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Welcome message from the Conference Committee 

 

 
    On behalf of the organizing committee, I am delighted to welcome all the 

participants to the 3rd International Exchange and Innovation Conference on 

Engineering & Sciences (IEICES 2017) which is scheduled to take place on October 

19-20, 2017 at Fukuoka, Japan. 

 

This academic conference brings together academics, researchers and students to 

share the latest developments and researches in the fields of materials, energy 

and environmental engineering & sciences. The organizing committee is going to 

develop an exciting program to give participants an opportunity to present their 

academic works, concepts and new discoveries. Moreover, participants will have a 

chance to get to know one another closely. 

 

We are looking forward to meeting you and ensuring that you will have an 

appealing and exciting experience on your participation during the conference in 

the beautiful city of Fukuoka. 
 

 
 

 

 

Osama Eljamal 

IEICES Chairman 
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Kazuhide Ito 
Professor, Environmental Engineering 

Kyushu University, Japan 

Email: ito@kyudai.jp 
 

 

 

Short Biography 

Kazuhide Ito is Professor of Interdisciplinary Graduate School of Engineering 

Sciences at Kyushu University. He was born in Gifu in 1972. He earned his B. Eng. 

in 1995 from Nagoya University, and M. Eng. (1997) and Dr. Eng. (2000) from The 

University of Tokyo. Before he joined the faculty at Kyushu University, he was a 

faculty member at Tokyo Polytechnic University. His current research topics 

include indoor environment, public health, and energy-efficient, sustainable 

building design and analysis. He has published over 100 journal and conference 

papers.  

He has received several awards from the Japanese government, the Architectural 

Institute of Japan (AIJ), and the Society of Heating, Air-conditioning and Sanitary 

Engineers of Japan (SHASE). He is a recipient of the Commendation for Japan 

Society for the Promotion of Science (JSPS Prize) in 2015, and Science and 

Technology by the Minister of Education, Culture, Sports, Science and Technology 

(The Young Scientists’ Prize) in 2011. He has also received SHASE Award of 

Technical Paper (in 2007, 2008, 2011, 2013, 2014, 2015, and 2016), The 

Encouragement Prize of AIJ in 2007, The Prize of AIJ in 2012, The Maeda 

Engineering Foundation Award in 2001. He also received the SAGE Best Paper 

Award of Indoor and Built Environment in 2013. 
 

 

An in silico human model for fluid-initiated environmental design in 

an enclosed space 

 

Abstract 

In modern society, people spend more than 90% of their time in enclosed spaces 

like car and commuter train interiors, aircraft cabins, and buildings, wherein the 

indoor air quality (IAQ) greatly influences their quality of life. Today, people 

remain in enclosed spaces, i.e. indoors, more than they did in the past, making 

IAQ issues increasingly important as far as controlling health risks to residents 

are concerned. 

In recent years, indoor air pollution has become a serious social problem. Indoor 

air pollution is caused by chemical substances called volatile organic compounds 

(VOCs) that are emitted from vehicles/building materials. They are exacerbated 

by the introduction of new materials and new construction methods, and by the 

growing prevalence of airtight environments, high thermal insulation, and 

insufficient ventilation. Ventilation systems have also been recognized as 
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dominant transport pathways for the transport of contaminants from outdoor to 

indoor environments. Contaminants originating from an outdoor environment 

may diminish indoor air quality. Recent epidemiological studies indicate that 

exposure to gas-phase and particulate-phase contaminants in air is associated 

with increased risks of lung cancer, asthma, and chronic diseases, as well as 

increased risks of induced mortality and morbidity in humans. Individuals in 

enclosed spaces are at risk of being exposed to gas-phase and particulate-phase 

contaminants that originate outdoors and later penetrate indoor environments. 

Health conditions related to enclosed spaces have also led to considerable 

attention being given to the effect of indoor air on the quality of life. 

Numerical simulations of airflow, temperature, and the contaminant distribution 

field have been used in the designing of room air conditioning and the analysis of 

environmental quality in enclosed spaces. Numerical simulation is useful in the 

analysis of contaminant distribution field structures and can be used to design a 

precise control method for environmental quality.  

Interest in using an in silico human model, i.e. computer-simulated person (CSP) 

integrated with computational fluid dynamics (CFD) simulation for this purpose 

in research and design has been growing steadily. 

Recent developments of computer and visualization technology in the medical field 

have been remarkable. The use of in silico models as a substitute for biological 

bodies for in vivo study/experimental studies, and tissue and cells for in vitro 

studies has been increasing as animal and biological tests are always needed for 

inhalation toxicology studies and the development of respiratory drug delivery 

systems. Recently, in vivo studies involving human subjects and mammal 

surrogate models for toxicology studies have been facing ethical restrictions. In 
silico models, with detailed geometry and physiology reproductions of these 

animals, as substitutes for real humans/animals, are therefore in great demand. 

Recently, an in silico human model that integrates thermoregulation and the 

respiratory tract with physiologically-based pharmacokinetics (PBPK) models for 

indoor environmental quality assessment has been developed. This in silico 

human model, integrating detail human body surface geometries with a virtual 

respiratory tract model by generating a continuous grid design in order to analyze 

the effect of the indoor environment around the human body and on the inside of 

the respiratory tract via the nostrils and oral cavity, can be used for the inhalation 

exposure analysis without ethical concerns. By using this in silico human model 

for fluid-initiated indoor environmental design, we have reported the prediction 

results of tissue dosimetry in respiratory tract in addition to the non-uniform 

contaminant concentration around human body and in room. In this study, they 

emphasize that room-averaged contaminant concentration and the concentration 

in breathing zone were predicted different values and inhalation exposure 

concentration in respiratory tract was also greatly different. For further 

application, we also reported first- and second-hand smoke exposure assessment 

from e-cigarettes using integrated analysis of CFD and in silico human model.  

In this keynote lecture, I will introduce past, current, and future trends of 

developing in silico human model for fluid-initiated environmental design in an 

enclosed space.  
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Aleksandar Tsekov Staykov 
Associate Professor, International Institute for Carbon-Neural 

Energy Research (I2CNER)  

Kyushu University, Japan  

E-mail: alex@i2cner.kyushu-u.ac.jo 
 

 

 

Short Biography 

Aleksandar Staykov obtained M. Sc. degree in Organic Chemistry from Sofia 

University, Bulgaria in 2002. In 2006, he obtained his Ph. D. degree in Physical 

Chemistry from Wilhelm Ostwald Institute, Leipzig University, Germany with 

supervisors Prof. Dr. h. c. Nikolai Tyutyulkov and Prof. Fritz Dietz. During his Ph. 

D. he was awarded with DAAD fellowship for study and research in Germany. 

From 2006-2011 Dr. Staykov is a postdoctoral researcher in the Institute for 

Materials Chemistry and Engineering, Kyushu University, Japan with supervisor 

Prof. Kazunari Yoshizawa. During this period, he was awarded with JSPS 

fellowship for research in Japan, CSJ presentation award, and BCSJ best article 

award. From 2011 Dr. Staykov is appointed as an assistant professor at the 

International Institute for Carbon Neutral Energy Research, Kyushu University. 

In 2014, he was promoted to associate professor and in 2015 he received a 

permanent faculty position and became a part of the department of Applied 

Chemistry, Kyushu University. Dr. Aleksandar Staykov is lecturing the course of 

Thermodynamics for the second-year Applied Chemistry students. Dr. Staykov 

works actively in the field of theoretical chemistry and computational materials 

science. He has 59 peer-reviewed publications in impacted scientific journals, such 

as, ASC Nano, J. Am. Chem. Soc., Chem. Mater., J. Phys. Chem. C, J. Mater. 

Chem. A., etc. He has collaborated and published together with renown 

experimentalists: Prof. Ben Feringa (2016 Nobel Prize in Chemistry), Prof. Klaus 

Mullen (Max Plank Institute for Polymer Science), Prof. John Kilner (Imperial 

College London), Dr. Brian Somerday (Sandia National Lab), Prof. Tatsumi 

Ishihara (Kyushu University). 

 

 

  Oxygen Activation and Dissociation on Transition Metal Free Perovskite 

Surfaces 

 

Abstract 

Density functional theory and low energy ion scattering spectroscopy were applied to study the 

mechanism of oxygen dissociation on the SrO-terminated surfaces of strontium titanate 

(SrTiO3) and iron-doped strontium titanate (SrTi1–xFexO3−δ). Our study reveals that while O2 

dissociation is not favored on the SrO-terminated perovskite surface, oxygen vacancies can act 

as active sites and catalyze the O–O bond cleavage. Electron transfer from lattice oxygen atoms 

to the O2 molecule, mediated by the subsurface transition metal cations, plays an important role 
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in the resulting formation of surface superoxo species. The O2 molecule dissociates to produce 

oxygen ions, which are incorporated into the perovskite lattice, and highly active oxygen 

radicals on the perovskite surface, which further recombine to O2 molecules. Our focus on the 

SrO-terminated surface, rather than the TiO2 layer, which is presumed to be more catalytically 

active, was driven by experimental observation using low energy ion scattering spectroscopy, 

which reveals that the surface of SrTiO3 after high temperature heat treatment is SrO-

terminated, and hence this is the surface that is technologically relevant for devices such as 

solid oxide fuel cells (SOFCs). Our study demonstrates that although the more active BO2-

perovskite layer is not exposed at the gas–solid interface, the SrO-terminated surfaces also 

actively participate in oxygen exchange reaction [1,2]. 

 

 
 

[1] Staykov, A.; Téllez, H.; Akbay. T.; Druce, J.; Ishihara, T.; Kilner, J. Chem. Mater., 2015, 

27, 8273. 

[2] Akbay. T.; Staykov, A.; Druce, J.; Téllez, H.; Ishihara, T.; Kilner, J. J. Mater. Chem. A, 

2016, 4, 13113. 
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Short Biography 

Takeshi Yanagida is Professor of Institute for Materials Chemistry and 

Engineering at Kyushu University. He has working experiences as Researcher at 

Panasonic Corporation (April 1997 to August 1999), Research Associate, 

University of Teesside, (September 1999 to December 2002), JSPS Research 

Associate at Osaka University, (April 2003 to August 2005), Assistant Professor, 

Osaka University, (September 2005 to December 2009), Associate Professor, Osaka 

University, (January 2010 to December 2014), and current position- Professor, 

Kyushu University (January 2015 to present). He holds a BSc and MS in Chemical 

Engineering from Osaka Prefecture University, and PhD from Teesside University, 

England. His research interests are in Nanotechnology, Nanomaterials, Material 

Science and Their Novel Device Applications. Especially, he has established a 

unique strategy to create completely novel metal oxide nanomaterials (nanowires). 

He has been funded for several research projects from government and industry. 

Currently, he is working at national funding projects including ImPACT, CREST. 

He has received several scientific awards including, Young Researcher Award from 

APPIE, Award of Young Researcher, Society of Nano Science and Technology, 

Research Fellow of Hisyo Research in Osaka University, Funai Award, Young 

Research Award of Ministry of Education, Culture, Sports, Science & Technology 

in Japan. He has more than 200 publications including journal articles, 

proceedings, book chapters, and patents. He has been an invited speaker on 

numerous occasions at academic institutions throughout the world and at national 

and international conferences more than 100 times.  
 

 

Material Design of Metal Oxide Nanowires and Their Promises 

 

Abstract 

Self-assembled one-dimensional “Nanowires” have attracted much attention due 

to not only the fundamental interests in nanoscale-confided physical properties 

but also novel nano-device applications, where existing nanomaterials have not 

been applicable. Nanowires are attracting the interests of researchers from 

diverse research communities ranged from physics, chemistry, material science, 

electrical engineering, chemical engineering and others. Group VI and III-V 

compounds nanowires have demonstrated their great promises for exploring 

fundamental physical properties at nanoscale and also the feasibility of diverse 

nano-device applications. Although metal oxides exhibit their rich variety of 
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physical properties including photo catalysts, ferroelectric, ferromagnetic, high-Tc 

superconducting, memristive switching, which are hardly attainable to other 

materials, compared with group VI and III-V compounds nanowires, the feasibility 

of functional oxide nanowires has been strongly limited due to the absence of 

fabrication method for various transition metal oxide nanowires. Here we 

demonstrate i) “Material Design Concept” for well-defined oxide nanowires via 

vapor-liquid-solid (VLS) mechanisms, and ii) the memristive switching 

phenomena within a single oxide nanowire down to 10 nm scale. We have 

succeeded to fabricate a well-defined single crystalline metal oxide nanowire by 

controlling precisely formation environments. When comparing with MD 

simulations as to VLS growth, the importance of material transport via the metal 

catalysts has been found. Especially, we have found that the difference between 

LS interface and VS interface on the critical nucleation size essentially allows us 

to perform VLS nanowire growth. This knowledge can be expanded to discover 

novel metal oxide nanowires via VLS mechanisms. Next, we have constructed 

highly stable RS junctions comprised of Pt/single oxide nanowire /Pt. The 

nanowire memristor exhibited the endurance up to 108 by utilizing self-assembled 

nanowires and well-defined nano-gap electrodes. In addition, information as to the 

memristive switching including the carrier type for memristive switching and the 

spatial switching location, have been extracted by the present nanowire 

memristor, which had been buried in conventional memristors. We believe that 

the presented approaches by utilizing self-assembled oxide nanowire/metal 

junctions offer an important system and platform for investigating not only 

nanoscale confined physical properties of transition metal oxides but also 

exploring exciting novel nano-devices with other electric materials, which had not 

been possible. 

Related Recent Publications: (1) J. Am. Chem. Soc. 130, 5378 (2008), (2) J. Am. Chem. Soc. 

131, 3434 (2009), (3) J. Am. Chem. Soc. 132, 6634 (2010), (4) Nano Lett. 10, 1359 (2010), (5) 

Nano Lett. 11, 2114 (2011), (6) J. Am. Chem. Soc. 133, 12482 (2011), (7) J. Am. Chem. Soc. 

134, 2535 (2012), (8) Nano Lett. 12, 5684 (2012), (9) ACS Nano 7, 3029 (2013), (10) Sci. Rep., 

3, 1657 (2013), (11) J. Am. Chem. Soc. 135, 7033 (2013), (12) Adv. Mater. 25, 5893 (2013), 

(13) J. Am. Chem. Soc. 136, 14100 (2014), (14) Nano Lett. 15, 6406 (2015), (15) ACS Sensors 

1, 997 (2016), (16) Nano Lett. 16, 7495 (2016), (17) Nano Lett. (2017) in press. 
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Cooling by Solar, Water, and Air 

 

Abstract  

In modern city, air conditioning is installed most of the buildings, and it is 

essential for convenient and comfortable life for human beings. In addition, it is 

also indispensable to some industrial or agricultural processes. It is a large energy 

consumer, however, and it sometimes causes a shortage of electricity during a peak 

demand time of space cooling. Nevertheless, the intensity of space cooling is not 

so high. For example, the peak cooling demand in buildings is approximately 100 

W to 150 W per square meters of floor area. On the other hand, cooling heat flux 

of nuclear reactor is in the order of hundreds kW/m2. Heat flux from CPUs is also 

equivalent to that from nuclear reactor because it generates heat in a very compact 

body. In terms of temperature, the space cooling does not require large 

temperature difference from ambient temperature level. The room temperature is 

kept about 5 to 10 degree Celsius lower than the outside air temperature under 

Japanese climate condition, for example. For cooling of high heat flux or for 

cryogenic cooling, we have to use advanced, sophisticated technology. But so does 
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space cooling? Currently we consume a large amount of electricity, which is 

expensive and high exergy, for space cooling. In my presentation at IEICS2017, I 

will show some examples of alternative cooling technology that minimize the use 

of electricity. The key factors of alternative cooling technology for space cooling are 

“solar energy” as a driving force, “Water” as a refrigerant, and “Air” as a carrier of 

cooling effect. 
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Carbon-neutral fuels via CO2 conversion. Current status and 

perspectives. 

 

Abstract 

Despite the intense research and investments in renewable energy sources, fossil 

fuels are still expected to contribute around 80% of the global energy demands by 

2040. IPCC predicts that such scenario could result in catastrophic increase of the 

Earth atmosphere temperature, with 2016 being the hottest year on record, 

setting a new high for the third year in a row. Therefore, CO2 conversion to liquid 

fuels have recently being considered as a possible route for storing renewable 

energy, complementary to the traditional electrochemical energy storage solutions 

with even greater potential to curb CO2-emissions. However, building a device that 

could mimic photosynthesis and store renewable energy in the chemical bonds of 
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a fuel using only CO2 and water as starting materials remains one of the greatest 

challenges in chemistry. Aim of the talk will be to provide fair comparison between 

traditional electrochemical energy storage solutions (e.g. Lithium-ion batteries, 

Zn-air batteries, etc.) and CO2-derived liquid fuels by considering the intrinsic 

mechanism of energy storage in both cases, revealing their current development 

status, limitations and possible advancements. While most of the battery 

chemistries have matured for decades, CO2 conversion into value-added chemicals 

and liquid hydrocarbon fuels is still in its infancy. While battery chemistries are 

highly optimized and further substantial improvements is unlikely, CO2 

conversion still has great potential for substantial improvements. Well-optimized 

CO2 to liquid fuel industrial process would be of interest: 

 

(1) For recycling of CO2 as an energy carrier, thus reducing its concentration in 

the atmosphere  

(2) As a convenient means of storing electrical energy in chemical form via electro 

reduction of CO2 (eCO2RR), and  

(3) For the production of renewable hydrocarbon fuels from abundant renewable 

electricity, CO2 and water. 

 

The talk will summarize experimental and computational work carried out 

worldwide and in our group and will highlight future research efforts.  
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Introduction of Capacitive Power Transfer Technology 

 

Abstract 

Wireless power transfer (WPT) technology is expected for eliminating 

troublesomeness of connecting an electronic cable. The development of WPT 

technology has a long history since Nikola Tesla built up Wardenclyffe Tower 

located in Long Island, New York for developing a WPT system in the early 1980’s. 

But it cannot be said that WPT technology is widely spread in a current human 

life space enough. The reason is that it cannot find the specific application which 

only WPT can achieve yet. 

There are two types of WPT for short-range power transmission. One is the 

inductive coupling power transfer (IPT), and the other is the capacitive coupling 

power transfer (CPT). We have been working on the development of CPT 

technology although it is a minor one comparing with IPT because it has unique 

features such as wide transfer area, simple structure, and so on.  

In this presentation, three CPT applications we have developed are presented. The 

first application is to an e-Paper, a reflective display showing a paper white 

appearance. We could eliminate the battery from the device, which enables the real 

paper-like shape. The second application is for an organic light-emitting diode 

(OLED) lighting, a new lighting using OLED. The lighting panel consists of only 

OLEDs with flexible plastic substrate and rectifying diodes, which results in a very 

simple and ultrathin lighting device. The last is for a drone or a small multicopter. 

By using CPT system, a wide charging area for the drone to land especially required 

at autonomous flying was provided.  
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Study of turbulence intensity effect on the fatigue lifetime of wind turbines 
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Abstract: In this paper, the effect of variable turbulence intensities on the fatigue lifetime of wind turbines is studied. 

Time series aeroelastic simulations were carried on the NREL WindPACT 1.5MW upwind turbine using an open source 

software FAST. Two turbulence models -von Karman and Kaimal- were used with four different turbulence intensities 
(1%, 10%, 25%, and 50%). The time series data of the loads were post processed using the tool MLife to estimate the 

fatigue lifetime of the wind turbine. It is found that high turbulence intensities increase the extreme loadings on the 

turbine, increase damage equivalent loads, and decrease the estimated lifetime. It is also found that both turbulence 

models’ results agree, there is no remarkable difference between them in the fatigue behavior of the turbine, and gave 

very close results. 

 

Keywords: Aeroelasticity, Fatigue, Turbulence, Wind Turbine. 
  
 

1. INTRODUCTION  

The world intention towards renewable resources of 

energy has increased recently, because of the limitation 

of the amount of fossil fuels. Among the renewable 

energy sources, wind energy has a very high potential of 

development and growth year after year [1]. Wind 

turbines are the conventional method of converting 

wind energy into mechanical energy, and then into 

electrical energy. 

Design lifetime for a wind turbine typically is twenty 
years of operation [2]. One of the most important factors 

affecting the dynamics of the turbine, is the turbulence 

of the wind acting on it. 

In this paper, the effect of different turbulence 

intensities on the fatigue behavior of the wind turbine is 

studied. The importance of this study is to anticipate the 

fatigue behavior of wind turbines according to 

turbulence in the wind, and know its effect on the 

lifetime. 

In the following sections, a brief representation of the 

two turbulence spectral models used for the study, von 
Karman and Kaimal, will be introduced. Then a 

comparison between the two models’ results. And in the 

last section, the conclusion of the study will be 

introduced to summarize the findings of this work. 

 

2. TURBULENCE SPECTRAL MODELS 

Motion of the atmosphere varies in both spatial and time 

domains. Turbulence can be defined as the random and 

fast fluctuation of wind speeds around its mean value, in 

a small-time scale. [3] These fluctuations occur in 

longitudinal, lateral, and vertical directions. 

It is a complex process to represent the turbulence 
mathematically because it is a random process which 

cannot be simply described by deterministic equations. 

So, it is more useful to describe turbulence according to 

its statistical properties; turbulence intensity (TI). It 

measures the overall turbulence level, and can be 

defined as; 

𝐼 =
𝜎

𝑈
  (1) 

Where; I is the turbulence intensity, σ is the standard 

deviation of the wind speed, and �̅� is the mean wind 

speed. 

Two spectral models are commonly used to express the 

spectrum of the longitudinal wind component, denoted 

by a subscript “u”. Those models are the von Karman 
and Kaimal spectral models. They can be expressed as 

follows [3,4]; 

Kaimal: 
𝑛𝑆𝑢(𝑛)

𝜎𝑢
2 =

4𝑛𝐿1𝑢/𝑈

(1+6𝑛𝐿1𝑢/𝑈)
5/3  (2) 

von Karman: 
𝑛𝑆𝑢(𝑛)

𝜎𝑢
2 =

4𝑛𝐿2𝑢/𝑈

(1+70.8(𝑛𝐿2𝑢/𝑈)
2)5/6

  (3) 

Where; Su(n) is the wind’s longitudinal component’s 

spectral density function, σu is the longitudinal wind 

speed’s standard deviation, L1u and L2u are length scales 

with values depending on the surface roughness z0 and 

the above ground height z. 

The von Karman spectral model can give a better 

description for turbulence occurring in wind tunnel tests, 

while the Kaimal model fits better to the atmospheric 

turbulence [5]. However, the von Karman model is 
consistent with the analytical formulae, and hence, often 

used for the correlation. 

In this paper, both spectral models are used for the 

simulation, for the reason of comparison between their 

results. NREL engineers have developed many software 

tools to model and simulate the wind turbines. Among 

those software is the TurbSim [6], a tool which 

simulates turbulence fields around wind turbines. 

Different turbulence intensities have been used for the 

wind field generation to know the effect of the 

turbulence intensities on the lifetime of a wind turbine. 
Accordingly, four different random values for 

turbulence intensities where chosen for the study, 

including very low turbulence (1%), medium turbulence 

(10%), high turbulence (25%), and severe turbulence 
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(50%). Each turbulence intensity was modeled using 

both the von Karman and Kaimal models, then their 

results were used as an input to the software tool FAST; 

an aeroelastic tool for wind turbines. 

 

3. RESULTS AND DISCUSSION 
The wind turbine used for the simulation is the NREL 

WindPACT (Wind Partnership for Advanced 

Component Technologies) 1.5MW wind turbine. 

Originally, the WindPACT project aimed for studying 

the effect of scaling of different rotor configurations on 

the cost of energy (COE). Four different configurations 

are available for the WindPACT project; 0.75MW, 

1.5MW, 3MW, and 5MW [7] 

Aeroelastic simulation is performed on the wind turbine 

using FAST. Wind velocities and wind loads time series 

are generated. This simulation is performed for each 

turbulence model and for each turbulence intensity. 
The simulation results made by FAST are then 

postprocessed using MLife. MLife is a MATLAB® 

based tool which can estimate the fatigue behavior of 

wind turbines. Damage equivalent loads and time until 

failure for aerodynamic loads’ time series are calculated 

for each turbulence model and for the four different 

turbulence intensities. 

The material properties of the WindPACT 1.5MW wind 

turbine are not completely defined, some data are 

defined but some information is missing. The ultimate 

loads for the simulation were chosen based on the 
WindPACT maximum loading data [8], while the blade 

and tower materials are not specified, so, the blade 

material is assumed to be made of composite material, 

using two values of Wohler exponent (m) [9] of 8 and 

10. And the tower is assumed to be steel, with a Wohler 

exponent of 3. 

In the following tables, the lifetime until failure for the 

chosen S/N curves for 1% and 50% turbulence 

intensities using the von Karman spectral model will be 

displayed. L_Ult is the ultimate load for each S/N curve, 

and m is the Wohler exponent. 

 
Table 1. Lifetime until failure (s) for various S/N curves 

(von Karman model – 01% TI) 

  
  

  
  

RootFxc

1 

(kN) 

RootFyc

1 

(kN) 

RootMxc

1 

(kN·m) 

RootMyc

1 

(kN·m) 

TwrBsMx

t 

(kN·m) 

TwrBsMy

t 

(kN·m) 

L_Ult   5.6E+3 5.6E+3 2.76E+4 2.76E+4 3.2E+5 3.2E+5 

m 

3         3.23E+7 3.89E+5 

8 1.67E+19 1.23E+18 3.03E+15 2.04E+14     

10 2.53E+23 1.90E+22 1.03E+19 1.81E+17     

Table 2. Lifetime until failure (s) for various S/N curves 

(von Karman model – 50% TI) 

  

  
  

  

RootFxc1 

(kN) 

RootFyc

1 

(kN) 

RootMxc

1 

(kN·m) 

RootMyc

1 

(kN·m) 

TwrBsMx

t 

(kN·m) 

TwrBsMy

t 

(kN·m) 

L_Ult   5.6E+3 5.6E+3 2.76E+4 2.76E+4 3.2E+5 3.2E+5 

m 

3         3.64E+6 2.65E+5 

8 
1.05E+1

7 
2.11E+17 4.55E+13 2.01E+12     

10 
6.20E+2

0 
1.34E+21 4.86E+16 8.86E+14     

In Tables 1&2, the life until failure in seconds, for 

various S/N curves are shown. As it can be observed, 

there is no big difference in the values of the lifetime of 

the tower. The difference is in order of days or few 

months. However, the difference for the lifetime of the 

blade is significant. The change of turbulence from 1% 

to 50% reduces the time until failure in order of years; 

for the blade, the reduction is in 0.01 order of magnitude. 

The same procedure was made for the Kaimal spectral 

model. Very close results to that of the von Karman 

simulations appeared. In order to compare between both 
models’ results, the time until failure results for the 01% 

turbulence intensity will be shown below. 

Table 3. Lifetime until failure (s) for various S/N curves 

(Kaimal model – 01% TI) 

  
  

  
  

RootFxc1 

(kN) 

RootFyc

1 

(kN) 

RootMxc

1 

(kN·m) 

RootMyc

1 

(kN·m) 

TwrBsMx

t 

(kN·m) 

TwrBsMy

t 

(kN·m) 

L_Ult   5.6E+3 5.6E+3 2.76E+4 2.76E+4 3.2E+5 3.2E+5 

m 

3         3.26E+7 3.85E+5 

8 
1.67E+1

9 
1.23E+18 3.07E+15 2.04E+14     

10 
2.53E+2

3 
1.90E+22 1.06E+19 1.81E+17     

Comparing Table 3 to Table 2, the differences between 
the two models’ lifetime until failure results are trivial. 

This indicates that both spectral models are effective in 

simulating the turbulent flow around the wind turbine. 

4. CONCLUSIONS 

From the discussed analyses, we can deduce that the 

turbulence intensity affects the fatigue behavior of the 

wind turbine significantly. The main trend of that effect 

is negative; the bigger the turbulence value, the shorter 

the lifetime until failure. This factor should be 

considered while designing the structure of a wind 

turbine, especially in areas subject to wind gusts or 

typhoons. The two spectral models used for simulation 
gave very close results. Both models showed the same 

behavior with increasing the turbulence intensities. 

Trivial errors between the two models’ results occurred. 

And this includes that any of the two models can be 

used for simulating wind field around a wind turbine. 
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Abstract: Perturbative transport experiment was performed in the HL-2A tokamak. Plasma current and background 

density were fixed at 170kA and 1.4×1019m-3, while neutral beam injection (NBI) heating power varied from 400kW to 

1MW. Plasma density was modulated by supersonic molecular beam injection (SMBI). Density profile and fluctuation 

were measured with a fast sweeping Q-band frequency modulated continuous wave (FMCW) reflectometer with the 

temporal resolution as high as 6μs, which covered a normalized radius range of ρ=0.75~1. Spatiotemporal behaviors of 

radial profiles of density and density gradient were observed. Particle diffusivity and pinch velocity were evaluated by 

fitting the phase and amplitude profile of density perturbation. In order to confirm whether the particle transport in HL-

2A is diffusive, the relations between particle flux and density gradient were also studied. 
 

Keywords: Tokamak; plasma; particle transport; SMBI 
  
 

1. Introduction  

Particle transport is one of the key issues in Tokamak 

plasma physics. Understanding its mechanism is 
important for improving plasma confinement and fueling 

efficiency in future fusion reactors [1]. However, 

compared with heat transport and momentum transport, 

particle transport is more difficult to study, because 

diffusion and convection usually are coupled in particle 

transport. 

Recently, perturbative method has been proved to be one 

of the most effective ways to study particle transport in 

plasma, and some progress on transport barriers and 

transport mechanism have been achieved with 

perturbative method [2,3], but many questions still 

remain unsolved. 
In Tokamak, usually particle transport is considered to be 

non-diffusive because it is dominated by turbulence [4]. 

To confirm the diffusivity of particle transport, 

perturbative particle transport experiment has been 

conducted in HL-2A Tokamak with SMBI, and 

microwave reflectometer is used as the main diagnostic 

system to study particle transport. 

 

2. Experimental setup 

Perturbative particle transport experiment is conducted 

in the HL-2A Tokamak. The parameters in the present 

experiment are as follows: major radius R=1.65m, minor 

radius a=0.4m, magnetic field B0=1.35T, plasma current 

Ip=170kA and background electron density ne= 

1.4×1019m-3. 

Fig.1 shows the temporal evolution of these parameters 

of a typical discharge, where the electron temperature is 

measured by electron cyclotron emission radiometer and 
line average density measured by far infrared rays (FIR) 

laser interferometer. The discharge lasts for about 

1900ms and keeps stable from 200ms to 1700ms. 400kW 

neutral beam injection (NBI) heating is injected at 500ms, 

and lasts for about 500ms, during which the stored energy 

is obviously increased. In this experiment, Supersonic 

molecular beam injection (SMBI) is used as the 
perturbative source, as it has the advantage of deep 

penetration and high fueling efficiency [5]. SMBI 

modulation is added during 500ms and 1000ms to 

periodically disturb electron density. The modulation 

frequency of SMBI is 16.67Hz, and pulse width is 2ms. 

As shown in Fig.1, the line average density is obviously 

modulated by SMBI. 

 

 
Fig. 1. parameters of perturbative particle transport 

experiment 

 

3. Experimental results 

To study perturbative particle transport, a high temporal 

resolution microwave reflectometer is developed to 

measure the density profile and perturbation evolution. 

The temporal resolution is up to 6us by optimizing 

system matching. Besides, dynamic calibration method 

of VCO is developed, and dispersion of the transmission 

system is taken into account to reduce measurement 

error. Fig.2(a) is the experimental beat frequency 
extracted from the spectrogram in a sweeping period, 

which is mostly credible except for some frequency jump 
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points. After correcting frequency jumps, the radial 

density profiles and evolution of density perturbation are 

reconstructed, which are shown in Fig.2(b) and Fig.2(c). 

 

 
Fig. 2. experimental signal and reconstructed density 

profile measured by microwave reflectometer 

 

It is clearly shown that after SMBI, a strong perturbation 

is introduced to the density, and the density is modulated 

at different radii. Therefore, FFT (fast Fourier 

Transformation) analysis is one of the best ways to 

analyze modulated perturbation.  

 Fig.3 shows the FFT result of the density perturbation at 

normalized radius 0.81. Fig.3(a) is the spectrum of 

density perturbation, and high harmonics as well as first 
harmonic are observed. According to the spectrum, the 

amplitude and phase of the perturbation are obtained. By 

doing FFT analysis to all the perturbation at different 

radii, the profiles of amplitude and phase are obtained, as 

Fig.3(b) shows.  

 

Table 1. Values of D and V for different zones. 

 
Zone Ⅰ 

0.776 < ρ 

< 0.804 

Zone   Ⅱ 

0.804 < ρ 

< 0.84 

Zone Ⅲ 

0.784 < ρ 

< 0.9 

D (m2/s) 0.2 0.7 0.11 

V (m/s) 10 -22 -6 

 

 

 
Fig. 3. FFT analysis for density perturbation. (a) 

spectrum of density perturbation. (b) amplitude and 

phase profiles of density perturbation 

 

According to the peak of amplitude and the bottom of 

phase, the whole region is divided into three regions, and 

transport coefficients are estimated by fitting the profiles 

with simulation [6], which are shown in Table 1. 

 

4. Discuss  

FFT analysis is based on the diffusive transport model. 

To confirm the diffusivity of transport, it is necessary to 

analyze the density evolution after SMBI injection. The 

density contours and gradient contours after SMBI at 

671ms are shown in Fig.4(a) and Fig.4(b) respectively. 

Fig.4(a) clearly shows that the edge density keeps 

increasing after SMBI and reaches the maximum at 

679ms, which is regarded as the source phase. After 

679ms the density starts to decreases, which indicates the 

particle transport process is source-free.  

During the source-free transport process, it is clear that 
there are three different phase. Firstly, from 679ms to 

685ms, the edge density starts to decrease, while the line 

average density still keeps increasing. This indicates that 

the center density as well as line average density are 

increasing, and there is a strong inward particle flux 

during this phase. It should be noted that during this 

phase, the density gradient at the edge almost keeps the 

constant, which indicates that the inward flux may be 

driven by pinch. Next from 685ms to 700ms, the line 

average density stops increasing and keeps almost the 

constant. At the same time the edge density decreases 
slowly and continuously, and density gradient is relaxed. 

After 700ms the transport reaches the third phase, while 

(a) 

(c) 

(b) 

(a) 

(b) 
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the line average density starts to decrease, and the edge 

density shows some intermittent decays. To conclude, the 

transport induced by SMBI is mixed by different 

mechanisms.  

 

 

 
Fig. 4. contours of density perturbation and gradient 

 

The transport process can be shown more obviously 

from the flux-gradient relationship. The flux is obtained 

by integrating the variation of density: 

Γ = ∫ −
∂ne
∂t

dV
a

0

 

Because of the limited waveband, the reflectometer can 

only cover part of the radial density profile. Therefore, 

to estimate particle flux, the radial profile is divided into 

three parts: the edge part, the inner part, and the core 

part: 

Γ = ∫ −
∂ne
∂t

dV
rcore

0

+∫ −
∂ne
∂t

dV
r1

rcore

+∫ −
∂ne
∂t

dV
a

r1

 

In the core region, density is hardly affected by edge 

fueling, thus flux from core region is neglected. 
According to the measured density at the edge, the 

density at inner region changes little during SMBI, thus 

the integration is regarded as 0. Therefore, the flux is 

simplified as following: 

Γ = ∫ −
∂ne
∂t

dV
a

r1

 

The flux is calculated according to the formula above, 

and the dependence of flux and gradient at different 

radial positions is given in Fig.5. It is clearly shown that 

the transport after SMBI is a complex process. From 

679ms to 685ms, the outward flux increases abruptly, 

while the density gradient almost keeps the constant. 

Then from 685ms to 695ms, the flux and gradient is 

relaxed slowly. It is noted that according to the flux-
gradient relationship, the transport seems to be diffusive 

during this phase. Lastly, after 695ms, there is an 

intermittent edge decay phase. 

 
Fig. 5. flux—gradient dependence 

 

5. Conclusion 

Perturbative transport by SMBI is a complex process, 

which undergoes three different phases. The first phase 

is inward flux phase shortly after SMBI injection. 

During this phase, the edge density starts to decrease, 

keeping the density gradient constant. At the same time, 

a strong inward particle flux is driven, resulting to the 

increase of core density. The second phase is edge 
relaxing phase. The core density stops increasing and 

keeps constant, while edge density still decreases. The 

edge density gradient decreases linearly along with flux. 

The third phase is intermittent decay phase. The core 

density starts, and some intermittent structures break out 

at the edge. Among the three phases, only the second 

phase is diffusive, which means FFT analysis is 

insufficient for perturbative particle transport study. 
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Abstract: This paper deals the concept of efficiency calculation for varying head and varying discharge conditions of a 

micro hydropower plant.  Due to increasing pollution and depletion of ozone layer from fossil fuels and other conventional 

energy sources, the renewable energy became an important source to avoid the above effects. In large hydro power plant, 

a dam is built to maintain the constant head. But, in micro hydro power plant, there exist a varying head and varying 

discharge condition due to absence of any storage system. The head variations at a site changes the unit speed and unit 

discharge of the turbine and caused to change in efficiency points on hill chart. A varying discharge only at the site is 

easy to handle but, when both head and discharge varies, it becomes complicated. In this case model test curve (Hills 

curve) of the turbine is used to calculate the efficiency. In this paper, the micro hydropower system has been designed and 

corresponding efficiency calculation of the turbine has been explained. It is found that efficiency of the turbine will depend 

on, both the system design and the head variation at the site. 

  

Keywords: Efficiency; Rotation; Unit speed and Unit flow 
 
1. INTRODUCTION  

A micro hydro power plant (MHPP) is a relatively low 

capacity plants. The installation and design of a micro 
hydro power plant mainly depends on hydrological 

condition at the sites. Since, an MHPP do not required a 

water storage, it is under a renewable energy sources. A 

MHPP may be Run off river type and Existing canal 

based type [1]. Also, some countries like Japan has 

allowed to make a MHPP on existing dam for irrigation 

and drinking water purposes. Since, hydrological 

condition at sites are varying and there is no storage, a 

micro hydro plant has to handle a varying discharge. To 

handle this varying discharge an optimal diameter of 

penstock pipe is selected. Since, the head loss is the 

function of Q2, when discharge at the site is varying, it 
changes the head available for the turbine [2]. So, the 

condition becomes the varying head and varying 

discharge. If head available at the site get changed, it will 

change the RPM of the turbine. 

 As per affinity law [3] 

If Turbine diameter (D) = constant,  

𝑄1

𝑄2 
=

𝑁1

𝑁2 
    (1) 

𝐻𝑛1

𝐻𝑛2 
= (

𝑁1

𝑁2 
)

2

    (2) 

P1

P2 
= (

N1

N2 
)

3

    (3) 

2. VARIATION OF HEAD AND ITS EFFECTS 

Head variation at a hydropower plant sites occur due to 

following reasons: 

a. If the hydro plant is dam based plant. The  seasonal 

variation in the reservoir level of  the dam, changes the 

gross head available at the site. 

b. When the penstock pipe is under designed: 

In this case the loss due to friction and other losses are 

very high. These losses increase  with the variation of 

discharge [2]. Actually, this situation comes into account, 

when, an existing dam for irrigation or drinking purposes 
is used to develop hydro power plant. In this case, the 

water velocity inside the penstock is very high. Which is 

the cause of head loss.  

Also, the discharge to the turbine depends on the demand 

of water at water purification sites or irrigations. So, the 

discharge varies frequently and losses are more. The 

increase in losses change the net head available at the site. 

After the announcement of the Japanese government to 
install hydropower plant at such sites, the situation in 

Japan is on the face. 

c. In micro hydro power plant, the water is diverted from 

the main stream or existing canal without making any 

intake. Hence, the flow in the penstock is not the 

pressurized flow and the pressure available at the inlet of 

turbine is varying. 

3. EFFECT OF HEAD VARIATION ON THE 

 EFFICIENCY OF HYDRO TURBINES 

The efficiency of hydro turbine is calculated from its 

model test result called Hill's chart. A HILL'S chart is an 
iso-efficiency curve line drawn between unit speed and 

unit flow of the turbine.  

Unit Speed: 𝑛11 =
𝑁∗𝐷

√𝐻𝑛
   (4) 

Unit Flow:  

For cross flow turbine,  

𝑞11 =
𝑄

𝐵∗𝐷∗√𝐻𝑛
   (5) 

                         

𝑞11 =
𝑄

𝐷2√𝐻𝑛
   (Kaplan Turbine) 
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Fig. 1. Hill's chart of cross flow turbine. 

 

In the figure the curve line in multi colors is the Iso 

efficiency line of the turbine. As seen in figure, the 

maximum efficiency is 76% and minimum is 45%. To 
know the efficiency of the turbine, unit flow and unit 

speed is needed.  

Generally, at a hydropower plant site, only discharge is 

varying, the variation of discharge changes the unit flow 

(q11 =
Q

B∗D∗√Hn
) but unit speed is constant. The turbine 

developer provides efficiency curve according to this 

relation (Change in flow vs Efficiency). They develop the 

efficiency curve assuming the head at the site constant.  
The change in head at the site will change both unit flow 

and unit speed (In some cases only unit flow). So, the 

efficiency point on Hills curve get changed. The 

efficiency curve obtained in this case is different than the 

one provided by turbine maker. Hence, it affects the 

performance of plant. 

The change in head at a site will change either only unit 

flow or both unit flow and unit speed. It depends on the 

generator and connections used in plants or its system 

design. Hydropower systems is categorized in two parts: 

 

3.1 Induction generator connected to grid: 
In this system, the rotational speed of the generator 

(RPM) will always be constant until it is connected to the 

grid. The constant RPM of the generator force the turbine 

to rotate at same RPM as generator (for directly 

connected generator and turbine shaft). So, speed of the 

turbine also become constant. If, there is a change in head 
at the site, it will change the unit speed of the turbine. 

n11 =
N ∗ D

√Hn
 

Here N (rpm)= constant and  

for a given turbine; D= constant,  

So,     𝑛11 ∝  
1

√𝐻𝑛
    

Hence, an increase in Head will decrease the unit speed 

and vice versa. 

 Unit flow ; q11 =
Q

B∗D∗√Hn 

 
B and D are constant for a given turbine, so the change 

in head will change the unit flow.
 

 
Fig. 2. System flow of Induction generator connected to 

 Grid. 

 

3.2 IPM generator with variable frequency 

controller connected to the grid 

In this system the speed of generator is varying. This 

variation of generator speed is according to speed of 

turbine runner. Since, the IPM generator is connected to 

grid through frequency controller. The frequency 

controller, control the speed and provide a constant 
frequency to the grid. If head changes at the site, it will 

change the speed of the turbine according to affinity law. 

 

𝑁1/(𝑁2 ) = √Hn1√Hn2 

 

or   
N

√Hn
  = constant 

And, the speed of generator will be same as the turbine. 

Since,
 

N

√Hn
  = constant and diameter of the turbine is 

constant always. The unit speed will be constant. 

So, 

Unit speed ;     𝑛11 =
𝑁∗𝐷

√𝐻𝑛
      = constant 

 

Unit flow  ;    𝑞11 =
𝑄

𝐵∗𝐷∗√𝐻𝑛
       = Varying 

 
Fig. 3. System flow of IPM generator with variable 

frequency controller connected to the grid. 

 

4. Efficiency calculation from Hill's Chart: 
To obtained the efficiency from Hill's chart,  

a. Take the value of head and discharge, at which we 

want to calculate the efficiency. 

b. Calculate the unit speed and unit flow 

corresponding to given value of head and 

discharge. 

c. Mark the point on Hill's chart corresponding to 

above calculated unit speed and unit flow. 

d. Check the efficiency curve corresponding to 

 that point and mention the efficiency. 

 

Example: 
To calculate the efficiency from the hills chart, let us 

take an example of a micro hydro turbine installed in 

Japan.  

 Turbine 

 
Induction Generator 

Transformer 

Grid 

IPM Generator 

Transform

Inverter 

 

frequency 

controller 

 

Turbine Grid 
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Qd = 0.6 m3/sec, Hn=8 m ,  

Turbine type: Cross flow, Diameter (D) = 300 mm, 

Width (B)= 880 mm 

Design speed = 358 rpm;       Optimum, n11=38;  

Table1. Efficiency of turbine with respect to unit speed 

and unit flow. 

S. 

No

. 
Q H 

Unit 

spee

d 

Unit 

flow 

Turbine 

Efficien

cy (I.G 

System) 

Turbine 

Efficiency 

(IPM 

System)  

1 
0.1

5 
21 23.44  0.12  0 0 

2 
0.2

5 
20 24.02  0.21  50 54 

3 0.4 17 26.05  0.37  62 62 

4 
0.4

5 
16 26.85  0.43  67 71 

5 
0.5
5 

11 32.38  0.63  74 75.5 

6 0.6 8 37.97  0.80  76 76 

 

 
Fig. 4. Efficiency of cross flow turbine. 

 
The yellow line on the efficiency curve shows the 

constant unit speed line. The red point on the Hills chart 

is the efficiency of turbine, when the system is consists 

of Induction generator (I.G.).  

If the same system is consist of IPM generator with 

frequency controlle; the unit speed will be constant to its 

optim7um value to 38. And efficiency of the turbine will 

fall on the yellow line corresponding to each values of 

unit flow. 

From Table.1, it is found that , turbine efficiency will be 

different in case of Induction generator and IPM. At low 

value of unit flow and unit speed, Induction generator 
might be (in some cases) better than IPM; but for a high 

values of unit flow and unit speed, IPM generator is better 

than Induction generator. 

From Fig.6, it is found that efficiency of the turbine will 

be affected by head variation at the sites. The efficiency 

of turbine will be less for varying head site than 

constant head sites. 

 

 

5. CONCLUSION 

The paper discussed the effect of head variation on the 
efficiency of hydro turbine. It is concluded from the 

discussion that a head variation at a site will reduce the 

efficiency of the turbine. This reduction in efficiency will 

change the total energy output of the turbine. So, for 

exact and better calculation, a hydropower engineer 
should consider the head variation effect. This reduction 

should be consider while designing hydropower plant . 

 

Table 2. Efficiency of turbine for constant head and speed. 

S. 

No. 
Q H 

Unit 

speed 

Unit 

flow 

Efficiency of 

Turbine 

1 0.15 8 38.00 0.20 59 

2 0.25 8 38.00 0.33 64 

3 0.4 8 38.00 0.54 73 

4 0.45 8 38.00 0.60 75 

5 0.55 8 38.00 0.74 76 

6 0.6 8 38.00 0.80 76 

 

 
Fig. 5. Flow vs Efficiency of turbine for constant Head. 

 
Fig. 6. Flow vs Efficiency comparison of constant Head 

and variable Head case. 
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Abstract: Bacteria and fungi grow indoors when sufficient moisture is available, causing indoor air pollution. The 

aims of this study were to determine the total viable bacterial count and fungi levels at the labs and faculty offices of the 

Islamic University of Gaza (IUG). Twenty-six air samples were collected from the IUG labs and faculty offices using air 

samplers. The results show that the highest bacterial count was observed at the Medical Science Labs with 1365 

colony-forming unit (CFU)/m3 while the highest fungal count was detected at the Environment Science Labs with 425 

CFU /m3. The majority of the monitored labs and offices have higher bacterial and fungal levels than the WHO 

standards of 500 CFU/m3. Lab users should wear face masks to reduce any potential health impacts due to the 
microbial pollution. 

 

Keywords: Bacteria; Fungi; Gaza; Indoor air; Microbial; Pollution.  

 

  

1. INTRODUCTION 

Indoor air quality is an important environmental 

element that influence our health. Human beings breathe 

10 m3 air every day, and they spend 80–95% of their 

live indoors. The indoor air pollution can result in health 

problems and even may increase human mortality [1]. 
The indoor environment contains a complex mixture of 

live and dead micro-organisms, fragments, toxins, 

allergens, volatile organic compounds, etc. [2]. 

 

As people spend most of their time in closed 

environments, concern on air contaminants in such 

places is justifiable. Bacteria, fungi and virus, may form 

biological air contaminants, and their distribution may 

vary depending on the environment, even on areas 

within the environment. Heating, ventilation and air 

conditioning systems may also be microbial sources [3].  
 

There are more evidences that exposure to biological 

agents in the indoor environment can have adverse 

health effects. Recently, a report on indoor air quality, 

especially on dampness and mold, by the WHO 

provided sufficient epidemiological evidences that 

inhabitants of damp or moldy buildings, both homes and 

public buildings, are at an increased risk of respiratory 

symptoms, respiratory infections and exacerbations of 

asthma [4]. 

 

A variety of factors can affect the indoor air quality of a 
building including the physical layout of the building, 

the building’s heating, ventilation and air condition. In 

addition, the outdoor climate, the people working in 

these buildings and contaminants inside and outdoor the 

buildings also should be considered as influential 

factors [5]. 

 

Microbial pollution involves hundreds of species of 

virus, bacteria, and fungi that grow indoor when 

sufficient moisture is available. The presence of many 

biological agents in the indoor environment is due to 

dampness and inadequate ventilation. Excess moisture 

may result in increased chemical emissions from 

building materials and floor covers [2], which influence 

fungal and bacterial numbers indoor.  In the hot and 

humid summer, the number is high, while it is low in 

cold and dry winter [4]. 

 

Several health issues have been associated with fungal 

and bacterial species in the indoor environment. They 
include rhinitis, upper respiratory symptoms, asthma 

and other effects such as allergic skin reactions, 

tiredness and headaches. Temperature and relative 

humidity appear to be major factors influencing the 

levels of fungi and bacteria in the indoor environment. 

Mold formation and dampness can be reduced if a 

sufficient ventilation is supplied, so any potential health 

risk caused by fungi and bacteria indoors can be 

reduced [6]. 

 
In this research, fungi and bacteria in labs and faculty 

offices in the Islamic University of Gaza (IUG), Gaza 

City, Palestine, were sampled and analysed.  
 

2. MATERIAL AND METHODS 

2.1. Study Area 

A cross-sectional prospective study was conducted to 

assess bacteria and fungi in research labs and faculty 

offices of a university in Gaza City, Palestine, which is 

with more than 20,000 students and 1400 staffs. 

 

A total of 26 samples were collected from different labs 

and offices in the university (Table 1); 8 samples were 

collected from the environment department, 6 from 
biology, and 5 from chemistry department. Sampling 

was carried out over a month (April_ May 2013) 

 

 

 

 

http://www.tandfonline.com/author/Kim,+Hyunook
http://adsabs.harvard.edu/cgi-bin/author_form?author=Xu,+X&fullauthor=Xu,%20Xiaohong&charset=UTF-8&db_key=PHY
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Table 1. Sampling Points and Number of Samples 

Locations  # of Samples   

 Labs Offices 

Biology 5 1 

Chemistry 4 1 

Environment 7 1 

Physics 3 0 

Medical 3 1 

Sub-total 22 4 

Total 26 

 

2.2. Materials 

Culture media used for counting bacteria and fungi were 

as follows:  

 

A - Dichloran Rose Bengal Chloramphenicol (DRBC) 

agar (Oxoide-UK) 

DRBC agar is used for the enumeration of yeasts and 

molds; colonies of molds and yeasts should be apparent 

within 5 days of incubation. Colonies of yeast appear 

pink due to Rose Bengal. 

 
B - Nutrient agar (NA; HiMedia- India) for bacterial 

counting 

 

2.3. Sampling and Measurement 

The following devices were used; air sampler, autoclave, 

incubator, colonies counter and auto ranging multimeter. 

Samples which were collected from the labs and offices 

of IUG for over a period of one month as follows: 

 

An air sampler (Sampl'air-AES CHEMUNEX, France), 

as shown in Fig. 1a, was used to collect air samples. 
Petri dish was put on the top of the device and a pre-

determined volume of air (100 L) was collected. NA 

was used to collect samples for bacterial count, which 

was later transferred to the laboratory in an icebox, and 

incubated for 24 h at 37 oC before the grown colonies 

were counted [7]. 

 

 

 

 

 

Fig.1. (a) Nutrient Agar plate and (b) Air sampler 

 

Dichloran Rose Bengal Chloramphenicol agar as 

shown in Fig. 2 was used as the culture medium for 

fungi. It was also transferred to the laboratory in an 

icebox and incubated for 5 d at 25 oC before grown 

colonies were counted [8]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig 2. (a) Dichloran Rose bengal Agar plate and (b) 

colony counter 

Humidity and temperature of each laboratory were 

measured simultaneously using Auto Ranging 

Multimeter (Digital Multimeter MASTECH MS8209, 

China). 

 

 

3. RESULTS AND DISCUSSION 

3.1. Bacteria  
The mean bacterial count of 26 samples collected from 

the university labs and offices was 1048 CFU m-3. As 

shown in Table 2. The highest mean bacterial count was 

at the labs of Medical Science Dept. (1365 CFU m-3) 

and the lowest was at Biology labs (780 CFU m-3).  The 

high levels of bacterial count could be due to the 

crowdedness of Medical labs and  in these laboratories; 

microbes and parasites are being analysed for clinical 

purposes. 

 
Table 2. Total Bacterial and Fungal counts 

Locations N 

Mean 

CFU m-3 

Std. Dev 

Min 

CFU m-3 

Max 

CFUm-3 

Bacterial Count 

Environment 

Science 
8 947.5 750.5 190 2320 

Biology 6 780 315.4 530 1300 

Chemistry 5 1122 511.6 570 1780 

Medical 

Sciences 
4 1365 933.4 340 2280 

Physics 3 1306.6 502.9 940 1880 

Total 2

6 
1048 624.4 190 2320 

Fungal Count 

Environment 

Science 

8 425 410.1 100 1120 

Biology 6 283.3 126.4 70 390 

Chemistry 5 378 206.4 170 680 

Medical 

Sciences 

4 245 205.5 60 520 

Physics 3 356.6 180.1 180 540 

Total 2

6 

347.6 263.7 60 1120 

 

The results in Table 3 shows a high rate of failure to 

comply with WHO standard as shown in Table 3. This 

depends on the level of hygiene, aeration, sunlight, the 
use of disinfectants and antiseptics, number of students, 

labs design, and soon.  

 
 
 
 

 

  

(a) DRBC Agar (b) Colonies Counter 

 

  
(a) NA  Agar (b)Air sampler 
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Table 3. Comparing Bacterial and Fungal counts to WHO 
Standards 

 

Table 3 also shows the bacterial counts and percentage 

of air samples that were compared to WHO standards. 
The WHO standard states that bacteria of > 500 CFUm-3 

is considered to be polluted. In this study; 81% (n= 21) 

of the air samples were considered polluted and 19% 

(n=5) were considered unpolluted.  A similar result was 

reported at a study in Turkey [9]. As shown in Table 2, 

the maximum levels of bacterial count range from 1300 

to 2320 CFU m-3 which is in line with the literature [10]. 

 

The analysis results of all (100%) the samples that were 

collected from Biology, Chemistry, and Physics labs 

failed to meet the WHO standards of 500 CFUm-3.. This 

could be due to high humidity, poor ventilation, and 
tens of working people. The lowest failure percentage 

was found at the Environment labs (50%). This may be 

attributed to the nature of these laboratories. 

 

Figure 3 shows the mean of bacterial counts at 

laboratories (1088 CFU m-3) and faculty offices (825 

CFUm-3). This was expected because the level of 

cleanness at the faculty office is higher than labs. 

 

Fig.3. Total bacterial count in air samples at labs and 

faculty offices 

Figure 4 shows that 81.8% of the samples which were 

collcetd from labs and 25% of the samples collected 

from faculty offices were found having high bacterial 

concentration of more than 500 CFUm-3.. This may be 

due to the higher number of occupants (students and 

staff) and the occupancy rate at labs. 

 

Fig.4. Bacterial counts in air samples in Labs and 

faculty offices. 

3.2. Fungi 

The fungal counts of 26 samples had a mean of 347.6 

CFU/m3 as shown in Table 2, the highest mean of 

fungal count (425 CFU/m3) was at Environment and 

Earth Science Department labs and the lowest was at 

Medical Science Labs Departments (25 CFU/m3). 

 

Following the WHO standard which states that fungal 

counts of more than 500 CFU/m3 is considered to be 

polluted, 19.2% (n= 21) of the IUG air samples are 
considered polluted and 80.8% (n=5) are considered 

unpolluted.Table 3 shows the number and percentage of 

air samples having fungal count below and above the 

WHO standards distributed by department, the highest 

percentage was at Physics Department with 34% and the 

lowest was at biology department with 0%. These 

difference were not statistically significant (p =.650). 

 

 

Fig. 5. Total fungal count at labs and faculty offices 

The results in Figure (5), shows that the mean of total 

fungal counts at at the IUG labs was 376 CFU/m3 which 

is higher than the total counts at the faculty offices (187 

CFU/m3) 

 

Location N 
< 500 CFU/m3 > 500 CFU/m3 

N % N % 

Bacterial Count 
Environment  
Science 

8 4 50% 4 50% 

Biology 6 0 0 6 100 
Chemistry 5 0 0 5 100 
Medical 
Sciences 

4 1 25 3 75 

Physics 3 0 0 3 100 
Total 8 4 50% 4 50% 

Fungal Count 

Environment 
Science 

8 6 75% 2 25% 

Biology 6 6 100% 0 0% 
Chemistry 5 4 80% 1 20% 
Medical 
Sciences 

4 3 75% 1 25% 

Physics 3 2 66% 1 34% 
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Fig. 6. Fungal counts in air samples in Labs and faculty 

offices  

Figure (6) shows that 22.7% of the labs samples found 

to have high total fungal count of concentration great 

than 500 CFUm-3 and this may be due the high humidity 

and low ventilation at the IUG labs. 

Regarding the temperature and humidity records, the 

monitoring results show that the mean temperature at 

IUG labs was 23.1°C which meets standards of the 

American Society of Heating, Refrigerating and Air-

Conditioning Engineers “ASHRAE” (20-25 °C), while 

the mean humidity was 65.1% and this exceeded the 
ASHRAE standards of 40-60%.  

 

4. CONCLUSION 

The air samples that were collected from IUG 

labs and faculty offices found containing high 

bacterial and fungal counts with a mean concentration 

of 1048 CFU m-3 and 348 CFU m-3 respectively. 

Furthermore, it was found that 81% of the bacterial 

counts and 19% of the fungal counts were higher than 

the WHO standards of 500 CFU m-3.  

 

The highest mean bacterial counts were found at the 

Medical Laboratories Sciences Departments (1365 

CFU/m3) and the lowest was at Biology Departments 
(780 CFU/m3). While in terms of fungal counts, the 

highest level was at Environment lab (425 CFU/m3) and 

lowest was at medical lab (245 CFU/m3). It is 

recommended to implement periodical monitoring of 

indoor air quality.  In addition, lab disinfection is 

advised along with a good ventilation to provide fresh 

air. 
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Abstract: Management is activities of work, cooperation, and coordination to get aims of an enterprise. There are many 

variables such as product, customer, government institutions, finance, and workers at management of furniture outlets. 

For this reason, furniture outlets have to manage products for customers as for that changing market conditions. The 
enterprises are faced with customers who care how to present the product. This situation is very important at management 

of outlet. In this research, it has been researched that the problems of 32 furniture outlet managers with work place, 

product, workers, customers, institutions, and financial institutions were determined by face to face survey method. The 

results of the survey were analyzed by Statistical Package for the Social Sciences (SPSS). There were not many problems 

about work place, on the other hand, it was determined that some problems about the delivery of product time, difference 

at an incoming product, absenteeism of workers, and their attitudes to customers. 

 

Keywords: Furniture, outlet, management, product, Malatya 
 

 

1. INTRODUCTION 

Management is the organization and coordination of the 
activities of a business in order to achieve defined 

objectives. There are many variables such as product, 

customer, government institutions, finance, and workers 

at management of furniture outlets. For this reason, 

furniture outlets have to manage products for customers 

as for that changing market conditions. 

The short-term results by a manager in high sales and 

profits may overshadow serious problems among 

employees that manifest themselves in low morale, high 

turnover rate, theft, and absenteeism. Store managers 

should not only be rewarded on the basis of sales and 

profits, because if store employees are not motivated and 
inspired to be productive in the store, their high turnover 

rate, anxiety, and theft, ultimately will lead to customer 

dissatisfaction [1]. 

When it comes to retail store unit performance, there are 

a number of variables or factors that can have an impact 

on the success of individual store units. These include 

product offering; store location; strength and strategies of 

competition; promotional efforts; store factors, such as 

store size, inventory levels, and number of employees; 

store manager characteristics, including factors such as 

the store manager’s experience, age, marital status, and 
educational level; and market factors, such as disposable 

income and population [2]. Since labor is one of a retail 

company’s largest costs, strategic management of 

personnel in a retail organization becomes a necessity for 

high levels of productivity and return on investment [3]. 

The rapidly changing retail environment, along with 

sophisticated and demanding consumers, have forced 

retailers to find new and creative ways to differentiate 

themselves from their competition in meeting the needs 

of their customers [4]. Service quality can be defined as 

the result of a comparison that customers make between 

experiences about a service and perception of the way the 
service was delivered [5], [6],[7]. 

Furniture, which gains a place in every fields of daily life, 

is one of the most effective product in human life because 

it is used and needed by whole human, provides the 

welfare of the individuals and society, serves the social 

and cultural requirements for life and influences the 
living quality of people directly [8]. Furniture industry is 

a part of secondary manufacturing that is one of the six 

subsectors of forestry. The characteristics of this 

secondary manufacturing type are private ownership, 

production purpose, design and manufacture activities. 

These manufacturers usually use sawn timber and panel 

products as raw material and its outputs are household 

and office furniture [9]. 

In this research, it has been researched that the problems 

of 32 furniture outlet managers with work place, product, 

workers, customers, institutions, and financial 

institutions were determined by face to face survey 
method. The results of the survey were analyzed by 

Statistical Package for the Social Sciences (SPSS). 

 

2. MATERIAL AND METHOD 

The main material of this study is the managers of the 

furniture outlets. The numbers of managers are 32. These 

furniture outlets are in Malatya city, Turkey. Persons in 

the furniture outlets are manager (3.4%), supervisor 

(37.9%), and sales consultant (58.6%). They are in the 

different age ranges: 18-25 age (13.8%), 26-35 age 

(31.0%), 36-45 age (34.5%), and 46-55 age (20.7%). The 

operating periods of these furniture outlets are 1-5 years 

(24.1%), 6-9 years (13.8%), 10-14 years (41.4%), and 15 
years and over (20.7%). 

For analyzing of this research data, SPSS (Statistical 

Package for the Social Sciences) program was used. The 

Statistical Package for the Social Sciences is a widely 

used program for statistical analysis in social sciences, 

particularly in education and research. However, because 

of its potential, it is also widely used by market 

researchers, health-care researchers, survey 

organizations, governments and, most notably, data 

miners and big data professionals. Frequency tables were 

given by this program. 
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3. RESULTS 

As a result of evaluating the data, problems (delivery on 

time, missing part, undesirable quality, communication 

with customer, returns, municipality, loan amount) were 

shown at Table 1. Delivery on time is important for 

customers. They want their product timely. Delivery on 

time was not a big problem according to data. Outlet 

managers don't agree (62.0%) that the delivery on time is 

a problem. As shown at Table 1, they don't agree some 

factors as a problem at outlets: missing part (62.0%), 

undesirable quality (69.0%), communication with 

customer (69.0%), municipality (79.3%), chamber of 

commerce and industry (73.3%). But they agree other 

factors as a problem: returns (72.4%), loan amount 

(100.0%), and bank payment plan (93.1%). 

 

Table 1. External problems about furniture outlets 

Factors Definitely, I 

don't agree 

I don't 

agree 

I agree Definitely, I 

agree 

Total 

Delivery on time 37.9% 24.1% 31.0% 7.0% 100% 

Missing part 17.2% 44.8% 24.2% 13.8% 100% 

Undesirable quality 27.6% 41.4% 24.1% 6.9% 100% 

Communication with customer 3.5% 65.5% 20.7% 10.3% 100% 

Returns 3.4% 24.1% 58.6% 13.8% 100% 

Municipality 24.1% 55.2%% 6.9% 13.8% 100% 

Chamber of commerce and industry 24.1% 49.2% 20.7% 6.0% 100% 

Loan amount - - 44.8% 55.2% 100% 

Bank payment plan - 6.9% 44.8% 48.3% 100% 

As shown at Table 2, It showed that interior 

problems about business continuity, employment 

period adjustment, behavior on customer, technical 

knowledge, communication with employees, and 

team work at furniture outlets. Employment period 

adjustment (37.9%) and communication with 

employees (34.5%) were available for these outlets. 

Behavior on customer (65.5%) and technical 

knowledge (62.1%) were normal at furniture outlets.   

 

Table 2. Interior problems about furniture outlets 

Factors Not available Normal Available Definitely 

Available 

Total 

Business continuity 6.9% 55.2% 20.7% 17.2% 100% 

Employment period adjustment 18.2% 37.0% 37.9% 6.9% 100% 

Behavior on customer 17.3% 65.5% 13.8% 3.4% 100% 

Technical knowledge 10.3% 62.1% 20.7% 6.9% 100% 

Communication with employees 3.3% 54.2% 34.5% 8.0% 100% 

Team work 6.8% 51.7% 31.2% 10.3% 100% 

 

4. DISCUSSION 

There are two kind problems at furniture outlets: 

External and interior problems. External problems were 

determined as delivery on time, missing part, 

undesirable quality, communication with customer, 

returns, municipality, loan amount. Interior problems 

were business continuity, employment period 

adjustment, behavior on customer, technical knowledge, 

communication with employee, and team work. 

The returns (72.4%), loan amount (100.0%), and bank 
payment plan (93.1%) were determined as external 

problems at furniture outlets. The government should 

regulate some instruction about banking. For return 

problems, outlet management should be careful for 

quality control of their products. The missing part 

(62.0%), undesirable quality (69.0%), communication 

with customer (69.0%), municipality (79.3%), chamber 

of commerce and industry (73.3%) were not a big 

problem.  

Employment period adjustment (37.9%) and 

communication with employees (34.5%) were not a 
problem for outlets. Administration has a good 

communication with employees so they have good 

morale and be productive in store. 
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Abstract: A vertically coupled directional coupler device using a three-dimensional (3D) structure is proposed. The 

structure consists of two stacked waveguides with the high refractive indexed material ZnO as core and SiO2 for the 

clad material. The power coupling between the two waveguides occurs only in the vertical direction. The presented 
device was simulated by a 3D beam propagation method (BPM) to investigate the light propagation and to measure the 

reflectance. In order to implement the real structure, the fabrication tolerance should be considered. Here, the 

fabrication tolerance of the designed device is discussed thoroughly as well as the fabrication process is discussed. As a 

result, fabrication tolerance of ±25% in the device length and ±20nm in the core thickness of the waveguide were 

achieved successfully.  

 

Keywords: Stacked waveguide, Vertical coupling, Fabrication tolerance  

 
 

1. INTRODUCTION  

Continuous development in integration of optics and 

electronics has made the optical communication systems 

more compact in size and highly effective in usage. 

Instead of bulk-type structures, various waveguide types 
optical devices (isolators, modulators, directional 

couplers) have been commonly used and widely studied 

by many researchers [1-2]. At present, there has been a 

prominent interest in devices that incorporate three-

dimensional (3D) structures. Because 3D structures 

facilitate integration of bulk shape into minute and are 

useful for sensor and telecommunication applications 

[3-4]. Moreover, optical losses and cross-talk can be 

reduced by growing structures in vertical direction. It is 

noteworthy to mention that 3D devices can be shorter 

than conventional planar type devices and light is 

shifted into these devices by coupling lower and upper 
waveguides. 

 

In this work, we simulate and analyze a basic 3D 

structure by comprising two planar directional coupled 

waveguides where the cores are stacked in vertical 

direction. The two cores are stacked in close proximity, 

therefore allows to exchange power in vertical direction 

depending on the coupling length (Fig.1). Spin-coating 

will be used to produce different layers that will stack 

one on another. Waveguide shapes will be created by a 

masking technique based on UV photolithography. Here, 
the well-known conventional planar technology will be 

used to make layers and to create waveguide shapes; 

however, the key challenge is to form and align two 

waveguides perfectly in the vertical direction. 

 

In this paper, first the theory and modelling of the 

stacked waveguides are described briefly. Then the 

fabrication tolerance will be explained thoroughly 

followed by simulation results and discussion.  

 

 
 

2. THEORY AND MODELLING 

Stacked waveguide as shown in Fig.1 is designed for the 

operation of fundamental mode propagation at 1550nm 
wavelength. For analysis and simulation purposes, 3D 

beam propagation method (BPM) was employed in 

order to determine the field distributions and effective 

refractive index of the structure. Electric field profile 

and mode profile with effective refractive index of the 

designed structure are shown in Fig.2. The waveguides 

are of cross-section (2 x 0.3 μm2) where width = 2μm 

and thickness = 0.3μm with a 1.5μm spacing between 

two waveguides. For cladding and spacing material 

SiO2 is used and the refractive index of SiO2 is 1.444 at 

1.55μm wavelength. ZnO is incorporated as core 

material and the core refractive index (1.9267) is around 
33% higher than clad. Light is launched into the lower 

waveguide, then coupled and comes out with the upper 

waveguide. The result of the numerical modelling is 

shown in Fig.3. It can be derived from that figure, the 

guided power transfers between the lower waveguide 

and the upper waveguide repeatedly which is situated 

exactly on top of lower waveguide with a spacing 

between these waveguides. 

 

In most of the conventional analyses of the directional 

couplers, butt coupling coefficient and change in 
propagation constant (δ) were neglected and assumed to 

be zero. However, the mode-coupling coefficient or 

simply coupling coefficient (κ) is very important for the 

calculation of the coupling length.  

 

 

 

 

 

 

 

 
Fig. 1. 3D structure of stacked waveguides 
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Fig. 2. (a) Effective refractive index, and (b) Electric 

field distribution of 3D structure 

 

 

 

 

 

 
 

 

 

 

 

Fig. 3. Total guided power in the waveguides of 3D 

structure vs. length of the coupling region with i/p in 

lower WG only. Light propagation through lower WG 

(Solid line) and upper WG (Dashed line) 

 

We can derive an analytic solution for the coupling 
coefficient by means of the Coupled Mode Theory [5]. 

If z is the coordinate in propagation direction, then the 

optical power flows into the waveguides along z-

direction is given by  

 

, Where  

The power coupling efficiency from excited lower 

waveguide to upper waveguide reached maximum at    

 

 

The length z at m=0 is coupling length, Lc and with δ=0 

 

     

The coupling coefficient of the directional coupler 
consisting of two waveguides is given as   

 

        

Where, a = half width of waveguides; D = distance 

between center of two cores; 𝑢, 𝑣, 𝑤 = normalized 

transverse wavenumbers; △ = refractive index 

difference between core and clad. 

 

3. FABRICATION TOLERANCE ANALYSIS 

In order to realize the fabrication of a 3D stacked 
waveguides, the fabrication tolerance should be 

considered. In the practical fabrication, it is quite 

impossible to control exactly the waveguide 

dimensions. A small change in the parameter including 

waveguide width, thickness, spacing between both 

waveguides, and length in coupling region would causes 

a certain change in the device performance. From Fig. 4 

(a), it is clearly seen that change in the width of 

waveguides has less impact on power coupling unless 

there is a reduction of width. For 35% less than the 

designed width (2μm), more than 80% power is shifted 
from lower to upper waveguide. A change of ±25% in  

 
Fig. 4. Change in (a) width, and (b) coupling length 

 

 

Fig. 

 

 
 

 

 

Fig. 5. Change in (a) core spacing, and (b) thickness 

 

 

 

 

 

 

 

Fig. 6. (a) Light propagation, and (b) power transfer into 
waveguides 

 

the length will allow more than 80% power transfer 

between these waveguides (Fig. 4b). However, a small 

change in the spacing distance has large impact on 

coupling, shown in Fig. 5(a). For our designed structure, 

a spacing distance equal to 1.5μm ± 30nm is acceptable 

i.e. 30nm change in coupling length permit more than 

80% light propagation into upper waveguide. In case of 

waveguide thickness, this structure can tolerate 20nm 

change in order to get more than 80% coupling between 
lower and upper waveguides (Fig.5b).  

 

4. SIMULATION RESULTS AND DISCUSSION 

After rigorous arithmetic solution and by utilizing Eq.2, 

values for κ of designed 3D structure was calculated 

8.73 mm-1 which in turn gives Lc = 180μm (using Eq.1). 

The simulation result is shown in Fig.6 and found 

coupling length equal to 192.3μm which is close to the 

calculated value.  

 

5. CONCLUSION 

A 3D structured device where coupling occurs in 
vertical direction has been analyzed and realized by 

BPM. We have discussed the fabrication tolerance for 

the designed structure based on the simulation results, 

and successfully obtained ±25% and 20nm tolerance in 

the device length and core thickness respectively. It is 

possible to fabricate the real structure by employing a 

simple spin coating and photolithography technique.  
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Abstract: The conversion rate of char highly depends on gasification temperature (Tg). However, knowledge about how 

the temperature affects the kinetics of CO2 gasification is still unclear. We are therefore motivated to investigate 

relationships between Tg and behavior of catalysts activity as well the deactivation rate. Herein, we conducted the 

gasification of an Indonesian lignite (raw and demineralized) at 800, 850 and 900 °C until char conversion, X >99.9%. 

The gasification of demineralized coal can be predicted by applying random pore model (RPM). Meanwhile, the kinetics 

model in which consider the activity of three types of catalysts together with a type of precursor successfully predict 

conversion level, 1-X as result of the change in catalysts activity during gasification for X = 0-0.999 under different Tg. 

This paper address the higher gasification temperature increases the activity of catalyst but also the deactivation rate, 

but not linearly which affects conversion rate during gasification. 
 

Keywords: CO2 Gasification; Lignite; Temperature; Kinetic; Catalyst 
  
1. INTRODUCTION  

The main challenge of applying low-temperature 
gasification is an incomplete conversion of char into 

syngas within allowed residence time in a practical size 

of the reactor.[1] The presence of alkali and alkali earth 

(AAEM) species as catalysts has been found effective to 

overcome slow reaction of carbon with CO2.[2,3] Kudo 

et al.[4] examined the activity of Ca in steam gasification 

of char from Indonesian low rank coal. They found that 

even small amount of Ca addition can improve the 

reactivity of char. However, there is a maximum limit of 

Ca loading at which Ca particles start to deactivate by 

agglomerating during gasification. The reducing of 

catalyst activity as result of catalyst deactivation (by 
sintering/ agglomerating, the formation of 

aluminosilicate compounds, or through vaporization) is 

more obvious in higher temperature.[6,7] Thus, it is 

important in the kinetic and mechanistic investigation of 

CO2 gasification of Indonesian lignite to consider the 

influences of temperature on the nature of activity of 

catalysts. 

Hence, we are motivated to develop a kinetic model in 

which considers the activity of catalysts under different 

gasification temperature (Tg) that can describe the 

kinetics of CO2 gasification of chars from Indonesian 
lignite on over wide ranges of char conversion (X) on the 

low-temperature region. In this study, an Indonesian 

lignite was gasified in the range of 800-900 °C. We 

performed kinetics analysis of char conversion by 

considering parallel reactions of catalytic and non-

catalytic gasification over the entire range of conversion 

to quantitatively describe the change in initial catalyst 

activity as well catalyst deactivation. This paper shows 

the activity of catalysts is highly influenced by Tg. The 

behavior of catalytic gasification can be explained by 

considering the presence of three types of catalysts with 
different initial activities and deactivation kinetics for 

each Tg, together with that of the catalyst precursor. With 

those features, this model can predict char conversion 

level for X = 0-0.999. The kinetic analysis shows the 

increase of deactivation rate becomes higher than the 
increase of initial catalyst activity in higher temperature 

which describes the maxima in dX/dt. 

 

2. MATERIAL AND METHODS 

A lignite, Berau (is referred to as the raw coal, BR) from 

Indonesia, was dried, crushed, and sieved to a size 

smaller than 106 µm. Table 1 lists the elemental 

composition and ash content of the sample prepared. 

 

Table 1. Elemental composition, ash content, and 

distribution of major metallic species in the ash from 

raw coal 

C H N O+S Ash Na K Mg Ca

(wt%, db)

BR 67.50 4.49 1.11 26.90 4.46 0.007 0.003 0.081 0.196

coal
(wt%, daf) (mol/kg-dry coal)

 
 

To remove the mineral matter, the coal was treated by 

sequential of acid-washing with the concentration of 12 

N HCl – 12 N HF at 60 °C for 24 h.[7] The mineral-

matter free samples then were called demineralized 

samples (DM). The chars were prepared by pyrolysis of 

the raw and demineralized coals in a horizontally fixed 

bed reactor in a flow of atmospheric and high purity N2 

(300 mL STP min-1). The pyrolysis heating rate, peak 

temperature and holding time for the pyrolysis were 

30 °C.min-1, 600 °C, and 15 min, respectively. Then, raw 
and DM lignite is gasified with 50 vol% CO2 in 

thermogravimetric analysis (TGA) at 800; 850; and 

900 °C until all char completely convert to syngas. The 

conversion (Xt) of char mass was defined as the ratio of 

the gasified char at any time t to the initial char minus ash 

weight. 

 𝑋 =  
𝑊0−𝑊𝑡

𝑊0− 𝑊𝑎𝑠ℎ
   (1) 

Where 𝑊0  is the initial mass of char; 𝑊𝑡  is the 

instantaneous char mass at specific reaction time t; 𝑊𝑎𝑠ℎ  

is the mass of ash at the end of reaction. It also important 
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to measure the specific rate of gasification in certain 

range of conversion, Rsp as results of change in catalyst 

activity along conversion. 

𝑅𝑠𝑝 =  
(𝑑𝑋 𝑑𝑡)⁄

(1−𝑋)
   (2) 

 

3. KINETIC MODEL DEVELOPMENT 

The non-catalytic and catalytic gasification occur 

simultaneously in gasification of lignite.[9,10] The 

conversion rate can be illustrated by general kinetics 

equation: 
𝑑𝑋

𝑑𝑡
 =   

𝑑𝑋𝑛𝑐

𝑑𝑡
  +   

𝑑𝑋𝑐𝑛

𝑑𝑡
     (3) 

In non-catalytic reaction, the RPM can define the 

behavior of a system that shows a maximum rate at 

certain conversion levels (X < 0.393) as well as one that 

does not.[10] It means that reaction between the char and 

CO2 with a small impact of catalyst can be well explained 
by pore growth and coalescence during gasification. The 

equations of this model are shown as follow. 
𝑑𝑋𝑛𝑐

𝑑𝑡
=  𝑘𝑛𝑐(1 − 𝑋)√1 − 𝜓 ln(1 − 𝑋)     (4) 

 
𝑘𝑛𝑐 = 𝐴0 exp(−𝐸𝑎 𝑅𝑇⁄ )   (5) 

 

𝜓 =  
4𝜋𝐿0(1−𝜀0)

𝑆0
2    (6) 

Where 𝑘𝑛𝑐 is the rate constant for non-catalytic reaction. 

𝜓 is a dimensionless initial pore structural parameter and 

is calculated as follows using pore length (𝐿0), porosity 

per unit volume of solid (𝜀0) and initial surface (𝑆0) but 

was approached as a fitting parameter in this paper.[11] 

Meanwhile, for catalytic gasification, we consider the use 

of three types of catalysts and a catalyst precursor with 

different initial activities and its deactivation rate.[8] The 
rate of catalytic reaction is a function of the initial 

effective amount of three types catalysts/precursor 

(mcn,0/cnprec,0), a concentration of catalyst in char (Ccn), 

deactivation rate (kcn,loss) and transformation rate of 

catalyst 1 precursor (kc1,prec,trans). While n is the number 

of catalyst, 1-3. This model can be written in three 

equations as follow.  
𝑑𝑋𝑐𝑛

𝑑𝑡
=  𝑘𝑐𝑛 =  𝑘′𝑐𝑛𝑚𝑐𝑛  (7) 

𝑑𝑚𝑐𝑛/𝑐𝑛𝑝𝑟𝑒𝑐

𝑑𝑡
=  𝑚𝑐𝑛,0/𝑐𝑛𝑝𝑟𝑒𝑐,0 −  𝑘𝑐𝑛,𝑙𝑜𝑠𝑠𝐶𝑐𝑛 +

( 𝑘𝑐1,𝑝𝑟𝑒𝑐,𝑡𝑟𝑎𝑛𝑠𝐶𝑐1,𝑝𝑟𝑒𝑐)  (8) 

𝐶𝑐𝑛/𝑐1,𝑝𝑟𝑒𝑐 =  
𝑚𝑐𝑛/𝑐1,𝑝𝑟𝑒𝑐

1−𝑋
  (9) 

 

4. RESULTS AND DISCUSSION 

4.1 Non-catalytic gasification 

Table 1 shows the rate constant of non-catalytic 
gasification (knc) and the change of structural parameter 

(𝜓) under different Tg. While the comparison between 

measured and calculated value of 1-X versus time profile 

for gasification of demineralized coal is shown in Fig. 1. 

We did not measure the conversion until finish as result 

of a slow gasification. However, the available trends of 

1-X are sufficient to determine the kinetic model. 

 

Table 1. Rate Constant for CO2 gasification of char 

from demineralized lignite 

 
 

The kinetic analysis confirmed that chars underwent 

gasification obeying random pore model (RPM), 

indicated by high correlation between measured and 

calculated value of 1-X. The application of RPM to 

predict kinetics of gasification with steam and CO2 has 

been confirmed for chars from bituminous that had no or 

very little amount of catalytic species.[6] The value of 𝜓 

increase in the range of 800 to 900 °C due to change in 

structural ordering and micro pores coalescence resulting 

decreasing the surface area.[13,14] 

 
Fig. 1. Measured and calculated changes with time of 

(1–X) for gasification of chars from DM coal at 

different Tg on a logarithmic scale 

 

4.2 Catalytic gasification 

Fig. 2 shows the time-dependent changes in 1 − X for a 

char from the raw lignite with on decimal and logarithmic 

scales, respectively. The uses of three types of catalysts 

and a catalyst precursor give a good result in predicting 

conversion level. The required time to achieve 99.9% 

char conversion is varying between 8-60 minutes for Tg 

in the range of 800-900 °C.  

 

 
Fig. 2. Measured and calculated changes with time of 

(1–X) for gasification of char from raw coal at different 

Tg on a (a) decimal scale, (b) logarithmic scale 

 

T (
o
C) k nc  (min

-1
) ψ range of X r

2

800 0.00375 1.21 0.00 – 0.878 0.994

850 0.00837 1.40 0.00 – 0.914 0.993

900 0.01460 2.10 0.00 – 0.998 0.998
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The 8 fold times disparity on gasification time is mainly 

caused by varying temperature 100 °C. The explanation 

of this result can be seen on the conversion rate (dX/dt) 

of chars from raw lignite vs X as presented in Fig. 3. The 

change in profiles of dX/dt under different Tg shows the 

significant influence of temperature on catalytic activity. 
There are changes in the catalytic activity with Tg along 

X, in other words, that of kinetics of catalyst generation 

and deactivation during gasification depend on Tg. The 

dX/dt values for three different gasification temperatures 

appear to reach maxima in early stages were resultant of 

a maximum concentration of catalyst-1. In this work, 

catalyst-1 has the greatest concentration compare to the 

two others catalysts make its contribution dominant.  

 
Fig. 3. Profile of dX/dt vs X for gasification of char from 

raw coal at different Tg  

 

 
Fig. 4. Profile of measure and calculated of Rsp vs X for 

gasification of char from raw coal at different Tg 

 
We also notice there is a tendency of catalyst-1 to 

deactivate quickly after reaching the maxima and become 

zero at the end of conversion. With this behavior, it is 

possible to refer catalyst-1 as calcium. Similar results 

also found by Zhang et al. [10,14] for gasification of Ca-

char. As seen in Fig. 4, the specific reactivity, Rsp increase 

along conversion with different gradient. At 800 °C, Rsp 

is relatively flat until X = 0.8, and suddenly start to 

increase quickly at X = 0.95. Similar trend is found for Tg 

= 850 °C. Meanwhile for Tg = 900 °C, Rsp increase until 

X = 0.05, relatively flat, then increase slowly for X = 0.4–
0.9 and later increase significantly at X > 0.9. 

Rsp represent the pattern of kinetic respect with X. So, it 

is interesting to know the standard pattern for all 

temperatures by normalizing the value of Rsp by dividing 

it with Rsp at X = 0.5 for each temperature. The results of 

normalization can be seen in Fig. 5. Generally, the 

normalized Rsp profiles for three different Tg is relatively 

comparable. In the initial stage, the acceleration of 

conversion rate by high transformation rate of catalytic 

precursor to catalytic-1 causes an inclination in Rsp until 

reaching the maxima. Then, the gasification occurs stably 

relative to remain char. After there is collapse in char 
structure, the gasification rate increase significantly 

relative to (1-X) at X > 0.5.  

 
Fig. 5. Normalized Rsp profiles for different Tg 

 

4.3 Kinetic analysis 

This subsection discussed the change in the initial 

catalytic activity and deactivation rate by varying the 

gasification temperature. Table 2 summarizes the 

optimized kinetic parameters for the catalytic 

gasification, which were applied to draw the lines in Fig. 

2. It was unavoidable to assume the presence of the 

catalyst precursor to transform into catalyst-1 during 

gasification for describing the profiles of 1-X. It is 

interesting how the temperature affects the value of the 

total of rate constant for catalytic reaction,∑ 𝑘𝑐𝑛,0 and the 

total of deactivation rate, ∑ 𝑘𝑙𝑜𝑠𝑠,0.  

The increasing of ∑ 𝑘𝑐𝑛,0 (2.1 times) is accompanied by 

higher increment of ∑ 𝑘𝑙𝑜𝑠𝑠,0 (9.8). This is a reason why 

the declining rate of dX/dt as shown in Fig. 3 is higher 
for 900 °C. With all those attribute, the model describes 

successfully the kinetics of CO2 gasification of all of the 

temperatures over the range of 1-X from 1 to 0.001. 

 

Table 2. Kinetic parameters for catalytic gasification 

under different Tg 

 
 

 

T (°C) Σk cn,0 k c1,prec k c1,0 k c2,0 k c3,0

800 0.125 0.076 0.031 0.004 0.014

850 0.130 0.040 0.008 0.052 0.030

900 0.272 0.239 0.001 0.011 0.021

T (°C) Σk loss,0 k loss-1,prec k loss-1,0 k loss-2,0 k loss-3,0

800 0.249 0.047 0.195 0.001 0.007

850 1.616 1.332 0.234 0.043 0.007

900 2.440 2.317 0.122 0.001 0.001

T (°C) Σm cn,0 m c1,prec m c1,0 m c2,0 m c3,0

800 1.000 0.608 0.250 0.028 0.113

850 1.000 0.308 0.065 0.400 0.227

900 1.000 0.880 0.002 0.041 0.077

(min
-1

)
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Abstract: This study investigates phosphorus removal from water through nZVI/river-sand packed columns. In order to 

evaluate their maximum phosphorus adsorption capacity, batch tests were first conducted for a synthesized nZVI (5:3.5 

g / 𝐹𝑒𝐶𝑙3 : 𝑁𝑎𝐵𝐻4   and river-sand. Aqueous solution of 25 mg/l phosphorus concentration was introduced to three-

Plexiglas packed-columns (65 cm length, 10 cm inner diameter and PV=1.53 L  with different layers configuration. Solid 

precipitates of nZVI were characterized using TEM, XRD, BET and LD analyzers. Break-through curves showed that 

maximum phosphorus removal efficiency was recorded as 98.8% in Column 2 with two layers of nZVI/river-sand after 

only 17 hours, whereas Column 3 as a control column showed a rapid saturation (fully saturated by day 9 . Dissolved 
oxygen values were clearly decreased in the first and second columns due to oxygen consumption by nZVI oxidation, 

unlike Column 3 in which the values were almost close to the influent value. River-sand showed relatively high adsorption 

capacity of phosphorus as a porous medium.  

 

Keywords: Phosphorus removal; nano-scale zero valent iron (nZVI); packed-column experiment, in-situ remediation, 

nZVI characterization 
  
1.  INTRODUCTION  

Phosphorus as one of the major nutrient is considered to 

be an essential element for all forms of life. However; in 

terms of water quality, excessive concentration of 

phosphorus can speed up eutrophication in water bodies. 

When it reaches surface water bodies, phosphorus tends 

to be the limiting nutrient leading to a rapid growth of 

algal bloom [1]. Consequently, it causes a plummet in 

the dissolved oxygen levels as a result, which 
consequently may affect the aquatic life harmfully and 

damage an existing ecosystem [2]. Dissolved 

phosphorus can be found in water on two forms, 

polyphosphate, orthophosphate and organic phosphate 

[3].  High phosphorus concentrations in groundwater 

can migrate from stream banks and adjacent land 

through aquifers into surface water bodies, therefore, it 

may affect both of surface and groundwater qualities [4]. 

Hence, phosphorus removal from water plays a 

significant role in decreasing such impact on the aquatic 

environment and the drinking water quality as well.  

Currently, there has been much concern about 
minimizing the influence of such elevated phosphorus 

concentration on water quality and aquatic systems. 

Hence, different methods have been extensively applied 

for phosphorus removal from water such as chemical 

precipitation, co precipitation and adsorption on 

sorbents surface [5]. In the interest of high removal 

efficiency and reasonable cost, adsorption is considered 

to be one of the most efficient mechanisms in 

phosphorus removal from aqueous solutions [6]. As one 

of the most efficient and non-toxic adsorbents, zero 

valent iron (ZVI) has been widely used for water 
remediation of various pollutants [7]. The nano-scale of 

such iron particles increases the specific surface area, 

furthermore the core-shell structure with iron hydroxide 

shell enhances the reactivity towards most of the soluble 

contaminants in water [6]. 

 

Despite of the widespread investigation of nZVI 

efficiency in phosphorus removal through batch 

experiments, few studies concerned with the removal of 

phosphorus in porous media. Wen et al., [6] reported a 

maximum adsorption capacity of (245.65 mg-P/g-nZVI) 

to reach phosphate removal efficiency of 99% within 5 

min from the start of the experiment. In a recent study, 

ZVI packed columns were used to check the impact of 
column’s pre-conditioning on phosphate removal from 

aqueous solution with initial concentration of 20 mg/l 

[8]. The maximum phosphorus adsorption capacity 

reported in the former study was 152 mg-P/g-Fe [8].  

The aim of this study is to investigate the efficiency of 

nZVI in phosphorus removal from water as well as 

determination of its maximum phosphorus adsorption 

capacity on nZVI surface. We demonstrate packed 

columns filled with nZVI supported on river-sand as 

pilot unit of an in-situ remediation method.  

 

2. MATERIALS and METHODS 

 

2.1 Synthesis of nZVI 

Chemical reduction method of Ferric chloride by 

sodium borohydride following reaction (Eq.1), was used 

to synthesize nZVI [9].  

 
2FeCl3 + 6NaBH4 + 18H2O

→ 2Fe0 + 21H2 + 6B(OH)3 + 6NaCl   (1) 

 

Ferric chloride hexahydrate solution was prepared by 

dissolving 5 g of FeCl3. H2O (99.0%, Junsei Chemical 

Co., Japan) in 125 mL of deoxygenated deionized (DI) 

water. Moreover, 3.5 g of  Sodium borohydride (NaBH4, 
98.0%, Sigma–Aldrich Inc., USA) were dissolved in 

125 mL of (DI) water and pumped dropwise into a 500 

mL four-nick flask kept in water bath with stirring (at 25 

± 0.5° C and 250 rpm) containing the former ferric 
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chloride solution using a roller pump at a rate of 20 

mL/min. In order to reduce the oxidation of nZVI, 

anaerobic environment was provided through a 

continuous nitrogen gas purging during the synthesis. 

With regard of ensuring a complete reaction, the aging 

time of the mixture inside the four-nick flask was 20 min. 
The black iron precipitates were collected by vacuum 

filtration and then washed three times with DI water and 

anhydrous ethanol. The synthesized nZVI was kept 

refrigerated in a sealed container at 5° C in case it was 

not used immediately in batch tests.  

 

2.2 Batch experiments 

Batch experiments were performed to investigate the 

mechanism and kinetics of phosphorus adsorption on 

nZVI. All batch experiments were conducted in 300 mL 

conical flasks sealed with screw caps at room 

temperature (25 ± 2°), and mixed with a standard 
magnetic stirrer (SRS316AA; 50 mL to 3L, 120V, 60Hz, 

ADVANTEC MFS, Inc., Japan) at 300 rpm. Phosphate 

solutions were prepared by adding several convenient 

amounts of potassium dihydrogen orthophosphate 

(KH2. PO4, 99.5%, Kanto Chemical Co., Japan) to 250 

mL of DI water. Nitrogen gas was purged into all 

solutions for 15 min prior starting the experiment, to 

preserve the anaerobic conditions for the reaction.  

Sodium hydroxide (NaOH, 97%, Wako Co., Japan) and 

hydrochloric acid (HCl, 35–37%, Wako Co., Japan) 
were used carefully to maintain the neutral pH 

conditions (7 ± 0.5) of all solutions. In order to 

determine the equilibrium phosphorus adsorption 

capacity of nZVI, a set of batch experiments were 

performed using different adsorbate concentrations (5, 

10, 25, 50 and 100 mg/L) and fixed dosage of adsorbent 

(mass ratio of 1:1). 2 mL samples were withdrawn and 

filtered by 0.45 µm membrane at specific time intervals 

(5, 10, 15, 30, 60, 90, 120, 150 and 180 min) for 

phosphorus analysis.  Adsorption capacity was 

calculated using the following (Eq.2): 

 

qt =
V(Co − Ct)

m
            (2) 

 

Where qt (mg/g) is the adsorption capacity at time (t),   

Co and Ct  (mg/L) are phosphorus concentrations at 

initial time and at time (t) respectively, m  (g) is the 

adsorbent mass, and  V  (liters) is the volume of the 

solution. Batch experiments were also conducted to 

estimate the approximate phosphorus adsorption 

capacity of river-sand as a porous medium material used 

in the column experiment.  

 

2.3 nZVI characterization 

The iron particles were analyzed using several 

equipment in order to determine their physical 

characteristics. The surface morphology was 

investigated using a transmission electron microscopy 

(TEM, JEM- 2100F, JEOL Co., Japan). Specific surface 

area (SSA) of the obtained nZVI was measured by 

(Micromeritics 3Flex, USA) using Brunauer–Emmett–

Teller (BET- N2 ) adsorption method at 77 K. Laser 

diffraction (LD) analyzer (SALD- 2300, Shimadzu Co., 
Japan ) was used to determine particle size of the 

synthesized nZVI after 30 min sonication. In order to 

distinguish the mineral composition of nZVI particles, 

X-ray diffraction (XRD) was performed using Cu Kα 

radiation (λ = 1.5418 Å) on TTR Rigaku diffractometer 

conducting at 40 kV and 40 mA, with scanning angle 

(2θ) ranged from 3° to 90° and scanning speed of 2° 

min⁻¹. 
 

 

 

Fig. 1. Schematic of packed-columns. 
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Table 1. Column experimental conditions 

Property Parameter Value 

Column Pore volume 1.53 L 

 Porosity 30 % 

 Bulk density 1.189 g/cm3 

 
Pore water 

velocity 
0.38 m/h 

 Flow rate 15 mL/min 

Phosphorus solution Concentration 25 mg/L 

 pH 7 ± 0.5 

 

 
Fig. 2. X-ray diffraction (XRD) pattern of nZVI 

 

 
Fig. 3. TEM image of nZVI (100 nm resolution) 

 

2.4 Lab-scale packed columns 

Column experiments were conducted on three packed-

Plexiglas columns with length of 65 cm and inner 

diameter of 10 cm. Fig.1 indicates the configuration and 

dimensions of the three columns. Aqueous solution with 

phosphorus concentration of 25 mg/l was pumped 

downward into the columns from a 700 L tank using a 
system of peristaltic pump, tubes, distributor tank and an 

overflow collector to control the hydraulic heads along 

the experiment. The first layer at the top (10 cm long) 

was filled with river-sand only in order to maintain a 

uniform flow of the influent. First and second columns 

(C1, C2) were packed with river-sand (Kobaya, Miyazaki, 

Japan) as a major porous media, interspersed with 

different configuration of a homogenous nZVI/ river-

sand mixture (1% [𝐹𝑒/𝑆𝑎𝑛𝑑] mass ratio, 20 g of nZVI); 

distributed as two separated layers (10 cm long each) and 

one combined layer (20 cm long) in C2 and C1 
respectively. The third column (C3) was filled with river-

sand only in order to act as a control column. Synthetic 

influent water with phosphorus concentration of 25 mg/L 

was prepared by dissolving KH2PO4  (99.5%, Kanto 

Chemical Co., Japan) in water. The pH values were 

adjusted to be fixed at 7 ± 0.5 to simulate the natural 

groundwater. Septum caps along the columns allowed for 

collecting water samples before and after the reactive 

layers along the columns. Effluent samples from the three 

columns were collected for residual phosphorus analysis, 

moreover samples from the feeding tank were regularly 

analyzed to ensure the initial phosphorus concentration 

during the experiment. Difference in water heads in each 
column were measured throughout the experiment using 

peizometric tubes, in order to calculate the accurate pore 

water velocity. Operational conditions of the column 

experiment is shown in Table.1. 

 

2.5 Analysis 

Phosphorus and iron concentrations of all samples from 

batch and column experiments were filtered by 0.45 µm 

membrane to be analyzed for phosphorus and iron 

concentrations using UV–Vis spectrophotometer (DR 

3900, Hach Co., USA). Moreover, pH and dissolved 

oxygen values were measured by (LAQUA act, Portable 
pH meter D-72, HORIBA Scientific Co., Japan) and 

(HQ30D Portable Multi Meter pH, Conductivity, TDS, 

Salinity, Dissolved Oxygen (DO), Hach Co., USA).  

 

3. RESULTS and DISCUSSION 

 

3.1 Characteristics of precipitates  

Fig.2 shows the XRD patterns of synthesized iron within 

the range of 3° to 90° (2θ), a major peak appeared at 2θ 

of 44.8 corresponding to intensity of 516 cps confirming 

the presence of (α-Fe) crystalline phase. Such high 
intensity peak ensures the periodic arrangement of 

particles; therefore we may imply that it is well defined 

in terms of crystallinity. Specific surface area of nZVI 

obtained from BET analysis was approximately 58.23 

m²/g, which is coherent with an earlier study (61 m²/g) 

[2], and higher than other stated values [10], [11].  

 

TEM image of iron particles is shown in Fig.3 depicting 

their aggregated necklace-structure [2]. Several images 

were taken and average particle size was evaluated with 

an approximate value of 42 nm. Particle size of nZVI that 

determined from LD analyzer showed a close value to the 
former size with a median particle diameter of around 44 

nm. Size distribution results indicates that around 70 % 

(volume) of the particles have diameter less than 55 nm. 

 

3.2 Batch tests and adsorption isotherms 

Equilibrium batch experiment results with varying 

adsorbate concentration plotted in Fig.4 (a) depict 

phosphorus removal efficiency more than 98 % for the 

low initial concentrations (5, 10 and 25 mg/L), and 

reduced gradually by the increase of the initial 

concentration. River-sand showed a relatively high 
phosphorus removal efficiency by around 85% for initial 

concentration of 5 mg-P/L, and decreased by the increase 

of the initial concentration as it is shown in Fig.4 (b). In 

order to determine the best isotherm model to describe 

the adsorption results, linear forms of Langmuir and 

Freundlich isotherms were plotted as it is displayed in 

Fig.5. Results in Table.2 show the calculated parameters 

of both isotherms including equilibrium phosphorus  
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Fig. 4. Phosphorus adsorption capacity and removal 

efficiency (a) nZVI, (b) river-sand 

 

 

 
Fig. 5. Adsorption isotherms (a) Langmuir, (b) 

Freundlich 

 

 
Fig. 6. Break-through curves of phosphorus in the three 

columns  

 

adsorption capacity qe  of 53.19 mg/g, such value is 

higher than a previous reported data [2]. Moreover, 

calculated regression values (R²) indicate that Langmuir 

isotherm is more fitted to the present adsorption data. 

 

3.3 Phosphorus removal in column experiment  

Breakthrough curves (BTCs) of phosphorus were plotted 
using the ratio of C/Cₒ as a function of time (where C and 

Cₒ represent effluent and inlet phosphorus concentration 

respectively). Results in Fig.6 shows a slight higher 

efficiency of phosphorus removal in C2 (with two 

separated layers of nZVI/river-sand) compared to C1 

(with one combined layer of nZVI/river-sand), whereas 

river-sand in C3 showed rapid saturation as the ratio of 

C/Cₒ increased dramatically to reach unity and become 

fully saturated by the 9th day from the start of the 

experiment. 

 

During the first two days of the experiment, phosphorus 
adsorption reached the highest capacity in C1 and C2. 

Subsequently, it was followed by a dramatic increase in 

phosphorus concentration starting from day 3. Therefore, 

phosphorus removal efficiency in the two columns 

dropped consequently over the next following 26 days 

from the maximum (97.8% and 98.9%) to 29% and 34% 

for C1 and C2 respectively. With regard to determining 

the total adsorption capacity in the three columns, 

Cumulative phosphorus amount that trapped in each 

column was calculated. The highest cumulative 

phosphorus amount (456 mg-P/L) was trapped in C2; 
comparing to C1 (413 mg-P/L), after 29 days from the 

beginning of the experiment without reaching full 

saturation condition. On the contrary, C3 (river-sand) 

showed the lowest trapping capacity of phosphorus (184 

mg-P/L). 
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Table 2. Adsorption isotherm models equations and corresponding calculated parameters 

Model Equation Linear form 

Adsorption parameters 

Parameter Value 

Langmuir qe =
qmaxKLCe

1 + KLCe

 
1

qe

=
1

qmax

+
1

qmaxKLCe

 

qmax (mg-P/g-nZVI) 53.19 

KL(L/mg) 0.994 

R² 0.995 

Freundlich qe = KfCe

1
n logqe = logKf +

1

n
logCe 

Kf(L/g) 3.572 

n 2.047 

R² 0.965 
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The average percentage of phosphorus removal along 29 

days of experiment was calculated where C2 with two  

 
Fig. 7. Ferrous Iron (Fe2+) concentration along the two 
columns (7 days from the start of the experiment) 

 

 
Fig. 8. Phosphorus profiles of the three columns 

 

Fig. 9. Dissolved oxygen values of effluent in the three 

columns 

 

layers of nZVI/river-sand showed the highest average 

removal efficiency of 68 % among the three columns. 

Comparing to the value of C1 with 62 % removal 

efficiency, this slight increase is related to the 

enhancement of phosphorus co-precipitation on the 

released iron oxidized forms with in the river-sand layer 
in C2. Fig.7 depicts that ferrous iron concentration 

reached the highest values just after the 1st reactive layer, 

and subsequently reduced due to phosphorus co-

precipitation with in the sand layer. 

 

3.4 Measurements along columns 

Measurements of effluent pH in the three columns 

showed a slight decrease during the 1st day to reach 6.6, 

6.7 and 6.4 for C1, C2 and C3 respectively. This 

reduction at the beginning is due to the forming of iron 

oxidized outer layer; the lower the pH value, the faster 

the iron surface corrosion [8]. Subsequently, it started 

increasing to fluctuate around the influent pH value for 

the rest of the experiment days. The oxidation process of 

Fe0  in the presence of water results yield OH−  ions 
which increases pH value again to reach more than 8 at 

some points along the experiment. 

 

Plotted data in Fig.8 shows phosphorus concentration 

values along the three columns. The highest reactivity of 
nZVI corresponding to the best phosphorus adsorption 

was determined after 7 days (adsorption of about 88% of 

initial phosphorus amount). Thenceforth, it was 

decreased by the 14th day, this may be referred to the full 

occupation of the active sites on the oxidized iron 

particles [8]. Dissolved oxygen (DO) values were clearly 

decreased in C1 and C2 as it was consumed by nZVI 

oxidation process unlike C3, in which the values 

fluctuated around the inlet value of 10.7 mg/L as it is 

shown in Fig.9. 

 

4. CONCLUSION 

Synthesized nano-scale zero valent iron (nZVI) was 

integrated in phosphorus removal experiments from 

aqueous solution, in which it showed a promising 

performance as a reactive material in the in-situ 

remediation methods. The relatively high specific surface 

area (58.23 m²/g) and the proper size (44 nm) of the iron 

particles enhanced the adsorption capacity to reach 53.19 

mg-P/g-nZVI, which is considered superior to some 

preceding reports performed under the same neutral 

conditions. Configuration of two 10 cm layers of 

nZVI/river-sand showed a slight better performance in 
phosphorus adsorption than one combined 20 cm layer. 

River-sand showed relatively high adsorption capacity of 

phosphorus as a porous medium. The majority of 

cumulative trapped amount of phosphorus was retained 

by the first layer of nZVI/river-sand in both of C1 and C2. 

Second column with 2 layers of nZVI/river-sand showed 

the highest average removal efficiency of 68 % along the 

29 days of the experiment. The main target of this study 

is the full scale application of such in-situ remediation 

technique, therefore a primary testing of a pilot system is 

essential. 
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Abstract: Quality is the degree to which a set of inherent characteristics fulfils requirements. Quality has a important 

role in targets of sustainability and customer satisfaction of the management.  There are two methods as classic and 
modern quality methods for sustainability and customer satisfy at the management. In this study, it has been researched 

that many obstacles originating from management departments about quality improvement and development in reference 

to classic and modern quality methods. These enterprises take place at 24 numbers industry regions (Bursa, İstanbul, 

Kayseri, etc. İn Turkey). The data was evaluated by using SPSS program. After the results, the education support has very 

important role at classic quality method (38.7%) and modern quality method (36.7%) According to classic quality method, 

the education was 1st rank and the marketing was 6th rank. Also according to modern cquality method, the manufacturing 

was 1st rank and themarketing/education was 5th rank. 

Keywords: Quality, Enterprise, SPSS, Sustainability  

1. INTRODUCTION 

Increasingly, organizations are recognizing the strategic 

importance of quality and quality management. Many 

organizations have arrived at the conclusion that 

effective quality management can enhance their com 

petitive abilities and provide strategic advantages in the 

marketplace [1].  

One of the strongest proponents of quality management 

was W. Edwards Deming, a member of the select few 

credited with contributing to the rapid revitalization of 

the Japanese economy after World War II. The Deming 
management method is currently embraced by many 

firms in the world. Quality improvement is the use of a 

deliberate and defined improvement process, such as 

Plan-Do-Check-Act [2]. 

 

Figure 1. Deming Cycle 

Over the last forty years, many researchers have 

discussed the reasons for the inferior quality of products 

and have recommended quality improvement 

prescriptions such as management leadership, product 

quality planning, customer focus and shop floor quality 

control [3]. 

In the global marketplace increased levels of 
competition have resulted in quality becoming of 

increasing importance to organisations and 

consequently total quality management (TQM) has 

become a key management issue [4]. Total Quality 

Management (TQM) is a structured approach to overall 

organizational management. The focus of the process is 

to improve the quality of organizations outputs, 

including goods and services, through continual 

improvement of internal practices. The standards set as 

part of the TQM approach can reflect both internal 

priorities and any industry standards currently in place 

[5],[6],[7].  
Furniture production in Turkey dates back to the 19th 

century and was done in small workshops as artisan 

production. However, by the rapid globalization and all 

other aspects, present furniture industry is becoming a 

fashion sector. In accordance to data from Turkish 

Statistical Institute (TurkStat), in 2012 furniture 

production was realized as 10,3 billion Turkish Liras. 

According to the recent General Census of Industry and 

Business Establishments, the furniture sector employs 

151.904 people and the industry has 33.924 companies 

manufacturing various furniture. Furniture production in 

Turkey is concentrated mainly in İstanbul, Ankara, 
Bursa (İnegöl), Kayseri, İzmir and Adana. The most 

important furniture production districts are İstanbul and 

the region of Bolu-Düzce, which is famous for its 

production of wood products. (Anonymus, 

2013;Anonymous, 2016)  

It was given that researched obstacles as percentage 

distribution at tables for a great quality assurance control 

at furniture outlets. It was analyzed that differences 

between furniture outlets according to traditional quality 

management and total quality management by chi 

square test. It was lined up that the factors on the quality 
improvement and development in order of priorities. 

 

2. MATERIAL AND METHOD 

Furniture enterprises in organized industry zones was 

chosen as material. Survey was prepared to determine 
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communications among the top management and 

departments. 295 number surveys were filled by the 

eager managers with face to face method. The most of 

surveys were filled Bursa, Ankara, İstanbul and Kayseri 

where the furniture industry is commonly. 

The surveys were evaluated by SPSS program. 
Frequency tables were formed and low frequency 

question options were combined. Frequency distribution 

was given according to two different criteria as 

enterprises: Traditional Quality Management and Total 

Quality Management. 

 

3. RESULTS 

As a result of evaluating the data according to 

production subject, 36,3% of the survey is 
miscellaneous furniture, bed-dining-kitchen furniture 

(19%); according to number of worker, 63,7% of the 

survey was filled the enterprise that has 10-49 person 

workers (Table 1). 

 

Table 1. Distribution of the enterprises that the survey was applied 

P
ro

d
u
ct

io
n
 S

u
b
je

ct
 

Production Subject % 

S
ca

le
 S

iz
e 

Number of Worker % 

Miscellaneous Furniture 36,3 1-9 Person 17,3 

Sitting Group-Sofa-Hide a Bed 17,9 10-49 Person 63,7 

Bed-Dining-Kitchen Furniture 19,0 50-99 Person 13,7 

Office-Hotel-Modular Furniture-Furniture Decoration 13,2 100 - + Person 5,3 

Teen and Kid's Room 6,1 
  

Joinery-Door-Profile-Chair-Table Production 7,5 

Total 100 Total 100 

The surevey applied 66.7% of the furniture outlets use 

Traditional Quality Management and the rest of use 

Total Quality Management. 14.9% of these furniture 

outlets has the quality assurance program, but 69.2% 

of them has no this program, and the rest of them 

develop their quality assurance program. It has 

showed at Table 2 about the situation of the quality 

development program of the furniture outlets. 

 

Table 2. The Quality Development Program at Furniture Outlets 

Quality Management System*  % Yes % No 
Program 

Developing % 

Total 

Traditional Quality Management 10,0 75,1 14,9 66,7 

Total Quality Management 65,9 8,0 26,1 33,3 

In Total 14,9 69,2 15,9 100 

*p>0.05 no differences between them 

As shown at Figure 2, according to Traditional quality 

management applied the furniture outlets; insufficient 

engineering support (9.2%) is not important, 

inadequate manufacturing support (47.7%)  and 

insufficent marketing support (50.0%) are important. 

Inadequate education support (38.7%) is very 

important for these furniture outlets. 

 

 

Figure 2. Traditional Quality Management 

As shown at Figure 3, according to Total quality 

management applied the furniture outlets; insufficient 

engineering support (4.5%) is not important, 

inadequate manufacturing support (63.7%)  and 

insufficent marketing support (40.9%) are important. 

Insufficient top management support (45.7%) and 
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insufficient engineering support (40.9%) are very 

important for these furniture outlets. 

 

 
Figure 3. Total Quality Management 

 

As shown at Figure 4, according to in total; 

insufficient engineering support (7.6%) is not 

important, inadequate manufacturing support (53.0%)  
and insufficent marketing support (47.0%) are 

important. Inadequate education support (37.9%) is 

very important for these furniture outlets. 

 
 

 

 
 

Figure 4. In Total 
 

Table 3. Order of importance of the factors 

Factors 

Quality Management System 

Traditional Quality 

Management 
Total Quality Management 

Order of 

importance 
Mean 

Order of 

importance 
Mean 

Inadequate Education Support 1 4,1818 5 4,0455 

Inadequate Manufacturing Support 2 4,0682 1 4,2727 

Insufficient Top Management Support 3 4,0455 2 4,2273 

Insufficient Engineering Support 4 3,9091 3 4,1364 

Insufficient Purchase Support 5 3,8409 4 4,0909 

Insufficient Marketing Support  6 3,7273 5 4,0455 
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The factors, which are obstacles on applying a great 

quality development program, were examined as far 

as the quality management mentality. For trational 

quality management applied the furniture outlets, 
insufficient education (4.1818) was as first rank, 

insufficient manufacturing support (4.0682) was as 

second rank, and insufficient marketing support 

(3.7273) was as last rank. For total quality 

management applied the furniture outlets, insufficient 

manufacturing support (4.2727) was as first rank, 

insufficient top management suppor (4.0570) was as 

second rank, and insufficient marketing and purchase 

support (4.0455) was as last rank. 

 

4. DISCUSSION 

After this research, we can see that many of the 
furniture outlets (66.7%) use traditional quality 

management system. Insufficient engineering support 

is not very important for these outlets. Because these 

outlets are generally family outlets and they don't trust 

the engineers. They have experienced employees. For 

these outlets orders of importance are respectively 

education, manufacturating, top management, 

engineering, purchase, and marketing. 

For total quality management applied the furniture 

outlets, the manufacturing (63.7%) support are 

important. Because this process improves the 
organization outputs, and including goods and 

services. For these outlets orders of importance are 

respectively manufacturating, top management, 

engineering, purchase, education, and marketing. 

In generally, as shown at Figure 4, the 

manufacturating and marketing support are important 

for the furniture outlets. So, these firms should 

improve these factors and then apply their quality 

control systems. They should give importance for the  

engineering support because of new ideas and more 

productivity. Also education support is so important. 

If  employees or managers at firms get much 
experience, they can show great performance and the 

firms get sustainable growth. 
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Abstract: A p(4×4) phase obtained by the coadsorption of Pb and Sb on Cu(001) substrate has been determined by tensor 

low energy electron diffraction (LEED). The best-fit structure of this phase can be described as a ternary alloy having 

1D chain arrangement of Pb and Sb atoms in the [110] direction between the Cu rows in the same direction. This type of 

1D arrangement is previously obtained by sole Pb adsorption, or coadsorption of Pb and Bi on the same substrate with 
c(4×4) periodicity. In the both coadsorption cases, there is a vacancy at the center of the unit cell which causes a large 

displacement of the Pb atoms from the fourfold-hollow site and the atoms having smaller atomic radius, Bi or Sb, located 

in the exact fourfold-hollow site. The structural parameters of the Pb and Sb system with the corresponding Pb and Bi 

system are described here. 

 

Keywords: coadsorption; Pb; Sb; structure determination; low energy electron diffraction 
  

 

1. INTRODUCTION 

Coadsorption of more than one element on the substrate 
is a familiar method to produce surface new materials. 

The surface phases produced by coadsorption and the 

determination of this phases may be used to realize the 

properties of the newly formed materials. For example, 

the study of coadsorption of Mn and Bi on Cu(001) is 

used in the thin film growth of the magnetic material 

MnBi [1-2]. It would be a good study of coadosorption 

of two materials of which one is Pb, and other is one of 

the Bi/Sb/Sn materials on the substrate Cu(001). In this 

study, we investigated the coadosorption of Pb and Sb on 

Cu(001). We considered Pb, because it is individually 
used as surfactant in the thin film growth [3]. On the other 

hand, Sb is a material having large magnetic moment and 

promising material for the magnetic applications. 

Interestingly, these two metals have bulk alloy also. This 

is a very familiar alloy used in the industry of the lead-

acid battery. It is well proved that the addition of Sb 

improves the casting, mechanical and electrochemical 

behavior of Pb alloys [4-5]. 

Individually, Sb on Cu(001) makes p(2×2) structure 

already determined by E. AlShamaileh et al. [6] and 

reconfirmed by S. Higashi et al. [7]. They both reported 

that this structure is a substitutional structure which is 
formed at the coverage of 0.25. The coverage is defined 

as the ratio of the number of adsorbate atoms to the 

number of substrate atoms located ideally in a unit cell. 

On the other hand, on the same substrate of Cu(001) for 

the various coverages of Pb, c(4×4), c(2×2) and 

c(5√2×√2) structures were observed [8-9]. Of them, 

c(4×4) is reported as substitutional 1D arrangement of Pb 

atoms in the [110] direction [8] and c(2×2) is reported as 

overlayer structure [9]. The c(5√2×√2) is reported as 

regular arrangements of distorted c(2×2) domains, 
separated by antiphase boundaries [10].  

After coadsorption of Pb and Sb, we got a p(4×4) 

structure at the coverage of Pb of ~0.25 and Sb of ~0.125. 

The coverage combination is similar to our previous 

study of Pb and Bi on Cu(001). We got 1D rows of 

mixture Pb and Bi atoms between Cu rows in the [110] 

direction which was obtained after the determination of 

c(4×4) phase of the Pb, Bi coadsorption [10].  

Before the determination of p(4×4) coadsorption, we 

reconfirm the p(2×2) phases of individual adsorption of 

Pb and Sb on Cu(001) more accurately than in previous 

reports. Our results also show that Sb forms the 

substitutional structure. After that, we determined the 
p(4×4) structure of coadsorption. The details of this 

structure, the comparison of the different parameters of 

this phase of Pb and Sb with the c(4×4) phase of Pb and 

Bi coadsorption case is described here. 

 

2. EXPERIMENTS AND CALCULATION 
The experiments were done at the Mizuno-Nakagawa 

Surface Science Laboratory in Kyushu University, Japan, 

providing an ultrahigh vacuum (UHV) chamber equipped 

with four grid low energy electron diffraction (LEED) 

system for in situ sample preparation, adsorbate 

deposition and structure determination. The base 
pressure of the chamber was always maintained better 

than 3×10-8 Pa during the whole experiment. The Cu(001) 

substrate was cleaned by several cycles of Ar+ ion 

sputtering (1 kV, 6.5 μA, 15 min) and subsequent 

annealing at 800 K until a sharp (1×1) LEED pattern was 

obtained. The temperature was measured by a type K 

thermocouple with digital thermometer (Fluke 50 II 

Thermometer) connected to one side of the sample. We 

then waited for the sample Cu(001) to become at room 

temperature (300 K). When the sample reached room 

temperature, Pb and Sb were then deposited by heating 
two different tantalum tubes containing them placed at 

different position in the chamber. After deposition, we 

used liquid N2 to cool the sample. At a temperature of 

120 K, the LEED patterns were taken using a digital 

charge-coupled device camera with a computer-

controlled data acquisition system [11]. Incident energy 

range of 50–450 eV was used to obtain the LEED 

patterns. 
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The best-fit model was obtained through best agreement 

between the experimental and theoretical I(E) curves, 

which was decided by minimizing Pendry’s reliability 

factor (Rp) [12]. The error bars on the structural 

parameters were calculated by variance of Rp, ΔR = 

Rmin(8|Voi|/ΔE)1/2, where Rmin is the minimum Rp value 
and ΔE is the total energy range of the experimental I(E) 

curves [12]. 

 

3. RESULT AND DISCUSSION 

3.1 p(2×2)-Sb 

Before the determination of p(4×4) phase of coadsorption, 

we reconfirmed the p(2×2) phases of individual 

adsorption of Sb on Cu(001) more accurately than in 

previous reports [6-7]. This is because, the first attempt 

of determination of this phase done by Elshaimalah et al. 

[6] and proposed that this structure may be a mixer phase 

of c(2×2) and p(2×2) due to the large Rp (0.27) obtained 
after determination. Later, Higashi et al. [7] showed that 

this p(2×2) is not mixer phase and they obtained lower Rp 

(0.18). Our results also agree with the later result with 

similar Rp (0.18) and the best-fit structure is 

substitutional type which is shown in the Fig. 1. The 

comparison between experimental and theoretical I(E) 

curves are shown  in Fig. 2 which are in good agreement. 

The best-fit parameters are given in the Table 1. 

 

  
 

Fig. 1. a) Top view and b) cross-sectional view of the 
substitutional p(2×2)-Sb best-fit structure. 

 

3.2 p(2×2)-Pb, Sb coadsorption 
The room temperature coadsorption of Pb and Sb was 

carried out by starting the deposition of Pb atoms on 

Cu(001) at a certain coverage. After that, Sb atoms were 

deposited on the Pb pre-adsorbed surface. 

 

Table 1. Optimum structural parameters of the best fit 

structure for Cu(001)-p(2×2)-Sb 

Atom No. Lateral displacement (Å) Height (Å) 

 [110] [1̅10]  

Sb   5.92 

Cu1   5.42 

Cu2   5.38 

Cu3 0.02 0.02 5.46 

Cu4   1.84 

Cu5   1.82 
Cu6   1.80 

The coverage of Sb atoms was increased gradually and 

we checked the LEED patterns. When we reversed the 

deposition order, the same LEED patterns were obtained. 

In this way the p(4×4) structure was obtained at the 

coverage of Pb at ~0.25 and Sb at ~0.125. The coverage 

combination at which this structure has been obtained is 

similar as previous work of Pb and Bi on the same 

substrate done by our group as mentioned above [10]. 

 
Fig. 2. Comparison between experimental (dashed red 

lines) and best-fit theoretical (solid green lines) LEED 

I(E) spectra for the Cu(001)-p(2×2)- Sb structure. 

 

Let us summarize the structure obtained for Pb and Bi 

atoms in this coverage. We got c(4×4) phase for this 
coverage. The obtained best-fit structure for this phase 

was defined as the one dimensional (1D) chain 

arrangement of the Pb and Bi between Cu rows in the 

[110] direction. The unit cell of this structure contained 

 

 
 

Fig. 3. a) Top view and b) cross-sectional view of the 

substitutional p(4×4)-Pb, Sb best-fit structure. 
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Fig. 4. Comparison between experimental (dashed red lines) and best fit theoretical (solid green lines) LEED I(E) spectra 

for the Cu(001)-p(2×2)-Pb, Sb structure. 

 

two Pb atoms, one Bi atom and four Cu atoms in the same 

plane. This similar structure was also obtained for only 
Pb adsorption on the same substrate in the same coverage 

of Pb that was 0.375 [8]. Besides the similarity in the 

coverage combination, from the LEED pattern of p(4×4) 

phase analysis we can assume that the best-fit structure 
should be similar to the structure c(4×4) phase of Pb and 

Bi. The LEED pattern of the p(4×4) structure was very 
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clear up to ~220 eV of the beam energy. That means all 

the points constituting the p(4×4) are completely visible. 

Above this energy, only c(4×4) points were visible and 

other points of p(4×4) points are totally invisible. Here it 

can be mentioned from the fundamental theory of LEED 

pattern that, c(4×4) points are also exists in the p(4×4) 
structure. If we consider the first quadrant of p(4×4) the 

points are (1/4,0), (1/2,0), (3/4,0), (1,0), (1/4,1/4), 

(1/2,1/4), (3/4,1/4), (1,1/4), (1/2,1/2), (1,1). On the other 

hand, in the first quadrant of c(4×4), the points are (1/2,0), 

(1,0), (1/4,1/4), (3/4,1/4), (1/2,1/2), (1,1). As the c(4×4) 

could be obtained from p(4×4), and in our experimental 

results we got both type of structure for different energy 

hence, we can assume that the obtained structure would 

be similar for both phases. So from the point of view of 

coverage combination and LEED patterns, we were 

assuming the model shown in Fig. 3.  

 
Table 2. Optimum structural parameters of the best fit 

structure for Cu(001)-p(4×4)-Pb, Sb structure. 

Atom No. Lateral displacement (Å) Height (Å) 

 [110] [1̅10]  

Pb1  0.97 6.08 

Pb2  0.73 6.04 

Sb1   5.91 

Sb2   5.79 

Cu1 0.23  5.37 

Cu2 0.07 0.02 5.41 

Cu3 0.14  5.46 
Cu4 0.04  3.57 

Cu5  0.14 3.70 

Cu6  0.05 3.63 

Cu7   3.57 

Cu8  0.08 1.76 

Cu9  0.06 1.81 

Cu10   1.84 

Cu11 0.09  1.79 

Cu12 0.05  1.81 

Cu13 0.04  1.80 

Cu14   1.84 

Cu15  0.08 1.83 
Cu16 0.28  1.79 

 

In the model, there are two inequivalent Sb atoms are 

assumed on the four-fold hollow site. The Pb atoms are 

displaced from the four-fold hollow site toward the 

bridge site. The large displacement of the Pb atoms has 

been possible due to creating a vacancy between them. 

Also the Cu atoms in the top layer have chance to move 

towards the vacancy as we have got in the case of Pb and 

Bi structure. Although this structure is similar to the 

c(4×4) structure of Pb and Bi coadsorption on Cu(001), 

due to the different heights of Sb atoms it becomes 
p(4×4). By considering this model, we compared the 

theoretical I(E) data with the experimental ones against 

29 beams and obtained a good fit which is shown in Fig. 

4. We got the Rp = 0.27. The best-fit parameter of this 

comparison is shown in Table 2. 

 

4. CONCLUSION 

In summary, we can conclude that it is possible to get 

ordered structure p(4×4) by coadsorption of Pb and Sb on 

Cu(001). Based on coverage calculation and evolution of 

LEED patterns in different energy we can conclude a 

model of this system. Our proposed model is 1D 

arrangement of the Pb and Sb atoms between two Cu 

chains in [110] direction. Our final determination of this 

model fits very well which we confirmed by comparison 

of theoretical best-fit I(E) curves with the experimental 

ones. 
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Abstract: Nano-scale Zero Valent Iron (NZVI) has appeared as one of the Nano-engineered materials for the 

environmental remediation. Chemical reduction reaction method extensively used to prepare the Nano iron. In this 

study; in order to optimize the reactivity, NZVI was prepared under different synthesis conditions by adjusting several 

variables such as concentration, delivery rate and liquid volume of sodium borohydride. The reactivity of NZVI was 

evaluated by reacting the iron with two environmental contaminants; nitrate and phosphorus. NZVI was synthesized 

with different ratios of NaBH4/ FeCl3 and the reactivity of Nano iron increased with increasing the ratio of NaBH4. On 
the other hand, excessive amount of NaBH4 resulted in decreasing the reactivity. The faster feeding rate of NaBH4 

resulted in increasing the reactivity toward the nitrate and phosphorus but increasing it largely led to deterioration of 

the reactivity. Impact of sodium borohydride liquid volume was studied and high reactivity was observed under high 

liquid volume. The results of this study show the optimization of NZVI production parameters could minimize the cost 

and maximize the reactivity.  

 

Keywords: nano-scale zero valent iron; synthesis conditions; reductant delivery rate; optimization of NZVI production 
   
1. Introduction  

  NZVI technology has emerged as one of the most 

important Nano engineered material for environmental 

remediation. Due to it is high efficiency, NZVI has been 

widely used to remove the environmental pollutants 

from water such as heavy metals, chlorinated 

compounds, etc.  Moreover, NZVI can be reacted with 

different contaminants by the different mechanisms 

including: reduction, oxidation, adsorption, absorption, 
precipitation, and coprecipitation mechanism. Therefore, 

NZVI can be used to remove a wide variety of 

environmental pollutants. In addition, NZVI shows a 

successful strategy for treating groundwater by applying 

it in a permeable reactive barrier, which permitting 

groundwater to flow through it, then the groundwater is 

treated. 

NZVI can be prepared by two different methods, first 

“Top down” method. The main idea of this method is 

the milling or break down of micro iron particles to 

become in Nano scale. On the other hand, NZVI can be 
prepared by “bottom up” method; under this method 

micro particles can be converted to Nano particles by 

applying the chemical reduction reaction such as 

reduction of ferric or ferrous iron with a strong 

reductant. Chemical reduction reaction is considered as 

the most popular method to fabricate Nano materials. 

The advantages of this chemical method are its 

simplicity and chemical homogeneity and also NZVI 

can be synthesized by this method without any special 

equipment. Besides that, NZVI particles prepared by 

this method display high reactivity compared with “Top 

down” method. [1]. 
Furthermore, it is possible to control the properties of 

NZVI such as particle size, shape, and surface area and 

also the chemical method exhibits low cost compared 

with Top down method. In contrast, it is difficult to 

control and enhance the properties of NZVI such as 

particle size and surface area by top down method [2].  

Controlling of synthesis conditions is considered as one 

of the most effective methods to manipulate the 

properties of NZVI [3]. Accordingly, the reaction 

medium plays an important role to decrease the particle 

size and increase the surface area of NZVI particles. It 

was reported that the reactivity of NZVI depends on it is 

size [4]. In addition, adjusting and improving the 

dispersibility of NZVI particles can occur in the reaction 

medium by where the stabilizer is added [5]. Few 
studies confirmed that synthesis conditions strongly 

affecte the properties and reactivity of NZVI. It was 

reported that the reactivity of NZVI was improved 

under high precursor concentration and faster delivery 

rate [6]. In contrast, HAN et al. [7] reported that 

preparing NZVI at high Fe3+ concentration refer to 

dwindle the reactivity and he contributed that to 

formation oversize of NZVI particles.    Sodium 

borohydride was studied as an important parameter on 

NZVI reactivity. Hwang et al.  [8] discussed the impact 

of sodium borohydride and he found that the reactivity 
was improved with high sodium borohydride 

concentration. In contrast, Hocheol Song et al. [9] 

confirmed that the reactivity of NZVI was increased 

under low concentration of sodium borohydride and 

they attributed that to the low pH value. Based on that 

effect of synthesis variables have not been extensively 

studied so far.  

The objective of this study is to optimize the parameters 

of synthesis conditions such as concentration, feeding 

rate, liquid volume of sodium borohydride, temperature, 

pH value and mixing speed to maximize the reactivity 

and minimize the cost of synthesis. Therefore, a wide 
range of these variables was investigated in order to 

obtain the optimal ratio for each variable.   In addition, 

the characterization of NZVI such as particle size, 

surface area and pore size have been investigated 

characterizations on the reactivity of NZVI toward 

environmental pollutions.   
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Table 1. NZVI synthesis conditions. 

 

2. Materials and methods 

 

2.1. Chemicals. 

Ferric chloride (FeCl3) and sodium borohydride 

(NaBH4) were used as inputs to interact to produce and 

fabricate NZVI. Sodium nitrate (NaNO3) was used to 

prepare nitrate solution and potassium dihydrogen 

phosphate (KH2PO4) was used to prepare phosphorus 

solution. Ethanol was used for washing process.  

 

2.2. Synthesis of NZVI  
In this study, chemical reduction reaction method was 

used to fabricate NZVI using sodium borohydride as a 

strong reductant to reduce ferric chloride. Synthesis of 

NZVI was carried out in round bottom four neck flesk,  

The stirrer was inserted in the middle neck and nitrogen 

gas was injected in one of the opens neck to avoid iron 

oxidation. The other two slots were used to add NaBH4 

to the reaction medium and also to allow the resulting 

gases to exit. Different experiments were conducted to 

prepare NZVI at different synthesis conditions as shown 

in table 1. The 1st – 5th experiment were carried out to 

detect the influence of NaBH4 concentration on NZVI 
reactivity.  In addition, the 5th -10th experiment were 

conducted to test the effect of NaBH4 feeding rate on 

NZVI reactivity. On the same path 4th experiments were 

conducted to evaluate the effect of NaBH4 liquid 

volume on NZVI reactivity. All the experiments were 

carried out at a constant temperature 25 C and constant 

mixing speed 250 rpm. The synthesis of NZVI was 

conducted according to this equation. 

 

2FeCl3 + 6NaBH4 + 18H2O →  

                                  2Fe0 + 21H2 + 6B (OH)3 + 6NaCl 
The reaction solution was left for 20 min as agent time 

and then the NZVI was flirted using vacuum filtration. 

The filtered particles were washed three times with 

ethanol solution. 

 

2.3. Evaluation of NZVI reactivity. 

 Batch tests of nitrate reduction and phosphorus removal 

were carried out to detect the effect of synthesis 

condition on NZVI reactivity. The reactors were filled 

with 200 ml of phosphorus which contained 50 mg/L 

phosphorus and 200 ml of nitrate which contained 200 
mg/L nitrate. Both of nitrate and phosphorus solutions 

were purged with nitrogen gas before adding 0.25 g of 

NZVI for each of them to avoid the oxidation process. 

The solutions were placed on the environmental shaker 

for two hours and the samples were taken periodically 

and then the taken samples were filtered with 0.25 

syringe. Finally, the samples were analyzed 

immediately using spectrophotometer device. 

    

3. Results and discussion. 

 

3.1. Effect of NaBH4 concentration on NZVI 

reactivity  
A series of Nano-scale Zero-valent Iron synthesis 

experiments were carried out with different 

concentration of NaBH4. These experiment were 

conducted to detect the impact of NaBH4 on the 

performance of NZVI toward two environmental 

contaminants, nitrate and phosphorus. Different 

amounts of NaBH4 concentration (0.22, 0.45, 0.56, 1.12, 

2.25 M) were dissolved in water in order to reduce 

constant amount of FeCl3 (0.15 M) and also under 
constant conditions of other variables such as pH value, 

temperature, NaBH4 feeding rate and mixing speed.  

The reactivity of NZVI was changed at different 

concentrations of NaBH4 as shown in Fig.1. a and b. 

The removal efficiency of phosphorus and nitrate 

reduction were deteriorated significantly at low NaBH4 

concentration. On the other hand, synthesizing NZVI at 

high NaBH4 concentration improved the phosphorus 

removal and nitrate reduction. However, increasing the 

NaBH4 concentration to a large extent led to 

deteriorating the reactivity. Therefore, the optimum 
ratio of NaBH4 to FeCl3 (1: 3) M was investigated to 

achieve the best removal of phosphorus and nitrate 

reduction. 

The reactivity of resultant iron depends on the reduction 

of FeCl3 by NaBH4, based on that, preparing the Nano 

iron at low NaBH4 concentration means that there is no 

sufficient amount of sodium borohydride to reduce 

FeCl3. Therefore, the reaction does not occur completely 

and thus leading to deteriorating the reactivity of NZVI. 

The high concentration of NaBH4 led to decrease the 

reactivity due to increased pH value. Increase the pH 

value reduced the chance to dissolve non-reactive 
precipitated solids (Hocheol Song, 2005) [10].  And also 

during the addition of sodium borohydride not only the 

reaction between NaBH4 and FeCl3.6H2O synthesized 

NZVI but also other products such as iron hydroxides 

could be formed and this effect negatively on the 

reactivity of Nano iron. Adding to that, different NaBH4 

concentration gave different particles size as well as 

different reactivity (Meral Turabik,2016) [11].  

 

3.2. Effect of NaBH4 liquid volume on NZVI 

reactivity 
Several experiments were carried out to evaluate the 

impact of sodium borohydride liquid volume at a 

constant concentration of FeCl3 on NZVI reactivity. 

Different liquid volumes of NaBH4 (10, 30, 60, 120 ml) 

were used to test the effect of NaBH4 liquid volume on 

NZVI reactivity. The finding from this study confirms 

that increase sodium borohydride liquid volume led to 

increase the reactivity of Nano iron toward phosphorus 

removal and nitrate reduction as shown in fig.2. (a) and 

(b). During synthesis process of Nano iron particles, 

preparing of Nano iron particles pass through important 

stages such as nucleation, development, growth and 

agglomeration stage. Stages of growth and development 

No. [NaBH4 ]  

(M) 

NaBH4 

delivery rate 

(ml/min) 

NaBH4 liquid 

volume 

(ml/L) 

Parameter 

1                  0.22                                                      20 60                                                             NaBH4 Conc.          

2                  0.45 20                                                                                                                        60                                                                   

3                                             0.56 20 60  

4                  1.12 20 60  

5                  2.25 20 60  

6 

7 

8 

9 

10 

11 

12 

13 

14 

1.12 

1.12 

1.12 

1.12 

1.12 

1.12 

1.12 

1.12 

1.12 

2.5 

10 

20 

40 

60 

20 

20 

20 

20 

60 

60 

60 

60 

60 

10 

30 

60 

120 

NaBH4 

delivery rate 

 

 

 

NaBH4 liquid 

volume 
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a

 
b

Fig.1. effect of different sodium borohydride 

concentration on NZVI reactivity (a) phosphorus 

removal (b) nitrate reduction 

 

Fig.2. effect of different sodium borohydride liquid 

volume on NZVI reactivity (a) phosphorus removal (b) 

nitrate reduction. 

 

 of Nano iron particles requires enough time during 

synthesis of Nano iron particles. The improvement of 

Nano iron reactivity at high sodium borohydride liquid 

volume due to increase the period of sodium 

borohydride added. It is necessary to adjust the volume 

of NaBH4 to control the reaction time and the properties 

of the - resultant iron such as particle size (Yu-Hoon 

Hwang, 2011) [12]. Overall, sodium borohydride liquid 

volume affected significantly on the characteristics and 

reactivity of NZVI 

3.3. Effect of NaBH4 delivery rate on NZVI reactivity 
In this study, the effect of NaBH4 delivery rate on on 

NZVI reactivity was evaluated by phosphorus removal 

and nitrate reduction efficiency. NaBH4 was added to 

FeCl3 at different flow rate (2.5 ml (2 rpm), 20 ml (10 

rpm), 40 ml (18 rpm), 60 ml (25 rpm). Feeding rate 

showed a significant impact on the reactivity and 

properties of NZVI such as surface area, shape, and the 

size of NZVI particles. High surface area, and tiny 

particles were observed under high NaBH4 delivery rate 

but core-shell structure (spherical particles) was 

observed under low delivery rate but scattered particles 

was observed under high delivery rate (Yu-Hoon 
Hwang 2011) [13]. Therefore, NaBH4delivery rate play 

an important role to control the properties and 

morphology of NZVI particles.  Change of NZVI 

properties this leading to a different performance of 

NZVI toward nitrate reduction and phosphorus removal. 

The faster feeding rate of NaBH4 to FeCl3.6H2O 

resulted in enhance the reactivity but excessive delivery 

rate led to deteriorate the reactivity as shown in fig .3. a 

and b. The improved reactivity at faster feeding rate of 

NaBH4 contributed to decreasing pH value (Hocheol 

Song 2005) [14]. 
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4. Conclusions. 

In this study, the effect of reaction condition such as 

concentration, liquid volume and feeding rate of sodium 

borohydride was evaluated. The Concentration of 

Sodium borohydride clearly affects the reactivity of 

NZVI. Increasing the mass ratio of ferric chloride to 
sodium borohydride from 1:0.2 to 1:0.4 led to 

increasing the reactivity. On the other hand, the increase 

of mass ratio more than 1:0.4 led to deteriorating the 

reactivity of NZVI. Therefore, 1:0.4 is considered the 

optimum mass ratio to preparing NZVI with 

investigating high reactivity. The pumping speed up to 

40ml/min of sodium borohydride led to enhance the 

reactivity of NZVI. But excessive feeding rate led to 

dwindling the reactivity. Sodium borohydride liquid 

volume exhibited a significant impact on NZVI 

reactivity. The result from this research confirm that 

increase sodium borohydride liquid volume up to 120 
ml/L showed enhancing in the reactivity of NZVI. 
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Abstract: Vertical gardens are design cases that emerged as a result of the search for an alternative green space, along 

with a decrease at urban green spaces and associated with environmental problems. The vertical garden is one of the 

gardens that cover façade walls with using various plant species by systems. One of the most important components in 
ensuring the sustainability of vertical gardens is plant material. It is preferred that natural plant species, which adapt 

optimum on environmental conditions of application area, are used for systems of the vertical garden. In this research, 

plant species, which are used for vertical garden applications in Turkey, have been determined natural or exotic. In 

addition, it is aimed to determine natural plant species for vertical gardens which will be applied in the Mediterranean 

Region. As a result, it has been determined that the majority of the plant species, which commonly used for vertical garden 

applications in Turkey, are exotic species, and suggestions have been made for natural species that can be used in vertical 

garden applications in the Mediterranean Region. 

Keywords: Vertical Garden, Mediterranean Region, Exotic, , Natural 

 

1. INTRODUCTION 

Urbanization, one of the biggest problems in 21st 
Century, causes many environment problems such as 

structure areas and population increase. As the rate of 

structuring increases, the green areas are rapidly 

decreasing. In recent years, many studies have been 

carried out in order to determine the amounts of urban 

green areas. For example, the amount of green space in 

London was %38.4 in 2003 but it was %33 in 2013. In 

the same way, the amount of green space in Hong Kong 

was %41 in 2012 but after three years it was %40 [1,2]. 

When these numerical values are examined, it is seen 

that the amount of public open green areas (parks and 

gardens) in cities is decreasing. The decrease in the 
amount of green areas in the cities and the inadequacy 

in the face of the rapidly increasing urbanization has led 

to the search for alternative green areas. In line with this 

requirement, studies in order to integrate nature into 

construction are called as “vertical garden”. The vertical 

gardens are defined as gardens that cover façade walls 

with using various plant species by systems. 

The vertical gardens increase not only green areas at 

urban but also have some functions such as increasing 

biological diversity and creating a natural habitat, sound 

and heat isolation, energy productivity, air quality 
improvement, heat island reduction, location 

acquisition, creating agricultural area, aesthetics 

occurrence, and positive contribution to human 

psychology [3,4,5,6,7,8,9].  

Vertical gardens are created by using different systems 

together. Systems that forms vertical garden are; carrier, 

irrigation, insulation, media, plant and lighting. Among 

these components, the plant material is the most affected 

by the time dimension and showing positive or negative 

development in this direction. Therefore, the correct 

selection of plant material is very important in terms of 

ensuring the sustainability of vertical gardens. 
Our country has a diversity of flora thanks to having 

three different floristic regions, different geographical 

features and different climate varieties. While the 

European continental flora has close to 12,000 species, 
this number is about 9,500 in our country. Furthermore, 

while the number of endemic plant species in the 

continental flora of Europe was around 2.750, 

approximately 3.700 of the species in our country are 

endemic [10]. 

Vertical gardens emerging as alternatives to green areas 

at urban and they are considered as suitable areas for the 

growth of natural plant species. Yeung [11], emphasized 

that green wall panel systems provide suitable 

environments for the growth of natural plant species. 

As in all the landscape architecture works one of the 

most important factors for sustainable vertical gardens 
is plant material. It is preferred that natural plant species, 

which adapt optimum on environment conditions of 

application area, are used for systems of vertical garden. 

The use of natural plant species will also be effective in 

protecting the ecological integrity of the region. The use 

of natural plant species will contribute to ecological 

integrity by preventing possible diseases and pests 

which can be potentially moved to the area with exotic 

plants. Use of plant species with similar request will 

facilitate maintenance work that must be done regularly 

after the application. 
In this research, plant species, which are used for 

vertical garden applications in Turkey, has been 

determined natural or exotic. And also it is aimed to 

determine natural plant species for vertical gardens 

which will be applied in the Mediterranean Region. 

 

2. MATERIAL AND METHOD 

The main material of the study is plant species used in 

vertical garden applications. Plant species widely used 

in vertical garden applications in our country have been 

determined by verbal information obtained from 

interviews with vertical gardening companies operating 

in this sector and by examining existing applications in 
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our country. And the fact that these plants are natural or 

exotic has been examined first. 

The importance of using natural plant species in vertical 

garden applications has been emphasized and 

suggestions have been made about natural plant species 

that can be used in vertical garden applications in the 
Mediterranean Region. 

 

3. RESULTS 

Plant species widely used in vertical garden applications 

in Turkey have been determined by verbal information 

obtained from interviews with vertical gardening 

companies operating in this sector and by examining 

existing applications in our country. Natural or exotic 
states of plant species used in vertical gardens in Turkey 

are shown in Table 1. 

 
Table 1. Plant species used in vertical garden applications in Turkey [M.Seçkin, 2016, written 

interview; 12] 

Family Scientific Name Common Name Status of Plants 

(Natural or 

Exotic) 

Amaranthaceae Iresine herbstii Hook. Herbst’s bloodleaf Exotic 

Amaranthaceae Alternanthera dentata Scheygrond Joseph’s coat Exotic 

Apocynaceae Vinca minor L. Common 

periwinkle 

Natural 

Apocynaceae Vinca major L. Greater periwinkle Natural 

Araliaceae Hedera helix L. English ivy Natural 

Asteraceae Ophiopogon japonicus 'Nigrescens' Mondo grass Exotic 

Asteraceae Senecio cineraria DC. Dusty miller Exotic 

Begoniaceae Begonia semperflorens Link &Otto Begonia Exotic 

Buxaceae Buxus sempervirens var. rotundifolia 

Baill. 

German boxwood Exotic 

Celastraceae Euonymus japonicus Thunb. Japanese 
euonymus 

Exotic 

Convolvulaceae Dichondra argentea 'Silver Falls' Dichondra Exotic 

Crassulaceae Sedum reflexum L. Crooked yellow 

stonecrop 

Exotic 

Lamiaceae Lavandula angustifolia Mill. Lavender Natural 

Lamiaceae Plectranthus scutellarioides (L.) R. BR. Coleus Exotic 

Lamiaceae Teucrium fruticans L. Shrubby 

Germander 

Exotic 

Lamiaceae Salvia officinalis L. Common sage Exotic 

Lythraceae Cuphea hyssopifolia Kunth False heather Exotic 

Plantaginaceae Russelia equisetiformis Schltdl. & 

Cham. 

Fountain bush Exotic 

Poaceae Festuca glauca Vill. Blue fescue Exotic 

Poaceae Stipa tenuissima Trin. Mexican feather 

grass 

Exotic 

Verbenaceae Verbena laciniata (L.) Briq. Mock vervain Exotic 

 
It has been found that there are 21 plant species 

commonly used in vertical garden applications in 

Turkey. Only four of these species are natural, while 
others are exotic species. 

Usage of natural plant in vertical garden applications is 

very important because of the protection of the 

ecological integrity of the zone, ensuring sustainability 

and reducing maintenance costs. Natural plant species 

that can be used in vertical garden applications in the 

Mediterranean Region are given in Table 2. In 

determining the natural plant species that can be used for 

the vertical garden applications in the Mediterranean 

Region, the form, the texture and their altitude are 
considered. As a form; climbers, groundcovers and non-

overgrown shrub species and as a texture; close textured 

plants and as an altitude species under the starting point 

500 m. and below are preferred. For the Mediterranean 

Region, 16 natural plant species have been identified as 

species that can be used in vertical gardens. Cultivation 

and use of these species should be encouraged. 
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Table 2. Natural plant species that can be used in vertical garden applications in Mediterranean Region [12,13] 

Family Scientific Name Common Name Altitude (m.) 

Araliaceae Hedera helix L. English ivy 0-1500 

Aspleniaceae Asplenium onopteris L. Irish spleenwort 10-1700 

Aspleniaceae Asplenium scolopendrium L. Hart’s tongue fern 0-2100 

Aspleniaceae Asplenium trichomanes L. Maidenhair 

trichomanes 

20-2000 

Caprifoliaceae Lonicera orientalis Honeysuckle 500-2790 

Caryophyllaceae Dianthus anatolicus Boiss. Anatolian Pink 500-2200 

Cistaceae Cistus salviifolius L. Sage-leaved rock rose 0-500 

Cistaceae Cistus creticus L. Rock rose 0-1000 

Convolvulaceae Calystegia sepium subsp. sepium Hedge bindweed 0-800 

Crassulaceae Sedum caespitosum (Cav.) Dc. Broad-leaved stonecrop 0-1000 

Crassulaceae Sedum litoreum Guss. var. litoreum Coastal stonecrop 0-300 

Crassulaceae Sedum rubens L. Red stonecrop 360-1150 

Dryopteridaceae Polystichum aculeatum (L.) Rothex Mert. Hard shield fern 0-1500 

Lamiaceae Salvia ceratophylla L. Stag’s horn salvia 300-2150 

Poaceae Festuca valesiaca Schleich. ExGaudin Volga fescue 400-2800 

Ranunculaceae Clematis vitalba L. Old man’s beard 0-1500 

4. DISCUSSION 

Green areas’ aesthetic and psychological contributions 

are very important in addition to contributions to the 

urban ecosystem. For this reason, the need for green 

areas is increasing day by day. . In the vertical gardens, 

which emerge as a green space alternative in the cities, 
nature is integrated in the vertical plane to the structures 

and the urban areas that are getting darker day by day 

are able to get the greenery that it misses. 

One of the most important components of vertical 

gardens is plant material. It is preferred that natural plant 

species, which adapt optimum on environment 

conditions of application area, are used for systems of 

vertical garden. This is the most important factor that 

will directly affect the long-term success of the 

application. Our country has a diversity of flora thanks 

to having three different floristic regions, different 

geographical features and different climate varieties. 
Despite this richness, the use of imported plant species 

increases the possibility of failure of applications. If 

exotic plant species should be included in plant design 

works, these plants should be investigated for their 

existence in the area and whether they can demonstrate 

proper development against existing climate conditions. 

Another benefit of choosing natural species is economic 

benefit. Plant species that can’t adapt to environmental 

conditions disappear or can’t demonstrate the desired 

improvement. The placement of new species in place of 

these species is a major factor in increasing maintenance 
costs. Therefore, the use of natural plant species should 

be promoted in vertical gardens. Furthermore, 

considering the richness of our country's flora, studies 

should be supported for the cultivation of natural plant 

species that can be used in vertical gardens. 
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Abstract: The objective of this paper is to explore the residential consumers' attitudes towards water and energy 
conservation at residential buildings. A self-administered questionnaire was used in this study targeting 123 

household`s residents who are living at United Nations Relief and Works Agency for Palestine Refugees in the Near 

East (UNRWA) rehousing project in Rafah. The results revealed that the most important household`s residents attitudes 

towards water and energy conservation are: survey participants believed that Gaza Strip suffering water and energy 

shortage problem and they convinced by the concept of water and energy conservation and sustainability. Participants 

believed of the importance of regular maintenance for water and energy appliances, and they believed that turning off 

the water pump when the roof tanks are full will conserve water and related energy. This result indicated that the 

residents are aware of water and energy conservation in residential buildings and have a good intention to make an 

effort to reduce water and energy usage. Reduction of water and energy leakage will lead to a decrease in consumption. 

Water and energy concerned parties are advised to provide training for engineers and technicians who are responsible 

about operation, distribution and maintenance of water and electricity networks.  

 
Keywords: Water; Energy; Conservation; Households; Attitudes 
  
 

1. INTRODUCTION  

The availability of water and energy in sufficient 

quantities is not only a prerequisite for human health 

and well-being but also essential for freshwater 

ecosystems and services that they provide [1]. 
Residential buildings are considered as major 

consumers of water and energy and key contributors to 

carbon-dioxide emissions which become more and more 

crucial as a focus for water and energy conservation and 

environmental protection [2].The misuse of water 

pumps in Gaza Strip houses is one of the major causes 

of interfering the water networks design Therefore, 

there is an urgent need to improve the efficiency of 

water consumption and related energy use in Gaza Strip 

buildings through the application of sustainable design, 

and operation.  
There exists an energy and water crises in Gaza Strip. 

The people of Gaza over-pump approximately 160 

million cubic meters (MCM) of water from the coastal 

aquifer per year, but the sustainable yield of the Gaza 

sub-aquifer is about 100 MCM/year. Sustainable yield is 

the amount of water that can be extracted from the 

aquifer annually, while still maintaining ground water 

levels [3]. Gaza power generation plant is producing a 

power of 80 MW and the Israeli Electrical Company 

supplies 120 MW and Egypt supplies 17 MW [4]. The 

number of inhabitants of the Gaza Strip governorates is 
estimated around 2,125,000 in August 2016. While the 

population in Gaza Strip increases, the consumption of 

water will increase and the deficit in energy resources 

water supply will increase, leading to a severe economic 

catastrophe that will result in a significant rise in the 

probability of an outbreak of conflict.  

Lipchin [5] stated that generally, the relative scarcity of 

water (both in terms of quantity and quality) in Jordan 

and Palestine drives local perceptions and attitudes 

towards this resource. Lipchin [5] explored the impact 

of water culture on the public’s perceptions and 

attitudes toward water use among three water cultures: 

Israeli, Palestinian and Jordanian. The results showed 

that most families use more water than they need, most 
respondents from all three countries admitted that they 

use more water than required. For all three countries 

people were relatively divided between confidences in 

local water supply meeting current needs versus 

mistrust in local water supplies meeting the 

communities’ needs. In terms of being able to reduce 

the amount of water people use, over 50% of 

respondents from all three countries admitted that this 

would be difficult to do. Approximately 30% of the 

respondents said that their household water use could be 

reduced. Given the imperative of water and energy 
conservation for environmental sustainability, efficient 

water and energy management, and climate change 

mitigation, it is critical to understand household`s 

residents attitudes towards water and energy 

conservation at residential buildings. The objective of 

this paper is to explore the residential consumers' 

attitudes towards water and energy conservation in 

Rafah residential buildings in the Gaza Strip-Palestine. 

 

2. LITERATURE REVIEW 

Residential water and energy end-uses are 
heterogeneous and vary significantly among households 

with demographic, behavioral, technological, and 

geographic factors contributing to variations among 

users [6, 7, 8]. Individual behavior, lifestyle, 

psychological, cultural and social factors and gender 

preferences are some other factors that may influence 

end use energy consumption in a residential sector [9]. 

Janda [10 and Willis et al. [11] observed that building 

occupants are the real consumers of energy and not the 

building itself. Therefore, the behavior of the occupants 

of a building may be more important than the specific 

features of a particular building. Plappally and Lienhard 
[12] and Shimoda et al. [13] stated that the end use 
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energy intensity is very high relative to most processes 

and human behavior has a very substantial role in 

setting water related energy consumption. Aitken et al. 

[14] found that there was a significant convergence 

between perceived water conservation and actual water 

consumption. 
Stern [15] reported that the major causes of water 

conservation behaviors and attitudes are beliefs, habits 

or routines, personal capabilities and contextual force. 

Water conservation behaviors can be divided into two 

major categories as efficiency behaviors, and 

curtailment behaviors. Russell and Fielding [16] 

examined five major causes of water conservation 

behaviors (attitudes, beliefs, habits or routines, personal 

capabilities and contextual force), they concluded that 

these are important drivers of water conservation 

behavior which can be used to inform policy makers 

about what types of strategies might be most effective to 
influence these drivers. Gregory and Leo [17] found that 

lower water users tended to be older, less educated and 

of lower income than the higher water users. Hassell 

and Cary [18] concluded that change in water 

consumption behaviour is mostly occur when external 

factors such as appropriate water pricing and policy 

consistency are exist. Miller and Buys [19] in the 

residential study in Australia’s South East Queensland 

found that most participants reported that feeling was 

responsible for water conservation, but this attitude is 

not reflected in their day-to-day water use behaviors. 
Similar conclusions were drawn by Gregory and Leo 

[17] and Aitken et al. [14]. Consuming water 

sustainability should be amongst everyone’s priorities: 

consuming responsibility, even if it means shifting one’s 

consumption habits, and consuming less [20]. 

Beal et al. [21] stated that there cannot be exclusive 

reliance on individual household attitudes and beliefs to 

reduce water consumption. Mandatory measures such as 

water restrictions or incentives such as rebates are 

possibly more reliable in reducing residential demand. 

Abrahamse and Steg [22] explored the linkage between 

household energy use and householders’ intention to 
reduce their energy use on the one side, and 

psychological variables and socio-demographic 

variables on the side.  They found that energy use in 

residential buildings seemed to be most strongly related 

to socio-demographic variables (income, household size, 

age), while attitudinal variables and self- transcendence 

values (tradition/security and power/achievement) were 

important also.  

Aktamis [23] revealed that there is a significant 

difference among energy saving and awareness of 

secondary school students in Turkey according to 
gender and that this difference was in favor of females. 

Also, in Turkey Kilic and Dervisoglu [24] revealed that 

female students’ average of subjective norm towards 

water saving is higher compared to male students. Fan 

et al. [25] concluded that the key drivers for reducing 

water consumption behavior are awareness, education, 

gender, elder and residents income and recommended 

that water price transparency and water bill reform 

because they enhance the information transparency of 

residents with their water consumption. Adams [26] 

stated that understanding people’s general attitudes 
towards the environment can help shed more light on 

the motivations behind water conservation behavior. 

Research literature and public institutions recognized 

the need for adopting personal behaviors that promote 

water and energy conservation and improve its uses [27, 

28]. Sarabia-Sánchez et al. [29] concluded that a change 

in citizen behaviour is very important for water 

conservation. 

 

3. METHODOLOGY 
To achieve the objective of this study, a self-

administered questionnaire was used to elicit the 

residential consumers' attitudes towards water and 

energy conservation at residential buildings. The 

population of this study is the residential consumers 

who are living at UNRWA rehousing project in Rafah, 

phase I. The participants are selected randomly as per 

house units, where one participant represents each house 

units is invited to participate in in this study. The 

UNRWA rehousing project in Rafah, phase I consists of 

600 housing units. The following l equation was used to 

determine the sample size [30]. 
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The previous calculations showed that the minimum 

number of the questionnaires needed to be collected is 

121. One hundred and thirty questionnaires were 
distributed randomly among housing units for 

household residents as targeted group. One hundred and 

twenty-three questionnaires were received back. The 

high percentage of received back questionnaires is 

justified due to the number of UNRWA engineers 

engaged with the rehousing project and their tight 

relation with the household`s residents who are 

smoothly interact with the questionnaire survey.  

The questionnaire consists of two parts, the first part 

contains general information about the household 

residents in terms of age of the head of household, 
gender, material status, educational level, monthly 

income of the family, family size, area of the house and 

finally the floor level and quantities of water and energy 

(electricity) consumption per month. The second part 

including 14 statement investigating attitude of the 

residential consumers toward water and energy 

consumption, these attitudinal statements are derived 

from previous literature. A pilot study was conducted by 

inviting five professionals who have more than 15 

years’ experience in managing residential buildings to 
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review and comments on the questionnaire. The resulted 

comments were carefully considered in modifying the 

final questionnaire. 

Statistical validity is used to evaluate instrument 

validity, which include criterion-related validity and 

structure validity [31]. The results indicated that P-
values was found less than 0.05 or 0.01, so the 

correlation coefficients of the attitudes statements are 

significant at α = 0.01 or α = 0.05. Therefore, it could be 

said that the attitudes statements are consistent and valid 

to measure what it was set for. Cronbach’s Alpha 

Coefficient for reliability was used to measure the 

reliability of the questionnaire. The Cronbach’s 

coefficient alpha was calculated and found 0.823 which 

is acceptable and the result ensures the reliability of the 

questionnaire. Five points Likert scales was used in this 

questionnaire. The respondents were asked to indicate 

their agreement or disagreements by circling the 
appropriate number represent their scale of agreement. 

Where, 1 represented "strong disagreement" and 5 

represented "strong agreement". The Relative 

Importance Index (RII) was used to determine the ranks 

of the drivers. The relative importance index was 

computed as [32, 33, 34]:    

  

 
W

RII
A N




  

 

where: W is the weighting given to each factor by the 

respondents (ranging from 1 to 5), A = the highest 

weight (i.e. 5 in this case), N = the total number of 

respondents. The RII value had a range from 0 to 1 (0 
not inclusive), the higher the value of RII, the more 

impact of the attribute. 

 

4. RESULTS AND DISCUSSION 

 

In this section, the attitudes of the residential occupants' 

toward water and related energy conservation will be 

presented and discussed. Table 1 and Figure 1 depict 14 

attitudes that have been queried by residential occupants 

to assess their attitudes toward water and related energy 

conservation in residential buildings. 

The results showed that the attitude (A.1) " I feel that 

Gaza Strip suffering from water and energy shortage 

problem" was ranked in the 1st position with RII = 

85.83% and Mean = 4.9 according to overall 

respondents. The value of the test-value=10.27 with 

positive sign of the test and P-value = 0.000 which is 

smaller than the level of significance α = 0.05. The 

mean of this attitude is significantly different and 

greater than the hypothesized value 3. Feeling or 

perceiving water and energy shortage problem or 

scarcity creates an attitudinal concern, which might be 

transmitted into conservative behavior toward these 

resources. In addition, this result is in line with [5, 35, 

36].  

The attitude (A.2) ‘I am convinced by the concept of 

water and energy conservation and sustainability at 

Gaza Strip’ with RII=82.31% and Mean=4.12 has got 

the 2nd rank. Convincing in something is a type of 

belief which is conceptually independent determinant of 

attitude. However, it is a challenge to convince others 

regarding water or energy conservation. Nonetheless, 

when people are convinced by the concept of water and 

energy sustainability and conservation, they will have a 

positive attitude towards conservation. Attitude (A.3) ‘I 

believe of regular maintenance for water and energy 

appliances (for example. the roof water tank, water 

pump…)’ was ranked in the 3rd position with RII = 

81.98% and Mean = 4.10. Regular maintenance for 

water and energy households’ appliances as house water 

pumps and roof water tanks to control leakage problems 

is considered as one of the most important strategies 

regarding conservation and sustainability. This result 

revealed that the occupants have a positive attitude 

towards water and energy conservation. This result is in 

line with [37, 38] outcomes.   

The results revealed that, ‘I believe that turning off my 

water pump when the roof tanks are full will conserve 

water and related energy’ attitude (A.4) with RII = 

81.82% and Mean = 4.09 has got the 4th rank. 

Similarly, attitude (A.7) ‘I believe that washing and 

cleaning the house while water pump is operating is a 

serious cause of over consumption’ was ranked in the 

7th position with RII = 72.89% and Mean =3.64.  

Both attitudes (A.4 and A.7) assure the validity of water 

and energy conservation attitude among household 

residents. The finding is consistent with [18, 24, 25] 

results. 

The findings showed that, ‘I believe that more attention 

for water and energy conservation is needed’ attitude 

(A.5) with RII = 80.67% and Mean = 4.03 has got the 

5th rank. An increase in the attention of water and 

energy consumption most likely will inspire residents 

for more conservation attitude and behavior. 

This result is in line with ([39, 40] outcomes. Attitude 

(A.6) ‘I think that leakage in my home appliances or 

hoses during operating the water pump is an important 

cause of over consumption" was ranked in the 6th 

position with RII = 78.51% and Mean = 3.93. Believing 

in leakage as a problem will emphasize the necessity for 

maintenance of consumers' appliances. Reduction of 

water and energy leakage will lead to a decrease in 

consumption. This finding is in line with other [6, 41] 

results. 

Furthermore, ‘I feel that it is important and visible that 

water and energy concerning parties make strict laws to 

support water and energy conservation’ attitude (A.8) 

with RII = 69.92% and Mean = 3.5 has got the rank 8. 

Regulations as restrictions are measured as one of the 

most important strategies that have a significant impact 

on water and energy conservation. This result is in line 

with the results of [27, 40]. "I believe that I could make 

more efforts to conserve water and energy" attitude 

(A.9) was ranked in the 9th position with RII = 66.67% 

and Mean = 3.33. Efforts are required for all aspects of 

conserving water and energy. As example, believing in 

efficiency and conservation emphasizes the efforts 

exerted to use efficient devices or eliminating the use of 

inefficient ones. Efforts to inspire residents to reduce 

water and energy consumption have s good chance 

degrees of success. This success depends on the 

integrity of the appeal by household`s residents and the 

message by the providers. This result agrees with [27, 

35, 42] findings. 
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Table 1. RII and Test value of respondents attitudes towards water and energy conservation 

 

 

 

 

 

conservation 

No. Water and energy conservation attitudes Mean 
RII 
(%) 

SD 
Test 
value 

P-value 
(Sig.) 

Rank 

A.1  I feel that Gaza Strip suffering water and 

energy shortage problem 

4.29 85.83 0.69 10.27 0.000* 1 

A.2  I am convinced by the concept of water 
and energy conservation and 

sustainability at Gaza Strip. 

4.12 82.31 0.63 10.03 0.000* 2 

A.3  I believe of regular maintenance for water 

and energy appliances (ex. the roof water 

tank, water pump…). 

4.10 81.98 0.70 9.88 0.000* 3 

A.4  I believe that turning off my water pump 

when the roof tanks are full will conserve 

water and related energy. 

4.09 81.82 0.85 9.35 0.000* 4 

A.5  I believe that more attention for water and 

energy conservation is needed. 

4.03 80.67 1.08 8.28 0.000* 5 

A.6  I think that leakage in my home 

appliances or hoses during operating the 
water pump is an important cause of over 

consumption. 

3.93 78.51 1.01 8.38 0.000* 6 

A.7  I believe that washing and cleaning the 

house while water pump is operating is a 

serious cause of over consumption. 

3.64 72.89 1.15 6.54 0.000* 7 

A.8  I feel that it is important and visible that 

water and energy concerning parties make 

strict laws to support water and energy 

conservation. 

3.50 69.92 1.06 5.53 0.000* 8 

A.9  I believe that I could make more efforts to 

conserve water and energy. 

3.33 66.67 1.38 4.10 0.000* 9 

A.10  I believe that changing attitudes and 

beliefs affects the water and energy 

conservation. 

3.31 66.22 1.31 3.69 0.000* 10 

A.11  I believe that I can play additional 

positive role toward water energy 

conservation. 

2.94 58.83 1.24 -0.33 0.743 11 

A.12  I feel that my neighbors are not aware 

about water and energy conservation 

issue. 

2.93 58.68 1.14 -0.43 0.668 12 

A.13  I think that I am a part of water and 

energy shortage problem. 

2.09 39.83 1.37 -5.29 0.000* 13 

A.14  I think that I can dispense of water pumps 
in my house. 

1.79 35.76 1.16 -7.46 0.000* 14 

 Water and energy personal attitudes 3.44 68.80 0.53 6.22 0.000*  

 

 

 

 

 

 

 

 

 

 
 

 

Figure 1. RII for attitudes of occupants toward water and energy conservation 
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5. CONCLUSION AND RECOMMENDATIONS 

 

The objective of this paper is to explore the residential 

consumers' attitudes towards water and energy 

conservation at residential buildings. The results 

revealed that the most important residential consumers' 

attitudes towards water and energy conservation at 

residential buildings are: I feel that Gaza Strip suffering 

water and energy shortage problem, I am convinced by 

the concept of water and energy conservation and 
sustainability at Gaza Strip, I believe of regular 

maintenance for water and energy appliances, and I 

believe that turning off my water pump when the roof 

tanks are full will conserve water and related energy. 

This result indicated that residents are aware of water 

and energy conservation in residential buildings and 

have a good intention to make an effort to reduce water 

and energy usage. The use of incentives and 

disincentives mechanism by the government or water 

and energy concerned utilities, will also stress residents 

attitudes toward conservation. 
Water and energy concerned parties are advised to 

provide training for engineers and technicians who are 

responsible about operation, distribution and 

maintenance of water and electricity networks. The 

contributed knowledge will establish a good platform 

for future researchers to identify meaningful ways for 

providing solution to come over the challenges in terms 

of water and energy scarcity. To enhance the degree of 

confidence of the current study results, a qualitative 

research method and action research study is 

recommended to collect data repetitively over an 

extended period, like repetitive interviews with 
household`s residents to follow up their attitude and 

behavior change toward some action. 
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Abstract: A pulse oximetry sensor has become essential to medical electronics and wearable health monitoring devices. 

It is a noninvasive, inexpensive, convenient and safe device for monitoring a person's health and avoiding any potential 

illness. The pulse oximeter is used to determine physiological parameters such as heart rate (bpm) and oxygen 

saturation (SpO2) of the patient at all times. This paper presents a detecting circuit for pulse oximetry based on organic 

light-emitting diodes (OLEDs) and organic photodiodes (OPDs), and also illustrates the theory, working principle and 

the functions of the pulse oximetry. The light emitted from the red organic light-emitting diode (OLED) with 625 nm in 

wavelength and reflected at a human index finger is detected by an organic photodiode (OPD) fabricated on the same 

substrate. After transducing, filtering and amplifying the signal, we have successfully obtained a clear 

photoplethysmogram (PPG) signal which can be used to measure pulse rate and blood oxygenation. 
 

Keywords: Organic Pulse Oximetry; Organic Light Emitting Diode (OLED); Organic Photodiode (OPD); Bio-sensor; 

Photoplethysmogram. 
  
1. INTRODUCTION  

Pulse oximetry (PO) can inspire healthy living by 

supplying persons with feedback on personal vital signs. 

The demand for wearable devices has been increased, as 

revealed by the growing of the wearable fitness market 

to $5 billion in 2015, which is bigger by 25% from 

2014. This growth rate is expected to be constant over 

the next coming years [1]. Meanwhile, there is a 

significant increased concern in monitoring a human 

performance during physical activity to improve the 

wearable medical devices for home care. Nowadays, 

devices are being developed for continuously 

monitoring human vital signs, as comfortably and 

noninvasively [2, 3]. 
 

The PO can be categorized into three sections based on 

the principle, substrate materials and the device 

material; reflectance/transmissive PO based, 

flexible/inflexible PO based and organic/inorganic 

sensor based, as shown in Fig. 1.  

 

Fig. 1. Classifications of pulse oximetry. 

In this paper, we limited our focus to reflectance, 

inflexible and organic PO sensor based for monitoring 

the body’s most necessary functions such as heart rate 

(bpm) and oxygen saturation (SpO2). These vital signs 

are valuable in evaluating the physical state of a person. 

The paper introduces a diversity of information about 

pulse oximeters intended to facilitate researchers' 

embedded design techniques and to quickly come up 

with the latest technology and design of pulse oximeter. 

 

2. THEORY  

2.1 Study of Hemoglobin 

The PO is a non-invasive method that allows monitoring 

the oxygen saturation of a patient’s hemoglobin (Hgb). 

The Hgb is a protein which exists in the blood's red cells 

and it is responsible for transferring the oxygen to the 

whole body. It gives the red blood cells its color. Fig. 2 

shows the structure of Hgb where each red blood cell 

contains thousands of Hgb molecules that carry oxygen 

to the body [9]. 
 
 

 
Fig. 2. Structure of hemoglobin, [9]. 

The main role of red blood cells (erythrocytes) is to 

deliver oxygen to the body tissues, and to bring waste 
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carbon dioxide back to the lungs. Each Hgb molecule is 

comprised by four polypeptide chains called globins and 

four disc-shaped organic pigment molecules called 

hemes. There is one atom of iron in the center of each 

heme group, which can combine with one molecule of 

oxygen. Hence, one Hgb can hold four molecules of 

oxygen.   

 

There are two types of Hgb in blood; oxygenated Hgb 

(HbO2) and deoxygenated Hgb (Hb). Hgb merges with 

oxygen (O2) to create HbO2 in the lungs via a loading 

reaction. The HbO2 is carried to the tissues capillaries 

where it separates to yield Hb and free O2 molecules via 

an unloading reaction, and oxygen is used in 

mitochondria [10]. Hb and HbO2 have different optical 

absorption coefficient in light wavelength spectrum 

[11]. Hence, the pulse oximetry is mostly based on the 

absorption characteristics at two different wavelengths. 

Fig. 3 shows the different absorption coefficient 

between Hb and HbO2. 

 

 
Fig. 3. Absorption spectra for Hb and HbO2, [12]. 

 

2.2 Photoplethysmogram (PPG) 

Pulse oximetry is based on another physical principle 

which is photoplethysmogram principle. The reflected 

or transmitted light from the PO has a small pulsatile 

component in a pulse waveform, which is a result of the 

variations in the volume of arterial blood at the sensor 

site. This will cause changes in the light transmitted 

throughout the tissues as shown in Fig. 4. Therefore, by 

combining these two technologies, a pulse oximetry can 

present important information such as the heart rate and 

the oxygen saturation in the blood of peripheral 

capillary (SpO2) [6, 14].  

 

 

Fig. 4. Reflectance principle of organic pulse oximetry. 

 

The PPG represents the small variation in artery volume 

that produced by the heart pulse pressure. It can be 

detected by lightening the skin with a light source and 

then measuring the amount of reflected light on a 

photodiode sensor. The shape of the PPG waveform 

differs based on the location and method in which the 

pulse oximetry is used [7, 13]. 

 

3. PULSE OXIMETRY FUNCTIONS 

3.1 Monitoring Heart Rate and Cardiac Cycle 

The main function of the human heart is to pump 

oxygenated blood and nutrients to the body and 

eliminate carbon dioxide from the body. The order of 

cycling deoxygenated blood (Hb) over the lungs and 

pumping afresh oxygenated blood (HbO2) to the body 

over the Aorta is called the cardiac cycle. The heart rate 

(HR) is the frequency of cardiac cycles, defined as beats 

per minute (b.p.m.). Any main change to the physical or 

mental state of a person normally changes the pulse. 

Thus, HR operates as one of the vital signs in evaluating 

the physical and mental status of a person.  

 

The HR can be measured accurately using electrical, 

optical or strain sensors. In the case of electrical 

measurement, skin electrodes are used to get the 

depolarization signal from the heart muscles. This 

method is known as electrocardiography (ECG). On the 

other hand, in case of optical measurement, the pulse 

oximetry is used to monitor the HR and cardiac cycle 

[4].   

 

3.2 Monitoring Oxygen Saturation  

Oxygen saturation or oxygenation is the concentration 

of HbO2 in the blood divided by the sum of the 

concentration of HbO2 and Hb in the blood, which can 

be defined by the following Equation (1): 

 

𝑆𝑝𝑂2 =
[𝐻𝑏𝑂2]

[𝐻𝑏𝑂2]  + [ 𝐻𝑏]
×  100 (%)  (1) 

 

The detection of oxygen saturation (SpO2) is based on 

Beer-Lambert law which is related to the concentration 

of a solute to the intensity of a light at specific 

wavelength where the intensity of light traveling 

through a medium decreases exponentially with 

distance [1], as descried in Equation (2): 

 

𝐼𝑇 = 𝐼𝑖 × 𝑒−𝜀(𝜆)𝐶𝐷  (2) 

 

where; (IT) is the intensity of transmitted light, (Ii) is the 

intensity of incident light, (ε(λ)) is the molar 

absorptivity, (C) is the concentration of the absorbent 

medium, and (D) is the optical path distance. 

Nonetheless, it is not easy to verify the exact intensity 

of the incident light applied. Furthermore, systole and 

diastole of heart pulse will cause small variations in the 

distance traveled by light which is reflected. Therefore, 

Beer-Lambert’s law needs to be adjusted for pulse 

oximetry and apply empirical derived calibration curve. 

Thus, Equation (2) can be simplified to be independent 

of Ii and ΔD, as shown in Equation (3).  

 

𝑅 =
𝛼(𝜆𝑅𝑒𝑑)

𝛼(𝜆𝐺𝑟𝑒𝑒𝑛)
=

ln(∆𝑇𝑅𝑒𝑑)

ln(∆𝑇𝐺𝑟𝑒𝑒𝑛)
=

ln (
𝐼2(𝜆𝑅𝑒𝑑)
𝐼1(𝜆𝑅𝑒𝑑)

)

ln (
𝐼2(𝜆𝐺𝑟𝑒𝑒𝑛)
𝐼1(𝜆𝐺𝑟𝑒𝑒𝑛)

)
  (3) 
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Where (R) is the ratio of absorption that is used to 

measure the SpO2 on the calibration curve, as shown in 

Fig. 5, (∆T) is the change in transmission, (α(𝜆)) is the 

molar absorptivity as a function of wavelength of red 

and green, I1(λ) is the peak intensity value received from 

the OPD of a single pulse, and I1(λ) is the negative peak 

of it. 

 

 

Fig. 5. The calibration curve for estimating SpO2, [3]. 

 

Depending on the sensing location and method, 

oxygenation can be categorized into three categories; 

venous oxygenation (SvO2), tissue oxygenation (StO2), 

and peripheral oxygenation (SpO2). Among various 

oxygenation measurements, SpO2 measurement is 

universal due to its noninvasive type. Pulse oxygenation 

should be at least 95% in a healthy adult. If it decreases 

too low, below 80%, good organ function will be 

harmed [5, 11]. 

 

4. DETECTING CIRCUIT 

The detecting circuit that we proposed in this work for 

an organic pulse oximetry consists of three main stages; 

Transimpedance, Filtration and Amplification, as shown 

in Fig. 6.   

 

 
Fig. 6. Pulse oximetry stages. 

 

4.1 Transimpedance amplifier: 

Transimpedance amplifier (TIA) is a current-to-voltage 

converter used to translate the current output of organic 

photodiode (OPD) to a voltage signal, which is a 

necessary stage needs to be done [8]. Fig. 7 illustrates a 

basic TIA circuit we applied for a single supply. 

 

 
Fig. 7. Basic TIA circuit for a single supply. 

 

4.2 Filtration: 

The pulse signal that needs to be acquired consists of 

small variations caused by the changing in light 

intensity as a result of blood flow into and out of the 

finger, which is the only part of the signal that needs to 

be amplified. However, if we were to amplify the raw 

signal without filtration, the DC (constant) part of the 

signal would saturate the amplifier before getting the 

desired amplification of the AC (time varying) part. 

Consequently, to eliminate the DC signal, a high-pass 

filter (HPF) is applied where DC signals are very low 

frequency. Nevertheless, the pulse signal should not be 

attenuate below 1 Hz which is equal to one heart beat 

per second. High frequency noises were also a concern 

with most of it coming from the 120 Hz signal of the 

light fixture as a result of positive and negative parts of 

the 60 Hz power noise. Taking into account these 

requirements, a band-pass filter (BPF) with a cut off 

frequency band from 0.5 Hz to 10 Hz is best to be 

selected. Therefore, a first-order simple band-pass filter 

would be sufficient [8]. The first part of the band-pass 

filter can be implemented with a capacitor in series with 

the input resistance which creates a high-pass filter as 

shown in Fig. 8. The cut-off frequency (fc) and the 

voltage gain are as shown in Equation (4, 5): 

 

𝑓𝑐 =
1

2𝜋𝑅1𝐶1

 (4) 

𝐴𝑉 = −
𝑅𝑓

𝑅1

 (5) 

 
Fig. 8. Block diagram of an active high pass filter, 

which acts as a differentiator. 

 

The second part of the band-pass filter, low pass filter, 

can be implemented with one capacitor in parallel with 

the feedback resistance, Fig. 9, with a cut-off frequency 

(fc) shown in Equation (6). However, these two filters, 

HPF and LPF, can be combined in one operational 

amplifier to create a band pass filter. 
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𝑓𝑐 =
1

2𝜋𝑅𝑓𝐶1

 (6) 

 

 
Fig. 9. Block diagram of an active low pass filter. 

 

Therefore, RC values should be chosen to fit the pass-

band frequencies and the gains.  
 

4.3 Amplification: 

An inverting operational amplifier, Fig. 10, is a good 

option to be selected for amplification as it is common 

to be used in a single supply design. This amplifier can 

output voltages very near to the Vdd power supply. The 

signal must be amplified in the range of 0 to Vdd instead 

of centered around 0V. A virtual ground needs to be 

engaged to accomplish this by amplifying the changes 

with respect to the (Vdd/2) volts. By combining these 

three stages we can get the first differentiation PPG 

signal from the PO, as shown in Fig.11, which can be 

used to extract the oxygen saturation (SpO2) and the 

heart rate (bpm) of the patient. 

 

 
Fig. 10. Block diagram of an inverting operational 

amplifier. 

 

 
Fig. 11. Photoplethysmogram (PPG) signal obtained 

from the OPD. 

5. CONCLUSION 

A pulse oximetry has been demonstrated with 

applications in vital signs monitoring that indirectly 

monitors vital signs of a patient. In this paper, we have 

studied the Hb and the photoplethysmogram theory. 

Moreover, we have described the principle of pulse 

oximetry, focusing on heart rate and SpO2 monitoring, 

and the detecting circuit that implemented for an 

organic pulse oximetry. We used the combination of red 

and green OLED, reflectance PO, instead of the 

standard combination of red and infrared light. 

Photoplethysmogram (PPG) signal from red OLED is 

acquired, which can be used to extract pulse rate and 

blood oxygenation rates.  
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Abstract: Recently, due to the increasing adoption of energy-saving policy, IPMSM (Interior Permanent Magnet 

Synchronous Motor) is used as machinery, home appliance, automotive and robotic applications. The features of 

IPMSM are high power, high efficiency and high performance. To obtain a high performance in a direct vector 

controlled IPMSM, it is essential to obtain robust control system of railway vehicle. Two degree of freedom controller is 

applied to IPMSM in order to resist disturbance, error of system. The proper control scheme possesses a prominent 

aspect in that it can force the systems to follow the desired reference model. The proposed method utilizes the 

combination of PID controller and PD controller. This simulation is composed of several blocks. Those are IPMSM, 

PWM three-phase inverter, current controller and speed controller. The validity of proposed technique is verified 

through the MATLAB/SIMULINK simulation results  

 

Keywords: IPMSM; PID-PD; Robust Control; Railway Vehicle; Speed Control 
  
 

1. INTRODUCTION  

Due to the energy saving policy, the motor used as a 

driving source in machinery, household appliances, 

automobiles and robot application industries is 

composed of an Interior Permanent Magnet 

Synchronous Motor (IPMSM), which has characteristics 
of high output, high efficiency and high performance 

compared to conventional motors) Has been 

increasingly adopted, and attempts to improve the 

performance of the product have been actively 

conducted. Therefore, there is a high demand for low 

noise and low vibration of the motor. The IPMSM has 

the characteristics of operating at high speed or low 

speed and high torque and requires high output density. 

Therefore, it is possible to obtain a good effect by 

selecting a permanent magnet synchronous motor as 

well as an induction motor which is mainly used. In this 

paper, This paper propose a control method that is 
robust against frequent speed changes or sudden 

changes in load on a railway vehicle through 2-DOF 

controller. 

 As a speed controller which is mainly used, there is a 

problem that the response overshoot of the motor speed 

to the step change of the speed command is small and 

the recovery time of the torque response to the step 

change of the load torque is also short. 

In order to solve this problem, the controller parameter 

values in the conventional speed PID control need an 

flexable tuning method. Designing the PID controller 
for Robust speed control to noise is quite complicated 

because there are many parameter values to consider. 

Therefore, the complexity of this design is solved using 

a 2-DOF controller. This paper proposes a control 

method which is robust to the change of speed or the 

rapidly changing load by applying the control method to 

the interest induction type while maintaining the 

controller type in the existing PID which is familiar to 

the engineers. This IPMSM and PWM 3-phase inverter 

current controller and speed controller simulation 

models were constructed through MATLAB / Simulink 

program and the results were derived  

 

2. IPMSM MODEL AND CURRENT 

CONTROLLER DESIGN 

 

2.1 IPMSM Modeling 
Fig. 1. shows the speed control system of the embedded 

type permanent magnet motor. Speed Controller is 

designed by PD controller for PID velocity control 

algorithm of existing embedded type Permanent Magnet 

Motor and implement a system that generates optimal 

current command according to speed. Therefore, the 

stator equation of IPMSM can be expressed as follows 

on the synchronous coordinate system. 
 

d s d d d rm q q
v R i pL i P L i                            (1) 

q s q q q rm d d rm f
v R i pL i P L i P             (2) 

 

dv , qv : d-axis and q-axis voltage 

di , qi : d-axis and q-axis current 

s
R : Stator resistrance 

d
L ,

q
L : d-axis and q-axis stator inductance 

rm
 : Machinery angular velocity of Rotor 

f
 : Flux linkage 

p : Differential operator 

P : Pole pair 

 

2.2 Current Controller 
In the design of the current controller, eq(3) and eq(4) 
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can be constructed by eq(1) and eq(2)  
*

d d rm q q
v v P L i                         (3) 

 *

q q rm d d f
v v P L i             (4) 

 

d and q-axis are subjected to non-interference control. If 

the d-axis current and the q-axis current act 

independently of each other, the currents of the d-axis  

and q-axis are proportional to the values of dv  and qv , 

respectively, amplified by the integral controller.  

 

 *pd id

d d d

K s K
v i i

s


                     (5) 

 *pq iq

q q q

K s K
v i i

s


                     (6) 

 

Here,
*

dv , *

qv  are command values of the values of 

dv , qv . eq(1) to eq(6), di , qi can be obtained through 

closed-loop control. The gain values of the current 

controller are determined by the following equations. 

 

pd c d
K L                                            (7) 

id c
K R                                              (8) 

pq c q
K L                                            (9) 

pq c
K R                                 (10) 

 

This is the cut-off frequency for current control. Thus, 

the stability of the current control system can be ensured 

and each current can be independently controlled. 

 

3. SPEED CONTROLLER DESIGN 

 

Fig. 2. Modified PID Controller 

Fig. 2. shows the structure of the modified PID 

controller. Fig. 1, PID and PD velocity controllers, and 

the controller formulas discussed in this paper are as 
follows. 

   1 1 1

1

1
: 1

PID p d

i

PID PD C s C s K T s
T s

    
 
 
 

     2 2 2
1

PD p d
C s C s K T s     (11) 

 

The closed-loop transfer functions of the PID, PI-PD, 

and PID-PD control systems are eq(12), eq(13), and 

eq(14), respectively.  
 

 
   

   1

pid

pid

pid

C s G s
G s

C s G s



                              (12) 

 
   

   1

pd

pd

pd

C s G s
G s

C s G s



                                (13) 

 
   

      1

PID

pidpd

PID PD

C s G s
G s

C s C s G s


 
       (14) 

 

Convex set C is defined by [4] as follows. 

① nC R in set C, if 1 2,x x C and 0 1m  , it is 

 1 21mx m x C   .  

②   
1 2

1mx m x  is located between 
1

x and
2

x  point.  

This is also applied to the time domain response of the 

system, and the unit step response of eq(15) system 

satisfying eq(15) is shown as a boundary between the 

two responses of the right side. 

 

       
1 2

1
m

G s mG s m G s         (15) 

 

This characteristic has been proven in Haitham [4] and 

has been applied to controller design. However, since 

this controller is dependent on the two systems 

constituting the convex set, there is a problem that the 

order and the form of the controller are not constant. 

This paper proposes the most widely used PID 
controller to solve this problem. The convex set 

between the PID control system and the PI-PD control 

system can be represented by the PID-PD control 

system 

 

 

 
 

Fig. 1. Topology of Independently Rotating Wheelsets System 
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4. SIMULATION RESULT AND ANALYSIS 

Table 1.  Specifications of IPMSM parameter 

Parameter Value 

Power rating[kW] 410 

Phase Current rating[Apk] 188 

Phase Voltage rating[Vpk] 1760 

Rs [mΩ] 81.61 

Ld [mH] 9.85 

Lq [mH] 35.63 

Flux linkage [Wb] 2.57 

Inertia [kg ∙ m2] 1.39 

Pole 4 

 

The parameter values used in the simulation are the 

parameter values used in the high-speed railway vehicle 

as targets in [5] and they are shown in Table 1. 

The mathematical modeling of the controller presented 

in this paper derives the transfer function of the 

controller in eq(14). 

 

 

 

 

1

1 1

1

1 1 2 2

(16)

1

pidpd

i

p d

i

p d p d

K G s

G s

K G s

K
K s

s

K
K s K K s

s





 

   

 
 
 

 
 
 

 

This can be expressed as eq(16) where p gain and d gain 

are bound together, and if the sum has a constant gain 

value, then a value of m can be set. 

 

 1 21p p pK mK m K                     (17) 

 1 21d d dK mK m K                     (18) 

 

eq(17) and eq(18), respectively. One control system, the 

simulation was carried out at the command speed of 

5000rpm and at the speed of 3000rpm. 

First, the command speed of 5000 rpm is shown in Fig. 

3. shows that the PID controller is used only for m = 1, 

and PID and PD are used for m = 0.5, and only the PD 

controller is used for m = 0. The settling time was in the 

order of PID-PD, PD, PID, when the oscillating value 

reached 5100rpm within 2% of the steady-state value. In 
other words, in the accelerated state, it was the best 

when using the PID-PD controller. 

 

 
Fig. 3. 2 Degree of freedom controller simulation result 

(command velocity= 5000rpm) 

 

Table 2.  Results of Fig.3 
 

Parameter PID PID-PD PD 

Settling time [s] 0.52 0.48 0.53 

Rising time [s] 0.33 0.38 0.45 

%Overshoot 104.8 103.9 103 

 

 

Fig. 4 2 Degree of freedom controller simulation result 

(command velocity= 3000rpm) 

 

Table 2 Results of Fig.4  

Parameter PID PID-PD PD 

Settling time [s] 0.22 0.26 0.31 

Rising time [s] 0.17 0.20 0.25 

%Overshoot 102.4 101.7 101.4 

 

Fig. 4., the rise time or overshoot result is similar to the 

above result, but the settling time is faster at the PID 

than the previous result. And the modified PID 
controller can be used as a favorable system according 

to various conditions through the change of m value. 

This allows the m value to be used in railway systems 

with frequent speed changes and rapidly changing loads 

 

5. CONCLUSION 

PID control is still widely used because of its superior 

performance in control of the system and its simplicity 

of design. However, Using PID control cannot provide 

sufficient performance. Therefore, modified PID control 

with internal feedback has been proposed and studied. 

This paper proposes a method to use the characteristics 
of the convex shape set for the controller design by 

setting the PID-PD controller, which is a form of this 

modified PID controller, to constitute the convex set of 

the closed loop transfer function at the boundary 

between the PID controller and the PD controller. In 

addition, design variables and time - domain relations 

can be easily predicted through the characteristics of the 

convex set, which is a design advantage that can easily 

cope with changes in design specifications. In order to 

implement two controllers, there are several parameter 

values to be considered, but it is possible to select a 
desired controller by using one parameter change 

through a two degree of freedom method. 
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Abstract: This paper represents a novel game-based methodology for the possible discovery of aircraft optimal escape 
maneuver against an attacking missile. This discovery could be achieved through a mathematically-correct game of 

target-attacker where a human player controls the target, trying to evade the missile.  The game is distributed to some 

ordinary persons (typically young kids) who are asked to play the game and to get the highest scores possible. Best escape 

maneuvers are collected, analyzed, and optimized, to find the optimal human-based escape maneuver. The game is based 

on 2D point-mass models for target and attacker and a proportional navigation law for missile guidance. The game is 

developed using Unity, a free cross-platform game engine. The preliminary results obtained suggest the production of 

enhanced versions of the game with more desirable outcomes, viz., to utilize collective human-brain capability in 

producing a new guidance law which could possibly compete with existing ones. 

Keywords: Optimal escape maneuver, Proportional navigation guidance law, Unity game. 
 

 
1. INTRODUCTION 

Missile avoidance is a very important element of aircraft 

survivability against attackers in air combat and defense. 

If the missile guidance law (PN for example) and its 

parameters (speed, location, etc.) are known, the best 

avoidance maneuver is the solution of an optimal control 

problem which can be solved using different 

optimization techniques such as genetic algorithms (GA) 

or particle swarm optimization (PSO).  In this work, we 

try to explore the hypothesis that optimal avoidance 

strategy can be generated through a completely different 

approach. A human based approach where humans (most 

probably kids) are given the problem of missile 

avoidance in a sort of a game and they are asked to play 

the game and to get the highest score possible. 

In this context, we try to benefit from the emergence of 

novel paradigms for games played by humans versus 

computers. These paradigms include: 

 Competitions between humans and computers 

in games of increasing difficulty, including the games of 

Chess [1], Arimaa [2], Jeapordy! [3], and Go [4]. The 

sole purpose of such competitions is to decide whether 

the human or the computer wins more games within the 

same match. 

 The gamification phenomenon [5-7], which is 

the use of game design elements in non-game or learning 

contexts, a trend related to human-computer interactions 

in the form of serious games, pervasive games, alternate 

reality games, or playful design. 

  The paradigm of games with a purpose [8-12], 

which aims to utilize the billions of hours spent (wasted!) 

by contemporary humans in playing computer games. 

This paradigm channels game playing into useful work 

by directing people playing computer games to 

simultaneously solve large-scale problems without 

consciously knowing about this and, hence, without 

losing the element of fun or entertainment.  

  Human Computation [13], which is the idea 

of using human brain processing power to perform tasks 

that computers cannot yet perform or solve problems still 

intractable for computers, usually in an enjoyable 

manner.  

 Crowdsourcing [14], which is the act of taking 

a job traditionally performed by a designated agent (an 

employee) and outsourcing it to a generally large group 

of people in the form of an open call. Whereas human 

computation replaces computers with humans, 

crowdsourcing replaces traditional human workers with 

members of the human public. 

This paper introduces yet another novel paradigm of a 

game played by humans versus computers [15]. This 

paradigm resembles that of games with a purpose, but it 

will neither handle a large-scale open problem nor 

require a dramatically huge number of human players. 

The current paradigm might also be viewed as an 

offshoot of that of human computation, wherein we relax 

the requirement of dealing with tasks that computers 

cannot yet perform, and relegate it to handling somewhat 

sophisticated and complex (but not intractable) tasks. The 
current paradigm is to solve problems requiring 

mathematically-elaborate game-theoretic techniques 

(that already have many automated algorithmic 

solutions) by requesting a relatively small number of 

people (~ 50 persons) to play a computer game, 

constructed to result in a correct solution and, at the same 

time, is enjoyable. The basic idea is that people will play 

a game to be entertained, not to solve a problem—no 

matter how noble and glorious the objective is. The game 

played constitutes a human-computer competition, but 

unlike the Kasparov-Deep Blue one, neither the human 
players are necessarily highly-competent or champions, 

nor is the computer necessarily of super characteristics. 

The task encountered herein of designing an online game 

is much like designing an algorithm. In fact, this game 

must be proven correct, and its efficiency might be 

analyzed, so that more efficient versions should always 

be sought so as to supersede less efficient ones. Instead 

of using a silicon processor, these “algorithms” run on a 
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processor consisting of the brains of ordinary humans 

interacting with a computer. 

The problem considered herein is an important pursuit-

evasion problem that involves two agents, the target 

(aircraft) and the attacker (missile) [15-22]. The attacker 

missile pursues the target aircraft, and a dynamic or 
differential game arises in which the target tries to 

maximize the separation between itself and the attacker, 

while the attacker tries to minimize this separation. We 

present a game-based methodology to find the optimal 

escape maneuver for the target (represented by a human 

player) against the attacking missile (represented by the 

computer). The missile pursuit the target according to the 

2D guidance law of proportional navigation. The cost 

function used maximizes the missile acceleration, time to 

interception and the miss distance. We construct a 

mathematically-correct game of target-attacker and let 

many ordinary people play it individually from the target 
side, and assign a score to every player that is 

proportional to the cost function. We find the best escape 

maneuver by collecting and analyzing data of the escape 

maneuver of the human players. The game is developed 

using Unity, a free cross-platform game engine. 

Since our game is a skill-and-action game, it is 

characterized by real-time play, and it would definitely 

benefit of heavy emphasis on graphics and sound and 

also of the use of joysticks or paddles rather than just a 

keyboard [23]. Moreover, the primary skills demanded of 

the players of our game are psychomotor skills including 
hand-eye coordination and fast reaction or response time. 

The game is somewhat related to combat games, but it is 

not a combat game per se, since it does not involve a 

direct mutual violent confrontation between two 

opponents. The human player, placed in the role of the 

aircraft, must avoid being captured or hit by the attacking 

computer-controlled missile, but cannot benefit of the 

wisdom that retaliatory attack is the best way of evasion 

or defense.  In fact, the game is a purely defensive one, in 

the sense that the player never has the opportunity to 

attack the enemy missile. The game seems somewhat to 

be a race game since it involves some sort of race 
between two opponents, but this race is not a 

straightforward one and it encompasses certain strategic 

elements. 

The present approach can be evaluated as a sort of 

Reinforcement Learning (RL), a major technique of soft 

computing for adaptive optimal control of nonlinear 

systems [24-26], where a player takes a long series of 

actions (moving the aircraft up and down) before 

receiving the reward (the final score). So, it is hard to 

decide, mathematically, which of the actions were 

responsible for the eventual payoff. 
The remainder of this paper is organized as follows. 

Section 2 presents the missile model to be supplied to the 

computer. Section 3 describes the game engine used and 

explains how our game is built. Section 4 presents results 

and data analysis, while Section 5 concludes the paper, 

and outlines enhancements that are desirable in future 

versions of the game. 

 

2. MISSILE MODEL 
This Section reviews the equations of 2D proportional 

navigation [15, 19] and summarizes the information fed 
into the computer so as to simulate the missile motion. 

Figure 1 outlines the 2D engagement geometry of the 

missile and aircraft. 

 
Fig. 1. Two-dimensional missile-target engagement 

geometry. 

The two components of target velocity in 2D are: 

 

 𝑉𝑇1 = −𝑉𝑇 cos(𝛽) 
 

(1) 

 𝑉𝑇2 = 𝑉𝑇 sin(𝛽) (2) 

 

The relative missile-target separations are: 

 𝑅𝑇𝑀1 = 𝑅𝑇1 − 𝑅𝑀1 (3) 

 

 𝑅𝑇𝑀2 = 𝑅𝑇2 − 𝑅𝑀2 
 

(4) 

From the previous two equations, we get 

 
 

𝑅𝑇𝑀 = √𝑅𝑇𝑀1
2 + 𝑅𝑇𝑀2

2  

 

(5) 

The line of sight angle is: 

 
𝜆 = 𝑡𝑎𝑛−1(

𝑅𝑇𝑀2

𝑅𝑇𝑀2

) 
(6) 

The missile lead angle is: 

 
𝐿 =  𝑠𝑖𝑛−1(

𝑉𝑇  sin (𝛽 + 𝜆)

𝑉𝑀

) 
(7) 

The angle between the downrange axis and the 𝑉𝑚 vector 

is 𝛳 = 𝜆 + 𝐿, while the missile velocity components are: 

 𝑉𝑀1 = 𝑉𝑀 cos(𝛳 + 𝐻𝐸) 
 

(8) 

 𝑉𝑀2 = 𝑉𝑀 sin(𝛳 + 𝐻𝐸) 
 

(9) 

The relative velocity components are: 

 𝑉𝑇𝑀1 = 𝑉𝑇1 − 𝑉𝑀1 
 

(10) 

 𝑉𝑇𝑀2 = 𝑉𝑇2 − 𝑉𝑀2 
 

(11) 

We define the closing velocity as the negative rate of 

change of the distance from the missile to the target 

(𝑉𝑐 = −𝑅𝑇𝑀
̇ ). Differentiating equation (5), we obtain  

 

𝑅𝑇𝑀
̇ =  

1

2
 (𝑅𝑇𝑀1

2 + 𝑅𝑇𝑀2
2 )

−1
2 [2𝑅𝑇𝑀1𝑅𝑇𝑀1

̇

+ 2𝑅𝑇𝑀2𝑅𝑇𝑀2
̇ ] 

which reduces to 

 

 𝑉𝑐 = −𝑅𝑇𝑀
̇

= −
𝑅𝑇𝑀1 𝑉𝑇𝑀1 + 𝑅𝑇𝑀2𝑉𝑇𝑀2

𝑅𝑇𝑀

 

(12) 



3rd International Exchange and Innovation Conference on Engineering & Sciences 

63 

 

To obtain the line of sight rate �̇�, we differentiate (6) 

using the rule {𝑑(𝑡𝑎𝑛−1𝑥) =
𝑑𝑥

1+𝑥2} to obtain 

 

�̇� = [
1

1 + (
𝑅𝑇𝑀2
𝑅𝑇𝑀1

)
2] (

𝑅𝑇𝑀2

𝑅𝑇𝑀1

̇
)

=  
𝑅𝑇𝑀1

2

𝑅𝑇𝑀1
2 + 𝑅𝑇𝑀2

2 [
𝑅𝑇𝑀1𝑅𝑇𝑀2

̇ − 𝑅𝑇𝑀2𝑅𝑇𝑀1
̇

𝑅𝑇𝑀1

]

=
𝑅𝑇𝑀1𝑉𝑇𝑀1 − 𝑅𝑇𝑀2𝑉𝑇𝑀1

𝑅𝑇𝑀1
2  

 

(13) 

The magnitude of the missile guidance command is 

 𝑛𝑐 = �́�𝑉𝑐 �̇� 
 

(14) 

 

 

3. GAME DESCRIPTION AND DESIGN 

This Section briefly introduces the game engine Unity 

and explains the first version of our game (henceforth 

referred to as Evasion#1).  

Game design is an artistic process as well as a technical 
one, and hence its essence is to manage the integration of 

these two dissimilar processes [23]. The purpose of the 

design is to create outlines of three interdependent 

structures: the I/O structure, the game structure, and the 

program structure. The I/O structure constitutes the 

language for communicating information between the 

computer and the player. The game structure is a means 

of figuring out how to distill the goal and topic of the 

game into a workable system, and identifying some key 

element or elements around which the game is built. The 

program structure is the organization of main code, 

subroutines, interrupts, and data that make up the entire 
program. All three structures must be created 

simultaneously, for they must work in harmony. The 

design phase is followed by the programming phase. 

Programming itself is straining, strenuous and tedious 

work, requiring careful attention to detail. Its inherent 

difficulty is somewhat eased by the availability of game 

engines such as Unity.  

   

3.1 Introduction to Unity 

Unity is a cross-platform game engine (Fig. 2), used to 

develop video games for PC, consoles, mobile devices 
and websites. It works with the C# programming 

language, and can be downloaded free of charge from 

(https://unity3d.com/), which is the official site of its 

developer (Unity Technologies). 

 
Fig. 2. A typical interface of the Unity game engine. 

 

3.2 Methodology of the game: 

Figure 3 illustrates a typical snapshot or computer screen 

for Evasion#1, showing the two objects that comprise the 

game, viz., the plane and the missile. The background has 

stationary shapes (such as clouds) that set a frame of 

reference allowing the human player to visually estimate 

the speeds of the plane and missile. The player controls 

the acceleration of the target (XNT) using the Up/Down 

arrows on the keyboard to increase/decrease this 

acceleration.   Missile motion is computer-controlled 
according to proportional navigation. The game has a few 

adjustable parameters (see Fig. 2), and hence might be 

adapted for other pursuit-evasion problems. 

 
Fig. 3. A typical snapshot for Evasion#1. 

Each game consists of two scenes: 

 Start or initial scene. 

 Play scene, updated each frame per second. 

In the start scene, there are data fields such as position 

and velocity, which are destroyed at the end of the scene. 

Therefore, it is necessary to save all needed information 

in a file called "player prefs". The play scene consists of 

several objects (currently three). Each object usually has 

its own script, which must contain two points: 

 Start: initialize. 

 Update: every frame. 

The present three objects of the game are: 

a) Plane: with a script containing some commands 
to control the plane by increasing and 

decreasing the target acceleration by the upward 

and downward arrows, respectively, 

b) Missile: which does not contain a script of its 

own, since the equations controlling its behavior 

are within the script of the fictitious "Data 

collector" object, 

c) Object "Data collector": whose script consists 

of  

 Start 

o Initializing the variables in the 
equations, 

o Setting the location of the real 

objects (plane and missile). 

 Update 

o Getting plane location, 

o Executing PN equations, 

o Updating rocket location 

(according to PN equations), 

o Updating information to be 

printed to Excel, 

o Checking the condition for game 

termination, and if true, reloading 
the start scene. 

4. PRELIMINARY RESULTS  

Our experience with Evasion#1 demonstrates that the 

game is working correctly. Figures 4-7 illustrate some of 

our preliminary results, obtained by the player with the 

best score so far. The target acceleration curve in Fig. 5 

https://unity3d.com/
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exhibits a Barrel-Roll behavior, an aerial maneuver in 

which an airplane makes a complete rotation on both its 

longitudinal and lateral axes, causing it to follow a helical 

path, approximately maintaining its original direction. 

This maneuver helps a target to force an attacker to fly 

out in front, i.e., to overshoot.  

 
Fig. 4. Target-Attacker 2D trajectory. The target and 

missile speeds are 3000 m/s,1000 m/s respectively. 

 

 
Fig. 5. Optimized target acceleration versus time. 

 

 
Fig. 6. Missile acceleration versus time. 

 

 
Fig. 7. Target acceleration versus RTM. 

 
5. CONCLUSION 

A novel paradigm of games played by humans versus 

computers is introduced and exemplified by a game 
handling the sophisticated and complex task of solving a 

classical pursuit-evasion problem that has many 

automated algorithmic solutions based on 

mathematically-elaborate game-theoretic techniques. 

The proposed strategy requests a small number of 

ordinary people to play a computer game, which is 

constructed to result in a correct solution and (as 

incentive to players) is enjoyable. The preliminary results 

obtained via our first game version Evasion#1 are 

reasonable and encouraging. In fact, human players 
unknowingly obtained a target acceleration of a Barrel-

Roll shape, one of the best known policies for practical 

periodic maneuvers [19]. The results suggest the 

production of enhanced versions of the game with more 

desirable outcomes. Specifically, in our next version 

(Evasion#2), the plane will no longer be destined to be 

intercepted by the missile, since we will impose the 

restriction that the missile has a limited reservoir of fuel 

that could be drained as a result of clever target 

maneuver. The ultimate goal is to test human brain 

capability to work collectively to produce a new guidance 

law which could possibly compete in accuracy with the 
existing ones, while surpassing them in the simplicity of 

the way it is produced.  
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Abstract: Landslide becomes a major risk for the governments which is causing large life and financial losses every 

year in the world. There are numbers of statistical approaches proposed to simulate landslide susceptibility mapping, 

however, while differentiating the potentially hazardous zones always errors are associated, therefore, this study 

proposes the matrix validation method to find the suitable threshold for the highly Hazardous class with the lowest 

error. To perform this study a landslide susceptibility map was created considering the landslide triggering factors such 

as “lithology, elevation, slope angle, precipitation, etc” for the Faizabad district of Badakhshan. To validate the result 

using the matrix validation method 11652 control point equally distributed from the landslide and non-landslide area 

was taken, the result shows 76.86 % of the success rate with the 8.6 of miss alarm rate, however, it is possible to reduce 

the miss alarm rate by changing the threshold. 

 
Keywords: Landslide; Matrix Validation; Faizabad; Frequency Ratio 

  
 

1. INTRODUCTION  

Generally, a landslide is a downslope movement of soil, 

rock and organic materials due to factors such as 

gravity, water, tectonic and human activities which 

result in the landform (Highland, L.M., and Bobrowsky, 

Peter, 2008). Landslide is considered to be the most 

common geological disaster, which causes life and 
financial losses, it damages everything which is coming 

to its path (Bui et al., 2012; Shahabi et al., 2014).  

Numbers of statistical approaches such as “Frequency 

Ratio, Weight of Evidence, Logistic regression,. etc". 

are proposed to operate the slope stability analysis in 

GIS platform (Saro Lee, 2007; Shabanzadeh, 2011; H. 

Vijith, G. Madhu, 2008; Netra R. Regmi, 2009; 

A.Yalcin, 2011; Menard, 1995). However, the proposed 

methodologies are equally important and it is commonly 

used to create landslide susceptibility map, to divide the 

hazardous and non-hazardous class normally natural 
break classification is used in GIS platform however, 

some unintentional error occurs while selection the 

threshold which has a direct influence on landslide risk 

detection in the area, and to reduce the error the matrix 

validation is used. 

To perform the operation, first, a landslide susceptibility 

map is created for the Faizabad District of Badakhshan. 

The complex geology and tectonic activity of the 

Hindukush mountain range frequently cause high 

magnitude earthquake motions in the area (USGS 

Earthquake Report,2014; USGS Earthquake 

Report,2015). The earthquakes, high altitude, 
precipitation, human activity, and the combination of 

several other factor trigger numbers of landslides every 

year as an example "on May 2, 2014, a couple of 

mudflows buried more than 2,700 people and 14,000 

were dislocated from their houses (Now. Media); and 

during April 28, 2015, a landslide killed 52 people was 

killed (America.Aljazeera)". landslide inventory map 

was created for the area using the visual interpretation 

of GIS base map and validated in Google Earth 

platform, commonly used Frequency Ratio method is 

used to create a landslide susceptibility map. 

To validate the result and define a suitable threshold 

11652 control point equally distributed from the 

landslide and non-landslide area is used in the matrix 
validation table and the result shows the threshold (-

1.35860) which gives the 76.86 % success rate with the 

8.6 of miss alarm rate is the suitable threshold for the 

area.   

Relevant Data 

Four type of data such as Administrative layers 
“landslide inventory, road, and land cover”, Geological 

layers “lithology and faults”, Hydrological layers “river, 

precipitation, stream power index(SPI) and topographic 

wetness(TWI)” and Geomorphological layers 

“elevation, slope aspect, slope angle, and curvature" is 

used in this study.  

Figure 1: Geographical setting of the District of 

Faizabad in Badakhshan Province in the northeastern part 

of   Afghanistan 

mailto:qasim1368@live.com
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A digital elevation model (DEM) with the resolution of 

30m is downloaded from USGS Earth Explorer archive 

and geomorphological and hydrological thematic layers 

such as elevation, slope angle, slope aspect, curvature, 

steam power index (SPI) and the train wetness index 

(TWI) are extracted.  
 

1.1 Administrative layers:  

Landslide inventory map for the study area was created 

using the visual interpretation of the high-resolution 

imagery of GIS base map considering the landslide 

indicators such as differences in sediments color, the 

roughness of the structure, and sharp contacts. 202 

landslides location were detected and adjusted with 

Google Earth owing to its 3D view and high resolution. 

While building a road, normally the extensive 

excavation, overloading and removing the vegetation 

happens in slopes which most of the time causes 
landslides (Highland, L.M., and Bobrowsky, Peter, 

2008). The road data is collected from Afghan 

Geological Survey (USGS Open-File Report 2007–

1214) and the area around the roads are divided into five 

different classes (≤50m,50 - 100m, 100 - 150m, 150 - 

200m, and ≥250m). 

The land cover for the study area is extracted from 

Landsat imagery (USGS Earth Explorer). Moreover, 

band composition and classification was performed 

using the unsupervised classification in the GIS 

platform. Due to the limitation of the image resolution 
and permanent snow cover in the area, the image was 

classified into three classes (bare ground, vegetation, 

and the snow cover). 

 

1.2 Geological layers: 

Sediments or rocks in the study area are divided into 

three classes: (1) sedimentary such as conglomerate, 

sandstone, limestone, and gravel stone or as sand, clay, 

and loess, (2) metamorphic such as marble, gneisses, 

and quartzite, and (3) igneous such as granite, gabbro 

and diorite (USGS Open-File Report 2007–1214).  

Tectonic activity and geological faults are considered as 
main triggering factors in slope failure (Paulsen et al. 

1998), and the area is suffering from various numbers of 

normal faults, buried and proven (USGS Open-File 

Report 2007–1214). The area around the faults are 

classified into five different classes (0 – 500m, 500 – 

1000m, 1000 – 15000m, 15000 – 2000m).  

 

1.3 Hydrological layers: 

Landslide and Flood has a close relationship because 

both are related to the intensive perception, surface 

runoff, which increases the possibility of the landslide 
in the slopes (Highland, L.M., and Bobrowsky, Peter, 

2008) 

The river data used for the study area was provided by 

Afghan Geological Survey (USGS Open-File Report 

2007–1214). The area around the river is buffered based 

on its distance from the river and divided into six 

different classes (≤50m, 50–100m, 100–150m, 150–

200m, 200–250m, and ≥250 m). 

The annual average precipitation rate is about 

(484.9mm) in the area (NOAA 1964-1983) and it is 

considered as the primary triggering factor of the 
landslides (Bourenane, H., 2014)., The precipitation 

map was downloaded from the Global Precipitation 

Climatology Centre (GPCC) and divided into five 

different classes (very low, low, moderate, high, and 

very high) 

Stream Power Index (SPI) is the measure of erosive 

power associated with flowing water based on the 

assumption that discharge is proportional to the specific 

catchment area, and it is calculated as below. 

 
 

(1) 

A is the flow accumulation,   (radian) is the slope, and 

b is the width of a cell through which water flows. 
Higher SPI value should correspond to a higher 

likelihood of erosion on the landscape (Wilson and 

Lorang,2000). The values are divided into three classes 

(low, moderate, high). 

The Topographic Wetness Index (TWI) or Compound 

Topographic Index (CTI), is a steady-state wetness 

index. In some areas, TWI has been shown to predict 

solum depth (Gessler et al., 1995), and it is calculated as 

below. 

 
 

(2) 

A is flow accumulation and   represents the 

slope. Higher TWI values represent drainage 

depressions however lower values represent crests and 

ridges. The values are classified into three different 
classes (low, moderate, high) 

 

1.4 Geomorphological layers: 

Elevation and relief illustrate the potential energy for 

the mass wasting (Ghimir, M., 2001; Oguchi, T., 1997). 

The elevation of the study area is extracted from DEM 

and divided into five different classes (1064–1564m, 

1564–2064m, 2064–2564m, 2564–3064m, 3064–

3576m). 
Slope aspect indirectly indicates the slope instability 

based on the influence of the related factors such as 

exposure to the sunlight, exposure to the wind and soil 

moisture which specifies the landslide occurrence 

(Magliulo et al.,2008; Dieu et al.,2011). The aspect is 

extracted from the DEM and divided into eight classes  

(00 – 450, 450-900, 900 – 1350, 1350 – 1800, 1800 – 2250, 

2250 – 2700, 2700 – 3150, 3150 – 3600).  

The slope is a primary factor in the dynamics of 

processes governing land evolution and landslide, and it 

is used as the main triggering factor in a landslide 
(Bourenane, 2014). Different sediments react differently 

to the slope angle based on their physical property but in 

general, as much as the slope angle increases the 

possibility of slope failure increases. The slope is 

extracted from the DEM and divided into seven 

different classes (≤50, 50–100, 100–150, 150–200, 200–

300, 300–450 and ≥450). 

The curvature is extracted from the DEM and represents 

the morphology for an area and its classified into three 

classes: class 1, convex; class 2, concave; class 3, planar 

(straight). Generally, the concave class is considered as 

a potentially unstable, unlike the convex class which is 
more stable for the sliding (Stocking, M.A., 1972). 

 

2. Methodology  
Generally, to predict landslides, it is necessary to know 

that the past is the key to the future, or in simple words 

to assume a landslide occurrence is specified by 

landslide-related factors, and that future landslides will 

occur under the same conditions as past landslides (Lee 

http://www.sciencedirect.com/science/article/pii/S0098300408002665#bib40
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and Talib, 2005). In order to obtain the landslide 

susceptibility map quantitatively, the frequency ratio 

method is used and it is the ratio of the area where 

landslides occurred in the total study area, and also is 

the ratio of the probabilities of a landslide occurrence to 

a non-occurrence for a given attribute (Bonham-Carter, 
1994; Lee and Talib, 2005; Saro and Biswajeet, 2007). 

To find the relation between landslide occurrence in 

each factor and to calculate the landslide susceptibility 

weight for each factor’s class, a database was developed 

and FR method was applied (see Eq.3) 

 

 

(3) 

 (LPC) is the number of landslide cell in each class, 

(TPC) is the total number of the cell in the class, (TLP) 

is the total number of the landslide cell in all the area 

and (TP) is the total number of the cell. To create the 

landslide susceptibility map, the calculated Fr for each 

class is summed (see Eq.4).  

 
 

(4) 

LS is the landslide susceptibility index, (Fr) is the Fr 

Weight of each factor’s classes.  

LS is representing the relative hazard of landslide 

occurrence. The higher LS the higher risk of slope 

failure (Saro and Biswajeet, 2007). 

 
Figure 2: Shows the Susceptibility map of 

Faizabad District of Badakhshan Province 

The landslide susceptibility map (see Figure 1) is 

created and it was classified based on the natural break 

classification.  

To validate the landslide susceptibility map and find the 
suitable threshold for the very high-risk zone 11652 

control point equally distributed from the landslide and 

non-landslide area is taken, a contagious table (see 

Table1) is created from the points.   

 

Predicted 

 Total Landslide No 

landslide 

Actual Landslide Success(A) Miss-

alarm(B) 

No 

landslide 

False-alarm 

(C) 

Success(D) 

Table 1: Contigency table used to validate the result 

According to the contagious table, three indexes (1) 

success rate (see Eq.4), (2) miss – alarm rate ( see Eq.5) 

and (3) false – alarm rate (see Eq.6) are evaluated for 

efficiency of the model.  

 

 

(4) 

 
 

(5) 

  
 

(6) 

Success rate shows the percentage of the points which 

are correctly classified, miss alarm rate shows the 

percentage of the points which are landslide occurrence 

but predicted as a non-landslide and this is an important 

rate for landslide hazard mapping, the higher the miss 

alarm rate the higher number of landslide are incorrectly 

predicted, in another hand false – alarm rate show the 

percentage of the non-landslide points incorrectly 
classified as landslide, the higher the false alarm rate the 

higher false information in the landslide hazard 

prevention.  

Furthermore, the above statement is a function of the 

threshold value in a susceptibility map, a Matlab code 

was written using the above concept to define the 

success rate and a suitable threshold for the 

susceptibility map.  

 

3. Result  

A landslide susceptibility map was created using 
frequency ratio method and it was classified into 5 

classes “very low, low, moderate, high, very high” using 

the natural break classification (see Figure 1). Visually 

all past landslide occurred in the very high and high-risk 

classes but for a hazard mapping the used classification 

is not enough because its associated with the higher 

value of miss alarm rate “which we will talk about later” 

and the higher the miss alarm rate the more we are miss 

predicting the landslide, moreover, the classification has 

to be with an acceptable success rate, miss alarm rate, 

and false alarm rate (see Table 1). 

 
Table 1: Shows the result obtained from the validation of 
Control points in the matrix validation method 

Threshold Success 

Rate 

False 

Alarm Rate 

Miss 

Alarm Rate 

3.05375 63.905 08.970 69.151 

0.84758 79.625 16.006 26.802 

-1.35860 76.863 29.177 8.633 

-3.56477 65.242 40.787 2.032 

-5.77094 56.479 46.515 0.573 

 

Table 1 indicated that the threshold plays and important 

role in the susceptibility mapping, changing the 

threshold the value of success rate, miss alarm rate, and 

false alarm rate is changing.  
According to the (see Table 1), the threshold used by 

the natural break classification (0.35) does not give a 

satisfactory result because it is falling in between 

(3.05374 and 0.84758) thresholds which are with high 

values of miss alarm rate. however, the (0.84758) 

threshold gives the high success rate of 79.625% but it 

is associated with 26.802% of miss alarm rate and 

16.006% of false alarm rate, therefore, the matrix 

http://www.sciencedirect.com/science/article/pii/S0098300408002665#bib40
http://www.sciencedirect.com/science/article/pii/S0098300408002665#bib6
http://www.sciencedirect.com/science/article/pii/S0098300408002665#bib6
http://www.sciencedirect.com/science/article/pii/S0098300408002665#bib40
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validation proposes (-1.35859) threshold as an 

acceptable value for the study area because of having 

low miss alarm and false alarm rate.  

 

 
Figure 2 Shows the Susceptibility map of Faizabad 

District of Badakhshan Province with the modified 

Classification. 

Figure 2 represent the modified landslide susceptibility 

map the which is classified based on the matrix 

validation result (see Table 1).  

 

4. Conclusion  

Every year thousand of people die, Injure and lose their 

property because of the unexpected landslide and the 

phenomena not only affect people but also affects the 

economy, damage buildings, lifeline and it will damage 

everything that comes to its path. To take a step toward 
the hazard management and to prevent such a 

catastrophe, identification of the potentially hazardous 

locations are needed. Nowadays, several quantitive and 

qualitative base methods used in GIS platform to 

operate the hazard assessments. Because of its 

efficiency and easy performance in the GIS platform 

among statistical methods, frequency ratio method (FR) 

is chosen to create a landslide susceptibility map for the 

study area (see Figure 1). 

The natural break classification of susceptibility map 

obtained from frequency ratio method visually gives an 

accurate result, Moreover, all the past landslides are 
located in the two high and very high-risk classes but It 

is associated with error which is influencing the 

reliability of the result, therefore, the matrix validation 

method is used to define a suitable classification 

threshold with an acceptable error. 

The accuracy of landslide susceptibility map not only 

depends on the quality of the raw data used but defining 

a suitable threshold is also important for classification 

of a hazard map. At last this paper proposes that the 

result from the matrix validation shows that changing 

the threshold has a direct impact on the success rate, 
miss alarm rate, and false alarm rate, therefore, the 

matrix validation is a good method to reduce the 

classification error of and analysis (see Figure 2).  
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Abstract: A non-stationary, effective edge localized modes (ELMs) mitigation/suppression regime has been recently 

obtained by counter current direction NBI heating on the Experimental Advanced Superconducting Tokamak (EAST). By 

scanning toroidal rotation with a combination of co-current direction NBI, counter-current direction NBI and radio-

frequency heating, it is found the ELM-induced particle flux and ELM frequency decrease with increasing toroidal 

rotation in counter current direction. These results suggest a possible way to reduce energy and particle losses by ELMs 

and maintain quasi-stationary state by modulation of co-current direction NBI and counter-current direction NBI. 

 

Keywords: EAST; ELM mitigation/suppression; counter current direction NBI; toroidal rotation 
  
 

1. INTRODUCTION  

This presentation is devoted to introduce the recent 

result of a non-stationary, effective edge localized 

modes (ELMs) mitigation/suppression regime obtained 

by counter current direction NBI heating in the EAST 

experiments. This method of ELM mitigation has been 

demonstrated in JT-60U before [1]. Using the 

combination of four toroidal NBI sources (two in the 
co-current direction and the other two in the counter-

current direction), we are able to scan the plasma 

toroidal rotation velocity by injecting different NBI 

torque in the EAST 2015 campaign 

 

2. EXPERIMENTAL RESULT 

The Experimental Advanced Superconducting Tokamak 

(EAST) is medium size fully superconducting tokamak 

which aims at steady-state operation. EAST has two 

beam units (each consist of two ion sources) for positive 

ion based NBI with a maximum power of 8 MW. A co-

tangential unit at A Port（named "co-NBI"）and the 

other counter-tangential unit at F Port (named "ctr-NBI") 
can, respectively, inject toroidal momentum in the same 

direction as the plasma current and in the opposite 

direction to the plasma current. Lithium wall coating 

has been applied before the experiment everyday [2]. 

The core plasma temperature and toroidal rotation 

velocity are obtained by measuring Ar XVII spectra 

using a tangential viewing image X-ray crystal 

spectrometer (TXCS) [3]. The impurity content is 

obtained by measuring impurity line emissions using a 

fast-time-response extreme ultraviolet spectrometer 

(XUV) [4]. The central line-averaged density is 

measured by hydrogen cyanide (HCN) far-infra laser 
interferometer. 

Two type of NBI combination shots are used in our 

experiment. 

 

2.1 NBI modulation shot  

In NBI modulation shot, co-NBI and ctr-NBI heating is 

modulated with frequency of 1 Hz and duty cycle of 

50%. The ratio of co-NBI and ctr-NBI heating power is 

chosen that plasma stored energy remain constant in 

current flat top stage. In addition, plasma density 

feedback by super-sonic molecular beam injection 

(SMBI) is applied to keep the density constant. The D_α 

spikes (indicator of ELMs) indicated that the ELMs 

were greatly mitigated in ctr-NBI phase (Fig 1 (d-f)). 

Here the toroidal rotation velocity is presented in central 

toroidal rotation velocity, as edge rotation velocity data 

is not available. Note that the magnitude of the D_α 
spikes vary according to central toroidal rotation 

velocity. 

 
Fig. 1. Waveform of NBI modulation shot. 

 

2.2 Non-NBI modulation shot  

In non-modulation shot, four ion sources were utilized 

to ramp co-NBI and ctr-NBI heating power in step. In 

this shot, the auxiliary heating power is not constant, 

and there is no SMBI feedback control. It is found both 

the ELM amplitude and frequency was reduced with 

increasing P_(ctr-NBI)-P_(co-NBI), i.e. the counter-Ip 
NBI torque (Fig 2 (e-h)). After turning off co-NBI, 

ELMs were suppressed with ctr-NBI and ELM-free H-

mode became non-stationary with density climbing up. 

List: Number the references (numbers in square 

brackets) in the list in the order in which they appear in 

the text.  
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Fig. 2. Waveform of non-NBI modulation shot. 

 

3. DISCUSSION AND SUMMARY 

A major flaw of this ELM control method is that there is 

no alternative mechanism to provide essential radial 
transport. When ELMs are mitigated or suppressed with 

ctr-NBI, radiation power and impurity content began to 

increase (Fig 3). This often result in confinement 

degeneration and H-L back transition. An eclectic 

method is NBI modulation shot with appropriate duty 

time. It can reduce heat load in ELM-free H-mode with 

ctr-NBI, and expel impurity in ELMy H-mode with co-

NBI.   

In summary, we have found toroidal rotation can affect 

the ELM size in the EAST experiment. Possible 

explanation for ELM mitigation/suppression may be 
related to more negative edge radial electrical field by 

counter current torque. More experiment is required to 

validate the ELM dependence in controlled plasma 

parameters, as well as understanding its physics 

mechanism 

 
Fig. 3. Comparison of radiation power and impurity 

content between two shots 
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Abstract: Short rotation coppice (SRC) plantations of hybrid poplars are attractive for some farmers or owners of 

agricultural land due to the potential for energy production. The establishing plantations and energy use of wood from 

SRC plantations could be environmentally effective. On the territory of Slovakia and the Czech Republic are monitored 

by some Italian and Japan poplar clones with broad ecological amplitude. The results of observations lead to the 

conclusion not too encouraging for some growers of fast growing trees. The influence of SRC on the environment is not 

entirely positive as it is commonly known from the literature. 

 
Keywords: Short rotation coppice, Fast growing trees, Populus, Biomass production, Environment protection 
  
 

1. INTRODUCTION  

We live in a period of rapid profits, i.e. we expect a 

rapid return on energy and invested finances. With this 

accelerated economic trend, the establishment of 

plantations of fast growing trees (FGT) is linked. It is 
absolutely natural to think that the forest grows in the 

forest, not on some farmland. But the forest itself does 

not make a quick profit, because any forest founded 

today will start providing biomass after several decades. 

In the world, FGT is growing very much. In Brazil, 

South Africa, Uruguay, Zimbabwe, Chile, Australia, 

eucalyptus plants are grown, yielding up to 40 m3.ha-

1.year-1 with a 15-year age. In Indonesia, China, 

Malaysia, India, Vietnam, Philippines and Thailand, 

tropical acates are produced, yielding 15-30 m3.h-1.year-

1, with a circulation time of 7 to 10 years. Rapidly 
growing poplars are grown in China, India, Turkey, and 

almost all over Europe [2]. In Central European 

countries, in the poplar family, are represented poplar 

Black (Poplar nigra) and Gray (Populus × canescens). 

Produced, the natural conditions cannot be utilized by 

this composition, as the poplar grows for 40 years. 

That's why crosses have created trees that are able to 

produce biomass for a much shorter period of time. The 

forests of these trees are called plantations, and the goal 

is to produce as much biomass as possible. Suitable 

woody plants for growing energy biomass are in 

southern Europe next to poplar clones ( Populus sp.), 
white willow (Salix alba L.) Clowns willow basketball 

(Salix viminalis L.) and acacia white ( Robinia 

pseudoaccacia L). In the Czech Republic, acacia as well 

as pajasan, hazelnut, alder and others have not yet been 

put into practice, or there are barriers to their use. For 

example, significant invasive properties in the first stage 

of growth of acacia and pajasana. Another option is 

Paulownie (Paulownia). One of Paulownie's much more 

significant benefits is the same as with acacia (Robinia), 

the ability to produce honey. It is important for bees to 

plant clones that bloom as far as possible from May to 
September. The Paulownie growth rate actually exceeds 

the Japanese poplars (Populus nigra × Populus 

maximowiczii), but it can only be grown in ligniculture, 

not in the repeated harvesting plantation because of its 

very low ability to create a new mother plants. 

 

 

 
 

Fig. 1. Paulownia tomentose (Paulownia tomentosa), 

Botanical garden and Arboretum of Mendel University 

in Brno, 2013,Czech Republic  [3] 

 

The risk of spreading Japanese poplars, which are most 

likely to be seeded in the Czech Republic (the non-
native species), is minimal and not proven yet. This is 

due to the fact that plants reach adulthood between the 

8th and 10th year of growth, and the mining is mostly 

done before reaching this age for energy use. 

 

2. CONDITIONS OF GROWTH 

For the plantation yield, the prime selection of a suitable 

habitat is first. If the investment in wood biomass is to 

have a rapid return and if it is to be competitive with the 

agricultural and forestry processors of the production of 

residues (straw, sawdust, mining residues), we have to 
choose a suitable habitat with favorable climatic and 
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soil conditions [4]. The most common altitude for 

growing FGT in our climate zone is from 300 to 600 

meters above sea level. The yearly total precipitation 

should not exceed 500 mm, but it depends on the type of 

the selected FGT. The simplest theoretical way to 

determine the suitability of the soil for FGT cultivation 
is to use BPEJ, which is an abbreviation for: the Bonit 

soil ecological unit, which is listed in the land register 

of the Czech Republic. It is important to consider the 

sloping terrain and the distance of the paved road to 

transport the extracted biomass. Some waterlogging of 

the land should be also take in account, but it is usually 

not a big problem, because the FGT harvest runs only in 

winter. The advantage is the existing of potential 

customers of the biomass produced, because the 

biomass price is directly derived from the distance to 

which it must be transported [5]. 

 

 
   

Fig. 2. Japanese poplar (Populus nigra × Populus 

maximowiczii), Plantation in the valley flood of the 

Morava river near Vnorovy, 2013, Czech Republic [3] 

 

The most suitable soils for poplar planting are 

floodplains where water is supplied with both oxygen 

and fertilizer. During floods, nutrients are delivered. 
Poplar forests are usually planted in a buckle 3x3 m. 

Two grooves are grown during growth. In the 8th year 

of growth, the first growth can already pay all current 

costs. Another growth is in the 16th year. The final 

harvesting of the poplar forest takes place at the age of 

24 years. After this period, it is usually introduced into 

planting a new clone, resistant to diseases [6] . 

Cultivated poplars are not seeded either for economic or 

genetic reasons. 

 

3. POSITIVE EFFECTS  

3.1 Seizure of water in the Landscape 

The basic water balance of each forest ecosystem 

consists of 4 main components: groundwater, 

precipitation, total evaporation and drainage of water. 

Atmospheric precipitation and available ground water 

represent the revenue component. Consumption 

component is a summary of vapour that is broken down 

into Interceptions (I), Evaporation from the soil (E) and 

Transpiration (T). The form, the quantity of runoff and 

the change in water supply at individual soil horizons 

can be evaluated as the final expenditure effect of forest 
ecosystem management with water. Clearly, the most 

important item of water regime is Evapotranspiration 

(E+T). This form of vapour makes 35% of the total 

balance and does not significantly differ with the type of 

stand.  Evapotranspiration of well-stocked water stands 

at hundreds W.m-2. Increase of 10-20 meters high layer 

of biosphere (grown plantations FGT) results in a 

significant reduction in temperature at high solar 

radiation input. If such FGT planting occurs on large 

areas (floodplain forests), the regional climate will be 

relatively quickly improved, especially the slowing 

down of the landscape and the transport of warm air 
with high water content to the atmosphere.  

Surface runoff and subsequent soil erosion are 

negligible in forest stands, and this statement also 

applies to FGT plantations. Erosion processes are 

always a manifestation of inappropriate human activity. 

The absence of a significant surface runoff in the forest, 

as opposed to its frequent occurrence on agricultural 

parcels, is also a very important prerequisite for the 

mitigation of local floods and torrential precipitation in 

the landscape. 

 

 
 

Fig. 3. Poplar Black (Populus nigra), relief branch in 

the valley flood of the Dunaj river near Gabčíkovo, 

2015, Slovakia  [3] 

 

In Fig. 3. is Poplar Black (Populous nigra), which in 
here performs the function of floodplain forest 

(aesthetic treatment of the landscape with the current 

economic utilization) and at the same time the coastal 

vegetation in the area of the relieving branch of the 

Danube floodplain in the Gabčíkovo area. The nature of 

the anti-erosion effect of shore stands is mainly due to 
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the mechanical consolidation of soil, weeds, or river 

deposits by the root system of woody plants. It is the 

protection and stabilization of shores. 

 

3.2 Energy capture in the Landscape 

For this purpose, FGT is a farmed land that is 
continuously planted with fast growing trees intended 

for the production of biomass for energy use. 

 

 
 

Fig. 4. Japanese poplar (Populus nigra × Populus 

maximowiczii), Plantation in the second year of 

vegetation at Petrov, 2015, Czech Republic  [3] 

 
Biomass FGT ranks in the dendromasse area, which is a 

medium-calorie biofuel in the dry state, (Qdn = 18.5 

MJkg-1). It has high proportion of volatile flammability 

( Vd = 85%) and low ash content ( Ad= 0,5-1,5 %) [1]. 

Minimum volume production of dendromas in FGT 

plantations is 10m3.ha-1.year-1, below this limit it is no 

longer possible to speak of fast-growing tree species. 

When indicating, the biomass yield in units of mass, the 

humidity of the biomass must always be stated. For 

some types of calculations, it is more practical to 

indicate biomass yields not in mass units but in energy 
units – GJ.ha-1 etc. During the existence of the mining 

plantation (24 years), the amount of energy produced in 

the graft is estimated to be about 19 000 GJ, which is 

approx. 158 GJ.year-1.ha-1. Therefore, the relative 

energy equivalent yield of the plantation does not reach 

5.0 kW.ha-1 (counting for the time annual fund 8 750 

hours, calorific value of chips 7.15 GJ.t-1 with 50 % 

humidity). From the above data, it is clear that the 

economic return of investment in swamp plantations of 

fast-growing trees as pure energy raw materials is 

practically unrealistic in Czech Republic without 

subsidies. 
 

3.3 Aesthetic aspect of fast-growing trees 

Plantations of FGT in the landscape have a natural and 

aesthetic value of landscape character. These are non-

traditional crops on farmland, which can therefore 

create unconventional and unusual perceptions. It is 

usually positively influenced by extensive lowland 

agrocenoses, where the landscape fragmentation due to 

plantation can be beneficial both from aesthetic and 

biological point of view. This creates the desired line 
boundaries in the landscape. On the contrary, the 

negative aesthetic impressions of the FGT plantation are 

evoked in a wilted landscape where further landscape 

shattering is not desirable. A positive feature of the 

landscape character of the FGT plantations is where 

they are used to limit the effect of the negatively 

exposed technical objects. FGT plantations can also 

perform isolation functions in the landscape. Tree 

vegetation FGT can significantly contribute to noise 

mitigation, especially in the medium and high frequency 

band, the effectiveness of the vegetation strip is not 

negligible. FGT plants can reduce dustiness, thus 
improving the hygienic environment. At the same time, 

the roof screens protect the water resources. The use, in 

particular, of covering liner structures of the type of 

dental bodies should be the first choice. They can limit 

selected local negative impacts of production activity on 

the landscape and the environment. Fig. 5. is another 

view of the extremely aesthetically-acting bank of the 

Danube relief arm in the Gabčíkovo Dam, Slovakia. 

 

 
 

Fig. 5. Poplar Black (Populus nigra), relief branch in 

the valley flood of the Dunaj river near Gabčíkovo dam, 

2015, Slovakia  [3] 

 

4. UNFAIR EFFECTS OF THE FGT FOR THE 

ENVIRONMENT 

Renewable energy (RES) use is most often associated 

with beneficial environmental (and less often economic 

and social) benefits and is generally accepted as "green" 

and "sustainable". However, this conclusion cannot 

always be accepted on a flat-rate basis, as the use of 

RES can have its negative effects. This is not the case 
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with fast-growing trees. Let's look, for example, on 

nitrogen emissions. From the results of measurements 

from prof. Dzurenda [1], he asserts that the proportion 

of nitrogen in firewood of Populus tremuloides michx in 

the combustion of green chips formed by juvenile wood 

and juvenile bark of planted trees  Populus alba cv. 
Polárikovo is 2,7 times higher (N = 0,49%). From the 

point of view of the environmental impact, this fact is 

reflected in the increased production of nitrogen oxides 

NOx. According to the mathematical model of the 

technical calculation of the nitrogen concentration in the 

combustion of green chips produced from shoots of a 

plantation clone of wood Populus x euroamericana it is 

NOx = 1652 mg.mn
-3 This exceeds the valid emission 

limit value in Slovakia for nitrogen oxides from biomass 

combustion processes about 1002 mg.mn
-3[1] and in 

Czech Republic about 1202 mg.mn
-3. 

A higher proportion of ash in the bark of the wood than 
the wood is a well-known fact. According to prof. 

Dzurenda [1], in the case of the proportion of ash from 

dry matter of fuel produced from shoots of planted trees 

Populus alba cv. Polárikovo (the max rotation 10-20 

years Ad = 3,67%), the ash fraction from the analyzed 

green chips is 5 to 7 times higher than the share of ash 

from deciduous wood. 

Also, the calorific value of the green chips in the dry 

state of the analyzed tree clone Populus alba (Qn = 

16 165 kJ.kg-1) is about 13.5% less than the calorific 

value of deciduous trees. The reason for this is the 
increased proportion of inorganic substances (ash) in 

green chips made from swifts of rapidly growing 

plantation-grown trees Populus alba cv. Polárikovo, as 

well as in the increased nitrogen content - endothermic 

components of biofuel combustion [1].  

The use of phytosanitary measures and fertilization are 

usually considered a critical problem in the 

sustainability of agricultural systems. According to the 

outputs of the environmental, energy and economic 

analysis of the biomass of poplar plantations in Granada 

[5], the industrial production phase, together with the 

use of herbicides, is responsible for most adverse 
environmental impacts. The four stages of the life cycle 

considered in this analysis (soil fertilization, cultivation, 

harvesting and soil rehabilitation) are the harvesting of 

the most demanding phase of FGT cultivation in terms 

of CO2 production and energy consumption. The 

harvesting phase, including the transport of biomass to 

the site of its energy conversion, leads to an increase in 

CO2 production, further consumption of fossil fuels, the 

formation of photochemical smog and an increase in 

ecotoxicity for humans, and freshwater and marine 

biocenoses. The cultivation phase has a significant 
impact in three categories: agricultural land use for non-

food activity, water loss due to direct water use for 

irrigation and eutrophication of freshwater and marine 

environment 

 

5. CONCLUSION 
Significant growth in fuel prices has led to 

improvements in the profitability of FGT plantations, 

but according to our data and the assessment of the 

economy of the plantations monitored, the profitable 

yield is on the border at 10 t .ha-1 .year-1. As mentioned 
above, 1 ha of growing plantation can accumulate less 

than 5.0 kW of the relative energy equivalent. This 

value corresponds to the yields obtained at above-

average favorable habitats per the framework soil 

typology. In addition, the use of mechanized planting, 

above-standard cultivation and preserving the current 

price level of other required services is a prerequisite. 

Other factors that must also be considered are: the 

properties of biomass resources (quantity, quality, 
seasonality and availability), plant growth potential, and 

competitive technology available to produce energy and 

heat from solid biofuels generation, CO2 equilibrium [7] 

and quantification of potential Consumers of biofuels. 

Expanding the forests is appropriate, but on the 

farmland, we primarily grown food and feed. 

 

6. NOMENCLATURE 

FGT Fast growing trees 

SRC    Short rotation coppice 

RES    Renewable energy sources 

Ad                Ash content 
Qn             Heating capacity 

Qdn            Heating capacity in the dry state 

Vd                 Volatile flammable 
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Abstract: Noise pollution poses health risks on human specially at sensitive indoor environments like health facilities. 

This research aimed to examine the relationship between occupational noise levels, arterial blood pressure and pulse 
rate for employees at general intensive care units in Gaza Strip. The arterial blood pressure and pulse rate were 

examined before and after 5hours exposure to noise for 80 employees (72 males and 8 females). In this study, two 

instruments were used; Sound Level Meter and Automatic Blood Pressure Monitor. Correlation analysis was performed 

to examine the relationship between the variables. The results show that the noise levels at the intensive care units were 

found to be between 52.52 and 65.74 Decibel (dB) with a mean of 60.33 dB which is far beyond the WHO standard of 

35 dB. There was a significant positive correlation between noise level and average of pulse rate. The research findings 

show the urgency in acting to reduce the noise levels which may pose health risk on the intensive care units occupants.  

 

Keywords: Blood Pressure, ICU, Noise Pollution, Pulse Rate. 

 

  

1. INTRODUCTION 

Noise, defined as unwanted sounds, can affect people 

both psychologically and physiologically [1]. Noise 

causes various health effects on humans, plants and 

animals [2]. It has become a very important “stress 

factor” in the environment of people. Health effects 

differ from one person to another according to several 

determinants like sound level, frequency and exposure’s 

duration to noise pollution.  

It is well known that excessive noise in working places 

can affect communication and alter human attitude. Due 

to their vital services as they are considered places for 
healing people, hospitals probably represent one of the 

most important environments which need full attention 

when it comes to noise pollution. Therefore, developed 

countries have taken serious considerations of the noise 

pollution issue in an attempt to reduce its negative 

impact, not only in hospitals, but in all aspects of daily 

life [3]. 

The acceptable SPL value in hospitals should not 

exceed 45.0 dB(A) during daytime and should not 

exceed 35.0 dB(A) during night-time based on the 

international standard [4]. World Health Organization 
(WHO) also recommends that the average background 

noise in hospitals during daytime should not exceed 30 

A-weighted decibels [dB(A)], and that peaks during the 

night time should be <40 dB(A) [5] 

The health effects of noise pollution have been studied 

by many researchers in recent years. Vertigo, agitation, 

weariness, hypertension, gastrointestinal system 

problems (including gastric and duodenal ulcer), cardiac 

arrhythmia, nervous and psychic disorders have been 

studied by several researchers ([6]; [7]). An additional 

study has found that noise can stimulate the bodies’ 

stress response [8] and loud noise causes stress, 
annoyance [9], and fluctuation of blood pressure [10]. 

Investigations throughout the world have shown that the 

level of noise in the intensive care units (ICU) exceeds 

the acceptable standards [11]. The noise level in 

intensive care units (ICUs) ranges from 50 to 75 dBA, 

with the highest night peak level even reaching 103 

dBA [12].  

[13] measured the mean equivalent sound pressure 

levels (Leq) at ICU in few Indian hospitals during 

morning and evening hours, the findings showed that 

the noise levels were 70.4 and 64.5 dB(A), respectively.  

[14] found that patients at ICU were disturbed and 

distracted mainly due to noise from the nurses’ station, 

visitors, and other non-clinically relevant events. A 

number of studies have found that the environment in 
the intensive care units (ICU) has negative effects on 

patients and staff including sleep disturbance and 

annoyance [15]. 

[16] reported that noise levels in a four-bed ICU were 

between 60 and 65 dB(A). In Taiwan, measurements of 

sound level in hospitals were carried out and results 

showed that the daily average sound levels measured 

inside those hospitals during daytime were between 52.6 

dB(A) and 64.6 dB(A) [17]. 

Studies have shown significant correlation between 

noise and its impact on artery disease including systolic 
and diastolic blood pressure, cholesterol concentration 

and plasma viscosity [18]. The chance of stroke 

occurrence was higher in people who were exposed to 

noise pollution than those who were not exposed to it 

according to the findings of study that was performed in 

Denmark on 57000 men and women for ten years [19].  

[20] conducted a study on workers of a metal 

manufacturing company in Busan, a significant 

relationship between chronic noise exposure and 

increase in systolic BP was seen. [21] carried out a 

study on workers of a car manufacturing factory 

indicated that occupational noise exposure can facilitate 
Hypertension progression.  

 

http://www.tandfonline.com/author/Kim,+Hyunook
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Many relevant research scientists worldwide have 

observed a significant rise in blood pressure in response 

to noise ([22]; [23]). [24] in Austria performed a study 

on children and found that systolic blood pressure 

increased due to noise exposure. 

Another study in New York, comparing children in high 
noise schools with children in quiet schools, showed 

that blood pressure of children in the first schools were 

increased about 4-8 mmHg [25]. In 2007, the World 

Health Organization (WHO) published quantifying 

burden of disease resulted from some noise sources such 

as road traffic, trains and aircraft and their health effects 

on Europeans. 

[10] shows that the average noise levels in three ICUs 

rooms at night range from 43.2 ± 0.5 to 53.9 ± 2.5 dB, 

with maximum levels often reaching 49.1 ± 1.0 to 61.1 

± 2 dB. Whereas the mean value of noise levels in the 

same rooms at day range from 44.3 ± 0.7 to 56.2 ± 
2.2dB, with maximum levels often reaching 55.4 ± 1.0 

to 67.1 ± 1.6 dB. Other studies agree with and support 

the findings of this research such as [26].  

In Palestine, several studies were conducted on noise 

pollution, for example, strong positive correlation was 

found between occupational noise pollution levels and 

heart pulse rate, systolic blood pressure, diastolic blood 

pressure and hearing threshold levels at several 

frequencies ([27]; [28]). In addition, [29] studied noise 

pollution in factories in Nablus city, the average value 

of (Leq) in 38 factories was 85.5 dB(A), and the Leq 
values for 40% of the selected factories were higher 

than the adopted international standards [30]. 

[3] investigated the noise effect on blood pressure and 

pulse rate of medical workers at Nablus hospitals, the 

findings showed strong positive correlation between 

noise and blood pressure from one side and between 

noise and heart pulse rate from the other side in all 

hospital departments in Nablus City-Palestine. In this 

study SBP, DBP and HPR are positively correlated (P- 

value < 0.050) with the occupational noise levels in all 

studied hospitals.  

[31] conducted a study on the effect of noise on hearing 
threshold, blood pressure, oxygen concentration in 

blood and heart pulse rate of workers at Jenin hospitals. 

In this study HTL, SpO2%, SBP, DBP and HPR are 

positively correlated (p-value < 0.050) with the 

occupational noise levels in all studied hospitals.  

[32] carried out a research at Children Schools in Jenin 

City on the impact of noise on arterial blood pressure 

and heart pulse rate, this study shows that the measured 

sound pressure levels (SPL) in all tested schools were 

found to be above the acceptable international levels. 

Strong positive correlation was found between sound 
pressure levels in the sample schools from one side and 

blood pressures (R=0.96 for systolic and R= 0.98 

dyastolic) and heart pulse rate (R=0.991) from the other 

side.  

Noise pollution is a serious hazard which influences 

human health, and it’s getting more serious in health 

facilities due to the sensitivity of the occupants. There 

are several sources of noise at ICU both from the device 

installed and the personnel who are utilizing the facility. 

There are few studies conducted to tackle this risk, 

hence the objectives of this research paper were to 
examine the noise trends at ICU’s in Gaza local 

hospitals, investigate the physiological impacts of noise 

(systolic and diastolic blood pressure and pulse rate) on 

the ICU’s staff, and to provide decision makers with 

helpful suggestions and recommendations. 

 

2. MATERIAL AND METHODS 

2.1. Study Design 

Cross sectional analytical design was conducted, where 
noise, blood pressure and pulse rate were measured at 

one point in time. 

 

2.2 Study Population 

A census population was selected for this research, 

where all employees (doctors and nurses) who work at 

ICU’s in the target governmental and non-governmental 

hospitals in Gaza Strip-Palestine. Noise levels were 

measured at six hospitals’ ICU’s. The hospitals of the 

study are five from the governmental sector (AL-Shifa, 

Nasser Hospital, The European Hospital, Al-Aqsa 

Martyrs Hospital, Kamal Udwan Hospital) and one non-
governmental Hospital (AL- Quads Hospital). 

The inclusion criteria involved male-and-female staff 

who are 22- 65 years of age and with a minimum of one 

year in the service. While employees who have history 

of heart problems or diseases were excluded. 

 

2.3 Noise Monitoring   

The noise level measurements were carried out weekly 

on Sunday, Tuesday, and Thursday in each ICU in both 

morning and evening shifts starting at 7:30 a.m. to 

18:30 p.m. over a period of two months. Sound pressure 
level (SPL) was taken every 5 minute in morning shift 

at time intervals of 7:30 -8:30 am, 9:30 -10:30 am and 

11:30 am-12:30 pm.  

While in the evening shift, the monitoring was done on 

the following times; 13:30 - 14:30 pm, 15:30 -16:30 pm 

and 17:30 -18:30 pm, then average was calculated, the 

min and max of each hour measurments were figured 

out. Average of (SPL) at the beginning of morning and 

evening shift (before work) was taken to compare it 

with the morning and evening shift’ average of (SPL) 

after working. The readings of SPL in all ICUs were 

taken by using sound level meter with A-weighting. 
These measurements were performed inside ICUs 

(indoors) for the aforementioned period. Several 

locations in each ICU were selected for sound level 

measurements, including nursing stations, center of the 

unit and beside the beds. Sound levels were measured 

using sound level meter, and measurements were done 

at the hearing level of about 1.5 m above ground 

surface. Data was analysed statistically using the SPSS 

and Microsoft Excel.  

The systolic and diastolic blood pressure and pulse rate 

of the employees were measured by using Automatic 
Blood Pressure Monitor. Each of the selected employees 

in the ICUs; works at least 6 hours. The systolic and 

diastolic blood pressures and heart pulse rate were 

measured for each selected doctor and nurse twice a day 

for three fixed days a week (Sunday, Tuesday, 

Thursday) in each ICU in both morning and evening 

shifts over a period of two months, the readings were 

recorded before and after 5 hours work shift. The 

measurement was performed while each employee 

sitting on a chair after at least five minutes of rest in 

order to ensure they are in resting condition. 
 

2.4 Devices and Tools 

2.4.1 Sound Pressure Level Meter:  
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Sound Level Meter, is the instrument used to measure 

the noise level in dB. It is designed to simulate the 

loudness level sensitivity of the human ear. It gives 

objective, reproducible measurements for the sound 

pressure level. The microphone converts the sound to an 

equivalent electrical signal, which varies in with the 
acoustical signal. The noise levels were measured using 

the Auto range digital multimeter (MASTECH), China, 

model MS8209 5 in 1, integrating and logging sound 

level meter, in (dB) units with an accuracy of ± 3.5% 

dB at 94dB and its resolution is 0.1 dB(A), measuring 

range is 35 – 100dB [33].  

 

2.4.2 Blood Pressure Monitor :  
Arterial blood pressure (systolic and diastolic) and pulse 

rate were measured using Automatic Blood Pressure 

Monitor (Riester ri-champion N, Type of model: digital, 

Germany, model No:RST -1725- 145, size (98X 163 X 
106mm), Measuring range: SYS / DIA : 30 to 280 

mmHg, pulse : 40 to 200 per minute with accuracy : 

pressure within ± 3 mmHg and pulse ± 5% of the 

reading with operating temperature range of +10 to +40 

Co [34]. 

 

2.4.3 Questionnaire:  

About 80 copies of the structured questionnaires were 

prepared to obtain Socio-demographic data from the 

participants. The data in the questionnaire included: 

(name, mobile number, age, gender, marital status, job, 
qualification, hospital, years of work, employees history 

of hypertension, employees history of other diseases and 

living place).  

Further, the questionnaire contains a table to record 

systolic, diastolic blood pressure and heart pulse rate of 

the employees twice a day for three fixed days a week 

(Sunday, Tuesday and Thursday) in both morning and 

evening shifts, the readings were recorded before and 

after work, at least five hours from the beginning of 

work.  

To ensure the validity of the questionnaire, it was 

submitted to a panel of experts to evaluate the content 
and validity. Crombach Alpha and correlation 

coefficient were done to ensure reliability of the 

questionnaire. Small scale reliability test (pilot study) 

was conducted to have an idea about length and 

ambiguity of the questionnaire.  

 

3.4.4 Statistical Analysis:  
The obtained measurements and readings were tabulated 

and statistically analyzed. The statistical package of 

social science (SPSS) was used for statistical analysis. 

The minimum, the maximum and the mean of each 
studied variable were listed. Consequently, Independent 

Samples T-test and Paired Samples t- test are used to 

determine significant differences between variables. 

Pearson correlation factor (R) and the P-value were used 

as an indicator of the correlation’s strength between 

variables.  

 

3. RESULTS AND DISCUSSION 

The survey results show that the employees ages were 

between 24 to 57 years of age and the work experience 

varied from 1 to 30 year. In terms of gender, the study 
population included 90% males and about 10% females.  

  

Moreover, the study sample consisted of 36% 

physicians and 64% nurses. 8.8% of the sample 

participants were hypertensive and 91.2% were non-

hypertensive. The results also reveal that 67.5% of the 

study population participants were morning shift 

workers while 32.5% were working in the evening shift. 
The average, maximum and minimum values of SPL in 

all studied ICUs are shown in (Fig. 1).  

  

 
Fig. 1. The average, maximum and minimum values of 

SPL in all ICUs 

 

As shown in (Fig. 1) the highest noise levels were 
recorded at Nasser ICU and Al-Shifa ICU; 65.74 

dB(A)-65.4 dB(A) respectively, which is considered to 

be very noisy. While the intermediate noise levels were 

registered at Al-Aqsa ICU and European ICU with 

levels of 62.21 dB(A) and 59.38 dB(A) respectively, 

which is still considered to be noisy. Whereas both 

Kamal Odwan ICU and AL-quads ICU had the lowest 

values of noise levels; 56.74 dB (A) 52.52 dB(A) 

respectively and they considered to be the least noisy 

environments.  

AL-Shifa ICU has the highest levels of noise due to the 
largest number of staff and patients; adding to that the 

incoming alarms from devices, while Nasser ICU is 

very small size and includes large number of patients 

and staff. These factors might have an influence on 

increasing the SPL in the ICUs. These values (65.74-

65.4 dB) are much higher than the international standard 

of 45.0dB during daytime and 35.0 dB during night-

time [4]. Also the mean SPL values in all studied ICUs 

ranged from 52.52 to 65.74 dB with a mean of 60.33 dB. 

The results of this research are in line with the findings 

of [31] who reported similar values for noise at 
hospitals ICU’s in Jenin-Palestine which were between 

55.0 and 65.0 dB(A), and another study by [3] who 

reported  noise levels between 59.7 and 76.0 dB(A) at 

ICUs in the Hospitals of Nablus-Palestine, respectively.  

A similar early study on the assessment of noise 

conducted by [35] Saudi Arabia, in the ICU of King 

Fahad University Hospital supports the findings of this 

study. This study shows the average 59.3±6.376 in over 

measured 3 days and 57.9±4.743 in weekend day’s. 

Other studies support our finding in SPL measurement 

such as [15] which reported values between 60 and 65 

dB(A) in a four-bed ICU with noise levels  above 65 
dB(A) during teaching and [36] measured the average 
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daytime sound level in a pediatric intensive care unit 

was 61 dB (A), nighttime 59 dB (A). 

The research outcomes showed that there was an 

increase in the SPL, which coincided with the rise of 

average SBP, DBP and PR for all employees in all 

studied ICUs. For example, the results of Nasser ICU 
showed that the mean SPL during work was 65.74dB 

which is higher than the mean SPL at the beginning of 

work which was 59.71dB, this was accompanied by an 

increase in average value of SBP mmHg, DBP mmHg 

and PR(beats/minute) after work (121.27 mmHg, 75.80 

mmHg and 83.29(beats/minute)) respectively. 

When compared with the readings before starting the 

work shift, values were as follow 117.28 mmHg, 72.35 

mmHg and 79.40 (beats/minute) respectively. The 

results also showed that there was an increase in 

average, maximum and minimum values for SBP, DBP 

and PR after work for all studied employees in ICUs 
when compared to values before starting the work shift.  

The findings of this research conformed with the results 

of other studies of noise-induced blood pressure 

elevation and higher incidence of hypertension which 

were detected in field studies on employees who were 

exposed to high levels of noise ( [18]; [40] ) 

Moreover, this research findings are consistent with the 

studies of ([39] ; [3]; [31]; [32] ) which show that SBP, 

DBP and HPR are correlated positively (P- value < 

0.050) with the occupational noise levels in all studied 

locations.  
The actual mechanism for increase in blood pressure is 

not completely understood yet, but it may be due to the 

following mechanisms: The catecholamine released 

from adrenal medulla as a result of activation of 

adrenergic system, the effect of suprarenal glands 

steroids, angiotensin and also the direct effect of noise 

on arterial wall tension that influences the blood 

pressure and heart rate [40]. 

Table (1) shows that the correlation coefficient between 

noise level and the three indicators SBP, DBP, and PR. 

The correlation coefficient between noise level and 

average of (SBP and DBP) equals 0.158 and 0.091 
respectively. It was concluded that there is insignificant 

positive relationship (p-value > 0.05) between noise 

level and average of (SBP and DBP). Whereas the 

correlation coefficient between noise level and average 

of PR equals 0.274, moreover there was a significant 

positive relationship (p-value < 0.05) between noise 

level and average of PR. These results were consistent 

with study of [41] which stated that there was no 

significant relationship between BP and noise exposure. 

 

Table (1): Pearson Correlation Coefficients between 
noise and the three indicators 

Variables 

Exposure 

Pearson 

Correlation P-value N 

Average of 

SBP(mmHg) 

0.158 0.161 80 

Average of 

DBP(mmHg) 

0.091 0.423 80 

*Correlation is significant at the 0.05 level. 

 

Table (2) shows that the Pearson correlation coefficient 

between age and each of SBP, DBP, and PR. The 

correlation coefficient between average of "SBP, DBP 

and PR" with "age" equals 0.339, 0.361 and 0.186, 

respectively. Since the sign of the correlation coefficient 

is positive and the p values < 0.05, it can be concluded 
that there is a positive significant relationship between 

average of "SBP, DBP and PR" and the employees’ age 

categories. 

 

Table (2) Correlation coefficient between "SBP, DBP 

and PR " and "Age" 

Variable 

Pearson 

Correlation  

Coefficient 

P-Value 

Average of 

SBP(mmHg) 
0.339 0.001* 

Average of 

DBP(mmHg) 
0.361 0.000* 

Average of 

HPR(beat\min) 
0.186 0.049* 

* Correlation is statistically significant at 0.05 levels 

As shown in Table (3); Pearson correlation coefficient 

between number of service years and each of SBP and 

DBP. The correlation coefficients were 0.352 and 0.403 

respectively, since the sign of the correlation coefficient 

is positive and p value <0.05, it means that there is a 

positive significant relationship between average of 

"SBP and DBP" with "number of service years”. 

Whereas the correlation coefficient with the average of 

PR was 0.146. It is concluded that there is an 
insignificant positive relationship (p-value > 0.05) 

between average of PR and duration of service. 

 

Table (3) Correlation coefficient between " SBP, DBP 

and PR " and "years of work" 

Variable 

Pearson 

Correlation  

Coefficient 

P-Value 

Average of 

SBP(mmHg) 
0.352 0.001* 

Average of 

DBP(mmHg) 
0.403 0.000* 

Average of 

PR(beat\min) 
0.146 0.098 

* Correlation is statistically significant at 0.05 levels 

 

4. CONCLUSION 

The average noise levels at the monitored ICUs were as 

follows; 65.74 dB in Nasser ICU, 65.4 dB in AL-Shifa 

ICU, 62.21 dB in Al-Aqsa ICU, 59.38 dB in European 

ICU, 56.74 dB in Kamal Odwan ICU and 52.52 dB in 

AL-quads ICU. These levels are exceeding the 

international standard 0f 45.0 dB at daytime and 35.0 

dB at night-time Also the mean SPL values in all 

studied ICUs ranged from 52,52 to 65.74 dB(A) with 
mean of 60.33 dB(A). Therefore, all the sample workers 

are exposed to high continuous noise in all ICUs.  

There was an increase in the SPL coincide with the rise 

of average SBP, DBP and PR for all employees in all 

studied ICUs. Where SBP and DBP might be affected 

by the person's physical, mental and health conditions 

(Iyawe, 2000). Furthermore, SBP mean increased by 

3.74 mm-Hg, while DBP mean increased by 2.79 mm-
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Hg, and finally, the pulse rate mean is increased by 2.69 

beats/minute for all employees in the studied ICUs. 

This study revealed that there was a significant positive 

relationship (p-value < 0.05) between noise level and 

average of PR, and it was found that the SBP, DBP and 

PR in males are influenced more  by noise compared to 
females where there was a significant difference (P- 

value < 0.050) in the mean of SBP and DBP (before and 

after work shift). Positive significant correlation (P- 

value < 0.050) was found between mean values of 

"SBP, DBP and PR" with" age of employees", also there 

was a positive significant correlation (P- value < 0.050) 

between mean values of "SBP and DBP" with "number 

of service years".  

To tackle this serious challenge at ICU’s which puts the 

occupants at risk, its suggested that hospitals design 

should take into consideration widening the spaces 

between patients beds, also between patients beds and 
medical staff equipment. Noise caused by machines can 

be reduced through applying several mechanical 

adjustments, conducting maintenance, or buying new 

less noisy equipment. Noise from reflecting surfaces can 

be reduced by covering all surfaces with anti-reflection 

materials of high noise absorbents and noise from the 

doors can decreased by using rubber. Isolating walls and 

double glass can be used for windows and doors to 

reduce the external noise and avoidance of unnecessary 

conversation among staff.  
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Abstract: Offshore/marine renewable energy is witnessing a rapid development nowadays around the world. This calls 

for a powerful numerical tool, ideally open-source packaged, to accelerate relevant research. The present paper 

introduces a numerical open-source package that has been recently developed in Research Institute for Applied 

Mechanics, Kyushu University. The software package aims to compute Green’s function of finite water depth 

encountered in wave-structure interaction. As an essential part of the potential flow theory, computation of free-surface 

Green’s function becomes extremely troublesome and demanding. In the present package, a brand new algorithm is 
developed basing on a sophisticated region-decomposition strategy. Benchmarks are used for validation of the package, 

proving the balance of efficiency and accuracy. Furthermore, to show its application, a real-scale floating offshore wind 

turbine platform is computed as well for its behavior in real sea conditions.  

 

Keywords: renewable energy; hydrodynamics; potential flow theory; offshore engineering; wind turbine 
  
 

1. INTRODUCTION  

Offshore renewable energy is becoming a promising 

substitute for the traditional energies recently, which 

may involve offshore wind, wave, and etc. One of key 

considerations in the design of offshore renewable 

energy devices is how to calculate wave loads and 

motions of the large dimensional structures efficiently. 

The boundary integral equation method [1, 2] is still the 

first choice as the unknowns are required merely on the 

specified boundaries such that the computational burden 

can be reduced significantly. The boundary integral 

equation is generally derived via Green’s theorem, 
which could be solved numerically by discretizing the 

boundaries into a large number of elements. In the 

formulation of corresponding matrices, Green’s function 

and its derivatives must be evaluated successively and 

efficiently for each combination of source and field 

points. The number of evaluations of ‘core’ function or 

Green’s function increase quadratically with the number 

of panels/nodes on boundaries, especially for structures 

with complex geometries. In this context, accuracy and 

efficiency of computing Green’s function is critical to 

the performance of numerical solver for wave-structure 

interactions.  
 

2. PACKAGE STRUCTURE 

Recently, we developed an algorithm [3, 4] which is 

based on a satisfactory region-decomposition strategy. 

The new algorithm has been fully written in Fortran 90 

and forms into a software package FinGreen3D. We 

decided to release this package publicly, in order to 

meet the daily increasing demands in both academic 

research and industrial applications. 

The package includes a set of subroutines which can be 

categorized into three levels, i.e., Level_1 (top level), 
Level_2 (intermediate level) and Level_3 (low level), as 

shown in Fig. 1.  

FINGREEN3D

ENGEN

ENGENE

PIDCOCK

LINTON

R/h ≥0.05

R/h ≥0.5

R/h ≥0.0005

R/h <0.0005

EIX, E1XA

COEF, 

DCOEF

IMGS,  

DGSR,  

DGSZ.

Level 1

Level 2

Level 3

R =0

m =1 & 

R/A ≤0.5

m >1 & 

R/A ≤1.0

SA0, DSA0

SAM, DSAM

AQUAD, 

GK_INTEG
else

JY01B, 

IK01A, 

(LIMES)

ENXA

 

Fig. 1. Multi-level subroutines in the hierarchical code 

structure. 

Major subroutines are listed below: 

∙ FINGREEN3D – A driver subroutine (Level_1), which 

decomposes the entire parametric domain into four 

regions and calls the various algorithms accordingly. 

∙ DISPERSION – An intermediate level subroutine 

(Level_2), which solves the water-wave dispersion 

equation, using a higher-order iterative procedure based 
on the method suggested by Newman [5]. 

∙ EIGEN – An intermediate level subroutine (Level_2), 

which calculates Green’s function by applying the 

eigenfunction expansion method in the region R/h ≥ 

0.5. 

∙ EIGENE – An intermediate level subroutine (Level_2), 

which calculates Green’s function by applying a 

combination of the eigenfunction expansion method and 

the epsilon algorithm in the region 0.05≤ R/h <0.5. 

∙ PIDCOCK – An intermediate level subroutine 

(Level_2), which calculates Green’s function applying a 

combination of Pidcock’s expansion method [6] and the 

epsilon algorithm in the region 0.0005≤ R/h <0.05. 
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∙ LINTON – An intermediate level subroutine (Level_2), 

which calculates Green’s function by applying Linton’s 

expansion method [7] in the region R/h <0.0005. 

∙ COEF – A lower level subroutine (Level_3), which 

calculates the expansion coefficients in Linton’s 

expansion method using a combination of special 
functions, Taylor expansions, and adaptive quadrature 

methods. 

∙ DCOEF – A lower level subroutine (Level_3), which 

calculates the derivatives of expansion coefficients with 

respect to R in Linton’s expansion method using a 

combination of special functions, Taylor expansions, 

and adaptive quadrature methods. 

The driver subroutine, FINGREEN3D, is the only 

Level_1 subroutine, from which all the Level_2 

subroutines are called. Level_2 subroutines correspond 

to the four expansion methods in the corresponding 

regions, respectively. Level_3 subroutines consist of 
affiliated subroutines and external subroutines. The 

affiliated subroutines are called by two Level_2 

subroutines, i.e., PIDCOCK and LINTON, used for 

integrations by the Chebyshev approximation, series 

expansions or adaptive quadrature algorithms [8]. The 

majority of external subroutines are from the book of 

Zhang & Jin [9], used for calculating some special 

functions, such as exponential integral function, error 

function, Gamma function, and many kinds of Bessel 

functions, based on continued fractions. Since so 

frequently called, the external subroutines of Bessel 
functions are hereby modified into several derivative 

versions, in order to make the computation speed 

accelerated. Another external subroutine is from 

Mishonov & Penev [10], used for predicting the limit of 

a series in which first several terms are known through 

the epsilon algorithm. 

 

3. VALIDATION OF THE PACKAGE 

To verify implementations of the released package, a 

comparison is made with the standard Newman’s 

method [11] using multi-dimensional polynomial 

approximations. 

Comparison results are shown in Fig. 2, for a high 

pulsating frequency. Both the pulsating point source and 

the fluid field point are seclected on the free surface in 

present tests as the free-surface Green function is 

believed to be more difficult to evaluate when z+ζ=0. As 

clearly shown in Fig. 2, even under such extremely 

troublesome conditions, perfect agreements can still be 

achieved between present results and those using 

Newman’s method. 
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Fig. 2. Values of free-surface Green’s function G, as a 
function of R/h, when the point source and the field 

point locate at the free surface with a pulsating 

frequency of f=1.1145s-1: (a) real part of G; (b) 

imaginary part of G. 

Fig. 3 shows variation of the wave term Gw in a wide 

domain near the point source which is locating on the 

free-surface, as a function of the distance between field 

and source point. The horizontal component R and the 

vertical component z of the distance are both normalized 

by the water depth h. From either oblique view or 

contour plot of the function value or derivative values, 
the fluctuations appear to steepest at the neighborhood 

of the source point. The fluctuation magnitude decays 

along both directions, with either increase of the 

horizontal distance R/h or the vertical distance z/h.  
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Fig. 3. Real part of the complex harmonic wave term 

Gw in free-surface Green’s function, when a point 

source locates at the free surface with a pulsating 

frequency of f=8.6327×10-1s-1: (a) oblique view, and (b) 

contour plot. 

To analyze how much degree of computation efficiency 

the package can achieve, the CPU time (unit: s) of per 
evaluation of the Green function and its derivatives 

using FinGreen3D is shown in Fig. 3. The computation 
is performed on a SONY laptop which has an Intel(R) 

(a) 

(b) 

(b) 

(a) 
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Core(TM) i7-2670QM CPU of 2.2 GHz and a 64-bit 

Windows 7 operating system sequentially on one single 

thread. The computation costs a total CPU time of 

5.9746×102s for the 200 input point distances (i.e., 0.2 

billion evaluations of the code FinGreen3D have been 

performed). From Fig. 3, we can easily know that one 

implementation of the code consumes approximately 

2~4 s. 
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Fig. 4. Computation time for per implementation of 
FinGreen3D, as a function of normalised point distance 

R/h (right). The figure is obtained based on averaged 

CPU time of 1 million evaluations of FinGreen3D for 

each input point distance R/h.  

4. APPLICATION IN OFFSHORE RENEWABLE 

ENERGY 

FinGreen3D is dedicated to the continous development 

of innovative design of offshore renewable devices. 

Hereby we show a typical example platform which is 

specifically designed for supporting three wind turbines 

in Kyushu University at the second development stage. 

The side length is 120 m, and the submerged volume is 
4860 m3. The wind turbines are designed to operate in 

water depth of 50 m. In our numerical computation, the 

hull surface is meshed by 5736 constant panels in the 

panel solver.  

Fig. 5 shows contour plots of the scattered free surface 

elevation in the vicinity of the platform with different 

incident wave angles and wave frequencies. It can be 

obsearved that  in the case of large wavelength, the 

incident wave can almost easily pass through the 

floating ‘obstacle’. While the wavelength is much more 

comparable to the physical dimension of the platform, 
the diffraction becomes more apparent. The free surface 

elevation varies sharply along the incident wave 

direction, until the uppermost column in this direction. 

As the waves go far away from the structure, the 

amplitude of elevation decreases, which agrees with our 

knowledge in common practice. 

5. CONCLUSION 

We present a well-structured software package for 

evaluation of free-surface Green function in finite depth 

which is widely considered as the essential part but 

changlenging to deal with in the analysis of wave-
structure interactions. The package structure and its 

interface have been clearly illustrated so as to make it 

well understandable by the readers/users. The accuracy 

and efficiency of present package have been confirmed 

by extensive validations. This package - FinGreen3D is 

distributed publicly and can freely be downloaded from 

CPC Program Library, Queen’s University, Belfast, N. 

Ireland. It is hoped that the publication of present 

package would promote the relevant researches in the 

fields of offshore/marine renewable energy and ocean 

engineering. 

 
 

 
 

Fig. 5 Contour plot of free surface elevation (normal-
ized by the incident wave amplitude) in the following 

conditions: (a) α=0°, kL=20.78; (b) α=90°, kL=5.16. The 

upper column shows the free-surface elevation for a 

high frequency incident wave, while the bottom column 

shows the free-surface elevation for a low frequency 

incident wave. 
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Abstract: Breath analysis technique using small and inexpensive electronic devices provide a great potential to monitor 

a daily health condition and diagnose serious diseases at early stage due to its simplicity and non-invasiveness unlike 

conventional blood and/or urine test. However, discriminating the volatile molecule compounds (VOCs) contained in 

human breath is quite difficult by using electronic sensor devices since there are over 870 VOCs species in human breath 

and some molecules are structurally and chemically similar. Here we demonstrate the pre-discrimination technique for 

structurally and chemically similar VOCs via physical/chemical interactions with ZnO nanowire surface. We found that 
nonanone (C9) molecules with different intramolecular ketone group position exhibit the different desorption temperature 

which is caused by an adsorbed molecule conformation induced chemical interaction on ZnO nanowire surface. Our 

discovery provides a platform to discriminate the various kinds of VOCs by combining the oxide nanowire device with 

electronic sensor devices. 

 

Keywords: ZnO nanowire, volatile organic compounds, adsorption/desorption, molecule discrimination 

 
 

1. INTRODUCTION 

In recent years, breath diagnosis has attracted a lot of 

attentions as a novel noninvasive medical examination 

technology instead of conventional methods using blood 

or urine. The breath analysis has been relying on gas 

chromatograph mass spectroscopy (GCMS), which 

needs high cost, long analysis time and expertism. The 
development of breath analysis technique using small 

and inexpensive electronic devices complemented with 

semiconductor technology has a great potential to 

monitor a change of daily health condition including 

disease and stress. However, discriminating the molecule 

compounds contained in human breath is quite difficult 

by using electronic sensor device array since there are a 

lot of volatile organic compounds (VOCs) over 870 

species in human breath and some molecules have similar 

structure and chemical characteristics. To overcome 

these issues, the pre-discrimination which separates the 
molecule species via physical/chemical interactions 

before transferring to the sensor devices is an ideal 

approach. 

The self-assembled oxide nanowires are unique 

nanomaterial because of its huge surface-to-volume ratio, 

variety of chemical states and electrical/thermal transport 

without grain boundaries. Therefore, the unique pre-

discrimination effect would be expected on the surface of 

oxide nanowires. In this study, we demonstrate the pre-

discrimination technique for structurally and chemically 

similar VOCs via physical/chemical interactions with 

ZnO nanowire surface. We found that nonanone (C9) 
molecules with different intramolecular ketone group 

position exhibit the different desorption temperature 

which is caused by an adsorbed molecule conformation 

induced chemical interaction on ZnO nanowire surface. 

                                      

2. EXPERIMENTAL SECTION 

We have fabricated ZnO nanowires by utilizing 

conventional hydrothermal method. The schematic of 

fabrication process is shown in Figure 1 (a). Prior to the 

nanowire growth, the ZnO seed layer with 5 nm thickness 

was deposited onto Si (100) substrates by radio frequency 
(RF) sputtering. For the hydrothermal ZnO nanowire 

growth experiments, the aqueous solution was confected 

by zinc nitrate hexahydrate (Zn(NO3)2•6H2O) 25 mM, 

hexamethylenetetramine (HMTA, (CH2)6N4) 25 mM, 

polyethyleneimine (PEI) 2.5 mM in DI water at room 

temperature. The ZnO seed layer coated Si substrate was 

then immersed into the growth solution with a manner of 

upside down. The nanowire growth was performed at 

95℃  for 20 hours. Structural  characterizations of 

fabricated nanowires were performed by using field 

emission scanning electron microscopy (FESEM) and 

energy dispersive x-ray spectroscopy (EDS). Gas 

chromatograph mass spectrometer (GCMS) and p-
polarized multiple angle incidence resolution 

spectroscopy (pMAIRS) were used to evaluate 

desorption temperature, adsorption site/state and 

orientation of adsorbed molecules. 

 

3. RESULTS AND DISCUSSION 

Figure 1 (b) shows the cross-sectional FESEM image of 

fabricated ZnO nanowires. The nanowires are grown 

vertically to the substrate due to the [0001] preferential 

growth orientation of ZnO crystal. The diameter and the 

length of ZnO nanowires are about 80-120 nm and 4 m, 
respectively. The composition of fabricated nanowire 

was evaluated by EDS as shown in figure 1 (c). The EDS 
mapping shows the nanowire is composed of Zn and O, 

and the other elements are not seen. Thus we successfully 

fabricated ZnO nanowires. 

Here we utilize above ZnO nanowires for discriminating 

the structurally and chemically analogous molecules via  
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desorption temperature of molecules from nanowire 

surface, which had been impossible by conventional 

sensor technology. 

In this study, we utilized nonanone molecules which have 

different intramolecular ketone positions including 2-

nonanone, 3-nonanone, 4-nonanone and 5-nonanone. To 

evaluate the desorption temperature of these molecules, 

we firstly dropped 2 l liquid reagent at a bottom of 20 
ml vial bottle and waited for vapor-liquid equilibrium 

condition for 3 min. Then ZnO nanowire samples were 

introduced into the vial bottle with varying time for 

adsorbing nonanone molecules onto nanowire surface. 

The desorption temperature was measured in GCMS by 
heating the molecule adsorbed nanowire samples. Figure 

2 shows the desorption temperatures of each nonanone 

molecules for various adsorption time. For 3s of 

adsorption time, all molecules exhibited the similar 

desorption temperature ca. 120 °C. On the other hand, the 

desorption temperature of each molecule tended to 

decrease as the adsorption time was getting longer. In 

addition, we found that the desorption temperatures of 3-

nonanone and 4-nonanone are much lower than that of 2-

nonanone and 5-nonanone, which is surprising result 
since their vapor pressures and chemical activity are 

almost similar. 

 

 

 

 

 

 

 

 

Next we evaluate the adsorption state and the orientation 

of nonanone molecules onto ZnO nanowires by pMAIRS 

[1] to understand the underlying mechanism for their 

different desorption temperatures. Figure 3 shows the 

pMAIRS spectra for nonanone molecules adsorbed on 

ZnO nanowire surface. In all molecules, the peak shifts 

of C=O at 1700cm-1 were clearly observed when 

compared with liquid reagents (data not shown), 

indicating the nonanone molecules adsorb on ZnO 

nanowire surface via C=O site. Furthermore, the peak 

intensity of out-of-plane (OP) vibration mode was much 

higher than the in-plane (IP) vibration mode commonly. 

This infers that the nonanone molecules are relatively 

lying onto ZnO nanowires. The difference between 3- 

and 4-nonanone and 2- and 5-nonanone is seen in COO 

bonding states around 1500-1600cm-1 which might 

evolve from C=O bonding. For 3s adsorption, the peaks 

for COO bonding are negligible for all molecules (data 
not shown) while they tend to be significant as increasing 

the adsorption time. Especially, COO related peaks in 3- 

and 4-nonanone are much higher than 2- and 5-nonanone, 

assuming that 3- and 4-nonanone are strongly bonded 

onto ZnO nanowire surface rather than 2- and 5-

nonanone. 

According to the results of both desorption 

temperature and adsorption states, we discuss the 

discrimination mechanism of nonanone molecules. In 

general, the molecules strongly adsorbed onto a solid 

surface should show higher desorption temperature. In 

our results, 3- and 4-nonanone showed lower desorption 

temperature to 2- and 5-nonanone although they are more 

strongly bonded on ZnO nanowire surface. Therefore, we 

speculate the following model to rationally explain above 

discrepancy. The adsorbed nonanone molecules feel 

various interactions such as molecule-to-surface 

interaction and molecule-to-molecule interaction. Since 

the desorption temperature of molecule on the solid 

surface is determined by these two interactions, the 
reduction of desorption temperature should be caused by 

the weakening of interaction to the adsorbed molecules. 

Considering that the adsorbed nonanone molecules have 

several layers, the molecule-to-molecule interaction in 

outer layers must be weakened when increasing the 

molecule-to-surface interaction of contact layer. As a 

result, the desorption temperature of 3- and 4-nonanone 

decreased despite their strong interaction to ZnO 

nanowire surface. In fact, lots of desorbed molecules 

originated from nonanone were observed over 350 °C for 
the desorption experiments of 3- and 4-nonanone, clearly 

showing the presence of strongly bonded nonanone 

molecules. Thus all our results highlight that the 

intramolecule kenone position can be discriminated by 

using surface-to-molecule interaction, which had been in 

principle difficult by conventional methodology, and 

pave a way for breath analysis by electrically 

discriminating various molecules via electronic sensor 

devices with an assist of pre-discrimination technique 

using oxide nanowire surface. 
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Fig 1. (a) Schematic of fabrication process for ZnO 

nanowires by hydrothermal method (b) Cross-

sectional FESEM image of ZnO nanowires. (c) EDS 

mapping (Zn-L, O-K) of a ZnO nanowire. 

Fig 2. Desorption temperature of each nonanone 

molecules with increasing the adsorption time. 

Fig 3. pMAIRS spectra of each nonanone molecules 

adsorbed on ZnO nanowire surface. 
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Abstract: Helical screw-tape insert has been proposed to improve the heat transfer coefficient of single-phase flow 

concentric tube heat exchanger. Helical screw insert is manufactured by twisting homogeneously a zinc strip of 0.25 mm 
thick over a 2.2 mm rod. Two different twist ratio (Y) of 2.5 and 4.1 have been introduced to investigate the heat transfer 

and friction factor characteristics of the flow. Water is used as a working fluid and maintained at a constant 

temperature of 60 oC. The experimental data are verified with the plain tube. The experiments are covered a range of 

Reynolds number between 5300 - 17,500. Under the similar conditions, the results showed that the Nusselt number, 

friction factor and thermal performance of the heat exchanger installed with helical screw insert are higher than those 

of the plain tube. Further, the smallest twist ratio (Y) yields the higher thermal performance factor of 1.96. 

  

Keywords: helical screw tape insert; twist ratio; friction factor; Nusselt number; Reynolds number 
  
1. INTRODUCTION  

An efficient heat-exchange device to fulfill the 

requirement of material and energy savings nowadays is 

given more attention from researcher. An attractive 

effort to accomplish this goal is called heat transfer 

enhancement. Heat transfer enhancement can be 

achieved by improving the heat transfer coefficient. 
Thus, the heat transfer mode is very strongly affect the 

performance of the enhancement technique [1]. 

Moreover, the increase of heat transfer rate is also could 

reduce the temperature driving force. Reducing the 

temperature driving force is increasing the second law 

efficiency and decreases the entropy generation [2]. In 

spite of increasing the heat transfer rate, this technique 

is also generating a high pressure drop. However, if this 

technique is appropriately applied, it could reduce the 

size and cost of using the heat exchanger.  

Some methods are introduced to obtain high heat 

transfer rate such as the passive, active and compound 
methods. Since the passive methods require no direct 

external energy, this technique is more popular 

compared to the other. The present work introduces 

passive method which is classified as swirl flow devices 

in the form helical screw tape insert. In general, the 

swirl flow devices could increase the heat transfer rate 

by developing the secondary flow. Strong swirling 

secondary flow generates the vortices with axes parallel 

to the main flow direction. Thus, a better mixing fluid 

can be achieved and revealed the high heat transfer rate. 

Previous experimental work is shown that the helical 
screw insert when it is applied at low Reynolds number 

gives similar low pressure drop as compare as twisted 

tape insert [3]. Sivashanmugam [4] experimentally 

studied heat transfer and friction characteristics of 

circular tube installed with full-length helical screw tape 

insert. Different twist ratio and spacer have been studied 

under laminar flow condition. In cooperation of heat 

transfer, the friction factor is also increase with the twist 

ratio. The results also show that the full length helical 

screw insert possess high heat transfer rate than the 

various spacer length. Sivashanmugam [5] is also 

conducted an experiment by using similar insertion 

under different experiment condition. Turbulent flow 

condition is compared with laminar condition which is 

investigated in the previous study. The helical screw 
inserts with spacer shows better performance in the 

turbulent flow due to the low friction factor. The effect 

of spacer length and twist ratio in the horizontal double 

pipe with full length helical screw insert is also 

presented by Ibrahim [6]. The results indicate that the 

different twist ratio and spacer have an effect on heat 

transfer and friction factor characteristics. Empirical 

correlations for Reynolds number, twist ratio and spacer 

length are also presented. Zhang [7] numerically studied 

the effect of helical screw-tape insert without core-rod. 

Various widths have been investigated under different 

inlet volume-flow rates in the ranges of 200 L/h to 500 
L/h. The results show that the wider helical is, the 

higher heat transfer would be. A work on heat transfer 

and friction characteristics by using helical screw-tape 

tape insert is also reported by Saha [8]. The experiment 

is conducted under laminar flow condition through a 

circular duct which has integral helical rib roughness. 

The major findings are the combination of helical 

screw-tapes insert with integral helical rib roughness 

achieve significantly heat transfer rate rather than acting 

alone.  

Application of helical screw-tape insert have been 
reported numerically by Song [9]. Helical screw-tape 

insert is employed in order to homogenize the absorber 

tube distribution temperature and improve the thermal 

efficiency. With the range of studied Reynolds number, 

the helical screw tape inserts are feasible to enhance the 

heat transfer inside the receiver. Roy [10] carried out 

experiments by combining the helical screw-tape inserts 

and wire coil inserts as a potential enhancement 
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technique. The results show that the combination of 

insertions performs a significant heat transfer rate 

compare to the individual insert devices. Numerical 

simulations are investigated by Sadeghi [11] to study 

the behavior of laminar convective heat transfer and 

nanofluids flows through a circular tube installed with 
helical tape insert. Different twist ratio of helical screw-

tape inserts and different types of nanoparticles are 

examined. The findings show that the decrease of twist 

ratio is increases the Nusselt number. Application of 

helical screw tape insert is also presented numerically 

by Rashidi [12]. The application is done by creating 

eccentricity between the centerlines of helical screw-

tape insert and tube. They reported that the increase of 

thermal entropy generations is much higher than the 

frictional. 

Much of work has been done to find the appropriate 

parameters which is affected the heat transfer and 
friction factor characteristics of the heat exchanger. 

Considering the earlier experiments, the changed in the 

twist ratio, spacer, width and the length of the helical 

screw-tape inserts has shown a significant effect of heat 

transfer characteristics. Most of earlier work are done 

by experimental and numerical study. However, the 

prediction correlation rarely has been reported. The 

present study is proposed a changed value of the twist 

ratio. The effect of two different twist ratio of 2.6 and 

4.1 on heat transfer and friction factor characteristics are 

experimentally investigated. The study is covered 
between low and high Reynolds number. Empirical 

correlations for Nusselt number, friction factor and 

thermal performance factor are also formed for 

explaining data.  

 

2. METHODOLOGY 

2.1 Experimental details 

The experimental facility consists of a test section, a 

fluid flow system (hot and cold water) and a set of 

measurement devices for pressure, temperatures, and 

water flow rate. Figure 1. is shown the schematic 

diagram of the experimental setup.  
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Cold water 

tank
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Figure 1. Schematic diagram of the experimental setup.  

Test section is a one pass concentric tube heat 

exchanger which is comprises of inner and outer tube. 

The inner tube has a 14.3 mm of inner diameter, 15.8 
mm of outer diameter and 2,527 mm of length. Outer 

tube has a 23.4 mm of inner diameter, 25.4 m of outer 

diameter and 2,110 mm of length. Thus, the gap size of 

the annulus side can be obtained from the differences 

between inner and outer diameter of the tube. Cold 

water fluid is flowed through this 3.8 mm of annulus 

side. Conversely, the hot water is flowing through at the 

inner tube side. Both of working fluids are on the 

counter flow direction. In this present study, the 

temperature of the cold water is kept at the ambient 

temperature of ±28oC while the hot water temperature is 

kept constant at ±60oC. The mass flow rate of the cold 

water is maintained at 0.1027 kg/s. On the contrary, the 

flow rate of the hot water is changed by adjusting the 
Rotameter within an accuracy of ±0.5% RD. The mass 

flow rate of hot water is controlled between 0.0329 kg/s 

to 0.0986 kg/s. In advance, based on the thermo 

physical properties of the bulk fluid temperature and 

inner diameter of the tube the Reynolds number can be 

calculated in the range of 5300 - 17,500.   

Figure 2. is depicted a set of thermocouple which are 

utilized to measure the wall temperatures of the outer 

wall of the inner tube, inlet and outlet temperatures of 

the hot water and inlet and outlet temperatures of the 

cold water. All the temperatures are measured by K-

type thermocouples within an accuracy of ± 0.1 K. 
Figure 2. is also depicted pressure measurement point 

which are attached at the inlet and outlet of the inner 

tube to measure the differential pressure. These two 

pressure taps are connected into the U tube manometer 

which is filled with water as working fluid.  

   
Pressure tap Pressure tapInsulation Outer tube Inlet tube

Th,out
Tc,in

Tw,1
Tw,2

Tw,3 Tw,4
Tw,5 Tw,6 Tw,7 Tw,8 Tw,9

Tw,10
Tc,out

Th,in

Thermocouple reader  
 

Figure 2. Details of measurement point of temperatures 

and pressure. 

To evaluate the intensification of the insertion, a 

comparative study with the plain tube (without 
insertion) is also conducted. Figure 3. is represented the 

insertion inside the inner tube. The insertion in the form 

of helical screw tape insert is made from zinc strip with 

5mm of width and 0.25mm of thick. In order to create 

helical screw, zinc strip is twisting over the 2.2mm of 

diameter steel core rod (d). Twist ratio (Y) of the helical 

screw tape insert is defined by the ratio of pitch (P) into 

twist diameter (W). Pitch (P) of helical screw tape insert 

is modified in the value of 30 mm and 50 mm under 

constant W of 12.2 mm. Hence twist ratios (Y) of the 

helical screw tape insert are obtained at 2.5 mm and 4.1 
mm, respectively.     
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Figure 3. Geometrical view of helical screw insert.  

All the experiments are performed under the similar 

condition. Furthermore, data are collected at the steady 

state condition and recorded with time interval of 10 

minutes.  
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2.2 Data analysis 
 

Heat transfer rate from hot water in the inner tube can 

be calculated by: 

)( ,,,

.

ohihhphh TTCmQ   (1) 

where, ṁh is the mass flow rate of hot water, Cp,h is the 
specific heat of hot water, Th,i and Th,o are the inlet and 

outlet temperatures of hot water, respectively. 

Heat transfer rate from cold water side in the annulus is 
obtained from: 
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where, Tw,o is the average of the outer wall inner tube 
temperatures. Tw,o is calculated by: 

10
,


 w

ow
T

T  (3) 

and Tb,o is the bulk cold temperature. All the fluid 
thermophysical properties are calculated at this 

temperature. Tb,o is obtained by:  
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hence, the Reynolds number can be defined as: 



 iud
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Considering the differences between equation (1) and 
(2), the convective heat loss can be computed by: 

Qloss = Qh - Qc (6) 

Further, an average heat transfer rate between hot and 
cold water is calculated by: 
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Overall heat transfer is computed according to the 
following way: 
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where ΔTLMTD is the logarithmic mean temperature 

difference which is defined by: 
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Convective heat transfer coefficient can be computed as: 
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Thus, mean Nusselt number can be evaluated as:  

i
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where, ki is the thermal conductivity of water. 

Friction factor based on inside diameter is defined as: 
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A performance evaluation under constant pumping 
power can be utilized to clarify the effect of 

enhancement devices inside the tube [13]. This term is 

well known as thermal performance factor () of the 
system. It is defined as the comparison between heat 

transfer enhancement ratio and friction factor ratio of 

the tube fitted with insertion to the plain tube which can 

be written as follows:   

31)/()( ptpt ffNuNu                      (13) 

3. RESULTS AND DISCUSSION 

3.1 Validation 

For validating the experimental facility, a preliminary 

experiment has been performed on a plain tube. The 

results obtained from the present is checked out with the 

standard correlations. Heat transfer characteristic in the 

term of Nusselt number is compared to the standard 
correlation proposed by Gnilienski [14]. Nusselt number 

correlation from Gnielinski is written as:                                 
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for 103 < Re < 5 x 106. 

The fluid flow characteristic of present study is 

expressed as a function of the friction factor. Standard 

correlation proposed by Blasius 15 is employed to 
confirm the validity of the facility. Friction factor 

correlation from Blasius is expressed by: 

f  = 0.3164 x Re-0.25   (15)
    

for 4 x103 < Re < 105. 

Figures 4 and 5 are displayed the verification of the heat 
transfer characteristic in Nusselt number expression and 

fluid flow characteristic in friction factor representation, 

respectively.  
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Figure 4. Verification of Nusselt number for plain tube. 

As it shown in Figs. 4 and 5, the experimental data is in 
accord with the standard correlation. The deviations are 

revealed around 7.9 % and 1.7% for Nusselt number 

and friction factor, respectively. 
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Figure 5. Verification of friction factor for plain tube. 

 

3.2 Heat transfer characteristic 

Under the turbulent flow regime, the effect of the twist 

ratio of the helical screw tape insert on heat transfer 

characteristics is represented in Fig. 6. With the rising 

of Reynolds number, the Nusselt number is also 

increase for all variation. These results are consistent 

with our previous study [16,17,18]. The increase of 

Reynolds number is leading to the increase of turbulent 

intensity which is amplified the convective heat transfer. 

  

 
Figure 6. Effect of twist ratio on Nusselt number. 

 

Figure 6. is also shown the comparison between the tube 

equipped with helical screw insert and plain tube. At the 

equal Reynolds number, the Nusselt number obtained 

from the tube with helical screw tape insert is higher 

than those of plain tube. This can be attributed to the 
swirling effect from the helical screw tape insert, thus 

the temperature and pressure gradients in the radial flow 

direction is becomes higher. Furthermore, the 

centrifugal forces have the considerably effect to 

enhance heat transfer rate. This forces could induce the 

rapid mixing fluid between the core region and the fluid 

at the wall region [19]. It is also noteworthy from Fig.6, 

that the twist ratio has important influence to the heat 

transfer rate. The smallest twist ratio is the higher heat 

transfer rate occurs. The details comparison of heat 

transfer obtained from the different twist ratio of 2.5 and 

4.1 to the plain tube are found as 170% and 121% 
higher than those of the plain tube, respectively. 

 

 

3.3 Friction factor characteristic 

The friction characteristic of helical screw tape insert 

with various twist ratio is shown in Fig.7. With the 

increase of the Reynolds number, all the friction factor 

indices are decreased. This phenomenon indicates that 

in the low Reynolds number the thermal resistance has 
the dominant effect to the friction factor. Comparing 

with the plain tube, the tube with helical screw tape 

insert has a greater friction factor. It can be explained 

that the presence of the helical screw tape insert has a 

large contact area than the plain tube. This is also due to 

the existence of the swirl flow and dissipation of the 

dynamic pressure of the fluid because of the high 

viscosity loss near the tube wall [20]. The friction factor 

value of the helical screw tape insert with different twist 

ratio of 2.5 and 4.1 is increases up to 309.5% and 

234.7% compared to the plain tube, respectively.   

 

 
Figure 7. Effect of twist ratio on friction factor. 

 

3.4 Thermal performance factor 

The performance evaluation of the enhanced tube is 

defined as the ratio of the heat transfer enhancement and 

friction factor intensification at equal pumping power as 

shown in Eq. 13. To evaluate the performance, plain 

tube is utilized as the reference value. The 

intensification of heat transfer due to the presence of 

helical screw tape insert is plotted in Fig.7.  

 

0.4

0.8

1.2

1.6

2.0

2.4

2000 6000 10000 14000 18000

ƞ

Re

Y = 2.5 

Y = 4.1 

 
Figure 7. Effect of twist ratio on thermal performance 

factor. 

As shown the thermal performance factor is gradually 

falls down with the increase of Reynolds number. This 
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phenomenon indicates that the effect of helical screw 

tape insert is more crucial at low Reynolds number. The 

thermal performance factor for the tube with helical 

screw tape insert is in the value of 1.96 and 1.1 for twist 

ratio of 2.5 and 4.1, respectively. The performance 

value more than one indicates that the heat transfer 
enhancement is higher that the reference tube at equal 

pumping power consumption.   

 

3.5 Empirical correlations 

An empirical correlation are proposed to predict the 

Nusselt number, friction factor and thermal performance 

factor. These correlations are developed by considering 

the Reynolds number, Prandtl number and also twist 

ratio from the experimental data. Three correlations are 

arranged as follows:  

Nu = 0.525 Re0.595 Pr0.3 (Y)-0.297              (16)

    
 f = 4.628 Re-0.344

 (Y) -0.422              (17)

   

 = 43.015 Re-0.329 (Y) -0.305              (18) 
Figures 8, 9, and 10. are show the comparison between 

the experimental results and the predicted results of the 

dimensionless parameter. It can be observed that the 

experimental results are in accordance with the 

predicted results. The differences are lies between 

±1.5%, ±1% and ±1.2% for the predicted Nusselt 

number, friction factor and thermal performance factor, 

respectively. 
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Figure 8. The differences between present Nusselt 

number and predicted Nusselt number. 
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Figure 9. The differences between present friction 

factor and predicted friction factor. 
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Figure 10. The differences between present thermal 

performance factor and predicted thermal 

performance factor. 

 

4. CONCLUSIONS 

An experimental study is performed to obtain the heat 

transfer and fluid flow characteristics of one pass 

concentric tube heat exchanger fitted with helical screw 

tape insert. Three empirical correlations are also 

proposed in order to predict the Nusselt number, friction 

factor and thermal performance factor. Two different 

twist ratio of 2.6 and 4.1 are presented. Based on the 

analysis the following conclusions can be obtained: The 

Nusselt number and friction factor are increased with 
the reduce of twist ratio. The helical screw-tape insert is 

more effective in laminar region than the turbulent 

region. The predicted results are well matched with the 

present data obtained with the discrepancy of ±1.5%, 

±1% and ±1.2% for the predicted Nusselt number, 

friction factor and thermal performance factor, 

respectively.   
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NOMENCLATURE 

Ai inner surface area of the inner tube (m2) 

Ao outer surface area of the inner tube (m2) 

Cp specific heat capacity (J/kg.K) 

di inner diameter of the inner tube (m) 

do outer diameter of the inner tube (m) 

Di inner diameter of the outer tube (m) 

Do outer diameter of the outer tube (m) 

f friction factor (dimensionless) 
ft friction factor of the inner tube with helical 

screw tape insert (dimensionless) 

fp friction factor of the plain tube (dimensionless) 

hi
 average convective heat transfer coefficient of 

the inner tube side (W/m2.K) 

ho average convective heat transfer coefficient of 

the annulus side (W/m2.K) 

hp average convective heat transfer coefficient of 

the plain tube (W/m2.K) 

ht average convective heat transfer coefficient of 

the inner tube with helical screw tape insert 
(W/m2.K) 

ki thermal conductivity of hot water (W/m.K) 
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kp thermal conductivity of the inner tube material 

(W/m.K) 

L length of the inner tube (m) 

Nup average Nusselt number of the plain tube 

(dimensionless) 

Nui average Nusselt number of the inner tube side 
(dimensionless) 

Nut average Nusselt number of the inner tube side 

with helical screw tape insert (dimensionless) 

Pr Prandtl number (dimensionless) 

Qh heat transfer rate from the hot water in the 

inner tube (Watt) 

Qc heat transfer to the cold water in the annulus 

(Watt) 

Re Reynolds number (dimensionless) 

t aluminum strip thickness (m) 

Tb bulk water temperature (K) 

Tc cold water temperature (K) 
Th hot water temperature (K) 

Tw
 outer wall inner tube temperature (K) 

u velocity of hot water in the inner tube (m/s) 

Ui overall heat transfer coefficient based on the 

inner tube inside surface area (W/m2.K) 
.

V  volumetric flow rate of fluid (m3/s) 

 

Greek symbol 
α slant angle (o) 

 density of hot water (kg/m3) 

 dynamic viscosity of hot water (kg/m.s) 

 thermal performance factor (dimensionless) 

P pressure drop across the inner tube (Pa) 

TLMTD logarithmic mean temperature difference (K) 
 

Subscripts 
ave average 

c cold 

h hot 

i inlet 

o outlet 
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Abstract: Refrigeration system for supermarket applications significantly contributes to direct and indirect global 

warming. The aim of this analysis is to present a methodology of assessing such systems in terms of refrigerants, 

machinery and operational protocol to minimize the total equivalent warming impact (TEWI). Air-cooled refrigeration 
system is analyzed for low temperature (LT) evaporation (–20°C) and medium temperature (MT) evaporation (0°C) 

with condensation at 40°C. The effects of suction superheat and subcooling have also been accounted for. Various 

refrigerants such as HFC 134a, HFC blend 410A, HFO 1234yf and CO2 are considered as working fluids for catering 

to a LT load of 50 kW and MT load of 250 kW. TEWI have been assessed and compared for these refrigerants and their 

combinations. A quantitative analysis of economic loss due to refrigerant leakage has also been performed. 
 

Keywords: environmental impact; GWP; HFC; HFO, transcritical carbon dioxide. 
 

1. INTRODUCTION  
 

Air conditioning, heating and refrigeration demands of 
supermarkets are the primary reasons of extensive 

energy consumption of the world [1,2]. A typical 3700-

5600 m2 supermarket of sales area consumes about 2-3 

GWh of electricity annually [3]. The electricity used for 

driving cooling system [4] is predominantly derived 

from fossil fuel- (such as coal, natural gas) based power 

plants [5] which primarily release global warming gases 

like CO2. Although alternative electricity generations 

such as nuclear, solar, windmill etc. are free from such 

encumbrance, their contribution to the grid is small [6]. 

GWP arising due to electricity consumed on site is 
considered as indirect emission [2,7,8]. In the case of 

supermarkets, a more serious source of emissions is the 

refrigerant leakage. Rightly, its impact is regarded as 

direct emission of global warming gases [1,9,10]. 

Current levels of leakage are around 10-15% of stock on 

site per year [11]. It is also necessary to emphasize that 

the fluorocarbon refrigerants currently in vogue 

leverage that impact by factors a few 1000’s. Logically, 

the environmental performance indicator for a 

supermarket must be assessed through the total 

equivalent warming impact (TEWI) which is the sum of 

direct and indirect emissions [12]. From the above 
perspectives, the present study analyzes TEWI for 

supermarket refrigeration systems using various 

refrigerants including most commonly used HFCs, 

potential futuristic HFO refrigerant and low GWP 

natural refrigerant.  
 

2. ASSESSMENT PROCEDURE 

A typical super market refrigeration system has several 

display cases for various refrigerated items such as 
vegetables, fish, meat, beverage, ice-cream. Each case is 

serviced by a separate evaporator. Compressor racks are 

housed in a plant room and the condensers are normally 

located on the roof. Liquid refrigerant from the 

condenser is often stored in a receiver. Obviously, liquid 

refrigerant flows a long distance from the plant room to 

the expansion valve which is located close to the 

evaporator. TEWI is the sum of direct and indirect GWP 

discharged from a system. The following equation is 

used for the assessment of TEWI [13]: 
 

TEWI = (GWP × La × n) + (Ea × β × n) ….(1) 
 

Table 1. Problem statement and assumptions 

MT cooling load (Tevap = 0°C) 250 kW 

LT cooling load (Tevap= –20°C) 50 kW 

Condensation (Tcon) /gas cooler 
outlet temperature  

40°C 

Suction gas superheat (K) 10 K 

Liquid subcooling (K) 10 K 

Operation time (hours/day) 6 hours/day 

Refrigerants HFC 134a, HFC blend 

410A, HFO 1234yf, CO2 
GWP values for refrigerant 

Leakage (kg eq CO2/kg) 

1300 (HFC 134a), 2088 

(HFC blend 410A), 4 
(HFO 1234yf), 1 (CO2) 

[14–18] 
Percentage of leakage from 

initially charged amount per year 

10% for HFC 134a and 

HFO 1234yf, 12% for 
HFC blend 410A, 15% 

for CO2 
GWP for electricity production 

in Japan (kg eq CO2/kWhr) 

0.571 [19,20] 

Initial refrigerant charging 

amount (kg) 

2 kg for per kW cooling 

load [21]  
Refrigerant price ($/kg) HFC 134a ›› 15; HFC 

blend 410A ›› 16;  
R1234yf ›› 150; CO2 ›› 2 

($/kg) [22,18] 

mailto:saha.baran.bidyut.213@m.kyushu-u.ac.jp
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RESULTS AND DISCUSSION 
 

The P-h diagram and refrigeration cycle of HFC 134a 

compressor operation modes are shown in Fig. 1. The 

diagrams have been produced based on the 

manufacturer’s data sheet and thermophysical properties 

of the refrigerants obtained from REFPROP v.9.1 [30]. 

A practical supermarket refrigeration system invariably 
has suction gas superheating as the vapour flows from 

cases to the compressor and also require adequate liquid 

subcooling to avoid flashing of refrigerant between the 

receiver in the plant room and the expansion valve. 

These collateral issues cause an increase of the 

electricity consumption which can be calculated from 

the manufacturers’ data sheets. This electricity 

production contributes to the global warming indirectly. 

  

 

 

 
 

 

 

 

 

 

 

 

 

 

 
Fig. 1: P-h diagram of refrigeration cycles with suction 

gas superheating and liquid subcooling for HFC 134a 

for LT and MT; 4'-1 or d'-a: evaporation; 1-1' or a-a': 

suction superheating; and 1'-2" or a'-b": compression; 

2"-3 or b"-c: condensation; 3-3' or c-c': liquid 

subcooling; 3'-4' or c'-d': expansion 
 

Indirect emission and direct emission have been 

calculated and combined to get the total equivalent 

warming impact which is depicted in Fig. 2. Evidently, 

HFCs have highest direct emission due to high GWP 

values. On the other hand, direct emission of HFO 

1234yf and CO2 is negligible. However, indirect 

emission for CO2 system is highest because it operates 

in transcritical state and consumes more electricity than 

the other refrigerants. Apparently, HFC blend 410A 
compressors originates highest and HFO1234yf 

compressors have the lowest TEWI. 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

Fig. 2: TEWI for various refrigerants 

 

The economic loss due to the refrigerant leakage per 

annum is shown in Fig. 3. HFO 1234yf is a relatively 

new refrigerant and much costlier than the other 

refrigerants.  Thus economic loss to refill HFO 1234yf 

system is much higher than other refrigerants. HFC 

refrigerants leakage loss is moderate and comparable. 
On the other hand, CO2 is much cheaper and economic 

loss is also much lower. 

 
Fig. 3: Economic loss per year due to refrigerant 

leakage 
 

TEWI calculations were supplemented with apportion 

of power distribution at various sections of the 

compressor-motor ensemble. Power distribution on 

various section of the compressor is depicted in fig. 4.  

 
 
 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
Fig. 4: Power distribution of a 27.7 kW (LT) 

compressor with HFC 134a refrigerant. 
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Most commercial compressors are semi-hermetic direct 

drive types. Power consumption for various operating 

conditions can be obtained from manufacturers’ data 

sheets. Apportioning of losses is done on following 

basis:  
 

a) Losses in motor due to windage, friction and heating 

of windings 

b) Losses in compressor due to pressure drops across 

reed valves, non-isentropic compression (friction and 

heating) 
c) Losses arising out of suction gas superheating 
 

The general equation for calculating the power input can 

be written as: 
 

P  = ṁ × ∆h ………… (2) 
 

Where Δh can be calculated using inlet and outlet 

enthalpies of operating conditions such as superheat, 

without superheat, isentropic and non-isentropic 

compression. 
 
 

3. CONCLUSION 

TEWI assessments have been conducted for 
supermarket refrigeration system using HFC 134a, HFC 

blend 410A, HFO 1234yf and CO2 refrigerants for LT 

and MT cooling loads. HFO 1234yf compressors for 

MT and LT have the lowest TEWI because of low GWP 

value and high COP in the operating condiotions. HFC 

blend 410A compressors/chillers for both LT and MT 

have the highest TEWI. However, economic loss due to 

refrigerant leakage is maximum for HFO 1234yf system 

because the refrigerant is relatively new and expensive. 

On the otherhand, loss is minimum for CO2 system 

because of the abundance availability. Thus, CO2 
compressors with conceivably high COP can be an 

appropriate substitute of HFC compressors in the future. 

Another alternative could be HFO mixtures. Since HFO 

1234yf is flammable and expensive, binary mixture of 

HFO 1234yf with relatively low GWP and lower price 

refrigerant such as R32 can be a promising alternative 

of supermarket refrigeration systems. Since an 

enormous amount of energy (2-3 GWh annually) is 

utilized in a supermarket refrigeration system using 

refrigerants such as HFC 134a, HFC blend 410A, HFO 

1234yf, CO2 etc. with high TEWI, the contribution to 
the global warming by this industry is rather significant. 

Clean technology such as solar, wind, hydroelectricity 

or fuel cell is crucial to avoid this colossal indirect 

emission.  
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Abstract: Image-guided surgery (IGS) is used in any surgical procedure where the optical image tracking, of the 

reference markers, indirectly guide the procedure. This paper proposed an optimal estimation algorithm to be used in 

image-guided surgery system to estimate the position of the undetected reference markers in space. Matlab simulation, 

using Kalman filter algorithm, on the proposed system showed an enhancement of the position accuracy of the colored 

reference markers less than 2.53mm root mean square error performance at the distance from 770 to 970 mm. The root 

mean square error of the three angles (α, θ, φ) was enhanced by less than 1.32 degree. Eventually, positioning 

estimation of undetected marker based on Kalman filter enhances the capabilities of image-guided surgery system.  

 

Keywords: Kalman Filter; Image-guided Surgery; Colored Reference Markers; Positioning Estimation. 
  
 

1. INTRODUCTION  

Image-guided surgery (IGS) system uses computer 

technology for surgical planning, and for performing or 

guiding surgical interventions. In at-risk sinus surgery: 

sinus cavity revision, extensive inflammatory disease, 

sinus cavity revision, and frontal sinus, nasosinal tumor 
surgery, posterior ethmoid or sphenoid, it will be very 

useful to use IGS system. It can provide supplementary 

information that cannot be found in the conventional 

tools [1]. Despite the accuracy found in the previous 

researchers' works, their medical instruments have 

limited movement because of the references that are 

being used in the operations. However, in this paper, we 

optimize and estimate the positioning of undetected 

marker using Kalman filter for colored reference 

markers based.  

1.1 Working Mechanism of IGS 

In the IGS tracking system there is a stereo camera, an 
infrared light source and at least one medical appliance 

controllable via infrared signals or operative to 

exchange data via infrared signals. Surgeon uses 

medical appliance, which is connected to the IGS 

system to touch a specific position on the patient's body. 

This position can simultaneously be shown in the 

images taken from this patient. Thus the surgeon can 

use the medical instrument to navigate in the images of 

the patient by moving that medical instrument. 

Accordingly, the position of the patient's body target 

and the position of the medical tools are calculated 
simultaneously in real-time. Fig. 1 presents the 

architecture of IGS system that used in the work of [2]. 

 

2. METHODOLOGY 

After acquiring the image from the stereo cameras in 

real time, the first step to be done is to detect the 

colored objects in an image. Image pre-processing starts 

by adjusting the focus of the cameras. Then, start to 

downsampling the video stream to 640x480 pixel. 

Sharpening the image by high pass filter is the next step 

to be performed to expedite the detection and tracking 

process of the circular objects in the image. 

 
Fig. 1. The architecture of the IGS proposed system, [2]. 

 

The image then has to be colored segmented, by 

subtracting the gray image frame from the RGB layers 

frames, in order to detect the colored objects in the 

image. A 3x3 median filter has applied on the image to 
wash out it from any unwanted noise. Image 

binarization will be the next step. We apply blob 

detection analysis on the image to find the centroid for 

each marker. By setting the proper minimum and 

maximum blob area, we can get the centroids for all the 

determined blobs. To avoid any unwanted blob 

detection, a MATLAB algorithm has set to eliminate 

any unwanted blobs by choosing only the three RGB 

blobs that are close to each other in distance. After that, 

we calculate the exact position for all markers based on 

the concept of motion parallax and trigonometry as 
shown in Fig.2. Fig. 2. (a) shows the sight of two 

images from the stereo camera, whereas Fig. 2. (b) 

illustrates the trigonometry for calculations to find x, y, 

z coordinates for each marker in space.   
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                               (a)                                 (b) 

Fig. 2. Schematic diagram of the stereo camera. 

 

After the calculations, we can find x,y,z coordinates for 

each marker from these equations (2.1), (2.2), (2.3): 

 

                     (2.1) 

 

                     (2.2) 

 

                     (2.3) 

Where, 

f: Focal length of the camera. 

B: Distance between the two cameras. 

UL, UR:  Object displacement. 

M1: x,y,z position of the marker 1. 

XL, XR: Projection of M1on an image in the X-axis. 

YL, YR: Projection of M1on an image in the Y-axis. 

 

The average of the squares of the error which 

is the population variance between the 

estimator ( ) and what is estimated can be 

found from this equation (2.4), [3]: 
 

 

(2.4) 

 

3. RESULTS AND DISCUSSION 

The system is implemented using MATLAB 2012a on a 

standard PC hardware. The camera type that used in this 

work is UI-1240LE-C, 1.3MP e2v Global shutter, with 

12.5mm HF12.5HA-1B. During the evaluation, certain 

criteria have been considered, such as the light 

conditions, the background, the camera type, the 

marker’s color and diameter size. The scene was non-

crowded and the white background has chosen. 

3.1 Linear Regression Calculation  
Table 1, indicates the value of the confidence interval 

(%): 95, and the tolerance is 0.0001. The correlation 

matrix is shown in Table 2, where predictions and 

residuals are shown in Table 3. Fig. 3, shows the linear 

regression after modeling the data via XLSTAT2014 

software, where the RMSE is 2.53mm. Fig. 4 illustrates 

the regression of Z-axis error (mm) by Distance (mm) 

(R2=0.914).  

 

Table 1. Confidence interval (%): 95, Tolerance: 1E-4  
Variable Observations Obs. with missing data Obs. without missing data Minimum Maximum Mean Std. deviation

Z-axis error
(mm) 11 0 11 1.000 9.000 4.818 3.027

Distance (mm) 11 0 11 770.000 970.000 870.000 66.332  
 

Table 2. Correlation matrix: 

Variables Distance (mm)
Z-axis error

(mm)

Distance (mm) 1.000 0.956

Z-axis error
(mm) 0.956 1.000  

 

Table 3. Predictions and residuals. 

Observation Weight Distance (mm)

Z-axis 

error

(mm)

Pred(Z-

axis 

error

(mm))

Residual
Std. 

residual

Studentized 

residuals

Std. dev. 

on pred. 

(Mean)

Lower 

bound 

95% 

(Mean)

Upper 

bound 

95% 

(Mean)

Std. dev. on 

pred. 

(Observation)

Lower bound 

95% 

(Observation)

Upper bound 

95% 

(Observation)

Obs1 1 770.000 1.000 0.455 0.545 0.584 0.707 0.527 -0.738 1.647 1.073 -1.972 2.881

Obs2 1 790.000 1.000 1.327 -0.327 -0.350 -0.401 0.454 0.300 2.355 1.039 -1.023 3.677

Obs3 1 810.000 3.000 2.200 0.800 0.856 0.942 0.388 1.322 3.078 1.012 -0.089 4.489

Obs4 1 830.000 2.000 3.073 -1.073 -1.148 -1.229 0.333 2.319 3.827 0.992 0.829 5.316

Obs5 1 850.000 3.000 3.945 -0.945 -1.012 -1.067 0.295 3.277 4.614 0.980 1.729 6.162

Obs6 1 870.000 4.000 4.818 -0.818 -0.876 -0.919 0.282 4.181 5.455 0.976 2.611 7.025

Obs7 1 890.000 7.000 5.691 1.309 1.401 1.477 0.295 5.023 6.359 0.980 3.474 7.907

Obs8 1 910.000 7.000 6.564 0.436 0.467 0.500 0.333 5.810 7.318 0.992 4.320 8.807

Obs9 1 930.000 8.000 7.436 0.564 0.603 0.663 0.388 6.558 8.315 1.012 5.148 9.725

Obs10 1 950.000 9.000 8.309 0.691 0.740 0.846 0.454 7.282 9.337 1.039 5.959 10.659

Obs11 1 970.000 8.000 9.182 -1.182 -1.265 -1.532 0.527 7.990 10.374 1.073 6.755 11.608  
 

 
Fig. 3. Linear regression to RMSE of 6 mm RGB 

marker at distance from 770 mm to 970 mm on Z-axis. 

 

 
Fig. 4. Regression of Z-axis error (mm) by Distance 

(mm) (R2=0.914) 

 

4. CONCLUSION 

In summary, this paper shows that the proposed 

detection and tracking method worked very well in non-

crowded environment. An approach for tracking of 

colored reference markers for IGS system in a real time 

has been developed. Using Kalman filter to estimate the 

position of undetected marker for colored reference 
markers based showed a very good accuracy of 2.53mm 

RMSE performance at the distance from 770 to 970 mm 

and 1.32 degree RMSE of the three angles (α, θ, φ). 
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Abstract: Adsorption cooling technology is considered as one of the main players in protecting the earth through the 

using of environmental benign refrigerants and low-grade energy as the power supply. In this study, consolidated 

composite adsorbents of silica gel powder (SGP) and different percentage of Polyvinylpyrrolidone (PVP) as a binder 

have been developed. The aim of this research is to study the effect of using PVP on the porous properties and thermal 
conductivities of SGP composites. Also, to minimize the binder percentage required in order to avoid the negative effect 

of binder on SGP porous properties. The porous properties of SGP composites with different percentages of PVP are 

measured experimentally. The results showed that only 2 % of PVP is enough to make good SGP consolidated 

composite without highly affecting its porous properties. In addition, the thermal conductivities of SGP and SGP, 2% 

PVP composite are experimentally measured and compared. 
  
 

1. INTRODUCTION  
Due to environmental concerns and constraints, there is 

an urgent need to replace the conventional vapor 

compression refrigeration systems with environmentally 

benign systems. Thermally driven adsorption cooling 

systems appear to be promising alternative for 

refrigeration and air conditioning applications. The 

advantages of adsorption refrigeration systems include 

the absence of moving parts, maintenance free, suitable 

for mobile applications, appropriate for the applications 

with serious vibration, can be powered by low-grade 

heat sources, such as solar energy or waste heat, and has 
simple design [1, 2]. Silica gel/water is considered to be 

a suitable pair for thermally driven adsorption cooling 

and desalination applications [3]. Researchers working 

on enhancing heat and mass transfer in the adsorber heat 

exchanger [4]. Composite adsorbents seem to be one of 

the most promising solution to overcome this problem. 

 

2. EXPERIMENTS 

In this work the materials used to prepare the 

consolidated composites are (1) silica gel powder (SGP) 

RD type, supplied by Fuji Silysia Chemical Ltd., Japan.  

(2) Polyvinyl pyrrolidone (PVP) supplied by Sigma-
Aldrich Chemistry Co., USA.  (3) water. To prepare the 

silica gel composite samples; firstly, SGP is heated in 

the oven to remove the moisture content. Secondly, the 

dried SGP has been mixed with the water binder 

solution and compressed at 5 MPa pressure. Finally, the 

composite sample is dried to remove the water. The 

preparation process of the consolidated composites is 

shown in Fig. 1. 

 

  
Fig. 1. The preparation process of the consolidated 

composites. 

 

3. RESULTS AND DISCUSSION 

3.1 Effect of PVP amount on SGP porous properties 

Different amount of PVP binder are used to prepare 

SGP consolidated composites. The porous properties of 

the studied composites including total surface area, total 

pore volume and pore size distribution have been 

determined using surface characterization analyzer with 

Nitrogen as adsorbate at 77 K. Fig. 2. shows N2 
adsorption/desorption isotherms for SGP with different 

percentages of PVP. It is evident from the figure that 

increasing the binder percentage reduces the adsorbed 

amount of N2. Table 1 shows the composition, BET 

surface area and total pore volume of the studied SGP 

consolidated samples. From table it can be clearly seen 

that, the reduction in BET surface area and pore volume 

of SGP in not so high. Additionally, PVP proves to be 

good binding material for SGP with only 2 wt%. So, we 

can minimize the negative effect of binding material on 

SGP porous properties by using only 2 wt% of PVP. 
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Fig. 2. N2 adsorption/desorption isotherms of silica gel 

powder PVP composites. 

 
Table 1. Composition and porous properties of SGP 

consolidated samples. 

Sample 

composition 

Total surface 

area [m2 g-1] 

Total 

pore 

volume 

[cm3 g-1] 

SGP 601±15 0.284 

SGP, PVP 2wt% 572± 12 0.274 

SGP, PVP 5wt% 558 ± 12 0.262 

SGP, PVP 7wt% 550 ± 11 0.257 

SGP, PVP 10wt% 520 ± 12 0.252 

 

3.2 Thermal diffusivity measurements 

The effect of 2wt% of PVP binder on the thermal 

diffusivity and conductivity of SGP have been 

investigated. The NETZSCH LFA 457 MicroFlash 

system is used to measure the thermal diffusivity of the 

prepared composite sample. Fig. 3 shows the schematic 

diagram of the measuring part of the system. Composite 

adsorbent samples have been prepared as thin cylinders 

to be suitable for the sample holder of the measuring 

apparatus. The measurements have been carried out at 

atmospheric condition and constant temperature of 
25 °C. 

 

 
Fig. 3. Schematic design of LFA 457 MicroFlash 

system [5]. 

 

To study the effect of PVP binder on the thermal 

diffusivity of SGP composite, a sample of SGP with 

only 2wt% PVP is prepared at 911 kg m-3 packing 

density. The thermal diffusivity of the SGP and SGP 

PVP 2wt% are measured and compared as shown in Fig. 

4. The results showed that the thermal diffusivities of 

SGP and SGP PVP 2wt% composite are 0.16×10-6  and 

0.189×10-6 m2 s-1, respectively. Also, the thermal 

conductivity is presented in Fig. 4. PVP binder works as 

adhesive material and reduces the void volume for the 
composite sample, so, the thermal conductivity 

increased as shown in Fig. 4.   
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Fig. 4. Thermal diffusivity and conductivity of SGP and 

SGP 2wt% PVP composite. 

 

4. CONCLUSIONS 

From this study the following can be concluded: 
1. PVP binder proves to be suitable for SGP 

composites for cooling application with low 

negative effect on total surface area and pore 

volume. 

2. A Small amount of PVP (2wt%) is enough to 

prepare SGP consolidated composite suitable for 

adsorption applications. 

3. SGP thermal conductivity can be increased by 32% 

by making SGP composite with only 2wt% PVP 

binder. 
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Abstract: The heat exchanger of an adsorption system comprises of an adsorber bed filled with porous 

granules/particles. Refrigerant vapor enters the adsorption chamber at evaporator pressure and gets adsorbed by the 

bed, releasing heat of adsorption. In the present study a 2-dimensional transient heat and mass transfer modeling is 
carried out to simulate the adsorption dynamics of ethanol on loosely packed activated carbon (Maxsorb III) bed. The 

model is first verified with experimental results available in literature and then utilized to observe the effects of 

activation energy and domain size on adsorption dynamics. The results indicate that for lower values of activation 

energy, the adsorption dynamics can significantly deviate from that estimated by lumped Linear Driving Force (LDF) 

equation. Furthermore, domain aspect ratio also plays an important role in adsorption dynamics, which can be 

attributed to their pressure drop characteristics.  

 

Keywords: Activation energy; adsorption; CFD; heat exchanger. 
  
 

1. INTRODUCTION 

Adsorption refrigeration has gained popularity due to its 

effective utilization of low grade waste heat for cooling 

production. This system can be run by simple flat plate 

or evacuated tube solar collectors, that can produce heat 

at a temperature of 52 to 80 °C [1,2]. The growing 

interest in the technology attracts scientists to do 

extensive research on different adsorption pairs. 

Research efforts have been carried out to analyze the 
adsorption kinetics of various adsorbent-adsorbate pairs 

[3–8]. El Sharkawy et al. [9] investigated the adsorption 

isotherm and kinetics of ethanol onto highly porous 

activated carbon, commercially named as Maxsorb III. 

On the other side, simulation studies have been carried 

out by the researchers to analyze the heat and mass 

transfer within the adsorption heat exchanger bed [10–

13]. The objective of the present study is to numerically 

investigate the applicability of experimentally derived 

kinetics parameters in designing a real adsorber bed. In 

order to accomplish this, ethanol-Maxsorb III pair is 
chosen in the current study and a simulation model is 

prepared in Fluent 16.0 to perform parametric analysis. 

 

2. MODELLING 

2.1 Domain 

For the model a rectangular domain is chosen to 

simulate the adsorption process as depicted in Fig.1. 

Domain width (b) represents half of the fin spacing and 

the height (h) represents the fin height. 

In the present study two different domains having the 

same area but different aspect ratios are taken into 

consideration, they are, (i) h×b = 4.5mm×2mm; and (ii) 
h×b = 9mm×1mm and from hereon they will be denoted 

by domain 1 and domain 2 respectively. 

 

Walls Symmetry

Vapor inlet Vapor inlet

Domain 

Boundary

Adsorber

bed

b

h

 
Fig. 1. Domain of the simulation model with boundary 

conditions. 

 

 

2.2 Operating conditions 

The adsorber domain is initially at a temperature of 

303.15 K and that temperature is also maintained at the 

isothermal walls. The top of the domain experiences a 

pressure jump from 1.71 kPa to 2.25 kPa which initiates 
the adsorption process. 

 

2.3 Assumptions 

1. The walls are maintained at a constant temperature 

of 303.15 K. 

2. Darcy model for flow through porous media is 

adopted.  

3. Thermal equilibrium model for porous media is 

incorporated i.e. ethanol vapor and Maxsorb III bed 

are assumed to be at same temperature. 

4. The bed porosity, ε and viscosity of ethanol vapor, 
μ are assumed to remain constant throughout the 

process. 
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5. The ethanol is assumed to behave like an ideal gas, 

since for the conditions in the current study, its 

compressibility factor is found to be 0.99. 

6. The variation of heat of adsorption hads with the 

ethanol uptake is neglected and the average value 

reported by Uddin et al. [14] is used in this study. 

 

2.4 Mathematical equations 

To simulate the adsorption process, these conservation 

equations are modified by adding suitable source terms.  

 

2.4.1 Equation of mass balance 

( ) ( ) ( )
0v v v

bed

u v

t x y t

    


   
   

   
 (1) 

where, u and v are the superficial velocity of ethanol 

vapor along x and y direction. The term 
bed

t







, is the 

mass sink term for vapor phase due to adsorption 

process.  
 

2.4.2 Equation of momentum balance 
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Y momentum: 
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where λ represents the permeability of porous adsorbent 

bed given by, 
3 2

2150(1 )

pd






                 (4) 

where dp is the particle diameter of Maxsorb III.  

 

2.4.3 Equation of energy balance 
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The term 
bed adsh

t







 is the heat source term 

corresponding to the heat released by adsorption process. 

  

2.4.4 Adsorption characteristics 

The Dubinin-Astakhov (D-A) adsorption isotherm 

equation is implemented in the model to determine the 
equilibrium adsorption uptake: 

max exp ln

n

sPRT

E P
 

   
    

    

  (6) 

where  and 
max are the equilibrium and adsorption 

uptake respectively. The saturation pressure Ps (in bar) 

is determined using the Antoine equation: 

10log s

B
P A

T C
 


   (7) 

The numerical values of Antoine equation parameters A, 

B and C for ethanol are 5.2468, 1598.673 and -46.424 

respectively. To evaluate the adsorption kinetics, the 

widely used Linear Driving Force (LDF) equation is 

used in the prepared simulation model. 

1
( )

d

dt


 



      (8) 

where, τ is the diffusion time constant given by the 

Arrhenius equation: 

1
exp aE

A
RT

 
  

 

   (9) 

A is the pre-exponential factor and is expressed by, 

2

15

2

so

p

D
A

d

 
 
 

 

Ea is the activation energy required to carry out the 

adsorption process. It is evident from equation (9) that 

lower the value of Ea, lower the time constant τ and 

hence, faster the adsorption kinetics.  

The numerical values of different parameters used in the 

current study are presented in Table 1. 

 

Table 1. Numerical values of simulation parameters 

Parameter Symbol Value 

Gas constant (kJ/kg K) R 0.18 

Characteristic energy for D-A equation (kJ/kg) E 139.5 

Maximum Uptake (kg/kg) max  1.2 

Heterogeneity parameter (-) N 1.8 

Specific heat capacity of  

Maxsorb-III powder (kJ/kg K) 
 

,p bedC   0.82 

Thermal conductivity (W/m K) effk  0.066 

Bed porosity (-)   0.38 

Packing density (kg/m3) bed  290 

Skeletal density (kg/m3) s  2200 

Heat of adsorption (kJ/kg) adsh  1002 

 

3. Results & discussion 

3.1 Model verification 

A simulation model is prepared in Fluent 16.0 and the 

result of which is first compared with the data available 

in literature [9]. The experiment was conducted [9] 

following the same operating conditions as mentioned 

before. The domain size used here is h×b = 
0.67mm×11.65mm. 
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Fig. 2. Comparison between simulation results and 

experimental data 

 

It is observed that the simulation results underestimate 

the adsorption uptake during the initial phase of 

adsorption and it overestimates the same after 400 s. 
This happened so as we used LDF equation to estimate 

the adsorption kinetics. Furthermore, the simulation 

results deviate marginally from the isotherm data, due to 
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heat of adsorption hads causing the temperature of the 

domain to vary. 

 

3.2 Effects of domain size 

Once the model is verified with the experimental data, it 

is utilized for the parametric analysis. As mentioned, the 
same operation is performed on two different domains. 

Domain 1 is relatively wider and shorter than domain 2.  
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Fig. 3. Effects of domain size and activation energy on 

adsorption kinetics 

 

As observed in Fig. 3, the wider domain shows better 

adsorption kinetics than the taller one. This 

phenomenon can be explained by analyzing the pressure 

and temperature variation within the domains, as 
depicted in Fig. 4. The rate of adsorption is determined 

by the LDF equation [equation (8)] and according to 

that, lower temperature lead to lower uptake. At the 

same time, higher pressure results in larger uptake. 

 
Fig. 4. Pressure and temperature contours in 2 domains 

after 10 s. 

Assuming the 3rd dimension of the domain as unity, the 

taller domain has more wall surface area than the wider 

one; hence the dissipation of heat of adsorption is faster 

in domain 2. Thus, temperature of domain 1 is higher 

than that in domain 2. But pressure drop is also higher 
in taller domain as can be seen in Fig.4 and that has a 

pronounced effect in slowing down the adsorption 

uptake of that domain. Shorter domain can achieve the 

induced pressure almost instantaneously and that results 

in faster adsorption rate for domain 1 than that in 

domain 2. 

 

3.3 Effects of activation energy 

The activation energy estimated by El Sharkawy et al. 

[9] was 225 kJ/kg, which was used for the verification 

of the model. From the Arrhenius equation [equation 
(9)], we can say that lower activation energy results in 

faster kinetics and such is the case observed in Fig. 3. 

One of the objective of the current study is to analyze 

the effect of activation energy on the estimation of 

adsorption uptake using LDF equation. The LDF 

equation [equation (8)] can be rewritten as,  

1 exp( )in

in

t 

  


  


  (10) 

Where, ϕin is the initial uptake. The left side of the 

above equation represents fractional uptake and hence it 

can be stated that for LDF equation, the fractional 
uptake is constant for a constant value of t/τ. But from 

Fig. 5, it is observed that for lower values of activation 

energy Ea, the fractional uptake in domain 1 shows 

larger deviation from that estimated by LDF equation. 
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Fig. 5. Effects of activation energy on the fractional 

uptake for domain 1. 
 

The reason for such deviation is, LDF equation is valid 

for an adsorption bed with an isothermal and isobaric 

conditions. This is valid for small domain volume. The 

assumption in using the LDF equation for the whole 

domain as a lumped system, leading to over prediction 

uptake within the domain. The effect of Ea becomes 

significant for lower values as it results in faster kinetics; 

which in turn leads to higher heat of adsorption released 

in a shorter period of time and hence higher temperature 

variation within the domain. At the same time, the 
pressure difference between the top and bottom regions 

of the domain with lower Ea value is also significant. 

These effects are depicted in Fig. 6 and Fig. 7. 

Therefore, it can be concluded that for a larger adsorber 

domain, typical of a real heat exchanger, the adsorption 

kinetics cannot be estimated from the lumped 

implementation of LDF equation. The temperature and 

pressure variation within the domain can be substantial 

which will affect the kinetics, but remains unaccounted 

if one implements the lumped form of LDF equation. 

The deviation increases for larger domain size or for 

materials with lower activation energy. 
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Fig. 6. Effects of activation energy on the temperature 

of the domain. 
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Fig. 7. Effects of activation energy on the pressure drop 

within the domain. 

 

 

4. CONCLUSION 

Numerical analysis has been performed to investigate 

the adsorption of ethanol onto Maxsorb III. It is found 

that the adsorption rate determined by the 

experimentally derived kinetics parameters may not be 

applicable in designing a real adsorption heat exchanger. 
Furthermore, the system capacity cannot be determined 

by applying lumped capacitance equations for the 

adsorption chamber. Activation energy can be 

determined in a particular domain of adsorption pair 

using Arrhenius equation. But in a bigger domain, as 

can be seen in a real adsorption heat exchanger, the 

kinetics may show significant deviation from that 

predicted by LDF equation. Because the assumption of 

isothermal and isobaric domain in LDF equation is not 

valid in a large adsorber bed. 
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During its lifetime excavator sometimes was used for severe surface condition. Heavy surface can lead to rollover 

accident. Rollover is a risk condition where the center of gravity equipment shifted from its stability. This may lead to 

fatal injured to the operator. Cab frame was created to protect operator from the rollover accident. Finite element 

model of the simple square of cab frame was created according to design experiment of Taguchi’s method. Two design 
experiments were developed to reduce time and complexity of model rather than perform single design experiment. 

First is the combination of frame thickness. Then is the combination of geometry size. Result of deformation was 

performed using finite element simulation. Thickness was obtained as a critical factor which can increase energy 

absorption. Increase of width size will increase energy absorption, while decrease of height size will increase energy 

absorption of cab structure. Also, obtain that longer distance of additional supporting frame will reduce energy 

absorption of the cab frame. 

 
Keywords: rollover; cab frame; energy absorption; finite element 
 
  
 

1. INTRODUCTION  

Safety is one of critical attention on the work 

environment. Working device such as heavy equipment 

should comply with safety regulation procedures [1]. 

Rollover protective structures (ROPS) were developed 

together with operator safety systems, the objective is to 

keep the operator protected in the safety zone and 

maintain the body during lateral rollover accidents. This 

safety zone, sometimes, is not enough for severe 

accidents, and the rollover kinetic energy should be 
absorbed through the permanent plastic deformation of 

ROPS components, so that kinetic energy affected the 

operator is at a minimum or none at all [2,3]. 

Modifying Cab frames should be done to optimize 

absorption rollover energy, but still keeps strength and 

stiffness [4]. In accident case cab frame encounter 

deflection, rollover energy is not properly absorbed by 

the ROPS components [5]. ROPS structure, usually 

assembly of bars or kind of tubular frame. This structure 

mainly as protection and not equipped with special 

devices for absorbing the rollover energy. The research 

method which performs real vehicle rollover tests is 
close to the real condition in the rollover accident. The 

real experiment is the most basic and comprehensive 

method for evaluating vehicle safety performance [6]. 

But, its repeatability is low and each test needs large 

amounts of resources [7]. Increasing energy absorption 

by partially modifying a shape is a potential method. [8] 

Reported that crushing a cylinder in an axis-symmetric 

(concertina) mode absorbs higher energy than crushing 

in a non-axis-symmetric (diamond) mode. Their 

experiment showed that the crushing mode was 

dependent on the thickness, radius of a cylinder, and 
also its length. 

The research was conducted modelling partial 

geometry of the cab frame, by using finite element 

simulations of the thin S-shaped longitudinal members 

with variable cross-sections made from different 

materials [9]. They used the optimized members to 

determine the desired variables in the design of the 

energy absorbing system to enhance vehicle safety. 

Further, full geometry modelling of the cab frame led by 

[10], obtained that characteristic of the cab frame to 

thickness combination was influenced by wrinkle which 

can reduce energy absorption. Some modification was 
subjected to increased energy and avoids wrinkles. 

Some researchers modelling cab frame for rollover test 

according to the certain model developed by specific 

companies and conducted an FEA analysis to perform 

result for later loading condition [11, 12]. 

This research objected to studying the effect of 

multiple factors to absorb energy at rollover. Important 

factors are; thickness, width, height, and distance of 

certain bars in the whole assembly. Those factors were 

arranged using design experiment Taguchi’s method. 

Then perform finite element simulation using MSC 

software to produce desired deformation results and 
obtain energy involved in cab frame’s plastic 

deformation. 

 

2. METHODOLOGY 

A basic model of cab frame was created for finite 

element analysis purposes. The model will represent 3-

dimensional shape of the cab. Dimension is set in 

millimetre unit. Material properties of cab frame are 

considered homogeneous and isotropic of elastic-plastic. 

Stress-strain relationship is assumed according to rules 

(1). 
 

σ = Eε     [ε < σy/E] 

σ = σy + Eh (ε - σy/E), [ε > σy/E]   (1) 

 

Where E is Young’s modulus, Eh is the work-hardening 

coefficient, and σy is the yield stress.  
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σy = E /1000, E = 205.9 GPa, and Eh/E = 1/100 

 
Fig. 1. Basic model of cab frame 

 

There are 2 design experiment developed in this 

research: 

a. Combination of thickness (11 factors, 2 levels) 
According to orthogonal arrays of Taguchi’s method, a 

combination of thickness will deploy to each bar (bar A 

– K). Thickness level of each bar: 

Level 1 : thickness 2 mm 

Level 2  : thickness 4 mm 

 

Table 1. Orthogonal array (L12) 

A B C D E F G H I J K

L1201 1 1 1 1 1 1 1 1 1 1 1

L1202 1 1 1 1 1 2 2 2 2 2 2

L1203 1 1 2 2 2 1 1 1 2 2 2

L1204 1 2 1 2 2 1 2 2 1 1 2

L1205 1 2 2 1 2 2 1 2 1 2 1

L1206 1 2 2 2 1 2 2 1 2 1 1

L1207 2 1 2 2 1 1 2 2 1 2 1

L1208 2 1 2 1 2 2 2 1 1 1 2

L1209 2 1 1 2 2 2 1 2 2 1 1

L1210 2 2 2 1 1 1 1 2 2 1 2

L1211 2 2 1 2 1 2 1 1 1 2 2

L1212 2 2 1 1 2 1 2 1 2 2 1  
 

b. Combination of geometry size (4 factors, 2 levels) 

 

Table 2. Orthogonal array (L8) 

a
1

b
2

dummy
3

c
4

dummy
5

dummy
6

d
7

801 1 1 1 1 1 1 1
802 1 1 1 2 2 2 2
803 1 2 2 1 1 2 2
804 1 2 2 2 2 1 1
805 2 1 2 1 2 1 2
806 2 1 2 2 1 2 1
807 2 2 1 1 2 2 1
808 2 2 1 2 1 1 2  

 

3. RESULTS 

MSC Marc software was used to perform simulation 

test of cab frame against force and displacements. A 

rigid wall was created as leading force contact to cab 

frame structure, the dimension of the rigid wall is 

(900mm x 473mm). Displacement setup is 500mm from 

initial position to post position. 

 

 
Fig. 2. Finite element simulation 

 

 
Fig. 3. Load result of combination thickness 

 

The highest load resistant is combination L1207. 

This combination consist of bars A,C,D,G,H,J are 4mm 
thickness and the others are 2mm thickness. 

 

 
Fig. 4. Energy result of combination thickness 

 

The highest energy absorption is combination L1207 

the lowest energy absorption is L1201. This shows 

implicitly that bars arrangement also has potensial 

influence to energy absorption. 

  

 
Fig. 5. Load result of combination geometry 
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Fig. 6. Energy result of combination geometry 

 

Combination 804 is the highest energy absorption, 

this combination consists of factors  a and d at level 1, 

factor b and c at level 2. While 805 is the smallest than 

the others due to wrinkle obtain at bar J bottom right 

side. 

 

4. DISCUSSION 

Parameter control experiment was identified by the 

effect of control factor on the characteristic of energy 

absorption of cab frame. Whole parameter control result 

showed at table 3. 

 

Table 3. Parameter control 

Factor Level Energy [KJ] 

a 
1 12.219,98 

2 8.366,7 

b 
1 9.122,65 

2 11.464,03 

c 
1 9.695,34 

2 10.891,34 

d 
1 11.047,85 

2 9.538,83 

 

According to simulation combination L12 

orthogonal arrays, the highest energy resistant is 

combination L1207. And according to simulation 

combination L8 orthogonal arrays, the highest energy 
resistant is combination 804. At both combinations, no 

wrinkle occurs at every bar. Bar J at combination 804 

does not occur wrinkle and at combination L1207 has 

thickness at 4 mm. 

 

5. CONCLUSION 

Conclusions of this research are: 

a. Decrease width size of cab frame will reduce 

energy absorption, while a decrease of height  will 

increase energy absorption of cab structure. 

b. Also pointed that longer distance of additional 

supporting frame  H and F will reduce energy 

absorption of the cab. 
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Abstract: The urban expansion of cities in most developing countries is dynamic, scattered and spatially extensive. This 

research examines and analyses the urban expansion of peri-urban areas (PUA) in Greater Cairo Region (GCR) for a 

period of 30 years (1986-2016). Remote sensing, GIS and fractal dimension were used to determine the urban spatial 

expansion of PUA in GCR. RGB composite raster images were developed from multi-spectral imageries and classified 

by means of ISODATA algorithm in ArcGIS. The study explains the use of fractal dimension to indicate sprawling and 

correlate it with the agricultural land loss. Moreover, the study found the average rate of annual loss of agriculture 

lands in peri-urban areas is between 400 to 500 ha/year. 

 

Keywords: Urban Expansion; Fractal Dimension; Peri-Urban Areas; Greater Cairo Region. 
  
 

1. INTRODUCTION  

Peri-urban areas are considered a transitional zone 

between the city and the countryside, where urban and 

rural activities are juxtaposed and the landscape features 

are subject to rapid transformations induced by human 

activities [1, 2]. However, the urban expansion of peri-

urban areas remains till now neglected by urban 
planners and decision makers, especially in developing 

countries [3]. This expansion led to natural resource 

depletion and diminution of agricultural and ecological 

lands [4]. One of the recent global assessment of urban 

agriculture areas which surrounding cities shows that 

1078.7 million hectares (94.1%) of global croplands 

(i.e., irrigated and rain-fed croplands) are located within 

20 km distance range of the urban extents (in peri-urban 

areas) [5]. Therefore, a need exists for more studies on 

peri-urban areas to highlight urban expansion influences 

in these areas, particularly on agricultural lands. This 

study employs a multi-temporal remote sensing and GIS 
analysis to detect the urban expansion of peri-urban 

areas (PUA) in Greater Cairo Region (GCR) form over 

a 30-year period from 1986 to 2016. 

 

2. THE STUDY AREA 

Peri-urban areas (PUA) are represented one of three 

main parts of Greater Cairo Region (GCR). PUA are 

situated in north and south of GCR and represent a 

quarter of the region’s population [6, 7] (approx. 5 
million inhabitants of 20 million). 

 
Fig. 1. Peri-urban Areas in Greater Cairo Region 

3. METHOD 

3.1 Fractal analysis and pattern detection 

Fractal analysis has been widely used during the past 

three decades to highlight the urban pattern of 

metropolitan cities [8, 9] and they have been helpful for 
understanding peri-urbanization processes [10, 11]. 

Highly fragmented built-up areas representing 

sprawling patterns which have low fractal dimensions, 

whereas compaction and regularity yield higher figures 

[12]. 

 

3.2 Urban expansions detection using Remote 

Sensing and GIS 

In this research, urban expansions of urban areas were 

adopted from multi-spectral remote sensing data for 

available periods (1986, 1996, 2002, 2007, and 2016). 

RGB composite images were developed from multi-
spectral imageries and were further classified by 

unsupervised algorithm in ArcGIS. Built-up areas were 

extracted and coded black and other classes of land 

cover types were coded white. The classified images 

were subsequently analysed for their fractal dimensions 

using software known as Fractalyse (version 2.4).  

 

 

 

 

 

 

   
 
 
 

 

 

 

 

 

 

 

 

Fig.2 Workflow for Change Pattern Analysis 
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In this paper, the radial mass measure was employed in 

Fractalyse Software, which analyses by the iteration 

principle whereby the total number of built-up pixels are 

counted within the circle from a specified point (As 

shown in Figure 3). 

 

 
Fig. 3 Screen shot of radial mass method in Fractalyse 

 

At each step, the radius r is gradually increased, and 

the total number of occupied points N(ε) inside the 

circle is counted (where ε equals 2.r +1). 

 

 
Fig. 4 Screen shot of fractal analysis ‘D’ estimation in 

Fractalyse software 
 

4. RESULTS & DISCUSSION 

The fractal analysis of the study area based on remotely 

sensed images from 1986 to 2016 found steady organic 

growth in which sprawling precedes infilling. The 

values of the fractal dimension increased steadily from 

the lowest 0.59 in 1986 to a low 1.2 value in 2016 (see 

Table 1). 

Values less than one indicate lack of connectivity 

among elements in the built-up space, whereas values 

slightly greater than one indicates sprawl [13].  

 

Table 1. Urban expansion and fractal dimension in PUA 

Year Population 

of PUA 

(1000 

person) 

lose of 

Agriculture 

lands in 

PUA (ha) 

Rate of 

lose 

(ha/year) 

(D) 

1986 1661.5 - - 0.59 

1999 2857.5 6556 512 0.81 

2002 3412.2 1410 470 0.91 

2006 3942.3 1600 400 0.96 

2016 5231.4 4850 485 1.2 

 

As seen in Table 1, the highest fractal dimension (D) 

value in this study is 1.2, which indicates sprawl [10, 

12]. The implication of this pattern is loss of valuable 

agricultural land to urban development, which could 

have major repercussions on sustainable food 

production and security [14]. 
 

 

 
Fig. 4 Types of built-up areas 

 
It is noticeable that the pattern of urban expansion for 

peri-urban areas, just like scattered urban islands (leap 

frog pattern) and more visible along or near major roads 

and railways. The average rate of annual loss of 

agriculture lands in peri-urban areas is between 400 to 

500 ha/year, which considers a big amount of area. 
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5. CONCLUSION 

This study examined the growth and morphology of 

peri-urban areas of GCR spanning a period of thirty 

years. The results of its fractal dimension analysis 

indicate rapid urban changes that correlate with the pace 
of agricultural land loss. 

However, this study attempted to quantify the allocated 

agricultural land and found that such lands in the study 

area were reduced by the significant extent of 400 -500 

ha/year. If nothing is done to alter that trend, the food 

security of the Greater Cairo region could be at risk. 

Therefore, we recommend that urban and regional 

planners in developing countries like Egypt incorporate 

real-time remote sensing data and geospatial technology 

to monitor urban expansion, particularly in the peri-

urban areas, which are presently neglected. 

Furthermore, comparative morphological studies of 
other peri-urban settlements in developing countries 

should be undertaken to develop theories relevant to 

these phenomena.    
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Abstract: The necessity of antifreeze additives connected to climate conditions in automotive is a non-changing fact. 

For decades two substances, ethane-1,2-diol and propane-1,2-diol, are dominating the market with all of their 

advantages and disadvantages. In this paper is presented new potential antifreeze additive from the same family of 

polyols with different structural formula of propane-1,3-diol. Though similar to propane-1,2-diol the position of 

hydroxyl groups at the ends of the carbon parent chain gives this substance some unique properties that are 

distinguishable from its predecessors. Important physical properties for use as an antifreeze additive in automotive and 

solar heat systems were measured in controlled conditions and compared to the current additives such as propane-1,2-

diol. Propane-1,3-diol shows especially favourable values for viscosity in wide ranges of temperatures and dilutions 

which lowers the needs for pump power and subsequently energy demands on the systems, alongside the advantage of 

being completely produced from renewable sources. 

 
Keywords: Antifreeze, Propane-1,3-diol, Heat Transfer Fluid, Automotive, Solar Thermal 
  
 

1. INTRODUCTION  

For low-temperature systems (typically from -20 °C to 

150 °C) water is usually the first choice as it is efficient 

and highly cost-effective fluid for transferring heat. 

Unfortunately, the basic properties of water and its 
typical behaviour at temperatures below 0 °C bring 

the necessity for antifreeze protection in form of 

additives to avoid damages to the system. The antifreeze 

additives are common in many industrial, home and 

automotive applications when there is a possibility for 

the temperatures to drop below freezing point of plain 

water. The protection against freezing is particularly 

used in outdoor systems like combustion engine cooling 

in vehicles or solar thermal systems and the extent of 

utilisation is usually connected to the specific climate 

conditions. Furthermore, thanks to profound 
standardisation in materials production and 

manufacturing processes, the antifreeze additives are 

also quite common in warm climate regions mostly in 

automotive.  

 

1.1 State of art 

The antifreeze additives for water are primarily selected 

on their compatibly with it and the freezing protection. 

Good antifreeze additive is fully miscible with water, 

has small or minimal effect on the heat transfer 

properties, it is cheap and easy to produce and it has, 
needless to say, good freezing protection. There is also 

number of other selected properties like compatibility 

with sealing, low toxicity or low corrosivity. Also, with 

the emphases on environment protection and sustainable 

development, the environmental friendly production and 

easy recycling or biodegradability are common 

requirements for modern systems.  

Historically the first antifreeze additives were simple 

alcohols like methanol and ethanol as they were 

abundant, cheap and easy to produce, and naturally, 

were offering a sufficient freezing protection. But 

because of their high flammability and volatility, not 

mentioning the very high toxicity of methanol,  they 

were soon replaced by ethane-1,2-diol (ethylene glycol 

or EG) and later on by propane-1,2-diol (propylene 
glycol or PEG) [1].  

 
Fig. 1. Left: Propane-1,2-diol, middle: Ethane-1,2-diol, 
right: Propane-1,2,3-triol 

 

 
Fig. 2. Propane-1,3-diol 

 

The ethane-1,2-diol and propane-1,2-diol belong to the 

diols (glycols) group and the presence of vicinal 

hydroxyl group and sufficiently short hydrocarbon part 

is allowing for them to be fully miscible with water with 

strong freezing point depression. Furthermore, the 
advantage of the glycol additives does not lie only on 

freezing protection but also on significantly 

enhancement of boiling point at the standard pressure 

and antifreeze dilutions (30-50 wt.%) to 110 - 115 °C. 

 At the present the propane-1,2-diol and ethane-1,2-diol 

are the most exploited antifreeze additives for water 

though most of their production is actually used on 

production of polyesters and polyurethanes[2]. Ethane-

1,2-diol is used for producing PET and propane-1,2-diol 

is important part for producing polyester resins and 

polyurethane. Thanks to non-toxic properties of 
propane-1,2-diole[3] the substance has also wide range 

of other applications in food industry,  pharmaceuticals 

and it is main part of the liquid for so-called e-cigarettes 
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[4]. The ethane-1,2-diol and propane-1,2-diol are 

mainly produced from ethylene and propylene oxide 

respectively, when both precursors are derived from 

crude oil. However, there are some significant 

differences between these two-abovementioned species. 

Though the pure glycols themselves have the freezing 
point quite high, see Table 1., after mixing with water, 

the strong interaction between the two hydroxyl group 

and water molecules cause rapid drop of the freezing 

temperature far below the individual’s pure states with 

the minimum around 60-80 wt.% as pictured on Fig. 3. 

Only exception is propane-1,2-diol, which is not 

equipped with terminal hydroxyl groups and has short 

hydrocarbon “tail” hindering interaction with water 

molecules and acts differently 

 

1.2 New trends 

Because of the environmental issues and toxicity 
connected to using of ethane-1,2-diol [5] most of the 

antifreeze is currently under pressure to be substituted 

by propane-1,2-diol [6]. Especially modern technologies 

using antifreeze on a large scale, like the solar thermal 

systems or HVAC, are utilizing preferably the non-toxic 

propane-1,2-diol which is also connected to different 

standards and material use. In this context new 

antifreeze coolant based on propane-1,3-diol was 

introduced several years ago [7] to be added as 

potentially more stable and environmental friendly 

substitute together with propane-1,2-diol. 
 

  
Fig. 3. Freezing points of common antifreeze additives 
in comparison to propane-1,3-diol[9]. 

 

Table 1. Physical properties of antifreeze additives in 

pure state [22][23] 

Additives 

(20 °C) 

Ethane-1,2-

diol 

Propane-

1,2-diol 

Propane-

1,2,3-triol 

Propane-

1,3-diol 

Density 1.1132 g·cm−3 1.036 g·cm−3 1.261 g·cm−3 1.053 g·cm−3 

Heat 

capacity 
148.1 J·mol-1K-

1 

189.9 J·mol-1K-

1 

221.2 J·mol-1K-

1 

173.4 J·mol-1K-

1 

Boiling 

point 
197.3 °C 188.2 °C 290 °C 217 °C 

Melting 

point 
-12.9 °C −59.0 °C 17.8 °C −27.0 °C 

Dynamic 

viscosity 
0.016 Pa·s 0.0581 Pa·s 1.412 Pa·s 0.052 Pa·s 

 
As was reported by Eaton [7] the newly proposed 

coolant employing propane-1,3-diol as its base has 

higher thermal stability then other glycols and together 

with its environmental-friendly bio-based [8] production 

has high potential to fully substitute propane-1,2-diol 

and possibly replace the toxic ethane-1,2-diol. But after 

this first study, the propane-1,3-diol was investigated 

only scarcely and adequate literal sources further 

studying its physical properties are missing. 
 

1.3 Propane-1,3-diol production 

Most of the propane-1,3-diol produced at the moment is 

used for producing of poly (trimethylene terephthalate), 

also known as PTT [10]. This versatile polymer is 

mostly used in carpet production [11] but thanks to its 

unique properties it is considered for many other 

applications like clothes and functional sportswear 

[11][12]. 

 

n 

Fig. 4. Polyester - Poly (trimethylene terephthalate) 

 

The basic main synthesis routes for producing propane-

1,3-diole are hydroformylation from ethylene oxide and 

hydrolysis followed by hydrogenation of acrolein. 

These two techniques are the most used at the current 

production [11] but the raw source of material for the 

synthesis is crude oil. Another synthetic route was also 

developed from now abundantly available glycerol 
produced as a by-product from bio-fuel/bio-diesel 

production [13]. Together with the classical synthetic 

routes, new bio-approaches are investigated to answer 

the global demand for clean and environment-friendly 

technologies. The bio-transformation through bacterial  

of glycerol was thoroughly investigated by several 

researches [14][15] and are still under investigation. 

Though, this simple bio-transformation route employs 

common and glycerol available from bio-fuel 

production [16], other more direct approaches of bio-

production of propane-1,3-diol are also investigated. 

Some of the processes are patented and are were already 
commercialized [12], like the DuPont’s Bio-PDO™ for 

Sorona® PTT production by its own corn sugar 

fermentation method. Other big producer of propane-

1,3-diol, the Shell company, is producing propane-1,3-

diol mainly from the oil-based ethylene oxide for 

production of its PTT’s polyester version Corterra™. 

Except from the fermentation process of corn sugar by 

DuPont, other processes of biomass fermentation are 

investigated like in the case of two-stage fermentation 

of wheat-based thin stillage reported by  

Ratanapariyanuch in 2017 [17]. Many other methods are 
then summarised in the microbial production of 

propane-1,3-diol review put together by Saxena [8]. 

 

2. EXAMINATION OF PHYSICAL 

PARAMETERS OF THE PROPANE-1,3-

DIOL/WATER MIXTURE 

 

2.1 Viscosity 

Because propane-1,3-diol and its aqueous form is 

considered as a Newtonian fluid, for defining the 

viscosity we use the Newton's Law of Viscosity. The 
Eq. 1. defines the Newtonian fluid as shear stress τ 

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10

20

0 20 40 60 80 100

T f
u

s
(°

C
)

wt%
ethane-1,2-diol - predict.

ethane-1,2-diol

propane-1,2-diol



3rd International Exchange and Innovation Conference on Engineering & Sciences 

119 

inside the fluid as a function of viscosity η and shear 

rate or shear local velocity dμ/dx. 

𝜏 = 𝜂
𝑑𝜇

𝑑𝑥
  Eq. 1 

The viscosity itself is then usually acquired by 

measuring dynamic or kinematic viscosity directly by 
viscometers by various principles of working. In this 

article the dynamic viscosity of aqueous propane-1,3-

diole was measured by automatic vibrational viscometer 

Anton Paar Stabinger SVM 3000 with cryostat Julabo 

and standard Ubbelohde U-type viscometer as a 

referential method according to standard method ASTM 

D445 [18]. The temperature range for measuring was 

defined for the most used range from -20 °C to 80 °C. 

The aqueous solutions were selected for the most usual 

range of antifreeze dilution between 30% and 70%. The 

used propane-1,3-diol was Zemea™ Propanediol made 
from corn sugar acquired from DuPont Tate&Lyle 

BioProducts™ in the purity of 99.8%. 

 

2.2 Density 

The values of density and kinematic viscosity are 

important for calculating the hydraulic properties of the 

fluid and are also necessary for calculating the Reynolds 

number. Viscosity and density directly affect the pump 

performance, efficiency of the pumping and 

consequently power consumption. 

To recalculate the dynamic viscosity to kinematic 
viscosity we use the known relation between kinematic 

and dynamic viscosity and density of fluid for different 

dilutions: 

𝜐 =
𝜂

𝜌
  Eq. 2 

For this purpose it is necessary to measure the density, 

too. Density was measured by the Anton Paar Stabinger 

SVM 3000. The viscosities were measured for the same 

temperature range and dilutions as in case of dynamic 

viscosity. 

 

2.3 Freezing point  

Even with accurate measuring methods, the freezing 
point of water-glycol mixtures tends to be unreliable 

around the eutectic mixture ratio. As was shown by 

Corday [9]  in the case of ethane-1,2-diol/water system, 

to find the exact values for the glycol/water mixture is 

very hard and can vary significantly by used standard. 

The problem is connected to special properties of 

glycol/water mixtures and their tendencies to form 

quasi-stable eutectic mixtures. The mixtures do not 

freeze completely in the beginning but rather form an 

aggregation of water crystals in the glycol/water 

solution and practically forming a slush with high 
viscosity. For these reasons in case of glycol antifreeze, 

we can distinguish talk about freezing protection and 

burst protection. The freezing point was measured 

manually according to the international standard ASTM 

D1177 for measuring antifreeze [19]. 

 

3. RESULTS AND DISCUSSION 

For system design, the viscosity is an important 

parameter. The Reynolds number and hydrodynamic 

parameters of the fluids are directly connected to the 

viscosity and greatly influence the power demands and 

capacity of circulating pump. But partially because 
propane-1,3-diol was initially used for producing PTT, 

the important physical data on aqueous solutions 

necessary for system design and application are missing. 

In the literature most of the current finding is focused 

almost solely on the propane-1,3-diol production and 

the available data on other properties through 

investigation of its possible use as an antifreeze are 

strongly limited only to absolute necessary examples of 
dilution.  

 

 
Fig. 5. Dynamic viscosity for aqueous propane-1,3-diol. 
The lines from top: 100wt%, 72wt%, 61wt%, 50wt%, 

45wt%, 33wt%, water. 

  

 
Fig. 6. Density for aqueous propane-1,3-diol. The lines 

from top: -20 °C, -15 °C, -10 °C, -5 °C, 0 °C, 10 °C, 

20 °C, 30 °C, 40 °C, 50 °C, 60 °C, 70 °C, 80 °C. 

 

Through presented results is apparent that the physical 

properties are on par with propane-1,2-diol as presented 
in many studies and are part of standard physical and 

chemical tables[20]. As the base hydrocarbon chain is 

of the same length, the differences in viscosity and 

freezing point are caused by the position of the second 

hydroxyl group in case of propane-1,3-diol. Instead of 

vicinal position in case of propane-1,2-diol, the 

propane-1,3-diol has both groups in terminal positions 

on each end of the hydrocarbon chain. Therefore, the 

interaction with water molecules is significantly altered 

which causes several different aberrations from other 

glycols. Most visible is comparison of pure glycols and 
their aqueous solutions. In case of comparing propane-

1,2-diol and propane-1,3-diol this effect is primarily on 

viscosity at low temperatures. As the pure substances 

has almost the same viscosity at 20 °C the 50% dilutions 

of propane-1,2-diol are nearly twice more viscous then 

with same dilution of propane-1,3-diol. 
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Though the viscosity is better than in case of propane-

1,2-diol, the viscosity of ethane-1,2-diol is still 

significantly lower especially in lower temperatures. 

That is caused by the shorter hydrocarbon chain and it is 

hardly to be overcome by any other glycol. Ethane-1,2-

diol has also better properties for freezing protection at 
lower dilutions, which means that for the same 

protection effect it is not necessary to use as much of it 

as other glycols, which makes the final product cheaper. 

But the propane-1,3-diol has strong advantage over 

ethan-1,2-diol, and respectively over propane-1,2-diol, 

too, because it is non-toxic [21] and the modern method 

of bio-production are fully sustainable. The lingering 

problem, at this moment, are still high price and 

problematic supply as the biggest producers are 

consuming most of the propane-1,3-diol for their PTT 

production. 

 

4. CONCLUSION 

Propane-1,3-diol has lower viscosity then propane-1,2-

diol in the key water ratios mostly used as an antifreeze, 

but is showing slightly less depression of freezing point 

at the same dilutions. 

On the other hand this antifreeze mixture based on 

propane-1,3-diol offers a fully environmental friendly 

option for the modern systems requiring higher 

endurance. 

Nonetheless, the price for the mixture is still high and 

the utilisation will be limited for high-end devices 
requiring lover viscosity over price. But with rapid 

improvement of bio-transformation methods of 

producing, the propane-1,3-diol has potential to become 

significant player in the antifreeze/coolant industry. 
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Abstract: In this study, a 2D axisymmetric heat and mass transfer simulation of finned tube type adsorber bed 

employing activated carbon-ethanol working pair are performed. The model uses mass, momemtum, and energy 

conservation equations as well as adsorption equilibrium and adsorption rate equations. Moreover, almost identical 

experimental conditions are provided for the simulation to validate the simulation results. In the results section, 
temperature and pressure profiles are presented and validated by comparing with the experimental results. Specific 

cooling power and COP were evaluated and found 426.09 W/kg and 0.51 respectively. This CFD model will allow 

performance optimization of the system for different adsorber heat exchanger geometry and operating conditions. 

 

Keywords: CFD simulation, Activated carbon, Ethanol, Finned tube type adsorber. 
  
 

1. INTRODUCTION  

Adsorption cooling system (ACS), a feasible alternative 

to vapor compression system, is gaining more attention 

nowadays as it employs natural and environment 

friendly refrigerants such as water[1], ethanol[2], 

ammonia[3], CO2 [4], etc. Moreover, it can be driven by 

waste heat or solar energy. Although this system has 

been commercialized, however, still it has some 

problems such as relatively low efficiency and 

bulkiness, which hinder this system from mass 

production. Several researchers are working 

continuously to improve the performance of ACS 
system. The performances of ACS already has been 

examined through lump-sum modeling using several 

adsorbent-adsorbate pairs such as silica gel-water, 

water-zeolite, ammonia-activated carbon, ethanol- 

activated carbon. Although performance prediction by 

lump-sum modeling is more practical rather than ideal 

cooling cycle simulation, however, the assumption, 

same temperature in the bed is not realistic. 

Consequently, heat and mass transfer of adsorber heat 

exchanger through CFD analysis is necessary to 

improve the system performance and optimize the heat 
exchanger design parameter. Some researchers have 

already started to analyze heat and mass transfer of 

adsorber bed heat exchanger through CFD 

simulation[5][6][7]. 

The objective of this study is to validate the CFD model 

of finned tube type adsorber with experimental results 

and investigate the performance of the system in terms 

of coefficient of performance (COP) and cooling 

capacity. 

 

2. WORKING PRINCIPLE OF ADSORPTION 

COOLING SYSTEM 
The schematic diagram of adsorption chiller is depicted 

in Fig.1. Components of the adsorption chiller are a 

condenser, an evaporator, an adsorber/desorber bed 

filled with the activated carbon powder (ACP) and an 

expansion valve. There are four processes to complete  

the cycle of adsorption cooling system. Firstly, the bed 

is disconnected from the system and heat is applied 

during the pre-heating process. The pressure in the bed 

increases so that it becomes higher than that in the 

condenser. Secondly desorption process starts with 

connecting the desorber bed to the condenser. Ethanol is 

desorbed from activated carbon because of additional 

heating of the bed and moves to condenser where it 

condensates. Pre-cooling is the third process where the 
bed is disconnected again and for decreasing 

temperature, cooling water is circulated in the heat 

exchanger. The pressure in the bed decreases and 

becomes lower than that in the evaporator. Evaporated 

ethanol is adsorbed in the activated carbon at this 

moment by connecting the adsorber bed to the 

evaporator. Combination of all these four processes is 

called the adsorption cycle. To remove the heat of 

adsorption, cooling water is supplied and maximum 

amount of adsorption is attained. 

 
Fig.1. Schematic of adsorption cooling system in 

desorption process. 
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3. CFD MODEL 

Experiment of finned tube adsorber with activated 

carbon-ethanol pair was conducted in our laboratory 

earlier [8]. For similar experimental conditions, the 

CFD simulation is carried out with Ansys fluent 
software v.18.1. Geometry and meshing were performed 

by Ansys Design Modeler and Ansys Meshing 

respectively. 

 

3.1 Geometry 

Fig. 2 is showing the schematic geometry where the 

studied domain is decreased the half space between two 

fins. Therefore, the simulation was a 2D-axisymmetric 

simulation. Specifications of finned tube adsorber are 

furnished in table 1. 

 

 
 

Fig. 2. The axisymmetric 2D geometry of finned tube 

adsorber. 
 

Table 1. Specification of finned tube adsorber 

Parameter    Symbol   Value 

Tube inner diameter 

(mm) 

di 26 

Tube outer diameter 

(mm) 

do 29 

Fin thickness (mm) δ 0.53 

Fin pitch (mm) l 3.7 

Fin height (mm) h 10 

 

3.2 Materials & porous zone properties    

 Materials used in the simulations are as follows: 
i. Activated carbon powder of type Maxsorb-III 

packed between the fins,  

ii.   Copper material for tube and fins,  

iii. Ethanol as gas phase refrigerant. 

Table 2 presents the properties of activated carbon 

powder. The porous zone properties of the activated 

carbon powder are characterized by equations (1-3). 

𝜀𝑏 = 1 −
𝜌𝑎

𝜌𝑠
− 𝑣𝜇𝜌𝑎    (1) 

𝛼 =  
𝐷𝑃

2

150

𝛾3

(1−𝛾)2     (2) 

𝐶2 =
3.5

𝐷𝑃

(1−𝛾)

𝛾3       (3) 

Where  𝜀𝑏 , 𝛼 and 𝐶2 denote porosity, permeability and 

inertial resistance coefficient of porous zone 

respectively. 

 

    Table 2.   Properties of activated carbon powder 

Parameter Symbol        Value 

Adsorbent’s packing 
density (kg.m-3) 

ρ
a
 275 

 
Adsorbent’s skeletal 
density (kg.m-3) 

 
ρ

s
 

 
2200 

 

Adsorbent’s particle 
density (kg.m-3) 

 
ρ

p
 

 

464.14 

 
Adsorbent’s average 
particle diameter (μm) 

 
D

p
 

 
70 

 
Adsorbent’s micropore 
volume 

(cm3.g-1) 

 
v
μ
 

 
1.7 

 
Adsorbent’s specific heat 
(kJ.kg-1.K-1) 

 
C

p,s
 

 
1 

 
Adsorbent-adsorbate’s 
thermal conductivity 
(W.m-1.K-1) 

 
k

s
 

 
0.066 

 

3.3 Adsorbent-adsorbate interactions 

The adsorbent-adsorbate characteristics are the mass 

adsorbed/desorbed and heat released/adsorbed which is 

given by equations (4) and (5) to Fluent as user defined 
functions (UDFs). 

𝑆𝑚 =  −(1 − 𝛾)𝜌𝑝
𝑑𝑞

𝑑𝑡
    (4) 

𝑆ℎ =  −(1 − 𝛾)𝜌𝑝𝑄𝑠𝑡
𝑑𝑞

𝑑𝑡
    (5) 

Here, 
𝑑𝑞

𝑑𝑡
 denotes adsorption rate which is calculated by 

using linear driving force (LDF) equation (6). 

 𝑑𝑞

𝑑𝑡
= 𝑘 (𝑞∗ − 𝑞)             (6) 

Where k and q* are diffusion time constant and 

equilibrium uptake and these are modeled by Arrhenius 

and Dubinin-Astakhov (D-A) equations ((7) and (8)) 

respectively. 

 

𝑘 = 𝐴 exp (−
𝐸𝑎

𝑅𝑇
)                 (7) 

 
Here, A = 0.2415 s-1 and Ea = 225 kJ/kg  denote pre-

exponential factor and activation energy respectively [9]. 

 
3.4 Boundary conditions 
Heating/Cooling surface: Inner surface of the copper 

tube is acted as a heating surface during desorption and 

as a cooling surface during the adsorption process. The 
supply water temperature is 20 ˚C during pre-cooling 

and adsorption processes and 80 ˚C during preheating 

and desorption processes. These conditions are given as 

convection boundary condition, and convection heat 

transfer coefficient is calculated for water flow of 3 

l/min by using Gnielinski correlation. 

Inlet/Outlet condition: Adsorber is connected to the 

evaporator having pressure of 3.85 kPa which is inlet 
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condition. And the refrigerant outlet condition during 

desorption process is at condenser pressure of 10.35 kPa. 

3.5 Performance investigation 

Performance indicating parameters of the adsorption 

cooling system, specific cooling power and coefficient 

of performance (COP), are calculated by using 

equations (9-10). 

 

𝑄𝑐ℎ𝑖𝑙𝑙 =
ℎ𝑓𝑔.∫ 𝑚𝑎𝑑𝑠 𝑑𝑡

𝑎𝑑𝑠_𝑒𝑛𝑑
𝑎𝑑𝑠_𝑠𝑡𝑎𝑟𝑡

𝑡𝑐𝑦𝑐𝑙𝑒
               (9) 

𝐶𝑂𝑃 =
𝑄𝑐ℎ𝑖𝑙𝑙

𝑄𝑑𝑒𝑠
            (10) 

 

4. RESULTS AND DISCUSSION 

Fig. 3 shows the simulated pressure profile in the 

adsorber/desorber bed where adsorption takes place at 

3.85 kPa pressure and desorption pressure is 10.35 kPa. 

There is a sharp change of pressure during the pre-

cooling and preheating process. 

 

Fig.3. Simulated pressure profile in the adsorber/ 

desorber bed. 

 

Experimental temperature change vs. simulated 

temperature profiles at 1 and 5 mm adsorbent thickness 

from the outer surface of the copper tube are displayed 

in fig. 4. Good agreement is found between 

experimental and simulated temperature results. In fig. 

6, temperature distributions inside the adsorber bed at 
the end of adsorption, pre-heating, desorption and pre-

cooling processes is showed. As convection and 

conduction heat transfer at the center of the bed is not 

good, therefore, after pre-heating and desorption 

process, temperature distribution inside the bed is not 

same.  

 

 

Fig. 4. Simulated vs. experimental temperatures profile 

at 1 and 5mm adsorbent thickness. 

Simulated equilibrium uptake and instantaneous uptake 

of the bed is shown in fig. 5. The difference between 

maximum and minimum values of equilibrium uptake is 

0.494 kg/kg whereas the change in case of instant 

uptake is 0.32 kg/kg. Therefore, ethanol adsorption onto 

activated carbon is only 66% of its capacity within the 

400s adsorption time. The calculated specific cooling 

power of the system is found 426.09 W/kg
ac

 and COP is 

0.51 which are calculated by using the equation (9) and 

(10) respectively. 
 

 
 

Fig. 5. Simulated instantaneous and equilibrium uptake. 

 

 

Fig. 6. Temperature change in the finned tube adsorber 

at the end of adsorption, pre-heating, desorption and 

pre-cooling process. 
 

5. CONCLUSION 

CFD simulations of finned tube adsorber employing 

activated carbon-ethanol were performed using similar 

experimental boundary conditions. Simulated 

temperature profile showed good agreement with 

experimental results. Moreover, Specific cooling power 
and COP were evaluated which were 426.09 W/kg and 

0.51 respectively. Therefore, this CFD model will allow 

performance optimization of the system by optimizing 

the adsorber heat exchanger geometry and operating 
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conditions. 
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Abstract: Thermally driven adsorption cooling systems have attracted much attention recently as it can be driven by 

low temperature waste heat and simultaneously utilize environmentally friendly refrigerants such as ethanol and CO2. 

Activated carbon, owing to its high porosity, is a promising adsorbent for these refrigerant vapors. This study 

experimentally investigates ethanol and CO2 adsorption onto synthesized biomass based highly functional activated 

carbons (ACs). Functional ACs have been synthesized by chemical activation of biomasses. Adsorption experiment has 

been conducted thermogravimetrically at assorted adsorption temperatures and evaporating pressures. It has been 

found that synthesized biomass based functional ACs show remarkably high adsorption uptake of ethanol and CO2 

compared to commercially prevalent AC (Maxsorb III). Therefore, the synthesized ACs with high adsorption uptake 

could be promising for development of next generation adsorption cooling systems.  

 

Keywords: Activated carbon; Adsorption uptake; Biomass; CO2; Ethanol 
  
 
 

1. INTRODUCTION  

Adsorption cooling systems have been gaining much 

attention as next generation cooling systems owing to it 

can be driven by waste heat of temperature below 

100°C and simultaneously utilize environmentally 

benign working fluids such as ethanol and CO2 [1–4]. 

For these working fluid (refrigerants), activated carbons 

(ACs) are promising adsorbents due to its high porosity 

and hence high adsorption uptake. ACs can be 
synthesized different source of precursor materials such 

coke-petroleum residues [5] and biomasses [6,7]. 

Among those ACs, Maxsorb III is widely studied 

commercially available activated carbon made by 

Kansai Coke and Chemical Co. Ltd (Japan) [5]. 

Although it possesses high surface area about 3000 m2 

g-1, uptake of ethanol and CO2 are not so high because 

of low pore volume. Therefore, to improved adsorption 

uptake of those refrigerants, this study has been focused 

new source of biomasses (waste palm trunk and 

mangrove) based ACs with high surface area and pore 

volume. Adsorption experiment has been conducted 
thermogravimetrically at assorted adsorption 

temperatures and evaporating pressures. Experimental 

data have been compared with literature data of 

commercially prevalent Maxsorb III-ethanol/CO2 pairs. 

  

2. MATERIALS 

In this study, studied adsorbents were Waste Palm 

Trunk (WPT) and Mangrove (M) based ACs. Present 

authors synthesized these novel ACs using potassium 

hydroxide (KOH) as an activating agent. Detailed of the 

synthesized procedure of ACs can be found elsewhere 
[8,9]. N2 adsorption experiment at 77K were conducted 

to obtain the surface porosity, which is the well-

developed method. Porous properties of WPT-AC, M-

AC and Maxsorb III have been furnished in Table 1.  

 

Table 1. Porous properties of WPT-AC, M-AC and 

Maxsorb III. 

Sample T
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[m2 g-1] [cm3 g-1] [nm] 

WPT-AC 2927 2.51 1.68 

M-AC 2924 2.18 1.47 

Maxsorb III 3045 1.7 1.12 

 

3. EXPERIMENTAL  

Equilibrium ethanol and CO2 adsorption uptake on 
WPT-AC and M-AC has been measured gravimetrically 

using low and high pressure magnetic suspension 

adsorption measurement unit, which is supplied by 

MicrotracBEL, Japan. A simplified schematic diagram 

of the magnetic suspension adsorption measurement 

unit is shown in Fig. 1 and detailed can be found in 

reference [8]. Experiment has been conducted at 

temperatures ranging from 30°C to 70°C with various 

evaporator pressures. 
1
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Fig. 1. Simplified schematic diagram of the magnetic 
suspension adsorption measurement unit. 
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4. RESULTS AND DISCUSSION 

Porous properties of novel synthesized biomass based 

ACs shows promising for adsorption applications from 

the view point of high surface area and pore volume. 

For further feasibility study to adsorption cooling 

system, adsorption of ethanol and CO2 as a refrigerant 
has been conducted. Ethanol adsorption has been 

performed various evaporator pressure and temperature 

ranging from 30-70°C. Fig. 2 illustrates the comparison 

of adsorption uptake of ethanol onto WPT-AC, M-AC 

and Maxsorb III at adsorption temperature 30°C. It can 

be highlighted that synthesized biomass based ACs 

(WPT-AC and M-AC) show 1.6 and 1.4 times higher 

equilibrium adsorption uptake of ethanol, respectively, 

compared to commercially available activated carbon 

Maxsorb III. Although BET surface area nearly the 

same for three samples, it is expected that pore volume 

makes significant difference of equilibrium adsorption 
amount. 
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Fig. 2. Comparison of adsorption uptake of ethanol onto 
WPT-AC, M-AC, and Maxsorb III at 30°C. 

 

Adsorption of CO2 onto WPT-AC and M-AC has 

been conducted at temperature ranging from 25-70°C up 

to 7MPa. The data obtained from experiment is excess 

adsorption and mass adsorbed decreases due to the 

increase of CO2 density at pressure higher than 5 MPa. 

Absolute adsorption has been estimated using an 

equation which can be found in reference [10]. Fig. 3 

shows the comparison of absolute adsorption uptake of 

CO2 onto WPT-AC, M-AC and Maxsorb III at 
adsorption temperature 30°C. It is found that WPT-AC 

and M-AC show 1.5 and 1.4 times higher adsorption 

uptake of CO2 at about pressure 7MPa compared to 

Maxsorb III. 

The reason of high adsorption uptake of both 

refrigerants onto biomass based ACs might be the 

higher pore volume and the affinity to surface functional 

groups of ACs which is beyond of this study.  
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Fig. 3. Comparison of absolute adsorption uptake of 

CO2 onto WPT-AC, M-AC, and Maxsorb III at 30°C. 

 

5. CONCLUSIONS 

High porous properties makes novel synthesized 

biomass based ACs for next generation adsorbent for 

adsorption cooling applications. Adsorption of ethanol 

and CO2 onto WPT-AC and M-AC has been conducted 
at temperatures ranging from 30°C to 70°C with various 

evaporator pressures. Experimental data have been 

compared with the literature data of Maxsorb III. It can 

be mentioned that WPT-AC/ethanol and M-AC/ethanol 

show 1.6 and 1.4 times higher equilibrium adsorption 

uptake, respectively, whereas WPT-AC/CO2 and M-

AC/CO2 shows 1.5 and 1.4 times higher, respectively, 

compared to commercially available activated carbon 

Maxsorb III. 
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Abstract: The interface has a synergetic effect in catalytic reactions. Metal oxides such as MgO and CeO2 are active 

catalysts in CO oxidation; however, there are limitations in their activity. We assume the combined interface of MgO 

and CeO2 can be integrated to produce a better active catalyst. Although there is a 28% lattice mismatch between 

MgO-CeO2, we have successfully deposited CeO2 nanoparticles on MgO nanowires by the VLS method using the PLD 

technique. Here for the first time we show the images of the deposited nanoparticles obtained by SEM and EDS 

accompanied with their equivalent Photo-luminescence graphs. The paper discusses in depth how the interface between 

decorated MgO-nanowires with CeO2- nanoparticles started nuclei and how temperature and oxygen partial pressure 
affected their sizes. This work will serve as a base for future studies on other bimetal oxides interfaces 

 

Keywords: Nanowires; Nanoparticles; Catalyst, CO Oxidation 
  
 

1. INTRODUCTION  

Bimetal oxide active catalyst is essential for safely 
remove harm emissions such like CO as part of green 

chemistry. Over the last years, there are many studies 

for several catalysts which active for CO oxidation [1,2]. 

Bulk metal oxide are inactive in low temperature and 

moisture while metal catalyst is more resistive to 

moisture [3]. Nanoparticles catalyst shows better 

activity due to its surface area, some metal addition to 

them shows higher activity according to synergetic 

effect of two materials [3]. Nano-rods of some material 

have ability to be redox are good catalyst for Oxidation 

reaction such like Co3O4, Fe2O3 and CeO2 [1,4,5]. It is 

reported that molecules are easily dissociated on 
Nanowires surfaces [7] however, they become still 

inactive at lower temperature due to desorption process. 

Nanowires core and shells of different material like 

NiO/MgO[6,12], MgO/Fe3O4[8], Ge/Si[9], MgO/TiO 

[10], and ZnO/ MgO[11] show different unique 

properties. Interface of NWs and NPs have been 

fabricated from different Metal oxides such as MgO and 

CeO2 which are active catalysts for CO 

oxidation[6,13,17]. MgO Nanowires surface could be 

controlled by using MgO (100) Substrate as long as 

surface activity can be changed from plane to another 
due to its oxygen defects [14,15,16]. CeO2 has ability to 

be redox and hence good catalyst for oxidation [2]. 

Although CeO2 crystal (A= 5.411A˚) is 28% mismatch 

from MgO crystal (A= 4.212A˚) [18], we successfully 

fabricate MgO nanowires which have been decorated 

with CeO2 Nanoparticles as the first step to study  

interface catalytic activity. VLS method has been used 

for NWs growth and NPs decoration. Here we reported 

Nanoparticles sizes behaviors versus various deposition 

temperatures and oxygen partial pressure with their 

photo-luminescence graphs. This study is important to 

well control NPs morphology and size for better 
understanding bi-metal oxides interface.  
 

2. EXPRIMENTAL 

 

2.1 Methodology 

MgO Nanowires well defined surface fabricates and 

grows by using gold catalyst droplets (1nm thickness) 

on single crystal of MgO(100) substrate [15,16,20]. 

Vapor-liquid- Solid (VLS) method was used for both 

Nanowires and Nanoparticles deposition by using 

pulsed ArF excimer laser λ=193 nm with energy 

intensity 40 MJ and frequency 10 Hz which enough to 

energize Mg-metal target. A fixed total pressure is 

(10Pa) during the growth after creating high vacuum 

(10-5 Pa) with Oxygen partial pressure (10-3) in Ar gas 

[21]. Pre-annealing was preformed to 500 ◦C for 10 

minutes then to 750◦C. Nanowires length could be 
controlled according to the growth time (~5 um = 5 

hours) [19]. In our study CeO2 Nanoparticles were been 

fabricated in same conditions of pulsed laser to energize 

CeO2 target in high deposition rate (100nm/min) for 1 

minute. Temperature and oxygen partial pressure were 

changed to characterized the particle size by field 

emission scanning electron microscopy (FESEM) JEOL 

JSM-7610 while energy dispersive spectroscopy (EDS) 

was used to evaluate the particles distribution along the 

wires. Photo-luminescence characterized the defects 

states of different morphology of them.   
 

2.2 Results and Discussion 

Figure 1a, 1b and 1c shows schematic illustration of 

bare MgO Nanowires versus MgO-NWs/CeO2-NPs 

with related FESEM images. Cerium atom from CeO2 

seems to start nucleation by bonding to oxygen atom of 

MgO on surface, then the crystal of CeO2 would 

formulate with 10% strain due to 28% mismatch 

between MgO & CeO2 crystal [18]. 
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Fig 1. (A) SEM 

image of Bare MgO nanowires. 

(b) SEM Image of Interface MgO NWs decorated with 

CeO2 NPs. (C) shoes schematic illustration for interface 

nucleation. 

 

 It is very important to put into our consideration that 

both surface of MgO and CeO2 are exposed to 

surrounding. CeO2 NPs appears successfully distributed 

along MgO NWs. STEM Image with energy dispersive 

spectroscopy (EDS) where interface is clear are shown 

in Figure 2a, 2b.  
 

 

 

 

 

 

 

 

 

 

 

Fig 2. (a) CeO2 NPs clearly appear on MgO NWs 

(b)successful distribution of CeO2 along MgO NWs 

 

 Particle size changes according to different 

Temperature and different Po2 as shown in Figure 3. 

NPs tend to be smaller and smoother in higher 

temperature according to lower contact angle between 

particles and surface. MgO and CeO2 have almost the 

same surface energy (1.2 J/m2) [22,23]. According to 

surface thermodynamics higher temperature will lead to 
more negative gibes surface free energy which would 

make particle smoother [24]. By increasing oxygen 

pressure it seems to be harder on surface to start 

nucleation process as a result of lack of Cerium atoms 

which is essential to grow CeO2 crystal where Ce:O are  

12:8 respectively. 

 Photo-luminescence of Bare MgO NWs Vs MgO/ CeO2 

at oxygen defects at Po2 =10-3 versus different 

temperatures of (RT to 800 ⁰C), and at 800 ⁰C versus 

different oxygen partial temperatures in figure 4a, 4b. 

All graphs have same peaks with different intensity. 
 

 

 

 

 

 
 

Fig 3. shows Different CeO2 NPs sizes verses 

temperature deposition & Po2. 

 

 

 

 

 

 

 

 

Fig 4. (a) PL MgO-CeO2 NWs VS Temp at Po2 =10-3.  

(b) PL MgO-CeO2 NWs VS Po2 at 800 ⁰C. 
 

3. CONCLUSION 

 MgO Nanowires have been successfully decorated with 

CeO2 Nanoparticles for first time in spite of big 

mismatch 28% between their crystals. NPs size and 

distributions have been investigated as first stage of 

study catalytic effect of Bi-metal oxide interface to be a 
base to study catalytic effect of interface for CO 
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oxidation. That would require to well understanding 

NPs fabrication to well control the interface in well-

defined surface. MgO shows good controllability for 

Nanowires fabrications while CeO2 has ability to be 

redox which make them good candidates to study their 

interface for CO oxidation.   
Deposition temperature and oxygen partial pressure 

effect on NPs size. High oxygen partial pressure makes 

the nucleation process harder and decrease CeO2 crystal 

growth due to CeO2 crystal Ce:O 12:8 respectively 

which would lead to smaller particles. High 

Temperature increases the negativity of Gibes surface 

free energy which would lead to smoother surface. 

Photo-luminescence defects of Bare MgO NWs Vs 

MgO/ CeO2 shows same peaks but different intensities.  

This study well be base to fabricate more NPs different 

metal oxide with unique properties such higher catalytic 

activity. 
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Abstract: This paper deal with the drying of wheat using desiccant grain dryer for the purpose of energy optimization. 

Input energy is calculated for different level of air drying parameters including temperature (T= 40, 45, 50, 55, 60) ºC 

and velocity (0.5, 0.7, 0.9 and 1.1) ms-1. To make the system more economical and energy efficient optimized 
conditions for the operational variables are investigated. It is observed that increase in drying air temperature and 

velocity; increases the drying rate and shorter the drying duration. However, increase in drying air temperature and 

velocity; increases the specific energy consumption. In case of DDS; SEC range from 3.09to 5.92 MJ/kg and in case of 

CDS its range from 4.2 to 6.20 MJ/kg. The results of energy analysis showed that the energy efficiency improved at 

lower temperature and lower levels of velocity but it increases the drying cycle time. Furthermore, optimum value of air 

velocity helps in completion of drying cycle within allowed time for safe storage at the cost of minimum energy 

consumption. 

 

Keywords: Desiccant grain drying, Drying air parameters, Specific energy consumption  
 

1. INTRODUCTION  

Desiccant material has been used for the drying of 

grains from the ancient time. Grains with intimate 

mixture of desiccant or grains with alternate desiccant 
layer has been used[1]. The importance of desiccant 

drying is due to its quality drying and low conventional 

energy usage. In agricultural and food processing 

industries drying is a high energy consumption process 

and consume 10-25% of the total energy[2]. Mostly 

grains are harvested at high moisture level and cannot 

stored for the whole year consumption. Grains needs to 

dry up to 14% moisture content for the prevention of 

mould development and insect attack [3]. However, on 

the other hand lots of energy is required for the drying 

and handle of grains. The desiccant drying system helps 

to resolve environmental and economic issue that results 
from conventional heated air drying system. Desiccant 

drying consumes 13.29 MJ/kg energy as compared to 

60.4 MJ/kg in case of direct sun drying of cocoa 

beans[4]. In literature different parameters are selected 

for energy optimization of desiccant drying system 

including drying air temperature, drying rate [6] 

optimum rotational speed for dehumidification and 

enthalpy recovery [7] maximum energy saving [8] 

regeneration temperature, regeneration air velocity and 

revolution speed (N)[7]. Desiccant drying system is 

requisite to select prudently all the system components 
for the purpose of energy saving[9]. Consequently, the 

main objective of current study is to investigate the 

impact of drying air parameters, including temperature 

and air velocity on drying time and energy consumption. 

 

2. RESEARCH METHODOLOGY  

The (DDS) consists of a desiccant wheel, 

biomass/electric heater for heating of processed air, 

drying bin and biomass/electric heater for regeneration 

of desiccant wheel. Data for  air conditions associated 

with desiccant wheel are taken from literature and 

desiccant wheel 580mm diameter, desiccant material 
polymer with frontal area ratio (pro: reg) 1:0.7 is used in 
study[12]. Air conditions for states 1-7 are determined 

as follow:  
 

 
Fig.1. Schematic diagram of proposed desiccant drying 

system (DDS). 
 

 State 1 represents the ambient air condition T1 32ºC 

and Y1 13.37 g/kg (d.a).  

 At State 2 dehumidification of air take place and 

outlet conditions at adsorption side of desiccant 

wheel are T2   44ºC and Y2 9.44 g/kg (d.a).  

 State 3 represents the different combination of air 

flow rate (0.05, 0.07, 0.09 and 0.11 m s-1) and 

temperature T3 (40, 45, 50, 55 and 60 ºC) for drying 

of grains.  

 At State 4 specific humidity of air is increased as it 
carries moisture from the grains. Outlet air condition 

of the dryer is determined by equilibrium relative 

humidity (ERH) and dryer inlet air conditions (T3, 

Y3). To determine the ERH of the dryer outlet air, 

modified-chung-pfost equation is used. Coefficient 

of equation C1, C2, and C3 selected from the best 
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fitted coefficients for wheat grains isotherm 

equations. Where C1= 401.52, C2 =73.607 and C3= 

0.14974 used for wheat grain[13]. 

 

    (1) 

 Air conditions at state 5 is same as state 1 ambient 

air conditions T5 = T1, Y5 = Y1 

 State 6 represents the sensible heating of the ambient 

temperature (T5) to regeneration temperature (T6 

60ºC). 

 State 7 represents the outlet air condition of the 

regeneration side of the desiccant wheel; T7 39 ºC, 

Y7 18.53 g/kg (d.a). 

Time required to reduce the moisture content from 26% 
(db) to 14 %(db) is calculated as: 

 

    (2)

   

Where W, (Mt+1 –Mt) and dw/dt are the grain dry matter 

(kg), change in moisture content (db) and drying rate 

(kg/s), respectively. For the calculation of drying rate 
Eq. (4) is used: 

 

   (3) 

  

Where ka, A, Yi and Ys are the mass transfer coefficient 

(kgm-2-s-1), area of drying bin (m2), absolute humidity 
of dryer inlet air (kg water/kg dry air), absolute humidity of 

dryer outlet air at ERH (kg water/kg dry air), respectively. 
In case of desiccant drying thermal energy is used for 

heating of the air (Eth 2-3) and regeneration of desiccant 

wheel (Eth 5-6). 

 (4) 

       

 (5) 
Specific energy consumption is defined as the energy 

utilization for removing one kg of water from the grains 

to be dried and is calculated as [21]: 

 

    (6) 
Where SEC, Et and mw are the specific energy 

consumption (kJ/kg), total input energy (kJ) and weight 

of water to be removed  

Coefficient of performance (COP) of the (DDS) is 

defined as the ratio of the total energy consumed for 

removing mw quantity of water to the total energy input 

to the dryer and calculated as: 

     (7) 
Where Et and Ew are the total input energy consumption 

and energy consumed for mw (kg) moisture removal (kJ), 

respectively whereas Ew is calculated by using Eq. 

(20)[18]: 

    (8) 

Where hfg is latent heat of vaporization (kJ/kg) and 

calculated as [23]: 

                                                                       (9) 

 

3. Results and discussion 

The effect of the different drying air velocity and drying 

air temperature on the drying time are presented in Fig. 

2(a,b). for drying of grains up to 14% moisture content 

(d.b). Fig. 2 (a) presents the drying time calculation for 

DDS whereas Fig. 2 (b) presents the drying time 
calculation for CDS. It has been found that desiccant 

drying led to slight decrease in drying time as compared 

to conventional hot air drying. This is due to the fact 

that dehumidified air provides more driving force for 

evaporation at same temperature. It is also indicated that 

increased in drying air temperature accompanied by 

decrease in drying time. This is due to the fact that 

increased in temperature speed up the heat transfer 

between drying air and wheat grains which led to 

increase in moisture removal. Increase in temperature is 

not always favorable for decreasing the total drying time 

as high temperature drying affect the quality of grains. 
Maximum recommended temperature for wheat drying 

is 50-60ºC [9] and for seed drying is 44ºC. Increase in 

drying air temperature decreases the drying time 

whereas within same drying air temperature by 

increasing the air velocity drying time decreases.  

 

 
 

 
Fig.2. Average drying time for reduction of the wheat 

moisture content from 26 to 14 % (db);a) DDS b)CDS 

 

Fig.3. represents the amount of the energy required to 

remove 1 kg of water from the wet grains at different 
supply air temperature. In case of desiccant drying 

minimum specific energy consumption is 3.09 MJ/kg at 

drying air velocity 0.05 m/s and temperature 40 ºC 

where maximum value found 5.92 MJ/kg at drying air 

velocity 0.11 m/s and temperature 60 ºC. But drying air 

conditions for air temperature 55, 60ºC at 0.05 air 

velocity are not suitable for drying as it takes more time 

than the allowable safe storage time limit. It has been 

shown that at same air velocity as temperature increases 

SEC also increases whereas by increasing the air 

velocity SEC also increases.  

In case of conventional drying minimum specific energy 
consumption is 2.94 MJ/kg at drying air velocity 0.05 
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m/s and temperature 40 ºC whereas maximum value 

found 6.20MJ/kg at drying air velocity 0.11 m/s and 

temperature 60 ºC. Here minimum specific energy 

consumption value is less as compared to desiccant 

drying system. But drying air conditions for 40-60 ºC 

air temperature at air velocity 0.05 ,0.07 m/s and drying 
air temperature 40, 45 ºC for drying air velocity 0.09 

m/s are not suitable for drying as it also takes more time 

than the allowable safe storage time limit. Suitable air 

conditions for CDS are only 0.09 and 0.11 m/s air 

velocity at drying air temperature 40-60 ºC but it 

consume more energy as compared to DDS. The air 

conditions not suitable for drying are highlighted by box 

on the Fig.3.Hence DDS provide the economical drying 

solution for all drying air temperature 40-60 ºC and 

drying air velocity 0.05 -0.11 m/s.  

 

 
 

 
Fig.3. Specific energy consumption at different air 

velocity and drying air temperature; a) DDS b) CDS  

 

 
 

 
Fig.4. Energy efficiency at different air velocity and 

drying air temperature; a) DDS b) CDS  

 

Energy efficiency is calculated by using Eq. (7) and 

presented in Fig. 4 for desiccant and conventional grain 
drying system at different supply air temperatures and 

different level of drying air velocity. In case of 

desiccant grain drying energy efficiency of system 

ranged from 39.81 to 77.78% as shown in the Fig. 4(a). 

Furthermore, minimum energy efficiency is observed at 

higher drying air temperature 60 ºC and higher air 

velocity 0.11 m/s and maximum energy efficiency is 

observed at lower supply air temperature 40 ºC and air 

velocity 0.05 m/s. 

In case of conventional drying system energy efficiency 

of the system is ranged from 38.00 to 56.90% as shown 
in the Fig. 4(b). Minimum energy efficiency is observed 

at higher drying air temperature 60 ºC and higher air 

velocity 0.11 m/s and maximum energy efficiency is 

observed at lower supply air temperature 40 ºC and air 

velocity 0.11 m/s.  to 0.4914 and minimum value 

observed at 60 ºC whereas maximum value at 44 ºC 

drying temperature. 

 

4. Conclusion 

This study investigated the different level of drying 

parameter on the drying of freshly harvested wheat from 

26% m.c to 14% m.c. DDS at low temperature and 
lower level of drying air velocity consume minimum 

energy and have maximum efficiency but it takes long 

time to dry the grains. On the other hands at higher 

temperature and high air velocity consume more energy 

but take less time to dry the grains. Same trend is found 

for CDS. In all cases DDS found more economical as 

compared to CDS as it has less SEC and high energy 

efficiency. 
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Abstract: Nonanal is a typical exhaled breath biomarker for lung cancer diagnosis. Surface adsorption of nonanal is 

the key process when using metal oxide semiconductor gas sensor to discriminate nonanal molecules. In this study, 

different wavelength of UV light is adopted to investigate the effect of UV irradiation on nonanal adsorption on ZnO 

nanowire array by FT-IR. The result indicates that UV irradiation can be as an effective method to activate strong 
chemical bonding. In addition, the wavelength of UV light has strong influence on the bond mode of nonanal on ZnO 

surface. 260 nm UV light possesses the best adsorption performance. 

 

Keywords: nonanal, UV light, ZnO nanowire 
  
 

1. INTRODUCTION  
Lung cancer is one of the most serious malignancies 

with rapidly growing rates of morbidity and mortality. 

Efficient early diagnosis is the best protection against 

lung cancer [1]. In this effort, exhaled breath analysis 

system should be a potential choice due to its non-

invasive diagnostic approach [2]. It is well known that 

nonanal can be a typical biomarker for lung cancer 

diagnosis [3]. But it is difficult to effectively detect 

nonanal from exhaled breath because of the vast number 

of VOCs species in breath samples. The traditional 

thermally-driven chemiresistive gas sensors have 

already been commercial and used to detect some VOCs. 
But their poor selectively and accuracy limit their 

application in medical field [4]. However, considering 

their merits of miniaturization and facial operation, they 

still can be an alternative after some improvement. 

Ultraviolet light irradiation should be an available 

method to improve the performance of chemiresistive 

gas sensor. But most works are focus on the decrease of 

power dissipation by instead of thermally-driven [5]. 

The research about about the effect of UV light on 

selectivity is rarely reported. As the basic of gas 

detection, surface adsorption of gas molecules on 
sensing material is the key process. Exploring the effect 

of UV irradiation on nonanal adsorption is extremely 

important for realizing the discrimination of nonanal 

molecules using UV irradiation.  

    Therefore, in this work, ZnO nanowire array is 

chosen as the sensing material since it has direct wide 

band gap (Eg~3.3eV) and simple crystal-growth 

technology [6]. Different wavelength of UV light (dark, 

260, 300 and 350 nm) is adopted. The result indicates 

UV irradiation can influence nonanal adsorption on 

ZnO nanowire array. The adsorption type can be 

adjusted by turning the wavelength of UV light, which 
proves that UV light can be a potential method for 

enhancing the selectivity of chemiresistive gas sensor.   

 

2. EXPERIMENTAL SECTION 

    Preparation of ZnO nanowire array. Si wafer 

coated with ZnO seed layer (RF sputtering, 50W, 3min) 

was used as substrate to grow ZnO nanowire array by a 

hydrothermal method. First, 25mM of Zn(NO3)2·6H2O 

and hexamethylenetetramine (HMT) were dissolved in 

100 mL of deionized water. Then 2.5 mM of PEI and 

3mL of NH3·H2O were added into above solution in 

turn. The Si wafer coated with ZnO seed layer was 

immersed in the solution and kept at 95 ℃ for 10 h. The 

as-grown sample was rinsed in deionized water, and 

then dried in air. Then the as-grown ZnO sample was 

annealed at 600 ℃ for 1h in air. The crystalline 

structures of the samples were investigated using X-ray 

diffraction. The morphology was observed by field 

emission scanning electron microscopy (FESEM). 
    Nonanal adsorption on ZnO nanowire array. 2 μL 

of nonanal was dropt on the ZnO nanowire array (size: 1 

cm×1.5 cm) and dried by nitrogen gas to remove the un-

adsorbed nonanal molecules. Different wavelength of 

UV light (dark, 260, 300 and 350 nm) was adopted to 

irradiate the samples for different time. FTIR 

transmission spectra were used to investigate the 

phenomenon of nonanal adsorption under UV 

irradiation. 

 

3. RESULTS AND DISSCUSION 

3.1 Structural and Morphological Characteristics. 

 
Fig. 1. XRD spectrum and SEM image of ZnO 

nanowire array. 

 

X-ray diffraction (XRD) was conducted to identify the 

composition and crystalline phase of the final products. 

As shown in Fig.1, the (002) peak is clearly seen at 
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34.42°. The diffraction peak could be indexed to a 

wurtzite hexagonal ZnO structure (JCPDS Card No. 36-

1451). No other diffraction peaks could be observed, 

which indicated that the as-grown ZnO samples were 

grown along the c-axis. 

   The inset of Fig. 1 shows the cross sectional SEM 
image of the as grown ZnO samples. Well-aligned ZnO 

nanowire array was produced and highly perpendicular 

to the Si substrate. The length and diameter were also 

very uniform (length: ~7.5 μm, diameter: 80~120 nm). 

3.2 Effect of UV irradiation on nonanal adsorption. 

Ultraviolet light can be as the energy source to drive the 

nonanal adsorption on ZnO nanowire array. In this 

section, different wavelength of UV light (dark, 260, 

300 and 350 nm) is adopted and the time-dependent FT-

IR results are shown in Fig. 2.  

 
Fig. 2. Time dependent FT-IR spectra of nonanal 

adsorption on ZnO nanowire array under dark (a), 

260nm (b), 300nm (c) and 350nm (d) UV light 

irradiation. 
 

Table 1. FT-IR peak position index in Fig. 2. 

No. 
Wavenumber(

cm-1) 
Vibration modes 

① 
② 

1727 

1711 
Vs(C=O) 

③ 
④ 
⑤ 

1592 

1549 

1530 

Vas(COO) 

⑥ 1467 δ (CH2/CH3) 

⑦ 1410 δ (CH2/CH3) 

⑧ 1390 δ (CH) from CHO 

⑨ 1399 Vs(COO) 

⑩ 1378 δs(CH3) 

 

    In addition, the relevant FT-IR peak position index is 
summarized in Table 1. Obviously, the transformation 

of peak ① to peak ② can be observed no matter under 

dark or UV irradiation. This phenomenon may be due to 

C=O initially weakly bond with surface exposed lattice 

Zn atom. Then according to the decrease of peak 

Vs(C=O) and the increase of peak Vas(COO), as well as 

the disappear of peak ⑧, we can get the information 

that the group –C-H in R-CHO is broken and gradually 

transform to carboxylate R-COO-Zn to adsorb on the 

surface of ZnO. The peak ③, ④ and ⑤ all belong to 

Vas(COO), but the adsorption configuration is different. 

From current result, the UV irradiation may only affect 

the speed of transformation from R-CHO to R-COO-Zn 

in adsorption process. Fig. 3 records the variation trend 

of Vs(C=O) and Vas(COO) (1549 cm-1) peak intensities 

with time from 0 to 40 min. The result indicates that that 
260 nm UV light has the best promotion for this 

transformation. In addition, the transformation tends to 

saturation after a certain time for dark, 300 nm and 350 

nm. 

 
Fig. 3. Variation trend of Vs(C=O) and Vas(COO) (1549 

cm-1) peak intensities with time from 0 to 40 min. 

 

4. CONCLUSION 

In summary, the adsorption behavior of nonanal on ZnO 

nanowire array was successfully investigated using FT-

IR spectrum. The influence of UV irradiation was 

explored by changing wavelength and designing time 

dependent experiment. In comparison to dark condition, 
UV irradiation can be used to tailor the adsorption 

behavior of nonanal by selecting suitable wavelength of 

light, which give a guideline for developing the 

discrimination of nonanal from exhaled breath.   
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Abstract: Binary Fluid application for Ejector Refrigerating System allows improving the efficiency by 1.5-2.5 times 

comparing to a Single Fluid one. This is achieved by decreasing the shock losses in the ejector by 30-60% and 

increasing a ratio of specific cooling capacity to a specific heat input in the vapour generator by 1.2-4.5 times. Binary 

mixture separation into single fluid components is to be achieved within 1-2% of purity. Fractionating condensation 

with a directed combination of heat- and mass- exchange processes can perform such separation. The selection of pairs 

of the components is carried out as a result of fluids PTX diagram analysis, taking into account normal boiling 

temperatures, concentrations and ejector's outlet mixture parameters. The methods of binary mixture components 

selection as well as approaches for concentration control were developed. 
 

Keywords: ejector, binary fluid, fractionating condensation, efficiency 
  
 

1. INTRODUCTION  

The interest to low grade heat driven air-conditioning 

and refrigerating technologies increases from year to 
year. The main requirement for these systems is reliable 

cooling generation at the outstanding energy efficiency. 

Commercially available absorption refrigerating 

systems does not meet this requirement at high ambient 

air temperatures. This is related to absorption process’s 

limitation that leads to system stagnation. The proposed 

Binary Fluid Ejector Refrigeration System (BERS) 

demonstrates the performance on a level or even higher 

than absorption systems, while it is cost-efficient, 

durable and involve less moving parts. The key 

elements of BERS are: Fractionating Condenser, Ejector 

and Feed Pump. But if the last two components were 
developed and successfully tested earlier [1], the 

fractionating condenser is yet to be studied along with 

the selected binary fluid components. This study 

addresses P-T-X diagram analysis taking into account 

normal temperatures difference and initial mixture 

composition after ejector.  

 

2. BINARY FLUID SELECTION FOR BERS 

FOR AIR-CONDITIONING MODE 

The schematic diagram and thermodynamic cycle of the 

BERS is presented on Figure 1. 
Initial researches on binary fluid selection criteria were 

based on critical sonic velocities difference, including 

molar mass and other properties. Shock loss in ejector 

depends on squared velocities difference of working and 

refrigerant flows as shown in Eq. 1: 
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Since ratio of λ functions of the flows depends on 

operating conditions, the velocity difference can be 
minimized by selection of fluid pair with opposite 

properties of the fluid components (Eq. 2,3).  
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  (3) 

where wf sc genp p   , rf sc evap p  . 

Working fluid should have lower critical sonic velocity, 

refrigerant fluid – higher sonic velocity. This relation of 

velocities means that molar mass ratio is also arranged 

in the inversed manner as stated in Eq.4: 

8314
crita kT


    (4) 

Considering that fluids in BERS represent quite similar 

compounds, so Trouton’s number differs insignificantly, 

Eq. 5: 

s sr T     (5) 

From Eq. 5 it can be derived that ratio of fluid 

components’ latent heat of evaporation in BERS is 

greater than 1 [2,3,4]. Another study [3] offers 

coefficient of compressibility Z as an additional factor 

for fluid components selection. Table 1 represents 

several properties of studied binary fluids that basically 
represent requirements for its components. Additionally, 

normal boiling temperatures difference and shape of 

PTX diagram has a great impact on components’ 

separation during condensation. Figure 2a and 2b 

represents sample of TX diagram. 
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Fig. 1 Schematic diagram and thermodynamic cycle of the BERS. 1-2 – working fluid heating and evaporation in the 

vapour generator, 2-3 – working vapour expansion in the nozzle, 3-4 and 5-4 – working flow and refrigerant flow 

mixing, 4-4’ – mixture compression in the cylindrical mixing chamber, 7-8 working fluid condensation in the 

fractionating condenser, 6-9 refrigerant fluid condensation, 8-8’ – refrigerant fluid throttling, 8-5 – refrigerant fluid 

evaporation, 9-1 – working fluid pumping into the vapour generator. 

 
   a       b    

Fig. 2 T-X diagram for a) R1234ze/R161 – 24 stages, b) R11/Butane – 12 stages 

 

Table 1. Fluid properties. 

Fluid/Mixture Zwf/Zrf awf/arf Molar wf Molar rf Tcrit Pcrit, Mpa 

R11 0.90 1.02 137.37 197.96 4.41 

Butane 0.83 0.94 58.12 151.98 3.80 

R1234ze 0.68 0.81 114.04 109.36 3.63 

R161 0.62 0.80 48.06 102.10 5.01 

R11/Butane 0.93 0.69 137.37 58.12 197.96 151.98 4.41 3.80 

R1234ze(E)/R161 0.71 0.51 114.04 48.06 109.36 102.10 3.63 5.01 

R365mfc/butane 0.93 0.64 148.07 58.12 186.85 151.98 3.27 3.80 

R245fa/DME 0.88 0.56 134.05 46.07 154.01 127.23 3.65 5.34 

R245fa/DME 0.88 0.56 134.05 46.07 154.01 127.23 3.65 5.34 

R245fa/DME 0.88 0.56 134.05 46.07 154.01 127.23 3.65 5.34 

R1234ze/R161 0.71 0.51 114.04 48.06 109.36 102.10 3.63 5.01 

 

Shape of the TX diagram showing low difference of 

normal boiling temperatures means that separation 
process is complex and requires more precise 

fractionation though the purity of components is not 

guaranteed. Those binary fluids can be still applicable in 

the BERS, since even at high concentrations of the other 

component in the vapour generator and evaporator COP 

is greater than of single fluid ERS. Table 2 represents 

COP of the ERS and BERS with premixes in evaporator, 

generator. 

Alternatively, the binary fluid with significant normal 

boiling temperatures difference is separated easily, but 

lower condensation temperature can be equal to 

evaporation temperature Table 2 and such binary fluid 
can be only used when other cooling media is available.  

The preferable binary fluid is a fluid with optimal 

normal boiling temperatures difference, when easy to 

perform separation, while finishing condensation 

temperature is significantly higher than evaporation 

temperature. 

In addition, at fluid components selection, requirements 

of Kyoto and Montreal Protocols should be met along 

with fire safety, toxicity level etc. 
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Table 2. COP and condensation temperature of the single and binary fluid at tgen=85°C, tcond=35°C, teva=12°C 

Fluid/Mixture Xgen Xeva Xcond tcond,wf tcond,rf U COP 

R11 - - - - - 0.48 0.4 

Butane - - - - - 0.48 0.36 

R1234ze - - - - - 0.45 0.36 

R161 - - - - - 0.4 0.39 

R11/Butane 1 0 0.68 47.45 21.65 0.47 0.86 

R1234ze(E)/R161 1 0 0.77 43.55 21.65 0.29 0.59 

R365mfc/Butane 0.9 0 0.58 37.25 18.25 0.53 0.58 

R245fa/DME 0.8 0 0.54 35.25 19.18 0.46 0.73 

R245fa/DME 0.85 0 0.58 36.70 17.44 0.46 0.76 

R245fa/DME 0.85 0.1 0.60 35.63 17.29 0.47 0.74 

R1234ze/R161 0.95 0 0.72 41.05 22.88 0.31 0.59 

 

3. FRACTIONATING CONDENSER 
Fractionating condenser is a unit that provides 

condensation with simultaneous separation of binary 

fluid into components [5,6]. 

The most efficient design of fractionating condenser is a 

column with a series of packing and heat exchange 

surface, which rejects condensation heat to environment. 

Fig. 3 represents schematic of the fractionating 

condenser. Raschig rings can be used as packing, 

twisted ribbons with inclined corrugation that creates 

channels for reflux flow, wire coils etc (Fig. 3.) 

 
Fig. 3. Cross-section view of the BERS’ fractionating 

condenser for separation of binary fluids components. 

 

During BERS application, a significant angular 

inclination 30-40° of fractionating condenser is allowed. 

It makes possible to operate BERS on transport systems. 

Calculation and design of heat exchange surface at 

various sections and temperature gradient in accordance 

with binary fluid PTX diagram define heat exchange 

area of each packing element and its composition on 

inlet/outlet of each section. 
Application of water-cooled fractionating condensation 

in BERS will provide an additional to air-cooling hot 

water service as a byproduct with temperature of 50-

55°C. 

 

4. CONCLUSIONS 

1. BERS application allows increasing the efficiency of 

low-grade heat operated air-conditioning by 1.5-2 times 

compared to single fluid ERS. 

2. Various binary fluids can be selected for designed 

conditions that simultaneously meet safety and 

efficiency requirements. The search of new fluids will 
allow achieving better results in both energy efficiency 

and technological advantages. 

3. BERS simultaneously produce cold and heat that 

increases their profitability. 

4. The design of fractionating condenser is simple and 

can operate on fixed-site and transport systems. 
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Abstract: This paper presents the effect of inductor and switching frequency of a three phase DC-DC converter for 

possible application in an electrical vehicle. The proposed DC-DC converter consists of the primary and secondary 

stage. The primary stage of the converter is composed of full bridge converter act as input port which connected in 

parallel, while at the secondary stage which acts as output port comprised of full bridge rectifier connected in series. At 

the secondary stage, filter capacitor, an inductor connected in parallel to filter out the ripples from the input voltage 
and produce a DC output voltage that leads to better performance. Different stages of the DC-DC converter has been 

simulated through PSpice and performance were evaluated.  

 

Keywords: DC-DC, converter, three phase, six inverter 
  
 

1. INTRODUCTION  
Three phase converter is suitable for low voltage and 

high current applications. [1]. A high step up ratio 

converter is required to enable efficient energy 

exchanges between DC-DC of different voltages. 

Higher operating frequency leads to better transformer 

utilization and increases in power density [2].  

High isolated DC-DC converter often used in a high 

gain application for protecting devices [3]. The 

converter is commonly used for the conversion of the 

energy system in high voltage and high power 

applications. Thus, the converter compatible with high 

voltage and high power applications [4]. 
To overcome the problem across the switching, different 

clamping techniques used such as active clamping and 

naturally clamping. The proposed converters provide 

modular power conversion with modular high-

frequency transformers and utilize high-frequency low-

power transformers. This converter is good for high 

power and high voltage applications [5].  

Three phase converter proposing a high frequency three 

phase transformer, compared to single phase the losses 

are well distributed, and it is three times higher in the 

cutting frequency compared to the switching frequency, 
and the filter reduced its required size. The output 

current ripple sufficiently reduced, ripple frequency 

increases, hence, the output filter can be much smaller 

[6]. 

In this paper, three phase DC-DC converter with six 

inverter performance was evaluated with the variation 

of the filter capacitor, an inductor with a different load. 

The effects of switching frequencies were also explored. 

 

2. METHODOLOGY 

The DC-DC converter that comprised of three phase 

converter. This three phase converter consists of three 
full-bridge converters which connected parallel at the 

input side and three full-bridge rectifiers connected in 

series at the output side. The function of the rectifiers is 

to convert the alternating current (AC) into direct 

current (DC). The series output connection is suitable to 

generate a high output voltage with relatively low PWM 

which results reduced the voltage stress of rectifier 

diodes, high efficiency and it is suitable for low power 

applications.  

Figure 1 shows a block diagram of the DC-DC 

converter can be divided into two stages. At the first 

stage, it is comprised of three full bridge converter and 

act as an inverter to generate AC output voltage from 

DC. Meanwhile, at the second stage, a rectifier is used 

to convert AC voltage into DC output voltage. 

Therefore, three full bridge diode rectifier is used to 

generate desired DC output voltage from AC. The 

advantages of the full bridge rectifier are that it does not 
need a center tapped transformer thus will reduce the 

size and its cost. The output voltage of the rectifier at 

the first stage is acting as an input voltage rectifier for 

the second stage.  

 
Fig. 1. System block diagram. 

 

2.1 DC-DC Converter 
Single phase converter topology employs parallel one 

phase input and series output structure. Figure 2 shows 

the schematic diagram of a single phase DC-DC 

converter. In this schematic, at the first stage of the 

converter which is the primary side has one part of the 

full - bridge converter consists of IRF150 rectifier 

connected to a voltage source. The second stage of the 
converter has a series output connection of full-bridge 

diode rectifier. There have four diodes that arranged in 

series labeled D1, D2, D3 and D4. During half cycle only 

two diodes conducting current. During the positive half 

cycle, D1 and D3 conduct in a series while D2 and D4 

conduct in reverse biased. The second stage converter 

also comprised of the filter capacitor, filter inductor and 

load resistance. This single phase converter works really 

well, but for high power, the converter could suffer 

from current stresses. 

Adding one more part to the single phase to obtain two 
phase DC-DC converter. The two phase converter have 

better improvement of the output voltage performances 



3rd International Exchange and Innovation Conference on Engineering & Sciences 

142 

 

compared to the single phase converter. Meanwhile, 

three phase converter is comprised of single phase and 

two phase converter. Three phase converter has low 

input/output ripple and low output voltage compared to 

single phase and two phase. Therefore, three phases 

have better performance. The result of the various 

operating operations is illustrated in the simulation 

result. 

 

 
Fig. 2. Three phase DC-DC converter. 

 

3. RESULTS  AND DISCUSSION 

3.1 Effect of the Inductor to the converter 

The analysis has been carried out to evaluate the 

converter operation. Simulations have been executed to 
see the effect of the inductor to the simulation result of 

single phase, two phase and three phase DC-DC 

converter. The frequency varies in range, from 100 kHz, 

10 kHz and 1 kHz. Different frequencies result in the 

different output waveform of the simulations. On the 

other hand, a different value of the inductor that varies 

from 100µH, 200µH, 400µH and 640µH also gives 

significant impact on the results. The input and output 

voltage is constant. Results are shown respectively in 

Figure 3. 

From the simulation results, when inductor at 100 µH 
with frequency 10 kHz and 100 kHz it shows the output 

voltage ripples are fairly constant. The overshoot value 

is significantly lower with higher switching frequency at 

100 kHz. For single phase as can be seen in Figure 3(a), 

based on the observation the converter has a peak 

voltage around 21V and short settling time with ripple 

at frequency 1 kHz. The circuit settled around 2.4ms at 

the output voltage. 

 

 

Fig. 3(a). Variation of the output voltage with frequency 

for single phase converter with inductor Lf =100 µH. 

For two phase converter shown in Figure 3(b), the peak 

voltage of the converter has slightly increased to 26V 
and have longer settling time around 3ms. 

 

Figure 3(b): Variation of the output voltage with 

frequency for two phase converter with inductor Lf = 

100 µH. 

 

Meanwhile, in Figure 3(c), three phase converter shows 

peak voltage is sufficiently reduced compared with that 

in single phase and two phase converter which is 12V. 
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Fig. 3(c). Variation of the output voltage with frequency 

for three phase converter with inductor Lf =100 µH. 

 

3.2 Effect of the Frequency to the converter 

Simulations are carried out to see the effect of 

frequency as shown in Fig. 4. The overshoot value is 

significantly lower with higher switching frequency at 

100 kHz and inductor value at 100µH. The simulations 

result in single phase represented in figure 3.2 (a) shows 

the output voltage ripples are low and the settling time 

settled around 4ms. Meanwhile, the value of voltage 

peak overshoot at 20V.  

 

Fig. 4(a). Variation of the output voltage with an 

indicator for single phase converter with switching 

frequency fs=100 kHz. 

 

Two phase converter simulation result is illustrated in 

Fig. 4(b), the overshoot point is slightly increased the 

output voltage shows at 25V and have longer settling 

time around 5ms. 

 
Fig. 4(b). Variation of the output voltage with an 

indicator for two phase converter with switching 

frequency fs=100 kHz. 

 

Three phase converter is shown in Fig. 4(c) as a most 

efficient because it lowers the output voltage. In 

conclusion, the higher the value of the switching 

frequency, the better performance of the simulation 

waveform will be achieved. On the other hand, it leads 

to better performance and increases the power density of 

the converter. 
 

 
Fig. 4(c). Variation of the output voltage with an 

inductor for three phase converter with switching 

frequency fs=100 kHz. 

 

3.3 Effect of the Load Resistance the converter 

Figure 5 shows the effect of the load resistance to the 

simulation. We also need to consider the effect of load 

resistance. The load resistance varies from 20, 40, 60 

and 100 Ωs, the value of inductor of 640µH and 
frequency is at 100 kHz. From the observation, the 

converter needs to have minimal load resistance to 

handle the DC output voltage. 

 

Fig. 5. Effect of the load resistance of the output stage. 

 

3.4 Effect of the Capacitor to the converter 
Figure 6 shows the output capacitance affect the 

stability of the converter. The capacitance can 

significantly influence the converter which defines the 

stability of the converter operation. The filter capacitor 

is to convert the rippled output of the rectifiers into a 

smooth DC output voltage. The parameter has to be in a 

certain range to assure the stability of the system. As the 

capacitance value of 100uH, the voltage peak is at 26V 

and settled at 2ms with small oscillation. Increase the 

value of the capacitor to 470µF we can clearly see the 

peak value is around 24V and have the smooth output 
waveform. Hence, it is important to consider the value 

of the capacitance which will determine the number of 

ripples at the output waveform. If the capacitance value 

is too low it will have a little effect on the output 

waveform.  

 

 

Fig. 6. Effect of the filter capacitor in the output stage. 

 

 

V
o

lt
a
g

e
 

 

V
o
lt

a
g
e 

 

V
o

lt
a
g

e 

 

V
o
lt

a
g
e 

 

V
o
lt

a
g
e 

 

V
o
lt

a
g
e 



3rd International Exchange and Innovation Conference on Engineering & Sciences 

144 

 

3.5 Output voltage after rectification 

Figure 7 shows the output voltage after rectification and 

before filter and after the filter. The output voltage after 

rectification is displayed in figure 3.5(a) shows the 

simulation result before filter when current is not 

passing through the inductor.  
 

 

Fig. 7. Output voltage without a filter.  

 
Meanwhile, as can be seen in Fig. 8, it shows the 

simulation result after filter when the current passing 

through the inductor. The output of the after 

rectification has less ripple and produced a smooth 

output waveform. 

 

Fig. 8. Output voltage after the filter. 

 
3.6 Load current 

Figure 9 shows the load current in the inductor. The 

ripples are not only determined by the smoothing 

capacitor but load current is also important to determine 

the ripples of the output waveform. We have to consider 
the parameter of the load current to obtain smooth 

output waveform of the simulation. Figure 9 shows the 

inductor current peak value is at 11.2A.  

 
Fig. 9. Load current before inductor 

 

The inductor current is pulled down as shown in Fig. 10 

after the load current passing the inductor. It shows that 
the load current reaches the minimum value and after a 

short period of time inductor current becomes zero.  
 

 
Fig. 10. Load current after inductor 

 
4. CONCLUSION 
The simulation of the DC-DC converter has been done 

for designing various phases.  The DC-DC converter 

can be operated at different phases, first is a single 

phase, then two phases and lastly three phases.  The 

performance of the converter is simulated using PSPICE 

simulation software and the performance are evaluated 

accordingly based on the switching frequency (fs) which 
varies from 1 kHz, 10 kHz and 100 kHz, inductor (Lf) 

which  varies from 100uH, 200uH, 400uH and 640uH, 

filter capacitor (Cf) selected as 470uH, load resistance 

and load current. The input voltage (Uin) used for this 

converter is 20V and output voltage varies from 20V up 

to 100V. This converter simulation result shows better 

performance compared to the proposed converter from 

the previous study. Features such as high switching 

frequency and high capacitance value make this 

converter better in performance. 

 

REFERENCES   

[1] R. S. K. Moorthy and A. K. Rathore, Analysis and 

design of impulse commutated ZCS three-phase 

current-fed push-pull DC/DC converter, 2016 IEEE 

Applied Power Electronics Conference and 

Exposition (APEC), Long Beach, CA (2016) 794-

801.  

[2] L. Sobrayen and A. K. Rathore, Three-phase soft-

switching bi-directional DC-DC converter for low 

voltage high power applications, 2016 IEEE 8th 

International Power Electronics and Motion Control 
Conference (IPEMC-ECCE Asia), Hefei (2016) 90-

97. 

[3] Z. Yao and J. Xu, A three-phase DC-DC converter 

for low and wide input-voltage range application, 

2016 IEEE Transportation Electrification 

Conference and Expo, Asia-Pacific (ITEC Asia-

Pacific), Busan (2016) 208-213. 

[4] A. Mohammadpour, T. Li and L. Parsa, Three-phase 

current-fed zero current switching phase-shift PWM 

DC-DC converter, 2014 IEEE Energy Conversion 

Congress and Exposition (ECCE), Pittsburgh, PA 

(2014) 5079-5084.  
[5] K. Modepalli, A. Mohammadpour, T. Li and L. 

Parsa, "Three-Phase Current-Fed Isolated DC–DC 

Converter With Zero-Current Switching," in IEEE 

Transactions on Industry Applications, vol. 53, no. 1 

(2017) 242-250.  

[6] J. Zhang, Z. Wang and S. Shao, A Three-Phase 

Modular Multilevel DC–DC Converter for Power 

Electronic Transformer Applications, IEEE Journal 

of Emerging and Selected Topics in Power 

Electronics, vol. 5, no. 1 (2017) 140-150. 

      

 

V
o

lt
a
g

e
 

 

V
o

lt
a
g

e 

 

In
d

u
ct

o
r 

C
u

rr
en

t 

 

In
d

u
ct

o
r 

C
u

rr
en

t 



 

3rd International Exchange and Innovation Conference on Engineering & Sciences  

Kyushu University, Fukuoka, Japan  

October 19-20, 2017 

 

145 

 

Nitrate Removal in Porous Media Using Nanoscale Zero Valent Iron: Column 
Experiment 

 
Tamer Shubair, Osama Eljamal*, Ahmed Khalil, Nobuhiro Matsunaga 

Department of Earth System Science and Technology, Interdisciplinary Graduate School of Engineering Sciences, 

Kyushu University, 6-1 Kasuga-Koen Kasuga, Fukuoka, Japan, 816-8580 

*Corresponding author email: osama-eljamal@kyudai.jp 

 

Abstract: The use of nanoscale zero valent iron (nZVI) as a reactive media in porous media has become a promising 

technology for contaminants removal from soil and groundwater.  Therefore, the main aim of current work is to 

investigate nitrate removal from water using nZVI in an upflow packed sand column. The effects of one layer, 

multilayer and different thicknesses of nZVI/sand on nitrate removal were reported in this study. The initial nitrate 

concentration was 200 mg/L. The distribution of nitrate trapped inside the columns was evaluated by measuring nitrate 

concentration at various intermediate sampling points along the depth of the column in addition to the column outlet. 

The results indicated that the best condition to remove nitrate was observed when using single 10-cm high layer of 

nZVI/sand and more than 97% of influent nitrate was removed.  

 

Keywords: Nanoscale zero valent iron (nZVI); Porous media; Nitrate removal; Packed sand column. 
 
 

1. INTRODUCTION 

Nitrate contamination of groundwater has become a real 

environmental and public health alarm worldwide. 
Nitrate contamination usually originates from chemical 

fertilizers for agriculture, animal manure, wastewater 

discharges, fertilizers factories and landfills [1, 2]. 

Excessive nitrate exposure can cause cancer, met-

hemoglobinemia and blue baby disease in infants due to 

the potential reduction of nitrate to nitrite [3]. Due to 

threats of nitrate contamination, World Health 

Organization (WHO) and many countries restricted the 

maximum contaminant level (MCL) of nitrate in 

drinking water to 50 NO3
– mg/L and NO3

––N 10 mg/L, 

respectively [4, 5]. 

Several physico-chemical and biological technologies 
have been proposed for removing nitrate from 

contaminated water like ion exchange, reverse osmosis, 

chemical reduction, electrodialysis and biological 

denitrification [6]. However, these processes are 

relatively expensive and are often limited due to 

potential of side effect on water quality [7]. Therefore, 

there is a need to explore alternatives for resolving the 

problem of nitrate contaminated sites.  

In recent years, zero valent iron (ZVI) has been 

employed intensively to remediate soil and groundwater 

contaminants such as As(III), As(V), Cr(VI), Pb, Ni, Cu, 
Zn, PO4

3– and NO3
–. Nano-zero valent iron (nZVI) has 

shown higher reactivity compared with micro- or milli-

sized iron for the effective removal of a wide range of 

contaminants [8]. The higher surface reactivity of nano-

zero valent iron is the result of larger surface area due to 

small size of particles. In addition, these particles are 

nontoxic to aquatic organisms, available and cheap [9]. 

For in situ nitrate treatment from groundwater, 

permeable reactive barrier (PRB) is one of the well-

known technologies owing to their effective operation 

and maintenance costs. ZVI PRB has been successfully 
used to remediate groundwater contaminated by nitrate. 

Several researches have focused on evaluating the 

behavior and efficiency of nitrate treatment by ZVI in 

laboratory scale column. Tehrani et al. [10] investigated 

nitrate removal using nZVI/Ni particles. They 

concluded that nitrate remediation was mostly 

influenced by seepage velocity, freshness and quantity 

of nZVI/Ni and particle size of porous media and the 

maximum nitrate removal did not exceed 85% in 
column experiment. 

Huang and Zhang [11] observed that adding certain 

selected cations (Fe(II), Fe(III), or Al(III)) in feed 

solution can greatly enhance nitrate reduction and 

extending hydraulic retention time, increased nitrate 

removal by Fe0 packed columns. Tang et al. [12] 

indicated that ZVI PRB is a potential technique for in 

situ remediation of soil and groundwater nitrate 

contamination in the alkaline conditions.  

Hosseini and Tosco [13] assessed nitrate removal in a 

laboratory bench-scale aquifer system (60 cm length × 

40 cm width × 50 cm height) using nZVI and carbon 
substrates. The results of this study demonstrated that 

the model has a great possibility for nitrate reduction in-

situ contaminated groundwater. Araújo et al. [14] 

showed that the use of nZVI in PRBs is, indeed, a 

suitable technique for denitrification with high 

performance record but the long-term impact of nZVI 

on the environment and on the human health needs 

further work. 

Westerhoff and James [15] studied removal of nitrate 

under laboratory and field conditions using ZVI packed 

columns. They noticed that only 70% of the applied 
nitrogen was recovered as nitrate, ammonium, or nitrite 

during short-term column operations and less than 25% 

of the applied nitrogen was recovered during long-term 

column tests. They also reported that a pH increase, DO 

decrease, and soluble iron increase were accompanied 

during nitrate removal. Hosseini et al. [1] applied a 

modified surface of nZVI using Cu nano-particles to 

remove nitrate through packed sand column. The results 
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revealed that 75% of influent nitrate was removed when 

nano-Fe/Cu concentration=8 g/L, initial nitrate 

concentration=100 mg/L and pore water velocity 

through sand=0.125 mm/s. Despite these studies, 

sufficient data cannot be found in the literature 

concerning the removal of nitrate using nZVI packed 
columns. 

In the present article, the main objective of this research 

was to study the effectiveness of nZVI for the removal 

of nitrate in porous media using an upflow packed sand 

column. To attain this goal, the effects of different 

configurations of nZVI/sand like one layer, multilayer 

and different thicknesses of nZVI/sand on nitrate 

removal were investigated. Four columns were operated 

simultaneously using 10 g of nZVI in each in addition to 

fifth column filled with sand only. Nitrate concentration 

was monitored in the effluent and at different sampling 

ports along the various depths of the column. To the 
best of our knowledge, this research is the first study 

that uses nZVI in layers in the length of packed sand 

column to remediate nitrate contaminant.  

 

2. MATERIALS AND METHODS 

2.1. Materials and chemicals 
Ferric chloride (>99.0%, Junsei Chemical Co., Japan), 

sodium borohydride (>98.0%, Sigma–Aldrich Inc., 

USA) and ethanol (99.5%, Wako Co., Japan) were 

purchased for nZVI synthesis. Potassium nitrate 

(>99.0%, Wako Co., Japan) was used to make the 
nitrate solution, while hydrochloric acid (35–37%, 

Wako Co., Japan) was used for pH adjustment. All 

solutions were prepared using deionized water and 

purged with nitrogen for 20 min for de-oxygenation 

process. Standard sand (As One Co., Japan) was used as 

a porous medium. Maximum and minimum diameter of 

sand particle was equal to 2 mm and 0.075 mm, 

respectively. The sand properties were estimated as bulk 

density (ρb = 1.3 g/cm3) and average porosity (n = 0.35). 

All chemicals and minerals were used as received 

without any pretreatment. 

 

2.2. Synthesis of nZVI  

nZVI was synthesized based on an aqueous reduction of 

ferric chloride hexahydrate using sodium borohydride as 

described in the following reaction [16]: 

4Fe3+ + 3BH4
– + 9H2O → 4Fe0 + 3H2BO3

– + 12H+ + 6H2 

(1) 

 

In order to make 10 g of nZVI, sodium borohydride 

solution (NaBH4, 28 g/L) was added slowly into ferric 

chloride hexahydrate (FeCl3.6H2O, 40 g/L) in 5000 mL 

four-neck glass flask at a rate of 1 L/h using a roller 

pump. The synthesis was processed under a continuous 

flow of nitrogen gas to create anoxic condition. The 

synthesis was conducted with vigorous stirrer 250 rpm, 

under temperature 25 ± 0.5 ºC using water bath and left 

for 20 min as aging time to complete the reaction. The 

resulting black precipitates were filtered by vacuum 

filtration, washed with deoxygenated deionized water 

and ethanol three times, and then applied immediately 

in column experiments. 

 

2.3. Column experiment setup and operation 
Column experiments were conducted using a Plexiglas 

column with a length of 25 cm and an internal diameter 

of 8.5 cm. The columns were pumped continuously with 

nitrate synthetic water in an up-flow mode using a 

multiport peristaltic pump (RP-1000, As One, Japan). 

Four sampling ports were installed along the height of 

the column at 5 cm (S1), 10 cm (S2), 15 cm (S3) and 20 

cm (S4) from the column inlet to allow for water 

collection (Fig. 1). 10 g of nZVI were introduced in 
each column. The column experiments were comprised 

of five columns. The first column (C1) was first filled 

with a 5-cm high layer containing sieved sand; the 

second 10-cm high layer was filled with a homogenous 

nZVI/sand mixture (10 g of nZVI) while the third layer 

(10cm) contained just sand (Fig. 1a). The second 

column (C2) was composed of a first layer at the bottom 

containing sand only (5 cm long); the second layer 

containing a homogenous mixture of nZVI/sand (5 g of 

nZVI) (5 cm long); the third layer was packed with 5 

cm of sand; the fourth layer was filled with a mixture of 

nZVI/sand and the last layer containing only sand (5cm 
long) (Fig. 1b). The third column (C3) was packed with 

a 5-cm high layer of sand as a first layer; the second 

layer was packed with a 5-cm high layer of a 

homogenous mixture of nZVI/sand and the remaining of 

the column was filled with sand only (Fig. 1c). C4 was 

similar to C1 but was filled with nZVI supported on 

porous media (sand particles were added to ferric 

chloride during nZVI synthesis) (Fig. 1d). C5 was 

prepared with only sand as a control column. The sand 

layers at the inlet and the outlet were used to improve 

flow distribution and limit nZVI loss from each column. 
During the whole experiments, each column was fed 

with 200 mg/L of nitrate from a 20 L tank. Flow rate 

was set to 5 mL/min and the residence time was thus 99 

min. The pH of the influent solution in all experiments 

was nearly 7. The water samples were collected from 

effluent and intermediate sampling ports and analyzed 

for pH, oxidation reduction potential (ORP), nitrate, 

nitrite, ammonium and total soluble iron. 

 

2.4. Analytical methods and instruments 
Samples were filtered using 0.45 mm syringe filters for 

nitrate, nitrite, ammonium and dissolved total iron 
analyzes. Nitrate, nitrite, ammonium and dissolved total 

iron were determined using an UV–visible 

spectrophotometer (DR 3900, Hach Co., USA), 

employing dimethylphenol method at 345 nm, USEPA 

diazotization method at 515 nm, salicylate method at 

690 nm and TPTZ method (2,4,6-tri(2-pyridinyl)-1,3,5-

triazine) at 590 nm, respectively. pH and ORP were 

measured using a pH/ORP digital meter (D-72, Horiba 

Co., Japan). 

 

3. RESULTS AND DISCUSSION 

3.1. Nitrate–nitrogen removal  

The changes in NO3
––N, NH4

+–N and NO2
––N 

concentrations in column experiments C1–C4 over time 

are presented in Figs. 2–5, respectively. No significant 

variations in NO3
––N, NH4

+–N and NO2
––N were 

observed in C5 (not given).  Fig. 2 presents the temporal 

changes in nitrogen species in C1. NO3
––N 

concentration decreased quickly and more than 96% of 

NO3
––N was removed after 1 hr. After this time, the 

concentration of NO3
––N relatively remained constant 

until 22 hr and then NO3
––N removal dropped from 

93% after 22 hr to 70% after 25 hr. NH4
+– N 

concentration increased gradually over the first 5 hr to 

reach 8.35 mg/L and subsequently decreased slightly 

35% of the added NO3
––N was recovered as NH4

+–N.
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Fig. 1. Schematic representation of the columns design. 

 

until 17 hr and at the end of experiment approximately 

Low formation of NO2
––N was observed over time in 

C2 (˂ 1.62 mg/L). The nitrogen mass balance was about 

69% in which nitrogen as NO3
––N, NH4

+–N and NO2
––

N. 

Fig. 3 presents the temporal changes in nitrogen species 

in C2. The NO3
––N concentration decreased sharply and 

greater than 95% of the influent NO3
––N was removed 

after 5 hr and afterward NO3
––N concentration 

increased steadily and reached 5.06 mg/L after 17 hr. 

After this time, NO3
––N removal dropped from 89% 

after 17 hr to 71% after 25 hr. The effluent NH4
+–N 

concentration increased gradually and about 61% of the 

NO3
––N removed was recovered as NH4

+–N. Little 

formation of NO2
––N was detected (˂ 1.05 mg/L) 

during C2 experiment. 

 
Fig. 2. Changes in nitrogen concentrations in C1 over 

time. 

About 91% of total applied nitrogen was recovered as 

NO3
––N, NH4

+–N and NO2
––N after 25 hr of operation. 

Fig. 4 exhibits the temporal changes in nitrogen species 

in C3. The NO3
––N concentration at the outlet showed 

98% of NO3
––N removal during the first hour and 

thereafter increased slowly to more than 4.02 mg/L after 

17 hr. A gradual decrease in the rate of NO3
––N removal 

from 91% to 76% after 17 and 25 hr was observed, 

respectively. High accumulation of NH4
+–N was noted 

in C3 over time and almost 70% of the influent NO3
––N 

was recovered as NH4
+–N. Low NO2

––N formation was 

detected with a maximum of 0.91 mg/L after 25 hr. The 

final mass balance of nitrogen showed 95 % of the 

initial nitrogen was recovered as NO3
––N, NH4

+–N and 

NO2
––N.  

Fig. 5 shows the temporal changes in nitrogen species in 

C4. Only 75% of the influent NO3
––N was removed 

within the first 5 hr and afterward NO3
––N 

concentration increased gradually and the removal 

efficiency dropped to 30% at the end of experiment. 
NH4

+–N was produced remarkably in C4 with a 

maximum of 19 mg/L and little NO2
––N formation was 

detected (˂ 1.39 mg/L). The nitrogen mass balance at 

the end of experiment was 96% as NO3
––N, NH4

+–N 

and NO2
––N. 

 
Fig. 3. Changes in nitrogen concentrations in C2 over 

time. 

 
Fig. 4. Changes in nitrogen concentrations in C3 over 

time. 

(a) (b) (c) (d) (e) 
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Fig. 5. Changes in nitrogen concentrations in C4 over 

time. 

 
Fig. 6. Overall nitrate removal efficiency in column 

experiments C1–C5 after 25 hr of operation. 

Comparison among C1–C5, C1 showed the maximum 

nitrate removal efficiency (˃ 97%). In addition, C1 

showed the highest overall nitrate removal among C1–

C5 (Fig. 6). These results indicated that the optimum 

condition to reduce nitrate among nZVI/sand columns 

(C1–C4) was C1 by using a 10-cm high layer containing 

nZVI/sand. 

 
4. CONCLUSION 

This study evaluates the application of nZVI in porous 

media in multilayer system to remove nitrate through an 

up flow packed sand column. The results indicated that 

using single 10-cm high layer containing nZVI/sand 

demonstrated the best performance to remove nitrate 

among nZVI/sand columns and more than 97% of 

influent nitrate was removed. Low formation of nitrite 

and always less than 1.39 NO2
––N mg/L was noted 

during nZVI/sand columns. High generation of 

ammonium was found during nZVI/sand and more than 

69% of applied nitrogen were recovered as nitrate, 

ammonium and nitrite at the end of experiments after 25 

hr of operation. 
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Abstract: Nanoscale Zero Valent Iron (NZVI) is a waste water treatment approach that is currently gaining attention 

due to its high efficiency on removal of various water contaminants. To understand its chemical reaction mechanisms, 
NZVI interactions in aqueous solution free from contaminants were investigated in this study. Several batch 

experiments were conducted to determine the effect of pH, temperature and dissolved oxygen on ferrous and ferric 

concentrations. Results showed that the elution of iron ion occurred fast in the first 10 minutes followed by an obvious 

depletion in concentration due to iron precipitation, and then remained constant. The concentration of ferric was 

higher than that of ferrous in both oxic and anoxic conditions. Acidic condition enhanced the amount of iron elution 

because it provided H+ to promote the iron elution reaction forward. The highest temperature of 90℃ condition gave 

highest iron concentration. However, among lower temperatures, relatively lower temperature gave higher iron 

concentration. These results are useful for the NZVI application on water treatment in a large scale. 

 

Keywords: Nanoscale Zero Valent Iron (NZVI), aqueous solution, chemical reaction mechanisms 

  

 

1. INTRODUCTION  
Nanoscale Zero Valent Iron (NZVI) has been used as a 

remedy for water contamination due to its potential to 

treat a broad range of contaminants because of its; (i) 

environmental friendliness, (ii) high reactivity and (iii) 

cost effectiveness [1]. The outstanding characteristic of 

NZVI is its particle size which is at the nano scale (one-

billionth or 10-9 meter). In comparison to the micro-

particles, the iron nano-particles are useful owing to their 

greater efficiency in reduction reactions, high reactivity 

due to the high surface area, mobility and filtration 

efficiency when used in technologies for remedying a 
certain contaminant. The particles being in nano-size 

remain in suspension for a long period of time, thereby 

facilitating the various known applications such as water 

and wastewater treatment [2]. Additionally, as the 

particle size decreases, the proportion of atoms at the 

surface increases therefore raising its tendency to adsorb, 

interact, and react with other atoms, molecules, and 

complexes to achieve charge stabilization [3].  

Structurally, NZVI particles are composed of a core 

providing the reducing power for reactions and the shell 

consisting of iron oxides and hydroxides which offer sites 

for adsorption and chemical complex formation [4]. Most 
of the mechanisms for contaminant sequestration by 

NZVI that have been studied are attributed to surface 

reduction and complexation. However, the structural 

transformation of NZVI can also affect the removal 

process [5]. The nano-particles naturally oxidize upon 

reaction with water and oxygen (i.e corrosion) [6] 

therefore the practical applicability of NZVI is based on 

the fact that it easily gets oxidized to +2 and +3 oxidation 

states thus reducing other organic and inorganic 

contaminants in the oxidation process [3]. In its 

interactions, metallic iron easily acts as an electron donor 
and it provides electrons for the reduction of pollutants: 

 

Fe0 → Fe 2+ + 2𝑒−                                                         E1 
                                                                                      

The most relevant processes associated with the NZVI 

interactions in aqueous solution are displayed in 

equations E2-E7 [7, 8]. 

 

Fe0 + 2H2O → Fe 2+ + H2 +2HO−                                E2 

Fe0 + H2O + 1/2O2 → Fe2+ + 2HO−                             E3 

Fe0 + 2Fe3+ → 3 Fe 2+                                                                               E4 

Fe 2+ + 1/2H2O + 1/4O2 → Fe3+ + HO−                          E5 

Fe3+ + 3H2O → Fe(HO)3 (s) + 3H+                               E6 
Fe 2+ + 2OH−  → Fe(OH)2(s)                                         E7 

 

  

The first three equations are the Fe2+ and Fe3+ production 

reactions whereas the last three equations are 

consumption reactions since Fe2+ and Fe3+ are consumed 

to give other reaction products. It is mainly the formation 

of iron oxides and hydroxides that enhances the removal 

of contaminants through sorption and precipitation [4]. In 

as much as the iron oxide/hydroxide layer is formed in 

both oxic and anoxic conditions, the presence of 

dissolved oxygen (DO) may enhance the formation of the 
oxidation layer thus DO may be consumed in large 

amounts. The kinetics of Fe0 oxidation as well as the 

sorption properties of iron corrosion products can be 

strongly affected by the operating conditions, and some 

aspects concerning the relative contribution of E2-E7 to 

the mechanism of NZVI corrosion have not been 

completely clarified [7]. 

 

The intention of this current study is to explore in detail 

the NZVI interactions in aqueous solution counter 

influenced by the main variables being; pH, temperature 
as well as the abundant and limited oxygen supply. By 

conducting this research, we will have a better 



3rd International Exchange and Innovation Conference on Engineering & Sciences 

150 

 

understanding of the underlying mechanisms affecting 

NZVI which will help give a clearer and broader picture 

of NZVI application in real life environments. The 

implication of successful water treatment is the 

enhancement of clean water accessibility globally.  

  

2. MATERIALS AND METHODS  

  

2.1 Chemical and Reagents 

Deoxygenated deionized (DI) water, Sodium 

borohydride (NaBH4), ferric chloride (FeCl3) and 

Nitrogen gas. HCl (0.1M), NaOH (0.1M), FerroVer iron 

reagent, Ferrous iron reagent. 

 

2.2 NZVI synthesis and Experimental setup 

NZVI was chemically synthesized by the reduction of 

ferric chloride with sodium borohydride. The overall 

synthesis reaction is: 
2 FeCl 3∙6H2O + 6NaBH4 + 6H2O → 2Fe0 + 21H2 + 

6B(OH) 3 + 6NaCl                                                       E8 

With reference to Fig. 1, sodium borohydride solution 

was added dropwise (pump speed 10 RPM – 16 ml/min) 

to ferric chloride solution under vigorous string 250 RPM 

and anaerobic condition inside a 500ml round bottom 4 

neck glass flask immersed in a water bath with 25 oC 

temperature. After stirring at 250 RMP for 20 minutes 

(aging time), NZVI was filtrated using vacuum filtration 

with a filter paper of 0.45 micrometer diameter and 

washed with deoxygenated DI water to remove the 
residual reagents. The filtration process was continued 

for 30 minutes with nitrogen injection to avoid oxidation 

of the synthesized NZVI. 

 

 
Fig. 1. Schematic diagram for NZVI synthesis. 

 

For each set of the batch experiments, freshly synthesized 

NZVI was used following the synthesis procedure. The 

batch experiments were conducted inside the 300 ml 

conical flasks under continuous magnetic bar stirring and 

the overall time of the experiment was 168 hours (7 days). 
The initial conditions were: pH; 7, temperature; 23.3 oC, 

NZVI; 0.2g, DI water volume; 200ml. The variables 

were; (1) pH; 3,7,9,12, (2) oxic condition; (continuous 

and limited oxygen supply) whereby for the limited air 

supply the air was only injected into the system for 20-30 

minutes and (3) temperature; 5, 20, 50, 90 oC for batch 

experiments 1 to 3 respectively, unless specified, the 

initial conditions were kept similar.  

 

2.3 NZVI characterization and analysis 

The synthesized nanoparticles were analysed and 

characterized by the X-ray diffraction (XRD) as well as 

the Transmission Electron Microscopy (TEM). 

Before starting the reaction in each batch experiment, the 

initial pH of the aqueous solution was adjusted to the 

preferred value using 0.1M HCl or NaOH. Since the 

overall time of the experiment was 7 days, the samples 

were taken within the accumulative time of 10, 30, 60, 90, 

120, 150 and 180 minutes during the first three hours in 

each batch experiment. For the next 7 days, the time 

interval of sampling was increased to 24 hours.  

For measurement and analysis, 3ml of each sample was 

withdrawn by a syringe connected to a plastic tube then 

filtered using 0.45 μm syringe filters then the analysis 

was done immediately after filtered samples were 

obtained. Before the analysis, the analysed solution was 

diluted 10 times. However, the dilution in some of the 

batch experiments was 5, 20 and 50 times such that the 

values that were displayed were within the analysis 

instrument range. The pH was adjusted to 3-5 to suit the 

analysis equipment requirements. FerroVer and Ferrous 

iron reagents were added to the diluted samples to 

determine the concentration of total iron and ferrous 

present in each sample respectively, using the 

spectrometer (Hach DR 3900). USEPA FerroVer iron 

method was used to analyse the total iron whereas 1,10-

phenanthroline method was used for ferrous analysis. 

The concentration of ferric was calculated by the 

formula: (Fe3+ = Fetotal - Fe2+) mg/L.  

 

3. RESULTS AND DISCUSSION 

 

3.1 dissolution of iron in acidic condition  

Fig. 2 and Fig. 3 show the profile of iron dissolution 

under anoxic condition in first 3 hours and 7 days, 

respectively. The experiments were performed at the 

NZVI dosage of 1g/L and the solution pH of 3.  

As shown in Fig. 2, the concentration of total iron and 

Fe2+ increased rapidly during initial time. After reaching 

the maximum point of 25 mg/L at 10 minutes, the 
concentration of total iron decreased gradually and 

maintained constant at 15 mg/L after 1 hour time. For 

Fe2+, the maximum concentration was 15 mg/L and 

constant concentration was 5 mg/L. In terms of Fe3+, the 

concentration of Fe3+ also increased dramatically to 

during first 10 minutes but followed by a lower 

increasing rate from 10 to 15 minutes. Then after a slight 

depletion, the concentration of Fe3+ stayed constant at 

about 10 mg/L throughout the reaction period. 

It can be seen from Fig. 1 that the curve for total iron and 

Fe2+ have the same trend. This implies that the depletion 
of Fe2+ after maximum concentration is the main 

contribution to the depletion in total iron. After NZVI is 

added into water, dissolution and precipitation occur 

simultaneously, their occurrence coexists and they 

compete with each other. In the first 10 minutes, initial 

rapid growth is controlled by E2 in which zero valent iron 

reacts with water to produce Fe2+ and hydrogen [7]. Since 

NZVI is of high reactivity, the reaction speed is very 

high. In this period, dissolution is the dominant process. 
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After the concentration of Fe2+ reaches maximum point, 

the curve shows an inverse behavior and this could be due 

to the ferrous precipitation reaction, E7, being the 

dominant reaction [8]. After about 1 hour, the rate of 

dissolution and precipitation became equal and the 

concentration maintained at a constant value. However, 
for Fe3+, the precipitation process was weaker than 

dissolution process. Therefore the concentration curve 

only showed a slight depletion. 

 
Fig. 2. Iron concentration in first three hours 

(NZVI dosage = 1g/L, pH = 3, anoxic condition) 

 

 
Fig. 3. Iron concentration in 7 days 

(NZVI dosage = 1g/L, pH = 3, anoxic condition)   

 

In the 7-days’ time scale, the concentration of total iron 

and Fe2+ increased quickly during first 24 hours, and then 
remained at a constant value of about 50 and 40 mg/L 

respectively. In terms of Fe3+, the concentration did not 

change so much during the whole reaction time. It can be 

observed that the concentration of Fe2+ is considerably 

higher than that of Fe3+
 and E2 explains this observation.  

 

3.2 Effect of controlled solution pH 

The solution pH influences the concentration of iron 

significantly because H+ participates in a number of 

reactions. In this research, experiments were performed 

in the solution pH of 3, 7 and 12 to explore the effect of 
pH on iron concentration.  

As seen in Fig. 3, the concentration of total iron 

decreased with the increasing pH. The dissolution of iron 

is considerably high in acidic pH which is about 25mg/L 

in maximum and 15 mg/L in the equilibrium state. 

However, not much difference was observed between pH 

7 and pH 12, both of these two batches’ constant 

concentration was below 5 mg/L. In Fig. 5 which is of 7-

day timescale, it also shows the similar trend that the 

concentration of total iron in pH 3 is much higher than 

that of pH 7 and 12.  This is because the increasing 

concentration of Fe2+ is contributed by E2 which 
generates OH-. In the presence of H+, E2 is enhanced to 

the products side as OH- is consumed by neutralizing 

with H+. 

 
Fig. 4. Effect of pH in first 3 hours 

(NZVI dosage = 1g/L, anoxic condition) 

 

 
Fig. 5. Effect of pH in 7 days 

(NZVI dosage = 1g/L, anoxic condition) 

 

 
Fig.6. Effect of oxygen 

(NZVI dosage = 1 g/L, oxic condition, pH = 7) 

 

3.3 Effect of oxygen 
Similar batch experiments were performed under oxic 

condition by continuous injection of oxygen during the 

whole reaction time. As shown in Fig. 6, rapid dissolution 

at initial phase was obtained. The concentration of total 

iron, Fe2+ and Fe3+ increased from 0 to about 1.1, 0.7 and 

0.4 mg/L respectively. Subsequently, the concentration 
had a slight decreasing trend due to precipitation and 

remained constant throughout the reaction period. The 

observed trend of Fe3+ being larger than Fe2+ in terms of 

concentration is in agreement with Juan et al [7] results. 

The explanation of the behavior is that Fe2+ is oxidized to 

Fe3+ and the formation of Fe3+ species from NZVI 

involves two consecutive processes whereby during the 

first stage, metallic iron is oxidized to Fe2+ iron by 

heterogeneous reactions while on the second stage Fe2+ 

ions get oxidized to Fe3+ ions (E5), and this can be both 

homogeneous and heterogeneous [7]. 
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3.4 Effect of temperature  

 
Fig. 7. Effect of temperature 

(NZVI dosage = 1 g/L, anoxic condition, pH = 7)  
 
The solution temperature also has a significant influence 

on the dissolution of iron. Fig. 7 shows the iron 

dissolution in first 3 hours of four different temperatures. 

From the initial growth phase, larger increasing slope 
was obtained at higher temperature, which means higher 

the temperature may lead to a higher reaction rate during 

first few minutes after reaction started. From the general 

concentration amount, it is obvious that the batch under 

90 ℃ had the highest concentration. This is because 

when temperature is high, the space between two iron 

atoms increases, therefore water molecules will easily 

occupy the larger space and react with iron, subsequently 

the dissolution amount increase. However, it shows an 

opposite trend in terms of lower temperatures. The final 

constant total iron amount of batches at temperature of 5, 

25 and 50 ℃ are about 1.8, 1.5 and 0.9 mg/L, which 

means iron dissolution shows a reverse proportion to 

temperature. It should be mentioned that for temperature 

50℃, iron concentration reached a maximum point of 3.4 

mg/L at 10 minutes, and then dropped to 1.5 mg/L 
gradually due to iron dissolution, while that of other 

temperatures didn’t show this trend. 

 

4. CONCLUSION 

When NZVI reacts with water, the concentration of Fe2+ 

increased rapidly in the initial period due to intensive 

dissolution of iron followed by a depletion due to iron 

precipitation. In the case of Fe3+, the precipitation process 

was much weaker and the concentration only showed a 

slight depletion. The constant concentration of Fe2+ after 

1 hour was lower than that of Fe3+. The iron concentration 
in the process of NZVI interacting with water is effected 

by pH, oxygen condition and temperature. In terms of pH, 

lower pH enhanced the dissolution of iron by accelerating 

E2. In the presence of oxygen, the precipitation rate of 

iron after reaching maximum point is lower compared 

with anoxic condition. The highest temperature of 90℃ 

condition gave highest iron concentration. However, for 

the temperature case, relatively lower temperature gave 

higher iron concentration. 
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Abstract: This paper presents the theoretical frameworks of isosteric heat of adsorption for sub-critical adsorption 

phenomena. The contribution by the adsorbed phase on the isosteric heat at different relative pressure is accounted for. 

The isosteric heat of several adsorption pairs namely Water + Silica Gel, Propane + highly porous activated 

carbon type Maxsorb III, and Ethanol + spherical phenol resin treated with different mass ratios of KOH named as 

KOH6-PR, were evaluated using improved isotherm fitting with higher accuracy. Dubinin-Astakhov isotherm is 

employed to fit the isotherm data and the results were compared between such adsorbate/adsorbent pairs. Relatively 

lower values of isosteric heat at low coverage were observed and the effect of the isosteric heat at various coverages on 

the theoretical performance (COP) of the adsorption systems is also reported. 

 

Keywords: Isosteric Heat, Isotherm, Maxsorb III, Adsorption 
 
 

1. INTRODUCTION  

In adsorption process, the adsorbate molecules tend to 

experience phase changes from the gaseous phase to the 

adsorbed phase due to van der Waals forces, where the 

reduction in the energy level between these phases 

occurs due to the release of kinetic energy [1]. Thus, 
adsorption process is an exothermic process where the 

adsorbed phase is not only function of pressure and 

temperature, but the it is also a function of uptake or 

mass of adsorbent [2]. The associated released heat 

during the adsorption process is normally termed as an 

isosteric heat which can be defined as the enthalpy 

changes in the adsorbent+adsorbate system with respect 

to the adsorbed amount changes at constant pressure, 

temperature and mass of adsorbent (Eq.1) [2]. Thus, the 

isosteric heat is a very important parameter in 

adsorption thermodynamics and system design. The 
isosteric heat is often evaluated using the Clausius-

Clayperon equation where the adsorbate molecules are 

assumed to behave as ideal gas. Moreover, the accurate 

isosteric heat is crucial in the adsorption cooling and 

heating applications as it contributes to the raise in 

temperature in adsorption beds [3]. 

This paper describes the thermodynamic quantities 

by theoretical frameworks namely the isosteric heat, 

entropy, and specific heat capacity employing the 

adsorption thermodynamics. In this study, three 

commonly used adsorbent+adsorbate pairs namely; (1) 

Silica gel+water, (2) Maxsorb III+ethanol and (3) 
Maxsorb III+Propane, were selected for temperatures 

ranging from 278 K to 348 K. The properties of the 

adsorbates were evaluated using the Reference Fluid 

Thermodynamic and Transport Properties database of 

NIST (REFPROP). The adsorption uptakes data for 

these pairs were taken from the published experimental 

work [5], [6], [7]. These data were fitted using the 

Dubinin-Astakhov (D-A) isotherm equation where the 

parameters such as the characteristic energy, surface 

heterogeneity parameter and the limiting uptake were 
regressed using Generalized Reduced Gradient method. 

The isosteric heat of the studied pairs were then 

estimated by employing the D-A equation. The efficacy 

of adsorption cycles using the selected pairs is evaluated 

using the theoretical coefficient of performance at 

assorted uptakes.  

 

2. ADSORPTION THERMODYNAMICS 

The adsorption systems such as adsorption chillers, 

refrigeration system, dehumidification and desalination, 

associate with the physisorption. The physisorption 
process of an adsorbate onto both micro- and 

macroporous surfaces of an adsorbent occurs when the 

adsorbed phase is held near to the pores by weak 

intermolecular forces such as van der Waals forces [4]. 

For fully describing thermodynamic state of this system, 

it is necessary to have three characteristic balances such 

as (i) heat (Q), (ii) mass of the adsorbate in the adsorbed 

phase (ma), mass of molecules in gaseous phase (mg), 

and (iv) chemical potential in adsorbed phase (µa) and 

gaseous phase (µg). All of the extensive properties for 

the expression of isosteric heat are described as the 

function of pressure (P), temperature (T) and uptake (x) 
and is given by, 
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2.1 Derivation of Total Differential Physisorption 

Extensive Property (Entropy) 

Since in the adsorbent-adsorbate system consists of 

solid and adsorbed phase, total differential of entropy is 

the summation of these two phases where, 

 

as dsdsds                     (2) 

 

     The subscript s and a describe the solid phase and 

adsorbed phase, respectively. The entropy of the 

adsorbent as a function of P and T is given as,  
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Similarly, in the adsorbed phase, 
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where the first term denotes the change in entropy with 

respect to temperature at constant pressure and the 

amount of uptake, the second term refers to the change 

in entropy as a function of pressure at constant 

temperature and adsorbate uptake, and the last term 

represents the change in entropy with respect to the 

amount of adsorbate uptake. From Maxwell relationship, 

the first and second term can be written as; 
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2.2 The Partial Entropy of Adsorption  
TPa xs
,

/  

It should be noted that the Gibbs free energy (G) 

contributes to the differential form in the adsorbed 

phase and is given by; 
 

aaaaa dmdPVdTSdG                 (7) 

 

The chemical potential of adsorbed phase is defined as 

the partial change in internal energy (u) with respect to 

the adsorbate uptake (x). Therefore, the total chemical 

potential in both adsorbed and gaseous phase is given 

by; 
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At equilibrium, the chemical potential in adsorbed phase 

is equal to that in gaseous phase, and can be written as; 
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However, at constant amount of adsorbate, 
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Lastly, the total differential entropy of an adsorbate-

adsorbent system can be expressed as; 

 








































 dP

T
dP

T
dT

T

c

T

c
ds

xP

a

P

aapsp

,

,,   

                                  dx
dT

dP
s agg









      (12) 

 

2.3 Expression of Isosteric Heat by Clausius- 

Clayperon 

 

It is well known that two assumptions were made in the 

Clausius-Clayperon (C-C) equation, (i) the bulk gas 

phase is considered as ideal and (ii) the volume in 

adsorbed phase is neglected. However, these 

assumptions are only true for low pressure and might 

not be applicable at higher pressures [4].  

 

The integral change in isosteric heat is expressed as 

 
Tdsdq                 (13) 

 

Where s refers to the summation of total entropies in 
gaseous, adsorbed and solid phases. 
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Ignoring the entropy change of the adsorbent (s), we 

have 0

,,
















sMTPa

s

m

S . 

 

Mass balance: 
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Finally, isosteric heat reduces to: 

 

dT

dP

mm
TQ

PTa

a

PTg

g

st

















































,,


   

           

 
dT

dP
TQ agst                                          (17) 

 
Since the pressure in adsorbed phase is in the function 

of T and ma, P=P(T,ma), the pressure gradient with the 

temperature during adsorption process is expressed by; 
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By neglecting the volume in adsorbed phase, the 

expression of isosteric heat becomes; 
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Where the first term represents the Clausius-Clayperon 

form and the second term refers to the occurrence of the 

non-ideality in the gaseous phase. 

 

3. RESULT AND DISCUSSION 

3.1 Adsorption Parameters 

The Dubinin-Astakhov (D-A) (Eq. 20) model is found 

to provide the best fitting for isotherm data for the 
selected pairs. The D-A equation can be expressed as; 
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Where x is the instantaneous uptake, xm is the limiting 

uptake, R is the gas constant, T is the adsorption 

temperature, n is the surface heterogeneity, E refers to 

the characteristic energy, Ps and P is the saturation and 

evaporator pressure respectively. 

 

Similarly, the expression of D-A model in terms of 

pressure can be written as;  
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where   is the uptake amount referring to 

mx

x
.  

From the derivation of isosteric heat using Clausius-

Clayperon relation, Chakraborty et. al [2] derived the 

equation of isosteric heat employing D-A equation; 
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Using eq. (20) and (21), 
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Hence, the isosteric heat of adsorption reduces, 

dT

dP

P

RT

dT

dP
TQ gst

2

   

 

 
dT

dx

x

P
TEhQ

T

g

n

fgst



 

/1
ln                 

(24) 

 

Figs. 1a, 1b and 1c show the adsorption uptake data of 

silica gel+water, KOH6-PR+ethanol, and Maxsorb 

III+propane at temperatures ranging from 5˚C to 75˚C, 

regressed with the D-A isotherm model. It can be 

clearly seen that for one kg of different adsorbent, it 
gives different uptake value depending on the adsorbate 

paired to it.  Numerical regressed isotherms are 

furnished in Table 2. 
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Fig. 1a. Adsorption isotherm of silica gel+water pair 
fitted with D-A model. 
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Fig. 1b. Adsorption isotherm of KOH6-PR+ethanol pair 

fitted with D-A model. 
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Fig. 1c. Adsorption isotherm of Maxsorb III+propane 

pair fitted with D-A model. 

 

Table 2 

Isotherm parameters of KOH6-PR+ethanol, silica 

gel+water and Maxsorb III+propane. 
 

Material W0 [kg kg-1] n [-] E [J mol-1] 

KOH6-
PR+ethanol 

1.9843 1.4973 3997.514 

Silica gel+water 0.50881 1.2753 3363.50 
Maxsorb III 
+propane 

0.89949 1.2373 8382.805 

 

3.2 Isosteric Heat of Adsorption 

The isosteric heat of adsorption is estimated using Eq. 

(24) and the result of Qst against adsorbate loading for 

silica gel+water, KOH6-PR+ethanol, Maxsorb 

III+propane pairs are plotted in Figs. 2a, 2b and 2c, 

respectively. The figures proved that the isosteric heat 

decreases with the increase of adsorption uptake and 

temperature, where it proves Eq. (1) that the heat of 
adsorption is a function of pressure (P), temperature (T) 

and mass of adsorbent (Ms). As the heat of vaporization 

(hfg) decreases with temperature, the isosteric heat also 

decreases with temperature. The comparison of these 

three adsorbent-adsorbate pairs shows that Maxsorb 

III+propane offers the lowest isosteric heat. For silica 

gel+water pair, the isosteric heat shows relatively higher 

value as compared to both KOH6-PR+ethanol and 

Maxsorb III+propane pairs. This may be due to the 

micro and meso-porous structures combination in silica 

gel. 

 

3.3 Coefficient of Performance (COP) 

 

The theoretical coefficient of performance for an 

adsorptive system is usually estimated using Eq. (25) as 

below,  
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where hfg refers to the specific enthalpy change of 

vaporization (hg-hf), and Qst represents isosteric heat 

which its value can be obtained from Eq. (24). Figure 3 

shows the coefficient of performance versus adsorbate 
loading plot for the three pairs, i.e., silica gel+water, 

KOH6-PR+ethanol and Maxsorb III+propane. It can be 

seen that silica gel+water pair has the highest COP as 

compared to the other two other pairs even if at low 

adsorbate loading. At 0.85kg/kg, this pair has the COP 

of 0.93. The curve trend is very close to that of KOH6-

PR+ethanol pair, which might be due to the higher 

isosteric heat associated to this pair at lower coverage. 

However, in the case of Maxsorb III+propane, the COP 

is very low at low uptake and at 0.85 kg/kg, the highest 

COP is only 0.77.  
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Fig. 2a. Isosteric Heat (Qst) for silica gel+water pair 

against adsorption uptake 
 



3rd International Exchange and Innovation Conference on Engineering & Sciences 

157 

 

950

1000

1050

1100

1150

1200

0 0.05 0.1 0.15 0.2 0.25 0.3

Q
st

 (
kJ

/k
g)

Uptake (kg/kg)

303

313

323

333

343

 
Fig. 2b. Isosteric Heat (Qst) for KOH6-PR+ethanol pair 

against adsorption uptake.  
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Fig. 2c. Isosteric Heat (Qst) for Maxsorb III+propane 

pair against adsorption uptake 
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Fig. 3. Coefficient of Performance (COP) versus 

adsorbate loading (W/W0) of silica gel+water, KOH6-

PR+ethanol and Maxsorb III+propane pair. 

 

4. CONCLUSION 

The isosteric heat of adsorption is a basic foundation in 

any adsorptive system in order to assess the 

performance of the system. Results obtained from this 

study show that the COP of the system strongly depends 

on the limiting uptake on a particular 

adsorbent+adsorbate pair itself. Relatively good 

agreement has been achieved between the 

calorimetrically measured experimental work and the 

form in which Qst is further derived employing the D-A 

equation. It is observed that silica gel+water and KOH6-
PR+ethanol pairs provide higher theoretical COP values 

as compared to Maxsorb III+propane pair for the same 

coverage. Moreover, these thermodynamic quantities 

are essential in designing more practical and efficient 

adsorptive system such as adsorption chiller. 
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Abstract: The main pathways by which homogenous catalyst carry out the levoglucosenone (LGO) isomerization to 5-

hydroxymethylfurfural (HMF) and dehydration to levulinic acid (LA) in aqueous phase are elucidated by using an 

HZSM-5 and Amberlyst 70 as representative solid acid catalysts. HMF is the primary product during LGO degradation 

and can be further dehydrated to LA in the presence of solid acid catalysts. Similar trends with a similar maximum yield 

of HMF (44% carbon yield) and LA (33% carbon yield) were obtained in relatively high temperatures over HZSM-5. 

The maximum yield of LA was obtained in 57.7% carbon yield (69.1% mole yield) by using Amberlyst 70. This result 

suggests that strong Brønsted acid sites are necessary for high LA yields. In addition, HZSM-5 with both Brønsted and 

Lewis acid sites promotes the side reactions of LGO to furfural and formation of humins in contrast to Amberlyst 70 

with strong Brønsted acid sites. Thus, to design more efficient of LGO isomerization and dehydration reactions, it is 

desirable to have a high ratio of Brønsted to Lewis acid sites. 

Keywords: Biomass conversion; Solid acid catalysts; Levoglucosenone, Platform chemicals.  

1. Introduction 
In recent years, lignocellulosic biomass has attracted 

extensively interest as a renewable source for the 

production of biofuels and biochemicals to decrease the 

influence of the dwindling fossil energy  reserves.1 

Among the three main components (lignin, 

hemicellulose, and cellulose) of lignocellulosic biomass, 

cellulose, which accounts for 35-50%-wt of dry 

biomass, is the most abundant bio-renewable resource in 

nature. Recent research reported that cellulose-derived 

levoglucosenone (LGO) showed a promising 

intermediate for the production of sustainable 
chemicals. Our previous study revealed 38%-C LGO 

yield by pyrolysis of cellulose with an equivalent mass 

of high stability and strong acidity ionic liquids.2 Owing 

to these high yields production of LGO from cellulose, 

it provides more reaction routes to selectively convert 

cellulose to biofuels and biochemicals.  

5-Hydroxymethylfurfural (HMF), usually derived from 

C5 and C6 carbohydrates, respectively, present prospect 

properties as a key platform chemical.3-5 A number of 

furan derivatives, namely alkoxymethylfurfurals, 

bishydroxymethylfuran, 2,5-furandicarboxylic acid, 5-

hydroxymethylfuroic acid, and 2,5-dimethylfuran, with 
a promising potential in fuel or polymer applications, 

and some other important nonfuranic compounds such 

as levulinic acid (LA), adipic acid, 1,6-hexanediol, 

caprolactam, and caprolactone can be synthesized from 

HMF.4 LA, one of the twelve most promising value 

added chemicals from biomass by the Biomass Program 

of the US Department of Energy in 2004,6 is a member 

of the gamma-keto acids that itself is a promising 

chemical intermediate to produce a number of bio-

chemicals including succinic acid, resins, polymers, 

herbicides, pharmaceuticals and flavoring agents, 
solvents, plasticisers, anti-freeze agents and 

biofuels/oxygenated fuel additives.7-9 Recently, Krishna 

et al.10 successfully converted LGO to HMF and LA in 

aqueous phase over sulfuric acid. However, 

homogeneous acid-catalyzed processes need more 

capital and operating costs because of rigorous reaction 

conditions requiring special materials for reactor 
construction and chemical recovery systems.11 

Furthermore, the recovery process produces significant 

amounts of waste and cause environmental pollution. 

Considering these drawbacks, heterogeneous catalysts 

represent a viable alternative to homogeneous catalysts 

and may offer an environmental advantage due to their 

selective and easy to handle nature, reducing equipment 

corrosion issues and relatively low cost if the catalyst 

can be easily separated and recycled.8 As a typical 

representative of solid acid catalyst, zeolites, which are 

highly structured crystalline microporous inorganic 
aluminosilicates containing channels with very well-

defined pores in the range of 5–13 Å, where the 

catalytic groups are located,12, 13 may offer much more 

advantages than other acidic catalysts in sugar 

dehydration, including simple catalyst separation and 

regeneration comparing to homogenous acid catalysts, 

high stability in relatively high temperature system in 

contrast to other materials, such as Amberlyst resins.14    

In this work, a methodology of simple yet robust 

experiments are developed to delineate the pathways by 

which solid acid catalysts effect on LGO isomerization 

and dehydration chemistry in an aqueous phase system. 
LGO firstly undergoes hydration reactions followed by 

isomerization to HMF and further dehydration to form 

LA. We compare the selectivity trends of HZSM-5. In 

addition, LGO conversion catalyzed by strong Brønsted 

acid sites (Amberlyst 70) is used to compare the role of 

Brønsted and Lewis acid sites of solid acid catalysts on 

products selectivity. This study provides a substitutable 

design of heterogeneous catalysts to homogeneous 

catalysts for LGO degradation reactions.  

2. Experimental 

2.1 Materials and catalyst preparation 

LGO (≥99%) was purchase from the CIRCA Group 

(Knoxfield Victoria, Australia), LA was purchased from 

TCI company (Tokyo, Japan), while HMF, furfural, 

formic acid (FA) was purchased from Wako Pure 

Chemical Industries (Osaka, Japan), respectively. All the 

chemicals were directly used as received without further 
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purification. ZSM-5 (CBV 3024E, ammonium form), 

mordenite (CBV 21A, ammonium form), beta zeolite 

(HSZ 980HOA, -1, proton form; CP814N, -2), and Y 
zeolite (HSZ 390HUA, Y-1, proton form; CBV 400, Y-2, 

proton form; CBV 100, Y-3, sodium form) were 

purchased from Zeolyst International and Tosoh. To 

generate the acidic form of the zeolite, all the zeolites 

were calcinated in ambient atmosphere for 4 h at 550 
oC. Amberlyst 70 was purchased from Organo 

Corporation, and it was prewashed with deionized water 

and ethanol followed by drying overnight before use. 

2.2 Reaction procedure 

Experiments were performed using 5 mL aqueous 

solutions of 50 mg reagents with appropriate amounts of 

catalysts. The reactors were placed into an oil bath at the 

desired reaction temperature and stirred at 600 rpm. 

After specific reaction times, the reactors were quickly 

removed from the oil bath and cooled by quenching in 

an ice-water bath at the appropriate time, followed by 

filtering through a 0.45m PTFE membrane filter to 

separate catalysts.  

2.3 Analytical Methods 

The reaction products were analyzed by HPLC on a 

Shimadzu LC-20 prominence series equipped with a 

photo diode array (UV, Shimadzu SPD-M20A) and a 

refractive index (RI) detector. Analytes were separated 

on a BioRad Aminex 87H column with a temperature of 

35 oC and 5 mM sulfuric acid mobile phase at a flow 

rate of 0.6 mL/min.  

3 Results and Discussion 

3.1 Zeolites selection 

Table 1 Effect of zeolite types on LGO degradation in 
aqueous phase.  

Zeolites 
Conv.* 

(%-C) 

Yields (%-C) Carbon 

balance (%) DH HMF FF 

HZSM-5 56.6 16.6 29.2 6.7 79.2 

Mordenite 16.1 34.5 4.2 1.1 89.1 

-1 29.3 30.7 5.5 1.6 77.9 

-2 23.2 32.3 5.9 1.1 83.8 

Y-1 25.2 34.2 0.5 0.1 75.4 

Y-2 19.5 33.7 0.1 0.1 80.6 

Y-3 37.0 32.1 0.0 0.1 63.1 

* Conversion = 100Y(LGO+DH).  
Table 1 displays that seven different types of zeolites 

were screened for the conversion of LGO in aqueous 

phase at 150 oC. The maximum HMF yield was 

obtained in 29.2% by using HZSM-5 catalyst, compared 

to HMF yields of 4.2% and 5.9% when mordenite and 

-2 zeolite were respectively used at the same 

conditions, suggesting that only HZSM-5 is effective to 

isomerize LGO to a high HMF yield. It is notable that Y 

zeolite did not promote the generation of HMF and FF, 

indicating the pore/cage diameter of zeolite may also 

have an influence on LGO isomerization. Jae et al.15 

tested the pore size and sharp of zeolites for the 

conversion of glucose to aromatics in a pyroprobe 

reactor, they concluded that large pores facilitated the 

formation of coke while medium pore zeolites with pore 

sizes in the range of 5.25.9 Å showed the highest 
aromatic yields. LGO is supposed to have a similar 

molecular dimension with levoglucosan whose critical 

diameter is around 5.76.7 Å.15 Y zeolites, pore size of 
7.4 Å,16 led to the lowest HMF yield due to its low acid 

site density. The beta zeolites (~7 Å),15 which have 1- 

and 3-dimensional channel systems, gave much higher 

HMF yields compared to Y zeolites. HZSM-5, 

containing a 3-dimensional channel system with 

medium pore size diameter of ~5.5 Å, led to 

significantly higher yields of HMF and FF in contrast to 

beta zeolites and mordenite, demonstrating that the pore 
and cage diameter of HZSM-5 are large enough to allow 

LGO to diffuse and convert. However, the carbon 

balance is about 20% short, illustrating that in addition 

to converting LGO to identified compounds, HZSM-5 

also catalyzed side reactions of these products such as 

polymerization to humins, causing unidentified species 

that cannot be detected by HPLC. 

3.2 Product distributions with HZSM-5 

 

 

 

 
Fig. 1 Effect of time and temperature on product 

yields by HZSM-5 catalyzing LGO degradation in 

aqueous phase. Conversion = 100Y(LGO+DH).  
 

Fig. 1 depicts the carbon yields of major products as a 

function of time with HZSM-5. As shown in Fig. 1, 

increasing reaction temperature would significantly 

shorten the maximum conversion time while inhibit the 

generation of DH. HMF and FF are the initial products 

of LGO isomerization. HMF showed similar trends in 
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which a similar maximum yield around 44% was 

obtained in relatively short reaction times. Nevertheless, 

FF yields increased with ramping temperatures, 

suggesting high temperatures favor to form FF. LA yield 

production increased with reaction time, reaching a 

plateau at 31% carbon yield at 180 oC. A closer look 
showed in Fig. 1(c) and (d) only a 2% increase in LA 

yield when temperature was elevated from 180 oC to 

210 oC, indicating 180 oC is high enough for this 

experiment. Accordingly, additional solid acid-catalyzed 

LGO reactions in aqueous phase were performed at 180 
oC with modified ZSM-5.  

 

 
Fig. 2 HZSM-5 (a) and Amberlyst 70 (b) recycling 

study. 

 

Due to the high thermal and chemical stability, used 

zeolites can be allowed for high temperature calcination 

treatments to regenerate acid sites. The stability of 

HZSM-5 has also been investigated for the 

isomerization of LGO to HMF and then dehydration to 

LA by conducting a cycle of reaction at 180 oC for 6 h, 

followed by reutilization of HZSM-5 at the same 

conditions for 0.5 h and 6 h, respectively. The results are 
depicted in Fig. 2. After HZSM-5 was recalcined at 550 
oC for 2 h to remove the surface carbonaceous residues, 

which were formed as a result of intrinsic adsorbability 

of zeolite, a HMF yield of 41.4% and a LA yield of 

28.1% were obtained, respectively, revealing that the 

original HMF and LA yields with slightly decreases can 

be recovered upon calcination.  

3.3 LGO conversion with Amberlyst 70 catalyst 

An acidic ion exchange polymer resin was chosen to 

investigate the significance of Brønsted acid sites on 

LGO degradation reactions. As a typically pure solid 
Brønsted acid catalyst, Amberlyst 70 has been proved to 

be an effective solid acid catalyst for a wide range of 

acid-catalyzed reactions, such as carbohydrates 

dehydration.17  

Product yields during LGO degradation were measured 

as a function of time over Amberlyst 70 as shown in 

Fig. 3. The trends of product yields catalyzed by 

Amberlyst 70 were similar to HZSM-5 whereas the 

catalytic activity of Amberlyst 70 was more effective 

than HZSM-5. Amberlyst 70 tremendously restrained 

the formation of FF, less than 3% carbon yield of FF 

was formed compared to the maximum yield of 16.8% 

by using HZSM-5 at 180 oC. This may reveal that Lewis 

acid sites can significantly promote the CC bond 
cleavage of LGO. LA yields increased with LGO 

conversion and reached a plateau after 6 h at 180 oC, the 

maximum yield of LA was obtained in 57.7% carbon 

yield (69.1% mole yield) by using Amberlyst 70 

compared to 31.4% by using HZSM-5 at 180 oC, 

indicating that strong Brønsted acid catalysts are 
necessary for high LA yields. It is noteworthy that LA 

yield obtained by Amberlyst 70 (69.1% mole yield) in 

this study was similar to a previous study catalyzed by 

sulfuric acid,10 suggesting heterogeneous catalysts may 

be superior to homogeneous catalysts due to its simple 

recyclability and low investment. However, the thermal 

stability of Amberlyst 70 in relatively high temperature 

may restrict its utilization.  

 
Fig. 3 Effect of temperature and time on product yields 

by Amberlyst 70 catalyzing LGO degradation in 

aqueous phase. Conversion = 100Y(LGO+DH). 
Further studies were also carried out to test for the 

recyclability and regeneration of Amberlyst 70. The 

used Amberlyst 70 at 180 oC for 6 h was recovered with 

filtration and then washed with consecutive acetone and 

deionized water, followed by drying at 60 oC in vacuum 

overnight before use. The results are shown in Fig. 2(b), 

almost same HMF yield was obtained after 0.5 h 

compared to fresh Amberlyst 70. Further increasing the 

time to 6 h, a 56.5% LA yield with a 4.3% decrease was 

obtained, the reason can be explained that the humins on 
the surface of Amberlyst 70 was not fully washed off 

with the above method, which inhibited the contact of 

reagents and catalysts.  

3.4 Reaction pathways 

 
Scheme 1 LGO degradation in aqueous phase over solid 

acid catalysts. 

The reaction pathways of LGO degradation in aqueous 

phase over solid acid catalysts are shown in Scheme 1. 

LGO undergoes hydration reactions to add two water 

molecules to form DH. Briefly, a water molecule is 

added to the C=C bond to form a hydroxyl group while 

a water molecule is added to the ketone functionality to 
form a germinal diol, respectively, which is reversible. 

Both Brønsted and Lewis acid sites can catalyze the 

isomerization of LGO to form HMF, while FF is 

particularly prone to be formed in the presence of Lewis 

acid sites. Consequently, Amberlyst 70 produces higher 

yields of HMF comparing to HZSM-5, suggesting HMF 

production is predominantly catalyzed by Brønsted acid 

sites. HMF can further effectively dehydrate to form LA 

or undergo degradation reactions to produce humins in 

the presence of both Brønsted and Lewis acid sites, 
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while FF only undergoes degradation reactions to 

produce humins. Moreover, it is notable that HZSM-5 

produces higher humin yields than Amberlyst 70, 

indicating Lewis acid sites are more accountable for the 

formation of humins than Brønsted acid sites. Similar 

conclusions have been deduced by Huber and co-
workers.18 They investigated the role of Brønsted and 

Lewis acid sites on the influence of xylose dehydration 

to FF in aqueous phase, and concluded that Lewis acid 

sites were dominantly responsible for the decrease in FF 

selectivity because it catalyzed the reactions between 

xylose and FF to form humic compounds.  

4. Conclusions 

In summary, we have demonstrated a process to produce 

a 57.7% carbon yield (69.1% mole yield) of LA from 

LGO in aqueous phase with the use of homogenous acid 

catalysts. Amberlyst 70 shows a rather promising 

prospect for the LGO isomerazation to HMF and 
dehydration to LA as a result of its inherent Brønsted 

acid sites. Amberlyst 70 significantly inhibits the side 

reaction of LGO to FF while HZSM-5 obviously 

promotes the formation of FF and humins by reason of 

the presence of Lewis acid site. In addition, through 

comparison of different types of zeolites (e.g. HZSM-5, 

Y, beta,and mordenite), we conclude that HZSM-5 
zeolite containing relatively strong acid sites and 

medium pore sizes is effective for LGO degradation.  
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Abstract: In this study, the removal performance of NZVI for phosphorus under different five condition such as 1) open 

(with Polishing Unit (1a) and without one (1b)), 2) full aerobic (air flow=1.2L/min. (2a) and 1L/min. (2b)) and 3) full 

anaerobic conditions (nitrogen flow=3L/min) were analyzed. The initial phosphorus concentration and feeding rate 

were maintained each approximately 25 mg P/L and 20 ml/min. In each condition, the reactor phosphorus removal 
rates for initial 3 hours were 77.6 ± 10.2% (1a), 96.3 ± 1.7% (1b), 95.6 ± 1.4% (2a), 95.5 ± 2.3% (2b) and 96.8 ± 2.0% 

(3). From these results, there are no big differences between them. However, all of the rates decreased to about 50 to 

80% after 12 hours. The effluent total iron concentration from the reactor was also analyzed and the correlation with 

the effluent phosphorus concentration was calculated. As a result, correlation coefficient was R2=0.963 (2a), 

R2=0.897(2b), R2=0.885(3) respectively, and it was confirmed that there is positive correlation. 

 

Keywords: Phosphorus removal, nano-scale zero valent iron (nZVI), continuous stirred tank reactor (CSTR) 
  
 

1. Introduction 

Although phosphorus is an essential element to all 

forms of life on Earth, its excessive amounts lead to 

eutrophication in natural environments such as 

reservoirs, lakes, and coastal areas [1]. Eutrophication 

results in the depletion of oxygen that leads to fish death 

and effects on aquatic environment. In recent years, due 

to importance of nano technologies, nano-scale zero-

valent iron (nZVI) has been investigated and used in the 

removal not only phosphorus but also several 
environmental pollutants from aqueous systems. nZVI 

has large active surface area and high phosphorus 

sorption capacities [2]. In particular, several research 

reports that aimed at elucidating the removal 

mechanism of phosphorus and phosphate by nZVI have 

been reported [3-6]. However, these research reports 

only report short-term processing by batch tests. 

Therefore, there are not many reports on applying these 

technologies to actual water treatment systems. In the 

field of water treatment research, before installing full-

scale plant, the Continuous Stirred Tank Reactor 
(CSTR) is used at laboratory to evaluate about the 

parameter for designing full-scale one. Because if the 

reaction rate is higher than the first order, CSTR can be 

used to reduce the reaction rate and measure it. Since it 

is operation in a steady state, sampling of the reaction 

intermediate becomes easier in case of sequential 

reaction [7]. Also this is widely known as one of the 

chemical process reactor. In this system, one or more 

reactants (i.e. In solution or as a slurry) are introduced 

into a reactor equipped with an impeller (stirrer) and the 

products are removed continuously. The impeller mixed 

the chemicals vigorously to ensure well mixing so that 
there is a uniform composition throughout. The 

composition at the effluent is the same as in the bulk in 

the reactor [8].  

The objective of this work is to obtain some optimize 

condition for removing phosphorus by nZVI using 

CSTR. Five experiments were conducted for different 

atmospheric by using open, full aerobic and full 

anaerobic condition.  

 

2. Materials and methods 

 

2.1 Chemicals 

The following chemical reagents and materials were 

used: Sodium borohydride (NaBH4, 98.0%, Junsei 

Chemical Co., Japan), ferric chloride hexahydrate 

(FeCl3 ･ 6H2O, 99.0%, Junsei Chemical Co., Japan), 

potassium dihydrogen phosphate (KH2PO4 99.5%, 
Kanto Chemical Co., Japan). Nitrogen gas was purged 

all prepared solutions for de-oxygenation. All chemicals 

were applied as delivered without further purification. 

 

2.2 Synthesis of nZVI 

nZVI was synthesized as depicted from the following 

chemical reaction (Eq. (1)) [9] 

2FeCl3 + 6NaBH4 + 18H2O → 

2Fe0 +21H2 + 6B(OH)3 + 6NaCl  (1) 

Solution 1 was prepared by dissolving 21.0 g of sodium 

borohydride in 1,200 mL of deoxygenated deionized 

water (DIW). Solution 2 was prepared by dissolving 

50.0 g of ferric chloride hexahydrate in 1,200 mL of 
DIW in separate flask. Then solution 1 was added to 

solution 2 using a roller pump at a rate of 16 mL/min. 

with vigorous stirring at 250 rpm under nitrogen 

atmosphere at constant temperature 25 ± 0.5 °C using 

water bath. The synthesis was conducted in 5,000 mL 

four-neck glass flask and left 20 min for aging to 

complete the reaction. The synthesized iron particles 

have been filtered by vacuum filter, washed with DIW 

three times and immediately used in continuous 

experiments. 

 

2.3 Phosphorus solution quality 
 The potassium dihydrogen phosphate was used as a 

phosphorus source and it was diluted with tap water by 

up to approximately 25 mg P/L. The phosphorus 

concentration was fixed within whole experiments. And 

their pH, ORP, DO was 7.0 ± 0.2, 0.2 ± 3.5 mV, 10.2 ± 

2.5 mg DO/L respectively.  
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2.4 Process of continuous experiment

Fig. 1 The flow diagram of the laboratory-scale continuous flow system,  

 

Table 1 Operation condition of continuous system 

26.1

5 10 Full Anaerobic 3000 20 With 26.1

4 10 Full Aerobic 1000 20 With

23.5

3 10 Full Aerobic 1200 20 With 23.5

23.5

2 10 Open - 20 Without

1 10 Open - 40 With  

Air Flow Rate

(mL/min.)
NoteNo.

nZVI Dosage

(g)
Condition

Phosphorus

Feeding Rate

(mL/min.)

With or Without

Polishing Unit

Initial Phosphorus

Concentration (mg/L)

 
 

Pilot process and reactors are illustrated in Fig. 1. The 

treatment process consisted by Four-neck flask reactor, 

settler, polishing unit and sand column. The four-neck 

flask was a glass flask with an effective volume of 5 L. 

The artificial wastewater was supplied by a peristaltic 

pump at 20 mL/min, and stirred with an impeller (stirrer) 

at a speed of 250 rpm to mix the phosphorus solution and 

nZVI vigorously. Settler was made by acrylic materials 

with an effective volume of 6.7 L. The settled nZVI was 

recycled to four-neck flask reactor by a peristaltic pump 

at 20 mL/min. The polishing unit and was made by 

polypropylene materials with an effective volume of 2.8 

L. Five baffles were installed of this polishing unit. The 

sand column was made by acrylic materials with an 

effective volume of 1.1 L. The silica sand (JIS standard 

sand, Silica sand No.5) was packed with 1.1 L.  

The five different condition experiments were conducted 

in this study (Table 1). In all experiments, nZVI dosage 

and phosphorus concentration of phosphorus solution 

were fixed with 10 g and 24.5 ± 1.2 mg/L, respectively. 

In experiment 1, the atmospheric condition in the reactor 

was kept an open state, and any aeration operation was 

not conducted. Phosphorus solution feeding rate was set 
to 40 mL/min. And a polishing unit was provided after 

the settler. In experiment 2, the atmospheric condition in 

the reactor was kept an open state. In this condition, in 

order to investigate the influence on the treatment due to 

the change in the phosphorus solution feeding rate, it was 

20 mL/min. In addition, it was found that the polishing 

unit has low phosphorus removal performance under 

experiment 1. Therefore, in experiment 2, it was 

conducted without setting the Polishing Unit. The 

experiment 3, the atmospheric condition in the reactor 

was kept with full aerobic by using an air pump (NISSO 

CHIKARA @4000 SW, NISSO co.ltd. Japan). The air 

flow rate was 1200 mL/min. In experiment 2, 

experiments were conducted without installing Polishing 

Unit. As a result, it did not contribute to the removal of 

phosphorus, but it was confirmed that it contributed 
greatly to the removal of total iron, so from the 

experiment condition 3, the installation of the Polishing 

Unit was resumed. Experiment 4, the operation was 

carried out with the air supply amount reduced to 1000 

mL/min. This is to investigate a change in the removal 

performance of phosphorus due to a change in the air 

flow rate. For the experiment 5, the atmospheric 

condition in the reactor was kept as a full anaerobic 

using nitrogen gas. The nitrogen gas flow rate was 3000 

mL/min. The experiment was terminated when the 

phosphorus concentration of the polishing unit was more 

than 10 mg / L. 

 

2.5 Analysis 

 Concentration of phosphorus and iron compounds in 

solution samples were colorimetrically obtained by using 
an UV-Vis spectrophotometer (DR 3900, HACH Co., 

USA) via USEPA PhosVer 3 (Ascorbic acid method) at 

880 nm and TPTZ (2,4,6-Tri (2-pyridinyl)-1,3,5-triazine) 

method at 590 nm, respectively. 
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3. Results and Discussion 

 

3.1 Summary of phosphorus removal 

   
Fig.2 (a) Phosphorus concentration after Polishing Unit 

 
Fig.2 (b) Phosphorus concentration after Sand Column 

 

Fig. 2 (a - b) shows the change in the phosphorus 

concentration obtained in the continuous experiment. Fig. 

1 (a) shows the change the phosphorus concentration 

after Polishing Unit, Fig. 1 (b) after Sand Column. In 

Experiment 1, the phosphorus concentration after the 

Polishing Unit was 3.87 mg/L 1 hour after starting the 

experiment. However, after 2 hours, the phosphorus 
concentration was about twice as high. After that, the 

phosphorus concentration exceeded 10 mg/L after 26.5 

hours, so the experiment was terminated. In Experiment 

2, Polishing Unit was not installed, so we show the result 

of sand column only. In Experiment 2, since the flow 

rate was reduced to half that of Experiment 1, the 

phosphorus concentration at the 0 hour start of the 

experiment was 1.51 mg/L. Also, the phosphorus 

concentration was kept below 1 mg/L until 3 hours after 

the start of the experiment. In Experiment 1, the 

phosphorus concentration was more than 10 mg/L 24 
hours after the start of the experiment, but in this 

experiment it was about 5.25 mg/L, which was about half. 

From these results, it was suggested that the optimal flow 

rate for this system is 20 mL/min. After that, as a result 

of continuous experiment, it became 10.65 mg/L after 48 

hours, and it was confirmed that it can be used about 

twice as long as Experiment 1. In Experiment 3, the 

phosphorus concentration remained below 1.5 mg/L until 

3 hours after the start of the experiment, both sand 

column and polishing unit. However, after 12 hours, both 

the polishing unit and the sand column showed a 

phosphorus concentration of near 9 mg/L, which rapidly 
increased. Oxidation of nZVI is considered as a cause of 

these phenomena. I would like to describe them in detail 

in section 3.3. In Experiment 4, the phosphorus 

concentration was less than 1 mg/L in both cases until 3 

hours after the start of the experiment. In Experiment 4, 

the phosphorus concentration of the Polishing Unit 

became 10 mg/L or more after 48 hours from the start of 

the experiment. In Experiment 5, similar to other 

conditions, the phosphorus concentration remained at 

around 1.5 mg/L until 3 hours after the start of the 

experiment. However, the phosphorus concentration 
increased to about 8 mg/L 24 hours after the start, and 

increased to 15 mg/L after 36 hours. 

 

3.2 Phosphorus removal effect of time 

Section 3.1 outlined the removal change of phosphorus 

obtained by continuous experiments. Section 3.2 

describes the change in phosphorus concentration up to 

12 hours after the start of the experiment. Fig. 3 shows 

the phosphorus concentration changes until 3 hours after 

starting the experiment. In the four experiments except 

Experiment 1, the phosphorus concentration after 3 hours 

is less than 2 mg/L for both Polishing Unit and Sand 
Column. Also, the bar graph (Fig. 4) shows the average 

of the phosphorus removal efficiency up to 3 hours after 

the start of the experiment. In each condition, the reactor 

phosphorus removal rates for initial 3 hours were 77.6 ± 

10.2% (Experiment 1), 96.3 ± 1.7% (2), 95.6 ± 1.4% (3), 

95.5 ± 2.3% (4) and 96.8 ± 2.0% (5). From these results, 

there are no big differences between them. 

 

 
Fig.3 Phosphorus concentration up to 12 hours after the 

start of the experiment 

 
Fig.4 The average of phosphorus removal efficiency up 

to 3 hours after starting experiment 

 

3.3 Phosphorus removal effect of iron concentration 

Fig. 5 shows the change in effluent total iron 

concentration. Experiment 1, both the Polishing Unit and 

the Sand Column showed high effluent total iron 

concentration, showing a maximum of 10 mg/L. In 

Experiment 2, the effluent of total iron concentration was 
stable throughout the whole period and was maintained 
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at about 4 mg/L. Experiment 1 is that the supply 

wastewater flow rate was larger than Experiment 2. As a 

result, it was suggested that the effluent total iron 

concentration was high in Experiment 1. In Experiment 3, 

the effluent total iron concentration in the Polishing Unit 

was high, which was as high as about 10 mg/L at the 
maximum. In Experiment 3, the atmospheric condition in 

the reactor was maintained as Full Aerobic condition. 

The air flow rate was too strong, and a lot of total iron 

flowed out from the reactor. It flowed out to Settler with 

a large amount of air, so it is thought that all the iron 

particles flowed out to the Polishing Unit without 

successful precipitation. In Experiment 4, the flow rate 

of air was adjusted and the experiment was carried out 

again. As a result, the effluent total iron concentration 

compared to Experiment3 did not exhibit more than 10 

mg/L, it was confirmed that 8 mg/L from Polishing Unit 

is best runoff. In Experiment 5, an experiment was 
conducted with Full Anaerobic condition. Nitrogen gas 

supply amount was 3000 mL/min. It was very high 

compared with Experiment 3, 4. However, compared to 

Experiments 3 and 4, the effluent total iron concentration 

of the Polishing Unit was up to 4 mg/L or less. Under 

anoxic conditions, the core–shell structure of nZVI is 

well maintained after 72 h. Under oxic conditions, the 

core-shell structure quickly evolves. The particles may 

maintain the spherical shape at the initial corrosion stage, 

and eventually evolve into flaky and/or acicular-shaped 

structures [10]. For these reasons, Experiment3 and 4 
will collapse the form of particles by oxidation of nZVI, 

may have a large amount of flow out is pointed out that 

gradually decreases. From now on, it is necessary to 

analyze the optimum air flow rate and the surface 

characteristics of the oxidized particles and consider the 

method to prevent the outflow of iron particles. The 

effluent total iron concentration from the reactor was 

also analyzed and the correlation with the effluent 

phosphorus concentration was calculated. As a result, 

correlation coefficient was R2=0.963 (Experiment 3), 

R2=0.89(4), R2=0.885(5) respectively, and it was 

confirmed that there are positive correlation. 

 
Fig.5 Total iron concentration 

 
4. Conclusion 

The objective of this work is to obtain some optimize 

condition for removing phosphorus by nZVI using CSTR. 
From the results of Experiment 1 and 2, it was suggested 

that the phosphorus solution flow rate acceptable for the 

current system and dosage of nZVI is about 20 mL/min. 

In addition, it was confirmed that the removal 

performance of nZVI was the highest at about 3 hours. 

Also, about 3 hours after the start of the experiment, no 

significant change in removal performance was observed 

under any conditions. However, under aerobic conditions, 

it was suggested that particle collapse due to nZVI 
oxidation occurred. It was also found that a large amount 

of collapsed particles outflow and prevented 

improvement in removal performance. From now on, it 

is considered that it is possible to investigate optimal 

operation conditions by examining nZVI outflow 

prevention measures and conducting experiment again 

under the same conditions. 
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Abstract: Ultrananocrystalline diamond(UNCD)/hydrogenated amorphous carbon (a-C:H) composite (UNCD/a-C:H) 
films, which comprise a large number of diamond grains whose diameters are less than 10 nm embedded in an 

amorphous carbon matrix, possess large optical absorption coefficients and the conduction type can be controlled by 

nitrogen and boron doping, accompanied by enhanced carrier densities. Therefore, UNCD/a-C:H is a new candidate 

semiconductor applicable to photovoltaics. In this work, the minority carrier lifetime (), which is an important factor 
in the photovoltaic action, was experimentally measured by a microwave reflected photoconductivity decay method, and 

effects of hydrogenation of films on  was investigated.  of UNCD/a-C:H films and UNCD/nonhydrogenated 

amorphous carbon (a-C) composite (UNCD/a-C) films were estimated to be 0.43 and 0.21 s, which evidently indicates 

that the hydrogenation enlarge . This might be because dangling bonds that act as trap centers for minority carriers 
are terminated by hydrogen atoms.  

 

Keywords: ultrananocrystalline diamond; minority carrier lifetime; hydrogenation; -PCD 
 
 

1. INTRODUCTION 

Ultrananocrystalline diamond (UNCD)/hydrogenated 

amorphous carbon (a-C:H) composite (UNCD/a-C:H) 
films are composed of a large number of diamond grains 

whose diameters are less than 10 nm and an a-C:H 

matrix. UNCD/a-C:H films possess the following 

specific characteristics: (i) the appearance of additional 

energy levels in the bandgap of diamond [ 1 ] is 

theoretically predicted; (ii) large optical absorption 

coefficients ranging from visible to ultraviolet region 

[2,3 ], which might be due to (i); (iii) n and p-type 

conductions can be produced by nitrogen and boron 

doping, which is completely different from that for 

singlecrystalline diamond [ 4 , 5 ]. These specific 
properties might be due to the existence of large number 

of grain boundaries [6]. Owing to the above-mentioned 

properties, UNCD/a-C:H films are new candidates for 

photovoltaic materials.  

In our previous research, we have experimentally 

demonstrated that the production of n and p-type 

conduction accompanied by enhanced electrical 

conductivities is possible by doping nitrogen and boron 

respectively, for UNCD/a-C:H films prepared by pulsed 

laser deposition and coaxial arc plasma deposition 

(CAPD) [7,8,9]. In addition, on the basis of the doping 
results, we have fabricated heterojunctions comprising 

boron-doped UNCD/a-C:H films and n-type Si and 

comprising nitrogen-doped UNCD/a-C:H films and p-

type Si substrates, and experimentally demonstrated 

their photodetection [10,11,12]. On the other hand, it has 

been unknown that key factors that predominantly affect 

the photovoltaic properties of UNCD/a-C:H. There have 

been no researches on the lifetime of minority carriers 

() in UNCD/a-C:H, which should be an important 
factor in photovoltaic action, thus far, to our knowledge.  

We have ever reported that the hydrogenation of 

UNCD/a-C:H films strongly affect the electrical 

properties of the films [13]. Similarly, to hydrogenated 

amorphous Si films, it is expected that hydrogenation 
has an important role in the termination of dangling 

bonds in UNCD/a-C:H films also. 

In this work,  of undoped UNCD/a-C:H and 
UNCD/nonhydrogenated amorphous carbon (a-C) 

composite (UNCD/a-C) films were experimentally 

measured to study the hydrogenation effects on . In 
addition, the potential of UNCD/a-C:H films as 

photovoltaic materials is discussed from the viewpoint 

of . 
 

2. EXPERIMENTAL 

 

UNCD/a-C:H films with thickness of approximately 200 

nm were prepared on insulating singlecrystalline Si 

substrates with electrical resistivities of more than 10 

kcm at a substrate temperature of 550 C and under a 
hydrogen pressure of 53 Pa by CAPD (Ulvac ARL-300) 
with a graphite target, similarly to our previous studies 

[14,15,]. UNCD/a-C films were deposited under a base 

pressure of less than 10-4 Pa. A coaxial arc plasma gun 

 
 (a)                          (b)                          (c) 

Fig. 1. Schematic diagram of -PCD measurement 

principle. (a) generation of excess carriers by pulsed 
laser irradiation, (b) strong reflection of microwave 

in case of a large number of excess carriers, and (c) 

weak microwave reflection in case of a small number 

of excess carriers. 

pulsed laser
microwave

reflected wave

transmitted wave
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with a capacity of 720 F was operated at a voltage of 
100 V. The repetition rate of pulsed arc discharges was 5 

Hz, and the distance between the substrate and the target 

was 15 mm. Both undoped films exhibit weak p-type 

conduction. 

 in the films was investigated from the excess-

carrier (n) recombination kinetics analyzed by 

microwave reflected photoconductivity decay (μ-PCD) 

[16,17,18]. The -PCD decay curves were measure by a 
semiconductor wafer lifetime measuring system 

(KOBELCO, LTA-1512EP). Excess carriers were 

generated by a 5 ns laser pulse with a wavelength of 349 

nm, as shown in Fig. 1(a), and photoconductivity decay 

was measured from the reflectivity of microwaves with a 

frequency of 26 GHz. The reflection of microwave is 
proportional to the number of excess carriers, as shown 

in Fig. 1(b) and 1(c). High-sensitivity measurements 

were realized by the differential detection of the 

reflected microwave intensity between the areas with 

and without laser irradiation. 

 

3. RESULTS and DISCUSSION  
Photoconductivity decay curves can be divided into 

three modes on the basis of the decay rate: Auger 

recombination and Shockley–Read–Hall (SRH) 

recombination without and with the carrier-trapping 
effect [16,17]. The decay curve was fitted well using the 

following equation: 

 

𝐼 = 𝐼1𝑒𝑥𝑝 (−
𝑡
𝜏𝐴𝑢𝑔𝑒𝑟⁄ ) + 𝐼2𝑒𝑥𝑝(−

𝑡
𝜏𝑆𝑅𝐻⁄ ) +

𝐼3𝑒𝑥𝑝 (−
𝑡
𝜏𝑆𝑅𝐻−𝑡𝑟𝑎𝑝𝑝𝑖𝑛𝑔⁄ )                       (1) 

 

Here, I1, I2, and I3 are the coefficients, and τAuger, τSRH, 

and SRH-trapping are the time constants for the three decay 
modes, respectively. The initial rapid decay is attributed 

to the Auger recombination process. Since the optical 

absorption coefficients of UNCD/a-C:H and UNCD/a-C 

films are extremely large, all the incoming photons are 

expected to be absorbed within the films. Δn is much 

larger than the majority-carrier concentration at 

equilibrium. Therefore, the fast decay mode arising from 
the multicarrier recombination might be inevitable [19]. 

The second component decay is caused by the SRH 

recombination mechanism without the carrier-trapping 

effect. SRH predominantly determines the minority-
carrier lifetime [20]. Therefore, in this work, we regard 

τSRH as . The slow decay is attributed to SRH 
recombination with the carrier trapping effect.  

Figures 2(a) and 2(b) show photocurrent decay curves of 

UNCD/a-C:H and UNCD/a-C films. Both films exhibit 

fast decay components due to the Auger recombination 

process corresponding to the first term in the equation 

(1). And slow decay components due to the SRH 

recombination mechanism with the carrier-trapping 

effect corresponding to the third term in the equation (1) 
also are apparently observed. After the estimation of 

these fast and slow decay components by partial fitting, 

decay components due to the SRH recombination 

mechanism without the carrier-trapping effect 

corresponding to the second term in the equation (1) 

were derived by reproducing the experimental decay 

curves totally. τSRH of the UNCD/a-C:H and UNCD/a-C 

films were estimated to be 0.43 and 0.21 µs, respectively.  

 

 
Fig. 2. Photoconductivity decay curves of (a) UNCD/a-

C:H and (b) UNCD/a-C films. Red lines are reproduced 

curves based on equation (1) and blue lines are 
component decay curves of the reproduced curves. 

 

The microwave intensity decay of the UNCD/a-C film is 

totally fast as compared to that of the UNCD/a-C:H film, 

which evidently indicates that the recombination of 

excess carriers actively occurs in the UNCD/a-C film. In 

our previous studies, on the basis of several 

spectroscopic measurements results, we have reported 

that a large number of dangling bonds at grain 

boundaries (GBs) between UNCD grains and those 

between UNCD grains and an a-C:H matrix are 
preferentially terminated by hydrogen atoms [21,22]. 

Dangling bonds are naturally expected to act as 

recombination centers. Thus, the enlarged  by 
hydrogenation might be because dangling bonds that act 

as trap centers for excess carriers are terminated by 

hydrogen atoms.  

 

4. CONCLUSIONS  

In this work,  in the UNCD/a-C:H and UNCD/a-C were 

experimentally investigated by -PCD, and the values 

were 0.43 and 0.21 s, respectively. To apply the 
UNCD/a-C:H films to photovoltaics, double or triples 

values are required from the viewpoints of the optical 

absorption coefficients of UNCD/a-C:H. It was found 

that hydrogenation is effective for enlarging , which 
might be because dangling bonds that act as trap centers 

for excess carriers are terminated by hydrogen atoms. 

We have never optimize the hydrogenation of UNCD/a-

C:H films thus far from the viewpoints of enhancing . 
In addition, we have no ideas concerning key factors in 

the chemical bonding structure of UNCD/a-C:H that 

predominantly affect . In order to enhance , further 
studies on the hydrogenation and chemical bonding 

structures are required. 
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Abstract: Reservoir modeling is an important process for improving our understanding of thermodynamic behavior at 

before and after production. This paper discusses thermodynamic behavior of geothermal reservoir at the Lumut Balai 
field in Indonesia before production. The purpose of study is thermodynamic characterization and calculation of energy 

reserve in the reservoir. Geoscience surveys in The Lumut Balai geothermal field indicate at least 65 km2 of probable 

energy resource, however 22 wellbores that have been drilled in the field indicate a 25 km2 of proven energy resource. 

Drilling data show the maximum temperature in the reservoir is 240 oC and reservoir pressure of 110 bar at elevation 

of -700 m.a.s.l. Water level in the reservoir is located at an elevation of 500 m.a.s.l. and elevation of wellbore is greatly 

influence the amount of steam production. Well production tests and production simulations show that the production 

wellbores at relatively higher surface elevations produce lower steam production compared to wellbores that are at 

lower surface elevation. The field produces hot water dominated with low enthalpy of range from 1035 to 1045 kJ/kg at 

6 bar well head pressure. Energy reserve calculation using Monte Carlo simulation of the field shows a proven reserve 

of 123 MWe for 30 years production time.  

 
Keywords : Geothermal energy, Thermodynamic model 
  
 

1. INTRODUCTION  

Lumut Balai field is located in districts of Muara Enim 

and Ogan Komering Ulu, South Sumatra Province. This 

field is approximately 292 km to the southwest of 

Palembang city. The field can be reached by car from 
Palembang. Elevation of the location of wells drilled in 

Lumut Balai geothermal field is about 980 - 1800 

m.a.s.l. (meters above sea level). 

Lumut Balai field is part of the Bukit Barisan zone with 

many volcanic activity, characterized by the presence of  

50 centers of Quaternary volcanic activity along the 

Sumatra Fault. We believe there is a relationship 

between volcanic activity and tectonism activity on 

Sumatra, saveral volcanica activities appeared right 

around the active fault zone, but most of them found 

within up to 20-40 km of the fault zone. Figure 1 shows 
location maps of drilling cluster on Lumut Balai 

geothermal field.  

 

 

 

 

 

 

 

 

 

 
Figure 1. Location maps of drilling cluster on Lumut 

Balai geothermal field (PGE, 2014).  

 

The status of Lumut Balai field has now entered on 

stage of exploitation and planned to install of 2 x 55 
MWe geothermal power plant capacities. Until the year 

2017 there are 26 wellbores have been drilled on the 

field. Observation of wells show that each of well has a 

different well character to produce of steam, 

corresponding to the reservoir parameters. Location and 

direction of the wells penetrate at different fault 

structures and it contribute steam production on the 

wells. 

2. METHODS AND DATA 

Study of thermodynamic reservoir is conducted using 

geoscience and wells data. Tectonic setting, volcanic 
activity product and structural geology pattern are 

observed along geological survey.  Conceptual model of 

geothermal system is developed using subsurface and 

surface data. Fault system, surface manifestation, 

geochemistry of surface fluid and geophysical data 

survey are used to develope boundary of model. 

Wells data cover pressure & temperature measurements 

data and production test data of wells as well as 

production simulation result data using Wellsim 

software.  

Map of the distribution of temperatures at various 

elevations are used to determine the temperature 
distribution vertically and horizontally. Elevation of the 

wellbore is an important parameter in the process of 

reservoir fluid flow through the hole, which will affect 

to distance of water level and the surface where point of 

evaporation will be done. A longer column distance of 

water level and the surface will result higher negative 

pressure force due to gravity, so that it will reduce the 

rate of steam production. 

mailto:jatmiko.atmojo@pertamina.com
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Geothermal system of Lumut Balai field formed due to 

combination of volcanic and tectonic activities, that is a 

part of the active fault Semangko along the island of 

Sumatra. The volcanic process marked by the 

emergence of volcanic cones due to volcanic magmas 

break through the fractures to the surfaces. Geohermal 
reservoir  in the systems is formed on the secondary 

fracture which is covered by a impermeable layer 

formed by mineralization of hydrothermal process. 

Geoscience studies of geological and geophysical show 

prospect area of Lumut Balai field is located within Old 

Caldera system. Reservoir area of 65 km2 is represented 

by high resistivity zone showed by Magnetto Telluric 

geophycal survey at elevation -500 ma.a.s.l. This high 

resistivity is covered by low restivity zone as a cap rock 

layer. Fig. 2 shows propsek area of Lumut Balai field 

delivered from Magnetto Telluric survey. 26 wellbores 

are placed in eleven drilling clusters with varying 
surface elevation from 980 to 1800 m.a.s.l. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Propsek area of Lumut Balai field delivered from 

Magnetto Telluric data at elevation -500 m.a.s.l. (PGE, 

2014). 

Well data measurement indicate a ground water level in 

the reservoir at an elevation ranging from 500 m.a.s.l at 

cluster-2 and sligthly decreases toward the north to 

cluster-A. Measured reservoir temperatures from well 

logging are ranging form 220 to 240 oC and measured 
pressures at an elevation of 0 m.a.s.l are of 52-54 bar. 

Meanwhile, at an elevation of -200 m.a.s.l reservoir 

pressure is about 66-70 bar. 

Production tests show wells in Cluster 1 produce steam 

equivalent average of 6-9 MW, in Cluster 3 produce 

steam equivalent average of 4-13 MW, in Cluster 6 

produces steam of 7.8 MW and in Cluster A produce 

steam average equivalent of 10-14 MW. Well in Cluster 

2 has not been performed, but vertical production test 

shows very less steam flowrate. 

Production simulations of wells using software of 
Wellsim (Firanda E., et al, 2015) show that the well in 

the Cluster 3 with surface elevation of 1300 m.a.s.l 

shows steam production of 9 MW at well head pressure 

of 6 bar (Fig. 3). Well in Cluster A which is located at 

surface elevation of 980 m.a.s.l generates 18 MW of 

steam at 6 bar well head pressure (Fig. 4). 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Production simulation using Wellsim of well in 
Cluter 3 on Lumut Balai field (Firanda E., et al, 2015). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4 Production simulation using Wellsim of well in 

Cluter A on Lumut Balai field (Firanda E., et al, 2015). 

 

3. DISCUSSIONS 

Conceptual model of geothermal system on Lumut 

Balai field is showed in Fig. 5. Reservoir zone is 

covered by impermeable zone that is represently by low 

resistivity zone. First total losts during drilling that are 

indicating top of reservoir showed at elevation 500 

m.a.s.l. 

 

 
 

Fig. 5 Conceptual Model of geothermal system on 
Lumut Balai field (PGE, 2016). 

Reservoir temperature distribution shows evenly 

gradient temperature across all the wells until the 

elevation -200 m.a.s.l. However, location of Cluster 2 

which are located in the Southern part with higher 
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elevation show higher gradient temperatures in deeper 

more than -200 m.a.s.l. This temperature distribution 

model indicates that the Lumut Balai geothermal system 

is a mature geothermal system with dominantly 

influencing by hydrological system. 

Conceptual model of Lumut Balai geothermal field 
indicates the water level is almost same elevation, that 

indicates production wells locate on the same reservoir 

with good permeability. A near same reservoir pressure 

distribution at the same elevation on several wells show 

a relation to injectivity value which ranged from 2700-

3200 lpm/KSC (Firnada E. et al, 2015). On several 

wells with lower injectivity show significantly pressure 

decrease in clusters that are being on west and east part 

of the field.  

Water level in the reservoir is located at an elevation of 

500 m.a.s.l. This is consequently that reservoir 

hydrostatic pressure starts at this level, and to reach 
production reservoir zones with good pressure require 

drilling of deep wells. Therefore, elevation of wells will 

greatly influence the amount of steam production. Well 

production tests and production simulations show that 

the production wells at relatively higher surface 

elevations will produce steam production  lower 

compared to wells that are at lower surface elevation. 

Reservoir temperatures in the range 220-240 °C which 

are produced from a low reservoir pressure (50 bar) will 

produce a low enthalpy, which are range from 1035 to 

1045 kJ/kg with a well head pressure at 6 bar. 

Based on the reservoir pressure characteristic of the 

field, we need innovation to optimize energy resources 

especially in high elevation area. Steam characteristic 

wich has low enthapy and pressure need a special 

turbine design for the power plant. 

Reserve of geothermal energy on Lumut Balai field is 

deliniated using Magnetto Telluric, which is reservoir 

zone representing by high resistivity is covered by low 

resistivity as cap rock. Old Caldera wall forming a circle 

wall tobe boundary of reservoir (Fig. 2). The probable 

area of Lumut Balai field is 65 km2, but drilling data 

indicate proven area is 25 km2. Proven energy 
calculation using Montecarlo Method indicating 123 

MW electricity can be produced on Lumut Balai field 

for 30 years. Fig. 6 shows graphic of Montecarlo 

simulation for Lumut Balai field. 

 

 

 

 

 

 

 

 

 

Figure 6 Montecarlo simulation of proven energy 

reserve of Lumut Bali field (PGE, 2014). 

 

4. CONCLUSIONS 

Reservoir of Lumut Balai field has temperature 220-240 
oC, but deep water level of the geothermal reservoir of 

Lumut Balai at elevation 500 m.a.s.l affect to lower 

production steam on wells, especially wells that are 

loacated at higher elevation. Steam production of wells 
with low elevation of 980 m.a.s.l show steam rate 

equivalent of 18 MW, while wells on higher elevation 

of 1300 m.a.s.l indicate steam flow rate equivalent of 9 

MW. Drilling wells tobe done until 2016 indicate 

proven energy reserve of 123 MW electric for 30 years. 
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Abstract: In this report, cluster-induced (deuteron and alpha) nuclear reactions for the intranuclear cascade model 

have been investigated. The intranucler cascade model, developed at Kyushu University, has been extended to explain 

cluster-induced nuclear reactions that involve breakup mechanism. The proposed model describes the projectile 

breakup process by considering the incident cluster as a superposition of several states. The incoming and outgoing 
clusters are supposed to be collections of independent particles and are allowed to undergo nuclear interactions with 

the target nucleus. Both projectiles and ejectiles are considered to be deflected by the nuclear potential. Calculations 

with the proposed model followed by the generalized evaporation model are performed for validation by comparing 

with experimental double-differential cross-section spectra produced by deuterons and alpha particles on several target 

nuclei at different incident energies. The calculation results show good agreement with experimental spectra.  

 

Keywords: intranuclear cascade model; projectile break-up; double-differential cross-section; alpha particle, deuteron. 
  
 

1. INTRODUCTION  

The practical significance of cluster-induced nuclear 

reactions is manifold e.g. in search for rare nuclei, 

solving astrophysical problems relating to cosmic ray, 

studying biological effects of radiation etc. In addition, 

Monte Carlo particle transport systems, widely used in 

various research and development fields, uses nuclear 

models that can simulate various types of nuclear 

reactions including deuteron- and alpha-induced 

reactions. These kind of nuclear reactions generally 
involve two-stage processes: the fast cascade phase and 

the static phase. Intranuclear cascade model (INC), 

Quantum molecular dynamics (QMD) model etc. is 

widely used to describe the cascade stage that emits fast 

particles, and an evaporation-fission model is used to 

reproduce the second stage in which residual nucleus at 

the end of cascade stage de-excites via evaporation or 

fission processes. There exist many INC models. We are 

interested here in the INC model [1] that is developed at  

Kyushu University and is already incorporated in 

Particle and Heavy Ion Transport Systems (PHITS) [2].  

There is a strong desire to expand the INC model to 
simulate cluster-induced nuclear reactions covering all 

the final channels over wide incident energy as well as 

variety of target nuclei. 

The INC models show high predictive power for (N, 

N’x) reactions [3]. Limited studies [4] have done for 

alpha- and deuteron-induced reactions but very poor 

predictability observed for cluster spectra. INCL and 

QMD, two widely used models, treat nucleons as 

classical particles. That is why; these two models show 

poor prediction ability for charged particle spectra from 

cluster-induced reactions. 
In our previous study, the INC model developed at 

Kyushu University has successfully explained proton 

and cluster production reactions for the proton incidence 

at bombarding energies of 200 MeV or higher [5]. Later 

on, the model has been successfully extended for (p, p’x) 

reactions at around 50 MeV incident energy by 

including collective excitations, trajectory deflections 

and barrier transmission coefficients [6].  

In this study, the INC code is expanded towards 

deuteron- and alpha-induced reactions. The expanded 

model coupled with evaporation model, GEM [7], is 

validated comparing with experimental data on various 

targets at different incident energy. 

 

 
Fig. 1 Example of projectile break-up. 

2. THEORETICAL MODEL 

The present calculation procedure is based on our 

previous model [9] that demonstrated good prediction 

ability for the nucleon induced reactions. Here, we 

recall the essential points. Initially, the target nucleus is 

considered as a sphere containing consistent nucleons 

with complete isospin degeneracy. Each nucleon has a 

position and momentum and travels inside the nucleus 

freely. The potential depth is 45 MeV. The maximum 
nuclear radius is defined as Rmax = r0 + 5a0 with a0 = 

0.54 (fm) and r0 = (0.976 + 0.0206 A1/3) A1/3. When a 

nucleon approaches to other nucleon within a distance, 


NN

r  , equivalent to the nucleon-nucleon cross-

section, they can undergo NN collision. The occurrence 

of collision is judged according to Pauli blocking. 

 

2.1 Extension of the model 

The model has been improved to incorporate the cluster-
induced reactions. At first, the ground state of the 

projectile is defined as like target nucleus. Fitting the 

experimental data, the potential depth is determined 15 
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MeV for deuteron and 40 MeV for the alpha particles.  

It is assumed that the cluster wave function is given by 

superposition of different states: for α-particles, the 

wave function is written as   

nnppcdpnc

tpcncc
gr

33

2

3

10
He



 




     (1) 

and for deuteron, the wave function is  

pncdcd
ddgr 10

            (2) 

The first term of left-hand side of eq. (1) indicates that 

the incident α is in a state where it does not break-up 

due to interaction with the target. The second term 

signifies the breaks up of projectile alpha into 3He and n 

while entering into the target nucleus. The resultant 3He  

 
Table 1 The square root of the fragment production probability. 

α particle incidence deuteron incidence 

Break-up 

Fragment 
Cα 

Break-up 

fragments 
Cd 

α 7.616 d 8.367 

3He + n 2.236 p + n 5.477 
t + p 3.317 

  d+d 4.0 

2p + 2n 3.162 

 

does not go further disintegration. The momentum of 
3He in α is vector sum of constituent nucleons and ¾ of 

the momentum of projectile α. During its straight-line 

trajectory, one of the three nucleons may fulfill the 

criteria of NN collision by striking a target nucleon and 

receives momentum change that causes the momentum 

transfer to the 3He particle. The projectile may breakup 

in the same way in other fragments of Eq. (1) and (2). 

To reproduce experimental data the probability of 

fragment production are assumed. The square root  
 

 
Fig. 2 The comparisons of experimental double differential 
cross-sections (DDXs) for 58Ni(α, α’x) reactions at 140 MeV 
with the INC coupled with GEM model calculation results at 
angles from 20° to 105°. The solid circles represent the 
experimental alpha energy spectra and the line histograms 
represent calculation results. Factors shown in the figure are 
multiplied for display purpose. 

of probability of fragments production from incident 

cluster is assumed as shown in Table 1. To fit 

experimental data, maximum impact parameter is taken 

as sum of projectile and target average radius. To 

account for angular distributions, the incident and 

outgoing particle are to be deflected by the influence of 
nuclear potential, known as trajectory deflection. 

Compensation regarding energy and momentum 

conservation and Q-value is applied when the cascade 

process finishes. 

 

 
Fig. 3 Same as Fig. 2 but for the reaction 54Fe(α,dx) at 58.8 
MeV alpha incidence. 

3. RESULTS and DISCUSSIONS   

The validity of the model has been tested through 

comparison with the experimental results of the 

deuteron- and alpha–induced nuclear reactions  

 

 
Fig. 4 Same as Fig. 2 but for the reaction 58Ni(α,tx) at 160 
MeV deuteron incidence at angles from 6° to 18°. 

shown in Figs. 2-5. Closed circles in Figures indicate 

experimental double differential spectra (DDXs) and 

solid line histograms are the INC calculation results 
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respectively. In order to avoid overlap, factors indicated 

in figures are multiplied. The contribution of 

evaporation model, GEM, has been included on each 

calculation result followed by cascade stage. In these 

comparisons, the numerical data are taken from 

EXFOR[8]. 
 

 
Fig. 5 Same as Fig. 2 but for the reaction 58Ni(d,d’x) at 80 
MeV deuteron incidence. 

In Fig. 2, DDXs spectra are compared at angles from 20° 

to 105° for the 58Ni(α,α’x) reaction at 140 MeV incident 

energy. The calculated alpha production DDX spectra 

agree well with experimental results except slight 

discrepancies at higher angles. The highest energy peak 
in alpha spectra corresponds to elastic scattering and our 

model explains the peak reasonably well. The 

discrepancies at large angle region are common features 

in INC calculations. 

 

 
Fig. 6 Same as Fig. 2 but for the reaction 27Al(d,px) at 80 
MeV deuteron incidence. 

Fig. 3 shows the comparison of experimental deuteron 

spectra from 54Fe(α,dx) reactions with calculation 

results at 58.8 MeV at angles are from 20° to 120°. The 

model is successful in reproducing the gross features but 

slight overestimations are observed in medium energy 

regions. The broad peaks at forward angle regions are 

mainly due to breakup and have been reproduced 

reasonably well.  

 

 
Fig. 7 Experimental alpha DDXs (solid circles) are compared 

with two widely used models calculation results for the 
58Ni(α,α’x) reactions at 140 MeV. The dashed line histograms 
are QMD result and the line histogram are INCL results. 

For comparison at forward angles, Fig. 4 shows the 
triton spectra from 58Ni at 160 MeV alpha bombarding 

energy. The data are shown at angles 6° to 18° where 

break-up effects are prominent. The calculation results 

represent good agreement with the experimental data 

except the high-energy regions. These discrepancies are 

due to poor treatment of stripping reactions at our model.  

 

 
Fig. 8 Experimental alpha DDXs (solid circles) are compared 

with the INCL (line histogram) model calculation results for 
the 54Fe(α,dx) reactions at 58.8 MeV. 

The deuteron spectra in Fig. 5 are from 58Ni at 80 MeV 

deuteron bombardments. Deuteron spectra have been 
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reproduced well by the INC model calculations results. 

Slight overestimation in calculation results are observed 

at higher energy regions. The peak at highest region is 

due to elastic scattering. 

Fig. 6 shows the proton spectra from 20° to 120° for the 
27Al(d,px) reactions at 80 MeV. The poor reproduction 
of INC results at highest energy is ascribable including 

stripping reactions.  

To see how the reproduction ability of other exiting 

models Fig. 7 and 8 has been plotted. QMD (Quantum 

Molecular Dynamics) and INCL (Liège Intra Nuclear 

Cascade) are two widely used model to simulate this 

kind of reactions. Fig. 7 shows the comparisons of the 

alpha energy spectra from 58Ni(α,α’x) reactions at 140 

MeV with the QMD and INCL calculations results. The 

calculation results of QMD model (dotted line) shows 

very poor agreement with the experimental data. INCL 

calculation results (solid line) also show prominent 
discrepancy in large energy regions. Both models are in 

good agreement with the DDXs spectra at lowest energy 

regions, which are mainly reproduced by evaporation 

model. In figure 8, deuteron spectra are also reproduced 

poorly by the INCL model for the 54Fe(α, dx) reactions 

at 58.8 MeV. 

 

4. CONCLUSION 

The previously developed INC model was extended for 

deuteron- and alpha-induced reactions. We incorporated 

cluster projectile breakup mechanism in the code 
considering the incident cluster as collection of 

superposition of several states in the framework of INC 

model. To account for angular distribution the 

deflection of both projectile and ejectile by the target 

nuclear potential were taken into consideration. The 

calculation results of the extended INC model coupled 

with GEM model showed good agreement with light 

charged particle DDXs spectra from several targets in 

case of deuteron and alpha incidence, and also for the 

spectra at forward angles where break-up effect is 

prominent. In addition, the proposed model 

satisfactorily predicted the spectra of inelastic cluster 
scattering reactions: (d, d’x) and (α, α’x).  Though the 

stripping-reaction mechanism was not treated in the 

code, only small inconsistencies were observed at the 

high-energy end of the experimental spectra. 
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Abstract: Throughout this research, prepared zero valent iron copper nanoparticles (Fe0/Cu) was used in order to 

investigate the methane generation and the degradation of anaerobic activated sludge. The prepared Fe0/Cu in different 
high concentrations (0.5, 1.5 and 3 g/L) were added to laboratory scale bioreactors to check its biogas generation 

efficiency compared with blank bioreactor. Furthermore, the organic matter degradation process was also studied by 

profiling the soluble chemical oxygen demand (SCOD). The results show that the Fe0/Cu bimetallic particles facilitate 

the catalytic reactivity by increasing the generated biogas volume and methane yield. The total generated biogas 

increased by 235.6% for the bioreactors exposed with 1.5 g/L of Fe0/Cu particles compared with blank. Collectively, 

results suggest that Fe0/Cu was promising remediation of domestic activated sludge and consequently Fe0/Cu system 

can be proposed as a cost-effective addition for the anaerobic digesters. 

 

Keywords: Iron copper bimetallic nanoparticles; Anaerobic digestion; Sludge reduction. 

 

1. INTRODUCTION  

The concerns of using nanoparticles to improve the 
anaerobic digestion process were raised because the 

need of improving its economic feasibility. Anaerobic 

digestion is widely used in sewage treatment plants for 

sludge stabilization and biogas cogeneration which used 

as a renewable energy source [1]. Anaerobic digestion 

of waste sludge is a sustainable and efficient technology 

to stabilize sludge by means of mass reduction and 

methane production simultaneously and the anaerobic 

digestion efficiency is generally associated with biogas 

generation volume and methane content [2, 3].  

Nanoscale zero valent iron (nZVI) as an additive was 
examined for the approach of biogas generation 

enhancement. As nanocatalysts, nZVI have been used 

for degradation of environmental contaminants due to 

its relatively high surface area and the shape dependent 

properties [4]. nZVI was used as promised additives for 

anaerobic digestion because of its conductive properties, 

low price and high capacity to decrease the oxidative 

reductive potential of sludge [5, 6]. However, nZVI 

related publications are mainly devoted to dose different 

nZVI concentration while less attention has been paid to 

introduce of zero valent iron copper (Fe0/Cu) bimetallic 

nanoparticles into anaerobic digestion.  
Zandvoort et al. [7], analyzed the impact of Fe on 

UASB reactor, realized that Fe addition had a 

significant effect on the degradation rate and 

improvement methanogenic activity. Karri et al. [8], 

found that nZVI is able to accelerate the hydrolysis and 

fermentation of sludge due to its action as electron 

donor resulting in an increase in the biogas production 

rate. Su et al., [9] study results proved an increase in the 

biogas generation by 30.4% and methane yield by more 

than 40.4% when they checked the effect of adding 

nZVI for 17 days. 

Consequently, increasing the surface area of nZVI by 

planting copper particle onto the nZVI particles surface 

to produce Fe0/Cu bimetallic nanoparticles should have 

a positive effect on anaerobic digestion. 
In this research study, we examined the impact of 

Fe0/Cu and its iron ions on the anaerobic digestion of 

municipal activated sludge. For the reason that the 

effect of nanoparticles and its bimetallic in digestion 

process is highly depends on the dosage concentration. 

Therefore, it is important to further investigate the 

influences the laboratory prepared Fe0/Cu bimetallic 

system for the sludge stabilization under high bimetallic 

dosage. Activated municipal sludge samples in this 

study were treated with high Fe0/Cu concentrations 

ranging from 0.5 to 3 g/L for investigation the activity 
of Fe0/Cu 

in the anaerobic digestion. 

In the present work, laboratory scale bioreactors were 

set up specifically to study the sludge stabilization and 

biogas stimulation by dosing high concentration of 

Fe0/Cu nanoparticles. 

2. MATERIALS AND METHODS 

2.1 Chemicals  

The following chemicals materials were utilized for 

synthesis the nanocatalysts particles: ferric chloride 

hexahydrate (Junsei chemical Co., Japan), copper II 

chloride (Sigma-Aldrich, USA) and sodium borohydride 
(Sigma-Aldrich, USA). All used solutions were purged 

with nitrogen flow to eliminate the oxygen interferences. 

2.2 Fe0/Cu bimetallic preparation 

Fe0/Cu stock suspensions were newly synthesized by 

deposing copper particles onto the surface of nZVI that 

prepared based on sodium borohydride reduction 

method. Copper chloride was firstly mixed with 

hydrated ferric chloride solution under nitrogen 

atmosphere. Then, sodium borohydride was added 

dropwise into the mixture. The mixture was kept under 

nitrogen atmosphere and dried under vacuum prior to 
use. 

2.3 Sludge digestion in the presence of Fe0/Cu at 
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mesophilic temperature 

Activated sludge samples were taken from a two 

consecutive stage anaerobic digester at Mikasagawa 

sewage purification center with a daily treatment 

capacity of 300,000 cubic meters (Fukuoka, Japan). The 

experiments were carried out used laboratory scale 
batch bioreactors (Fig. 1) based on modified 

biochemical methane potential test. 

The produced biogas volume was measured by record 

the water displacing inside the graduated cylinder as 

schemed in the Fig. 1.    

 
Fig. 1. Schematic diagram of biogas production system. 

2.4 Gas composition and chemical analysis 

Methane content in the generated biogas was analyzed 

by gas chromatography (GC, GL Sciences Inc., Japan) 

which equipped to 6 feet length capillary column with 

mesh range was 60/80 with a molecular sieve 

(Molesieve 5A, 1/8).  The GC operation parameters 

were: column oven temperature was set at 60 °C, the 

injector was 80 °C, detector temperature was raised to 

80 °C and the current was fixed at 60 mA. Argon was 

used as carrier gas at a flow rate of 30 mL/min. For 
analyzing the biogas composition, 1mL of generated 

biogas was collected using a gastight 10 mL Hamilton 

gas syringe. All GC measurements were repeated at 

least two times.  

Sludge samples were daily withdrawn during the 

duration of experiments and were then filtered for 

testing the soluble chemical oxygen demand (SCOD) 

concentrations and iron dissolution using 

spectrophotometer (DR 3900, Hach company, USA) 

according to the standard method for examination of 

water and wastewater [10]. 

3. RESULTS AND DISCUSSIONS 

3.1 Effects of Fe0/Cu addition on biogas production 

The generated biogas volume is an important factor in 

assessing the performance of anaerobic digestion. The 

daily generated biogas was recorded two times per 24 

hours during the experiment period. Based on the biogas 

production profiles (Fig. 2), the peaked production was 

observed after two days from the starting of digestion 

and no lag phase was observed. This was due to the 

sludge condition which is activated sludge and freshly 

collected and rich in anaerobic bacteria that directly 

responsible for sludge fermentation and biogas 

generation [11]. 

Between day 2 and 10, the production rates dramatically 

decreased compared with the first two days, for 

example, the blank bioreactor generated 50 ml of biogas 

on the second day but the bioreactors exposed to 0.50 

and 1.50 g/L Fe0/Cu bimetallic nanoparticles produced 

177 and 186 mL biogas respectively. Biogas production 

in all bioreactors from day 10 until the end of the study 

period was almost negligible (Fig. 2a). 

At the end of study duration (day 14), the total 

cumulative methane volumes for the groups of blank, 

0.50, 1.50 and 3 mg/L Fe0/Cu were 229, 516, 693 and 

477 mL respectively (Fig. 3). Based on the biogas 

generation outcomes, it can be said that the addition of 

Fe0/Cu promoted the generated biogas and the reasons 

of this promotion could be clarified because that the 

bimetallic can gave electrons to boost the sludge 

fermentation and increase the microbial activities of 

anaerobic digestion and consequently fulfilled in the 

increase of biogas volume. However, the addition of 3 

g/L Fe0/Cu has a negative effect on the biogas 

production which decreased the produced biogas by 

45.2% compared to what 1.5 g/L dosage was produced. 

These results pointed out that the best concentration of 

Fe0/Cu was 1.5 g/L. 

 

Fig. 2. Biogas production a) daily recorded, b) cumulatively counted 

 
Fig. 3. Total volume of produced biogas in presence Fe0/Cu 

3.2 Iron ions release rate 

Basically, with the addition of iron copper bimetallic, 

almost all the dissolved iron species were in ferrous 
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form. However, when exposing the anaerobic sludge to 

3 g/L Fe0/Cu, the main iron ions were in ferric form. 

Fig. 4 presents the iron ions concentration profiles for 

sludge bioreactors treated by Fe0/Cu. 

The ferrous ions concentrations continuously raised 

with increasing the bimetallic nanoparticles but in the 

3,00 g/L Fe0/Cu bioreactor, ferrous ions concentration 

was lower than the 0.50 and 1.50 g/L Fe0/Cu bioreactors 

through the course of experiments and ferrous ions 

concentration have limit with only 160.72 mg/L (Fig. 

4b). The inhibitory properties of 3 g/L Fe0/Cu might be 

due to the high concentrations of ferric ions that 

increasing the oxidative stress on bacteria cell wall 

which resulted in disruption of membrane integrity and 

disturbance of electron and ion transport channels after 

attached the nanoparticles to the bacteria walls [12]. 

Therefore, the volume of cumulative biogas production 

(Fig. 2b) is attributed to the dissolution trend of the 

ferrous and the biogas production rate was significantly 

increased in the presence of ferrous ions.  

 

 
Fig. 4. Dissolved iron concentration profiles a) total dissolved iron, b) 

ferrous ions 

3.3 SCOD changes during the anaerobic digestion 

Generally, SCOD showed an increasing trend in all 

bioreactors along the anaerobic digestion process (Fig. 

5). SCOD jumped from 5,453 mg/L in all bioreactors in 

the beginning of digestion to 11,316 mg/L (Blank 

bioreactor), 16,288 mg/L (0.50 g/L Fe0/Cu), 21,939 

mg/L (1.50 g/L Fe0/Cu) and 20,838 mg/L (3.00 g/L 

Fe0/Cu) by the end of study. The reason was that the 

solid particulate material was firstly converted into 

soluble organic compounds and various types of acids, 

which brief the SCOD concentration increasing in the 

sludge medium. [13].  

 
Fig. 5. Profile of soluble chemical oxygen demand  

 

3.4 Methane yield 

Fig. 6 depicts the methane gas fraction of produced 

biogas. With Fe0/Cu bimetallic dosage, the methane 

yield was significantly increased to a certain extent and 

the methane content was quite low during the first 24 

hours. It was evidenced that the high concentration of 

Fe0/Cu clearly stimulates the methanogenic activity 

from day 1 of the anaerobic digestion process. 

Additionally, by the end of study period (14 days), the 

treatment of municipal activated sludge with 0.50 g/L of 

Fe0/Cu or above yielded the same level of methane 

fraction. It was also demonstrated that from the day 7 

and afterward, there was a negligible methane 

generation in the blank bioreactor indicating the 

completion of methanogenesis and the produced biogas 

after that was mainly formed from other gasses. 

This experiment results with bimetallic nanoparticles 

addition, particularly with the concentration of 3.00 g/L, 

did not promote considerable yield, which indicated that 

1,50 g/L might be a more appropriate addition 

concentration for methanogenesis activities under 

current research condition. 

The methane increased constantly because of the plenty 

of iron ions. Thus, there is a reasonable correlation 

between the methane content and the iron ions and these 

generated ions should be a reliable cause for the 

enhancement of methanogenesis which was consistent 

with another published research reported by Qiao et al 

[14]. 

 
Fig. 6. Methane Content yielded by Fe0/Cu 

 

4. Conclusions 
It is demonstrated in this study that iron copper 

bimetallic nanoparticles improved biogas production 
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and methane yield at the high concentrations. However, 

the iron copper nanoparticles at the concentration more 

than 1.5 g/L inhibited methanogenesis likely due to the 

high concentrations of ferric irons which increased the 

oxidative stress on bacteria cell wall which resulted in 

disruption of membrane integrity and disturbance of 
electron and ion transport channels after attached the 

nanoparticles to the bacteria walls.  
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Abstract: This study introduces a novel approach to analysis impact of road configuration on road traffic crash. The 
proposed method is developed based on network analysis and use four centrality parameters that are connectivity, 

choice, local integration and global integration to analysis road network configuration. Spatial data on Road Traffic 

Crash (RTC) was collected from the secondary data sources. Then spatial statistical analyses have been conducted to 

identify the relationship between RTCs and road configuration parameters using Geographic Information System (GIS) 

application. The correlation results indicated notable relationship between RTCs and Local Integration (r = 0.88, p 

< .01); RTCs and Connectivity (r = 0.77, p < .01); and RTCs and Choice (r = 0.76, p < .01). Accordingly, the study 

concludes that developed method based on network centrality analysis as a useful tool for transport engineers and 

urban planner 

 

Keywords: Road Traffic Crash, Centrality, Configuration, Method  
  
 

1. INTRODUCTION  

Transport provides a range of benefits to society in 

terms of mobility, access and economic growth. 

However, there are negative impacts of transport, not 

least in terms of environmental degradation, damage to 

property, traffic accidents and loss of life [1]. At present, 

these negative impacts became a major economic 
burden to the society because of the high rate of private 

vehicle users may lead to more traffic congestion and 

accidents.  

 

Research studies have emphasized that not only 

behavior of road users but also road configuration is one 

of important factor for road accidents [1] [2]. This study 

introduces a novel approach to analysis impact of road 

configuration on road traffic crash. The proposed 

method is developed based on network analysis and use 

four centrality parameters that are connectivity, choice, 

local integration and global integration to analysis road 
network configuration. The case study conducted in 

Colombo Metropolitan Area, Sri Lanka.  

 

2. METHOD 

2.1. Preparation of Road Traffic Crash (RTC) index 

Locations of Road Traffic Crash (RTC) along main 

roads were collected from Traffic Police Divisions, Sri 
Lanka Police. Those data include recorded accidents as 

fatal accidents, minor injuries and property damages. 

Then, accident data was entered in to the GIS map. First, 

locations of accidents were digitized as points in GIS. 

Then accidents data were added to the respective shape-

files as attributes. Attributes of points are ID, Name of 

the location, No of fatal accidents, Injury, Property 

damage and Total accidents.  

 

 

 

 

 
Fig. 1. Spatial distribution of RTCs 

2.2. Analysis of Road Configuration 

First, a base map was prepared indicating the A,B,C and 

D class roads. A digital format 1:50000 topographic 

map (survey department-2004) and updated road 

network using satellite image (Google-earth) are used to 
prepare this map. Use “Depthmap” software to convert 

the road network in to an axial network.  

 

 

 

Fig. 2. Road-center lines convert to axial line 

Separate road configuration values were calculated 

based on the axial map prepared in above stage using 

Depthmap. Following four centrality parameters were 

employed in analyzing road configuration of road 

segments.  
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Table 1. Centrality parameters 

Parameter Description  Equation [3] 

Connectivity Number of 

road segment 

directly 

connected to a 

road segment. 

It represents 

‘complexity’  

C i = k 

Where, k = number 

of direct 

connections   

Choice Road 

segments with 

high choice 

values are 

located 

central to the 

shortest path, 

which links 

trip origins 

and 

destinations. 

It represents 
‘betweenness’ 

and vehicle 

flow [4] 

Chi = ΣiΣk [djk(i) 

/djk] 

Where, djk refers to 

the shortest path 

between segment j 

and segment, 

k; djk(i) refers to the 

shortest path 

Global 

Integration 

Level of GI 

refers to the 

extent that a 

given segment 

is close to trip 

origins and 

destinations.  

It represents 
‘visibility in 

global levels’ 

GIi =1/ Σk dik 

Where, dik refers to 

the shortest-path 

between segment i 

and line k 

Local 

Integration 

It represents 

‘visibility in 

local levels’ 

 

This parameter is 

same as the global 

integration value 

but it is calculated 

for a smaller space 

(n=7). 

 

Then all output files were spatially joined. Attributes of 

axial lines are ID no of road segment and values of 

above four centrality parameters.  

Fig. 3. Over lay the RTCs map and axial map with 

centrality values using GIS    

 

3. ANALYSIS 

Relationship analysis between RTC index and centrality 

parameters were carried out at two stages. First, 

correlation analysis was carried out to find out the 

strength of a relationship between RTC index and each 
configuration parameter.  

Table 2 and 3 summarized the correlation results.  

 

Table 2. Correlation between centrality parameters and 

RTCs (All accident) 

Parameter Pearson Correlation Rank 

Connectivity 0.772** 2 

Choice 0.764** 3 

Global 

Integration 

0.531** 4 

Local 

Integration 

0.878** 1 

Road Length 0.014** 5 

**Correlation is significant at the 0.01 level (1-tailed), 

N=1233 

 
Table 3. Correlation between centrality parameters and 
RTCs (Fatal accident) 

Parameter Pearson Correlation Rank 

Connectivity 0.603** 2 

Choice 0.564** 3 

Global 

Integration 

0.477* 4 

Local 

Integration 

0.822** 1 

Road Length 0.019** 5 

**Correlation is significant at the 0.01 level (1-tailed), 

N=476 

 

All other four parameters show significant correlations 

with RTCs. Further, the correlation results indicated 

notable relationship between RTCs and Local 

Integration (r = 0.88, p < .01); RTCs and Connectivity (r 

= 0.77, p < .01); and RTCs and Choice (r = 0.76, p 

< .01). 

In second stage, multiple regression analysis was carried 

out to find out the nature of a relationship between 

above two indexes.  It allowed estimating the dependent 
variable using more than one independent variable and 

increasing the accuracy of the estimation. Table 4 

summarizes the linear regression model with confidence 

interval at 95% level, of forward regression.  Four 

predictor variables: Local Integration, Connectivity, 

Choice, Global Integration, together explains over 97% 

(R Square=0.972) of the variance in RTC-All accidents. 

Individually, Local Integration explains nearly 61% 

(Partial correlation^2*100; 0.897^2=61%) of RTC-All 

accidents variance and Connectivity explains only about 

27% of the variance, and Choice explains only about 10% 
of the variance, Global Integration explains an even 

smaller portion (1%).  
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Fig. 4. Spatial distribution of centrality values 

 

Table 4. Results of regression analysis RTCs (All 

accident) 

Parameter Beta t 
Partial 

Correlation 
VIF 

(Constant)  -45.7   

L Integration .53 73.47 .897 2.82 

Connectivity .31 34.01 .684 4.11 

Choice .16 17.99 .445 4.01 

G Integration .01 3.201 .088 1.29 

N=1233, R Square=0.972 

 
Table 5 summarizes the linear regression model with 

confidence interval at 95% level.  Predictor variables  

together explains over 98% (R Square=0.981) of the 

variance in RTC-Fatal accident. Individually, Local 

Integration explains nearly 53% of RTC-Fatal accident 

and Connectivity explains about 31% of the variance. 

and Choice explains only about 16% of the variance , 

Global Integration explains an even smaller portion 
(10%).  

 

 

 

 

 

 

Table 4. Results of regression analysis RTCs (Fatal 

accident) 

Parameter Beta t 
Partial 

Correlation 
VIF 

(Constant)  -40.78   

L Integration .61 78.75 .728 2.94 

Connectivity .27 36.74 .556 4.21 

Choice .10 18.84 .401 4.07 

G Integration .01 4.21 .316 1.31 

N=476, R Square=0.981 

 
4. CONCLUSION 

This research placed in a milieu, where there are very 

limited research attempts to figure out the Road 

configuration related reasons for vehicular crashes 

studies. Whilst, the research put attention to reveals the 

relationship between roads network configuration and 

vehicular Crashes.  

Road configuration values which calculated based on 

centrality parameters shows a significant correlation 
with Road Traffic Crash (RTC). Accordingly, the study 

concludes that centrality parameters are capable to 

explain the level of vulnerability of vehicular crashes in 

road segments. The level of coefficient of correlation is 

different by centrality parameters. Local Integration 

values which capture the idea that a visibility level 

Local Integration 
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change in road segment obtained the highest correlation 

(> 0.8  at 1% Significance level) with both indexes 

(total accidents and Fatal accident). Connectivity (which 

captures the level of complexity of the road segment by 

considering the number of connections) and Choice 

(which captures vehicle flow) parameters also obtained 
strong positive correlations with both Crashes indexes. 

Regression models developed in the study which having 

more than 90% accuracy, are applicable in measuring 

the level of vulnerability for vehicular Crashes in road 

segments based on centrality parameters.  

To conclude, measures of road configuration reveal 

strong relationship with the Road Crashes. Thus the 

level of variation in road configuration values is a major 

cause for road Crashes. Sudden Visibility change (i.e. 

Local Integration) is the key factor for accidents. And 

Complexity (i.e. Connectivity) reveals as secondary 

impact factor. Further any location having this two 
factors with higher choice for drivers (i.e. vehicular 

flow) will further increase the Crashes. The models 

developed in the study are capable to identify the 

locations which are vulnerable for road Crashes in 

existing networks and the adjustments in configuration 

parameters may reduce the vulnerability. Road 

configuration Assessment is a sophisticated tool for 

urban and transport planning process. Therefore it can 

be used as a planning tool to identify the level of 

vulnerability for road Crashes in existing roads and to 

identify the impact from proposed land use plans with 
new road networks. 
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Abstract: In Pakistan, solar energy is one of the attractive renewable energy sources with an irradiance availability of 

800-900 W/m2. The current study focus on the quantitative comparison of energy consumption and cost analysis of 

the solar PV system for the office with conventional appliances and energy conservative appliances. The case study is 

ORIC at University of Agriculture Faisalabad this office had 10 Air-conditioners of 1 Ton and 280 tube rods of 30W 

and total operational time of office was 8 hours. For office with conventional appliances the solar PV system was 39 

kW and the total cost of project will be $62000, Whereas for energy efficient appliance for same building the proposed 

solar system comprised 18 kW. The total cost of Hybrid PV system for energy efficient appliances was $ 34000 which 

was 45% less than conventional system.  
 
Keywords: energy audited, Solar PV system 

 
 

1. INTRODUCTION  

 

At present, the total energy consumed by the world is 

about 8625 TWh in year 2015, the electricity production 

from fossil Fuels grew by 0.4% according to OECD in 

2015 as compared to October 2014. Generation from 

geothermal/wind/solar energy increase by 0.8% in 2015. 

[1]. As the demand and supply increases, the usage of 
fossil fuels also increases. As a result, a huge impact on 

the consumption of fossil fuels can be noted. As the 

demand of energy increases, the reservoirs of fossil 

fuels are decreasing, so the world has started to move 

towards renewable energy resources. 

Pakistan`s current power generation is 24,475 MW of 

which, by burning of coal, gas & oil electricity 

generated is about 16,366 MW (66.87%) (Oil-35.2% + 

gas-29%). By Hydel reservoirs, Pakistan generates 

about 7116 MW (29.07%), nuclear energy contributes 

to 787 MW (3.22%) of the generated power, by Wind 

Power Plants: 106 MW (0.43%), by solar power plants: 
100 MW (0.408%) which will be extended to 1000MW. 

[2] Electricity demand is growing at a rate of 10% 

annually against a 7% supply. This created a short fall 

of 4658 MW in 2014 and approximately 5000-6000 

MW in 2015. [3] 

Our sun produces 4 x 1026 watts of energy every 

second and the belief is that it will last for another 5 

billion years. Pakistan is located at 33.6667° N, 

73.1667° E longitude and latitude respectively, which is 

one of the regions of abundant solar insulation in the 

world. Mapping was done by national renewable energy 
laboratory, USA in collaboration with USAID predicted 

that Pakistan have a potential of 2.9 million MW and 

this energy is suitable for both Photovoltaic (PV) and 

thermal solar power applications. Pakistan as it receives 

the solar radiations of 19 MJ/m2, for 7.6 hours a day 

with an average solar radiation of 5–7 kWh/m2 per day 

(7–7.5 kWhm-2day-1 in many parts of Baluchistan, 5 to 

5.5 kWhm-2day-1 in Southern Punjab and Northern 

Sindh and around 4.5 to 5 kWhm-2day-1 in rest of 

Pakistan [4]. It is worth mentioning here that Germany 

is receiving 3.5 kW per square meter irradiance 

whereas, 15,000 MW are being generated from solar PV 

systems. Hassouneh et al., (2014) has conducted a 
research in the university of Jordan at Faculty of 

Engineering and Technology with an idea of green 

building by saving energy and water. The load of 

heating and cooling were also recorded. The building 

walls were insulated and the windows were double 

glazed and lighting sensors were also installed and this 

building readings were also compared to other same 

building the result shows that windows facing 

southward can reduce the lighting energy of building 

and double coating reduced the heating expenses, 

installing sensors reduced electricity consumption 20-

25% and the payback period of this was less than 3 
years [5]. Gösgör. and Paul (2015) measured the energy 

efficiency of a house in Gainesville, Florida, in this 

study the base load, heating and cooling load and 

outside/ inside temperature was take into consideration 

they used use Princeton Scorekeeping Method (PRISM) 

which make least square regression that to use the best 

function on the basis of information of energy used and 

climatic condition, using PRISM least energy consumed 

found in the year. It was concluded from this study that 

we can help to make reference point for the construction 

energy profile. [6] 
Pakistan is facing energy crises, as the shortfall ranges 

to 5000-6000 MW its domestic, industrial and 

agriculture sector is adversely affected by this energy 

shortfall. So, there are two ways to overcome these 

energy crises one is to shift conventional appliances to 

new modern appliances such as LED, Inverter based 

technology, second energy should be generated by 

renewable energy resource on individual level. For this 
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energy auditing is first step to analyze that how much 

energy could be saved. 

 

2. MATERIAL AND METHOD 

The study was made by deploying energy auditing 

technique on an office of Research, Innovation and 
Commercialization (ORIC) at University of Agriculture 

Faisalabad Pakistan. A survey was conducted there and 

the average consumption of conventional 2feet tube 

lights and conv conventional air-conditioner was 

recorded with help of Volt Craft VC-732 

STROMZANGE 600, the numbers of appliances, 

number of operational hours and average consumption 

of each appliance was recorded, then an excel based 

sheet was developed that compares the consumption of 

conventional and energy efficient appliances that how 

much energy could be saved and also gives the return on 

investment time if only these appliances were installed 
initially.  

The hybrid solar system was designed by using 

following equations 

2.1 Sizing of PV array  

Total power load of all the appliances was calculated 

using Eq.1 by multiplying power consumed by an 

appliance times number of appliances installed at a 

cetain locality.  

 

   (1)           
Where; 

Pt is the total power in W  

Pi is the power of ith applinace in W  

ni is the number of units of ith appliance.  

 

The electric load per day was calculated by using Eq.2  

  

           (2) 

Where; 

 Le is the total electric load in Wh per day  

ti is the time of operation of ith appliance per day.  

 

The size of the PV array was calculated by using Eq.3 

                                                    

         (3)                         
Where; 

 APV is area required by PV modules in m2 , 

 Le is electric load in kWhd-1  

  is avarage available radiation in kWh m-2 d-1, 

  is efficiency of PV in %, 

  is efficiency of inverter in %, 

  is efficiency of battery in %  

  is temprature correction factor.is 0.4-0.5 % per oC 
for crystalline silicon. 

kWp (Peak power of PV system) was calculated by 

using Eq. 

 

                (4) .                                             

Where; 
 EPV is the total energy of PV system,  

Ip is the peak solar irradiance in W/m2 and is taken as 1 

kW/m2 for all calculation of peak load  

H is the solar irradiation availble under site specific 

conditions. In Pakistan, this value lies from 5-7 

kWh/m2/d.  

The size of PV array depends upon the power of 

modules used. No of PV mudules will be calculated by 

the follwing Eq. 5 

                            (5)                  

Where; 

Pm is peak power of desired PV module. 

2.2 Determination of inverter Size  

Inverter sizing in a stand alone system depend on the 

appliances usage, normally the inverter is 25% bigger as 
the total kW of appliances in one hour. In case motor, 

fridge or airconditioner usage the inverter capacity will 

be 3 times more than usual, the inverter sizing was 

calculated by using following formula 

                          (6)                                               
Where; 

 Cinv is capacity of inverter 

 kinv is factor of surge which value reanges from 1- 1.3 

depending upon the appliances used. However, in case 

of refrigerator, air-conditioners or other heavy motors, 

then its value is taken as 3.  

2.3 Determination of capacity (Ah) of battery bank 

The capacity of batteery bank CBat (Ah) for stand alone 

system depends on total system load, depth of discharge, 

battery efficiency and voltage of battery. It was 

calculated by using Eq.7 

 

                     (7)                                           

Where; 

Cbat is battery capacity in Ah, 

 Dd is depth of discharge in fraction, 

  is battery efficiency ranges from 0.90 to 0.98, 
 VBat is nominal voltage of battery and a is autonomy 

which is take in number of days, 

 tapp is the minimum back up time in hours for each 

appliance. 

 It is worth mentioning that this system is suitable for 

the places where electricity is not available in case of 

electricity available this system can design for the 

electricity shortfall period. 

2.4 Charge controller sizing:  

The charge controller sizing depends upon the numbers 
of strings and short circuit of one string it was measured 

by using Eq.8 

  

                                                                                 
Where; 

 the Ccc is capacity of charge controller, 

  nstring is numbers of strings, 

 Isc is short circuit current of one string 
1.3 is constant loss factor. 

 

3. RESULTS: 

As the result of survey, the ORIC in University of 

Agriculture Faisalabad had 280 Tube rods of 30W each 

and 10 air-conditioner of 1200 W, operational hours 

were 8 hours a day whereas energy unit cost was 

$0.25/kWh.  

The average annual irradiance (W/m2) is given in fig.1 
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Fig.1 Avg, value of irradiation in one month in 

Faisalabad 

 

Fig.1 showed that the annual average irradiation is 

5.5kW/m2. The average consumption shown in table.1 

 

Table.1 Average consumption of appliances 

Sr.No. Particulars. Actual 

Watts. 

Total # 

Qty. 

Total 

Watts/h 

1 Tube Light 
2ft 

30 280 8400 

2 Air 

conditioner 

1200 10 12000 

Total (W/h) 20,400 

     

This table shows that appliances utilized 20.4 kWh and 

in 6 average hours 114 kWh in a day. The PV array 

designed for this load using eq. 1 where available 

irradiance was 5500Wm-2, efficiency of PV module was 

16%, efficiency of inverter 95%, optimum temperature 

was 25C, max cell temperature 70C, temperature 

correction factor was 78%. The total area required for 

PV modules was 185.21 m2 and the total numbers of PV 

modules required were 93 of 320Wp each using 
equation (5). The inverter capacity was calculated using 

equation (6) which was 4 numbers of 5 kW capacity 

each with built-in charge controller size of 6 kW 

whereas the battery bank giving one-hour backup the 

total numbers of batteries were 16 with each have 

capacity of 200 Ah and 12V were calculated by using 

equation (7) keeping Dd
 50%, efficiency of battery 98% 

and battery voltage 12V. The total cost of this project 

was $ 34,988.68. 

Second phase was to design solar system for same 

building with energy efficient appliances. Through 

energy auditing it was showed that how much energy 
could be saved in table 2. 

 

Table. 2 Energy Consumed by Energy Efficient 

appliances 

Particulars. Watts. Total # 

Qty. 

TW/H 

LED Tube 

Light Panel 

10 280 2800 

Energy 

Efficient AC 

700  10 7000 

                          

 Total W/h                                       9800 
   

This table shows that appliances utilized 9.8 kWh and in 

6 average hours 56 kWh in a day. The PV array 

designed for this load using eq. 1 where available 

irradiance was 5500Wm-2, efficiency of PV module was 

16%, efficiency of inverter 95%, optimum temperature 

was 25C, max cell temperature 70C, temperature 
correction factor was 78%. The total area required for 

PV modules was 90.98 m2 and the total numbers of PV 

modules required were 50 of 320Wp each using 

equation (5). The inverter should be of 3 numbers of 5 

kW capacity each with PV DC input of 6 kW each using 

equation (6) whereas the battery bank giving one-hour 

backup the total numbers of batteries were 20 with each 

have capacity of 100 Ah and 12V were calculated by 

using equation (7) keeping Dd
 50%, efficiency of battery 

98% and battery voltage 12V. The total cost of this 

project was $ 19,358.49. 

That showed that the energy efficient appliances utilize 
51.96% less energy as compared to conventional 

appliances and if only appliances were changed then the 

energy efficient appliances pay its investment in 13 

months. 

The cost of solar hybrid system was compared for both 

conventional and energy efficient system then the 

energy efficient system saves $15360.19 which means it 

saved 44.67% as compared to conventional appliances 

and after adding the cost of energy efficient appliances 

this energy efficient hybrid solar system was 27.3% 

more energy saving. 
 

4. CONCLUSION 

 

This conclude that the energy auditing should be done 

prior to the installation of solar systems as it not only 

saves the cost of project but also reduce the energy 

consumption. 
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