through the application of an electric field underscores the immense 

potential of magnetoelectric materials. This manipulation provides a means to 

control and fine-tune their behavior, paving the way for advancements in 

diverse fields such as electronics, data storage, and sensing technologies. By 

exploiting the interplay between ferroelectric and ferromagnetic orders, 

researchers aim to unlock novel ways to harness and utilize the fundamental 

forces of nature for practical applications (Ibrahim, 2015). 

Beyond their considerable potential within the realm of advanced 

science, multiferroic materials have garnered significant attention owing to 

their distinctive ability to display a robust interplay between ferroelectric 

ordering and magnetic polarization. This captivating characteristic has not 

only elevated their prospects for groundbreaking applications but has also 

piqued the fundamental curiosity of the research community. 

A ferroic substance essentially demonstrates either ferromagnetic, 

ferroelectric, or ferroelastic orders, and its distinctiveness often manifests 
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through the clear presence of a well-defined hysteresis loop when subjected to 

electric, magnetic, or mechanical forces. (Ibrahim, 2015; Ibrahim, Mergen, 

Sahin and Basheer, 2017). "Multiferroic" refers to a substance that 

encompasses multiple foundational ferroic behavior mechanisms, such as 

ferroelectricity, ferromagnetism, and ferroelasticity, within a singular phase 

(Schmid, 1994). With the consideration of the antiferroic concept, the term 

"multiferroic" has been broadened to encompass any material capable of 

presenting the simultaneous occurrence of diverse sequences, including 

magnetic, electric, and ferroelectric phenomena, all within a solitary phase 

(Pandu, 2014).  

Multiferroic materials serve as an exemplary illustration of a cutting-

edge class of smart materials, adept at seamlessly integrating multiple 

attributes within a unified phase. (Ederer and Spaldin, 2004). 

Lately, the classification of multiferroic materials has bifurcated into 

two primary categories: single-phase multiferroics and multiferroic 

composites. Single-phase multiferroics, as recognized by researchers like 

Wang, Hu, Lin, and Nan (2010), represent materials that seamlessly bridge 

the realms of ferroelectricity and ferromagnetism within a singular phase. 

Notably, these materials exhibit relatively modest polarization magnitudes 

and weak degrees of magnetoelectric coupling. A diligent pursuit of 

knowledge and development in the realm of single-phase multiferroics has 

yielded substantial contributions across diverse fields (Wang et al., 2010). 

In contrast, the domain of multiferroic composites entails an indirect 

fusion of ferroelectric and ferromagnetic attributes, orchestrated through the 

intricate cross-interaction between distinct sequences present within the 

composite material, facilitated by mechanical strain. This unique 

amalgamation instigates a remarkable coupling between the two phases, 

harnessing their combined potential for magnetic-piezoelectric interfaces, 

while individually each phase might lack the ability to establish 

magnetoelectric coupling. The manifestation of the magnetoelectric effect in 

composites is intricately hinged on the intricate microstructure of the 

composite and the intricate interplay of magnetic-piezoelectric interfaces, a 

phenomenon explored in depth by Nan et al., (Nan et al., 2008). 

Further discernment reveals that single-phase multiferroics can be 

delineated into discrete typologies based on their crystallographic orientation 

and chemical composition. Noteworthy categories encompass the perovskite 
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structure, rare earth manganites exemplified by REMnO3 (with RE denoting 

elements such as Ho, Lu, Y, Gd, and Sc), BaMF4 compounds where M 

encapsulates elements such as Mg, Mn, Fe, Co, Ni, Zn, and the REMn2O5 

compounds (with RE embodying elements like Y, Tb, Dy, and Ho). This 

multifaceted classification framework provides a comprehensive panorama of 

the diverse landscape of single-phase multiferroics, elucidating the 

multifarious pathways through which these materials manifest their 

captivating properties. 

The potential future applications of multiferroic materials stem from 

their unique coexistence of ferroelectric and (anti)ferromagnetic orders, 

paving the way for an array of innovative technical uses. Notably, these 

materials offer prospects in emerging multi-state memory technologies, where 

they can serve as both conventional magnetic data storage tools and pioneers 

of transformative methods. Traditionally, data writing involves the application 

of magnetic fields, whereby the electromagnet's high leakage field in the write 

head controls the magnetization direction of each data bit. This conventional 

process can be enhanced through the utilization of the magnetoelectric effect, 

allowing the manipulation of magnetization using electric fields. This 

breakthrough not only presents the opportunity for high-density, low-power 

data storage devices but also unlocks novel avenues for future memory 

technologies (Gerhard et al., 2010). Furthermore, the magnetoelectric 

properties intrinsic to multiferroic materials hold significant potential for 

integration within an assortment of sensing applications, particularly in the 

realms of integrated optics and fiber optic communication. Through the 

incorporation of multiferroic materials, sensors utilizing magnetoelectric 

properties can be engineered to facilitate advanced functionalities in film 

waveguides. These innovative developments align with the work of 

Venevtsev, Gagulin, and Zhitomirsky (1987) and showcase the broader scope 

of possibilities for harnessing the magnetoelectric properties of multiferroic 

materials in diverse sensor applications (Venevtsev et al., 1987). 

In essence, the symbiotic fusion of ferroelectric and 

(anti)ferromagnetic attributes in multiferroic materials lays the foundation for 

a future brimming with technological advancements across data storage, 

sensing technologies, and integrated optics, thereby epitomizing the 

multifaceted potential inherent in these remarkable substances. 

Enhanced electrical and magnetic attributes within the REMnO3 

compound can be achieved through strategic doping with suitable elements. 
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This deliberate introduction of dopants into either the hexagonal or 

orthorhombic regions of REMnO3 has been proven to induce disruption 

within the Mn-O network. This disruption has a profound impact on not only 

the compound's magnetic, electric, and multiferroic properties but also its 

structural characteristics. 

Gaining comprehensive insights into the internal arrangement of 

materials holds paramount importance in the development and application of 

advanced materials. This research endeavors to create a singular-phase 

compound by substituting Eu for Gd in Gd1-xEuxMnO3 compositions with 

designated values of x, specifically 0.2 and 0.8. The preparation of samples 

involves the solid-state reaction method. Employing X-ray diffraction (XRD) 

and scanning electron microscopy (SEM) enables the investigation of the 

resolution limit associated with each contribution of Eu. Additionally, the 

magnetic properties are assessed through employment of the VSM device. 

This study meticulously delves into the influence of doping on both the crystal 

structure and magnetic attributes, revealing compelling insights (Ibrahim, 

2015). 

The profound implications of these multiferroic ceramic materials 

extend to novel functionalities and promising applications in a multitude of 

domains, including microelectronics, information technology, sensors, 

memories, converters, and data storage devices for radar systems, among 

others. The synthesis of such high-tech materials stands poised to significantly 

bolster the technological foundation of nations, yielding substantial 

contributions to their overall infrastructural advancements. 

2. MATERIALS AND METHODS  

In this section, technique used to synthesize Eu doped GdMnO3 

ceramics is explanined. Eu doped to Gd in GdMnO3 through Gd1-xEuxMnO3 

compositions. Characterization techniques used structural identification of 

doped samples will also be described in this section.  

2.1 Synthesis of Gd1-xEuxMnO3  

The synthesis of single-phase doped Gd1-xEuxMnO3 (with x values of 

0.2 and 0.8) ceramic powders followed the conventional solid-state reaction 

route, as depicted in Figure 1. The starting materials consisted of high-purity 

Gd2O3 (99.9%; Alfa Aesar), Mn2O3 (98%; Alfa Aesar), and Eu2O3 (99.9%; 

Alfa Aesar) powders, all commercially available and of analytical purity. 

Precise amounts of these compounds were meticulously weighed to achieve 
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the desired Gd1-xEuxMnO3 compositions (x=0.2 and 0.8), and the mixture was 

thoroughly blended in ethyl alcohol for a duration of 6 hours, employing 

zirconium balls within a plastic container. Subsequently, the obtained slurry 

was subjected to drying in an oven at 95°C for 24 hours, followed by 

calcination at 600°C for 10 hours. The calcined powder, agate in nature, was 

further crushed and ground into a fine powder. To explore phase 

development, this powdered material underwent heat treatment at various 

temperatures ranging from 1000 to 1350°C, utilizing a heating and cooling 

rate of 300°C/hour over a duration of 10 hours. 

Cylindrical pellets, featuring dimensions of 10 mm in diameter and 2 

mm in thickness, were meticulously prepared utilizing a uniaxial pressing 

device exerting a pressure of 10 MPa. The sintering process was carried out at 

1350°C for a duration of 20 hours, employing a heating and cooling rate of 

120°C/hr. These sintering operations were executed using a high-temperature 

programmable furnace.  
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Figure 1: Diagram of the process for synthesis of Gd1-xEuxMnO3 material 

(Ibrahim, 2015).    

Following the sintering process, the resulting samples underwent 

characterization through X-ray diffraction (XRD) and scanning electron 

microscopy (SEM). Additionally, the magnetic hysteresis behavior of the Eu-

doped GdMnO3 samples (Gd1-xEuxMnO3) was investigated at low 

temperatures using magnetic hysteresis measurements conducted with a 

Vibrating Sample Magnetometer (VSM). 
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2.2. Characterization 

 In this investigation, the characterization of sintered ceramic 

materials doped with Eu in GdMnO3 was carried out utilizing X-ray 

diffractometry (XRD) and scanning electron microscopy (SEM) which were 

integral in comprehending the material's structural properties and composition 

(Qasrawi, Sahin, Abed and Emek, 2021; Qasrawi, Sahin, Emek, Kartal and 

Kargin, 2019; Şahin, Emek, Ibrahim et al., 2023). X-ray diffraction (XRD) 

analysis is a potent method employed for the identification of crystalline 

phases present within a sample, while also furnishing insights into phase 

concentration, the extent of non-crystalline components, crystal size, and 

ultimately, chemical composition (Şahin and Emek, et al., 2023; Şahin, 2022; 

Şahin, et. al., 2023). In the process of sample measurement, the sintered 

pellets undergo comminution in an agate mortar, transforming them into fine 

powder. Subsequently, the resulting powder is loaded into a sample holder 

and subjected to thorough characterization using the Bruker D2 PHASER X-

ray diffractometer (XRD). The samples are subjected to a scanning range 

spanning 2θ: 10-70°, employing a scanning speed of 1°/min and a step size of 

0.01016°. The employed Cu-Kα radiation (λ=1.54184 Å) facilitates this 

analytical procedure. The primary objective of this analysis is twofold: to 

ascertain the solubility limit of each introduced additive within the sintered 

pellet and to discern the possible formation of any secondary phases. The 

comprehensive analysis is conducted utilizing the FullProf software, enabling 

computer-based evaluation. 

To delve into surface characteristics, scanning electron microscopy 

(SEM) is harnessed, employing the JEOL5910 LV instrument. The SEM 

device facilitated the detection of even trace amounts of potential secondary 

phases. Moreover, it facilitated the examination of microstructures and 

morphological features (Qasrawi et al., 2021; Qasrawi et al., 2019; Şahin et 

al., 2023). As a preliminary step to SEM examination, the fractured surfaces 

of the pellets undergo gold coating through the SC7680 Super Coater. With 

these preparations in place, the fractured surfaces of the manufactured 

samples undergo meticulous investigation at varying magnifications utilizing 

secondary and backscattered electrons. 

Furthermore, an exploration of the low-temperature (10 K) magnetic 

properties of the Eu-doped GdMnO3 samples (Gd1-xEuxMnO3) is conducted 

through the application of a vibrating sample magnetometer (VSM) (Şahin et 

al., 2023). The VSM device, as employed by Şahin, Emek, Ibrahim (2023), 
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conducted magnetic hysteresis measurements utilizing a Cryogenic Limited 

PPMS (Physical Properties Measurement System) setup.  

This device, meticulously calibrated with certified reference materials 

like nickel and palladium, employs a closed circuit Helium system to attain 

extremely low temperatures, starting from room temperature (Ibrahim, 2015; 

Bayrak, 2012), allowing for thorough magnetic and electrical characterization 

of dust samples under magnetic fields as high as 5 Tesla. The resultant 

magnetization of the sample, as a function of the applied magnetic field (M-

H), is meticulously obtained through this investigation. This comprehensive 

approach encompasses a multi-faceted analysis, combining XRD, SEM, and 

VSM techniques, to unravel the intricate characteristics and behaviors of the 

Eu-doped GdMnO3 ceramic samples. 

 3. RESULTS AND DISCUSSION 

The necessary characterizations of the new doped material have been 

carried out in this section, by controlling the microstructure of the new 

material, the desired properties are tried to be achieved. 

 3.1. XRD Analysis of Eu doped GdMnO3  

 Figure 2 depicts the X-ray diffraction (XRD) pattern of both undoped 

and A site-doped Gd1-xEuxMnO3 ceramics (with x values of 0.2 and 0.8), 

subjected to heat treatment at 1350°C for 24 hours. It is evident from all the 

samples' XRD patterns that a singular perovskite structure prevails, evidenced 

by the precise concordance between the observed peaks and the anticipated 

positions. Notably, no additional peaks indicative of secondary phase 

formation are discernible, signifying a monophasic composition (Figure 2). 

This observation underscores the successful integration of Eu, even in higher 

concentrations (x=0.8), within the lattice, resulting in a seamless 

incorporation into the solid solution. 

Upon scrutinizing the peaks more closely, a subtle leftward shift in 

peak positions becomes apparent with the elevation of doping concentration. 

This shift is attributed to the expansion of the lattice parameter, resulting in an 

augmented volume of the unit cell.  

This expansion is a direct consequence of the replacement of Gd with 

Eu, where the ionic radius of Eu (2.65 Å) surpasses that of Gd (2.54 Å). The 

incremental increase in unit cell parameters due to doping concentration 



111 | Advancing Through Applied Science and Technology 

 

increment can lead to a slight perturbation in the lattice, potentially inducing 

alterations in the crystal structure.  

This modulation holds the potential to significantly influence the 

material's magnetic properties, establishing a crucial connection between 

lattice changes and magnetism. The calculation of lattice parameters and unit 

cell volume is performed using the FullProf program, with the resultant values 

presented in Table 1.  

This meticulous analysis not only reaffirms the structural integrity of 

the doped ceramics but also elucidates the intricate interplay between doping, 

lattice parameters, and resulting material properties. 

 

Figure 2: XRD patterns of Gd1-xEuxMnO3 ceramic compounds (x=0, 0.2, 0.8) 

at room temperature after a 24 hour heat treatment. 

The undoped GdMnO3 specimen demonstrates a lattice parameter in 

close proximity to the anticipated theoretical value, as gleaned from the PDF 

reference file (PDF No: 25-337). Concurrently, an elevation in Eu 

concentration leads to a corresponding increase in the lattice parameter, a 

consequence of the larger ionic radius of Eu (2.56 Å) relative to that of Gd 

(2.54 Å). 
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Furthermore, for instances of diminished Eu content (x=0.2), the X-

ray diffraction (XRD) pattern aligns with that of GdMnO3. In contrast, the 

XRD pattern corresponding to higher concentrations of Eu-doped GdMnO3 

(x=0.8) demonstrates a notable concordance with EuMnO3 (PDF No: 25-335). 

This compelling observation substantiates a significant shift, wherein as the 

content of Eu increases, the compounds undergo a transition to EuMnO3 

instead of remaining as GdMnO3. 

In summary, this progression underscores a distinct transformation in 

the compounds, indicating their conversion to EuMnO3 from GdMnO3, a shift 

directly linked to the augmenting concentration of Eu within the composition. 

This insight provides valuable implications for comprehending the intricate 

interplay between composition and crystalline structure in these materials. 

Tablo 1. Determined lattice characteristics of Eu doped GdMnO3 samples 

(Gd1-xEuxMnO3 ceramics where x= 0.2 and 0.8 heat treated at 1350°C for 24 

h) by utilizing FullProf 

Composition a (Å) b (Å)  c (Å) Volume 

(Å)
3
 

Space 

group 

Crystal type 

GdMnO3 5.31 5.84 7.43 230.41 Pnma orthorhombic 

Gd0.8Eu0.2MnO3 5.3141 5.8432 7.4219 230.46 Pnma orthorhombic 

Gd0.2Eu0.8MnO3 5.3366 5.842 7.453 232.33 Pnma orthorhombic 

 

3.2. SEM Analysis of Eu doped GdMnO3 

The scanning electron microscope (SEM) serves as a versatile 

apparatus, effectively unveiling topographical attributes, morphological 

characteristics, and phase distribution across the sample surface.  

As a potent magnification tool, the SEM employs two distinct 

imaging modalities: secondary electrons (SE) and backscattered electrons 

(BSE), both instrumental in material imaging and analysis. 

As illustrated in Figure 3, the secondary and backscattered electron 

micrographs of Gd0.8Eu0.2MnO3 and Gd0.2Eu0.8MnO3 (comprising the Gd1-

xEuxMnO3 compound with doping concentrations x=0.2 and x=0.8) 

demonstrate the microstructural features.  
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The SEM micrographs affirm the absence of secondary phases or 

impurities, corroborating findings from X-ray diffraction (XRD) analyses.  

Notably, the backscattered electrons do not reveal any discernible 

phase contrast. 

The grain sizes evident in samples with x values of 0.2 and 0.8 fall 

within the range of 4 to 11 micrometers and 5 to 12 micrometers, respectively.  

 

Figure 3: SEM micrographs of Eu doped GdMnO3,  (Gd1-xEuxMnO3 ceramic 

where x= 0.2 and x= 0.8 sintered at 1350°C for 24h). a) specimen at ×2000 

SEI of Gd0.8Eu0.2MnO3, b) specimen at x5000 SE of Gd0.8Eu0.2MnO3, c) 

specimen at x2000 SEI of Gd0.2Eu0.8MnO3, d) specimen at x5000 SEI of 

Gd0.2Eu0.8MnO3. 

 

This observation underscores a consistent grain size across both 

compositions, indicating that doping does not induce significant alterations in 

grain dimensions.  



Advancing Through Applied Science and Technology| 114 

 

This consistent grain size distribution contributes valuable insights 

into the influence of doping on the material's microstructure. 

 

3.3. Magnetic Characteristics of Eu doped GdMnO3  

The assessment of magnetic hysteresis involves the utilization of a 

Cryogenic Limited PPMS (Physical Properties Measurement System) device. 

Employing the Vibrating Sample Magnetometer (VSM) measurement 

technique, this assessment entails the determination of magnetic properties 

within a designated magnetic field range, either at room temperature or at a 

specific temperature setting (Şahin et al., 2023; İbrahim, 2015). The Vibrating 

Sample Magnetometer (VSM) serves as a pivotal tool for magnetic material 

characterization. 

To comprehensively explore the impact of Eu additives on magnetic 

characteristics, the magnetic evaluation of Eu-doped samples is conducted at 

an exceptionally low temperature, specifically 10 K.  

This meticulous approach enables an in-depth understanding of the 

intricate relationship between the introduction of Eu and the resultant 

alterations in the material's magnetic behavior.  
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Figure 4: Gd1-xEuxMnO3 ceramic material magnetic hysteresis loops after a 

24 hour heat treatment at 1350°C ( x=0.2 and 0.8). 

 

Figure 4 illustrates the magnetization response of the Gd1-xEuxMnO3 

material, specifically for x values of 0.2 and 0.8, with respect to a varying 

magnetic field (M-H) at a notably low temperature of 10 K. The results 

present a striking ferromagnetic phenomenon within the x=0.2 sample, 

evidenced by a saturation magnetization (Ms) of 35 emu/g. However, a 

discernible shift in magnetic behavior occurs with a dopant concentration of 

x=0.8, leading to a marked reduction in Ms to approximately 14 emu/g. This 

pronounced shift marks a significant transition from ferromagnetic to 

paramagnetic behavior, exemplifying the sensitivity of magnetic properties to 

dopant concentration. 

The superior ferromagnetic behavior apparent in the x=0.2 sample can 

be attributed to the beneficial substitution of Eu, which effectively suppresses 

spiral spin modulation, thereby promoting a more coherent and robust 

ferromagnetic state (Uniyal, 2009). Conversely, as x exceeds the threshold of 

0.2, the structural perturbations introduced by higher dopant concentrations 

disrupt the intricate spin regulation mechanism, consequently distorting the 

ferromagnetic behavior and precipitating a measurable decrease in Ms 

(Uniyal, 2009). These findings provide valuable insights into the interplay 

between dopant concentration, crystal structure, and resulting magnetic 

behaviors, shedding light on the underlying mechanisms that govern the 

material's magnetic response. 

4. CONCLUSION 

 This study delved into the influence of Eu doping on the structural 

and magnetic attributes of GdMnO3 multiferroic ceramics. Employing the 

conventional solid-state reaction method, an array of orthorhombic Gd1-

xEuxMnO3 powder specimens was meticulously generated. By varying the 

reaction conditions, particularly the heat treatment temperature, the resulting 

samples exhibited diverse morphologies, structures, and compositions. 

Noteworthy alterations were observed within these perovskite-based 

multiferroic ceramics, emphasizing the profound effects of Eu doping and 

controlled manipulation. 

Thorough characterization encompassed X-ray diffraction (XRD), 

scanning electron microscopy (SEM), and Vibrating Sample Magnetometer 

(VSM) analyses. The strategic incorporation of Eu into the A-sites exerted a 
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discernible influence on crystal structures, primarily attributed to variations in 

atomic dimensions of the doped elements. Magnetic evaluation of Eu-doped 

samples, conducted at ultra-low temperatures down to 10 K, unveiled a 

compelling interplay between ferromagnetic and antiferromagnetic ordering. 

Notably, GdMnO3 samples doped with Eu showcased intriguing 

ferromagnetic tendencies at specific doping concentrations, potentially 

stemming from subtle structural perturbations within the lattice. 

The emerging Eu-doped GdMnO3 systems exhibit significant shifts in 

magnetic properties, stemming from the induced structural modifications. 

This observation underscores the potential of these materials for multiferroic 

applications, presenting enhanced ferromagnetic characteristics. As a result of 

these magnetic and structural adjustments, considering alternative doping 

strategies may offer avenues to further tailor and amplify the multiferroic 

attributes of orthorhombic Gd1-xEuxMnO3. This investigation advances our 

comprehension of Eu doping as a potent avenue for harnessing desirable 

properties in multiferroic ceramics, paving the way for innovative applications 

and tailored material design. 
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INTRODUCTION 

Rockets operate based on Newton's laws of motion. Simply put, 

rocket engines eject high-pressure and high-temperature gases resulting from 

the combustion of fuel through a nozzle. The rapid expulsion of gases from 

the nozzle propels the rocket forward. This principle is, in fact, based on 

Newton's third law of motion, which states that "for every action, there is an 

equal and opposite reaction". 

Considered a pioneer of rocket science, an American physicist and 

engineer Robert H. Goddard successfully launched the first liquid-fueled 

rocket in 1926, which is regarded as the foundation of modern rockets. This 

rocket is acknowledged as a step towards physical space travel and Goddard's 

rocket reached a speed of 60 miles per hour and a height of 12.5 meters, 

burning fuel for only 2.5 seconds. This rocket set the precedent for the 

development of multi-stage rockets and other rocket engines that would later 

be used in space research. Goddard later worked on both liquid fuel rocket 

engines and solid fuel rocket engines. He also made significant advancements 

in rocket fuel systems, guidance systems, and other rocket technologies 

(Center, 2004). 

One of the most important developments in rocket engines is the V2 

rocket developed by Wernher von Braun and his team at the Army Research 

Center in Peenemünde, Germany, during World War II (V-2 Rocket - 

Wikipedia, 2023). The V-2 rocket was the first long-range ballistic missile 

used by Nazi Germany during World War II. It is also the first vehicle that 

allowed a man-made object to reach space. As shown in Figure 1, this rocket 

used a liquid-fueled rocket engine with the capacity to reach space and is 

considered a precursor of ballistic missiles (Rocket - Liquid Fuel, Propulsion, 

Engines | Britannica, 2023). The technical specifications of the rocket can be 

listed as follows: length - 14 m, diameter - 1.65 m, range - 320 km, speed - 

5760 km/h, altitude - 189 km, and weight - 12.5 tons. 

After World War II, rocket engines continued to evolve, signaling the 

dawn of space exploration. The 1950s and 1960s were a period of significant 

advancements in rocket engine technology, especially during the "space race" 

between the United States and the Soviet Union. 

 

 

 



Advancing Through Applied Science and Technology| 122 

 

Figure 1: V-2 Rocket and Schematic View 
 

The rocket engines developed during this time were used in the 

Apollo programs, as shown in Figure 2, particularly by NASA between 1961 

and 1975 to carry out manned missions to the Moon (Gisler & Sornette, 

2009). The Apollo spacecraft comprised a three-person cabin, a missile, and a 

propulsive capsule. 

Figure 2: Apollo Programs 
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The foundation of this program, the Saturn V, as seen in Figure 3, was 

used to launch the first American space station, Skylab (Bilstein, 1999). 

Saturn V was launched 13 times from the Kennedy Space Center in Florida 

and has a payload capacity of 140,000 kg to low Earth orbit. This three-stage 

rocket used high-energy fuels such as liquid hydrogen and liquid oxygen and 

employed the F-1, the most powerful single-chamber liquid-fueled rocket 

engine ever developed, in its first stage (Young, 2008). Furthermore, as of 

2021, this rocket is the only launch vehicle to have transported humans 

beyond low Earth orbit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 3: Saturn V Rocket 
 

Recently, the rocket engines developed by SpaceX, as shown in 

Figure 4, offer significant improvements over previous generations. SpaceX is 

an American private space transportation company based in Hawthorne, 

California, founded by Elon Musk in 2002. The primary goals of the company 

are to reduce the cost of space transportation and establish a human colony on 

Mars. Chronologically, SpaceX was the first private company to reach and 

return a spacecraft from the International Space Station (ISS) in 2010. In 

2012, the Dragon spacecraft became the first private vehicle to deliver cargo 

to the ISS. By 2020, SpaceX became the first private company to transport 

NASA astronauts to the ISS. SpaceX has developed and manufactured the 
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Falcon and Starship rocket families, but the Starship is designed for long-

distance flights between Mars and other planets (Reddy, 2018). 

 
Figure 4: SpaceX's Raptor Engine 

 

SpaceX's Raptor engine provides high efficiency and reusability by 

using liquid methane (CH4) and liquid oxygen (O2). This engine has a 

"staged combustion" cycle, as shown in Figure 5, which redirects the exhaust 

from the gas generator back to the combustion chamber, increasing the 

engine's efficiency. Additionally, the Raptor engine follows the "full-flow" 

principle, which means that both components are completely directed to the 

combustion chamber, enabling the engine to produce more thrust. SpaceX 

uses the Raptor engine in both the Falcon rocket family and the Starship 

vehicle (Seedhouse, 2022). 
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Figure 5: Full-Flow “Staged Combustion” Diagram 

 

In our Computational Fluid Dynamics (CFD) analysis to understand 

the effect of the staged combustion cycle, we removed the intermediate stage 

where the exhaust gas is redirected back to the combustion chamber, as shown 

in Figure 6. Thus, we obtained less thrust force at the nozzle exit than the 

values explained on Nasaspaceflight, revealing how efficient the process of 

redirecting exhaust gas is. 
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Figure 6: Raptor Engine Cycle Diagram 

 

MATERIALS AND METHODS 

For the CFD analysis, a basic CAD geometry was first drawn for the 

Raptor engine. In this drawing process, the dimensions were made based on 

the reference values of ER=35 shown in Figure 7. After the CAD geometry 

was created, preparations were made for the CFD analysis. The first step was 

to create a surface mesh from the CAD geometry. Volume mesh elements 

with the same edge length as the surface mesh elements were derived. 

Adjustments were made in the mesh parameters until mesh metrics like 

skewness and orthogonal geometry showed good values, and a mesh of 

sufficient quality to achieve mesh independence was obtained. Then, other 

interfaces necessary to set up the CFD analysis were opened, and the relevant 

parameters were defined. 
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Figure 7: ER=35 Model Mesh 

 

Input pressure and mixture ratio values were taken from NASA's 

CEA for combustion chamber calculations. In the interface where the material 

arrangement is made and seen in Figure 8, the fluid selection was made 

assuming an ideal gas for density properties. In addition, specific heat, 

molecular weight, and thermal conductivity values were entered as seen 

below. Due to the nature of the rocket engine, the viscosity of the fuel mixture 

will also not remain constant. The Viscous Sutherland Method is a method 

used to calculate the viscosity value of fluids in relation to temperature. 

Viscosity is an important property that defines the internal friction resistance 

of a fluid and plays a significant role in the analysis of fluid mechanics and 

heat transfer. Therefore, accurately estimating the viscosity of the fluid as a 

function of temperature is important for many applications. The advantage of 

the Sutherland method is that it can accurately calculate viscosity at low and 

high temperatures. However, at low temperatures, it would be more 

appropriate to use more sensitive models, especially for fluids in the liquid 

state. Therefore, the "Sutherland" method has been chosen to calculate the 

change in viscosity. 

 

𝛍 = 𝛍𝟎
𝐓𝟎+𝐂

𝐓+𝐂
 (

𝑻

𝐓𝟎
)

𝟑/𝟐

       (1) 

 
In equation 1 above, μ(T) is the viscosity of the fluid at temperature 

T, μ0 is the viscosity of the fluid at the reference temperature T0, and C is a 

value known as the Sutherland constant (Sutherland, 1893). This method is 
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usually used to calculate the viscosity of gases, and for gases, the Sutherland 

constant is usually 110.4 K. 

 

Figure 8: Properties of Material 

 

As seen in Figure 9, since the speed of the fuel mixture is not known 

for the input condition, the pressure inlet parameter was defined based on the 

pressure at the input cross-section. After the input pressure data of 300 bar 

taken from NASA's CAE was defined, the supersonic initial gauge pressure 

value was found as a result of a calculation assuming isentropic compressed 

flow. 
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Figure 9: Definition of Inlet Boundary Condition 

 

The scalar magnitude of the temperature input condition, which is 

located in the second tab of the interface related to the pressure inlet 

parameter shown in Figure 10, was defined as 3762.41 K in Kelvin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10: Defition of Inlet Temperature Condition 
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In the interface related to the pressure outlet parameter shown in 

Figure 11, there are two different tabs for momentum and thermal conditions. 

The value to be entered for the gauge pressure parameter in the first tab needs 

to be set at 101325 Pa by referring to the atmospheric pressure at sea level, as 

the thrust values are given as thrust sea level. In addition, the scalar 

magnitude of the temperature condition found in the second tab has been 

defined as 293 K, equivalent to 20 degrees Celsius, in correspondence with 

the National Institute of Standards and Technology (NIST). 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Definition of Outlet Boundary Condition 

 

In the interface shown in Figure 12, a turbulence model must be 

selected from the list pertaining to turbulence models. The k-omega model is 

widely used in CFD (Computational Fluid Dynamics) analyses to calculate 

turbulence effects and predict the characteristics of turbulent flow. 
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Figure 12: Setting of Viscous Model 

 

The k-omega model uses two carrier variables named k and omega. 

These variables are called turbulence kinetic energy (k) and scaling frequency 

(omega). While turbulence kinetic energy represents the intensity of turbulent 

motion, the scaling frequency determines the size and interactions of turbulent 

structures. The k-omega model simulates turbulent flow by solving additional 

equations called k and omega equations, along with the Navier-Stokes 

equations. These additional equations are used to calculate the spreading rate 

of turbulence, turbulence energy production, turbulence viscosity, and other 

features associated with turbulence. 
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Such turbulence models are used to predict complex turbulent flows 

with less computational cost and are often preferred in industrial applications 

in CFD analyses. There are different variations of k-omega turbulence models 

used in mathematical modeling of turbulent flows. 

The standard k-omega model is the basic version of the k-omega 

turbulence models. It is a suitable choice especially for smooth fluid flows 

such as high-pressure flows and circular pipes. However, it may not give 

sufficient results for turbulent flows involving rotational movements such as 

severe rotational motion and turns. 

The GEKO (Generalized k-omega) model is an improved version of 

the k-omega model. This model is designed to more accurately predict 

turbulent flows where there are rotational movements and severe rotational 

motions. Therefore, it is a more suitable choice for rotating flows. 

The BSL (Baseline) k-omega model is a variation aiming to perform 

better under low Reynolds numbers of turbulent flows. The Reynolds number 

is a parameter where the turbulence effects of the fluid become significant. 

The BSL model is a suitable choice to get accurate results under low 

Reynolds numbers. 

The SST (Shear Stress Transport) k-omega model aims to achieve 

accurate results both near the wall surfaces and in the free flow area of 

turbulent flows. This model combines the advantages of k-epsilon and k-

omega models and performs well across a wide flow spectrum. The SST 

model is a popular choice that can generally be used in various flow 

conditions. 

Considering the suitability and effects of the differences between 

these variations for the rocket thrust analysis scenario and supported by the 

literature, the k-omega model was preferred in the choice of the turbulence 

model to complete the CFD analysis of the liquid-fueled rocket engine with 

low computational cost, and the SST variation was used in this study. 
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RESULTS 

After all parameters were defined, the CFD analysis was run and 

converged in 450 iterations. In Figure 13, cross-sections of temperature results 

are seen. The temperature profile on the left is a section of the mixture of 

methane and oxygen fuel, while the temperature profile on the right shows a 

cross-section of the temperature profile for FLP fuel. 

 

 

Figure 13: Temperature Profiles 

 

In Figure 14, velocity profiles are seen. The velocity profile on the 

left is a section of the mixture of methane and oxygen fuel, while the velocity 

profile on the right shows a cross-section of the velocity profile for FLP fuel, 

and the velocity profile at the nozzle exit for FLP fuel turned out to be higher. 

 

Figure 14: Speed Profiles 

 

As a result of certain equations using the pressure, velocity, and 

density values obtained from the analysis, the values of mass flow rate and 

thrust force were found. The relevant values are given in Figure 15. It was 

observed that the average of the thrust force values is 1.74 MN. 
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Figure 15: Thrust Force Results (CH4+LOx) 

 

In Figure 16, as a result of certain equations using the pressure, 

velocity, and density values obtained for FLP, the values of mass flow rate 

and thrust force were found. The average value of the thrust force was found 

to be 0.74 MN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16: Thrust Force Results (FLP) 
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CONCLUSION 

In NASA Spaceflight, the average thrust force is stated as 

approximately 2.23 MN for the case where the exhaust gas is redirected to the 

combustion chamber. In this study, when the intermediate stage in which the 

exhaust gas is redirected to the combustion chamber is excluded, it was 

observed that the average of the thrust force values dropped to 1.74 MN. 

Therefore, it was determined that the staged combustion cycle increases the 

thrust force by 25%. 

One of the main reasons for working with FLP fuel is as follows: 

During the use of carbon-containing fuels like CH4 (methane), a large amount 

of carbon is released into the environment and it is clear that it damages 

nature, but FLP fuel does not contain carbon and have easier logistics can be a 

solution to this problem. However, as numerical results also show, the thrust 

force obtained from FLP fuel is at least half less. It was observed that the 

thrust force dropped from 1.74 MN to 0.74 MN. Therefore, it cannot give the 

capacity to free high-mass rockets from the effect of gravity and access space. 

It is thought that the use of FLP fuels is more suitable in smaller scale, low 

altitude rockets. 
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INTRODUCTION 

Natural spring waters are valuable sources of freshwater that emerge 

from underground aquifers, often acclaimed for their purity and potential 

health benefits. These waters play a crucial role in meeting the drinking water 

needs of communities around the world. The quality of these spring waters is 

of paramount importance, as it directly affects public health. Natural spring 

waters possess certain characteristics that make them unique sources of 

drinking water, yet their safety for public consumption hinges on a rigorous 

assessment of their water quality parameters. Spring waters are often believed 

to be pure due to their origin from deep underground sources. They can 

contain beneficial minerals such as calcium, magnesium, and potassium, 

contributing to human health. However, excessive levels of certain minerals 

can lead to health issues, making it essential to monitor and regulate mineral 

content (Stupar et al., 2022). 

Despite their underground origin, spring waters are vulnerable to 

microbial contamination from sources such as surface runoff and human 

activities. Bacteria, viruses, and other microorganisms can pose serious health 

risks if ingested. Regular testing for microbial indicators like coliform 

bacteria helps ensure that the water remains safe for consumption (Bratovcic 

& Petrinic 2020). Natural spring waters can contain various chemicals derived 

from geological formations or human activities. Heavy metals, nitrates, and 

organic compounds are among the potential contaminants. These substances, 

if present above safe levels, can have adverse effects on human health, 

necessitating rigorous monitoring and treatment processes (Batool et al. 

2020). The pH level of spring water influences its taste and how it interacts 

with the body. Extreme pH values can cause gastrointestinal discomfort. 

Monitoring pH levels is crucial to prevent any potential health issues related 

to the water's acidity or alkalinity. 

The sources of natural spring waters are vulnerable to pollution, 

climate change, and other environmental factors. Protecting these sources 

from contamination is essential for maintaining the quality and availability of 

these valuable resources for future generations. Governments and health 

agencies establish regulatory standards for water quality parameters to 

safeguard public health. These standards define acceptable levels of 

contaminants, minerals, and other parameters in drinking water. Spring waters 

must meet these standards to be considered safe for consumption (EPA 2017). 
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Located 40 km south of the city center of Kahramanmaraş in the 

Mediterranean region, the areas of Fatmalı and Önsen are noteworthy spots 

within the region's natural beauty. These locales stand out for their captivating 

natural landscapes, rich vegetation, and tranquil atmosphere. Fatmalı and 

Önsen offer ideal settings for nature enthusiasts and visitors to engage in 

activities such as trekking, hiking, picnicking, and exploring wildlife. 

Additionally, these areas encompass historical and cultural elements of the 

region, making them appealing destinations for both relaxation and various 

recreational pursuits. The primary sources of drinking water in the Fatmalı 

region are groundwater resources. These resources typically involve 

extracting water from underground aquifers. These aquifers are layers beneath 

the ground that carry water and can aid in the natural filtration processes. 

Groundwater sources in the Fatmalı region play a fundamental role in meeting 

the drinking water needs of the local population and residents of the area. 

These water sources are regularly monitored and managed to ensure clean and 

safe consumption of water. Investigating the hydrogeology of the water 

sources in this region and determining the water quality parameters of these 

sources hold significant importance for several reasons. 

1. Drinking Water Security: Understanding the hydrogeology of the 

region's water sources is crucial for ensuring a stable and secure supply of 

drinking water. By comprehending the characteristics of the aquifers, 

groundwater flow patterns, and recharge mechanisms, authorities can make 

informed decisions about water extraction, allocation, and management. 

2. Resource Sustainability: Studying the hydrogeology helps in 

assessing the sustainability of water resources. This includes evaluating the 

rate of groundwater replenishment compared to withdrawal, preventing 

overexploitation, and avoiding the depletion of these vital resources for future 

generations. 

3. Preventing Contamination: Detailed knowledge of hydrogeological 

conditions allows for the identification of potential sources of contamination 

and pathways for pollutants to enter the groundwater. This information is 

essential for implementing protective measures to safeguard the quality of 

drinking water sources and prevent pollution-related health risks. 

4. Source Vulnerability: Hydrogeological studies can reveal the 

vulnerability of water sources to external factors such as climate change, land 

use changes, and pollution. By identifying these vulnerabilities, authorities 
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can develop strategies to mitigate the potential impact of such changes on the 

quality and availability of drinking water. 

5. Establishing Water Quality Standards: Determining water quality 

parameters is essential for establishing appropriate standards for safe drinking 

water. By analyzing the chemical composition of the water, authorities can 

ensure that it meets health-based guidelines, protecting the public from 

potential contaminants. 

6. Health and Well-being: The quality of drinking water directly 

impacts public health. Investigating water quality parameters helps identify 

potential health hazards, such as excessive mineral concentrations or 

microbial contamination. This information enables timely interventions and 

treatments to ensure the safety of the water supply. 

7. Regulatory Compliance: Water quality parameters are often 

regulated by governmental and health agencies to ensure the safety of 

drinking water. By determining and monitoring these parameters, authorities 

can ensure compliance with established standards and regulations. 

8. Data-Driven Decision Making: Hydrogeological research and water 

quality parameter determination provide a scientific basis for decision-making 

processes. Whether it's setting extraction rates, implementing treatment 

methods, or planning for water infrastructure, data-driven decisions lead to 

effective and sustainable management. 

In this study, we aimed to analyze the hydrogeochemical attributes of 

drinking water resources of Fatmalı-Önsen region, focusing on water quality 

parameters. Our primary objective was to establish a potential connection 

between apparent public health concerns, and the utilization of various natural 

water sources in this area. In order to achieve this, we conducted thorough 

geological, hydrogeological, and medical geological investigations specific to 

the Fatmalı-Önsen region. 

The research inquiries guiding this study encompassed: (1) 

Understanding the hydrogeological sustenance of underground water 

resources in the Fatmalı-Önsen region, (2) Determining the temporal origins 

of these water sources, and (3) Evaluating the suitability of the utilized water 

resources for drinking purposes according to established standards. In order to 

conclude, this study delves into a comprehensive exploration of the 

hydrogeochemical aspects of drinking water resources in the Fatmalı-Önsen 
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region. In conclusion, investigating the hydrogeology of the region's water 

sources and determining water quality parameters are essential steps towards 

ensuring a safe, reliable, and sustainable drinking water supply. These 

practices are instrumental in protecting public health, preventing 

contamination, and making informed decisions for the management of 

precious water resources. This paper explores the significance of natural 

spring waters and their water quality parameters in safeguarding public 

health. 

2. MATERIAL AND METHODS

In this section, we delve into the characterization of the geological 

structure, hydrogeological features, and water resources within the 

Kahramanmaraş Fatmalı-Önsen region. In order to accomplish this, we first 

outline the sampling locations and provide a comprehensive overview of the 

geological composition of the study area. Following this, we focus on the 

hydrogeological attributes of the region, aiming to understand the 

groundwater dynamics and characteristics. Subsequently, we present the 

methods and procedures employed in the characterization and analysis of the 

water resources. This section serves as the foundation for our comprehensive 

assessment of the geological and hydrogeological aspects of the Fatmalı-

Önsen region. 

2.1. Sampling Locations and Geology of the Study Area 

Water samples from the Fatmalı-Önsen region were systematically 

collected over the course of a year during distinct periods, encompassing both 

dry and rainy seasons. This approach aimed to establish the condition of the 

predominant drinking water sources within the region. This assessment 

considered not only the geological characteristics of the area but also sought 

to determine the potability of these water sources. The sampling efforts were 

directed towards four specific water sources, namely the Atatürk Fountain 

(FA-1), Kancıkdere Fountain (KD-2), Kişifli Spring (FG-3), Pınarbaşı (OKB-

4) fountain, and Hacıağlar (İncirlipınar) fountain (OH-5) all situated within 
the confines of the Fatmalı-Önsen region (Figure 1).
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Figure 1. View of the Water Resources of Fatmalı-Önsen Region (FA-1, KD-2, FG-

3, OK-4, OH-5) 

The study area is effectively situated within the 1/25,000 scale 

Kahramanmaraş M37-d3 map. The formations visible in this study area are 

not grouped under a single age category within this context. Instead, they are 

treated as separate entities, classified based on age from the oldest to the 

youngest among themselves. Consequently, the geological map of the study 

area encompassing the drinking water sources in the Fatmalı-Önsen region 

has undergone revisions (Figure 2). 
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Figure 2. Location Map of the Investigated Region 
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It was determined that they were formed within the alternation of 

sandstone, shale, siltstone, quartzite, and dolomite within the Ordovician aged 

tut formation of the Southeast Anatolian autochthon. The formations 

outcropping in the study area are not described in a single age order in this 

section, but are handled separately, independently of each other, with the age 

order from oldest to youngest. The geological map of our study area, where 

the drinking water sources of Fatmalı-Önsen location are located, has been 

revised (Figure 3) 

 

Figure 3. Geological Map of the Region (modified from MTA 2008). 

2.1.1. The Gölbaşı Formation (Tg): 

Baydar and Yergök (1996) used the name Gölbaşı formation for the 

first time for the unit, which includes conglomerate, sandstone, marl and tuff 

lithologies, whose typical outcrops are observed around Gölbaşı Lake in 

Adıyaman province Gölbaşı district and generally deposited in the lake 

environment. The unit is generally characteristic with its soft topography and 

yellowish-gray appearance. Gölbaşı formation generally consists of shale, 

clayey limestone and siltstones observed in places between these lithologies. 

The shales should be bluish-gray, thin-bedded, unstable, dispersed and 
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splintered. Marl and clayey limestones are yellowish-gray colored, thin-

medium bedded, carbonate cemented, medium strength, cracked and 

fractured. Among these lithology, there are gray colored, thin bedded, loosely 

attached siltstones with polygenic elements. Gölbaşı formation overlies all 

older units with angular unconformity, and is overlain by talus and alluvium 

with angular unconformity. Baydar and Yergök (1996) suggested that the 

Gölbaşı formation, which they gave Pliocene age, had a thickness of 194 m 

around Gölbaşı and was deposited in lake or marsh areas that developed under 

the influence of tectonic forces. The Gölbaşı Formation, a prominent 

geological unit, is found in various regions and holds significant insights into 

the Earth's geological history. Comprising sedimentary rocks, the formation's 

deposits provide valuable evidence of past environmental conditions and 

depositional processes. The Gölbaşı Formation typically consists of layers of 

sandstone, siltstone, shale, and limestone, reflecting diverse sedimentary 

environments such as fluvial, lacustrine, and deltaic settings. Its distinct 

stratigraphic characteristics and fossil content enable geologists to decipher 

the evolution of landscapes and ecosystems over time, shedding light on the 

dynamic interplay between climate, tectonics, and sedimentary processes. The 

Gölbaşı Formation's multifaceted composition and geological significance 

make it a focal point for studies aimed at unraveling the Earth's geological 

heritage and understanding the intricate mechanisms shaping its surface. 

2.1.2. Döngele sandstone member (Tkd) 

The unit, which generally consists of alternating yellowish-gray 

sandstone, siltstone and mudstone, and is best exposed in the vicinity of 

Süratı, Tanır, Döngel and Karaağaç, was first introduced by Gül (2000) as the 

Döngele sandstone member. The unit, which has wide outcrops in 

Kahramanmaraş and its vicinity, is characteristic with its flat topography and 

yellowish-gray uniform appearance. The sandstones in the unit; It is gray, 

yellowish-gray in color, thin-medium bedded, varying in size from fine sand 

to coarse sand, partly parallel, partly tangential-cross-layered, carbonate 

cemented and polygenic elements. siltstones; It is yellowish gray in color, thin 

bedded, medium strength carbonate cemented and polygenic elements. The 

mudstones and claystones alternating with these units are yellowish-greenish 

gray, thin-bedded, unstable, splintered and carbonate-cemented. The unit 

generally presents a highly folded and fractured structure. Baydar and Yergök 

(1996) stated that the unit conformably overlies the Lower Miocene aged 

Zeytin formation, overlies the Eocene aged Midyat formation with angular 
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unconformity, and is also laterally and vertically transitional with other 

members of the Yenicekale formation. The researchers stated that the 

thickness of the unit reached up to 1000 m. In previous studies, no fossil finds 

were found in the unit. However, due to the Middle Miocene age of the 

Parpiyayla limestone member, which it shows a lateral and vertical transition, 

the Döngele sandstone member is assumed to be of the same age. Baydar and 

Yergök (1996) suggested that the Döngele sandstone member was deposited 

in a deeper part of the Middle Miocene sea than the Parpiyayla limestone 

member. 

The Döngele Sandstone Member is a notable geological unit 

recognized for its distinctive characteristics and contributions to the 

understanding of regional geological history. This member is part of the larger 

geological sequence and is often found in specific regions, offering insights 

into past depositional environments and geologic events. Comprising 

primarily sandstone deposits, the Döngele Sandstone Member showcases the 

sedimentary history of its formation. It is often associated with fluvial 

environments, indicating deposition in river systems. The sandstone layers 

within this member might exhibit variations in grain size, sorting, and 

sedimentary structures, providing clues about the energy and conditions of the 

ancient river systems. Fossil evidence within the Döngele Sandstone Member, 

if present, can offer insights into the organisms that existed during the time of 

deposition, helping paleontologists reconstruct the paleo environment and its 

inhabitants. Additionally, its distinct stratigraphic characteristics make it 

valuable for correlation with other geological formations, aiding in 

understanding the broader geological context of the region. Geologists study 

the Döngele Sandstone Member to unravel the geological processes that 

shaped it, including factors like sediment transport, water currents, and 

depositional changes over time. This member's examination contributes to a 

comprehensive understanding of the geological evolution of the area it is 

found in, helping scientists piece together the puzzle of Earth's history. 

2.1.3. Yavuzeli Basalt (Tmy) 

The Upper Miocene-aged basalts were introduced as the "Yavuzeli 

Basalt" by Yoldemir (1987a). This unit is present in the ridges northwest of 

Dehliz, the Kazankıran Mountain south of Pazarcık, the eastern and western 

parts of the Narlı Plain, and the northern and northwestern areas of Karacasu 

Village. The basalts exhibit various shades of reddish, dark brown, dark gray, 

and black colors. They are massive, occasionally with very thick layers, and 
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porous, with calcite amygdules and calcite fillings in pores that can reach up 

to 15-20 cm. The lavas sometimes include tuffaceous contributions and 

display brecciated appearances. 

The unit, observed as olivine basalt and amygdule-bearing olivine 

basalt, consists of lavas that reached the surface through fractures developed 

due to faults. The basalts unconformably cover all older units. Based on 

radiometric dating conducted by Yoldemir (1987a), their age is determined to 

be around 12.1 million years (Middle Miocene). However, according to Ulu et 

al. (1991), they are estimated to be around 7-8 million years old (Upper 

Miocene). The burial of Middle Miocene units by basalts in the 

Kahramanmaraş Basin can be interpreted as data supporting their Upper 

Miocene age. Yavuzeli Basalt is an important geological formation located in 

Yavuzeli district in Turkey's Southeastern Anatolia Region. This basalt 

formation is an issue that affects the geological features of the region and is 

studied in various scientific researches. Yavuzeli Basalt is known as a layer 

formed by basalt, which is a hard, dense and dark colored stone on the surface 

as a result of volcanic activity. This formation occurs when lava that spreads 

to the surface during lava flows or volcanic eruptions cools and solidifies. 

Basalt can often be broken up into hexagonal prism-like columns, making it 

visually recognizable. 

The geological and geomorphological features of Yavuzeli Basalt 

play an important role in understanding the volcanic past and geographical 

structure of the region. In addition, factors such as the origin, ages, and 

environmental effects of this formation have been studied by geologists and 

researchers. In conclusion, Yavuzeli Basalt is an important geological 

formation located in the Southeastern Anatolia Region and formed as a result 

of volcanic activity. This formation plays an important role in geological 

research and understanding the geological history of the region. 

2.1.4. Berke Formation (Sb) 

The Berke Formation is prominently observed in the southwestern 

region of Kahramanmaraş, lying between the Hartlap and Berke villages. This 

geological formation is characterized by its sequence of yellow and light 

green laminated layers of thin-bedded shale and phyllite alternations. The 

formation seamlessly overlies the Tut Formation, showing a harmonious 

transition between the two. The Berke Formation measures around 600 to 800 

meters in thickness. In terms of its age and regional correlation, it is believed 
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to belong to the Silurian period (Baydar and Yergök, 1996). The Berke 

Formation stands as a remarkable geological unit, found in diverse regions. It 

is composed of a mixture of sandstone, mudstone, and shale, which provides 

valuable insights into past environmental conditions and the sedimentary 

processes that contributed to its formation. The presence of this formation 

sheds light on the dynamic geological history of the area and offers important 

clues about the changing landscapes and ecosystems of the past. The Berke 

Formation is often associated with marine environments, suggesting that it 

was deposited in ancient seas. The distinct sedimentary layers within the 

formation can provide clues about the energy levels and conditions of the 

water during its deposition. Fossil content within the Berke Formation can 

offer valuable information about the organisms that inhabited these ancient 

seas, aiding paleontologists in reconstructing past marine ecosystems. 

Geologically, the Berke Formation provides important stratigraphic and 

sedimentological information, helping geologists understand the region's 

history and the changes that have occurred over time. This formation's 

composition and characteristics play a crucial role in piecing together the 

larger geological puzzle of the area where it is found. In summary, the Berke 

Formation is a significant geological unit that contributes to our understanding 

of past marine environments and the geological history of the region. Its 

composition, sedimentary layers, and fossil content offer valuable insights 

into the Earth's ancient seas and the organisms that inhabited them. 

2.1.5. Tut formation (Ot) 

The Tut Formation, as observed at the base of the units belonging to 

the Arabian autochthon in the study area, was first identified and named by 

Ketin (1966). This geological formation is characterized by an intercalation of 

various rock types including tawny-brown quartzite, shale-sandstone, gray-

black colored dolomite-dolomitic limestone, pink-purple colored clayey 

limestone, thin-bedded black colored claystone, and alternating layers of 

yellow dolomite-dolomitic limestone-clay limestone. Additionally, there are 

gray-olive green colored claystone and siltstone intercalations within the 

formation. 

The Kızılkaya Dolomite Member (Otki) is the portion of the Tut 

Formation that includes interbedded dolomite and dolomitic limestones. 

Another member within the Tut Formation is the Kocaboğan Member (Otko), 

characterized by alternating claystone, siltstone, and milestone layers. This 

detailed stratigraphic description was provided by Ketin (1966). The Tut 
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Formation, with its diverse rock types and distinctive members, contributes to 

our understanding of the geological history and characteristics of the study 

area, particularly within the Arabian autochthon. 

2.1.6. The Kocaboğan Member (Otko) 

This member is situated at the uppermost part of the Tut Formation 

and consists of olive-green, dark gray, fine to medium-bedded, clayey 

limestone, shale, greensand, greenish-purple, gray, and violet-colored, 

laminated, fine to medium-thick bedded sandstone, and quartzitic sandstone 

interbeds. The clayey limestone layers within this member are discontinuous 

and occur sporadically, often exhibiting laminations and leaf markings. On the 

surfaces of these layers, ripple marks, raindrop impressions, and traces of 

organisms can be observed. Above this level, sandstone and conglomeratic 

quartzite are found laterally and vertically. 

The quartzites found within the Kocaboğan Member, with 

intermittent layers of clay and siltstone, are thickly bedded, siliceous, 

hematitic, and micaceous. They display white, yellow, and occasionally 

purple hues. The Tut Formation is accepted as having an Early Ordovician 

age through regional correlation. However, according to Lahner (1972) and 

Dean and Monod (1985), it is believed to be of Late Ordovician age. In terms 

of stratigraphic and lithological characteristics, the Tut Formation can be 

correlated with the Sadan Formation in the Derik region, the Çardakyayla 

Formation in the Hassa area, and the Değirmentaşı Formation northeast of 

Tufanbeyli. 

2.1.7. Kızılkaya Dolomite Member (Otki) 

This member consists of interbedded dolomite, dolomitic limestone, 

clayey limestone, and shale layers. At its base, there are gray and black-

colored, hard, angular, fractured dolomite and dolomitic limestone layers. 

These layers' fractures are filled with calcite and quartz. They are thick-

bedded, massive, occasionally laminated, and highly resistant, displaying 

remarkable durability. Above this level, there are pink-purple colored, 

medium-bedded clayey limestone layers. Further upward, the member 

comprises yellow-colored, medium-bedded dolomite and dolomitic limestone 

layers occasionally interspersed with clayey limestone. 
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2.1.8. Andırın Limestone (Mza) 

Triassic-Cretaceous aged limestone formations were called "Andırın 

Limestone." This unit is widely spread across extensive areas north of the 

Sürgü-Elbistan faults and west of the Andırın Thrust Belt, exhibiting a rugged 

and morphologically distinct appearance. The limestone constituting the unit 

displays local color variations, ranging from gray to dark gray, white, and 

yellow. It is characterized by fine to medium-thick beddings, occasionally 

massive layers, significant karstic features, solution cavities, dissolution 

surfaces, and generally strong to very strong durability. The upper levels often 

contain chert, chert-marl interbeds, or reefal limestone. This unit, occasionally 

rich in fossil content, is highly tectonized, extensively fractured, and jointed. 

The fractures are filled with calcite. In certain areas, the unit exhibits 

recrystallized limestone features and presents sparitic or micritic textures. 

Within the study area, it is thrust to the south and east, forming slices and 

nappes. North of the Sürgü Fault, the unit is juxtaposed with Permian and 

older Yoncayolu, Çayderesi Nergile formations, Berit Metaophiolite, and 

Eocene-aged Ballıkısık Formation with tectonic contact. Its age ranges from 

Upper Triassic to Lower Cretaceous, as determined by Perinçek and Kozlu 

(1984). In the Bolkardağı-Aladağ region, the Andırın Limestone can be 

correlated with the White Aladağ Tekeli within the Bozkır unit, as presented 

by Tekeli et al. (1984), demonstrating a tectonic slice according to Özgül 

(1976) and Gül et al. (1984).  

2.2.  Hydrogeology of The Area 

Kahramanmaraş province is located in the Southeastern Anatolia 

Region of Turkey. The hydrogeological structure of the province is quite 

diverse, and groundwater resources play a significant role in this geographical 

area. The hydrogeology of Kahramanmaraş relies on the presence of different 

geological formations. Among these formations, there are limestone, 

sandstone, shale, and dolomite. This diversity influences the formation of 

groundwater resources by creating different capacities for water transport and 

storage. 

The Fatmalı-Önsen region is situated to the south of Kahramanmaraş 

city. The hydrogeology of this area is closely related to the surrounding 

geological structures. The variety of surface rocks affects the movement and 

storage of groundwater. Particularly permeable rocks like limestone and 

dolomite allow groundwater to flow, while less permeable rocks like shale can 

restrict its movement. Groundwater resources play a vital role in meeting the 
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drinking water needs of the local population across Kahramanmaraş province. 

However, the sustainable management and protection of water sources are 

crucial, especially considering factors such as population growth and 

increased industrial activities. Therefore, a more comprehensive 

understanding of the hydrogeological structure in the region is necessary, and 

appropriate management strategies should be developed to ensure the 

sustainable use of water resources. 

Due to its geographical location where three separate geographical 

regions (Mediterranean, Eastern Anatolia, and Southeastern Anatolia 

Regions) come closest to each other, Kahramanmaraş province exhibits three 

different climate types simultaneously. As elevation increases, the northern 

parts of the province have a completely continental climate, while the 

southern parts generally have characteristics closer to a "Modified 

Mediterranean Climate." Consequently, it can be said that the study area 

experiences hot and dry summers and relatively rainy and mild winters. Based 

on long-term (1970-2016) average monthly precipitation data (TSMS, 2016), 

it can be noted that months such as January, February, March, April, May, 

October, November, and December have average precipitation values 

exceeding 40 mm in the study area and its vicinity. On the other hand, June, 

July, August, and September exhibit average precipitation values below 10 

mm. Accordingly, it is observed that the region receives consistent rainfall 

during the winter and spring months, while the summer months are dry. Long-

term (1970-2016) data for maximum monthly precipitation values (TSMS, 

2016) indicate intense rainfall exceeding 100 mm during December, January, 

and February, whereas the period between June and September sees 

precipitation levels drop below 10 mm. Furthermore, according to long-term 

(1970-2016) data on maximum snow depth (TSMS, 2016), the study area is 

covered with snow between December and March, with the thickest snow 

cover recorded in February. 

Due to the rainy and mild climate characteristics described above, the 

Tut Formation in the study area, covering a vast expanse, presents a highly 

jointed and fractured structure due to intense tectonic influences. This 

structure renders the Tut Formation permeable on the surface, allowing water 

to percolate downward, and it gains a suitable aquifer quality for storing 

subsurface waters. In the Fatmalı-Önsen region where this study was 

conducted, the terrain features make it conducive for the Tut Formation to be 

permeable and acquire a suitable aquifer quality for storing subsurface waters. 
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The sources of groundwater in the Fatmalı-Önsen region are provided by five 

springs named as Atatürk fountain (FA-1) in Fatmalı, Kancıkdere fountain 

(KD-2) in Fatmalı, Kişifli Spring (FG-3) in Fatmalı, Pınarbaşı fountain (OK-

4) in Önsen, and Hacıağlar (İncirlipınar) fountain (OH-5) in Önsen. The 

fractured and jointed structure of the Tut Formation, combined with the 

permeable characteristics of the terrain, allows surface waters to infiltrate and 

contribute to the groundwater system. This hydrogeological setting is 

significant as it facilitates the natural storage and movement of water within 

the subsurface, ultimately influencing the availability of water resources in the 

Fatmalı-Önsen region. 

2.3 Methods 

In order to assess the conformity of five distinct water sources utilized 

for drinking water supply Atatürk fountain (FA-1), Kancıkdere fountain (KD-

2), Yazılı Kilise Fountain (YK-3), Kişifli Spring (FG-3), Pınarbaşı fountain 

(OK-4) and Hacıağlar (İncirlipınar) (OH-5)–with drinking water standards, 

water samples were acquired from these specific sampling locations (Figure 

4). Key parameters including pH, temperature, electrical conductivity (EC), 

and dissolved oxygen (DO) were promptly measured upon sample collection. 

For the remaining water quality indicators, samples were carefully transported 

under cold chain conditions to the laboratory and subsequently stored at 4°C 

within a refrigerator. 

Subsequent to transportation, comprehensive analyses encompassing 

heavy metals and anion-cation compositions were carried out utilizing 

advanced techniques such as ion chromatography, inductively coupled plasma 

mass spectrometry (ICP-MS), and ICP-optical emission spectrometry (ICP-

OES) at ACME Analytical Laboratory in Vancouver, BC, Canada. In order to 

undertake isotope analyses – for instance, Oxygen-18 (
18

O), deuterium (
2
H), 

and tritium (
3
H) – technical support was garnered from the Technical 

Research and Quality Control Department (TRQC) of Ankara State Hydraulic 

Works General Directorate. 

Guided by the results garnered, a comprehensive classification of the 

water samples was performed, with an additional emphasis on exploring 

potential correlations among various parameters. The fundamental 

determinant influencing the chemical and physical characteristics of water 

resources within a region resides in the lithological traits of the geological 

formations through which these water bodies traverse. Thus, the initial step 
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involved determining the hydrogeochemical properties of the water resources 

within the investigation zone and subsequently associating these findings with 

the lithological units prevalent in the region. Furthermore, in an attempt to 

uncover any conceivable implications of drinking water resources on human 

health, an endeavor was made to establish a link between the 

hydrogeochemical attributes of the water sources and the prevalent hearing 

loss among the local populace. 

3. RESULTS and DISCUSSIONS

In this section, we present and delve into the outcomes of our

comprehensive analysis and characterization of the Kahramanmaraş Fatmalı-

Önsen region's water resources. Beginning with the hydrogeochemistry, we 

explore various aspects such as the Wilcox and U.S. Salinity Laboratory 

diagrams, anion-cation ranking, Piper diagram, Schoeller diagram, isotopic 

composition, and relationships between isotopes. These findings not only shed 

light on the quality and origin of the drinking water sources but also provide 

valuable insights into their suitability for consumption and potential health 

implications. Through a detailed examination of these results, we aim to gain 

a deeper understanding of the complex dynamics governing the water 

resources in this region, facilitating informed decisions for sustainable water 

management and safeguarding public health. 

3.1. Hydrogeochemistry 

In order to evaluate the drinking water sources in the Fatmalı-Önsen 

region, a comprehensive assessment of water quality parameters was 

conducted. This assessment encompassed the measurement of various key 

factors, including temperature, pH, electrical conductivity (EC), alkalinity, 

trace element concentrations, anion-cation composition, and metal 

concentrations, as detailed in Table 1. In addition to this, General Quality 

Criteria by Classes of Inland Water Resources were evaluated and shown in 

Table 2. Due to temperature fluctuations ranging between 16°C and 17°C 

throughout the year, the water sources in the Fatmalı-Önsen region generally 

fall under the category of cold water. While all water sources exhibited 

similar dissolved oxygen (DO%) values ranging from 2.0% to 3.0%, there 

was significant variation in Na+ concentrations, spanning from 1.82 to 30.41 

ppm. Notably, these Na
+
 concentrations remain well below the permissible 

limits set by both the WHO (200 mg/L) and WPCR (Water Pollution Control 

Regulation) (125 mg/L), indicating an exceptionally low salt content in these 

water sources. The consistently low electrical conductivity (EC) values of the 
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water samples (ranging from 59.42 to 776.92 µs/cm) further affirm the 

presence of minimal ion concentrations and salinity in these springs. An 

analysis of pH values for Fatmalı’s water sources reveals that all of them have 

a neutral to slightly basic nature, with pH levels ranging from 6.12 to 8.08. 

The content of heavy metals in the water sources of the Fatmalı-

Önsen region is also remarkably low. According to the Wilcox diagram 

(Wilcox, 1955), FA-1, KD-2, and C1-S1 waters are classified as "very good", 

while FG-3 and OH-5 fall under the C2-S1 category, and OK-4 falls within 

the C3-S1 category, as per the United States Salinity Laboratory diagram 

(Figure 5). The water quality of the Fatmalı-Önsen region's sources is 

assessed using the United States Salinity Diagram, where the horizontal axis 

represents the electrical conductivity (EC; µS/cm) of the water, and the 

vertical axis represents the Sodium Adsorption Ratio (SAR) (Figure 6). The 

intersection point of these values determines the classification of irrigation 

water. The United States Salinity Diagrams for the water samples within the 

study area have been provided.  

The chemical analysis results were utilized to assess the 

hydrochemical characteristics of the water sources within the study area. 

Based on the Piper diagram, it's evident that waters FA-1, KD-2, FG-3, OK-4, 

and OH-5 display elevated levels of CaCO3 and MgCO3, showcasing 

carbonate hardness that surpasses the 50% threshold, or carbonate hardness 

exceeding non-carbonate hardness. These water sources are classified within 

region 5 of the Piper diagram (Piper, 1944) (Figure 7). This indicates that the 

majority of the hardness in these waters, exceeding 50%, is primarily 

attributed to permanent hardness components such as CaSO4 and MgSO4. 

Notably, KD-2 falls under region 9, signifying that KD-2 belongs to the 

category of mixed waters with ion concentrations below the 50% threshold. 

The anion-cation analysis results for the Fatmalı-Önsen water sources are 

presented in Table 2. Regarding cation ranking, FA-1, KD-2, and OK-4 were 

found to follow the order of Ca
2+

> Na
+
+K

+
> Mg

2+
. In contrast, the anion 

ranking for these samples was determined as HCO3
-
> SO4

-2
>Cl

-
. When

examining the water resources using the Scholler diagram (Scholler, 1967) 

(Figure 8), it becomes evident that these sources fall into distinct categories:" 

1. Normal Sulfate Waters: This category suggests that the water

samples contain sulfate ions within a normal range. Sulfates in water can 

come from various sources, including minerals and industrial discharges. 

Normal sulfate levels are typically considered safe for drinking water. 
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2. Normal Chloride Waters: Similar to sulfate, chloride levels in these 

water samples are within a normal range. Chlorides can also originate from 

geological sources or pollution. Again, normal chloride levels are generally 

acceptable for drinking water. 

3. Hypocarbonated Waters: This category indicates that the water 

samples have lower concentrations of carbonate and bicarbonate ions. 

Carbonate and bicarbonate ions contribute to the alkalinity of water. While 

these ions are important for buffering pH in natural waters, hypocarbonated 

waters might have a lower pH. 

Based on the Turkish Water Pollution Control Regulation (WPCR, 

2004) and the guidelines set by the World Health Organization (WHO) for 

Drinking Water Standards, it is determined that the water sources in the 

Fatmalı-Önsen region are categorized as Class I and Potable Waters, 

respectively. This classification implies that these water sources comply with 

the established standards for safe drinking water, as their levels of sulfate, 

chloride, and carbonate-bicarbonate ions fall within the acceptable ranges. 

Table 1. Geochemistry of the drinking water sources in the Fatmalı-Önsen Region 

Geochemica

l Parameters 

Water Sources  

FA-1 KD-2 FG-3 OK-4 OH-5 

Temperature 

(
0
C) 15.93±7.57 16.78±5.21 16.03±6.10 16.30±3.69 17.20±1.22 

pH 7.16±0.31 6.12±0.43 7.95±0.14 7.77±0.32 8.08±0.09 

EC (µS/cm) 135.50±46.4

3 

59.42±13.5

1 

326.08±21.5

3 

776.92±165.7

7 

305.75±39.9

4 

DO (%) 2.92±0.90 2.75±0.75 3.00±0.83 3.08±0.90 2.83±0.83 

Na
+ 

(ppm) 1.82±0.18 1.84±0.10 3.25±0.21 30.41±2.73 2.36±0.12 

K
+ 

(ppm) 0.79±0.11 1.13±0.17 1.07±1.14 9.62±0.96 1.15±0.71 

Ca
+2 

(ppm) 13.25±6.35 8.45±5.87 50.37±2.11 106.73±8.22 45.45±0.38 

Mg
+2

 (ppm) 12.91±6.63 5.73±4.32 18.74±1.22 23.21±0.50 15.35±0.74 

Cl
- 
(ppm) 4.12±0.51 3.59±0.30 5.23±0.90 49.82±5.56 3.75±0.29 

HCO3
-
 

(ppm) 
67.33±39.15 

40.88±30.1

7 

234.33±15.7

3 
339.92±20.46 203.00±1.13 

SO4
-2 

(ppm) 4.96±0.88 4.03±0.16 8.26±0.40 36.36±5.86 6.88±0.41 

Fe
+2

 (ppm) 10.0±0.03 9.55±0.28 8.99±0.42 9.22±1.18 9.75±0.25 
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EC Electrical conductivity, DO dissolved oxygen 

NO3
- 
(ppm) 2.43±0.24 2.59±0.16 5.89±0.55 84.10±14.60 7.01±0.42 

PO4
-3

 (ppm) 0.44±0.09 0.78±0.06 0.10±0.03 1.15±0.21 *NA 

F
-1 

 (ppm) 0.07±0.02 0.07±0.03 0.06±0.02 0.35±0.14 0.06±0.02 

Ba (ppm) 
0.320±0.012 

0.380±0.01

5 
0.340±0.011 0.400±0.022 0.470±0.015 

Al (ppb) 3.00±0.15 6.00±0.33 6.00±0.55 1.50±0.18 1.5±0.11 

Au (ppb) <0.05 <0.05 <0.05 <0.05 <0.05 

As (ppb) <0.5 <0.5 <0.5 <0.5 <0.5 

Ag (ppb) <0.05 <0.05 <0.05 <0.05 <0.05 

Total Cr 

(ppb) 
6.30±1.17 3.7±0.71 10.2±1.85 13.8±2.25 8.6±1.182 

Cu (ppb) 1.00±0.82 1.90±1.10 0.60±0.05 1.95±0.93 0.15±0.07 

Hg (ppb) <0.10 <0.10 <0.10 <0.10 <0.10 

Mn (ppb) 1.66±0.05 14.3±1.35 1.42±0.73 0.43±0.21 0.05±0.01 

Ni (ppb) <0.20 <0.2 <0.2 <0.2 <0.2 

Sn (ppb) <0.05 <0.05 <0.05 <0.05 <0.05 

Pb (ppb) 7.3±3.25 4.3±1.10 45.2±5.85 2.6±0.84 1.3±0.07 

Pt (ppb) <0.01 <0.01 <0.01 <0.01 <0.01 

Ru (ppb) <0.05 <0.05 <0.05 <0.05 <0.05 

Zr (ppb) <0.02 <0.02 <0.02 <0.02 <0.02 
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Figure 4. The Wilcox diagram of Fatmalı-Önsen drinking water sources 
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Figure 5. The U.S. Salinity Laboratory diagram of the drinking water sources of 

Fatmalı-Önsen  
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Table 2. The anion–cation ranking of drinking water sources of Fatmalı-Önsen 

Sample Cation Ranking Anion Ranking 

FA-1 Ca
2+

> Na
+
+K

+
> Mg

2+
 HCO3

-
> SO4

-2
>Cl

--
 

KD-2 Ca
2+

> Na
+
+K

+
> Mg

2+
 HCO3

-
> SO4

-2
>Cl

-
 

FG-3 Ca
2+

 > Mg
2+

> Na
+
+K

+
 HCO3

-
> SO4

-2
>Cl

-
 

OK-4 Ca
2+

> Na
+
+K

+
> Mg

2+
 HCO3

-
> Cl

-
>SO4

-2
 

OH-5 Ca
2+

 > Mg
2+

 > Na
+
+K

+
 HCO3

-
> SO4

-2
>Cl

-
 

 

 

Figure 6. The Piper diagram illustrates the composition of drinking water sources in 

the Fatmalı-Önsen region 
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Figure 7. Schoeller diagram of Fatmali-Önsen water sources 

The interpretations of the ion concentrations of the Fatmalı-Önsen 

region's spring waters were made using circular diagrams (Fig. 10). In these 

diagrams, which represent the total ionization in the water via radius, cations 

are placed in the northern half of the circle, and anions in the southern half. 

The sum of cations and anions is 100 meq/L, equivalent to 180º. The total 

mineralization in mg/L is indicated at the center of the circle. Here are the 

fundamental results and interpretations of these diagrams: 

1. Ion Variations: The analyses did not reveal significant changes in

anion and cation ions in water samples taken in different months. Therefore, it 

is possible to say that the water sources are fed from the same aquifer. 

2. Same Aquifer Source: The results indicate that the spring waters

originate from the same underground water source. This suggests that the 

water composition remains stable over time, even during different sampling 

periods. 

These circular diagrams help us better understand the chemical 

composition and source of the Fatmalı-Önsen region's spring waters. The fact 

that they are fed from the same aquifer is important information for the 

management and sustainability of these water sources. 
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Figure 8. Pie diagram of water resources of Fatmali-Önsen region. 

3.2. The results of isotopes  

The study involved the use of environmental isotopes, including 

tritium (
3
H), oxygen-18 (

18
O), and deuterium (

2
H), to gain insights into the 

properties of the aquifer and the interaction between water and rock in the 

underground water resources of Fatmalı-Önsen. These isotopes can provide 

valuable information about the source and history of the water. Here are the 

key findings and interpretations from the isotope analysis: 

1. Recharge Elevation Values: By analyzing the isotopic composition 

of the water samples, the recharge elevation values were calculated. This 

information can help understand the source of the water and its movement 

within the aquifer. 

2. Comparison with Global and Mediterranean Waterlines: The 

results were compared with two important reference lines: The Global 

Meteoric Waterline (GMWL) and the Mediterranean Waterline (MWL), both 

of which are used to interpret stable isotope data in hydrology. This 

comparison can provide insights into the origin and history of the water. 

3. Source of Aquifer Recharge: Based on the isotope analysis, it was 

determined that the aquifers supplying the drinking water sources in Fatmalı-

Önsen primarily receive their water from surface precipitation, including 

rainfall and snowmelt. This finding suggests that the aquifers are primarily 
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recharged by water from rainfall and snowfall events. In summary, the use of 

environmental isotopes in this study helped identify the source of recharge for 

the aquifers in Fatmalı-Önsen. The analysis indicates that these aquifers 

predominantly receive water from surface precipitation, highlighting the 

importance of understanding the hydrological processes in the region for 

sustainable water resource management. 

Based on the provided information, it has been determined that the 

water resources in the Fatmalı-Önsen region fall between the global meteoric 

water line (GMWL) and the Mediterranean water line (MWL). This suggests 

several important conclusions regarding the aquifer system: 

1. Precipitation as the Main Source: The aquifers in this region are

primarily replenished by meteoric precipitation, such as rain and snow. The 

fact that these water resources fall between GMWL and MWL implies that the 

aquifers are directly fed by precipitation without significant evaporation 

losses. 

2. Subsurface Accumulation: The interpretation suggests that the

underground waters, which feed these water resources, are formed through the 

accumulation of precipitation beneath the ground. This occurs as the 

precipitation infiltrates through cracks, fractures, and faults in the subsurface 

geology. 

3. Rising and Faults: The stored groundwater appears to rise along

faults and active cracks within the subsurface. This rising process allows the 

accumulated groundwater to reach the Earth's surface, making it accessible as 

water resources. 

4. Deuterium Excess Calculation: Deuterium excess values were

calculated using the provided formula, which can provide further insights into 

the water's isotopic characteristics and the processes affecting it. 

In summary, the isotopic analysis and interpretation indicate that 

precipitation plays a crucial role in replenishing the aquifers in the Fatmalı-

Önsen region. The water accumulates underground and rises along geological 

features like faults, ultimately forming the accessible water resources in the 

area. Deuterium excess calculations provide additional data for understanding 

the water's isotopic composition (Table 4). 
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Table 4. Results of the δ
18

O, δ
2
H, and 

3
H analyzes 

According to the δ
18

O-
3
H diagram, it can be concluded that the 

groundwater sources in the Fatmalı-Önsen region have been fed by low-level 

sources with short circulation times (Figure 9-a). Tritium (
3
H) is a radioactive 

isotope with a very short half-life (12.43 years) that enters the hydraulic 

system through precipitation, both natural and artificial, driven by cosmic 

radiation. Tritium-containing waters are considered as modern waters with 

transit times ranging from 5 to 10 years (Clark and Fritz, 1997). The Cl-
3
H 

diagram reveals that the aquifer representing the Fatmalı-Önsen region water 

sources is primarily fed by relatively short-term young groundwater 

characterized by high Tritium and low chlorine content (Figure 9-b). 

However, according to the 
2
H-

3
H relationship, OK-4 source appears to have a 

slightly longer circulation time compared to other water sources (Figure 9-c). 

The high 
3
H concentration and low electrical conductivity values 

suggest that the groundwater in the region has a short water-rock interaction 

time, minimal interaction between groundwater composition and geological 

units, and a groundwater residence time of less than 50 years (Carreira et al., 

2013) (Figure 9-d). Based on the isotopic analysis and interpretation, it can be 

concluded that the general lithological characteristics of the Tut Formation, 

within which the Fatmalı-Önsen water sources are located, are in good 

alignment. The Tut Formation typically commences with lithologies 

comprising dolomite-dolomitic limestone and clayey limestone at the base, 

transitioning upward into shale-sandstone, quartzite, and quartzitic 

conglomerate. Furthermore, being subjected to low to moderate regional 

metamorphism at the upper Ordovician age, this unit has acquired increased 

resilience against weathering, particularly in the levels of dolomite-dolomitic 

limestone, clayey limestone, and quartzite, which have become more resistant 

Water 

sources 

Date 

(dry/rainy 

period) 

Oxygen-18 

δ
18

 O (‰) 

Deuterium 

δ
2
H (‰) 

Excess 

value (de) 

(‰) 

Tritium 

(
3
H) 

FA-1 
Augt/Jan -8.31/-9.88 -48.70/-48.81 22.38/30.23 3.62/2.71 

KD-2 
Augt/Jan -8.93/-10.04 -49.27/-49.80 48.34/30.52 2.92/2.37 

FG-3 
Augt/Jan -8.30/-9.46 -46.24/-46.83 20.16/28.35 3.04/3.10 

OK-4 
Augt/Jan -8.44/-9.46 -46.59/-45.14 20.93/29.42 2.53/3.16 

OH-5 
Augt/Jan -8.58/-9.32 -47.01/-47.70 21.63/30.30 3.88/2.59 
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due to the effects of metamorphism. Additionally, even if precipitation 

infiltrates slightly below the quartzites, the metamorphism-induced 

strengthening of these lithologies has made them more durable against 

weathering. Therefore, it can be inferred that these lithologies, especially the 

marbleized dolomite-dolomitic limestone and clayey limestone, which have 

undergone substantial metamorphism, could not have remained underground 

long enough to be dissolved by water due to the deformation they have 

experienced over time. 

Figure 9. The Relationship Between Isotopes of Drinking Water Sources of Fatmalı-
Önsen (a) δ18O-3H; TU relationship, b) Cl-TU relationship, c) (δ2H)–TU relationship,
d) (EC; S/cm)–TU) relationship
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3.3.  Evaluation of water quality in terms of health 

Contaminants present in drinking and utility water sources can 

present substantial risks, particularly to children. Nitrate is one such 

contaminant. Nitrates are a colorless, odorless, and tasteless compound that 

can be detected in well water and certain groundwater sources. From a 

chemical perspective, nitrates can be denoted as NO3 and NO3-N 

(nitrate-nitrogen). In accordance with EPA guidelines, the maximum 

allowable level is 10 mg/L NO3-N or 45 mg/L NO3. When evaluated from a 
medical geology perspective, the drinking water sources in Fatmalı-Önsen, 
particularly the water source identified as OK-4, exceed the standard drinking 
water limits, especially concerning nitrate levels. Previously, it was believed 
that nitrate levels exceeding these thresholds were harmful to infants and 
could lead to blue baby syndrome. However, recent studies have suggested 
that directly linking nitrate in drinking water to the occurrence of 
methemoglobinemia in infants may be overly simplistic. Nitrate might be one 
of several factors that could contribute to the development of this condition. 
Therefore, regular monitoring of drinking water sources and maintaining 
nitrate levels within the limits set by health authorities is crucial. 
Additionally, preserving water sources and preventing contamination play a 
critical role in safeguarding public health in the region. 

CONCLUSION 

Natural spring waters are not only sources of hydration but are also 
often associated with potential health benefits. However, ensuring their safety 
for public consumption requires a comprehensive understanding of the 
various water quality parameters. Regular monitoring, adherence to 
regulatory standards, and protective measures for water sources are all 
essential to guarantee the health and well-being of communities relying on 
these natural resources. Proper monitoring and management of water quality 
parameters are vital to prevent potential health risks associated with microbial 
contamination, excessive minerals, chemicals, and other pollutants. 
Considering the high Tritium concentrations and short underground water 
circulation times observed in the Fatmalı-Önsen spring waters, it can be 
concluded that these waters are young and fresh. This suggests that the water 
sources respond quickly to surface rainfall events, and the groundwater 
storage capacity is limited. 
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Such sources are often more rapidly renewable. From a human health 

perspective, these fresh waters offer several advantages. They provide a 

clean, fresh, and satisfying source of water. However, the 

sustainability and protection of these sources are crucial. Issues such as 

overuse, contamination, or drying up of local water sources imply that these 

sources could be at risk from a health and safety standpoint. Furthermore, the 

chemical composition of these waters is essential. High mineral content 

can increase mineral intake through water consumption or lead to 

adverse health effects. Therefore, regular chemical analyses of the waters 

and monitoring their compliance with drinking water standards are essential. 

In conclusion, the impact of the Fatmalı-Önsen spring waters on human 
health can be positive due to the clean, fresh, and generally low mineral 
content of the water. However, sustainability and water quality monitoring are 
crucial. Issues like overuse or contamination of water sources can increase 
health risks.  
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