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The transformation of a nation can basically be achieved through the advancement of science and 

technology. Ethiopia has long recognized the role of science and technology in bringing about 

sustainable development. The country has invisioned transforming itself into a middle-income country 

in 2025. To this end, Ethiopia has exerted relentless efferts to materialize science and technology in the 

country. Thus, it has made science and technology the pillar of its top priorities for transformation of 

the economy. 

As one of the universities mandate to spearhead the transformation process, Adama Science and 

Technology University (ASTU) is looking forward to excel in science and technology. Its goal is to 

develop highly qualified, capable, competent, and innovative human resource in the field of science and 

technology so as to transfer relevant scientific knowledge and skills required for nation building. The 

university also committed to conduct need based problem solving researches for alleviating the problems 

of the region and the country at large. To this end, the university is working in collaboration with 

industries in its vicinity whereby its staff members are contributing a great deal in alleviating problems. 

Moreover, ASTU has set centers of excellence as a platform where academia can meet stakeholders. 

ASTU’s development into a full-fledged science and technology university has helped it to forge strong 

linkage, coopration, and partnership with various national and international universities, development 

sectors, stake-holders, and relevant personalities. To showcase its all-round efforts, ASTU has organized 

its third national research symposium titled “Emerging Technologies for Building Green Economy”. 

This is a timely and broad agenda that is seen as a part of the national plan of transformation of the 

country. Thus, this research symposium aims to further strengthen the contribution of ASTU in 

development endeavours of the country at large.  

 

 

 

 

 

 

 

 

 



 

Adama Science and Technology University                                              ii                                               Research & CoEs Directorate 

“We are dedicated to Innovative Knowledge” 

 

Proceeding of the 3rd National Research Symposium  

“Emerging Technologies for Building Green economy” 
                                                                                                                               May 24 – 25, 2024 
 

 

Honorable Guests, Dear Participants, on behalf of the 

organizing committee, I would like to welcome you all to the 

3rd National Research Symposium of Adama Science and 

Technology University organized on the theme “Emerging 

Technologies for Building Green Economy”.  

Since its establishment as full-fledged Science and Technology 

University, ASTU has been exerting tremendous effort to foster 

research culture among its staff. Over the last few years, it has 

conducted various national and regional researches, community 

service and consultancy service projects that led to new policy 

initiatives and generation of new development insights. The 

establishment of eight centers of excellence and the 

construction of state-of-the-art Research Park in ASTU also 

witness the commitment of the university towards nurturing 

research culture.  

In the effort to disseminate its research outputs and create a platform which allows the academia in 

ASTU share scientific knowledge and thought with national and international scholars, ASTU had 

successfully held four international research symposiums and two national research symposiums so far. 

These symposiums have helped a lot in increasing our national and international collaborations besides 

nurturing better research culture in our university.  

The 3rd National Research Symposium is also aimed at consolidating our national and international 

research collaboration and eventually helping ASTU achieve its vision of becoming a national hub for 

science and technology researches. The overwhelming response that we have received from several 

senior and young researchers and scientists to our “Call-for-paper” witnesses the relevance and timely 

nature of the theme of this symposium. The theme of ASTU’s 3rd National Research Symposium was 

designed to offer comprehensive range of sessions that include: Emerging Technology, Manufacturing 

and Infrastructure, Energy and Natural Resource Management and Environment. A total of 29 

researchers, including five distinguished speakers, are expected to present their works at plenary and 

syndicate sessions. Nearly 200 participants from higher learning institutions, industries, research 

institutions, federal and regional sector offices are expected to take part in this symposium. Thus, I am 

very much confident that the participants can learn a lot from the symposium.  

Finally, I would like to convey my appreciation to the School of Mechanical, Chemical and Materials 

Engineering for hosting the symposium. I would also like to thank all the participants for accepting our 

invitation to share us your scientific knowledge and expertise. I wish you all a fruitful scientific sessions 

and very pleasant stay in Adama City.  

 

  

 

 

  

Message from Organizing Committee 

 

Alemu Disassa (PhD) 

     Vice President, RTT  

    Chair of the Organizing Committee 
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Excellency Mr. Melaku Alebel, Minister, Ministry of 

Industry and ASTU Supervisory Board Chairman,   

Honorable Board Members of ASTU,  

Dear Vice presidents of ASTU, 

Distinguished Professors from Various National and 

International Institutions,  

Scientific Paper Presenter, 

Invited Guests from Industries and Various Government 

Sector Bureaus, 

ASTU Staffs in Attendance,  

Media Personnel,  

Ladies and gentlemen  

All Protocols Observed  

On behalf of the management of ASTU and myself, I would like to welcome you all to the 3rd National 

Research Symposium of Adama Science and Technology University organized on the theme 

“Research on Emerging Technologies for Building Green Economy”.  

Adama Science and Technology University was reestablished in 2014 as one of the two science and 

technology universities in Ethiopia with especial mandate of producing internationally competent 

graduates and  conducting problem driven researches that could bring meaningful impact on the 

advancement of science and technology in Ethiopia. To this end, ASTU has established eight centers of 

excellence and identified eight (8) major research thematic areas in the national economic priority of 

the country and undertaken over three hundred national and regional researches, community service and 

consultancy service projects that led to new policy initiatives and generation of new development 

insights.  

The scientific knowledge generated from most of these projects have been published on reputable 

journals and disseminated to national and international audiences.  Besides, ASTU has organized several 

research symposiums and workshops on which its academia shared their scientific knowledge and 

research findings.  

This 3rd National Research Symposium has been organized by School of Mechanical, Chemical and 

Materials Engineering in collaboration with Research and Centers of Excellence Directorate with the 

primary aim of consolidating our national and international research collaboration and eventually 

becoming a national hub for science and technology researches. 

In the two days national research symposium (May 24-25, 2024), over 30 distinguished professors and 

researchers will share us their scientific knowledge and research findings in both plenary and syndicate 

sessions. The presentations mainly focus on the application of emerging technologies such as 

Biotechnology, Nanotechnology, AI, and Drone Technology in wider areas of our economic activities.    

I am quite confident that this symposium will serve all the academia and experts from industries in 

attendance to share their scientific knowledge and figure out future areas of collaboration for joint 

research and technology transfer projects.  

Welcoming Speech 

 

Lemi Guta (PhD) 

  President, ASTU 
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Dear Participants, ladies and gentlemen, 

Before, I wind up my speech I would like to warmly thank SoMCME, OVPRTT and all units of our 

university that have been involved in the facilitation of the successful organization of this symposium.  

Once again, I would like to thank you all for accepting our invitation to share us your scientific 

knowledge and expertise in this symposium.  

Finally, wishing you a successful scholarly discussion, I now cordially invite H. E. Mr. Melaku Alebel, 

Minister, Ministry of Industry and ASTU Supervisory Board Chairman to come to the stage and 

officially open the symposium. 

Thank You! 

Horaa Bulaa! 
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Honorable Board Members of ASTU,  

Respected ASTU Management;  

Distinguished Professors from Various National and 

International Institutions,  

Scientific Paper Presenter, 

Invited Guests from Industries and Various Government 

Sector Bureaus, 

All ASTU Staffs in Attendance,  

Media Personnel,  

Ladies and gentlemen  

All Protocols Observed   

It gives me a great pleasure to deliver an opening speech on the 3rd National Research Symposium on 

Research on Emerging Technologies for Building Green Economy” organized by Adama  Science and 

Technology University.  

We all are quite aware that our world is moving towards the fourth industrial revolution, which is 

predominantly characterized by digitalization of the overall socio-economic activities of a country. 

Hence, in this ever dynamic digital world, international competitiveness of a given country largely relies 

on its effective utilization of a wide range of emerging technologies in its overall development 

endeavors. Effective utilization of digital technologies, no doubt, will play unprecedented role in 

boosting the overall economic advancement of a country.  This is the secret behind a leap-frogging 

economic growth and industrialization of those Asian Tigers: Hong Kong, South Korea, Singapore and 

Taiwan. 

Being a developing country, Ethiopia could also harness the benefits of emerging technologies in general 

and digital technologies in particular as major development tools to accelerate its economic growth 

within the shortest possible time.  Perhaps, to properly function as a country and as an individual in the 

existing and forthcoming digital world, the use of these technologies is not a choice that we make, but 

a necessity that we should meet.  

Cognizant of these realities, the Government has taken tremendous measures over the last couple of 

years. “Digital Ethiopia 2025"” is one of the national initiatives of our government to ensure the digital 

transformation of the overall economic activities of the country. This initiative, as it has been reiterated 

by our Prime Minister, is “a first step and a call for action” in building prosperous future Ethiopia.  

Ladies and gentlemen;  

One can confidently witness that, as a result of such unwavering commitment of our government, 

digitization and digital business transactions have shown a quantum leap in Ethiopia over the last couple 

of years.   

 

H.E. Mr. Melaku Alebel 

  Minister, Ministry of Industry   

 ASTU Supervisory Board Chairman  

Opening Speech 
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The designation of the two universities: Adama Science and Technology University and Addis Ababa 

Science and Technology University and as science and technology universities with especial mandate 

of promoting science, innovation and technology in Ethiopia could also be taken as an evidence of the 

commitment of the government to build knowledge based and digital economy.  

Hence, as a leading science and technology university, Adama Science and Technology University is 

expected to play a leading role in transferring and generating technologies and innovations that could 

address the immediate needs of the economic priorities of our country.  One way of doing these could 

be the organization of such type of national research symposiums. I strongly believe that, such types of 

research symposiums are appropriate platforms where scholarly debates are made to create new 

scientific knowledge and where ideas are framed for further research collaborations. 

I hope, it is with this major objective that ASTU has organized its 3rd National Research Symposium 

with the motto “Research on Emerging Technologies for Building Green Economy”. As I managed to 

learn from the themes of the symposium, the main objectives of this research symposium is to share 

scientific knowledge on the application of cutting-edge emerging technologies such as  Biotechnology, 

Nanotechnology, AI, Drone Technology in wide ranges of  economic and development sectors in 

Ethiopia.   

As can be seen from the selected themes, these emerging technologies have broader areas of application 

such as manufacturing, agriculture, energy generation and utilization, environmental protection and 

natural resource management, health service provision, and construction industry among others.   

To make a long story short, the development in the area of digital technology is moving faster from 

“smart” to “intelligent”.  Recently, intelligent digital gadgets are replacing those smart gadgets in 

various sectors.  

Therefore, as a country, we need to move faster to cope up with these ever-changing technological 

advancements. In this regard, higher learning institutions such as ASTU have got lot of assignments to 

do. In addition to organizing such types of research symposiums, ASTU must strengthen its ties with 

renowned international research institutes and strongly engage in producing, selecting and adapting best 

technologies that could transform the industrial and agricultural productivity and service sectors in 

Ethiopia.  

In this regard, I can assure you that the government of Ethiopia is fully committed to provide you with 

all the necessary support in your endeavor to promote the application of these emerging technologies in 

various sectors of our country.  

Finally, wishing you a fruitful scholarly deliberations, I now declare that the 3rd National Research 

Symposium on Research on Emerging Technologies for Building Green Economy” organized by 

Adama Science and Technology University is officially opened. 

Thank You! 

Horaa Bulaa! 
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The Effect of Cycling Protocol and Electrolyte on Fast Charging/Discharging of 

Anode-Free Li-Metal Batteries 

Tamene Tadesse Beyene1,2,*, Wei-Nien Su3, Hongjie Dai4, and Bing-Joe Hwang1,5 

1Department of Chemistry College of Natural Sciences. Jimma University. P.O.Box 378, Jimma Ethiopia  
2Nano Electrochemistry Laboratory, Graduate Institute of Applied Science and Technology, National Taiwan University of 

Science and Technology, Taipei 106, Taiwan. 
3Department of Chemistry, Stanford University, Stanford, CA, California 94305-4401, USA. 
4National Synchrotron Radiation Research Center, Hsin-Chu 30076, Taiwan 
5Applied Research Center for Thin-Film Metallic Glass, National Taiwan University of Science and Technology, Taipei, 

106, Taiwan 

*Corresponding author, e-mail: tamene.tadesse@ju.edu.et  

ABSTRACT 

The combined effect of concentrated electrolyte and cycling protocol on the cyclic performance of anode free battery (AFB) 

is evaluated systematically. In-situ deposition of Li in the AFB configuration in the presence of a concentrated electrolyte 

containing fluorine donating salt and resting the deposit enables the formation of stable and uniform SEI. The SEI intercepts 

undesirable side reaction between the deposit and solvent in the electrolyte and reduces electrolyte and Li consumption 

during cycling. The synergy between the laboratory prepared concentrated 3M LiFSI in the ester-based electrolyte and our 

resting protocol significantly enhanced cyclic performances of AFBs in comparison to the commercial carbonate-based 

dilute electrolyte, 1M LiPF6. Benefitting from the combined effect, Cu||LiFePO4 cells delivered excellent cyclic performance 

at 0.5 mA/cm2 with average CE of up to 98.78% retaining reasonable discharge capacity after 100 cycles. Furthermore, the 

AFB can also be cycled at a high rate up to 1.0 mA/cm2 with a high average CE and retaining encouraging discharge 

capacity after 100 cycles. The fast cycling and stable performance of these cells are attributed to the formation robust, 

flexible and tough F-rich conductive SEI on the surface of the in-situ deposited Li by benefiting from the combined effect of 

the resting protocol and the concentrated electrolyte. A condescending understanding of the mechanism of SEI formation 

and material choice could facilitate the development of AFBs as a future advanced energy storage devices. 

Keywords: Anode Free, Ether-Based Electrolyte, Resting Protocol, Solid Electrolyte Interface, Synergy 

1. INTRODUCTION 

The fast evolution of electric vehicles amplifies the increasing needs for the rechargeable batteries with high 

energy density (Liu et al.. 2018; Xiang et al., 2018). From all the possible solid-state negative electrodes in 

rechargeable secondary batteries, Li metal is regarded as the most encouraging due to its very high specific 

capacity (3862 mAh g-1) (Suo et al., 2018; Zhao et al., 2018), the most negative redox potential (-3.04 V vs normal 

hydrogen electrode) (Xiang et al., 2018) and low gravimetric density (0.534 g cm−3). Moreover, Li metal matches 

different kinds of cathode materials having very large capacity (Chang et al., 2018; Li et al., 2018) and high 

voltage (Chang et al., 2018; Zhao et al., 2018). However, the growth Li dendrites (Qian et al., 2015; Liu et al., 

2017; Li et al., 2018; Ma et al., 2019) and uncontrolled volume expansion (Li et al., 2018; Wang et al., 2018; 

Zhao et al., 2018) that induces breaking and repeated formation of new solid electrolyte interface (SEI) hindered 

its practical application for decades (Lopez et al., 2018). Lately, different strategies for effective operation of 

lithium metal batteries (LMBs) including electrolyte formulation (Ong et al., 2015; Qian et al., 2015; Haregewoin 

et al., 2016; Zhao et al., 2018), anode surface engineering and novel changing structures of the anode current 

collectors (Khurana et al., 2014; Assegie et al., 2018; Gu et al., 2018; Tripathi et al., 2018; Zou et al., 2018), use 

of solid state and polymer electrolyte (Yang et al., 2015; Lee et al., 2017; Huang et al., 2018; Pang et al., 2018; 

Wu et al., 2018; Zhang et al., 2018), use of dual-salt electrolytes and electrolyte additives(Liu et al., 2016; Zheng 

et al., 2017; Li et al., 2018), application of concentrated electrolytes (Basile et al., 2016; Qian  et al., 2016; Suo 

et al., 2018) and modifying separators (Wu et al., 2018; Zhang et al., 2018; Zhao et al., 2018) have been employed. 

Furthermore, simultaneous deposition and in-situ formation of SEI on the Li deposit in anode free batteries 

(AFBs) also practiced in recent years to circumvent the obstacles associated to the direct use of Li metal as a 

mailto:tamene.tadesse@ju.edu.et
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negative electrode(Qian  et al., 2016; Wotango et al., 2017; Yan et al., 2018). In the presence of appropriate SEI 

forming electrolytes, AFBs could mitigate dendritic growth during plating and stripping of Li via in-situ forming 

good SEI. Such SEI films are conductive enough to allow tunneling of Li+ ions and enable to deposit beneath of 

the layer while it prevents electron and solvent transfer (Lindgren et al., 2016; Tripathi et al., 2018) Once formed, 

the SEI layer in AFBs acts as a shell for the underneath deposit and prevents parasitic side reaction between 

freshly deposited Li and solvents in the electrolytes (Li et al., 2018; Li et al., 2018). However, the deposition of 

Li underneath of the SEI imposes tensile stress on the  SEI layer (Li et al., 2018).  If the in-situ formed SEI is 

fragile and brittle, it will respond to the tensile stress by breaking. With the SEI cracking, underneath Li will be 

necked to the electrolyte. Whenever there is contact between liquid electrolytes and Li, new SEI will form to 

prevent direct contact between the liquid electrolyte and necked Li (Li et al., 2018). Repeated rapture of SEI and 

formation of new SEI consumes abundance of active Li (Kozen et al., 2017) and electrolyte during cycling (Li et 

al., 2018) leading to accumulations of side reaction(Liu et al., 2017), electrolyte dry out (Cheng et al., 2015) and 

severe corrosion of Li-metal anode.  This is one major cause for the capacity fading and low coulombic efficiency 

(CE) in lithium metal batteries (LMBs) (An et al., 2016) in general and AFBs in particular. In AFBs, the Li source 

is limited only to the cathode material and any loss of Li from such cognate source leads to early lifespan 

expiration. In order to increase the cycle life of AFBs, suppression of Li consumption in the process of SEI 

formation is crucial. To do this, an effort to complete SEI formation process during the early stage and its 

features/qualities such as flexibility, self-healing and strength are very important. 

In principle, the SEI formation process completes during the initial charging since it blocks the flow of 

electrolyte and electron in and out once it formed (Cheng et al., 2015).  However, the challenges mentioned earlier 

and huge volume expansion induce SEI breaking if the SEI is fragile and brittle.  For SEI to withstand the tensile 

strain obtruded by the volume expansion during Li deposition underneath, it should have some amount of flexibly 

(Liu et al., 2017; Xie et al., 2018) and self-healing (Li et al., 2018) characters without consuming excess Li and 

electrolyte. Recently, Li et al. introduced that in-situ formed SEI from fluorine donating species in the electrolyte 

happens to have a large amount of LiF which provides flexibility character due unique properties of LiF (Li et 

al., 2018; Ma et al., 2019). The presence of limited amount of  ROCO2Li  functionalities along with the excess 

LiF also improves the flexibility of the SEI and reduce SEI fracture.(Ma et al., 2019) When a battery is discharged 

at a high rate, the thermal energy of the battery increases and tends to melt some dendrites formed during charging. 

The dissolution of dendrites and dead Li at high rate stripping smoothens the anode surface which could play role 

in healing the broken SEI and prepared good environment for the uniform distribution of Li+-ion flux in the follow 

up cycle.(Zheng et al., 2017) As a result of this, the amount Li and electrolyte consumed for continuous formation 

of the SEI will be reduced.   

Here, we report a smart method of SEI formation protocol in AFBs in the presence of fluorinated ether based 

concentrated electrolyte. In our new cycling protocol, we have rested the AFB after slow first deposition for 24 

hours before moderately high rate stripping to smoothen the SEI formed during deposition. The schematic 

representation of our cycling protocol using laboratory prepared 3M LiFSI in DOL/DME (1:1) called 3LiFSI 

hereafter for simplicity and commercial 1MLiPF6 in EC/DEC (1:1, v/v) (simply called 1LiPF6) is given by 

scheme in Fig. 1 a-c. The pronounced morphological difference was observed from the SEM images of Cu 

substrate retrieved from Cu||LFP cell at deferent stages. Deposition of Li (in Cu||LFP cell) in the laboratory 

prepared electrolyte and resting the deposit for 24 hours resulted in very uniform morphology relative to the 

normal cycling (Fig. 1d-f). The SEI formed by our cycling protocol conveyed excellent flexibility and resisted 

the tensile stress imposed by Li deposition beneath of the SEI in the follow-up cycles (Fig 1g-i). Thus SEI film 

remained uniform without any sign of fracture for long charge/discharge cycles.  

In contrary, no uniform and SEI cracking was clearly observed in the normal protocol using the same 

electrolyte, same cell configuration and the same cycling rate (Fig. 1h).  

Thus, the synergistic effect between our cycling protocol and the laboratory prepared ether-based electrolyte 

enabled the formation of very stable and robust SEI and prolonged cycle life and increased CE of both Cu||Li cell 

and Cu||LFP cell at high current density. Cu||Li cell cycled in the concentrated fluorinated electrolyte using this 

special protocol manifested extraordinary electrochemical performance at a high current density (2 mA/cm2) and 
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cycled up to 1500 cycles with average CE 99.88%. Interestingly, the new cycling protocol also enabled Cu||LFP 

cell to be cycled at 0.5 mA/cm2 with average CE of more than 98.7% retaining 40% of its initial discharge capacity 

after 90 charge-discharge cycles. The extraordinary cyclic performance of these batteries at such high current 

density is attributed to the synergistic effect between cycling protocol and the electrolyte which substantially 

favored formation of very stable SEI and suppressed repeated consumption of Li and electrolyte during 

electrochemical cycling.  Low rate depositing and resting of the deposit reinforces the preferential decomposition 

of LiFSI salt that forms a LiF-rich solid SEI layer, which is beneficial to stabilize the Li metal anode/electrolyte 

interface, uniform growth of Li films, and suppress the further corrosion of Li metal. The 1,3-Dioxolane (DOL) 

also get enough chance to decompose and form ROCO2Li which provides flexibility to the SEI and enables it 

resist tensile strain during Li deposition in the follow up cycles.(Zhao et al., 2018) However, the high 

concentration of the solute and low LUMO energy of DME prevent its decomposition in the potential window of 

LFP and this mitigated formation of less stable SEI from solvent decomposition.   To the best of our knowledge, 

the high CE and long cycle life demonstrated in this work are among the best ever reported for LMBs in general 

and AFBs in particular. 

2. MATERIALS AND METHODS 

2.1. Material  

Cathode material LiFePO4 (LFP) with a surface area loading 11.0 mg/cm2 and having a nominal areal capacity 

of 1.6 mAh/cm2 was supplied by Aleees (Advanced Lithium Electrochemistry Co., Ltd, Taiwan). The LFP 

electrode overlay with proportion 90:5:5 (active material: Carbon Black, Supper P: Polyvinylidene fluoride, 

PVDF) was punched into discs and further dried at 90 C under vacuum overnight. The battery grade lithium bis 

(fluorosulfonyl)imide (LiFSI), 99.0%, was obtained from Fluorochem Ltd. This was vacuum dried at 90 C for 

two days in Argon filled glove box (< 0.1 ppm O2 and <0. 1 ppm H2O) before use. Battery grade solvent 1,2-

Dimethoxyethane (DME), 99.5%, was purchased from Sigma Aldrich and battery grade solvent 1,3-Dioxolane 

(DOL), 99.5%, was purchased from ACROS ORGANICS. The solvents were treated with 10 weight % of 3Å 

molecular sieve for three days to remove trace moisture impurities before use.  

2.2. Electrochemical Measurements and Physical Characterizations 

The anode free (Cu||LFP) and half-cell (Cu||Li) were evaluated using CR2032 coin-type cell. The anode free 

and half-cells were assembled using bare Cu foil as anode substrate (anode current collector), LiFePO4 coated on 

Al foil as a cathode, trilayer Celgard 2325 (PP/PE/PP) porous membrane used as the separator, laboratory 

prepared of the ether-based electrolytes 3M LiFSI in DME/DOL (1:1, v/v), (referred as 3LiFSI hereafter for 

simplicity), and commercial 1 M LiPF6 in EC/DEC (1:1, v/v), (referred simple as 1LiPF6 for simplicity), were 

used. The Cu foil substrate was washed by immersing it in 1 M HCl and shaking gently for 10 min, followed by 

rinsing with distilled water and acetone three times and then rapidly drying under vacuum. All of the cell 

assembly/disassemblies were carried out in an Ar-filled glove box. The cells were cycled between 3.0 and 3.8 V 

versus Li/Li+ at different current densities starting from 0.2 mA/cm2 using a computer controlled Arbin BT-2000 

battery tester at room temperature. For the assembly, 60 L electrolyte were used for the fabrication of both kinds 

(Cu||Li and Cu||LFP) of batteries. In both cases, 19 mm diameter Cu disc electrodes were used as anode current 

collector. Discs of LiFePO4 coated on Al foil (13 mm in diameter) were punched with an active surface area of 

1.326 cm2 to be used as a positive electrode. Electrochemical impedance spectroscopy (EIS) of the cells was 

measured after fully discharged for anode free cells at different stages of the cycling at a frequency range from 

0.01 to 100,000 Hz with a perturbation amplitude of ±10 mV using a BioLogic Science Instruments coupled with 

a Frequency Response Analyzer by the help of EC-Lab V10.40 software. 

For the morphological characterization of Li on Cu substrates, scanning electron microscopy (SEM) images 

analysis was done with an FEI Quanta 200 scanning electron microscope, operating at an acceleration voltage of 

20 kV. X-ray photoelectron spectroscopy (XPS) was conducted using a wide-range beamline (BL24A) at the 

National Synchrotron Radiation Research Center (NSRRC) in Taiwan. All reported binding energies were 

corrected using the signal for the Au peak (Au 4f) at 84 eV. 
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3. RESULTS AND DISCUSSION  

3.1 Electrochemical Performance  

In order to inquire into the synergistic effect between the electrolyte and cycling protocol on the 

electrochemical performance of Cu||Li (half-cell) and Cu||LFP (anode free), the charge/discharge behaviors these 

cells were conducted in detail. The proof of concept of the cycling protocol for the electrochemical performance 

of Cu||Li cell at 1.0 mA/cm2 is given in Figure 2. Here time controlled plating was employed to plate and strip 

(1.6 mAh/cm2) of Li which is equal to the nominal areal capacity of the LFP cathode employed in the anode free 

battery fabrication. The electrochemical performance of this half-cell battery (Cu||Li) was used as a starting point 

to judge the effectiveness of our new cycling protocol and explain the challenge in AFBs in comparison. The 

synergistic effect of the cycling protocol and electrolyte was clearly seen from their cycling performance. The 

cycling performance of Cu||Li cell in 1LiPF6 was observed relatively very poor; the voltage polarization increased 

after every cycle which led to decrease CE of the cell even after using our new protocol. The CE decreased 

drastically and the cell failed after 36 charge-discharge cycles in which the average CE after these cycles become 

only 83.65% (Fig.1 a, d, Table 1).  

Table 1: Summary of the electrochemical performance of Cu||Li cell cycled at 1.0 mA/cm2 with different cyclic 

strategies and in different electrolytes (aThe average CE was calculated only for the first 36 due to internal shorting 

after 36 cycles; bThe average CE was calculated for the whole 100 cycles including the ICE) 

 

Replacing the commercial 1LiPF6 by the laboratory prepared 3LiFSI electrolyte significantly improved the 

cycling performance of Cu||Li cell even using the normal protocol since it contains good SEI forming components. 

The average CE of the cell using this electrolyte reached 98.75% during the first 100 charge-discharge cycles 

(Fig. 2, b & d, Table 1).  The cyclic performance of Cu||Li cell in the 3LiFSI electrolyte using the new cycling 

protocol overwhelmingly improved showing very low voltage polarization and extraordinary high average CE. 

The average CE of this cell reached 99.65% during the first 100 cycles. The voltage polarization of this cell 

becomes almost constant and remained 45 mV in average at such high current density (Fig. 2c & d, Table 1). 

Summary of the entire cyclic performances of this three cell is given in Table 1. 

Electrolyte/Cycl

ing strategy  
ICE 

CE of some selected cycles <CE>   Voltage Polarizations of 

selected cycles (mV) 

25th  50th  75th  100th  10th  25th  35th  50th  

Rested-1LiPF6 94.56 88.1 5.32 - - 83.65a 65.4 131 >200 >200 

Normal-3LiFSI 92.82 98.71 98.85 99.04 99.07 98.75b 57 57.5 50.1 52.8 

Rested-3LiFSI 91.98 99.69 100.90 99.85 99.87 99.65b 54 49 41 44 
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Figure 1: Cycling performance of Cu||Li half-cells cycled at 1.0 mA/cm2 with different cyclic strategies and in 

different electrolytes. A capacity of 1.62 mAh/cm2 was used to plate the Li metal, in which plating was controlled 

by time (for 98 minutes) while stripping was voltage controlled. (a-c) Charge/discharge voltage profile of a cell 

(a) in 1MLiPF6 in which the cell was rested for 24 hours after the first cycle plating, (b) in 3MLiFSI in which the 

cell normally cycled without resting after the first cycle plating, (c) in 3MLiFSI in which the cell was rested for 

24 hours after the first cycle plating, and (d) comparisons CE and stripping capacity of the cells in different 

electrolytes with different cycling conditions 

The potency of the synergistic effect of the electrolyte and cycling protocol was further checked using Cu||LFP 

configuration (in which limitedness of the Li source only to cathode is more challenging) and showed the 

surprising result. Figure 3 shows the electrochemical performance of Cu||LFP cell cycled at 0.2 mA/cm2 using 

either 1LiPF6 or 3LiFSI varying the cycling protocol. The combined effect of the electrolyte 1LiPF6 and the 

cycling protocol was seen relatively poorer compared to the 3LiFSI electrolyte. The Cu||LFP battery cycled in 

1LiPF6 using the optimized protocol manifested very poor performance as it is seen in Fig 3a, d. The average CE 

of this cell is very low and retained less than 30% at 15th cycle. The cyclic performance of the Cu||LFP cell in the 

laboratory-prepared 3LiFSI was much better than the commercial 1LiPF6 electrolyte even when cycled using the 

normal conventional protocol. This battery showed very large average CE of 98.3% while retained 49% of its 

initial discharge capacity after 50 charge-discharge cycles (Fig. 3b, d). Exceptionally, the cyclic performance of 

Cu||LFP cell in the 3LiFSI using the optimized protocol further improved and its average CE reach 98.9% 

retaining 57% its initial discharge capacity after 50 cycles (Fig. 3c, d). This much cyclic performance quite 

unprecedented as far as this quite young discipline, AFB, is concerned.  Such extraordinary cyclic performance 

of the cell is attributed to the formation of good SEI which consumes a relatively small amount of Li and 

electrolyte during the formation process which certain amounts of flexibility character to resist the tensile stress 

imposed on it while Li is deposited underneath in the follow up cycles.  
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Figure 2: Electrochemical performance of anode free, Cu||LFP, cells using different electrolytes cycled at 0.2 

mA/cm2 strategies (a-c) Charge-discharge voltage profile of anode free cell cycled (a) in commercial 1MLiPF6-

EC/DEC (1:1, v/v) in which the battery was rested for 24 hours after first plating. (b) in laboratory prepared 

3MLiFSI-DOL/DME (1:1, v/v) and the cell was cycled normally (c) in laboratory prepared 3MLiFSI-DOL/DME 

(1:1, v/v) in which the battery was rested for 24 hours after first plating. (d) Comparison of coulombic efficiency 

and discharge capacity profiles in different electrolytes and using different cycling.  

Based on excellent electrochemical performance both Cu||Li and Cu||LFP obtained using the new protocol so 

far, we have performed long cycle test using the ether-based electrolyte and the optimized protocol.  The cyclic 

performance of half-cell (Cu||Li) and full cell (Cu||LFP) at different current densities are given in Fig. 4. Cu||Li 

cell cycled using our protocol exhibited exceptional cyclic performance. The coulombic efficiencies of half-cells 

improved boldly and the batteries cycled without short-circuiting for long cycles (Fig 4a, b, d). Low rate long 

cycle performance of the Cu||Li half-cell was undertaken when a nominal capacity of 1.60 mAh/cm2 using time 

controlled plating protocol. Cu||Li half-cell cycled at 0.2 mA/cm2 shown excellent cyclic stability having average 

CE more than 99.9% for more than 220 cycles). Increasing cycling rate to 0.5 mA/cm2, while depositing almost 

equal amounts Li (1.60 mAh/cm2), did not affect the performance the Cu||Li half-cell too much than only slightly 

increasing voltage polarization of the battery. The average CE of Cu||Li half-cell cycled at 0.2 mA/cm2 in the 

3LiFSI electrolyte using the optimized protocol is found 99.96% after 500 cycles. 

When measured at a deposition capacity of 1.62 mAh cm−2 and a current density of 1 mA cm−2, the cell with 

Cu||Li configuration exhibited a long cycle life over 1000 cycles with an average CE as high as 99.99% in the 

concentrated ether-based electrolyte and using the optimized resting protocol (Fig. 4b, d). Most importantly, 

Cu||Li cell cycled using the optimized protocol in the concentrated laboratory prepared electrolyte manifested 

extraordinary cyclic performance and be able to attain more than 1500 cycles with average CE of 99.88% at 2.0 

mA/cm2 (Fig. 4c, d). The relative low average CE is due to the CE of the cell during the few initial formation 

cycles and relatively low number of cycles involved in the average CE calculation. It is worth mentioning that 

such exceptional cyclic performance at a very high rate is attributed to the unprecedented formation and 

stabilization of SEI by our cycling protocol in the presence of the laboratory-prepared concentrated electrolyte.  
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Figure 3: Electrochemical performances of different batteries in the 3LiFSI (ether based) electrolyte using the 

optimized protocol. (a-d) Cu||Li cell cycled @ different rates (a-c) Charge-discharge voltage profile of (a) cell 

cycled @ 0.5 mA/cm2 (b) cell cycled @1.0 mA/cm2 (c) cell cycled @ 2.0 mA/cm2 (d) Combined CE and stripping 

capacity summary of cells in ‘a’, ‘b’, and ‘c’ (e-g) Cu||LFP cell cycled @different rates (e & g) Charge-discharge 

voltage profile in which the less polarized curve (red) at the middle indicates the initial conditioning (e) @0.5 

mA/cm2 (f) @ 1.0 mA/cm2  (f) Combined discharge capacity and CE summary of ‘e’ and ‘f.’ 

High rate and long cycle electrochemical performance of Cu||LFP cell is given in Figure 4e-g. After 

conditioning using our optimized protocol, the Cu||LFP cell cycled in the 3LiFSI electrolyte at 0.5 mA/cm2 for 

more than 100 cycles retaining reasonable capacity. The charge-discharge voltage profile of this very stable and 

show very little voltage polarization even after 100 cycles. The average CE of this AFB is quite high and remained 

98.78 during these 100 cycles. This battery retained about 37% of its initial discharge capacity after these charge-

discharge cycles which is very promising achievement as far as this new and challenging field is concerned (Fig 

4e, g).  More importantly the cyclic performance of AFB with the same configuration and material was also tested 

at 1.0 mA/cm2 check the effect of high rate cycling. Along with increasing rate, the cyclic performance of the 
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battery only slightly decreased compared with the low rate performance. Accordingly, voltage polarization 

increased, average CE decreased (98.2%) and comparatively the battery retained less discharge capacity (30%) 

after 100 cycles (Fig. 4f, g). The relative decreased performance at high rate is attributed to consumption of 

electrolytes and Li due to repeated SEI formation to repair the SEI cracking that causes by the high rate Li 

deposition underneath of the SEI.  

Moreover, Cu||LFP cell was capable of withstanding rate change from 0.2 to 2.0 mA/cm2. From the rate 

capability test, the discharge capacity of the battery increased by 8% when the cycling rate is decreased from 2.0 

to 0.2 mA/cm2. Entirely this battery capable of retaining more than 78% its initial discharge capacity (@0.2 

mA/cm2) after 40 cycles which is an extraordinary achievement as far as anode free battery is concerned. The 

decrease in capacity observed in the rate capability test is also attributed to the slight consumption of Li and 

electrolyte in the SEI formation process and dead Li formation. 

Some scholars recently claimed that fast rate stripping of Li smoothens the anode surface and inhibit dendritic 

Li growth to some extent and prolongs cycle life of AFBs.(Jiangfeng Qian , Brian D. Adams  et al. 2016, Zheng, 

Engelhard et al. 2017) We have confirmed this argument by charging our AFB battery at slow rate (0.2 mA/cm2) 

discharging at high rate (1.0 mA/cm2) after being conditioned initially using the optimized protocol. The 

charge/discharge voltage profile of this battery is given in supportive information.  

In contrast to the conventional LMBs, even AFBs assigned as Rested-3FSI showed some amount capacity 

fading during cycling. Such capacity fading is caused by the formation of some dead Li and consumption of Li 

and electrolyte in the process of SEI formation. These are induced by the volume expansion during cycling which 

either detaches active Li from the electrode and leads them to lose electron accessibility or cracks the SEI. When 

SEI ruptures, deposited Li will be necked to the liquid electrolytes and new SEI began to form. In AFBs, Li+-ion 

source only from the cathode material and a single loss from such cognate source reduce the capacity of the 

battery in the follow-up cycles.  

In order to confirm the pronounced effect of limited Li source in AFBs, we have plated less than 100% excess 

Li onto the Cu foil and used it as current collector in anode free battery. Pre-lithiation of Cu foil with this much 

amount Li improved the electrochemical performance of the battery to a greater extent.  The battery (Cu@Li||LFP) 

showed no sign of capacity fading even when cycled at 1.0 mA/cm2 more than 60 cycles. After 60 cycles, the 

capacity of the battery decreased slightly and retained more than 50% of its initial discharge capacity after 160 

cycles at such high current density. The relative better stability of the Cu@Li||LFP cell compared to the Cu||LFP 

cell is due to replacement of Li consumed by repetitive SEI formation and dead Li from the pre-lithiated.  For 

this reason, the formations of dead Li and SEI fracture and formations of new SEI are the main reason for capacity 

fading in AFBs in general. Thus further reduction of amount Li and electrolyte consumed in the SEI process could 

be the future direction of this work.  

To check the compatibility of our new protocol to other battery systems, we have fabricated a full cell 

consisting of Meso Carbon Micro Beads (MCMB) anode with the configuration of MCMB||LFP cell and cycled 

at 1.0 mA/cm2 using the 3LiFSI electrolyte and the optimized protocol. In spite, earlier scholars claimed that that 

ether based electrolytes lack compatibility with carbon anode, our cell is cycled with very high CE (99.99%) for 

more than 200 cycles at this rate retaining more than 84% of its initial discharge capacity. 

3.2 Electrolyte and SEI Layer Evolution 

Our recent work on the effect of concentrated dual-salt electrolyte in stabilizing in-situ deposited Li in anode 

free battery revealed that LiFSI with low LUMO energy is thermodynamically unstable and tends to decompose 

at the negative electrode to form a passivation layer (SEI) on the in-situ deposited Li. However, the breaking and 

reformation of such SEI layer consume Li- metal, and electrolyte which leads to cycle life expiration at early 

stages. In this work, resting Li deposited at a low rate in 3LiFSI electrolyte enabled to form more uniform, strong 

and flexible SEI (Figure. 1d-i). The XPS result of Li deposited on Cu substrate revealed that the inorganic 

components in the SEI comprehensively varied along with the electrolyte and cycling protocol (Fig.5).  
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Figure 4: X-ray photoelectron spectroscopy (XPS) analysis of in-situ formed Li anodes on Cu substrate after 5th 

cycles in Cu||LFP coin type cell. The black color represents the original data while the dashed red line presents 

the fit. The other color schemes represent the different functional groups as indicated by an arrow.  

The relative intensities of peaks of inorganic components like LiF, Li2O, and Li2CO3 for the system represented 

as Rested-1LiPF6 are the least. The low XPS peak intensity could be attributed to the low concentration of the 

electrolytes and tendency its components towards decomposition.(Qian et al., 2015; Bai et al., 2016) Low 

concentration of the electrolyte guides formation of SEI with excess organic moieties like polyolefin since solvent 

molecules get high chance to contact with Li metal. In addition, the tendency the salt in donating fluorine in the 

SEI formation process is very lesser and hence less inorganic species like LiF will form. (Zhang, 2006) Thus 

resting AFBs involving such electrolyte after deposition favors formation SEI with more organic components 

which increase the film thickness and increases charge transfer resistance. Hence, Li diffusion Li across such 
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interface will be impeded and decrease cycle life of the battery.  In the concentrated 3LiFSI electrolyte, the solvent 

molecules will get lesser chance to contact with the Li and thus less organic components will appear in the SEI. 

In contrary, the solute particles get enough chance to decompose and for inorganic component rich SEI. In 

Fig. 5 it can be simply observed that the 3LiFSI electrolyte in both the normal-3LiFSI and Rested-LiFSI favored 

the formation of inorganic components like LiF in the SEI layer. As a result, the AFBs involving this electrolyte 

was cycled for long cycles, without rapid capacity fading, compared to those involving the baseline electrolyte 

(Fig. 3a-d).   

Resting the battery involving 3LiFSI after slow rate deposition enables it to form more uniform, robust and 

flexible SEI as observed in Fig.5. The peak intensities in the XPS measurement for LiF boldly increased and 

improved the cyclic performance of AFB involving this cycling protocol. The relative increment of the peak 

intensity of the C-F bond (semi ionic) in F1s, obtained from the reductive decomposition of the DOL solvents, in 

the Rested-3FSI was also observed in Fig. 5. Such semi ionic backbone together with the LiF enables the SEI 

more flexible and helps it to resist the tensile strain imposed on the SEI during Li deposition underneath of the 

SEI. 

3.3 Electrochemical Impedance Spectroscopy Measurement  

Electrochemical impedance spectroscopy (EIS) measurement of the anode free battery involving the 

laboratory prepared electrolyte (3LiFSI) and the baseline electrolyte (1LiPF6) was undertaken in order to estimate 

conductivity of the electrolytes and the surface film resistance developed as the result of the formation of the SEI 

(Fig. 6a-c). Correspondingly, the charge transfer resistance for the anode free cell containing 1LiPF6 became 

larger while the bulk resistance of this cell was found relatively lower (Fig. 6a). This could be due to the formation 

of resistive SEI from the decomposition of carbonate electrolytes which impedes charge transfer across the 

interface. The relative low bulk resistance of this cell (Table 2) has also resulted from lower concertation of the 

electrolyte. On the other hand, the charge transfer resistance a cell assigned as Normal-3LiFSI showed almost 

miniature similarity with Rested-3FSI in both the charge transfer and bulk resistance due to the tendency of the 

electrolyte to decompose and form SEI (Table 1).  

Table 2. Comparative summary of the real impedance of batteries at different discharge cycles. The data were 

obtained from Z-fit of Nyquist plot by EC-Lab software 

Cycle Number 
Electrolyte/Cycling 

strategy 

Re (Z)/Ohm/Z-fit result 

Rs Rct 

 

1 

Rested-1MLiPF6 2.93  0.42 32.34  0.62 

Normal-3MLiTFSI 4.240.38 19.28 0.45 

Rested-3MLiTFSI 6.63  0.38 18.63  0.43 

 

5 

Rested-1MLiPF6 3.37  0.41 18.32 0.67 

Normal-3MLiTFSI 3.44 0.08 13.32  0.54 

Rested-3MLiTFSI 4.072  0.38 16.7  0.42 

 

10 

Rested-1MLiPF6 3.37  0.41 23.64 0.62 

Normal-3MLiTFSI 3.810.10 13.140.63 

Rested-3MLiTFSI 5.51  0.41 17.68  0.75 

 

15 

Rested-1MLiPF6 3.96  0.40 26.79  0.59 

Normal-3MLiTFSI 3.59 0.37 15.59 0.61 

Rested-3MLiTFSI 5.83  0.42 18.47   0.48 

 

20 

Rested-1MLiPF6 4.60  0.36 27.63   0.67 

Normal-3MLiTFSI 3.71 0.30 17.84 0.57 

Rested-3MLiTFSI 5.80  0.41  0.70 
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The slightly larger value for the AFBs cycled in 3LiFSI using the optimized protocol is attributed to the 

formation of tough SEI involving both the organic and inorganic components as revealed by the XPS 

measurements and other characterization techniques. Thus in spite, it improves strength and flexibility of the SEI, 

resting of the film after deposition could thicken the SEI and slightly increases the impedance of the cell at the 

initial stages. The electrochemical performance of the Normal-3LiFSI is lower than the Rested-3LiFSI indicating 

that low Rct value alone cannot guarantee the cyclic performance of the battery.   

3.4 Cyclic Voltammetry 

The Cyclic voltammogram of Cu||LFP cell cycled in the potential region of 2.5V-3.9V at a scan rate of 0.2 

mV/s using either the commercial 1LiPF6 (baseline electrolyte) or concentrated dual salt electrolytes was given 

Fig. 6d, e. In the baseline electrolyte, the formation of SEI was observed from the slightly broader peak formed 

during the first cycle. In the follow-up cycles, both the anodic and the cathodic peaks decreased indicating the 

resistive nature of the SEI formed during the first cycle (Fig. 6d).  

 

Figure 5: (a-c) Nyquist plot of anode-free Cu||LFP cells with (a) Commercial 1MLiPF6-EC/DEC (1:1, v/v) in 

which the cell was rested for 24 hours after the 1st plating, (b) Laboratory prepared 3MLiFSI-DOL/DME (1:1, 

v/v) in which the cell was normally cycled without resting after first deposition and (c) Laboratory prepared 

3MLiFSI-DOL/DME (1:1, v/v) in which the cell was kept resting after the first deposition. All EIS data were 

collected at fully discharged state of the cells (d-e) Cyclic voltammogram of Cu||LFP cell in the potential region 

of 2.5V-3.9V at a scan rate of 0.2 mV/s using either (c) Commercial 1MLiPF6-EC/DEC (1:1, v/v) or (e) 

Laboratory prepared 3MLiFSI-DOL/DME (1:1, v/v). 

It is also observed that there is a large anodic peak shift towards low voltage. Such a peak shift could be 

attributed to high voltage polarization c induced by tick SEI formation which is resulted from huge electrolyte 

and Li consumption. 

In the 3LiFSI electrolyte, a broad anodic peak was observed indicating the formation of conductive SEI 

(Figure. 6e). After formation of the SEI, the peak intensities of the SEI further increased indicating high ion 

conductive nature and uniformity of the SEI which allows diffusion of Li back and forth. Thus this also provides 

a piece of additional information for the formation of good SEI during the electrochemical process of AFB battery 

involving Cu||LFP. In addition, the relatively high peak current having constant values (6 mA) after the first 

cycle indicates that high stability of the film formed and hence high capacity retention at constant current flow. 

The slight shift of anodic peak current (decreasing peak width) indicates after every cycle indicates that slight 

formation of SEI after first formation cycle. Such small shift is also in a good agreement with electrochemical 
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charge/discharge test and other characterization techniques which slightly reduces CE of the battery after the first 

cycle.  

3.5 Anode Morphological Evaluation  

To get insight into the morphology of Li plating and stripping, the SEM image of Li deposited on Cu substrate 

evaluated at different cycles. In the baseline electrolyte, rough and non-uniform Li deposition was observed which 

induces dendrite formation due to non-uniform Li flux distribution in the follow-up cycles (Fig. 7d). Morphology 

of Li deposition in the laboratory prepared (3LiFSI) electrolyte is more uniform and much better than the baseline 

electrolyte (Fig. 7e). The morphology of the Li deposition in the 3LiFSI electrolyte was further improved by 

lowering the deposition current and resting the deposit for to 24 hours to allow the cell form good SEI via the 

reductive decomposition of component of the fluorine donating salt (LiFSI). 

 
Figure 6: SEM morphological evaluation of Li-anode on Cu substrate retrieved from Cu||LFP cell after cycled 

@ 0.2 mA/cm2 in different electrolytes and cycling protocol. The rows represent cycle number and its stage while 

the columns represent the electrolyte and cycling condition as it is written 

The formation of the SEI is clearly observed from the surface in comparison to the unrested deposit (Fig. 7f). 

Morphological evaluations of the Li deposit on Cu substrate is again undertaken after 5 cycles fully discharged 
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state to see the effect cycling. Accordingly, the morphology of Li film cycled in the baseline electrolyte was found 

rough indicating the growth of Li dendrite during cycling (Fig.7g). In contrary, the morphology deposited film in 

3LiFSI electrolyte formed SEI that could protect growth of Li dendrite and remained uniform after cycling. In 

the battery cycled using the normal protocol, the deposition of Li underneath induced SEI cracking due to its 

fragility (Fig. 7h). Surprisingly, the morphology of Li film retrieved AFB cycled in the laboratory prepared 

electrolyte using our optimized protocol is pretty uniform with no sign of SEI cracking after 5 cycles (Fig. 7i). 

Formation of such uniform SEM image is attributed to the synergistic effect between the laboratory prepared 

ether based electrolyte (3LiFSI) and our optimized protocol which enables formation of good SEI in the process.  

4. CONCLUSION  

The synergistic effect of cycling protocol and the concentrated electrolyte on the cyclic performance of the 

Cu||Li half-cell and Cu||LFP anode free cells were carefully studied. Interestingly, a substantial difference in the 

cyclic performance of both Cu||Li half-cell and Cu||LFP anode-free was observed. Consequently, Cu||Li cells 

manifested extraordinary cyclic performance and cycled up to 1500 cycles at the high rate of 2.0 mA/cm2 with 

average CE of 99.88% benefiting from the combined effects of our resting protocol and the laboratory-prepared 

concentrated electrolyte (3LiFSI). More importantly, Cu||LFP cell also delivered excellent performance at 0.5 

mA/cm2 with the average CE of up to 98.78% retaining around 40% of the initial discharge capacity after 100 

cycles. In addition, the AFB was also cycled at a higher rate up to 1.0 mA/cm2 with an average CE of 98.2 

retaining reasonable discharge capacity after 100 cycles cell. The comparably high electrochemical performance 

of these cells at a high rate is attributed to the formation of stable, robust and flexible SEI as a result of the 

combined effect between the optimized cycling protocol and the laboratory-prepared concentrated electrolyte. 

The concentrated electrolyte with high fluorine donating salt (LiFSI) enabled the formation of good SEI by 

relatively reducing the solvent interaction with Li surface. In the more dilute, 1LiPF6, electrolyte, the solvent to 

salt ratio is quite large and the solvents are found to continuously react with the in-situ deposited Li to form 

unstable thick SEI. The compositions of the SEI and their relative intensities were analyzed by XPS measurement 

and revealed that the combined effect between resting and the concentrated electrolyte offered an advantage to 

form SEI with more inorganic species like LiF. The highly stable and conductive nature of the SEI resulted from 

the combined effect leads to highly stable voltage profiles during cycling of Cu||LFP cells and improved 

performance. This study provides a path towards effective investigations of AFBs as a hope for future advanced 

energy storage devices.  
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ABSTRACT 

Fuels obtained from renewable resources have garnered significant enthusiasm in recent decades due to concerns about 

fossil fuel depletion and climate change. This study aimed to investigate the potential of Prosopis juliflora pods mash for 

bio-ethanol production and its hydrolysis solid waste for solid fuel. Various parameters, such as acid concentration, 

hydrolysis times, fermentation times, fermentation temperature, and pH, were evaluated for their impact on bio-ethanol 

production using Saccharomyces cerevisiae yeast. The results showed that increasing acid concentration (up to 1 molar 

H2SO4) led to an increase in sugar content, reaching a maximum of 96.13%v/v. Optimal conditions for bio-ethanol 

production were found at 1 molar H2SO4 concentration (4.2%v/v), 48 hours fermentation time (5.1%v/v), 20 minutes 

hydrolysis time (5.57%v/v), 30°C fermentation temperature (5.57%v/v), and pH 5 (6.01%v/v), resulting in a maximum bio-

ethanol yield of 6.01%v/v. The solid waste remaining after bio-ethanol production exhibited potential for use as a solid fuel, 

with a calorific value of 18.22 MJ/kg. These findings demonstrate the promising potential of Prosopis juliflora pods mash 

for bio-ethanol production and suggest a viable solution for addressing disposal challenges associated with solid waste, 

contributing to the exploration of renewable fuel sources in the face of fossil fuel depletion and climate change. 

Keywords:  bio-ethanol, fermentation, invasive species, pods mash, Prosopis juliflora, Saccharomyces cerevisiae, solid fuel 

1. INTRODUCTION 

One of the greatest challenges for the growing society in this century is to meet the energy demand for 

transportation, heating, lighting and industrial processes, which have a significant impact on the environment. 

World population and increased urbanization have directly or indirectly influenced the energy demand (Akpan et 

al., 2008). In developing countries, especially in rural areas, 2.5 billion people rely on biomass, to meet their 

energy needs for cooking (Zuzarte, 2007). As in many other countries in the region, fuel supply in Ethiopia is 

mainly biomass-based (94.3 % of total energy supply) (Ministry of Mines and Energy, 2011).  

Modern fuels are those that are controlled to provide consistent energy, efficient and clean when combusted, 

such as biofuels or electricity (Zuzarte, 2007). Bio-ethanol is a biofuel which has long been recognized as a fuel 

suitable for a variety of applications, including transportation and cooking (Prasad et al., 2009). It is one of the 

safe and environmentally friendly energy since it is made from plants; it does not release any new carbon dioxide 

(CO2) into the air, unlike fossil fuels which return carbon that was stored beneath the surface for millions of years. 

It can be made from any sugary or starchy and from cellulosic biomass such as wood, paper pulp or agricultural 

waste (Pikūnas et al., 2003). Nowadays, research on non- food crops and cellulosic materials has been getting 

great attention worldwide, because they are cheap, easily available, and profitable as compared to food crops and 

also reduce inflation of the cost of food crops used for bio-production (Choge et al., 2007). 

One of the fastest growing trees which have the potential to substitute food crops for bio-ethanol production 

could be Prosopis juliflora. It is a tree species native to Northern Mexico and Southern U.S. that survives droughts 

and thrives in sunny arid regions. The plant fixes its own nitrogen, requires no seeding, fertilization or irrigation, 

and grows on dry, nutrient-poor soils (Shiferaw et al., 2004). It is a truly promising tree for drylands, because of 

its multiple and important potential and actual uses, as well as its remarkable resistance to drought, heat, and poor 

soils (citation!!). Most often, the tree grows only to become a thorny shrub, but its complex and deep-ranging 

root system allow it to tap different water tables, both at the surface and deep underground, which makes it a very 

hardy crop (citation!!). The roots also act as an energy storage mechanism, because once a tree is cut down, new 

shoots spring up rapidly from the existing roots (Pasiecznik et al., 2001). 
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The pods produced by Prosopis species are legume pods, high in sugars, starches, and protein. The pods are 

used as a source of food for human being in history, however, it has turned out to be less important as a human 

food, somewhat essential as animal feed since the past decades. The pods vary significantly in size between 

species and even among the population and individual trees of some species (Bravo et al., 1994; Pasiecznik et 

al., 2001). Pods of all Prosopis species are composed of an exocarp, sometimes fleshy mesocarp, fibrous 

endocarps and hard seeds. The form and relative amounts of each vary widely between species, with several 

Prosopis species having a high percentage of mesocarp favored as a source of food and feed (Choge et al., 2007). 

Prosopis juliflora was introduced to Ethiopia in the 1970s and planted in few areas in the Rift Valley (Abebe, 

1994). The species, however, has been spreading in the pastoral areas, making vast rangelands unavailable for 

grazing, where its removal and management has become already beyond the capacity of the local communities 

(Admasu 2008; Ryan, 2011). The species has large coppicing potential, which makes its removal very difficult 

and expensive. The invasiveness of the species has been aggravated by animals which feed on it, such as camel, 

goats, and cattle in Afar (Hailu et al., 2004).  

Prosopis juliflora is found dominantly on the arid part of Ethiopia like Afar, some parts of Oromia, Dire Dawa, 

Tigray, Somali, Southern Nations, Nationalities and Peoples (SNNP) and Amahara regions (Steele, 2009). It is a 

fast-growing tree species and it will be a good source of bio-ethanol production to reduce dependence on the 

rapidly increasing price of petroleum crude and products, as well as to manage its invasion in the environment.  

The conversion of the various parts of the species into alternative uses could also create new jobs that benefit 

farmers and pastoral communities, for instance by improving their access to livestock feeds and income from bio-

ethanol production.In addition, the conversion of the pods into bio-ethanol and the seeds into biochar have the 

advantage of controlling its invasion into a new area. The main objective of this research was to evaluate the 

potential of P. juliflora pods for bio-ethanol production and its solid waste by-product as solid fuel. 

2. MATERIALS AND METHODS 

2.1 Collection of samples 

The pods of P.juliflora were collected at Amibara, one of the severely invaded woredas from Afar region, 

Ethiopia.  Healthy P.juliflora trees were selected and dry pods were collected.  The composite pods collected 

were taken in plastic bags and dispatched to Mekelle University laboratory for further work. The experiment was 

conducted in a laboratory at Mekelle University, Adigrat medical laboratory and Geological survey of Ethiopia 

central laboratory, following the methods mentioned in Onuki (2005). 

2.2 Dry and Milling 

The P. juliflora pods were sun-dried and broken down to a fine powder using a hammer mill process. Grinding 

increased surface area of the pods and enhance the contact between starch and acid or water. The seed of P. 

juliflora was hard to mill by hammer milling and only the pod was used for this experiment and we recommend 

the seeds to be used as a biochar feedstock. Compared to the amount of the pod, the amount of seed obtained 

from a large collection of the pod was very small in amount/content and not economical to use alone for bio-

ethanol production. 

2.3 Determination of Moisture Content 

The P. juliflora pod was dried using an oven at 105 OC followed by cooling in a desiccator over silica gel (0% 

relative humidity)  and weighing until a  constant weight. The moisture content was determined as in equation 1: 

Moisture content (%) =
𝑤1− 𝑤2 

𝑤1
X 100                                                                                                                    (1) 

Where w1 and w2 are the weights of the sample before (g) and after drying (g), respectively 
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Fig. 1: The path for the production of bio-ethanol and its value-added from P. juliflora pods mash 

2.4 Hydrolysis 

The P. juliflora pod powder (25 g) was hydrolyzed (pretreated) employing different concentrations of sulfuric 

acid (each of 0.5, 1, 1.5, 2, 2.5 and 3 molars) and with 250 ml of distilled water in 500 ml Erlenmeyer flask and 

separately heated at 90 OC for 15 minutes.  After hydrolysis, the liquid fraction was cooled, filtered and 

determined for glucose concentration. The distilled water and acid hydrolysates were adjusted to pH 5 by adding 

concentrated sulfuric acid and 2N sodium hydroxide, and the solutions were filtered and prepared for fermentation 

(Dawson and Boopaty, 2008). 

 

Fig. 2 Hydrolysis process 

2.5 Fermentation 

2.5.1 Source of microorganism for fermentation 

S. cerevisiae, purchased from the local market was used in the experiments. The yeast was first dissolved in 

warm water and left for 10 min before being used. Then the prepared solutions were taken into the flask containing 

hydrolysate sample. Batch fermentations of hydrolysis were carried out in 500 ml Erlenmeyer flask incubated 

with 5 g/l S. cerevisiae at 30 OC as described in the literature (Thuesombat et al., 2007). The hydrolysates of water 

(Treatment 1), 0.5 mollar (M) sulfuric acid treated hydrolysate (Treatment 2), 1 M sulfuric acid treated 

hydrolysate (Treatment 3), 1.5 M sulfuric acid treated hydrolysate (Treatment 4), 2 M sulfuric acid treated 
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hydrolysate (Treatment 5), 2.5 M sulfuric acid treated hydrolysate (Treatment 6) and 3 M sulfuric acid treated 

(Treatment 7) was taken. 

 
Fig. 3 Samples prepared for fermentation 

2.5.2 Ethanol fermentation  

After scarification, the substrates were allowed to ferment in yeast (S. cerevisiae). The set up was left under 

anaerobic condition for 24 h with the different H2SO4 concentrations (0, 0.5, 1, 1.5, 2, 2.5 and 3 M) to select the 

best treatment type for bio-ethanol production. The substrate with the best bio-ethanol yield was subjected for 

optimization with different periods of fermentation times (6, 12, 24, 36, 48 and 72 h), hydrolysis times (5, 10, 15, 

20, 25, 30 min), and fermentation temperatures (25 OC, 30 OC, 35 OC and 40 OC), pH (4, 5, 6, 7 and 8)(Ayele et 

al., 2012) keeping the optimized parametrs constant. 

2.6 Ethanol recovery 

2.6.1 Distillation method  

The bio-ethanol was separated from the fermented sample by fractional distillation. The fermented solution 

was heated to force the lowest boiling material into the vapor phase. The vapors were passed over the fractional 

column and the bulb of a thermometer at which point vapor was determined. The vapor was condensed to a liquid 

in the horizontal condenser that was cooled by a flow of cold water. The distillate was collected in a receiver. The 

weight of the distillate was measured. 

2.6.2 Yield calculations  

First, the gram of bio-ethanol was calculated based on the collected amount and concentration of bio-ethanol 

and expressed on a weight basis. The bio-ethanol yield was then calculated based on the gram of bio-ethanol and 

the sample taken. 

Ge =  
(Ce x Ac)

100
                                                                                                                                                                (2) 

Where Ge, Ce and Ac are the gram of bio-ethanol (g), concentration of bio-ethanol and the amount collected (g)  

Yield of bioethanol (%) =
Gram of bioethanol (g)

Sample (g)
                                                                                              (3) 

2.7 Analytical Methods 

2.7.1 Determination of sugar contents 

The sugar contents of the samples during saccharification of the substrates were estimated as per the method 

described in Ayele et al (2012). Fehling method was used to determine the reducing sugar concentration. 50 ml 

of the hydrolyzed sample solution was taken and dissolved in 10 ml of distilled water and mixed with 2 ml of 

cons. HCl acid and was heated for a period of 10 min. The obtained sample was neutralized by adding NaOH and 
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prepared in 300 ml conical flask and taken into the burette. The 10 ml of Fehling solution was taken and mixed 

with 90 ml of distilled water in 250 ml Erlenmeyer flask and Methyl blue indicator was added. The conical flask 

solution was titrated with burette solution in boiling conditions until disappearance of blue color and the volume 

at which brick red color observed were recorded. For each sample the sugar content was calculated by using the 

formula given below: 

Sugar content (%)

=  
300 mL x 𝑓 

𝑣
 x100%                                                                                                                         (4) 

Where the f-Fehling factor (0.051);   v–volume used in the titration (titrate value) (ml) 

2.7.2 Determination of Ethanol Concentration 

The Fourier Transform Infrared (FTIR) (65, PerkinElmer, UK) response was calibrated using different 

concentrations of pure ethanol. The measurement was carried out in reflectance mode where ZnSe (Zinc selenide) 

window was used as a sample holder. After the absorbance of pure ethanol was recorded the calibration curve 

was constructed first in weight-to-weight and then converted to volume-to-volume concentration units. The 

concentrations of ethanol were determined using the absorbance obtained for each sample from the calibration 

curve.  

2.7.3 Standard Solution of ethanol 

The calibration curve was constructed using the absorbance values obtained for the different ethanol 

concentrated solutions (Fig. 4).  The data points were fitted with a second order polynomial fit of the form. 

y = ax2+bx+c                                                                                                                                                                    (5) 

Where y and x represent the absorbance and the concentration respectively, a and b are fit values that represent 

second and first order slope, respectively, and c is the absorbance bias where the concentration is ‘zero’. From 

the fit c = 0.00159, a = 0.00064 mol2 L2 and b = 0.05363 mol1 L were at p-value < 0.0001).  
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Fig. 4 Calibration curve for ethanol standard solution 

The value of b is more than one order of magnitude greater than c indicating the absorbance residual bias is 

very small leading to the high sensitivity of the method with a standard deviation of SD = 0.00334. The regression 

value of R2 = 0.99972 further confirms the reliability of the fit.   The calibration curve revealed excellent accuracy 

and sensitivity, and therefore, was used for determining the concentrations of the samples from the absorbance 

reading. 
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2.7.4 Determination of P. juliflora pod Calorific Value after Hydrolysis 

The solid waste after hydrolysis of P. juliflora was characterized for solid fuel. The sample waste after 

hydrolysis was taken for calorific value determination with bomb adiabatic calorimetric instrument and calculated 

by using the formula given below:  

Hg =  
TW − e1 − e2 − e3

m
                                                                                                                                               (6) 

Where Hg = Gross Heat Combustion 

T = Temperature difference (OC) 

W = energy equivalent of calorimetric in Cal/ OC (2420 Cal/ OC) 

e1 = correction in calories for heat of formation of HNO3 (24.2 Cal) * titrate volume (ml) 

e2 = correction in calories for heat formation of H2SO4 (13.7 Cal) * content of sulfur (negligible) 

e3 = correction in calories for heat formation of fuse wire (2.3) * length of fuse wire combusted (cm) 

m = weight of sample 

3. RESULTS AND DISCUSSION  

3.1 Effect of Acid Concentration on Sugar Content 

The values of sugar contents obtained from P. juliflora in this study were shown in figure 5. This P. juliflora 

reducing sugars were saccharified with different H2SO4 concentrations and distilled water at 90 OC and 15 min 

hydrolysis time after the determination of moisture content (15.65%). 

Figure 5 shows that P. Juliflora pods mash has 57.34% sugar content after it was saccharified with distilled 

water. The sugar content increased with an increase in acid concentration up to 1 M, and at this concentration, 

the highest value of 96.13% sugar content was obtained. Further increase in acid concentration led to a decrease 

in sugar content (Fig. 5). The increase of sugar contents in acid treated samples with increasing acid concentration 

may be due to a complete and fast conversion of cellulose to glucose and hemicelluloses to C5-sugars (Nutawan 

et al., 2010) and as the solution was more concentrated, the monomeric sugars (xylose, glucose) may further be 

oxidized to undesirable by-products such as furfural, hydroxyl methyl furfural (HMF), etc. by sulfuric acid on 

glucose (Joshi et al., 2011; Nutawan et al., 2010). 

 
Fig. 5 The effect of acid concentrations on sugar content 

3.2 Parameters Affecting Bio-Ethanol Production 

3.2.1 Acid concentration 

The optimum acid concentration determination was carried out with distilled water and different 

concentrations of H2SO4, while keeping all the other parameters constant, i.e. 90 OC hydrolysis temperatures, 15 
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min hydrolysis time, pH 5, 24 h fermentation time and 30 OC fermentation temperature were applied for all 

concentration samples.  

 
Fig. 6 The effect of acid concentration on bio-ethanol production 

Figure 6 shows that the bio-ethanol yields obtained in distilled water and 0.5 M H2SO4 concentrations were 

1.53% and 2.65% v/v, respectively, and the maximum bio-ethanol yield of 4.2% v/v was obtained in 1 M of H2SO4 

concentrations. Further increase in acid concentration (1.5, 2, 2.5 and 3 M H2SO4) resulted in a decrease in bio-

ethanol yield of 3.3, 2.7, 2.1 and 1.7% v/v, respectively.  Decreasing bio-ethanol yield at a higher acid 

concentration may be due to degradation of monomeric sugars to undesirable by-products or may be derived from 

dehydrating or oxidizing effect of sulfuric acid on glucose instead of forming bio-ethanol (Nutawan et al., 2010). 

3.2.2 Fermentation time 

As shown in Figure 7, the optimization of fermentation time for bio-ethanol production were adjusted ranged 

from 6-72 h keeping the other parameters constant (1 M H2SO4 – optimum acid concentration obtained from the 

previous experiment, 90 OC hydrolysis temperature, 15 min hydrolysis time, pH 5 and 30 OC fermentation 

temperatures).  

 
Fig. 7 The effect of fermentation time on bio-ethanol production 

Figure 7 shows that bio-ethanol yield obtained at 6, 12, 24 and 36 h fermentation times were 3.12%, 3.5%, 

3.67% and 4.43% v/v, respectively. At 72 h fermentation time, the least bio-ethanol concentration (1.92% v/v) 

was found, whereas, the maximum bio-ethanol yield (5.1% v/v) was obtained at 48 h fermentation time. The result 

revealed that the amount of bio-ethanol increased with increase in fermentation time up to a maximum of 48 h 

fermentation times, and then after it starts to decrease.  This may be due to the consumption of sugar by the 

microorganisms or the hydrolysate does contain significant levels of metabolic inhibitors (e.g., furfural and HMF) 

that can interfere with fermentation (Weil et al., 2002). 
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3.2.3 Hydrolysis time 

Hydrolysis time was taken as another parameter for bio-ethanol production optimization. In the optimization 

of hydrolysis time, the solutions were kept for 5, 10, 15, 20, 25 and 30 min, pH 5 and 30 OC fermentation 

temperature, heated at hydrolysis temperature of 90 OC, while keeping the other optimized parameters constant. 

The result showed that bio-ethanol yield in 5, 10, 15, 20, 25 and 30 minutes of hydrolysis times, which were given 

3.78%, 4.72%, 5.16%, 5.57%, 4.4% and 2.83% v/v, respectively. The maximum bio-ethanol yield (5.57% v/v) 

was obtained at 20 min hydrolysis time (Fig. 8). The result showed that the bio-ethanol yield increases with 

hydrolysis time and reaches optimum at 20 min. The result obtained is in agreement with what was reported by 

Ayele et al. (2012). 

 
Fig. 8 The effect of hydrolysis time on bio-ethanol production 

The bio-ethanol yield was decreased beyond 20 min as hydrolysis time increases, may be due to the fact that 

longer residence time makes the sugars further oxidize to form inhibitors (furfural) (Nutawan et al., 2010). 

3.2.4 Fermentation temperature 

As in figure 9, the optimization of fermentation temperature was carried out in 25, 30, 35 and 40 OC, whereas 

all the optimized, as well as hydrolysis temperature (90 OC) and pH 5 was kept constant.  

 
Fig. 9 The effect of fermentation temperature on bio-ethanol production 

The bio-ethanol yields obtained with fermentation temperatures of 25, 30, 35 and   40 OC were 4.19%, 5.57%, 

and 5.23% and 4.17% v/v respectively (Fig. 9). According to these results, bio-ethanol yield increases from 25 
OC - 30 OC fermentation temprature. However, increasing the temperature beyond 30 OC decreased the bio-ethanol 

yield of P. juliflora pods mash. As the result shows, the bio-ethanol yield was found maximum at 30 OC (5.57% 
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v/v). Fermentation temperature is one of the major constraints that determine the bio-ethanol production.  Too 

high temperature kills yeast, and low temperature slows down yeast activity (Hoi, 2003). 

3.2.5 pH value 

Besides the other parameters, the pH value of the bio-ethanol production was optimized keeping all other 

parameters constant. The pH from 4-8 was taken and the result revealed that 4.5, 6.01, 5.31, 2.7 and 2.2% v/v 

respectively (Fig. 10).  The maximum bio-ethanol yield was found at pH 5. It is worthwhile to mention that the 

concentration of bio-ethanol obtained (6.01%v/v) by the hydrolysis of the Prosopis julflora pods mash is 

satisfactory compared to the maximum amount of bio-ethanol obtained from fermentation of Poultry manure (5 

g/L) (Woldesenbet et al., 2013), spent coffee ground after biodiesel production (6.5 g/L) (Haile et al., 2013), wet 

coffee waste (6.12 g/L) (Woldesenbet et al., 2016).  However, the result of this study is very low as compared 

with bio-ethanol potential of Sugarcane bagasses (10.2 g/L) (Raghavendra and Havannavar, 2007) and Banana 

peels (9.8 g/L) (Manikandan and Saravanan, 2008). 

 
Fig. 10 The effect of pH value on bio-ethanol production 

3.3 P. juliflora as a Solid Fuel Potential after Hydrolysis 

The calorific value of P. juliflora after bio-ethanol production was recorded as 18.22 MJ/kg.  In particular, it 

has high calorific value compared to the conventional biomass, as in (Hoi, 2003), like bagasse (7.7-8 MJ/Kg), 

rice husks (14 MJ/Kg), coffee husk (16 MJ/Kg) and wood (8.4- 17) but less than the calorific value of spent coffee 

ground (20.8 MJ/kg) after hydrolysis and spent coffee ground and glycerin ratio (glycerin content from 20-40%) 

(19.3-21.6 MJ/Kg) (Haile et al., 2013; Haile, 2014). This result showed the possibility of utilizing P. juliflora 

after hydrolysis as a raw material for solid fuel production. This has a significant contribution to energy supply, 

while also solving the disposal of wastes after hydrolysis.  

4. CONCLUSIONS 

The aim of this work was to evaluate P. juliflora pods as a potential alternative feedstock for bio-ethanol 

production and its by-product as a solid fuel. The findings of the present result concluded that P. juliflora has the 

potential for bio-ethanol production, as well as solid fuel after hydrolysis. The maximum amount of bio-ethanol 

yield (6.01% v/v) was obtained after 1 M H2SO4, 48 h of fermentation time, 20 min of hydrolysis time, pH (5) 

and 30 OC of fermentation temperature. However, the produced quantity of bio-ethanol is not proportioned to the 

amount of sugar content in the samples due to S. Cerevisiae yeast can ferment only C6 sugars. Additionally, the 

calorific value of P. juliflora after hydrolysis (18.22 MJ/kg) implies the possibility of combining hydrolysis P. 

juliflora for bio-ethanol production with energy production. This contributes to minimizing the use of fuelwood, 

charcoal, dung cakes, agricultural residues and fossil fuel as the energy source, which has various reported 

environmental consequences. Additionally, its use contributes to minimizing rising bio-ethanol production from 

first generation feedstocks such as food crop which has its impact on food security. Based on these premises, we 
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argue that P. juliflora is a promising alternative feedstock for bio-ethanol production and the findings in this study 

imply alternative means to reduce the global warming arising from combustion of fossil fuel and arresting the 

invasiveness of the species in various localities in Ethiopia. 
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ABSTRACT 

Enhancing the efficiency and selectivity of photo/electrocatalytic reactions has become increasingly promising through 

plasmon-enhanced photo/electrocatalysis using hetero-nanostructures. Plasmonic nanostructures (PNSs), characterized by 

features such as localized surface plasmon resonance (LSPR), play a crucial role in augmenting photo/electrocatalytic 

activities. The unique properties of LSPR enable PNSs to concentrate incident light, facilitate charge separation, and trigger 

surface reactions, thereby improving overall catalytic performance. This work details the preparation of plasmonic core-

shell Au@Pd nanoparticles (NPs) and Au@FexOy nanorods (NRs) for plasmon-enhanced photo/electrocatalysis. The focus 

is on the rational design and synthesis of hetero-nanostructures, emphasizing the optimization of composition, size, shape, 

and interface properties. Additionally, the exploration extends to various combinations of plasmonic sources with 

semiconductors of diverse morphologies to achieve heightened photocatalytic activity. The research encompasses 

applications in water splitting, organic pollutant removal, and energy conversion. Addressing challenges, including material 

optimization, reproducibility, stability, band alignment, and understanding plasmon-material interactions in hetero-

nanostructures, is integral to advancing the field. The synergistic combination of plasmonics and nanotechnology holds great 

potential for advancing green technologies and addressing critical global issues. 

Keywords: Au@Pd NPs, Au@FexOy NRs, LSPR, Plasmonics, Photo/electrocatalysis 

1. INTRODUCTION 

The continuous consumption of combustion energy has demonstrated its lack of sustainability, primarily due 

to the impending depletion of remaining fossil fuel reserves and the adverse environmental impacts it entails. 

Addressing these pressing concerns requires tackling the paramount scientific challenge of developing 

technologies capable of generating renewable fuels and chemicals from diverse, sustainable feedstocks. This 

imperative effort is crucial for steering society towards a sustainable future. Heterogeneous catalysis, positioned 

at the core of modern industry, has significantly enhanced the efficiency of chemical manufacturing processes. 

Typically, achieving reasonable rates for target chemical production involves employing harsh reaction 

conditions, including elevated temperatures and pressures. As an example, consider the traditional Haber−Bosch 

method used for synthesizing ammonia (NH3) at a rate of 150 million tons per year from N2 and H2. This process 

typically operates within the temperature range of 300−500 °C and under pressures of 200−300 atm. Additionally, 

nearly half of the global H2 production stems from the energy-intensive steam reforming of methane (CH4 + H2O 

→ CO + 3H2), requiring high temperatures (800−1000 °C) and substantial energy input (Lukajtis et al., 2018; 

Van der Ham et al., 2014). Therefore, it is necessary to create sustainable catalytic processes that leverage 

renewable energy sources as the primary input. One potential solution in this striving involves harnessing 

photocatalysis driven by solar energy (Low et al., 2017). 

Plasmon-enhanced photoelectrocatalysis using hetero-nanostructures has emerged as a highly promising 

research area with significant potential for advancing the field of energy conversion and environmental 

remediation (Lee et al., 2021; S. Li et al., 2021). Plasmon-enhanced photo/electrocatalysis, which combines the 

principles of plamonics, photoelectrochemistry, and catalysis, has attracted considerable attention due to its ability 

to utilize solar energy for the conversion of light into chemical energy or to drive important chemical reactions. 

A key component of this technology is the integration of hetero-nanostructures, which combine different materials 

on a nanoscale. The hetero-nanostructures, often based on metal nanoparticles, aka., plasmonic nanoparticles 

mailto:lemmat2003@yahoo.com
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(PNPs) and semiconductors or metal oxides, exhibit unique and synergetic properties facilitating efficient charge 

carriers' generation and transport.  

Plasmonic nanoparticles (PNPs), such as gold or silver, possess unique optical properties that arise from the 

collective oscillation of conduction electrons in response to incident light, known as localized surface plasmon 

resonance (LSPR) (Gelle & Moores, 2019). The LSPR phenomenon enables efficient light absorption and 

scattering in the vicinity of PNPs, leading to enhanced photon harvesting and improved charge generation. The 

conversion of solar energy into chemical fuels represents the most promising route for achieving a sustainable 

energy economy. A photoelectrochemical (PEC) cell for water splitting (Fujishima & Honda, 1972) uses 

semiconductors to split water into pure hydrogen (H2) and oxygen (O2). H2 is an ideal energy vector for 

transportation, energy storage, and the production of electricity at zero‐carbon emission. Hetero-nanostructures, 

composed of a combination of semiconductor materials and plasmonic NPs, provide a platform to exploit the 

synergistic effects of both components. The design and engineering of hetero-nanostructures play a crucial role 

in maximizing their photoelectrocatalytic performance (Wang & Fang, 2020; Zhao et al., 2018). The metal-

semiconductor (M-S) heterostructure is a topic of great interest not only for its practical applications but also for 

its theoretical and experimental significance. Exploring the properties of the M-S junction can provide valuable 

insights into the characteristics of its constituent components.  

Recent research has revealed that even a very simple structure without periodic arrangements in nature has 

surprising multiple functions, which by far exceed our expectations. J. Huang, et al. (Huang et al., 2017) prepared 

bifunctional Au@TiO2 core-shell NPs film with good stability for clean water generation by photocatalysis and 

solar evaporation. Wei et al. also synthesized a photoanode composed of highly ordered ZnO/CdS nanotube 

arrays (ZnO/CdS/NTAs) decorated with Au NPs for photoelectrochemical water splitting (Wei et al., 2017). 

Several other studies have also reported plasmon-enhanced photocatalytic water splitting with semiconductors. 

For instance, Dutta et al. (2019), demonstrated plasmon-assisted oxidation photocurrent enhancement in ultrathin 

(10–20 nm) hematite film by utilizing gold nanostructures that support gap-plasmon resonances. However, few 

attempts were made to thoroughly analyze the influence of the design of the core-shell plasmonic nanostructures 

on the enhancement of the photoelectrochemical H2 generation.   

This work endeavors to develop a plasmonic photoelectrode for efficient H2 production through water splitting 

by precisely manipulating the plasmonic characteristics of the materials involved. Utilizing plasmonic core-shell 

Au@Pd nanoparticles (NPs) and Ni-doped Au core with FexOy shell nanowires (Ni-Au@FexOy NWs) as 

electrocatalysts, the electrocatalytic activity of the Au@FexOy NWs is tailored by adjusting the surface oxidation 

state of the shell and introducing an additional nickel metallic layer. This enhances the catalytic performance, 

promoting rapid electron kinetics within the electrode for increased reaction efficiency. Furthermore, the 

introduction of an angled magnetic field-induced deposition of NWs allows for marginal adjustments in both 

transverse and longitudinal orientations via an external magnetic field. This control mechanism enables the 

optimization of the electrochemical and optical properties of the one-dimensional structure, thus enhancing the 

overall performance of photoelectrochemical water splitting. 

2. MATERIALS AND METHODS 

2.1 Synthesis of Nanoparticles (NPs)  

Optimization of material nanostructures were carried out for specific energy conversion systems. In particular, 

we focus on water splitting (hydrogen energy) as representative examples of large- and small-scale energy 

conversion schemes. The details are as follow: 

2.2 Synthesis of Au NPs and Au@Pd NPs 

Au NPs were prepared using a modified version of the Turkevich-Frens method (Kimling et al., 2006). Au@Pd 

core-shell NPs were synthesized by selective reduction of H2PdCl4 on AuNP seeds in the presence of L-ascorbic 

acid. The shell size was determined by varying the concentration of H2PdCl4. 
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2.3 Fabrication of Au@FexOy NWs and Ni-Au@FexOy NWs 

A solution was prepared by dissolving 4 mmol of iron (III) chloride hexahydrate in a mixture of EG (20 mL) 

and DEG (20 mL) to obtain a clear solution. To this solution, 35 mmol of sodium acetate and 0.59 mmol of 

HAuCl4⋅3H2O were added and vigorously stirred until fully dissolved. The resulting suspension was then 

transferred to a 50 mL Teflon-lined stainless-steel autoclave and heated at 210°C for 8 hours. Upon completion 

of the reaction, the product was washed multiple times with distilled water and ethanol, followed by drying at 

60°C for 6 hours. To stabilize the Au@FexOy NWs, 50 mg of the dried product was suspended in a 50 mL 

solution of citric acid (0.6 mg/mL) and refluxed for 3 hours at 90°C with mechanical stirring in a round-bottom 

flask. Afterward, the products were washed with water and ethanol before suspension in water for analysis. The 

synthesis of nickel-doped Au@FexOy NWs involved a hydrothermal technique, where 1.0 mg/mL of Au@FexOy 

NWs and 6 mmol of nickel (II) nitrate hexahydrate were dissolved in 30 mL of water. The clear solution obtained 

was then transferred to a 50 mL Teflon-lined stainless autoclave, sealed, and maintained at 220°C for 8 hours in 

an electric oven. Upon cooling to room temperature, the Ni-doped Au@FexOy MagPlas NWs were retrieved and 

washed several times with DI water. 

2.4 Characterization of Nanomaterials 

The morphology and core shell structure of plasmonic NPs were characterized by a field emission scanning 

electron microscope and transmission electron microscope. The UV−visible spectrometer, X-ray diffraction, X-

ray photoelectron spectroscopy (XPS), analyses were utilized to optical properties of the nanofilm, identification 

of the phase of nanomaterials, and analyze the surface chemistry of the material, respectively. Cyclic 

voltammetry, linear sweep voltammetry, chronoamperometry, and electrochemical impedance spectroscopy 

(EIS) were carried out by means of the electrochemical potentiostat.  

2.5 Electrochemical and Photoelectrochemical Measurements 

Photoelectrochemical analysis was carried out at room temperature using an Iviumstat workstation from 

Eindhoven, Netherlands. The experimental setup included a Pt wire counter electrode and an Ag/AgCl reference 

electrode. All electrochemical tests were conducted in a 1.0 M KOH aqueous solution, with the measured 

potentials converted to reversible hydrogen electrode (RHE) values using the formula: 

ERHE = EAg/AgCl + E0Ag/AgCl + 0.059 pH                                                   (1) 

Before performing electrochemical measurements, cyclic voltammetry (CV) was repeated at a scan rate of 100 

mV/s until reaching a steady state. Once steady state was achieved, CVs were recorded at a scan rate of 100 mV/s 

within the range of -0.5 to 0.5 V vs Ag/AgCl. Linear sweep voltammetry (LSV) was conducted at a scan rate of 

5 mV/s. Electrochemical impedance spectroscopy (EIS) was carried out at a potential of 1.45 V vs RHE across a 

frequency range from 2 × 104 to 0.1 Hz. 

3. RESULTS AND DISCUSSION 

3.1 Characterization of Core-shell Au@Pd NPs and Ni-Au@FexOy NWs 

Core-shell Au@Pd nanoparticles were synthesized by reducing H2PdCl4 on Au nanoparticle seeds with L-

ascorbic acid. Different shell thicknesses of Pd (2, 5, and 8 nm) were produced, labeled as Au@Pd-1, Au@Pd-2, 

and Au@Pd-3, respectively. X-ray diffraction (XRD) analysis of unsupported Au@Pd core-shell particles was 

conducted to investigate lattice constants and assess mixing/alloying at the Au@Pd interface (Fig. 1a). The 

observed peaks at 2θ = 40°, 46°, 68°, and 82° corresponded to the (111), (200), (220), and (311) planes of face-

centered cubic (fcc) palladium. Notably, these signals partly overlapped with diffraction peaks from the (111), 

(200), (220), and (311) planes of fcc gold structures, located at 2θ = 38°, 45°, 65°, and 77° (Miller et al., 2016). 

Analysis based on the Au 220 and Au 331 reflections indicated a lattice parameter of 4.058 Å, demonstrating a 

contraction compared to the literature value of 4.0786 Å for Au. Conversely, the Pd lattice parameter, determined 

from the Pd 200 and Pd 220 reflexes, measured 3.914 Å compared to a literature value of 3.8902 Å, indicating a 
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slight expansion in the Pd lattice. The XRD patterns of the Au@Pd-1, Au@Pd-2, and Au@Pd-3 nanoparticles 

displayed characteristic peaks of both monoatomic Au and Pd, confirming the composite structural formation of 

Au@Pd nanoparticles, consistent with previous literature (Fu et al., 2014; Harpeness & Gedanken, 2004). 

Interestingly, in contrast to previous studies, only Au diffraction patterns were detected in the Au@Pd core-

shell structure, potentially attributed to minimal Pd content in the samples (below ~0.5 at%) and/or an extremely 

thin Pd shell (~0.8 nm) (Jose & Jagirdar, 2008). Previous research by Harpeness and Gedanken indicated 

diffraction peaks corresponding to both Au and Pd in Au/Pd core/shell NPs, composed of a 9 nm Au core and a 

3 nm Pd shell thickness (Harpeness & Gedanken, 2004). To validate the uniform distribution of Au and Pd within 

the Au@Pd samples, various areas of the samples were examined using the selected area electron diffraction 

(SAED) technique. Generally, the SAED patterns (Fig. 1c) displayed polycrystalline forms across all NPs. 

Notably, the SAED patterns of Au@Pd NPs aligned with the diffraction patterns obtained from XRD results (Fig. 

1a), indicating the presence of (111), (200), (220), and (311) planes of both Au and Pd. 

To explore the morphologies of the Au@Pd core-shell NPs, transmission electron microscopy (TEM) was 

employed, revealing findings showcased in Fig. 1b and c. Typically, the Au NPs appeared nearly spherical, with 

average sizes of approximately 16, exhibiting smooth surfaces. These gold seeds were enveloped by a thin 

palladium layer, a strategy aimed at augmenting their electrocatalytic attributes. According to Henning et al., 

adjusting the reaction time allows for easy control over the thickness of the palladium layer (Henning et al., 2013). 

Palladium was deposited onto existing gold seeds over two-hour duration, a practice derived from earlier studies 

demonstrating this timeframe as optimal for catalytic performance (Cheong et al., 2013; Henning et al., 2013). 

Thicker palladium layers, however, diminish synergistic effects, consequently reducing catalytic efficiency. In 

contrast, Pd NPs synthesized without the addition of Au colloids exhibited rougher surfaces, with average 

diameters of 30 and 52 nm (Srisombat, Nonkumwong, Suwannarat, Kuntalue, & Ananta, 2017), owing to a 

distinct method utilized for core-shell preparation. Upon coating the Au core with a Pd shell, increased surface 

roughness was observed in the Au@Pd NPs (Fig. 1b). TEM analysis revealed an average particle size of 22.78 

nm and a spherical shape for the Au@Pd NPs. Clearly, the sizes of Au@Pd NPs gradually increase with an 

increasing of Pd content, indicating a rising of Pd coverage thickness. This observation indicates that the thickness 

of Pd coating layer can be tailored by changing the Au:Pd atomic ratio, consistent with Hu et al. (Hu et al., 2005). 

Remarkably, increasing Pd content resulted in larger Au@Pd NP sizes, likely indicating a thicker Pd shell layer. 

Additionally, TEM images of Au@Pd NPs, presented in Fig. 1c with insets SAED, demonstrated ring-like 

diffraction patterns with dispersed bright spots. This signifies heightened crystallinity in the Au@Pd core-shell 

NPs with increased Au sources, although maintaining polycrystalline structures across all samples, as evidenced 

by the ring patterns. 

High-resolution transmission electron microscopy (HRTEM) analysis of a representative Au@Pd image (Fig. 

1d) validated the successful formation of the well-dispersed Au core and Pd shell, showcasing an average 

diameter. In TEM imaging, gold appears darker due to its higher electron density. The fast Fourier transform 

(FFT) (see inset in Fig. 1d) of the selected area indicated reflections assignable to (111), (200), (220), and (311). 

The scanning transmission electron microscopy (STEM) image distinguished a bright core corresponding to Au 

and a low contrast intensity corresponding to the Pd shell, owing to the distinct atomic numbers (Z) of Au (79) 

and Pd (46) (Gurmessa et al., 2020). Furthermore, STEM analysis (Fig. 1e) confirmed the well-developed 

spherical Au@Pd core-shell NPs via a successive reduction approach, ensuring better control over shape and 

atomic ratio (Srivastava et al., 2013). Energy-dispersive X-ray spectroscopy (EDS) elemental mapping depicted 

orderly arranged hierarchical core-shell Au@Pd structures (Fig. 1f), highlighting Au atoms in red (Fig. 1g) and 

Pd atoms (Fig. 1h). EDS scanning confirmed the core as primarily composed of Au, while Pd predominantly 

formed the shell in the examined NPs. STEM-EDS analysis (Fig. 1i) reaffirmed the consistent composition of the 

Au and Pd NP samples. 
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Fig. 1: Microscopy and spectroscopy characterization of Au@Pd core-shell NPs: (a) XRD spectra of Au@Pd 

core-shell NPs. (b), TEM image, (c) TEM image (inset SAED patterns), (d) HRTEM image (inset indicates FFT 

of the selected area), (e) STEM images, and (f-i) The EDS mapping of Au@Pd core-shell particles. 

Surface engineering with nickel was achieved through a hydrothermal method to enhance the electro-catalytic 

properties of FexOy. Fig. 2a-d depicts scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) images of Au@FexOy and Ni-Au@FexOy nanowires, respectively. The Au core appears 

black with sharp edges, while numerous small iron oxide particles make up the shell. It's notable that the shell, 

initially composed of small Fe3O4 nanoparticles with a diameter of 4.95 nm, transforms into larger nanoparticles 

(approximately 15 nm) upon Ni doping, while the Au cores remain unaffected. This transformation is attributed 

to the rearrangement of iron oxide materials near nickel ions, altering the thermodynamic equilibrium during the 

nickel doping process. Further investigations will elucidate the precise mechanism behind this phenomenon. TEM 

and STEM images of end-opened Ni-Au@FexOy nanowires are presented in Fig. 2e, f, with corresponding high-

resolution TEM (HRTEM) images shown in Fig. 2g-i, revealing various lattice planes associated with (202), 

(311), and (511) of the Fe3O4 shell (ICDD no. 1-088-0315). As Ni is doped onto the pristine Au@FexOy 

nanowire film, the surface becomes rougher, forming a bimetallic layer. The high angular dark-field scanning 

transmission electron microscopy (HAADF-STEM) image in Fig. 2j highlights the presence of both single crystal 

Au cores and gray Ni-FexOy nanoclusters. Additionally, the STEM-EDS image (Fig. 2k-o) clearly shows signals 

of Fe, O, Au, and Ni elements, indicating successful nickel doping onto the pristine Au@FexOy nanowire film. 
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Fig. 2. Electron microscopic characterization of Au@FexOy NWs and Ni-Au@FexOy NWs. SEM images 

of (a) Au@FexOy NWs and (b) Ni-Au@FexOy NWs; TEM images of (c) Au@FexOy NW and (d) end-closed 

Ni-Au@FexOy NW; (e) TEM and (f) STEM images of end-opened Ni-Au@FexOy NW and (g-i) its HRTEM 

images of Ni-Au@FexOy NW, (j) HADDF-STEM image of Ni-Au@FexOy NWs electrode and (k-o) the 

corresponding STEM-EDS elemental mapping images for Au, Fe, Ni, and O, respectively. 

3.2 Plasmon Enhanced production of H2 and O2  

Photoelectrochemical (PEC) assessments were conducted using a three-electrode setup comprising a 3 M 

Ag/AgCl reference electrode and a platinum wire as the counter electrode. This setup operated in a 0.1 M 

potassium phosphate buffer containing 0.1 M sodium sulfite (Na2SO3) at pH 7.2. The investigation focused on 
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the PEC characteristics of plasmonic-based photoelectrodes in the presence of 0.1 M sodium sulfite (Na2SO3), 

acting as an effective hole scavenger. To gain insights into this matter, photocurrent responses of Au@Pd were 

measured at 15 mV vs. RHE (Fig.3). The results revealed an immediate increase in current upon illumination, 

indicating electrocatalytic enhancement likely triggered by plasmon-induced hot electrons (photoelectron-

chemical effect)(Yang et al., 2016). Subsequently, the current gradually saturated, potentially due to the 

photothermal effect. Comparing the currents at these two stages led to the conclusion that the 

photoelectrochemical effect played a more significant role in enhancing the photocurrent than the photothermal 

effect. Additional support for this conclusion was derived from the plots of current density versus temperature 

with and without light irradiation. If the SPR-induced photothermal effect dominated the enhancement, the 

difference in current densities with/without light irradiation at various temperatures should be minimal, resulting 

in nearly parallel lines. 
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Fig. 3: Photocurrent response measured at 1.23 VRHE (Chopping current–time (J–t) curves) 

The Ni-doped sample, arranged transversely, underwent annealing at 300 °C to optimize its electrochemical 

performance in 1.0 M KOH electrolyte. Comparatively, no electrocatalytic activity was observed on FTO glass, 

while significant enhancement was evident in the current of hematite electrodes with the transverse deposition of 

Au@FexOy nanowires. Moreover, Ni-Au@FexOy nanowires exhibited a higher current density of 2.01 mA∙cm-

2 at 1.23 V vs RHE compared to Au@FexOy nanowires, which had a current density of 1.52 mA∙cm-2 at 1.23 V 

vs. RHE (Fig. 4a), suggesting a strong correlation between surface engineering through nickel introduction and 

oxidation state with electrocatalytic performance. Photocurrent under chopped light (chopped LSV) of 

Au@FexOy and Ni-Au@FexOy is recorded, showing significant differences in photo-responses. The 

photocurrent density of Ni-Au@FexOy nanowires was approximately 2.21 mA∙cm-2 at 1.23 VRHE, while 

Au@FexOy nanowires showed 1.38 mA∙cm-2 at 1.23 VRHE. Fig. 4b illustrates the percentage ABPE (% ABPE) 

as a function of applied potential, with Au@FexOy and Ni-Au@FexOy nanowires exhibiting ABPE of 0.74 and 

0.92%, respectively, at 1.15 and 1.14 V vs. RHE. As shown in Fig. 4c, incident photo-to-electron conversion 

efficiency (IPCE) analysis confirmed heightened light-harvesting contributes to enhanced water oxidation 

capability and durability. Additionally, electrochemical impedance spectroscopy (EIS) revealed a significant 

reduction in charge transport resistance upon Ni incorporation into Au@FexOy nanowires, demonstrating the 

synergistic effect of Ni and Fe in reducing defect-mediated electron-hole recombination.  
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Photoelectrochemical 

Fig. 4. Photoelectrochemical and optical properties of Au@FexOy NWs and Ni-Au@FexOy NWs films. (a) The 

photocurrent potential curves at 1.23 V vs. RHE, (b) Applied bias photon-to-current efficiency, (c) IPCE, (d) 

Impedance spectra using 1 M KOH electrolyte under 1.5 G sunlight and the inset shows the equivalent circuit 

model, (e) reflectance spectra, and (f) Transmittance spectra of Ni-Au@FexOy NWs. 

Intrinsic optical properties of synthesized Au@FexOy and Ni-Au@FexOy nanowires were investigated, 

revealing strong absorption peaks at various wavelengths (Fig. 4e). The peak observed at approximately 445 nm 

corresponds to the characteristic UV-vis extinction pattern of FexOy, while the broad peak between 540-570 nm 

corresponds to the transverse mode plasmon resonance of the gold segment. Transmittance decreased from 95% 

of FTO glass to around 10-30% when Ni-Au@FexOy nanowires were deposited onto FTO glass with various 

arrangements, with the transversely arranged sample, exhibiting the highest current density (2.01 mA∙cm-2 at 

1.23 V vs RHE), showing the lowest transmittance (Fig. 4f). 
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4. CONCLUSIONS  

The investigation into plasmon-enhanced electrocatalysis utilizing Au@Pd core-shell nanoparticles (NPs) and 

Ni-Au@FexOy nanowires (NWs) present a promising pathway for advanced catalytic applications, unveiling key 

insights through meticulous analysis across morphological, structural, optical, and electrochemical domains. The 

synthesis and characterization techniques employed in this study confirmed the successful formation of Au@Pd 

core-shell NPs with controlled morphologies and well-defined structures, demonstrating spherical shapes with 

size variations correlating with changes in Pd content. Structural characterization techniques, including XRD and 

selected area electron diffraction, validated the composite structural formation of Au@Pd NPs, emphasizing their 

polycrystalline nature. Optical property analysis revealed intriguing behavior in the absorption peak originating 

from the Au core. Furthermore, employing a magnetic field-induced transverse arrangement method, rugged 

forest morphology of Au@FexOy nanowires was utilized to activate electrodes on FTO substrates, studying the 

effect of surface engineering through nickel introduction onto FexOy and oxidation of FexOy to facilitate an 

efficient contact interface and decrease charge recombination centers. The resulting Ni-Au@FexOy nanowires 

exhibited substantially improved efficiency in solar water splitting, including enhanced light absorption and 

photocurrent density (2.01 mA∙cm-2 at 1.23 V vs RHE), attributed to accelerated OER kinetics and low 

overpotential of trimetallic Ni-Au@FexOy nanowires. 
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ABSTRACT 

Now a day, our environment facing by serious problems due to high volumes of waste, inadequate disposal system in 

worldwide particularly in developing countries.Despite it is not well quantified for sustainable management particularly in 

Eastern Ethiopia. The aim of this study was to estimate abattoir waste generated for bio-energy as sustainable management. 

A cross-sectional study was conducted. All number of slaughtered livestocks such as cattle, goats and sheep were collected 

from December, 2018 to January, 2019 from each registry municipalities. For abattoir waste generation Aniebo 

mathematical model was applied. “One cattle could produce 12.6kg of BL, 8.0 kg of IW, 6.4kg of TW and 11.8kg of BN (total 

38.8). Similarly, one slaughter Goat/sheep/ could generate 0.72kg (blood waste), 1.25 kg (intestinal content waste), 0.8kg 

(tissue waste) and 2.06kg (bone waste (total 4.83kg). For estimation of green gases emissions from disposal site, global 

warming potentials are used to convert masses of different greenhouse gases into a single carbon dioxide-equivalent metric. 

The study reported that about 4.40 ton/day and 1,606t on/year of abattoir waste was estimated and 2,581 kgCo2/day and 

887,768 kgCo2/year of greenhouse gases was estimated from disposal sites of abattoirs. When return into bioenergy, about 

233m3/day and 85,139m3/year of biogas and 324kg/day and 111,249kg/year of bio-fertilizer were estimated. Into cost, about 

$160(4578ETB)/day and $55,645 (1,589,216ETB)/year of price was estimated from disposed abattoir waste sites. The study 

concluded that huge amount of biogas and dry bio-fertilizer yields could produce from abattoir waste through anaerobic 

digester. Therefore, install anaerobic digester plant is recommended to ensure environmental safety and public health, while 

proper disposal is for short term.  

Keywords: Abattoir, Biogas, Bio-fertilizer, Management, Sustainable, Waste 

1. INTRODUCTION 

Livestock production in abattoirs is considered a potential food for the world’s needy people and huge amount 

of abattoir wastes are generating from them in all parts of the world (FAO, 2010). Especially, low-income 

countries show rapid urban growth that is putting extraordinary pressure on gigantic amount of abattoir waste in 

the urban (Ezeoha.et.at. 2000). The production of meat, from farm to fork, includes not just meat for human 

consumption and useful by-products like leather and skin, but also waste. Abattoir operations produce a 

characteristic highly organic waste with relatively high levels of suspended solid, liquid and fat (Aneibo et al. 

2009). This becomes a major pollutant and the possibility to increase of greenhouse gases, when the abattoir wastes 

are not properly managed; in addition, when it discharges into waterways, it can introduce enteric pathogens and 

excess nutrients into surface water (Alonge, 1991). 

As global meat consumption has increased by threefold per capita that leads huge amount of abattoir wastes 

production, which is major environmental challenge in all parts of the world particularly in developing countries 

(Fearon et al., 2014). The seriousness of environmental and health problems has been reported by so many 

scholars who have been reported to contaminate and increase the level of nitrates in ground water and cause 

methaemoglobinaemia (Abiade et al.,2006). Moreover, these problems are happening due to lack of well design 

of abattoir, lack of regulations on restriction and prohibition of abattoir wastes discharge, the insufficient skill of 

human power, poor quality of equipment of abattoir, lack of political awareness (Chukwu, 2008). In most of these 

countries there is no organized strategy for disposal of solid as well as liquid wastes generated in abattoirs (Akinro 

et al., 2011). 

As FAO (2009) reported, these dumped as solid abattoir wastes washed away, it has a potential to pollute air, 

water and soil leading to health hazards (FAO, 2009). Abattoir wastes affect air quality, agriculture, potable water 

supplies, and aquatic life, which are pose risks to human (Adeyemi and Adeyemo, 2007). Yet, Eastern Ethiopia 

abattoirs have been releasing their huge amount of wastes into open environment without any management system. 



 

 

Adama Science and Technology University                                             39                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

In addition, there wasn’t data available on quantification of abattoir waste and greenhouse gases estimation as 

well as estimation of bioenergy as sustainable management in Eastern Ethiopia, which the aim of this study. 

2. MATERIALS AND METHODS 

2.1 Study Settings  

The study was conducted in Eastern Ethiopia. The first three study areas are Harar Abattoir; Haramaya 

University Abattoir Enterprise and Haramaya abattoirs, which are found in Harar; Haramaya University and 

Haramaya towns; about 503 km, 508km and 527km, respectively far from the national capital Addis Ababa, 

respectively. They are characterized by subtropical highland climate, throughout the year, afternoon temperatures 

are warm to very warm, cool at mornings and rain falls between March and October 

(https://en.wikipedia.org/wiki/Harar, n.d.) 

The second study is Dire Dawa abattoir, which is found in Dire Dawa Admiration and far 453kmfrom Addis 

Ababa. It has 9°36′N41°52′Elatitude and longitude with Coordinates of 9°36′N41°52′EThe city is characterized 

by hot semi-arid climate. The region has two rain seasons; that is, a small rain season from March to April ( 

(https://en.wikipedia.org/wiki/Dire_Dawa, n.d.).  

2.2 Study Design 

A cross sectional study was conducted in selected abattoirs of Eastern Ethiopia, from February 1 to February 

30, 2019. 

2.3 Quantitative Variables Determination 

2.3.1 Methods of abattoir waste estimation 

All number of slaughtered livestock (cattle, goats and sheep) were collected from December, 2018 to January, 

2019 from each registry municipalities. For abattoir waste generation (Aniebo, et al., 2009) mathematical model 

was applied. “One cattle could produce 12.6kg of BL, 8.0 kg of IW, 6.4kg of TW and 11.8kg of BN (total 38.8). 

Similarly, one slaughter Goat/sheep/ could generate 0.72kg of Blw, 1.25 kg of IW, 0.8kg of Tw and 2.06kg of 

Bnw (total 4.83kg). 

∑(𝐵𝑙𝑤 + 𝐵𝑛𝑤 + 𝐼𝑊 + 𝑇𝑊)𝑁………………………………………………………………………... (1) 

 
Where Blw=blood waste, Bnw=bone waste, Iw = intestinal content waste and Tw=tissue waste and “N” is 

number of slaughtered livestock 

2.3.2 Estimation of GHGs emissions from disposal site 

Global Warming Potentials (GWPs)” are used to convert masses of different greenhouse gases into a single 

carbon dioxide-equivalent metric. Accordingly, Greenhouse emission from dumping sites (IPCC, 2000; B-sustain., 

2013b; JGCRI, 2018) mathematical computation factor was used. 

[((Q x DOC x DOCF x F1 x 1.336) – R) x (1 – OX)] x 25 ………………………………..…………. (2) 

Where: Q = Quantity of abattoir waste expressed in tones/kg/ from waste records ; DOC= Degradable Organic 

Carbon expressed as a proportion of abattoir waste ( default value (DV= 0.12) ; DOCF= Fraction of degradable 

organic carbon dissimilated for the abattoir waste(DV=0.7); F1= Methane fraction generate from dumping gas 

(DV=0.50); 1.336= Conversion rate of carbon to methane; R= Recovered methane during the year, measured in 

tones (here no recovered CH4); OX=Oxidation factor (DV=0.1 for well-managed ) and (DV= 0 for unmanaged ); 

and 25=CH4 global warming potential used to convert the quantity of methane emitted to CO2-e from the quantity 

of abattoir waste produced. 

2.3.3 GHG emissions from biogas 

This is important to compare the emission of Greenhouse gases from disposal sites and with biogas emission 

if it implements. Thus, B-Sustain (2013a) and IPCC (2000) mathematical computation were used to estimate the 

https://en.wikipedia.org/wiki/Addis_Ababa
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gases. 

GHG emissions (tCO2e) = Qj x EFj …………………….……………………………..……………….(3) 

Where: t is unit for waste either by ton or kg; CO2e is CO2 in equivalence; Qj is the quantity of waste by type 

j (here is only abattoir waste); EFj is the emission factor of waste type j for biogas (0.02kgCO2-e) 

2.3.4 Estimation of biogas production from abattoir waste 

Biogas production potential of abattoir waste was estimated following the coefficient described in (Ngumah, 

et al., 2013; Rao, et al., 2000).According to these method, 1ton (1000Kg) of abattoir waste can produce 53m3 

biogas that is 1Kg of abattoir waste can produce 0.053m3 of biogas. Hence, the volume of biogas produced (VBP) 

may be obtained using equation 4. 

VBP = AWG ∗ 0.053m3/kg ............................................................................................................ (4) 

2.3.5 Estimation of energy from biogas 

According to (Ngumah, et al., 2013) the energy potential of biogas generated is based on the calorific value 

(high heating value) of the methane content and (Rohstoffe, 2009) stated that the average calorific value of biogas 

is 21-23.5 MJ/m3 (approximately 22.0 MJ/m3). Commonly, energy is expressed as Kilo Watt hour (KWh) and 

3.6 MJ is equal to 1KWh. If the 22.0 MJ/ m3 of biogas is converted to KWh, 1 m3 of biogas has an energy potential 

of 6.1 KWh. Energies (electricity and heat) potential of biogas was estimated based on the energy conversion 

methods formulated by (Banks, et al., 2011) . According this method, the efficiency of biogas to be converted to 

electricity is 35% and, therefore, the electricity production potential of 1m3 of biogas is 2.14 KWh (i.e. its energy 

potential of 6.1 KWh X 0.35). Therefore, the Electricity production potential (EPP), (KWh), may be obtained 

using the following formula: 

EPP = VBP ∗ 2.14kWh ………………………………………………………………………………. (5) 

Similarly, Banks (2009) indicated that the efficiency of biogas to be converted to heat energy is 50% and, thus 

the heat production potential of 1 m3 of biogas is 3.1 KWh (that is, energy potential of 6.1 KWh X 0.5). The heat 

production potential (HPP), (KWh), may be estimated as: 

HPP = VBP ∗ 3.1KWh…………………………………………………………………………………..(6) 

2.3.6 Estimation of cost from biogas energy 

Amount of energy produced was estimated based on the current Ethiopian Electric Power Corporation (EEPCO, 

2018) into cost; i.e1kWh of electricity or heat equals to 0.57ETB or $0.02. 

Cost = (Equation 5* X 0.57 ETB) + (Equation 6* X 0.57 ETB) ……………………………………… (7) 

2.3.7 Estimation of fuels equivalence with biogas 

As (B-sustain., 2013b) energy estimation, utilization 1m3 of biogas equivalent to coefficient factor of 0.45kg 

Liquefied Petroleum Gas (LPG), 0.6kg kerosene(K), 3.50kg charcoal/fire wood, 0.4kg furnace oil (F), 0.7kg 

petrol (P) and 0.5kg diesel(D) in the same activities. 

∑ 𝐶𝐹𝐹 ∗ 𝑁 ………………………………………………………………………………………………. (8) 

Where, CFF: each of above coefficient factor; N: Volume of biogas produced (i.e from equation 4 

2.3.8 Bio-fertilizers yield estimation methods 

According to (Ngumah, et al., 2013) the coefficients used in estimating bio-fertilizer yields were based on the 

fraction of the dry mass (DM) portion of organic waste that is not converted to biogas. Therefore, in this study, bio-

fertilizer was estimated based on the coefficient fraction of the Dry Mass (DM) and Volatile Solid (VS) portion 

of abattoir waste. According to (Deublien & Steinhauser, 2008), the DM percentage of fresh organic wastes was 

given as 15% for abattoir waste, while the Volatile Solids (VS) is the potentially dry mass (DM) of abattoir waste 
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converted into gas (i.e dry mass minus mineral content), which was calculated by multiplying 85% with DM of 

abattoir waste. In this study, the following formulas were used for calculating DM and VS. 

DM = AWG (kg) ∗ 0.15 (15%) …………………………………………….…………………………. (9) 

VS = DM ∗ 0.85 (85%) ……………………………………………………………………………… (10) 

Bio-Fertilizer Yield (BFY) of the abattoir waste was calculated considering DM (equations 9) and VS (equation 

10). But according to Burke (2000), 60% of VS is the actual fraction taken to be converted to biogas and therefore, 

the remaining 40% portion of VS was considered in BFY computation. Hence the following formula for 

computing the potential of BFY was deduced as: 

BFY = (DM − VS) + (40% *VS) ……………………………………………………………………. (11) 

2.3.9 Estimation of cost from bio-fertilizer production 

Based Ethiopian Agriculture Ministry Report (2017/18) report, 50kg of UREA and DAP fertilizers are equals 

to 1230 and1, 1455 Ethiopian Birr (ETB), respectively. We assumed that the price of Bio-fertilizer yields (BFY) 

wa  (UREA and DAP). This reduction was 

assumed that, the bio fertilizer and its benefits among our farmers may low acceptance due to limited awareness 

about it. 

Cost of BFY=50kg of BFY*23.70USD (600ETB) ……………………………………………………… (12) 

2.4 Inclusion and exclusion criteria 

Inclusion Criteria: For estimation of abattoir potential, slaughtered cattle, sheep and goats were inclusive from 

four selective abattoirs. Exclusion Criteria: Slaughtered camels and pigs from four selective abattoirs were 

inclusive and in case of survey part, all daily abattoir workers and who haven’t willingness to participate from 

selected abattoirs won’t participated. 

2.5 Data Quality Assurance and Analysis 

Data was assured using validated studies, livestock were counted in each year by animal sciences experts. 

Data was entered on simple excel and then analysis waste generation, bio-energy, cost analysis by charts. 

2.6 Ethical Consideration 

Permission to conduct this “Grant research” was provided by Haramaya University Research Office and 

approved by Ethics Committee of Haramaya University. Then, Haramaya University Health and Medical 

Sciences was written the formal letter to Haramaya, Haramaya University Enterprize, Harar and Dire Dawa 

Municipality Authority abattoir service for realization of legal research. To ensure confidentiality, the 

participants were briefed about the purpose and written informed consent was secured from each participant. 

3. RESULTS  

3.1 Abattoir Waste Composition and Generation 

Annually, about 12339, 39281, 10170 and 4380 of livestock such as cattle, goats and sheep were slaughtered 

in Harar Abattoir, Dire Dawa Abattoir, Haramaya and Haramaya University Enterprise (HU-E) abattoirs, 

respectively. During production of meat about 224.37ton/year, 1,015.59ton/year, 192.25ton/year and 174. 19 

ton/year of abattoir wastes was estimated from Harar abattoir; Dire Dawa city; Haramaya town; and Haramaya 

University enterprise abattoirs, respectively (Table 1). 
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Table 1: Annual slaughtered livestock and estimated abattoir waste from the selected abattoirs, 2019 

 
 

From total abattoir waste generated, the percentage of abattoir waste compositions weight is generated from 

each abattoir is varied separately. For instance, 30, 30, 31 and 41% of bone composition and 32, 32, 31 and 21% 

of blood waste was estimated from Harar, HU- Enterprise, Dire Dawa and Haramaya abattoirs, respectively 

(Figure 1). 

 
Figure 1: Percentage of Waste Compositions rate of each abattoir from Dec. 1, 2018 to Jan, 2019 

Field observation showed that huge amount of abattoir wastes was disposed on surrounding environmental. 

From four abattoirs, improper waste disposal system was observed.  

 
Figure 2 Waste disposal site of abattoir waste from selected municipality abattoirs, March, 2019 
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3.2 Green House Gases Emission from Dumping Sites 

About 181,630.74tonCO2eq of greenhouse gases emission were estimated from 1,606. 40 ton of abattoir waste 

estimated (Table 1) from the disposed sites of four abattoirs (Table 2). 

Table 2: Annual estimation greenhouse gas emission from disposal sites of abattoirs, 2019 

 

NB: *tonCO2
-
e= A ton of carbon dioxide equivalent, also abbreviated as 

tonCO2eq is a metric measure used to compare the emissions from various 

greenhouse gases on the basis of their global-warming potential (GWP). 

3.3 Biogas Production and Its Cost 

The table shows about 11892m3/year, 53826m3/year, 10189m3/year and 9263.87 m3/year of biogas production 

was estimated from Harar; Dire Dawa; Haramaya; and HU-E abattoirs, respectively (Table 2). From these 

biogases about 104336.99 kWh/year, 282049.65kWh/year, 282049.65kWh/year and 48,542.68kWh/year of 

electricity and heat energy was estimated from Harar town municipality, Dire Dawa municipality city, Haramaya 

town municipality and Haramaya university enterprise abattoirs, respectively (Table 3). When converted biogas 

into cost, about $1254.3, $5624.2, $1072.2 and $971.1 cost was estimated annually from Harar Abattoir; Dire 

Dawa Abattoir; Haramaya Abattoir; and HU-E abattoir, respectively (Table 3). 

Table 3 Annual Estimation of Energy from estimated biogas of selected abattoirs, 2019 

 

3.4 Anaerobic Reduction of Greenhouses gases 

From 26.94tonCO2eq/year of greenhouses gases/GHGs/ estimated from disposal sites, AD could reduce 

22.44tonCO2eq/year of GHGs emission and only 4.49 tonCO2eq/year of GHGs was estimated from anaerobic 

digester (Table 4). 
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Table 4 Estimation of potential reduction of GHGs emission using anaerobic digester per a year 

 
 

3.5 Biogas Equivalence with Fuel fossil 

The following table shows that from 85,139.20m3/year of biogas estimated, could cover 36.10ton of Liquefied 

Gas or 48.130 ton of Kerosene or 280.758 ton of Charcoal or 32.10 ton of Furnace oil or 56.15 ton of Petrol or 

40.12 ton of Diesel per a year in same functions (Table 5). 

Table 5 Equivalence of estimated biogas with other fossil fuels from selected abattoirs, 2019 

 

3.6 Bio-Fertilizer Production from Abattoir Waste and Its Cost 

About 16.502 ton/year, 72.852ton/year, 9.404 ton/year and 12. 49 ton/year of bio-fertilizer was estimated from 

Harar, Dire Dawa, Haramaya and Haramaya University enterprise abattoirs, respectively (Table 6). About 

19.0/day and $6933.7/year; $85.9/day and $30609.9/year; $16.3/day and $3951.3/year; and $14.7/day and 

$5248.3/year of bio-fertilizer was estimated from Harar, Dire Dawa, Haramaya and Haramaya University 

enterprise, respectively (Table 6). 

Table 6 Annual Estimation of bio-fertilizer production from abattoir waste of abattoirs, 2019 

 
 

 4. DISCUSSION 

The study was sought to focus on abattoir waste generation from selected Eastern Ethiopia abattoirs. These 

abattoir serving as slaughterhouse for slaughtering livestock such as cattle, goats and sheep. Therefore, the 

researchers were considered these livestock in this study. The study revealed that the average number of livestock 

slaughtered in these four selected abattoirs were one hundred, sixty-nine per day and sixty thousand, one hundred 

seventy per year (Table 1). More than twenty-five thousand per a day and more than nine million meat per a year 
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was produced from December 1st, 2018 to January 30th, 2019, which was distributed to the surrounding 

community. However, during meat production, huge amount of abattoir wastes is generation from these selected 

abattoirs which was estimated using (Aniebo, et al., 2009) mathematical computation approach was used to 

estimate abattoir waste generation due to its complexity and difficulty. Based on this assumption, about four 

thousand, four hundred one kilogram per day and one million five hundred thirteen thousand five hundred ninety 

kilo gram per year of abattoir waste was estimated from the selected abattoirs (Table 2). In fact, the number of 

slaughtered livestock were varied among months due to the existence of different fasting and meat-eating holidays 

(Table 2). Such occurrence could result varies abattoir waste generation produced the throughout the year. 

The main principal abattoir waste compositions such as blood waste, bone waste, intestinal content waste and 

tissue were considered in this study. However, the percentage of these abattoir waste compositions obtained was 

varied generated among selected abattoirs (Table 2). That means the proportion of abattoir waste compositions 

generated from selected abattoirs were not be same. This is because of slaughtered livestock type (such as cattle, 

goats and sheep). For instance, when high number of goat and sheep slaughtered in abattoir it was resulted high 

amount of bone was estimated and followed by blood, intestinal content and tissue waste, respectively. Such type 

of waste composition estimation was observed in Haramaya and Dire Dawa Abattoirs. But, blood waste 

composition was highest among abattoir waste compositions in Harar and Haramaya University Enterprise where 

purely cattle were slaughtered; and then followed by bone, intestinal content and tissues waste composition, 

respectively (Figure 2). Therefore, overall composition was varied among the selected abattoirs due to type of 

slaughtered livestock. 

When we compare the current abattoir waste estimated (2,782.44 kg/day and 991,178.68 kg/year) generated 

from Dire Dawa Municipality abattoir is slightly higher than with finding obtained from Hawassa abattoir, 

Hawassa Town ( 2,530kg/day and 923,995kg/year) (Tolera, et al., 2019); Minna abattoir, Abuja Nigeria (i.e. 2,394 

kg/day and 873,810 kg/year) (Ahaneku & Njemanze, 2015); Tamale abattoir, Ghana (i.e. 2,134 kg/day and 

778,910 kg/year) (Frederick, et al., 2010). However the finding obtained from Harar Municipality abattoir 

(615kg/day and 224,518kg/year); Haramaya abattoir (527kg/day and 127,948kg/year); Haramaya University 

Enterprise (477kg/day and 169,944kg/year) was smaller than the finding reported by (Frederick, et al., 2010; 

Ahaneku & Njemanze, 2015; Tolera, et al., 2019). 

Moreover, the current abattoir waste generate could contrasts with other organic municipality waste that are 

generating from the households of same situation. Accordingly, the current estimated abattoir waste 

(4,401kg/day and 1,513,590kg/year) generated from four selected abattoirs, Eastern Ethiopia is higher than 

municipality waste (422.7kgkg/day and 154,285.5 kg/year) generated from 85 households of Aweday Eastern 

Ethiopia (Beneberu, 2011). Therefore, this is indicating that huge amount of abattoir waste is generating from few 

numbers of abattoir operations as compared to other waste generating from many different institutions and 

households. But, there is no attention either from government and ownership/private or owner enterprise. 

The other scope of study was estimating the greenhouse gases emission from disposal sites. To do it, (IPCC, 

2000) and GWPs factors were considered to convert masses of different greenhouse gases into a single carbon 

dioxide-equivalent metric (CO2-e), by multiplying a mass of a particular gas by its GWP gives the mass of carbon 

dioxide emissions that would produce the same warming effect. The emissions are multiplied by 25 to calculate 

the carbon dioxide equivalent (CO2-e) emissions. Despite of fact that methane (CH4) vented to the atmosphere 

is considered an emission as this action would be adding to atmospheric. The study conducted on the issue of 

abattoir waste disposal site indicated that improper disposal of wastes like abattoir waste is one of the big problems 

for climate change over all the world due to greenhouse gases/GHGs/ emission from their disposal sites (Chukwu, 

2008). Thus, based on IPCC factors, it is possible to estimate the amount of GHGs emission from disposal sites 

of the selected abattoirs. Accordingly, more than five hundred twenty kilogram of greenhouse gases per a day and 

more than one thousand eighty kilogram of carbon dioxide equivalent of greenhouse gases per a year were 

estimated from four selected abattoir disposal sites (Table 3). Hence, this amount of gases contribute to climate 

change, could enhance greenhouse effect on surrounding that is expected to have widespread consequences as 

many scholars indicated (Chukwu, et al., 2011). 
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In this study estimation of bio energy was considered as sustainable management for abattoir waste. Using Rao 

et al. (2000), using anaerobic digester, about 233 m3/day and 80,220m3/year of biogas production was estimated 

from four selected abattoirs (Table 4) and which have many benefits. Of these benefits, obtain alternative bio-

energy such as heat and electricity. Using equations (5 & 6), about 1, 222kWh /day and 420,354 kWh /year of 

energy was estimated from 233m3/day and 80,220m3/year of biogas was estimated from selected abattoirs, 

respectively (Table 5). When in turned into cost, 24.4USD (697ETB)/day and 8901.6 USD (254,230ETB)/year 

of price was estimated from these selected abattoirs (Table 6). 

The second benefits of biogas is to substitute the other expensive fossil fuels such as liquefied petroleum gas 

/LPG/, kerosene, charcoal, furnace oil, petrol and diesel fuel with the equivalence functions. Because biogas is a 

“cleaner” than wood fuel, kerosene, petrol, liquefied petroleum gas (LPG), diesel, and furnace oil replacing 

conventional fuels those using for different purpose( (Charles, 2009). As Table 7 shows estimated biogas from 

each abattoirs could cover an average per capita consumption of charcoal that can be used for daily activities (such 

as for cooking, heating and boiling water) of the surrounding communities. This indicated that using such amount 

of biogas could reduce demand for firewood/charcoal which implies saving some forest resources and protect the 

environment from threats. 

As illustrated above emission of greenhouse gasses from the disposal sites of selected municipal abattoirs are 

one of the significant sources of air pollution at surrounding cities fully and at national level particular. Meanwhile, 

the reduction, control and recycling of such gasses is of great importance from hygienic and global perspectives. 

Hence, install biogas technology has a potential to reduce amount of greenhouse gases emitted from disposal sites 

of surrounding environment as indicated in Table 8 

The third benefit of biogas is that it can give supplementary for economy prosperity, social and for country 

development. Annually, more than fifty-five-thousand-dollar biogas and bio-fertilizer estimated from four 

selected abattoirs. As scholar said, biogas improving economic of the country or abattoir itself through the means 

of creating markets for surrounding community by leading to lesser the cost for finite fossil fuels and charcoal 

with their drawback (Salman, 2008). So that better social advantages can lead to new sources of employment and 

potentially lifting communities out of poverty. So that present finding encourages 2nd GTP targeted, that 

recommended as “Every governments’ organization should increase their internal resource mobilization of 

income benefits not less than five percent of their governmental allocation (i.e. >5% of normal budget allocation 

from government) ( (NPC, 2018) 

The second product of anaerobic digester is bio-fertilizer production. Using (Deublien & Steinhauser, 2008) 

coefficient fraction model (equation 11, 12 and 13), about 323.50kg/day and 111,249kg/year of bio-fertilizer was 

estimated from four selected abattoir (Table 9). As land coverage, the current estimated bio-fertilizer 

(111,249kg/year) from four abattoir sites can cover about 2,225 hectares /year with its advantage and 

efficiency of soil. A study conducted by agronomies described under their website if someone utilize bio-

fertilizer, the users could be increased from 15% to 25% of total crop yield under ideal agronomic 

(http://agriinfo.in/page., n.d.). Now day, such benefits are important considerations both by government or users. 

Actually, the users and farmers are convinced about substantial savings in cost of production through reduced 

usage of chemical fertilizers, getting similar yield and also well keeping of soil composition and health (Chima, 

et al., 2013). Essentially, bio-fertilizer reduces water and soil pollution, loss of micro-organisms and beneficial 

insects; overall reduction in soil fertility is some of the ill effects of chemical fertilizers. So that this study gives 

a clue of bio-fertilizers significance which hold promising future in reducing soil quality problems with optimum 

crop yield for users and farmers as well (Renuka, 2013). Hence, utilization of chemical fertilizers for future 

agricultural growth would mean further loss in soil quality and increased environmental pollution, as the result 

bio- fertilizer is important to reduce such problems. 

When in turned into price, about 3,882ETB/day and 1334, 986ETB/year of cost was estimated based on 

current chemical fertilizer price (FEAR, 2019). By considering market feasibility, was considered how bio-

fertilizer is perceived in terms of value offered for money spent by customers. In such circumstances, the 

researchers have decided the price of bio fertilizers along with the risk and responses was weighed. In fact, the 

http://agriinfo.in/page
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current price of chemical fertilizers or inorganic fertilizer used at national level was less halved (<50%) to estimate 

the cost of the current bio-fertilizer. That means such amount of price from inorganic fertilizer was reduced by 

half and the present estimated bio-fertilizer cost, which could be covered two times of hectares as compare to 

inorganic chemical coverage. In other hands, this income generation is also supplementary of internal revenue for 

the abattoirs themselves. Therefore, AD is best technology for abattoir treatment due to the potential to reduce 

pollution, greenhouse gases emissions as compared to other waste treatment. In addition, it has a benefit to 

mitigate global climate changes (i.e. biogas); and optimize and keep soil health (i.e. bio fertilizer). 

5. CONCLUSION 

The present study shows that large quantity of abattoir waste was generated as compared to other waste 

generated, which was directly disposed into the surrounding environment without any disposal system. 

Moreover, the study revealed that the amount of greenhouse gases emitted from the disposal sites of the selected 

abattoirs could contribute to climate change. Furthermore, the study indicated that huge amount of biogas and bio 

fertilizer yield obtained through anaerobic digester indicated that abattoir waste have a potential benefit to ensure 

environmental safety and public health as means of sustainable management. Thus, the study found that the 

municipality should design abattoir waste treatment technology for sustainable management to safeguard the 

environment from greenhouse emission and ensure public health for the as long-term plan, while proper abattoir 

waste disposal will be forwarded as short-term management. 
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ABSTRACT 

Interest of using fuels from renewable sources, such as biodiesel from non-edible oils has increased due to fluctuation of 

fossil fuel market and environmental benefits of fuels from renewable sources. Production of biodiesel using heterogeneous 

catalysts such as calcium oxide (CaO) is more preferable as such catalysts can be reused, eases separation of products and 

avoid extensive product washing steps. CaO can be used in various forms of which the glycerol enriched CaO is the least 

studied. Butanolysis of Jatropha oil using glycerol enriched non-calcined CaO as heterogeneous catalyst was carried out to 

investigate the influences of reaction temperature and butanol: oil molar ratio on Jatropha oil conversion (XJOB) and yield 

of fatty acid butyl esters (YFABEs). Central composite design involved two factors (reaction temperature and butanol: oil molar 

ratio) and two levels factorial (22) was used to determine the impacts of the factors on XJOB and YFABEs and to optimize the 

reaction process. From the main factors and their interactions, temperature was found to highly affect both the XJOB and 

YFABEs. As curvatures are statistically significant (p ≤ 0.05), second order models (quadratic models) were found to be more 

suitable to optimize the butanolysis process. Based on regression models and response surface methodology, the maximum 

XJOB (98.16%) and YFABEs (95.79%) were predicted to be obtained at the optimum temperatures of 87.35 and 90.48 °C and 

butanol: oil molar ratios of 9.13:1 and 13.24:1, respectively. Maximum YFABEs of 95.64% was also experimentally obtained 

at the optimum conditions predicted for the YFABEs. From the results obtained for the experimental ranges investigated, the 

present study suggested that glycerol enriched non-calcined CaO can be used as a good alternative catalyst for biodiesel 

production using butanol. More studies are also suggested for upscaling the reaction process of the current experiments by 

using more integrated reaction factors. 

Keywords: biodiesel, butanolysis, calcium oxide, glycerol, Jatropha curcas L. oil, optimization 

1. INTRODUCTION 

The interest of using fuels from renewable sources, such as biodiesel, has increased in recent years due to 

political and economic instability of the fossil fuel market, and also because of the positive environmental benefits 

of the fuels from renewable sources (Colombo et al., 2017; Uzar, 2020; Vakulchuk et al., 2020). Biodiesel 

contributes less to global warming and contains less contaminant in its emission due to the renewable nature and 

organic origin of the feedstock (Neupane, 2022; Videsh et al., 2009). 

Biodiesel is a liquid fuel that consists of mono alkyl esters of long chain fatty acids derived from lipid such as 

vegetable oils, animal fats and microalgae oils (Colombo et al., 2017; Pinzi et al., 2014; Shinde and Kaliaguine, 

2019). It is usually produced through the transesterification reactions of the oils with shot-chain alcohols using 

homogeneous or heterogeneous catalysts (Colombo et al., 2017; Shinde and Kaliaguine, 2019). The catalysts used 

can be either acidic, basic or enzymatic in nature and employing each kind of catalyst has its own benefits and 

limitations (Shinde and Kaliaguine, 2019).  

Biodiesel has still difficulties to be competitive with petroleum diesel without fiscal incentives, mostly due to 

the price of the raw materials and the processing costs (Ferrero et al., 2015; Sosa-Rodríguez and Vazquez-Arenas, 

2021). The cost of feedstock alone accounts about 75% of the overall biodiesel production cost (Ahmad et al., 

2011; Atabani et al., 2012), and hence using inexpensive feedstock such as non-edible oils, wasted oils and animal 

fats  has been identified as a promising solutions in this regard (Ahmad et al., 2011; Atabani et al., 2012; Sani et 

al., 2014). The other alternatives to reduce the price of biodiesel is employing cost effective biodiesel 

manufacturing process, particularly by using low-cost catalysts (Taufiq-Yap et al., 2012; Welela Meka, 2023).   

The majority of biodiesel is produced through homogeneous base catalyzed transesterification of edible 

vegetable oils using methanol, and the most commonly used catalysts are KOH and NaOH (Shinde and 
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Kaliaguine, 2019). These catalysts result in fast reaction rates under mild reaction conditions (Kouzu et al., 2009), 

however, the oil and the alcohol must be substantially anhydrous, and the free fatty acid (FFA) content of the oil 

should be low to avoid the saponification side reaction (Abbaszaadeh et al., 2012; Di Serio et al., 2007). 

Generation of large amount of wastewater to purify the products and incapability of catalyst reuse are also among 

the limitations of using these catalysts (Boey et al., 2011). Homogenous acid catalysts such as HCl and H2SO4 

are efficient in terms of overcoming the saponification side reactions (Shibasaki-Kitakawa et al., 2007), but 

difficulties of catalyst recycling, requirement of higher temperature and alcohol to oil molar ratio, and serious 

environmental and corrosion problems are some of the limitations of these catalysts (Brahmkhatri and Patel, 2013; 

de Rezende et al., 2008; Shibasaki-Kitakawa et al., 2007). Moreover, enzymatic catalysts are less sensitive to 

FFA and moisture content of the oil (Brahmkhatri and Patel, 2013; Shibasaki-Kitakawa et al., 2007), however, 

the requirement of more stringent reaction conditions, long reaction time and being expensive are some of the 

disadvantages of using enzymes (Boey et al., 2011; Brahmkhatri and Patel, 2013). One of the possible solutions 

to overcome these problems is using heterogeneous catalysts (Kouzu et al., 2009).   

Using heterogeneous catalysts might significantly reduce the processing costs associated with homogeneous 

catalysis (Ferrero et al., 2015; Sosa-Rodríguez and Vazquez-Arenas, 2021) as they can be reused, ease separation 

of products and avoids the extensive product washing steps (Atadashi et al., 2013; Brahmkhatri and Patel, 2013; 

Shibasaki-Kitakawa et al., 2007). Heterogeneous basic catalysts are more reactive than heterogeneous acid 

catalysts as the basic ones require relatively shorter reaction time and lower reaction temperature (Dai et al., 

2018). Among the basic heterogeneous catalysts, CaO has been extensively used for transesterification reactions 

as it processes high basicity, low solubility in alcohols and low cost (Avhad and Marchetti, 2016). It can be reused, 

has tolerance to moisture and FFA content of the oil and is non-corrosive and environmentally friendly (Boey et 

al., 2011). CaO can be used in various forms such as single oxide (Cho et al., 2009; Colombo et al., 2017; Verziu 

et al., 2011), mixed oxides (Taufiq-Yap et al., 2014; Wong et al., 2015) and supported (Lani et al., 2020; Wan 

and Hameed, 2011; Xie and Zhao, 2013) forms. Moreover, the glycerol-CaO complex form of CaO which is 

designated as glycerol-enriched CaO or calcium diglyceroxide (CaDg) has been used as a catalyst for biodiesel 

production (Avhad et al., 2018; Avhad et al., 2016; Ferrero et al., 2015).  

Concerning the formation of CaDg in CaO catalyzed transesterification reaction, several studies reported the 

structural transformation of CaO catalyst during the progress of the reaction (Kouzu et al., 2008; Kouzu et al., 

2010; León-Reina et al., 2013). At the beginning of the reaction, CaO is the active phase, however, as the 

transesterification reaction proceeds, the produced glycerol (C3O8H3) reacts with CaO and produces CaDg 

(Ca(C3O7H3)2) (León-Reina et al., 2013). Kouzu et al. (Kouzu et al., 2008; Kouzu et al., 2010) found that the 

probability of CaDg formation in the transesterification reaction matrix is higher than that of calcium methoxide 

as glycerol is more reactive with CaO than methanol. CaDg consists of an isolated tetramer (Ca4(C3H7O3)8) and 

is bound by a complex H-bond network (León-Reina et al., 2013) and this structure of CaDg contributed to its 

outstanding physiochemical properties and good catalysis ability (Sánchez-Cantú et al., 2014). CaDg catalyst has 

been reported to show superior catalytic activity in biodiesel production compared to CaO because the presence 

of basic oxygen anions, formed due to the interruption of the surface crystal structure, which can easily abstract 

protons from the -OH groups of methanol and form methoxide ion on the surface (Gupta et al., 2015). 

Transesterification has been generally carried out using methanol or ethanol as these alcohols are considered 

as good fatty acid acyl acceptors (Sun et al., 2019). Accordingly, investigations of biodiesel production using 

glycerol-enriched CaO as catalyst have focused on the transesterification of oil with methanol or ethanol (Avhad 

et al., 2018; Avhad et al., 2016; Ferrero et al., 2015; Hsiao et al., 2019; León-Reina et al., 2013) using calcined 

CaO (Avhad et al., 2018; Avhad et al., 2016; Ferrero et al., 2015; León-Reina et al., 2013). Although butanol is 

less corrosive and less soluble in water, and thus, has a greater miscibility with the oil phase, its use in biodiesel 

production has not been so extensively studied (Navas et al., 2020; Steen et al., 2008). Using butanol for 

transesterification has several advantages over methanol or ethanol since its longer chain favors the properties 

biodiesel produced and its blend with conventional diesel. For instance, the butyl ester has a higher energy value 

than the analogues methyl or ethyl esters since it contains more carbon atoms (Navas et al., 2020). Moreover, 
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butanol can be produced from different biological resources, including organic wastes, through fermentation and, 

thus, it is renewable (Amiri and Karimi, 2018; Kolesinska et al., 2019). Hence, regarding these promising 

properties of butanol in biodiesel production, more research work is needed (Navas et al., 2020).  

In several studies, commercial CaO was calcined prior to utilizing it as catalyst for transesterification to 

activate the active site that might be poisoned by CO2 and H2O from the air (Calero et al., 2014; Reyero et al., 

2014; Verziu et al., 2011). However, this might add some costs to the overall biodiesel production procedures. 

To our knowledge, no study has been carried out on the transesterification of non-edible oils such as Jatropha oil, 

using glycerol-enriched non-calcined commercial CaO using butanol. 

The objective of the present work is to investigate the catalytic butanolysis of Jatropha (Jatropha curcas L.) 

oil using glycerol-enriched non-calcined commercial CaO and to determine the influences of the variations of 

reaction temperature and butanol: oil molar ratio on oil conversion and fatty acid butyl ester yield, and to optimize 

the reaction process. 

The current paper presents two new issues that have not been done in other works of biodiesel production from 

non-edible plant oils such as Jatropha oil, using glycerol enriched CaO. Firstly, in the present study, the 

transesterification reaction was carried out using 1-butanol while either methanol or ethanol was used in the 

transesterification reactions of the previous works. Secondly, non-calcined commercial CaO was enriched with 

glycerol and used as a catalyst in the present work. In previous studies, calcined commercial CaO or calcium 

oxide prepared from natural calcium sources through calcination, have been used. 

2. MATERIALS AND METHODS 

2.1. Reagents and Materials  

Jatropha (Jatropha curcas L.) oil that was extracted from the seed collected from Ethiopia was used for the 

experiment. The oil was extracted from the seeds with Soxhlet extractor using hexane as solvent and thimble with 

single thickness (37x130 mm). The physico-chemical properties of the oil was determined and the results were 

published elsewhere (Yadessa Gonfa et al., 2021). The calcium oxide used for the reaction was purchased from 

Honeywell Company. The 1-butanol, glycerol, tetradecane, pyridine, acetone, methanol and hexane used were 

purchased from Sigma-Aldrich. A rotary evaporator (Rotary Vapo R-3, Butchi Labortechnik AG, CH-9230, 

Switzerland) with vacuum pump was used to separate butanol from the reaction mixture after transesterification 

reaction. 

2.2. Set up of the experiments 

Both the synthesis of the glycerol-enriched CaO and transesterification of Jatropha oil with butanol using 

glycerol enriched CaO as catalyst, were performed in a three-necked glass reactor from Quark Glass, with a 

capacity of 500ml. A cooling condenser connected to a tap water was inserted into the middle neck of the reactor 

to cool the evaporated butanol during the reaction and reflux it into the reactor. A thermostat that was attached to 

the digital heating plate was inserted into the glass reactor via one of the side necks to measure the temperature 

of the reaction mixture. The third neck of the glass reactor was connected to a syringe through which the samples 

of the reaction mixture were taken. The lower part of the reactor was also connected to a water bath that was 

thermostatically regulating the temperature of the reacting mixture. 

2.2.1. Synthesis of the glycerol-enriched CaO  

Before starting the transesterification reaction, the synthesis of glycerol-enriched CaO (glycerol-CaO 

complex) was performed in an airtight three-necked glass reactor as previously mentioned. Measured amount of 

glycerol (15% by wt% of CaO) was added to the inner bottom surface of the glass reactor. Then, about 70 g of 

Jatropha oil and 10.5 g of non-calcined commercial CaO (15% by wt% of the oil) were added to the reactor and 

heated to 60oC by vigorously stirring the mixture at 200 rpm for 60 min under ambient pressure. The amount of 

the glycerol and the temperature used for the synthesis of glycerol-CaO complex was adapted from the previous 

related works (Avhad et al., 2018; Avhad et al., 2016; Hsiao et al., 2019). The synthesis of glycerol-enriched CaO 
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was performed in the presence of Jatropha oil, but without adding any butanol to avoid the possibility of the 

formation of calcium butoxide (Avhad et al., 2018; Avhad et al., 2016; Kouzu et al., 2010).  

The reason of adding small amount of glycerol into CaO in the presence of Jatropha oil to synthesize glycerol-

CaO complex before adding butanol was to activate the catalyst and speed up the reaction process starting from 

the beginning. After the activation of CaO with glycerol, the mixture in the glass reactor was heated to the required 

temperature of a reaction. 

2.2.2. Transesterification reactions   

When the temperature of the mixture in glass reactor (the mixture contained glycerol-enriched CaO) reached 

at the set temperature, a measured amount of 1-butanol heated separately to the reaction temperature was added 

to the mixture. This time was taken as the initial time (t=0) for the glycerol enriched CaO catalyzed 

transesterification of Jatropha oil. About 0.5 ml samples of the reacting mixtures were withdrawn at 

predetermined time intervals (0, 10, 20, 30, 60 and 90 minutes) to follow up the progress of the reaction. At the 

end of the reaction, the mixture was centrifuged to separate CaO and other components. The butanol in the mixture 

was also removed through distillation using a rotary evaporator attached to a vacuum pump. The glycerol and 

fatty acid butyl esters (biodiesel) were separated by decantation using separatory funnel. 

2.3. Analysis of Samples 

The analyses of the reaction samples were performed using a gas chromatography (GC) analyzer (Bruker scion 

436 chromatograph), having an autosampler (CP-8400) and a flame ionization detector (FID). A capillary column 

with 5-phenyl-methylpolysiloxane (DB-5HT column, Agilent Technologies) was used for the analysis. The 

length, diameter and thickness of GC column were 15m, 0.32mm and 0.10µm, respectively. Helium was used as 

carrier gas with a flow rate of 1ml min-1, and the injection system employed was split-splitless mode. The 

temperature of the injector and detector were set at 320 and 350 °C, respectively. The temperature of the oven 

was started from 80 °C and programmed to rise by 10 °C per min until the final temperature of 360 °C was 

reached. The GC samples were prepared according to AOAC Official Method (2003). Hence, tetradecane was 

used as the internal standard while pyridine was utilized as a solvent for the GC samples. The analysis was done 

by injecting 1μl of a sample into the equipment.  

From the areas of the chromatogram recorded for a given weight of the sample and the internal standard of the 

components of the sample, the mass of the components and their molar values were calculated with the help of 

the standards and the response factors, by employing Eq. (1) and (2) (Avhad et al., 2018).  

𝑚𝐵𝐸  =
𝑚𝑖𝑠  × 𝐴𝐵𝐸

𝑅𝐵𝐸  ×  𝐴𝑖𝑠
                                                                                                                                                    (1) 

𝐵𝐸 =
𝑚𝐵𝐸

𝑀𝐵𝐸
                                                                                                                                                                    (2) 

Where mBE = mass of butyl ester (g), mis = mass of internal standard (g), ABE = peak area of butyl ester, RBE = 

response factor of butyl ester, Ais = peak area of internal standard, BE = number of moles of butyl ester and MBE 

= molar mass of butyl ester (g mol-1).  

Jatropha oil conversion using butanol (XJOB) was calculated from the initial moles of the oil (ηio) and the final 

mole of the oil (ηfo) using Eq. (3). 

𝑋𝐽𝑂𝐵 = (𝜂𝑖𝑜 − 𝜂𝑓𝑜)/𝜂𝑖𝑜 ∗ 100                                                                                                                                  (3) 

The yield of fatty acid butyl esters (YFABEs) obtained was also calculated using Eq. 4 which was also used by 

Wang et al. (2017). 

𝑌𝐹𝐴𝐵𝐸𝑠 =
𝐹𝐴𝐵𝐸 (%)

𝑇𝐺(%) +  𝐷𝐺(%) + 𝑀𝐺 (%) + 𝐹𝐴𝐵𝐸(%) + 𝐹𝐴𝐴(%)
 𝑥 100                                                   (4) 
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Where FABE, TG, DG, MG, and FAA represents fatty acid butyl ester, triglycerides, diglycerides, 

monoglycerides and free fatty acids, respectively. 

2.4 Design of the Experiment and Analysis of Data 

2.4.1 Response surface methodology 

Response surface methodology (RSM) involves of a group of statistical and mathematical tools that are useful 

for the development of models, and the improvement and optimization of a designed process and products 

(Montgomery 2013; Muriithi et al., 2017; Myers et al., 2004). RSM deals with the analysis and modelling of the 

functional relationships of a desired response and a number of associated factors, and its main purpose is to 

optimize the response (Montgomery 2013; Muriithi et al., 2017). According to Muriithi et al. (2017), the major 

procedures needed in RSM include experimental design with adequate and reliable measurements of the selected 

responses, developing equations of statistical model with best fittings, obtaining the optimal conditions of the 

experiment to maximize the responses, and showing the influences of the factors and their interactions using 

response surface plots. 

2.4.1.1.  Design of the experiments  

The two most frequently used designs for fitting the second-order models using RSM are central composite 

design (CCD) and Box-Behnken design (BBD). CCD is the most popular class of designs, and generally, it 

consists of a 2k factorial runs (experiments), 2k axial or star runs, and some center runs, where k refers to the 

number of factors used. BBD design is also formed by combining 2k factorials with incomplete block designs and 

the center runs (Montgomery 2013). The number of experiments to be run is less when the BBD is employed 

compared to that of the CCD, and the former is becoming a more used design as efficient alternative, particularly, 

when the numbers of factors employed are three and more. Moreover, BBD does not contain combinations where 

all the factors are at their higher or lower levels, and hence, it may be useful in avoiding experiments under 

extreme conditions, which might be too expensive or impossible to test because of physical process constraints. 

However, the BBD may not indicate situations when we would like to know the responses at the extremes, that 

is, at the vertices of the cube of the design (Montgomery 2013; Sudha et al., 2017).  

In the current study, the butanolysis of Jatropha oil using glycerol enriched CaO as catalyst was carried out to 

determine the effects of the variation of two factors with two levels, reaction temperature (R) and butanol: oil 

molar ratio (M), on Jatropha oil conversion using butanol (XJOB) and the yield of fatty acid butyl esters (YFABEs). 

As the number of varying factors were two and the total number of the experiments to run when CCD is used was 

only 12 (including the four central point experiments), and we also want to include the response at extreme 

experimental factors, we have preferred the CCD. Accordingly, the CCD) that involved two factors and two levels 

full factorial (22) was used to determine the impacts of the factors on the XJOB and YFABEs, and to optimize the 

process.  

The design of the experiment contained three stages: factorial (linear) and non-linear stages which consisted 

of four experiments each as well as the four times replicated center points. Running the replicated center points 

is important to measure the accuracy of the study, and it is also used to statistically test for the presence or 

significance of curvature (Montgomery and Sons, 2001). The values of the selected factors and their associated 

levels for the reactions catalyzed with non-calcined CaO are presented in Table 1. The amount of CaO employed 

was kept constant at 15% (wt%) of the oil while the glycerol used was 15% (wt%) of the catalyst. The amounts 

of catalyst and glycerol used were adopted from the results obtained by Avhad et al. (Avhad et al., 2018). The 

reaction time of the current study was also adjusted to 90 minutes based on results of replicated preliminary 

experiments carried out at the central point conditions (reaction temperature of 80 °C and butanol: oil molar ratio 

of 9:1) by taking the reaction samples at predetermined time intervals to determine the progress of the reaction 

with time. The stirring speed of 200 rpm was also used for all experiments. 
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Table 1. Values of the factors for different levels in the experimental design.  

Factors 
Levels 

-α -1 0 1 α 

Temperature (oC) 65.9 70 80 90 94.10 

Molar ratio (-) 4.77 6 9 12 13.23 

2.4.1.2.  Statistical analysis 

The statistical analyses were performed by designing the sets of experiments using CCD by employing 

Statgraphics Centurion 17 software (Statgraphics Technologies, Inc USA). The analyses enabled us to determine 

the significances of the influences of the main factors and their interactions on the XJOB and YFABEs. The 

appropriate regression models were also developed to interpret the influences of the factors and their interactions 

on the response and to estimate the optimum factors needed to maximize the responses (Muriithi et al., 2017).  

After running the experiments of factorial and center points (totally eight experiments) and determining the 

XJOB and YFABEs of each experiment, the significances of curvatures in the response surface plots were statistically 

tested by employing Equations 5–7 (Del Castillo, 2007; Montgomery and Sons, 2001). Then, using the calculated 

F value, the associated p value was determined to test the significance of curvature (p ≤ 0.05). 

 𝑆𝑆𝑝𝑢𝑟𝑒 𝑞𝑢𝑎𝑑𝑟𝑎𝑡𝑖𝑐 =
𝑛𝐹𝑛𝐶( Ӯ𝐹 −  Ӯ𝐶)

2

𝑛𝐹+𝑛𝐶
                                                                                                                   (5) 

𝑀𝑆𝐸 = 
∑  (𝑦𝑖 − �̅�𝐶)

2 𝐶𝑒𝑛𝑡𝑟𝑎𝑙 𝑝𝑜𝑖𝑛𝑡𝑠

𝑛 − 1
                                                                                                                         (6) 

𝐹 =
𝑆𝑆𝑝𝑢𝑟𝑒 𝑞𝑢𝑎𝑑𝑖𝑟𝑎𝑡𝑖𝑐

𝑀𝑆𝐸
                                                                                                                                                  (7) 

Where: SS pure quadratic is the sum of square for pure quadratic curvature and MSE is the mean square error of center 

points.  ӮF and  ӮC  are the average of responses of factorial and center points,  respectively. 𝑛𝐹 and 𝑛𝐶  are number 

of factorial and center points, respectively. y𝑖 represents to the responses of the center points while  𝑛𝐶 −1 refers 

to the degree of freedom for center points.  F represents the F-statistic, the test statistic for F-tests.   

3. RESULTS AND DISCUSSION 

3.1 Adjustment of the Reaction Time 

The reaction time of the study was made 90 minutes based on results of replicated preliminary experiments carried 

out at the central points (average reaction conditions), by taking the samples of the reaction mixture at 

predetermined time intervals (0, 10, 20, 30, 60, 90, 120, 180 and 210 minute) to determine the progress of the 

reaction with time. From the experiments carried at the average experimental conditions, it was found that the 

average XJOB reached around 90% at about 90 minutes. Based on the result from the preliminary experiments, the 

reaction time was adjusted at 90 minutes for all experiments. Fig. 1 shows the progress of the butanolysis process 

in terms of XJOB with the reaction time at the central point conditions. 
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Fig. 1: Progress of butanolysis process with reaction time at 80 °C and butanol: oil molar ratio of 9:1 

3.2  Experiments of different stages and the responses  

As previously mentioned, butanolysis of jatropha oil using glycerol enriched CaO as catalyst was carried out 

to investigate the effects of reaction temperature and butanol: oil ratio and their interaction on XJOB and the YFABEs. 

The CCD with two factors and two levels factorial (22) that consisted of three stages was used to optimize the 

process. Accordingly, a total of twelve experiments, four experiments for the linear stage, center points and non-

linear stage, respectively, were performed randomly, and the responses found were recorded. The natural factors 

for the reaction temperature (T) and butanol: oil molar ratio (M) and the coded factors for different levels of 

temperature (XT) and butanol: oil molar ratio (XM), and the responses obtained for the respective experiments are 

shown in Table 2. 

Table 2. Stages of CCD design, Jatropha oil conversion using butsnol (XJOB) and yield of fatty acid butyl esters 

(YFABEs). 

Stage/types 

of  

experiments Run 

Temperature  

(T) (oC) 

Molar 

ratio (R) XT XR 

XJOB  

(%) 

YFABEs 

(%) 

Linear  

(factorial) 

stage 

1 90 12 1 1 89.70 86.70 

2 90 6 1 -1 96.39 93.13 

3 70 12 -1 1 22.80 9.46 

4 70 6 -1 -1 47.88 45.71 

Center point  

stage 

5 80 9 0 0 92.11 85.04 

6 80 9 0 0 87.68 81.73 

7 80 9 0 0 85.44 75.78 

8 80 9 0 0 92.97 88.30 

Non-linear  

stage 

9 94.1 9 1.41 0 90.16 86.86 

10 65.9 9 -1.41 0 38.16 13.88 

11 80 13.23 0 1.41 94.46 88.87 

12 80,00 4.77 0 -1.41 90.07 84.49 
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As it is evident from Table 2, the maximum experimental XJOB (96.39%) and YFABEs (93.131%) were obtained 

when the reaction run at the reaction temperature of 90oC, butanol: oil molar ratio of 6. The smallest XJOB 

(22.80%) and YFABEs (9.46%) were found when the reaction run at the temperature of 70oC and butanol: oil molar 

ratio of 12. When the reactions run at 65.9 and 70oC, the oil conversion and biodiesel yields were found to be less 

than 50% despite of the variation of the values of butanol: oil molar ratio. However, for the reactions that occurred 

at the average temperatures (80oC) and above, both the oil conversions and biodiesel yields obtained were more 

than 80% regardless of the differences in the butanol: oil molar ratio. Thus, the results from Table 2 suggested 

that the impact of reaction temperature on both responses was higher than that of the alcohol: oil molar ratio. 

Moreover, for all experiments, the values of XJOB were larger than that of the YFABEs, and this might be due to 

some unreacted diglycerides and monoglycerides remaining in the reaction mixture at the end of the reaction. 

3.3  Statistical Analysis and Response Optimization 

3.3.1 Statistical analysis of the responses 

The analysis was performed to determine the influences of the reaction temperature (T) and butanol: oil molar 

ratio (M), and their interactions (TM) on the responses of the butanolysis process. The influences of the factors 

and their interactions on the responses were predicted using the Statgraphics Centurion software, and the presence 

(significance) of curvature (p ≤ 0.05) in the response surface plot was also tested (Del Castillo, 2007; Montgomery 

and Sons, 2001). Table 3 shows different parameters obtained from the statistical analysis of the responses.  

Table 3. Results from the statistical analysis of the experiments 

Where: T refers to temperature, R is butanol: oil molar ratio, and ITM represents interaction of 

temperature and alcohol: oil molar ratio and R2 refers to R-squared. 

As is can be seen from Table 3, temperature was found to be the factor with the highest positive impact whereas 

butanol: oil molar ration had a slight negative effect on the butanolysis process. The positive effect of reaction 

temperature on the butanolysis process could be due to the improvement of the miscibility and reactivity between 

Parameters and types of tests Responses 

XJOB (%) YFABEs(%) 

Main effects and interactions ӯ =89.55 ӯ=82.71 

IT = 47.23 IT = 56.96 

IR= -6.39 IR= -9.12 

IT
2= -32.40 IT

2= -37.23 

ITM= 9.19 ITM= 14.91 

IR
2= -4.29 IR

2= -0.92 

Test for  significance of variables  

(ANOVA test, p  ≤ 0.05) 

  

Significant variables T and T2 T and T2 

R2 and R2 adjusted (%)   

R2 (%) 88.37 93.54 

R2 adjusted (%) 78.68 88.16 

Test  for significance of curvature    

Mean response (factorial points, ӮF) 64.19 58.75 

Mean response (center points, ӮC) 89.55 82.71 

Curvature -25.35 -23.96 

SSpure quadratic 1286.19 1148.22 

MSE 12.87 28.53 

F calculated 99.89 40.24 

p value 0.0021 0.00094 

Significance of curvature (p  ≤ 0.05) Significant Significant 
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the reactants with rising in temperature (Avhad et al., 2016). The influences of butanol: oil molar ratio (IM) on 

both responses was negative. However, the interaction of temperature and alcohol: oil molar ratio (ITM) was found 

to have a medium positive impact on both responses. Moreover, the influences of temperature (IT), IM and ITM on 

the YFABEs were higher compared to their respective impacts on XJOB (Table 3). Furthermore, based on ANOVA 

test, it was determined that the reaction temperature and its interaction with itself (T2) had a significant effect (p 

≤ 0.05) on the butanolysis process.  

The values of R-squared (R2 ) and R2-adjusted for XJOB and  YFABEs were found to be 88.37 and 78.68 % and 

93.54 and 88.16%, respectively (Table 3). This shows that the estimated models satisfactorily fit the experimental 

data for both responses. It has been suggested that for a good fit of a model, the R2 should be at least 80% (Subroto 

et al., 2015). Moreover, the R2 and R2-adjusted for YFABEs were larger than the R2 and R2-adjusted of XJOB, 

respectively, and this shows that the fitness of the estimated model to the experimental data in case of YFABEs was 

better than that of XJOB.  

From the calculated parameters to test the presence of curvature, it was found that curvatures are significant (p  ≤ 

0.05) for both XJOB and YFABEs (Table 3). Thus, in addition to the linear and the center stages, the non-linear stage 

of the design of experiments was also taken into consideration to fit the experimental data with a quadratic model. 

3.3.2 Regression models and optimization of the responses 

The natural values of the experimental factors were used to predict the suitable regression models that best 

described the butanolysis of jatropha oil using glycerol enriched non-calcined CaO as catalyst. As curvatures are 

significant (p ≤ 0.05) for both XJOB and YFABEs (Table 3), the second order regression models (quadratic models) 

were found to be suitable for the optimization of the butanolysis process (Del Castillo, 2007; Montgomery and 

Sons, 2001). Hence, the suggested quadratic regression models for XJOB and YFABEs under the present experimental 

ranges are presented in equation 8 and 9, respectively. 

𝑋𝐽𝑂𝐵 = −1035.61 + 26.90𝑇 − 9.03𝑀 − 0.16𝑇2 + 0.15𝑇𝑀 − 0.23𝑀2                                                       (8) 

𝑌𝐹𝐴𝐵𝐸 = −1148.06 +  30.39𝑇 − 20.48𝑀 − 0.18𝑇2 +  0.24𝑇𝑀 − 0.051𝑀2                                              (9) 

To show the effects of the interaction of the temperature and butanol: oil molar ratio on the XJOB and YFABEs, 

the three-dimensional (3D) response surface plots were produced based on the respective regression models 

presented above. The response surface plot for the effects of the interaction of the two factors on the XJOB and 

YFABEs are shown in Fig. 2 and Fig. 3, respectively. As it can be seen from Fig. 2 and Fig. 3, generally, raising in 

the reaction temperature increased both the XJOB and YFABEs until the optimum values (the temperatures at which 

the maximum responses could be found) would be reached regardless of the amount of butanol: oil molar ratio 

employed. However, at the lower temperature, raising in the butanol: oil molar ratio highly reduced both the XJOB 

and YFABEs. As temperature raised from its experimental minimum (65.9 °C) to around the optimum values for 

both XJOB (87.35 °C) and YFABEs (90.48 °C) (Table 4), the negative impacts of butanol: oil molar ration on both 

responses rapidly decreased, and then, started to positively contribute to maximize the responses as the optimum 

amount of butanol: oil molar ratio would approach. 

By using the quadratic model equations produced and the RSM, the maximum XJOB of 98.16% was predicted 

to be obtained at the optimum temperature and butanol: oil molar ration of 87.35 °C and 9.13:1, respectively. The 

maximum YFABEs of 95.79 % was also estimated to be found at the optimum temperature of 90.48 oC and butanol: 

oil molar ratio of 13.24:1 (Table 4). Moreover, after the prediction of the optimum conditions for both responses, 

two experiments were carried out at the optimum conditions estimated for the YFABEs (temperature of 90.48 °C 

and butanol: oil molar ratio of 13.24:1) to compare the average of the experimentally obtained responses with 

that of the predicted values. The optimum conditions predicted for YFABEs were selected to perform the 

experiments as the R2 and R2-adjusted for YFABEs were larger than those of XJOB (Table 3). Accordingly, the 

average experimental YFABEs of 95.64% was obtained, and this is in excellent agreement with the predicted 

optimum YFABEs (95.79 %).  
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Fig. 2: Response surface plot for the effects of reaction temperature and butanol: oil molar ratio on XJOB at the 

catalyst amount 15%, 15% glycerol, and  stirring speed of 200 rpm (temperature and butanol: oil molar ratio refer 

to the actual values)  

 

Fig. 3: Response surface plot for the effects of reaction temperature and butanol: oil molar ratio on the YFABEs at 

the catalyst amount 15%, 15% glycerol, stirring speed of 200 rpm (temperature and butanol: oil molar ratio refer 

to the actual values) 
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Table 4. Optimum conditions predicted for maximum XJOB and YFABEs and the optimum responses 

 

Factors 

Conversion Yield 

Optimum 

factors 

Optimum  

Response (%) 

Optimum 

factor 

Optimum  

Response (%) 

Temperature (oC) 87.35 
98.16 

90.48 
95.79 

Molar ratio (-) 9.13 13.24 

The maximum YFABEs (95.64%) found in the current study was in line with the fatty acid butyl ester yield 

(97%) that was obtained by Navas et al. (Navas et al., 2018) in the reaction of castor oil with butanol using MgO/γ-

Al2O3 as catalyst by applying 5% catalyst, alcohol: oil molar ratio of 6:1, reaction temperature of 80oC and 

reaction time of 6 h. However, the maximum YFABEs of the present work was larger than the fatty acid butyl ester 

yield (85%) that was found by Navas et al. (Navas et al., 2018) in the same study using ZnO/γ-Al2O3 as catalyst 

at the previously mentioned reaction conditions. 

Fig. 4 (a) and (b) show the plot of the predicted values and experimental results of XJOB and YFABEs, 

respectively. As it can be seen from the graphical presentation, the predicted XJOB and YFABEs generally banded 

around the predicted regression line, and these demonstrate the satisfactory fitness of the values of the predicted 

and experimental responses. However, some predicted and experimental responses showed relatively less fit, 

particularly for the lower values of predicted and experimental XJOB. 

The outlier values for XJOB and YFABEs (Fig. 4 a and b) were those of the responses with lower values, and the 

deviation is higher in the case of XJOB. The outlier values of XJOB (Fig. 4 a) were the predicted and experimental 

values of the reactions that were carried out at the temperatures and butanol: oil molar ratios of 70 °C and 12 and 

65.9 ◦C and 9, respectively. The oil conversions and ester yields recorded for the reactions carried out at 65.9 and 

70 ◦C were very low compare to those of the reactions performed at 80 °C and higher temperatures (Table 2). 

The fitness of the experimental and predicted values of XJOB for the reactions performed at these two temperatures 

(65.9 and 70 °C) were also relatively lower as the values showed higher deviation from the regression line (Fig. 

4 a). These results suggested that lower temperatures negatively affected both the values of XJOB and the fitness 

of the regression model to the experimental XJOB, and this effect was higher in the case of XJOB compared to 

YFABEs. Moreover, as previously mentioned, the fitness of the regression model of YFABEs to the experimental data 

was better than that of XJOB. 
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Fig. 4: Predicted versus experimental values of (a) XJOB and (b) YFABEs, respectively 

4. CONCLUSION 

The present study was carried out to investigate the catalytic butanolysis of Jatropha oil using glycerol enriched 

non-calcined CaO to determine the influences of reaction temperature and butanol: oil molar ratio on XJOB and 

YFABEs, and to optimize the responses. Central composite design (CCD) that involved two factors and two levels 

full factorial (22) was used to determine the effects of the factors and to optimize the process. From the main 

factors and their interaction, temperature was found to highly affect both the XJOB and YFABEs. Since curvatures 

are statistically significant (p ≤ 0.05), quadratic regression models were found to be more suitable for the 

optimization process. As R2 and R2-adjusted of the selected quadratic models for XJOB and YFABEs were found to 

be 88.37 and 78.68% and 93.54 and 88.16%, respectively, both models were suggested to fit adequately to the 

respective experimental responses to satisfactorily optimize the butanolysis process. Using the models and the 

response surface methodology, the maximum XJOB (98.16%) and YFABEs (95.79%) were predicted to be found at 

the optimum temperatures of 87.35 and 90.48 °C and butanol: oil molar ratios of 9.13:1 and 13.24:1, respectively. 
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Moreover, the maximum YFABEs of 95.64% was experimentally obtained at the optimum temperature (90.48 °C) 

and alcohol: oil molar ratio (13.24:1), and this was in good agreement with the predicted optimum YFABEs 

(95.79%). Based on the results obtained for the experimental ranges used in this experiment, it was suggested that 

glycerol enriched non-calcined calcium oxide can be used as good alternative catalyst for biodiesel production 

using butanol. More future studies are also suggested for upscaling the reaction process of the current experiments 

by using more integrated reaction factors. 
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ABSTRACT 

Railroad vehicles require the use of disc brakes for safety purposes. However, the disc brakes are susceptible to surface 

damages including fade, wear, squeal, thermal cracks, thermal stress and thermal fatigue, which ultimately shortens their 

lifespan. Hence, to counteract these negative consequences, and to accurately predict the life of railway disc brakes in 

thermal load simulations, the availability of a model that considers spatial and temporal variations of temperature and 

thermal stress is essential. As a result non-axisymmetric moving heat source was successfully developed to address spatial 

and temporal variations of temperature (Deressa and Ambie in Urban Rail Transit 8(3–4):198–216, 2022. 10.1007/s40864-

022- 00176-9), thermal Stress and Fatigue Analysis of Railway Vehicle Disc Brakes (Deressa and Ambie in Urban Rail 

Transit, 2023). And this study aims to extend this models to test its implementation in pad geometry, disc geometry and disc 

material selections.  Finite element ANSYS parametric design language (APDL) is implemented in coding the variations in 

thermal loads and the corresponding boundary conditions, both spatially and timely. The simulation is conducted for braking 

conditions and disc geometry extracted from trailer and motor bogie of Addis Ababa Light Rail Transit (AALRT). Besides, 

cast iron families (flake, spheroidal and compacted) are implemented in testing the application of the model. The NAMHS 

model algorithm has proven to be a successful model for accurately and efficiently identifying the optimal pad geometry, 

disc geometry and disc material through thermal and mechanical analysis. Hence, it is hoped that this finding could influence 

disc brake manufacturers, researchers and maintenance personnel in disc brake damage investigation. 

Keywords: ANSYS APDL, Disc brake, disc geometry, disc material, rail vehicle 

1. INTRODUCTION 

Brakes are the most important safety component of the train vehicles in managing speed. But, it could results 

unfavorable consequences, including fade (Zhang et al., 2019), surface wear (Handa et al., 2020), thermal stress 

(Rashid & Stromberg, 2012) and thermal fatigue (Xie et al., 2021). To counteract such damaging consequences, 

accurate prediction or determination of temperature is fundamental during design stage and preventive 

maintenance. 

Appropriate modeling of FE heat input and boundary condition simulation (thermal, structural and life) plays 

a key role in its design and development of brakes geometries and materials. Since the early development of 

railway and automotive transportation, braking performance has been improved in three areas of investigations: 

Model development (Deressa & Ambie, 2022; Deressa & Ambie, 2023), optimum geometry selection (Tirovic & 

Ali, 2001;Tirovic & Sarwar, 2004) and optimum material selection (Mahmoudi et al., 2015). With a compact size 

geometry, that could dissipate heat easily to the neighboring areas has been developed to minimize failure and 

increase service life (Tirovic, 1998). However, the success of these investigations require the further development 

and implementation of a better FE (Finite element) model in geometry and material selection. 

Based on its connection with the bogie, disc brakes’ geometries are either friction surface-bolted (Fig. 1.a), or 

hub-bolted (Fig. 1.b).  In the former one, the disc friction surface has holes through which it is tightened to the 

axle plate or wheel web with bolts. Meanwhile, in the latter one, the friction surface is free from the hole, and the 

disc is tightened to the axle/wheel by its hub. Three main difference is revealed between them, which could affect 

disc’s service life. Firstly, the pad-disc contact area (and resulting heat input) is low in friction surface-bolted 

discs.  And this could greatly affect the distribution of temperature (Deressa & Ambie, 2022), stress (Deressa & 

Ambie, 2023), and fatigue life in a significant manner. Secondly, the presence or absence of bolt holes on the 
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friction surface could significantly influence the development of stress and crack initiation site (X Xie et al., 

2021). And finally, the variation in mass could affect the specific heat capacity of the disc. So, to evaluate better 

disc geometry from both, further investigation with better FE model is mandatory.   

 
Fig. 1: Axle mount disc brake designs: (a) friction surface-bolted [camera view from AALRT] (b) hub-bolted 

(Jiang et al., 2019) 

In contrast, the pad and disc contact area vary depending on pad geometries. And, the variations in contact 

geometry due to pad types substantially affect the spatial distribution of temperature (Nong et al., 2011). Although 

various types of pad geometries were seen in the literature, they are mainly classified into two groups: composite 

and sintered pads. Composite pads are further classified based on their grooves’ number and position. The 

positions of grooves are seen as radial (Yevtushenko et al., 2021), tangential (Belhocine et al., 2016), or both 

(Benseddiq et al., 1996). Besides, composite pads may have no groove  (Kim et al., 2008), one radial groove 

((Belhocine  et al., 2016) and Fig. 4.b), two radial grooves (Benhassine et al., 2019), and a maximum of four 

grooves (Goo, 2018). On the other hand,  sintered pads are the same in number (18), but vary based on their pin 

geometries, such as circular, hexagonal, and triangular (Jiguang & Fei, 2015). Hence implementation of reliable 

FE model in selecting the best geometry plays essential role in design, manufacturing and preventive maintenance 

of the disc brake. 

Recent evidence (Table 1) suggests that optimum geometry selection was conducted through modeling pad 

structures (Benseddiq et al., 1996; Nong et al., 2011; Jiguang & Fei, 2015). Besides, it was seen performed by 

geometries around the disc hub (Tirovic & Ali, 2001), hub-disc junction geometry (Tirovic & Sarwar, 2004), the 

holes around the bolt area (Šamec et al., 2011), disc wall thickness (Luo & Zuo, 2014), and the location and shape 

of the pillared fins (Grivc et al., 2019).  

FE Axisymmetric model is shown as the most widely implemented method in optimum disc and pad geometry 

selection (Table  1), while uncoupled thermomechanical method is reported rarely used. Because, computational 

problems (convergence, computational time) have been easily improved, in the former, and not in the latter model 

(Deressa & Ambie, 2021). Although the disc brake is a three-dimensional model, axisymmetric model assumes 

the disc as a two-dimensional geometry (Tang et al., 2018). Consequently, previous studies have suffered from 

shortcomings in managing spatial (radial and tangential) variation of heat input and boundary conditions (Deressa 

& Ambie, 2021).  

For most of the study, optimum geometry was measured by temperature evolution (Luo & Zuo, 2014), or 

stress and axial deflection (Tirovic & Sarwar, 2004) (Šamec, Oder, et al., 2011). Nonetheless, the optimum 

geometry in temperature doesn’t mean optimum in every aspect. As the maximum temperature and stress 

developed appeared at different braking times and locations (Oder et al., 2011), any design must be checked for 

both parameters before being accepted as optimum. Since the maximum stress might be observed at lower 

temperatures (Oder et al., 2011), geometric design with lower temperatures doesn’t mean an acceptable design in 

structural analysis (stress). Therefore, optimum geometry selection made on only temperature value in any design 

is not guaranteed in thermal stress and might cause fatigue crack initiation. 
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Table 1. Disc and pad geometries and implemented models 

Studied area Studied Geometry Results 
Authors & 

Models 

Optimum pads geometry 

study: composite 

Pad backplate 

thickness and pad 

groove numbers 

Lower temperature was seen registered 

for the higher number of pad grooves 

(Benseddiq et 

al., 1996)UTM 

Structure-function dev’t for 

sintered pads geometry 

Pads number and 

distribution 

12 cylindrical shapes revealed lowest 

temperature and stress distribution 

(Nong et al., 

2011)A 

Better geometry selection 

from 5 candidate sintered pad 

designs 

Number, shape, 

size, distribution 

Minimum and thermal stress reported 

for triangular pad with 10 numbers of 

blocks 

(Jiguang & 

Fei, 2015)A 

Disc geometry development 

Wheel mounted 

disc design 

selection 

Disc with two full rings, hubs- bolted to 

a wheel was developed 

(Tirovic, 

1998)A 

Disc hub design development 
Disc hub for wheel 

mounted disc 

Flexible/ fingered hub disc design was 

proposed 

(Tirovic & 

Ali, 2001)A 

Optimum geometry selected 

from 30 different disc 

designs 

Wheel hub 

dimensions varied 

Model No.22 was the best balance of 

hub stresses and disc deflection 

(Tirovic & 

Sarwar, 

2004)UTM 

Disc brake temperature and 

stress analysis 

Bolt hole 

geometry 

New disk geometry around bolt 

mounting holes was proposed 

(Samec, 

Oder, et al., 

2011)A 

Disc heat transfer study 
Disc wall 

thickness 
30% improvement in heat transfer 

(Luo & Zuo, 

2014)A 

Optimization of brake disc 

crown from 280 fins 

The location and 

shape of the fins 
A 21% in mass reduction 

(Grivc et al., 

2019) 
A Axisymmetric; UTM Uncoupled thermomechanical 

On the other hand, the disc brakes’ required material properties are identified as lower density, lower thermal 

expansion coefficient, higher thermal conductivity, higher specific heat capacity, higher tensile and compressive 

strength, and stable friction coefficient (Maleque et al., 2010). Based on these properties, selecting the optimum 

material is not an easy task, because no material exists that can fulfill all the required properties.  

To investigate the relations between materials type and their application in various speed ranges, the study of 

(Günay et al., 2020) recommends cast steel and ceramic composites for speeds more than 400 kph. Meanwhile, 

cast iron and aluminum are implemented for low-speed trains (less than 200 kph). Besides, by implementing 

moving heat source FE model, (Mahmoudi et al., 2015) was reported that using functional graded material (FGM) 

instead of ductile cast iron improved the safety factor by 59%, while the Al 359 material reported to fall in between 

the two. In similar way, disc brake materials were investigated on composite (FGM (Bayat et al., 2019), SiC3D/Al 

alloy (Nong et al., 2017), SiC/7075Al (Yu et al., 2012)). However, according to the review conducted by the 

authors (Deressa & Ambie, 2021), the models implemented were failed to address spatial variations of heat input 

and boundary conditions. Besides, convergence problem and simulation time explosions were another challenge 

observed.  

An addition, there has been little agreement on the use of cast iron material families, in rolling stock disc brake, 

based on the shape of the graphite: flake graphite cast iron (FGI) (Samec et al., 2011), spheroidal graphite cast 

iron (SGI) (Mahmoudi et al., 2015) and compact graphite cast iron  (CGI) (Lim & Goo, 2011). This is due to 

conflicting interest between thermal and mechanical properties, in service life improvement. Wang et al., 2022, 

for example, found a contradictory relationship between tensile strength and thermal conductivity of cast irons. 

On the one hand, FGI has the highest thermal performance (due to its thermal conductivity owing to its graphite 

shape (ASM, 2005)). Next, CGI has better thermal performance than ductile cast iron (ASM, 2005). In this case, 

FGI is expected to be the best material. On the other hand, the reverse was reported true in tensile stress, displayed 

FGI as the lowest, SGI as the highest, and CGI as intermediate (ASM, 2005). Eventually, SGI seems the best 
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material in advancing disc service life. Still debate continues about the best material for disc brakes, from the cast 

iron families. And this attracts the attention of the researchers, in developing and implementing reliable FE model. 

Besides, the preceding literature also revealed inconsistent findings about the thermal fatigue resistance of cast 

iron families. (Lee, 1995) and (Lee, 1991) showed that CGI provides better thermal fatigue resistance compared 

to FGI. On the contrary, (Fredriksson et al., 1988) uncovered that FGI has better resistance to thermal fatigue. 

The contradictory conclusion of the above studies can be explained by the complex thermal fatigue behavior and 

inhomogeneous structure of cast iron. Hence, there is a surprising paucity of evidence-based scientific literature 

describing the best material for disc brakes, which require the implementation of reliable FE model. 

Based on this foundation, the authors developed the NAMHS model for temperature (Deressa & Ambie, 2022) 

and stress and life analysis (Deressa & Ambie, 2023). The model was reported successful in managing spatial 

variation of failure symptoms: temperature, stress, crack initiation sites and disc service life. Nonetheless, what 

is not yet clear is the extent to which the model contributes to geometry and material selection remains unknown. 

Hence, this study is to extend the previous investigations (Deressa & Ambie, 2022;Deressa & Ambie, 2023), with 

the main objective of assessing the implementation of the NAMHS model in disc material and geometry selection, 

and pad geometry selection. Besides, optimum geometry and material is also selected  

To achieve this objective the study is organized in to five sections. The second section introduces the methods 

of investigation. And thermal and mechanical material properties are summarized in the third section. Then, 

results and discussions are elaborated in section four. At the end, the fifth section presents conclusions and 

recommendations. 

2. MATERIALS AND METHODS 

2.1. Data Collection 

A methodology followed in this study implements both primary and secondary data. The primary data (disc 

geometry and braking conditions) are collected from AALRT. The actual measurement of disc geometry is 

conducted carefully by a stainless steel digital vernier caliper, having a measuring range of 0-150mm, within the 

accuracy of  +/- 0.02 mm. GVC-15KD M-type standard slide caliper is also employed in parallel (Fig. 2). Besides, 

the operation and maintenance manual of AALRT (AALRT, 2013)  is crosschecked with measured geometry 

parameters for the accuracy of measured dimensions. And then, the secondary data collection (review) is 

accomplished by preferred reporting items for systematic reviews and meta-analyses (PRISMA) statements 

(Deressa & Ambie, 2021). Particularly, in the areas of optimum material and geometry selections, candidate 

materials’ thermomechanical properties and geometry types are extracted from the literature. This kind of method 

is also utilized in other investigations (Grzes et al., 2016; Sokolska & Sokolski, 2019). Once all the braking 

parameters and conditions are extracted, the empirical equations are employed in calculating heat flux and 

boundary conditions, which is presented in (Deressa & Ambie, 2022)and (Deressa & Ambie, 2023). The NAMHS 

model applicability for other research areas is tested in two ways: applicability in optimum material and geometry 

selection.  

 
Fig. 2 Disc and pad dimensional data extractions at AALRT (a) pad (b) disc 
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2.2 Candidate Geometries Selection 

The novelty of the NAMHS model encircles around the spatial variation of heat input on the friction surface 

(Deressa & Ambie, 2022). Consequently, the hub-bolted and friction surface-bolted type discs are purposefully 

selected, due to three reasons:  contact area, mass and stress concentration area variations. These parameters have 

a significant impact on the spatial distribution of temperature, stress, and fatigue life. In fact, it has been observed 

that these effects may not be insignificant and could even dominate over other factors (Duzgun, 2012). It is 

impossible to judge optimum disc geometry from the two, before conducting thermomechanical analysis. Firstly, 

the reduction in mass on the friction surface-bolted disc may be counterbalanced by the removal of reinforcing 

structures around the fins in the hub-bolted disc (Fig. 3). Secondly, the presence or the absence of bolt holes on 

the friction surface may affect the temperature and stress evolution, positively or negatively. 

 

Fig. 3 Disc geometry: (a) Friction surface-bolted and (b) hub-bolted  

Due to the unavailability of the hub-bolted disc on AALRT, hub-bolted type design is employed by modifying 

surface-bolted disc on AALRT trailer bogie (Fig. 3.b), by removing the bolt holes from the friction surface, 

reinforcing structures around holes from the fins side. But key dimensions are preserved, such as the internal 

radius, external radius, and thickness (Deressa & Ambie, 2023). 

Similarly, it is required to assess the effectiveness of the NAMHS model algorithm in handling the optimum 

geometry selection of the pads. To do so, only composite pad designs are purposefully selected, as it is 

representative of all pad geometry designs. Besides, this selection of pad geometry candidates are based on the 

types of pad geometry found in AALRT: two radial groove without a tangential groove (Fig. 4. a) and one radial 

grooves without a tangential groove (Fig. 4. b). For each of these basic geometries, tangential grooves are varied 

from 0 (no tangential groove) to two. For these pad geometries, the applied braking power is the same. But, heat 

flux varies, due to contact area variations. As the number of grooves rises in number (tangentially or radially), 

applied heat flux increases, due to the reduction of contact area (Deressa & Ambie, 2022).   In addition to varying 

heat application spatially, heat is removed from groove locations.  

 

Fig. 4 Damaged friction surface due to thermal stress: (a) two radial grooves, (b) one radial groove, (camera 

view from  AALRT)  
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As a result, a total of six pad groove geometries are presented as candidates from which the optimum is selected 

(Table 2). Since the main objective here is to evaluate the NAMHS model in selecting optimum geometry, 

increasing additional numbers of grooves (tangentially or radially) might appear not to alter the conclusion drawn 

here based on selected geometries. Further diversification of the pad geometry is beyond the scope of the study, 

and cannot disprove the conclusion arrived on the selected geometry.  

Table 2. Composite pad geometry variations 

Tangential groove  

variations 

Radial groove variations 

R1 R2 

T0 T0R1(AALRT pad) T0R2 (AALRT pad) 

T1 T1R1 T1R2 

T2 T2R1 T2R2 

Hence, to predict temperature and life at the design stage, and for preventive maintenance, better FE modeling 

is mandatory. This should be implemented for precise failure prediction by brake manufacturers at the design 

stage, for timely response in preventive maintenance by maintenance personnel, and for better safety of the whole 

railway stakeholders.  

2.3 Candidate Materials Selection 

Cast iron material families are purposefully selected to evaluate the efficiency of the NAMHS model in 

material selection. Firstly, AALRT is a low-speed train (70kph maximum speed). As a result, cast iron fits the 

scale of the speed according to the literature data (Günay et al., 2020), as well as according to technical data or 

maintenance manual of AALRT (AALRT, 2013). Secondly, there has been hot debate on the selection of 

optimum material from its families: FGI, CGI, SGI, which needs further investigation. Both thermal (density, 

specific heat capacity and thermal conductivity) and mechanical (young’s modulus, poison’s ratio, tensile stress, 

yield stress) material properties are carefully extracted from literatures, according to their chemical compositions 

and microstructures.  

2.4 FE Simulation 

ANSYS Parametric Design Language (APDL) implemented in (Deressa & Ambie, 2022)(Deressa & Ambie, 

2023) is utilized here for the simulation of temperature and stress. Simulation is conducted for emergency braking 

on the trailer bogie of AALRT. FE modeling in terms of meshing and boundary conditions are extracted from 

(Deressa & Ambie, 2022). And, braking conditions (speed, deceleration, braking time, mass) and non-linear 

martial properties are extracted from (Deressa & Ambie, 2023).  Moreover, only thermal analysis performed on 

hub-bolted disc seems enough to predict optimal pad geometry. Because, stress follows temperature footstep, 

according to stress and fatigue evaluations conducted in (Deressa & Ambie, 2023), and other studies also confirm 

this assumption (W. Nong et al., 2011). In addition, stress and fatigue life simulation for optimum material 

selection is conducted on friction surface-bolted disc design. 

Thermal and mechanical analyses are conducted, sequentially. Instead of calculating thermal fatigue life, stress 

ratio is used in this study. To generate a comparison ratio, Von Mise equivalent yield criteria is divided for 

materials’ yield stress (Eq. 1). Material with a lower stress ratio (<1) is assumed to have higher fatigue life, and 

vice versa. Temperature is extracted, in the first analysis, meanwhile, stress and stress ratio are taken from the 

structural analysis, as a comparison parameter. 

 
   

 
 

von Mise equivalent stress
Stress ratio

Yield stress
      (1) 

According to von Mise failure criteria, yield would occur when von Mise stress σe equals or exceeds yield 

stress σy, where σX, σY, σZ are component stress: circumferential, axial, and radial stresses (Eq. 2) (Budynas & 

Nisbett, 2014). When the yield stress is exceeded by the von Mises stress elastic-plastic damage is calculated 
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from plastic deformation. This type of failure criteria (Von Mise equivalent) has been widely utilized in disc 

brake failure analysis (Tirovic & Sarwar, 2004). 

      
1/2

2 2 2

2

X Y Y Z Z X

e y

     
 

     
  
 
 

 (2) 

 

Fig. 5 Flow of information in study methodology 

Based on the model developed, the data analysis, discussion, and interpretation have been made. The analysis 

of the research has been largely quantitative, which has been used to highlight patterns and make the analysis 

more robust, exploratory, or descriptive, summarizing data in the form of charts, tables, and ratio. Besides, Origin 

2018, is utilized in plotting diagrams of temperature, stress, and fatigue life. Finally, by combining the findings 

of the research with the related literature, ways forward have been proposed. Finally, Fig. 5 depicts the overview 

of the methodology flow diagram. 

2.5 The Input Thermal and Mechanical Material Properties  

The thermal conductivities of various grades of pearlitic cast iron family are taken from regressional modeling 

investigated by (Holmgren & Selin, 2010) for three graphite morphologies: Flake, compacted, and spheroidal 

(Fig. 6.a). And the validity of the predicted property is checked by the ASM international handbook material 

standard (ASM, 2005). It is revealed to fit the ASM standard within a maximum of 9%, 5%, and 7% variation at 

100˚C for flake, compacted, and spheroidal cast iron, respectively. 

For the specific heat capacity (Fig. 6.b), however, there is no validated unified empirical equation developed, 

to the best of the author’s knowledge. Hence literature value is taken from the ASM standard, except compacted 

graphite iron. And, for the compacted graphite iron, (Lim & Goo, 2011) presented specific heat capacity 

properties in disc brake material up to 300˚C, and interpolation is conducted for the remaining temperature. 

 

Pad and disc geometry 
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Disc material 
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NAMHS model 
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Fig. 6 (a) Thermal conductivity and (b) specific heat capacity of the candidate materials  

For flake graphite cast iron, all mechanical properties are extracted from grey cast iron investigated by Pevec 

et al. 2014 (Pevec et al., 2014) for disc brakes. Young’s modulus, yield strength, and thermal expansion coefficient 

are presented temperature dependent, and highlighted to fall as temperature rises for the first two properties (Fig. 

7). Similarly, chemical compositions of spheroidal cast iron used for railway brake discs are taken from tensile 

strength and low-cycle fatigue (LCF) behavior evaluations conducted by (Samec et al., 2011). 

 
Fig. 7 Mechanical properties: (a) Young’s modulus, (b) yield stress, (c) thermal expansion coefficient 

From the selected cast iron families in this study, coefficients of thermal expansion for disc brake material 

were reported only for compacted cast iron. Eventually, the ASM standard properties (ASM, 2005) are 

implemented for flake and spheroidal cast irons, according to their microstructure matrix (Fig. 7.c).   

Finally, compacted cast iron is taken from its development as a railway vehicle disc brake by Lim and Goo 

2011 (Lim & Goo, 2011). From three compacted and conventional flake cast iron, material C was seen as the best 

in fatigue life. Its thermal expansion coefficient is directly implemented in this study (Fig. 7.c). However, since 

al l mechanical properties were not presented in detail, reviewing further literature seems mandatory. The 

investigated compacted iron material by (Lim & Goo, 2011) has a tensile strength of 445.4 MPa, more similar to 

the international standard grade of GJV 450, from five grades of ISO 16112 international standard (ISO 16112, 

2006). The chemical composition of the studied material also resides within the ranges specified by ISO 16112 

for GJV 450 compacted cast iron. So we could have, Young’s modulus and yield stress presented in Fig. 7.a-b 

Moreover, Poisson’s ratio is taken 0.3, and kept constant despite variations in microstructure and temperature, 

which is also found in the investigation of (Seifert & Riedel, 2010) on cast iron families' material development. 

Besides, the density of cast iron materials did not seen vary with temperature, and has been observed to have 

similar values of 7200 kg/m3 (Duzgun, 2012), 7125 kg/m3(Sintercast, n.d.), and 7100 kg/m3 (Biswas et al., 2016)  

for flake, compacted and spheroidal, respectively.  
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To sum up, both mechanical/strength properties and thermal properties of candidate materials revealed 

conflicting interests in improving stress and fatigue life. Because thermal performance is observed to increase 

from spheroidal to flake graphite iron (Fig. 6). In contrast, strength or mechanical performance is displayed to 

decrease from spheroidal to flake graphite iron (Fig. 7). Compacted graphite iron is shown intermediate 

performance in either case. On the other hand, it has the poorest thermal expansion coefficient (Fig. 7.c). 

Therefore, thermal stress analysis with the NAMHAS model is tested to reveals the optimum material for railway 

vehicles' disc brakes. 

3. RESULTS AND DISCUSSIONS  

Two-dimensional graphs of friction surface temperature are presented by NAMHS for temperature and von 

Mise stress. In addition, contour plots from ANSYS are also reported as additional evidence for spatial variation 

of temperature and stress. Only thermal analysis and corresponding temperature are observed for pad geometries. 

Meanwhile, both thermal and mechanical analyses are conducted for material selection.  

3.1 Pad Geometry Investigations  

The first set of questions aimed to investigate the applicability of the NAMHS model algorithm is its handling 

spatial variation of heat and boundary conditions due to pad geometry. The analysis is performed for emergency 

braking of AALRT trailer bogie, with modified geometry. And, the spatial and contour results are extracted at 

the time when the maximum temperature is recorded, which is 3.5 sec.  

As is apparent from Fig. 8 a and c, the rise in the tangential groove from 0 (T0R1) to 2 (T2R1) demonstrates 

the reduction in temperature by 12.5˚C, for constant one radial groove. Besides, for the constant radial groove of 

two, the rise in the tangential groove from 0 (T0R2) to 2 (T2R2) uncovers the fall of temperature by 17˚C, as 

illustrated in Fig. 9 a and d, respectively.The contour plot is displayed in Fig. 10. a-f witnesses these findings.  

 
Fig. 8 Maximum temperature distribution for tangential groove variation with one radial groove: (a) T0R1, (b) 

T1R1, (c) T2R1 

Based on these findings, it is reasonable to infer that the number of tangential grooves has more influence at a 

higher number of radial grooves. And the effect of radial groove is not seen significant, as in the case of tangential 

groove, which is clearly seen from its enlarged, rotated and tilted plot displayed in Fig. 9 b for T0R2. Another 

interesting aspect of this graph is the effect of the rising radial groove when the tangential groove is kept constant. 

It is observed that the temperature slightly rises (3˚C) with the increase of radial groove from 1-2 when there is 

no tangential groove. This is evident by comparing the results displayed in Fig. 8 a and Fig. 9 a. 

Likewise, the maximum temperature is raised by 5 ̊ C when one tangential groove is utilized with radial groove 

variation from 1-2 (Fig. 8 b and Fig. 9 c). Contrary to these expectations, the maximum temperature is seen to 

drop by 1.5 ˚C when the radial groove is raised from 1 to 2, for 2 tangential grooves (2T2R) Fig. 8 c & Fig. 9 d. 

But this is not surprising, as the tangential groove’s impact in reducing temperature is significant at its higher 

number. This implies the temperature-rising capability of the radial groove is counterbalanced by the temperature 

temperature-reducing effect of the tangential groove. These findings suggested that the presence of a higher 

number of radial grooves in pad design geometry is not encouraged, as it increases friction surface temperature. 
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Fig. 9 Maximum temperature distribution for tangential groove variation with two radial grooves: (a) T0R2, (b) 

T0R2 (enlarged), (c) T1R2, (d) T2R2 

The lack of radial grooves in many pad geometries supports this finding (Kim et al., 2008). Even if available, 

the limitation of its maximum number to one (Yevtushenko et al., 2021) or two in AALRT (Fig. 4.a) agrees with 

this study. Moreover, Benseddiq et al. 1996 (Benseddiq et al., 1996) reported a reduction in temperature from 

1136 to 600°C by varying tangential grooves from 1 to 4.  

The finding reported in this study could eventually lead to recommendations for the implementation of the 

NAMHS model as a broadly applicable approach that can be used in selecting optimum pad geometry selection 

that could reduce friction surface temperature. The approach presented in the NAMHS model algorithm is seen 

as suitable for handling spatial heat variation due to pad geometries. 

3.2 Temperature Results of the Candidate Materials 

To demonstrate the NAMHS based optimum material, three critical analysis times are selected: braking time 

at maximum results (3.8574 sec), end of the braking time (8.2071 sec), and the end of the cooling time (184.2 

sec). As can be seen from Table 3, temperature, von Mise stress, and stress ratio are presented for all candidate 

materials at these critical times. Yield stress at the corresponding time and temperature is calculated from Fig. 

7.b by interpolation. Besides, these results are compatible with spatial and contour plots displayed on figures Fig. 

12. c-d and Fig. 13. c-d. 

From the data in Table 3Table  and Fig. 11, it is apparent that the temperature is presented higher in SGI, CGI, 

and FGI, in reducing order, at maximum and end braking time. But this is not surprising, as it can be predicted 
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easily from thermal properties (Fig. 6). FGI has shown the best thermal performance, as it displays lower 

temperatures. The same argument is put forward for the remaining materials. Nonetheless, what stands out in this 

thermal analysis is the rate at which temperature is removed is interestingly higher in SGI, followed by CGI and 

FGI. This means the temperature is found to drop by 299.15 ᵒC, 228.7 ᵒC, and 183.8 ᵒC respectively in SGI, CGI, 

and FGI, between cooling time and maximum temperature time (within 180.3426 sec).  

One possible explanation for this result might be thermal diffusivity α (m2/s), another significant thermal 

property (Eq. 3). It is the capability of a material to conduct thermal energy compared to its capability to store 

thermal energy (Budynas & Nisbett, 2014). Materials of higher α will reply quickly to variation in temperature 

through conduction, while materials of lower α will respond more sluggishly (taking a longer time to reach a new 

equilibrium condition, Fig. 11. b). 

Eventually, for SGI (material with lowest α), the temperature is concentrated (accumulated) on the friction 

surface and no further rise in temperature is expected in disc thickness, for the whole braking time. This is due to 

its poor thermal diffusivity α. As braking time (8.2071sec) is completed, convective heat dissipation is applied as 

a boundary condition on the friction surface (where a higher temperature is found). Consequently, SGI has a 

higher opportunity to dissipate heat, compared to other candidate materials (FGI, CGI) where temperature is 

distributed in disc thickness, and no further opportunity to dissipate heat to the atmosphere. 

Furthermore, a higher reduction in temperature is also observed between the braking time at maximum results 

and end braking time (within time variation of 4.3497 sec) for SGI and CGI with a magnitude of 141.2 ᵒC and 

110.5 ᵒC, respectively, compared to FGI (88.5 ᵒC). Likewise, the same possible explanation could be proposed 

for this result is the removal of friction surface concentrated temperature by convection during braking at the 

location where heat flux is removed (Fig. 12 a-d).  

 
Fig. 10 Friction surface temperature: (a) T0R1, (b) T1R1, (c) T2R1, (d) T0R2, (e) T1R2, (f) T2R2 

This result suggests that SGI responds more quickly to friction surface heat spatial variation, followed by CGI 

and FGI. Hence, it could conceivably be hypothesized that the NAMHS model algorithm spatial variation of heat 

and boundary condition is more suitable for SGI, followed by CGI and FGI. Application of other traditional 

methods, like the axisymmetric model couldn’t provide these results, because of incapability in varying heat and 

boundary conditions spatially on the friction surface.  

Friction surface temperature spatial variation is presented for CGI and SGI at maximum temperature (3.8574 

sec), radially, and circumferentially (Fig. 12 a-b). Besides, the contour plot is depicted for the original disc 

geometry for both materials (Fig. 12 c-d), and presented in Table 3 for FGI. For these presented results, the heat 

source is rotating counterclockwise and found within 78ᵒ to 128ᵒ. 



 

 

Adama Science and Technology University                                             75                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

Table 3. Temperature, Von Mise Stress, and Stress ratio of candidate materials at different times 

Candidate 

materials 
Comparison Parameters 

Braking and cooling times (seconds) 

3.8574 sec 8.2071 sec 184.2 sec 

 Temperature (ᵒC) 246.5 158 62.7 

FGI Von Mise Stress (MPa) 424 482 216 

 Yield stress (MPa) 211.95 223.11 235.12 

 Stress ratio 2 2.16 0.92 

     

 Temperature (ᵒC) 287 176.5 58.3 

CGI Von Mise Stress (MPa) 620 710 280 

 Yield stress (MPa) 241.3 252.35 271.12 

 Stress ratio 2.57 2.81 1.03 

     

 Temperature (ᵒC) 358.7 217.5 59.55 

SGI Von Mise Stress (MPa) 872 1050 337 

 Yield stress (MPa) 268.91 327.93 362.27 

 Stress ratio 3.24 3.20 0.93 

 

 
d

d d

k

c



  3 

This observation may support the hypothesis that SGI should be utilized in repeated braking where enough 

cooling time is available between consecutive braking. Whereas FGI seems better in braking conditions with 

lower cooling time observed, including long braking time and drag or continuous braking. CGI is highlighted 

intermediate between these two extreme results. 

 
Fig. 11 Candidate materials (a) temperature variation, (b) thermal diffusivity (c) stress ratio 

3.3 Stress and Stress Ratio Results of the Candidate Materials 

The next section of the NAMHS’ study is concerned with stress and its ratio, where the exact comparison of 

the materials is revealed. Because the contribution of both opposing thermal and mechanical properties in service 

life evaluation is clearly seen. To do so, stress spatial variation is illustrated in Fig. 13 for CGI and SGI at the end 

time of braking. For the remaining braking and cooling times, and for the FGI material, still Table  is utilized. 

It can be seen from the data in Table  and Fig. 13 that stress is higher in  SGI, at any braking and cooling time, 

followed by CGI and FGI. These relationships may fully be explained by their corresponding thermal 

performance. 
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Spatial variation of stress result is shown fully dominated by disc geometry (holes), compared to the other 

factors contributing to spatial variations. This is manifested on nodes around bolt holes, due to their proximity to 

constrained boundary conditions (ux=xy=uz=0) and stress concentrations at sharp edges. These nodes are 

displayed in Fig. 13 every 60ᵒ, starting from 0ᵒ to 360ᵒ.   

      

   
Fig. 12 Spatial maximum temperature (3.8574 sec) distribution: CGI (a,c) and SGI (b,d) 

Eventually, stress at these nodes is illustrated as high as 710 MPa and 1050 MPa in CGI and SGI, respectively 

(Fig. 13 a-b). Despite that, the contour plot displayed in Fig. 13 c-d, unfortunately, reported higher results, 926 

MPa and 1320 MPa for CGI and SGI, respectively. This inconsistency is due to the inclusion of nodes residing 

in the holes (and far from the friction surface), where extensive stress is reported due to constrained boundary 

conditions. 

But, to decide in which material the crack is early initiated is based on comparison with their respective yield 

stress, through stress ratio (Eq. 1) presented in Fig. 14. Firstly, the yield stress is extracted from mechanical 

properties presented in Fig. 7.b by interpolation at reported temperature values in Table . And then stress ratio is 

calculated and presented for friction surface nodes of FGI, CGI and SGI at the end of braking and cooling times 

(Fig. 14).  
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Fig. 13 End braking von Mise stress CGI (a,c), SGI (b,d) station 3 

And finally, the stress ratio is summarized and presented in Fig. 11. c for all materials. According to this 

Figure, we can infer that FGI material is seen as the optimum material throughout braking time. This might seem 

due to the contribution of its lower Young’s modulus and its higher thermal diffusivity (Fredriksson et al., 1988). 

Nonetheless, this trend is seen overtaken by SGI before 150 sec (within the cooling period). And if cooling time 

is continued beyond 184 sec, SGI might overtake FGI. This observation may support the hypothesis that the rate 

of concentrated heat removal is high from the SGI friction surface. And this concentrated heat is appeared due to 

its poor thermal diffusivity.  

Eventually, during and when braking is completed, friction surface with high heat is exposed to convective 

boundary conditions, leading to a steep reduction in stress ratio (Fig. 11.c). It can thus be suggested that SGI is 

the optimum material whenever excess cooling time is allowed, and followed by CGI.  

On the other hand, CGI is not shown to overpass FGI, at the end of cooling time. This result may be explained 

by the fact that it has a higher thermal expansion coefficient, which could reduce thermal stress and fatigue 

(Fredriksson et al., 1988). Therefore, this finding adds to a growing body of evidence that suggests FGI material 

for drag and long braking time. This type of braking is implemented to maintain constant braking on downhill 

driving. Besides, these results suggest SGI and CGI for short braking time with long cooling time. This type of 

braking is observed in emergency braking and frequent or repeated braking stations of light rail transit, including 

AALRT. 

Fredriksson et al. (1988) reported that FGI has better thermal fatigue compared to CGI as well as SGI, in spite 

of its lower rupture stress. Besides, it was reported that its lower elasticity modulus and its higher heat diffusivity 

contributed to its success in thermal fatigue. Although their study is in good agreement with this investigation 

during braking time, they disregarded the effect of convective heat dissipation during cooling time, in which SGI 

might seem optimum. Furthermore, the disc brake optimum material section was also investigated by 2006 

(Sakamoto & Hirakawa, 2006) among different types of steel and cast iron materials. 
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Fig. 14 Spatial stress ratios at end of braking (a,c,e) and cooling (b,d,f) for FGI (a-b), CGI (c-d) and SGI (e-f) 

4. CONCLUSION AND RECOMMENDATIONS 

The NAMHS model is assessed in optimum pad geometry selections, based on the number and orientation of 

grooves on the pad friction surface. Thermal analysis is conducted for emergency braking of trailer bogie on 

AALRT, and the key findings are (1) The NAMHS model algorithm has proven to be a successful method for 

accurately and efficiently identifying the optimal pad geometry through thermal analysis; (2) Increasing the 

number of tangential grooves has a greater impact on reducing temperature compared to increasing the number 
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of radial grooves; (3) Encouraging a higher number of radial grooves in pad design geometry is not advisable, as 

it leads to an increase in friction surface temperature. 

Implementation of the NAMHS model in optimum material selection is also conducted for three cast iron 

material families having an application in a disc brake. Thermal and mechanical analysis are performed 

sequentially, resulting in temperature, stress, and stress ratio as comparison parameters. Thermal fatigue is 

evaluated indirectly by the stress ratio presented as the ratio of von Mise equivalent stress and materials’ yield 

stress. The main findings are: 

 The NAMHS model algorithm is observed successful model in identifying the optimum disc material.  

 Optimum material selection is based on the length of the cooling and braking time ranges 

 In lower braking and cooling time, optimum material is presented in reducing order as follows: FGI, CGI, 

SGI. Whenever sufficient cooling time is provided between braking frequencies, the selection of optimum 

material in decreasing order is presented in reversed order as SGI, CGI, and FGI. 

 The concentration of maximum temperature on the friction surface, due to poor thermal diffusivity revealed 

a greater chance to dissipate heat by convection in SGI, followed by CGI and FGI. 

 NAMHS' capability in providing convective coefficient and heat flux simultaneously on friction surface 

served the SGI more, compared to other materials, according to their maximum surface temperature 

 Thermal conductivity, thermal expansion coefficients, Young’s modulus, and yield stress are identified to 

affect stress and fatigue life 

This study is focused on thermal and mechanical properties variation, in determining the temperature, stress, 

and stress ratio of the materials. But, many of the properties important for thermal fatigue are influenced by 

chemical composition, type of matrix, shape, morphology, and fraction of the graphite in cast iron families. 

Hence, recommendations for future studies should include these parameters accompanied by the NAMHS model, 

for better selection of optimum materials for rail vehicles disc brake. 

LIST IF SYMBOLS 

σe Mise equivalent stress (MPa) 

σy Yield stress (MPa) 

σX Circumferential stresses (MPa) 

σY Axial stresses (MPa) 

σZ Radial stresses (MPa) 

α Thermal diffusivity (m2/s), 

kd Thermal conductivity of the disc (W/mᵒC) 

ρd Density of the disc (kg/m3) 

Cd Specific heat capacity of the disc (J/kgᵒC) 

ABBREVIATIONS  

FE Finite element 

NAMHS Non-axisymmetric moving heat source  

FGM Functional graded material  

FGI Flake graphite cast iron  

SGI Spheroidal graphite cast iron  

CGI Compact graphite cast iron   

PRISMA Preferred reporting items for systematic reviews and meta-analyses 

AALRT Addis Ababa light rail transit 

APDL ANSYS Parametric Design Language 

LCF Low-cycle fatigue  

TiRj i=tangential groove variation (0-2), j=Radial groove variation (1-2) 
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ABSTRACT 

Bioactive glass (BG) is one of the most remarkable biomaterials in the field of biomedical applications due to owing 

properties such as, bioactivity, biodegradability, biocompatibility and etc., which mainly used for the applications of bone 

implants, dermal fillers and drug releasing carriers. Bioactive glass materials which contain pores spherical structure are 

the most predominant materials in the field of biomedical applications due to owing its superior properties such as, large 

porosity, higher specific surface area and possible applications for bone implants, sealing materials in dentistry and drug 

releasing carriers. Here we report an easily controllable continuous method to produce pores spherical bioactive glasses 

(PSBGs) microspheres. We used poly (ethylene glycol) (PEG), to produce pores spherical bioactive glasses (PSBGs) with 

controlled internal morphology using a spray pyrolysis method. Surface morphologies and inner structures of all bioactive 

glass (BG) powders were examined by scanning electron microscopy and transmission electron microscopy, respectively. In 

addition, the in vitro bioactivity was examined by SEM after soaking in stimulated body fluid (SBF). The in vitro bioactivity 

of BG powders was determined by evaluating their apatite-forming ability in simulated body fluid (SBF). The results showed 

that PSBGs possessed the better hydroxyapatite-forming capacity than SBGs. Therefore, the PSBG’s have better in vitro 

bioactivity ability is critical for future tissue engineering development. 

Keywords: bioactive glasses, electron microscopy, pores particles, spray pyrolysis 

1. INTRODUCTION 

Over last few decades’ bioactive glasses (BGs) have received special attention in the applications of bone 

tissue, drug delivery, tooth implants, and dermal fillers (Bo Lei et al., 2011; Lei et al., 2010). Particularly, due to 

its own superior properties such as, bioactivity, biodegradability, biocompatibility, and osteoconductivity, which 

stimulate new tissue growth which is similar compositions with in the main inorganic components of human 

bones (Bakare et al., 2019; Bellucci et al., 2019; Hadush et al., 2019; Kaya & Boccaccini, 2018). Among these 

properties, the bioactivity have been received special attention extensively to enhance BG’s performance (Wu & 

Chang, 2012). Then, to increase the formation of hydroxyl apatite (HA) factors such as composition, surface area 

and morphology were the main factors. It is well known that BG has the capability to form hydroxyl apatite (HA) 

layers once immersed in simulated body fluid (SBF), and the formation of HA is influenced by factors such as 

compositions (Hench, 2006; Xia & Chang, 2008) and surface areas (Mackovic et al., 2012). 

Recently, in the fields of tissue reconstruction, designing biomaterials with multifunctional properties such as 

injectability, drugs delivery and bioactivity, is one of the most challenging goals (Kretlow et al., 2007; 

Rottensteiner et al., 2014). To the minimally invasive nature, injectable delivery systems in the fields of drug 

delivery and tissue engineering, and can fill tissue effects of irregular shape in bone regeneration (Paul & Sharma, 

1999). To obtain injectable BGs, the flowability properties of particles are important to be extruded easily by a 

syringe. To enhanced the flowability properties of micrometer spheres make it easier to extrude BGs particles 

than irregularly shaped BGs particles (Paul & Sharma, 1999). As compared to irregularly shaped particles, the 

spherical morphology facilitates procedures of bone tissue regeneration, optimizes drug release and minimizes 

inflammatory reactions (Xu, Lei, & Yu, 2019). Then, to overcome those limitations and improve bioactivity of 

BGs particles, hollow spherical bioactive glasses particles have attracted, due to owing superior properties such 

as, higher specific surface area, lower density and large porosity (Sharma et al., 2015). Therefore, the BGs with 

hollow spherical particle is critical for future tissue engineering development. So far, several methods have been 

made to synthesize BG nanoparticles, such as sol-gel, spray drying and spray pyrolysis methods. However, little 

attention has been paid to synthesis of hollow spherical BG particles, which would be expected to improve their 
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bioactivity. In this study, we introduce an easy, economical, continuous, and controllable method of preparing 

hollow spherical bioactive glass using spray pyrolysis method in which the internal morphology of the bioactive 

glass is controlled using PEG (Ningsih et al., 2021; Shih et al., 2013). 

In this work, the SP process was used for the preparation of both solid and pores spherical BG powder, in 

which PEG were used as pore-forming agent. The resulting powders were characterized by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM) and the nitrogen adsorption/desorption method 

(Brunauer-Emmett-Teller (BET) method), for the observation of surface morphology, inner structure and the 

specific surface area, respectively.  

2. MATERIALS AND METHODS 

2.1. Powder Preparation  

Two BG powders were synthesized using SP. Initially, BG precursors without pore forming agent were 

prepared using, Tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 99.9wt%, Showa, Japan), calcium nitrate 

tetrahydrate (CN, Ca(NO3)2•4H2O, 98.5wt%, Showa, Japan), and triethyl phosphate (TEP, (C2H5)3PO4, 

99.0wt%, Alfa Aesar, USA) were used as the sources for Si, Ca, and P, respectively. The precursor solution was 

prepared by mixing 37.49 g tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 99.9 wt %, Showa, Osaka, Japan), 25.50 

g calcium nitrate tetrahydrate (CN, Ca(NO3)2·4H2O, 98.5 wt %, Showa, Osaka, Japan), and 4.37 g triethyl 

phosphate (TEP, (C2H5)3PO4, 99 wt %, Alfa Aesar, Haverhill, MA, USA) into 60.00 g of ethanol with 1.60 g 

of 0.5 M HCl. Secondly, for PEG-derived BG particles, the precursor solutions were prepared by adding 

additional polyethylene glycol (PEG, 95.0 wt %, molecular weight of 600g/mol, Showa, Tokyo, Japan) Si, Ca, 

and P precursor mixture, were dissolved in 60.00g ethanol combined with 1.00g 0.5M HCl and stirred at room 

temperature for 24h to form the final precursor solution (Bakare et al., 2019).  

For the SP process, the precursor solution was dispersed into fine droplets using an ultrasonic nebulizer (King 

Ultrasonic Co., Taiwan) at a frequency of 1.65 MHz. The droplets went through the thermal treatments of 

preheating, calcining, and cooling in a tube furnace (D110, Dengyng, Taiwan) at 250 °C, 550 °C, and 350 °C, 

respectively. The surfaces of the particles were charged by electrons released from tungsten corona wire at high 

voltage (16kV). After that, the negative-charged powders were neutralized and condensed in an earthed stainless-

steel collection. In the SP process, the precursor solution was first atomized into small droplets while an air flow 

with a controlled flow rate carried the droplets into the heated tubular reactor with three heating zones of 200, 

550, and 350 oC. In the reactor the droplets undergo solvent evaporation, solute precipitation, and precursor 

decomposition to convert into oxide particles. The resulting particles were then collected by a cylindrical 

electrostatic collector with an applied high-voltage potential of 16 kV. 

2.2 Characterization 

The two precursors were characterized by TGA (TGA, Perkin-Elmer Model TGA-7) under nitrogen flow to 

examine the decomposition temperature, in which the heating rate was 20 OC/min. BET method was used to 

measure the specific surface areas of all BG specimens. The specimens were degassed under 200 °C for 3 h and 

were transferred onto a nitrogen adsorption/desorption device (Novatouch LX2, Quantachrome Instruments, FL, 

USA) which recorded the isotherms at −196 °C. In addition, surface morphology, and inner structure were carried 

out by scanning electron microscopy (SEM) and transmission electron microscopy (TEM), respectively. 

Furthermore, bioactivity was determined by immersing the powders in SBF and evaluating the HA formation. 

Finally, the formation mechanisms of hollow spherical particles were described. TEM powders were prepared by 

dispersing the particles in acetone using an ultrasonic bath for around 5 min, and then depositing a drop of 

suspension onto holey carbon film grids. The solvent on the carbon grids was evaporated at room temperature. 

3. RESULTS AND DISCUSSION   

3.1 Thermal Analysis for BG Precursors 

The TGA result of PEG, pure BG, and BG-derived PEG precursor were shown in Fig.1. As shown from Fig.1a, 

at ∼400 °C the sharp peak associated with mass loss for PEG in the particles. For pure BG precursors, as shown 
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in Fig.1b (inset 1) with the temperature ranges of ~50 to ~200 °C, and 550 to 800 °C can be attributed to 

dehydration, and formation of calcium oxide, respectively. In addition, Fig. 1b (inset 2) BG-derived PEG 

precursors showed that some PEG residues might be within particles, even at 400 °C temperature. The second 

mass loss stages at ∼550 °C which is associated with the decomposition of Ca(NO3)2, and there is no PEG 

remaining in the particles at this temperature. 

 

 
Fig. 1. The TGA data for the (a) PEG and (b) pure BG and BG-derived PEG precursors 

Table 1. The specific surface area and pore volume comparison of pure BG and BG derived-PEG 

Materials Specific surface area (m2g-1) Pore volume (cm3g-1) 

Pure BG 41.2+0.1 0.22+0.01 

BG derived- PEG 92.5+0.3 0.27+0.01 

The specific surface area and pore volume for BG derived-PEG powders are 92.5+0.3 and 0.27+0.01 

respectively, which are higher than those of pure BG (41.2+0.1 for specific surface area and 0.22+0.01 for pore 

volume) (Table 1). The surface morphology of both BG powders was observed using SEM images, as shown in 

Fig. 2. Fig. 2(a) shows that solid spherical BG powder were spherical and smooth surface morphology were 

obtained. Similarly, the SEM images of the BG derived-PEG powder also exhibited spherical and smooth surface 

morphology, as seen in Fig. 2(b).  
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Fig. 2. SEM images of (a) pure BG powder and (b) BG derived-PEG powder 

For the inner morphology, Fig. 3 shows the TEM images of both BG particles. For the pure BG powder 

shown in Fig. 3a, only the particles with continuous contrast were found, which indicates that there is no 

thickness variation within the particles. Thus, it can be recognized as a solid particle while Fig. 3b, within a 

hollow sphere that contains a single pore. In summary, by combining both SEM and TEM images, pure BG 

particles exhibit only one morphology of a solid sphere, whereas the BG derived-PEG particles exhibit of 

hollow structures. 

 
Fig. 3. TEM images of (a) solid BG particles and (b) hollow BG derived-PEG particles 

Furthermore, for the evaluations of in vitro bioactivity both BGs powder were carried out after immersing in SBF 

for 24h. Fig. 4, shows the SEM images of both BG powders after immersing in SBF for 24h. It can be seen from 

the images that the formation of needle shaped was observed on the surface of each BGs powder. As shown from 

Fig. 4, (inset) the Ca/P ratio were calculated from SEM-EDS spectra, and the higher Ca/P ratio were obtained for 

BG derived-PEG powders compared to pure BG powders which induces better invitro bioactivity formation 

(Bakare et al., 2019).  
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Fig. 4. SEM images of (a) pure BG powder and (b) BG derived-PEG powder after immersed in SBF for 12h 

Based on the SEM images of as-prepared BG powders shown in Fig. 2, it has been demonstrated that the 

particle morphology is spherical for both BG powders. This is due to the typical particle formation mechanism of 

spray pyrolysis method, similar to the “one-particle per-drop”(Ningsih et al., 2021). Moreover, it can be seen 

from the TEM prepared BG powders shown in Fig. 3 that pure BG powders exhibit solid whereas BG 

derived-PEG powders exhibit hollow structures. The mechanism of hollow particle formation is expected to be 

sequential PEG decomposition, BG particles precipitation. Furthermore, temperature increases which can lead to 

pyrolysis of the PEG core, leaving the only the BGs shell, as shown in Fig. 5. 

 
Fig. 5. The schematic diagram of the formation mechanism of the pure BG and BG derived -PEG powders 

4. CONCLUSIONS 

In this study, hollow spherical BG particles were successfully synthesized by spray pyrolysis. The results 

showed that by adding pore-forming agent PEG, hollow spherical BG particle’s structure were successfully 

formed within spray pyrolyzed BG nanoparticles. Compared to pure BG, BG derived-PEG powders hold the 

larger specific surface area and pore volume and performed an enhanced deposition rate of HCA layer. Thus, it 

can be concluded that BGs with hollow spherical particle is critical for future tissue engineering development. At 

last, the result also showed a simple method to control the surface reactivity and apatite-forming bioactivity of 

bioactive glasses for their efficient applications in bone tissue regeneration. 
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ABSTRACT 

The main goal of this study was to evaluate the performance of the biomass gasifier stove used to bake injera using 

Eucalyptus Globulus wood fuel as a feedstock. Its performance was affected by the wood fuel's physical and thermal 

properties; like particle size, biochar yield, burning rate, syngas composition, and tar content. The height and diameter of 

the designed gasifier stove were settled to be 50 cm and 40cm, respectively. The gasifier stove's temperature range for 

gasification was 657 to 840°C at 100% grate opening. Standard Control Cooking Test procedures were used to evaluate the 

gasifier stove's performance. The regression analysis was performed by using IDM SPSS software. The largest increase in 

biochar yield (12% to 19.8%) was obtained by varying biomass particle size from 8 to 30 mm; however, larger particles also 

triggered tar generation, which peaked at 93g/m3 syngas at 30-mm biomass particles; in contrast, the hydrogen content and 

CO composition in syngas was at its lowest at this condition, 2.89% and 11.82%, respectively. The amount of tar present in 

the syngas was negatively correlated with the combustion temperature. Using 8mm-sized particles, a maximum combustion 

temperature of 840°C was attained. The burning time in the reactor using 6kg of fuel was 26 minutes. Results showed that 

heated air is more fuel-efficient for gasification and effective for reducing baking time. The Control Cooking Test indicated 

that the new gasifier reduces baking time and fuel usage by 32% and 50%, respectively, when compared to a three stone 

stove. 

Keywords: air flow rate, gasifier stove, injera, moisture content, particle size 

1. INTRODUCTION 

A thermal process called gasification converts solid biomass fuel into combustible gases in a reactor with sub-

stoichiometric air (Erakhrumen, 2012). Consideration of biomass resources for energy to address energy drivers 

has been promoted by several national and international challenges. Climate change-causing greenhouse gases, 

sustainability, rising energy prices, and the need for rural diversification are a few of them. Today, gasification 

has rekindled attention as a method to reduce emissions by functioning as a staged combustor and potentially 

generating syngas for both energy and chemical feedstock due to rising fuel prices and environmental concerns 

(Balcha, 2010). It uses a variety of feedstock, including wood, cow dung, charcoal, and agricultural waste to 

produce syngas. Wastes are also converted into carbon monoxide and hydrogen through a high-temperature 

reaction with a controlled volume of oxygen and/or air (WHO, 2006). To extract this syngas energy, it uses 

different types of feedstock such as wood, cow dung, charcoal, and agricultural residue and also converts wastes 

into carbon monoxide and hydrogen through a high-temperature reaction with a controlled amount of oxygen 

and/or air (Kamil & Demiss, 2017). Concerns about the release of CO2 from burning fossil fuels have been made. 

There are three key reasons why fossil fuel burning needs to be reduced sustainably, environmental protection, 

climate change mitigation, and energy security. The energetic use of biomass fuel is one strategy to reduce the 

increasing amount of CO2 in the atmosphere (Tesfaye & Khader, 2015).  

In the new gasifier design, syngas is produced by supplying primary air through the grate hole 2cm in diameter 

and the liberated syngas will then flow through the cone to mitad support space. It should be efficiently burned 

with secondary air by supplying through the heated pipe and its sensible heat can be used for injera baking 

applications (Nega et al., 2022). Biomass can be converted into syngas using thermo-chemical processes such as 

pyrolysis, gasification, reforming, or combustion. The most efficient method for creating syngas from biomass is 

gasification (Benti et al., 2021; Negash et al. 2020). The main thermochemical, products of all these processes 

are divided into volatile fractions, which include tar, gas, and vapor components as well as a carbon-rich solid 

residue(Benti et al., 2021). At higher temperatures between 500 and 1400 °C (Nega et al., 2022). the gasification 

process is carried out in the presence of a gasifying agent (for instance, air, pure oxygen, steam, or combinations 

of these components (Assefa et al., 2022). Biomasses with a moisture content of less than 35% are appropriate 
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for the gasification process. The use of these feedstock’s directly in the gasifier will result in significant energy 

losses in the entire process for biomass feedstock’s with higher moisture contents, in the range of 25–60%. Before 

being fed into the gasifier, it was advised that the biomasses be preheated or dried to a moisture content of 10% 

to 20%. An effective method of transforming biomass into clean energy is biomass gasification (Gautam, 2010; 

Rivas, 2012). To get an appropriate gas product for industrial and power generation purposes, gasification 

procedures must be optimized. Gasification performance may be impacted by operational characteristics. 

Gasification parameters that can be changed to enhance gasification performance include biomass properties, 

gasification agent flow rate, gasification agent type, feed air temperature, reaction temperatures, and gasifier 

design (Ahmad et al., 2016; Gautam, 2010; Rivas, 2012). Since the water-shift reaction is enhanced at a lower 

temperature, the temperature drop produces more CO2. Because the little increase in H2 is insufficient to make up 

for the loss of a substantial amount of CO with an increase in moisture content, the overall result is a fall in the 

calorific value of syngas (Ahmad et al., 2016; Chhnang, 2009). Specific heat capacity and heating values are 

impacted by this (Pieratti, 2011).  

Traditional open fire stove initially consumes more wood fuel as a result of feeding technique errors and their 

large support size which requires more wood flame for heating and the flame affects women and men in the 

kitchen (Gebreegziabher et al., 2018). Hence, we need to design an insulated gasifier to solve this problem. The 

efficient sizing of the related components of the gasifier and parameters such as biomass feed door, air flow rate 

controlling part, moisture contents of wood fuel, and insulating are developed to enhance the performance of the 

gasifier (Assefa et al., 2022). This is selecting a syngas-producing biomass type and adjusting the air flow rate 

through the grate by the cover, improving the combustion of the gasifier (Manaye et al., 2022; Yosef, 2007). The 

Ethiopian Energy Studies Research Center created the Mirt injera stove in the early 1990’s to decrease or solve 

this issue. This stove is being advertised and widely distributed in the nation since it is thought to be capable of 

up to 40% fuel efficiency and a total time reduction of 23% (Gebreegziabher et al., 2018). According tothem, the 

findings of field tests show that an average household using an updated Mirt stove to bake injera saves roughly 

570kg of fuel annually. Even though the stove is intended to last for roughly 4-5 years, the payback period for 

the purchaser is only about 2-3 months. According to the research done by (Assefa et al., 2022), it can reach an 

efficiency of 33%. The reaction temperature and biochar output were found to be strongly correlated in earlier 

research ( Demirbas, 2004a; Vigouroux et al., 2002).  

Researchers conducted pyrolysis studies with waste from tea, corn, and olives, increasing the reaction 

temperature from 450 °K to 1250 °K (Demirbas, 2004a, 2004b; Setter et al., 2021; Sizirici et al., 2021; Vigouroux 

et al., 2002).They discovered that when the temperature rose, the output of biochar fell for all types of biomass 

(Demirbas, 2004a; Murray & Johnels, 2013; Setter et al., 2021; Sizirici et al., 2021). Biomass fuels are used 

inefficiently in poorly ventilated kitchens resulting in indoor air pollution and consumption of large amounts of 

wood fuel. Micro-gasification cook stoves can improve fuel use efficiency and reduce indoor air pollution while 

producing char as a by-product (Gitau et al., 2019; Konieczna et al., 2022). The efficiency of conversion of 

biomass to biochar is highly dependent on the type of feedstock. The objective of the present study was to design 

a biomass gasifier stove for injera baking purposes and evaluate its performance. In addition, the effect of the 

physical and thermal properties of the wood fuel (Eucalyptus tree) on the performance of the gasifier was 

experimentally investigated.   

2. MATERIALS AND METHODS 

2.1. Instrumentation for Measurement   

The weight of the wood fuel, the weight of char, and the weight of cooked food were measured using a digital 

precision balance (WA-2Y Model) made in China by Wan Jun Co., Ltd., with an accuracy of 0.01 grams and a 

maximum measurement capacity of 100 kg. The tape meter used to measure the size of the Eucalyptus wood 

chips (mm). It has a total length of 3m, with accuracy of 0.001m. The elemental gas Analyser (Elmer Perkin 2400, 

PerkinElmer: Waltham, MA, USA) used to measure the carbon, hydrogen, nitrogen, Sulphur, and oxygen values. 

The device has an accuracy of less than 1%. An infrared thermometer was used to measure the flame temperatures 

on top of the mitad. This instrument is manufactured by Testo instruments, which is based in Germany, and 
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precision of 0.5℃. The equipment used for measuring the temperatures on the top and bottom parts of the gasifier 

stove was the K-type digital thermocouples (made in Germany by Testo instruments), with a temperature range 

of -50℃~1000℃. The instrument has an accuracy of 0.1℃ with proper calibration. The adiabatic bomb calorimeter 

(IKA-Calorimeter C200, IKA-werke GmbH and co.KG, staufen, Germany) is used for measuring the heating 

values. Stopwatch used to measure injera baking time from the beginning to the end. Moisture meter used for 

measuring wood fuel moisture in percentage. 

2.2 Properties of Eucalyptus Globulus 

The type of biomass fuel as a feedstock used for conducting this study was eucalyptus Globulus which is 

commonly used in most parts of Ethiopia. Figure 1 shows different sizes of Eucalyptus wood chips used to 

conduct the experimental analysis. Table 1 presents a summary of the main physical and thermal properties of 

the Eucalyptus Globulus biomass fuel as a feedstock. The ultimate and proximate analysis was conducted to 

examine the feedstock characteristics. The ultimate analysis was determined in CHNS/O elemental gas Analyser. 

The measured characteristics were moisture content (ASTM D3173-73), ash content (ASTM D3174-73), volatile 

matter (ASTM D3175-73), heating values, and bulk density. The fixed carbon value was determined by the 

percentage difference of Volatile matter. The lower and higher heating values were performed in an adiabatic 

bomb calorimeter using benzoic acid as a standard. Before loaded biomass fuel into the reactor, its moisture 

content should be measured by moisture meter. The moisture content should be less than or equal to 14%. The 

wood fuels are cut into pieces with an average particle size of 4, 8, 17 and 30 mm.  

 

Figure 1. Pictorial representation of eucalyptus chopped fuels  

Table 1: Properties of Eucalyptus Globulus 

 

*calculated by the percentage difference 

The calculation of biochar yield, in (%) depends on the weight of the final biochar yield and the biomass 

weight. Eq. (1) presents the empirical formula of the biochar calculation.  

Property   Value  

Particle Size (mm) 4-30 

Length (mm) 8-60 

C (%) 53.24 

H (%) 6.36 

O (%) 40.14 

N (%) 0.12 

S (%) 0.14 

Moisture Content (%wb.) 14.00 

Ash content (%db.) 11.28 

Volatile matter (%db.) 59.36 

Fixed carbon*(%db.) 16.96 

Lower heating value (MJ/kg)  16.93 

Higher heating value (MJ/kg) 19.53 

Bulk density (kg/m3)/average particle size (mm)  207/4, 211/8, 196/17, 192/30 
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𝐵𝑖𝑜𝑐ℎ𝑎𝑟 𝑦𝑖𝑒𝑙𝑑 (%) =
(𝐷𝑊𝐶 − 𝑀𝐶)

(𝐷𝑊𝐵 − 𝑀𝐵)⁄ ∗ 100……………..………………….………… (1)  

Where, 𝐷𝑊𝐶 is the dry weight of biochar (g), 𝐷𝑊𝐵 is the dry weight of biomass (g), 𝑀𝐶 is the moisture in 

biochar (g) and 𝑀𝐵 is the moisture content in biomass (g).  

The burning rate was obtained by dividing the difference between the thermocouples TC1 and TC2 by the time 

that the peak combustion temperature moved from TC1 and TC2. The burning rate calculation is presented in Equ. 

(2).  

𝐵𝑢𝑟𝑛𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 (
𝑚𝑚

𝑚𝑖𝑛
) =

𝐷𝑇
𝑡⁄ ……………………………………………………………………………. (2) 

Where,  𝐷𝑇 is the distance between thermocouple TC1 and TC2 , and 𝑡 is the time for the flame to move from 

thermocouple TC1 to TC2 in minutes. 

2.3 Experimental Setup  

Figure 2 employed the photograph of the performed experiment, the front view, and top views of the gasifier 

stove. Figure 2 front view shows a biomass gasifier stove (BGS) used for injera baking purposes. The gasifier 

stove that produces syngas from wood biomass for injera baking applications was developed with a height of 

50cm and diameter of 40cm with 1.5mm thick sheet metal. Ash is used as an insulator between the double strip 

sheets. The gasifier was integrated 60cm diameter of mitad by 12cm support height at the top as shown in Figure 

2 front view. The wood biomass is issued through the feed door and it will gasify with primary air which is 

manually regulated through the grate hole that is integrated at the bottom of the reactor. Secondary air supplies 

to support space through the pipe burns syngas produced in the reactor. The heat from the wall of the gasifier 

heats the pipe and secondary air passing through it is also heated. This improves the burning rate of syngas in the 

support space and the temperature of the cooking mitad. The size of the gasifier was determined based on the 

average user height and diameter of the injera baking mitad. The total height is the sum of the gasifier leg, reactor, 

cone height, and mitad support. The volume of the reactor determines the amount of biomass fuel loading, 

biomass fuel consumption, and energy production. Temperature distribution on the surface of the mitad can be 

improved by adjusting the cone diameter at the top of the reactor through inspection Figure 2 front view, the 

diameter of the mitad support is greater than the diameter of the gasifier. The temperatures within the gasifier 

were measured with thermocouples at the top and bottom, as shown in Figure 2Figure  front view. The combustion 

temperature was defined as the average peak temperature recorded on the two thermocouples. To determine the 

size of the gasifier, three holes were drilled on the bottom part of the support at an equal circumference distance 

with the diameter of the secondary air pipe, as shown in Figure 2 top view. As can be seen in Figure 2 top view, 

the gap between the three holes is the diameter of the reactor which is equal to 40cm. This is the reactor size in a 

circular shape where biomass was burned on the grate for syngas energy production. When performing the 

experiment, we should take all necessary precautions, such as avoiding combustible/flammable materials near the 

gasifier stove, wearing safety shoes, and wearing thick heat-resistant gloves made from cattle skin. 
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Figure 2. Biomass gasifier stove: front and top views 

2.4 Air Flow Rate Controller 

Primary air entering the reactor is managed manually by the slide grate cover. It is managed by restricting the 

grate's openings by sliding on the reactor end. At hole openings of 25%, 50%, and 100% (full grate), the impact 

of the airflow rate was examined. This technique of regulation is also utilized to maintain heat loss via the grate 

and shorten the gasification period once wood biomass ignition begins. The air-to-fuel ratio for complete 

combustion of wood fuel 𝐶𝐻1.5𝑂0.69𝑁0.002 is 5.8kg/kg, according to the stoichiometric equation 5.8kg of air is 

needed for the full combustion of 1 kg of wood fuel. For 6 kg of wood fuel, 5.8×6 = 34.8 kg/kg of air is required 

to complete combustion. By adjusting the cover, this quantity of air (5.8kg) will be decreased for the gasification 

of wood fuel. The mass ratio of the stoichiometric air-fuel mixture at a full grate hole opening is 5.8: 1. This 

suggests that for complete combustion, 5 kg of access air is needed. Reduce the amount of access air needed for 

gasification from 5kg to 4kg in a grate hole opening of 75%, 2kg at 50%, and 1kg at 25%. The amount of wood 

fuel used for the experiment should make the calculated air/fuel ratio below stoichiometric. For 1kg of wood fuel, 

5.8kg/kg is stoichiometric. 6kg of wood biomass loaded in the reactor reduced 5.8 kg/kg air-fuel ratio below 

stoichiometric (that is 0.2). In gasification, the air-fuel ratio is below one. 

2.5 Control-Cooking Test for Biomass Gasifier Stove 

The control cooking test was created to accurately represent how the new gasifier stove performed when using 

conventional baking techniques. When preparing meals locally, it is utilized to evaluate the performance of the 

new stove in comparison to conventional stoves. To spot variations in the precise fuel consumption, it analyzes 

the exact wood consumption of various stoves with that of brand-new stoves while preparing identical amounts 

of food, components, and fuel (Yosef, 2007). 

3. RESULTS AND DISCUSSION   

3.1 The Impact of Biomass Particle Size  

The performance of gasification was strongly impacted by biomass particle size. Figure 3 shows that the 

biochar yield drastically dropped from 19 to 12 % as the particle size rose from an average size of 4 to 8 mm. 

However, the output of biochar started to rise from 12 to 19.8 % as the particle size increased from 8 to 17 mm. 

Furthermore, the yield of biochar obtained with a higher particle size of 30 mm (19.9%) was not substantially 

different from this. It is important to note that the effect of biomass particle size on biochar yield can also be 

associated with the bulk density of the biomass. Biomass fuel with an average particle size of 4mm presented a 
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bulk density of 207 kg/m3, which increased to 211 kg/m3 when the particle size was increased to an average of 8 

mm. However, larger particle sizes presented decreasing bulk densities as indicated in Table 1. Less biomass fuel 

was concentrated as the bulk density dropped, and as a result, less fuel was produced during the devolatilization 

reactions. As a result, the temperatures during combustion dropped. 

 

Figure 3. The bio-char yield of eucalyptus biomass fuel at varying particle sizes (moisture content of 14% and 

P<0.05) 

Figure 4 demonstrates a change in particle size from 4 to 8 and then 30 mm, the temperature increased from 

657°C to 840°C and subsequently decreased to 614°C. It was clear that the production of biochar had a poor 

correlation (R2 = 0.86) with the temperature of the combustion zone. Although the temperature rose as seen 

inFigure 4, the burning rate (Figure 5) significantly decreased as the particle size rose from 4 to 8 mm, from 16.6 

to 13.2 mm/min.  

 
Figure 4. Combustion temperature of eucalyptus biomass fuel at varying particle size (moisture content 14% 

and P<0.05) 
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When the particle size was further enlarged from (8 to 30 mm), the burning rate, on the other hand, tended to rise, 

rising from 13.2 to 20.3 mm/min, even though the temperature decreased as the particle size grew. This implied 

that the burning rate depended on the particle size in addition to the reaction temperature (R2 = 0.54) due to 

differences in biomass bulk density (R2 = 0.74), which was connected with the fire intensity. If the fire intensity 

and biomass bulk density are compared, biomass with a lower bulk density has a higher burning rate, whereas 

biomass with a larger bulk density has a lower burning rate. Additionally, there was an increase in the biochar 

yield due to the correlation between the biochar yield and burning rate (R2 = 0.79). 

 
Figure 5. Burning rate of eucalyptus biomass fuel at varying particle sizes (moisture content 14% and P<0.05) 

The amount of tar in the syngas is depicted in Figure 6 by altering the particle size. The amount of tar in the 

syngas exhibited a negative relationship (R2 = 0.77) with the combustion temperature. A faster devolatilization 

resulted in increased tar production since the tar content of syngas was positively connected with the burning rate 

(R2 = 0.69). The tar concentration considerably decreased from 79.4 to 13 g/cm3 (Figure 6) when the particle size 

rose from 4 to 8 mm due to the higher combustion temperature. However, the tar content in the syngas increased 

from 13 to 93 g/m3 as the combustion temperature dropped at bigger particle sizes. 

 
Figure 6. Tar content in syngas at various particle sizes (moisture content 14%, P<0.05) 
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3.2 Effect of Particle Size on Syngas Composition 

The impact of particle size on syngas composition is shown in Table 2. The hydrogen concentration of the 

syngas increased from 4.28% to 6.60% when the average particle size grew from 4 to 8 mm. However, there was 

very little variance in the content of carbon monoxide. Additionally, the content of hydrogen was drastically 

reduced from 6.60 to 2.88% and the composition of carbon monoxide was decreased from 15% to 11.82% by 

increasing the particle size from 8 to 30 mm. The greater heating value thus decreased from 3.65 to 2.72 MJ/m3.  

Table 2. The impact of particle size on the composition of syngas 

Particle 

size 

H2  

(% v/v) 

CO  

(% ) 

CO2  

(%) 

CH4  

(% ) 

N2  

(%) 

O2  

(% ) 

HHV 

(MJ/m3) 

4 4.28±0.56 15.01±1.04 12.54±0.37 2.18±0.31 65.01±1.59 1.43±0.15 3.27±0.33 

8 6.60±0.33 14.97±0.24 13.58±0.36 2.41±0.09 62.05±0.81 1.54±0.29 3.65±0.21 

17 3.58±0.05 12.83±0.25 14.48±0.46 2.21±0.05 66.46±0.43 1.59±0.41 2.98±0.05 

30 2.88±0.17 11.82±0.48 14.83±0.53 2.16±0.12 67.64±0.61 1.78±0.25 2.72±0.17 

 

3.3 Effect of Airflow Rate on Gasification Temperature  

Figure 7 depicts the airflow effect through grate hole openings that are 25, 50 and 100% (full grate hole 

openings). At a constant moisture content of 14%, the temperature variance in the reactor increases 

correspondingly when air input through the grate is increased. At 25% grate opening, the air is not sufficient for 

gasification. At full grate opening air and gasification temperature range 657-840℃, syngas flame was continued 

and stable in the reactor for 26 minutes. And gasifier produces high calorific value syngas which is easily burned 

with secondary air. Mitad succeeded temperature of 1850C. To preserve this continuity of syngas in the reactor, 

control air by cover after baking mitad temperature reach 1850C. As long as syngas continuity is maintained in 

the reactor, fuel consumption can be reduced (Ishaq & Dincer, 2019; Nega et al., 2022). 

 
Figure 7. Effect of airflow rate on temperature (14% MC, P<0.05) 

3.4.Result Validation with Published Literature Data  

Table 3 represents the validation of the properties of Eucalyptus Globulus present work experimental values 

with previously published journals (Getahun et al., 2019; Hailu, 2022; Ishaq & Dincer, 2019). As can be seen in 

Table 3, the experimental results are in good agreement with previously published literature results for the 

elemental gas components C, H, O, S, N, and moisture content. The percentage difference between the present 

work and published work for literature 1 in carbon, hydrogen, oxygen, Sulphur, nitrogen and moisture content 

are 7.02, 5.66, 5.99, 100, 16.66 and 33.96%, respectively. This percentage difference may take place due to lack 
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of calibration, experimental irregularity, and Engineering data. The moisture content results for the present study 

are desirable because they are a little bit smaller compared with the results found in the previous studies. 

Table 3. Comparison of the present work with previously published papers 

  

3.5 Comparison of Baking Time and Fuel Saving of Open Fire Stove and Biomass Gasifier Stove 

As seen in Figure 8, open-fire stoves require more time to cook food on average than gasifier stoves, which take 

118 minutes. (7,080sec.). This is a result of issues with open fire stoves' wood fuel feeding techniques, flame 

continuity gaps, and starting time consumption. According to the results of the Control Cooking Test (CCT) 

inTable 4, the net performance efficiency of gasifier stoves in terms of time and wood fuel savings as compared 

to open fire stoves is 50% and 32%, respectively. This cost-saving was discovered when the new gasifier and 

open-fire stove were both burned at their maximum rates of 6 kg per hour for each test's one baking cycle.  

Table 4. Results of control cooking Test (CCT) comparing two stoves 

CCT results of open-fire stove  Units   Test 1 Test 2 Test 3 Mean   St.Dev.  

Total weight of  food cooked  g 1,323 1,218 1344 1295 67 

Weight of char remaining  g 450 657 600 569 106 

Equivalent dry wood 

consumed  
g 1,412 1,390 1,410 1,404 12 

Specific fuel consumption  g/kg  2,864 2,760 2,890 2,838 68 

Total cooking time  Min.  118 120 116 118 2 

CCT Results of new biomass 

gasifier stove  
Units  Test 1 Test 2 Test 3 Mean  St.Dev 

Total weight of  food cooked  g 1302 1270 1370 1314 51 

Weight of char remaining  g 300 350 300 317 29 

Equivalent dry wood 

consumed  
g 1911 1752 1911 1858 92 

Specific fuel consumption  g/kg 1468 1379 1395 1414 47 

Total cooking time  Min. 79 82 79 80 2 

Comparison of the two stoves  Units  % difference  T-test  Sig.@95%   

Specific fuel consumption  g/kg  50% 11.81 Yes    

Total cooking time  Min.  32% 8.43 Yes    
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Figure 8. Comparison of time and fuel consumption saving of gasifier and open fire stove 

An open-fire stove typically uses 2,838 g/kg of specified fuel, whereas a gasifier uses 1,414 g/kg. By adjusting 

the air flow rate provided through the grate by the controller, fuel consumption in the gasifier stove was reduced. 

Once the air-fuel ratio falls below stoichiometric, syngas flame continuity would be maintained, and gasification 

could be improved. In an open-fire stove, once the wood fuel has begun to burn, a significant amount of 

continuous airflow bends the fire flame's vertical orientation away from the pot surface. The front of the mitad 

experiences temperature variations during baking. It is how the flame exits as a loss through outlets and edges. 

Open fire stoves, therefore, need more wood fuel. The open-fire stove and the gasifier stove's control cooking test 

results are shown in Table 4. 

4. CONCLUSIONS AND RECOMMENDATIONS  
A laboratory-scale biomass gasifier stove for injera baking purposes was designed, manufactured, and 

evaluated for its performance. Biomass fuel such as the eucalyptus tree was used as a feedstock. The gasifier 

stove's performance was found to be influenced by the wood's particle size, moisture content, burning rate, and 

syngas composition. The gasifier stove was developed with a height and diameter of 50cm and 40cm respectively. 

The gasifier was integrated 60cm diameter of mitad by 12cm support height at the top. The performance of the 

gasifier stove was determined using standard Control cooking test (CCT) methods using eucalyptus as a 

feedstock. At full grate opening air, the range of gasification temperature of the gasifier stove was 657-840℃. At 

a larger particle size of 30mm, a higher biochar yield of 19.9% was obtained. Additionally, tar production peaked 

at 93 g/cm3 syngas due to larger particles. The biomass's addition of moisture resulted in a slower rate of 

combustion, which increased the use of carbon and reduced the generation of biochar. The moisture content also 

greatly reduced the amount of tar in the syngas due to reforming and cracking reactions that were helped by the 

excess water and abundant carbon in the reactor. In comparison to typical gasification processes, the examined 

injera baking process produced syngas with significantly lower hydrogen gas and carbon monoxide levels. When 

compared to the existing open-fire stove, it has been shown that the new gasifier reduces baking time and fuel 

consumption by 32% and 50%, respectively. The effect of the insulator on gasification temperature change is 

suggested to be done as further work. 
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NOMENCLATURE  

BGS                   Biomass Gasifier Stove  

CCT                   Control Cooking Test  

CO                   Carbon Monoxide (%v/v) 

CO2                  Carbon Dioxide (%v/v)                

H2                      Hydrogen Molecule (%v/v) 

CH4                    Methane Molecule (%v/v) 

N2                       Nitrogen Molecule (%v/v) 

db.                      dry bulb (%)  

wb.                     wet bulb (%) 

R2                       Correlation Coefficient  

P                         Significance Level  

ASTM                American Standard of Testing and Materials 
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ABSTRACT 

To improve engine combustion efficiency and reduce emissions, numerous low-temperature combustion (LTC) methods have 

been put forth. The RCCI combustion mode favored lower oxide of nitrogen and PM emissions by controlling the ignition 

and combustion process, but it had not yet found the optimal answer. For RCCI operations, the intake system is adjusted to 

use port injection for emissions, combustion phasing, and in-cylinder charge reactivity control. In this work, an experimental 

inquiry is conducted on a dual blended port-injected RCCI engine that runs on port-injected mixes of gasoline-ethanol, with 

direct injection of diesel fuel. The results of the G10E10-RCCI engine operation mode have a maximum cylinder pressure of 

70.8 bars at 2300-RCCI and a minimum of 59.84 bars at 2700 rpm on baseline fuel. The maximum HRR of the engine is 66 

J/CA at the engine speed of 2700-RCCI and a minimum at baseline with an HRR of 8.58 J/deg. The maximum normalized 

pressure (NVP) of the engine is 72.3 bar at the engine speed of 2300-RCCI and a minimum of 59.65 at 2700 baseline. The 

brake power of the engine is maximum at both speeds of the RCCI engine and lower in both baselines. The brake torque is 

maximum at 2300-RCCI which is 15.23N-m with the engine running with a G10E10-RCCI engine and minimum (14.16N-m) 

at a speed of 2300 baseline. At 80% engine load operation, the baseline engine had better thermal efficiency (28.94%), and 

minimum at the speeds of 2700-RCCI (26%) brake thermal efficiency. NOx and CO2 increase in all cases of a diesel engine 

operating and minimum in the cases of RCCI and both speed cases and the reverse for HC and CO in all baseline and 

G10E10-RCCI engine combustion modes. 

Keywords: LTC, NOx, PFI, RCCI, Speed 

1. INTRODUCTION 

Worldwide, strict laws are being implemented to restrict engine emissions in an effort to lessen the pollution 

they cause to the environment. The development of after treatment systems and the reduction of engine-out 

emission are the two main strategies that the automotive scientific community is concentrating on in order to 

lessen engine pollution. In an effort to lower engine-out emissions, scientists are developing novel combustion 

theories [1]. A possible low temperature combustion (LTC) idea to provide extremely clean and effective 

combustion is called RCCI [2]. The efficiency of diesel combustion technologies from an ecological standpoint 

and in light of the energy crisis are the driving motivations behind this research [3, 4]. LTCs, such as ignition 

through pre-mixed charge compression (PCCI) [5, 6], partially pre-mixed charge ignition (PPCI) [7], and 

homogenous charge compression ignition (HCCI) [8] have been proposed to increase combustion efficiency and 

lower the emissions. The ratio of the two fuels with flexible reactivity one is port injected, and the other is directly 

injected is controlled by the reactivity-control compression ignition (RCCI) engine [9] in order to regulate the 

combustion process [10, 11]. Compression ignition engines often have greater compression ratios (CR) [12], 

leaner charges [13], and lower throttle losses [14, 15] as compared to spark ignition engines. On the other hand, 

emissions of NOx and particulate matter (PM) were significantly elevated by compression ignition engines. 

According to both existing and upcoming legislation, reviews of RCCI engine management vehicles must adhere 

to strict criteria for both pollution and fuel efficiency [4]. Due to these issues, sophisticated internal combustion 

engine technology as well as fuel alternatives to fossil fuels that can lower pollutants were developed [16]. Several 

frontline techniques have been studied to reduce emissions in a cylinder while preserving thermal efficiency [17, 

18]. Most current techniques fall within the category of LTC engines [19, 20].   

It showed that NOx and PM emissions from RCCI engine combustion are low, but further research is still 

needed to fully understand these emissions in order to achieve the higher recommended emission efficiencies. 

Most previous RCCI research exclusively tested low reactivity fuels (LRFs) such as ethanol, methanol, gasoline, 
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NG, and CNG. For direct injection (DI) in an engine that has been upgraded RCCI, high reactivity fuel (HRF) 

such as diesel and biodiesel fuel is utilized. However, a study is necessary because previous research using only 

gasoline or premixed alcohol has shown substantial CO and UHC emissions [20, 21]. The unique port-injected 

fuel RCCI testing findings shown that ultra-low engine-out emissions (NOx and PM) may be achieved 

simultaneously, despite higher CO and UHC emissions. Consequently, it is critical to evaluate ethanol-gasoline 

blends (EGB) in a current RCCI LTC concept that permits injection into the intake manifold. This study looks 

into the emissions, performance, and combustion of a diesel engine running on diesel direct injection and port-

injected EGB. Diesel fuel is immediately pumped into the intake manifold together with a combined gasoline and 

ethanol fuel supply to boost fuel responsiveness. The study also aims to lower NOx and PM by replacing fossil 

fuels with sustainable ethanol and to find the operating conditions for optimized CO and HC [20, 22]. 

2. MATERIALS AND METHODS 

2.1. Test Rig Engine Arrangement   

As seen in Fig.1 baseline and advanced test rig engines are equipped with a data collecting system connected 

to a dynamometer with a detailed interpretation. The baseline experiment is performed using a CT100.23 CT110 

horizontally mounted, naturally aspirated, water-cooled, single-cylinder, DI diesel engine of 0.309 liters and the 

specification listed in Table 1. The same engine converted to an advanced (RCCI) engine was used in the second 

experiment. PFI control is done by a microcontroller on Arduino board. Table.1 also illustrates the 

physiochemical characteristics of the gasoline, diesel, and ethanol fuels utilized in the experiment. Diesel fuel is 

supplied to the engine via direct injection, while low reactivity (ethanol-gasoline blended) fuel is injected into the 

intake manifold using port fuel injection to lengthen the reaction time. In the process of investigating combustion, 

performance, and emissions, the 80% maximum load, two speeds, and fuel ratios are used as variables to identify 

the combustion phase, at which efficiency is optimal and emission is minimal. 

 
G+E -  Gasoline bend 

D - Diesel fuel 

DAQS - Data acquisition 

DI - Direct injection 

CPFI - Electronic control 

EGA - Exhauust analyzer  

Figure 1: Experiment engine test rig 

One-stage injection fuel delivery was used to investigate 80% of direct injected diesel fuel and 20% of mixed 

port injected fuel was used. Utilizing cylinder pressure vs engine crank-angle data during the engine's 

compression and power strokes, quantitative insights into the combustion process are derived. Using the single 

zone model, the heat release rate (HRR), also known as the rate of fuel burning, is calculated from the cylinder 

pressure data by using Equation (1). The rate at which fuel energy is released during a diesel engine's combustion 

is measured using data [23]. 
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Table 1: Engine specification and physio-chemical properties of the fuels used 

 

HRR(θ) = (


− 1
∗ P() ∗ dV()) + (

1

− 1
∗ V(θ) ∗ dP())                                                                  (1) 

Where V is the instantaneous chamber volume, P is the cylinder pressure, and θ is the crank position;  is the 

ratio of specific heats (cp/cv), with 1.35 that is suitable for diesel heat-release study. Specifically, it is 

anticipated that the heat-release analysis of a diesel engine will produce values that match air temperatures at 

the end of the compression stroke (≈1.35) [24]. In both RCCI and baseline combustion, experiments are carried 

out with constant engine loads, injection time, varied blended fuel ratios, and speeds. Equation (2)[25] defines 

the premixed fuel ratio (rp) as the ratio of port fuel injection (PFI) energy to the total fuel (PFI+DI) energy 

injected[26]. 

RP =
m. LHV(GE)

M. LHV(D) + m. LHV(B)
                                                                                                                           (2) 

Where LHV is the lower heating value of each fuel and M and m are the mass flow rates of the primary and 

secondary fuels, respectively. The primary and secondary fuels are denoted by the subscripts D (diesel) and B 

(gasoline-ethanol blended fuel; Rp=G10E10), respectively; for baseline compression ignition combustion, rp = 

0. The diesel fuel's SOI timing was kept constant at all experiments at 14°CA (bTDC). Fig. 2 depicts the overall 

conceptual framework for the experimental research and validation. Table 2 lists the instruments used to measure 

the cylinder pressure, emissions, cooling water temperature, heat in the exhaust gas, speed, load, and uncertainty 

associated with each material.  
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Figure 2: Conceptual frame work for investigation 

2.2 Uncertainty Analysis 

The instrument, testing environment, calibrations, data collecting, instrumentation, the procedures used, and 

random errors are the main causes of uncertainty in findings. Errors are often present in experimental testing 

when measuring various test data. Therefore, in order to get precision, uncertainty analysis was done to address 

the errors and deviations that happened throughout the experimental effort. The accuracy with the measuring 

instruments, shown in Table 2 indicates the maximum mean percentage uncertainty (U̅max) estimated concerning 

the engine emissions and the engine performance of the base equation as shown in (Eq.3), uncertainty equation 

(Eq.4), and maximum percentage uncertainty (Eq.5). 

Pb =
2NTb

60,000
                                                                                                                                                                 (3) 

Uncertainty(U) = cTbN + cNTb                                                                                                                         (4) 

Maximum uncertainty(Umax)% = [
N

N
+ 

Tb

Tb
]100                                                                                      (5) 

Table 2: Instrument accuracy and measurement uncertainities 

 

 

 

 

 

 

 

 

 

Instrument Emissions Measuring range       Accuracy U̅max% 

Kane AUTO plus gas analyzer NOx 0 - 5000ppm ± 12 PPM 21.2 

CT 159.02 EG-Analyzer  

CO 0-10% vol ± 0.06% vol 10.3 

CO2 0-20% vol ± 0.1% vol 2.9 

HC 0-2500ppm ± 3 ppm 7.1 

CT 100.23  

N 0-5000rpm ± 12 ppm 0.51 

Pb - ± 0.1 2.87 

Tb - ± 0.20 1.89 

TFC - ± 0.05cm3 2.43 

TFC-total fuel consumption; U̅max% - maximum mean percentage uncertainty 
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3. RESULTS AND DISCUSSION 

3.1 Combustion  

Cylinder pressure (bar): A binary low-reactivity blended fuel (gasoline-ethanol) technique, which uses 

premixed blend ratios and diesel fuel, was employed in the experimental study on the baseline and modified diesel 

engines. At two engine speeds of 2300 and 2700 RCCI, the cylinder pressure is 70.8 and 67.3 respectively. When 

the engine is operating at 2300 and 2700rpm using baseline, the low cylinder pressures are 60.34 and 59.85 bar, 

respectively. Based on the findings, the engine operating on diesel fuel at the speeds shown in Fig. 3 has the 

lowest cylinder pressure, whereas the maximum is found at both speeds of E10G10-RCCI. When compared to 

the baseline trial, the fuel reactivity starts at the intake manifold, which lengthens the time required for the air-

fuel mixture to homogeneously mix in the combustion chamber, which explains why the engine operating with 

the G10E10 advanced engine at 2300-RCCI has 15% higher than the minimum cylinder pressure at 2700 baseline 

engine operation[27]. 

 
Figure 3: Cylinder pressure (bar) 

Normalized volume: A diesel engine operates using the diesel cycle, which consists of four processes: two 

isentropic processes for compression and expansion; two isobaric processes; and one isochoric process (Qin, 

Qout).  Process 1-2: The air that is drawn in from the surroundings is compressed isentropic. The system's job 

(Win) in this process is to compress the air. Process 2-3: This is the isobaric process and the injection point for 

diesel. Here, the high pressure and temperature cause the fuel to burn. Engine heat is produced in this process 

(Qin). This is the power stroke (process 3–4). The process of expansion is isentropic. This piece is titled Wout. 

Process 4-1: This process is isochoric. In this stage, the engine produces all of the combustion process' exhaust 

gasses. Additionally, some heat is lost to exhaust gasses (Qout). During the experiments, a diesel engine (baseline) 

operates on the diesel and advanced RCCI engine cycle, as depicted in Figs 4. a, b, c, and d. 
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Figure 4: a, b, c and d, normalized pressure at each speed 

 

Heat Release Rate (J/CA): Heat release rate was 66.85 at the maximum engine speed of 2700 and E10-G10-

RCCI, and 30.3J/CA at diesel fuel combustion. The heat release rate is 8.58J/CA baseline and 48.9 at 2300-

E10G10-RCCI.  As a result, in both engine speed cases, the peak heat release rate is at the engine operating with 

2700-E10G10-RCCI which is 27% more than 23-E10G10-RCCI while the lower heat release rate is found at the 

baseline as it is in-lined with[28]. As illustrated in Fig.5, the engine operating on the premixed fuel ratio of 

G10E10 RCCI has a maximum heat release rate at engine speeds of 2700 and a minimum at 2300 rpm of the base 

fuel.   

 

Figure 5: Heat release rate (J/CA) 
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3.2 Engine Performances 

Brake power is the amount of power that an engine can produce at crankshaft. When referring to IC engines, 

brake power is the engine's power output that remains after different mechanical losses like friction and auxiliary 

drives are taken into consideration. An engine dynamometer is used to measure it. It loads the engine and records 

the torque and rotational speed. It's also critical to keep in mind that the engine's operational parameters, like the 

air/fuel ratio, engine speed, and external environment, can affect brake power. The brake power versus engine at 

2300 and 2700 rpm and the two fuels of G10E10 and baseline are investigated. The experiment result showed 

that the brake power of the engine running at the baseline fuel with speeds of 2300 and 2700 had low engine 

power of 3.35kW. The power from the engine at both speeds with the modified G10E10 port injected RCCI 

engine was 4kW as it is shown in Fig.6. 

 

𝑃𝑏 = 𝑇𝑏 (𝑘𝑊)                                                                                                                                                            (6) 

 

Where:(
2𝜋𝑁

60
) 10−3 is the average angular speed, N is the rotational speed in rpm 

The torque that an engine produces at its crankshaft or output shaft is brake torque. It is a measurement of the 

twisting force produced by the motor or engine and is commonly given in Newton-meters (Nm) of measurement. 

Brake torque in Fig.6 showed the brake torque versus engine speed at different fuel ratios and engine speeds. The 

results showed a higher 15.23 Nm with the G10E10 RCCI at the speed of 2300rpm and the lower brake torque 

value was at 2700 RCCI and 2300 baseline fuel and intermediate at 2700 baseline which is 14.16.  

𝑇𝑏 =
(𝑊 + 𝑆)

1000
(𝑁𝑚)                                                                                                                                                    (7) 

Where (W+S) is the total weight applied. 

Brake thermal efficiency is a measure of the efficiency with which an engine converts the energy contained in 

the fuel into useful work. It represents the ratio of the brake power output to the energy input from the fuel. In the 

context of internal combustion engines, brake thermal efficiency is typically expressed as a percentage and 

calculated using the equation (8). The BTE calculated how effectively heat was converted into useful work. The 

brake thermal efficiency purely depends on the engine design, type of fuel, and engine application. Fig.6 shows 

the variation of brake thermal efficiency for different blends and pure diesel fuel.  Among the different blends, 

the calorific values of ethanol, gasoline, and diesel fuel used are 26800, 42400, and 42500 J/kg respectively. After 

computing the calorific values of G10E10-RCCI, and diesel fuel, which are 40,920J/kg, and 42,500 J/kg, 

respectively.  

𝜂𝑏.𝑡ℎ =
𝑃𝑏

𝑚𝑓 𝑄𝐿𝐻𝑉
 100%                                                                                                                                       (8) 

Where QLHV is the lowest heating value of the fuel in J/Kg and mf is the mass flow rate of fuel flow in kg/sec. 

The brake thermal efficiency of the engine running with the baseline at a higher speed has better thermal efficiency 

and is lower at G10E10RCCI as shown in Fig 6.  
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Figure 6: Engine performances (Pb, Tb, BTE) 

Brake-specific fuel consumption (BSFC): is the ratio between the engine's effective power outputs at the engine 

crankshaft to the rate of fuel consumption. Fig.7 pinpoints the brake-specific fuel consumption (BSFC) 

characteristics versus engine speed. The investigation's result expressions indicate a minimum brake-specific fuel 

consumption at the baseline experiment and a maximum at G10E10 premixing fuel. Nevertheless, as the speed 

increases; brake-specific fuel consumption is decreased until the maximum engine speed of 2700 rpm. The brake-

specific fuel consumption is minimum for the diesel fuel and maximum for the G10E10 but average for G10E10-

RCCI as shown in Fig.7. 

 

Figure 7: Brake-specific fuel consumption 

3.3 Engine Emission 

The emissions that need attention from the diesel engine are oxides of nitrogen and particulate matter. 

Unburned hydrocarbons and carbon monoxide are the emissions from the RCCI-diesel operation. Nitrogen oxide 

emissions from the engine with the percentage of ethanol (G10E10-RCCI) are the lowest at all engine speed 

ranges and highest at the engine running with the baseline diesel fuel engine combustions. The G10E10 premixed 

blend ratio-fueled RCCI engine has a lower value, which is an acceptable targeted result according to the study's 

purposes. The nitrogen oxide and CO2 reduced due to the cooling effect of the ethanol content as shown in Fig.8. 
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Figure 8: NOx and CO2 emission 

 
Figure 9: HC and CO emission 

The CO2 at the engine speeds of 2300rpm and 2700rpm-RCCI is lower and maximum in CDC at all engine 

speeds. Because of the nature of the lean operations of the diesel engine, engine emissions of carbon monoxide 

in percentage volume and unburnt hydrocarbon in ppm versus engine speed were lowest when the engine run 

with conventional diesel combustion. The CO and UHC emissions of the diesel engines running with the G10E10 

are maximum and lower for the engine operating with the baseline. The carbon monoxide and unburned 

hydrocarbon emission results from the experiment indicate that the RCCI engine operation mode has more CO 

and UHC emissions but low carbon dioxide emissions when compared to the CDC engine in all engine speed 

ranges, as shown in Fig.9. The carbon dioxide emissions in percent volume at all speed ranges are maximum with 

conventional diesel combustion. The percentage improvement depending on the speed and fuel blend ratio of the 

experiment results are clearly stated in Table 3. 

Table 3 Percentage improved 

Speed NOx at Baseline NOx at G10E10-RCCI Percent 

2300 50 38 24 

2700 111 82 26.13 

Percent 54.9 53.7  

Speed CO2 at Base CO2 at G10E10-RCCI Percent 

2300 4.3 2.4 44 

2700 4.8 3.36 30 

Percent                 10.4                    28.6  
 

4. CONCLUSIONS  

In the current work, an experimental investigation of a blended port injected fuel of gasoline-ethanol with 

diesel direct injected RCCI engine running is conducted. Accordingly, the following conclusions are drawn: 

G10E10-RCCI engine operation mode has a maximum cylinder pressure of 70.8 bars at 2300-RCCI and a 

minimum of 59.84 bars at 2700 rpm on baseline fuel. The maximum HRR of the engine is 66 J/CA at the engine 

Speed NOx @

Baseline

NOx @

G10E10

CO2 @

Baseline

CO2 @

G10E10

2300 50 38 4.3 2.4

2700 111 82 4.8 3.36

Series1 Series2

Speed HC @
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CO @

Baseline

CO @
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2300 20 30 0.337 0.918

2700 25 36 0.623 0.951
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speed of 2700-RCCI and a minimum at baseline with an HRR of 8.58 J/deg. The maximum normalized pressure 

(NVP) of the engine is 72.3 bar at the engine speed of 2300-RCCI and a minimum of 59.65 at 2700 baseline.  

The brake power of the engine is maximum at both speeds of the RCCI engine and lower in both baselines. 

The brake torque is maximum at 2300-RCCI which is 15.23N-m with the engine running with a G10E10-RCCI 

engine and minimum (14.16N-m) at a speed of 2300 baseline. At 80% engine load operation, the baseline engine 

had better thermal efficiency (28.94%), and minimum at the speeds of 2700-RCCI (26%) brake thermal 

efficiency. NOx and CO2 increase in all cases of a diesel engine operating and minimum in the cases of RCCI 

and both speed cases and the reverse for HC and CO in all baseline and G10E10-RCCI engine combustion modes. 
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ABSTRACT 

Advanced composite materials are lightweight, robust, and designed materials made of toughened polymeric matrix with 

high-performance reinforcing fibers incorporated in them. Multiscale microparticle reinforcements in the composite were 

determined a significant variation in mechanical, physical, and microstructure properties through developed by various 

particle sizes and weights of content The particles are processed through an easy-to-use mold configuration and impregnated 

with epoxy resin. A homogenous material should have a higher density. The density of composite was found the highest under 

category S3, sample designation S34 that is 1.58 g/cm3 and 3.84% void contents. Tensile, flexural, moduli, hardness, and 

moisture properties are measured. Fly ash weight fractions and particle size play a major role in enhancing the mechanical 

and physical characteristics of polymer matrix composites; thus, a decrease in particle size in the composite materials seems 

to improve mechanical strength and physical properties while increasing the weight of the contents, decreasing the 

mechanical properties, and increasing water absorption. The highest tensile strength, modulus, and flexural strength were 

shown smallest particle size and content in the designation. The flexural rigidity was increased with increased ash particle 

size and contents. The ash particle size and contents increase in composite was found to increase void content. The hardness 

value of a composite was showed nonlinear property with various weight content of bagasse ash. Bagasse ash size and 

loading in composites were statistically significant, which means less than a P-value of 0.05. A scanning electron microscope 

and optical microscope are used to characterize the morphology of the composite. This innovative understanding drives the 

efficient use of fly ash and offers long-term, and sustainable solutions for their practical implementation. With continued 

research and development, sustainable composites have the potential to become a mainstream material choice, promoting a 

more sustainable future. 

Keywords: microstructure, polymer, reinforcement, technology, waste 

1. INTRODUCTION 

Sustainable composites can exhibit a range of properties depending on the type of waste materials used and 

the fabrication process. By diverting waste from landfills and incorporating recycled materials, sustainable 

composites offer a lower environmental footprint. Natural fibers like wood, bamboo, or hemp can provide 

lightweight reinforcement, making these composites suitable for applications in transportation and construction. 

Depending on the waste materials used, sustainable composites can achieve good tensile strength, flexural 

strength, and impact resistance. Sugarcane is an agricultural product. Sugarcane bagasse ash is the waste from 

incineration for energy generation. Fly ash, the fine particles carried by flue gases, contains a significant amount 

of silicon dioxide (SiO2). Studies have shown high SiO2 content in various biomass sources like sugarcane bagasse 

(up to 71.5%, Chemical Composition of Bagasse Ash and Extracted Bio-SiO2), rice husk (86.8%), and wood 

byproducts (55%) (Baloyi et al., 2021; Rachniyom & Srisittipokakun, 2019), compared to coal fly ash (44.7-

61.8%) (Ovcacikova et al., 2022). Ethiopia's year-round sugarcane production, except for maintenance breaks, 

further increases bagasse ash generation.  Fortunately, regeneration techniques can help reduce this solid waste. 

Almost all of the product of its ash was sent to landfills. In 2012, the UK was utilized at 50%. Fly ash, while 

containing potentially harmful heavy metals (Tiwari et al., 2020), can offer some advantages in construction. 

Bagasse fly ash (BFA), specifically, has been shown to improve strength due to its silica content (Chuewangkam 

et al., 2022) and is comprised of various metal oxides (Rauf et al., 2017). Studies have found BFA useful in 

mortars and pastes, increasing viscosity (Jimenez-Quero et al, 2013; Castaldelli et al., 2016). Epoxy resin is a 

common choice for composites due to its strength properties, but it can be brittle (Tiwari et al., 2020, p. 2). 

mailto:belaytaye1@gmail.com
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Researchers are exploring ways to improve epoxy by incorporating fillers like BFA to create nanocomposites, a 

promising area of study. Multi-scale composites are composite materials that incorporate reinforcing elements 

from various size scales (i.e., macro, micro, and/or nano) (Rana et al., 2012a; 2017; Díez-et al., 2014).. 

Composite materials are engineering marvels that combine the best of various worlds, offering a remarkable 

combination of properties: lightweight construction with high strength and strength-to-weight ratio (Keya, 2019), 

excellent resistance to corrosion and high impact (Habibie, 2021), along with the freedom for design flexibility 

and part consolidation. They also exhibit dimensional stability, are nonconductive, and have low thermal 

conductivity (Habibie, 2021), making them ideal for a wide range of applications. The size of particles influences 

in HDPE composite (25 and 5µm) and volume (0, 20, 35, and 50 wt%) of micro silica filler particles on 

mechanical strength showed a decrease in tensile strength, ductility, elastic modulus on size 25µm, and toughness 

(Siraj et al., 2022). A first-time recycled and fresh fly ash composite was developed by variation of particle size 

(50-90, 90-150 and 150-250 µm) and determined a tensile strength and young’s modulus. To decrease the strength 

due to bigger fly ash particles, smaller fly ash particle batter performed composites (Alghamdi, 2021). In epoxy 

composites, sugarcane bagasse/fly ash/carbon nanotube reinforced tubes were examined and found that fly ash 

volume increased yield strength, while young’s strength decreased while tensile strength increased (Gopalan et 

al., 2021).  

This study investigated how the size of bagasse ash particles affects the mechanical strength and physical 

properties of a composite material made with glass fiber in an epoxy matrix. They found that bagasse ash, a waste 

product from the sugar industry. Overall, this research demonstrates the potential to transform industrial waste 

into valuable products. The properties are analyzed based on an analysis of variance (ANOVA), which is 

performed to obtain the significant factors for tensile and flexural strength. The ash powder sizes are at four levels 

(600-300, 300-150, 150-75 and 75-25µm) and the percentage ash weight is at four levels (10, 15, 20, and 25 

wt.%). The percentage of reinforcement is not more than 50% in the matrix due to the fiber not being fully wetted 

with the resin (Ismail et al., 2022). 

2. MATERIALS AND METHODS 

2.1. Materials Used  

In composite incorporated materials are epoxy resin, E-glass fiber, and sugarcane bagasse ash, the ash density 

1.18 g/cm3. Particle size was determined by a sieve analyzer based on ASTM E11, which has sieve designations 

of #30, #50, #100, #200, and #500. The retained sample was retained on five consecutive sieves corresponding 

to 600-300µm, 300-150µm, 150-75µm, and 75-25µm size fractions. The experiment was conducted at the Vellore 

Institute of Technology (VIT), India. Sugarcane bagasse ash is prepared (details likely in Fig. 1) and then 

incorporated into a composite material using a conventional hand lay-up technique. The bagasse ash contents set 

10, 15, 20, and 25 wt.% of the powders. Epoxy resin with hardener was mixed in a ratio of 10:1 (Vijayan, 

Subramanian, & Sankaranarayanasamy, 2020) by weight percentage. Subsequently, the mixtures were prepared 

by combining epoxy with bagasse, and a mixture was stirred for 5 minutes with a hand drill machine (1.2 kg) in 

an added blender on the tip of the drill bit. The E-glass fiber (36mm length) set (25 wt.%) in a wood mold having 

the dimensions of 250×200×10mm was used for composite fabrication based on designation shown in Table 1. 

2.2 Characterization 

2.2.1 Determination of Density 

This study measured the density of composites consisting of matrix, fiber, and particulate filler. The actual 

density (
ct ) was determined using the ASTM D792-91 standard, while the theoretical density based on weight 

fraction was calculated with equation (1). Density is a key parameter influencing the properties of polymer 

composites (Moritzer et al., 2021; Ji et al., 2022). Distilled water used to measure the density of a composite 

material and then applied equation (2) to determine the volume fraction of voids, or empty spaces, within the 

composite. 
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Where, suffix f, m, p, and ct stand for fiber, matrix, ash particle and composite.  ρ and W are density and weight 

fraction respectively.  

 
Figure 1: Preparation of designed materials and samples 

2.2.2 Water absorption and thickness swelling test 

The samples were submerged in water for 312 hours at room temperature (25°C). Three 20 x 20 x 3 mm 

specimens were prepared for each composite type, followed ASTM D570. Water absorption was calculated using 

Equation 3 (Dever et al., 2013), and thickness swelling (TS) was determined using Equation 4. The results were 

then analyzed through the graphical presentation in Figure 3. 
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The current specimen mass (Wi), baseline specimen mass (Wb), initial thickness (To), and final thickness (Ti) 

after 24 hours of water immersion can be used to calculate a value 

2.2.3 Tensile strength test 

Composite samples with dimensions of 25 mm width, 3.2 mm thickness and 150 mm gauge length were 

prepared according to ASTM D3039 and tested for tensile strength using a Universal Testing Machine at a speed 

of 5 mm/min. The average tensile strength and elongation were calculated from up to three measurements on five 

specimens per composite type.  

2.2.4 Flexural strength test 

The experiment examined the elasticity of a material by measuring its strain under a three-point load 

following ASTM D790 standards. Specimens with specific dimensions (127 × 12.7 × 3.2 mm) were 
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tested on a support span 16 times their thickness. Deflection and flexural properties were then calculated 

using Equation (5). 

22

3

tW

PL
StrengthFlexural

o

o  
(5) 

In engineering mechanics, the central load (P in KN), span length (Lo in mm), width (Wo in mm), and 

thickness (t in mm) of a specimen influence the maximum deflection (D in mm) of its center.  This relationship 

can be expressed through an equation that considers the interplay of these dimensions and material properties.  

2.2.5 Hardness test  

Hardness was assessed following the ASTM D785 standard, which utilizes a Rockwell hardness tester. In this 

test, a weighted indenter penetrates the material, and the material's hardness is determined by the depth of this 

indentation. The test begins with a minor load of 10 kg to set the indenter, the dial is then zeroed, and a major 

load of 60 kg is applied to measure the indentation depth. 

 2.2.6 Scanning electron microscope (SEM)  

Scanning Electron Microscopy (SEM) is a technique used to examine the morphology of composite specimens. 

The process involves placing a conductive specimen in a chamber and irradiating it with an electron beam. The 

emitted electrons provide information about the surface features of the composite (Hossain, 2012). The glass fiber 

distribution in the matrix was observed using optical microscopy. 

3. RESULTS AND DISCUSSION 

3.1 Density and Void Content Analysis 

A study investigated the effect of bagasse ash filler content on the density of composites, since density and 

moisture absorption are known to influence dimensional stability (Chandrika et al., 2022). According to 

Archimedes' principle (Robert et al., 2019) theoretical density determined assuming no pores or defects. 

 
Figure 2: Composites density verses void content plot 

A homogenous material should have a higher density. The breakage and pore generation result from the 

difference between the theoretical density and the experimental density. Since the production processes and 

conditions were optimized for the wettability (Jian-jun et al., 2021; Ruya Shi, et al., 2022) of the composite, it 

was possible to minimize or not greatly differ between them. Actually, manufactured composite gives rise to a 
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certain number of voids within the composite body. As shown in Fig. 2, an increase in content and a decrease in 

particle size in the composite decreased the density and increased the void contents. The density increased by 

5.04% with a decrease in the particle size from 600-300 to 75-25 µm, and similarly, the void content decreased 

by 68% in 10 wt.%.  

3.2 Water Absorption and Thickness Swelling Analysis  

A study investigated the effect of bagasse fly ash content and particle size on the moisture absorption of 

composites. Composites with increased fly ash loading and larger particles absorbed more water at a faster rate, 

with the highest absorption observed in a composite containing 25 wt.% of 600-300 µm fly ash.  

Table 1: Physical analysis of designed composite samples 

Category Label 
Bagasse ash 

particle size (µm) 

Bagasse ash 

contents (Wt.%) 

Glass fiber 

contents (Wt.%) 

Composites 

density 

Void 

content 

S1 

S11 600-300 10 25 1.39 0.073 

S12 300-150 10 25 1.41 0.057 

S13 150-75 10 25 1.43 0.044 

S14 75-25 10 25 1.46 0.024 

S2 

S21 600-300 15 25 1.5 0.091 

S22 300-150 15 25 1.51 0.083 

S23 150-75 15 25 1.52 0.077 

S24 75-25 15 25 1.55 0.059 

S3 

S31 600-300 20 25 1.48 0.098 

S32 300-150 20 25 1.52 0.075 

S33 150-75 20 25 1.55 0.057 

S34 75-25 20 25 1.58 0.038 

S4 

S41 600-300 25 25 1.48 0.124 

S42 300-150 25 25 1.51 0.106 

S43 150-75 25 25 1.52 0.100 

S44 75-25 25 25 1.54 0.088 

Previous studies found that too many fillers clump together (Asyraf, et al., 2022; Badaruzzaman, et al., 2022), 

creating voids that weaken the material and increase water absorption. Researcher concluded the balancing of 

mechanical performance and water resistance is crucial for reducing water absorption, as a composite's density 

and void content are strongly linked to its water absorption rate (Atiqah et al., 2017). When the loading of 25 

wt.% of BA with 600-300µm size particles was observed, the composite had the highest void content (0.124) and 

a lower density (1.48g/cm3). Similar strands were observed in other composites consisting of 20 wt.% BA with 

75-25µm particle size, the highest density (1.58 g/cm3), and a lower void content (0.038), which revealed Fig. 3 

lower water absorption.  
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Figure 3: Water absorption of designed samples     

The research found that thickness in the composite increased with time, BA content, and particle size. This is 

because more bagasse fly ash makes the composite panels more susceptible to swelling, possibly due to poor 

adhesion between the filler and the matrix polymer (Jawaid et al., 2019). As shown on Fig. 4, the S1 composite 

with the least amount of fly ash showed the least swelling, while S6 with the most fly ash showed the most 

swelling.  

 
Figure 4: Thickness swelling of designed samples 

3.3  Tensile Strength Analysis  

The highest tensile strength in designation S14 was 185 MPa, which is the lowest void content, and the highest 

tensile modulus value in designation S41 was 320 MPa, which is the highest void content. Tensile strength was 

shown in Fig. 5a to rise from the findings, with a particle size reduction of BA from 600-300µm to 75-25µm, 

which may be related to excellent particle dispersion and strong polymer/filler interface adhesion for effective 

stress transmission, as reported by another researcher (Devendra & Rangaswamy, 2013). The loading of BA 

increased from 10 wt.% to 25 wt.% in composites, decreasing the tensile strength as shown in Fig. 5c. 

The study found that the Young's modulus, a measure of stiffness, of the composites increased with increasing 

BA content (25 wt%)  as shown in Fig. 5b and 5d. This is because the stiffer BA filler strengthens the polymer 

matrix, enhancing its resistance to deformation under load. This trend is exemplified by designations S11, S21, 

S31, and S41, which have progressively higher strengths (260.61, 245.45, 189.47, and 320 MPa respectively) 

with increasing BA content.  
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Figure 5: Tensile strength and modulus’s analysis; a and b) BA particle size and c and d) BA content on tensile 

and modulus’s strength analysis plots, respectively 

3.4 Flexural Strength Analysis 

While adding bagasse ash (BA) to a composite initially improves its flexural strength due to better wetting of 

the filler by the resin, further increases in BA concentration have a negative impact (Fig. 6). This is because 

excess BA creates cross-links within the resin, making it more rigid but also more brittle (Fig. 6c). Additionally, 

the small size of the BA particles can disrupt the bonding between the resin and reinforcing fibers, further reducing 

overall strength. Similar results were found with oil palm nano filler/kenaf/epoxy hybrid nanocomposites in other 

studies (Saba et al., 2016). The highest flexural strength was found in the designation of S24 composite at 86.4 

MPa with 75-25µm particle size. Flexural strength increases with particle size as a result of the greater wettability 

of chopped particles by epoxy resin (small interface region), which causes an increase in transferring stresses 

from epoxy to chopped particles. Furthermore, tiny chopped particle sizes increase the boundary grains of 

chopped composite material, which increases the flexural strength of composite materials. These results are 

comparable with references (Ahmed, 2018). 

A study by El-Shekeil et al. (2019) found that incorporating fillers increased the flexural modulus of 

composites, especially with higher fiber loadings and larger particle sizes (Figure 6c). This is because fillers are 

stiffer than the surrounding matrix. As expected from the definition of flexural modulus (ratio of force to elastic 

deflection), higher moduli correspond to increased particle size and filler content, as observed in the 600-300µm 

particle size with 25% loading for filled BA samples. These findings align with polypropylene composites with 

coconut shell particles prior research (Obasi et al., 2021). 
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Figure 6: Flexural strength and modulus test; a and b) BA particle size factor on flexural strength and modulus’s, 

c) BA particle size factor on flexural rigidity, and d) content of BA with flexural strength plot 

3.5  Hardness test analysis  

Adding more bagasse ash to the composite didn't directly make it harder, even though the ash particles got 

smaller (Figures 7a and b). This is because the ash particles clumped together. The best hardness came from a 

mix with particle sizes between 75 and 25 microns. Similar results were found with limestone and wood particles 

in other studies (Anirudh et al., 2022; Vinayagamoorthy, 2020). There's a trade-off between hardness and tensile 

strength, because making the composite harder with smaller particles also makes it more brittle (less elastic and 

bendy). This is shown in Fig. 5a and 7b, where higher hardness corresponds to lower tensile strength. 

      

Figure 7: Hardness value test analysis with a) weight percentage and particle size of BA plot 
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3.6 Hypothesis analysis 

The ANOVA technique was used to assess the influence of process parameters on performance measures. 

Results from Table 2 show that content and particle size have a significant effect (p < 0.05) and a positive impact 

on tensile strength, flexural strength, and hardness. Although Table 3 compares the significance level of these 

factors using the Turkey method, any means sharing a letter are not statistically different. 

Table 2. ANOVA analysis factors of bagasse ash particle size and contents 

ANOVA analysis for tensile strength 

Source                     DF   Adj SS   Adj MS   F-Value  P-Value 

  BFA particle size (µm)   3    575.7    191.90    28.28    0.000 

  BFA contents (Wt.%)      3    18150.2  6050.06   891.72   0.000 

Error                      9    61.1     6.78 

Total                      15   18786.9 

ANOVA analysis for flexural strength 

Source                     DF  Adj SS   Adj MS   F-Value  P-Value 

  BFA particle size (µm)   3   58.11   19.371     14.20    0.001 

  BFA contents (Wt.%)      3  404.57   134.856    98.83    0.000 

Error                      9   12.28    1.365 

Total                      15  474.96 

ANOVA analysis for hardness value 

Source                    DF  Adj SS    Adj MS   F-Value  P-Value 

  BFA particle size (µm)   3   650.2    216.73     3.95    0.047 

  BFA contents (Wt.%)      3   769.7    256.56     4.67    0.031 

Error                      9   494.1    54.90 

Total                      

ANOVA: analysis of variance; DF: degrees of freedom; Adj SS: adjusted sum of squares; Adj MS: adjusted 

mean squares 

Table 3. Grouping information using the Tukey Method and 95% confidence 

 Tensile Strength Flexural Strength 

Weight 

percentage 

of BA 

content 

    N    Mean   Grouping 

10  4  178.00  A 

15  4  144.00     B 

20  4  114.00        C 

25  4   87.75           D 

    N     Mean  Grouping 

15  4  83.5138  A 

10  4  78.2726      B 

20  4  76.1319      B 

25  4  69.4882         C 

Particle 

size of BA 

             N    Mean  Grouping 

(75-25µm)    4  139.50  A 

(150-75µm)   4  133.25      B 

(300-150µm)  4  127.25         C 

(600-300µm)  4  123.75         C 

             N     Mean  Grouping 

(75-25µm)    4  79.5719  A 

(150-75µm)   4  77.6329  A   B 

(600-300µm)  4  75.5413      B  C 

(300-150µm)  4  74.6604         C 

3.7  Morphology Analysis 

Examining the material under a scanning electron microscope (SEM) revealed uneven distribution of bagasse 

ash and glass fibers (Fig. 8 & 9). Higher filler content resulted in poor interaction between fibers and the matrix, 

creating voids and holes (Fig. 8c). This suggests that the increased filler overwhelmed the matrix's ability to coat 

it properly, leading to the observed cavities, micro-holes, and clumping. 
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Figure 8: Microscopic images of SEM 

  
Figure 9: Optical microscopic images (etched by ethanol (CH3CH2OH) with HCl (50:1)) 

4. CONCLUSIONS AND RECOMMENDATIONS  

The mechanical and physical characteristics of hand-layup-molded bagasse finest ash polymer composite 

microparticles were effectively investigated. Smaller particle sizes demonstrated superior qualities as compared 

to bigger particle sizes. The agglomeration of filler particles in the polymer matrix influences the saturation level 

as filler loading increases. The density of the composite increased with particle size decreases, while void contents 

decreased. The water absorption of composites was increased at the initial stage but, over time, reached saturation 

point. The highest tensile strength and modulus in the designation S14 were 185 MPa and 320 MPa, respectively. 

The highest flexural strength was found in the designation of S24 composite at 86.4 MPa with 75-25µm particle 

size. The hardness of a composite is not linearly increased with BA loading. The ANOVA technique revealed 

that the effect of content and particle size appears insignificant as its P > 0.05. However, these two factors have 

a positive effect on the properties considered. The SEM observed weak wetting between filler, fiber, and matrix, 

as indicated by the presence of filler agglomeration and pores in the picture. Optical microscopy revealed that the 

spreading of bagasse ash particles and glass fiber was clearly observed. 

The recommendations for future work are: (1) Investigate methods to improve filler-matrix interaction for 

better bonding; (2) Explore surface modification techniques for the bagasse ash particles to enhance their 

compatibility with the polymer matrix; (3) Analyze the long-term behavior of the composites, including water 

absorption and mechanical properties over time. Overall, Sustainable Advanced Composite Technologies via 

Waste Products hold significant promise.  Further research and development are needed to improve process 

efficiency, optimize material properties, and ensure cost-effectiveness for widespread industrial adoption. 
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ABSTRACT 

A vehicle system dynamic model with flexible wheelsets was constructed using the wheelset of the CRH2A high-speed train. 

To investigate the fatigue life of wheels, the finite element approach and the Palmgren Miner rule were employed. Initially, 

the wheelset finite element model and its substructure model were developed using ANSYS finite element software. Second, 

the time history of loads and the dynamic response applied to the wheelset are obtained by utilizing the multibody dynamics 

software SIMPACK to create a rigid-flexible coupling dynamic model of the vehicle system, which incorporates three 

selected vehicles. The findings were compared with the vehicle system dynamic models integrated with track irregularity. At 

last, the fatigue life of the wheel was examined using the Palmgren Miner rule and nominal stresses. The outcomes 

demonstrate the increased accuracy of the temporal history of dynamic loads applied to the wheels acquired by the vehicle 

system dynamic model with flexible wheelsets. Moreover, the fatigue life prediction of wheel tread and the overall train 

safety, and performance considering the track irregularity has a significant effect. 

Keywords: Fatigue life, Finite element method, Flexible wheelset, Rigid-flexible dynamic model 

1. INTRODUCTION 

The development of EMUs trains in China has been accelerating. The Chinese high-speed EMUs, which serve 

as a characteristic vehicle, have extended the highest commercial speed in the world at 350 km/h. China's future 

rail transit system is an important research project featuring different-gauge high-speed EMUs traveling at 400 

km/h. The reactions of high-speed EMUs are becoming more difficult and complex due to the increased 

operational vehicle speed and robust and lightweight construction. High-speed EMUs may experience fatigue due 

to these amplified responses, frequently observed with severe, unusual vibrations, resonance, and even higher 

dynamic loads [1]. In each structure project, fatigue life is one of the most important factors for a solid design [2-

4]. These days, the evaluation of fatigue life is becoming more and more crucial for both highly sensitive systems 

and mass production. Peixoto and de Castro [5] studied the formation of fatigue cracks in a high-speed train 

wheel. Christodoulou et al. [6] examined the behavior of the material’s fatigue and damage tolerance. Alongside 

stereoscopic and fractographic examination of broken specimens, they conducted tests for fatigue, fracture 

toughness, and fatigue crack propagation. Edel and Boudnitski [7] using the linear elastic fracture mechanics 

(LEFM) approach analyzed the fatigue behavior of reusable solid railway wheels made of old wheel steel. 

Because of the recurrent contact stress created by rolling motion, the fatigue issue with train wheels is sometimes 

referred to as rolling contact fatigue [8]. Analysis of high-cycle fatigue typically uses a stress-based methodology. 

Empirical equivalent stress, stress invariants, average stress, and critical plane stress are the four categories into 

which the stress-based techniques can be separated. There are further reviews available [9-12].  

The service life of railroad tracks is significantly shortened as a result of damage accumulation brought on by 

wear, plastic deformation, and fatigue. Wheel/rail contact forces have lately grown due to faster trains and larger 

axle loads. Rolling contact fatigue is another name for the issue of railroad wheels wearing down [8]. By applying 

an accepted fatigue damage analysis technique for complex mechanical components, Yongming Liu et al. [13] 

solve the problem of wheel/rail rolling contact fatigue. Wheel-rail rolling contact fatigue was investigated 

experimentally by S. Zhang et al. [14]. Liu and Mahadevan [15]  presented and used experimental data from 

bending-torsional fatigue to verify a critical-plane-based model for fatigue damage arising from multiaxial 

modeling. To improve the interaction between the wheel and the rail, I.Y. Shevtsov [16] looked into a technique 

mailto:awel.mohammedseid@aait.edu.et
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for designing a wheel profile that takes rolling contact fatigue into account while decreasing wear. G. Zhou et al. 

hypothesized the lateral stress-induced fatigue degradation mechanism of railway wheels [17]. The fatigue life of 

wheelsets is determined by utilizing field testing carried out by Michele Maglio [18]. Reza Masoudi Nejad 

investigated railway wheel specimens subjected to cyclic stress in terms of fatigue properties [19]. The effective 

cyclic elastoplastic rolling contact was proposed by K. A. Meyer et al. [20] using a 3D finite element model.  

Reliability engineering has therefore been more well-known over the last few decades as a technique for 

producing goods with essential reliability and the greatest design. Numerous assessments are in place [21, 22].. 

Sakalo et al. have released an algorithm for fatigue damage accumulation processes and wear modeling in railway 

wheels induced by rolling contact [23]. Seo et al. [24]  and Lansler and Kabo [25] investigated the subsurface 

crack formation deflections of railway wheels under rolling contact situations. The essential crack sizes and 

development parameters for the wheels and rails of train cars were found [26]. A high-speed train wheel's fatigue 

fracture propagation was studied by Peixoto and de Castro [5]. Wheel fatigue and damage tolerance behavior 

were studied by Christodoulou et al. [6].  

A recent study largely focuses on measuring fatigue life and the dynamic behavior of a single vehicle of multi-

body dynamics (rigid and flexible) to analyze the dynamic response in terms of performance, safety, ride comfort, 

fatigue, and reliability. Furthermore, at this time, there is no research on the multi-body dynamics combined with 

track irregularity and wheel structural flexible bodies (wheelset, rail, and slab track) for fatigue life assessment 

under novel approaches. 

2. MATERIALS AND METHODS 

The multibody dynamic simulation (MBS) method was chosen for this study because it is an affordable 

solution to assess wheel fatigue life analysis in railway vehicles. As seen in Figure 1, MBS permits the use of 

experimental techniques to examine a range of operational and fault scenarios that are commercially impractical. 

The present research includes the following main sections. First, Flexible wheelset, rail developed based on 

finite element Method, and the flexible track established based on Programming language FORTRAN. Second, 

developed Multi body system dynamics by using SIMPACK. Third, established the track irregularity. Fourth, 

coupling of rigid and flexible body that helps to present the dynamic response result input to Fatigue life 

assessment. Finally, the fatigue life and damage analysis software is used. The detailed research work 

methodology is presented in Figure 1. 

According to the above method, the structural flexible and track defect influence studied the vehicle load and 

deliberately considered the speed. Besides, the impact on the dynamic safety and performance of vehicle 

components will investigate. Moreover, in order to verify the present research work previous studies reported in 

the literature used. After validating the model, a series of simulations are performed, based on the dynamic impact 

load, and dynamic stress/strain, under consideration of selected vehicle. Finally, the fatigue life assessment of 

electric multi-unit vehicle (EMUs) of wheel tread can be examined. 
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Figure 1. Fatigue life assessment of present research work methodology 

3. VEHICLE/TRACK COUPLED MODEL 

To take into consideration the maximum impact loads and the dynamic performance of the train caused by 

track irregularity, as well as to measure the fatigue life, a coupled vehicle/track model integrating the flexible slab 

and rail, the wheel/rail interaction, and the flexible wheelset model is developed. 

3.1 Vehicle Dynamic Model 

This investigation provided a typical train on China's CRH2A high-speed rail line. The structural parameters 

of the CRH2A type, which consists of eight car bodies, 32 wheelsets, and 16 bogies, are used to build the coupling 

vehicle dynamic model see Figure 2. Awel Momhur et al.  [27] also presented a detailed vehicle/track model 

equation in their previous work. As a result, the single-vehicle dynamic model is given 35 degrees of freedom. 
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Figure 2. Railway vehicle-track dynamic model. (a) Eight coupled vehicles, (b) Detail of the bogie components 

Figure 2 (a) shows the fully loaded couple multi-body system dynamics and Figure 2 (b) detail of the bogie 

components. The dynamic motion equation of a vehicle with a wheel-rail interaction model is expressed in the 

form of a submatrix. 

[
Mv 0

0 Mr
] {

D̈v

D̈r

} + [
Cv 0

0 Cr
] {

Ḋv

Ḋr

} + [
Kv 0

0 Kr
] {

Dv

Dr
} = {

Fv

Fr
} 

 
(1) 

where the subscripts' v' and 'r' intend the vehicle dynamics and track of the subsystem, correspondingly; M, C, 

and K refer to the subsystem matrices of collection, stiffness, and damping separately; and D and F represent the 

longitudinal vehicle movement and external force employed on the system, respectively. 

3.2 Structural Flexibility Model 

To develop a flexible body structure, the authors of this study expanded on their earlier research [28]. They 

have also introduced a flexible track to the system dynamics to accommodate straight and curved tracks. At this 

point, mass, stiffness, damping, and modal matrices are analyzed by FE software. Since the slab and rail model 

must be built as a superelement in ANSYS before it can be entered into SIMPACK, a substructure analysis must 

be completed first. The substructuring method enables the element, as shown in Figure 4-6, to be reduced in size 

to a single unit represented as a matrix, called the superelement. As shown in Figure 3, the maximum frequency 

level that occurred during the multibody system integration simulation was determined by analyzing the modal 

frequency of the structure flexibility for the wheelset, rail, and slab track. 
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Figure 3. Modal frequency of the structural flexibility: (a) wheelset, (b) rail, and (c) slab track 

3.2.1 Flexible wheelset 

Figure 4 shows that the flexible wheelset model was generated using the finite element method to assess the 

high-frequency wheelset vibration and the wheelset axle dynamic stress caused by the wheel damage. Equation 

2 can be used to show the location of any point M on the wheelset. 

0( ) ( , ) XM f MX t P X X t  (2) 

x⃗ M is the vector denoting the restricted (local) coordinates of a general independent variable on the wheelset, and 

P = P (φ) is the transformation matrix resulting from the rotation of a rigid body φ⃗⃗  = [ φ (t), x (t), ψ (t)].  

 
Figure 4. Deformed and undeformed wheelset model for construction of mathematical equation 

The movement of the wheelset centre as a rigid body is represented by X0(t). The flexibility of the system 

allows for the consideration of the movement of the x⃗ f (x⃗ M, t) point x⃗ M and the modification of x⃗ f following the 

many flexible modes of the wheelset formula 16 express as. 

3.2.2 Flexible rail 

Deformable rails can be represented using a floating reference frame of design [29] in simulations of multi-

body rail dynamics, as shown in Figure 5. The flexible section detail equation and relations for the rail, slab track, 

and wheelset are also presented in the author's earlier work [28]. 
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The technique gives the overall location of any point Q
r
 on a deformable track. 

0rr rQQ QR r

r rr = r +b (d +d )  (3) 

where rR is the vector location of the origin of the frame structure XrYrZr concerning the overall (global) frame 

Gf-XYZ, b
r  the rotation matrix necessary to change the components of a vector from the rail to the global frame, 

d⃗ r

Q0r  the vector location of the point Q, the equation below can be used to obtain the vector d⃗ r

Qrr
. 

 
Figure 5. Deformed and undeformed rail model for construction of mathematical equation 

3.2.3 Flexible slab track 

Under each wheel, the floating track frame encounters rail deformation, as shown in Figure 6. The floating 

track frame is Gf-XYZ, while the entire train-track system's inertial reference frame is Gf-XYZ. The track initial 

frame is S0-XsoYsoZso  and S-XsYsZs . A 3D model of the slab track structure is provided in this study, which 

deliberates the behaviors of the rails, fasteners, track slabs, and subgrade. The location vector of the selected point 

Qs on the rails can be written [30], as shown in Figure 6. 

Q Qos s
sQ S r sr

s sr = r +b (d +b d )  (4) 

 
Figure 6. Deformed and undeformed slab track model for construction of mathematical equation 

where rS is the location vector of the source of the body frame (XsYsZs) regarding the global frame XYZ, b
r the 

rotation essential matrix to convert the elements of a vector from the rail to the global frame, bsr
 the direction of 

the matrix of the trajectory frame regarding the coordinate rail system, d⃗ s

Q0s
 the location vector of the point Q

os
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regarding the body frame when the flexible body is undeformed and d⃗ s

Qs
 the movement of the point Q

s
 by the 

effect of deformation 

4...NUMERICAL MODEL  

4.1 Verification of Multi-Body System Dynamic Model 

Our earlier research [28] and [31] sufficiently validated the suggested multi-body system dynamics model 

when combined with uncertainty parameters and finite elements. Figure 7(a-d) illustrates the time domain 

acceleration. The time history correlation analyses, as shown in Figure 7(a–d), demonstrate a good agreement 

between the current model and reference [31]. On the vertical rail, lateral rail, vertical slab, and slab lateral 

acceleration, the relative errors of the two models are 7.69, 5.13, 4.78 and 4.02%, respectively.  

 
Figure 7. Validation of the multi-body system dynamics model: (a) vertical rail acceleration, (b) lateral rail 

acceleration, (c) vertical slab track acc., and (d) lateral slab track acc. 

It was clear from Figure 7 that the new method yields results that are almost strictly comparable to those of 

the reference and enables the dynamic examination of structures that are challenging to describe theoretically, 

such as flexible wheelsets, vehicle bodywork, and so forth. 

4.2 Vehicle Dynamic Response 

The flexible-rigid multi-body dynamics model (FRMBD) is used by SIMPACK software to capture dynamic 

responses, and 200-300 km/h is the operating speed on a straight line. 
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Figure 8: Dynamic response of vertical wheel/rail contact force structural flexibility and track irregularity with 

vehicle speed (v=200 km/h): (a, c, and e) leading, middle, and rear vehicle, (b, d, and f) elongation 

The vibration amplitude is more important than the average value under cyclic operating circumstances. The 

selected sample, leading, middle, and rear vehicles, are effectively studied to assess the dynamic response of 

flexible body integrated with and without track irregularity. Figure 8 (a, c, and e) illustrate the dynamic impact 

of three selected vehicle models, and Figure 8 (b, d, and f) indicates the elongation view of the response. Figure 

8 shows the vertical dynamic response of flexible wheel/rail contact with track irregularity (Tirr) of the leading, 

middle, and rear vehicles are about 140 kN, 120 kN, and 130 kN, respectively. Similarly, the vertical dynamic 

response of flexible wheel/rail contact without track irregularity of the selected vehicles are about 105 kN, 90 kN, 

and 100 kN, respectively. Consequently, the track irregularity and flexible body introduced to the system 

dynamics significantly affect the vehicle system. Therefore, the relative variation of vertical force with and 

without track irregularity are for the leading vehicle 28.57 %, middle vehicle 28.1 %, and rear vehicle 26 %, 

respectively. 
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4.3 Influence of Dynamic Stress and Strain 

The dynamic von Mises equivalent stress responses of the component are shown in Figure 9-11. Figure 9-11 

(a) demonstrates the dynamic von-misses stress of wheel/rail contact with and without uncertainty parameters 

(UP). Figure 9-11 (b) also indicates the elongation view of dynamic von Mises stress. 

 
Figure 9: Leading vehicle of dynamic response of vertical wheel/rail contact force structural flexibility and track 

irregularity with vehicle speed (v=200 km/h): (a) leading vehicle, (b) elongation view of (a), and (c) elongation 

of view of (b) 

The dynamics of von-misses stress amplitude of the leading, middle, and rear vehicle in the absence of track 

irregularity are about 300 MPa, 240 MPa, and 250 MPa compared with 340 MPa, 270 MPa, and 290 MPa in the 

presence of uncertainty parameters, the relative variation in percentage for leading vehicle 12.5 %, for middle 

vehicle 11.76 %, and rear vehicle 14.76 %. 
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Figure 10: Middle vehicle of dynamic response of vertical wheel/rail contact force structural flexibility and track 

irregularity with vehicle speed (v=200 km/h): (a) leading vehicle, (b) elongation view of (a), and (c) elongation 

of view of (b) 

It means the random dynamic behavior with wheel flat damage and uncertainty parameters have significant 

differences on the dynamic von-mises stress of the wheel/rail contact. Therefore, the maximum von Mises 

equivalent stress should be observed as significantly higher than the wheel yield stress (540 MPa), which may 

lead to local plastic deformation of the wheel. 

Additionally, based on such analyses, it can be found that the random dynamic has a significant effect on the 

leading and rear. Still, the middle vehicle has a relatively slight impact on dynamic response. Thus, the random 

behavior, wheel flat damage, and flexible body should be carefully considered for the fatigue life assessment. 

Figure 9-11 (c) shows the dynamic von-misses strain of wheel/rail contact with and without uncertainty 

parameters (UP). Figure 9-11 (d) also indicates the elongation view of dynamic von Mises stress. The vertical 

dynamics of von-mises strain amplitude of the leading, middle, and rear vehicle in the absence of track irregularity 

are about 0.245 %, 0.22 %, and 0.23 % compared with 0.28 %, 0.25 %, and 0.27 % in the presence of uncertainty 

parameters, the relative variation in percentage for leading vehicle 13.3 %, for middle vehicle 12.76 %, and rear 

vehicle 16 %. It means the dynamic behavior with track irregularity and structural flexibility has significantly 

differ on the dynamic von Mises stress and strain of the wheel/rail contact. 
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Figure 11: Rear vehicle of dynamic response of vertical wheel/rail contact force structural flexibility and track 

irregularity with vehicle speed (v=200 km/h): (a) leading vehicle, (b) elongation view of (a), and (c) elongation 

of view of (b). 

4.4 Fatigue Life Assessment Of ER8 Wheel 

To get around the wheelset, non-conservative assessment under extrapolation changing amplitude loads, the 

relative Miner's rule [32] is used. According to the relative Miner's rule, the severe cumulative damage Dc (Dc = 

1) is taken into account by using the conventional Miner's rule with a safety factor qsf (qsf < 1). Thus, a component's 

service life can be calculated in cumulative fatigue damage D. 

1
D

N
  (5) 

For simplicity in the present investigation, Miner's rule, a linear damage accumulation rule, is employed. 

Miner's rule is described in general by Equation (6). 

1 1

K K
i

i

i i i

n
D D

N 

    (6) 

where K is the number of loading blocks, i the ith applied loading cycle. 
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The wheel/rail contact point is where the maximum cumulative damage positions are placed, according to 

Figure 12. Figure 12 (a) illustrates the fatigue life of the three selected vehicles. Their minimum fatigue life is 

8.811e5 for the leading, 2.02e6 for the middle, and 1.302e6 for the rear vehicle in the presence of track irregularity 

and similarly, Figure 12 (b) shows that 4.288e6 for the leading, 9.841e6 for the middle, and 5.513e6 for the rear 

vehicle without track irregularity. The duration for the load spectrum selected in the calculation process is 90 s, 

and the travelling distance is about 6.1 km. Therefore, from this condition, the total mileage that the wheelset can 

run during the fatigue life of the leading, middle, and rear vehicles in the presence of track irregularity is about 

5.37, 12.32, and 7.94 million kilometres, respectively. Similarly, without track irregularity is about 26.15, 60.03, 

and 33.6 million kilometres, separately. Consequently, the CRH2A EMUs China high-speed train runs 800,000 

kilometres per year. Therefore, based on this travelling history data, the fatigue life of the leading, middle, and 

rear vehicles with track irregularity  is about 6.71, 15.4, and 9.9 years, respectively. Similarly, without track 

irregularity, the fatigue life for the selected vehicle is 26.15, 60.03, and 33.6 years, correspondingly.  
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Figure 12: The fatigue life of wheelset: (a-c) with UP+FR+wf (leading, middle, and rear vehicle), (d-f) without 

UP+FR+wf (leading, middle, and rear vehicle), at the wheel flat length 50 mm, vehicle speed 300 km/h 

5. CONCLUSIONS 

The present research work mainly focused on assessing the fatigue life of the EMUs wheel. A numerical model 

investigates the fatigue life of the CRH2A train based on Palmgren Miner rule, finite element model, and 

integrated with fully loaded eight coupled vehicles of system dynamics under consideration of flexible body 

(wheelset, rail, and slab track). The fatigue life assessment based on the cumulative damage at the hot spot position 
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of the wheel/rail contact is then calculated and compared with track irregularity and without track irregularity. 

From the foregoing studies; the following conclusion can be drawn. 

1) A Multi-body system dynamics integrated with structural flexibility is developed to extract the influence 

of dynamic impact load, dynamic stress/strain, wheel damage can be considered effectively. 

2) The fully loaded eight-vehicle multi-body system dynamic result indicates the influence of vertical impact 

load, dynamic von-mises stress, and dynamic von-mises strain high in the leading, rear, and middle 

vehicles. 

3) According to fatigue life assessments, simulation result indicates that the fatigue life of the leading, 

middle, and rear vehicles with track irregularity is about 6.71, 15.4, and 9.9 years, respectively. Similarly, 

without track irregularity, the fatigue life for the selected vehicle is 26.15, 60.03, and 33.6 years, 

correspondingly. From this can be understood that the random dynamic behaviour and the wheel defect 

significantly reduced the life period of the wheel. Moreover, regular maintenance is mandatory to improve 

train performance, safety, reliability, ride comfort, and fatigue life. 

4) It is critically recommended that the flexible body (wheelset, rail, and slab track) developed in this study 

should be considered in the dynamic system when a numerical framework evaluates the fatigue life of the 

wheel based on vehicle system dynamics (VSD) and finite element (FEM)  
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ABSTRACT 

The investigation of tensile properties at the fiber level is crucial for conducting micromechanical analyses and mechanical 

modeling of materials and their composites. Yet, there is a research gap when it comes to Enset fiber. To bridge this gap, a 

study was conducted to characterize single Enset fibers, with a primary focus on measuring fiber diameter, determining 

density, assessing single fiber tensile strength and stiffness, and conducting relevant analyses. JMP 13 Pro and Python 

programming were employed for experiment design and analysis. The measurement of strain, strength, and stiffness, along 

with subsequent correlation, was carried out using digital image correlation technique. The finding revealed that, Enset fiber 

has a density of 1.38gcm-3, signifying its suitability for feasibility in lightweight applications. Also, its notable strength, 

capable of reaching 1000Mpa, coupled with its good stiffness, makes it as a promising substitute with commendable capacity 

for bearing mechanical loads while also presenting environmental advantages. In conclusion, Enset fiber demonstrates the 

necessary qualities to be considered a viable alternative for various lightweight industrial applications. This positions it as 

a competitive fiber, contingent upon careful extraction, proper treatment, and efficient processing. The utilization of Enset 

fiber in industrial settings, coupled with value addition, would yield be a win-win scenario for both industries and farmers, 

offering the later with a much-needed additional source of income.  

Keywords: Enset, Enset fiber, processing, strength, lightweight application 

1. INTRODUCTION 

The characteristics of the natural fiber reinforced composite are dependent on the attributes of the fibers used; 

the fiber properties helps to estimate the properties of the resulting material. Specially, the tensile tests of fibers 

serve as a means to ascertain the mechanical properties of the fibers and helps to determine the fiber’s mechanical 

properties before using them as a reinforcement (Abdela et al., 2021; Cline et al., 2018; B. Sanborn & 

Weerasooriya, 2015; Brett Sanborn et al., 2015) (Andersons, n.d.; Depuydt et al., 2017; Kim et al., 2015; B. 

Sanborn & Weerasooriya, 2015). This approach is preferred in situations where there is a limited material during 

the material development phase (Andersons, n.d.; Cline et al., 2018; Brett Sanborn et al., 2015). Understanding 

the tensile properties of fibers is essential for conducting micromechanical analyses and mechanical modeling of 

these materials and their composites (Abdela et al., 2021; Cline et al., 2018; Depuydt et al., 2017). While 

manufacturers usually offer fiber properties for synthetic fibers, datasheets are often lacking for natural fibers. 

Due to unavailability of data for natural fibers, when testing new materials, the need to characterize plant fibers’ 

tensile characteristics is inevitable (Karimah et al., 2021; Monteiro et al., 2010; Saadati et al., 2019). 

Alternatively, literatures reveal a wider range of the measured properties of one plant fiber. There are a number 

of reasons for this variation (Analysis, 2016; Kiflie, 2019; Monteiro et al., 2010; Teli & Terega, 2017). A part of 

this variation can be attributed to the inherent variability in plant nature, test samples and associated error; but 

this is unlikely to be a complete explanation (Alves Fidelis et al., 2013a; Brandt et al., 2020). There is a need for 

a consistent fiber testing method where the variation is only a function of the material variability and not of the 

testing setup (Depuydt et al., 2017). Thus, proper method to conduct single fiber tensile test is needed; and digital 

image correlation is one of the preferred methods for such application (Abdela et al., 2021; Depuydt et al., 2017). 

There are some challenges when testing plant fibers’ tensile characteristics that can lead to a wide range of results 

(Depuydt et al., 2017; Kim et al., 2015). Hence, it is important to identify the determinants that affect the test 

result and mitigate.   

mailto:abexmesc@yahoo.com
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The guiding principle during such measurement is that the tensile strength depends on the applied load and the 

cross-sectional area of the fiber (Kumar & Anbumalar, 2015; Monteiro et al., 2010; B. Sanborn & Weerasooriya, 

2015).  Cross-sectional area depends of the diameter while diameter also depends on the density of the fiber under 

consideration and other related factors (Abdela et al., 2021; Cline et al., 2018). There are, also, other factors 

related to the testing machine and digital image correlation facilities and software thereof (Kim et al., 2015; Brett 

Sanborn et al., 2015). Hence, the diameter of the fiber needs to be carefully measured and estimated so as to 

identify the fiber strength measurement accurate.    

Considering every important determinants, in this regard, it is possible to estimate the tensile strain, strength 

and stiffness of single natural fiber (Andersons, n.d.; Cline et al., 2018; Kim et al., 2015; Salih et al., 2020). And, 

the result can be used as an input for micromechanical characterization and mechanical modeling of their 

composite. Enset fiber is used as a case study and the experiments are designed and the results are analyzed using 

JMP 13 Pro and Python programming. As a result, this investigation focused on the correct methods for carrying 

out single fiber tensile analysis and suggested ways to improve the accuracy of findings as well as opportunities 

for enhancing precision. 

2. MATERIALS AND METHODS 

2.1. Material  

Enset fibers were sourced from Ethiopian indigenous plant (Ensete ventricosumn) from Kokosa, Oromia, 

Ethiopia, found at an altitude of 2627 m with min and max annual average temperatures of 12 and 18°C, 

respectively (Abdela et al., 2023). Manually, using in house developed technique, extracted fibers from plants 

with 3 diverse ages (1, 2, and 3 years after the pulp is ready for 1st round of extraction).  

 
Figure 1: (A) Enset Plant    (B) Enset Plant   (C) Manual Extraction    (D) Extracted Fiber 

Steel fibers with a diameter of 30 lm, and a known stiffness of 193 GPa. This is used to validate the method 

using a material with known diameter and tensile properties comparing against the measured value using digital 

image correlation.   

2.2 Methods 

The diameters of fibers were measured using Laser Microscope (Keyence) on 25 spot across the 10 cm length. 

As this device is limited to measuring the external diameter, and natural fibers contain an internal cavity, it is 

essential to consider additional aspects. The fiber's lumen cannot extend along its axial length, and its distribution 

is not uniform throughout the length. Thus, an additional methodology is required to evaluate the density of a 

substance and subsequently deduce the estimated diameter, as this is a critical factor that determines the tensile 

strength based on the Equation 1 provided below.  

Density ῤ =
𝑚

𝑣
   But, 𝑉 = 𝐴𝐿 =

𝜋𝑑2

4
L     thus,   𝑑 = √

4𝑚

4ῤ𝑙
                                                            (1) 

Where; m, ῤ and l are mass, density and length, respectively.  
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Density is measured using Quanta-chrome Helium Gas Pycnometry and the detail of the method is given here 

below. The fibers were cut to a length of 10 cm, dried for 24 hrs at 60 0C and later cooled using desiccator without 

absorbing moisture. In the latter state, the mass of the fibers was measured using analytical balance with accuracy 

to 10-5g; Mettler AT 261 Delta Range. And, fibers are cut to different length (powder, 1 mm, 3 mm, 5 mm and 10 

mm) to measure the density.  

To determine density, each fiber samples are weighed and are recorded on the machine using the data input 

interface. Then, the samples are put in to the Pycnometer being in the selected volume cell. The system is 

calibrated using the two standard spheres with known volume of 56.5592 cm3 and 2.145 cm3. In this process, all 

the three available volume cells are considered; their volume of 147.3974 cm3, 27.216 cm3 and 11.4285 cm3 for 

the large, small and micro respectively. Also, effects of the uniformity of purging duration has been checked by 

altering the three purging duration (5, 10 and 15 min).   

The tensile test is done using the following methods and standards. To check the reliability of the method, 

result from steel fibers with known stiffness measured using the same method was used as a benchmark (Depuydt 

et al., 2017). The fiber was glued onto paper frame using a double-sided glue roller (Permanent Pritt glue roller, 

Henkel) and adhesive (SICO MET 8300). Fig 2A shows the paper frame for a test gauge length of 50 mm and the 

position of the fiber in this frame. The frame facilitates sample mounting and fiber alignment. Tensile tests were 

performed on an Instron 5943 equipped with a 100N load cell according to the ASTM C1557-14 standard in a 

conditioned environment at 50% RH and 21 °C. The frame was pneumatically gripped with a gripping force of 

200N. A pre-load of maximum 0.01N was applied to the fiber to straighten it. Fiber straightness is critical when 

the strain is to be derived from the crosshead displacement, especially for comparison of the result with Digital 

Image Correlation (DIC). The crosshead displacement rate was chosen according to the ASTM C1557-14 

standard, which suggests achieving fracture within 30s of testing. For the investigated fibers, this translates to a 

crosshead displacement rate of 1mm/min. 

  
Figure 2: A) Specimen Preparation for SFTT   B) Digital Image Correlation 

Gluing - potent glue is used to fully make the fiber rigid around grip. Double side glue is used to straighten 

the fiber at the contact point of fiber and paper and SICO MET 8300 is used.  

Optical Flag and speckle formation - Optical flag is prepared using TIPEX followed by speckle formation and 

dot making using the tick marker to make visible spot on the fiber.     

Fiber straightness - Fiber straightness during attaching and gripping is critical; it affects the strain value 

estimation on both methods because the straightening stage itself is considered as elongation. Hence the fiber has 

been straightened by using of a preload less than 0.01N.  

Digital Image Correlation - During digital image correlation process, images before elongation starts and after 

failure have been filtered, first. Initial guess have also been conducted to check whether it is possible to correlate 

before starting the analysis and assist the correlation process if required. In case the initial guess face problems 

while correlating, going to the picture where the correlation stops and assisting with the possible options available 

is required.     
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3. RESULT AND DISCUSSION  

3.1 Optimal Experiment Design  

The experiments have been designed using JMP 13 pro software. The DOE platform is considered. The main 

effect and the interaction effect with 2-level has been taken into account in the process. Constraints are also set 

to make the experiment more real replica of the situation. The minimum number of experiment recommended by 

JMP has been taken with extra experiments, depending on importance, for boosting the certainty of the result as 

it is tabulated on Table 1. 

Table 1: Optima Number of Experiment 

Test Type  Categories  Min. test  Test considered  

Single fiber test  

Category 1 24 40 

Category 2 24 40 

Category 3 24 40 

Table 1 illustrates that an additional 16 tests are incorporated for each individual fiber test, aiming to improve 

the accuracy of the results and enhance their representativeness. The diameter of each fiber within the categories 

indicated above has been estimated, leading to the result discussed on section 3.2 below.  

3.2 Diameter Estimation  

The measurement of Enset fiber diameter is conducted through the utilization of a laser microscope, while the 

lumen size is estimated based on information obtained from literature. The sample of the image diameter 

measured using the laser microscope is illustrated in Fig 3. 

 
Figure 3: Microscopic image of Enset fiber diameter 

Upon completion, the obtained result is validated by estimating the Fiber density utilizing Helium gas 

Pycnometry, followed by a back-calculation procedure employing the relationship between density and diameter 

as illustrated in Equation 1.  
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Figure 4: Enset fiber density estimation results  

Fig 4 illustrates the density of Enset for various sizes, with an average density measurement of 1.38gcm-3. This 

particular value is utilized jointly with the Equation 2 for each fiber, where the cross-sectional areas are computed 

by taking into account the diameter and then documented using the universal testing machine   

The Enset fiber diameter is measured at a length of 10 cm to determine the cross-sectional area of the fiber. 

The smallest diameter measured using laser microscope is 50.1µm while the average and large fiber diameter are 

163.7µm and 298µm respectively. In order to conduct a thorough study, 40 fiber samples were carefully selected 

and subjected to examination. Yet, 97.8% of the fibers fall in the range between 70 µm and 240 µm; while 85% 

of fibers diameter falls between 90 µm - 210 µm. The diameters are utilized in determining the cross-sectional 

area of individual fibers subjected to the load, with the resultant areas being inputted into the tensile testing 

machine. The preloads applied to straighten the fiber are elaborated upon in section 3.3. 

3.3 Preloads Considerations   

The result found from the universal tensile testing setup analog data revealed that the preload used to straighten 

the fiber is in acceptable range as shown on the Fig 5. After the finishing of the test, the result has been used as 

an input to the simulated correlation system. 

It is clear from the data presented in Fig 5 that 72.5% of the testing was conducted with a preload of less than 

0.00025KN. Given the minimum strength observed of nearly 200MPa, this accounts for less than 0.05% of the 

final strength achieved. The applied load has a minimal effect on strength, with only a small percentage being 

insignificant (Depuydt et al., 2017; Kim et al., 2015). Preloads of 87.5% are below 0.0003KN, and 95% of 

preloads are less than 0.0004KN. The use of smaller preloads ensures the reliability of test results. However, no 

tests have been conducted with preloads exceeding 0.0005KN.  
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Figure 5: Ranges of the preloads applied   

The preloads fall within the acceptable range, prompting the need to investigate the failure spot. The failure 

spot of the fiber plays a crucial role in determining the fiber's attribute during a single fiber tensile test. Failures 

occurring near the grip may be attributed to either the gripping load or the adhesive applied at the attachment 

point of the fiber to the paper. The findings related to the failure spot are illustrated in Fig 6. The data presented 

in Fig 6 indicates that 82.5% of fiber failures occurred at the midpoint, suggesting that these failures are primarily 

due to the applied load rather than issues with gripping. Conversely, the remaining 17.5% of failures were located 

around the grip and are not considered in the subsequent analysis due to their association with failure at grip. 

 
Figure 6: Acceptable failure spot of fibers  

The evaluation of the fiber's strength reveals that it falls within the acceptable range, as demonstrated in Fig 

6. Consequently, an investigation into the tensile strength of each individual fiber was conducted. Furthermore, a 

comprehensive analysis of the failures occurring at the acceptable spot and under the allowable preloads, as 

indicated above, was undertaken. Fig 7 presents a graphical representation of the range of tensile strength 

exhibited by a single Enset fiber.   
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Figure 7: Tensile strength of single Enset fiber 

Initially, it was observed that approximately 5% of the fibers experienced failure before attaining strength of 

100MPa. This value deviates significantly from the average strength. The study reveals that only 14.72% of the 

fibers possess strength below 500MPa. Consequently, it is recommended to disregard the premature failure as it 

does not accurately represent the properties of the fibers. On the contrary, a significant 69.44% of the fibers fall 

within the strength range of 500-1000MPa. Therefore, the 5% of fibers failing before reaching strength of 100MPa 

is not indicative of the overall scenario. The most probable reason for this premature failure is the damage caused 

during the manual extraction process, which involves indentation loading. Furthermore, the storage conditions 

may also contribute to this premature failure.  

The findings of this investigation revealed that a significant proportion of the fibers, specifically 25%, 

exhibited a strength falling within the range of 800MPa to 900MPa. Conversely, the majority of the fibers, 

constituting approximately 70%, displayed a strength surpassing 500MPa. Moreover, more than 30% of the fibers 

demonstrated a strength exceeding 900MPa, while 11% achieved the highest possible strength of over 1000MPa. 

It is important to note that there were also instances where fibers with the smallest diameters reached a strength 

of 1000MPa, albeit infrequently. These results are consistent with the existing literature on the subject (Alkbir et 

al., 2016; Alves Fidelis et al., 2013b; Depuydt et al., 2017; Monteiro et al., 2010; Teli & Terega, 2017). The 

following Fig 8 summarized the possibility of reaching above 1000MPa of strength. 

 
Figure 8: The diameter of natural fibers that produces a strength of 1000MPa  
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All fibers shown on Fig 8, except Buriti fiber, exhibit 1000MPa strength for a diameter less than 60µm. For 

Jute and coir fibers, this threshold is below 20 µm. The relationship between diameter and strength is characterized 

by an inverse and square relationship; as strength is inversely related to the square of the cross-sectional area, 

leading to a hyperbolic relationship. The relationship between Enset fiber strength and diameter can be expressed 

by the equation derived from the analysis of all individual test results.   

σ(d) = 0.02243553d2 – 8.6359d + 1379.96                                                                                  (2) 

The correlation established using Vic2D software ensures that the acceptable error range, which is below 5% 

(0.05), is maintained for all data points and tests. By analyzing the displacement in the images and calculating the 

corresponding strain, the tensile strength and tensile modulus of Enset fiber can be accurately determined. The 

comprehensive results of the tensile properties for various test categories conducted under tension, including 

strength and modulus are presented below. 

Table 2: Tensile Characteristics of Enset Fiber 

Categories   Properties  Minimum   Maximum  Mean  

Category 1  
Strength  41 723 541 

Modulus  35 65 40 

Category 2  
Strength  51 821 618 

Modulus  46 68 45 

Category 3 
Strength  67 923 647 

Modulus  12 69 46 

The minimum strength limits observed in the displayed data can be attributed to various factors. One primary 

factor is the manual fiber extraction method, which has the potential to cause damage to the fiber. This damage 

can lead to early breakage during loading, resulting in lower strength values. Another subset of fibers exhibiting 

low strength failed either at the clamp or in close proximity to it, potentially causing damage that affects the 

Poisson ratio. Thus, enhancing the extraction means to preserve the fiber during extraction will minimize breakage 

and increase the strength as a result.  

Due to the hydrophilic relationship shown on equation 2 above, the fiber may perform relatively less compared 

to other petrochemicals, even though it can be mitigated using different technics of coating. Nevertheless, Enset 

fiber exhibits promising characteristics that make it a viable alternative to other natural fibers. This assertion is 

supported by a thorough examination of the properties of different natural fibers documented in relevant literature, 

as well as the outcomes of this study which highlight the favorable properties of Enset fiber (Andersons, n.d.; 

Ilankeeran et al., 2012; Salih et al., 2020). Examination of flax fiber, a natural fiber widely used in various 

applications, demonstrated a young’s modulus of 31 GPa and a strength of 305 ± 120 MPa when tested using a 

75mm Gauge and a testing speed of 1 mm/min in the green flax test. Similarly, bamboo fiber exhibited a young’s 

modulus of 33.37 MPa and a strength of 639 MPa when tested across different gauges of 5, 15, 25, 35, and a 

testing speed of 1 mm/min in the steam explosion test. Yield of 43MPa young’s modulus and 775 MPa of strength 

has been test for different gauges of 5, 10, 25, 40, with 1 mm/min, mechanical extraction [19]. Hence, the outcome 

can be likened to that of other natural fibers, indicating that Enset fiber holds promise as a potential natural fiber 

for various nonstructural lightweight applications. 

4. CONCLUSION 
The mechanical properties of Enset fiber, a potential material for natural fiber reinforced composites, were 

effectively characterized in this study. The inverse and quadratic relationship between tensile strength and fiber 

diameter leads to a significant difference in strength value when there is a slight underestimation or overestimation 

of the diameter. Therefore, the method utilized in this investigation, which strengthens the microscopic 

measurement of diameter with density estimation via helium gas Pycnometry, elevates the precision of the 
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diameter and in turn of the tensile strength of the fiber. However, in contrast to the direct measurement technique 

that calculates strain by analyzing crosshead movement, the approach utilized in this investigation (DIC) produces 

notably better results owing to its enhanced ability to account for slippage effects. In general, the implementation 

of the digital image correlation method in this study offers several advantages over the direct method, and the 

findings can contribute valuable insights to the micromechanical analysis and mechanical modeling of Enset fiber 

and its composite. Furthermore, the results indicate that Enset fiber holds promise as a potential fiber for future 

research, particularly in relation to specific applications. 
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ABSTRACT 

The research study provided an attempt to evaluate the effect of waste glass powder as a partial replacement of 

conventionally used filler material in hot mix asphalt concrete. For this purpose, three different asphalt concrete samples 

were produced using crushed stone dust (CSD) in different percentages (5, 6.5 and 8%) as mineral filler with five different 

bitumen content (4, 4.5, 5, 5.5 and 6%). From the series of asphalt content, 6.5% crushed stone dust filler was selected, 

which provided the highest stability waste glass powder (WGP). The content of crushed stone dust (CSD) filler was replaced 

with a rate of 0, 25, 50, 75 and 100%. The samples were tested with a marshal stability test to obtain the Optimum Bitumen 

Content (OBC) and optimum filler content. A total of sixty (60) mix specimens were prepared, forty-five (45) of these 

compacted at each percentage of CSD filler and bitumen content to determine the OBC and optimum filler content. The 

remaining samples were used to find out the optimum replacement rate of waste glass powder (WGP). Results showed a 75% 

replacement of crushed stone dust with waste glass powder at 5.10% bitumen content, the Marshall stability was 12.0KN, 

Flow was 2.84mm, air void was 4.0%, VFB was 72.3%, and bulk density was 2.360g/cm3. From these results, the mixture of 

75% WGP passed the ERA and Asphalt Institute Standard Specifications. It observed that for heavily trafficked roads, waste 

glass powder was 75% of the weight of CSD or 4.875% of the total aggregate weight. Also, it may solve the significant 

disposal problem of waste glass to save the environment. 

Keywords: filler, hot mix asphalt, marshal stability, waste glass powder 

1. INTRODUCTION 

Disposing of various waste products from various industries is a major issue. Global trash output of various 

forms has increased dramatically as a result of the expansion of numerous businesses and population development 

(Isa Olowosulu eta Joel, 2018). The removal of waste materials such as blast furnace slag, fly ash, silica fume 

(obtained from the power plant), recycled aggregate (from the demolition of the site), solid waste, plastic waste 

(domestic waste), and rubber waste (commercial waste). glass, metal, rubber, plastic, etc that large quantity of 

waste especially non-decaying waste materials becomes a problem of great concern in developed as well as in 

developing countries (Ahmed, Othman eta Mahmoud, 2006). Municipal solid waste is a problem for local 

governments. Recycling is one of the best ways to dispose of this waste. With the increasing cost of materials, 

there has been a renewed interest in reusing waste materials in construction (Haddad eta Khedaywi, 2023). 

In recent years, the reclaiming, reuse, and recycling of wastes in place of virgin materials have become a 

recurring theme of growing importance (Choudhary, Kumar eta Gupta, 2021). A lot of research has been done on 

using solid waste as raw materials in the production of Hot Mix Asphalt Concrete (HMAC). There are three ways 

to incorporate waste material into HMAC. One is to use solid waste as raw materials as a modifier for the asphalt 

binder. These types of additives have also been used to improve the mechanical properties of bitumen and asphalt 

concrete, which are usually added to the bitumen (Taherkhani, 2016). Studies have shown that when asphalt 

binder is modified with crumb rubber and styrene-butadiene rubber (D. Khan, Ali, et al., 2023), polymer (Paul, 

Suresh eta Pal, 2021; Khan, 2023), and other waste materials, HMAC has better properties. The second 

advancement is solid waste material used as a replacement for conventional filler and aggregates in HMAC like 

bottom ash (Jattak, Hassan eta Mohd Satar, 2021), corn cob ash(Endashaw, 2023), sugarcane waste molasses (Le, 

2021), coal bottom ash (Kamran et al., 2023), marble dust (D. Khan, Khan, et al., 2023) cinder, and natural sand 

(N. Khan et al., 2023). Conclusions from several studies confessed the importance of the filler used in asphalt 

concrete (Al Qadi et al., 2021; M. Haddad eta Khedaywi, 2023). Furthermore, it is globally accepted that natural 
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filler can be replaced with any suitable material either natural or artificial (Rashwan, 2016). The third method is 

to use additives such as polymers and fibers to HMAC in addition to the binders and aggregates. The application 

of polyethylene in HMA asphalt has been studied by (Thiam, Fall eta Diarra, 2021). The performance of HMAC 

with Polyethylene Terephthalate (PET) and High-Density Polyethylene (HDP) in stone mastic asphalt was tested 

in many studies (Fayissa, Gudina eta Yigezu, 2020). The results reveal that the replacement or addition makes 

the mix better.  

With the rapid economic growth and continued increased consumption, a large number of waste materials are 

generated (Tahmoorian et al., 2017; Olukanni, Oyedepo eta Ajani, 2021). If a large amount of waste or by-product 

materials is generated and used instead of natural materials in construction projects, there would be three benefits: 

conserving natural resources, disposing of waste materials (which are often unsightly), and freeing up valuable 

land for other uses. Among them, waste glass material is an important part (Pasandín eta Pérez, 2014; Kifile et 

al., 2023). Glass is a common product found in different forms such as bottles, jars, windows and windshields, 

bulbs, cathode ray tubes, etc (Choudhary, Kumar eta Gupta, 2021). These products have a limited lifetime and 

must be used to avoid environmental problems related to their stockpiling or landfills. Since glass is a nonmetallic 

inorganic material that cannot be decomposed or burned, landfills do not provide an environmentally friendly 

solution. Hence, there is a dire need to use waste glasses. One solution to this crisis is recycling waste into useful 

products (Simone et al., 2019).  According to (Cheru, 2016) the proportion of glass waste in the domestically 

generated waste in Addis Ababa city is estimated to be around 11.8% (978 tons per year) of the total solid waste 

of about 8313 tons per year. Thus, this glass can either be reused for other, but limited purposes or be sent to a 

landfill.  Due to the limited landfill space in urban areas and the increasing cost of landfilling, the process of 

recycling and reuse of waste material is trending these days. On the other hand, one of the main problems in the 

construction of highway pavement is the deficiency of the amount of mineral fillers from crushing rocks (Saltan, 

Öksüz eta Uz, 2015; Isa, Olowosulu eta Joel, 2018; Al Qadi et al., 2021). The shortage is to be made up by 

importing materials from other locations (blasting of more quarry areas). This may result in the deterioration or 

depletion of naturally available materials like sand and rock to produce the required amount of mineral fillers. 

So, it is advisable to preserve and curtail the use of natural materials and to think about how to reuse and recycle 

waste products that are suitable to replace natural materials. Previous kinds of literature observed that glass 

powder is notorious for causing stripping in asphalt mixes, and hence the glass powder is incorporated not only 

as filler but also in the form of glass hydrated lime composite filler. Glass hydrated lime as filler was prepared 

with an intention of avoiding the possibility of formation of the moisture-sensitive mix due to high silica content 

in glass by adding a nominal amount of hydrated lime as an antistripping agent. Therefore, the use of waste glass 

powder as a partial replacement for conventionally used filler material in hot mix asphalt concrete production is 

one option that can alleviate the waste glass disposal problem and significantly save natural construction 

materials.  The overall objective of this study is to maximize the utilization of waste glass powder in asphalt 

concrete mixes as filler without compromising with the engineering, economical, and environmental suitability 

of asphalt mixes. This study's primary objective is to carry out a laboratory investigation into the effects of waste 

glass powder as a partial replacement for conventionally used filler material in hot mix asphalt concrete. 

2. MATERIALS AND METHODS 

2.1 Material  

The materials, used for this study, are CSD and WGP as a filler material, crushed stone as a coarse and fine 

aggregate, and 85/ 100 penetration grade of bitumen as binder material. The waste glass was collected from Addis 

Ababa glass and bottles Shear Company’s waste stockpile. Aggregates and CSD filler were obtained from 

International First Highway (IFH) Engineering Private Limited Company (PLC) construction quarry site. The 

asphalt cement of 85/ 100 penetration grade was also obtained from IFH engineers PLC batching plant. The glass 

powder was produced by crushing waste glass bottles and jars. The crushed stone and glass powder were sieved 

to obtain the desired particle size distribution. The bitumen was then heated to the desired temperature. The 

crushed stone dust, glass powder, aggregates, and bitumen were mixed to produce the hot mix asphalt concrete. 

The hot mix asphalt concrete was then compacted and cooled to produce the final product. 
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2.2 Methods 

This study is based on laboratory testing as the main procedure to achieve study goals. All the testing is 

conducted using equipment and devices available in International First Highway (IFH) Engineering laboratory. 

Laboratory tests are divided into several steps, which begin with an evaluation of the properties of used materials 

such as mineral filler (crushed stone dust and waste glass powder), mineral aggregates, and bitumen. Aggregate 

quality test performed, including Los Angeles abrasion, sand equivalent, flat and elongated particles. Sieve 

analysis is carried out for each aggregate and filler type to obtain the grading of aggregate sizes. Then the 

aggregate blending calculation was performed to obtain the asphalt binder course gradation curve used to prepare 

the asphalt mix. Select the appropriate asphalt cement grade based on the type and climate condition of the mixture 

design. Then after selecting the range of mixing and compaction temperatures from the temperature-viscosity 

graph. After that, samples were prepared using CSD 5%, 6.5%, and 8% by weight of aggregate and five different 

bitumen content 4.0% to 6.0% with 0.5% increment by weight of the total mix. Three samples were prepared for 

each of the bitumen contents. These samples were tested under the Marshall Stability test to determine the 

optimum bitumen content for asphalt mixes based on maximum Marshall Stability. Then, the value of the 

optimum bitumen content is used to prepare the replaced asphalt mixes with four various percentages of waste 

glass powder. After that Marshall tests were utilized to evaluate the properties of these replaced mixes. Finally, 

laboratory test results are obtained and analyzed. Fig. 1 shows the overall research and laboratory design 

employed. 

2.3 Material Property Test Result 

2.3.1 Physical properties of mineral filler 

Fillers play a great role in the engineering properties of bituminous paving mixes (Khedaywi, Haddad eta 

Alyaseen, 2023). Mineral fillers are finely ground inert material passing the No.200 sieve (Ahmed, Othman eta 

Mahmoud, 2006; Maurana eta Sani, 2015; Fayissa, Gudina eta Yigezu, 2020; Khedaywi, Haddad eta Alyaseen, 

2023). Mineral fillers added to asphalt mixtures serve a dual purpose. Asphalt cement binder mixes with mineral 

filler (finer than the thickness of asphalt film) to form mortar which leads to improved stiffening of the mix 

(Taherkhani, 2016; Mohd Shukry et al., 2018). The fillers used in the current study namely crushed stone dust 

(CSD) and waste glass powder (WGP). Laboratory tests have been conducted to evaluate the physical properties 

of each type types of filler, which consist of the gradation parameters, plasticity index, and apparent specific 

gravity. Table 1 illustrates the physical properties of each type of filler. 

Table 1 shows all types of filler are passing sieve #200 which conformed with the range specified by ASTM 

D242. Both crushed stone dust and waste glass powder are non-plastic (NP), with the apparent specific gravity 

of crushed stone dust being 2.70 and that of waste glass powder 2.60. The test results indicated that the particle 

size distributions for the two mineral fillers are similar. The apparent specific gravity of the waste glass powder 

sample is slightly lower than the crushed stone dust. 

 

 



 

 

Adama Science and Technology University                                             153                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

 
Fig.  1: Research design flow chart 

Table 1: Physical properties of used mineral filler 

Sieve No. 
% Passing 

ASTM D242 
Waste Glass Powder Crushed Stone Dust 

No. 30 100 100 100 

No. 50 96 98 95-100 

No. 200 80 89 70-100 

Plasticity Index NP NP Max 4 

Absorption (%) 0.2 1.2 Max 2 

Apparent specific gravity 2.60 2.70 2.5 - 3.0 
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2.3.2 Aggrigate physical properties 

The quality of aggregates plays a great role in the performance and long-term economy of the road structure ( 

Mohammed, 2017; Simone et al., 2019). The coarse aggregates should have good abrasion value, impact value, 

and also crushing strength. The function of coarse aggregates is to bear the stresses due to wheels. The function 

of Coarse aggregates is also to resist wear due to abrasion (Saltan, 2015; Taherkhani eta Bayat, 2022). To 

investigate the physical properties of the aggregates and their suitability in road construction, various lab tests 

were conducted on aggregate including sieve analysis, specific gravity, and Los Angeles abrasion tests. Specific 

gravity test results are shown table 2. While the abrasion or wear percentage of aggregate after 500 revolutions 

in the Los Angeles abrasion test is 13%. Table 2 summarizes the physical properties of the aggregate samples. 

The results indicate that all aggregate materials conform to specifications. 

Table 2: Physical properties of aggregate 

Test Test Method 

Test Result 

Specification Coarse 

Aggregate 

Fine 

Aggregate 

Specific Gravity (Bulk) AASHTO T 85-91 2.76 2.58 -- 

Sand Equivalent, % AASHTO T176 73.9 -- Min 40 

Water absorption % BS 812, Part 2 0.9 1.9 Max 2 

Flakiness Index  BS 812 Part 105 21 -- Max 45 

Apparent S. G AASHTO T 85-91 2.71 2.77 -- 

ACV, % BS:812 Part 110 16 -- Max 25 

 LAA %  AASHTO   T 96 15 -- Max 30 

2.3.3 Combined gradation of Miniral aggregates 

The asphalt-concrete mixture is formed from aggregates and asphalt and is widely used in the surface layer of 

flexible pavement roads (Sargin et al., 2013; Bindu, 2014). The aggregates are expected to provide a skeleton to 

resist the repeated traffic load applications and the asphalt provides adhesive action among aggregate particles 

and contributes viscous-elastic properties to the mixture. Aggregates are usually classified by their size when 

blending aggregate proportions in the mixture. Available aggregate materials, coarse aggregate, fine aggregate 

and filler, were integrated to get the proper gradation within the allowable limits according to ASTM D3515 

specifications using the mathematical trial method. Table 3 shows the final proportion of aggregate material in 

the asphalt binder and the proposed aggregate gradation curve is found to satisfy ASTM D3515 specifications for 

asphalt binder course gradation.   

Table 3: Mix composition and sieve analysis of aggregates and specification criteria based on ASTM D3515 for 

nominal size 19 mm 

Sieve Size (mm) 
Graduation for three different filler percentage 

passing 

ASTM D3515      

Specification 

 
5.0% 6.5% 8.0% 

25 100 100 100 100 

19 94.5 94.5 94.5 90-100 

12.5 77.8 77.8 77.8 71-88 

9.5 67.5 67.5 67.5 56-80 

4.75 47.4 47.4 47.5 35-65 

2.36 32.8 32.9 34.3 23-49 

1.18 22.2 22.8 24.3 15-37 

0.6 14.7 15.7 17.2 10-28 

0.3 9.8 11.1 12.6 5-19 

0.15 7.2 8.6 10.1 4-13 

0.075 5.0 6.5 8.0 2-8 
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Fig. 2 demonstrates the proposed aggregates gradation curve found to satisfy ASTM D3515 specifications for 

asphalt binder course gradation. Based on the specification for gradation indicated in the above table and figure, 

for this research, a nominal size of mix aggregate is selected to be 19 mm. 

 
Fig. 2: Combined aggregate gradation for 6.5% Mix 

Fig. 2 demonstrates the proposed aggregates gradation curve found to be satisfying ASTM specification for 

asphalt binder course gradation. Based on the specification for gradation indicated in the above table and figure, 

for this research or thesis a nominal size of mix aggregate is selected to be 19 mm. 

2.3.4 Asphalt binder properties 

A series of bitumen quality tests were conducted before the start of the mix design. Table 4 presents the 

summary of the various properties of the 85/100 penetration grade binder.  

Table 4: Properties of the 85/100 Penetration Grade Bitumen 

Property unit 
Test Method 

(AASHTO) 

Test 

Result 

 Recommended 

Specification ERA 

for 85/100 

Penetration (25oC, 100g, 5sec) (0.1mm) T 49 90.7 85-100 

Softening point (oC) T 53 48.8 42-51 

Ductility(25oC) (cm) T 51 105 >100 

Solubility  (%) T 44 99.74 >99% 

Specific gravity at (25⁰C) (g/cm3) T 228 1.017 1.01-1.06 

3. RESULTS AND DISCUSSION 

3.1 Analysis of Asphalt Mixture Properties 

Asphalt mixes were designed as per the Marshall mix design procedure, in which binder content corresponding 

to 4% air voids is considered OBC (Choudhary, Kumar eta Gupta, 2021; Permeh, Lau eta Tansel, 2021).  In the 

Marshall Method, the resistance to plastic deformation of compacted cylindrical specimen of asphalts mixture is 

measured when the specimen is loaded diametrically at a deformation rate of 50mm per minute (Ethiopian road 

authority (ERA) asphalt pavement roads manual, 2013). The Marshall stability of the mix is defined as the 

maximum load carried by the test specimen at a standard test temperature of 60 °C (Endashaw, 2023). The results 

of Marshall Properties of specimens prepared with 5%, 6.5%, and 8% of crushed stone dust as filler by weight of 

aggregate with varying bitumen contents. A total of 45 samples each one of which weighs 1200 grams, were 
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prepared using five different bitumen contents (4.0, 4.5, 5.0, 5.5, and 6.0% of total weight) to determine the 

optimum bitumen content. Tables 5, 6 and 7 show the Marshall test results of mixtures with 5.0%, 6.5%, and 8 

% crushed stone dust as filler and the corresponding values of marshall properties such as stability, flow value, 

air voids (VIM), voids in mineral aggregates (VMA), voids filled with asphalt (VFA), and bulk density at different 

bitumen contents respectively. According to (Ethiopian road authority (ERA) asphalt pavement roads manual, 

2013) marshall design criteria for heavy traffic, minimum stability must be 7 kN at 600C, flow value must be 

ranged between 2 to 4mm, percentage of air voids must be ranged between 3 to 5%, minimum VMA related to 

4% air voids and nominal maximum particle size of 19 mm must be 13 and VFB must be ranged between 65 to 

75%. 

Table 5: Average volumetric properties of the asphalt concrete with 5.0% CSD filler 

Volumetric properties  Symbol (Unit)  Mix Design Volumetrics OBC (%) 

Bitumen Content   BC (%) 4 4.5 5 5.5 6 

4.48 

Bulk density   ρA (g/cm3) 2.32 2.348 2.354 2.359 2.351 

Air voids  VIM (%) 6.5 4.7 3.8 2.8 2.5 

Voids in mineral aggregate VMA (%) 14.9 14.3 14.5 14.8 15.5 

Voids filled with asphalt VFA (%) 56 67 74.1 80.8 84.1 

Stability  S (kN) 7.9 8.6 8.7 9 7.9 

Flow F (mm) 2.73 3.08 3.38 3.75 4.12 

Table 6: Average volumetric properties of the asphalt concrete with 6.5% CSD filler 

Volumetric properties  Symbol (Unit) Mix Design Volumetrics OBC (%) 

Bitumen Content   BC (%) 4 4.5 5 5.5 6 

5.1 

Bulk density   ρA (g/cm3) 2.311 2.328 2.356 2.373 2.377 

Air voids  VIM (%) 7.5 6.1 4.2 2.8 2.1 

Voids in mineral aggregate VMA (%) 15.2 15 14.4 14.3 14.6 

Voids filled with asphalt VFA (%) 50.8 59.4 70.8 80.5 85.3 

Stability  S (kN) 8.2 10.6 11.1 9.9 9.6 

Flow F (mm) 3.02 2.64 3.31 3.37 3.44 

Table 7: Average volumetric properties of the asphalt concrete with 8.0% CSD filler 

Volumetric properties  Symbol (Unit) Mix Design Volumetrics OBC (%) 

Bitumen Content   BC (%) 4 4.5 5 5.5 6 

5.34 

Bulk density   ρA (g/cm3) 2.301 2.326 2.343 2.355 2.363 

Air voids  VIM (%) 8 6.3 4.9 3.7 2.6 

Voids in mineral aggregate VMA (%) 15.6 15.1 14.9 14.9 15.1 

Voids filled with asphalt VFA (%) 48.9 58.6 67.5 75.6 82.8 

Stability  S (kN) 7.9 8.6 9.9 9.7 9.4 

Flow F (mm) 2.12 2.92 2.58 2.73 2.56 

Fig. 3 shows that the unit weight for total mix and stability value increases with the increase of the bitumen 

content up to a maximum and then gradually decreases, whereas the VFA and flow value increases with an 

increase of bitumen content. Besides, the percent VMA decreases to the minimum value and then increases with 

increasing bitumen content. The NAPA mix design method requires the mix to have 4% air voids at the optimum 

binder content. Using this criterion, the optimum bitumen content was found equal to 5.10 % by weight of the 

total mix. 
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Fig. 3: OBC and the properties of mixtures with 6.5% CSD filler 

3.2 Determining Optimum Bitumen Content 

Marshall test was used to examine the specimens of asphalt mixture with different percentages of bitumen 

content which were (4.0, 4.5, 5.0, 5.5, and 6.0%) to obtain the optimum bitumen content. The optimum bitumen 

content is determined by the method of the National Asphalt Pavement Association (NAPA) which suggests 

preparing the plots contained in Fig. 3. The optimum bitumen content is determined by first finding the bitumen 

content that corresponds to the median air void content (4 percent) of the specification (ERA asphalt pavement 

roads manual, 2013). That bitumen content is then used to determine the values for Marshall Stability, flow, 

VMA, VFA, and percent of voids filled from each of the plots in Fig. 3. Each value is compared against the 

specified value for that property and if all are within the specified range, the bitumen content at 4 percent air voids 

is the optimum bitumen content.  Based on the result, the optimum bitumen content is 4.84, 5.10, and 5.34 percent 

at 4 % air voids for 5.0%, 6.5%, and 8 % of CSD filler respectively. 
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3.3 Effect of Waste Glass Powder on Volumetric Properties of Asphalt Mix 

The effects of replacing various proportions of the primarily used filler with the WGP on Marshall Stability, 

flow, and volumetric properties of a typical binder course asphalt concrete have been evaluated. Based on 

determining the amount of optimum bitumen content (5.10%) and optimum filler content (6.0%), crushed stone 

dust filler was replaced at 4 incremental percentages 25, 50, 75, and 100% by weight of CSD filler with waste 

glass powder filler. Hot mix asphalt mix with no waste glass powder served as the control mixture for the 

subsequent studies. The obtained asphalt concrete specimens with the waste glass powder were denominated by 

using the RAC abbreviation, formed by the initials “Replaced Asphalt Concrete”. The samples were numbered 

from RAC 1 to RAC 4 based on percentage values, starting from 25%, and with 100% WGP. Table 8 shows the 

mix proportion of asphalt concrete mixtures prepared by using different filler content and their proportions of 

used aggregate. 

Table 8: Mix proportion of asphalt concrete mixtures prepared by using different filler content and their 

proportions of used aggregate 

Samples 

Name  

Coarse aggregate Fine aggregate Waste Glass 

Powder (%)  

Crushed Stone 

Dust (%) 14-20mm 0-3mm 

Control Sample  32.5 70 0 (0%) 6.5 (100%) 

RAC 1  32.5 70 1.625 (25%) 4.875 (75%) 

RAC 2 32.5 70 3.25 (50%) 3. 25 (50%) 

RAC 3 32.5 70 4.875 (75%) 1.625 (25%) 

RAC 4 32.5 70 6.5(100% 0 (0%) 

Marshall Properties of asphalt mixes with WGP at a constant bitumen content of 5.10% are summarized in Table 

9. A total of 15 Marshall specimens of mixture each one of them weighing 1200 gm were prepared using five 

glass powder content (0, 25, 5, 75, and 100%) by the weight of crushed stone dust filler and 5.10% bitumen 

content by the weight of the total mix. Table 9 shows the asphalt mixtures laboratory test results with different 

filler content and the corresponding values of Marshall Properties at a constant bitumen content (5.10%). The 

properties of the asphalt mixtures with varying content of glass powder will be discussed in subsequent sections. 

Table 9: Average Marshall Properties of Asphalt Mixes with WGP at OBC of 5.10% 

% of replacement % 0% 25% 50% 75% 100% 

Content CSD & WGP 

filler 

CSD and 

WGP 

6.5%CSD; 

0%WGP 

4.875%CSD; 

1.625%WGP 

3.25%CSD; 

3.25%WGP 

1.625%CSD; 

4.875%WGP 

0%CSD; 

6.5%WG

P 
Bulk density ρA 

(g/cm3) 

2.35 2.352 2.356 2.36 2.355 

Air voids VIM (%) 4.2 4.3 4.1 4 4.2 

Voids in mineral aggregate VMA (%) 14.8 14.7 14.6 14.4 14.6 
Voids filled with asphalt VFA (%) 71.3 70.8 71.8 72.3 71.1 

Stability S (kN) 10.1 10.4 11.0 12.0 10.3 
Flow F (mm) 3.26 2.96 3.12 2.84 3.1 

3.4 Effect of Glass Powder Content on Marshall Stability of Asphalt Mix  

The maximum load carried by the test specimen at a specified test temperature of 60 °C is known as Marshall 

stability (Khedaywi, Haddad eta Alyaseen, 2023; Kifile et al., 2023). Fig. 4 shows that all values of stability with 

the replacement of WGP filler content have achieved the specification requirements. Fig. 4 indicates that as the 

Marshall stability value of the mixtures increases as the glass powder content increases until it reaches the 

maximum stability of 12.0kN at 75% glass powder content, then it starts to decline and is consistent with the 

findings of (Taherkhani, 2016; Kifile et al., 2023). This result may be explained by that the increase in glass 

powder content made the mix flexible so it became strong to resist loads. 
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Fig. 4: Effect of glass powder content on Marshall Stability of asphalt mix 

3.5 Effect of Glass Powder Content on Flow Value of Asphalt Mix 

The flow value is the total deformation of the Marshall Test specimen at the maximum load, expressed in mm 

units (Sargin et al., 2013). According to (ERA asphalt pavement roads manual, 2013), the flow value limit must 

be a minimum of 2 mm and a maximum of 4 mm for heavy traffic. The results of the flow values test for different 

glass powder contents are presented in Fig. 5. The flow of replacing mixes around the value of the control mix 

which is 3.26 mm and still in the range of ERA Pavement Design Manual specifications at all replacement rates. 

When considering Fig. 5 lowest flow value was obtained at the point of 2.84 mm for samples prepared with 75% 

WGP (1.625% CSD filler and 4.875% WGP), a maximum flow value which is 3.26 mm for the sample prepared 

with 0% WGP (6.5% CSD and 0% WGP). However, flow values are located within the required specification 

(Ethiopian road authority (ERA) asphalt pavement roads manual, 2013) range of 2 to 4mm.  

 
Fig. 5: Effect of glass powder content on flow value of asphalt mix 

3.6 Effect of Glass Powder Content on Bulk Density of Asphalt Mix 

The relationships between different glass powder contents and bulk density are illustrated in Fig. 6.The same 

trend of the results of stability values was observed in the bulk density value increases with increased waste glass 

powder content until it reaches the maximum bulk density at 75% glass powder content, then it starts to decline. 

The maximum bulk density is (2.360 g/cm3) at 75% glass powder content and the minimum bulk density is (2.350 

g/cm3) at 0% glass powder content, which is consistent with the results of previous studies (Olutaiwo eta Owolabi, 

2015; Endashaw, 2023). 

10.1 10.4
11.0

12.0

10.3

6

8

10

12

14

0% (Control

Sample)

25% 50% 75% 100%

S
ta

b
il

it
y
, 

K
N

Glass Powder Content 

3.26

2.96
3.12

2.84

3.10

1.5

2.0

2.5

3.0

3.5

4.0

4.5

0% (Control

Sample)

25% 50% 75% 100%

Glass Powder Content

F
lo

w
, 

m
m



 

 

Adama Science and Technology University                                             160                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

 
Fig. 6: Effect of glass powder content on bulk density of asphalt mix 

3.7 Effect of Glass Powder Content on Air Voids of Asphalt Mix 

Air voids (Va) it should be emphasized that the design range of air voids (3-5%) is a level desired after several 

years of traffic (Taherkhani, 2016). The mixes that ultimately consolidate to less than 3% can be expected to rut 

and shove, similarly, problems like brittleness and premature cracking can occur if the final air void content is 

above 5% (ERA asphalt pavement roads manual, 2013; Pasandín eta Pérez, 2014). Fig. 7 shows that at 75% glass 

powder content the air voids percentage was 4% which is the median value of local and international specification. 

Ethiopian Road Authority asphalt pavement roads manual (Ethiopian road authority (ERA) asphalt pavement 

roads manual, 2013) requires a minimum and maximum air void content of 3 and 5%, respectively, for binder 

coarse, which is satisfied by all the mixtures. 

 
Fig. 7: Effect of glass powder content on air voids of asphalt mix 

3.8 Effect of Glass Powder Content on Voids in Mineral Aggregates of Asphalt Mix  

The relationship between glass powder content and voids in mineral aggregates is shown in Fig. 8. It is noticed 

that the voids in mineral aggregates decrease with increased glass powder content up to a minimum value, then 

increase at higher content glass powder. The minimum VMA value is 14.4% of asphalt samples prepared with 

1.625%CSD and 4.875% WGP. A minimum VMA value of 13% is required by the specification in Ethiopian 

Road Authority asphalt pavement roads manual (Ethiopian road authority (ERA) asphalt pavement roads manual, 

2013) for the asphalt concrete with a nominal size of mix aggregate of 19 mm, which is satisfied by all of the 

mixtures.  
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Fig. 8: Effect of glass powder content on voids in mineral aggregates of asphalt mix 

3.9 Effect of Glass Powder Content on Percent Voids Filled with Asphalt of Asphalt Mix  

The relationship between glass powder content and voids filled with asphalt is shown in Fig. 9. Voids filled 

with asphalt value increase with an increased replacement rate of glass powder till they reach the highest VFA 

value at 75% WGP. It is noticed that the VFA for replaced mixes with 0% - 100% glass powder was all within 

the range of 65% - 75% specified by (Ethiopian road authority (ERA) asphalt pavement roads manual, 2013). At 

a 75% replacement rate of glass powder content, the VFA in the mix is higher indicating the lowest air void for 

the mix. The VFA for the control mix is lower than 75% of the replaced mix. This was because more effective 

bitumen content was present in the mix to fill available voids between the intergranular spaces.  

 

Fig. 9: Effect of glass powder content on percent voids filled with asphalt of asphalt mix 

Table 10: Marshall Properties of Asphalt Mixes with different WGP filler content 

Property 
Percentage of Glass Powder 

0% 25% 50% 75% 100% 

% of Bitumen  5.10 5.10 5.10 5.10 5.10 

Stability (kN) 10.1 10.4 11.0 12.0 10.3 

Flow (mm)  3.26 2.96 3.12 2.84 3.10 

Bulk Density (gm\cm3) 2.35 2.352 2.356 2.36 2.355 

% of Va % 4.2 4.3 4.1 4.0 4.2 

% of VMA 14.8 14.7 14.6 14.4 14.6 

% of VFB 71.3 70.8 71.8 72.3 71.1 
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Table 10 indicates that each marshall's stability, bulk density, and VFA increase as the glass powder increases. 

Flow values, air voids, and voids in mineral aggregates decrease as the glass powder content increases. 

3.10 Determination of Optimum Replacement Rate of Waste Glass Powder 

Asphalt mix with optimum content satisfies the Maximum stability, Maximum bulk density, and Va % within 

the allowed range of specifications (ERA asphalt pavement roads manual, 2013). From Fig. 4 it’s noticed that all 

values of Marshall Stability for various glass powder content satisfy the local and international specifications 

which are a minimum of 7.0kN and 8.006kN respectively. However, the maximum stability corresponding to 

75% of glass powder content is 12.0kN. Fig. 6 represents the values of bulk density at various glass powder 

content and the maximum bulk density was obtained at 75% glass powder content. It was also noticed in Fig. 7 

that all the values of air voids percentage at various glass powder content and 75% WGP filler content the 

corresponding air voids value was 4.0% which is the median air voids in the specifications.   The mix obtained 

using 25% CSD and 75% WGP meets the standard specified in terms of Maximum stability, Maximum bulk 

density, and Va % within the allowed range of specifications, at an optimum bitumen content of 5.10%. Hence 

75% was adopted as the optimum content of glass powder. 

3.11 Comparison of Properties of Asphalt Mix at Optimum WGP with Standard Specifications 

The comparison of marshall and volumetric properties of asphalt mix at optimum glass powder content (75 % 

by weight of optimum crushed stone dust filler) with local and international specifications. All the results are 

within the required specification range. Table 11 illustrates a comparison of the Marshall properties of the asphalt 

mix containing 75% glass powder content with the local specifications (ERA asphalt pavement roads manual, 

2013). 

Table 11: Comparison of properties of asphalt mix optimum WGP with specification 

Marshall 

Method Mix 

Criteria 

(75%) replaced 

asphalt mix  

International Spec. (Asphalt 

Institute) Remark 

Traffic Heavy 

Min Max  

No. of blows 2*75 2*75  

Stability (kN) 12.0 8.006 - Satisfied 

Flow, (mm) 2.84 2 3.5 Satisfied 

VIM, % 4.0 3 5 Satisfied 

VFA, % 72.3 65 75 Satisfied 

VMA, %  14.4 13 - Satisfied 

As shown in Table 9 the asphalt mix with optimum glass content of 1.5% CSD and 4.5%WGP by weight of 

the aggregates (or 75% by weight of crushed stone dust filler) satisfied the requirements of (ERA asphalt 

pavement roads manual, 2013) specifications, and asphalt institute specifications for all tested properties. 

According to the results of all tests conducted for this laboratory investigation, the best outcomes were obtained 

at 75% WGP by weight of crushed stone dust filler or 4.5% by weight of aggregate.  

4. CONCLUSIONS AND RECOMMENDATIONS 

The study focused on the effects of waste glass powder on volumetric properties of asphalt mix. Based on the 

results of the research the following conclusions are drawn. 

- The laboratory test result for WGP gives gradation parameters and plastic index, satisfying the 

specification for using filler in hot asphalt concrete production. 

- It was observed that 6.0% filler content of CSD had shown maximum Marshall stability for 5.10% 

bitumen content.  
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- Bulk density and stability values increased with the increase of glass powder content until it reached the 

maximum, then it started to decline in the asphalt mix. 

- At 75% replacement of crushed stone dust by glass powder, the mixtures give maximum stability, 

maximum bulk density, and % of Va within the permissible range of specifications.  

- Thus, 75% glass powder content by weight of CSD filler or 4.5% by weight of aggregate is recommended 

as optimum content for heavy traffic.  

- The problem of disposal of industrial waste can be reduced by using these waste materials. 

In conclusion, this article makes two key contributions to the field of asphalt mix research. First, it provides a 

comprehensive review of the literature on the topic of asphalt concrete. This paper provides a valuable resource 

for researchers who are new to the field or who are looking for an overview of the latest research. Second, the 

article proposes a new framework for understanding the asphalt mix, which is based on the concept of a cognitive 

hierarchy. This framework provides a useful way of thinking about the asphalt mix and its potential applications. 

From the above finding, it is evident that waste glass powder can be used as a filler in asphalt concrete mix 

and the result is good, so the client should use this material as filler. Based on the recent research studies and 

experiments relating to the performance of waste glass powder in asphalt concrete mix, the need for further 

research and studies has been indicated. The proposed future recommendations will conduct further research in 

various proportions of waste glass powder content in asphalt concrete mix production; will evaluate the effect of 

using waste glass powder on the pavement using different penetration grades of bitumen; and will investigate the 

characteristics of Marshall on the use of waste glass powder to asphaltic binder courses for heavy-trafficked roads. 
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ABSTRACT 

This project aims at replacing the conventional aluminum ceiling fan blades. Hence, jute fabric is used as reinforcement and 

PLA (poly lactic acid) film is the matrix by which composites are made by stacking of number of fabric layers in between the 

PLA films. For surface modification of the jute fabrics, different chemical treatments are carried out such as alkali, 

acetylation, silane treatment and treatment with maleic anhydride. Compression molding machine is used for composite 

making. Based on the tensile strength test result performance, Alkali + Silane treated fabrics are used for making of the 

composite samples. Composite blades with 50:50 fibre volume fractions and having a weight of 75g and a thickness of 2mm 

is found to be the lightest and shows a tensile strength value of 47.1 MPa, which is half of the value of the aluminum alloy 

and having an ILSS (Inter-laminar shear strength) value of 8.88MPa has been chosen as the composite blades. Using 

Digimizer software, the pitch angles of the composite blades are measured and average pitch angles of 10.130 and 120 are 

found. Test results show the composite blades have a higher air velocity than the Usha fans. However, due to the higher 

blade surface of Usha fans i.e 0.5ft2, the air delivery for the composite blades is calculated to be lower having a blade surface 

area of only 0.3ft2. With the use of the composite blades, an average power savings of 15.65Watt has been achieved while 

the fan is operating at the maximum speed, which is 20% power reduction.  

Keywords: composite blades, compression molding, Jute fabric, PLA, power savings, surface modification 

1. INTRODUCTION 

In order of importance, jute fibre is second to cotton hence it is cheaper. Its main constituent parts are cellulose 

and lignin. Since lignin is the hardest part for decomposing, it makes the plant fibre to be tough (Berhanu et al., 

2014). Jute fibre stiffness comes because of the cellulose. It also gives strength and stability. But due to the 

hydrophilic properties of cellulose, compatibility with that polymer matrix is difficult because they have 

hydrophobic nature. For this basic reason different surface modification methods has to be there for the jute fibre 

so that the interfacial adhesion can be improved (Khan et al., 2015). To   ensure better mechanical properties for 

the composite materials to be made,   the jute fibre has to be surface treated (Nam et al., 2012).  

While reinforcing the fibre with the matrix material, the cellulosic hydroxyl groups on the fibre surfaces make 

both the physical and chemical bonds. To say that bond between fibre and the matrix is good, number and strength 

of bonds between the two materials has to be better (Zafar et al., 2016). For improving the surfaces of the fibres, 

which in turn helps for better bonding with the matrix, adhesion agents have been made and their properties are 

also being studied that they bring improvements (Mitra et al., 1998). Jute fibre has impurities and oils. For removal 

of it caustic soda treatment helps and hence increment of bonding with the matrix will be there (Mwaikambo, 

2009). Two mechanical properties which show increments on the surface treated jute fibres are: tensile strength 

and stiffness properties (Liu et al., 2007). While treating the fabric, we may use catalyst chemicals. In order to 

avoid occurrence of hydrolysis, weak mineral acids and acid salts are used (Bledzki et al., 2008). 

The other chemical treatment of jute fibre, which is silane treatment with acid solution, brings an increment in 

mechanical properties of the fibre. Jute fabric is treated with Alkali, Silane, Maleic anhydride and acetic acid. 

Besides the observations in color changes after treatments, the fabric treated with Alkali & Silane in combination 

shows a higher tensile strength and Young’s modulus values. Compared to the traditional polymers 

(Polypropylene, polystyrene & polyethylene), PLA has better mechanical properties like: tensile strength, tensile 

young’s modulus, flexural strength, etc. besides the stated better mechanical properties, it has also its own 

drawbacks like poor toughness property and for those applications which need Plastic deformation this poor 

property limits its use. (Hamadi et al., 2015). 

In addition, its higher price, fast physical aging and water sensitivity it creates an issue for industrial 

applicability. (Ashok   et al., 2014). The tensile properties of PLA film are dependent on its orientation and it has 
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good wicking property besides it can be recycled by hydrolysis to lactic acid. (Gruber & O’Brien, 2002). The 

influence of chemical modifications on jute fibres has been studied and reported in different works. Amongst 

them are: latex coating, alkali treatment, monomer grafting, silane treatment, isocyanate treatment, permanganate 

treatment, acetylation, and so on. With the stated modification methods, improvements have been seen on the 

fibre matrix adhesion of the composites. Usually the need for modifications is for improvements on wettability 

and making compatible the reinforced fibre with the resin material so that the produced composite is going to be 

strong and durable (Gon, et al., 2012). 

It is reported that the bending strength for jute fabric reinforced thermoplastic composites was 115MPa and 

the figure is comparable with that of glass fabric reinforced thermoplastic composites made with 20 % by weight 

of long fibre. (Katayama et al., 2006). Earlier mild steel were used for fan blades but it was having more weight 

and replaced with Aluminum alloy. But still it weighs. So as to mitigate the weight and increase efficiency of the 

blades, glass fibre-epoxy composite materials can be used. (NagaKiran et al., 2015). It seems that ceiling fans 

consumes less power. But due to continuous running, their power consumption will get higher. But if the proper 

material is selected for making of the blades, the consumption can be reduced along with the manufacturing costs. 

Composite materials can be a good choice for this (Comfortson et al., 2014). 

The main aim of ceiling fan manufacturers is to produce fans having an input of 60W, but actually their fans 

consume between 72W to 83.8W, which is extra payment (Department of Consumer affairs, January 2012). So 

in this research, it is studied that the higher energy consumption of fans is caused by the heavier weight of 

aluminum ceiling fan blades and to mitigate the problem jute fabric is used as a substrate and PLA as a 

matrix/resin since it is thought that composite materials have lower density and they are lighter in weight also. 

Based on this fact, in this research it is tried to make lighter weight jute-PLA composite ceiling fan blades having 

better air-delivery & lower power consumptions in comparison with the existing aluminum ceiling fan blades.  

2. MATERIALS AND METHODS 

2.1. Materials and Chemicals  

Woven Jute fabric (1/1 plain fabric) and PLA (poly lactic acid) film were used. The following chemicals were 

used for chemical treatments and preparation of composites: NaOH, HCl, Aceticacid, Ethyl acetate, H2SO4, 

Amino propyl trimethoxysilane, Maleicanhydride, Acetone solvent, and Araldite epoxy. Compression moulding 

machine, LCD Wind Speed Gauge Meter Anemometer & Thermometer, 4 In1Digital Meter AC (80-260V/20A) 

Ammeter/Voltmeter/Power Meter/energy Meter are the equipment used for making of the composite blades and 

for testing the performance parameters. 

2.2 Methods 

A. Jute fabric surface treatments 

The characteristics of the jute fabric is shown in Table 1. 

Table 1 Characteristics of untreated jute fabric 

Ends/inch Picks/inch GSM Density (g/cm3) 

10 9 251 1.42 

Alkali treatment 

5% w/w NaOH solution is prepared using sodium hydroxide pellets and distilled water. Then the fabric is 

dipped in NaOH solution for 1hour separately. After 1 hour, fabric is washed with 1% HCl solution for 

neutralization. Finally, it is washed with distilled water. Fabric is then kept in hot air oven for 3 hours at 70°c to 

hinder the water content (Singhal & Tiwari, 2014). 

Alkali treatment + Acetylation 

The alkali treated jute fabric is then treated with acetic acid for 1hour at room temperature and then thoroughly 

washed with distilled water and dried. 
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Alkali treatment + Silane treatment 

A solution of 0.5 wt% silane coupling agent [3-(2-aminoethyl amino) propyl trimethoxysilane] is prepared in 

acetone. Then, the Alkali treated jute fabric is immersed in the solution for 45 min. After that, the fabric is 

removed from the solution and get dried in oven at 650c for 1h. Finally, the fabric gets washed with water to 

remove chemical residues until a pH of 7 is obtained and then dried at room temperature (Ramamoorthy, et al 

2015). 

Alkali treatment + Maleic anhydride treatment 

In maleic anhydride treatment, the alkali treated jute fabrics were surface treated for 5 min with 1% solution 

of maleic anhydride dissolved in toluene solvent at 55ºC. After treatment, fabrics were washed in toluene to 

remove extra MA. The fabrics were then dried for 6 h followed by oven drying at 60°C (Singhal and Tiwari, 

2014). 

Composite fabrication 

Composites were prepared on a compression moulding machine. Plies of jute fabrics were stacked between 

PLA films of the same dimension with the fabrics. The composites are processed at three different fibre volume 

fractions. Moulding is carried out under vacuum condition of 15 bar, at a moulding temperature of 1900c for 8 

min. After moulding, the composites are air-cooled at laboratory temperature. 

Composite Blade Fabrication with 70:30 Volume Fraction 

Weight of the blades to be produced = 150g, so to get the weight fraction of the fabric and the matrix the 

following formula has been used; 

Wfibre = [1 +
1

(
Vf

1 + Vf
)(

ρfibre
ρresin

)
]

−1

 

Wfibre= [1+1/ (2.33*1.15)]-1  

Wfibre=73 & therefore Wmatrix=27 

Therefore with this fibre volume fraction to produce 150g of the blade we need to have: 0.73*150 = 109.5 g 

of fabric and the remaining 40.5 g will be the matrix. The composite blade is supposed to have a size of 4*10 in2 

and one layer of the jute fabric having the same dimension weights about 6.7g therefore for 109.5 g we need to 

have about 16 fabric layers and 17 matrix layers.  The figure below shows composite blade made with sixteen 

fabric layers.  

 
Fig. 1 composite blade (made with sixteen fabric layers and fibre volume fraction: 70%) 

Composite Blade Fabrication with 50:50 Volume Fraction 

With this fibre volume fraction composite blades weighing 150g and 75g have been produced. Weight of the 

blades to be produced is 150g. Similarly, to get the weight fraction of the fabric and the matrix the above formula 

has been used; 
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Wfibre= [1+1/ (1*1.15)]-1 

Wfibre=53 & therefore Wmatrix=47 

Therefore with this fibre volume fraction to produce 150g of the blade we need to have, 0.53*150g=79.5g of 

fabric and the remaining 70.5g will be the matrix. 

The composite blade is supposed to have a size of 4*10 in2 and one layer of the jute fabric having the same 

dimension weights about 6.7g therefore for 79.5g we need to have about 12 fabric layers and 13 matrix layers. 

Weight of the blades to be produced= 75g. So using the above formula we have: Wfibre= [1+1/ (1*1.15)]-1 

Wfibre=53 & therefore Wmatrix=47 

To produce composite blades weighing 75g, 0.53*75g=40 g of fabric and 0.47*75g=35g of matrix will be 

needed. The composite blade is supposed to have a size of 4*10 in2 and one layer of the jute fabric having the 

same dimension weights about 6.7g therefore for 40g we need to have about 6 fabric layers and 7 matrix layers. 

Stacking of the jute and PLA layers are shown in Fig. 2. 

 
Fig. 2 Jute fabric layer and PLA film stacking for making composite blade 

B. Characterization Techniques 

Evaluation of tensile properties of fabrics 

Breaking strength and elongation of fabrics were tested on Universal testing machine following ASTM D 

5035:1995 using load cell of 1000N.  Five specimens were tested for each sample. The testing conditions are: 

Width: 5cm; Thickness: 2mm; Length: 20cm; Gauge length: 7.5cm; Loading rate: 300mm/min. 

Evaluation of tensile properties of composites 

Tensile stress (MPa) and breaking extension of composites were tested on a Zwick tensile testing machineby 

following ASTM D 3039. A load cell of 50 KN was used. The testing conditions are: Width: 25mm, 20mm; 

Thickness: 2mm, 3mm, 4mm & 5mm; Length: 175mm; Gauge length: 100mm; Cross head speed: 2mm/min. Fig. 

3 shows a composite specimen ready for tensile strength testing. 
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Fig. 3 Specimen preparation and testing on Zwick composite tensile testing machine 

Testing of Inter-laminar shear strength of composite  

By using Zwick/Z010 shear strength tester, inter-laminar shear strength of composite specimens was tested 

following ASTM D2344/D2344M – 16 using load cell of 5KN. The testing details are: Thickness: 2 mm; Width: 

thickness*2= 4mm; Length: thickness*10= 20mm; Span length: thickness*4= 8mm; Cross head speed: 2 

mm/min. The figure below shows testing of specimen for shear strength on Zwick/Z010 shear strength tester. 

 
Fig 4 Specimen testing on Zwick/Z010 shear strength tester 

Measurement of air velocity of fans 

The Figure 5 indicates An LCD wind speed gauge Anemometer used for measuring the air velocity (ft/min) 

of fans (both Usha and the composite blade) running at different speeds starting from the minimum to the 

maximum. Readings were taken at the tip (edge) part of the blades, where maximum air velocity is there and to 

get the actual readings data has been recorded just after completion of 3 minutes.  

 
Fig. 5 LCD Wind Speed Gauge Meter Anemometer 
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Measurement of power consumption of fans 

Power consumptions of fans were measured using 4 in 1 Digital meter Ac (80-260V/20A) as indicated in 

figure 6. By using the wiring diagram at the back of the meter, 1st and 4th terminals of the meter are loaded to the 

power conductors of the fan’s regulator switch and through 20 A load current, 2nd and 3rd terminals of the meter 

are connected to the voltage supply of the regulator switch. Finally, the fan regulator has been switched on and 

readings are taken at different speeds. 

 
Fig. 6 In1Digital Meter AC (80-260V/20A) Ammeter/Voltmeter/Power Meter/energy Meter 

3. RESULTS AND DISCUSSION 

3.1 Tensile Properties of Jute Fabrics 

The tensile strength and young’s modulus of un-treated and chemically treated fabrics are given and compared 

in Fig 7. The breaking extension (%) at maximum breaking load has been compared for the differently treated 

and untreated jute fabrics and the result shows jute fabrics treated with Maleic anhydride and Acetic acid exhibits 

highest breaking extension (%) and this is due to the fact that many constituent fibres in the fabric slips rather 

than catastrophic failure when breaking load is applied on the fabric and do not contribute for the load sharing, 

and hence, the fabrics show a lower breaking strength and tensile strength values. On the contrast, Alkali+Silane 

treated jute fabrics show the lowest breaking extension (%) value because of the catastrophic failure of the 

constituent fibres which in turn contributes for the load sharing and hence a highest breaking strength and tensile 

strength values.  

 
Fig 7 Tensile properties of untreated and treated fabrics 
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Alkali+Silane treated jute fabrics exhibits a higher tensile strength and Young’s modulus followed by alkali 

only treated jute fabrics (Fig.7). So for making of composite specimens with different fibre volume fractions and 

weights, jute fabrics treated with Alkali+Silane were only considered.  

3.2 Mechanical Characterization of Composite Samples 

Three composite specimens made from Alkali + Silane treated jute fabrics as reinforcement by 60:40 fibre 

volume fraction to matrix volume fraction and with five layers of jute fabrics have been tested and results are 

compared with that of aluminum alloy 1050 H14, which is a potential candidate for making ceiling fan blades. 

Figures 8 – 12 show load – extension graphs of composite specimens made with different numbers of fabric layers 

& fibre volume fractions. 

 
Fig 8 Load-extension graphs of composites with five fabric layers (fibre volume fraction: 60%) 

Another four specimens of composites having the same volume fractions but only increasing the number of 

fabric layers to ten have been tested and compared. 
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Fig. 9 Load-extension graphs of composites with ten fabric layers (fibre volume fraction: 60%) 

Below is a table showing the tensile properties of aluminum alloy, which is widely used for making of ceiling fan 

blades.  

Table 2 Tensile Properties of Aluminum Alloy 1050 H14 

Material ρ (g/cc) E (GPa) Tensile strength (MPa) 

Aluminium Alloy 1050 H14 2 .8 70 105-145 

3.3 Tensile Test of Composite Blades (70% Fibre Volume Fraction & sixteen fabric layers) 

Composite specimens which are used for producing 150 g weighing composite blade are made from Alkali + 

Silane treated jute fabrics as reinforcement by 70:30 fibre volume fraction to matrix volume fraction and with 

sixteen layers of jute fabrics are tested and results are compared with that of aluminum alloy 1050 H14, which is 

a potential candidate for making ceiling fan blades. 
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Fig 10 Load-extension Graphs of composites with sixteen fabric layers (fibre volume fraction: 70%) 

3.4 Tensile Test of Composites (50% Fibre volume fraction & twelve fabric layers) 

Composite specimens which are used for producing 150 g weighing composite blade are made from Alkali + 

Silane treated jute fabrics as reinforcement by 50:50 fibre volume fraction to matrix volume fraction and with 

twelve layers of jute fabrics are tested and results are compared with that of aluminum alloy 1050 H14, which is 

a potential candidate for making ceiling fan blades. 
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Fig 11 Load-extension graphs of composites with twelve fabric layers (fibre volume fraction: 50%) 

3.5 Tensile Test of Composites (50% Fibre Volume Fraction and Six Fabric layers) 

Composite specimens which are used for producing 75g weighing composite blade are made from Alkali + 

Silane treated jute fabrics as reinforcement by 50:50 fibre volume fraction to matrix volume fraction and with six 

layers of jute fabrics are tested and results are compared with that of aluminum alloy 1050 H14, which is a 

potential candidate for making ceiling fan blades. 
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Fig. 12 Load-extension graphs of composites with six fabric layers (fibre volume fraction: 50%) 

Referring from table 3 below, tensile strength achieved for composite blades made with 50:50 fibre volume 

fraction weighing 150g is most comparable with the Aluminum alloy 1050 H14 but it is still heavier blade so 

composite blades made with 50:50 fibre volume fraction weighing 75g has been chosen as the composite blades 

because it is lightest one although it has a tensile strength value which is half of that of the aluminum alloy. 

Table 3 Summary of comparisons of tensile strength of composites with Aluminum blade 

S/No. Material Tensile strength 

(MPa) 

Strain at failure 

(%) 

Br. Load 

(N) 

1 
Composite blade with 60:40 fibre 

volume fraction 36.075 7.1 2167.5 

2 
Composite blade with 70:30 fibre 

volume fraction 
38.7 12.4 3870 

3 
Composite blade with 50:50 fibre 

volume fraction weighing 150g 
99.12 8.26 7929.6 

4 
Composite blade with 50:50 fibre 

volume fraction weighing 75g 
47.1 5.1 1886 

5 Aluminium Alloy 1050 H14 105-145 - - 
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3.6 Short Beam Shear Strength Tests for Composite Blades Made with 50:50 Fibre Volume 

Fraction Weighing 75g 

With the use of short beam shear tests, we can see the effects of jute fibre surface treatments and compare the 

bonding strength with that of the untreated fabric. A total of 9 composite specimens made from both treated 

(Alkali+Silane) and untreated jute fabrics having the same dimensions have been tested and results are also 

compared (referred to Tables 4 & 5). 

Table 4 Summary of short beam shear strength tests for Alkali+Silane treated jute fabric composites with six 

fabric layers (fibre volume fraction: 50%) 

S/no. 
Thickness, 

t (mm) 

Width, 

w (mm) 

Max. load, 

Pmax (N) 

Displacement 

(mm) 

Short beam strength, Fsbs (MPa) 

Fsbs= 0.75*(Pmax/t*w) 

1 2 4 101.19 2.01 9.48 

2 2 4 95.5 1.45 8.95 

3 2 4 99.72 1.53 9.35 

4 2 4 90.86 1.34 8.52 

5 2 4 86.55 2.45 8.11 

Average 2 4 94.764 1.756 8.88 

Table 5 Summary of short beam shear strength tests for untreated jute fabric composites with six fabric layers 

(fibre volume fraction: 50%) 

S/no. 
Thickness  

(mm) 

Width 

(mm) 

Max. load, 

Pmax (N) 

Displacement 

(mm) 

Short beam strength, Fsbs (MPa) 

Fsbs= 0.75*(Pmax/t*w) 

1 2 4 79.52 1.8 7.45 

2 2 4 68.77 1.45 6.45 

3 2 4 76.01 1.42 7.13 

4 2 4 67.61 1.58 6.34 

Average 2 4 73 1.56 6.84 

 

So from the test results given in the Tables (4&5) the composite specimens made with Alkali+Silane treated 

jute fabrics shows higher ILSS (inter-laminar shear strength) of 8.88 MPa and composite specimens made with 

untreated jute fabrics shows a lower value of 6.84 MPa. A 23 % improvement on the shear strength is observed, 

because of the treatments. 

So, based on the above stated mechanical characterizations of the different composite blades the one that shows 

the comparatively better properties and lightest one has been chosen and below in table 6 the weight and 

dimensions has been compared with the existing Usha fan blades. 

Table 6 Comparison of weights and dimensions of existing (Usha) fan and the composite blades made with 

50:50 volume fractions 

Weight of each blade (g) Width (in.) Length (in.) Thickness (mm) 

Existing 

(Usha 

fan) 

Composite 

blade 

Existing 

(Usha fan) 

Composite 

blade 

Existing(Usha 

fan) 

Composite 

blade 

Existing 

(Usha fan) 

Composite 

blade 

250 75 5 4 18.8 10 1 2 

In Table 7, the air velocity and air delivery of the composite blades made with 2 pitch angles has been 

compared with the conventional Usha fan blades. Here, the air velocity is found to be higher for the composite 

blades. But due to the lower surface areas of the composite blades, their air delivery is also found lower. 

Accordingly, for measuring the pitch angles of each composite blade, software called Digimizer is used by which 
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angles are measured from their pictures. The figures below shows pitch angle measurements for the composite 

blades. 

 
Fig. 13 measuring of pitch angles for the Composite blades 

Table 7 Summary of air velocity (ft/min) and air delivery (cfm) at maximum speed for composite blades (with 

six fabric layers & fibre volume fraction: 50%) 

Speed Air velocity (ft/min) Air delivery (CFM) Blade surface area (ft2) 

 Usha fan 

blades 

weighing 

250g 

Composite 

blades weighing 

75g 

Usha fan 

blades 

weighing 

250g 

Composite 

blades weighing 

75g 

Usha fan 

blades 

weighing 

250g 

Composite 

blades 

weighing 75g 

10.130 120 10.130 120 

5 713 836 846 357 251 254 0.5 0.3 

 

Figures 14 – 16 show power consumptions measured while the fan is operating from speed 1 – 5 & it clearly 

shows that there is power savings while using the composite blades than the conventional Usha fan blades. 

 
Fig. 14 power consumption of Usha fan blades at different speeds 
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Fig. 15 power consumption of composite fan blades (six fabric layers & 50 % Volume fraction) at different 

speeds and pitch angle of 120 

 
Fig. 16 Power consumption of composite fan blades (six fabric layers & 50% Volume fraction) at different 

speeds and pitch angle of 10.130 

Table 8 summarizes the comparisons of power consumptions and depicts that there is an average power savings 

of about 20% while performing the blades at a maximum speed of 5. 

Table 8 Comparisons of power consumption of Usha fan blade and the composite blade (with six fabric layers 

&fibre volume fraction of 50%) 

Speeds 

Power consumption (Watt) 
Average Power 

savings (W) 

Average % age 

power reduction 
Usha fan blades 

weighing 250g 

Composite blades weighing 75g 

10.130 120 

1 14.4 14 13.6 0.6 - 

2 34.8 36 35.8 - - 

3 52.5 45.8 45.7 6.75 13 

4 57.8 58 56.3 0.65 - 

5 77.8 60.6 63.7 15.65 20 

3.7 Bonding of the Composite Blades with the Metal Plate 

For joining of the blades with the metal plate, which is connected with the disc material under which the motor 

is enclosed in it, adhesive joining has been preferred over that of mechanical joining due to the different 

comparative advantages achieved in adhesion bonding. Figures 17 & 18 shows joining of the composite blades 

with the metal plate & fabricated composite blades made with different pitch angles. 
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Fig 17 Joining of the metal plate with the composite blades using Araldite epoxy 

 

Fig 18 Jute-PLA composite blades made with different pitch angles 

Figure 19 shows the composite blades while they are in operation.   

 
Fig 19 the composite blades fan while in operation 

So from Table 9, service values for the composite blades are a little bit lower than the Usha fan blades due to 

the lower air delivery values of the composite blades & that is because of the lower surface area of the blades. 

Table 9 Comparisons of service value (cfm/watt) of Usha fan blade and the composite blade (with six fabric 

layers &fibre volume fraction of 50%) at maximum speed 

Speed 

Service value (cfm/watt) 

Usha fan blades weighing 

250g 

Composite blades weighing 75g 

10.130 120 

5 4.58 4.14 4 
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4. CONCLUSION 

For the production of jute fabric reinforced PLA composite, chemical modifications of the fabrics were carried 

out as, alkalization, acetylation, silane and maleic anhydride treatments. The differently treated fabrics have been 

characterized. Jute fabrics treated with 5 % alkali followed by 0.5 % Silane treatment shows the highest tensile 

strength, young’s modulus, specific tensile strength and specific young’s modulus followed by fabrics treated 

with 5 % alkali only.  

So, composite blades were prepared from jute fabrics treated with Alkali+Silane on a compression molding 

machine at a temperature of 1900c, with a pressure of 15 bars for 8 minutes followed by air cooling at room 

temperature. The samples were tested for tensile-and shear-strength as per ASTM standards and also compared 

with the existing aluminum blade, Aluminum Alloy 1050 H14. Composite blades with 50:50 fibre volume 

fractions and having a weight of 75g and a thickness of 2mm was found to be the lightest and showed a tensile 

strength of 47.1 MPa, which is half of the value of the aluminum alloy and having an ILSS (Inter-laminar shear 

strength) value of 8.88MPa has been chosen as the composite blades. The composite blades are made with average 

pitch angles of 10.130 and 120. An air velocity of 836 and 846 ft/min and an air delivery of 251 and 254 CFM 

were achieved for the composite blades with the pitch angles of 10.130 and 120 respectively. An average power 

savings of 15.65Watt has been achieved with the use of the composite blades while operating at the maximum 

speed of 5, which is about 20% power savings.  
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Experimental Investigation of (Ba (1.6-3/2X) Sr2.4Na2Nb10O30: xHo3+) Ferroelectric 

Nanomaterials by Solid State Reaction Methods for Optoelectronic Applications 

Solomon H. D*, Menberu M.W., Nebiyu G. D.    

Physics Department, Jimma University, Jimma, Ethiopia 

*Corresponding author, e-mail: solomon.didu@ju.edu.et  

ABSTRACT 

This paper present rare earth Holmium ion additive Barium Strontium Sodium Niobate (Ba (1.6-3/2X)Sr2.4Na2Nb10O30:xHo3+) 

tungsten bronze structured ferroelectrics nanomaterial by conventional solid state reaction routes using Barium carbonate 

(BaCO3), Strontium carbonate (SrCO3), Sodium carbonate (Na2CO3) 99.90% NICE, and Niobium oxide (Nb2O5) and 

Holmium oxide (Ho2O3) 99.99% Sigma-Aldrich as starting materials under normal stoichiometric ratio synthesis approach.  

The X-ray diffraction (XRD), the scanning electron spectroscopy (SEM), energy dispersive x-ray spectroscopy (EDS), 

Fourier transform- infrared spectroscopy (FTIR), UV-Vis Spectroscopy and PL (Photoluminescence) Spectrophotometer 

were used to study the structure, surface morphology/ microstructure, elemental composition/mapping, finger print 

functional groups identification, absorption and emission respectively. The XRD pattern revealed Tetragonal Tungsten 

Bronze structured crystallite phase that best match with the JCPDS card number -00-039-1453 having space group of p4bm 

and lattice parameters of a = 12.33 Å, b = 12.33 Å and c = 3.93 Å. The average crystallite size of the synthesized sample 

obtained at the prominent peak (311) for position at 2ϴ = 32.320 is 67.52 nm. The SEM images showed that surface 

microstructures have random and nearly uniform distribution of nanoparticles with different shapes and size on the surface. 

It is also nearly nonporous surface microstructure that is promising for enhancing optical properties having more particles 

on the surface. EDS analysis confirmed the presence of all the constituent elements with their right ratios of Wt. % and At%. 

EDS experimental results best fit with theoretically calculated values. For the pure metal oxide the FTIR results showed the 

bond vibration mode at wavenumber of 540.60 cm-1, having only single collective metal oxide intense peak without 

impurities. When Ho3+  ions with concentration of 0.05 and 0.10 % added additional peaks was observed at 429.92 cm -1 & 

415.77 cm-1 respectively; confirming the existence of Ho-O bond vibration modes. Nice absorption was obtained at 205 nm 

having maximum intensity for 0.03% Ho3+ ions concentration. The PL value for 0.03% Ho3+ ions is unique and highly 

intensified.  

Keywords: Bronze structure, FTIR, Holmium ion, Nanomaterial, SEM, Tetragonal Tungsten, XRD  

1. INTRODUCTION 

In the last three decades, the production of nanostructured materials has attracted much attention due to their 

great diversity, excellent, interesting and unique properties and various possible applications [1-4]. Holmium 

oxide (Ho2O3) is one of the most attractive rare earth oxides due to its special, excellent and unique optical and 

electrical properties, as well as several applications in wavelength calibration devices and pyrolysis catalysts, as 

well as improved optical properties for transition temperature control of ferroelectric nanomaterials when used as 

an additive [5, 6]. 

A ferroelectric material is a material that has a spontaneous polarization in the absence of an electric field that 

can be reversed by applying an electric field. Ferroelectric materials have unique dielectric, pyroelectric, 

piezoelectric and electro-optical properties [7]. These properties have several applications in capacitors, dielectric 

resonators, sensors, transducers, actuators, and ferroelectric nonvolatile memories, dielectric memories, optical 

waveguides, displays, microelectromechanical systems (MEMS), miniature mechanical and electromechanical 

elements [8-13]. Based on their special properties, ferroelectric materials have been used to produce active 

elements of various devices [14, 15].   

The structure of Tetragonal Tungsten Bronze (TTB) consists of corner-sharing octahedral that are joined to 

form triangle, square and pentagonal areas. A structure is called a filled TTB if all square and pentagonal sites 

are filled; a classic example of this is Ba2NaNb5O15 (BNN), where the octahedra are filled with Nb, the square 

sites with Na, and the pentagonal sites with Ba [16-18]. Ferroelectric tetragonal tungsten bronzes (TTB) are the 

second largest group of ferroelectric oxides after perovskites [19]. The crystal structure of TTB is similar to the 
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perovskite structure in that it consists of corner-sharing BO6 octahedral; however, the unit cell of the prototype 

TTB is approximately 10 times larger than the perovskite cell [7]. In a filled TTB, the triangular channels are 

empty, while the square and pentagonal channels are fully occupied, and the general formula can be written as 

A24A12B10O30 [20] 

The tetragonal tungsten bronze structure has been discussed by Magneli and Blomberg [21, 22] Wadsley [23], 

Francombe [24] and by Jamieson et al.[17]. The structural flexibility of tungsten bronze oxides offers more 

opportunities for exploiting new P b-free ferroelectric materials. The tetragonal tungsten bronze structure is 

composed of ten distorted octahedral sharing corners in such a way that three different interstices (2 tetragonal 

A1, 4 pentagonal A2, and 4 triangle C) are available for cations in the general formula 

(A1)2(A2)4(C)4(B1)2(B2)8O30 [17]. 

One of the most effective ways in the synthesis of composite materials composed of ferroelectric material and 

ferromagnetic phases that allow a wide range of ferroelectric/piezoelectric and magnetic properties are that the 

material pairs with both good ferroelectric and good ferromagnetic properties [25-29]. Such a crystal structure 

with a large number of cationic and anionic sites allow synthesis of various compounds and doping, resulting in 

excellent control and great progress functional properties of the synthesized material [30-33]. 

Again, the high toxicity of lead-based chemical compounds and the high pressure level of the process, which 

causes serious environmental problems, direct the attention of researchers to lead-free material. A promising way 

to solve this problem is to develop lead-free electro-ceramics to reduce lead contamination. Tungsten bronze 

compound is one of them. Recently, due to increasing demand, several studies have focused on the availability 

of high-quality lead-free materials [34, 35].  

The nobility of this work is that we use a new design in addition to rare earth ions addition, to control the 

transition temperature of the system to be close to the room temperature and to obtain enhanced ferroelectric 

property. As recently reported work revealed by adding impurities such as La, Nd, Sm, Dy, and Y ions,[36], the 

possibility to control the transition temperature of ferroelectric materials were observed. However, Ho+3-doped 

nanomaterials had unique properties, for instance, ferroelectric measurements show that the ferroelectric curie 

temperature TC increases with decreasing ionic radius (R) size, thus showing a direct relationship between TC and 

the tetragonal ionic radius of R [37]. For smaller rare earth ions, the Tc is above ambient and the non-

centrosymmetric space group P4bm is appropriate. 

In the synthesis of rare earth ion (Ho3+) additive tungsten bronze structured ferroelectric nanomaterials via 

conventional high temperature solid state reactions methods, we used carbonates and oxides as precursors.  All 

raw materials were mixed by normal stoichiometric equation ratios. Digital electronic balance was used to 

measure the mass of each powder samples with the desired significant digits. Then the powder was grinded using 

Grey Black Agate Mortar and pestle, size 6 inch in diameter for 3 hr. before furnace.  The grinded samples were 

placed in a high standard platinum crucible and subsequently fired at 1100 0C for 4 hour at the heating rate of 5 
0C per minute. Finally this sufficient time of grinding results complete interactions and diffusion process which 

have an outcome of fine powder taken to furnace. To make it very confined and refined powder nanoparticles 

with miniaturized nanosize, we had also grinded the powder after furnace for additional 2 hrs. Then pure white 

powders obtained become ready for characterization.  

In this paper, we reported the synthesis and characterization of Holmium ion additive Barium Strontium 

Sodium Niobate via solid state reaction route. The structural analysis was studied using X-ray diffractometer 

(XRD). The surface morphology and microstructure was examined by SEM. The elemental composition 

identification and mapping have done by EDS. The absorption properties were analyzed by UV-Vis spectroscopy 

near UV. The different stretching modes were also analyzed using Fourier transform infrared spectroscopy 

(FTIR). 

2. MATERIALS AND METHODS 

2.1. Synthesis  

Rare earth metal Holmium (Ho3+) ion doped Barium Strontium Sodium Niobate tungsten bronze structured 

ferroelectrics (Ba(1.6-3/2X) Sr2.4Na2Nb10O30:xHo3+) powder nanomaterials which was synthesized via high 
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temperature solid state reaction route using calcium carbonate (CaCO3) 99.90%, Strontium carbonate (SrCO3) 

99.99%, Sodium oxide (Na2O) 99.99%, Holmium Oxide (Ho2O3) 99.99%  and Niobium Oxide (Nb2O5) 99.99%  

taking as a starting materials were successfully synthesized and characterized according to their stoichiometric 

ratio for various values of dopants concentration (x), (x= 0.00, 0.01, 0.03, 0.05, 0.07, 0.10, % Ho3+).  Then the 

powder was milled thoroughly for 3 hour using Grey Black Agate Mortar and pestle, size 6 inch in diameter. 

Then all the grinded samples were placed in a platinum crucible and subsequently fired at 1100 0C for 4 hour at 

the heating rate of 5 0C per minute. Finally, pure white powders were obtained after cooling down the 

programmable furnace. 

The chemical reaction process is given as follows: 

[1.6-(3X/2)] BaCO3 + 2.4SrCO3 + Na2CO3 + (X/2) Ho2O3 + 5Nb2O5   =   Ba [1.6-(3X/2)] Sr2.4HoXNa2Nb10O30 + [5 – (3X/2)]  

                                                                                                                           CO2   ………………………                         (1) 

 

The solid state reaction occurs at high temperature (1100 0C) and all CO2 burned out. The desired product with 

normal stoichiometric equation obtained at the end of this process. The diffusion of ions also occurred during the 

grinding and solid state reaction process. 

2.2 Characterization  

The structure and phase formation of Ba(1.6-3/2X)Sr2.4Hox Na2Nb10O30 nanocomposites were identified by using 

XRD Phillips XPERT-PRO Model: X-ray powder diffractometer using Cu-Kα radiation (λ=1.5406 Ǻ) at 40.0 

KV, 30 mA) and the data were collected over the range (2ϴ = 10 to 800). SEM/EDS results were obtained from 

(OXFORD INSTRUMENTS ;( The Business of Science) model SS230862, ZEISS. The images obtained from 

scanning electron microscopy (SEM) showed morphology and microstructure clearly with high quality images. 

The elemental composition and mapping of the powder samples were measured using energy dispersive x-ray 

spectroscopy (EDS). EDS spectroscopy was used as complementary and a standard procedures for determining 

and quantifying elemental composition of sample area as small as a few nanometers to micrometers. Chemical 

bonds present in Ba(1.6-3/2X)Sr2.4Hox Na2Nb10O30 were identified by FTIR spectra analysis with the help of 

Shimadzu IR Prestige-21 FT-IR Spectrometer. We use FTIR transmittance spectroscopy for investigating the 

functional group (4000 to 400 cm-1) of the Ba(1.6-3/2X)Sr2.4HoxNa2Nb10O30 ferroelectric nanomaterial samples by 

direct use of as- prepared powder sample.  

3. RESULTS AND DISCUSSION 

3.1. XRD Analysis 

The XRD of Ba(1.6-3/2X)Sr2.4Hox Na2Nb10O30 nanomaterials were identified by using XRD Phillips XPERT-PRO 

Model: X-ray powder diffractometer using Cu-Kα radiation (λ=1.5406 Ǻ) at 40.0 KV, 30 mA) with Bragg’s angle 

(2ϴ) range from 10o-80o with scanning rate of 0.033 oC per second as shown in figure 1. The smooth and sharp 

peaks can confirm the crystalline nature of the samples in the XRD pattern, and all the samples are pure tetragonal 

tungsten bronze structures ferroelectric nanomaterials.  
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Figure: 1. XRD pattern of Holmium ion doped Barium Strontium Sodium Niobate Tungsten Bronze Structured 

Ferroelectrics nanomaterials for (x= 0.03 % Ho3+) 

The typical XRD patterns of Ba(1.6-3/2X)Sr2.4HoxNa2Nb10O30, tungsten bronze structured ferroelectric 

nanomaterial is shown in Figure 1 [38]. The respective plane’s diffraction lines were compared with the standard 

JCPDS card number 00-039-1453 [39] for confirmation. Using the sharp peak (311) in Bragg’s formula gives the 

values of interplanar spacing [40, 41]. The value of the lattice parameters is calculated using [37, 42]. The 

calculated values of our TTBs structured crystal lattice parameters are, a=b= 12.33 A0 and c=3.93 A0, having 

Group space of P4bm.   

 
Figure 2. XRD pattern of Holmium ion doped Barium Strontium Sodium Niobate Tungsten Bronze Structured 

Ferroelectrics nanomaterials JCPDS card match for x=0.03 % Ho3+ 
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The significant effect of the dopants was also clearly observed from the XRD pattern. The experimental results 

showed the highest intensity (1845 a.u.) of the XRD pattern optimum value obtained for x=0.05 % Ho3+ ion 

concentration without phase change (TTBs). The results were in good agreement with recent reports of rare earth 

ions doped system [21] .   

Smooth and sharp XRD pattern peaks were also obtained for all different amounts of dopants concentrations 

consistently without phase change. It was consistent for entire x=0.01 - 0.10 % Ho3+ ions variation in 

concentrations. The prominent peak with maximum intensity (1845 a.u.) was found for x=0.05 % Ho3+ ions 

concentration at angle (2ϴ=32.3342o) (Figure 3.).  

 

Figure: 3. XRD pattern of Holmium ion doped Barium Strontium Sodium Niobate Tungsten Bronze Structured 

Ferroelectrics nanomaterials for (x=0.00 - 0.10 %Ho+), A) normal   B) zoomed  

As Magneli and Blomberg [21] reported similar results that were obtained and checked with JCPDS standard 

card number for tetragonal tungsten bronze structure phase. The result obtained from our sample was also in good 

agreement with others recently reported works and standard card number (JCPDS 00-039-1453) that was 

confirmed from the XRD patterns match. 

There is slight shift of peaks to lower angle from the reference point (x=0.00) to dopants having concentrations 

of 0.01, 0.03 and 0.05% Ho3+. Then again it slightly shifts to higher angle for the increment of concentrations 

from x= 0.07 to x = 0.10. This is due to ionic radius difference of Holmium ion which substitute some amount of 

the Barium ion which have different ionic radius (Ho3+: 1.02 and Ba2+: 1.42 see Table 1) that in turn expected to 

improve the ferroelectrics property of the system since it depends on the ionic radii difference of A1 and A2 site 

atoms.  
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For prominent peak (311), using Debye–Scherer formula, the average crystallite size (D) of the Ba(1.6-

3/2X)Sr2.4Na2Nb10O30:xHo3+ ferroelectrics tungsten bronze structured crystal is calculated as (67.52) nm. Debye–

Scherer formula is represented as follows: 

                   D = Kλ/βCosθ  …………………………………………….                                 (2)  

where K is the Scherer constant having value 0.94, λ is wavelength of incident X-ray (λ = 1.5406 Å), β = 

FWHM (Full Width Half Maximum) of the peaks and θ = corresponding Braggs diffraction angle [43, 44]. 

Table 1:  Ionic Radius of elements: (CN=8, Alkali, Rare Earth and Transition) metals (Source: Shannon Radii) 

Atomic Number Name Symbol Ionic Radius (Å)   

56 Barium Ba Ba2+: 1.42 
  

38 Strontium Sr Sr2+: 1.26 
  

11 Sodium Na Na1+: 1.26 
  

39 Yttrium Y Y3+: 1.019 
  

67 Holmium Ho Ho3+: 1.02 
  

57 Lanthanum La La3+: 1.16 
  

60 Neodymium Nd Nd3+: 1.109 
  

62 Samarium Sm Sm3+: 1.079 
  

63 Europium Eu Eu3+: 1.25 
  

66 Dysprosium Dy Dy3+: 1.027 
  

41 Niobium Nb Nb5+: 0.74   

Figure 4 showed the crystal structure of tetragonal tungsten bronze compound with formula 

(A1)2(A2)4(B1)2(B2)8(C)4 (X)30 (where X = oxygen and A, B, C are metal cations) constructed by using the 

XCRYSDEN and VESTA (visualization for electronic structural analysis) software’s respectively. 

 
Figure 4: Crystal Structure of Tetragonal Tungsten Bronze Structure using VESTA (A) and XCRYSDEN (B)  
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Table 2: XRD pattern data with different dopant concentration of Ba (1.6-3/2x) Sr2.4Na2Nb10O30: xHo3+: tungsten 

bronze structured nanomaterials (For the three strongest peaks) 

 

S. No 

 

Quantity 

Concentration 

0.00 0.01 0.03 0.05 0.07 0.10 

1 Crystallite Size (D) nm 66.68 61.09 60.13 66.82 75.18 75.24 

2 Interplanar Distance (d) A0 

2.75313 

2.9829 

3.17526 

2.76898 

3.00148 

3.19776 

2.76729 

2.99962 

3.19519 

2.76649 

2.99866 

3.19381 

2.76104 

2.99217 

3.18652 

2.76002 

2.99111 

3.18523 

3 2ϴ (Degree) 

32.4954 

29.9309 

28.0794 

32.3043 

29.7416 

27.8778 

32.3246 

29.7604 

27.9007 

32.3342 

29.7702 

27.9130 

32.3998 

29.8363 

27.9782 

32.4121 

29.8471 

27.9897 

4 Intensity (Counts) 

1541 

1162 

931 

1830 

1415 

1027 

1813 

1372 

1023 

1845 

1371 

1009 

1664 

1251 

927 

1669 

1278 

917 

5 FWHM 

0.21580 

0.19100 

0.20940 

0.22340 

0.18780 

0.22290 

0.21820 

0.18820 

0.22490 

0.21090 

0.18770 

0.21780 

0.22130 

0.19160 

0.22350 

0.22350 

0.19190 

0.21840 

6 

- Average Lattice Parameter: a= 12.33 A0 , b=12.33 A0 and c=3.93 A0 

- Average Volume of the unit cell = 597.47 A(0)3 

- Average Density = 5.16 

- Space Group = P4bm 

3.2. Scanning Electron Microscopy (SEM) 

The images obtained from scanning electron microscopy (SEM) showed morphology and microstructures as 

shown in Figure 5 & Figure 6.  We used SEM to examine the morphology of samples, since the luminescence 

characteristics of nanoparticles depend on the morphology of the particles such as size, shape, size distribution, 

and defects so on. The scanning of SEM was performed in the ranges of 200 nm to 5µm dimension and 1000 to 

50,000 times magnifications to see all aspects which demonstrate the clear morphology of (Ba(1.6-

3/2X)Sr2.4Na2Nb10O30:xHo3+) TTBs (Figure 5 & 6).  

 
Figure 5: SEM image of (Ba(1.6-3/2x)Sr2.4Na2Nb10O30:xHo3+): x=0.00 % Ho3+ for (A=5µm,  B=2oo nm) dimension 

From the SEM image result, it was observed that the surface morphology of the particles distributions were nearly 

non-uniform and random for large dimensions and separate particles with different shape, size and size 
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distributions are observed in nanometer dimensions. And they were aggregated tightly with each other. It was 

also clearly observed that the surface is less porous with different size and shape. It looks suitable and promising 

for different optical properties like a good absorption having more charge carriers available on the dense surface. 

The surface morphology of 200 nm  dimension was presented in figure 5. The image clearly showed that 

separate particles with different shape, size and distributions. Moreover, using ImageJ software, we have 

estimated the average particle size of randomly chosen 30 particle (from scanned SEM image) to be 97.83 nm. 

This is in line with the result obtained from XRD analysis. 

Figure 6 with different dimensions and magnifications showed the possible types of the surface morphology 

of the system with and without dopants in comparison (x=0.00 %, 0.05 % and 0.10 %) concentrations. Figure 6 

also showed the clear difference in surface morphology having the same dimension and maginification but with 

and without dopants; demonstrating the significant effects of dopants with different concentrations.  

 

 

Figure 6.  SEM Image of (Ba (1.6-3/2X) Sr2.4Na2Nb10O30: xHo3+): A, C. E,  x=0.00 % Ho3+  and B ,D, F x=0.05 % 

Ho3+   for 2µm, 1 µm & 500 nm top down respectively  

3.3 Energy Dispersive X-ray Spectroscopy (EDS)  

The EDS spectra confirms the standard stoichiometric combination of nanocomposite system of (Ba(1.6-

3/2X)Sr2.4Na2Nb10O30:xHo3+) as shown in Figure 7 and Table 3.  The elemental composition and mapping of the 

powder samples were measured using energy dispersive x-ray spectroscopy (EDS). Since EDS spectroscopy is 

complementary and standard procedures for determining and quantifying elemental composition of sample area 

as small as a few nanometers to micrometers; we have used it to identify all constitute elements of the as-prepared 

samples. The existence of Holmium (Ho3+) ion in the corresponding EDS mapping was also clearly observed 
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especially when we add more dopants (0.10 %). As we expected apart from Barium (Ba), Strontium (Sr), Sodium 

(Na), Niobium (Nb) and oxygen (O) in Ba(1.6-3/2X)Sr2.4Nb10O30:xHo3+, there were no other emission observed in 

the EDS mapping of the Barium Strontium Sodium Niobate doped with Holmium ion (see Figure 7). The 

existence of Ba, Sr, Na, Nb, O and Ho, intense peaks are preliminarily indicates the formation of Ba(1.6-

3/2X)Sr2.4Nb10O30: x Ho3+  Tetragonal Tungsten Bronze Structured nanomaterial as shown in (Figure 7).  

 
Figure 7: EDS Maping of (Ba(1.6-x)Sr2.4Na2Nb10O30:xHo3+):  For x= 0.05 % Ho3+ 

Figure 7 revealed and confirmed that all the constitute elements are available within exact range of proportion 

in accordance with our standard stoichiometric equation (see Fig 7 & table 3). Moreover, it further confirmed that 

there were no impurities added during our samples preparation. The EDS Layered image confirmed also that all 

the components (barium, strontium, sodium, oxygen and niobium and dopant holmium) of the TTBs are available 

in the nanocomposite materials. This is also another way of confirming the quality synthesis procedures used with 

uniform distribution of nanoparticles within the system of the samples. 

 
Figure 8: EDS Elemental Composition in Wt/At % for (Ba (1.6-3/2X)Sr2.4Na2Nb10O30:xHo3+) for Experimental and 

Theoretical calculated Values 
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Figure 8 is the energy dispersive x-ray spectroscopy (EDS) result of the as prepared (Ba (1.6-

3/2X)Sr2.4Na2Nb10O30:xHo3+) nanocomposite. The results further revealed that the experimental values of each 

constitute elements percentage molecular weight (Wt%) and atomic (At%) are in good agreement with the 

theoretically calculated values from the standard stochiometric equations (See Figure 8 & Table 3). Again this 

showed that advanced measutring instruments i.e. both EDS and digital electronic balace are well calibrated. The 

coincidence of experimental and theoretical calculated values of both molecular and atomic percentage values 

confirmed that during the experiment all carbonates and oxides of the samples burned out well at 1100 0C 

temperature for 4 hrs duration in the furnace. 

 
Figure 9. EDS Maping of Barium Strontium Sodium Niobium Oxygen & Holmium (Ba (1.6-3/2X) 

Sr2.4Na2Nb10O30:xHo3+): A) x= 0.00 % Ho3+ , B) x= 0.05 % Ho3+ (Map sum Specrum). 

Figure 9 showed comparative analysis of the samples with and without dopants. Figure 9 A left sides color and 

black is the composite nanomaterial without dopants while the right sides are the separate constitute all five 

elements (Barium Strontium Sodium Niobium and Oxygen) with different colors. Again it confirmed that only 

the expected elements were found without any additional impurities. Figure 9 B showed the same but in this case 

the dopant element availability was indicated clearly both in the left and right side images. This is another way 

of confirming we successfully added the dopant Holmium ion in the system in correct proportion as indicated 

with detail numerical figure in Table 3. 
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Table 3: Constitute Elements Composing from EDS of Ba (1.6-3/2X)Sr2.4Na2Nb10O30:xHo3+ 

  

Concentration (%) 
  

Elements 

Experimental Theoretical 

wt% At% wt% At% 

 O 24.59 64.61 25.46 65.22 

x = 0.00 

Na 2.13 3.96 2.44 4.35 

Sr 10.96 5.26 11.16 5.22 

Nb 48.98 22.16 49.29 21.74 

Ba 13.34 4.08 11.66 3.48 

Ho 0 0 0 0 

Total 100 100 100 100 

 O 25.53 64.48 25.46 65.22 

 Na 2.31 4.13 2.44 4.35 

x = 0.05 Sr 11.1 5.2 11.16 5.22 

 Nb 48.55 21.45 49.29 21.74 

 Ba 12.51 3.74 11.66 3.37 

 Ho 0 0 0.44 0.107 

  Total 100 100 100 100 

 O 28.75 69.46 25.46 65.12 

 Na 2.02 3.39 2.44 4.35 

x = 0.10 Sr 10.52 4.64 11.16 5.22 

 Nb 44.6 18.56 49.29 21.74 

 Ba 13.72 13.86 11.29 3.26 

 Ho 0.38 0.09 0.88 0.22 

  Total 100 100 100 100 

3.4. Fourier Transforms Infrared Spectroscopy (FTIR) 

      The Fourier transform infra-red spectroscopy (FTIR) spectrum has been widely used for the identification of 

organic and inorganic compounds. The FTIR spectra were recorded in the range of (4000 cm-1 to 400 cm-1) to 

obtain the figure print results. (FTIR) is also an essential characterization technique to identify the compositional 

elements of the material and to analyze the chemical bonding and functional groups present in the material. FTIR 

spectra (Figure 10 A, B) of the samples calcined at 11000C showed collective metal - oxygen band vibration 

modes at 540.60 cm−1 for (x= 0.00% Ho3+) without dopant or pure host nanocomposite. But we observe additional 

band vibration modes at 429.92 for (x= 0.05% Ho3+) cm−1 with slight variation in wavenumber that may be due 

to ionic radius difference of the Barium, other metal ions and Barium substituted Holmium ions, having an 

additional peaks which indicates the existence of Ho – O, stretching band vibration modes since it was observed 

when we add the dopant ion only.  

     The FTIR results on Figure 10 B and C indicated that in terms of two frequencies vibrations and stretching Ʋ1 

at (500-600 cm-1), Ʋ2 at (400-450) cm-1.  We observed also as concentrations of dopants vary from 0.05 % to 

1.0% we obtained more intense peaks with slight shift of the position to lower wavenumber position, except this 

we observed similar results for all dopants concentrations values consistently. The FTIR results also confirmed 

that the samples spectrum of holmium ion doped barium strontium sodium niobate powders calcined at 1100 0C 

in (Figure 10 B and C) absence of external impurities, which is also in a good agreement with literature values 

that in turn confirming the nanocomposite samples are pure i.e. without any impurities or defects [5]. 
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Figure 10: FTIR Spectra of (Ba (1.6-3/2X)Sr2.4Na2Nb10O30: xHo3+): A) x=0.00 % Ho3+, B) x=0.05 % Ho3+ and C) 

x=0.10 % Ho3+ 

3.5. UV-Vis Spectroscopy 

The detailed information on some crucial optical entities such as the optical transitions, band structure, and 

band gap energies can be scrutinized from the UV-VIS-NIR absorption spectra. Comparatively, the edges of 

absorption for crystalline materials are typically very sharp while the absorption edge in an amorphous material 

unveiled finite slope. 

Figure 11 Showed the typical UV-Vis spectra of Ba(1.6-3/2X)Sr2.4Nb10O30: xHo3+ ferroelectric nanomaterial near 

UV. Figure 11 also displays that the absorption edges of all kinds of Ba(1.6-3/2X)Sr2.4Nb10O30: xHo3+ ferroelectric 

nanomaterial are at the same wavelength region of approximately 205 nm. From this we observed that Ho3+ 

doping has significant effects on the peaks (intensity): when we vary the dopants concentration from 0.00% to 

0.10% the absorption intensity become increasing with increasing concentration from 0.00-0.03% Ho3+ ions, and 

then it tends to decrease when we keep on increasing from 0.05-0.10 % Ho3+ ions concentration. Moreover, we 

observed the optimum absorption intensity obtained at x=0.03 % Ho 3+ ions concentration and no peaks at two 

extremes (0.00 & 0.10 % Ho3+) ions concentrations. 
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Figure 11. UV-Vis absorption spectra of Ba (1.6-3/2X)Sr2.4Nb10O30: xHo3+ ferroelectric nanomaterials 

The band-gap energy (𝐸) can be calculated by the following equation [45]  

           𝐸 =
1240

𝜆
 ……………………………………………………………………………..     (3) 

where 𝜆 is the wavelength in nanometers [46]. The calculated band-gap energy (𝐸) corresponding to the 205 nm 

light wave is ∼ 6.05 eV. 

Doping and coating nanostructured materials with rare earths can be an effective way to enhance many 

interesting properties. Because rare earths act as good luminescence centers due to their narrow and intense 

emission lines arising from 4f internal transitions [47] , moreover, rare earths are very reactive and tend to form 

oxides very easily [48]. Among the rare earths, Holmium was selected as a promising element because it 

fluoresces in the visible and near-infrared regions and is promising for communication window and solid-state 

lasers [49].  

      The effects of Holmium ion doping revealed in the experiments are: i) from the XRD analysis the highest 

intensity was obtained at 0.05% Ho3+with (1845 a.u). The crystallinity of the system was also confirmed by the 

lattice parameters a= 12.33 Å, b=12.33 Å and c=3.93 Å. The average density = 5.16, average Volume of the unit 

ce11 = 597.47 Å3 , the average dislocation density = 2.19 x 10-4/nm2  and space group = P4bm that confirmed 

Tetragonal Tungsten Bronze structured nanomaterials [37]. The SEM result further confirmed that by excess 

concentration (0.10 % Ho3+) the surface morphology changed to non-uniform and more porous. The FTIR results 

revealed also the dopant enhance the absorption in near infrared region with 0.05% Ho3+. The UV-Vis showed 

also optimum value obtained at wavelength of 205 nm with concentration of 0.03 % Ho3+ that in turn signified 

the effect of Holmium dopant where no absorption peaks were observed at two extreme concentrations (0.00 & 

0.10 % Ho3+). 

3.6. Photoluminescence (PL) 

When the single rare earth ion doped (Ba (1.6-x) Sr2.4Na2Nb10O30: xHo3+) ferroelectric nanomaterials was excited 

at 285 nm, the emission peak was observed at 572 nm arising from the radiative emission transition from F orbital 

to the various H orbitals. Specifically the emission spectra at 572 nm (yellow) is ascribed to 4F9/2 → 6H13/2 

transitions. This is also ascribed to the electric dipole transitions (i.e. a hypersensitive transition) [50, 51].  

To inspect the luminescence traits of rare earth ions amalgamated oxide, it is crucial to detect the right 

excitation wavelength. Figure 12  these spectra emit, peaking at 572 nm accredited to 4F9/2 → 6H13/2 (yellow) 

transition, and at 652 nm accounted to 4F9/2 →6H11/2 (red) transition with maximum intensity for x=0.03% Ho3+ 

content with drastically made red shift. The yellow emission, credited to 4F9/2→ 6H13/2 transition is a forced 

electric dipole (ED) transition following ΔL=2, ΔJ=2 golden rule. This transition was found to be hypersensitive 

and is usually influence by the local environment [52, 53]. Furthermore, the interrelation between emission 
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hierarchy and Ho3+ doping content was also deliberated. Apparently, the intensity of the emitted light upsurges 

with growth in the Ho3+ ions fraction up to 0.3 mol % and diminishes at 0.5 mol %. The observed decrement is 

ascribed to the quenching in dopant contents via resonant energy transfer (RET) between Ho3+ - Ho3+ ions, thus 

clarifying self-quenching phenomenon and cross relaxation mechanism [54]. 

 
Figure: 12 Photoluminescence spectra of 0.03 % Ho3+ doped BSNN: xH excited from 265 nm to 325 nm 

wavelength ranges 

4. CONCLUSION 

XRD analysis of Holmium doped Barium Strontium Sodium Niobate ferroelectrics nanomaterials revealed 

Tetragonal Tungsten Bronze structured nanomaterial successfully synthesized through conventional high 

temperature synthesis route. The identified crystal phase has an average crystallite size of 67.52 nm and particle 

size of 97.83 nm, having space group of p4bm and lattice parameters of a= 12.33 Å, b=12.33 Å and c=3.93 Å. 

The XRD pattern obtained showed also a best match with JCPDS card number-00-039-1453. Further analysis of 

XRD result indicated the highest intensity value (1845 a.u.) was obtained for the concentration of 0.05 % Ho3+ 

ions. SEM and EDS analysis of surface morphology and elemental compositions of Holmium doped Barium 

Strontium Sodium Niobate ferroelectrics Tetragonal Tungsten Bronze structured nanomaterial showed clear and 

high quality surface morphology, microstructure and elemental mapping which is promising to enhance 

absorption. The SEM images have also shown separate nanoparticles with different shapes, size and size 

distributions with random distributions. Moreover the micro level dimension showed relatively uniform 

distribution of particles and less porosity of the surface.  

Over all, surface morphology is promising for enhancing optical properties of the system because of its 

homogeneous surface microstructure having dense nanoparticles distributions. The EDS results confirmed that 

all the constitute elements are found in correct proportion to the standard stoichiometric ratios. In addition it 



 

 

Adama Science and Technology University                                             197                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

further confirmed that there were no impurities added during the synthesis and characterization which in turn 

confirming high quality synthesis procedures were employed. The experimental and theoretical molecular weight 

and atomic percentage coincidence also indicating that the composites made in high quality and proportion 

synthesis approach. The FTIR analysis result indicated also the collective metal oxide single peak for the bond 

vibration at wave number of 540.60 cm-1 as expected since in the finger print of FTIR values of metal oxides were 

commonly found 400 - 600 cm-1 and the Holmium oxygen bond vibration modes at (0.05% Ho3+), 415.77 (0.10 

% Ho3+) 429.92 cm−1 which was not seen for the system without dopant. UV-Vis displays that the absorption 

edges of all kinds of Ba(1.6-3/2X)Sr2.4Nb10O30: xHo3+ ferroelectric nanomaterial are at the same wavelength region 

of approximately 205 nm. The single rare earth ion doped (Ba (1.6-x) Sr2.4Na2Nb10O30: xHo3+) ferroelectric 

nanomaterials was excited at 285 nm, and then the emission peak was observed at 572 nm arising from the 

radiative emission transition from F orbital to the various H orbitals. 
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ABSTRACT 

A study was conducted at Wonji Shoa Sugar Estate to assess compatibility of tractors and implements as well as work rates 

for major tillage operations. Before this study, it was not clear as to which tractor - implement combinations were compatible 

and whether they were achieving standard work rates, thus leading to low knowledge about their overall profitability. Thus, 

there was a need to scientifically evaluate compatibility and work rates. List of machinery and related data were sourced 

the sugar estate. Implement draft, drawbar power requirement, expected tractor drawbar power under Wonji soil condition, 

as well as expected work rates were determined by using ASAE standard procedures and equations. Tractor power and 

implement power requirements were compared. Computed and actual work rates were also compared. The results showed 

that among the evaluated 18 tractor – implement combinations, only 3 were compatible. The remaining 15 combinations 

showed that the tractors had excess power ranging from 10 - 70 % than needed to operate the implement. Most combinations 

also showed work rates less than the standard with gaps as high as 2.7 ha/h.  By rectifying these problems, the estate could 

save as high as ETB 1277.46 per operation. Thus, recommendations were given to rectify all incompatible combinations 

either by changing the tractor or the implement. Until machinery replacements are made, combinations with the least amount 

of unused power should be selectively used. Efforts should be made to increase work rates by giving practical training to 

operators and enforcing minimum work rates. 

Keywords: ASAE Standards, compatibility, work rate  

1. INTRODUCTION 

In modern day agriculture, farm machinery requires a major financial investment and its use is one of the 

causes of high costs of production. As a result, current farming economics reinforce the importance of efficient 

farm tractor operation. Efficient farm tractor operation on the other hand, requires proper selection and 

deployment of matching tractors and implements. Tractor and implement selection is an important part of 

machinery management. A well matched tractor and implement allow efficient use of resources; reduces 

production costs and increases profitability. 

Selecting a tillage system best suited to a particular farming situation is an important decision and it starts with 

machine selection and sizing. Machine selection and sizing in turn, requires an estimate of draft requirements of 

the implement. Draft is the major component of forces acting on an implement being drawn by a tractor. It acts 

in a parallel direction to the soil surface and to the direction of travel (Ishak et al., 1993). It is an important 

consideration in selecting implements, in getting tillage systems and tractor sizes that are compatible with the 

operations. 

Conventionally, seedbed preparation in Wonji Shoa sugar estate is accomplished using a series of tillage 

operations, viz., uprooting, subsoiling, ploughing, harrowing, planning, and furrowing. Tractors and implements 

of different sizes and shapes are used for these operations. The use of incompatible tractors and implements will 

incur higher production costs or reduce work quality. When purchasing tractors and implements used in the estate, 

no systematic study was made to determine and match their sizes. Although a previous study was conducted in 

2011 to evaluate tractor and implement matching status at the estate, several of the machinery tested back then 

were replaced (Cherinet and Zewdu, 2011). As a result, it is not known whether the implements currently in use 

by the estate are compatible with their power units or not. It is not clear as to which machine combinations are 

better in terms of utilization of available power from the tractor. Therefore, there is a need to evaluate the 

compatibility of power units and implements. 
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In addition, the work rate being accomplished by the machines has never been scientifically evaluated as to 

whether it is within an acceptable range to the standard work rate expected from the machines under the given 

circumstances in which they are operated. Thus, there is also a need to scientifically estimate expected work rates 

from the machinery used in tillage operations. The general objective of the research was to increase productivity 

and reduce cost of production by ensuring tractor – implement compatibility and working at acceptable work 

rates. To realize this the operational steps were (1) to assess the compatibility of tractors and implements by 

determining the power requirement of tillage implements analytically and comparing it with the power output of 

tractors and (2) to evaluate status of farm machinery work rates as compared to the expected standard rates.  

2. MATERIALS AND METHODS 

2.1. Description of the Study Area 

The study was conducted at Wonji Shoa Sugar Estate which is located at about 108 km South of Addis Ababa 

in the Great Rift Valley of Ethiopia at a latitude and longitude of 8031’N and 39012’E, respectively. Average 

elevation is 1550 m.a.s.l. The area has a mean minimum and maximum temperature of 15.3 0C and 26.9 0C, 

respectively with annual rainfall of 800 mm. According to Ambachew and Abiy (2009), the estate has the soil 

properties of sand % ranges from 13 – 51 with an average of 26%, silt %  ranges from 8 – 49 with an average of 

22% and clay % ranges from 16 – 78 with an average of 52%. 

2.2 Tractors, Impleents and Materials Used 

The experiment was carried out by making use of the existing tractors and implements as used conventionally 

by the estate. The list of land preparation machinery and their data were collected from the sugar estate as 

indicated in Table 1.  

Table 1.  Evaluated tractor – implement combinations 

Operation Prime mover Implement Working 

speed 

(km/h) 

Work 

rate 

(ha/h) 

Work 

rate 

(h/ha) 
 Name Model HP Name 

No. of 

bottoms 

Width 

(m) 

Depth 

(cm) 

Uprooting 

John Deere  9310 310 Heavy duty disc 

harrow 

36” x 16 2.80 20 - 25 5.0 0.90 1.11 

John Deere  9410 410 Heavy duty disc 

harrow 

36” x 16 2.80 20 - 25 5.5 1.00 1.00 

Subsoiling  
John Deere  9310 310 5 -shank subsoiler 5 3.20 60 - 70 6.00 0.80 1.25 

John Deere  9410 410 5 -shank subsoiler 5 3.20 60 - 70 6.00 0.90 1.11 

Ploughing 

John Deere  9310 310 3 bottom 

mouldboard plough 

3 1.40 35 - 50 3.00 0.50 2.00 

John Deere  9410 410 3 bottom 

mouldboard plough 

3 1.40 35 - 50 4.00 0.55 1.82 

John Deere  9310 310 Heavy duty disc 

harrow 

42” x 16 2.80 35 5.00 1.00 1.00 

John Deere  9410 410 Heavy duty disc 

harrow 

42” x 16 2.80 35 5.00 1.10 0.91 

YTO  1804 180 3 bottom 

mouldboard plough 

3 0.60 35 2.00 0.30 3.33 

Harrow-

ing 

John Deere  9310 310 Disc harrow 24” x 48 3.50 25 7.50 4.50 0.67 

John Deere  9410 410 Disc harrow 24” x 72 5.60 25 8.00 1.75 0.57 

John Deere  9310 310 Heavy duty disc 

harrow 

36” x 16 2.80 25 6.00 1.10 0.91 

John Deere  9410 410 Heavy duty disc 

harrow 

36” x 16 2.80 25 6.50 1.20 0.83 

Planning 
John Deere  9310 310 Planner   5.00  9.50 0.80 1.25 

John Deere  9410 410 Planner   5.00  10.00 0.85 1.18 
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Furrow-

ing  

YTO  1804 180 4 bottom furrower 4 4.35 25 - 30 7.00 2.00 0.50 

YTO  1804 180 3 bottom furrower 3 2.90 25 - 30 8.00 1.40 0.71 

YTO  1804 180 3 bottom furrower 3 2.90 25 - 30 6.00 1.35 0.74 

URSUS  140 3 bottom furrower 3 2.90 25 - 30 8.0 1.40 0.71 

2.3 Methods 

The procedure used in evaluating the compatibility of tractors and implements is as follows: 

- Recommended speed of operation figures were collected from ASAE standards. 

- Based on these speeds, the implement draft, drawbar power requirement of the implements were 

determined. 

- Considering the field condition and tractor configurations, the drawbar power developed by the tractors 

were determined. 

- The implement power demand and the drawbar power available from the tractor were compared.  

- For work rate evaluations, theoretical and effective field capacities were determined analytically. 

- Actual work rate data for all operations were collected from the factory. 

- Comparisons were made between actual work rates and expected standard work rates. 

2.3.1 Recommended operation speed  

The American Society of Agricultural Engineers have put forward the recommended speed for all major 

operations. It is a well-known fact that draft generally increases as speed of tillage operation increases (Al-Janobi 

et. al. 1998). Table 2 shows the recommended speed of different tillage operations.  

Table 2. Recommended field efficiency and field speed extracted from ASAE 2000 

Tillage implement 
Field efficiency Field speed 

Range (%) Typical (%) Range (km/h) 

Mouldboard plough 70-90 85 5.0 - 10.0 

Heavy duty disc 70-90 85 5.0 - 10.0 

Tandem disc harrow 70-90 80 6.5 - 11.0 

Field cultivator 70-90 85 8.0-13.0 

Row crop cultivator 70-90 80 5.0 - 11.0 

Fertilize spreader 60-80 70 8.0-16.0 

2.3.2 Determination of implement draft and drawbar power requirement 

There are two methods of determining draft and power – experimental and analytical. In experimental 

methods, the implement draft is measured using appropriate equipment such as draft dynamometers. In analytical 

methods, the draft is determined analytically by making use of already developed standard procedures as 

described in the ASAE (2000) and ASAE (2003). Validation studies conducted to determine feasibility of using 

analytical methods of determining machinery performance found that the ASAE equations are valid and could be 

used as a substitute in cases where actual field data measurement is not possible (Mai, 2009). 

2.3.2.1 Implement draft 

The American Society of Agricultural Engineers issued the standard (ASAE, 2000), for estimating implement 

draft requirements at different working conditions as follows: 

𝐷 =  𝐹𝑖 [ 𝐴 +  𝐵 (𝑆)  +  𝐶 (𝑆)2 ] 𝑊𝑇 

Where: D = implement draft, N; 

F = a dimensionless soil texture adjustment parameter (Annex 1, Table 1); 

i = soil factor and it is = 1 for fine, 2 for medium and 3 for coarse texture soils; 

            A, B & C = machine – specific parameters referred from table (Annex 1, Table 1); 
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            S = forward speed, km/h; 

            W = machine working width, m (Annex 1, Table 1); 

            T = tillage depth (cm) for major tools; =1(dimensionless) for minor tillage tools and seeding implements. 

2.3.2.2 Drawbar power 

After determining implement draft, drawbar power required to power the implement was determined using the 

following formula obtained from (ASAE, 2003) and as used by Mai (2009). Travel speed was taken as 

recommended speed by ASAE for the specific operation. 

𝑃𝑑𝑏  =   
𝐷 × 𝑆

3.6
 

Where:  Pdb = drawbar power (kW) 

D = Implement draft (kN) 

S = travel speed (km/ h) 

2.3.3 Tractor drawbar performance determination 

Drawbar performance of tractors depends primarily on engine power, weight distribution on drive wheels, 

type of hitch, and soil surface. Due to losses in the drive train, all the power generated by the engine does not 

reach the drive wheels to do the job. Similarly, all the power that reaches the drive wheels is not entirely used 

because of losses due to slippage and surface conditions. Throughout the drive train, power at a given location 

can be used to estimate power at another location by using the mechanical power performance chart (Fig. 1). 

 
Fig. 1. Maximum mechanical power performance expected from tractors (Source: ASAE, 2000) 

2.3.4 Theoretical field capacity 

The theoretical field capacity (TFC) of land preparation operations were determined by using recommended 

standard working speeds and the following formula: 

𝑇𝐹𝐶 (
ℎ𝑎

ℎ𝑟
) =   

𝑆𝑝𝑒𝑒𝑑 (
𝑘𝑚
ℎ𝑟

)

10
∗ 𝑤𝑖𝑑𝑡ℎ (𝑚) 

Where:  TFC = Theoretical field capacity 
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 Speed = working speed of the tractor implement combination under consideration 

 Width = width of implement 

2.3.5 Determination of effective field capacity (EFC) 

Farm machinery are not operated at their theoretical field capacity. They are rather operated at a lesser capacity 

due to the existence of different sources downtime during operation. Thus, the theoretical field capacity is reduced 

by the amount of field efficiency (FE). Recommended field efficiencies for all operations were obtained from 

international standards and the effective field capacities were determined by the following formula: 

𝐸𝐹𝐶 (
ℎ𝑎

ℎ
) =    

𝑆𝑝𝑒𝑒𝑑 (
𝑘𝑚

ℎ𝑟
)

10
∗ 𝑤𝑖𝑑𝑡ℎ (𝑚) ∗ 𝐹𝐸 (%)) 

Where: EFC = Effective field capacity (ha/h) 

 Speed = Working speed of the machine (km/h) 

 Width = Width of implement (m) 

2.3.6 Collected data  

The collected data include the following: 

- Tractor type and power rating 

- Implement type and working width 

- Actual work rate of the tractor – implement combination 

- Tillage depth  

- Recommended standard speed of operation (from ASAE data) 

2.3.7 Data analysis 

Based on the obtained data, the following parameters were calculated or derived: 

- Implement draft and drawbar power requirement of implements 

- Maximum drawbar power developed by the tractor 

- Theoretical field capacity and effective field capacity  

After determining the power requirement of the implement and available power from the tractor, comparison 

was made among the two parameters to determine compatibility.   

3. RESULTS AND DISCUSSIONS 

3.1 Compatibility Evaluation 

The results of the tractor – implement compatibility evaluations are summarized in Table 3. Out of the 

evaluated 18 combinations all but 3 combinations were found to be in an overpowered condition where by the 

tractors produced more power than what is actually used / needed by the implement. The unused power available 

from the tractors reached as high as 70%, thus indicating that the power use was not efficient.  

Generally it is advisable to rectify the incompatibility problems as soon as possible by replacing either the 

tractors or the implements. Until such rectification is made, it is advisable to use combinations with less unused 

power more often than those with big unused power. This way we can systematically reduce the cost of land 

preparation.  

- For example for uprooting operation, using John Deere 9310 tractor results in only 37.7% unused power 

whereas using John Deere 9410 tractor results in 53% unused power. Thus, using John Deere 9310 tractor 

will result in less cost of uprooting. 

- Similarly for subsoiling operation using John Deere 9310 tractor results in less cost of operation. 

- For ploughing operation using John Deere 9310 tractor with 2.8 m harrow resulted in the least unused 

power and hence this combination should be favored over the others. 

- For harrowing operation using John Deere 9410 tractor with 5.6 m harrow resulted in the least unused 

power and hence this combination should be used as often as possible. 
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- For planning operation using John Deere 9310 tractor with the 5 m planner was found to be more or less 

compatible and hence should be used more often. 

- For furrowing operation using URSUS tractor with 3 bottom furrower was found to be more compatible 

and hence should be favored. Next to that is using YTO tractor with 4 bottom furrower should be used.  

Table 3. Summary of results on power unit and implement matching 

Operation 

Prime mover Implement 
Width 

(m) 

Drawbar 

power 

required 

(kW) 

Max. 

drawbar 

power 

(kW) 

Used 

power 

(%) 

Excess 

power 

available 

(%)  
Name Model HP Name 

Uprooting 
John Deere 9310 310 Heavy disc harrow 2.80 101.2 162.26 62.3 37.7 

John Deere 9410 410 Heavy disc harrow 2.80 101.2 214.81 47 53 

Subsoiling 
John Deere 9310 310 5 -shank subsoiler 3.20 139.58 156.02 89 11 

John Deere 9410 410 5 -shank subsoiler 3.20 139.58 206.55 68 32 

Ploughing 

John Deere 9310 310 3 bottom mouldboard 1.40 120.32 156.02 77 23 

John Deere 9410 410 3 bottom mouldboard 1.40 120.32 206.55 58 42 

John Deere 9310 310 Heavy disc harrow 2.80 141.75 156.02 90 10 

John Deere 9410 410 Heavy disc harrow 2.80 141.75 206.55 69 31 

YTO 1804 180 3 bottom mouldboard 0.60 51.56 90.67 57 43 

Harrowing 

John Deere 9310 310 Disc harrow 3.50 77.25 156.02 49.5 50.5 

John Deere 9410 410 Disc harrow 5.60 123.6 206.52 60 40 

John Deere 9310 310 Heavy disc harrow 2.80 61.8 156.02 40 60 

John Deere 9410 410 Heavy disc harrow 2.80 61.8 206.52 30 70 

Planning 
John Deere 9310 310 Planner 5.00 161.1 156.02 103 -3 

John Deere 9410 410 Planner 5.00 161.1 206.52 78 22 

Furrowing 

YTO 1804 180 4 bottom furrower 4.35 97.44 90.67 107 -7 

YTO 1804 180 3 bottom furrower 2.90 73.08 90.67 80.6 19.4 

URSUS  140 3 bottom furrower 2.90 73.08 70.52 104 -4 

Remark: the highlighted rows show compatible, whereas all the remaining are overpowered 

3.2 Assessment of Work Rate  

One of the objectives of this experiment was to determine the expected work rates of the evaluated operations 

and compare the results with the estates work rates. The work rate parameters are presented in Table 4. 

Table 4. Work rate parameters 

Operation 

Prime mover Implement 

Width, 

m 

Suggest-

ed 

speed, 

km/h 

TFC, 

ha/h 

Expected 

field 

capacity, 

% 

EFC, 

ha/h 

EWR, 

ha/h 

EFC - 

EWR, 

ha/h Name Model HP Name 

Uprooting 
John Deere 9310 310 Heavy disc harrow 2.80 7 1.96 70 1.37 0.90 0.47 

John Deere 9410 410 Heavy disc harrow 2.80 7 1.96 70 1.37 1.00 0.37 

Subsoiling 
John Deere 9310 310 5 -shank subsoiler 3.20 6 1.92 70 1.34 0.80 0.54 

John Deere 9410 410 5 -shank subsoiler 3.20 6 1.92 70 1.34 0.90 0.44 

Ploughing 

John Deere 9310 310 
3 bottom 

mouldboard 
1.40 7 0.98 70 0.69 0.50 

0.19 

John Deere 9410 410 
3 bottom 

mouldboard 
1.40 7 0.98 70 0.69 0.55 

0.14 

John Deere 9310 310 Heavy disc harrow 2.80 7 1.96 70 1.37 1.00 0.37 

John Deere 9410 410 Heavy disc harrow 2.80 7 1.96 70 1.37 1.10 0.27 

YTO 1804 180 
3 bottom 

mouldboard 
0.60 7 0.42 70 0.29 0.30 

-0.01 

Harrowing John Deere 9310 310 Disc harrow 3.50 8 2.8 70 1.96 4.50 -2.54 
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Operation 

Prime mover Implement 

Width, 

m 

Suggest-

ed 

speed, 

km/h 

TFC, 

ha/h 

Expected 

field 

capacity, 

% 

EFC, 

ha/h 

EWR, 

ha/h 

EFC - 

EWR, 

ha/h Name Model HP Name 

John Deere 9410 410 Disc harrow 5.60 8 4.48 70 3.14 1.75 1.39 

John Deere 9310 310 Heavy disc harrow 2.80 8 2.24 70 1.57 1.10 0.47 

John Deere 9410 410 Heavy disc harrow 2.80 8 2.24 70 1.57 1.20 0.37 

Planning 
John Deere 9310 310 Planner 5.00 10 5 70 3.50 0.80 2.7 

John Deere 9410 410 Planner 5.00 10 5 70 3.50 0.85 2.65 

Furrowing 

YTO 1804 180 4 bottom furrower 4.35 8 3.48 60 2.09 2.00 0.09 

YTO 1804 180 3 bottom furrower 2.90 8 2.32 60 1.39 1.40 -0.01 

URSUS  140 3 bottom furrower 2.90 8 2.32 60 1.39 1.40 -0.01 

3.3 Expected Financial Benefit 

By implementing the findings of this research work, very high financial savings could be achieved. The costs 

of land preparation operations could be highly reduced by properly matching the tractor – implement 

combinations in use. Potential cost saving to be gained by properly matching tractors and implements is estimated 

in table below as a percentage of the entire cost of operation based on the assumption that power savings are 

directly proportional to cost savings. 

Table 5. Expected financial benefits by properly matching tractors and implements 

Operation 
Prime mover Implement Cost of 

operation 

(Birr/ha) 

Expected cost 

saving as % of 

operation cost 

Expected 

Cost saving 

Birr/ha Name Model Name 

Uprooting 
John Deere 9310 Heavy disc harrow 2410.30 37.7 908.68 

John Deere 9410 Heavy disc harrow 2410.30 53 1277.46 

Subsoiling 
John Deere 9310 5 -shank subsoiler 2759.62 11 303.56 

John Deere 9410 5 -shank subsoiler 2759.62 32 883.08 

Ploughing 

John Deere 9310 3 bottom mouldboard 2350.86 23 540.70 

John Deere 9410 3 bottom mouldboard 2350.86 42 987.36 

John Deere 9310 Heavy disc harrow 2350.86 10 235.09 

John Deere 9410 Heavy disc harrow 2350.86 31 728.77 

YTO 1804 3 bottom mouldboard 2350.86 43 1010.87 

Harrowing 

John Deere 9310 Disc harrow 891.70 50.5 450.31 

John Deere 9410 Disc harrow 891.70 40 356.68 

John Deere 9310 Heavy disc harrow 891.70 60 535.02 

John Deere 9410 Heavy disc harrow 891.70 70 624.19 

Planning 
John Deere 9310 Planner 2679.05 0 0 

John Deere 9410 Planner 2679.05 22 589.39 

Furrowing 

YTO 1804 4 bottom furrower 510.59 0 0 

YTO 1804 3 bottom furrower 510.59 19.4 99.05 

URSUS  3 bottom furrower 510.59 0 0 

By properly matching tractors and implements, theoretically cost savings ranging from 10 - 70% of the value 

of the operation cost could be achieved. The highest cost saving per operation per operation was estimated to be 

Birr 1277.46 which could be obtained for uprooting operation. 

4. CONCLUSIONS AND RECOMMENDATIONS  

The results have shown that among the evaluated 18 tractor – implement combinations, only 3 were found to 

be more or less properly matched (compatible). The remaining 15 combinations showed situations where the 

tractors had more excess power than what was actually needed by the implement. The available unused power 

from the tractors ranged from 10 - 70 %. Had the tractor power been properly used to the full capacity, reduced 
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cost of production could have been achieved. The presence of excess (unused) power available incurs high cost 

and reduces competitiveness of the company. Utilizing farm machinery to their maximum capacity and efficiency 

will reduce production costs and increase profits.  

Regarding work rates, most of the combinations showed work rates which are less than the expected standard 

work rate. The work rate gaps reached as high as 2.7 ha/h with the highest values being observed on planning 

operation. Three combinations in furrowing operation and one combination in harrowing operation showed work 

rates which were comparable to the standard expected work rate. This practice should be encouraged and the 

experiences should be adapted to the remaining operations where significantly high work rate gaps were observed. 

The major cause of low work rates is the below standard working speed. All tractor implement combinations 

should be operated as per the recommended standard working speeds. Following the recommended working 

speeds could significantly improve the work rates. 

Finally, based on the findings of this work, the following recommendations are forwarded: 

- All incompatible tractor – implement combinations should be rectified by either changing the tractor or 

the implement as much as possible as per discussions made under each tractor implement combination. 

- Until future machinery replacements are made, combinations which showed the least amount of unused 

power should be favored (selectively used) by the estate. 

- Efforts should be made to increase the low work rates and make them close to the standard as much as 

possible. This could be achieved by giving practical training to the operators and also by enforcing 

minimum expected work rates per shift or per day.  

- Future machinery replacements should be made based on detailed analysis of compatibility.  
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ABSTRACT 

Speciation of chromium has been a growing interest particularly in drinking water because of the different toxicological 

relevance of Cr(III) and Cr(VI) species. In this study, speciation of chromium (Cr) was demonstrated using microfluidic 

paper-based analytical devices (μ-PADs) that permit the colorimetric determination of hexavalent chromium (Cr(VI)) and 

trivalent chromium (Cr(III)) via online oxidation. The μ-PADs consist of left and right channels that allow the simultaneous 

measurements of Cr(VI) and total Cr based on the colorimetric reaction of Cr(VI) with 1,5-diphenylcarbazide (DPC). For 

the determination of Cr(VI), a sample solution was directly reacted with DPC in the left channels whereas total Cr was 

determined in the right channels, which permitted online oxidation in the pretreatment zone containing cerium (IV) (Ce(IV)) 

followed by a colorimetric reaction with DPC. We found that the online oxidation of Cr(III) proceeded 100% whereas Ce(IV) 

inhibited the reaction of Cr(VI) with DPC. Therefore, speciation can be achieved by measuring the Cr(VI) and total Cr in 

the left and right channels followed by the subtraction of Cr(VI) from total Cr. The limits of detection and quantification 

were 0.008 and 0.02 mg L−1 for Cr(VI), 0.08 and 0.1 mg L−1 for Cr(III), and 0.07 μg and 0.1 mg L−1 for total Cr. The linear 

dynamic ranges were 0.02–100 mg L−1 and 0.1–60 mg L−1 for Cr(VI) and Cr(III), respectively. The RSDs were less than 

7.5%. The results obtained using μ-PADs were in good agreement with those obtained via ICP-OES with recoveries of 92–

108% for Cr(III) and 108–110% for Cr (VI) using μ-PADs, and 106–110% for total Cr using ICP-OES. Thus, the μ-PADs 

could potentially be utilized for the speciation of chromium in developing countries where environmental pollution and the 

availability of sophisticated instruments are significant problems. 

Keywords: Cr(III), Cr(VI), Online oxidation, Paper-based device, Speciation 

1. INTRODUCTION 

The current high level of interest in chromium (Cr) speciation has arisen from its applications in industrial 

activities such as leather tanning, electroplating, chrome plating, dye and pigment production, wood preservation, 

and metallurgy (Lin et al., 2016; Onchoke and Sasu, 2016). Although Cr exists in oxidation states ranging from 

−2 to +6 (Dayan and Paine, 2001, Lazo, 2009), only trivalent chromium (Cr(III)) and hexavalent chromium 

(Cr(VI)) are biologically and environmentally stable (Onchoke and Sasu, 2016; Ducros, 1992).  

It is well known that Cr has both beneficial actions and potential risks for humans, depending on the oxidation 

states. Cr(III) has a low level of human toxicity (Sheehan et al., 1991) and is an essential nutrient for maintaining 

lipid, insulin, and glucose metabolism (Onchoke and Sasu, 2016). Cr(VI), on the other hand, is extremely toxic 

and poses risk for diseases ranging from dermatitis to lung and kidney cancers (Liu and Wang, 2013; Martone et 

al., 2013; Korshoj et al., 2015). Both Cr species are present in drinking water due to the use of corrosion inhibitors 

in water pipes and containers, or from contamination of underground water due to leaching from sanitary landfills 

(Zhitkovich, 2011). Consequently, fast and reliable speciation of Cr is an important requirement for drinking 

water, particularly in remote areas and in developing countries. 

Because of the risk to humans, interest in the development of highly sensitive and selective spectroscopic, 

electrochemical and chromatographic analytical methods for the speciation of Cr has grown exponentially over 

the past few decades (Yang and Fan, 2012; Markiewicz et al., 2015; Bobrowski et al., 2004). These analytical 

methods are highly sensitive and selective, but they require expensive and complex instruments as well as 

professional personnel (Marques et al., 2000) that are complex, tedious, and time-consuming operations. 

Microfluidic paper-based analytical devices (μ-PADs) have tremendous potential to address the demands for 

simplicity, expeditiousness, portability, and easy operation that will permit use in remote areas and developing 

countries (Martinez et al., 2009). Several research groups have reported the colorimetric detection of Cr(VI) using 
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μ-PADs based on the specific reaction with 1,5-diphenylcarbazide (DPC) (Wang et al., 2014; Alahmad et al., 

2018, Zhai et al., 2020). Although some of the previous methods achieved low detection limits for both Cr(III) 

and Cr(VI), Cr speciation was accompanied by a preconcentration technique as well as offline oxidation of Cr(III) 

to Cr(VI) prior to detection by μ-PADs, which resulted in additional complexity, cost, and time. 

In the present study, we report simpler, cheaper, and faster colorimetric assays for Cr(III) and Cr(VI) using μ-

PADs in which the oxidation of Cr(III) to Cr(VI) was achieved online. Without the need for tedious separation 

techniques, the proposed colorimetric μ-PAD permits the speciation of Cr at limits of detection that are lower 

than the maximum contaminant levels (MCL) of Cr in drinking water (0.05 mg L−1) established by the World 

Health Organization (WHO) (Edition, 2011) and MCL of Cr(VI) at 0.010 mgL−1 set by the California 

Environmental Protection Agency (CEPA, 2011). 

2. MATERIALS AND METHODS 

2.1. Apparatus  

A wax printer (ColorQube 8580N, Xerox, CT, USA) was used to print the design of the μ-PADs on a sheet of 

filter paper (200 × 200 mm, Chromatography Paper 1CHR, Whatman™, GE Healthcare Lifesciences, UK). The 

printed sheets were heated using a drying machine (ONW-300S, AS ONE, Tokyo, Japan) to penetrate wax to the 

backside of the sheets. A desktop scanner (Canon MG 6300 Series, Tokyo, Japan) was employed to capture 

images of the μ-PADs that were dried before scanning. The total Cr was also determined by inductively coupled 

plasma-optical emission spectrometry (ICP-OES) (Model VISTA-PRO, Seiko Electronics, Tokyo, Japan). 

2.2 Chemicals 

All reagents used in this study were of analytical grade and were used without further purification. All solutions 

were prepared with deionized water purified by means of an Elix water purification system (Millipore Co., Ltd., 

Molsheim, France). Potassium dichromate (K2Cr2O7) and DPC were obtained from Nacalai Tesque (Kyoto, 

Japan). Ammonium cerium(IV) nitrate (Ce(NH4)2(NO3)6) and chromium (III) nitrate nonahydrate 

(Cr(NO3)3•9H2O) were obtained from Wako Pure Chemical Industries (Osaka, Japan). Methanol was obtained 

from Sigma-Aldrich (MO, USA). Nitric acid (6 M) was obtained from Junsei Chemical Co., Ltd. (Tokyo, Japan). 

A mineral water sample was purchased from a local store at Okayama University, Japan. Tapwater samples were 

obtained from an outlet at the Analytical Chemistry Group, Department of Chemistry, Graduate School of Natural 

Science and Technology, Okayama University, Okayama, Japan. All samples were analyzed for Cr(III) and 

Cr(VI) levels by the proposed method, and total Cr was determined via ICP-OES. 

2.3 Design and Fabrication of the μ-PAD 

The pattern for the μ-PAD was drawn using Microsoft Office PowerPoint 2010. Each μ-PAD consisted of an 

independent control zone and a sample reservoir that was connected to six flow channels featuring pretreatment 

and detection zones on the left and right sides (Fig. 1a). The μ-PAD has a height of 25 mm and a width of 30 mm 

with an 8 mm sample reservoir in the shape of a circle at the center. The pretreatment and detection zones had 

diameters of 4 mm. The sample reservoirs were connected to the pretreatment and detection zones by channels 

with widths of 2 mm and lengths of 6 mm. The pretreatment zones in the left channels had no depositing reagents 

to control the flow rate in both the left and right channels, whereas the pretreatment zones in the right channels 

were used for online oxidation via Ce(IV). The μ-PADs were printed on sheets of filter paper followed by heating 

at 120 °C for 2 min in a drying machine to melt the wax in order to create hydrophobic barriers (Carrilho et al., 

2009). The backside of the printed paper was covered with a clear packing tape to prevent leakage of the solutions 

through the bottoms of the μ-PADs during the assay. The three detection zones on both sides of each μ-PAD gave 

triplicate measurements for Cr(VI) and total Cr. 

2.4 Colorimetric Assay 

The fabrication and operation protocols of the μ-PADs are shown in Fig. 1b. All detection zones were prepared 

by adding 0.5 μL of 50mM DPC twice and 0.5 μL of 0.1MHNO3 once. In the pretreatment zones of the right 
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channels, 0.5 μL of 0.5 M HNO3 and 0.5 μL of 8 mg mL−1 Ce(IV) dissolved in 0.5M HNO3 were deposited once 

to oxidize Cr(III) to Cr(VI), but no reagent was added to the pretreatment zones of the left channels. After drying 

the devices, 20 μL of either a sample or a standard solution was introduced into the sample reservoir. When the 

solution reached the detection zones by capillary action, the immediate appearance of a purple color was visible 

to the naked eye. The original amount of Cr(VI) reacted with 1,5-DPC to form a colored complex in the left 

channels (Cate et al., 2014; Carrilho et al., 2009; Mentele et al., 2012) whereas the total Cr(IV), which included 

additional Cr(VI) that originated from the online oxidation of Cr(III) by Ce(IV), produced a purple color in the 

right channels. 

 
Figure 1: Design, fabrication, and operation of the μ-PADs: (a) Design and roles of the zones, (b) Fabrication and 

operation protocols 

After the introduction of a sample, a desktop scanner captured images of the μ-PADs that were dried at room 

temperature (21–22 °C) for 6 min. The time taken for the entire process from printing of the μ-PADs to color 

image analysis was roughly 20 min. Colorimetric methods using μ-PADs frequently employ color intensity 

(Mentele et al., 2012) and hue (Cantrell et al., 2010). In the present study, the mean color intensity was measured 

using ImageJ software according to a method reported by Henry’s group (Mentele et al., 2012). R statistical 

package software (R-3.3.2-win version) was used for statistical data analysis. 

3. RESULTS AND DISCUSSION 

3.1 Effect of pH on Mean Color Intensity   

The solution containing chromate and reagent need to be acidified as the complex forms and is stable only in 

an acidic environment (Mulaudzi et al., 2002, Stancheva et al., 2012). Therefore, 1 mL of 10 mg L-1 Cr(VI) 
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solutions consisting of 0.1 mL of different solutions of acetate buffer, acetic acid as well as different 

concentrations of nitric acid were investigated separately. Acetate buffer solutions with pH ranging from 3.99 to 

5.6 and subsequently different concentrations of acetic acid alone (pH 1.61-2.45) were studied and acidified 10 

mg L-1 Cr(VI) solutions were loaded on the sampling zone. As shown in Fig. 2, the mean color intensity of Cr-

DPC complex increased to pH 1.95 of the acidifying solution and then decreased with increasing pH of acidifying 

solution. 

 
Figure 2: Effect of pH of acetate buffer and acetic acid solution on mean color intensity of Cr-DPC complex.   

Some acids were employed for the complex formation of Cr(VI) with DPC. To accomplish the formation, Zhai 

et al. (2020) used 7 M phosphoric acid (Zhai et al., 2020) while de Andrade et al. (1984) recommend nitric acid 

(HNO3) to enhance the yield of the Cr complex since the formation of the Cr-DPC complex is more complete 

with nitric acid as a medium (de Andrade et al., 1984). In the present study, therefore, 1 mL of 10 mg L-1 Cr(VI) 

solutions containing 0.1 mL of different concentrations of HNO3 ranging from 0.005 to 0.5 M were employed 

and studied to evaluate the effect on mean color intensity. The resulted solution was loaded on sampling zone and 

results are presented in Fig. 3. Higher mean color intensity than those of the aforementioned acetate buffer and 

acetic acid solutions were obtained and the mean color intensity of Cr-DPC complex increased with increasing 

concentrations of HNO3 up to 0.1 M but decreased as concentration increasing. The highest mean color intensity 

was observed at 0.1 M and hence concentration of 0.1 M HNO3 was chosen for subsequent experiments.  

 
Figure 3: Effect of nitric acid concentration on the mean color intensity of the Cr-DPC complex. Open circle; 

nitric acid is added to the detection zones (0.5 µL of different concentrations of HNO3 loaded into detection 

zones), closed circle; nitric acid is added to the sample solutions 
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In order to evaluate the effect of loading site, HNO3 concentrations ranging from 0.005 to 0.5M were loaded 

on detection zones at different μ-PADs without acidifying standard solutions. The results of solutions loaded on 

detection zones are shown in Fig. 3. In a similar trend with deposition of acidified standard solution on sampling 

zone, the mean color intensity of Cr-DPC complex increased with increasing concentrations of HNO3 up to 0.1 

M but decreased as concentration increasing higher than 0.1 M. The mean color intensities observed when HNO3 

solutions (0.5 μL) loaded on detection zones were considerably greater than those of HNO3 solutions loaded on 

sampling zones blended with standard solutions and particularly the effect was more pronounced at lower 

concentrations. Consequently, loading 0.1M HNO3 solution on detection zone after DPC drying was chosen for 

the upcoming experiments.  

3.2 Effect of DPC Concentration on Intensity  

Diphenylcarbazide (DPC) is an organic ligand which has long been used for the colorimetric determination of 

Cr as the reaction between Cr(VI) and DPC is inherently highly sensitive, highly selective, and simple (USEPA, 

1992, Cate et al., 2014, Mulaudzi et al., 2002, Pflaum and Howick, 1956, Rattanarat et al., 2013). Furtherly, 

optimized amount of DPC solution should be used to achieve maximum sensitivity for Cr speciation. Thereby 

DPC concentrations in methanol ranging from 0.5 to 50 mM were investigated. The mean color intensity 

gradually increased with an increase in the concentration of DPC up to 40 mM and then plateaued at 

concentrations higher than 40 mM. In a previous publication, the concentration of DPC deposited in the detection 

zones was 50 mM (Rattanarat et al., 2013), which is consistent with this study. Therefore, 50 mM of DPC was 

added to the detection zones in this study. 

3.3 Online oxidation of Cr(III) to Cr(VI) on μ-PADs  

In Cr assays using μ-PADs, the total Cr was determined by oxidizing Cr(III) to Cr(VI) using an appropriate 

oxidizing agent before the reaction with DPC. Therefore, Ce(IV) was used and optimized as an oxidant for online 

oxidation of Cr(III) to Cr(VI) as shown in Fig. 4.  

 
Figure 4: Effect of Ce(IV) concentration on the mean color intensity of the Cr-DPC complex obtained by online 

oxidation of Cr(III)  

Concentrations of Ce(IV) ranging from 0.5 to 128 mg mL-1 (0.0025-0.64 g in 5 mL of 0.1 M HNO3) were 

studied to evaluate the oxidation efficiency of Cr(III) to Cr(VI) via the mean color intensity of the detection zones. 

As shown in Fig. 4, the mean color intensity increased with increasing in the concentration of Ce(IV) to 8 mg 

mL-1 and then decreased at higher concentrations.  
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The concentration of HNO3 also influenced the oxidation reaction by Ce(IV). Therefore, concentrations of 

HNO3 ranging from 0.05 to 6 M were furtherly investigated as a solvent for Ce(IV) salt in order to enhance the 

oxidation of trivalent Cr using Ce(IV). Intensity increased with increasing concentration of HNO3 and reached 

climax at 0.5 M (Fig. 5). Tuazon suggested that Ce(IV) hydrolyses into Ce(NO3)(OH)2+ species in medium HNO3 

concentrations (Tuazon, 1959). Thus the decrease in the mean color intensity at concentrations higher than 0.5 M 

could be attributed to the hydrolysis of Ce(IV) while the acidity would be insufficient at concentrations lower 

than 0.5 M. Thus for a test solution, Ce(IV) was dissolved in 0.5 M HNO3 because the optimum concentration of 

HNO3 proved to be 0.5 M, which represents the mean for maximum color intensity (Fig. 5). 

 
Figure 5: Effect of HNO3 concentration in the sample solution on the mean color intensity of the Cr-DPC complex 

obtained by online oxidation  

To evaluate the yield of the oxidation reaction, the standard solutions of Cr(III) and Cr(VI) were measured 

independently using the μ-PADs. Thus a μ-PAD equipped with two types of channels was used: one channel 

directly measured Cr(VI) via a colorimetric reaction with DPC; the other measured total Cr via online oxidation 

of Cr(III) to Cr(VI) followed by colorimetric reaction with DPC. The developed approach for the conversion of 

Cr(III) to Cr(VI) via online oxidation with Ce(IV) achieved simultaneous determinations of Cr(VI) and total Cr 

using a μ-PAD. 

3.4 Analytical Features  

To evaluate the analytical features of the method, series of standard solutions for Cr(VI) (0.01, 0.1, 0.5, 1, 5, 

10, 30, 50, 70, and 100 mg L-1) and for Cr(III) (0.01, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, and 60 mg L-1) were prepared 

and analyzed to construct the calibration curves. Experimental conditions briefly; as per optimized conditions 0.5 

μL of 50 mM DPC was deposited on detection zone two times and subsequently 0.5 μL of 0.1M HNO3 was 

deposited one time on the detection zone, 0.5 μL of 0.5M HNO3 and 0.5 μL of 0.8% Ce(IV) solution were 

deposited on pretreatment zone of right channels one time and finally 20 μL sample/standard solution was loaded 

on sampling zone. The devices were allowed to air dry and images developed on μ-PADs were captured using 

scanner and image mean color intensities were analyzed using imageJ software. The logarithms of the mean color 

intensities showed linear relationships against the logarithms of the Cr(VI), Cr(III), and total Cr concentrations. 

The correlation coefficients were 0.997 for Cr(VI) in the absence of Ce(IV), 0.997 for Cr(VI) in the presence of  

Ce(IV), 0.999 for Cr(III), and 0.999 for total Cr. The linear dynamic ranges were 0.02-100 mg L-1 and 0.1-60 mg 

L-1 for Cr(VI) and Cr(III), respectively.  

The limits of detection (LODs) and quantification (LOQs) were calculated from the concentrations determined 

from 3σ plus the mean and 10σ plus the mean of the color intensity, respectively, where σ was the standard 

deviation of the mean color intensity for a blank solution (n = 3). The LODs and LOQs were estimated at 0.008 
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and 0.02 mg L-1 for Cr(VI) and 0.08 and 0.1 mg L-1 for Cr(III). The reproducibility of the proposed method was 

also evaluated using the relative standard deviation (%RSD) for six replicate measurements of a standard solution 

at a concentration of 10 mg L-1. The RSD was less than 5.2 and 7.5% for Cr(VI) and Cr(III), respectively.  

Table 1 compares the analytical parameters obtained using the present method with the reported values. The 

LODs for Cr(VI) and Cr(III) in the present study were lower than those found in studies that employed no 

preconcentration method. Moreover, the linear dynamic ranges were wide in the present study. The reaction 

between Cr(VI) and DPC is highly selective without interferences of metal ions in the μ-PADs. For example, 

Rattanarat et al. have found no interference for the determination of Cr in the presence of Mg, Mn, Zn, Al, Ba, V, 

Co, Cu, Fe, and Ni in metal:Cr ratios of 1:1 and 4:1 (Rattanarat et al., 2013). Li et al. also reported that Na(I), 

Co(II), Mg(II), Ca(II), Cd(II), Mn(II), Fe(III), Ni(II), Cu(II), Al(III), and Zn(II) showed no interference in the 

determination of Cr(VI) using DPC in the μ-PADs (Li et al., 2019). Therefore, the speciation of Cr should 

experience no interference from any of these metal ions. However, even though DPC and cerium(IV) are standard 

reagents commonly used in the speciation of chromium they are light-sensitive (Li et al., 2015, Tuazon, 1959). 

Therefore, further study is required to improve their stability and hence the shelf life of the paper device. 

Table 1: Comparison of the analytical features between the present method and other paper-based studies for 

chromium speciation 

Study 

Limits of 

detection, mgL−1 
Linear dynamic range, mgL−1 RSD 

(%) 

 

Technique used 

Cr(III) Cr(VI) Cr(III) Cr(VI) 

Present 0.08 0.008 0.1-60 0.02-100 <7.5 Reagent optimization 

Alahmad et al. 

(2018) 

 0.003  0.01-0.09 <6 Liquid phase 

microextraction 

Asano & 

Shiraishi (2018)  

 30   40 – 400 < 8.7 Photolithographic 

fabrication 

Alahmad et al. 

(2019) 

0.001  0.0007 0.003-0.03 0.003-0.07 <7 Electromembrane 

microextraction 

Zhai et al. 

(2020) 

0.0146 0.0104  0.0484-0.312 0.0348-0.260 <7.9 Field amplified stacking 

Alahmad et al. 

(2016) 

0.020  0.05–1  <6.5 Chemiluminescence 

detection system 

3.5 Speciation of Cr(III) and Cr(VI) in Spiked Water Samples  

The results obtained by the proposed method were validated by ICP-OES and showed no significant difference 

in the results for the spiked samples. The present method showed content recoveries of 92-108% for Cr(III) and 

108-110% for Cr(VI) by the μ-PADs, and 106-110% for total chromium measured by ICP-OES. The two sets of 

μ-PADs and ICP-OES results were in good agreement, as a paired t-test indicated no significant differences. 

Thus, the proposed method permits the speciation of Cr(III) and Cr(VI) in water samples. 

4. CONCLUSIONS  

In this study, simple, cheap, fast, and portable μ-PADs were developed for Cr speciation with online oxidation 

of Cr(III) by Ce(IV). This study is the first to demonstrate the speciation of Cr by online oxidation of Cr(III) to 

Cr(VI) using μ-PADs. The proposed μ-PADs showed performance sufficient to evaluate the safety of drinking 

water and environmental pollution in developing countries. ICP-OES validated the analytical results obtained by 

the μ-PADs. The results of the study demonstrated that μ-PAD detection system has the potential to compliment 

conventional analytical methods for environmental monitoring, particularly in resource-limited settings.  
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ABSTRACT 

Approximately over one billion people world-wide lacks access to adequate amounts of safe water and rely on unsafe 

drinking water sources. This study was aimed at Efficiency of slow sand filtration (SSF) in removing total and 

thermotolerant/faecal coliforms (TC and TTC/FC) and turbidity (TR) from drinking water. Triplicate water samples in two-

week interval were collected to determine the presence of TC and TTC/FC and turbidity. Membrane filtration and 

epifluorescence microscope methods were used for TC and TTC/FC analysis, and turbidity was measured using 

Turbidimeter. Mean analyses of water samples for TC, TTC/FC and TR from influent and effluent of SSF for spring users 

showed that average TC from influent was 888.9 cfu/100_ml where as from effluent it was 5.5 cfu/100_ml. Moreover, average 

TTC/FC from influent was 289.4 cfu/100_ml where as from effluent it was 2.5 cfu/100_ml. Similarly, average TR from 

influent was 9.0 NTU and from effluent it was 0.9 NTU. The study showed that average removal efficiency of SSF from spring 

users were 97.4 % and 96.9 % for TC and TTC/FC, respectively, while the removal efficiency for TR was 92.9 %. Similarly, 

mean analyses of water samples for TC, TTC/FC and TR from influent and effluent of SSF for river users showed that average 

TC from influent was 824.0 cfu/100_ml where as from effluent it was 4.8 cfu/100_ml. In addition, average TTC/FC from 

influent was 267 cfu/100_ml, and from effluent it was 2.0 cfu/100_ml. Coliform removal efficiencies of SSF in clay pots from 

river users were 97.9 % and 96.6 % for TC and TTC/FC respectively, where as TR reduction of 93.1 % was obtained. Water 

analyses from the effluent of SSF in clay pot showed that it is safe for drinking purpose from bacteriological point of view. 

It is recommended that dissemination of SSF to other poor rural areas of Ethiopia is required. 

Keywords: Coliform, Drinking water, Rural water supply, Slow sand filter 

1. INTRODUCTION 

Approximately over one billion people world-wide lacks access to adequate amounts of safe water and rely on 

unsafe drinking water sources from lakes, rivers and open well. Nearly all of these people live in developing 

countries, especially in rapidly expanding urban fringes, poor rural areas, and indigenous communities (Gundry 

et al., 2015; Bartram et al., 2016). Much of the global population now consumes untreated, non piped drinking 

water, usually consisting of small volumes <40 lpcd (liter per capita per day) collected and stored in the home by 

users (WHO, 2014).  

The greatest risk associated with the ingestion of water is the microbial risk due to water contamination by 

human and/or animal feces. The effects of drinking contaminated water result in thousands of deaths every day, 

mostly in children under five years of age in developing countries (WHO, 2012a). Diseases caused by 

consumption of contaminated water, and poor hygiene practices are the leading causes of death among children 

worldwide, after respiratory diseases (WHO, 2012a).  

In Ethiopia, over 60 % of the communicable diseases are due to poor environmental health conditions arising 

from unsafe and inadequate water supply and poor hygienic and sanitation practices (Abebe Legesse, 2011). 

About 80 % of the rural and 20 % of urban population have inadequate and unsafe water supply of 3-4 liter per 

capita per day that is fetched from a distance of 3-8 km with human power (WHO, 2012a). Three-fourth of the 

health problems of children in the country are communicable diseases arising from the environment, especially 

water and sanitation (IWSC, 2009). Forty six percent of the mortality rate of less than five years of age is due to 

diarrhea in which water related diseases occupy a high proportion. The Ministry of Health of Ethiopia estimated 

that 6000 children died each day from diarrhea and dehydration (MoH, 2010).  
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Indicator organism’s are microbes that are routinely found in feaces, survive longer than intestinal pathogens, 

and are relatively easy to detect and enumerate. It is impractical to attempt the routine isolation of pathogens 

because they are present in relatively small numbers compared with other types of microorganism. Moreover, 

there are many types of pathogen and each requires a unique microbiological isolation technique. The approach 

that has been adopted is to analyse for indicator organisms that inhabit the gut in large numbers and are excreted 

in human faeces. The presence of these indicator organisms in water is evidence of faecal contamination and, 

therefore, of a risk that pathogens are present. The coliforms are in the family Enterobacteriaceae and include 

the genera Escherchia, Citrobacter, Klebsiela, and Enterobacter. Escherchia coli are almost exclusively faecal 

microorganisms and constitute over 90% of the coliform flora of the human intestine. It is easily distinguished 

from other coliforms on the basis of its growth at 440c on media normally used for coliform determination. The 

faecal coliform test must therefore taken as the most sensitive, reliable and specific indicators of faecal pollution. 

The overall concepts adopted for microbiological quality is that no water intended for human consumption shall 

contain E.coli in 100ml sample (WHO, 2012b). 

The mapping of water resources in the study area in the central Highlands of Ethiopia-Yubudo-Legebatu 

Pessant Association in Dendi woreda-showed that the community had access to 28 water sources including rivers 

and springs distributed unevenly across three land types: upland, mid-slopes and bottomlands. Most of these 

sources were found unsuitable for human consumption as livestock has open access to all the sources at any point 

in time. Analyses of water for coliform count showed that, during the main rainy season most of the water sources 

were contaminated for human consumption (Eline and Abiy Assefa, 2014). The situation was worse on 

bottomland and mid-slopes where no source of clean (potable) water was available during the main rains. The 

reason was that human feces, animal dung and urine were washed down the slopes and deposited directly into the 

water sources. In addition washing/watering served to initiate and replenish organic contamination (Eline and 

Abiy Assefa, 2014). Community or municipal water treatment systems are frequently impractical and often 

unaffordable in these settings. At the present time, inexpensive household water treatment such as slow sand 

filtration provides a reasonable alternative for many of these people. 

In order for a household water treatment technology such as SSF to achieve widespread sustainable use among 

the poor, it must meet the criteria of the poor (Duke and Baker, 2015). Slow sand filters can be constructed from 

local materials, mainly from properly graded sand/gravel, concrete/clay, and standard piping, can operate without 

the use of specialized equipment, and is much less labor intensive than rapid filters. Also slow sand filters operate 

under gravity flow conditions, and energy, its on-going energy demand is minimal. Thus, SSF is an attractive 

treatment alternative for local communities. Therefore, this paper reports the efficiency of SSF in clay pots in 

removing coliform bacteria and turbidity from drinking water for household use in the central highlands of 

Ethiopia. 
 

2. MATERIALS AND METHODS 

2.1. Description of the Study Area  

The study was conducted in West Shoa, Dendi district, Ginch town, Yubudo-Legebatu Peasant Association 

(YLPA) (Fig. 1). YLPA is located at about 80 km west of Addis Ababa in the Dendi district of Oromia region. 

The Pessant Association is located at about 20 km from the district town Ginchi. The study area has uneven 

topography with upland, mid-slopes and bottom lands. It receives mean annual rainfall ranging from 800-1172.2 

mm and has an average temperature of between 9.3 0C and 23.8 0C. The altitude of the area ranges between 1600 

and 3268 meter above sea level. Total population in YLPA is 5614 and the number of households in upland and 

bottom land of YLPAs is 796). The survey of water resources in YLPAs showed that the community had access 

to 28 water sources including rivers and springs distributed unevenly across different land types; upland, mid-

slopes and bottom lands (Source: Agricultural Office, Dendi Wereda, 2014). 
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Fig. 1. Map of the study area, Dendi Wereda, Ginchi town, Yubudo-Legebatu PA 

2.2. Design of the Study 

The study had different components. The field work consisted of analyses of drinking water quality for 

indicator bacteria, such as TC and TTC/FC and for turbidity from the influent and effluent of slow sand filtration 

in clay pots (Fig. 2) from intervention groups. Moreover, the field work comprised of interviewing 40 intervention 

households who used a SSF in clay pots to record the perceptions of the users with regard to water quality from 

the filter, ease of use, and level of satisfaction with the filter to assess sustainability using questionnaires and 

observations.   

 
Fig. 2. Schematic drawing of slow sand filtration in clay pot 

The basic components of a slow sand filter shown above are: perforated clay plate, sand bed (clean fine sand 

and clean coarse sand), clean round gravel and outlet hose (plastic pipe). The perforated clay plate reduces 

splashing of sand when influent or flow water is added. Sand is the usual filter medium because of its low cost, 

durability and availability. 
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The sand has a relatively fine grain size (effective size 0.15 to 0.3mm). The gravel provides an unobstructed 

passage for treated water from the filter bed, which prevents sand from clogging the under-drain piping and 

supports the filter sand bed. The plastic pipe is attached to the protrude clay pipe and the filtered water is passed 

through plastic pipe. After taking water, the plastic pipe is attached to the top of the clay pot. Bed depth of the 

filter media is 25cm (15cm fine sand, 5cm coarse sand and 5cm gravel). Water percolates slowly through the 

porous sand medium and organic and inorganic particulate matter and pathogenic microorganisms are removed 

by physical filtration and biological degradation in the sand bed.  

2.3. Water Samples and Sampling Points 

Forty households were selected for this study where 40 households were intervention groups who 

used slow sand filtration in clay pot comprised of spring users (20) and river users (20). Water sample 

were collected from the influent and effluent of slow sand filtration in clay pots. Samples were taken at 

two-week interval using a sterile 200ml glass bottle, labeled and kept in cool ice box during 

transportation to Applied Microbiology Laboratory, Department of Biology, Addis Ababa University. 

The appropriate tests were undertaken within 8 hours of collection to avoid the growth or death of 

organisms in the sample. 

2.4. Samples Analyses 

All samples were analyzed for TC, TTC/FC and turbidity in Applied Microbiology Laboratory, Department 

of Biology, Addis Ababa University (Fig. 3). To determine the presence of TC and TTC/FC in the water samples, 

standard membrane filtration methods were used as described in membrane filtration techniques (APHA, 1998). 

Turbidity was measured using Turbidimeter (HACH- 2100P model Turbidimeter, German). 

 
Fig. 3. Sample water quality analyses in the laboratory 

Drinking water was analyzed by filtering 100 ml, or by filtering replicate smaller sample volumes. Using 

sterile forceps, a sterile membrane filter paper (0.45µm pore sizes, 47mm in diameter, sterile and gridded were 

from WAGTECH) was placed on the membrane filter support assembly (from WAGTECH). The funnel unit was 

placed carefully over the filter support assembly and locked in place. The samples were mixed thoroughly by 

shaking for about 30 minutes and poured in to the funnel assembly. Then the entire volumes of samples were 

filtered through the membrane-filter by using a vacuum pump. Funnel and membrane-filter assembly were rinsed 

by sterile dilution water to avoid contamination between water samples. 

Up on completion of the filtration process, the vacuum was disengaged, unlocked and using a sterile forceps, 

membrane paper were removed immediately and placed on rehydrated Difco M-Endo Agar (LES) (No.0736) 

with a rolling motion to avoid entrapment of air in glass Petri dish. Finally the prepared culture dish were inverted 

and incubated for 22 to 24h at 35±0.5 0C. Up on completion of the incubation period, typical coliform colonies 

(pink to dark red color with sheen) were seen on the surface of the membrane filter paper. Colony counts on the 

filter paper were determined using a low-power (10 to 15 x magnifications) binocular wide-field-dissecting 

microscope, with a cool white fluorescent light source for optimal viewing of sheen. Then total coliforms per 
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100ml of sample were calculated. This meets the objectives on determination of total coliforms from influent and 

effluent of slow sand filtration.  

Membrane filter papers were placed on rehydrated M-FC agar with rosolic acid (to increase specificity of 

medium). Culture dishes were inverted and incubated for 24±2h at 44.5±0.20 C. Up on completion of the 

incubation period; blue colored colonies on the surface of the filter paper were counted. Then TTC/FC colonies 

per 100 ml of sample were calculated. Verification tests were done by transferring growth from each colony and 

placed in lauryl tryptose broth; incubating the lauryl tryptose broth at 35±0.5oC for 48 hours. Gas formed in lauryl 

tryptose broth within 48h verifies the colony as a coliform. Inclusion of EC broth inoculations for 44.5±0.2oc 

incubation verifies the colony as faecal coliforms (APHA, 1998). Generally, in the present study, the efficiency 

of SSF in clay pot in removing TC, TTC/FC and turbidity were tested. A total of 240 (40 x 2 (inf. & effl.) x 3) 

water samples were collected from the influent and effluent of slow sand filtration in clay pot taking triplicate 

water samples from each point. All samples were analyzed for bacteriological qualities and turbidity. 

2.5. Total and Thermotolerant/Faecal Coliform Colonies Identification       

 
Fig. 4. Total coliform colonies in membrane filtration (a) and Faecal coliform colonies in membrane filtration (b) 

Bacterial colonies were identified using membrane filtration techniques. Colors of total coliform bacterial 

colonies were pink to dark red with sheen, using a low-power (10 to15 x magnifications) binocular wide-field-

dissecting microscope, with a cool white fluorescent light source for optimal viewing of sheen as shown in Fig. 

5 (a).Where as colors of thermotolerant/ faecal coliform bacterial colonies were blue as shown in Fig. 5 (b). 

 
Fig. 5. Total coliform colonies (a) and Faecal coliform colonies (b) with (10 to 15 x) microscope magnification 

Further identification of total and thermotolerant/ faecal coliform was made by examining the colonies under 

an epifluorescence microscope (Olympus BX51, Japan) attached to a CCD camera. Analyses Docu soft-ware 

(cc12 Docu, Germany) was used for image acquisition of the respective colonies as shown in Fig. 6(a) and 6(b).  
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Fig. 6. Epiflorescence microscopic examination of Total coliform bacteria (a) and thermotolerant/ faecal coliform 

bacteria (b) 

2.6. Statistical Analyses of Data 

The 40 households with SSF in clay pots were selected by ILRI in collaboration with the peasant association. 

All 40 households with a clay pot filter were included in the study, representing 5 % of the 796 households in the 

area. Half of these, 20 households were located in the highland part of the area, using a spring as their major water 

source. The other 20 were located in the low land part and used a river. Results of water analyses were compared 

against standards set by World Health Organization and Federal Democratic Republic of Ethiopia, Ministry of 

Water Resources for drinking water qualities (WHO, 2012b). The data were analyzed using the statistical software 

SPSS version 20 for windows. Removal efficiency of SSF was calculated using Microsoft Excel. 

2.7. Ethical Consideration 

Informed consent was obtained from the concerned offices and community leaders before implementing the 

actual study. Sampling of water was carried out with full consent of the head of the households. Before each 

sampling, the study objectives were clearly explained to the households, that the aim of the study was neither to 

evaluate the performance of the individual nor to blame any one for weakness, but to gather information that 

might lead to eventual improvement in the situation. Each household was assured that the information provided 

would be confidential and used only for the purpose of research. 

3. RESULTS 

3.1. Total Coliform (TC), Thermotolerant/Faecal Coliform (TTC/FC) and Turbidity (TR) 

Removal by SSF in Clay Pots 

Table 1 shows mean analyses of water samples for TC, TTC/FC and turbidity from influent and effluent of 

SSF in clay pot for spring users. The results revealed that average TC from influent was 888.9 cfu/100_ml while 

from effluent was 5.5 cfu/100ml. Moreover, average TTC/FC from influent was 289.4 cfu/100ml where as from 

effluent it was 2.5 cfu/100ml. Similarly, average turbidity from influent was 9.0 NTU and from effluent it was 

0.9 NTU. 

The effectiveness of SSF in clay pot in removing microbial pathogens from water was based on TC and 

TTC/FC colony counts from the influent water samples versus samples taken from the effluent. Table 2 shows 

removal efficiencies for each SSF in clay pot for spring users. The result showed that an average removal 

efficiency of SSF in clay pot were 97.4 and 96.9 % for TC and TTC/FC bacteria, respectively, while the removal 

efficiency for turbidity was 92.9 %  were found. 
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Table 1. TC, TTC/FC and Turbidity (TR) from influent and effluent of SSF in clay pots for spring users (n = 20) 

H H. 

 No 

Influent     

   TC 

Effluent     

    TC 

Influent     

   FC 

Effluent  

    FC 

Influent    

  TR 

Effluent   

   TR 

1 780.7 11.3 256.0 4.7 6.0 0.8 

2 1016.3 12.3 260.0 4.3 6.3 0.7 

3 1030.3 13.3 340.0 5.7 4.7 1.0 

4 926.0 7.3 176.0 6.7 4.7 0.8 

5 803.0 5.3 340.0 3.0 11.0 1.0 

6 706.7 11.7 283.0 7.0 6.3 1.3 

7 1036.0 13.7 360.0 4.7 4.3 1.0 

8 773.7 11.0 256.0 5.7 6.7 0.7 

9 810.0 4.0 290.0 7.3 6.3 0.8 

10 1013.0 5.6 210.0 6.0 6.3 0.7 

11 780.7 7.7 280.0 1.7 5.3 1.0 

12 956.0 12.7 240.0 4.7 8.0 0.5 

13 970.3 2.3 376.0 3.0 6.3 1.0 

14 933.0 10.7 300.0 7.3 4.0 0.8 

15 770.7 2.3 273.0 7.3 6.7 0.8 

16 863.0 2.0 360.0 5.0 6.0 0.8 

17 1020.0 2.3 176.0 8.3 6.0 1.0 

18 763.3 11.7 296.0 2.7 7.0 0.8 

19 893.3 7.3 456.0 1.0 5.7 0.8 

20 933.7 7.0 260.0 5.7 6.7 1.0 

Mean 888.9 5.5 289.4 2.5 9.0 0.9 

S.D 339.2 0.9 49.4 0.4 1.5 0.2 

Table 2. Removal efficiencies of each SSF in clay pots for TC, TTC/FC and Turbidity, per 100 ml of water 

samples for spring users (n =20) 

                                     Removal efficiency (%) 

 HH No.                       TC                TTC/FC                      TR 

1 99.0 97.5 84.6 

2 98.7 98.3 84.5 

3 97.9 98.4 98.3 

4 94.3 93.2 81.9 

5 99.3 99.3 85.0 

6 98.5 95.5 97.1 

7 93.0 98.4 95.0 

8 93.5 96.4 82.6 

9 99.3 97.4 86.2 

10 96.3 94.7 89.0 

11 99.1 99.2 96.9 

12 95.7 97.8 93.7 

13 99.7 99.3 82.9 

14 98.8 97.5 99.4 

15 96.3 95.0 87.7 

16 97.2 98.2 96.1 

17 99.7 95.1 82.5 

18 98.5 93.1 87.3 
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19 99.2 97.8 94.2 

20 94.1 97.7 84.1 

Mean 97.4 96.9 92.9 

S.D 15.9                 15.8                          15.2 

Table 3 shows mean results of analyses of water samples for TC, TTC/FC and turbidity from influent and 

effluent of SSF in clay pots for river users. The result revealed that average TC from influent was 824.0 cfu/100ml 

where as from effluent it was 4.8 cfu/100_ml. In addition, average TTC/FC from influent was 267 cfu/100ml, 

and from effluent it was 2.0 cfu/100ml. Similarly, average turbidity from influent was 8.4 NTU and from effluent 

it was 0.9 NTU. Again the results of TC, TTC/FC and turbidity from effluent of SSF in clay pot are at acceptable 

level which meets the standards set by the World Health Organization and the Federal Democratic Republic of 

Ethiopia Ministry of Water Resources (WHO, 2012b).   

Table 3. TC, TTC/FC and Turbidity (TR) from influent and effluent of SSF in clay pots for river users (n =20) 

 

Table 4 shows removal efficiencies for each SSF in clay pots for river users. The result showed that an average 

removal efficiency of SSF in clay pots were 97.9 and 96.5 % for TC and TTC/FC bacteria, respectively, while 

the removal efficiency for turbidity was 93.1 %. 
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Table 4. Removal efficiencies of each SSF in clay pots for TC, TTC/FC and TR, per 100 ml of water samples, 

for river users (n =20) 

 

Fig. 7 shows the distribution of water samples in each range of TC and TTC/FC from influent and effluent of 

SSF in clay pot for both spring and river users. The results in Fig. 7 revealed that 16(40 %) of water sample taken 

from the influent had 1 to 10 TC (cfu/100ml) which is ‘a reasonable quality’, 14(35 %) had 11 to 100 TC 

(cfu/100ml) found in the ‘polluted’ range, 5(12.5 %) tested 101 to 1000 TC (cfu/100ml) which is ‘dangerous’ 

range, while 5(12.5 %) were over 1000 TC (cfu/100ml) which is found in ‘a very dangerous’ range according to 

the standards set by the World Health Organization and the Federal Democratic Republic of Ethiopia, Ministry 

of Water Resources (WHO, 2004b). Similarly, 18(45 %) of water sample taken from the influent had 1 to 10 

TTC/FC (cfu/100ml) which is ‘a reasonable quality’, 9(22.5 %) tested between 11 to 100 TTC/FC (cfu/100ml) 

found in ‘polluted’ range, 11(27.5 %) tested 101 to 1000 TTC/FC (cfu/100ml) ‘dangerous’ range, while 2(5 %) 

were over 1000 TTC/FC (cfu/100ml) which is found in ‘a very dangerous’ range. Whereas 19(47.5%) of water 

sample taken from the effluent had Zero TC (cfu/100ml) which is ‘safe water’ and 21(52.5%) tested 1 to 10 TC 

(cfu/100_ml) ‘a reasonable quality’. In addition, 18(45%) of water sample taken from the effluent had Zero 

TTC/FC (cfu/100ml) ‘safe water’ and 22(55%) tested 1 to 10 TTC/FC (cfu/100ml) which is ‘a reasonable quality’ 

range according to the standards set by the World Health Organization and Federal Democratic Republic of 

Ethiopia, Ministry of Water Resources (WHO, 2012b). 
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Fig. 7. Ranges of TC and TTC/FC from influent and effluent of SSF in clay pots 

3.2. Perception and Observations 

In addition to water quality analysis, the field work consisted of interviews and observations to record overall 

satisfaction of filter users. The following results were obtained: 

In 37 of the households, the filtered water was used only for drinking. None of the households treated the water 

with chlorine and boiling after filtering. In 38 of the households, they poured the source water directly in to the 

slow sand filter, not allowing time for sedimentation or settling. All of the households reported that the filter was 

easy to use, and that the children who were old enough to lift the bucket could use the filter. In 39 of the 

households said that the filter produced enough water for the entire household. All of the households responded 

that they liked the filters, 39 households stated that the treated water had better taste, smell and appearance and 

gave health protection and 38 said the system worked well. Thirty nine households responded that they would 

recommend the filter to others.  

 In 3 of the 40 households reported that they had had problems with slow flow rates and two said that they had 

to obtain assistance from Community Development to correct the problem. In all of these cases, the problem was 

blocking of the filter due to impurities and suspended solids in the water. All were easily corrected by a simple 

cleaning procedure.  

Results of observations indicated that in 39 of the cases the filters appeared to be clean and well-maintained 

and were functioning at the time of the unannounced first visit. The filters were found to be durable with a few 

observed to be having minor problems such as cracked lids or diffuser plates. One of the filters was found to have 

a crack near the lip of the filter above the spout, but it was still being used and seemed to function well and seven 

other filters was found to have been  broken near the lip of the filter, a place where an outlet hose become attached, 

during transportation to the home. For all of these it was replaced by a new one. At the time of the second visit, 

in all of the cases, the filters were found to be well-maintained, functioning properly and sustainable, implying 

regular use. 

4. DISCUSSION 

Health is determined by many factors, including income, environmental conditions like access to adequate 

sanitation and safe drinking water supplies, behavioral change and availability of health services. More than half 

of the world’s population lives in villages in rural areas and most of those without access to safe drinking water 

supply or basic sanitation are rural dwellers (Howaard et al., 2013). 

Several qualitative studies on the evaluation of the effectiveness of SSF in removing coliform bacteria and 

reduction of turbidity have been carried out in various countries; however, this is the first report on the evaluation 

of the effectiveness of SSF in clay pot in removing TC, TTC/FC and of turbidity from drinking water in rural 

areas of Ethiopia. 

In the present study, the result of TC, TTC/FC and turbidity from effluent of SSF in clay pot is in a reasonable 

water quality range according to the standards set by the World Health Organization and the Federal Democratic 

Republic of Ethiopia, Ministry of Water Resources (WHO, 2012b). The analyses of water samples from influent 

and effluent of SSF for total and faecal coliforms and turbidity conducted in rural district of Chikwana in southern 
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Malawi (Huisman and Wood, 2014). The result showed that  analyses from effluent of SSF for all parameters 6.5 

cfu/100ml, 3.0 cfu/100ml and 0.8 NTU were found, which meets the standards of World Health Organization 

while from influent of SSF were not met, which is found to be similar with the present study. A study on analyses 

of water quality from influent and effluent of SSF for faecal coliforms and turbidity conducted by Huisman and 

Wood showed that analyses from effluent of SSF were 2.5 cfu/100ml and 0.8 NTU, which meets the standards 

of World Health Organization (Hijnen, 2014; Kuypers, 2014; Grice et al., 2014; Rittmann, 2015; Wooley, 2015; 

Zhu, 2015). 

In a study of the performance of a low cost household slow sand filtration system carried out in Haiti, it was 

reported that the system achieved 95.8% removal of coliform bacteria and a reduction on turbidity from 11.2 to 

0.9 NTU (Duke and Baker, 2015), which is found to be similar with the present findings. In agreement to the 

present study, a study conducted in The Hague, Netherlands, suggested that SSF can achieve between 99 and 99.9 

% reduction of coliform bacteria (Van Dijk and Ooman, 2013). However, removal efficiencies may be somewhat 

site specific as there is some variation in the findings from several authors. The variation in bacteria removals can 

be attributed to differences in source water quality conditions and filter operational conditions. In the present 

study, SSF in clay pots was efficient due to increased biological maturity of the filters. This resulted in a stable 

effluent quality. In addition, the increase is because of physical and biological layers in slow sand filtrations 

which are responsible for removal of microorganisms. The biological layer, known as biofilm, is mainly 

responsible for the removal of microorganisms from raw water. The growth of the biofilm increased the 

‘stickiness’ of the filter medium and the specific bed surface, and thus raised the filtration efficiency value. 

Among the several biological processes occurring within slow sand filter beds, predatory action, maturity of sand 

bed, and biofilm development are very important for water purification.  

Turbidity is one of the very important quality parameters. Turbidity may not have a direct health impact, but 

is more associated with the social acceptance of water. In the present study, water sources which are found in the 

study area especially produced water with high turbidity levels due to suspended particles. The filters under study 

were found very excellent in terms of turbidity removal. The water quality standards of the World Health 

Organization emphasize to have the turbidity of drinking water below 5 NTU (WHO, 2012b); thus, results of the 

clay pot filters meet the standards.  

5. CONCLUSIONS AND RECOMMENDATIONS 

The improvement of water quality is closely associated with man-environment relationships. There should be a 

dialogue between all stakeholders and the community when undertaking water and sanitation activities. Water 

analyses from the effluent of slow sand filtration in clay pot showed that it is safe for drinking purpose from 

bacteriological point of view. In light of results obtained so far, following conclusions are drawn: 

- The study findings indicated that slow sand filtration in clay pot was found to be excellent to have a 

significant average removal efficiency of 97.4 % and 96.9 % for TC and TTC/FC bacteria, respectively, 

while the removal efficiency for turbidity was 92.9 % for spring users.  

- Moreover, slow sand filtration in clay pot was found to have a significant average removal efficiency of 

97.9 % and 96.6 % for TC and TTC/FC bacteria, respectively, while the removal efficiency for turbidity 

was 93.1 % for river users. 

- Perceptions of the householders regarding: (a) the taste, smell and appearance of the filtered water, (b) 

ease of use of the filter, (c) health protection, and (d) sufficient quantity of water produced by the filter 

for the entire family, indicate high levels of overall satisfaction. 

- Observations revealed that the filters were durable, and that most were well-maintained, and functioning 

properly. 

- The study findings suggest that when considering the development and protection of any water source, 

improvement of environmental sanitation and hygiene promotion program should be one of the issues to 

be considered as top priority. 

- It is recommended that dissemination of SSF to other poor rural areas of Ethiopia is required. 
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- Finally, the baseline information generated from this study may contribute to develop similar programs 

and also pave the way for further studies.   
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ABSTRACT 

Unsafe industrial and domestic waste disposal causes surface water contamination and different health problems in many 

developing countries like Ethiopia. To tackle the pollution problem research based mitigation method is highly needed. 

Therefore, this study was aimed to analysis Cyprus papyrus wastewater treatment efficiency in glass fiber constructed 

wetlands under different density. Total 12 glass fiber wetlands were constructed with dimensions of 1.5m length, 1.5m width 

and 0.8m depth. Four treatments unplanted (control), planted with low (61), medium (84) and high (125) density of Cyprus 

papyrus with three replication were used under the same gravel and sand substrate. The data were analyzed using SPSS 

version 20. The treatment beds were irrigated with wastewater sourced from Bahardar city administration.  The result 

showed that the average above ground dry biomass of Cyprus papyrus in low, mid and high density treatment beds were 

9.0ton/ha, 12.27ton/ha and 15.82ton/ha in 14 weeks growing period respectively. Except temprature, the analysis of variance 

showed a significant difference at (p<0.01) among the treatments. The removal efficiency of high density Cyprus papyrus 

BOD, TSS, TDS, turbidity, TA, SC, PO4
3-, NO3

- and ammonia were 68.4%, 63.7%, 19.9%, 83.5%, 34.2%, 36.2%, 75.6%, 

21.2% and 88.5%, respectively during five days duration of wastewater in the glass fiber constructed wetland had significant 

difference at 0.01. And also the removal efficacy of heavy metals Cu, Cr, and Zn were 66%, 45.8%, and 66.1% respectively 

in effluent from high density Cyprus papyrus had significant difference at 0.01. Density of plant directly proportional to pH 

and DO and inversely proportional to other parameters whereas, temperature was found under oscillation relationship. 

Thus, Cyprus papyrus reduced substantially the concentrations of most physicochemical parameters and heavy metals.  

Finally, wastewater treatment by using Cyprus papyrus could be encouraged in Ethiopia. 

Keywords: constructed wetland, Cyprus papyrus, heavy metals, nutrients, wastewater 

1. INTRODUCTION 

Wastewater is any water that has been adversely affected in quality by anthropogenic influence (Abdel et al., 

2010). Currently used traditional treatment options like activated sludge, most often, do not provide adequate 

treatment as they completely fail to eradicate pathogenic organisms from wastewater (Ibrahim et al., 2020). In 

Bahir Dar City sixty-four percent of the respondents discharge their wastewater in to the streets and open fields 

and the inadequacy of sanitation services resulted in defecating in open fields and discharging of raw wastewater 

into inappropriate places and these, in turn, have created serious environmental problems (Fesseha Hailu, 2012). 

Farms are irrigated with water from the lake and river waters that are heavily contaminated by waste disposal 

from different sides of the cities. With the increase in the urban population and industrialization, these water 

sources have now become further contaminated with various pollutants, among which are heavy metals 

(Mekonnen Getahun & Yihenew G. Selassie, 2013). However, gradual availability and uptake of heavy metals 

by plants is major concern as it may enter to humans through food web (FAO, 2006).  

Based on Wu et al. (2016) Constructed wetland (CW) is a system engineered for treating wastewaters by using 

plants, soil and microorganisms, to improve the water quality and is an effective treatment system alternative 

where suitable land is available at low cost. Cyprus papyrus (papyrus) is a large herbaceous sedge commonly 

found in waterlogged environments in the African tropics. Such wetland ecosystems provide ecological and socio-

economic services related to the harvesting of aerial biomass, wastewater treatment, hydrological functions and 

mailto:amogn.abere@gmail.com
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climate modification (Güereña et al., 2015). Papyrus can have very high C: N: P ratio (Boar, 2006) in comparison 

to temperate wetland plants; a characteristic that provides an indication of its high nutrient efficiency and during 

processing, organic substances present in wastewater and undergo a process of oxidation of organic or inorganic 

compounds in the form of ions such as NO3-, NH4
+ and so can be absorbed by Papyrus.  

Unsafe industrial and domestic waste disposal causes surface water contamination in many developing 

countries like Ethiopia. This is particularly true in towns and the rural hinterland villages downstream of cities 

that are dependent on rivers passing through an industrialized area like Bahir Dar City and soundings. Especially 

discharge of untreated industrial waste is a major problem for many communities dwelling near rivers basins 

through causing different health problems (Arega Shumetie and Molla Alemayehu, 2014). Many wetlands receive 

and reduce nutrients and pollutants, as a result they are sometimes described as “the kidneys of the landscape” 

and as “biological supermarkets” because of the extensive food webs and rich biodiversity they support (Mitsch 

and Gosselink, 2007). Wastewater treatment using natural plants (Cyprus papyrus) has been considered the most 

environmental friendly method. In addition to the above reason to select Cyprus papyrus for wastewater treatment 

it is also native in Ethiopia and is not invasive species. 

Many researchers studied wastewater treatment efficiency and growth of aquatic macrophyte species (Cyprus 

papyrus) etc., under constructed wetlands. However they lack of consider plant density, constructed wetlands 

from cement and metals which react with wastewater and also without replication of the treatment beds. Cyprus 

papyrus planted in the surrounding of few wastewater disposal of the study area like Bahir Dar University but 

they did not done laboratory analysis. Untreated wastewater disposal water scarcity and problem of wastewater 

reuse, wetland degradation surrounding Lake Tana and river Abay is visible problem in the study area  Therefore 

construction and restoration of wetland, determination of plant density and study wastewater treatment potential 

of Cyprus papyrus helps to propose solutions. Hence this research was intended to fill the research gap on 

wastewater treatment potential of Cyprus papyrus under different density with in glass fiber constructed wetlands 

(did not react with wastewater).  

The overall objective of this study was to analysis Cyprus papyrus wastewater treatment efficiency in glass 

fiber constructed wetlands under different density. Bahir Dar City Ethiopia. The specific objectives of this study 

were to: (1) assess plant biomass production and nutrient storage of Cyprus papyrus under different density; (2) 

analysis physical and chemical characteristics of wastewater influent and effluent under different treatment; and 

(3) examine selected wastewater heavy metal removal efficiency of Cyprus papyrus 

2. MATERIALS AND METHODS 

2.1. Description of the Study Area  

This study was conducted in Amhara regional state, Bahir city specifically Bahir Dar university in Peda 

compass, 37°23′57″ East and 11° 34′ 24″ North with 1794 m above sea level (Figure 1). Bahir Dar, the capital of 

Amhara National Regional State, is situated on the southern shore of Lake Tana, the source of Blue Nile River, 

approximately 565 kms northwest of Addis Ababa.  
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Figure 1: Map of the study area 

2.2 Sources of Data 

The main primary sources of data were the growth characteristics survey data, plant dry biomass and 

physicochemical characteristics both in the field and laboratory. The sources of secondary data were from 

literatures, organization departmental reports, journal, magazine, Internet and reports which contain related 

information on liquid waste treatment and Cyprus papyrus. 

2.3 Experimental Design  

Twelve wetlands CW1, CW2, CW3, up to CW12 of 1.5m Length* 1.5 m width* 0.8 m depth each were 

constructed using Glass fiber tanks (Figure 2). The system consists of four treatment beds with three replication 

aligned in parallel was designed. The steam density of Cyprus papyrus 0, 12, 24 and 36 per bed initial density of 

Cyprus papyrus respectively in 14 weeks growing period with total surface area of each glass fiber tanks (2.25m2). 

Coarse and fine gravel and sand were used as a substrate 15 to 30mm size except one in the out let with 40-80 

mm gravel to prevent clogging which was the recommended gravel size by USEPA (2000).The substrate was 

filled to a height of 45 cm. Rhizomes carrying young shoots of C. papyrus plants average 10 cm height in the 

planting time. 

2.4 Data Collection from the Treatment Beds  

2.4.1 Measurement of the growth parameters of the plants  

Plant density in the treatment bed, plant height, stem diameter and biomass were considered growth parameters 

of the young plants and Plant density by counting, plant height by meter tab, stem diameter by caliper were 

measured every two weeks. AGB of papyrus was determined by harvesting  (0.3 m x 0.3 m) quadrats in each 

plantedbeds in the 14th weak. Fresh weight was determined for the harvested materials (above- ground parts) then 

were oven dried to until a constant weight at 105°C and dry weight was determined by sensitive balance.  

  2.4.2 Measurement of plant nutrient content 

Prior to nutrient analysis; leaf and stem samples were pulverized and made into fine powder by 

grinder. The powder of each sample was used in the analysis for total nitrogen (TN), total phosphorus (TP) in the 

laboratory. The concentration of N in plant tissues was determined using the Kjeldahl method, while P was 

measured by the molybdate ascorbic acid method and amount of C sequestration also determined by, amount of 

above ground dry biomass * 43.5% for herbaceous plants (Ma et al., 2018). 
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Figure 2. Installation (a), plantation day (b), after eight weeks (c) and after fourteen weeks (d) 

2.5 Analysis and Measurement of Physico-chemical Parameters of Water Quality  

Three samples from influent( before treatment) and 12 samples from  treated wastewater effluent coming out 

of treatment beds were taken in one sampling time for with in seven sampling times so, the total samples were 

105 in seven sampling time. Samples were taken after acclimation period for seven times with one week interval 

after established plants grew fully. The physicochemical parameters such as pH, temperature (T°), specific 

conductance (SC), dissolved oxygen (DO) were measured on site by using YSI DO meter, total dissolved solids 

(TDS) by using TDS Sensor/Meter, total suspended solid (TSS) by using filter paper, turbidity by terbidometer, 

biological oxygen demand (BOD5) by using dilution and BOD5 bottle, alkalinity is determined by simple titration 

in presence of phenolphthalein and methyl orange indicators. Nitrate, phosphate, ammonia, heavy metals (Cu, 

Cr, Zn) were measured by using Palintest Photometer 7100 systems (precise, modern means of water analysis) 

with ±1.0% accuracy. The removal efficiency of the treatment beds for each wastewater quality parameter was 

calculated using the following formula: 

   Removal Efficiency (%) = [(Ci – Ce)/Ci] 100………………………………………………………..1 

Where, Ci is the concentration of the waste material in the influent (before treatment) and Ce is the 

concentration of the waste material in the effluent after treatment (Yezbie and Seyoum, 2014). 

2.6 Statistical analysis  

The data were analyzed through one-way analysis of variance (ANOVA) at 95% confidence level to compare 

the performance efficiency of each treatment bed with respect to nutrient removal and also above ground biomass 

production and nutrients storage of Cyprus papyrus under deferent density using Statistical Package for Social 

Sciences (SPSS) software, Version 20.0. 
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3. RESULTS AND DISCUSSION 

3.1. Biomass Production, Growth and Nutrient Storage of Cyprus Papyrus under Different 

Density 

3.1.1 Biomass production and growth of Cyprus papyrus under different density 

From the density of 12/36, 8/24, and 4/12 rhizome fragments and shoots respectively per 2.25 m2, 125, 84, and 

61 plants were obtained respectively in high, medium and low density of Cyprus papyrus after 14 weeks growing 

period in the glass fiber tanks constructed treatment beds during which the system was continuously fed with 

domestic wastewater. The plant growth rate of Cyprus papyrus in high, mid and low density Cyprus papyrus fed 

by wastewater were estimated 1.91 cm/day, 1.93cm/day and 1.96 cm/day average plant height growth figure 3.1 

and 0.23mm/day, 0.24mm/day, 0.27mm/day average plant diameter  respectively. As indicated in Table 4.1 plant 

density had significant change above ground biomass. The above ground biomass in low, mid and high density 

were 9.0ton/ha, 12.27ton/ha and 15.82ton/ha respectively in 14 weeks growing period. In addition to this from 

the wet biomass the average moisture content of the plant were above 81%. In herbaceous plants, water normally 

constitutes 70- 90% of fresh weight, although in rare cases it can be less than 70% (Dimitrakopoulos & 

Bemmerzouk, 2003). 

3.1.2 Nutrient storage of Cyprus papyrus under different density 

Cyprus papyrus had higher average plant nitrogen concentration (2.44%) than phosphorus (0.14%). The total 

phosphors (TP) from average above ground dry biomass Cyprus papyrus were 0.013ton/ha, 0.017ton/ha and 

0.022ton/ha and the total nitrogen (TN) 0.22ton/ha, 0.3 ton/ha, and 0.39ton/ha and also sequestered carbon 

3.91ton/ha, 5.33ton/ha and 6.88 ton/ha respectively low, medium and high density of Cyprus papyrus in 14 weeks 

growing period (Table 1). The high biomass and nutrient contents of the plants may have been caused by the high 

nutrient levels in the surrounding water. Nitrogen is considered to be the most important nutrient, and plants 

absorb more nitrogen than any other element (Näsholm et al., 2009). 

Table 1. Mean AGDB, nutrient storage, carbon sequestration and moisture content of C.papyrus 

 
The means, followed by the same letter in a row are not statistically different at (P<0.05). 

** The mean difference is significant at the 0.01 level. 

Ns= the mean difference is not significance both at 0.01 and 0.05 level. 

3.2 Physical and Chemical Characteristics of Influent and Effluent Wastewater under Different 

Treatment  

3.2.1 Total dissolved solid and Turbidity   

The influent TDS value were 699 mg/L, reduced into 652.5mg/L, 608 mg/L, and 598 mg/L and 559.3mg/L 

(Table 3.2) with removal efficiency of  6.6%, 13%, 14.4% and 19.9% ( Table 3.3) in unplanted, low, medium and 

high density Cyprus papyrus treatment beds respectively. Turbidity of influent 32.99 NTU reduced into effluent 

21.16NTU, 17.35NTU, 9.63NTU and 5.43NTU with removal efficiency of 35.8%, 47.4%, 70.8% and 83.5% in 

control (no plant), low, medium and high density of Cyprus papyrus treatment beds respectively. Theophile et al. 

(2011) conclude that TDS influent, reduced into 7.1% and 28.9% in unplanted and planted of Cyprus papyrus 

value respectively. 
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3.2.2 Specific conductance and total alkalinity  

In the current study the specific conductance of influent 1482.8µS/cm reduced into effluent 1361.7µS/cm, 

1279µS/cm, 1040µS/cm and 945.6 µS/cm (Table 3.2) with removal efficiency of  8.1%, 13.7%, 29.8% and 36.2% 

(Table 3.3) in control (no plant), low density, medium density and high density of Cyprus papyrus treatment beds 

respectively. In this study the alkalinity value of influent 303.65 mg/l reduced in to effluent 266.6 mg/l, 238 mg/l, 

229mg/l and 199.67 mg/l (Table 3.2) with removal efficiency of 12.1%, 21.6%, 24.5%, and 34.2%  (Table 3.3) 

in control (no plant), low, medium  and high density of Cyprus papyrus treatment beds respectively. 

3.2.3 Biological oxygen demand 

The influent concentration of BOD 88.2 mg/l reduced to 65.22, 56.37, 36.06 and 27.86 mg/L (Table 2) with 

removal efficiency values of 26%, 36%, 59.1% and 68.4 % ( Table 3) in control, low, mid and high density of 

Cyprus papyrus treatment beds respectively with in five day detention time. It had significance difference at 0.01 

value of p with in treatment beds. Yadav et al. (2018) concluded that a BOD5 removal efficiency 71.38% were 

achieved through constructed wetlands planted with Cyprus papyrus with gravel. 

Table 2 physicochemical characteristic of the effluent monitored at the inlet and the outlets 

 
** The mean difference is significant at the 0.01 level. 

Ns= the mean difference is not significance both at 0.01 and 0.05 level. 

CV= Coefficient of variance 

LSD=least significant difference 

The means Values followed by the same letter on the same row are not statistically significantly different at p<0.01 

3.2.4 Total suspended solid 

In the current study, the average TSS value in the influent wastewater was 800.43 mg/L (Table 2). Following 

treatment in, TSS reduced to 27.8% (577.6 mg L-1) in control bed, 33.9% (528.8 mg L-1) in low density bed and 

reduction rate increased to 51.1% (391.1 mg L-1) and 63.7%(290 mg L-1)  in mid and high density treatment  

beds respectively. This result indicates that when the pant density increase the TSS removal efficiency also 

increase. It had significance difference at 0.01. TSS greater proportional decrease with the addition of Plant 

density (Erina and Wiyono, 2012). Dewedar et al. (2018) also conclude that the removal efficiency of TSS was 

51% by Cyprus Papyrus 
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Table 3. Percentages removal efficiency of Physicochemical Parameters of the effluent in the planted and the 

unplanted glass fiber Constructed Wetlands 

3.2.5 Ammonia 

The value of ammonia in the influent was 38.54 mg/L and decreased gradually to 19.7 mg/L, 9.87 mg/L, 8.19 

and 4.42 mg/L (Table 2) with removal efficiency 48.8, 74.3, 78.7, and 88.5% (Table 3) in control (unplanted), 

low, mid and high density of Cyprus papyrus treatment beds respectively. Analytical results of ANOVA and least 

significant difference (LSD) value confirmed that values of Ammonia had statistically significant differences at 

(p<0.01) between planted and unplanted treatment beds. These results were also in agreement with Abou-Elela 

et al. (2013) who reported that nitrogen and phosphorus uptake by Cyprus Papyrus was better than other plants 

evaluated. 

3.2.6 Nitrate  

The NO3
- treatment potential of control, low, medium and high density Cyprus papyrus were 5.4, 10.2, 10.9 

and 21.2%. It had significant difference planted from unplanted at P<0.01(Table 2). This reflects that conditions 

existed for nitrification (García-Avila et al., 2019). During processing, organic substances present in wastewater 

and undergo a process of oxidation of organic or inorganic compounds in the form of ions such as NO3
-, NH4

+ 

and so can be absorbed by Papyrus. The result showed that even if NO3
- was produced by nitrification process 

but lower than the NO3
- absorbed by Cyprus papyrus. Based on Negisa et al. (2019) Cyprus papyrus Municipal 

Wastewater removal efficiency of NO3
- were 22%. Another studies on nitrogen removal treatment have confirmed 

that unplanted treatment had lower nitrogen removal compared with planted treatment (Yang et al., 2001 and Lin 

et al., 2002). 

3.2.7 Phosphate  

ANOVA and Post Hoc LSD tests indicated that statistically significant differences (p<0.01) in removal of 

PO4
3- between planted and control treatment beds and also among planted treatment beds.  All of the planted 

treatment beds had better efficiency in the removal of PO4
3- compared to unplanted treatment bed. The PO4

3- 

removal efficiency of unplanted, low, mid and high density of Cyprus papyrus treatment beds were 20.4, 55.1, 

73 and 75.6% respectively (Table 3). Wiyono (2012) reported that Papyrus showed higher phosphorus removal 

efficiency (83.2%) than Miscanthidium (48.4%). 

3.2.8 Temprature, pH and DO 

Analysis of Varian’s and LSD test showed that temperature had non-significance difference between unplanted 

and planted treatment beds (Table 2). Hydrogen ion concentration (pH) of the effluent 6.83, and 6.80, in high and 

Parameters 

Effluent Values % removal efficiency 

Planted with Cyprus papyrus Unplanted(control) 

High density Mid density Low density 
Mean 

Mean Mean Mean 

BOD 68.4 59.1 36 26 

DO (increase) 50.4 41.8 41.7 0.8 

TSS 63.7 51.1 33.9 27.8 

Turbidity 83.5 70.8 47.4 35.8 

TDS 19.9 14.4 13 6.6 

TA 34.2 24.5 21.6 12.1 

SC 36.2 29.8 13.7 8.1 

pH(increase) 8.1 7.7 7.3 3.6 

NO3
- 21.2 10.9 10.2 5.4 

Ammonia 88.5 78.7 74.3 48.8 

PO4
3- 75.6 73 55.1 20.4 
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medium density treatment beds had significant difference from control 6.51 but low density was not significant 

at  P<0.01 (Table 2). The dissolved oxygen (DO) influent value 1.16 mg/l increase in the treatment beds 1.17, 

1.99, 1.993 and 2.34 mg/l in unplanted, low, medium and high density treatment beds respectively (Table 4). pH 

increase 7.2 to 7.8 and DO also increase 0.28 to 1.3 respectively influent and effluent from Cyprus papyrus 

treatment beds (Dewedar et al., 2006). 

3.3 Heavy Metal Removal Efficiency of Cyprus papyrus  

3.3.1 Copper (Cu) 

The Copper (Cu) in the influent was 0.56mg/L and decreased gradually to 0.39, 0.27, 0.22 and 0.19mg/L 

(Table 4) with removal efficiency 30.3, 51.7, 60.7, and 66% (Table 5)  in control (unplanted), low, mid and high 

density of Cyprus papyrus respectively. Cu was accumulated into plants as an essential micronutrient (Zabotto et 

al., 2020).    

Table 4 selected heavy metals characteristics of the effluent monitored at the inlet and the outlets  

Parameters 

Influent 

Values 

(inlet) 

Effluent Values ( out let) 

Un Planted 

(control) 
planted with Cyperus papyrus 

LSD 

 

Mean Mean 
Low 

density 

Mid 

density 

High 

density 

p 

value 
CV 0.01 0.05 

Cu (mg/l) 0.56 0.39a 0.27b 0.22b 0.19c ** 11.8 0.08 0.059 

Cr (mg/l) 0.24 0.22a 0.18ab 0.15b 0.13b ** 10.3 0.06 0.042 

Zn (mg/l) 0.62 0.50a 0.41b 0.24c 0.21c ** 9.2 0.05 0.034 

** The mean difference is significant at the 0.01 level. 

CV= Coefficient of variance 

LSD=least significant difference 

The means Values followed by the same letter on the same row are not statistically significantly different at p<0.01 

Table 5 Percentages Reduction selected heavy metal (Cu, Cr and Zn) of the Effluent 

Parameters 

Effluent Values % removal efficiency 

Planted with Cyperus papyrus  

Unplanted(control) High density Mid density Low density 

Cu 66 60.7 51.7 30.3 

Cr 45.8 37.5 25 8.3 

Zn 66.1 61.2 33.8 19.3 

3.3.2 Chromium (Cr)  

The influent concentration of Cr 0.24 mg/l reduced into 0.22  mg/l & 8.3%, 0.18 mg/l & 25 %, 0.15 mg/l & 

37.5% and 0.13mg/l & 45.8% effluent concentration and removal efficiency in control, low, medium and high 

density Cyprus papyrus treatment beds respectively (Table 4 & 5). Cr value of Planted Cyprus papyrus treatment 

beds had significant difference compare from control at P<0.01. Several plant species including Cyprus papyrus 

and Phragmites australis have been shown to accumulate high levels of various heavy metals (Deng et al., 2004). 

3.3.3 Zinc (Zn) 

In the current study, the average Zinc (Zn) value in the influent wastewater was 0.62 mg/L (Table 4.4). 

Following treatment in constricted wetlands Zn concentration reduced by19.3% (0.50mg/L) in control bed, 33.8% 

(0.41mg/L) in low density treatment beds and reduction rate increased to 61.2% (0.24mg/L) and 66.1%(0.21 

mg/L)  in mid and high density bed respectively (Table 4 & 5). The Zn removal increased with increasing the 
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number of plant stems and reached a maximum value (83%) (Hamad, 2020). Microbial symbionts such as 

mycorrhizae could influence the accumulation of metals in the wetland (Sheoran and Sheoran, 2006).  

3.4 Correlation of Plant Density with Wastewater Removal Efficiency Cyprus papyrus 

Plant density positively correlated with wastewater treatment efficiency of Cyprus papyrus. Such as BOD 

(0.926), TSS (0.793), TDS (0.807), NO3
- (0.686), NH3 (0.886), PO43-, (0.922) Turbidity (0.936), SC (0.946), Cu 

(0.864), Cr (0.756), and Zn (0.831). Because when the plant density increase the nitrification, nutrient absorption 

rate also increase. A greater ratio of plant biomass to wetland volume can enhance the contact between plant roots 

and wastewater resulting in a greater nutrient removal (Zhu and Ketola, 2011). 

3.5 Compression of Treated Wastewater from EPA 2012 Recommended Irrigation Water Reuse 

Standards 

The effluent value of most parameters in high density Cyprus papyrus treatment beds were under EPA 2012 

guide line maximum limit for irrigation of agriculture, garden and aquaculture except row eaten crop the EPA 

recommended BOD value less than 10 mg/l (Table 6). The use of reclaimed water for irrigation is allow irrigation 

of food crops with reclaimed water only if the crop is to be processed and not eaten raw (EPA 2012). This indicates 

that wastewater treated by high density of Cyprus papyrus was very important for irrigation purpose.  

 
Table 6. Comparison of high density treated wastewater with EPA 2012 standard recommended for irrigation 

water reuse maximum limit 

Parameter 
High density treated 

effluent value 

EPA (2012) standard recommended for 

irrigation water reuse maximum limit 

BOD 27.86 mg/l 30 mg/l 

DO 2.34 mg/l >2mg/l 

SC 945.60 µS/cm 1000 µS/cm 

PH 6.83 6.5-8.4 

NO3
- 1.15 mg/l 5mg/l 

Ammonia 4.42 mg/l 10 mg/l 

Cu 0.19mg/l 0.2mg/l 

Zn 0.21 mg/l 2mg/l 

Cr 0.13 mg/l 0.1 mg/l 

4. CONCLUSION  

Progressive increase above-ground dry biomass with increase the plant density. It was observed that Cyperus 

papyrus planted from the glass fiber tanks constructed wetlands significantly influenced the rate of removal of 

nutrients in wastewater. Cyprus papyrus wetlands had the ability to absorb nutrients and sequester significant 

amounts of carbon. It effectively reduced the concentrations of most physicochemical parameters and heavy 

metals. The result of the present work also revealed that Cyprus papyrus were hopeful for accumulating heavy 

metals. Generally density of plant directly proportional to pH and DO and inversely proportional to other 

parameters whereas, temperature was found under oscillation relationship. The analysis showed that most 

measured parameters in the high density Cyprus papyrus treated wastewater effluent value were under the EPA 

2012 recommended maximum limits for irrigation.  

ACKNOWLEDGMENTS 

I would like to say thanks ministry of education and Arba Minch University sponsored to learn this program. 

I would also like to say thanks the IUC project and Bahir Dar University for arrangement of financial support for 

my research work. And   also grateful thanks to Bahir Dar University College of agriculture and environmental 

science, Natural resource management department staffs and faculty of civil and water resource engineering, 



 

 

Adama Science and Technology University                                             238                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

chemical engineering, laboratory technician and main campus installation workers for their support in laboratory 

works and installation activities of experimental constructed wetland system. 

REFERENCES 

Abdel, M. E., Wahid M. Y., and Moneim M., (2010). Chemical, physicochemical and physical properties of wastewater 

from the Sudanese fermentation industry (sfi). Fourteenth International Water Technology Conference, IWTC, Cairo, 

Egypt.  

Abou-Elela, S. I., Golinielli, G., Abou-Taleb, E. M., & Hellal, M. S. (2013). Municipal wastewater treatment in horizontal 

and vertical flows constructed wetlands. Ecological engineering, 61, 460-468. 

Arega Shumetie and Molla Alemayehu 2014. Source and Determinants of Water Pollution in Ethiopia: Distributed Lag 

Modeling Approach Journal of Intellectual Property Rights. Open Access.  

Boar, R. R. (2006). Responses of a fringing Cyperus papyrus L. swamp to changes in water level. Aquatic Botany, 84(2), 85-

92. 

Deng, H., Ye, Z. H., & Wong, M. H. (2004). Accumulation of lead, zinc, copper and cadmium by 12 wetland plant species 

thriving in metal-contaminated sites in China. Environmental pollution, 132(1), 29-40. 

Dewedar, A., Ismail, A., Khafagi, I., El-Shatoury, S., & Talaat, M. (2006). Efficiency of the biological waste water treatment 

system in pollution control and wastewater management. International Journal of Agriculture and Biology (Pakistan). 

Dewedar, A., Khafagi, I., Abu-Seadah, A., & Rashad, A. E. D. (2018). Comparative Efficiency of Cyperus papyrus and 

Phragmites australis for Bioaccumulation of Heavy Metals. Catrina: The International Journal of Environmental 

Sciences, 1(2), 37-42. 

Dimitrakopoulos, A. P., & Bemmerzouk, A. M. (2003). Predicting live herbaceous moisture content from a seasonal drought 

index. International Journal of Biometeorology, 47(2), 73-79. 

Erina, R., & Wiyono, E. (2012). Domestic Wastewater Treatment using Constructed Wetland as a Development Strategy of 

Sustainable Residential. In International Conference on Environment, Energy and Biotechnology (Vol. 33, p. 3). 

FAO. (2006). Guidelines for soil description, Food and Agriculture Organization of the United Nation, Rome (4th Ed.). 

Fesseha Hailu. 2012.). Liquid waste management: the case of Bahir Dar, Ethiopia. Ethiopian Journal of Health 

Development, 26(1), 49-53. 

García-Ávila, F., Patiño-Chávez, J., Zhinín-Chimbo, F., Donoso-Moscoso, S., Del Pino, L. F., & Avilés-Añazco, A. (2019). 

Performance of Phragmites Australis and Cyperus Papyrus in the treatment of municipal wastewater by vertical flow 

subsurface constructed wetlands. International Soil and Water Conservation Research, 7(3), 286-296. 

Güereña, D. T., Lehmann, J., Thies, J. E., Enders, A., Karanja, N., & Neufeldt, H. (2015). Partitioning the contributions of 

biochar properties to enhanced biological nitrogen fixation in common bean (Phaseolus vulgaris). Biology and fertility 

of soils, 51(4), 479-491. 

Hamad, M. T. (2020). Comparative study on the performance of Typha latifolia and Cyperus Papyrus on the removal of 

heavy metals and enteric bacteria from wastewater by surface constructed wetlands. Chemosphere, 260, 127551. 

Ibrahim, S., El-Liethy, M. A., Abia, A. L. K., Abdel-Gabbar, M., Al Zanaty, A. M., & Kamel, M. M. (2020). Design of a 

bioaugmented multistage biofilter for accelerated municipal wastewater treatment and deactivation of pathogenic 

microorganisms. Science of the Total Environment, 703, 134786. 

Lin, Y. F., Jing, S. R., Wang, T. W., & Lee, D. Y. (2002). Effects of macrophytes and external carbon sources on nitrate 

removal from groundwater in constructed wetlands. Environmental pollution, 119(3), 413-420. 

Ma, S., He, F., Tian, D., Zou, D., Yan, Z., Yang, Y., & Fang, J. (2018). Variations and determinants of carbon content in 

plants: a global synthesis. Biogeosciences, 15(3), 693. 

Mekonnen Getahun & Yihenew G. Selassie 2013. Pollution of Water, Soil and Vegetables: Challenges to Growing Cities of 

Bahir Dar and Kombolcha, Amhara Region, Ethiopia. Journal of Agricultural Science, 5(9), 22. 

Näsholm, T., Kielland, K., & Ganeteg, U. (2009). Uptake of organic nitrogen by plants. New phytologist, 182(1), 31-48. 

Sheoran, A. S., & Sheoran, V. (2006). Heavy metal removal mechanism of acid mine drainage in wetlands: a critical 

review. Minerals engineering, 19(2), 105-116. 

Theophile, F., Sako, I. B., Martin, L., Fabrice, M. T., & Akoa, A. (2011). Potential of Cyperus Papyrus in Yard-Scale 

Horizontal Flow Constructed Wetlands for Wastewater Treatment in Cameroon. Universal Journal of Environmental 

Research & Technology, 1(2). 

USEPA (2000). Manual Constructed Wetlands Treatment of Municipal. Wastewaters Office of Research and Development 

Cincinnati, Ohio. United States Environmental Protection Agency (USEPA).  



 

 

Adama Science and Technology University                                             239                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

Wu, H., Lin, L., Zhang, J., Guo, W., Liang, S., & Liu, H. (2016). Purification ability and carbon dioxide flux from surface 

flow constructed wetlands treating sewage treatment plant effluent. Bioresource technology, 219, 768-772. 

Yadav, A., Chazarenc, F., & Mutnuri, S. (2018). Development of the «French system» vertical flow constructed wetland to 

treat raw domestic wastewater in India. Ecological Engineering, 113, 88-93. 

Yang, L., Chang, H. T., & Huang, M. N. L. (2001). Nutrient removal in gravel-and soil-based wetland microcosms with and 

without vegetation. Ecological engineering, 18(1), 91-105. 

Zabotto, A. R., França, W. S., Domingos, M., Rinaldi, M. C. S., Kanashiro, S., Ferreira, M. L., & Tavares, A. R. (2020). 

Copper Accumulation and Distribution in Two Arboreal Species of the Atlantic Forest. Floresta e Ambiente, 27(1) 

Zabotto, A. R., França, W. S., Domingos, M., Rinaldi, M. C. S., Kanashiro, S., Ferreira, M. L., & Tavares, A. R. (2020). 

Copper Accumulation and Distribution in Two Arboreal Species of the Atlantic Forest. Floresta e Ambiente, 27(1). 

Zhu, L., Li, Z. and Ketola, T. (2011). Biomass accumulations and nutrient uptake of plants cultivated on artificial floating 

beds in China's rural area. Ecol. Eng. 37:1460–1466.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Adama Science and Technology University                                             240                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

Application of SCADA and IoT for Efficient Management of Urban Water Supply 

Systems 

Bahar Adem Beker1,*, Mitthan Lal Kansal2 

1Water Resources engineering Department, School of Civil Engineering and Architecture (IWRIE_CoE), Adama science 

and technology university, Ethiopia  
2Water Resources Development & Management, Indian Institute of Technology, Roorkee, 247667, Uttarakhand, India 

*Corresponding author, e-mail: baharwsee@gmail.com    

ABSTRACT 

The demand for urban water supply in developing countries like Ethiopia is increasing exponentially while the supply is 

decreasing due to various anthropogenic activities. The migration of people to urban centers and the expansion of cities 

have increased pressure on the existing water supply, and efficient supply management is needed to reduce the supply and 

demand gap. An urban water supply system is a complex system composed of many different operational components, 

including pipes, pumps, motors, flow meters, sensors, and control valves. This system requires supervision, monitoring, and 

control from a central location through artificial intelligence. This paper presents the application of SCADA (Supervisory 

Control and Data Acquisition) and the Internet of Things (IoT) for urban water supply systems (WSS) to monitor, collect, 

and analyze data from remote locations in real-time. The study propose the SCADA system, different kinds of IoT-based 

water sensors, along with the workflow WSS in Ethiopian cities (Addis Ababa and Dire Dawa). The methodology is 

illustrated with the help of a real-time WSS in Addis Ababa and Dire Dawa cities of Ethiopia. The significant problems in 

Addis Ababa and Dire Dawa's water supply systems are accessibility, connectivity, reachability, unaccounted water, quality, 

and irregular timing of water distribution, among others. The study shows how the implementation of SCADA and IoT can 

help in better management of such utilities under normal and abnormal conditions. Furthermore, it highlights the application 

of digital technologies in a complex WSS for efficient management by reducing the impact and severity of component failures 

and efficient preventive and curative maintenance. Generally, this study suggests that the adoption of SCADA and IoT can 

provide better management of the urban water supply system in Ethiopia, leading to improved water distribution and 

conservation 

Keywords: Addis Ababa, Dire Dawa, IoT, real-time monitoring, SCADA, water supply system 

1. INTRODUCTION 

Next to air, potable water and food are the basic requirements for every human being. Water plays a significant 

role in both economic and social development. The availability of adequate and safe water and sanitation is 

inextricably related to public health and better living standards for any society. Lack of sufficient wholesome 

water and poor sanitation services leads to the spread of diseases responsible for the deaths of millions of people 

worldwide, particularly in developing countries like Ethiopia (Toubkiss, 2006). According to a study, around 

80% of all infections and one-third of all fatalities in developing countries are water-born or water-related. One-

tenth of each person's adequate time has been spent coping with water-related diseases (WHO and UNICEF, 

2017). 

The water distribution system (WDS) is one of the crucial urban infrastructures. It is used to deliver water to 

the consumer with sufficient quantity and quality. WDS consists of many interconnected pipes, pumps, reservoirs, 

valves, and other hydraulic equipment that transport water from supply areas to demand nodes at sufficient 

pressure to deliver reliable customer service. It must ensure water supply continuity, water quality control, and 

monitoring and control of technological process parameters. Further, water utilities must be cost-effective to 

function efficiently. This entails limiting energy expenses, minimizing water losses, and enhancing the water 

supply system's reliability (Lenzi, et al., 2013; Shirzad and Tabesh, 2016). These needs necessitate continuous 

monitoring system development. The hydraulic conditions of WSS operation and the quality of transferred water 

and energy usage are all monitored (Carrico, et.al. 2014; Stanczyk, and Burszta-Adamiak, 2019) 

Population increases, urbanization, and aging infrastructure challenge water systems' operational and 

controlling approaches. The development of intelligent water networks is one of the most recent achievements in 
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water system engineering. These intelligent networks handle the management and operational issues of pressure, 

flow, and water quality changes in the WDS. It also minimizes the time to detect pipe bursts and leaks (Joseph, 

K., et.al, 2022). Implementing advanced intelligent technology, mainly SCADA and IoT systems, which provides 

continuous monitoring of the system's characteristics and optimal control of the pump stations, allows for 

adequate water supply monitoring, management, and control. 

 SCADA (Supervisory Control and Data Acquisition) systems are centralized computer-controlled/based 

systems often used in industry to monitor and control whole processes and plants. The implementation of a 

SCADA system for real-time monitoring of drinking water quality and quantity parameters allows for continuous 

monitoring, control, and data storage, which aids in the evaluation of long-term changes in water quality, the 

identification of existing or emerging water quality, and water loss problems, and the detection of water leaks. It 

is currently a state-of-the-art area for research (Liemberger & Marin, 2006; Carteado-fatima and Vermersch-

michel, 2016)  

IoT has appeared as the natural choice for smart water management applications, even though the integration 

of numerous technologies needed to make it operate easily in practice is still not complete. The rise of the Internet 

of Things is due to a confluence of factors, including low-power wireless technologies, low-cost devices, cloud 

data centre, availability for storage and processing, high-performance computing resources in commodity 

platforms, management frameworks for dealing with unstructured data from social networks, and computational 

intelligence algorithms to deal with this massive amount of data. IoT can be considered the next-generation 

Internet. Like SCADA, IoT is also a recent state-of-the-art area for research. 

Currently, the application of automation of WSS in urban areas (through SCADA and IoT) is rare in 

developing countries, especially in Ethiopia's WSS. More than 99% of the WSS in Ethiopia is monitored and 

controlled manually, which cannot monitor the entire water distribution system due to the practical limitation, 

high cost, and inability to provide many of the required data timely. Through SCADA and IoT water sensors 

which are installed at various locations in the water system, it is possible to improve urban water management. 

Such research is necessary to properly manage urban water in developing countries where equitable water 

distribution remains challenging, and the water loss is very high (Bahar and Kansal, 2021; 2022). The present 

study focuses on applying SCADA and IoT in urban WSS based on the above limitation. It proposes thus a system 

for Addis abba and Dire Dawa city of Ethiopia, to alleviate the problem of urban WSS management in Ethiopia, 

particularly in Addis Ababa and Dire Dawa, that did not study yet is both necessary and timely.   

A general layout of an urban water supply scheme from the source (surface water) to the distribution of the 

treated water to the consumers is shown in Fig. 1. A typical urban water supply scheme consists of four essential 

components: a collection of water, conveyance of water, treatment and purification of water, and a water 

distribution system. The collection works are used for collecting the raw water from the water source, and it 

consists of an intake structure and sump well. Conveyance is meant for transmitting raw water from the source to 

the treatment plant. Water treatment plant is used for treating the raw water, and it consists of different 

subcomponents. The distribution system is the main component of WSS for supplying treated (potable) water to 

consumers, mainly consisting of the pumping station, service reservoir, and distribution piping. Further, the 

sensors that convert parameters and component information the main control system is installed in all elements 

of WSS as shown in Fig. 1. 
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Fig. 1 Layout of typical urban WSS and location of Sensors 

The SCADA system is a computer-based system that gathers and analyses the period knowledge to trace, 

monitor, and manage industrial equipment across numerous industries. SCADA system can support higher-level 

operational improvement applications and is used mainly for management and automation across numerous 

sectors like wattage, water & waste product, oil & gas, transportation, telecommunication, water supply system, 

etc. The primary use of the SCADA system in water supply networks includes sSecurity monitoring Energy 

management, monitoring equipment activities allows you to plan maintenance, repair, and replacement ahead of 

time, sub-metering utility usage, detecting alert situations and detection of leaks in transmission pipes.  

The SCADA system has four essential components: sensors, SCADA Interferance unit, communication, and 

SCADA master/ Station. Those components of the SCADA system are shown in Fig. 2. 

(a) Sensors and Controllers - Sensors (digital or analog) and control relays directly communicate with the 

management system. Water meter, water level, pressure detectors, water quality detectors (mainly 

chlorine, pH, and turbidity) installed in BH, pump, moters, Tanks/reservors, pipelines, valves, etc.  

(b) SCADA Interface Units - The majority of SCADA systems for WSS use one or more types of SCADA 

interface units. The remote terminal unit (RTU), the programmable logic controller (PLC), and the 

intelligent end device are examples of these (IED). The brains of a SCADA system are the Remote 

Terminal Units. 

(c) Communications Network- It's utilized to connect the SCADA system's control master to the SCADA 

interface units and sensors. The system connects and shares information and dates through the internet, 

such as LAN and wife. 

(d) SCADA Master/Station. "It is Larger computer consoles serve as the central processor for the SCADA 

system. Master units provide a human interface to the system (HIM)and automatically regulate the 

managed system response to sensor input." The master station flow charts is shown in Fig. 3.  
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Fig. 2: SCADA System components 

 
Fig. 3: Flowchart of the Master station 

IoT is a giant connection system where people and machines generate, collect, and share information with 

each other and among each other whenever and wherever with the help of internet access. The IoT is considered 

as one of the most up-to-date approaches and is still in its beginning stage. It is estimated that 20 billion devices 
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to be connected to the internet by 2020 (Vermesan and Friess, 2014).). IoT can be considered as the next-

generation Internet. The ultimate goal of applying IoT is to save time and money and boost efficiency  

It is predicted that by 2025, nearly half of the urban population will live in water-stressed areas as this valuable 

resource becomes increasingly scarce (WHO and UNICEF, 2017). As a result, IoT intelligent water management 

solutions are required to avoid an unanticipated water shortage. IoT water sensors are placed at various points 

across the IoT water system to detect any leaks or other defects, ensuring greater smart water management. IoT 

smart water management approaches are expected to reduce water expenses by up to 20%, resulting in higher 

profits at lower costs. It also allows communities to save money on building, maintenance, and other operating 

costs (WHO and UNICEF, 2017). A typical complete IoT system comprises sensors, connectivity, data 

processing, and a user interface, as shown in Fig. 4. 

 
Fig. 4: Workflow of complete IoT system 

Most urban water distribution systems need computerization to manage under various uncertainties. More than 

30-60% water loss from WSS in sub-Sahara Africa, like Ethiopia (Macharia et.al, 2022). The absence of a 

centralized monitoring and control system network leads to frequent failure of water supply scheme components 

and is responsible for unaccountable water/water loss. Using SCADA and IoT can help restore normal conditions 

and management under various uncertainties. This can also help identify vulnerable locations and booster pumps 

and chlorination stations to provide safe and adequate drinking water to the masses in various cities.  

Despite Ethiopia being touted as one of the fastest developing countries in the world, it ranks very low in 

regard to providing safe drinking water and improved sanitation services to its people. The main challenges of 

the municipal WSS in Ethiopian cities include urbanization, high water demand and mismanagement, shrinking 

water supply, water quality deterioration, low functionality of the existing WSS components (technical problems), 

limitation in institutional capacity, and lack of proper water management strategy. Additionally, the entire 

experiences of Ethiopian Water utility have been focused only on achieving the hardware (expansion works such 

as pipes, tanks, pumps, wells, etc.). In contrast, the software components have not been adequately developed to 

solve operation & maintenance challenges using innovative technology like SCADA and IoT systems. The WDN 

has not been controlled and monitored using this system entirely; for instance, in the city of Addis Ababa (the 

capital of Ethiopia) water loss and water pollution will be seen in this section. Further, the other main problem in 

Ethiopian city WSS is the presence of high-water loss  
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Water loss is a problem that can happen in any water supply system. More than 30% of drinking water is lost 

through pipelines worldwide, with high pressure and lack of water management in the WDN being the major 

cause of water loss (Duan, 2020). Its magnitude highly varies from place to place. The major reason for water 

loss is leakage. More than 87 percent of actual water loss is due to leakage in WDS caused by a pipe 

failure, excessive pressure, improper fitting and pipe installation, and water hammer (Annus et al, 2020). 

Excessive use or inappropriate use can also be termed as a loss. Other reasons for water loss are unmeasured use 

and incorrect meter. Unaccounted for water (UFW) can be defined as "the percentage of the water produced from 

the raw water source which is not accounted for (Welday, 2005) 

In Addis Ababa, about 38 percent of produced water is lost before reaching consumers (Kitessa et al. 2021). 

There are many reasons for this high level of water loss. The magnitude of loss is affected by the age of pipes, 

ground elevation difference, metering error, and lack of rapid detection of leakage in WSS. For instant, in Addis 

Ababa, about half of the city's pipe network was installed more than 25 years ago. Due to the city's topography, 

considerable elevation differences exist between different settlement areas that receive water from the same 

reservoir. The amount of leakage loss is greatly influenced by these elevation differences. Until recently, the city's 

water utility did not examine customers' meters unless they specifically requested it. On the other hand, customers 

are more likely to apply when the meter is over registered rather than underreported. In general, water-related 

difficulties can account for more than this for all urban WSS in Ethiopia; hence Ethiopia's average non-revenues 

water (NRW)/water loss is nearly 43%, substantially more significant than that of other cub-Saharan African 

countries cities, except for Tanzania, Nigeria, and Guinea Bissau, as presented in Fig. 5. Leakage management 

solutions, including automation of WSS through SCADA and IoT should be used to reduce NRW as much as 

possible. 

 
Fig. 5: Percentage NRW for selected countries in Sub Sahar Africa 

2. MATERIALS AND METHODS 

2.1 The Case Study Description 

Ethiopia, a landlocked country in the Horn of Africa, has a landmass of 1.13 million km2 and is Africa's second-

most populous country after Nigeria, with a population of 120.8 million people, 77.8% of whom live in rural 

areas and 22.2 percent in urban areas in 2021, and ranks twelfth globally (UN/DESA. 2019). Two major Ethiopian 

cities were chosen for this study based on population, urbanization rate, water scarcity, and the complexity of the 

water distribution network (WDN). Addis Ababa and Dire Dawa are the cities chosen for investigation based on 

these characteristics. Furthermore, these two cities are home to more than 22% of Ethiopia's urban population. 

Hence they might be represented as big Ethiopian cities (UN/DESA., 2019). 



 

 

Adama Science and Technology University                                             246                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

Addis Ababa (38.73°E and 9.17°N) is Ethiopia's capital city, home to more than 20% (5,060,000) of the 

country's urban population and one of Africa's fastest-growing cities (UN/DASA, 2018). As indicated in Fig. 

6(a), the city's entire size is 540 km2, with elevations ranging from 2,000 to 3,000 meters above mean sea level 

(amsl). AA accounts for half (50%) of the entire national gross domestic product (GDP), which is growing at a 

rate of 14% each year (World Bank, 2015). The total amount of water extracted from surface and groundwater is 

around 460 million litters per day, which is supplied to consumers by pumping and gravity (Kitessa Badane. et.al. 

2021). 

Dire Dawa is another Ethiopian city that has been chosen for this research. It is divided into nine districts 

(kebeles) with a total size of 85 km2. The city is 458 kilometres far to the east of Addis Ababa, positioned between 

41.768° and 41.891° latitude and 9.571° to 9.643° longitudinal direction (Fig. 6(b)). Its elevation varies between 

1130 and 1335 amsl. The city's population was predicted to be 4,26,000 in 2021 (UN/DASA 2019). The city's 

water source is groundwater from three wellfields (Sabian, Boren, and Tome) and deep wells within a 3-km radius 

of the city, with a total production capacity of 39.42 MLD.  

 
Fig. 6: Details of the urban water supply systems of a case study 

2.2 Data Collection, Analysis of Existing SCADA System, and Proposed Sensors  

Both primary and secondary data were collected from various sources for this study. Field observations of the 

study area, including water source, reservoir, pumping station, and tanks, were performed. Further, interviews 

with selected water users, experts (engineers, operation and maintenance workers), and decision-makers 

(managers of water utility) were conducted to assess the status and various problems related to WSS in case 

studies. The secondary data sources included published articles, books from the internet and journals, various 

reports and design documents from water utilities that are published or unpublished, and government publications. 

For this study, the latest versions of ArcMap 2021, ArcGIS 10.8, EdrawMax 11.5, and OriginPro 2021 are used 

for modeling, drawing graphs, and data analysis. 

The water supply system of Dire Dawa city has the SCADA systems that were installed in 2018, but the system 

is only to manage and control the bulk water supply (I.e, the system is not installed in a pipe network). Further, 
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the SCADA system in Dire Dawa WSS should be expanded to all systems, including distribution pipes and valves. 

The sensors can be installed to measure pressure, water flow, and chlorine residual at the selected node and pipes. 

Due to network complexities and economic limitations, it is impossible to locate sensors in every nodes and pipe. 

For this study that the following criteria should be considered to select the critical location of proposed sensors 

in the networks: (1) type of demand at the nodes (Social-economic Importance), (2) Types of Pipes (i.e., whether 

the pipes are primary, secondary or tertiary pipe), (3) age of pipes. Based on the above criteria, the location of 

sensors will be selected, whereas the number of sensors depends on the economic condition of the water utility. 

3. RESULTS AND DISCUSSION 

Most urban water supply systems need computerization to manage under various uncertainties. More than 30-

60% water loss in developing countries like Ethiopia from WDN (Bahar Adem and Mithan Lal, 2023). The 

absence of a centralized monitoring and control system network leads to frequent failure of water supply scheme 

components. The use of SCADA and IoT can help in the restoration of normal conditions and management under 

various uncertainties. This can also help in the identification of vulnerable pipes and node locations and booster 

pumps, and chlorination stations so as to provide safe and adequate drinking water to the masses in various cities. 

3.1 Analysis of SCADA System in Dire Dawa WDS 

The existing SCADA system in WSS of Dire was installed in a new expansion project in 2018. The SCADA 

system is controlled and monitored from the common station through the SCADA master, located at Sabian 

station (Fig. 7). The system controls real-time tracking of water supply components such as boreholes, pumping 

stations, reservoirs, and the tanks. Various components are located in different sections of the network as shown 

in Fig. 7. The existing SCADA system in the city is limited to main components. The system is not controlling at 

lower levels due to lack of sensors at different levels. 

 
Fig. 7: The SCADA system of the Dire Dawa water supply network 

Fig. 9 shows the online (real-time) overall SCADA system generated at 03:22 Pm, 07/25/2018, from SCADA 

master dispatches. The results indicated overall real-time tracking of all components. Further, the presented Fig. 

8 indicated the details of WSS components' hydraulic and mechanical paraments values (water level in tank and 

reservoirs, discharge rate of pumps, totalized flow, pressure, pumping capacity pumps, status of components, 
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etc.). The sensor that measures all parameters are installed at Boreholes, tanks and reservoirs, and pumping 

stations. Furthermore, the results generated from the master station for groundwater sources (mainly boreholes) 

of the Dire Dawa WSS are shown in Fig. The results indicate the water level in BH water produced from each 

BH, the status of BHs (working or not), etc., taken at 09:05 am on 11-14-2018 (Fig.9).  

 
Fig. 8: Real-time output of SCADA display in the main control room for overall WDS system of DD 

 
Fig. 9: Real-time output of SCADA display in the main control room for (a) Boren and (b) Tome Boreholes 
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3.2 Tank/Reservoirs and Pump Station in Dire Dawa SCADA 

A water tank is a storage container for water ready to be sent to the city. This water tank should be kept at a 

height where the water's speed and pressure are sufficient to reach the highest point of a large structure. Fig. 10 

indicates a real-time output of the SCADA display in the main control room for Boren and Sabian pumping 

stations, including tanks, reservoirs, and pump control. There are two sensors in the tank. These sensors measure 

the water level and send the information to the main master and control stations. The central control station 

immediately starts the pump when the water level is very low. The pump station starts the pump after receiving 

power from the main control station and a start signal from the control station. Also, the water should flow from 

the reservoir to the tank. A pressure detector and a sensor are installed in the reservoir. These are used to detect 

the water level and amount of water, and the data is subsequently communicated to the master station through 

telemetry media via the substation. 

)  

Fig. 10: Real time output of SCADA display in main control room for (a) Boren and (b) Sabian pumping station 

3.3 Proposed IoT for Dire Dawa and Addis Ababa WDS 

The previous sections present the challenges of Addis Ababa water supply management and how the new 

technology, IoT works. The IoT-based water supply management model will be proposed in this section to address 

these challenges, specifically water quality monitoring and water level, and pressure control. In Addis Ababa, the 

manual methods for water quality monitoring are not only of high cost but also unable to provide much of the 

required data timely. It shows a clear need for continuous online water quality monitoring using advanced sensor 

technologies.  

Monitoring water levels and water conservation from loss is critical for a given water supply system. This 

study proposes one of the good models provided by a recent report (Patawala, et.al. 2020). This proposed model's 

components are two solenoid valves, ultrasonic sensors for level measurement, flow rate sensors, water quality 

sensors like pH, chlorine residual, and conductivity, a microcontroller, and a Wi-Fi module. The block diagram 

of the model is given in Fig. 11. 

This proposed system can be implemented on the city's service reservoirs for safe and waste less drinking 

water use. When water is supplied to service reservoirs, the chlorine residual level will be checked. The pH level 

of the water will be examined if it falls within the specified range. The conductivity of the water will be tested if 

it also falls within the required range. If the water's residual chlorine level, pH, or conductivity are not within safe 

limits, the water will not be provided to domestic tanks, and the valves will be stopped. Until the water is at a safe 

range, a similar procedure will be performed. If the tanks are full after an acceptable water quality check, the tank 

valves will be opened, and water will be distributed. The water flow rate is assessed during distribution to ensure 

that it is distributed evenly. Finally, all of this information will be transmitted through Wi-Fi to a Web page, 

allowing the system to be accessed remotely from a computer. Water delivery quality and flow will be monitored 

via a web page that can be accessed from anywhere on the internet. The method is very adaptable. Other water 
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quality parameters can only be monitored by replacing the related IoT sensors and modifying the required 

software applications. The flow chart of the system is shown in Fig. 12. 

 
Fig. 11: Block diagram for a proposed system 

 
Fig. 12: Flow chart for the proposed system 

4. CONCLUSIONS 

This paper presents the application of the SCADA system for monitoring and control components of the Addis 

Ababa and Dire Dawa water supply system, which will allow the optimum functioning of the Bore holes, motor, 

pumping system, reservoir, tanks, etc. Lack of advanced monitoring and control can be the main problem of 

failures in water supply components. It is important to apply the SCADA and IoT system for sustainable 

management of the Ethiopian city water supply scheme, especially in Addis Ababa and Dire Dawa. 
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The IoT-based urban water supply system is efficient and effective in water operation, maintenance, and 

management. It can monitor water quality automatically in real-time base, and it is inexpensive and does not 

necessitate the presence of personnel. As a result, water quality monitoring is expected to be more cost-effective, 

convenient, and quick. The Internet of Things has the potential to cut water bills by up to 20%. One reason is that 

new battery-powered networking technologies are becoming available for inexpensive IoT sensors. This Lower 

tech solution prices allow utilities to "light up" bigger areas of their networks, enhance the consumer experience, 

and lower operating and maintenance expenses. 

Smart water meter has an enormously vast advantage. It can enable the water distribution system for early 

detection of a leak, supply customers with information to reduce water use, provide more accurate water rates, 

reduce meter reading costs, improve billing accuracy and improve cash flow, improve outage information and 

response, help detect theft of service, allow remove/virtual turnoff of water. 
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ABSTRACT 

Deforestation within protected areas poses a significant threat to the environment, contributing to climate change, 

biodiversity loss, and habitat destruction. Despite its impact, monitoring these activities is often inadequate. To address this, 

we propose a solution utilizing deep learning-based semantic segmentation models on high-resolution Sentinel-2 satellite 

images of the Gambella National Park. Our approach involves pixel-level land cover classification before detecting Anti-

Deforestation activities. We constructed the U-Net architecture and enhanced its encoder with state-of-the-art Convolutional 

Neural Network (CNN) architectures, including Vgg-16 and ResNet-50. By ensemble the U-Net models, we achieved F1-

Scores of 86.69%, 88.08%, 91.28%, and a final ensembled model with 92.12%. This approach offers a robust method for 

detecting and mapping anti-deforestation activities in regions with heterogeneous land cover within small areas. 

Keywords: Deforestation, Gambella National Park, Satellite Images, Semantic Segmentation, U-Net  

1. INTRODUCTION 

Forests are vital to the environment, providing critical ecosystem services and livelihood to people and shelter 

to wild life. They are very important to balance the weather condition of the environment by reducing greenhouse 

gas emissions. They can also have high contribution in reducing global warming which is the main problem of 

the entire world right at this time. In addition, forests play a great role in supporting life of population in rural 

areas, in providing a wide range of industrial wood products, in preserving biodiversity and in balancing the local 

climate [1]. The unlawful logging activities and conversion of habitats to croplands lead to the declining of 

expanse of forest areas across the globe [2].  

In Ethiopia, clear cuts are also affecting the protected areas such as national parks. One of the Ethiopian 

national parks that has been suffering from such Unlawful deeds of humans is Gambella National Park (GNP). 

GNP is located in Gambella People’s National Regional State of Ethiopia, 850 km west of Ethiopia’s capital 

Addis Ababa. GNP has various tree species in addition to the other bio diversities it has. The different tree species 

in the park are suffering from Unlawful deeds of humans such as forest clearing for agricultural expansion and 

settlement needs, which are leading them to extinction. Research results showed that approximately 140,000 

hectares of natural forests around GNP were cleared by the residents around the park for settlement purposes [3]. 

These profound impacts of humans on the earth’s natural ecosystem have been unmonitored or roughly monitored 

for many years. Deforestation detection has become faster, more convenient and more accurate than before with 

advances in satellite imagery [4]. Remote sensing data or data from satellite sensors provide continuous datasets 

that can be used to detect and monitor different earth’s phenomenon. Satellite sensors capture spectral bands 

reflected from the earth’s surface and provide information for monitoring forest conditions on the ground [5]. 

The objective of this work is to design and develop deforestation detection: a remote sensing approach from 

satellite images in Gambella National Park (GNP), Ethiopia. 

2. MATERIALS AND METHODS 

The methods that we have employed in this work are Literature review, Data collection, Dataset creation, Data 

preprocessing, Designing and developing semantic segmentation models, evaluation of the developed models, 

and tree cutting detection. 

i) Literature Review:  Available books, journals, case studies, and previous research works were surveyed 

in order to have clear understanding about the subject matter.  

mailto:gizades@dtu.edu.et


 

 

Adama Science and Technology University                                             254                                              Research & CoEs Directorate 

 

 

 

Proceeding of the 3rd National Research Symposium  

 “Emerging Technologies for Building Green Economy” 

                                                                                                                              May 24 – 25, 2024 

“We are dedicated to Innovative Knowledge” 

 

ii) Data Collection: We have gathered multispectral satellite images of our study area (GNP) captured during 

leaf-off and leaf-on seasons by the Sentinel-2 satellites. The Sentinel-2 satellite images are freely available 

and we have downloaded Sentinel-2A and Sentinel-2B images from the USGS website.  

iii) Dataset Creation: Using the gathered satellite images, we have created a labelled sematic segmentation 

dataset which contains 128x128 pixels size image patches and their corresponding 128x128 pixels size 

masks. Our semantic segmentation dataset contains a total of 12,250 RGB images and their corresponding 

ground truth labels. 

iv) Data Preprocessing: data pre-processing operations such as image normalization, label encoding, feature 

extraction and feature selection were performed to make our data easily fit to the designed machine 

learning models.  

v) Designing and developing semantic segmentation model: machine learning classifiers such as deep 

learning model called U-Net and U-Net with modified encoders were designed and developed to perform 

semantic image segmentation.  

vi) Performance Evaluation: performance metrices such as confusion matrix, precision, recall, F-measure and 

accuracy were used to evaluate the developed semantic segmentation models. 

vii) Tree Cutting Detection: post classification comparison method was used to detect cuttings in our study 

area. Satellite images from two dates were taken and the developed semantic segmentation model was 

used to perform pixel-based land cover classification. The resulting segmented images were then 

compared to detect anti-Deforestation in our study area. 
 

3. RESULTS AND DISCUSSION 

3.1 Performance Measures 

The performance measures we have obtained during U-Net model evaluation using the testing set are given in 

Table 1. Here, we achieve performance of 86.69% average F1-Score. In addition, forest is the class that this model 

achieves highest accuracy at segmenting it. Conversely, this model is failed to segment the road class. The 

difficulty of segmenting the road class comes from the fact that the road class appears in very few images in our 

dataset and its spectral similarity with the bare ground class. 

Table 1 Summary of Performance Measures for U-Net Model 

Model  
Performance- 

Measures 

Land cover classes 

Grass-

land 

Bare- 

ground 

Water- 

bodies 

Cutting-

area 

 

Cloud 

 

Forest 

 

Road 

 

Average 

U-Net 

Precision  0.9111 0.7955 0.9164 0.8152 0.9215 0.8891 0.0000 0.8700 

Recall  0.6195 0.8034 0.6699 0.7431 0.8281 0.9762 0.0000 0.8739 

F1-Score 0.7375 0.7994 0.7740 0.7775 0.8723 0.9307 0.0000 0.8669 

Accuracy  0.8739 

The performance of the UNet-Vgg16 model was also evaluated using the testing set and the obtained 

performance measures are given in Table 2. From the performance report, we can see that UNet-Vgg16 model 

achieves 88.08% average F1-Score. This shows an improvement in performance over the original U-Net model 

and we believe that this improvement comes from the modification of the encoder part of the original U-Net 

model. The table shows that the model achieves good results in segmenting most of the main land cover classes. 

Forest class is still the land cover class with highest F1_Score, Precision and Recall. However, the road class 

appears as the difficult class to be segmented. This is due to the difficulty that the model faced to visually 

distinguish the road class from other classes and its less representation in pixel count in the training set. Similarly, 

this model performs less in segmenting water body’s class relative to the other main land cover classes. This can 

also be due to less visual distinction among the land cover classes and results spread among spectrally similar 

land cover classes. 
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Table 2 Summary of Performance Measures for UNet -Vgg16 Model 

 

Model 

Performance- 

Measures 

Land cover classes 

Grass-

land 

Bare- 

ground 

Water- 

bodies 

Cutting-

area 

 

Cloud 

 

Forest 

 

Road 

 

Average 

 

UNet-

Vgg16 

Precision  0.8248 0.7918 0.7350 0.7336 0.8793 0.9411 0.0778 0.8794 

Recall  0.8053 0.8115 0.5315 0.7738 0.7923 0.9549 0.0015 0.8833 

F1-Score 0.8149 0.8015 0.6169 0.7532 0.8335 0.9480 0.0030 0.8808 

Accuracy  0.8833 

The testing set was used to evaluate the UNet-ResNet50 model and the performance report we have obtained 

is given in Table 3. This model achieves 91.28% average F1-Score that shows an improvement over the 

performance achieved by UNet-Vgg16 model by a margin of 3%. As we can see from the table, all land cover 

classes except the road class achieve >81% F1-Score. This shows that UNet-ResNet50 model comes with most 

improved performances for all land cover classes except the road class than the other models developed above. 

Moreover, the model scores >92% F1-Score, Precision and Recall values for the forest and cloud classes. The 

forest and cloud classes have visually distinct features so that the model can easily distinguish them from the 

other classes. But the road class is still left unrecognized by the model. 

Table 3 Summary of Performance Measures for UNet -ResNet50 Model 

 

Model 

Performance- 

Measures 

Land cover classes 

Grass-

land 

Bare- 

ground 

Water- 

bodies 

Cutting-

area 

 

Cloud 

 

Forest 

 

Road 

 

Average 

 

UNet-

ResNet50 

Precision  0.8780 0.8406 0.8827 0.8354 0.9229 0.9498 0.6046 0.9121 

Recall  0.8775 0.8617 0.8577 0.7908 0.9364 0.9580 0.0253 0.9148 

F1-Score 0.8777 0.8510 0.8700 0.8125 0.9296 0.9539 0.0486 0.9128 

Accuracy  0.9148 

3.2 Ensembled Model 

Here, weighted averaging of the predictions from the models, U-Net, UNet-Vgg16 and UNet-ResNet50 was 

performed to build an ensembled model. The weight selection for the model outputs was done by try and error 

and it was set to be [0.4, 0.2, 0.4] for the models U-Net, UNet-Vgg16 and UNet-ResNet50 respectively. The final 

ensembled model was evaluated using the testing data and the obtained performance report is given in Table 4. 

The performance report shows that the ensembled model achieves best average F1-Score (0.92) than the 

individual models developed here. This indicates that the ensembled model is utilizing the combined 

performances of the individual models. The main land cover classes except the road class have achieved >83.64% 

F1-Score. And the forest and cloud classes are segmented at 95.81% and 93.3% F1-Scores respectively. But the 

road class is still not recognized by this model.  

Table 4 Summary of Performance Measures for the Ensembled Model 

 

Model 

Performance- 

Measures 

Land cover classes 

Grass-

land 

Bare- 

ground 

Water- 

bodies 

Cutting-

area 

 

Cloud 

 

Forest 

 

Road 

 

Average 

 

Ensembled 

Model  

Precision  0.9049 0.8434 0.9393 0.8723 0.9527 0.9463 0.9273 0.9192 

Recall  0.8679 0.8751 0.8224 0.8033 0.9141 0.9701 0.0019 0.9220 

F1-Score 0.8860 0.8589 0.8770 0.8364 0.9330 0.9581 0.0037 0.9212 

Accuracy  0.9220 
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The confusion matrix shows per-class pixel accuracies at its diagonal. The forest class achieves 97%-pixel 

accuracy which makes it the highly recognized class. But road is not recognized by the model. The road pixels 

from the testing set are mainly classified as bare ground and forest pixels. The road class remains as the difficult 

class to be segmented in all our experiments. We believe that this is due to two main reasons; the visual similarity 

of the road class with the other land cover classes such as bare ground and the less representation of the road class 

in our dataset. Generally, the strong predictions at the diagonal of the confusion matrix shows that the ensembled 

model performs well in segmenting all main land cover classes except the road class. The unlabeled pixels are 

still classified as bare ground and forest classes.  

 
Figure 1: Confusion matrix for the Ensembled model 

3.3 Model Selection 

Model selection is the process of selecting the best model from the available set of models for a particular 

problem. In the model building section, a set of semantic segmentation models for land cover segmentation task 

were developed and evaluated using the novel dataset prepared in this work. And the developed segmentation 

models were compared to select the best model out of them. To compare the developed semantic segmentation 

models, we have preferred to use the Precision, Recall and F1-Score values that the models achieve during 

evaluation on the test data. These selected performance metrices are better to evaluate semantic segmentation 

models than the other metrices such as overall pixel accuracy. The following chart shows the comparison of the 

performances of the developed models using the depicted performance metrices. 
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Figure 2: Chart for performance comparison 

As we can see from the above figure, the Ensembled model outperforms the other models in terms of Precision, 

Recall and F1-Score. The Ensembled model achieves 91.92% Precision, 92.20% Recall and 92.12% F1-Score. 

Similarly, the Unet-ResNet50 model has almost comparable performance with the Ensembled model. It achieves 

91.21% Precision, 91.48% Recall and 91.28% F1-Score. And the original U-Net and Unet-Vgg16 models have 

scored better performance. As a result, we have selected the Ensembled model as our semantic segmentation 

model to be used as a land cover classification scheme in our deforestation detection: a remote sensing approach 

using satellite imagery. 

3.4 Deforestation Detection: A Remote Sensing Approach Using Satellite Imagery  

Here, the downloaded and pre-processed Sentinel-2A images captured in 2021/11/30 (image at time T1) and 

2021/12/10 (image at time T2) were used to detect cutting areas in our area of interest. The two images were first 

segmented into land cover classes using the selected model and the resulting segmentation maps are given in 

Figure 3.  

The Figure 3 shows the input images from the two dates and their corresponding segmentation maps. The 

selected semantic segmentation model (the Ensembled model) was used to perform land cover classification at a 

pixel-level (at 10m resolution) on the input images. And the pixel values of the output segmentation map images 

represent the integer labels that correspond to the predicted classes at each pixel. The integer labels to represent 

our identified landcover classes in our study area are [1 to 7] that represent the classes [‘grass land’, ‘bare ground’, 

‘water bodies’, ‘cutting area’, ‘road’, ‘forest’, ‘cloud’] respectively. After land cover classification is being done, 

the resulting segmentation maps were compared and “from-to” change matrix was computed to produce the 

change image map given in Figure 4. 
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Figure 3: The two date images and corresponding segmentation maps 

 

Figure 4: The change image map of the two date images 

The change image map given above shows the anti-Deforestation (forest to cutting area changes) highlighted 

in red color, the no-change (labeled in green color), other changes (blue color) and cloud pixels (labeled in white 

color). The plot shows the changes tracked during comparison of the output segmentation maps of the two date 

images or the values of the computed “from-to” change matrix. 

In this study, we have experimented to design appropriate land cover semantic segmentation model, which 

was our main research problem prior to cutting detection. the obtained results were not promising. And to further 

improve land cover segmentation performance, the CNN semantic segmentation model called U-Net was 

developed. The U-Net architecture was then modified to have new encoders for the sake of searching for a better 

model or seeking answer to our first research question. It was modified to have pre-trained VGG-16 network as 

its encoder part first and the obtained results were better than the results obtained by the original U-Net model. 

This shows that using state-of-the-art CNN architectures as encoder part of the U-Net model improves 

performance of the model to recognize land cover classes. The U-Net model was also modified to have pre-trained 

ResNet-50 as its encoder part which gives a huge improvement in performance over the original U-Net model. 

When we compare the results of the U-Net model with original encoder, VGG-16 encoder and ResNet-50 

encoder, the U-Net with ResNet-50 encoder outperforms the rest by a margin of +3-4% accuracy. And in order 

to combine the capabilities of neural networks with different architectures in recognizing different image parts, 

we further ensembled the model outputs and attain a best landcover semantic segmentation result. 
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Anti-Deforestation were detected using the designed semantic segmentation model as a land cover 

classification scheme at a pixel-level prior to cutting detection. The detection is performed at a 10m spatial 

resolution which can be considered as it is enough to see the landcover changes that can happen in the area. And 

the obtained result shows our system is able to see small scale cuttings, it can be seen from the obtained change 

image map given in the above fig 4. This comes from our model design that we opted to use at pixel-level 

classification to see the small-scale cuttings and the deep learning approach to consider the contextual information 

existed around the pixels instead of merely depend on the spectral values of pixels to classify them into land cover 

classes. 

4. CONCLUSIONS AND RECOMMENDATION 

The aim of this work was to develop deforestation detection: a remote sensing approach from satellite images. 

To achieve the outlined goal, experiments were done to build appropriate land cover semantic segmentation model 

to be used as a classifier for the post-classification comparison based cutting detection. The novel semantic 

segmentation dataset prepared in this work by using the freely available high-resolution Sentinel-2 satellite 

images of our study area was used to build the semantic segmentation models. 

U-Net, U-Net with Vgg-16 encoder, U-Net with ResNet-50 encoder and Ensembled models were built and 

evaluated. The original U-Net model achieves 87.39% overall pixel accuracy. In addition, the U-Net model with 

modified encoders attain an improved accuracy of 88.33% and 91.48% for the U-Net with Vgg-16 encoder and 

U-Net with ResNet-50 encoder respectively. The proposed model designed by weighted averaging of the outputs 

of the U-Net, U-Net with Vgg-16 encoder and U-Net with ResNet-50 encoder models achieves 92.20% overall 

pixel accuracy which makes it the appropriate model for our tree cutting detection system. Moreover, tree cutting 

detection using post-classification comparison approach with the proposed model as a classifier was performed.  

The proposed method in this work considers thick clouds as one land cover class and what is under it is left 

masked. Which means land cover changes cannot be monitored during cloud coverage. And this can be addressed 

by employing SAR imaging sensors that are able to record reflectance from the earth surface even in the presence 

of clouds. Image fusion of the Sentinel-1 SAR images and the Sentinel-2 optical images can be used to overcome 

this drawback. 

During transfer learning, initial weights from network architectures pre-trained on the ImageNet dataset were 

used in our designed model training. Performance could be improved by applying transfer learning using network 

architectures pre-trained on satellite image datasets such as BigEarthNet since we are working with satellite data. 
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ABSTRACT 

The health status of aquatic ecosystem is depended on the physicochemical and biological characteristics of water which 

provides significant information about the available resources for supporting life. This study aims to assess spatiotemporal 

variation of water quality parametersin selected young reservoirs in Tigray. Depth-integrated water samples (surface, 

middle, and just above bottom) were collected bimonthly (three times during the wet and dry seasons) at each sampling sites 

with a heart-valve sampler. Variation between the wet and dry seasons was examined using the independent t-test, and one-

way ANOVA was used to analysis the differences among sites. We showed a significant (p < 0.05) seasonal variation in 

temperature, pH and transparency in all the reservoirs investigated. Kalema reservoir was recorded with highest mean value 

of temperature, chlorophyll a and conductivity. Mean value of pH has a spatially significant difference (p<0.05) in all the 

study reservoirs except Kalema. None of the physicochemical water quality parameters in Kalema reservoir exhibited 

spatially significant (p>0.05) variations.  Dissolved oxygen and pH showed spatialy significant variation (p < 0.05) in 

Mihtsab Azmati and Seisa reservoirs. A significant correlation (p < 0.01) was recorded between temperature with turbidity, 

chlorophyll a, transparency and conductivity.The physicochemical parameters of thereservoirs showed distinct temporal 

and spatial variations. The result obtained in this study is very important as baseline information to know the ecology of 

reservoirs for future reservoir management. Further detailed studies that include total phosphorus, total nitrogen, etc., are 

needed to suggest the trophic conditions of the reservoirs.  

Keywords: Chlorophyll a, Dissolved Oxygen, pH, Physicochemical, Temprature, Turbidity 

1. INTRODUCTION 

Water is vital to the existence of all living organisms, but this valued resource is increasingly being threatened 

as human populations grow and demand more water of high quality for domestic purposes and economic 

activities. Water quality assessment is the overall process of evaluating the physical, chemical and biological 

variables of water in relation to natural quality, human effects and intended uses of different substances, 

particularly uses that may affect human health and the health of aquatic species in general (Chapman, 1996). 

Water quality is affected by a wide range of natural and human influences. The quality of water may be described 

in terms of the concentration of the organic and inorganic material present in the water, together with certain 

physical characteristics of the water (Sheela, et al. 2012).  

Limnology is the study of the structural and functional interrelationships of organisms of inland waters as their 

dynamic physical, chemical, and biotic environments affect them. It covers the attributes of all inland waters, 

both running as in rivers (lotic ecosystems) and standing as in lakes (lentic ecosystems) (Trenberth, et al. 2007). 

Generally, water quality is connected with physical, chemical and biological (including bacteriological) 

characteristics (Nancy, 2009) and these characteristics determine the healthy status of any aquatic ecosystem 

(Venkatesharaju, et al. 2010). Therefore, assessing the quality of water in any ecosystem provides significant 

information about the available resources for supporting life in that ecosystem. 

Water is the major limiting factor for agriculture in Tigray, northern Ethiopia. To mitigate the water shortage 

and support subsistence agriculture of the dense population in north Ethiopia, several small reservoirs have been 

constructed in the past three decades for the purpose of irrigation and watering of cattle (Haregeweyn, et al., 2006; 
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Dejene, et al. 2008). This region is characterized by a tropical semi-arid climate with an extended dry period and 

a maximum effective rainy season of about two months, July-August (Nyssen, et al. 2005).To alleviate these 

water shortage related problems, the regional state of Tigray decided to construct a large number of small man-

made reservoirs (Haregeweyn, et al. 2006). 

Reservoirs are described as artificial lakes and separated from natural lakes with some of their characteristics, 

such as high water flow velocity, solid matter presence in influent suspend and short-term water exchange 

(Harper, et al. 1999). Reservoirs may exhibit particularly variable nutrient and light availability, both temporally 

and spatially. Nevertheless, a closer relationship between the catchment area and the aquatic system is a particular 

characteristic of reservoirs. Furthermore, these artificial ecosystems have a higher potential for eutrophication 

because of the release of nutrients from decomposing organic matter derived from flooded land (Kalff, 2002). 

Reservoirs are constructed for the main purpose of storing water and other uses, such as water supply for 

agriculture, urban activity, flood control, power generation, irrigation, recreational use and fish farming 

(Haregeweyn, et al. 2006). 

Water must be tested for different physicochemical parameters. The selection of parameters for testing water 

depends upon the intended use. Physical parameters for which water samples are tested include temperature, pH, 

turbidity, water transparency (Secchi depth), total suspended soild (TSS), etc., while chemical tests are often 

performed for inorganic nutrients, dissolved oxygen, alkalinity, salinity (or conductivity), hardness and total 

dissolved Solids (TDS) (Patil, et al. 2012). 

The water quality of freshwater habitats provides substantial information about existing resources, which 

depends on the influences of physicochemical parameters and biological features. Life in aquatic environments 

is largely governed by different physicochemical water quality characteristics and their stability. These 

characteristics have enabled biota to develop many adaptations that improve sustained productivity and regulate 

reservoir metabolism. The role of various factors, such as temperature, transparency, turbidity, water color, carbon 

dioxide, pH, alkalinity, hardness, ammonia, nitrite, nitrate, primary productivity, biochemical oxygen demand 

(BOD), plankton population, etc., cannot be overlooked for maintaining a healthy aquatic environment and for 

the production of sufficient fish food organisms in reservoirs for increasing fish production (Geneviève and 

James, 2008). 

 The quality of water resources is declining duetoboth natural (changes in precipitation; erosion) and 

anthropogenic (industrial and agricultural activities) factors (Sheela, et al. 2012). In addition, all reservoirs are 

subjected to periodic fluctuations in water levels due to rain, hydrological regimes that are influenced by irrigation 

of agricultural lands and temperature changes (Duncan and Kubečka, 1995). Moreover, the clearance of 

catchment land use and water extraction modifies the natural flow and associated water quality characteristics. 

The availability of water and its physical, chemical, and biological quality affect the ability of aquatic 

environments to sustain healthy ecosystems: as water quality and quantity are altered, organisms are often 

adversely affected and ecosystem services may be lost (Reynolds, 2006). 

Previous studies were conducted on the ecology and related aspects of many manmade semiarid and arid 

reservoirs in Tigray (Asmelash, et al. 2007; Dejenie, et al. 2008; Teferi, et al. 2014; Zebib and Teame, 2017). 

However, there are no scientific data on spatiotemporal water quality parameters for the selected youngreservoirs. 

Therefore, the present study aims to generate scientific data on spatiotemporal water quality parameters, which 

have never been studied. We hypothesized that during the dry season when the input of water is low, most 

physicochemical water quality parameters would have higher concentrations (as compared to the wet season) for 

different reasons, such as re-suspension, absence of dilution, and increased evaporation. 

2. MATERIALS AND METHODS 

2.1. Description of the Study Site  

The study reservoirs are located in Tigray regional state of Ethiopia. Tigray is in northern Ethiopia with a 

rugged terrain ranging between 400 to almost 4000 m asl, covering a total area of 50,079 km2 and it lies between 

latitudes  12°15’ and 14°57’N and longitudes 36°27’ to 39°59’E (CSA, 2006). It is bounded in the north by 

Eritrea, to the west by Sudan and to the east and south by the Afar and Amhara regions of Ethiopia, respectively 
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(Fig. 1). This study was conducted in four selected manmade young reservoirs: Seisa, Mihtsab Azmati, May Dimu 

andKalema. Seisa reservoir is found in Debri Tabia of Adwa woreda in the Central Zone of Tigray. It was 

constructed in 2012 with a capacity of 12 Mm3 and a canal length of 400 m.Mihtsab Azmati reservoir is found in 

Baekel Tabia (Tabia is the lowest administrative level in the Tigray Regional National State of Ethiopia), Mereb 

Leak woreda (district) in the Central Zone of Tigray. This reservoir was constructed in 2015 with 34000Mm3 

actual capacity and 2000 m canal length (Gebrehiwot, 2020). May Dimu reservoir is found in the May Dimu 

Tabia of Tahtay-Koraro woreda, northwestern Tigray, located 15 km west of Shire Endaselassie town. Kalema is 

found in Wolkait woreda, inthe Western Zone of Tigray.  

 

Figure 1. Location map of the study sites (A=Seisa, B= Mihtsab Azmati, C= May Dimu and D= Kalema 

reservoirs) 

2.2 Sampling Design and Methodology  

To select sampling sites characteristics of eachreservoir were observed. Mihtsab Azmati and May Dimu 

reservoirs are relatively protected from direct human and animal contact. The waste from domestic animals and 

household disposals and other related agricultural byproducts may not easily reach the center of the reservoir, 

especially in the dry season when no flood carries waste matter from the watershed. Kalema reservoiris situated 

on the Kalema river (a tributary of the Tekeze river) having a continuous year round water flow but with low 

human and animal interference. Seisa reservoir was surrounded by agricultural land and human settlements. 

Hence, the site has a relatively high anthropogenic impact. 

Water samples were collected bimonthly from November 2018 – September 2019 (three times in the dry 

season; Nov-2018, Jan-2019, Mar-2019 and three times in the wet season; May-2019, Jul-2019, Sep-2019). 

Taking the surface area of the study reservoirs in to consideration, three littoral and two pelagic from Seisa, four 

littoral and two pelagic from Mihtsab Azmati, two littoral and two pelagic from May Dimu and two littoral and 
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two pelagic from Kalema reservoirs were selected. Spatial variables include geographical coordinates (altitude, 

latitude and longitude) and average depth was taken. A boat was used to take depth-integrated water samples 

(surface, middle, and just above bottom) at each site with a heart-valve sampler (volume: 3 L content). 

Temperature, dissolved oxygen, conductivity and pH of the water were measured in situ at three different depths 

(surface, middle, near-bottom) with a portable meter WTW Multi 340 I electrodes. We used calibrated 

fluorometer readings (Turner Aquafluor; an average of three measurements) on the pooled water sample to 

measure turbidity and chlorophyll-a concentration (as a proxy of phytoplankton biomass). Water transparency 

was measured using both a cylindrical Snell’s tube (length: 0.6 m; diameter: 60 mm; disc diameter: 55 mm) and 

a Secchi-disc (diameter: 30 cm). In shallow systems, the measurement of Snell’s depth is often the preferable 

method to quantify water transparency because it avoids missing data in cases when reservoir sediments 

arevisible.  

2.3 Data Analysis Method 

Except pH, all variables were log or log(x + 1) transformed prior to statistical analysis. We studied patterns of 

association between the investigated variables with principal component analysis (PCA). Differences for each 

physicochemical water quality variable between the wet and dry seasons were examined using the independent t-

test, and differences among sites were examined using one-way ANOVA, both at a significance level of p < 0.05. 

The degree of association between the water qualities parameters were analyzed using the Pearson correlation 

coefficient r. The significance of these coefficients was tested at different probability levels (p<0.05* and 

p<0.05**) (Beguin, 1979). The reservoir physicochemical water quality variables were also subjected to 

multivariate statistical techniques using principal component analysis (PCA), which is one of the most commonly 

used multivariate statistical techniques (Quinn and Keough, 2002).  

3. RESULTS 

3.1 Physicochemical Characteristics 

Average physicochemical water quality parametres is presented in (Table 1). The highest and lowest pH mean 

values were recorded in the Seisa and May Dimu reservoirs, respectively. The highest mean values of temperature 

(27.66±0.15), chlorophyll a (108.81±6.55) and conductivity (369.72±10.2) were recorded in Kalema reservoir. 

However, lowest mean turbidity (4.07±0.28) and Secchi disc transparency (cm) (193.55±3.53) were recorded in 

Seisa and Mihtsab Azmati reservoirs during the study period.May Dimu and Kalema reservoirs had the highest 

and lowest mean dissolved oxygen contents (6.23±0.09 mg/l and 5.82±0.13 mg/l), respectively. 

Table 1. Annual average physicochemical water quality parameters (mean ±SE) of the four study reservoirs 
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MA 1512 21.5 8.22±0.02 6.19±1.10 24.78±0.15 38.88±1.17 2.43±0.19 193.55±3.53 182.73±5.64 

MD 1642 17 7.97±0.03 6.23±0.09 22.77±0.17 50.85±1.77 3.10±0.80 113.87±2.55 67.95±2.38 

SE 1941 17 8.23±0.04 6.10±1.10 22.29±1.14 67.16±2.16 4.07±0.28 93.06±2.74 159.96±4.88 

KA 827 10.5 7.98±0.06 5.82±0.13 27.66±0.15 108.81±6.55 1.69±0.13 103.65±5.94 369.72±10.2 

Note: MA – Mihtsab Azmati, MD – May Dimu, SE – Seisa and KA – Kalema reservoirs 

3.2 Spatial Variation in Physicochemical Water Quality Parameters 

Spatial variations inphysicochemical water quality parameters are presented in (Table 2). Overall littoral 

regions of the reserviors showed statistically significant different values for pH, DO (mg/l) and Transparency 

(cm) (Table 2). However, the values for most of the other phaysicochemical parameters did not show significant 
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difference in spatial varaion during the study period. The highest mean value of pH was recorded in the littoral 

site of Seisa and lowest mean values of pH was recorded from pelagic region of Kalema reservoir. The littoral 

and pelagic habitats of Mihtsab Azmati reservoir had the highest (6.53 mg/l) and lowest (5.52 mg/l) mean values 

of dissolved oxygen, respectively, compared with the other selected reservoirs during the study period (Table 2). 

The highest and the lowest water temperatures were recorded in the pelagic habitat of Kalema and Seisa 

reservoirs, respectively. Only the mean values of pH and dissolved oxygen (mg/l) were significantly different 

(p<0.05) in Mihtsab Azmati and Seisa reservoirs. Furthermore, the mean value of pH has a spatially significant 

difference (p<0.05) in May Dimu reservoir. None of the physicochemical water quality parameters in Kalema 

reservoir exhibited spatially significant (p>0.05) variations. Similarly, other physicochemical parameters such as 

temperature, chlorophyll a, turbidity, Secchi disc transparency and conductivity in all the four study resrvoirs 

were also not significant (p>0.05) spatially. 

Table 2. Spatial variation in physicochemical parameters with in the reservoirs (mean during the study period) 
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pH 8.27 8.12 0.00 7.89 8.06 0.00 8.34 8.06 0.00 8.10 7.87 0.07 

DO (mg/l) 6.53 5.52 0.00 6.37 6.22 0.44 6.36 5.70 0.00 5.72 5.93 0.45 

Temp (oC) 25.01 24.49 0.13 22.72 22.82 0.79 22.46 22.02 0.13 27.48 27.85 0.22 

Chl a (µg l-1) 40.24 36.18 0.10 50.98 50.73 0.94 70.04 62.84 0.10 115.75 101.86 0.29 

Turb (NTU) 2.54 2.88 0.65 3.61 2.59 0.53 3.84 4.41 0.32 1.53 1.85 0.22 

Trans (cm) 193.45 193.75 0.97 112.08 115.66 0.48 87.88 100.83 0.02 101.40 105.90 0.70 

Cond (µScm-1) 184.35 179.49 0.68 69.66 66.25 0.47 161.59 157.51 0.68 359.04 380.39 0.29 

Note: p < 0.05 (significant) and p > 0.05 (not significant) 

3.3 Seasonal Variation in Physicochemical Water Quality Parameters 

Seasonal variation in physicochemical water quality parameters is described in (Table 3). In Mihtsab Azmati 

reservoir, pH mean value (8.34) and water temperature (25.83°C) measured for the wet season were higher than 

for the dry season. Both parameters were significantly diferrent between the seasons (p < 0.05; Table 3). However,  

mean values of secchi disc transparency (201.27 cm) and conductivity (232.79 µS/cm) measured for the dry 

season were higher than for the wet season, and both showed statistically  significant difference (p < 0.05). No 

significant differences between the two seasons were observed in the other water quality parameters measured in 

Mihtsab Azmati reservoir (Table 3). In May Dimu reservoir, all the sampled physicochemical water quality 

parameters except turbidity showed significant differences between the two seasons (p< 0.05). The pH mean 

value (8.07) and water temperature (23.54 °C)  measured for the wet season were higher than for the dry season, 

However, dissolved oxygen (6.79 mg/l), chlorophyll a (56.45 µg/l), Secchi disc transparency (126.91 cm) and 

conductivity (72.47 µS/cm) measured  during the dry season were higher than  during the wet season. In Seisa 

reservoir,pH mean value (8.34), water temperature (25.38°C), chlorophyll a (72.54 µg l-1), and turbidity (4.72 

NTU) measured for the wet season were higher than for the dry season, and these were statistically significantly 

diferrent between the two seasons (p < 0.05; Table 3).  Neverthless, mean value of Secchi disc transparency 

(111.26 cm) measured for the dry season washigher than for the wet season, and showed statistically significant 

difference (p< 0.05).. 

In Kalema reservoir, pH mean value (8.19) and water temperature (28.19°C) measured for the wet season were 

higher than for the dry season. Both parameters were significantly diferrent between the seasons (p < 0.05; Table 

3). However, chlorophyll a (120.00µg/l) and secchi disc transparency (136.25 cm) measured for the dry seasons 

were higher than the wet season with statistically significant differences (p< 0.05).  
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Table 3. Seasonal variation in physicochemical parameters within the four study reservoirs (mean value during 

the study period) 

Physico-

chemical 

parameters 

Reservoirs 

Mihtsab Azmati May Dimu Seisa Kalema 
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pH 8.34 8.10 0.00 8.07 7.87 0.02 8.34 8.12 0.00 8.19 7.85 0.00 

DO (mg/l) 6.37 6.02 0.08 5.80 6.79 0.00 6.11 6.09 0.93 5.56 6.00 0.10 

Temp (oC) 25.83 23.84 0.00 23.54 21.70 0.00 23.38 21.19 0.00 28.19 27.31 0.00 

Chl a (µg l-1) 40.88 36.89 0.09 45.26 56.45 0.00 72.54 61.78 0.01 92.02 120.00 0.05 

Turb (NTU) 2.98 2.32 0.35 3.86 2.34 0.35 4.72 3.42 0.02 1.71 1.67 0.89 

Trans (cm) 185.8 201.3 0.02 100.8 126.9 0.00 74.86 111.3 0.00 81.91 136.25 0.00 

Cond (µScm-1) 132. 7 232.8 0.00 63.44 72.47 0.05 159.2 160.8 0.87 366.17 372.08 0.77 

Note: p < 0.05 (significant difference) and p > 0.05 (no significant diference) 

3.4 Correlation Analysisbetween Physicochemical Water Quality Parameters 

The degree of association between any two of the water quality parameters as measured by the simple 

correlation coefficient (r) is presented in (Table 4). Accordingly, pH hasa significant negative correlation with 

chlorophyll a (µg/l) and conductivity (µS/cm), with correlation values of r=-0.195 and r=-0.100, respectively, 

with significance at p< 0.01andp< 0.05, respectively. However, a positive correlation was observed between pH 

and Secchi disc transparency (cm), pH and turbidity (NTU), pH and water temperature (°C) and pH and dissolved 

oxygen (mg/l), with correlation values of r=0.135, r=0.007, r=0.07 and r=0.267, respectively, with significance 

at p< 0.05,p < 0.05, p > 0.05 and p < 0.01, respectively. Dissolved oxygen (mg/l) was positively correlated with 

turbidity (r = 0.080), but it was negatively correlated with Secchi disc transparency, water temperature (°C), 

chlorophyll a (µg/l) and conductivity (µS/cm), with correlation values of r = 0.049, r = -0.095*, -0.088 and -

0.136**, respectively. A highly significant negative correlation (r=-0.212, p < 0.01) was recorded between water 

temperature (°C) and turbidity (NTU), but a highly significant positive correlation (r=0.260, p < 0.01), (r=0.187, 

p < 0.01) (r=0.472, p< 0.01) was observed between water temperature (°C) andchlorophyll a (µg/l), water 

temperature (°C) and Secchi disc transparency (cm) and water temperature (°C) and conductivity (µS/cm). The 

value of chlorophyll a (µg/l) was negatively correlated and highly significantly negatively correlated with 

turbidity (NTU) and Secchi disc transparency (cm)(r=-0.59, p > 0.05and r=-0.300, p< 0.01) but highly positively 

correlated with conductivity (µS/cm) (r=0.506, p< 0.01). Significant negative correlation analysis values (r= -

0.143 p < 0.01), (r=-0.123, p< 0.05) and (r=-0.006, p< 0.05) were recorded between turbidity (NTU) and Secchi 

disc transparency (cm), turbidity (NTU) and conductivity (µS/cm) and between Secchi disc transparency (cm) 

and conductivity (µS/cm), respectively. 

Table 4. Correlation matrix between different physicochemical water quality parameters of the selected 

reservoirs. All parameters were analyzed using Pearson correlation 

 pH DO Temp Chl a Turb Transp Condu 

pH 1       

DO 0.267** 1      

Temp 0.007 -0.095* 1     

Chl a -0.196** -0.088 0.260** 1    

Turb 0.135* 0.080 -0.183** -0.59 1   

Transp 0.007 -0.049 0.187** -0.300** -0.143** 1  

Condu -0.100* -0.136** 0.472** 0.506** -0.123* -0.006 1 

* Correlation is significant at p<0.05 level; ** Correlation is significant at p<0.01 level 
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3.5 Principal Component Analysis 

Morethan 70% of the variation in environmental variables of the reservoirsis explained by two PCA axes, and 

axis 1 is highly loaded by conductivity, temperature and chlorophyll a. The Principal Component Analysis (PCA) 

showed that the second principal components (PCs) represented approximately 48.4% of the total variation in the 

entire data set (Fig. 2). The first PC axis accounted for 25.4% of the total variance. The principal components 

(PCs) helped to classify the water quality factor loadings as strong, moderate, or weak in correspondence with 

their absolute loading strengths of >0.75, 0.75-0.50, and 0.50-0.30, respectively. 

 
Figure 2. Biplot of standardized PCA results showing the association between environmental variables of the four 

study reservoirs (Mihtsab Azmati is indicated by emptystars, May Dimu is indicated by emptycircles, Seisa is 

indicated by empty squres, and Kalema is indicated by empty right triangles). The abreaviations in the PCA: 

Altitud= altitude, Temp= temperature, cond= electrical conductivity, DO= dissolved oxygen, Chla= chlorophyll 

a, Transp= water transparency) 

4. DISCUSSION 

We have detected seasonal variation among the measured physicochemical parameters, with values for 

chlorophyll a, water transparency and electric conductivity being higher during the dry season while the values 

for pH, water temperature and turbidity was higher during the wet season. 

During thestudy period a narrow spatial variation of mean pH value was recorded among the reservoirs, with 

minimum value (7.97) in May Dimu and maximum value (8.23) in Seisa. The mean pH values of young reservoirs 

studied here indicate that the reservoirs are relatively alkaline system.The pH range of these young reservoirs fall 

within the pH value accepted as good water quality (6.5 to 8.5) for drainage basins across the globe (Carr and 

Neary, 2008).The pH values reported here are similar to other young reservoirs previously reported by other 

researchers (Teferi, et al. 2013); Zebib and Teame, 2017; Tadesse, et al. 2015). 

A previous study in Funil reservoir by Francisco, et al. (2011) reported higher mean values of pH during the 

wet season (8.6) and lower mean values during the dry season (7.2), with no significant seasonal differences, 

which disagrees with the current finding. Shallow tropical reservoirs critically exhibit longitudinal gradients in 

turbidity, nutrient concentration, mixing depth, euphotic depth, with sufficient light for photosynthesis, flushing 
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rates, chlorophyll concentration, plankton productivity, fish standing stocks, macrophytes abundance, benthic 

community structure and other limnological and biological variables.The highest pH was due to having much 

increased photosynthesis activity by phytoplanktons than the respiratory activity (Atobatele and Ugwumba, 2008; 

Meesukko, et al. 2007) and presence of high turbulence. However, low pH was recorded due to reduced 

photosynthetic activity (Rafique, et al. 2002); the absence of rain (Atobatele and Ugwumba, 2008) and the 

decomposition of organic matter by microbial activity which was enhanced by high temperature, casing excessive 

production of CO2 and reduced pH (Moundiotiya, et al. 2004). According to Gupta and Gupta (2006), 

accumulation of free carbon dioxide due to little photosynthetic activities of phytoplankton (during rainy season) 

will lower the pH values of waterbody while intense photosynthesis by phytoplankton (during dry season) will 

increase pH values. pH is a very important factor of water body for the fish culture as it controls the amount of 

soluble ions in the water. An acidic pH of water reduces the growth rate, metabolic rate and other physiological 

activities of fishes (Mollah, et al. 2015), thus suggested that pH values varying from 6.5 to 9.0 as suitable for the 

normal growth of fishes. 

Dissolved oxygen is one of the most important water quality parameters, and its correlation with water bodies 

provides direct and indirect information, e.g., bacterial activity, photosynthesis, availability of nutrients, and 

stratification (Premlata, 2009). A similar study by Thirupathaiah, et al. (2012) and Hussain, et al. (2013) reported 

minimum and maximum values of dissolved oxygen (5.60 to 8.395 mg/l and 5.0 to 9.46 mg/l, respectively), which 

is a narrow range but higher value compared with the present finding. The variation in dissolved oxygen in 

different reservoirs may be due to the high metabolic rate of organisms and low atmospheric temperature. The 

mean dissolved oxygen in all reservoirs of the current finding was higher than previous finding (Zebib and Teame, 

2017) with mean dissolved oxygen value (4.77 and 4.85 mg/l) but lower than Tadesse, et al. (2015) reported 

higher average dissolved oxygen value 7.03 mg/l from five tropical small dams (Korrir, Laelay Wukro, Mai 

Nigus, Mai Sessea and Mai Seye dams) and Berihun and Dejene (2012) reported 7.19 mg/l average dissolved 

oxygen value for Korrir and Laelay Wukro dams. Sources of dissolved oxygen in the aquatic environment include 

the atmosphere and photosynthesis. This depends on its solubility, while a loss of oxygen includes respiration, 

decay by aerobic bacteria and decomposition of dead decaying sediments (Gupta and Gupta, 2006). 

In the present study, higher mean values of dissolved oxygen (6.37 mg/l and 6.11 mg/l) were recorded in 

Mihtsab Azmati and Seisa reservoirs in the wet season, which is in agreement with previous findings by Francisco, 

et al. (2011) in the Funil Reservoir. This may be due to the addition of varieties of biodegradable pollutants from 

domestic sewage, municipal wastes, run-off from agricultural land, etc., that stimulate the growth of 

microorganisms that consume dissolved oxygen for decomposition. Thus, the concentration gradually depletes 

during the dry season. Long days and intense sunlight seem to accelerate photosynthesis by phytoplankton, 

utilizing CO2 and giving off oxygen, possibly for greater qualities of oxygen recorded during the dry season 

(Krishnamurthy, 1990). The dissolved oxygen concentration in the aquatic ecosystem is regulated by the process 

of diffusion of oxygen from the atmosphere, photosynthetic activity, respiration and decomposition of aquatic 

organisms (Mollah, et al. 2015). 

The mean water temperature of the study sites has showed spatial variation with 20.90 to 27.90 °C in Mihtsab 

Azmati, 18.9 to 28.13 °C in May Dimu, 18.9 to 25.4 °C in Seisa and 24.6 to 30.9 °C in Kalema reservoirs, which 

is supported by Thirupathaiah, et al. (2012). The water temperature of the lower manair reservoir of the 

Karimnagar district ranged from 24.75 °C to 28.5 °C in different seasons. The fluctuation in water temperature 

was high, which may be due to the low water level, high air temperature and clean atmosphere. The present 

finding was showed higher values compared to previous study by Zebib and Teame (2017) in Korrir (20.07 °C) 

and Laelay Wukro (21.98 °C) reservoirs. Berihun and Dejene (2012) also found an 18.88 °C average temperature 

value forKorrir and Laelay Wukro reservoirs for one year of data, which is lower than the present finding. The 

variation in water temperature among the reservoirs maight depend on altitude because as altitude increases, water 

temperature decreases. Water temperature affects the activity, growth and reproduction of all organisms, 

including fish (Wetzel, 1983). In the present study, we found that there was a distinct seasonal pattern in water 

temperature, which was higher in the wet season in all the investigated reservoirs. The current finding was in line 
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with (Francisco, et al. 2011). Senthil and Prabaharan (2012) reported that higher average temperatures were 

recorded during the wet season. However, in contrast with the present finding, Woldeab, et al. (2018) reported 

higher water temperatures (22.49 to 25 °C) in the dry season from the Gilgel Gibe reservoir. Similar findings in 

the Eleyele reservoir (Olanrewaju, et al. 2017), Ado-Ekiti reservoir (Idowu, et al. 2013), Oyun reservoir 

(Mustapha, 2009) and Ero reservoir (Oso and Fagbuaro, 2008) also reported higher temperatures during the dry 

season. The low temperature observed during the rains could be due to high humidity and moderate or less 

sunlight in this period of the year. 

Secchi disc depth is a good indicator of environmental health and ecological productivity. In the present study, 

spatiotemporal variation of secchi disc-water transparency was observed among resrvoirs with higher mean value 

during the dry season. Zebib and Teame (2017) reported higher mean value of secchi disc-water transparency 

(29.55cm) in Laelay Wukro reservoir. Secchi disc-water transparency in Gereb Awso reservoir (0.15m), in 

Tsinkanet reservoir (0.7m) and in Mai Gassa I reservoir (0.3m) were also reported by Teferi, et al. (2013). In 32 

resrvoirs found in Tigray also reported a mean value of secchi disc-water transparency (0.46m) by Dejene, et al. 

(2008). However all these previous findings were lower than the current finding with 93.06 cm and 193.55 cm 

mean value of secchi disc-water transparency in Seisa and Mihtsab Azmati reservoirs, respectively.Therefore, 

these values reflect that the depth of light penetration is good in the present finding, which is worthy of a shallow 

reservoir as plankton grow, thus making food available to fish. The present finding agrees with similar previous 

findings of Syarifah, et al. (2018) in the Sembrong reservoir, Olanrewaju, et al. (2017) in the Eleyele reservoir, 

Francisco, et al. (2011) in the Funil reservoir and Thirupathaiah, et al. (2012) in the lower Manair reservoir. This 

seasonal variation was due to erosion from the upper catchment that created a sediment load on reservoirs because 

most of the catchment of the reservoirs was not well protected. The main reason for lower Secchi disc-water 

transparency in the wet season may be due to high concentrations of dissolved and particulate substances (eroded 

soils and nutrients) that were transported from the surrounding catchment into the reservoir after rainfall reduced 

light transmission and water clarity. On the other hand, Khan and Chowdhury (1994) reported that higher water 

transparency occurred during the dry season, which may be due to the absence of rain, runoff and flood water as 

well as the gradual settling of suspended particles. 

We found that there was a distinct seasonal pattern with a higher mean value of electrical conductivity in the 

dry season and littoral habitat in the studied reservoirs. This difference may be due to the differencein geological 

characteristics of these watersheds. Similar findings were also reported by Woldeab, et al. (2018) in the Gilgel 

Gibe reservoir, Fasil, et al. (2011) in Koka reservoir but highly lower than the previous finding of Tessema, et al. 

(2014) (569 μS/cm) in the Tendaho. During the dry season, the increased concentration of electrical conductivity 

may be associated with evaporation and the absence of a dilution effect, while the lower values during the wet 

season are hypothesized to be due to the effect of dilution arising from the tributaries. The higher conductivity 

values measured during the dry season in the sampling period, indicating the apparent correlation between 

conductivity and water level. 

Turbidity is a measure of how particles suspended in water affect water clarity. Turbidity results in a decrease 

in the intensity of light that passes through cloudiness or turbidity water due to light, absorption, and reflection 

of light. It also increases sharply during and after rainfall, which causes sediment to be carried into the water body 

(Higham, et al, 2015). In the present finding, higher values of turbidity were recorded during the wet season and 

pelagic habitat in the studied reservoirs, and Seisa reservoirhad the highest mean turbidity value of 4.72 NTU 

compared with the others. This finding is inline with previous research reports in Ajiwa reservoir Usman and 

Yerima (2017), Tono reservoir Akongyuure and Alhassan (2021), Gilgel Gibe reservoir Woldeab, et al. (2018). 

This might be because the watershed of the reservoirsis surrounded by agricultural farmlands and eroded silt 

particles by floods. Similar findings by Dagaonkar and Saksena (1992), Thirupathaiah, et al. (2012) and Garg, et 

al. (2006b) have also reported that high turbidity during the rainy season may be due to higher incoming flows or 

run-offs which cause re-suspension of dissolved materials. During the rainy season, silt, clay and other suspended 

particles contribute to the turbidity values, while during the dry season, the settlement of silt and clay results in 

low turbidity. Turbidity is also able to increase the water temperature because the particles in the water to the 
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surface absorb more heat. These factors lead to the reduction of dissolved oxygen (Léziart et al., 2019). Turbidity 

measurement is an important test when trying to determine water quality. 

Chlorophyll is a measure of the number of algae growing in a water body and is also used to classify the 

trophic condition of a water body. During the study period temporal variation in chlorophyll -a concentration was 

observed among the reservoirs with higest mean value (369.72µg/l) recorded in Kalema reservoir. Teferi, et al. 

(2013) also reported highest mean value of chlorophyll a (65.64 µg/l) in Tsinkanet reservoir which is lower than 

the current finding. Highest mean value of chlorophyll-a was recorded in Kalema and May Dimu reservoirs during 

the dry season. Dejene, et al. (2008) also reported similar finding in the 32 reservoirs in Tigray. Largest 

concentrations of chlorophyll-a in the transition zone can be due to the theoretical relationship between light and 

phosphorous, with a higher concentration in this area, increasing the primary productivity. In this relationship, 

the possibility of resuspension of forms of phosphorus trapped in the sediment that, associated with light 

availability, may cause elevated concentrations of chlorophyll-a and phytoplankton in the shoreline of reservoirs. 

Moreover, the present study also analyzed the correlation coefficient (r) between every physicochemical water 

quality parameter pair computed by taking the average values of the studied sites. Accordingly, pH with water 

temperature, turbidity, Secchi disc-water transparency and dissolved oxygen has been found to show positive 

correlations. The present finding disagrees with similar previous findings by Thirupathaiah, et al. (2012); Usman 

and Kwang-Guk (2019) also reported a negative correlation between pH and dissolved oxygen, which is different 

from the present finding. However, a positive correlation of pH with electrical conductivity, pH with chlorophyll-

a and dissolved oxygen with chlorophyll-a was also reported, which disagrees with the present finding. As 

indicated, the negative correlation of dissolved oxygen with numerous other water quality parameters (water 

temperature, electrical conductivity and chlorophyll a) in the present study revealed the persistence of organic 

pollution in reservoirs, which can be reflected as one of the main roots of chemical, ecological, and environmental 

degradation. The present finding reported a highly significant positive relationship between water temperature 

and Secchi disc-water transparency and was in line with previous findings from the Awab reservoir by Anago, et 

al. (2013). This could be possible because light heats the surface of the water before penetrating into other depths. 

Negative correlation between turbidity and chlorophyll a was observed during the present finding. This is 

agreed with the finding of Bacroume, et al. (2015) studed in the Mansour Eddahbi reservoir, Morocco.  This 

might be due to high water depth because in present finding the minimum average depth of the reservoirs is above 

ten meter.  This means the fish species found in the reservoirs is less impact of increase turbidity by re-

suspendedthe bottom layer. The resrvoirs were newly established and less effect of agrigultural activity so they 

are not affected by algal bloome. Alternatively, the turbidity has a negative effect on algal photosynthesis. It 

influences the degree of light penetration in the water column; also the turbidity adsorbs phosphates (nutrient) by 

silt (Zhang, et al. 2010). This may explain the interaction of the turbidity and chlorophyll (a). However, Dejenie, 

et al. (2008) reported positive coorelation between chlorophyll a and turbidity which was conducted in 32 

manmade tropical highland reservoirs. The maximum depths of the resrvoirs were 11 meter which much shallow 

compared with the presently studied reservoirs. Often, water quality in such reservoirs is poor and is characterised 

by high nutrient levels, high turbidity and phytoplankton blooms. In addition the dominance Garra in the 

reservoirs can potentially have an impact on important ecosystem characteristics of the reservoirs (water 

transparency, nutrient availability, phytoplankton primary productivity). 

5. CONCLUSIONS AND RECOMMENDATIONS 

This study persuasively contributes to assessing spatiotemporal water quality dynamics to provide valuable 

insight into the general health status of the selected young reservoirs. The physicochemical parameters of Mihtsab 

Azmati, May Dimu, Seisa and Kalema reservoirs showed distinct temporal and spatial variations throughout the 

study period. Most physicochemical water quality variables (pH, dissolved oxygen, electrical conductivity and 

chlorophyll a) were also spatially higher in the littoral site. pH was significantly positively correlated with water 

transparency, turbidity and temperature. However, dissolved oxygen showed a negative correlation with 

transparency, turbidity, temperature, chlorophyll a and electrical conductivity. Turbidity also had a significantly 

negative correlation with water transparency and temperature. In this study, we tried to analyze some 
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physicochemical water quality variables, but further detailed studies that include total phosphorus, total nitrogen, 

etc., are needed to suggest the trophic conditions of the reservoirs.  
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ABSTRACT 

This research aims to examine the long-term forecasting of streamflow and hydrological drought in Ethiopia through 

the utilization of an artificial neural network (ANN) and the streamflow drought index (SDI). Observed streamflow 

and precipitation data from 1973 to 2014 were collected from 17 streamflow stations and 34 rainfall gauge stations to 

train and test the ANN model by 70 and 30% ratio, respectively. After training the model, future downscaled 

precipitation data from regional climate models (RCM) have been used as input data to forecast future streamflow. 

Three RCM models were used to downscale historical and future climate data from the RCP 4.5 scenario. RACMO is 

found a good RCM for all selected stations. The linear scaling bias correction technique results in less than 2% error 

compared to other alternative techniques. The result indicates that ANN is a robust tool to forecast streamflow in areas 

having a good correlation between precipitation and streamflow such as Abbay, Awash, Baro, Omo Gibe, and Tekeze 

river basins. But in arid areas for example Genale Dawa, Wabishebele, and Rift Valley basins, the model is not suitable 

because the input data (precipitation) have higher variation than the output variable (streamflow). In such areas, 

meteorological drought analysis and forecasting are better than hydrological drought analysis.  Finally, future 

hydrological drought is analyzed using forecasted streamflow data as input to the streamflow drought index (SDI). 

The result indicates that 2028, 2036, 2042, 2044, 2062, and 2063 are the expected extreme drought years in most 

river basins of Ethiopia in the future. This shows that at least one extreme drought is expected in each decade in the 

future. Therefore, extensive research in drought analysis and forecasting is needed to develop an effective drought 

early warning system and water resource management policy. 

Keywords: Artificial neural network (ANN), hydrological drought, linear scaling, regional climate model, streamflow 

forecasting 

1. INTRODUCTION 

Drought monitoring and streamflow forecasting play a great role in water resource management and early 

warning systems development for drought and flood hazard mitigation. Artificial Neural Networks are now 

widely applied in a broad range of fields (Modarres, 2007). Recently, ANN has been used in many aspects of 

hydrological and meteorological studies such as streamflow forecasting, groundwater analysis, precipitation 

forecasting, rainfall-runoff modeling, and water quality issues, flood and drought forecasting (Myronidis and 

Ioannou, 2018). Development in forecasting and early warning of drought phenomena is increasingly applied in 

many regions of the world. This is being done to mitigate the consequences of drought in vulnerable river basins 

and to save human life (Wambua, 2014).  

Historically, time series-based streamflow and drought forecasting statistical models have been applied. 

Regression models and autoregressive moving average (ARMA) models are typically they are linear models used 

for statistical time series forecasting (Mishra and Desai, 2006). Therefore, the traditional statistical time series 

analysis in hydrology has several limitations related to non-linear variables. This problem is now overcome and 

improved by using robust time series predictive techniques like ANN (Zhao and Wang, 2022). Imprecise in 

nature, uncertainty, lack of data, and inconsistency, the physical characteristics of the region have a great 

influence on meteorological and hydrological variables in Ethiopia. In such circumstances, ANN techniques are 

renowned to be highly enhancing the modeling of such natural dynamics and variability (Khadr, 2016). So, due 

to their inherent nonlinear nature and modeling flexibility, artificial neural networks (ANNs) have recently 

demonstrated tremendous capacity in modeling and forecasting nonlinear and non-stationary time series in 

hydrology and water resource engineering (Mishra and Desai, 2006). 
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Since the objective of this study is focused on streamflow forecasting and hydrological drought monitoring 

related to climate change and SDI is selected for analysis. However, the future SDI value is directly dependent 

on future streamflow variation and it is important primarily to forecast streamflow to estimate SDI values. 

Therefore, observed precipitation data at various stations near to streamflow station was used as input and a single 

streamflow station data was used as output to train and test ANN model performance.  

The major drawback of present studies in drought forecasting is using the same variable to forecast future 

drought conditions (Maca and Pech, 2016). A statistical error computation result from a similar variable will 

result in a good performance. However, it does not give good information about the nonlinear problems. 

Therefore, this study is aimed to forecast future hydrological drought by integrating two different variables 

(precipitation and streamflow data). The historical precipitation data were used as input and historical streamflow 

as output in the model training. After checking the performance of ANN model streamflow prediction, the future 

streamflow was forecasted using downscaled precipitation data. Then the hydrological drought condition from 

2026 – 2100 is forecasted using future streamflow values.  

Surface and sub-surface water resources are directly related to streamflow variability. So streamflow 

forecasting has a great role in reservoir optimization development to mitigate future drought impacts on society 

(Sherif et al., 2022). Besides this streamflow forecasting using ANN is very important in water resource planning 

and management under poor gauged river basins (Adnan and Yuan, 2018). In streamflow time series analysis 

both peak flow and low flow are important issues in hydrology to develop strategic water resources management 

during hydrological events such as floods and droughts. Therefore, in this study streamflow is forecasted to 

predict future drought conditions in Ethiopia. 

2. MATERIALS AND METHODS 

2.1. Description of the Study Area  

Ethiopia is geographically located in East Africa at a latitude of 30 - 150N and a longitude of 330 - 

480 E. There are twelve major river basins of which four are now categorized under low flow to dry 

basins (Mereb, Denakil, Ayisha, and Ogaden). Therefore, this study was focused on eight river basins 

as shown in Figure 1. 

 
Figure 1 Major River basins in Ethiopia and spatial location of selected hydroclimatic stations  
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2.2 Data Collection and Preparation 
Observed rainfall data were collected from 42 stations and streamflow was from 32 stations from 1973 to 

2014. However, only 34 rainfall stations and 17 streamflow stations show a good correlation to forecast future 

streamflow. The observed streamflow and precipitation data were obtained from the Ministry of Water and 

Energy (MoWE) and the Ethiopian Meteorology Institute (EMI), respectively. The monthly rainfall was used as 

input and the mean monthly streamflow was used as an output for training and testing the artificial neural network 

(ANN) model using Python software. Downscaled precipitation data were also used for future forecasting of 

streamflow in all river basins from 2026 to 2099.   

2.3 Downscaling Climatic Data and Bias Correction 

For the last five and six decades, several researchers have conducted climate change investigations in different 

parts of the world. However, local climate changes force different sights of understanding the effect of natural 

disasters related to climate change. The successful understanding of local climate change impact has a great role 

in climate adaptation and early warning system development for drought and flood mitigation.  Future and 

Historical daily precipitation data were projected from Global Climate Models (GCM) and Regional Climate 

Model (RCM) from the African domain using CORDEX projects. Since the GCM data spatially covers a large 

area and its resolution is coarser (Chokkavarapu and Ravibabu, 2019), the data for this study were generated from 

RCM for the Africa domain (AFR-44) using the RCP4.5 climate change scenario. MIROC5, KNMI, and SMHI 

were the driving GCM models, and RCA, RACMO, and RCA4 were the corresponding RCM models selected 

for this study. After bias correction using Climate Model data for the hydrological modeling (CMhyd) tool, the 

three models’ data generation performance was checked by the coefficient of determination (R2), and mean 

absolute percentage error (MAPE). 

2.4 Application of Artificial Neural Network (ANN) to forecasting streamflow 

Recently there have been several physical-based hydrological models to predict streamflow. However, most 

of them require intensive input data and complex mathematical algorithms. Therefore, this complex and non-

linear process is not easily described by a simple model. Nowadays, the application of Artificial intelligence and 

Machine learning is becoming a prominent tool for many aspects of water resource studies (Tealab, 2018; Wibawa 

et al., 2022).  

In this study, ANN was applied to explore simulating the nonlinear hydrologic behavior of eight river basins 

to forecast future hydrological drought. In each river basin, the input data were selected by checking historically 

observed precipitation and streamflow correlation. Out of 42 rainfall stations and 32 streamflow stations, only 34 

rainfall and 17 streamflow stations showed a good correlation. Therefore, two or more rainfall stations are used 

as input to forecast streamflow at a single station. 42 years of consecutive historical monthly precipitation and 

streamflow data were applied to train and test the ANN model. 70% of the data were used for model training 

while the remaining 30% were used for the evaluation of model performance. The architecture of the ANN 

structure contains three layers (input, hidden, and output), respectively (see Figure 2). The performance of the 

model was checked by coefficient determination (R2), root means square error (RMSE), and mean absolute error 

(MAE) with the observed data.  

The main difficulty in the artificial neural network is deciding the number of hidden layers and the number of 

perceptrons in each hidden layer. Increasing the number of hidden layers makes the ANN architecture more 

complex and the performance of the overall system is reduced. Therefore, a single hidden layer is mostly 

recommended by scientists (Arifin et al., 2019). 
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Figure 2 A three-layer feedforward neural networks Architecture for streamflow forecasting 

2.5 Future hydrological drought characterization 

There are several hydrological drought indicators applied in many countries such as Palm Hydrological 

Drought Severity (PHDS), Surface Water Supply Index (SWSI) (Muli Wambua, 2018), and Streamflow Drought 

Index (SDI) (Wambua, 2020). However, the selection of these indicators depends on their input data requirement, 

simplicity, widely practiced, etc. Accordingly, the streamflow drought index (SDI) is selected for this study to 

characterize future hydrological drought trends in Ethiopia using forecasted streamflow data as an input. The 

analysis of SDI is given by Equation 1 below and Table 1 shows the hydrological drought severity criteria. 

                                                 𝑆𝐷𝐼 =  
𝑄− 𝑄𝑚

𝜎
                                                            1 

Where Q and Qm are seasonal observed and mean streamflow, respectively and σ is the standard deviation of the 

observed streamflow. 

Table 1 SDI values for different drought severity levels 

Drought 

Condition 

Wet Normal Mild 

Drought 

Moderate 

drought 

Severe 

drought 

Extreme 

drought 

Criteria ≥  1.5 -0.4 – 1.4 -0.5 - -0.99 -1 - -1.4 -1.5 - -1.99 ≤ -2 

 

3. RESULTS AND DISCUSSION 

3.1 Climate Data Bias Correction 

The downscaled precipitation data from RCM was extracted and bias-corrected using five techniques 

with the help of Climate Model data for the hydrologic modeling (CMhyd) tool. It is found that Linear 

Scaling (LS) has a minimum error and except the Omo Gibe River basin, all river basins satisfied that 

the RACMO model has a minimal error using the linear scaling bias correction technique whereas the 

Omo Gibe River basin has a minimum error using the RCA4 model, and the Linear Scaling bias 

correction technique also had a good performance. From Table 2, it is observed that RACMO has a 

minimum error of bias. Therefore, the linear scaling technique has good performance for bias correction 

of downscaled climate data by reducing the error below 2% and producing better climate-simulated 

outcomes in all river basins as shown in Table 2. 

3.2 Streamflow Forecasting Using Artificial Neural Network (ANN) 

In this study python software was applied to forecast future streamflow using generated monthly precipitation 

from the Regional Climate Model (RCM) as input for the ANN model Therefore, input – hidden – output layer 

architecture relation was developed by trial-and-error approach until the model performed to the acceptable 

range.The number of trials depends on the number of epochs, batch size per iteration, and the number of 

perceptions in a hidden layer. The epochs and batch size were tested from 50, 100, 1000 and 16, 32, 64, 128, 
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respectively. From many trials, 100 epochs and 64 batch sizes give a good performance. Then by fixing those 

values for all stations, the trail was repeated by changing the number of perceptron in the hidden layers.  

Table 3 shows that relatively Abbay, Awash, Baro, Omo Gibe and Tekeze have good prediction performance 

whereas Genale Dawa, Wabishebele and Rift Valley have low performance. Even though the RMSE and MAPE 

values for Genale Dawa, Rift Valley, and Wabishebele are acceptable, the R2 value is minimal. This indicates 

that ANN is suitable for humid and temperate climate zones to forecast streamflow from precipitation data. 

Table 2 Bias correction result of selected Regional Climate Models (RCM) 

River Basin 

Bias correction 

Technique 

Model Error (%) 

MIROC5 RACMO RCA4 

Abbay Linear Scaling 2.43 1.67 1.89 

Awash Linear Scaling 3.57 1.44 1.96 

Baro Linear Scaling 2.14 1.12 1.22 

Genale Dawa Linear Scaling 4.00 1.54 2.63 

Omo Gibe Linear Scaling 2.55 2.43 2.01 

Rift Valley Linear Scaling 3.41 1.26 1.91 

Tekeze Linear Scaling 1.67 1.30 1.57 

Wabishebele Linear Scaling 5.88 2.37 3.98 

Table 3 Statistical performance of ANN model to forecast streamflow 

River basin Station Modell Architecture RMSE MAPE R2 

Abbay 

  

  

  

Gummera 3, 8, 1 1.9 1.1 0.9 

Gilgel Belles 3, 7, 1 0.83 0.47 0.83 

Kessie 3, 8, 1 3.6 2.3 0.81 

Border 4, 6, 1 11 8.32 0.84 

Awash 

  

Awash7 4, 6, 1 3.1 2.1 0.68 

Hombel 3, 16, 1 2.3 1.4 0.87 

Baro 

  

Gambela 2, 8, 1 16.1 11.6 0.77 

Sorie 3, 16, 1 2.03 1.4 0.83 

Genale Dawa 

  

Halewe 3, 8, 1 4.98 3.26 0.59 

Weib 2, 4, 1 12.45 9.4 0.2 

Omo Gibe 

  

Assendabo 3, 12, 1 6.5 4.7 0.77 

Gojeb 2, 4, 1 7.2 4.7 0.75 

Rift Valley 

  

Wosha 3, 8, 1 0.14 0.13 0.24 

Dedessa 3, 8, 1 1.31 0.89 0.48 

Tekeze Embamadre 4, 10, 1 12.5 8.8 0.7 

Wabishebele 

  

Wabishebele 2, 9, 1 5.66 4.22 0.54 

Leliso 3, 7, 1 1.82 1.29 0.55 

3, 8, and 1 indicate number of input variables, Hidden perceptron, and output variable, respectively 

Figure 3 (a, b, c, d) shows the observed versus forecasted streamflow time series graph for the Abbay, Awash, 

Baro, and Omo Gibe River basins, respectively, developed using Python software and the ANN model. The result 

revealed that the observed and simulated fitted with good performance. The analysis was computed using 

precipitation data as input and streamflow data as output in the ANN model setup. From this analysis, it is 

observed that streamflow forecasting from precipitation data has a significant relation. As shown in Figure 3, the 

loss decreases as the epoch increases in all selected streamflow stations. For a selected 100 epoch and 64 batch 

sizes, the train and test were best performed. The ultimate goal of forecasting streamflow in this study is to see 

the future hydrological drought trend in Ethiopia. 
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a) Gummera Station (Abbay basin) 

 
b) Hombel station (Awash basin) 

 
c) Sorie station (Baro basin) 

 
d) Assendabo station (Omo Gibe basin) 

Figure 3 Observed and forecasted streamflow time series plot using ANN in Python software 
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3.3 Future Hydrological Drought Analysis Using Streamflow Drought Index (SDI) 

In all river basins except Genale Dawa and Rift Valley basins, the performance of streamflow forecasting 

using ANN indicated the possibility of using simulated streamflow time series to predict future hydrological 

drought conditions. Therefore, the forecasted streamflow was directly used to predict future hydrological drought 

conditions. However, in this study, Genale Dawa and Rift Valley basins were excluded due to the low 

performance of streamflow forecasting results. Therefore, the future hydrological drought analysis was conducted 

for six river basins as shown in Figures 4 - 9. The analysis was considered for four-time scales; monthly (SDI1), 

seasonal (SDI3), half-year (SDI6), and annual (SDI12) time scales. The result revealed that the frequency of 

drought occurrence is high for monthly (SDI1) and seasonal (SDI3) time scales compared to half-year and annual 

time scales (see Figure 8). However, the duration of severe and extreme drought is high for annual time-scale 

analysis. Therefore, for this study, the result and discussion part focused on the annual (SDI12) time scale.   

In the Abbay River basin, four streamflow was considered for future drought analysis and the result indicated 

that the probability of severe and extreme drought occurrence from 2026 to 2041 was less in all stations. But in 

2026, 2031, 2033, 2037, and 2040 moderate drought events are expected in some stations in the basin. However, 

Figure 4 shows that 2042 to 2045, 2049/2050, 2052 to 2054, 2062, 2065, 2072/2073, and 2097/2098 are the most 

expected moderate to extreme drought years in the Abbay River basin. The most severe magnitude and frequency 

were identified at the Gummera and Beles streamflow stations. The analysis indicated that the probability of 

severe drought occurrences in the future is higher in the Abbay River basin compared to other river basins. 

 
Figure 4 Future hydrological drought time series in the Abbay river basin 

Figure 5 indicates that 2036, 2042, 2063, 2079, 2086, and 2097 are severe and extreme drought events in the 

future in the Awash River basin. This implies that a strong water resource management strategy, early drought 

warning system development, and good drought preparedness policies will be important in the future.  

 
Figure 5 Future hydrological drought time series in the Awash River basin 

Baro Akobo and Omo Gibe river basins receive rainfall twice a year and have good climate conditions 

compared to other river basins. Although they received good rainfall, hydroclimatic disasters such as floods and 
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droughts occurred in different parts of the basin (Stojanovic et al., 2022). However comprehensive drought studies 

were yet studied in both Baro Akobo and Omo Gibe River basins. Figures 6 and 7, respectively indicated that the 

frequency of severe and extreme drought occurrence is higher in the Baro river basin than in the Omo Gibe River 

basin. The future drought analysis implies that 2036, 2050, 2059, 2066, 2072, and 2086 are expected severe 

drought years and 2040, 2062, and 2063 are extreme drought years for the Baro river basin whereas 2036 and 

2094 are severe and 2063 are extreme drought years for Omo Gibe basin, respectively.  

 
Figure 6 Future hydrological drought time series in the Baro Akobo river basin 

 
Figure 7 Future hydrological drought time series in the Omo Gibe river basin  

In the Tekeze river basin, a single station data at Embamadre station was used to estimate SDI values at 

different time scales as shown in Figure 8. Historically northeast part of Ethiopia is frequently affected by 

prolonged drought phenomena (Araya and Stroosnijder, 2011; Mohammed, 2018). The result of this study also 

revealed the previous studies. The annual time scale (SDI12) results, 2028, 2037, 2038, 2054, 2063, 2065, and 

2082 are the expected severe drought events in the Tekeze river basin in the future.  

 
Figure 8 Future hydrological drought time series in the Tekeze river basin 
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Wabishebele river basin is one of the arid climate zone basins in Ethiopia. Future hydrological drought analysis 

was explored in this basin at two stations as shown in Figure 9. It is found that 2036, 2037, 2063, 2065, and 2072 

are severe drought years whereas 2028 and 2042 are the most extreme drought years in the future in Wabishebele 

Basin (see Figure 9).  

 
Figure 9 Future hydrological drought time series in the Wabishebele river basin 

4. CONCLUSIONS AND RECOMMENDATION 

The impact of climate change on streamflow and its consequences can be analyzed using projected climate 

data from GCM and RCM with observed hydroclimatic data. To minimize the effect of hydrological events on 

water resource projects, drought forecasting and monitoring system development are important for policymakers, 

drought preparedness, and water resource management sectors. This study intends to forecast long-term 

hydrological drought in Ethiopia using observed and projected climate data.  A data-driven model such as ANN 

improves the problems related to non-linear and stationarity cases in water resource management analysis. The 

result of this study also indicated the possibility of forecasting long-time streamflow time series using 

precipitation data as an input for the ANN model. It is observed that humid and temperate climate zones can result 

in good streamflow forecasting performance compared to semi-arid and arid areas. In Ethiopia, the Abbay, Baro 

Akobo, and Omo Gibe River basins received mean annual precipitation of above 1200 mm, and the Awash and 

Tekeze river basins received mean annual precipitation between 700 to 1100 mm. Streamflow forecasting from 

those areas using the ANN model corresponding to areas having high precipitation results in acceptable R2 values. 

Genale Dawa, Rift Valley, and Wabishebele river basins are located in the lowland parts of Ethiopia and receive 

low annual precipitation. The source of streamflow for these basins is Bale Mountain and other highland areas of 

the country. As a result, the correlation between precipitation and streamflow data is very low. Therefore, the 

result revealed that forecasting streamflow directly using precipitation data will not give good performance in 

arid areas. The future hydrological drought analysis result indicates that there will be frequent moderate drought 

events in all river basins and the 2030s, 2040s, and 2060s were identified as the most expected severe and extreme 

drought event occurrence years. High population growth rates and dynamic climate change will increase water 

stress and water-sharing conflict in resource-limited areas in the future. In addition to this, drought has a 

worthwhile impact on the overall economic growth of the nation. Therefore, the government and policymakers 

should have to plan long-term drought preparedness and mitigation measures to minimize the risk associated with 

expected hideous drought events.  

The government of Ethiopia is practically focused on drought crisis management rather than risk management. 

Drought crisis management is a short-term drought preparedness mechanism by supplies food and water to 

drought-prone areas. This kind of drought preparedness does not bring a sustainable solution. Therefore, in the 

future, the government should shift to a new paradigm by developing a national drought policy. Currently, a 

proactive approach is recommended as a short-term and long-term drought mitigation mechanism. A 2021 and 

2022 Green Legacy in Ethiopia is a good initiative to prevent the climate change impact on water resources such 
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as rivers, lakes, and reservoirs as a long–term mitigation approach. So, Afforestation, and the development of 

alternative energy sources from solar and wind have to be strongly encouraged in the future. 
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ABSTRACT 

Pure WO3, singly-doped (Ni) and (Cu,Ni)-Co-doped WO3 nanoparticles were made using co-precipitation synthesis methods 

with a fixed nickel content of 5% and various copper content of 2, 4, and 5%. Powder X-ray diffraction (XRD), UV–Vis 

diffusion reflectance spectroscopy (DRS) analysis, Photoluminescence (PL), Fourier transform infrared spectroscopy (FT-

IR) and SEM analyses have all been used to characterize the sample. All doped/co-doped and un-doped samples have an 

orthorhombic structure, according to XRD analyses. The average crystalline size ranged from 43 to 12nm nm after the 

dopant concentration was increased, according to the XRD data. The optical characteristics of the produced nanomaterials 

were investigated using reflectance spectroscopy, which revealed that the optical band gap varied from 2.86 to 2.89 eV 

depending on dopant concentrations. The FTIR analyses described the many modes of band associated with functional 

groups contained in the materials, as well as the stretching mode of O-W-W found between 550 and 1050 cm -1. I-V tests 

revealed that the produced samples had good ohmic contact behavior and that the resistivity reduced as doping doses 

increased. 

Keywords: Co- doping, WO3,, Co- precipitation method, Electoral properties, Optical properties  

1. INTRODUCTION 

Metal oxide semiconductor nanoparticles have recently received a lot of consideration due to their unique 

potential for different applications. Tungsten trioxide has been highly studied because of its outstanding optical, 

structural and electrical properties [1]. It has reasonable amount of electrons in the valence band with band gap 

energy of 2.7 to 3.5 eV [2] and with significant absorption in the far-ultraviolet and visible regions.It has transition 

metal oxide semiconductor which is an excellent property for various applications, such as photovoltaic [3], 

electrochromic [4], photocatalyst [5], and photochromic [6], and gas sensor [7]. Various researchers have 

prepared tungsten trioxide nanostructures such as nanowires, nanotubes, nanoribbons, nanorods, and nanoplates 

which may influence their physical, optical and electrical properties [8-10]. Controlling the size, surface 

morphology, and dopant concentration of WO3 are important to for different applications.Doping is one of the 

most essential mechanisms to increase material’s optical and electrical properties. This means that increasing the 

materials' conductivity and the optical band gap of the host materials reduces or increases their energy.According 

to a recent study, substitutional doping of metal ions is a good way to adjust the electronic  structure and electrical 

properties of WO3 [11, 12]. So far, various researchers have been investigating transition metal ions as dopants 

to study the structural, electrical and band edge properties of WO3, including Mo [13], Co [14], Ni [15],Fe [16].Cu 

[17,18] Mn,[19] and Cd [20]. 

Moreover, various studies have been conducted co-doping transition metal ions to modify optoelectrical 

properties of WO3nanoparticles. For  instant,S. Mohammadi et al. investigated the effects of   pure, Zn, Cu, co-

doping Zn and Cu in WO3nanoparticles prepared by using both precipitation and co-precipitation methods for the 

application ofphotocatalytic and antibacterial activity. They found thatthe co-doping WO3 nanoparticles have 
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higher photocatalytic degradation of gentamicin than other sample [21]. Albalshi et al. investigated the 

electrochemical properties of Ti and Zn co-doped WO3 thin films synthesized by the sol-gel method [22]. 

Furthermore, compared to a single doped WO3 thin film, co-doped film has improved electrochemical and 

electrochromic properties as well as higher electrochemical stability [22]. N.Boonprakob et al. employed Ag and 

Cu co-doped WO3 nanoparticles synthesized by using a simple co-precipitation approach for photocatalytic 

removal of hexavalent chromium [23].This co-doping effect has higher photocatalytic reduction under visible 

light irradiation than un-doped [23]. To synthesize WO3 nanostructures, researchers have used different synthesis 

methods, for example sol-gel [24], microwave irradiation [25], co-precipitation [26], spray pyrolysis [27], and 

hydrothermal [28]. Among them, the co-precipitation method is the simplest, cost-effective, the highest purity, 

and has good uniformity [reference]. To our knowledge, no studies have examined the optical and structural 

effects of Cu and Ni co doped on the pristine WO3 by using environmental friendly co-precipitation method. The 

objective of this work is to give an insight on how the mono doped and co-doped can affect the structure, electrical 

and optical properties of WO3 nanoparticles. The obtained results are suggested that the prepared materials are 

good candidates as charge transport layer for solar cell applications. 

2. MATERIALS AND METHODS 

2.1 Synthesis of Pure, Mono and Co- Doped (Cu, Ni) WO3 Nanoparticles (NPs) 

Pristine WO3, 5wt%Ni: WO3 and (2wt. % Cu+5wt. %Ni):WO3, (4wt. % Cu+5wt. %Ni):WO3and 5wt.% 

(Cu:Ni) co-doped WO3 nanoparticle were synthesized by simple chemical co-precipitation method. The 

precursors used in the synthesis were sodium tungstates dehydrate, copper (ii) nitrate trihydrate, and nickel nitrate 

hexahdrate, using NaCl as a capping agent and HCl to control the pH of the solution. In a typical synthesis, a 

suitable amount of sodium tungstate dihydrate was dissolved in 100 mL of distilled water and agitated for 30 

minutes. After the precursors had completely dissolved, a suitable amount of NaCl was added to the solution and 

agitated until a homogeneous solution was obtained. After that, a certain amount of HCl solution was added to 

these precursor solutions, drop by drop, to bring the pH to 1 and stirred for one hour on a hot plate. Afterwards, 

the solution aged for 24hrs and then centrifuged to acquire precipitates. The precipitates were washed several 

times with distilled water and ethanol then dried in an electric oven at 80OC overnight. Finally, the prepared 

samples were annealed at 500 OC for 3 hrs in an furnace in order to obtain WO3 nanoparticles.The5% Ni:WO3 

and (2% Cu+5% Ni):WO3, (4% Cu+5%Ni):WO3and 5%(Cu:Ni) co-doped WO3 nanoparticles have synthesized 

by chemical co- precipitation method with different molar ratio of 2 %, 4%, and 5% for Cu and fixed amount 5% 

for Ni using the same procedure explained above.By using the precursors copper (ii) nitrate trihydrate and nickel 

nitrate hexahdrate with sodium tungstate dehydrate as starting materials.  

2.2 Characterization Techniques  

The phase purity and structure of the pristine, mono and co-doped WO3 nanoparticles were analyzed by XRD-

7000 X-ray difractometer maxima with Cu Kα radiation (λ = 0.15406 nm). The presence of different functional 

groups in the sample was confirmed by FTIR spectrophotometer. The surface morphology of the samples was 

analyzed by scanning electron microscopy. Optical measurements of the sample were carried out by using UV–

Vis Spectroscopy (Model: UV-3600 Plus).Room temperaturephotoluminescence (PL) spectra were performed by 

a Fluoromax-4 Spectrofluorometer in the excitation wavelength of 350 nm using a 40 W Xenon arc lamp.The 

current-voltage characteristics of the junctions were measured using a Keithley source meter unit (model 2400) 

in the dark at room temperature. 

3. RESULTS AND DISCUSSION  

3.1 XRD Analysis 

The prepared samples were analyzed by X-ray diffraction using the CuKα wavelength of 0.15406 nm. Fig. 1a 

shows the XRD of pristine WO3, 5% Ni:WO3 (2% Cu+5%Cu):WO3, (4% Cu+5%Ni):WO3 and 5%(Cu:Ni) co-

doped WO3 nanoparticles. The XRD result confirmed that the prepared samples had an orthorhombic crystal 

structure of with space group P and lattice parameter a = 7.3840 Å, b =7.5120 Å, and c =3.8460 Å and α = β = γ 
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= 90 OC. The result agreed with the standard JCPDS card No. 020-1324. The incidence of sharp and number of 

diffraction peaks revealed the polycrystalline nature of the prepared nanomaterials. No impurity peaks of Ni and 

Cu were observed from the XRD diffraction pattern which implies a successfully incorporations of Ni2+ and Cu2+ 

ions into the WO3 lattice.As demonstrated in Fig 1the intensity of co–doped (Ni:Cu) WO3 nanoparticles increased 

in the plane (001) when compared to 5% Ni:WO3 and pure WO3 nanoparticles.This is due to the fact that (Ni:Cu) 

co-doping improves the development rate of WO3 nanoparticles and gives them a higher degree of crystallinity 

than 5% Ni:WO3 and pure WO3, resulting in sharper diffraction peaks in XRD.The intensity of 5% Ni doped WO3 

nanoparticles is lower than that of pure WO3 nanoparticles.  As result, 5% Ni doping reduces the degree of 

crystallinity and the growth rate of WO3 nanoparticle. The crystallite sizes for the prepared NPs were analyzed 

from the three most prominent diffraction peaks of (001), (020) and (200) planes using the Debye Scherer relation 

shown in equation 1.  

𝐷 =
𝐾𝜆

𝛽𝐶𝑂𝑆𝜃
………………………………………………………………………………………. (1) 

Where,  “D” is average  crystallite size obtained from the three dominant peak, “K” is the shape factor taken as 

0.9, “λ” is the wavelength of the incident beam, “β” is the full width at half maximum(radians) and “θ” is the 

Bragg angle. 

 
Fig.1: X-ray diffraction analysis of a) pure WO3, b) 5%Ni:WO3,c) (2% Cu+5%Cu):WO3, d) (4% 

Cu+5%Ni):WO3, e) 5%(Cu:Ni) co-doped WO3 nanoparticles. f)   Change in (001), (020) and (200) peaks positions 

with dopant concentrations  

The average crystallite size of pure WO3 was found to be 46 nm; 25 nm for 5% Ni:WO3 furthermore, the 

crystalline size, it was decreased from35 nmto 40 nmfor various concentration of Cu at 2 wt.%,4wt.%, 5 wt.%  

and  fixed in Ni of 5wt. % doped WO3 respectively.  These results clearly indicate that Cu2+ and Ni2+ ions 

substituted in the WO3 host lattice site and the growth rate was reduced by dopant concentration [29]. The 

expanded version of XRD (Fig. 1f) clearly shows the slight peak position shifts of (001), (020), (200) planes to 

the lower diffraction angles when compared to the pure WO3 NPs. This peak shift to the lower angle for doped 

NPs indicates that the lattice parameters are slightly varied than the pure WO3 and a successful substitution Ni2+ 

and Cu2+ ions onto the host lattice [30]. 

 This can be associated to the smaller ionic radii difference between the host W (0.62 Å) anddopant 0.60 Å for 

Ni and 0.73Å for Cu ions [31, 32].  

As shown in Table 1, the unit cell volume of WO3 NPs co-doped with fixed nickel and varying copper amounts 

decreased with dopant concentration, indicating quantitative substitution of Cu ion in the lattice size, as similar 

phenomena have been reported [44]. It is also observed that the value of the dislocation density of undoped WO3 
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NPs has the lowest value as compared to the doped sample, shown in Table 1. This indicates that Cu2+ and Ni2+ 

co-doping deteriorate the WO3 crystal structure.Table 1 also reveals that the micro-strain and crystallite size have 

a strong relationship. The differing ionic radius of W6+, Cu2+, and Ni2+ ions, which enhance the micro-strain during 

the substitution of W ions by both Cu and Ni ions, could explain these changes in micro-strain with crystal size. 

As a result, dopant concentrations diminish the development rate and crystallinity of WO3 NPs, and crystal size 

increases produce a decrease in the strain [45, 46]. 

The from the XRD peaks the lattice parameters for the orthorhombic crystal structure was calculated by using 

equation (2): 

1

𝑑2 =
ℎ2

𝑎2 + 
𝑘2

𝑏2 +
𝑙2

𝑐2 ………………………………………………………………………...……. (2) 

Where “d” is the interplanar spacing; a, b, c are the lattice parameters and h, k, l are the Miller indices. Length of 

dislocation lines per unit volume of a crystal is dislocation density. The defect in the crystal structure of WO3 

nanoparticles is measured by the dislocation, and the presence of this strongly influences the properties of the 

sample. The dislocation density can also be calculated from the equation (3): 

𝛿 =
1

𝐷2………………………………………………………………………………………………...….. (3) 

Where “δ” is dislocation density and “D” is the average crystallite size of the sample. 

The micro-strian (ε) can be calculated using equation (4) [47]. 

Micro-strain (ε) = 
𝛽

4 𝑡𝑎𝑛𝜃
  ……………………………………………………………..…………………. (4)                

Table 1: XRD parameters of the prepared nanoparticles with fixed Ni and different Cu concentrations 

Concentrations 

Crystallite 

size  

(nm) 

Dislocation 

density 

(x10-3) 

lines/m2 

Strain 

(x10-3) 

lines-2 m-4 

Lattice parameters (Å) 
Volume of 

unit cell  

a b c a*b*c(Å)3 

Pure WO3 46 0.4726 4.6025 7.3053 7.5375 3.8452 211.73 

5% Ni:WO3 25 1.6 16.6950 7.3108 7.5789 3.8371 212.61 

2%Cu+5%Ni:WO3 37 0.7305 6.3924 7.3134 7.5231 3.8375 211.13 

4%Cu+5%Ni:WO3 35 0.8163 6.5447 7.3030 7.5168 3.8366 210.61 

5%(Cu:Ni):WO3 40 0.625 5.2226 7.3076 7.5323 3.8408 211.41 

JCPDS (020-1324).   7.3840 7.5120 3.8460 213.33 

3.1.1 UV-Visible diffusion reflectance 

The UV-Vis spectroscopy measurements were taken to assess the influence of 5% Ni:WO3 2% Cu +5% Ni 

:WO3, 4% Cu+ 5% Ni :WO3 and 5% (Cu :Ni) co-doped  on  WO3 NPs.Fig. 2 a-f shows the reflectance spectra 

and optical band gap of all WO3 samples. Fig. 2 f shows all WO3 samples have minimum reflectance in the UV 

region. In the entire sample in the visible region, the reflectance increases, but all the co-doped sample has higher 

reflectance than the 5% Ni:WO3 and pure WO3 nanoparticles.The optical band gap energy of WO3 nanoparticles 

were analyzed using Kubelka–Munk function relation given by the following Equation 2 [33,34]. 

𝐹(𝑅) =
(1−𝑅)2

2𝑅
 ………………………………………………………………………………………..….. (5) 

Where F(R) is known as kubelka–munk function and R is the reflection of the materials. The indirect band 

gap energy of the sample can be estimated using bothalong x –axis and y –axis intercept from a plot of 

(F(R)hʋ)1/2versus energy (hυ) as shown in the Fig. 2 a-e.The Fig.2 a-e indicates  that pureWO3 nanoparticles has 

the optical band gap of about 2.80 eV which is decreased to 2.63eV  for 5% Ni:WO3 , 2.75eV for (2% Cu + 5% 
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Ni):WO3, 2.77 eV for (4% Cu + 5% Ni):WO3 and 2.73 eV for  5% (Cu: Ni) co-doped WO3 nanoparticles. The 

crystal size and dopant content increases the optical band gap energy decrease. 

 Therefore, the reduction in the optical band gap energy of WO3 is due to the induced energy levels near to the 

conduction and valence band by Cu and Ni ions substitutions. While the electronic transition occurs from the 

filled valence band to the new energy levels, rather than the typical electronic transition from the filled valence 

band to the conduction band due to higher amount of defects state occurred [35]. This suggests that as (Ni, Cu) is 

co-doped into the WO3 lattice, defect states are generated, resulting in a decrease in the band gap [51]. Also the 

reduction in the band gap energy with Cu and Ni doping may facilitate absorption of more light in the visible 

region and can help to improve the optoelectronic devices. 

 
Fig.2: The optical band gap of a) pure WO3, b) 5% Ni:WO3,C) (2% Cu+5% Ni):WO3,d) (4% Cu+5% Ni):WO3 

e) 5% (Cu:Ni) co-doped WO3 nanoparticles. f) UV–Vis Diffuse reflectance spectra of all sample 

3.1.2 Photoluminescence (PL) studies 

Fig. 3 shows the room-temperature PL emission spectra of the prepared samples at an excitation wavelength 

of 350 nm. The emission spectra of pure WO3, 5% Ni, WO3, (2% Cu+5% Ni): WO3, (4% Cu+5% Ni): WO3 and 

5% (Cu: Ni) co-doped WO3 nanoparticles are all in the visible region.  The greater emission spectrum in the 

(Ni,Cu) co-dopant has a higher percentage of surface oxygen vacancy. The emission spectra of pure WO3, 

5%Ni:WO3,(2% Cu+5%Ni):WO3,(4% Cu+5% Ni):WO3 and 5%( Cu:Ni) co-doped WO3 nanoparticles were 

exhibited strong emission peaks centered at 431 nm  related  to violet emission, 440 and  445 related to blue 

emission, 494 nm, 500nm  related to blue-green emission,  512,523, 524,531, 535, 536,542 and 546  nm  related  

to green emission ,610 , 621 and 662 nm related to  orange-red  emission. The recombination of free excitons 

causes UV and blue emission, which is referred to as near band edge emission (NBE) [36]. This UV and blue 

emission corresponding to band gap energy of 2.82 eV, 2.87eV and 2.78 eV, which aligned with the band gap 

energy determined from UV absorption spectra. The blue emission peak about 440 and 445 nm can be attributed 
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to electron recombination in the conduction band with deep doubly ionized oxygen vacancies, as well as exciton 

recombination, as seen in Fig. 3. The transition from the conduction band to single ionized oxygen vacancies and 

defects, which were introduced by the presence of Ni and Cu in WO3 samples, caused the blue-green and green 

emissions. The orange-red emission was caused by transitions associated with interstitial atomic defects found in 

the prepared samples [32,37].  These results are in good agreement with works reported in the literatures [52]. 

Pure WO3 and 5% Ni:WO3 nanoparticles exhibit lower intensity than (Ni: Cu) co-doped WO3 samples due to a 

lack of crystallinity [38]. The lower the PL intensity; the lower the recombination rate of photo-induced electron-

hole pairs [48]. The increased PL emission intensity was attributed to electron-hole recombination caused by 

surface imperfections or oxygen vacancies [49]. As a result of the higher growth and more intense PL emission 

peak observed in the Cu and Ni co-doped WO3 samples. The PL emission peak of co-doped WO3 samples shifts 

to the lower wavelength side and has a distinct intensity because of the substitution of W+6 by Ni2+ and Cu2+ ions 

into the host WO3 unit cell lattice site.  

These defects form a number of trap states which are responsible for the various PL peaks in the visible region 

[50]. The generalized band gap structure and specific defect level emissions as shown in Fig. 4. 

 
Fig.3: Photoluminescence spectra ofa) pure WO3, b) 5% Ni:WO3, c) (2%Cu+5% Ni):WO3, d) (4% Cu+5% 

Ni):WO3and e) 5% (Cu:Ni) :WO3 nanoparticles 

 
Fig.4: Generalized band gap structure, defect energy levels and different specific absorption/emission lines 
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3.1.3 Fourier transforms infra-red (FTIR) analysis 

The FTIR spectroscopy was studied to the information about the surface chemistry and chemical quality of 

nanomaterial. Fig. 5 shows the FTIR spectra of pure WO3, 5% Ni:WO3,  (2%Cu+5% Ni):WO3, (4% Cu+5% 

Ni):WO3 and  5% (Cu:Ni):WO3NPs.The observed band located at 1409 cm-1 represented to bending modes of O-

H groups and the band located at 2955 to 3683 cm-1 maybe represented to the stretching modes of O-H group in 

water or hydroxyls [32, 39]. Furthermore,the broad band observed at 550 to 1050 cm-1 is linked with the O-W-W 

stretching mode [32, 39]. The presence of WO3 stretching mode and absence of Ni and Cu oxide related mode 

further support that Ni2+ and Cu2+ ions are successfully doped WO3 crystalstructure.These results are consistent 

with our XRD results. 

 
Fig. 5: FTIR spectra of a) pure WO3, b) 5% Ni:WO3, c) (2% Cu+5%Ni):WO3,d) (4% Cu+5% Ni):WO3and e) 5% 

(Cu:Ni)co-doped  WO3 nanoparticles 

3.1.4 Surface morphology analysis 

The surface morphology and histogram results of the synthesized pure WO3, 5% Ni:WO3, and 5% (Ni: Cu) 

co-doped WO3NPs are shown in Fig.6 a-f. It is clearly understood that the surface morphology of pure, mono, 

and co-doped WO3 nanoparticles is uniform and densely packed as shown in Fig. 6 a-c. The particles were clearly 

agglomerated in the SEM images.  From the SEM images it is easily observed that doping with Ni and Cu plays 

a significant role on the morphological nature of the nanocrystalline of the prepared samples. The SEM 

micrographs also demonstrate that the surface morphology is dependent on the dopant element, indicating that 

W6+ replaced with transition metal in the WO3 unit cell. The average particle size distribution of WO3, 5% Ni, 

and 5% (Ni: Cu) co-doped WO3 was obtained by analyzing the SEM image using the software ImageJ as shown 

in Fig. 6d-f. The histograms represent WO3 nanoparticles with an average diameter of about 225 nm. However,  

the addition of Ni2+ influence the size morphology in which of average diameter of the nanoplates is decreased 

from 225 nm to 138 nm due to divalent nickel ions restrict the growth of WO3 and  lead to growing in the nanoplate 

direction shown in Fig. 6b  [32,40].  This decreased the average diameter which is a good agreement with average 

crystalline size calculated from the XRD.  

When both Ni2+ and Cu2+the dopant precursor concentration the morphology may be attributed to resulting in 

the change of surface feature from nanoplates shape to both nanorods and nanoplates shows in Fig. 6 c. The Ni 

and Cu co-doped WO3 nanoparticles increase the diameter from 225 to 252nm shown in Fig. 6f. These co-doping 

change both the shape and size of the WO3 nanoparticles. 
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Fig. 6: SEM images of a) pure WO3 b) 5% Ni: WO3and C) 5% (Cu:Ni):WO3 NPs and the average grain size of 

d) pure WO3, e) 5% Ni:WO3, f) 5% (Cu:Ni):WO3 NPs 

3.1.5 I–V characteristic studies  

The electrical properties measurement were carried out under dark condition at room temperature for pristine 

WO3, 5wt. % Ni: WO3 and (2wt.% Cu+5% Ni):WO3,(4% Cu+5% Ni):WO3 and 5% (Cu/Ni) co-doped WO3 thin 

film. The prepared samples were used to deposit on glass substrate by simple spin coating method after dissolving 

in DFM. Then the spin coated film was dried at 100OC for 2 h in an oven, and the metal contact was made over 

the prepared film using sliver past.  The result of the I-V characteristics measured for the sample exhibits a good 

ohmic behavior as shown in Fig. 7.The resistivity was calculated from the slope of each curves and tabulated in 

Table 1. 
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Table 2: Resistivity of the prepared thin films with fixed Ni and different Cu concentrations   

Samples WO3 5% Ni:WO3 (2% Cu+5% Ni): WO3 (4% Cu+5% Ni): WO3 5%(Cu:Ni): WO3 

Resistivity 

(Ω.cm) 
6.3 x10-3 0.63x10-3 19.3 x10-3 232.5 x10-3 2.9 x10-3 

The resistivity of WO3 film found to have between 0.63x10-3 –2.33 x10-1Ω.cm with doping of Ni and Cu, as 

shown in Table 1. The resistivity of WO3 decreases from 6.3 x10-3Ω.cm to 0.63 x10-3Ω.cm when 5% Ni doped 

and increases when Cu-Ni are co-doped in WO3.   

 

 
Fig. 7: I-V curves of a) pure WO3, b) (2% Cu + 5% Ni): WO3, c)(4% Cu + 5% Ni): WO3, d) 5% (Ni:Cu): WO3 

and e) 5% Ni:WO3 NPs 

When small amount of Cu is added in the Ni doped WO3 the resistivity of the film increase from 0.63x10-3 

Ω.cm for 5% Ni-WO3 thin film to 1.93 x10-2Ω.cm for (2% Cu,5% Ni)-WO3 and to 2.33 x10-1Ω.cm for (4% Cu, 
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5% Ni)-WO3. However, the obtained resistivity of WO3 films after doping of both Ni and Cu is slightly higher 

than the range of resistivity of semiconductors. Therefore, altering the dopant concentration in the unit cell lattice 

of WO3 can cause crystalline defects, change the electronic structure and result in changes the electrical 

conductivity of WO3 thin films [41-43]. Therefore, the prepared Ni-Cu doped WO3 films shows good ohmic 

properties and is good candidates for solar cell window layer applications. 

4. CONCLUSIONS 

Pristine WO3, 5%Cu:WO3, (2% Cu + 5% Ni): WO3, (4% Cu + 5% Ni): WO3, and 5% (Ni:Cu):WO3 

nanoparticles were successfully synthesized by co-precipitation methods. The structural, optical, and electrical 

properties of the prepared nanomaterials were investigated. The formation of the nanocrystalline orthorhombic 

structure of WO3 was confirmed by XRD. Moreover, average crystalline size, microstrain, unit cell volume and 

lattice parameters were significantly influenced by the dopant concentrations. The UV-Vis analyses revealed that 

the band gaps of the prepared samples decreased as the dopant concentrations increased. Various PL emissions 

in visible region were observed due to defects from a number of trap states. The increased intensity of the PL 

emission peak at 431, 440, 512, and 523 nm of pristine WO3 and (Ni: Cu) co-doped WO3 samples was attributed 

to the high electron–hole recombination caused by nanoplates with little rod morphology.  The SEM micrographs 

confirmed that the prepared samples have both nanoplate and nanorod shapes and are agglomerated irrespective 

of the dopants. The I-V curves revealed that all the films obey Ohms law and the resistivity decreased with doping. 

The obtained results revealed that the prepared materials are suitable for application in optoelectronic devices as 

the window layer. 
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