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Preface 

There has never been a time where the need for sustainability has been felt as profoundly as is 

evident from the global events of today.  The global geo-political situation, emergence of new 

world players, decline in influence of current super powers, struggle for controlling the worlds 

resources, emergence of new economic blocks, utilization of resources to their optimum in today’s 

changing world all dictate that our survival lies in a renewed strategy to use our limited resources 

especially in a sustainable way.  Hence the new industrial, social, cultural, and environmental 

scenarios has to be analyzed and new strategies are to be devised so as to make our living 

sustainable.  This need has been felt and thought after since last two decades and recognized in our 

Department which plays a vital role in indigenous and global research to contribute towards the 

sustainable development of Pakistan in the areas of vital importance such as process industries, 

use of natural resources, recycling, and reuse.  

This international event of “Sustainability in Process Industry (SPI-2020), (15-16, Dec. 2020) 

hosted by the Department of Chemical Engineering, University of Engineering and Technology 

Peshawar, has been a regular bi-annual event attracting the cutting edge research from the 

renowned researchers of both national and international repute since its first inception in 2012.  

Until now this has been an on-campus participating event however with the adaptation of new 

norms due to COVID-19, this year’s event is being held online which we hope will bring new 

horizons in our intellectual and professional interaction on national and international level. 

The 1st conference on “Sustainability in Process Industry (SPI-2012), was held at UET, 

Peshawar on March 28, 2012, 2nd on “Sustainability in Process Industry (SPI-2014)”, on May 

22, 2014, 3rd conference in this series, “Sustainability in Process Industry (SPI 2016)” was held 

on October 19-20, 2016 and 4th conference on “Sustainability in Process Industry (SPI 2018)” 

was organized on October 24-25, 2018 with the support of Higher Education Commission (HEC), 

Frontier Works Organization (FWO), and in collaboration with PASTIC. 

We hope that you will find this 5th conference on “Sustainability in Process Industry (SPI 

2020)”, being held on our Departments Silver Jubilee (1995-2020), intellectually stimulating with 

provision of valuable opportunities to share ideas with other researchers and industrial 

practitioners.  

 

 

Prof. Dr. Muddasar Habib 

Conference Chair 
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Abstract— Rapid industrialization has posed global challenges such as pollution, waste disposal, and severe 

environmental degradation. Consequently, Pakistan has also been facing severe environmental degradation. 

Particularly, combustion emissions from small and medium-sized industries in Pakistan contain particulate in 

quantities that are far larger than the acceptable ranges set by national and international environmental protection as 

well as health organizations. Therefore, various methods are needed to reduce emissions to the minimum acceptable 

standards. Membrane separation technology has been widely used for the treatment of industrial effluents. However, 

the selection of appropriate membrane material with high thermal, chemical, and mechanical stability is critical while 

using membrane separation technology in treating combustion products. In this study, porous membranes were 

fabricated from, ceramics materials which are not only cost-effective but also known for high chemical and mechanical 

stability and longer life. The appending pore-forming agent technique was used for the fabrication of membrane, where 

porous alumina and fly ash were used as a base material. A 30 vol% starch solution was used as a pore-forming agent. 

Moreover, 1M solution of NaOH and Na2CO3 in combination with 3 ml of ethyl silicate and 2 drops of carbonic acid 

were used as binders.  The membrane recipe was mixed at 22 ºC and poured in the mold and kept for 24 hours to dry. 

Afterward, it was de-moisturized at 105 ºC for 20 hours. The membrane was then sintered in a furnace at 1250 ºC. The 

porosity of the final products ranged from 62.2 to 75.1% with an average pore size ranged from 7.6 to 10 µm. The 

measured bulk densities were 4.5- 4.05 g/cm3 with linear shrinkage of 5.3-3.4%. Moreover, the mechanical strength 

was 2.7 MPa. The visual permeability of the membrane showed a significant reduction of the particulate in the 

combustion products, after passing through the membrane.   

 
Keywords—Air pollution, appending pore forming agent technique, porosity, porous ceramic membrane, sintering.  

I. INTRODUCTION 

According to the worldometer reports the worldwide population growth rate is 1.01% in 2020, where 

Pakistan is placed at 5th position [1]. Due to this rapid increase in population it is of utmost importance to 

fulfil the needs of human lives. Which caused industrialization and development in infrastructure. 

Consequently it engendered many environmental calamities e.g. global warming, air and water pollution, 

waste disposal and reduction in human life resources [2].  

More specifically talking about the air pollution according to WHO’s report the air pollution has been 

augmented by 8% in the previous 5 years, while the Peshawar city is ranked second among all the air 

polluted cities in the world. Approximately 98% of towns having population of 100,000 in little and 

intermediate income countries, containing Pakistan are not meeting the air quality standards according to 

WHO reports [3]. The level of particulate matter (PM2.5) in Peshawar is 40-90 micrograms per cubic 

meter while according to the National Environmental Quality Standards (NEQS) the limit is 15 

micrograms per cubic meter [4]. 

To contribute to the reduction of air pollution, membrane purification technology is considered worldwide 

the most effective, reliable, highly energy efficient and simple in operation [5]. Polymeric or organic 

membranes have been used previously [6] but their major drawback is the inability to withstand severe 

conditions like high temperatures and high chemical and corroded environment  

Ceramic or inorganic membranes on other hand are considered for such uses because of low thermal 

expansion coefficient, high corrosion stability, high mechanical bending strength, good specific surface 

area, good thermal resistance to high temperature, good permeability feature and light weight compare to 

metals [7].  The porous ceramic materials used for the manufacturing of porous ceramic filtering 

Fabrication and Characterization of Porous Alumina and Fly Ash 

Based Filtering Membrane through Appending Pore Forming Agent 

Technique  

Ihsan Ur Rahman A,*, Khurshid Ahmad A, Muhammad Hassan A, Misbah Ullah A, Muhammad Sohail A 

and Muhammad Farooq Siddique A  

A=U.S.-Pakistan Center for Advanced Studies in Energy (USPCAS-E), University of Engineering and 

Technology Peshawar  
A,*Email: ihsanrahman.uspcase@uetpeshawar.edu.pk  

mailto:ihsanrahman.uspcase@uetpeshawar.edu.pk


5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

 Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar 

3 | P a g e  

 

 

membranes are those, whose morphology varying depend upon the fabrication techniques, those materials 

are [8]; aluminum oxide or alumina [9], zirconium oxide [10], silica or silicon oxide [11], silicon carbide 

[12], mullite, magnesium oxide, silicon oxy-carbide, cordierite, titanium oxide [13]. The melting points 

described for these ceramics are very high i.e. for Alumina melting point is 2050 ºC, for zirconia 2770 

ºC, for titania 1605 ºC and for silicon Carbide 2500 ºC [14].  In these materials the mostly used is alumina 

for its excellent nature of chemical and thermal stability and good structure [15]. But the issue associated 

with it is high temperature of sintering i.e. ≥ 1500 ºC [16] which make it less economical. To reduce the 

cost of raw material and using low temperature sintering, different techniques are in use [17].  

Studies shown that fly ash which is the byproduct of many combustion process specifically of coal fired 

power plants, also causes environmental pollution [18], this fly ash would be utilized because it contain 

mostly alumina and silica which  consequently will reduce the cost of raw materials, also fly ash disposal 

issue will be reduced [19]. The addition of starch to this type of ceramic membrane will reduce the 

mechanical strength of it, which is the basic intrinsic property of the ceramic membranes [20]. It is of 

utmost importance to develop such a ceramic membrane which have high mechanical strength and good 

porosity properties [21].  

In this research, a porous alumina and fly ash based membrane is fabricated (for treatment of flue gases 

of tyres powder combustion) through low sintering temperature by appending pore-forming agent 

technique where starch is used as pore former, to maintain good porosity and mechanical strength some 

binding material i.e. Ethyl silicate, sodium carbonate and sodium hydroxide are also used. Different 

composition are made and then characterized at the end.  

II. METHODOLOGY 

A. Material Selection 

Porous alumina with a chemical formula Al2O3. Having melting point and boiling point 2030°C, 2977°C 

respectively while the density is 3.0-4.0 gm/cm3. It is in pure white powder form. Porous alumina is one 

of the base material used for having excellent structure and good thermal and mechanical properties [15] 

and for pore size distribution. Fly ash is brought from Lakhra Coal-Fired Power Plant, Sindh, Pakistan. 

After X-ray florescence spectroscopy the main constituents found were SiO2 63 wt%, and Al2O3 22 wt% 

etc. Fly ash is used to reduce the cost of fabricated membrane and help in ash disposal management also 

it has internal bonding with alumina in making mullite too [22]. Starch is an organic compound having 

chemical formula of (C6H10O5)n. It is in white amorphous powder form. The melting point of this starch 

is 256 °C while the density is 1.5 gm/cm3. This organic compound is used as pore forming agent which 

upon burning during sintering process left pores behind [23] also it is used as binder too. Ethyl silicate is 

used in combination with sodium carbonate and sodium hydroxide as a binder to maintain the proper 

mechanical strength of the fabricated membrane [24]- [25].  

B. Fabrication steps 

In this research work for the fabrication of ceramic membrane ‘appending pore for agent Technique’ was 

used. The steps followed during fabrication are shown in Figure 1. All the reactants are first made active. 

100 gm of porous alumina was taken and placed in furnace at 600 ºC for 2 hours to calcine it, during 

calcination the pure white alumina changed to brownish color. 100 gram of fly ash was first washed 

through HCl leaching and again washed with NaCl Leaching. Then washed fly ash sample was placed in 

furnace at 105 ºC for 6 hours where its original black color changed into grey. 30 Vol% solution of starch 

was prepared and placed on hot plate for mixing at 960 rpm and heating at 80 ºC for 24 hours where the 

starch solution becomes thick, setup is shown in figure 2. Afterall 1M binder solution of Na2CO3 and 

NaOH was prepared by mixing at 1200 rpm at room temperature for 24 hours on hot plate. Starch solution 

is used, 2.3 gm of base material per 1 ml of starch solution while same combination is applied for binder 

solution too. After the activation of reactants 4 samples were prepared in slurry form shown in table 1. 

The prepared 4 membrane samples were then passed through different treatments like mixing all the 

reactants, where calcined alumina and activated fly ash were mixed manually, in parallel starch solution 
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Fig. 1. Steps followed during fabrication of  porous alumina and fly ash based filtering membrane 

through appending pore-forming agent technique  

. 

and binder solution were mixed on hot plate magnetic stirrer speed of 1200 rpm. Then both the mixed 

reactants are ball milled for 1 hour to get uniform slurry. Once all the membrane samples were mixed 

homogenously it was forwarded for next treatment of molding. The membrane slurries were poured into 

molds, two types of molds were used i.e. polyethylene and steel mold of 0.061 m. petri dishes were used 

as a base for putting mold into it, while peace of A-4 sheets were place in between molds and petri dishes. 

The surface were properly oiled in case de-molding. Molding setup having sample-04 is shown in figure 

3.

TABLE I: COMPOSITION OF FOUR MEMBRANE SAMPLES 

Reactants Sample-01 Sample-02 Sample-03 Sample-04 

Alumina 5 g 10 g 15 g 20 g 

Fly Ash 5 g 5 g 5 g 0 

Starch 

solution 

5 ml 6.53 ml 8.7 ml 8.7 ml 

Binder 

solution 

4.5 6.53 ml 8.7 ml 8.7 ml 

Ethyl Silicate 3 ml 3 ml 3 ml 3 ml 

Carbonic 

Acid 

2 drops 2 drops 2 drops 2 drops 

Water 10 ml 0 0 0 

Alumina Fly Ash Starch Solution Binder Solution 

Ball milling 

Manual Mixing 
Mixing over hot plate 

Water bath treatment, drying 

Molding 

De-moisturizing in oven 

De-molding and drying in 

open atm 

Sintering in furnace 

Membrane prepared 

samples 
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Fig. 2. Experimental setup of preparing 30 Vol% 

starch solution, hot plate is used with magnetic 

stirrer, the temperature was kept constant at 80 ºC 

while mixing speed was 960 rpm for 24 hours. 

Fig. 3. Molding setup for sample-01 where 

polyethylene mold of 0.061 is used.

 

The molds are then covered fully and placed in water bath set a temperature of 80 ºC for 1 hour. The 

purpose of treating the membrane samples in molds is to avoid uneven shrinkage and segregation. Once 

it’s done the membrane samples molds are then uncovered and treated at 13 ºC for few minutes for sudden 

quenching, after all the samples are placed in open atmosphere at 22 ºC for 24 hours, at last the samples 

were demolded and placed in open atmosphere for 3 hours. All the membrane green bodies were then 

treated at 105 ºC for 20 hours in furnace to remove the moisture content. Finally the moisture free 

membrane samples were sintered till the temperature reached 1250 ºC in stepwise temperature rise and 

fall i.e. from 20 to 500 ºC the heating rate was 2 ºC/min so that the combustion of starch occur, then 

temperature was maintained at 500 ºC for 2 hours. From 500 to 900 ºC the temperature rate was 2 ºC/min 

again to decompose other unwanted substances present in the samples, now from 900 ºC till 1250 ºC the 

heating rate was 1 ºC/min. Once the last temperature was attained, it is finally decreased in the similar 

manner to avoid any uneven rise or fall in temperature.  

All 4 membrane samples are cured and fabricated in the similar type of fabrication steps, sample-01 and 

sample-04 are shown in figure 4 and figure 5. 

Fig. 4. Front side view of sample-01 (50 wt% 

alumina and 50 wt% fly ash) membrane sintered 

at 1250 ºC 

Fig. 5. Top side view of sample-04 (66.3 wt% 

alumina and 33.3 wt% fly ash) membrane sintered 

at 1250 ºC 

III. RESULTS AND DISCUSSION 

A. Loss in Mass 

All 4 membranes samples after drying and de-moisturizing in oven at 105 ºC for 20 hours, sintering at 

1250 ºC in furnace through stepwise manner, are examined for percentage loss in mass using (1). 
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Loss in mass, due to de-moisturization in oven and sintering in furnace for all 4 samples is shown in figure 

6, where sample-01 shows higher percentage of de-moisturization as it contain additional water content. 

While the other samples show a gradual increase in percentage loss in mass as the porous alumina content 

increases. Similar pattern is followed in sintering process too. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Percentage loss in mass of all 4 samples during drying in oven at 105 ºC for 20 hours and 

sintering in furnace at 1250 ºC (stepwise heating and cooling) 

B. Bulk Density, Percentage Porosity and Percentage Linear Shrinkage Measurement 

The bulk densities and percentage porosities of all 4 membrane samples were examined by arranging 

experimental setup for applying Archimedes Principle. While percentage linear shrinkage was determined 

by using (2). 

 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐿𝑖𝑛𝑒𝑎𝑟 𝑆ℎ𝑟𝑖𝑛𝑘𝑎𝑔𝑒 =

𝐷1 − 𝐷2

D1
 𝑥 100 

(2) 

Where D1 is the diameter of membrane sample before sintering process while D2 is diameter after 

sintering process. As shown in table 2, the percentage porosities are increased gradually from sample-01 

to sample-04 while bulk densities and percentage linear shrinkages are decreased. The reason is increase 

of alumina and starch content in all samples. 

 

TABLE II: PERCENTAGE POROSITIES, PERCENTAGE LINEAR SHRINKAGE AND BULK DENSITIES OF ALL 

CURED MEMBRANE SAMPLES 

Membrane samples 
Percentage 

Porosity 

Percentage 

linear shrinkage 

Bulk density 

(gm/cm3) 

Sample-01 62.4 5.3 4.48 

Sample-02 65.2 4.4 4.33 

Sample-03 68.9 4.0 4.21 

Sample-04 75.01 3.4 4.05 

                                                   %𝑎𝑔𝑒 𝑙𝑜𝑠𝑠 𝑖𝑛 𝑚𝑎𝑠𝑠   =

        
initial mass of the sample (gm)−𝑠𝑎𝑚𝑝𝑙𝑒 𝑚𝑎𝑠𝑠 𝑎𝑓𝑡𝑒𝑟 𝑑𝑟𝑦𝑖𝑛𝑔 (𝑔𝑚)

Initial mass of the sample (gm)
 𝑥 100                (1) 
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C. Optical Microscopy 

All the membrane samples are then passed through optical microscopy test. The optical microscope was 

set at 500X. The average pore sizes determined from sample-01 to sample-04 were, 7.6 µm, 8.4 µm, 9.1 

µm and 10 µm respectively. Sample-01 and sample-04 optical microscope structures are shown in figure 

7 and figure 8 respectively. The largest average pore size was determined for sample-04 while there is 

uniformity in the pore structure too. 

Fig. 7. Optical microscopy of sample-01 with 

average pore size of 7.6 micrometer. (Test is 

conducted for cured membrane sample sintered at 

1250 ºC in furnace). 

Fig. 8. Optical microscopy of sample-04 with 

average pore size of 10 micrometer. (Test is 

conducted for cured membrane sample sintered at 

1250 ºC in furnace.

 

D. Compressibility and TGA Analysis 

Compressive strength test is carried out for all samples to check its strength, the highest was found for 

sample-01 which is 2.7 MPa. For sample-02 the strength was 1.2 MPa while for other 2 samples the 

mechanical strength was less than 1 MPa. 

Thermal gravimetric analysis (TGA) is conducted for sample-01 before curing it fully. From figure 9 its 

disclosed that the loss in mass is higher in early stages till 600 ºC as in beginning there is de-moisturization 

and after it combustion of starch starts. Then at higher temperature the loss in mass is reduced to low. 

This shows how efficient and stable ceramic membranes are, using at high temperatures. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Thermal Gravimetric Analysis (A 8.5 mg of sample in powder is taken after that nitrogen is 

admitted into the apparatus at rate of 30 ml/min for 30 mints. 20 °C/min heating rate is fixed till 750 °C 

for the removal volatile components). 

E. Visual Permeability Test 

At last a visual permeability test was performed. The experimental setup made for this test is shown in 

the figure 10. The glass tube has two parts, upper and lower part the porous ceramic membrane was fixed 

in between these two parts. And the lower end of the glass tube was fixed on the combustion chamber 

chimney. While the upper end of the glass tube was tightened with the vacuum pump inlet. The vacuum 

pump sucks the exhaust gases from the combustion chamber which passes through the membrane and 

released to the atmosphere through the outlet of the vacuum pump. The fuel used here for the test was 

powdered tyre in combustion chamber. As shown in figure 11 & 12, a cake is found of blackish 
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particulates on the exposed surface of membrane to the flue gases from combustion chamber. While the 

upper surface of membrane is found quite neat and clean.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Visual Permeability Test Setup, All the dimensions of the glass tube is according to the 

dimensions of the prepared membrane samples. The height of the lower glass tube is 10 inch while the 

upper glass tube part have 6 inch in length. 

.Fig. 11. Cake of blackish particulates 

over the lower surface of membrane 

exposed to flue gases   from 

combustion of tyre powder. 

Fig. 12. Upper surface of membrane 

after testing it for flue gasses passage 

IV. CONCLUSION 

The porous-alumina and fly ash based membrane is fabricated through appending pore-forming agent technique. 

4 samples were prepared and analyzed through different characteristic measurements, the mechanical strengths 

determined were 2.7 MPa, 1.2 MPa and so on for all samples respectively. The porosity ranged from 62.2 % to 

75.01%. The increase in the amount of porous alumina resulted in a decrease in the bulk density from 4.5 g/cm3 

to 4.05 g/cm3 while linear shrinkage also decreased from 5.3% to 3.4%. Thermal gravimetric analysis shows 

high stability of porous alumina and fly ash based membrane at higher temperatures. The visual permeability 

test as showed a good filtering of the flue gases at high temperatures. 
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Abstract— The present research investigates the impact strength behaviour of AA6063 casted composites reinforced 

with varying percentages of micron SiC particles and 5 wt. % graphite. AA6063/SiC/Gr hybrid composites were 

fabricated via liquid metallurgy route. The standard charpy impact testing was performed on the various fabricated 

samples and impact strength was evaluated. The significant improvement in impact strength was observed by adding SiC 

and graphite as a reinforcement in the aluminum matrix. The pure Aluminium’s average Impact strength was found to 

be 7 Joule for the three samples used for testing. For aluminium with 10 percent Silicon Carbide, the average Impact 

strength was found to be 8 Joule, which is 14.28 percent higher compared to pure aluminium. For aluminium with 20 

percent Silicon Carbide, the average Impact strength was 10 Joule for the three samples, showing increase of 42.85 percent 

in strength compared to pure aluminium.  

 
Keywords—  Hybrid composites, Impact strength, SiC and graphite particles 

I. INTRODUCTION 

The progress of science and technology needs to use advanced and latest materials for structural 

applications. A unique degree of properties unattainable in traditional non-reinforced metals and alloys is 

offered by metal matrix composites. The most important advantage associated with composites is their high 

strength and stiffness along with low weight. Due to their exceptional mechanical properties, the interest in 

the industrial use of aluminum (Al) and its alloys based composites in the automotive and aircraft sectors 

has gradually increased significantly in recent years [1]. AA6063 is an aluminum alloy of superior 

performance with adequately suitable mechanical characteristics. The motivation for substituting ferrous 

metals with versatile aluminum alloys can be increased by these exceptional attributes [2]. Taking into 

consideration their low weight, Al has poor hardness and strength for the mentioned objective. The addition 

of reinforcing particles to the matrix aluminum alloys introduces aluminum matrix composites, a fruitful 

approach to improving the mechanical properties of aluminum alloys [3]. As a reinforcement particle for 

AMCs, nitrides, carbides, oxides and few compounds of intermetallic have been extensively used. Among 

the carbide particles, Silicon carbide (SiC) is terribly attractive owing to its excellent physical and 

mechanical properties and, most of all, sufficient wet-ability with aluminum [4].  

 Although, there are various processing route for the development of AMCs such as powder metallurgy, 

squeeze casting, spray casting, ball milling, stir casting and friction stir processing. Among these, the stir 

casting process for nanocomposite products are more competent, reliable and less expensive as compared 

to the products manufactured by other processes [5][6]. Mazahery et al. [7] fabricated the high performance 

A356 –Nano Al2O3 composites by vortex method. They revealed that the hardness of the composites 

increased with increasing volume fraction of nano-particles. Tensile test results of as-cast and heat-treated 

SiC-reinforced Al 7075 matrix composites reported and found the increased UTS at 10% micro size SiC. 

Compressive and tensile properties of Al and Al–AlN nanocomposites have been studied. They proposed 

that compressive strength was enhanced by the addition of AlN nanoparticles. Pre-synthesized composite 

reinforcement prepared via milling of alumina with Al and Mg powders (master metal matrix composite) 

were anticipated. They have concluded that fabrication of Al-A206/ alumina composites by master metal 
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matrix composite with an addition of 100 nm alumina particles in the semi-solid state leads to considerable 

improvement in strength. By choosing proper combination of matrix and reinforcement material, a 

composite material can be developed that precisely meets the requirements of a specific application. 

Previous researches are limited in delivering constant and satisfactory exploration of A356 reinforced with 

SiC nanoparticles produced through two-step stir casting process. Although, some investigations have been 

reported the manufacturing of aluminium alloy reinforced SiC composites through double stir casting. 

Former researches are absence specially AA6063 reinforced with previously mechanically milled 

aluminium fine powder with SiC and Graphite nanoparticles through ball milling process using ball mill 

followed by two-step stir casting process. This work focuses to explore the fabrication process of 

AA6063/SiC/Gr hybrid composites through stir casting process. Mechanical behavior and morphology of 

AA6063 reinforced with SiC nanoparticles are also discussed in detail. 

 

II. METHODOLOGY 

Aluminium 6063 T5 is used as a matrix material and the Silicon carbide (Sic) and Graphite (Gr) is used 

as reinforcement. 

Table1: Chemical composition of aluminium 6063T5 
Component Al Cr Cu Fe Mg Mn Other 

each 

Other 

total 

Si Ti Zn 

Wt.% Max 

97.5 

Max  

0.1        

Max 

0.1 

Max 

0.35 

0.45- 

0.9 

Max 

0.1 

Max 

0.05 

Max 

0.15 

0.2-0.6 Max 

0.1 

Max 

0.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Flow chart for experimental plan 

Aluminium alloy in fixed amount is placed in a crucible furnace 

 

Aluminium alloy melted in furnace at 800 C 
 

Addition of preheating of weighed Sic and Graphite in fixed quantity to 200C 

for 1 hour 

 

Manual Mechanical stirring to proper mixing 

 

Then the liquid (molten metal and molten reinforcement particles) is usually 

poured into a mould, which contains a hollow cavity of the desired shape and 

then allowed to solidify 

 

After solidification the specimen is drawn and testing of mechanical properties 

is evaluated 
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A. Impact Test 

To determine the charpy test parameter following ASTM E23 Standard are used. The sample for charpy test 

was prepared by manual stir casting method. The charpy test was done on Impact test machine. Standard 

specimen was used to find out impact strength of the composite. The comparison of the properties of the 

pure aluminium 6063T5 with the properties of the composite materials. The charpy test specimen was 55mm 

long with 10 10mm2 cross section, having a standard 45 notch 2mm deep. 

 
 

Fig. 2: Charpy test specimen before testing 

 

 
Fig. 3: Dimension of Charpy test specimen 
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III. RESULTS AND DISCUSSION 

A. Impact strength 

The pure Aluminium’s average Impact strength was found to be 7 Joule for the three samples used for 

testing. Aluminium with 10 percent Silicon Carbide, the average Impact strength was found to be 8Joule, 

which is 14.28 percent higher compared to pure Aluminium. Aluminium with 20 percent Silicon Carbide 

the average Impact strength was 10Joule for the three samples, showing increase of 42.85 percent in strength 

compared to pure aluminium. Aluminium with 10 percent Graphite, the average Impact strength for the 

three samples was found to be 12Joule, which is 71.42 percent higher compared to pure aluminium. For 

Aluminium with 20 percent graphite, the average Impact strength for the three samples was found to be 

8Joule, which is 14.28 percent higher compared to Pure aluminium. Average Impact strength for aluminium 

with 10 percent Silicon Carbide and 5 percent graphite was found to be 11.33 which is 61.85 percent higher 

compared to pure Aluminium. Aluminium with 10 percent Graphite and 5 percent Silicon Carbide, the 

Impact strength for the three samples was found to be 8, 14.28 percent higher than the pure Aluminium. 

Aluminium with 20 percent Silicon Carbide and 5 percent Graphite, the average Impact strength for the 

three samples was 14, which is 100 percent higher than that of pure aluminium. Aluminium with 20 percent 

Graphite and 5 percent Silicon Carbide, the average Impact strength for the three samples was 10, 42.85 

percent higher than that of pure Aluminium.  

 

 

 

 
Fig. 4 Average Impact Strength Comparison of pure Al 

 

B. Fracture Behaviour 

To understand the unusual mechanical behaviour of this composite the fractography performed on the 

specimen fig (a-b) shows the micrograph of fracture surface of the specimen containing different percentage 

of silicon and graphite. 

Fracture normally occur as a result of one or the combination of the following mechanism 

1. Fracture reinforcing particle 

2. Particle debonding of reinforcement-matrix interface and nucleation of voids 

3. Development of the voids and ignition of cracks in the matrix 

Various type of factor is responsible for the composite fracture. They are the processing methods, the applied 

stress, reinforcement distribution and morphology of the reinforcing particle. The overall fracture is ductile 

in nature. The fracture behaviour of any material depend on a number of things like shape, size and its 

processing methods as it decides strength at the interface, its porosity and so on. 
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Fig. 4 SEM micrograph of fracture surface of Al/SiC/Gr composites. 

 

IV. CONCLUSION 

Stir casting process is well suited and economical for the preparation of AMMC’s with desired properties. 

The impact strength of MMC increases with increase in weight percentage of Sic & Gr and it is maximum 

for sample 8 (Al-20%Sic+5%Gr). The best result has been obtained at Al-20%Sic+5%Gr weight fraction of 

Silicon carbide & Graphite particles. Maximum Impact Strength = 14 Joules.  
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Abstract— This paper focuses on utilization of post-consumer poly ethylene terephthalate (PET) bottles for the 

fabrication of newly developed high strength, optimized insulating composite sheets as an effective, ecofriendly process of 

recycling. In order to reinforce the strength and aesthetics of the reclaimed material it is integrated with coupling agent 

known as talc. The impact of talc on the mechanical properties of the composite was studied in this research. It was 

concluded that talc of optimized size 45µm attributes high strength, high lubricity and surface homogeneity to the 

material. Talc to plastic ratio was 1:4. Strength and thermal conductivity results reveals that by adding filler material talc 

and virgin PET in recycled PET high mechanical strength, low thermal conductivity is obtained.  Nano-indentation 

technique was used to analyze further the mechanical properties of the composite sheets at nano scale level. Load-

displacement curves displayed the harder behavior of 80% RPET and 20% talc as it needed 100 µN load to impose a low 

penetration depth while the sheet without talc observed softer behavior.   

Keywords— Composite, Nano Indentation, Poly ethylene terephthalate, Recycled, Talc 

I. INTRODUCTION 

Poly ethylene terephthalate (PET) is widespread used polymer which is used in profusion in bottles 

manufacturing for water containment and beverages of carbonated drinks. [1] Post-consumer PET is 

discarded as dumps in landfills which is an environmental threat of global nature. The harm associated with 

PET are severe to humanity and aquatic life. The universal demand for PET based materials has been 

expedited so much that Pakistan annually generates 3.3 million tons of plastic waste, of which 60% is 

recycled, mostly mechanical. According to a report PET accounted about Pakistan produces 18.8 million 

tons which constitutes nearly 7% out of the total plastic production of 269 million tons. [2] By 2021 this 

annual consumption of PET bottles is set to pinnacle more than half of a trillion i.e. 583.3bn, according to 

the recent most estimates. [3] Economic and environmental aspect plays integral part in the use of reclaimed 

materials material and impart better insulating and compressive strength [4] In current era many researchers 

studied proved that additive materials can play a vital role in imparting strength to composite materials made 

up of recycled PET content. These binding/ filler materials are used as additive material  to improve some 

properties of theses polymeric materials.[5] Collection of post-consumer PET bottles, the recycling process 

and finally which market for the end product of recycling is to be targeted. Firstly, in this study only 

homogeneous waste is collected which is only discarded PET bottles. Secondly, mechanical recycling is 

preferred as the collected waste is of homogeneous nature. Thirdly and most importantly market for the end 

product is selected that is as a substitute for expensive insulating materials. [6] In this study it is feasible to 

perform mechanical recycling due to the collection of homogeneous plastics i.e. only one kind of PET 

bottles. Pretreatment is necessary to make good separation of each component. [7] Polystyrene and 

polyurethane foams whole  life cycle has bad footprints on environment and cause serious health issues in 

case of fire, thereby contributing in the rise of global warming potential.[8] These factors play a vital role 

to substitute these polymers with bio-renewable resources also called the recyclable materials Talc being 

the soft metal in a family has many uses as an industrial mineral.[9] Talc is abundantly available mineral 
 

 

 

 

Sher Afgan A, Nehar Ullah B, Muhammad SualimanC, Tanveer Iqbal D, 

A, B=Department of Chemical Engineering, University of Engineering and Technology, 

Peshawar, Pakistan 

  C,D =Department of Chemical, Polymers and Composite Materials Engineering University 

of Engineering and Technology, New Campus, Lahore, Pakistan 

Poly Ethylene Terephthalate Recycling as Composite Sheets and its 

Characterization using Nano Indentation 

 



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar 

 

16 | P a g e   

and an important filler in plastic, paint, and rubber as a filler material especially for softness works as it is 

also. This peculiar compound gave a few dominant characteristics to material which is softness, high 

strength, and purity. It is mixed in a ratio of 1:4 with the PET bottles. [10] Incorporation of talc and RPET 

as a  substitute of expensive filler materials and virgin polymers will help to cope with high energy demand 

for the manufacturing of these polymeric materials and CO2 release associated with these polymer 

manufacturing companies to make sheets of virgin materials will be minimized up to certain extent.[11] 

Poly ethylene terephthalate integrated with talc and impact of talc on the properties of PET was studied in 

this research. Talc ratio  in sheets when kept greater than 20% will result in  the longer setting time and 

lower compressive strength .[10] Researchers have confirmed that up to to some extent of substituting the 

high cost virgin polymers with recycled polymers reinforced with additives such as tire rubber, waste marble 

dust, fly ash, rice husk, saw dust, etc induce distinctive properties to reclaimed and helps in a alot of energy 

savings because of less manufacturing of virgin polymers. The effect of practically utilizing talc in 

composite insulating sheets, cement, tiles, self-compacting concrete, agglomerate marble, pavements, 

embankment, glues and paints with fruitful outcomes were demonstrated [11]–[13] During mechanical 

recycling, the stumbling block of RPET is hydrolysis and thermal degradation of RPET due to the residual 

moisture, contaminants and adhesives which causes the decrease in intrinsic viscosity and molecular 

weight.[14] To overcome this drawback VPET is mixed with RPET with varying percent. Studies shown 

that by increasing the percentage of RPET in composite sheets there will be decreasing intrinsic viscosity, 

thereby decreasing environmental footprints and economically feasible. The results of substitution of 20% 

of talc with 80% PET was investigated which gives maximum compressive strength compared to that of 

virgin PET. Researchers have studied that degradation of RPET leads to molecular weight loss & mechanical 

properties deterioration, hydrolytic chain scission, thermal exposure and shear degradation due to 

contaminants & moisture during reprocessing. Intrinsic viscosity of RPET is 0.76-0.84 dl/g[15]Studies 

reveals that 100% VPET is costly, not ecofriendly, non-sustainable, lower melt flow index and higher 

molecular weight, viscosity aesthetics of products. Intrinsic viscosity of VPET is 0.98 - 1 dl/g[6] Researchers 

have studied that composites of R/V PET prepared in defined conditions show certain rheological and 

mechanical properties similar to those of virgin polymers with better aesthetics, higher molecular weight 

and viscosity, ecofriendly nature, less costly, and better aesthetics. [15] Compressive strength, aesthetics, 

low thermal conductance and smoothness of surface of sheets increases with the substitution of abundantly 

available talc. [12]. The results revealed that virgin polymers can be an alternative to reclaimed polymers 

up to the range of 60- 80% recycled material.[15] 

This huge amount of post-consumer PET bottles needs to be utilized as a substitute material in preparation 

of composite sheets which will be used in the construction of sustainable sheets used in homes/ buildings, 

which in turn will help in minimizing this raw product and reducing environment threat. 

    
Fig 1. a) PET bottles waste b) Uses of Talc 

II. METHODOLOGY 

The materials used in this research were talc, waste PET, virgin PET. 

A. Talc  

Hydrous Magnesium Silicate Mg3 Si4O10(OH)2 also known as talc (Soap Stone) is incorporated in this 

research work was collected from Mingora emerald mines quarry. Talc was found in the form of irregular 

lumps o but for optimized conditions it is needed in powder form. Therefore it was crushed and grinded into 



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar 

 

17 | P a g e   

powder form using the hammer mill (FT2 Armfield, UK) thereby increasing surface area. Further sorting 

and screening by vibratory sieve shaker (Retsch AS200 Digit) to get a sample size of 45ϻm. The ratio of 

talc to PET is optimized at 1:4 which will yield an optimum product for that specific additive. 

 

B. Recycled PET Pretreatment 

Recycled PET bottles of grade 1 are used in a major ratio as it is the main ingredient of the composite 

material. These are collected from scrap dealer at the cost of Rs 60/Kg.  Firstly pre-treatment of these bottles 

was done where they were washed with tap water. Then PET bottles were shredded into small flakes for 

prompt melting. Furthermore these flakes were rinsed with RO hot water followed by caustic soda for 

thorough cleaning and got cleared of contaminants and adhesives. These clean flakes were then subjected 

into tray drier to remove any retained moisture for further processing. 

 

 

C. Virgin PET 

It was purchased form PEPSICOLA Company Limited. The properties of reclaimed polymers due to 

rigorous recycling procedures and environmental effects are lost and deteriorated which can be overcome 

by the inclusion of some amount of virgin polymers in the reclaimed material. 

 

D. Mixture Proportioning 

The tests were carried out on a variety of samples of varying ratio ranging from 80 %R PET to 100 %R PET 

with small amount of VPET i.e. up to 20% and a fixed ratio of talc i.e. with one part of talc and four parts 

of PET (1:4) as per the ASTM standards optimized in previous research. [10]  

 

E. Molding  

Materials were casted in metallic mold of 3x3 in. The mold was covered with aluminum foil, so the molten 

plastic slurry does not stick to the metallic mold. After the material was poured in the mold it was then 

covered with its head piece and was then removed from the respective molds after 24 hours of casting period. 

 

  

F. Experimental Procedure 

A non-stick metallic pot was selected for the melting process of plastic as it can sustain the severe 

temperature. The pot was filled with the raw materials and kept for pre-heating in a furnace set for 

330°C.The required amount of plastic was added to pot and it is introduced into the furnace for 20min at 

temperature of 330°C. Firstly, virgin PET was added into the pot then it is heated at about 330°C then RPET 

was added at temperature of 390°C. The waste plastic was kept in the furnace for 25-30 mins so that the 

plastic melts completely into molten form. 

After 20 min, the substrate changed into molten state, subsequently the filler material talc was added through 

constant mixing, and keeping utmost care so that the molten PET does not gets hard. Finally the molten 

plastic was poured into the mold. The mold was already packed with aluminum foil, which has much higher 

temperature than the plastic, to avoid any type of sticking with the surface of mold. Without any further 

delay quickly the mold was put into the hydraulic press and compressed to get smooth and strengthened 

surface. Then it was kept for cooling under room temperature for 3 Hrs. Then the side surface was 

smoothened by sand paper. Hence the molten plastic solidified into thick insulating composite sheets. 
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Fig 2. Schematic of fabrication of composite sheet 

G. Characterization 

1. Compressive Strength Test 

Compressive strengths tests of the composite samples were conducted using Universal Testing Machine 

(UTM), model number UH-200A, with a capacity of 200 tons according to ASTM D3410 standard. 

Cylindrical samples of diameter 1 in and length double of diameter 2 in were prepared as per required 

standard. UTM top plate was allowed to move at constant speed to apply an axial compressive load on the 

surface of the sample. The UTM provides an optimum value of compressive load (P) at failure. The 

compressive strength was then calculated by the given equation. 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑣𝑒 𝑆𝑡𝑟𝑒𝑛𝑔𝑡ℎ =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝐴𝑟𝑒𝑎
 

 

 
Fig 3. Universal testing machine 

2. Thermal Conductivity Test 

Thermal conductivity tests were performed on the heat conduction unit (P.A. Hilton Ltd).Samples of 

composite insulated material having diameter 30mm were fabricated and were placed in between the 

apparatus and the heat transfer rate at different point was noted. The thermal conductivity was determined 

as per the extent of heat conduction by each material.  
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Fig 4. Thermal Conductivity Unit 

 

3. SEM Analysis 

To get the morphological images of the samples SEM JSM-IT100, JEOL, Japan is used. SEM is a kind 

of electron microscope. SEM produce image of sample surface by very high energy beam of electrons. The 

composite surface is analyzed for the surface deformation. 15 KV voltage was needed in order to excite the 

electrons. The samples were gold coated first to provide the conductive characteristics to the composite 

surface. Samples were placed on steel stubs with aid of adhesive tape. Silver coating paint worked as a 

bridge of conduction between steel stub and the composite surface. SEM images shows the ductile or brittle 

deformations and presence of cracks etc on the surface of sample.  

 

4. Water Testing 

The method ASTM D 570-98 was utilized for observing the water absorption effect on the strength of the 

composite sheet. For this purpose samples were firstly dried in the tray drier. Keeping precision of 0.01g in 

consideration the samples were weighted through analytical weight balance. The samples were then 

immersed in normal distilled water at ambient/room temperature conditions. The samples were then weighed 

after removing from water, dried out with drier and then compared to the initial weight before immersion in 

water. Composite sheet sample was weighed before immersion into the water. It was then left for 24 hours 

of immersion in water and then weighed again.  

 

 
Fig 5. Sample immersed in water 

5. Nano Indentation 

Nano indentation also called as depth sensing indentation. It is used to analyze nano scale mechanical 

properties of materials for instance, metals, biological tissues and polymers. Nano-indentation analysis was 

performed on the developed composite using MTS Nano-Indenter IIs (Nano Instruments Ltd., USA). The 

load was imposed via the Berkovich Indenter for some specified time. Subsequently the residual indentation 

dimension was measured. The load was imposed on the composite sheet sample which then imposes an 
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indent on the surface by covering a displacement also known as indentation depth displacement. This load 

could be a function of the indentation depth or vice versa. Every indentation experiment gives a set of 

loading and unloading curves which are use to analyze hardness of the material.[16] 

 

 
 

  Fig. 6 MTS Nano-Indenter IIs, (NANO INDENTERVR IIs machine, supplied by Nano Instruments 
Ltd., Tennessee, USA) 

 

III. RESULTS AND DISCUSSION 

A. Compressive Strength Test 

These compressive strength results shows the comparison of two PET polymers one obtained from recycled 

bottles RPET and the other was with virgin VPET and talc. In order to improve properties and cut out the 

drawbacks of RPET at high temperatures, recycled polymers were melted along with VPET. Due to less 

molecular weight and less intrinsic properties of RPET it shows lesser strength. It is clear from the figure 7 

that the compressive strength of composite sheets is increased when some of the reclaimed material is 

replaced with 20% new material and 20% optimized filler/coupling agent compared to the sheets made of 

RPET only. This is due to the fact that the compressive bonding forces formed after the incorporation of 

coupling agent and filler material talc is stronger than normal. 

 

 
Fig 7. Composition of V/R PET -talc composite sheets vs Compressive Strength of composite sheets 
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B. Thermal Conductivity Analysis 

Figure 8 illustrates three curves, where each of the curves is an insulating material made of different 

compositions. The only process parameter kept constant was the degree of compression of each insulating 

product. Talc to plastic ratio was optimized as 1:4. Figure 8 shows that material made of 100% RPET with 

no additives has the most steeper slope and the material with 80% recycle PET and 20% V PET incorporated 

with and without talc has a less steeper slope comparatively. Hence the newly developed optimized sheet 

having 80% RPET/VPET and 20% talc shows the least steepness and  represented the lowest gradient value 

of K = 0.0214 W/m.k which is the most preferable material composition as it gives the best insulating 

property which means the temperature drop is low as one moves along the length/thickness of the material. 

These results indicated the importance of reinforcing filler material. Pores conductivity was reduced due to 

entrapped air in the pores. Composite sheets with reinforcing talc particles shows better thermal insulation 

due to preservation of pores. These talc particles restricts the  movement  of  the  gas  particles,  reducing  

the  heat  transfer  through  the  base  polymer. The correlation between these values may be attributed to 

the geometrical complexity of the composite sample for instance, particles shape and size, distribution and 

orientation of the dispersed particles, packing fraction, trapped air within the composite etc 

 

 

 

TABLE I: THERMAL CONDUCTIVITY OF COMPOSITE SHEETS 

 

 

 

 
Fig 8. Temperature gradient across the length of the sample 

 

Length Temperature 

(mm) 80 % RPET 100%RPET 80% RPET + Talc 

10 112.8 107.5 120.1 

20 108.2 96.2 104.5 

30 98.7 93.8 95.2 

70 23.8 23.9 24.8 

80 23.2 22 22.4 

90 22.4 21.9 21 

K (W/m. k) 0.0243 0.314 0.0214 
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C. SEM 

SEM images in figure 9 (a) amply reveals the talc blended intimately in the PET plastic but of less aesthetics. 

Figure 9 (b) shows a uniform distribution of talc throughout the composite. Pores can also be observed upon 

the surface. Bubbles formed are due to the injection of talc to the PET plastic. Void space and the porous 

structure helps to generate vacuum inside the material enhancing its insulating properties. Figure 9 (b) 

indicates appreciable adhesion between the materials used. The aesthetic properties of figure 9(b) is 

improved due to the inclusion of talc and virgin PET polymer and lower formation of talc agglomerates 

were visible which contributes to its hardness. Whereas 100 % R PET has low aesthetic properties and low 

strength compared to V/R-talc composite sheets which took integral part to lower elastic modulus and 

compressive strength. 

 

             
 

Fig. 9 a) 80%Recycle + Virgin PET b) 80% R + Virgin PET+ Talc 

 

D. Water Absorption Test 

 

The composite samples after the immersion in water shows the following results: 

Weight of the composite before immersion in water = Wi = 135 g 

Weight of the composite sample after immersion in water = Wf = 135g  

Amount of water absorbed = Wi – Wf = 135g – 135g =0.00 kg 

Thus it was concluded that these newly developed composite sheets are water proof in nature and can be 

used in the buildings and homes for insulation purposes safely. 

 

 

E. Particle Size of Talc 

Effect of particle size on the strength of insulating material is shown in figure 10. It is noted that as the 

particle size was decreased the material had greater strength and by increasing the mesh size the strength 

was decreased. The material having mesh size of 45 µm had maximum strength.  
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Fig 10. Particle size of different mesh size vs strength of the material 

F. Nano Indentation 

The mixing of talc to the composite sheets can have a sturdy effect including stiffness, softening or swelling 

of the sheets showing increasing volume. Nano-indentation analysis was performed on different samples 

and loading and un loading cycle curves were obtained. Figure 11 represents load vs displacement curves 

of composite samples. Both the curves observed similar pattern and 100 mN load was imposed on the 

samples to produce an exceptional range of penetration depths. The observed high values of peak load are 

due to stiffness and strength caused by filler material talc. The maximum displacements were in the range 

of 10 μm to 16 μm. It was concluded that composite sheets having  some amount of Virgin PET, 20% talc  

and maximum amount of R content that is up to  60 to 80% represented a harder behavior as it required a 

load of 100 mN to impose a penetration depth of 9μm whereas a similar value of load was observed for 

greater penetration depths in the range of 13 μm which represents the softer material.  

 

 
 

 
Fig. 11 Load –displacement curves for PET samples of different compositions 
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IV. CONCLUSION 

This research work presented a value-added approach to facilitate recycling of discarded PET bottles by 

transforming them into greater strength, eco-friendly, and economically affordable talc-reinforced 

composite sheets. Compressive strength of the optimized composite sheet was increased and it was 7597 

lb/in2. Composite sheets fabricated from reclaimed material has many advantages that is these are light 

weight, helps to keep the buildings thermally insulated and help noise reduction which proved to be 

favorable for the purpose of insulation in homes and its sustainable for the environment. Results show that 

additive talc provides smoothness and porosity further enhancing the thermal insulation capability of the 

sheets. Nano indentation tests revealed that 20% of substitution of talc and 60 to 80% provides competent 

results and requires a load of 100mN to impose an indent of 9 μm compared to the sheets made up of only 

recycled PET which needs the same 100 mN load to impose indent of 13 μm. Thus these newly developed 

insulating composite sheets are one of the promising cost-effective recycling technologies for reduction of 

enormous amount of PET bottles and a way to cope with environmental threat associated with it. 
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Abstract—Nitinol as a biomaterial has gained significant importance because of its unique properties like superelasticity, 

shape memory effect and biocompatibility. They find extensive applications in cardiovascular devices, medical implants, 

bone fixation plates, staples, and orthodontic wires. The major concern for nitinol usage is their corrosion resistance 

because of large content of Ni i.e. 50 at% which can cause mechanical deterioration of implant and also inflammations 

inside the body. Therefore, present work aimed development of nitinol (50at%Ti-50at%Ni) alloy and its corrosion study 

in simulated body fluid. Optical microscopy and Potentio-dynamic polarization test in furnace cooled and aged form was 

done. It was found that corrosion resistance of aged alloy is higher as compare to furnace cooled sample.    

 
Keywords— Biomaterial, Corrosion resistance, Nitinol, Shape memory effect, Simulated body fluid  

I. INTRODUCTION 

Biomaterials are continuously developed to counter need for the biocompatibility and improved mechanical 

properties. Nitinol, a group of equiatomic, Ni-Ti alloys is largely recognized and accepted for the biomedical 

use[1-4]. Nitinol’s superelasticity, shape memory effect, and wear resistance[5] have made them to be 

widely used as an implant in surgery fields including orthopedics, vascular interventions, orthodontics and 

laparoscopy tools[6].  

Nitinol shows shape memory behavior which is mainly because of crystallography and thermodynamics of 

these SMA’s. They are characterized by two solid phases: martensitic phase (M) and high temperature 

austenitic phase (A)[7].  In particular, the martensite can be present in two forms: First is stress-free 

martensite, which is characterized by the twinned martensite (M), which shows minimum misfit with parent 

phase. Therefore no macroscopic deformation is associated to it. Second configuration is the stress-induced 

martensite, that is characterized by the detwinned single-variant (S) martensite structure, which line up the 

variants along a particular direction, which shows macroscopic deformation. The transformation between 

austenite and the martensite phase is a stress-temperature induced athermal diffusionless thermoelastic 

martensitic transformation (TMT). If material goes to original shape upon heating, it’s called shape memory 

effect while if the stress loading and unloading is responsible for the effect, it is called superelasticity[8-10]. 

NiTi alloy show good mechanical properties to be used as biomaterial but at present, there is still little 

research is done on biocompatibility of Nitinol. Nickel present in Nitinol may dissolve from the material 

because of corrosion and can cause allergic reactions[11]. Therefore, to have information about corrosion 

resistance of these alloys before their use inside the human body is important. Different mechanical and 

thermomechanical treatments were done to improve their properties. In the present work, corrosion 

properties of the Nitinol in the simulated body fluids are studied in the furnace cooled and aged samples.  

II. METHODOLOGY 

Ni50-Ti50 (at%) binary alloy was developed in Mini arc Melter MAM–1 having tungsten electrode for the 

melting of metals. Alloy was homogenized at 1000C in quartz tube for 3 hours and then cooled in the 

furnace. Samples were cut using EDM machine into small samples. Aging treatment was done on the 

samples at 500C for 3 hours in argon atmosphere in tube furnace followed by water quenching. Optical 

microscopy was done to study their microstructure. Gamry Potentiostat was used for electrochemical 

polarization tests. OCP and Tafel plots were taken to understand behavior of alloy in furnace cooled and 

aged form in the SBF. 
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III. RESULTS AND DISCUSSION 

Optical microscopy was done to study microstructure of the sample after grinding and polishing the samples. 

Fig.1 shows microstructures in both furnace cooled and aged form after etching. Fig.1(a) shows 

microstructure of furnace cooled sample showing polycrystalline structure. These grains are of different 

sizes and orientation. Whereas aged sample shows grain coarsening as observed from Fig.1(b) because of 

aging treatment at 500C. 

 

 
 

Fig. 1. Optical Micrograph for Nitinol a) Furnace cooled b) Aged. 

 

Potentiodynamic polarization test was performed to assess corrosion behavior of the sample in the simulated 

body fluid. Tafel extrapolation was done to find corrosion current (Icorr) and corrosion rate. Fig.2 shows the 

curves obtained while values of corrosion rates are given in the table 1. It is seen that furnace cooled sample 

shows higher corrosion rate i.e. 1.201 mpy as compare to aged sample. A small polarizing effect is also seen 

in aged sample which shows an increase in potential value while no change in corrosion current value 

showing that sample attained passivation during reaction for some time. This can be because of the reason 

that furnace cooled sample have more grain boundaries which provide more active sites for corrosion, 

causing more dissolution by corrosion. While in the case of aged sample, it is expected that more stable 

oxide layer after heat treatment is formed and also grain coarsening occurred which decreases the corrosion 

current (Icorr) value while potential (Ecorr) goes to positive side.  

 

 
Fig. 2. Tafel curves of furnace cooled and aged samples. 
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TABLE I: TAFEL RESULTS OF FC AND AGED SAMPLES 

Sr. 

No 
Sample 

a 

(V/decade) 

c 

(V/decade) 

Icorr 

(A) 

Ecorr 

(mV) 

CR (mpy) 

1 Fc 38110 36410-3 2.590 -153 1.201 

2 Aged 16.910-3 22510-3 0.577 
 
177 

 
24510-3 

 

IV. CONCLUSION 

1. Optical microscopy shows that aging treatment results in increase in grain size as compare to furnace 

cooled sample. While Furnace cooled sample show smaller grains of different sizes and orientation. 

2. Corrosion resistance of aged sample is found higher than FC sample in Potentiodynamic 

polarization test. The reason can be coarser grains in aged condition which provides less dissolution 

sites for corrosion as well as it can be due to stable oxide layer after aging heat treatment. 
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Comparison of acetal and nylon for cap of neutral safety switch used in 

agricultural tractors 

 
Nosheen Naz*, Afzal Khan,  

Department of Mechanical Engineering, 

University of Engineering & Technology Peshawar,  

KPK, Pakistan.  

 
Abstract-Neutral safety switch is installed in agriculture and other purpose agricultural machinery to specify the 

working of neutral gear. Neutral safety switch comprises of acetal cap with crimped copper terminal, plunger, main 

cover body, and spring. However, acetal (POM) is used in production of these caps. Acetal manufactured caps usually 

fractures and cracks due to some unidentified reasons. Some caps may be received in fractured and burnt form. 

However, the market claim ≥ 10% per month which is substantially higher market failure. Therefore, proper material 

is needed to replace acetal material in aforementioned application. This research validates more nylon as material in 

comparison to acetal (POM) using several field tests on cap. Caps were assembled with the switch assembly and tested 

on endurance testing machines. Each cap was subjected to severe heating and cooling cycles and afterwards tested on 

endurance testing machine. Hence, the results depicted that nylon is better material in comparison to acetal.      

Keywords:  Safety switch, Acetal, endurance testing machine, material.  

 

I. Introduction 

Automotive switches play a vital role in making this facility more comfortable and safe. Shifting of 

automotive from purely mechanical to electro-mechanical assemblies has made auto industry more and 

more challenging. However, still problems related to design, processing, materials and process remains 

intact with the components involved in auto-motives. These switches includes door locking, light 

indicator[1-3], mirror indicator, hand brake indicator switch and neutral gear indication switches 

accordingly [4] etc. 

These switches consists of several components made from several materials i.e., metals, plastics and 

ceramics (in rare cases). These components were assembled together in making these switches. 

However, some components or their materials may not perform adequately in harsh or normal 

environmental conditions. Ultimately, due to specific reasons these components can fail. Hence, the 

appropriate material is very crucial in this process.  

In our case the cap of neutral safety switch has been returned in guarantee claim in substantial quantity. 

Therefore, we compared the used material i.e., acetal with nylon. 100 switches were taken and subjected 

to heating and cooling cycles. Heating and cooling cycles were performed at several temperatures. The 

results helped to identify that nylon based caps were better in comparison to acetal.  

II. Methodology 

100 caps were manufactured from acetal and nylon based caps each. Experiments were performed at 

various heating cooling temperatures ranging from 263 - 283, 293, 303, 313, 323, 333, 343, 353K for 1, 

2 and 3 hours for 10, 20 and 30 days. Additionally, switches were exposed to endurance testing machine.  

 

III. Results and Discussions 

 

Results show that percentage of failed caps increased when the temperature gradient between heating 

and cooling cycle enhanced. Initially there were ˂ 1% cracked caps of acetal. However, with increase 

in gradient from 20K to 30, 40, 50, 60, 70 and 80K increased the cracking of cap to 1.8, 2.2, 3.1, 3.6, 

3.8,  4.05 and 4.21 % respectively (heating and cooling cycle for one hour). In contrast, further 

increasing the heating or cooling cycle time to 2 hours has no significant effect on the cracking 

percentage. The cracked percentage remained between 1.2, 1.9, 3.15, 3.5, 3.83, 4.17 and 4.3 % 

respectively. Further increase in heating or cooling cycle for approximately 3 hours subsequently 

caused slight increase in cracked percentage of 1.5, 2.29, 3.35, 4.09, 4.83 and 5.2 % respectively at 

temperature gradients of 20, 30, 40, 50, 60, 70 and 80K.   
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Fig. 1. Cracked caps during heating /cooling cycles at various temperatures for 1 hour and 

continued for 10 days. 

 

 

 

Fig. 2. Cracked caps during heating /cooling cycles at various temperatures for 2 hour and 

continued for 20 days. 
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Fig. 3. Cracked caps during heating /cooling cycles at various temperatures for 3 hour and 

continued for 30 days. 

 

IV. Conclusion 

Increase in temperature gradient in heating and cooling cycles significantly affect the cracking 

percentage of the caps of acetal. However, the effect on nylon caps was much lower in comparison 

to the acetal based caps.  
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Effect of Industrial Wastewater Irrigation on Quality of Local Soil and 

Vegetables in Mingora city swat. 
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Abstract- Industrialization shows an important position in the development of the country. Besides development there 

are other aspects too that industrialization brings with itself. Increases number of industries discharge unwanted 

substances. A large amount of wastewater is discharged without any proper treatment into the environment. Excess 

amount of toxic heavy metals from these industrial processes are added into the soil, ground and source water that are 

consequently used for agricultural irrigation purposes. Discharge of untreated effluents causes severe adverse effect on 

eco system containing humans, plants, and animal as well. The current research work is to study the consequence of 

industrial wastewater used for local agriculture and their impact on quality of soil and vegetable i.e. onion, pumpkin, 

tomato, lady finger and green paper.  Before atomic absorption spectrophotometer wet digestion method was used for 

heavy metals detection. The concentration of heavy metals in wastewater follow the order:  Fe >Cr>Pb> Ni> Co> Mn. 

The investigation further shows that the amount of iron and lead in wastewater has the dominant effects on vegetables 

in Mingora city Swat. Lead has the highest level of accumulation in the soil. Iron and lead have the highest transfer 

factor for pumpkin and lady finger. The study will help the local former to cultivate proper crops in the area where it is 

irrigated through industrial wastewater in Mingora city Swat. It also creates public awareness to select that types of 

vegetable which effect less. This study also provides practically applicable solution to the local industry for the 

treatment of effluents. 

 

Key words: heavy metals, wastewater, soil, vegetable, health risk. 

 

I. INTRODUCTION 

Vegetable contain carbohydrates protein vitamin which are the essential fraction for the growth of human 

health. [1]. To get pure vegetable it requires the area where soil and water are free from unwanted impurities. 

But now a day that type of land and water are difficult to finds. With the development of industries due to 

human needed in all over the world the discharge of wastewater increases and due to scarcity of pure water, 

farmer uses wastewater for agriculture.  

Heavy metals have the specific gravity of five times that of water [2]. The effluent waste from industries 

contain toxic heavy metals which is most serious environmental concern of the present day. The 

accumulated heavy metals in soil create huge health problems. For irrigation, the use of wastewater which 

contains heavy metals for a long time increase the concentration above the allowable range [3, 4]. The 

heavy metal presence in soil play dynamic rule in controlling metal bioavailability to plants [5]. Heavy 

metals present in the wastewater had highest concentration which is used for irrigation. Continuously used 

for irrigation increase its amount in soil [6]. 

Untreated discharging of wastewater from Municipal and industries contain toxic material which creates 

major water pollution. In Pakistan there is no proper water treatment facility available [7, 8]. The 

accessibility of soil metals to plants is a function of soil properties like Ph., organic carbon cat ion exchange 

capacity. The metal concentration decreases when going in depth while higher on the topsoil [9]. Large 

number of  toxic chemical which are identified in water from textile dying in which some cannot be removed 

which represent a worrying environmental problem for the clothing manufacturing [10]. In plants heavy 

metals accumulated which depend upon plants species and efficiency [11]. 

Soil has the capability to absorb toxic chemical but decreases its ability of captivation continuously, but 

after saturation it will occupy by vegetable. As long the use of wastewater makes the metals accumulates in 

the soil and increase its absorption and accumulation in plants. For every type of organism and plants water 

is a main source of life and energy, but people mostly suffer from clean drinking water. Due to shortage of 

clean water high % of all illnesses in developing countries are related to wastewater [12]. Different types of 

diseases and health problems cause by wastewater which contain heavy metals above permissible limit [13].  

Water treatment process involving the calculation of many factors, the treatment of wastewaters to make 

them suitable for irrigation. Several technologies are available with varying degree of success to control 
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water pollution [14]. Chosen quality for irrigation aims, representing an economic benefit in the area where 

low-cost wastewater treatment systems [15, 16, 17]. With rate of fast growth  wastewater which contain 

heavy metal in soil become increasing and create major environmental anxiety  and its direct effect on 

human health [18].The total land irrigated wastewater has been estimated to be about 50 million acres in 

fifty countries, which is about 10% of whole irrigated land (FAO, 2003). The wastewater from textile mill, 

the propagation ratio and evolution were comparatively greater than the control, at small amount but with 

the increase in the effluent concentrations these parameters were decreased. Away from 25% discharge, the 

length of root and shoot decreased. The discharge from textile mills will reduced seed development and 

initial growth of all vegetable’s plants [19, 8]. 

According to An visa, the allowable limits for Cd, Ni, Pb and Cr are 1.0, 5.0, 0.5 and 0.1 mg/kg, separately 

(fresh weight) [20]. Proteins, lipids, and DNA are damage by reactive oxygen which are produced in large 

quantity by oxidation [17]. The problems associated with industrial pollutants, there is need to monitor water 

in which industrial effluents are discharged [21]. Use of industrial effluents for irrigation purposes is a highly 

warranted effectiveness of water pollutants concept [22].The wastewater is rises due to industrialization 

being used for agricultural fields. Vegetable crops cultivated in suburban areas absorb metals from 

contaminated soil due to wastewater irrigation. The metals also   deposit on plant's parts unprotected to the 

polluted air [23]. Contaminated land which grow crops like vegetables, fruits and nuts can collect toxic 

heavy metals [24]. Our Area of interest is Mingora city, KPK, to highlight the harmful effects of heavy 

metals accumulation due to industrial wastewater irrigation. In this research article we will point out the 

amounts of heavy metals present in Industrial wastewater, their adverse effect and apply any one of the 

treatment techniques to remove how much concentration of heavy metals. 

 

      II. MATERIAL AND EXPERIMENTS 

     2.1 Sampling Area 

      2.1.1 Mingora 

Mingora is the capital city of district Swat. It is located at an altitude of 984 m. The average annual 

temperature in Mingora is 19.3 ̊C. November is the driest while August has the highest precipitation month 

with rain of 22 and 134 mm. Chitral districts is bounded by North, Kohistan and Shangla districts in the 

East, Buner district and Malakand protected area in the South.  Both upper and lower Dir districts in west. 

While Indus disconnects it from Hazara in the east. The district is enclosed by the sky-high mountains [22]. 

 

Fig 1:Diferent location and sampling point in Mingora city. 

Different sites of Mingora city Location of Mingora city swat [22]. sample  collection point
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Fig 2: Site map of the samples where it was taken. 

 

The box in above sketch of Swat Mingora represent the area from which samples has been taken. 

  1.Fizagat.                     4. Saidu sharif. 

  2. Mingora City.            5. Shahab Nagar. 

  3.Rahim abad.               6. Kokarai. 

   The above mention area there are different types such as plastic, paper, chemicals, petroleum, rubber, 

pharma, cosmetics, textiles, steel, and other industries are working. 
 

2.1.2 Research Location 

The drain water irrigation area in Mingora around where most of the industrial wastewater are run-offs and 

the water use for agriculture purpose. The farming occupation in the area consist of lady finger, tomato, 

onion cucumber, pumpkin, radish, and turnip. These wastewaters are used for many years, due scarcity of 

pure water. 

 2.2 Samples collection 

 Different samples were collected from area where different industrial effluent were drain .These industries 

discharge huge amount of wastewater in which soil and vegetables are directly affected. 

 2.2.1 Water samples 

Wastewater samples from different area were collected from different places (sites) at Mingora city. The 

samples were put in a small   clean bottle which were washed by distilled water and these were sealed and 

labellate. These sample were transported to chemistry lab to ready for Atomic absorption spectrophotometer 

(AAS). 
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2.2.2 Vegetable samples 

The samples of vegetables (ladyfinger, tomato, pumpkin, and onion) were composed from cultivated fields 

in the study area in the month of October November, where it is irrigated by industrial wastewater. The 

samples were taken in a small clean bottle and these were sealed and labeled. Sample of vegetables were 

also collected from control agricultural field. These sample were transported to chemistry lab for preparation 

and analysis. 

2.2.3 Soil samples 

   Different Soil samples were taken from farming field present in the study area. The samples were kept in 

new plastic bottles and brought to the chemistry lab for analyses. Samples of different area from top and 

depth was taken and collected. 

2.3. Chemical Reagents 

 Distilled water was use throughout in the lab work. Analytical grade chemicals were used. HCL HNO3 and   

perchloric acid were reagent of analysis. These reagents were used for preparation of water, soil, and 

vegetable samples. 

  2.4.1 Water samples Preparation 

  Water sample up to 50ml was collected in washed and cleaned beaker. Concentrated nitric acid of 10ml 

was added to water sample beaker and heated it up till the total solution remains 40 ml. after cooling using 

Whatman NO.42 filter paper was used . After filtration 10 ml of distilled water was added to dilute the 

filtrate. In this way all the samples were prepared.  

2.4.2 Vegetable samples preparation 

  Each sample of vegetable was scrubbed with distilled water to remove dirt and unwanted particles. With 

the help of knife, the washed sample was then cut to separate the roots, stems and leaves. After cleaning, 

each sample was dried in air and then put in oven at 80 °C for 24 Hrs. followed by heating at 100 °C in 

electric oven. Vegetables samples were then converted into a powder form (80 mesh) using a commercial 

mixer (TSK- WestPoint, France) and kept in plastic bags for acid digestion.  

 

2.4.3 Soil samples preparation 

   Soil samples from different areas were taken. Wet sample were dried in the oven until it become   dry. 

Aqua regia of HNO3 and HCL of (1:3) were prepared in the round bottom flask. Two grams of each sample 

was taken, and 10 ml prepared sample were put into the soil and gently shaken. Then the sample was heated 

through oven at temperature of 90 deg °C for 20 to 25 mins. After cooling  it was  filtered through Whatman 

42 filter paper. 20 ml of distilled water was added after filtration. Thus, all samples of soil were prepared. 

After preparation further investigation of heavy metals concentration.  

 

2.5 Risk assessment 

Khan et al using equations to calculate Health risk assessments (HRAs) for heavy metals through the 

ingesting of contaminated food crops.  

  HRA =   DIM / Rf D 

 HRA is the human risk assessments through the ingesting of vegetables, the daily intake of metal (DIM) 

(mg metal/kg body weight/day) and Rf D is the reference dose. The reference dose values for Zn, Pb, Ni, 

Cr and Mn were 0.30, 0.004, 0.02,1.5 and 0.033 mg/kg bw/day, respectively [25, 26, 27]. 
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III: RESULTS AND DISCUSSION 

 

Table 1: Concentration of Heavy Metals in Industrial Wastewater and Tube Well Water. 

Heavy Metals (mg/L)  Fe Pb Cr Ni Mn   Co 

Industrial Wastewater  6.72 0.395 0.539 0.122 0.128 0.203 

S. Deviation 0.0255 0.129 0.013 0.0131 0.0207 0.026 

Tube well-Water. 1.17 0.043 0.416 0.096 0.033 0.116 

 S. Deviation 0.0787 0.235 0.0536 0.017 0.0106 0.0275 

 

   

3.1 wastewater of Industries and tube well water 

 

 The order of heavy metals concentration in Industrial Wastewater follows as Fe>Cr>Pb> Co>Mn. >Ni. 

The heavy metals concentration is high in effluents from industries as compared to Tube well water. The 

wastewater is directly use for irrigation purposes. The concentration of heavy metals is higher than 

permissible limit. People use wastewater for vegetables growing from long time. 

 The Congregation of Heavy metals in Industrial effluents and Tube Well water (controlled samples) were 

compared. All the heavy metals in tested wastewater in selected area of Mingora, where it is used for 

vegetable irrigation were higher than permissible limit. Iron and chromium show highest result compare 

to other heavy metals. The value of iron is (6.72 mg/l) which is greater than tube well water of (1.17 mg/l) 

and cross the allowable limit of (5 mg/l) by WHO. Different area where samples were collected are higher 

than control water. Lead concentration is (0.393 mg/l) which is above the permissible limit of (0.01mg/l) 

by WHO. Cobalt also cross, the acceptable limit of (0.025 mg/l). 

   

Table 2: Heavy metal concentrations (mg/L) Comparison of different area studies [28]. 

S. No  Fe   Pb   Ni   Cr  References  

Charsadda 0.01 0.075  0.002 0.007 Khan et al. 2013a 

Kohistan -- 0.009  0.004 0.007 Muhammad et al. 2011 

Quetta  0.64 0.07  0.09 0.04 Khanoranga and Khalid 2019 

Southwest, Nigeria 0.20 - ND 0.19 Titilawo et al. 2018 

Khorramabad, Iran - 0.001 - 0.05 Ghaderpoori et al. 2018 

 

 

Khan et al. 2013a study in District Charsadda and they found Iron concentration of 0.01mg/L, Pb 

0.0075mg/L, Ni of 0.002mg/L and Cr 0.005 mg/L. Similarly, Muhammad et al. 2011 reported the heavy 

metals concentration as Pb 0.009, Ni 0.004 and Cr 0.007 mg/L in district Kohistan wastewater. 

Khanoranga and Khalid 2019 reported concentration of heavy metals as Iron 0.064 mg/L, Lead 0.07mg/L, 
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Nickle 0.04 mg/L and Chromium 0.09 mg/L. Titilawo et al. 2018 reported concentration of heavy metals 

as Iron 0.2 and Chromium 0.19 mg/L. Ghaderpoori et al. 2018 also analyzed the wastewater of 

Khorramabad, Iran for heavy metals concentration and they found Pb concentration of 0.001mg/L (which 

was too low compared to other studies), and Chromium concentration of 0.05 mg/L.   

 

Table 3: Soil Contains heavy metals irrigated with industrial effluents and Tube Well water. 

Heavy Metals 

(mg/L) 

  Fe    Pb   Cr    Ni Mn Co 

 Soil (IWW)  47.27 

±0.109 

2.92 

±0.092 

2.90 

±0.038 

1.013 

±0.02 

0.901 

0.014± 

0.679 

±0.053 

Soil (TWW) 17.12 

±0.27 

2.12 

±0.21 

2.03 

±0.03 

0.76 

±0.04 

0.23 

±0.012 

0.49 

±0.01 

 

Continuous use of wastewater lead to enrichment of heavy metals in soil. The high amount, of Heavy metals 

strongly affects their availability to soil. In case of soil samples, metal bio available section was higher in 

wastewater wetted soil as compared to pure water saturated. Fe Concentration was the highest for industrial 

wastewater followed by Pb>Cr>Ni>Mn>Co. All the values from results are above the allowable limit. The 

increase in amount, of Heavy metals in soil is mainly due to soil irrigation with untreated industrial effluents 

from different industries of the Industrial area Mingora city.  

 

Table 4: Concentration of heavy metals in wastewater irrigated vegetables. 

Heavy 

Metals(mg/L) 

Fe Pb   Cr   Ni  Mn  Co 

Lady Finger 

Mean+ S.d  

8.09 

±0.056 

3.51 

±0.27 

0.43 

±0.04 

0.17 

±0.05 

0.21 

±0.004 

0.086 

±0.046 

Pumpkin 

Mean+ S.d 

24.9 

±0.18 

1.61 

±0.21 

0.51 

±0.032 

0.39 

±0.04 

0.973 

±0.01 

0.072 

±0.01 

Onion 

Mean+ S.d 

3.6 

±0.04 

0.67 

±0.025 

0.44 

±0.06 

0.25 

±0.04 

0.155 

±0.02 

0.138 

±0.006 
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v 

Fig 3: Comparative plot of heavy metals concentration (mean) in vegetable irrigated through    

 Industrial wastewater. 

 

  From the above table it concluded that industrial wastewater not only affect the soil   quality but also the 

vegetables irrigated through it. To compare these results with vegetables irrigated with tube well water 

(as a control samples), we performed the analysis. For pumpkin iron (Fe) has the highest value compare 

to other vegetables. For pumpkin Ni, Mn show high concentrations compared to other vegetable. For 

onion cobalt value is the greater than other. Onion is more resistive to lead. Lady finger resistive to Nickel. 

 

  IV.TREATMENT PROCESS 

    4.1 Nanofiltration 

 There are many wastewater purification techniques which are using in many parts of the world. such as 

activated sludge, adsorption, advanced oxidation process, reverse osmosis, and nanofiltration. However, it 

removes insecticides, biological matter, salt removing of sea water, oil process heavy metals ions and 

pollutants from industrial wastewater.  

 

4.2 Process description  

Membranes have pore sizes from 1-10 nanometer, created from polymer thin film. Feed passes through 

pump to semi-permeable membrane. The stream is separated into two portions permeate and retentate. The 

former is filter portion while later is the rejected non-filtered portion. In concern research nanofiltration was 

applied for the removal of wastewater effluent from industries. The pure water flux (J, L·m-2·h-1) and 

permeability (L·m-2·h-1·bar-1) were obtained from the following equations: 

                                                                        J=(∆V)/(A∙∆t) 
                                                  

  Permeability=J/(∆P)                                          
Where ∆V is the volume (L) of the permeate; A is the effective membrane filtration area (m2), and ∆t is the 

experimental time (h). ∆P is the transmembrane pressure applied by diaphragm pumps (bar).  The salt 

rejection was obtained by using the following equation. 

R (%) =(Cf-CP)/Cf×100%                                
Where Cf and Cp, determined by the solution conductivity monitor (FE 38-Standard/Conductometer, Mettler, 

Switzerland), are the solute concentrations of the feed and permeate, respectively. Each experiment was 

carried out at least three times, and a mean value was taken. 

The recovery of feed sample was determined by the following equation. 

𝑅% = (𝑄p/𝑄f) ∗ 100 

Where, Qp and Qf is the volumetric flow rate of permeate and feed (L). Some results of nanofiltration is 

given as. 
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Table 5:  Rejection of heavy metals from wastewater using nanofiltration of different pressure at 

Heavy metals(mg/L) Fe Pb Cr Ni Mn Co 

   Ind wastewater 6.70 0.292 0.515 0.107 0.123 0.181 

Tube-Well-Water 1.17 0.043 0.416 0.091 0.033 0.116 

   Results of   NF Fe Pb Cr Ni Mn Co 

Pressure (2 bar) 0.393 0.290 0.013 0.102 0.019 0.157 

Pressure (3 bar) 0.373 0.274 0.015 0.096 0.017 0.146 

Pressure (4 bar) 0.354 0.228 0.021 0.090 0.016 0.142 

 

 

Fig:4 Removal of heavy metals through Nanofiltration process. 

By applying one of the treatments such as nanofiltration are effective in removing mostly heavy metals from 

wastewater. Others treatment equipment may also be used. The result shown by nanofiltration can show that 

heavy metals can be removed. 

 

V. Conclusions 

Industrial wastewater concentration to tube well water is high and cross the allowable limit by WHO. The 

iron value is 6.72(mg/L) which is too high to 0.3(mg/L) assign by WHO. The value of lead is 0.393(mg/L) 

greater to 0.01(mg/L) by WHO. Chromium concentration is 0.537(mg/L) greater than 0.05(mg/L). The 

nickel is 0.121(mg/L) greater than 0.02(mg/L). manganese value is 0.125(mg/L) less than 0.5(mg/L) by 

WHO but greater than 0.05(mg/L) kept by USEPA. Results showed that Industrial wastewater irrigation 

changes soil quality, increase in heavy metals concentration in vegetables (Fe, Ni, Mn, Pb, Co and Cr). 

Industrial effluent which has highest concentration of heavy metals is unfit for vegetable growing. 

Uninterrupted uses of wastewater results to the enhancement of heavy metals in soil. The concentration of 

heavy metals in soil and vegetables cross the allowable limit. The use of any type of filtration outside each 

industry can removes it successfully so govt if apply strict rules for industries then it will reduce the hazards 

of wastewater. 
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Abstract- In recent years, the design and development of packaging electronic devices have encountered a growing 

challenge as the power levels and the performance of the devices increases. As the size of such devices decrease, ensuring 

reliability in the operation of the devices is becoming a challenge. Thermal interface material offers significantly less 

thermal resistance and therefore avoids excessive heating of the interfaces. In this research, thermal interface materials 

were prepared by mixing polydimethylsiloxane (PDMS) with copper (Cu) and graphite (Gr) powder. Various samples 

including pure PDMS, PDMS-Cu, PDMS-Gr, and PDMS-Cu-Gr were prepared. The thermal conductivity, thermal 

diffusivity, volumetric heat capacity, and thermal effusivity were measured. The results showed that pure PDMS exhibited 

the lowest thermal conductivity of 0.20 wm-1k-1, while PDMS-Cu-Gr exhibited the highest thermal conductivity of 2.711 

wm-1k-1. Similarly, PDMS-Cu-Gr and PDMS exhibited a thermal diffusivity of 1.43 mm2/s and 0.26 mm2/s respectively. 

The thermogravimetric analysis (TGA) showed that the PDMS-Cu-Gr composite can withstand a maximum operating 

temperature of about 280oC. The results suggest that PDMS-Cu-Gr composite has good potential of being used as thermal 

interface material. 
 
Keywords—Heat Transfer, Electronic Cooling, Thermal Interfaces, Thermal Conductivity, Thermal Resistance  

I. INTRODUCTION 

Thermal interface material (TIM) refers to a class of material that is often utilized at the interface of two or 

more components to improve the thermal coupling of electronic devices. A TIM is considered highly 

efficient especially in devices that dissipate heat such as heat sinks whose key role is to remove heat from 

electronic devices. For heat to be removed efficiently from electronic devices, the design of a TIM must 

ensure that the material used provides a better life cycle with enhanced reliability [1]. The non-planarity and 

surface roughness at the microscopic level of the surfaces of the heat-dissipating devices and the heat 

spreader is often associated with asperities occurring between the interfaces of the mating components. 

These astringencies act as inhibitors to the two joining surfaces thereby preventing them from providing 

good thermal contact owing to the ineffective thermal conductivity resulting from the air gaps between the 

mating pair of components [2].  

Owing to the surface irregularities, the performance of electronic devices is limited. This is where the 

thermal interface materials come into play by providing an effective conductive path between the two mating 

components. As such, the TIMs provide an excellent material confirmation by eliminating the surface 

irregularities between the joining surfaces of the material through the action of high pressure imposed 

between the mating material surfaces thus yielding high thermal conductivity [3]. 

The thermal resistance of TIMs is also a major consideration. The effective thermal resistance is closely 

associated with the total resistance between the mating surfaces and the TIM as well as the thermal 

conductivity of the same. Equation 1 is employed in determining the effective thermal resistance [1]. 

 

𝑅𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 =
𝐵𝐿𝑇

𝐾𝑇𝐼𝑀.𝐴
+  𝑅𝐶1

+ 𝑅𝐶2
                                           (1) 

 

Where R effective is the effective thermal resistance,  

BLT represents the bold line thickness 

KTIM designates the interface thermal conductivity 

A represents the Area 

Rc1 and Rc2 denote the contact resistance between the mating surfaces and the TIM. 

Analysis of Thermally Conductive Polymer Metal Composite 

Material 
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Studies have determined that the effective thermal resistance shown to be minimized to limit the rate of heat 

dissipation when the device is in operation. This is done by reducing the value of BLT by employing a 

material with relatively high thermal conductivity. More also, by reduction of surface irregularities through 

the application of high pressure between the TIM and the mating materials can significantly reduce the 

surface resistance [2]. 

The main challenges in the development of thermal interface materials are related to the thermal 

management of electronic systems as reported in various studies [2, 4] For instance, the work of Kafil [5] 

identified that the degree of interconnectivity between the mating surfaces in electronic systems influences 

the performance of these devices, and with the recent growth in the production of electronic devices for 

industrial and domestic applications, thermal management is very essential. The authors reported that using 

TIMs energy consumption by electronic devices can be enhanced.  

Auciello and Sumant [6] carried out a comprehensive study on the application of ultra-nanocrystalline 

diamond films in multifunctional devices. The authors reported that if the heat transfer through radiation 

between the mating surfaces is neglected, the heat flux at the interface often takes place in two different 

conduction paths. The conduction paths involve solid-solid at the contact points and solid-air conduction 

within the non-contacting points. In the later conducting path, the air is a poor conductor of heat reduced 

the efficiency of heat transfer. The decrease in heat transfer is attributed to the contact resistance. To 

overcome temperature build-up at the junction, contact thermal resistance should be reduced by replacing 

the air gap using a material with higher thermal conductivity such as TIMs. The study concluded that the 

use of thermal interface materials enhances the conductivity and effective heat transfer. 

The work of Hopkins [7] investigated the thermal transport across solid interfaces with nanoscale 

imperfections such as surface roughness, dislocations, and their effects on thermal boundary conductivity. 

The researcher employed the concept of time-domain thermal reflectance to investigate the factors that 

influence the junction’s thermal resistance. The study reported that conductance is affected by surface 

roughness, disorder, joining process as well as dislocations. As such, the existence of surface irregularities 

such as roughness limits the performance of the thermal junction of the two joining components in electronic 

components. 

Thermal interface material addresses the challenges associated with the contact area between the mating 

surfaces. As such, they often replace the air voids induced by surface roughness. In this sense, TIMs often 

deform under assembling pressure to fill up the voids thereby improving the conductivity between the 

mating material components. Their ability to deform under pressure provides an engineering trade-off. This 

desirable characteristic of TIMs is attributed to their low shear stress which allows them to easily change 

shape to conform to the shape of the contacting surfaces [8]. 

Recent improvements on the TIMs include the development of deformable TIMs through the reduction of 

the thickness of the bond line. This reduction is associated with increased thermal conductivity and 

deformability of TIMs. Several authors have suggested that the largest percentage of the research done aims 

at improving the thermal conductivity of thermal interface materials by using more advanced filler material 

to the existing matrix which is polymer-based [1] The work of Hamasaiid et al [9] investigated the effects 

of surface roughness on the thermal interface made of aluminum blocks bonded with silicon oil and grease 

using a model based on the common flux tube. The study reported that the contact thermal resistance is 

affected by the surface roughness, applied pressure capillary pressure, and air backpressure. From their 

comprehensive mechanical investigation, the researchers pointed out that the liquid surface energy, contact 

surface angle, and the behavior of trapped gas are highly dependent on the wetting, applied pressure, surface 

topology, temperature, and the thermal conductivity of the material. From the results, the study concluded 

that the heat transfer from the flux tube to the heat sink was lower for TIMs. 

Notably, the material properties are essential when selecting a thermal interface material. Thermal 

conductivity comes out as one of the most important considerations, but it does not show the actual 

performance of the material to transfer heat energy in real applications [10]. Therefore, conditions should 

be considered when selecting a thermal interface material. A thin bond line of thickness is desired to attain 

very low thermal impedance [11]. 

In commercial applications, the characterization of thermal interface material is done as per ASTM D5470 
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[12]. This is a standard method that dictates the apparatus used to determine the BLT and thermal impedance 

of TIMs in a regulated pressure condition. Further, the work of Lee [13] depicted that adhesive strength of 

thermal interface material influences vibrations and rework ability hence it should be considered over the 

whole range of temperature in thermal interface material selection. A TIM with high adhesive strength has 

been shown to induce difficulties not only in reworking but also it makes it hard to cut through a TIM with 

small bold line thickness [14]. 

This work focuses on the development and fabrication of a polymer-based TIM using Poly dimethyl siloxane 

(PDMS) polymer, copper (Cu), and graphite (Gr) fillers. The study aims to achieve a thermal interface 

material with increased thermal conductivity and reduced thermal contact resistance. 

II. METHODOLOGY 

Four samples were prepared comprising PDMS, PDMS-Cu, PDMS-Gr, and PDMS-Cu-Gr. PDMS was first 

mixed with curing agent and mixed for 10 minutes at a magnetic stirrer at 330rpm. The resulting solution 

was cured for 24hours. Similarly, PDMS-Cu, PDMS-Gr, and PDMS-Cu-Gr were mixed in ratios 1:4, 1:1, 

and 3:4:3 respectively with 1g of curing agent in each. The samples were then poured into 4×3 mm 

rectangular molds with uniform thickness and allowed to cure for 24hours at room temperature after which 

they were then cured at 105 oC in a hot plate for 2 hours and allowed to cool for the next 24hours at room 

temperature. Finally, the cured samples were then extracted from the mold. Figure 1 illustrates the process 

flow diagram of the sample preparation. 

 

 
 

Figure 1: The process flow diagram of the sample preparation. 

 

 

III. CHARACTERIZATION 

A. HOT DISK TPS 2500 S APPROACH 

This project employed Hot Disk TPS 2500S for transient measurements of thermal conductivity of the 

sample composites prepared. Kapton sensors was clamped between an insulator and the samples. The 

thermal-physical properties constituting the heating power and time were measured and recorded as 

illustrated in table 1. 
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Table 1: The thermal-physical properties constituting the heating power and time 

 

Parameters PDMS PDMS-Cu PDMS-Gr PDMS-Cu-Gr 

Heating Power 

(mW) 

3 mW 2.5 mW 3 mW 15 mW 

Time (sec) 5 sec 5 sec 2 sec 3 sec 

 

B. THERMOGRAVIMETRIC ANALYSIS (TGA) APPROACH 

This technique was used to analyze the material changes in weight with time and specified temperature to 

give a clear idea of the thermal stability of the developed TIM composites. This test was performed in the 

material characterization laboratory USPAC-E UET Peshawar. During the analysis, 6mg of each sample 

was heated at a constant rate of 20 0C/min to a maximum temperature of 600 oC. 

IV. RESULTS AND DISCUSSION 

A. Thermal Analysis 

From the Hot disk TPS 2500 S results, the thermal conductivity of the samples was determined. To start 

with, the PDMS sample exhibited a thermal conductivity of 0.20 wm-1k-1. The PDMS-Cu recorded a thermal 

conductivity of 0.62 wm-1k-1. While PDMS-Gr and PDMS-Cu-Gr exhibited a thermal conductivity of 2.41 

wm-1k-1 and 2.71 wm-1k-1 respectively. It was determined that copper and graphite filler improved the 

thermal conductivity of PDMS. As such, it was shown that the thermal conductivity of PDMS increased 

from 0.20 wm-1k-1 to 2.71 wm-1k-1 which was about 13.12 times the initial thermal conductivity. Figure 2 

illustrates the thermal conductivity of the various samples. 

 

 
 

Figure 2: Thermal conductivity of the samples 

 

The thermal diffusivity of the samples was also obtained from the Disk TPS 2500 S. Pure PDMS exhibited 

a thermal diffusivity of 0.26 mm2/s while PDMS-Cu, PDMS-Gr, and PDMS-Cu-Gr recorded thermal 

diffusivity of  0.13, 1.02, and 1.43 mm2/s respectively. Despite PDMS-Cu recording high thermal diffusivity 

as compared to PDMS, the thermal diffusively of PDMS is higher than that of PDMS-Cu. The  

controversial results were attributed to the fact that PSMS-Cu has high volumetric heat capacity. Figure 3 

illustrates the thermal diffusivity of the four samples. 
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Figure 3: The thermal diffusivity of the samples 

 

 

The thermal effusivity of the samples was obtained from the Hot Disk TPS 2500 S analysis. PDMS recorded 

a thermal effusivity of 398.8 ws1/2/m2k while PDMS-Cu, PDMS-Gr, and PDMS-Cu-Gr exhibited a thermal 

effusivity of 1670, 2382, 2263 ws1/2/m2k respectively. It was observed that despite the PDMS-Cu-Gr having 

high thermal conductivity, the thermal effusivity is lower. This owes to the fact that thermal effusivity is 

dependent on the volumetric heat capacity. Figure 4 illustrates the thermal effusivity of the four samples. 

 

 
Figure 4: The thermal effusivity of the samples 

 

The volumetric heat capacity for pure PDMS was determined as 0.77 MJ/m3k while PDMS-Cu, PDMS-Gr, 

and PDMS-Cu-Gr exhibited a volumetric heat capacity of 4.49, 2.35, and 1.89 MJ/m3k respectively. It was 

identified that PDMS-Cu showed the highest volumetric heat capacity as compared to the other samples. It 

was deduced that the high volumetric heat capacity of PDMS-Cu could be attributed to the high density of 

the copper filler particles. Figure 6 illustrates the volumetric heat capacity of the four samples. 
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Figure 5: The volumetric heat capacity of the samples. 

 

B. Thermogravimetric analysis  

To test for the thermal stability of the fabricated PDMS samples, The TGA analysis showed that PDMS-

Cu-Gr exhibited high thermal stability for up to 280 oC which was identified as the maximum operational 

temperature beyond which the sample would undergo degradation. It was observed that the mean weight 

loss occurred at the initial stages of the test owing to the evaporation of the moisture content of the PDMS-

Cu-Gr sample. Figure 6 illustrates the TGA results of the PDMS-Cu-Gr sample. 

 

 
Figure 6: The TGA results for the PDMS-Cu-Gr sample. 

V. CONCLUSIONS 

To sum up, this research reports the analysis of four polymer-based composites including PDMS, PDMS-

Cu, PDMS-Gr, and PDMS-Cu-Gr. The Hot Disk TPS 2500 S technique was utilized to evaluate the thermal 

conductivity, thermal diffusivity, thermal effusivity, and volumetric heat capacity. From this analysis, it was 

determined that Pure PDMS exhibited the lowest thermal conductivity of 0.20 wm-1k-1, while PDMS-Cu-

Gr exhibited the highest thermal conductivity of 2.711 wm-1k-1. A similar trend was observed from the 

thermal diffusivity results whereby Pure PDMS recorded the lowest value of 0.26 mm2/s while PDMS-Cu-

Gr had the highest thermal diffusivity of 1.43 mm2/s. However, the thermal effusivity results showed low 

values for PDMS recording 398.8 ws1/2/m2k while the PDMS-Gr exhibited the highest value of 2382 

ws1/2/m2k. This was attributed to its low volumetric heat capacity since the thermal diffusivity is a ratio of 

thermal conductivity and volumetric heat capacity. From the volumetric heat capacity results, PDMS-Cu 
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exhibited the highest value of 4.48 MJ/m3k while pure PDMS recorded the lowest value of 0.77 MJ/m3k. 

The high volumetric heat capacity of PDMS-Cu was determined to be a result of the high density of copper. 

The study concluded that the thermal conductivity of the fabricated polymer-based TIM was improved from 

0.20 wm-1k-1 to 2.711 wm-1k-1 with a 92% increment. The TGA results showed that PDMS-Cu-Gr exhibited 

excellent thermal stability with a maximum service temperature of 280 oC. Based on various analyses 

performed in this research it was concluded that polydimethylsiloxane and the hybrid filler (Cu-Gr) 

composite is the best option for thermal management as a thermal interface material. 
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Abstract- The main purpose of this research is to investigate the possibility of replacing white limestone with waste marble 

powder for the production of white cement. Waste marble powder contains up to 95% of CaCO3 and white color of waste, 

produced around Peshawar area, generates a positive approach for its application in white cement production. For this 

purpose, experiments carried out by replacing 25%, 50%, 75% and 100% of white limestone with waste marble powder. 

Initial results shows that white limestone can be completely replaced with waste marble power with significant reduction 

in the power consumption per ton of cement produced without compromising the quality of final product. The possibility 

of utilizing waste marble powder will sustain the extraction of white limestone. 

 
Keywords— Waste marble powder, white cement, sustainable production, energy effectiveness. 

 

I. INTRODUCTION 

God has gifted Pakistan with large reserves of Marble and Granite. It is estimated to have about 300 

billion tons of Marble and granite reserves in Pakistan of which about two third are located in KPK 

province. [1] Apart from the huge reserves, just the KP province has about 30 different types of marble 

and granite which has made it an attractive sector not just for the local businessman but the foreigners 

also shown keen interest in the industry. [2] 

Pakistan has access to high quality marble reserves in KPK, FATA and Baluchistan but lacking the 

technology for its effective extraction, the law and order situation, and the energy crises in last few years 

resists the Marble industry from its growth. The development of Pakistan Stone and Development 

Corporation (PASDEC) has given strength to the marble industry in Pakistan especially the availability 

of mining machinery because it didn’t have just reduced the extraction duration but reduced the marble 

waste generated by the traditional mining techniques. According to Alyamac, 30% of the total marble 

extracted is wasted during the quarrying by traditional means. [3] 

The increased marble demand has created opportunity for the investors and skilled workers and over 2,000 

marble processing units are just in operational in Peshawar district of KPK province. But on the other 

hand the handling of the waste generated during the processing of marble is problematic. The waste so 

generated is simply dumped by the processing units or disposed of in water streams which is polluting the 

environment in different ways. 

On the other hand, the fast growing construction industry has increased the demand of cement and other 

construction material. Similarly, the demand of white cement has also increased but we have unfortunately 

just 2 white cement production units in Pakistan which is just because of the unavailability of high purity 

white limestone and we used to import white cement specially to cover up the need in the south of country. 

The marble processing waste is shown to be utilized by different studies including the utilization in the 

production of concrete, in the brick making industry, in the detergent industry and in the cement industry. 

Manpreet and his team has studied the partial replacement of cement with marble waste slurry in the 

concrete and concluded that the mechanical properties of the concrete has enhanced upto 15% 

replacement of the cement with waste marble slurry. [4] 

On the other hand some Egyptians have studied the addition of waste marble powder in cement production 

during the finish grinding of clinker with gypsum. They concluded that marble waste powder can be added 

upto 15% without affecting the properties of cement although this ratio is quite questionable because the 

addition of marble dust can enhance the strength of concrete because of the its filler effect i.e. the fine 

particles of marble powder filled the pores of concrete and provides additional strength to the concrete but 

the addition of up to 15% marble powder may increase the LOI of cement and increases the expansion of 
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the cement and concrete as well. [5] 

The purpose of this study is to investigate the possibility of replacing white limestone with waste marble 

powder generating during the processing of marble i.e. cutting and polishing in the marble processing unit 

for the production of white cement. Physical and chemical properties of the white cement produced by 

varying the percentage of white limestone with waste marble powder. Specimen were produced by 

replacing white limestone partially and completely with waste marble powder and result compared with 

the required standards and with the sample produced by pure white limestone in order to judge the 

difference due to the experimental process. 
 

II. METHODOLOGY 

For the experimental program, initially the samples were collected as per the availability from different 

locations of the province. The waste marble powder has taken from 3 different processing sites in 

Peshawar (Located at Warsak Road in Peshawar) The marble samples are first prepared and analyzed in 

order to check the acceptability of this waste for white cement and it has been observed that the waste 

marble powder has high percentage of CaCO3 upto 97%. The particle size analysis of the waste marble 

powder conducted and the results were satisfactory. White limestone was taken from Kohat Cement 

quarry, Silica sand, flint clay and white gypsum are taken from stocks of Kohat cement and analyzed each 

for samples preparation as per required composition for final calcination and clinker production. 

Samples taken are more than 50 mm in size. Samples are then crushed and grinded in size reduction units 

i.e. roller crusher and rod mill in mining department at University of Engineering and Technology, 

Peshawar. Limestone or marble powder, Silica sand and flint clay are than mixed in rod mill in specified 

concentration so as to achieve proper mixing and fine grinding to prepare the meal for the burning stage. 
 

Figure 1 Double roller crusher for sample crushing at Department of Mining engineering 
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Figure 2 Rod mill for sample preparation and finish grinding at Department of Mining Engineering, 

UET Peshawar 

 
 

 The sample prepared by mixing and grinding in the rod mill is then processed in lab scale rotary 

kiln at temperature of about 1600 0C for about an hour. The clinker so produced is then water sprayed 

the moment it dumbed from the rotary kiln in order to quench the clinker else the exposure to air 

promotes greenish color. Clinker is then grinded with 5% gypsum and 10% marble powder as a 

PI in rod mill. 
 

Figure 3 Lab scale rotary kiln utilized for the production of cement clinker. 
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III. RESULTS AND DISCUSSION 

The product samples are then analyzed to compare the physical and chemical properties of the cement. 

Samples are first analyzed for their chemical composition using XRF, available in Kohat Cement 

Company Limited. The chemical analysis of the samples are given below and it is found that there is 

slight variation in the results which is actually because of the slight variation in the raw material samples 

prepared for processing. The analysis however shows that there is no such difference in the results which 

gives an opportunity for the waste marble powder to be used completely as a replacement of white 

limestone however the physical properties including the strength could be decisive factor. 

 

Table 1 Chemical Properties of the cement produced by varying ratio of limestone by waste marble 

powder 

Component 100% LS 25% WMP 50% WMP 75% WMP 100% WMP 

Si2O 22.26 21.97 21.48 21.28 21.08 

Al2O3 4.44 4.46 4.43 4.54 4.40 

Fe2O3 0.25 0.28 0.31 0.32 0.35 

CaO 62.38 62.96 63.32 63.63 63.81 

MgO 1.04 1.09 1.10 1.12 1.16 

SO3 2.60 2.55 2.51 2.54 2.41 

K2O 0.50 0.55 0.54 0.57 0.54 

Na2O 0.12 0.12 0.11 0.11 0.11 

 

After the successful chemical analysis of the cement samples produced by different compositions of the 

raw materials, the cement pastes are then analyzed in the physical laboratory of the Kohat Cement 

Company Limited. The samples are analyzed as per ASTM standards. The compressive strengths of the 

pastes are found satisfactory. The setting times of cement pastes measured by Vicat process is however 

found less although it is in the range of standards but could be adjusted by adjusting the ratio of gypsum 

during grinding. Soundness of cement pastes (Le-Chatlier) found little higher, the reason of higher 

soundness is possibly the processing mechanism of the experiment by lab scale rotary kiln which could be 

improved in further study
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. 

Table 2 Physical Properties of cement produced by varying ratio of limestone by waste marble powder. 

 

 100% LS 25% WMP 50% WMP 75% WMP 100% WMP 

Compressive 

strength, 3 

day 

17 18 18 18 19 

Compressive 

strength, 7 

day 

23 24 24 26 27 

Initial 

setting time, 

mins 

100 110 115 120 118 

Final setting 

time, mins 

190 185 183 185 180 

Soundness, 

mm 

4.0 5.2 5.1 5.7 6.7 

 

 

IV. CONCLUSION 

In this research, the replacement of white limestone with waste marble powder for the production of white 

cement was studied and followings are the conclusions made from the study. 

1. Waste marble powder from marble processing sites could be used for the production of white 
cement clinker or even gray cement clinker as per standards of ASTM. 

2. Replacement of waste marble powder up to 100% in the feed results in no reduction of the 
cement strength and degree of whiteness. 

3. The fineness of waste marble powder favors the reduction of 5% energy requirement per ton 
of cement for 100% replacement of waste marble powder. 

4. Replacement of 100% waste marble powder eliminates the mining cost as compare to white 
limestone. 

5. Waste marble powder can be use as additive in grinding with clinker and gypsum. 
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Abstract- Earth is a well-known old construction material, which is both eco-friendly and energy-efficient. In 

comparison to the traditional construction materials like cement, steel, etc. which are not only energy-demanding, yet 

deteriorate the environment too. There is a significant need for alternative green building technologies. In the presented 

work an attempt is made to achieve this goal. Herein, the compressed earth blocks masonry is investigated for its 

compressive strength, as the compressive strength is the basic parameter that depicts the overall strength of the 

masonry. For this purpose, earth-blocks are made up of cement, sand, and soil in a ratio of 1:1:10. The mixture is 

compressed in a manual press machine having a very low compaction pressure of 0.123 MPa compared to the advanced 

available machines having compaction pressure greater than 2MPa. Therefore the blocks produced here are called 

Low-Pressure Cement-Stabilized Compressed Earth Blocks titled as SCEBs. The SCEBs prisms are then tested as per 

ASTM standards in Compression. The comparison of the results is brought out with the conventional burnt brick. In 

comparison, we found SCEB and its masonry very fragile. Yet its construction is possible following the 

recommendations of the presented work 

 

Keywords— Compressed Earth Block, Green building Technology, Low-Pressure, Masonry, Mechanical Properties 

I. INTRODUCTION 

 Earth is used for a long for the construction of buildings in different forms like cob, adobe, rammed earth 

walls, and wattle and daub construction. It is cheap, easily available, and eco-friendly. It is used for 10,000 

years and provides the basic shelter needs to the people [1]. On the other hand, the conventional 

construction material like fired clay bricks, cement, and steel is not only costly but are highly energy 

demanding and also deteriorates the environment [2].  

Construction material costs almost 60% of the total building cost, and the cost of building from the earth 

is almost negligible comparatively [3]. The increase in the slum is one of the reasons for unaffordable 

housings.  Besides, these conventional materials contribute to the degradation of the natural environment 

severely. Only cement emits 2070 tons of carbon dioxide per year globally which enhances global 

warming and climate changes [4]. Besides, they require a high amount of energy in production. The 

energy consumption during the production of fired bricks ranges from 0.54 to 3.14 Mega-joule of specific 

energy per kilogram of bricks [5]. It is also the source of solid waste generation. The production of ash 

and 20% of the sub-standard bricks is also a great challenge [6]. 

The aforementioned are some of the serious problems that have been aroused due to the use of traditional 

construction materials. An alternative approach is mandatory to be established, like using earth as a 

construction material, to cope with all these problems. As the earth is cheap and easily available, it drew 
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the attention of the people as a construction material and is being used for 1000 years [1]. 

But the earth as a construction material has several problems. The major ones are its low strength and less 

durability to wind and rain [7, 8]. That is why earth construction is left only for the people who cannot 

afford traditional construction materials. If solutions for these problems of earthen constructions are 

sought out, the people will be convinced and will adopt it. Thus it will prevent environmental degradation 

and will enable the lower economy class community to build low-cost houses. Moreover, it will stop the 

mass production of solid wastes from conventional building materials as the earth is degradable and 

recyclable and have low embodied energy [9]. 

Such efforts have been started since 1700BC. In 1950 a manual press machine was designed by an 

American engineer Raul Ramirez. He has given the idea of compressing the soil in the machine with the 

addition of optimum moisture contents, to give it a specific shape and density. These are termed 

“compressed earth blocks”. Later on, the practice of addition of stabilizers like fly ash, cement, lime, etc. 

is also adopted. The bricks were then named Stabilized Compressed Earth Blocks [10, 11]. 

An attempt is made in this work towards the Sustainable-Green-Housing-Technology. A Manual press 

machine was used to construct the stabilized Compressed Earth Blocks (SCEBs). The basic mechanical 

properties were determined experimentally in the lab of the University of Engineering and Technology 

Peshawar. The properties were then compared with the traditional fired brick.  

The SCEBs and its masonry are investigated by many researchers for its mechanical and physical 

properties with the addition of stabilizers and different natural and synthetic fibers. In all cases, 

compaction pressure higher than 2MPa has been used. In our case, we assumed that a man can apply 

vertical load on the lever equal to its weight. So for an average man of 55 kg, the compaction pressure is 

0.123MPa. This compaction pressure is considerably lower and the blocks produced by it are therefore 

termed as low-pressure-stabilized compressed earth blocks. The compressive strength of SCEBs and its 

masonry at such a low production pressure is not reported in the literature so far. This research aims at 

enhancement of confidence about the SCEBs masonry building construction from blocks made at low 

compaction pressure (by the manual press), which will help the lower economy class community and will 

cast a positive impact on the environment. 

II. METHODOLOGY 

A. Manual Press Machine 

A manual press machine is made locally shown in Figure 1. The lever arm is 168 cm, suitable for manual 

operation. The mold size is kept the same as the size of traditional burnt brick, i.e. 23 cm × 10 cm × 13.5 

cm. The height of the mold is kept double of the required thickness of the SCEB. 

  
(a) 3D View (b) Side View 

Figure 1. Manual Press Machine 
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B. Soil 

Soil is selected from the locality of Peshawar. Sieve analysis and hydrometer analysis are carried out for 

particle size distribution as per ASTM-D6913 and ASTM-D7928-17 respectively. Liquid limit and plastic 

limit are determined as per ASTM-4318-00. The specific gravity of soil particles is calculated following 

ASTM-D854-14. 

 

    
a) Hydrometer 

Analysis 

b) Liquid Limit Test c) Plastic Limit Test d) Sieve Set 

Fig. 2. Soil Tests 

C. SCEB 

The SCEBs are formed from the mixture of Cement, sand, and soil with a 1:1:10 ratio respectively. First, 

the soil is passed through a sieve having common size used conventionally to remove any debris and 

organic materials. Then 10% sand and 10% cement by weight are added and is mixed thoroughly. After 

complete mixing, water is added to dampen the soil and is mixed again to obtain a uniform mixture. 

The mold of the press machine is then filled with the mixture. The compaction pressure is used to densify 

the soil to half of the mold, i.e. 6 cm, which is the required thickness of SCEB in our case. These blocks 

are placed in the shade to avoid direct sunlight, for 28 days. On the 28th day, they are tested in compression 

as per ASTM-C67-03a. 

 

Figure 3. Stabilized Compressed Earth Blocks (SCEBs) 

D. SCEB Prisms 

Four prisms for compression test to evaluate compressive strength and modulus of elasticity are 

constructed in English bond. The width of the prism is equal to a full and a three-quarter brick which is 

almost 37.50 cm. The height of the prism is equal to 45.72 cm with a thickness equal to one full brick i.e. 

22cm. there are kept in the shade for 28 days. They are constructed above a wooden board so that it could 

be easily shifted to the lab for the test. Jute fiber clothes are used to cover the specimen. They are used to 

be soaked in the water twice a day. After 28 days the prisms were tested in compression as per ASTM-

C314-03a.  

For the test, the specimen is shifted to the Universal Testing Machine (UTM). The specimen is kept under 

the center of the upper cylindrical head of the UTM. The wooden board is not removed under the specimen 

for not to damage it. The sand was spread over the top of the specimen and a steel plate is kept above it 

to distribute the load uniformly. Tow Linear Variable Differential Transducers (LVDTs) are installed. 
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One at the face of the specimen in the second row from the top and another was used to record the stroke 

of the UTM for cross-checking. The gauge length is noted. The load is then applied slowly to the specimen 

until it reached the maximum capacity. At a 20% drop in the capacity, the test was stopped. The test 

arrangements are shown in the figure. 

The load and deformations are recorded. The load is divided on the cross-sectional area of the specimen 

to calculate the compressive stress. The deformations are divided on the gauge length to calculate the 

strain. Both are plotted on a graph to get the modulus of elasticity and compressive strength of the SCEB 

prisms. 

E. Mortar 

Three 50mm mortar cubes are taken from each batch of the mortar of the prisms. The composition of 

mortar is also the same as the SCEB, i.e. Cement, sand, and soil with the ratio of 1:1:10 termed as CSS 

mortar. A total of 12 samples are collected. They are kept in the same environment with parental prisms. 

They are tested on the same day as the compression test of the parental prisms as per ASTM-C109. 

III. RESULTS AND DISCUSSION 

A. Properties of Soil 

The particle size distribution curve is given in Figure 4. The major portion of the curve is outside of the 

range recommended by [8] for manual compaction. The major portion of the soil is uniformly graded. 

96.68% of the soil is silt and the remaining 2.32% is sand. No gravels and clay particles are found. We 

have added 10% sand to reduce the uniformity. Whereas the Plasticity Index is given in TABLE II is 

12.12, within the range recommended by [8] for manual compaction. 

 

 

Figure 4. Particle Size Distribution Curve 

TABLE II: Atterberg’s Limits of Soil 

Liquid Limit 35.80 % 

Plastic Limit 23.43 % 

Plasticity Index 12.12 
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B. Compressive Strength of SCEB 

The mean compressive strength of the 12 SCEB samples is 3.084MPa. Data of seven researchers are 

presented in TABLE III, for burnt brick. The mean compressive strength of the seven values is 15.59 

MPa. The percentage of the SCEB strength to the burnt brick is 19.78. 

 

 

Figure 5. SCEB Compression test in Universal Testing Machine 

TABLE III: Comparison of SCEB Compressive Strength with Burnt Brick 

S.No 
28-days Compressive 

Strength (MPa) 
Reference 

1 14.40 [12] 

2 16.20 [13] 

3 11.12 [14] 

4 12.43 [15] 

5 17.00 [16] 

6 16.00 [17] 

7 22.00 [18] 

Mean 15.59  

Standard 

Deviation 
3.536  

COV,% 22.67  

8 3.084 Presented Work 

Percentage 19.78%  
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C. Compressive Strength and Modulus of Elasticity of SCEB Prisms 

1) Damage Pattern 

Figure 6 shows the prisms after compression tests. The cracks initially started from the top diagonals and 

propagated slowly to the middle. The damage pattern is noted at the 20% decrease of the capacity and the 

test is stopped at this stage. The failure mode of all the specimen is conical breaking failure as per ASTM 

Standard C1314-03a  

 

Figure 6. Damage Patterns of the Prisms after Compression Test 
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(c) Sample 03 (d) Sample 04 

Figure 7. Stress-Strain Curves of the Compression Test Prisms 

 

2) Graphical Representation 

The stress-strain curves are presented for all the four prisms in Figure 7. The peak point of the curve is 

taken as the compressive strength. For sample 02, due to the ill-behavior of the instruments, the full data 

is not recorded. Only the initial straight portion is recorded. In the initial portion of the curves, a minor 

curvature is shown. This is the stage when the soft mortar is stiffening and achieved its maximum density. 

After the full compaction of the mortar, the whole response of the prism is started. The modulus of 

elasticity is calculated from the initial straight portion of the curve. 

3) Results and Comparison 

The mean value for the compressive strength of the prisms is 0.595 MPa, whereas the Modulus of 

Elasticity is 121.048 MPa. These values are compared with the burnt brick and presented in TABLE IV. 

The burnt brick masonry values are taken from the work of different researchers. The SCEB masonry 

compressive strength is 14.6% of the mean compressive strength of the burnt brick, whereas the Modulus 

of Elasticity of SCEB is 8.5% of the Modulus of Elasticity of Burnt Brick. 

TABLE IV: Comparison of SCEB Compression Test Values with the Burnt Brick 

S.No 

28 days 

Compressive strength 

(MPa) 

Modulus of Elasticity 

(MPa) 
Reference 

1 4.960 1407.221 [19] 

2 4.540 1300.100 [18] 

3 4.341 - [13] 

4 3.513 1227.422 [12] 

5 3.024 1227.182 [15] 

Mean 4.074 1428.800  

Standard 

Deviation 
0.791 319.531  

COV, % 19 22  

4 0.595 121.414 Presented Work 

Percentage of SCEB to Burnt Brick 

 14.6% 8.5%  
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D. Compressive Strength of Mortar 

The mean Compressive Strength of CSS mortar is 0.708 MPa. It is compared with the Cement-sand 

mortar (CS) and presented in the table. The percentage of the CSS is only 9.75% of the burnt brick. it has 

nothing with the compaction pressure. 

TABLE V: Comparison of CSS mortar strength with CS mortar 

S.No 

28-days 

Compressive Strength 

(MPa) 

Reference 

MPa  

1 7.951 [13] 

2 5.054 [15] 

3 8.333 [16] 

4 6.900 [17] 

Mean 7.064  

Standard 

Deviation 
1.476  

COV,% 20.8  

8 0.687 Presented Work 

Percentage of 

CSS to CS 
9.75%  

IV. CONCLUSION 

This work is aimed to enhance the confidence for self-help-based low-cost housing construction from the 

soil. In such a way, it will enable the lower economy class community to build engineered houses and 

also will prevent environmental degradation due to the conventional construction materials. Therefore the 

compression tests are carried out on the stabilized compressed earth blocks and its prisms, made by a 

manual machine having a low compaction pressure. As the compressive strength is the key parameter, 

which depicts most of the overall behavior of the element, therefore it was decided to investigate the  

compressive strength of SCEB and its masonry. The values are then compared with the conventional 

burnt/fired bricks. Based on the research work, the following important points are concluded. 

The compressive strength of SCEB is 19.78% of the traditional burnt brick, almost one-fifth of the 

strength of the burnt brick. At such low pressure, this value seems encouraging. It could further be 

enhanced if the soil is well graded. The compaction pressure could also be increased by increasing the 

lever arm, or by decreasing the surface area of the block.The damage pattern of the compression prisms 

is conical breaking and not vertical splitting. This shows a satisfactory strength of the SCEB and 

ultimately its masonry.Excluding sample 02, which has insufficient data, the other graphs show good 

inelastic behavior. It shows SCEB masonry possesses good ductility properties. 

The compressive strength of masonry is 14.6% of the traditional burnt brick masonry. Whereas the 

modulus of Elasticity of SCEB masonry is only 8.5% of the traditional burnt brick masonry. The values 

are although comparatively less yet encouraging at such a small compaction pressure 
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V. RECOMMENDATIONS FOR FUTURE WORK 

Based on the presented work, the following are some recommended points 

1) SCEB and its masonry should be investigated for compaction pressure greater than 0.123 MPa, and 

also for the lower cross-sectional area of the block. 

2) Some inclusion of fibers should also be done to see the effect on the results with low compaction 

pressure. 

3) SCEB and its masonry should be investigated at low compaction pressure for other basic mechanical 

properties too, like Shear strength parameters, flexure strength, principle tensile strength, and modulus of 

rigidity. 

4) It should also be investigated at low compaction pressure for the lateral load parameters like lateral 

strength, stiffness, ductility, and energy dissipation. The overall behavior should be studied for gravity 

and lateral loads to reach a consensus about the construction of houses from low pressure compressed 

earth blocks. 
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Abstract— 15CrMnMoV6 is a low carbon alloy steel which combines high yield strength with good toughness. This 

high strength low alloy steel (HSLA) finds many applications in the aerospace and motorsports industries. This steel 

exhibits secondary hardening behavior which affects its mechanical properties. The secondary hardening behavior 

varies with the tempering temperature and needs to be investigated for optimal mechanical properties.In this research 

various cooling techniques such as water quenching, oil quenching and air cooling are used to study the secondary 

hardening behavior in the material. Optical Microscopy, Scanning Electron Microscope and X-ray Diffraction are used 

to study the alloy carbides along with mechanical characterization for determining the strength and hardness of the 

alloy.Results shows that the secondary hardening behavior is elevated in air cooled steel than the water quenched and 

oil quenched due to higher precipitates of Molybdenum carbide and Vanadium Carbide. 

 

Keywords— Alloy carbides, Cooling techniques, 15CrMnMoV6 steel, Secondary hardening behavior, Tempering 

temperature. 

 

I. INTRODUCTION 

15CrMnMoV6 steel is used in many critical applications in the aerospace and automotive industry. 

Various parts are manufactured in large numbers. The material is received in the annealed and forged 

condition. This material is then hardened for manufacturing of various parts. The material is heat treated 

by using Oil quenching technique. By this process the hardness is not achieved accurately. And the 

strength of the material varies from its desired value. The tempering temperature of the steel meets the 

secondary hardening behavior of the steel. So, it is essential to study the secondary hardening behavior 

of the steel.  

The secondary hardening behavior of the material varies with heat treatment process. Heat treating 

process of Air cooled, Water quenched, and Oil quenched steel will be required to be studied. The 

hardening effect obtained in these processes will be compared and optimum process and temperature 

ranges will be recommended for the required mechanical properties. 

The following are the main objectives in this regard. 

I. To determine the optimum tempering temperature for required hardness and strength. 

II. To study the secondary hardening behavior of15CrMnMoV6 by comparing the heat-treating 

processes. 

III. To compare the strength and hardness at different tempering temperatures in Water quenched, Oil 

quenched and Air-cooled heat-treating processes. 

Study on the effects of cooling methods on the microstructure and mechanical properties after heat 

treatment of High Strength Low Alloy Steel (HSLA) steel showed that the water-cooled specimens have 

ferritic matrix and tempered martensite. The air-cooled specimen had mix of ferritic matrix and tempered 

bainite. They reached at the conclusion that the air-cooled steel had good combination of strength and 

toughness as compared to water cooled [1]. 

The fraction of bainite and martensite can be increased by adding alloying elements which slows down 

the bainitic reaction. The carbide forming alloying elements greatly retard the ferrite-pearlite reaction, 

and chromium in particularly is very effective in the retardation of bainitic reaction. Increasing in the 

mailto:Zahoorali87@yahoo.com
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carbon and chromium content will result in the increase of martensite content in the mix microstructure. 

The yield strength increases with decreasing the grain size of 15CrMnMoV6. The percent elongation and 

notch toughness also increase with the decreasing grain size [2]. 

15CrMnMoV6 contain bainitic structure and with the increase in temperature up to 650C the material 

undergoes a secondary hardening effect. In the beginning of the precipitation the size of the Mo2C and 

VC is very small to keep coherent with the matrix, which results in increase in hardness and strength. But 

with the increase in tempering temperature the carbides coarsen and causes decrease in strength and 

hardness [5].  

There are three strengthening mechanisms in modern microalloying (HSLA) steels that cause the final 

strength of the steel. In the first mechanism the precipitation takes place in the austenite and further 

precipitation takes place during the transformation from austenite to ferrite. 

The second mechanism is the interphase transformation, in which the precipitates of the microalloying 

carbides takes place progressively as the interphase boundaries move through the steel. 

The third type of strengthening mechanism occurs when the rate of cooling through the transformation 

is high, leading to the formation of super saturated plates of ferrite, the carbides will tend to precipitate 

within the grains, usually onto the dislocations, which numerous in this type of ferrite [6]. 

II. METHODOLOGY 

In this study, different cooling techniques were used to study the 15CrMnMoV6. The steel was received 

in the form of forged rods. The material was analyzed by X-ray Spectroscopy for chemical composition. 

The chemical composition is C=0.18, Si=0.11, Mn=0.886, Mo=0.80, V=0.256, Cr=1.39, S= 0.012, 

P=0.011. 

From the material lot, 21 rods were randomly selected. All this material was heated to a temperature of 

925C for 1 hour and 30 minutes. Out of these 21 rods 07 rods were water quenched, 07 rods were oil 

quenched and 07 rods were air cooled. After this 07 lots consisting of 03 rods were made by selecting 01 

rod from 03 quenched lots. The 07 lots were tempered at 300C, 400C, 500C, 550C, 600C, 625C and 650C 

independently for 2hours.  

Samples for tensile testing, hardness testing and microstructure analysis were cut from the tempered 

lots. Microstructure was studied by Scanning Electron microscope (SEM) at different magnifications. The 

chemical composition after heat treatment was studied by Energy Dispersive Spectrometer (EDS), 

attached with SEM. 
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Fig. 1.  Experimental Methodology 
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III. RESULTS AND DISCUSSION 

A. Mechanical Properties 

Fig 2 and 3 shows the hardness and tensile properties of the all the three quenching techniques applied 

to the material. These plots show increase in hardness and strength between 550C and 625C of tempering 

temperature. This behavior shows the secondary hardening behavior of the material. The hardness of the 

air-cooled steel is lower than water and oil quenched steels. But the rate of secondary hardening is higher 

than both oil quenched and water quenched steel. By examining the broken tensile specimens, all the 

three different quenched materials show nearly same area reduction and percent elongation with increase 

in temperature.                                                                                                                

 
Fig. 2. Variation of Hardness with Tempering Temperatures of different Quenching Techniques 

 

 

 

Fig. 3. Variation of Ultimate Tensile Strength (UTS) with Tempering Temperature of different 

Quenching Techniques 
 

B. Metallurgical Structure 

Fig. 4, 5 and 6 shows the metallurgical structures of water quenched, oil quenched and air-cooled 

specimens of heat-treated material at different magnifications on Scanning Electron Microscope. The 

water quenched and oil quenched specimens are tempered martensite and mixture of tempered martensite. 

The air-cooled specimens are tempered bainite. 
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         4(a)                  4(b)              4(c)    

Fig. 4. SEM images of water quenched specimens 

 

   
 5(a)           5(b)               5(c) 

Fig. 5. SEM images of Oil quenched specimens 

 

   
 6(a)           6(b)                6(c) 

Fig. 6. SEM images of air-cooled specimens 

 

If the cooling rate is high it will transform to martensitic structure and if the cooling rate is low, it will 

transform to bainitic structure. 

After tempering the structure were converted into tempered martensite and tempered bainite in the 

region of 600 C to 650 C as shown in the above figures. From Fig. 4, it is obvious that the water quenched 

specimens has finer grain structure as compared to oil and air quenched. Therefore, their tensile properties 

are at higher side as compared to other two cooling techniques. 

C. Carbide Analysis 

 EDS (Energy dispersive Spectrometer) 

The metallographic samples were tested for carbide analysis on the Energy Dispersive spectrometer 

(EDS) which is attached with SEM. In this material the Vanadium and Molybdenum (Mo) are the main 

carbide former. Here we will take Mo as our focus element. 

From the Fig.7 the carbide analysis of water quenched specimens shows that the Mo content in water 

quenched samples increases at 625C which means a decrease in the content of MoC and hence decrease 

in the hardness and ultimate tensile strength. 

This change in Mo content in the oil quenched specimens as shown in Fig.8 is similar to the water 

quenched samples. The change in the Mo content in air-cooled specimen is not considerable as shown if 

Fig. 9. Hence the air-cooled specimens show stable values of hardness and ultimate tensile strength.  
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7 (a) 

 

7 (b) 

 

 

 

 

 

 

 

7 (c) 

Fig. 7.  EDS images of Water-Cooled Specimens 
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8 (a) 

 

8 (b) 

 

8 (c)  

Fig. 8. EDS images of Oil Cooled Specimens 
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9 (a) 

  

 
9 (b) 

 
 9 (c) 

Fig. 9. EDS images of Air-Cooled Images 
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IV. CONCLUSION 

The desired properties of the 15CrMnMoV6 is a result of the multiple mechanisms within the 

microstructure. The strength and hardness properties appear to be controlled primarily by the precipitation 

of the carbide formers i-e MoC and VC.  

The secondary hardening effect in all the three types of samples lie between 500C to 600C. Although 

this response may be more prominent in the air-cooled steel. This response in the air-cooled steel is 

appeared to have due more precipitation of the carbide formers.  

The strength and hardness of the water and oil quenched steel are high but not desirable for our 

requirement. The change in hardness and strength values of the water quenched samples is less with the 

change in tempering temperature. The oil quenched specimens also show little change in properties with 

the changing tempering temperature.   
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Abstract— Water is essential part of human life cycle. Pure water is used in several ways for domestic and industrial 

purposes. Many industrial and unformulated events make it polluted that consequently affect human health, aquatic 

life as well as ground water quality. Among other reasons, industrial pollution is one of the major sources and concern 

due to toxic substances and chemicals used as raw materials in various industrial applications. Residues in the form of 

heavy chemicals is continuously discharged from these industries into the water bodies without any proper treatment. 

In the Industrial Estate Peshawar, there is no arrangement for industrial wastewater management where different 

industrial unit directly release their wastewater into the receiving stream, which is passing through urban and rural 

parts of Peshawar and makes its way into the river Kabul apart 20 km away from HIE KPK Pakistan. Water from the 

river Kabul is widely used for irrigation purposes in this area which consequently affects human and marine life 

because of the untreated toxic effluents present. In this research work the effluent samples and tube well water was 

collected from pre-selected industry in Hayatabad industrial estate to investigate the quality of effluents and ground 

water at upstream points, downstream points and discharge points as well as main drain at a difference of 10 meters 

for each parameter to see if any contamination has accrued. Current study has investigated concentration of the 

selected heavy metals (Nickel and Lead) and water quality parameters (Electrical Conductivity and Turbidity) the 

industrial discharge into water bodies. The concentration of turbidity level in main drain were so high (1182 NTU) and 

minimum turbidity value of tube well water was recoded (8.44 NTU) near to ZRK industry, the maximum values of 

EC were recorded (1915 mg/l) which is also exceeding the permissible limits. Among heavy metals contamination the 

maximum values of Pd and Ni were (0.042 mg/l) and (0.013 mg/l) respectively in the specific industries in HIE. The 

variation of all these fore mentioned concentrations were investigated and represented through GIS. The effluents 

discharged by HIE adversely affect the ground water quality because the exceeding values in the fore mentioned water 

quality parameters and heavy metals are not in the acceptable limits of NEQS of Pakistan. 

 
Keywords— Heavy metals, effluent, industrial waste water, impact, toxic 

I. INTRODUCTION 

Industrialization has facilitated the human life in all aspects with some gifts in the form of pollution and 

exploitation of natural resources. Industrial wastes in the form of gases and chemicals has posed a serious 

threat to human life. The untreated wastes released from industries directly affects both surface and 

ground water sources making it unsuitable both for animals and plants. Serious attention is much needed 

to be paid to this issue otherwise the earth would become miserable for life [1] Moreover, the modern 

turn of events and safety of the environment can be made conceivable by applying the idea of industrial 

beneficial interaction. To lessen the effects on climate, center around environmental exhibitions is critical 

[2].  

Grounder water is the main source of drinking water for plants and animals, being polluted by several 

means. The effluents released from industries is taken by surface and then reaches the ground water. The 

various effluents which makes the ground water polluted are heavy metals and raw materials which are 

discharged into the receiving stream during manufacturing of various industrial products [3] The heavy 

metals which are responsible for water contamination are arsenic, cadmium, chromium, copper, nickel, 

zinc, led etc. [4] To assess the water quality, PH, turbidity, total suspended solids, total dissolved solids, 

total nitrogen, total phosphorus and chlorides are needed to be checked.    

The major contributors to the surface and ground water pollution are the byproducts of various industries 

such as textile, chemical, construction and others. High levels of pollutants in river water causes an 

increase in biological oxygen demand (BOD), chemical oxygen demand (COD), total dissolved solids 

(TDS), total suspended solids (TSS), toxic metals such as Cd, Cr, Ni and Pb and fecal coliform and hence 

make such water unsuitable for drinking, irrigation and aquatic life [5]; [6] It has been reported that 60 % 
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of population in developing countries has no access to pure drinking water [7]. Every year about 3.4 

million peoples die due to water borne diseases and around 2.4 billion individuals need sufficient 

disinfection [8] 

In Pakistan, the foundation of modern home began under the initial five years plan (1955-1960) and 

afterward quick improvements were recorded till 1990s [9] These days the modern area is confronting 

outrageous affliction in the nation by and large and Khyber Pakhtunkhwa (KPK) territory specifically. In 

KPK, there are 12 industrial areas having 1552 are open and 635 industrial estate are not functional. 

Subsequently, the territory has gotten a loss of Rs. 15.74 billion and a large number of gifted specialists 

got jobless [10] 

The present study was therefore carried out to determine the important characteristics of various industrial 

effluents of Hayatabad Industrial Estate, Peshawar (KPK) and assess the impacts of such effluent on 

human health and environment. And also, to study and recommend most suitable process for effluent 

treatment which could improve the quality before these are disposed up into water body. 

II. STUDY AREA 

Peshawar Industrial Estate located in District Peshawar, Khyber Pakhtunkhwa (KPK), shown in Figure 

1, was established in 1964 over 868 acres. A recent survey reveals that there are 196 medium and large 

industrial units in addition to 97 SIDB units in operation in the Industrial Estate.  Different types of 

industries like Pulp and Paper, Ghee, Chemicals, Match Factories, Marble and Ceramics, 

Pharmaceuticals, Beverage & Food, Carpet, Textile, Steel Fabrication and Engineering Industries etc. 

have been established.  The untreated waste of industries of Peshawar Industrial Estate are causing 

environmental problem in the area as the industrial waste is being drained out in the water bodies without 

treatment.  The effluents discharged from industries are passing Peshawar and populated suburb areas of 

Peshawar.  Several complaints have been received from the residents of locals regarding the pollution of 

Peshawar Industrial Estate. 

In the Industrial Estate Peshawar, there is no arrangement for industrial wastewater management; where 

different industrial unit directly release their wastewater into the receiving stream. therefore, there is a 

need to monitor the industrial wastes for both physical and chemical parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Study Area 
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III. METHODOLOGY 

The water samples were collected from five different industrial units of Pepsi, ZRK Group of Industries, 

ARY Steel Mills, Durr Ceramic Industry and Heal Pharmaceutical Industry. The water samples were 

collected at upstream, downstream and discharge along with tube well at a difference of 10 meters 

between upstream and downstream. Simples were also collected form main drain. The samples were then 

tested for physiochemical characteristics, turbidity and electrical conductivity, some characteristics were 

determined in the sampling process while other were tested Palintest Photo Meter. Besides these, heavy 

metals like, nickel and led were also tested using Atomic Absorption Spectrometer in the Centralized 

Resources Laboratory at University of Peshawar, Pakistan. Figure 2 shows the sequence in which the 

samples were collected from different industrial units. 

 

 
 

 

 

Figure 2: Review of methodology 
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IV. RESULTS AND DISCUSSION 

1.1 Physiochemical Characteristics 

 

1.1.1 Turbidity 

The Figure: 3 shows turbidity values of different industries in Hayatabad industrial estate. The effluent 

values of turbidity change for each industry at upstream point, downstream point, discharge point and 

main drain in random way. The effluents value of turbidity is extremely high in almost all industries but 

maximum values for durr industry discharge point (801 NTU), ARY steel (796 NTU), heal pharma (746 

NTU) and ZRK (736 NTU) respectively and the minimum effluents value of turbidity is for Pepsi industry 

(598 NTU) was recorded while main drain where all industrial effluents are fallen are was (179 NTU) 

values of turbidity in the ground water industries was within the permissible limit.  The effluent value of 

turbidity inside all these specific industries become so high compared to permissible standard. Due to the 

very high turbidity of the above-mentioned industries is because using of high level of organic matter 

effluents from these industries is release. High turbidity levels influence fish sustaining and development. 

Light weakening by suspended particles in water has two principle kinds of ecological effect, decreased 

infiltration into water of light for photosynthesis and diminished visual scope of located creatures and 

individuals. High turbidity additionally because of all out suspended solids bolsters high quantities of 

outside microbiota in the water body, quickening microbial contamination. 
 

 

 
 

 

 

Figure 3: Turbidity Trend 
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1.1.2 Electrical Conductivity 

The Figure: 4 is plotted between electrical conductivity values of different industries in Hayatabad 

industrial estate. The effluent values of EC change for each industry at upstream point, downstream point, 

discharge Point and main drain in random way. The maximum value of EC is for ZRK group was 

recorded at upstream point (1711.66 (uS/cm).) at downstream point of Pepsi industry the effluents value 

was recorded (1228 (uS/cm).), at downstream point at ZRK group the value was (1285 (uS/cm).) and 

minimum effluents values of the heal pharmaceutical  industry was (546) respectively, while main drain 

values of EC was (1915 (uS/cm).). The effluent value of EC inside in all the mention industries was 

become so high compared to permissible WHO standard (400 (uS/cm). The exceeding limits of EC 

effluents of the above-mentioned industries was attributed very high level of contents of toxic chemical 

were used during manufacturing process. The effluent of waste water release from these industries not 

only causes corrosion in ground water but also have an adverse effect on aquatic life. 

 
 

 
 

Figure 4: Electrical Conductivity Trend 

 

 

 

1.2 Heavy Metals Concentration 

1.2.1 Led 

The Figure: 5 is plotted between Lead values of different industries in Hayatabad industrial estate. The 

effluent values of Pb change for each industry at upstream point, downstream point, discharge point and 

main drain in random way. The maximum value of Pb is for main drain was recorded (0.042 ppm) while 

the values of Pb is ARY Steel mills downstream point (0.035 ppm), Pepsi downstream (0.033 ppm) and 

durr downstream Point the effluents value was recorded (0.023 ppm) and the minimum values of lead 

heal pharmaceutical receptively. Compared to NEQS and WHO Standard (0.05). In the industrial area of 

Hayatabad, the lead value of most of the industries were below at specific sampling points. The outcomes 

show that the effluents discharged during manufacturing process into the streams have overwhelming 

metal fixations over those prescribed and this represents a hazard to the earth. 
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1.2.2 Nickel 

The Figure: 6 is plotted between Ni values of different industries in Hayatabad industrial estate. The 

effluent values of Ni change for each industry at upstream point, downstream point, discharge point and 

main drain in random way.  The values of Ni show High deviation in main drain compared to other 

industries. The maximum effluent value of Nickel for main drain (0.013 mg/l) at discharge point of ZRK 

group Pepsi and durr industry the effluents value of Ni was recorded (0.006 mg/l), At the downstream 

point of heal pharmaceutical the Ni effluents value were (0.004 mg/l) which is beyond the NEQS and 

WHO value. (0.02 mg/l). Significant levels of Ni were exceeding NEQS limits was recorded at above 

mentioned industries and main drain in (Fig 4.21) The most widely recognized utilization of Ni is the 

using of raw material during manufacturing process. The important sources of nickel infecting in the dirt 

are metallic coating enterprises, fiery of non-renewable energy sources, and nickel mining and 

electroplating. This can cause various sorts of dangerous development on different goals inside the arrays 

of animals, overwhelmingly of those that live near treatment offices. 

 

 

    

                         Figure 5: Lead Trend              Figure 6: Nickle Trend 

V. CONCLUSION 

It is concluded that the selected industries in Hayatabad industrial Estate (HIE) discharge their untreated 

industrial waste wastewater into Kabul river through number of natural drains, and canals. Un-treated 

industrial waste results in discharge of pollutants and toxic waste into river that adversely affect humans 

as well as aquatic life. heavy metals concentration such as (Ni, Pb) and different water quality parameters 

(EC, turbidity) were tested. The concentration of turbidity level in main drain were so high (1182 NTU) 

and minimum turbidity value of tube well water was recoded (8.44 NTU) near to ZRK industry, the 

maximum values of EC were recorded (1915 mg/l) which is also exceeding the permissible limits. Among 

heavy metals contamination the maximum values of Pd and Ni were (0.042 mg/l) and (0.013 mg/l) 

respectively in the specific industries in HIE.The effluents discharged by HIE will drastically affect the 

ground water quality because the exceeding values in the mentioned water quality parameters and heavy 

metals are not in the acceptable limits of NEQS of Pakistan.The current study was carried out to assess 

groundwater quality of the area (District Peshawar industrial area) and to evaluate the impacts of different 

industrial effluents on the groundwater quality which is being used for various purposes including 

drinking, cooking etc. 
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Recommendation 

 The discharge of untreated effluent in any of the natural water bodies, seepage drains or irrigation 

channels shall be prohibited. 

 The government may ask each industry to allocate reasonable budget for environmental pollution 

control and accordingly may allow incentives in terms of tax rebate particularly for those units 

fulfilling pollution control measures. 
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REMOVAL OF FLUORIDE FROM GROUNDWATER BY USING 

BONE-CHAR AS A BIO-ADSORBENT - A COLUMN STUDY 

 
Mariam Mir Memon*, Murtaza ShahA, Muhammad IdressB , Awais AliC, Sikandar AliD, Rakesh KumarE, Khadija  

QureshiF, Miraj MuhammadG. 

Department of Chemical Engineering, Mehran University of Engineering & Technology, Jamshoro, Sindh, Pakistan. 

 

Abstract- Millions of people around the world are suffering from health issues because of high concentration of fluoride 

in drinking water. Pakistan is also affected severely by this contaminant; about 21.6 million inhabitants in Pakistan 

have no access to clean drinking water. A modest quantity of fluoride is significant for the improvement of teeth and 

bone. In any case, its overabundance substance may make a few infections in human as well animals. Islamkot and 

Tharparkar reported to have higher concentrations of Fluoride as compared to allowable limit reported in W.H.O, i.e. 

1.5ppm. This study involves the removal of Fluoride from ground water. For this purpose, cow bone was synthesized 

as bone char and used in column study. The analysis was performed by using column study on both synthetic solution 

and ground water. Fluoride removal efficiency of synthesized bone char was analyzed by studying different parameters 

like flowrate, Empty bed contact time and initial fluoride concentrations. Fluoride removal efficiency was maximum 

i.e. 98.2% at flowrate 2.98 ml/min. This material is widely available and was found effective for fluoride removal, bone 

char water filters can be made to facilitate the people using fluoride contaminated water in this area. 
Keywords- Fluoride, groundwater, bone char, adsorption, fluoride removal efficiency.  

 

I. INTRODUCTION  

Groundwater is key source of water supply in most rural societies of Pakistan.  Unfortunately, 

groundwater is started to contaminate from time to time with naturally present chemicals. One such 

naturally occurring toxicant is fluoride [1]. Now a days Fluoride (F)  presence in ground-water  in has 

been renowned as one of the severe problem globally [2]. WHO also categorized fluoride as one of the 

dangerous contaminant of water for human health if it is present in excess amount likewise arsenic and 

nitrate and arsenic which are responsible for large scale health problems (W.H.O). The existence of 

fluoride in water is essential for human health if it is under defined limit, which ranges between 1.0-1.5 

mg/L.  However, if fluoride concentration is above the limits then it could be. Fluoride is necessary for 

human health when its concentration is 1.0- 1.5 mg/L. However, despite its significance, elevated 

concentrations of fluoride may result a dangerous conditions for Human health, animal and our 

environment [3, 4]. Fluoride concentration raising concentration in groundwater results in life threatening 

risk worldwide. Globally no of people have groundwater sources with elevated concentration of fluoride. 

The most recent assessments shows that approximately 0.2 billion people, among twenty-five countries 

of the overall globe are under terrible doom of fluorosis [5]. Greater than 260 million individuals globally 

drink drinking water with elevated level of fluoride concentrations [6]. Fluoride with small amount of 

concentration is valuable for human beings as it has good effect on the rate of occurrence in dental cavity, 

mostly for the children [7]. Differently, water with exceeding level of fluoride causes the different 

diseases like as brittle bones, Alzheimer syndrome, osteoporosis, cancer, arthritis, brain damage, thyroid 

disorder and infertility [8]. Fluorosis is a simple indication of high-level fluoride drinking showed by 

mottling of teeth in slight cases and neurological damage in severe cases and bones embrittlement [9]. 

Various technologies are available for the removal of fluoride contamination from drinking water 

including membrane process, filtration, precipitation, coagulation, adsorption methods and ion-exchange 

methods [10.11]. Most of the available de-fluoridation techniques are very complex which requires skilled 

labor, and have a high initial cost and maintenance cost and it is technically non-feasible in rural areas. 

Among those techniques used for defluoridation of water, adsorption is the favorable technique for de-

fluoridation at industrial household and community levels in rural areas due to its very low cost, 

availability and easy to use, easy accessibility, high efficiency, environmental friendly, and no need of 

operational skill and electric power to run. In adsorption several adsorbents have been tested and applied 

for the removal of fluoride ions from aqueous solution, such as carbon-based sorbents, agricultural and 
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industrial wastes. The commercial adsorbents were more effective for fluoride removal from water are 

activated alumina and bone char [12]. 

This study involves the removal of Fluoride from ground water. For this purpose, cow bone synthesize as 

bone char and use in column study. The analysis performs by using column study on both synthetic 

solution and ground water. Fluoride removal efficiency of synthesize bone char analyze by studying 

different parameters like flowrate, Empty bed contact time and initial fluoride concentrations. 

II. MATERIALS AND METHODS  

I. COLLECTION OF SAMPLES AND PREPARATION OF ADSORBENT 

a. Sample collection 

Sample ground water was collected from the wells in Islamkot city, Tharparkar District. Three 

samples were collected from the depth of 10 to 16 meters of each well as shown in Figure1.  

                                  

 

 

 

 

 

                            Figure1. Groundwater samples from Islamkot well 

a. Bone char preparation 

Cow Bones were collected from butcher shop in Hyderabad and then we removed unwanted materials. 

Firstly we simply washed the Bones with water. Hydrogen peroxide and Sodium Bi-carbonate mixture 

was used for bone cleaning of unwanted material and for removal of smell. Mixture was applied for 

One hour; then again bones were washed with water.  After washing, bones kept in Sun light for about 

15 days for complete drying to further proceed for crushing. Remaining moisture from bones will be 

removed using a Convective Oven. After removing moisture, the bones are crushed by using Jaw 

Crusher; this is done in order to provide a greater surface area for purpose of Pyrolysis. The size of 

Bones fed was average 12 inches and the reduced size obtained was 1-2 inches. The bones were 

undergone Pyrolysis process. The Pyrolysis process was performed to produce bone char for fluoride 

removal. This process was done by heating the bones for 2 hours at temperature of 550 0C in absence 

of air using closed container. After Pyrolysis the bone char temperature was decreased to ambient 

temperature and then grinding was performed using pestle and mortar to get average particle size. The 

bone char was sieved to get average particle size of 0.540mm. 

 

                                                                 Figure2. Bone char 
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A.  

II. ADSORPTION STUDIES 

 

a. Theoretical Background 

The adsorption study was performed in adsorption column. The water is passed through the length of the 

column from top to bottom, which provided more contact time, which is needed for fluoride removal. In 

this study two types of adsorption were performed. First using stock solution and Secondly using Ground 

Water sample. 

a. Preparation of Stock Solution 

In order to check the efficiency of synthesized bone char as adsorbent for the removal of fluoride ion, 

Sodium Fluoride powder in distill water was used for preparation of 5-ppm stock solution. We have taken 

1.5 ml from 1000 ppm of stock solution and diluted with 298.5 ml of distilled water to make the 300 ml 

stock solution of 5 ppm. 

       

 

 

 

 

 

                              

 

 

Figure 3: (a) measurement of NaF powder (b): Stock Solution 

 

b. Column flow experiments 

Fixed bed adsorption column was used in this experimental work. The bed was made by using bone-char 

synthesized in laboratory. Furthermore, bed was tightly packed, and supported by wool from the bottom 

of column to prevent the flow of absorbents along with water. Test solutions of 5-ppm concentration were 

passed through with support of peristaltic pump at the top of the column. Fluoride treated water samples 

were collected at the bottom of the column in a beaker, and stored in a plastic sample bottle for analysis.                                      

c. Column parameters 

For adsorption capacity of column process parameters have great importance. Therefore, various 

parameters in adsorption column study such as pH, temperature; EBCT (Empty Bed Contact Time), Bed 

thickness etc. have great importance. However, we have selected some parameters such as flow rate, 

EBCT, and inlet fluoride concentration. 

III. RESULT AND DISCUSSION 

  

1. Characterization of stock solution 

a. Effect of flow rate on fluoride removal efficiency:    

The table shows that when stock solutions with initial fluoride concentration of 5ppmwere passed at three 

different flow rates of 2.98, 3.62 and 4.34 ml/mi resulted 98.2, 72.3 and 62.7 % respectively, fluoride 

removal efficiency. Results showed that as the sample flow rate through the adsorption column increased, 

the fluoride removal efficiency is decreased. It may be attributed by less contact time between adsorbent 
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and liquid sample. Similar findings were also reported by [13] for fluoride removal efficiency.  

 

         Table1. Summarizes the results of Fluoride removal efficiency at different flow rates. 
 

 

S.

No 

Sample 

Stock 
Flow rate 

Initial 

Concentration 

Final 

Concentration 

Removal 

Efficiency 

 Solution  (ml/min) (ppm) (ppm) (%) 

1. Sample (A) 2.98              5 0.054 98.2 

2. Sample (B) 3.62             5 1.385 72.3 

3. Sample (C) 4.34            5 1.867 62.7 

         

 

 

 

 

                      

             η (%) 

     
 

          

 

 

 

 

 

 

Figure 5: Graphical Representation of Fluoride removal efficiency at different Flowrates 

 

 

 

 

 

 

b. Effect on empty bed contact time (EBCT) on removal efficiency: 

The table shows that when water sample was passed through empty volume of column i.e. 2.513 ml at 

flow rates 2.98, 3.62 and 4.34 respectively, the Empty bed contact time was decreased, because 

increasing flow rates will result in reduction of time sample passes through column.  

     Table 2. Represents effect of flow rates on EBCT 

 

S.no 
Flow rate 

(ml/min) 

Volume of Empty Bed (ml) EBCT 

(min) 

1.          2.98 2.513 0.84 

Flowrate (ml/min) 
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Figure6. Graphical Representation of EBCT at different Flow rates 

 

 

III. RESULTS OF FLUORIDE REMOVAL EFFICIENCY FROM GROUND 

WATER OF ISLAMKOT: 

After testing fluoride removal efficiency of Stock Solution, Column Study was performed by 

optimized parameters for analyzing how much synthesized adsorbent would be effective, in ground 

water sample, which consists of higher initial concentrations of fluoride. The 3 different Ground Water 

samples from Islamkot were passed at optimized value of Flow rate (2.98ml/min) and bed height 

(8cm). The Results obtained from this analysis are shown in Table 4.4. 
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Table 3: Represents effect of initial concentration on fluoride removal efficiency 

 

From results presented in table, it is clear that Fluoride removal efficiency of BC decreased if the initial 

concentration of sample is increased. Graphical Representation is given in figure 7 

 

 

  

 
 

 

Figure 7: Graphical Representation of Fluoride removal efficiency at different initial 

concentrations. 

 

1) Abbreviations and acronyms  

GW: Ground Water, BC: Bone Char, NaF: Sodium Fluoride, ml/l: Milligrams per liter, ppm: Parts per 

million, EBCT: Empty Bed Contact Time. 

 

2) Equations  

For preparation of stock solution we have used equation (a) for find the volume of solution. 

                                 C1V1 = C2V2                                                                                  (a) 

                          𝑉1= 𝐶2 × 𝑉2 
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                                      𝐶1 

 

Where, C1 = initial concentration of solution 

V1 =initial volume of the solution. 

C2 = desired/required concentration of the sample.  

V2 = desired volume of sample. 

3) Other Recommendations 

From this study, it is drawn that bone char can be used as adsorbent because it showed excellent fluoride 

removal efficiency of ground water samples. More extensive work is required to examine the effectiveness 

of bone char for removal of fluoride with other contaminations such as arsenic by using a hybrid bed of 

bone char and other adsorbent materials. The present study can be used in providing potable water filters 

of bone char, in those areas where people are suffering as of fluoride contaminations. 

 

IV.  CONCLUSION 

The health concerns associated with the high fluoride concentration in ground water sources were 

highlighted in this study. Due to the feasibility of bone char as a cheap and effective bio- adsorbent for 

fluoride removal. The bone char was synthesized from cow bones using pretreatment and pyrolysis at 

optimum temperature of 550oC. The prepared bone char was grinded and sieved at average particle size 

of 0.540 mm. To analyze the effectiveness of synthesized bone char, column study was performed by 

varying different parameters i.e. Flow rate, bed height, EBCT and initial concentration. The samples for 

studying fluoride removal efficiency were stock solution and ground water of Islamkot, Tharparkar. Three 

different flow rates 2.98, 3.62 and 4.34ml/min were used respectively, the maximum fluoride removal 

efficiency about 98.2% of stock solution was observed at 2.98ml/min. While the efficiency was gradually 

decreased to from 98.2% to 62.7% at flow rate of 4.34 ml/min. 
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Abstract— The focus of this research work was to treat wastewater from a carwash station and to make it suitable for 

reuse. Water scarcity is a worldwide issue and Pakistan is among one of the countries facing water shortage problems 

in most of its cities. Furthermore, carwash stations have emerged as an industry, and particularly speaking about 

Pakistan, these stations have massively increased in number during the last two decades, thus becoming a major source 

of consuming fresh water. In this study, wastewater samples from different carwash stations operating in the city of 

Peshawar were collected and analyzed. The selected samples were treated in a lab scale unit comprising sedimentation 

and a filtration unit. The filtration unit consisted of layers of gravel, coarse sand, fine sand and organoclay. To remove 

oil contents from the wastewater, organoclay was used in the filtration unit. It was found that the contaminants in the 

treated sample such as TSS reduced from 821 mg/l to 98, TDS reduced from 769 to 445, pH increased from 7 to 8, 

Turbidity reduced from 253 to 2.7, Hardness reduced from 321.6 to 120, alkalinity reduced from 250 to 220, and oil 

content reduced from 26 to zero. The water sample after treatment was found suitable to be reused for the carwash. 
Keywords—Low Cost Treatment System, Filtration, Sedimentation, Organoclay, Carwash wastewater.  

I. INTRODUCTION 

 Water scarcity is a major global concern nowadays. It is estimated that 97% of world water is saltish 

and only 3% is fresh water available, of which 66% is in glaciers and only 33% is available on surface, 

underground and some part in air [1]. This limited water is used for drinking, cooking, cleaning, and other 

domestic usage of 7.8 billion people around the world.  The world population in 2050 is projected to be 

10 billion people and there is no other fresh water source available in the world [2]. Statistic shows that 

71% of the total world population (4.3 billon people) are living under severe to moderate water scarcity 

[3]. The number of people facing severe water scarcity for at least 4 to 6 months per year is 1.8 to 2.9 

billion. Half a billion people face severe water scarcity all year round. Of those half-billion people, 180 

million lives in India, 73 million in Pakistan, 27 million in Egypt, 20 million in Mexico, 20 million in 

Saudi Arabia, and 18 million in Yemen [4]. The quantity and quality of fresh water required for domestic, 

irrigation and industrial use has reduced to an alarming level in different parts of the world due to 

increased population and unprecedented industrial growth [5].   

 Pakistan is also facing water shortage problems in its different cities including the Capital city, 

Islamabad [6]. The issue of water scarcity is also recently addressed by the Supreme Court of Pakistan 

and stressed the need to build dams to save water for our future generations [7]. The need for water 

conservation at domestic and industrial level is the demand of today. Industries such as paper mills, 

marble and tiles manufacturing, refineries, fertilizer manufacturing and power plants use large amount of 

underground water that is drained without treatment or recycling.  

 Similarly, carwash stations have taken a shape of an industry as these stations have spread in a huge 

number in different cities of Pakistan [8]. This is due to the increase of production by car manufacturers 

and annual demand of consumers for cars put huge traffic on roads and car washing facilities [6]. This 

research work has addressed the need to treat the wastewater from carwash stations and make it suitable 

for car washing again. In this paper, the results of wastewater treatment have been shown. The wastewater 

was treated in a lab scale filtration unit.   
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II. METHODOLOGY 

There is no actual data to report number of carwash station in Peshawar, however it is our hypothesis 

that the number is in thousands[9]. For our experiments we selected random carwash station and collected 

data based on our requirements.  The wastewater samples were collected from ten carwash stations 

operating in Peshawar city. Each Batch of sample was 27 liters in capacity from each station. The water 

samples were first analyzed to examine the proportion of contaminants in it. The main contaminant to be 

removed from wastewater was oil and grease content in it, and this was to be removed by introducing 

organoclay in filtration unit. After the analysis, the wastewater was treated using an indigenously designed 

low cost wastewater treatment unit comprising of sedimentation and a filtration unit. Sedimentation was 

done before filtration to lower the amount of suspended particle and void blockage of filtration unit. Table 

3.1 shows the analysis results of carwash stations sample before filtration. While table 3.2 shows the 

analysis results after filtration. The focus was to pass the wastewater from filtration unit and examine the 

oil content retention through it when it passes from the layer of organoclay. 

 

2.1 Process Description 

 

Wastewater from carwash station is feed to the sedimentation tank in feed inlet portion for water to retain 

for at least an hour. From there it was passed on to the designed filtration unit. The filtration unit was 1.2-

meter-long consisting of nine layers of solid particle species as a filter media. At the top of the filtration 

unit a layer of 5cm of stone having 10 mm diameter was present, the purpose of which was to reduce the 

speed of water falling on filter media below this layer. The second 10cm layer was of gravel having 2mm 

diameter to retain small sediments from wastewater, then a 10cm third layer of coarse sand particles 

having 1mm diameter was used for retaining the non-visible particles present in wastewater. The fourth 

layer of 2cm was of organo-clay/activated clay 500-micron size for oil grease particle removal. The fifth 

and sixth 10cm layers were of fine sand 125-micron and 250-micron sizes for retaining the upper filter 

media. In the second last portion gravel having 2mm and 4mm diameter with 10cm layers are placed for 

holding the filter media and all small particles of filtration unit from entering the water tank. In the last 

10mm stone are present for upholding the upper filter media. Collecting tank with the capacity of 33 liters 

is present just below the filtration unit for collecting the filtered water. 

 

First portion of filtration unit is water retention space having the capacity of 14 liters of water where water 

is retained for some time while the water passes on from different beds of the filtration unit. Filtration 

unit is composed of different layers of filter media whose size and layer depths are already described. The 

filtered water is stored in the water tank fitted just below the filtration unit at a rate of 13.49min/liter. This 

rate of filtration was meant to change with time because of possible blockage factor of upper most filter 

media due to small particle in water. Figure 2.1 shows the complete filtration unit that was used for 

treatment of wastewater and removal of oil/grease content from carwash wastewater using organoclay as 

new item added to filtration unit. 
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Figure 2.1 Complete Filtration Unit. 

 

III. RESULTS AND DISCUSSION 

 The quantity of wastewater collected from each station was 27 liters, 1000 milliliter samples was use 

for laboratory analysis and remaining was used for filtration purpose. Each sample was compared with 

the tape water standards. The results obtained are given below in Table 3.1. Where TS stands for Total 

Solids, TSS stands for Total Suspended Solids, TDS stands for Total Dissolved Solids and its values are 

given in Parts per millions, PPM. While Hardness, alkalinity and oil content is given in Milligram per 

liter (mg/l) and Turbidity in Nephelometric turbidity Unit, NTU. If we look at the results of tape water, 

TS of tape water is 505 ppm, TSS is 61 ppm, TDS is 444 ppm, Turbidity is 0.6 NTU, pH is 7, Hardness 

is 140.4mg/l, Alkalinity is 210 mg/l And oil Content is water is zero. All the other results are compared 

to this standard value of tape water in below table. 
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Table 3.1 Results of wastewater samples at collection points of carwash stations. 

S.No Station 

Name 

TS 

(ppm) 

TSS 

(ppm) 

TDS 

(ppm) 

Turbidity 

NTU 

pH Hardness 

(mg/l) 

Alkalinity 

(mg/l) 

Oil 

(mg/l) 

1 Shinwari 

Service 

Station 

1590 821 769 253 7 321.6 250 26 

2 Liaqat 

Motors 

Services 

Station 

2888 2017 871 1064.8 6 341 1120 18 

3 Abaseen 

Service 

Station 

2667 1967 700 697.97 7 315.6 297.5 20 

4 Khan Car 

Wash Ring 

Road 

888 211 677 907.5 8 192 245 12 

5 Smart Car 

Wash 

877 222 655 379 7 170 342 8 

6 Gulf Car 

Wash 

2234 1341 893 451 7 159 260 12 

7 Muskan 

Car Wash 

2134 1364 770 659 8 320 429 22 

8 Shah 

Service 

Station 

1321 567 754 983 7 259 346 13 

9 Qazi 

Brothers 

Service 

Station 

965 241 724 347 6 180 532 23 

10 Zahid 

Jamal Car 

Wash 

1200 453 747 756 7 223 317 32 

11 Tape 

Water 

505 61 444 0.6 7 140.4 210 0 

 

The results obtained after filtration are given in table 3.2. where if we look at shinwair service station 

results the Total solids in wastewater reduced from 1590 mg/l to 543mg/l, Total suspended solids reduce 

from 821mg/l to 98mg/l, Total dissolved solids reduced from 769mg/l to 445mg/l, turbidity reduced from 

253 NTU to 2.7 NTU, pH increased from 7 to 8, Hardness reduced from 321.6mg/l to 120mg/l, alkalinity 

reduced from 250mg/l to 220mg/l, while the oil content reduced from 26mg/l to 0. 
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Table 3.2 Results of wastewater after filtration process. 

S.No Station 

Name 

TS 

(ppm) 

TSS 

(ppm) 

TDS 

(ppm) 

Turbidity 

NTU 

pH Hardness 

(mg/l) 

Alkalinity 

(mg/l) 

Oil 

(mg/l) 

1 Shinwari 

Service 

Station 

543 98 445 2.7 8 120 220 0 

2 Liaqat 

Motrs 

Services 

Station  

536 87 449 2.1 8 133 231 0 

3 Abaseen 

Service 

Station 

534 80 454 2 9 135 243 0 

4 Khan Car 

Wash Ring 

Road 

545 78 467 1.8 9 140 245 0 

5 Smart Car 

Wash 

548 87 461 1.6 8 160 242 0 

6 Gulf Car 

Wash 

547 75 472 1.7 8 173 262 0 

7 Muskan 

Car Wash 

527 82 445 1.9 8 156 294 0 

8 Shah 

Service 

Station 

553 80 473 1.8 9 145 234 0 

9 Qazi 

Brothers 

Service 

Station 

518 70 448 1.2 8 153 232 0 

10 Zahid 

Jamal Car 

Wash 

521 72 449 1 9 167 231 0 

11 Tape 

Water 

505 61 444 0.6 7 140.4 210 0 

 

IV. CONCLUSION 

 Analyzing the results show that the TS, TSS and TDS reduced at higher rates while pH slightly changed 

from 7 to 8, hardness and Alkalinity reduced at slightly lower rates while the oil content was completely 

removed, this was because of organoclay as filter media in filtration unit. The results obtained are almost 

the same as standard tape water. Hence the main purpose of our filtration was achieved by removing the 

oil content from wastewater using the organoclay as our filter media. Previously the oil content was not 

removed from same type of filtration unit where organoclay was not used as filter media. 

 As can be seen from the analysis the water will be perfectly safe for washing cars only because the 

resulted water quality is almost same as tape water. The main factors were turbidity, total suspended solids 

and oil content which have been reduced up to 98.93%, 88%., 100% respectively. The hardness decreases 

up to 120 mg/l which is equal to the standard value for tap water and according to WHO Standard the 

range of hardness is from 20-200 mg/l. Therefore, there will not be a problem in using soap during the 

car wash. The pH slightly increases but this will not be a problem as it is not to be used for drinking 

purpose. Since water cannot be recycled for indefinite times so this water must be at most changed with 

fresh water after 3 days. 
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 If approved and applied to the service stations, it can reduce the water consumption up to great extent. 

As one of the major problem now a days is the scarcity of fresh water in major cities of Pakistan. Washing 

the cars with the ground water under such circumstances makes no sense. With the decrease in the 

consumption of water, more fresh water will be available to the humans rather than to cars. Hence lifeline 

of underground water table will last for future generations ahead. 

 If the government is willing to give any policy regarding the use of fresh water then most service 

stations will adopt this model of recycling the water in order to save fresh underground water as needs of 

human should be much more respected than needs of cars. Other areas where this recycling system can 

be proposed is paper making industry, PVC pipes manufacturing units, Tiles making plants, urban 

sanitation, and water management units. 
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Abstract— This research experimentally studied the composite nanofiltration membrane and its application for the 

removal of electrolytes and E. coli from groundwater. A novel flat sheet PIP-CSP/TMC nanofiltration membrane was 

synthesized following the previous published work. The experiments were conducted at a lab-scale on cross-flow 

membrane and each experimental runs were carried out for 2.5 hrs under different operating parameters ranges: 

pressure (1-5 bar). The effects of pressure on rejection, recovery and flux were determined. An electrolyte solution of 

0.25 wt. % KCl, was passed to test the membrane for pure water flux and solute rejection.  Single binary solution shows 

rejection of K+1 (26%), and Cl-1 (95.5%), with a pure water flux upto 124 L.m⁻ ².hr⁻ ¹, permeance of 42.8 L.m-2.h-1.bar-

1 and feed recovery of 67.7%. The model solution of an E.coli after passing through membrane gives an e.coli rejection 

(97 %) with pure water flux up to 173 L.m-2.h-1, permeance of 45 L.m-2.h-1.bar-1 and feed recovery of 67%. This percent 

of recovery ratio evaluates the antifouling property of membrane. 

 
Keywords— electrolytes; e.coli; KCl; treatment of ground water; recovery. 

I. INTRODUCTION 

Enlarged amount of water is needed to assist the industrial development and population density 

[1]. The 2.5% of earth’s clean water is jeopardized due to rapid and continual increase in global demand 

for clean water in industrial, agricultural and domestic sectors [2-3]. WHO estimates that 1.1 billion 

people lack the availability of clean/drinking water [4]. From a report study of world water crises, by 

2030 more than 3.9 billion people will live in “water scarcity” regions [5]. Beside this, groundwater gets 

contaminated when they pass through different channels. These contaminants have an adverse effect on 

human health [7]. To overcome the problems of water scarcity and availability of clean drinking water, 

treatment of mild salinity water resources can provide high quality water [4,6]. 

NF membranes have been used since long for wastewater treatment. Weng et al. studied the 

behavior of ESNA NF membrane at 25ᵒC, 3 – 20 bar, 6.4 – 6.6 pH, in a cross flow mode for rejection of 

anions and cations from ground water [8]. L.Shao et al. used hollow fiber NF membrane and demonstrate 

rejection of different salts in order of R(Na2SO4) > R(MgSO4) > R(NaCl) > R(MgCl2) with high resistance 

of pressure [9]. Jalanni et al. carried out experiments on polyester NF membrane and studied rejection of 

monovalence ions (NaCl) and divalence ions (Na2SO4). Because of electromigration effect and higher 

valence counter ion, rejection of NaCl is found to be lower than Na2SO4 [10]. Micah et al. considered a 

cross flow TFC-PEG20K NF membrane for desalination of water. He studied that membrane show 

separation efficiency for NaCl(35.7±3.1%) and Na2SO4 (91.1± 1.8%) at 6 bar with higher water flux 

(81.1±6.4 L.m-2.hr-1) [11]. Samee M.A, Harasek.M., Friedl.A., et al. study experimentally the separation 

of single and complex electrolyte mixtures by using NF(MPF-30) membrane in cross flow mode. From 

their study, a rejection of divalent SO4
-2 ion is from (96-99 %), Mg+2 (90-98%), Cl-1 (70-95%), and Na+1 

(52-89%) under the operating pressure of 32 bar and 60ᵒC temperature [12]. Alberto et al. mathematically 

investigate the function of FO-NF system for the treatment of waste water. The active NF membrane area 

was 700m2. This design achieve water recovery up to 85% by using Na2SO4
 and MgCl2 as a draw solutes 

[13]. 
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II. METHODOLOGY 

Experiments were conducted at lab scale on membrane operating in a cross flow mode. Model solution 

of KCl and E.coli were prepared having a fixed initial concentration of 0.25 wt.%. all the experiments 

were conducted in a recirculation mode. The operating pressure ranges from 1-5 bar. Concentration of 

ions were analyzed using Spectrophotometer while the pathogens were detected using culture method.       

                     
                                Figure 1: Experimental setup 

 

III. RESULTS AND DISCUSSION 

A. Rejection of KCl through nanofiltration membrane 

With increase in applied pressure, the rejection and flux increases. The rejection of K+1 is found to be 

very low in range from 8 – 26%. From table:1, it can be observed that at pressure ≥ 3, the rejection of K+1 

show very less change in rejection. Because of counter ion, K+1 show less rejection. The monovalent co-

ion Cl-1 show high rejection from 53 – 95.5% in response to maintain the electro neutrality condition. 

With an increase in pressure the feed recovery is also increasing which shows that membrane is more 

efficient to remove electrolytes at high recovery rate without decline in flux. This parameter highlights 

the antifouling property of membrane. From literature, the reduction or less retention of K+1 ion could be 

due to its less interaction with other ions, due to which it’s chemical potential get reduces by electrostatic 

exclusion. At low salt concentration, the electrostatic exclusion influences the separation ability of 

membrane [14]. 

 

              Table:1 Parametric study of KCl through nanofiltration 

Pf   

(bar) 

Flux, J 
(L.m-2.hr-1) 

Rk 

(%) 

RCl 

(%) 

Retentate Flow 
(L.hr-1) 

Permeance, P 
((L.m-2.hr-1.bar-1) 

Feed Recovery 
(%) 

1 32 8.510 52.5 41.408 50.37215745          29.4 

2 51 18.085 71.4 37.77108434 44.6235892          41.4 

3 80 24.978 80.57 35.97485542 43.744242          48.8 

4 98.2 26.468 89.04 34.52207228 43.80187605          58.1 

5 124 26.811 95.47 27.11443374 42.85719767          67.7 

 

B. Rejection of E.coli through nanofiltration membrane 

The PIP-NF membrane show high rejection of microbial contaminants from ground water than UF. The 

water sample containing e.coli was passed through NF membrane under the same operating condition as 

specified for the other experiment. The membrane show 97% rejection of an e.coli with a flux of 173.651 

L.m-2.h-1 and water recovery of 59.5%, as shown table: 2.This membrane shows a high antibacterial 

characteristics. The concentration of e.coli for the membrane permeate and retentate remains unchanged. 
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            Table:2 Parametric study of E.coli through nanofiltration 

Pf   

(bar) 

Flux, J 
(L.m-2.hr-1) 

RE.coli 

(%) 

Retentate Flow 
(L.hr-1) 

Permeance, P 
((L.m-2.hr-1.bar-1) 

Feed Recovery 
(%) 

1 88.8140 85.0 34.516 44.0 19.4 

2 99.4187 88.0 27.104 45.0 27.6 

3 128.581 92.0 23.360 45.7 41.4 

4 148.465 93.0 22.665 46.0 49.2 

5 173.651 97.0 21.902 45.3 59.5 

 

IV. CONCLUSION 

The rejection of monovalent K+1 is less than all the other ion because it possess a high diffusivity than Cl-

1 ion. Another reason for the low rejection of K+1 ion is because it is counter ion. Membrane show a high 

rejection for microbial pollutants, but the presence of these contaminants can cause degradation to 

membrane surface. A proper cleaning process of membrane was adopted after each experimental run of 

individual samples.  

  The percent recovery and permeate flux increase with increase in applied pressure. However the flux 

of all the samples were found to be almost same upto  173.6 L.m-2.h-1.With an increase in pressure, the 

rejection of solute ions increases. The percent recovery offered by novel NF membrane increases from 

upto 67% of its feed. 
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Abstract-Population growth is usually accompanied by growth in infrastructural development, casuing increase in 

demand for marble products for ornamental purposes such as flooring titles, décor products and kitchen toppings 

etc. Pakistani marble is known for its quality and availability to fulfill global demands. During the extraction and 

processing phase of marble ore, marble waste is generated in the form of slurry and aerosols casuing water 

contamination and air pollution. Hence, a symbiotic approach is needed to be adopted in order to reduce harmful 

impacts in short and longer time spans. The focus of this research is based on utilization of marble waste as an 

additive in fired clay bricks and treatment of flue gases (SOx and NOx) arising from chimnies as a flue gas. Marble 

wastes were collected and mixed with clay to study the compressive strength of fired clay bricks. The results revealed 

that, the uncalcined marble waste can be used as replacement of clay upto 30% and calcined marble waste can be 

used upto 40%. Marble waste used for treatment of flue gas shows 30-40% reduction in quantity of SOx. Utilization 

of marble waste will not only help in control of pollution due to marble waste but will also help in reduction of soil 

erosion. 

Keywords: Waste Marble, Calcination, Erosion, Flue Gas, Fired Clay Bricks, SOx. 

 

I. Introduction 

Pakistan has large deposits of marble in the province of KPK, Balochistan and Sindh. According to 

Pakistan stone development company there are more than 300 billion tons of marble reserves in Pakistan. 

KPK is producing approximately 53,000 tons marble monthly [1]. Pakistan is developing country and we 

are still using old technologies for mining. During mining and processing (Cutting, polishing) 50% marble 

becomes waste. The waste marble is dumped on site or discharged with waste water. Due to this waste 

marble, porosity and permeability of agricultural lands are reduced and the alkalinity of soil is increased 

which affects fertility of agricultural lands [2].The uneven sized marble is dumped on site. Dust particles 

of dumped marble slowly spread out and are causing air borne diseases in nearby areas [3]. Marble slurry 

from processing plants is contaminating ground water reservoirs and is causing water borne diseases in 

nearby areas [1]. In Pakistan old kilns are used for brick manufacturing which is one of the most 

environmentally degrading processes. A huge amount of CO2, SOx and NOx is released into the 

environment [4, 5]. Thus the marble dust waste needs to be utilized as an alternative material in 

preparation of bricks because this is economical and abundantly available locally. The objective of this 

study was to evaluate different properties of bricks and to determine the optimum replacement level of 

marble dust available locally. Marble waste utilization as replacement of clay in fired clay bricks is an 

economical solution to marble waste and soil erosion. In addition marble waste will reduce sulphur in 

flue gases from brick processing units (Kilns). 

 

 
II. Materials and Method 

Clay and marble waste used for brick preparation was collected from brick kilns and marble processing 

units in Peshawar respectively. Composition of raw material was determined using X-ray fluorescence 

(XRF) and Energy-dispersive X-ray spectroscopy. Chemical composition of marble waste and clay is 

shown in Table 1 and Table 2 respectively. . Clay and marble waste was mixed until workable 

consistency was achieved. Specimens were dried in sun for 48hrs. After drying specimens were burned 

in kiln in three stages, 200-300⁰ C followed by 500-800⁰ C and finally 800-1100⁰ C. Four tests were 

performed to find the properties of final fired clay bricks. Compressive strength was found by applying 

load with respect to brick area [6-9].   
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III.  Results and Discussion 

i. CHEMICAL COMPOSITION OF RAW MATERIAL 

It may be observed from Table 1 that Ca in marble waste is 43% and Mg is less than 2%. This shows that 

marble was rich in Ca and hence was calcite type. Table 2 shows composition of clay used for brick 

making. According to composition Si in clay is more than 20% (SiO2 47%), hence making it feasible for 

fired clay bricks. Different percentages (10-40%) of marble wastes were used in clay bricks. 
 

Table1 elemental composition (%) of Marble waste 

Marble Waste 

Composition 

C O Mg Si Ca Fe Sr Cu Ni 

9.61 42 0.66 0.34 47.38 0.331 0.076 0.060 0.048 

 

Table2 Elemental composition (%) of Clay 

Clay Composition 

C O Na Mg Al Si K Ca Ti Fe 

6.93 44.06 0.46 1.66 6.72 21.52 2.41 9.68 0.61 5.95 

 

 

ii. COMPRESSIVE STRENGTH 

It may be observed from Figure 1(a, b) that there is decrease in compressive strength of bricks with 

increase in marble waste proportion. The decrease in value is between 30 to 70% if compared to standard 

brick. The reason for decrease in compressive strength is increase in porosity of bricks with increase in 

proportion of marble waste.   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Effect of (a) marble waste and (b) calcined marble waste on compressive strength of clay bricks 

 

 

 

 

 

 

 

(a) (b) 
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iii. DESULPHURIZATION 

There is decrease in value of SO2 in flue gas after treatment with marble waste. Marble waste used for the 

desulphurizaton of flue gas shows 30-40% reduction in the SO2 value. The reason for decrease in sulphur 

dioxide concentration is the reaction between calcium carbonate and sulphur dioxide. 

 
 

IV. Conclusions 

 According to studies and tests carried out it is found that compressive strength of brick decreases with 

addition of marble waste to clay. The decrease in strength is due to increase in porosity of clay bricks.The 

decrease in strength of clay bricks is less when calcinated marble waste is used as compared to 

uncalcinated marble waste. The reason for increase in strength is due to decrease in porosity. During 

calcinations CO2 is removed from CaCO3. As calcinatination has already taken place so during brick 

firing process very limited calcination takes place. Due to limited calcination porosity of brick doesnot 

increase as much as when uncalcinated waste was used. Flue gases from brick kiln can be used for 

calcination of marble waste. According to tests performed there is 20% heat recovery from flue gases and 

40-50% reduction in SO2. Calcinated marble waste in clay bricks is an economical solution to marble 

waste utilization, soil erosion and desulphurization of flue gases. The bricks can be used in areas where 

high strength is not required. The individual brick strength must be 7Mpa according to Turkish and 

corresponding European Standards. The calcinated marble waste upto 30% satisfies requirement of 

compressive strength. 
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Abstract— Amount of produced water generation is growing day by day due to recent advancements in oil and gas 

drilling and production techniques. At the same time world is suffering from water crisis. To incumbent the situation, 

purifying produced water is a better option to be used to fulfill the gap. As Majority of treatment plants are running 

with high operating/capital cost or producing low quality of water. The aim of current work is to take a step forward 

in purifying produced water by a cost effective operation process design. For this case study the detail of produced 

water constituents was obtained from a local crude oil Extraction Company in Pakistan. The separation processes were 

used in combination i.e. sedimentation process for macro particles removal, hydro cyclone for oil particles separation, 

electrocoagulation unit for metal particles removal and reverse osmosis unit for removal of salinity. The mass balance 

and energy balance calculations were also determined for the treatment of 22657 Kg/hour (3000 bbl/day) of produced 

water. The results are shown, the purified water was 18703.312 Kg/hour out of 22657 Kg/hour (3000 bbl/day) of 

produced water. The overall process energy consumed was 46.667 kW. Detailed cost analysis was conducted, the 

operational cost $80,148.7 and capital cost was $288,615. On the basis of $0.0014 per liter of purified water the total 

annual income was $179,156 with a payback period of less than 2 years.  

 
Keywords — Electrocoagulation,  Produced water, Purification, Sedimentation, Separation process. 

I. INTRODUCTION 

Water shortages are experienced in many regions of the world and will be a major global consequence by 

2025[1], [2]. As the surface water is only 1.5% of the total fresh water [3]. In other hand Produced water 

(PW) is the largest wastewater source by volume generated from oil and gas fields, around 60 % of 

produced water worldwide [4],[5],[6], close to 250 million barrels per day globally [7]. Hence putting 

forward a cost-effective solution for PW is vital to the sustainable exploitation of oil resources [8], [9]. It 

is estimated that by 2030, roughly a trillion dollars would be needed for the oil production, and a major 

part of this capital would be spent on PW treatment [10]. Despite that PW has characteristics that are the 

chemical and physical properties of it, and they affected by the geological location, life time of reservoir 

etc. [11],[12]. Produced water includes: dissolved organic compounds [13],[14], dispersed organic 

compounds [15], dissolved minerals [16], chemicals Solids, and dissolved gases [17]. By having a highly 

toxic, high salinity and containing naturally radioactive components hence the PW will be particular 

environmental concern [18]. At last discharge of such contaminated water, causes immense destruction 

to the aquatic environment [19].  

The researchers are now trying to purify this produced water to become a potential resource rather than a 

waste outcome, moreover to meet produced water management under discharge regulations i.e. injection 

of produced water for Enhanced Oil Recovery (EOR) and consuming it in beneficial purposes such as 

irrigation [20], rangeland restoration, cattle and animal consumption, and drinkable water. As a solution 

the produced water will applied through an integrated treatment process considering cost effective process 

and high quality product plant design. 

As demonstrated in [2], [21], [22] several methods are found in literature for the purification of PW, there 

are the numerous technologies exist for treating industrial wastewater. These technologies range from 
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simple treatment in a settling pond to a complex system of advanced technologies requiring sophisticated 

equipment and skilled operators [23] i.e. chemical operation, Oxidation and Chemical precipitation [24], 

electrochemical process, Photo-catalytic treatment [25], and Treatment with room temperature ionic 

liquids [26]. In some cases [23], [27], [2] for primary units of the treatment process the system of 

Coagulation and Flocculation were used, in which the suspended solids and colloidal particles could be 

removed. Merely this method due to its ineffectiveness for dissolved components and the increased 

concentration of metals in the sludge formed this method isn’t always practicable and economical. 

Regarding to [27] stated that a multi-stage adsorption and separation system was developed to recover 

dispersed oil droplets in water, whose size is greater than 2 microns, with efficiency 85%. Also Cyclones 

mentioned in cases [28] for the same purpose unit but it’s with low efficiency 50-70%. For metal 

removing unit, Sand filters were used with removal efficiency 90% [23] and what making this Process 

difficult to be applied, is it’s requires series of pre-treatment steps such as pH adjustment, an aeration unit 

and a solid separation unit. Researcher interested toward finding the proper technology or combination of 

technologies adequate to treat a particular wastewater to meet federal and local requirements and yet still 

be cost-effective can be a challenging task. 

In this case study an integrated system is designed which depends on technical, environmental, economic, 

and field-specific considerations. As horizontal Sedimentation tank type is preferred which do not need 

any pre chemical units, aiming to low plant capital cost with effective settling velocity, in contract with 

previous plants using chemicals (coagulants) that will cause increasing amount of impurities in the final 

product water (low quality) [24]. Afterwards the de-oiling hydro cyclone is being used. Due to its 

discharge levels can be below 10ppm, low pressure operation, high erosion resistance, and High capacity 

designs. Then a novel separation technique that is Electrocoagulation unit is used for the purpose of 

effective removing operation of those undesired components with lower capital and operation cost, 

compact in size, generally no chemical addition, low maintenance, instantaneous treatment, easy 

operation and high automation degree and at last treat multiple contaminants at a time In other hand it 

benefits the next unit which is reverse osmosis unit as a pre-treatment for its input. Finally desalination 

has been done through reverse osmosis membrane to get product of purified water.  

II. METHODOLOGY 

A. Process selection (flow chart), 

The process flow diagram for this study integrated system is shown in the fig. 1. includes Sedimentation 

technique, which is an energy efficient methodology to remove the macro particles from the main stream 

of the produced water. Afterwards hydro cyclone is used to remove the oil particles from the coming 

stream from sedimentation tank. Hydro cyclone has some in built features i.e. exceptional removal 

efficiency of 99% and bulk oil removal -up to 20% free oil, and compact in size with no moving parts. 

From hydro cyclone the main streams further enters into electrocoagulation unit for the removal of 

metallic or inorganic particles including remaining oil particles, complex organics, pesticides and 

negatively charged salts. At last the main stream (having salts and negligible amount of other constituents) 

is then treated in reverse osmosis unit which works on the basis of pressure difference (∆P) to remove the 

salinity. For RO, polyamide synthetic membrane in spiral wound configuration is used because it is robust 

and has high mechanical integrity. Considering the limitations imposed by the local factors. 
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Fig. 1. Overall process flow diagram for produced water purification 

B. Process Design 

The first step for designing is estimating streams flow rate, each permeate (waste product) and retentate 

(main stream which is entering into next equipment) and energy consumption for equipment’s through 

the plant using material and energy balance calculations. The constituents data that is present in  the 

produced water provided by the local oil extraction company in Pakistan is shown in table 1 on the basis 

the produced water generated are 3000 bbl/day having density of 1140 kg/m3 (𝑚° 𝑖𝑛 = 22657 kg/hr). 

 

TABLE I: MASS PERCENTAGE OF CONSTITUENTS IN REFERENCE TO TOTAL PW 

Stream. 

No 

Group 1 Percentage of mass (%) of total 

produced water Group  

01 Macro Particles 3 

02 Oil Particles (>5µm) 8.4 

05 
organic and Inorganics 

contaminants 
5.1 

07 Salt Particles 2.1 

The important points considered during mass balance are the process is continuous, there is no chemical 

reaction involved, each equipment are working on its highest separation efficiency and at last the process 

is carried out at normal environmental conditions. The material balance was calculated by using (1), 

[29] :- 

 m° in+ m° gen – m° out – m° con= m° acc (3) 

Where 𝑚° 𝑖𝑛  is mass flowrate input into the each step process, 𝑚° 𝑔𝑒𝑛 is the mass flowrate generated 

during each step, 𝑚° 𝑜𝑢𝑡   is mass flowrate going out of the system, 𝑚° 𝑐𝑜𝑛  mass flow rate that is 

consumed through each equipment and at last mass flow rate accumulated (𝑚° 𝑎𝑐𝑐) in each step. By 

considering the explanation above equation (1) becomes 

 𝑚° 𝑖𝑛 –  𝑚° 𝑜𝑢𝑡 =  0 (4) 

As in each step there are two out flows 1st is retentate ( 𝑚° 𝑜𝑢𝑡 1) and 2nd one is permeate ( 𝑚° 𝑜𝑢𝑡 2), to 

find out these two we will use data from table 1.  

 Permeate ( m° out 2) = Percentage of mass* m° in (5) 

 

 Retentate ( m° out 1)=m° in- permeate (m° out 2) (6) 

By utilizing all 4 equations the overall material balance is shown in the figure 2, the purified water is 

18704 kg/hr. While all permeates are presented at each step. 
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Fig. 2. Overall material balance calculations 

 

Energy Balance concerned with energy changes and energy flow in a chemical process.The general 

energy balance equation for a process is: - 

 Energy input +Energy generation= Energy output + Energy accumulation + 

Energy consumption 

(7) 

Here in this project energy required is for Pumps, Hydro cyclone and Electrocoagulation Unit. When 

there is no generation and accumulation of energy, so the above equation reduces to (7), for calculating 

each and every equipment energy balance calculation: 

 Energy in = Total Energy consumption (8) 

First, the energy balance for each three pumps through the flow diagram, have been calculated by utilizing 

Bernoulli equation (8) [31]: 

 Δu2 ∕ 2gc + gΔz / gc +Δp / ρ + W = 0 (9) 

 

Table 2 presents the result of energy consumption of pumps regarding to (7) and (8). 

 
TABLE II: ENERGY CONSUMPTION OF PUMPS 

Pump 01 02 03 

Energy required(kW) 3 3 5 

 

Energy consumed by hydro cyclone for the duty of 3000 bbl/day of produced water = 7 kW 

The power consumed by the Electrocoagulation unit is calculated by (9), [32]:- 

 P = M x N x I x Uc (10) 

Sedimentation 

Tank 

No.3 Positive 

displacement Pump 

No.1 Positive 

Displacment Pump 

No.2 Positive 

Displacement Pump 

Electrocoagulation 

Reverse Osmosis 

Hydro-Cyclone 

Purified water 
product Tank 

Produced Water 

Waste 

Waste 
Waste 

Waste 

 1 

2 

3 

4 

5 

6 

7 

8 

9 

Line.No 1 2 3 4 5 6 7 8 9 

Stream 

Component 

Produced 

water 
Wastes Retentate Wastes Retentate permeate Retentate wastes 

Purified 

Water 

Flow Rates 

(Kg/hr) 
22657 679.71 21977.29  1846.0923 20131.189 1026.69108 19104.51 401.1946 18703.31202 
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The result of power consumed using above equation is 28.666 kW. Hence finally the overall energy 

balance calculated by (7) and (11):- 

 Energy input = Energy consumed by pumps + Energy consumed by EC unit 

+ Energy consumed by Hydrocyclone 

(11) 

Energy input = 3 kW + 3 kW + 5 kW + 7 kW + 28.666 kW = 46.666 kW 

In this project three main process equipment’s have been choose to evaluate design calculations, which 

are:- Sedimentation tank, Designing of RO membrane area, Designing of EC unit reactor and Designing 

of storage/sedimentation tank. First, As per the theory of sedimentation the settlement of a particle depend 

upon the velocity of flow[23] , the settling velocity of a spherical particle is expressed by Stoke’s law 

[19]and calculated by using (11) :- 

 

Where, Vs is the kinematic viscosity of fluid (m2/s) , SGs is the specific gravity of particle=1.5, SGf is the 

specific gravity of fluid=1, and d = diameter of the particle= 5 ∗ 10−5  m. The results analyzed by 

assuming data from [33] was 𝑣𝑠 = 3.812 ∗ 10−4  𝑚/𝑠. 

 

For designing of RO membrane, the area for salt rejection was calculated by (12) [34]): 

 

 Area = 
𝐹𝑒𝑒𝑑 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒

𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝐹𝑙𝑢𝑥
 (13) 

When Feed rate is 3000 bbl/day= 476.962 m3/day, and using (17) Permeate flux Jw (m/s) was estimated 

by [18]:  

 𝐽𝑤 = 𝐴𝑤 (Δ𝑃 – Δ𝜋) (14) 

When, 𝐽w is the permeate flux; 𝐴w Permeability coefficient [35]; Δ𝑃 is Trans-membrane pressure 

difference; and Δ𝜋 is the osmotic pressure difference [36]. Hence the result is : - 

𝐽w = 0.043 m3 / (m2.day.atm) * (61.3atm – 52atm) = 0.3999 m3/m2.day 

Then 

 

 
Area=

 476.962 𝑚3/𝑑𝑎𝑦

 0.3999 𝑚3/𝑚2.𝑑𝑎𝑦
 = 1192.703 m2  

 

For Electrocoagulation reactor Designing, the basis of calculations is treatment of 20131.198 Kg/hr = 

141,192 m3/year (8000 hours per year), produced water pre-treated through sedimentation and hydro 

cyclone, and assuming at Low Pressure, Continuous flow rate and PH from 6.5 to 7.5. The stream 

processing a minimal amount of dissolved iron estimated was 4.35 kg/hr and calculated by using (14) 

[37]:- 

 
 𝑊 =  

𝑗 ∗ 𝑡 ∗ 𝑀

𝑛 ∗ 𝐹
 

(15) 

when W is the mass of electrode material dissolved (kg/hr), j=200 the current density (Amperes per cm2), 

t=75 sec; M=56 kg/kmol the relative molar mass of the electrode concerned, (n) the number of electrons 

in oxidation reaction, F the Faraday’s constant, F=96,485 Coulombs per mole. 

The current I flowing in a single cell (with a cathode and an anode) used for the production of iron ions 

by anodic dissolution was estimated by using (15) [38]:- 

 
𝐼 =   

𝑍𝑓𝑒𝑟 ∗ 𝐹 ∗ 𝑚𝑓𝑒𝑟

𝑀𝑓𝑒𝑟 ∗ 𝛷
 

(16) 

With Zfer the number of electrons involved, F the Faraday number, Mfer the atomic weight of iron, Ф the 

columbic efficiency, mfer the mass of dissolved iron. The application of relation leads to an extremely 

high current value 5265 A, it is not feasible to consider a single cell. We calculated the voltage of a cell 

by using (16) [39]:-  

 Uc=0.86+ei/k+0.20Ln (17) 

𝑉𝑠 =
1

18
 
𝑔

ʋ
 (𝑆𝐺𝑠 − 𝑆𝐺𝐹) ∗ 𝑑2 (12) 
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When e is the electrode gap, set at 3 mm, i the current density in A m-2, Ln logarithmic an the electrical 

conductivity of the effluent to be treated, here equal to 2 mS cm-1. Elementary voltage Uc is estimated at 

5.42 V. 

The electric power consumed by the electrochemical installation regarding to equation 9 is approximately 

28.667 kilowatts, Where M=20, N=50, given the hourly flow of effluent to be treated, this power 

corresponds to energy about P= 2.8 kWh m-3.  

Designing of storage /sedimentation tank there is Cylindrical tank with flat top and bottom, which Made 

from stainless steel, Working stress factor = 19580 psi = 1331.97 atm,  Joint efficiency = 1, Density of 

water = 997 kg/m3 and its V = 20 m³. Hence the design calculations are showed in table 3:  

 

TABLE III: STORAGE TANK PARAMETERS 

Parameter 
Volume 

(m3) 

Inside 

diameter 

(m) 

Height 

(m) 

Pressure 

(atm) 

Pabsolute 

(atm) 

Thickness 

(m) 

Outside 

diameter(m) 

Equation 3 (4×V/3π) D*3 𝜌. 𝑔. 𝐻 Patm +P 
Pabs × 

Di/2fj- Pabs 
Di + 2t 

Value 5.1 2.83 8.43 0.81 1.81 0.00191 2.81382 

 

C. Instrumentation and process control 

Control systems are used to maintain process conditions at their desired values by manipulating certain 

process variables to adjust the variables of interest [40]. In this case study the Control Process for the 

Overall process flow diagram of produced water purification is modified in for Figure 3. 

is concerned. As For sedimentation unit, the parameter which is considered to be controlled is Level by 

low and high level control valves. Hydro-Cyclone temperature is controlled by sensors that can be 

connected to a temperature controller and Pressure control valves with high and low level control valves, 

as results in density parameter control also. For Electrocoagulation and Reverse osmosis Temperature, 

Pressure, and PH parameters are controlled.  

 

 
Fig. 3. Overall instrumentation diagrams 

D. Process Economics 

Process economics have three basic roles in process design: (i) Evaluation of design options: costs are 

required to evaluate process design options. (ii)Process optimization: some process variables have a major 

influence on the decision making in the development of the flow sheet and the overall profitability of the 

process. Optimization of these variables is necessary. (iii)Overall project profitability: the economics of 

the overall process should be evaluated at different stages during the design to access whether the project 

is economically viable. 



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar 

 

106 | P a g e   

There is two types of Cost estimation: Fixed and Operational Cost estimation, which the evaluations for 

equipment’s in produced water purification process have been calculated and summarized in table 4 when 

the Fixed Cost For EC Unit is calculated by (17)[42] : 

 CF=∑ [(𝐹𝑚. 𝐹𝑝. 𝐹𝑡)(1 + 𝐹𝑝𝑖𝑝)]𝑖𝐶𝐸, 𝑖𝑓 + (𝑖 𝐹𝑒𝑟 + 𝐹𝑖𝑛𝑠𝑡 + 𝐹𝑒𝑙𝑒𝑐𝑡 +
𝐹𝑢𝑡𝑖𝑙 + 𝐹𝑜𝑠 + 𝐹𝑠𝑝 + 𝐹𝑑𝑒𝑐 + 𝐹𝑐𝑜𝑛𝑡 + 𝐹𝑤𝑠) ∑ 𝐶𝐸, 𝑖𝑖  

(18) 

For calculating operating cost different types of equation were studied as well it includes the maintenance 

cost. 

TABLE IV: COST ANALYSIS OF OVERALL PROJECT 

Stream.No Equipment name 

Company 

equipment 

cost (CE) ($) 

Capital 

cost/fixed cost 

(CF) ($) 

Operating cost 

($)/day 

1 Sedimentation  1100 1100  

2 Hydro cyclone  14000 72380 20.16 

3 Electrocoagulation 5500 28435 167 

4 Reverse-Osmosis  120737+53000 120737+53000 47.6  

5 Pump-01 136 788.8 8.64 

6 Pump-02 136 788.8 8.64 

7 Pump-03 250 1450 14.5 

 

When the results of calculation estimated as follow:- 

Total Capital Cost =$288,615 

Total Operational Cost =$80,148.7 

Total investment for first year =$368,763 

Total annual income (325days, basis $0.0014 per liter of purified water) =$179,156 

Simple Payback period = 2 Year 

The breakthrough point can be seen from figure 6 which is less than 2 years a positive sign of carrying 

out this significant project. 

  

 

 
 

 

 

 

 

 

Fig.4. Breakthrough point for the overall project cost analysis 

 

IV. CONCLUSION  

As the world is going through water crisis, treatment of produced water can greatly help to counter control 

the current situation of drinkable water shortage and will also reduce the increasing water pollution. 

Treated produced water can be a saleable commodity which will greatly improve the economics of oil 

and gas extractions companies. Produced water treatment by integrated process was investigated in this 

current study. It is demonstrated that the integrated system of different purification techniques can 

efficiently remove particles from produced water. The benefits of this integrated system are higher 

permeate quality and flux, high rejection rates and no chemical cleaning needs. Water purified through 

0

100,000

200,000

300,000

400,000

1 2 3 4 5 6

U
SD

 (
$

)

YEARS

Investement Income time



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar 

 

107 | P a g e   

this process was 2477 bbl/day out of 3000 bbl/day. Total investment for the first year is $368,763 for both 

fixed and operational cost. While considering a very low base for selling the purified water $0.0014 per 

liter of purified water even not considering other raw permeates for selling, the annual income is 

$179,156. The calculated simple payback period is 2 years. The breakthrough points is find out which is 

less than two years a positive feedback at last for the conducted project. 
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Abstract—Metallic pipe lines are subjected to corrosion due to its wide spread applications in process industries, a 

major means to transport fluids especially water. Consequently, the cost of the project increases due to frequent 

maintenance, pipe wall rupture and valuable product loss. Nevertheless, corrosion of the pipelines contaminates the 

discharge water, thus, leading to environmental and ecological concern. Corrosion inhibitors i.e. hydrazine and or 

sulfite salts are traditionally used in boiler metallic facilities to reduce the extent of corrosion as an economical and 

reliable approach. However, literature has revealed that hydrazine is a carcinogenic chemical and need to be replaced 

by an environmental friendly alternative. Two methods i.e. weight loss method, and Tafel test technique was used in 

the current study to investigate the effect of cyclohexylamine (green alternative) in evaluation of corrosion inhibition 

efficiency (CIE) as compared to hydrazine. The CIE of hydrazine at 0.5, 1.0 and 1.5 g/L of water sample was compared 

with the same concentration of cyclohexylamine. Results manifested that the CIE of cyclohexylamine was slightly 

higher as compared to hydrazine using weight loss method. Tafel test method also depicted the same trend. The highest 

CIE was observed for 1.5g/L of water sample in both the methods for cyclohexylamine which was recorded as 92 and 

93.4% respectively. In conclusion, cyclohexylamine is not only a good replacement in term of CIE, but also provide 

toxic free working environment in boiler facilities. 

 
Keywords—Green corrosion inhibitor, cyclohexylamine, boiler feed water, Hydrazine. 

I. INTRODUCTION 

Metals and alloys such as; iron, stainless steel, mild steel, aluminum etc.are the commonly used material 

of construction for process equipments, which faces the problem of corrosion especially in dissolved 

oxygen rich atmosphere. Effective and good corrosion inhibitors extend the service life of the equipment 

and machinery [1]. 

Among the available corrosion inhibitors, sodium sulfite is widely used to scavenge oxygen in boiler 

water system specifically at low pressure due to its nontoxic nature and relatively easy to apply. However, 

in boiler water considerable solids (sulfate salts) is added with the usage of sodium sulfite limiting its 

application in system with high purity boiler feed water [2]. 

Hydrazine is also widely used to reduce corrosion rate in boilers despite of its geno-toxic carcinogenic 

quality. In 2006 the international conference on chemicals management decided to adopt a strategic 

approach to international chemicals management [3]-[4]. The European Union has to implement the new 

regulation and limitation of chemicals to acquire the world targets on sustainable development by 2020, 

in this regard hydrazine is among the controlled chemicals and it was recommended to find an alternative 

for its replacement[2]-[5].The development of “green” corrosion inhibitors are of interest, which requires 

the knowledge of the home country regulations, good corrosion protection for the inhibitor in the 

application area and the assessment of the environmental performance to which the product will be 

exposed. 

In current work, cyclohexylamine (Amine-based compound) is evaluated as an alternative to hydrazine 

to scavenge oxygen in corrosive atmosphere for its advantage of forming a stable passive/protecting 

magnetite film on the metal/alloy surface such as; low carbon steel which lower its corrosion rate. In 

addition, other merits include its low toxicity and high volatility. Furthermore when used in boiler water 

feed systems, old deposits are removed without any damage and provide effective heat transfer and energy 

savings [6].  
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II. METHODOLOGY 

Boiler feed water from Bestway Cement Farooqia Plant Taxila, Pakistan was investigated in this work 

for corrosion phenomenon. Experiments are repeated (3-4) times by varying the concentration of 

corrosion inhibitors. Two methods were used to compare the corrosion inhibition efficiency (CIE) of the 

corrosion inhibitors; Weight Loss method and Tafel Test method. First, we performed control 

experiments to measure the corrosion rate of boiler feed water (sample water), then in the following 

experiments   corrosion rate of sample water was measured adding different concentration (0.5, 1.0 and 

1.5 g/L) of the Hydrazine, as corrosion inhibitor. The obtained results were compared with the suggested 

green alternative cyclohexylamine (in the same concentration; 0.5, 1.0 and 1.5 g/L) results. 

 

Weight Loss Method: 

A piece of corroded mild steel was taken from the stated industry (Bestway Cement Farooqia Plant Taxila, 

Pakistan), the rust is removed with the help of grinder pad (SiC emery paper). After measuring its 

dimensions and recorded its weight on weight balance, the mild steel pieces are dipped into sample water 

(controlled solution with no inhibitor), hydrazine solution and cyclohexylamine solution for 5 days (120 

hr) as shown in Fig.1.Then, the samples were removed from their respective solution, the corroded part 

was removed with the help of a grinding pad and the sample weight was measured again. The measured 

data of sample dimensions (area), weight loss, sample density and exposure time was used to calculate 

the corrosion rate. 

 

Tafel Test Method: 

The same corroded mild steel piece was also evaluated by conducting Tafel Test and the rust is removed 

with the help of grinder pad. One surface of the mild steel piece (Working Electrode) was insulated by 

epoxy followed by dipping in hydrazine and cyclohexylamine solution of different concentration. During 

the experiments, the reference electrode (Calomel; Ag/AgCl) and counter electrode (Platinum Wire) was 

also dipped in the hydrazine and cyclohexylamine solution(Fig.2).The three electrodes in the 

electrochemical cell were connected with the Gamry instrument shown in Fig.3 (Reference 3000; 

Potentiostat/Galvanostat/ZRA)which give Tafel graph from which corrosion rate was calculated. 

 

 
 

 

 

 

 

Fig. 1. Mild steel piece in 

solution for Weight Loss 

method

Fig. 2. Tafel Test 

setup

Fig. 3. Gamry

Instrumnet
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III. RESULTS AND DISCUSSION 

 

(i) Weight Loss Method: 

The following formula [7] was used for the corrosion rate determination 

 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =
534∆𝑊

𝜌𝐴𝑡
              (1) 

 

Where, W= Loss in weight (difference in initial and final weight, (mg)) 

=Density of the mild steel sample (7.78 g/cm3) [7] 

A = Area of the mild steel (cm2) 

t= Exposure time of the mild steel sample in solution (120 hr) 

 

Table I: The corrosion rate of different solution in the weight loss method 

Solution 
Control 

solution 
Hydrazine (g/L) Cyclohexylamine (g/L) 

  0.5 1.0 1.5 0.5 1.0 1.5 

W (g) 0.48 0.144 0.056 0.021 0.114 0.034 0.013 

Area (cm2) 0.013 0.013 0.01 0.006 0.013 0.007 0.005 

Corrosion Rate (mpy) 21.6 6.3 3.05 2.0 5.2 2.8 1.53 

% decrease in 

corrosion rate 
- 71.0 86.0 91.0 76.0 87.0 93.0 

 

Table I showed the corrosion inhibition efficiency of the control, hydrazine and cyclohexylamine 

solution. It reveals that the corrosion rate decreases as concentration of inhibitor increases. For the same 

concentration the cyclohexylamine have greater corrosion inhibition efficiency (CIE) as compared to 

hydrazine. The reason behind this trend is the pH control (pH of solution decreases from 9-12 in case of 

cyclohexylamie and 9-10.5 in case of hydrazine) of the solution and the passive nature of 

cyclohexylamine that form a passive magnetite film to retard the corrosion as nitrogen in the 

cyclohexylamine molecule makes coordinate covalent bond with the Fe2+ ion of metal (Chemisorption 

bonding Fe2+—N—complex)[8]-[9]. As a result cyclohexylamine has both anodic and cathodic inhibition 
[10]. 

 

Tafel Test Method: 

We used the following Tafel equation [11] to calculate the corrosion rate 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =  
𝐼𝑐𝑜𝑟𝑟∗𝐾∗𝐸𝑊

𝜌∗𝐴
          (2) 

 

Where, Icorr=corrosion current (Amps) 

K = constant (3272 mm/(amp-cm-year)) 

EW= equivalent weight (g) 

 d= density of the sample (g/cm3) 

A= area of the sample (cm2) 

The corrosion current (Icorr) was calculated from the following equation [11] 

𝐼𝑐𝑜𝑟𝑟 =  
1

2.303 ∗ 𝑅𝑝 [
(𝛽𝑎𝛽𝑐)

(𝛽𝑎 + 𝛽𝑐)]⁄
 

Where, Rp= polarization resistance = 1.111*105 cm2/A 

a= Tafel constant (anodic β, volts/decade) 
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c= Tafel constant (cathodic β, volts/decade) 

 

The Tafel graphfor each solution is given below; 

 

 
Fig 4. (a) Tafel graph of sample water, (b) corrosion rate of sample water 

 

Fig.4 (a, b) illustrate the graph of water sample with both anodic and cathodic areas. The pH of water is 

9 showing its basic nature. The calculated corrosion rate of sample water is 24.13 mpy. 

 
Fig. 5. (a) Tafel graph of Hydrazine (0.5g/L)in water sample, (b) Corrosion rate of Hydrazine (0.5g/L) 

 

Fig.5 (a, b) showed the Tafel graph and corrosion rate of hydrazine (0.5 g/L in water sample). The pH of 

water sample increases from 9 to 10.5 on addition of Hydrazine, illustrating the basic nature of the 

solution. The measured corrosion rate of hydrazine was 5.62mpy, meaning the CIE of hydrazine 76.69%. 

(a) (b)

(a) (b)
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Fig. 6.(a)Tafel graph of Cyclohexylamine(0.5g/L) in sample water, (b) Corrosion rate of 

Cyclohexylamine. 
Fig.6 (a, b) is the Tafel graph and corrosion rate ofcyclohexylamine solution (0.5g/L of water sample). 

The pH of the solution is 12 and corrosion rate is 4.264 mpy. The anodic portion showed some passiveness 

(potential is increased to more positive value) which is due to the protective magnetite film formation on 

the metal surface which inhibit corrosion rate[8]. 

 
Fig. 7.(a)Tafel graph of Hydrazine (1.0 g/L) in sample water, (b)Corrosion rate of Hydrazine 

Fig. 7 (a,  b) demonstrate the Tafel graph and corrosion rate of hydrazine solution (1g/L in sample water).  

It showed a corrosion rate of 2.861 mpy (88% CIE), which is less compared to hydrazine solution of 

0.5g/L in water sample. As concentration of hydrazine increases the pH of solution also increases due to 

the alkaline nature of hydrazine, which in turn decrease the corrosion rate [12].  

 

(a) (b)

(a) (b)
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Fig. 8.(a)Tafel graph of Cyclohexylamine (1.0g/L) in sample water, (b) Corrosion rate of 

Cyclohexylamine. 
Fig. 8 (a, b) is the Tafel graph of cyclohexylamine (1.0 g/L in water sample). It showed that the corrosion 

rate is 2.481 (89.71% CIE) which is less than that of hydrazine solution (1.0 g/L of water sample). The 

passive region increases as concentration of cyclohexylamine solution increases because it increase the 

chance of coordinate covalent bonding of passive magnetite film (Fe2+—N—complex) with metal surface 

retarding the oxidation of Fe2+ ion with oxygen[8]. 

 
Fig. 9.(a)Tafel graph of Hydrazine (1.5g/L) in sample water, (b) Corrosion rate of Hydrazine 

 

Fig. 9 (a, b) is the Tafel graph and corrosion rate of hydrazine (1.5 g/L in sample water). The corrosion 

rate of hydrazine solution is 1.503 mpy (93.78 % CIE).  

 

(a) (b)

(a) (b)
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Fig. 10.(a)Tafel graph of Cyclohexylamine (1.5g/L) in sample water, (b) Corrosion rate of 

Cyclohexylamine 
 

In Fig.10 (a, b) the Tafel graph showed the lowest corrosion rate which is 1.341 mpy (94.44 % CIE) for 

cyclohexylamine concentration of 1.5g/L in sample water. It is because of higher concentration of 

cyclohexylamine would largely inhibit both anodic and cathodic surface of metal making passive 

magnetite film[8]. 

 

TableII. The corrosion rate of different solution in Tafel Test Method 

Sample No Control 

solution 

Hydrazine (g/L) Cyclohexylamine(g/L) 

0.5 1.0 1.5 0.5 1.0 1.5 

Corrosion Rate (mpy) 24.13 5.62 2.86 1.50 4.26 2.48 1.34 

% decrease in 

corrosion rate 

 76.7 88.2 93.8 82.3 89.7 94.5 

 

Table II show CIE’s of different solution shaving same trend as shown in weight loss method (Table I). 

It reveals that cyclohexylamine has CIE slightly greater than that of hydrazine. Cyclohexylamine 

solution (PH=12) is more basic than hydrazine solution (PH=10.5) and also form larger protective film 

compare to hydrazine making solution less corrosive.   

 

Discussion: 

The data illustrated that hydrazine showed its highest CIE at 1.5 g/L in water sample which is 93.8 % and 

cyclohexylamine has 94.44 % CIE at 1.5 g/L of sample water. As the concentration of both the solution 

increases the CIE also increases because of their well established passive film over the surface of mild 

steel. The concentration of film forming inhibitor must be as high as to cover the whole surface of mild 

steel otherwise pitting will be enhanced [8]. Mechanism of corrosion inhibition of Cyclohexylamine is 

mixed inhibition (both anodic and cathodic inhibition)and having larger passive film forming 

(chemisorptions) capability while hydrazine has only anodic inhibition[10]. The passive film formation in 

hydrazine is less compare to cyclohexylamine which make it slightly less effective than 

cyclohexylamine[8]-12]. 

 

(a) (b)
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IV. CONCLUSION 

In the study the proposed "green alternative" cyclohexyleamine showed highest CIE than Hydrazine, 

because, cyclohexyleamine generate larger passive magnetite film which helps in corrosion inhibition. 

Moreover, cyclohexylamine is less toxic, which made it a good and green alternative to hydrazine. 
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Abstract-A number of studies have been carried out in order to utilize waste marble powder as partial replacement 

of sand in concrete blocks to increase strength and reduce cost. These studies concluded that 40 percent marble powder 

can be optimally used for maximum strength and workability. However Commercial scale application of waste marble 

powder incorporates a number of problems like transportation,  mixing of hard lumps present in slurry, removal of 

plastics , marble stone scrap and other wastes from the slurry, workability problem in concrete block pressing machine. 

This study is aimed specifically to find suitable low cost methods and processes to make the commercial usage of waste 

marble slurry, or powder feasible. Types of mixers and sieves have been discussed for easy processing of marble waste. 

 

Keywords: Waste Marble; proceesed waste marble powder, workability, and concrete mixing. 

 

I. Introduction 

Residence is the basic necessity of human beings for which entire human race is striving since stone 

ages. Construction is therefore one of the ever expanding industry. Marble stone is one of the most 

important raw material for this industry used for different purposes. in modern world marble is widely 

used as tile both in floor and walls although no specific data is available about the consumption of 

marble stone, however a very careful survey from Pakistan stone development corporation states that 

more than six thousands tonne of marble is excavated daily from Khyber  Pakhtunkhwa  province of 

Pakistan only. This huge amount of stone is processed in 8 marble industrial states of KPK, as well as is 

transported to other parts of the country and abroad also. The processing of marble stone is done in a 

very old fashion, with lot of flaws and deficiencies. About 25 to 40% of processed marble stone goes to 

waste. Two main types of wastes are produced: 

Scrap or large aggregates: This type of scrap or waste is generated during the mining or blasting, they 

are smaller pieces of stone which can’t be processed for tiles. This type of waste is also produced during 

resize of the tiles. Some grades of this waste are used as low cost alternative in construction while some 

grades are used in grinding, ball and impact mills for calcium powder. 

Waste marble slurry: Approximately 85-95% of waste produced consists of waste marble slurry. This 

slurry produces during cutting, polishing, resize. A number of lab scale and pilot scale studies have been 

carried out in order to utilize and consume this waste, but none is successful for commercial scale. And 

millions of tonnes waste slurry is being dumped every year. The aim of our study is to address some of 

the reasons, why commercial scale application is unsuccessful. 

Clay Waste marble powder is very sticky in nature with excellent adhesive properties. These adhesion 

properties sometimes create a lot of problems. And the other factor related to marble waste slurry is that 

it contains about 30 to 40 % water content. Following problems arises during the processing of waste 

marble powder commercially. 

Transportation: It is not feasible to carry extra 30 to 40 % moisture with waste marble powder in bulk 

amounts. This moisture not only creates extra burden , but also causes wobbling  in the container which 

damages the body of the container. Thus carriage of waste marble slurry is difficult to carry. 

Improper mixing: Dried marble powder has large aggregates which make it nearly impossible to 

properly mix with gravel, sand, cement etc. The non-mixed lumps of marble powder are therefore weak 

points of the concrete blocks. 
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II. Materials and Method 

To overcome above mentioned issues we adapt the following strategy; 

a) Slurry is pumped out of the sedimentation tank and left to dry for 3-4 days which will reduce the 

transportation cost. 

b) For dry lumps sand muller mixer may be used followed by sieving. 

 
 

 

 

 

III. Results and discussion 

Following tables show composition of mixtures and their relative strengths. 

 

                                   

                         

       

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

component volume (L) strength (PSI) 

  Khaka 85 2371 

 

2380 

 

2374 

Sand 15 

cement 10 

water 6.5 

WMP (grey) 20 

component volume 

(L) 

strength (PSI) 

Khaka 85 2572 

 

2545 

 

2562 

sand 15 

cement 10 

water 6.5 

WMP (grey) 20 

component volume (L) strength (PSI) 

Khaka 85 1379 

 

1390 

 

1380 

 

sand 15 

cement 10 

water 6.5 

WMP (grey) 20 

component volume (L) strength (PSI) 

  Khaka 85 1379 

 

1390 

 

1380 

 

Sand 15 

cement 10 

water 6.5 

WMP (grey) 20 

Table 1: Mix 1 and its strength Table 2: Mix 2 and its strength 

 

Table 3: Mix 3 and its strength 

 
Table 4: Mix 4 and its strength 

 

Fig. 1: Recommended processing plan. Fig. 2: Muller mixer used for WMP. 
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Decrease in the strengths of non processed WMP mixtures is due to the fact that a non mixed lump 
creates weak spaces. As shown in the figures below.  

 

 

 

                                                                             

                                          

 

 

 

 

 

 

 

 

                                      

 

 

IV. Conclusions 

It is evident from the above discsussion that WMP can not be used as filler in the concrete blocks 
without processing. Processing includes on field drying for few days and then mixing with a specialized 
sand muller mixer followed by sieving with vibbrator sieve. 
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Fig 3: comparison of strengths for four mixtures. 

Fig. 4: Concrete block with processed WMP. Fig. 4: Concrete block with non processed WMP. 
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Abstract— Reverse solute flux (RSF) is one of the most prominent issues concerned with forward osmosis. 

Inorganic salts like NaCl, CaCl2 has been known to be one of the best solutes for draw solution in forward 

osmosis regarding their availability, performance, low price and nontoxic nature. Yet they exhibit high 

reverse solute flux. In this study, we have considered CaCl2 as our test draw solution due to its high cross 

membrane flux. The issue of reverse solute flux has been addressed by addition of other salts (Sucrose and 

NaCl) in minor concentration with pure CaCl2. It was concluded that in minor concentration, salts with 

higher molecular sizes like sucrose reduces the RSF significantly but at the cost of reduced flux; while the 

use of salts having mono-valent ions like NaCl increases the RSF due to small hydrated radius. 

 
Keywords—Forward osmosis, Draw solute, Reverse salt flux, Solute diffusion, Desalination. 

 

I. INTRODUCTION 

Forward osmosis is one of the most prominent technique among scientists and researchers in 

sight of its low pressure requirements and ambient conditions. Osmosis is the spontaneous 

exchange of water across a semi permeable membrane due to osmotic pressure difference [1]. 

Being an attractive alternative to the energy intensive pressure driven processes like reverse 

osmosis, forward osmosis still has its gray areas. The current challenges to forward osmosis 

includes Proper membrane design, better draw solution selection, and economic regeneration 

of draw solute from the diluted draw solution(DS). Draw solution is a specie that is used to 

induce water flux from a solution of low osmotic pressure. Scientists has been working far and 

wide to optimize the FO process by addressing one or all the challenges to it however a single 

draw solution cannot be considered the best [2]. For selection of a suitable draw solution, 

various criteria needs to be addressed, which includes high osmotic pressure(high water flux), 

low back diffusion(low reverse salt flux), economic regeneration, low viscosity, low toxicity 

and cost effective availability [3]. Draw solution are classified into various classes and in many 

contexts. The most common classification is given in Fig 1 [4]. The classification is based on 

the recovery methods of the draw solutions in terms of their response to certain external 

environmental conditions. 
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Before 2000’s volatile compounds and various sugars were used as draw agents. Volatile draw agents like 

SO2 and thermolytic compounds could be separated using low grade heat[5]. Nutrient compounds 

including various sugars had the advantage of direct use after being diluted [6]. Magnetic nano particles 

has the advantage of recovery under magnetic field but has the problem of agglomeration after use [7]. 

Different kinds of polyelectrolytes were also investigated by Ge and his coworkers[8] due to their larger 

sizes and ability to produce good osmotic pressure. Wang and his team investigated stimuli responsive 

hydrogels[9] in an effort to optimize the regeneration of draw solute from the diluted draw solution. 

Inorganic salts have been known to produce high water fluxes. This trait is associated with their ability to 

exhibit good osmotic pressure and high solubility in water. On the other hand they are also inexpensive 

and are easily available. However they have the problem of high RSF[10]. Organic and nutrient 

compounds have the capability of producing low RSF as compared with their inorganic counterparts[11]. 

The current investigation focuses on using combination of inorganic monovalent salt and sucrose with 

calcium chloride in an effort to reduce the RSF while keeping the osmotic pressure constant. 
 

II. METHODOLOGY 

A. Solutions 

A number of experiments were performed on a bench scale equipment utilizing combination of Calcium 

Chloride (CaCl2.2H2O) as a major component and Sodium chloride (NaCl) and sucrose (C12H22O11) as 

minor component. All the draw solution were designed to produce an osmotic pressure equivalent to 1 

molar CaCl2 solution. Osmotic pressure of the solution was evaluated using OLI stream analyzer. 

 
TABLE 1 DRAW SOLUTIONS FOR EXPERIMENTS 

Minor 
soule 

Minor salt amount (10% of 

total osmotic pressure (grams) 

Major salt (CaCl2) 

amount (grams) 

Total osmotic 

pressure (bar) 

NaCl 5.9 135.1 77.54 

Sucrose 107 135.1 77.54 

 

B. Experimental setup 

The bench scale equipment is given in Fig 2. It consists of two separate peristaltic pumps(Kamoer CK15) 

for feed and draw solution. An online conductivity meter was used to record the rise in concentration of 

the feed (de-ionized water) for evaluation of RSF and a digital balance(G&G Electronic scale) was used 

to monitor the mass/volume decline of the feed for evaluating water flux. 

𝐽𝑤 =   
∆𝑉 

𝐴∆𝑡 
(1) 

Where Jw is water flux, ∆𝑉 is the change in volume, A is the effective membrane surface area, ∆𝑡 is the 

time interval. 

𝐽𝑠 =
 𝐶𝑡𝑉𝑡− 𝐶𝑜𝑉𝑜 

𝐴∆𝑡 
(2) 

Where Js is the reverse salt flux, A is the effective membrane surface area, ∆𝑡 is the time interval, Ct and 

Vt are the concentration and volume of feed at any time respectively, while Co and Vo are the initial 

concentration and volume of the feed respectively. 

A cross flow cell having an effective area of 24 cm2 was used. The osmosis process was carried out using 

PRO mode (Active layer facing the draw solution), temperature of 250C and a cross flow velocity of 0.20 

m/sec was used. TFC polyamide membranes were utilized for all experiments. The minor salts were added 

to the major components such that only 10% of the total osmotic pressure was offered by them. Each 

experiment was carried out for 3 hours and concentration and mass decline was recorded with 10 minutes 

interval. 
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Fig 2 FO Bench scale equipment 

 

 

III. RESULTS AND DISCUSSION 

A. Water flux and Reverse salt flux 

Water flux for single and combined draw solutions are summarized in Fig 3. The decreasing trend is due 

to the internal concentration polarization with time. A flux of 19.36 L/m2.hr was recorded for the single 

1 molar DS of CaCl2 and a corresponding RSF of 14.32 g/m2.hr was calculated. For combination with 

NaCl water flux of 19.15 L/m2.hr was observed and a corresponding RSF of 18.32 g/m2.hr was recorded. 

This accounts for only 1% reduction in flux and a steep increase in RSF of about 21% as compared with 

single CaCl2 solution. The increase in RSF can be associated with the addition of Na+ cation which has 

higher diffusion coefficient and smaller size as compared with the Ca+ cation. Cl- having the highest 

diffusion coefficient among the present candidates, accounts for most of the RSF [10], and because of the 

substitution of Ca+ with Na+ RSF has increases significantly as compared to pure CaCl2 solution. Fig 4 

indicates the average RSF of all the candidates. 

Water flux of 6.02 L/m2.hr and average RSF of 7.86 g/m2.hr was recorded for combination of Sucrose 

with CaCl2. This corresponds to a reduction of 69% and 45% in water flux and RSF respectively. The 

case here is a significant reduction in RSF as compared to single salt, at the cost of a significant reduction 

in water flux. This behavior can most probably be associated with the lower diffusion coefficient and 

larger molecular size of sucrose[12] . As most of the membrane would be sufficiently blocked by the 

larger and less diffusive molecules of sucrose which would not only hinder the back diffusion of Ca+ and 

Cl- ions towards the feed solution but would also affect the water flux across the hydrophilic membrane. 

Fig 5 indicates the average water flux and RSF for all the candidates for the span of 3 hours. 

 

 

 

 

 

 

 

 

 

 

 
 

Fig 3 Cross membrane water flux for single salt and DS combinations 
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Fig 4 RSF of single salt and DS combinations 

 

 

 

 

 

  
 

 
IV. CONCLUSION 

Combination of Calcium Chloride with the monovalent NaCl and no electrolytic sucrose was investigated.  

It is concluded that adding NaCl to the CaCl2 DS increased the overall RSF without much affecting the  

water flux, whereas the addition of the low diffusing and larger sized sucrose component resulted in  

reducing both the flux and RSF to significant values. 
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Abstract-The industrial waste water containing  inorganic  salts  pose  a  great  risk  to  aquatic  life.  To save aquatic life 

and utilize the inorganic salts these needs to be recovered from industrial waste water. Due to its easy scale  up and low 

energy consumption, membrane distillation crystallization is one  the  best  method  for  recovery  of  inorganic  salts  from 

water expelled by industries as waste. In the contemporary research, a membrane conactors whose fibres are hollow is 

used to simulate membrane distillation crystallization process. Numerical model is applied to recovery of inorganic soluble 

salts from aqueous solution with Sodium chloride as osmotic agent in (HFMC).  To  address  the  transfer  of  solute  from  

fiber ‘s one side (aqueous phase) to   fiber ‘s other side  (osmotic  phase), convection-diffusion based mass transfer Navier 

Stokes equations is implemented. The equations are solved numerically in the COMSOL MultiphysicsTM software.  The 

transmembrane flux increased with increase of osmotic concentration while increase or decrease of feed concentration and 

has no appreciable effect. The results were in good agreement with literature. 
Keywords— CFD; Salt recovery; HFMC, membrane crystallization, numerical simulation  

I. INTRODUCTION 

Now-a-days clean technologies for removal of inorganic salts from waste water have attracted many 

researchers. These technologies use porous membrane contactors that achieve salts recovery through 

membrane distillation crystallization [1]. Membrane distillation crystallization in comparison to 

conventional crystallization processes use low energy have theoretical 100% rejection, low 

operating pressure and temperature. For the determination of position of interface between feed and 

solvent, the membrane feature of water attraction will be used [2]. Furthermore both phases can be 

selected without foaming and entrainment problems. [3, 4]. 

There are many membrane contractors available but most recognition is given to hollow fibre 

membrane contactors [1].On both sides of the HFMC i.e. Shell and lumen sides, two phases flow 

consistently which form an interface through pores of fiber wall [5]. High efficiency along with 

recovery of inorganic salts and removal of equilibrium limitations are achieved using membrane 

contractors [6].Osmotic membrane distillation is based on hollow fiber membrane contractor process 

which feed and osmotic streams runs counter currently in tube and shell sides respectively and the 

inorganic salts are obtained by the suction of water from feed side by osmotic stream through 

hydrophobic membrane as shown in Figure 1. 

 

Figure 1.  Osmotic membrane distillation-crystallization setup   A inorganic salts laden industrial 

waste water; B, Nacl solution; C, HFMC; D, pumps; P, System for controlling of pressure; E, pool 

for crystal widening 

 On recovery of inorganic salts from wastewater based on membrane contactors (HFMC) with 
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hollow fibers, a great investigation has been done. However on the procedure of transport of mass 

and characterization of membrane contactors with hollow fibres, research is limited. Some 

researchers developed different mass transfer models across HFMC [6, 7]. 

Diffusion through a small hole and steady axisymmetric passage represented by numerical model 

was presented by Sushant et al [8] and verified it with Literature. The experimental data and 

simulation results were in good agreement. The outcome implied that the flux increased by 

increasing average temperature and rate of flow of feed   while with increasing permeate pressure it 

decreased. When the concentration of salt of feed was in parts per million of forty thousands of 

sodium chloride, a removal of ninety nine percent was observed. 

To probe in to the consequences of properties of membrane and variables of operation for sea-water 

desalination in   modules by distillation through membrane by head-on exposure, Anas M. et al [9] 

applied computational fluid dynamics (CFD). For depiction of field of concentration, temperature 

and velocity, the laminar model was used while SST (shear stress turbulence) mathematical model 

was used for the modules containing spacers. The flow of volume through the membrane and 

concentration gradient at membrane interface was increased with a decrease in thickness and by 

increasing the rate of flow, it increased. The flux was increased more than 50% and polarization was 

reduced up to 50%. 

II. MODEL DEVELOPMENT 

      A 2-D axial-radial mass transfer model will be developed for flow-cell shown in Figure 2 

 assuming diffusion in membrane and convection-diffusion transfer of solute in tube and shell. 

 

Figure 2. Speculative HFMC module flow cell 
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SIMULATION PARAMETERS 

Table 1   Simulation Parameters 

Tube side diffusion co-efficient 1.46e-9 m/s 

membrane side diffusion co-efficient 2.51 e-5 m/s 

shell side diffusion co-efficient 1.60 e-9 

Scale factor 200 

 

MODEL EQUATIONS 

TUBE SIDE 

Transfer of solute in tube side is due to conduction-convection and is given by:  

                             Dtube [
∂2Ctube

∂r2  +  
1

r

∂Ctube

∂r
+ 

∂2Ctube

∂z2 ] =  uz−tube
∂∁tube

∂z
   (1) 

Whereas Dtube (m
2 S-1), Ctube (mol m3) and uz-tube (m S-1) represents diffusion coefficient, concentration of 

water solute and axial flow velocity of tube side, respectively 

As laminar and fully developed flow is assumed in the tube side therefore the equation used for velocity 

distribution in this section is given as: 

       uz−tube = 2u [1 −  (
r

R1
)

2

] 

Whereas, u (m S-1) represents tube’s inside average velocity 
 

MEMBRANE 

Solute transfer through membrane is done by diffusion and is given by the following equation [1-2, 6]: 

     Dmem [
∂2Cmem

∂r2  +  
1

r

∂Cmem

∂r
+  

∂2Cmem

∂z2 ] =  0    (3) 

 Whereas Dmem (m2 S-1) and Cmem (mol m-3) and uz-tube (m S-1) represents diffusion coefficient and 

concentration of water’s solute through membrane’s pores, respectively.  

 

SHELL SIDE 

Transfer of water in the shell side is done through diffusion and convection and is given by the following 

equation:  

  Dshell [
∂2Cshell

∂r2  +  
1

r

∂Cshell

∂r
+  

∂2Cshell

∂z2 ] =  uz−shell
∂∁shell

∂z
     (4) 

Whereas Dshell (m
2 S-1) and Cshell (mol m3) represents diffusion coefficient and concentration of water in shell 

side, respectively. While uz-shell (m S-1) represents velocity of osmotic solution. 

In the shell side for velocity distribution Navier-stoke equation is used as given below:  

ρuz−shell . ∇uz−shell −  ∇. μ (∇uz−shell + (∇uz−shell)
T +  ∇p = 0 

∇uz−shell = 0 

Whereas ρ (kg m−3) represents density, u (m s−1) the velocity vector, μ (Pa s) the viscosity, and p (Pa) the 

pressure: 

The mass and momentum balance equations were coupled for concentration profile. 
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Numerical simulation 

The governing equations were solved using CFD technique in COMSOL Multiphysics version 5.5 software. 

COMSOL software uses finite element method (FEM) for solving the model equations in this research. The 

membrane structural parameters are shown in Table 2 below: 

Table 2. Membrane contactor structural parameters 

 

III. RESULTS AND DISCUSSION 

       To obtain results after model solving, we did post processing. 

MODEL VALIDATION 

The validation of the presented axisymmetric model was carried out with the experimentation of previous 

work in literature [10].Comparison of the experimental and simulation work is presented in figure 3.It is 

shown that there is good agreement between the experimental data and the results gained by the model. 

 

Figure 3. Comparison of model results with experimental data 

 

In post processing the effect of concentration and flow rates of feed and osmotic solution on trans-

membrane flux was studied. 
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A. Concentration of feed 

With the increase or decrease of concentration of feed no effects on transmembrane flux was observed. 

 

B   Concentration of osmotic solution 

      The transmembrane flux is affected by the change of osmotic concentration. It increases with increase of 

osmotic concentration while it decreases with decrease of osmotic concentration.The great transemembrane 

flux ensures more transport of water between tube and shell side and as a result maximum crystals are 

obtained. 

C    flow rate of feed 

       There is no appreciable effect of increase or decrease of flow rate of feed on transmembrane flux. 

D    Flow rate of osmotic solution 

        The transmembrane flux is not affected by change in flow rate of osmotic solution. 

 

The surface concentration of water in tube, membrane and shell is shown in figure 4 while the graph of 

overall concentration is shown in figure 5. 

 

Figure 4. Surface concentration (Image from comsol multiphysics 5.5) 
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Figure 5. Overall concentration gradient 

IV. CONCLUSION 

 A great threat   to aquatic life is possessed by industrial waste water containing inorganic salts.  For the 

survival of aquatic life and utilization of inorganic salts, their recovery from industrial waste water is must. 

Due  its  easy scale  up and low energy consumption, membrane distillation crystallization is one  the  best  

method  for  recovery  of inorganic  salts  from water expelled by industries as waste. In the contemporary 

research, a membrane contactor whose fibres are hollow was used to simulate membrane distillation 

crystallization process. Numerical model is applied to recovery of inorganic soluble salts from aqueous 

solution with Sodium chloride as osmotic agent in (HFMC).  To  address  the  transfer  of  solute  from  fiber 

‘s one side (aqueous phase) to   fiber ‘s other side  (osmotic  phase), convection-diffusion based mass transfer 

Navier Stokes equations is implemented. The equations are solved numerically in the COMSOL 

MultiphysicsTM software.  The transmembrane flux increased with increase of osmotic concentration while 

increase or decrease of feed concentration and has no appreciable effect. The result were in good agreement 

with literature 

This study was used for recovery of sodium carbonate from waste water however it can also be used for 

other inorganic salts like potassium nitrate and sodium sulphate. 
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Experimental investigation of vacuum membrane distillation system for 

water desalination 

Abstract-Fresh and clean water shortage is one of the biggest problems in the world. Studies report that 70 percent area of the 

earth is covered by water but it is not suitable for drinking due to the high quantity of salt and other impurities. Only 3% is 

available as freshwater. Most countries in the world are using desalination technologies to make seawater fit for drinking by 

reducing the concentration of salt and other impurities. In this work, the performance of vacuum membrane distillation using 

hydrophobic microporous hollow fiber (HF) polypropylene membrane for the elimination of salt from salty water under various 

operating conditions such as different feed concentrations, feed flow rate, vacuum pressure, and temperatures of feed solution 

were investigated. Hot salt water was circulated over the shell side of the membrane while a vacuum was created on the tube 

side of the polypropylene hollow fiber (HF) membrane. A permeation flux of 6.15 kg/m2.h was achieved for reverse osmosis 

(RO) water while 5.90 kg/m2.h permeate flux was obtained for the salt concentration of 35 grams per liter at a 65 °C 

temperature, 1200 ml/min flow rate, and 11 kPa (abs) vacuum pressure.  Moreover, the maximum flux for 50 grams per liter 

salt concentration turned out to be 5.60 kg/m2.h. The results suggested that this technique works extremely well for salt removal 

from water. The results also suggested that the flux is more sensitive to the feed solution temperature than vacuum pressure 

created on the permeate side or flow rate of the feed and the salinity of the solution. 
 

Keywords: Desalination, Hollow fiber membrane, Membrane performance, Vacuum membrane distillation. 

I. INTRODUCTION 

Researchers have found that more than one thousand million people are unable to get fresh potable water [1]. 

Potable water resources are depleting day by day which is a serious problem for the present as well as for 

future generations. Water covers 70 percent of the earth's area but most of it cannot be used for drinking 

purposes due to the high concentration of salt and other contaminations. Only a small portion is existing as 

freshwater which is in the form of glaciers, groundwater, ice caps, and surface water and a large amount of 

almost 97 percent is in the form of the ocean with a high concentration of salt [2, 3]. Since water can only be 

used for drinking purposes when the concentration of salt is less than 500 ppm, researchers [4, 5] have found 

various methods to remove salt and other minerals from the oceanic and brackish water. To overcome the 

problem of scarcity of water, purification and desalination techniques have been established which consume 

less energy and are environment friendly. Most countries produce drinking water by removing salt and other 

impurities from ocean water by using desalination and purification technologies. Around 80 counties in the 

world are facing a water scarcity problem [6]. Whereas Gulf countries like Kuwait, Saudi Arabia, and UAE 

entirely depend upon desalination for drinking water supply [7]. Seawater desalination is an encouraging 

substitute to fill the shortage of potable water [8].  There are many types of desalination technologies 

including Osmosis, capacitive deionization (CDI), multi-stage flash (MSF), humidification dehumidification 

(HD), multi-effect distillation (MED), and membrane distillation (MD) desalination. MD has four types a) 

vacuum membrane distillation desalination (VMD), b) Air gap membrane distillation (AGMD), c) Direct 

contact membrane distillation (DCMD) and d) Sweeping gas membrane distillation (SGMD) [3, 8]. The main 

significance of the membrane technology is due to its capability to gain a high permeate flux with a proper 

degree of separation. For this reason, vacuum membrane distillation is an appropriate arrangement for the 

desalination of seawater. The main advantages of this process are its high permeate flux and clean water 

under low feed temperature as compared to other technologies, insignificant conduction heat transfer due to 

small pressure on the permeation side, less conduction heat loss across the wall of the membrane, and no 

temperature polarization because of the reason that produced vapors are immediately removed from the 

permeate side during the process of vacuum membrane distillation [9-11].  
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II. METHODOLOGY 

The sodium chloride crystals (Innovating science, the curated chemical collection) were dissolved in distilled 

water for making the feed solution of different concentrations. Experiments for vacuum membrane 

distillation desalination were performed by using hydrophobic HF microporous polypropylene (PP) 

membrane over a temperature range of 45-65 oC for saline water and flow rates changing between 700 ml/min 

and 1700 ml/min for the salt concentration of 35 g/L and 50 g/L over different vacuum pressures. The salt 

solution was first sent to the circulating water bath (Thermo Scientific DC10) (± 0.1C) for heating up to the 

required temperature with the help of Peristaltic pumps (Thermo Scientific Fh100 Peristaltic Pump) and then 

transferred to one side of the hollow fiber membrane. The peristaltic pump also maintained the feed solution 

flow rate at the desired rate. The other side (permeation side) of the membrane was exposed to a vacuum 

pump (Rocker 400). For distinct experimentations, various vacuum pressures were created. For increasing 

the temperature of the salt solution, the circulating water bath was set to the desired heating temperature. The 

temperature of feed solution both at the outlet and inlet of the HF membrane was measured by T-type Omega 

thermocouples connected to an NI data acquisition. The system of NI data attainment was connected to the 

computer for noticing the temperatures across the process. Condensate from the vacuum side of the 

membrane was collected in a cold trap which was immersed in an ice bath to condense the pure water vapors 

and the concentrated saline water was recycled to the salt solution tank. A laboratory-scale (B20002T) (± 

0.1g) was used for measuring the amount of purified water. The conductivity meter (HM DIGITAL EC Meter 

EC-3M) was used for measuring the conductivity of purified water. Distilled water was passed through the 

membrane at room temperature for some time to clean the membrane after every experiment. The flux was 

measured every 5 minutes across the entire experimental process, every process took 25 minutes. The mean 

value of the fluxes calculated at a steady-state process represents the permeation flux for each experimental 

run. The experimental setup is shown in Fig. 2.  
 

               

                                

III. RESULTS AND DISCUSSION 

A. Effect of temperature on permeate flux 

In Fig. 3, a plot of flux versus temperature is given. It shows that for a feed solution with a concentration of 

35 g/L, the permeate flux increased directly with the temperature rise. The readings were recorded for 

temperature values of 45 °C, 55 °C, and 65 °C and feed flow rate of 1200 ml/min, and a vacuum pressure of 

11 kPa. Fig. 4 shows the rise in flux was 2.35 times the original value when the temperature was changed 

from 45 to 55 °C and 3.95 times when the temperature was raised from 45 to 65 °C. The Permeation flux is 

Fig. 1. Schematic diagram of Vacuum membrane 
distillation system 

Fig. 2. Experimental setup of vacuum membrane distillation 
desalination system 

TABLE I: Polypropylene membrane’s Characteristics 

 

 

 

TABLE II: Equipment used in vacuum membrane distillation 
desalination system 
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directly related to the vapor pressure because the real driving force for membrane distillation is the difference 

in vapor pressure across the hollow fiber membrane. The Vapor pressure increases directly as the feed 

temperature is raised, consequently escalating the permeation flux [12]. The flux increased at a very high 

rate with a temperature rise. The temperature cannot be raised beyond 65 °C as for higher values of 

temperature, the membrane may denature. 

                

 

B. Effect of vacuum pressure on permeate flux 

The effect of vacuum pressure on the permeate flux is shown in Fig. 6. It depicts the relation of permeate 

flux to the vacuum pressure for the operating condition of 55 °C temperature, 1200 ml/min feed flow rate, 

and salt concentration of 35 g/L. The vacuum pressure ranged from 11 kPa to 16 kPa. From the results, it is 

clear that there was an inverse relationship between the vacuum pressure and flux. The flux decreased as a 

result of the increase in vacuum pressure on the permeate side. The permeated flux reduced by 54 % for a 

rise of vacuum pressure from 11 kPa to 13.5 kPa, and it further declined by 81 % when the vacuum pressure 

was raised from 11 kPa to 16 kPa which indicates a high impact of vacuum pressure on the flux, Fig. 5 shows 

the results. The flux increased as the vacuum pressure was reduced on the permeate side, this is because the 

reduction in pressure prevents the development of the boundary layer on the permeate side as it becomes a 

nearly insulated region and produces a high evacuation rate at the permeate side. Salt rejection in these 

experiments was 99.99 percent approving that the performance of VMD was outstanding. 

                    
 

     

C. Effect of feed flow rate on permeate flux 

In Fig. 8, a plot of flux versus feed flow rate is given. A change of feed flow rate from 700 ml/min to 1700 

ml/ min in the vacuum membrane distillation process was recorded. The figure shows the flux increases with 

the increase in flow rate. Fig. 7 shows the increase in flux by 40 % for the change in flow rate from 700 

ml/min to 1200 ml/min and 45 % for the change in flow rate from 700 ml/min to 1700 ml/min. This increase 

in permeation flux is due to the decrease in the width of the boundary layer at the feed side with the rise in 

the feed solution flow rate, which in turn increases the mass transfer coefficient as the flux of the HF 

membrane side increases [13]. The improvement in flux when the flow rate increased from 1200 to 1700 

ml/min was insignificant. This is because the boundary layers have already been reduced at 1200 ml/min and 

no further reduction can be achieved with increasing flow rates. 

Fig. 3. Change in flux with time at various feed 
temperatures 

Fig. 4. Average flux as a function of various feed 
temperatures 

Fig. 6. Flux variation with time at various vacuum 
pressures 

Fig. 5. Average flux as a function of various vacuum 
pressures 
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D. Effect of concentration on permeate flux 

The effect of concentration (0 g/L, 35 g/L, and 50 g/L) on the permeate flux at different feed solution 

temperatures, 11 kPa vacuum pressure, and 1200ml/L flow is shown in Fig. 9. It indicates that the permeate 

flux decreased as a result of the increase in the concentration of salt in the feed. An increase in salt 

concentration from 0 to 35 g/L resulted in a decrease in permeate flux by 13 %. At high salt concentration, 

the concentration boundary layer is created parallel to the thermal boundary layer, which when combined 

with the thermal boundary layer offers resistance to the transfer of vapor, thus reducing the required driving 

force which is needed for evaporation, which leads to a reduction in flux [14]. With the change in 

concentration from 0 g/L to 50 g/L, a reduction in flux by 22 % was recorded. This is due to the reality that 

the dissolved salt (compounds) reduces the vapor pressure of the solution [15]. Moreover, an increase in the 

salt concentration results in a reduction in the water activity coefficient which leads to a reduction in water 

partial pressure. Consequently, it will result in decreasing the driving force through the membrane interface. 

6.15 (kg/m2.h), 5.90 (kg/m2.h) and 5.60 (kg/m2.h) were the maximum fluxes which were observed for RO 

water, 35 g/L and 50 g/L salt concentration at 65 °C temperature, 1200 ml/min flow rate, and 11 kPa (abs) 

vacuum pressure respectively.  

                
 

 

      

    
 

 

Fig. 8. Flux variation with time at different flow rates Fig. 7. Average flux as a function of various flow rates  

Fig. 9. Flux variation with different temperatures at 
different concentrations 

Fig. 10. Average flux as function of various concentrations 

TABLE IV: Net permeates flux at different concentrations, 
different pressure, different flow rates, and constant 
temperature 

 

TABLE III: Net Permeate flux at different concentrations, 
different temperatures, constant flow rate, and vacuum 
pressure 
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IV. CONCLUSION 

The effect on polypropylene hollow fiber membrane performance of different operating parameters such as 

feed solution concentration, feed flow rate, vacuum pressure, and feed solution temperature was investigated. 

The results indicate that the flux is directly related to the temperature and feed flow rate and inversely related 

to feeding concentration and vacuum pressure. The least influence of feed concentration on the efficiency of 

the system is one of the main advantages of the vacuum membrane distillation process for seawater 

desalination. The most prominent factor which affects the permeate flux is the feed temperature, while the 

least significant one is the concentration of the feed solution which influences the permeate flux. 
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Abstract— Inorganic membrane has attracted great attention in the recent years because of its high mechanical strength, 

good chemical resistance and long life but its application is limited due to the heat intensive steps involved in its synthesis 

and the source material are expensive. Geopolymeric membrane synthesis is a low-cost sintering free technique and uses 

waste fly ash as raw material. In this research work we report sintering free, eco-friendly and economical synthesis of 

geopolymeric membrane. Geopolymer slurry was obtained by mixing fly ash, porous reduced graphene oxide (PRGO) and 

alkaline activator, the viscus paste was then expanded with hydrogen peroxide and egg albumen. Geopolymer paste was 

then molded and cured at 60℃ in a closed environment. Compressive strength of the hybrid geopolymeric membrane were 

investigated. The study revealed that mechanical strength could be controlled by adding different amount of PRGO. 

 

 
Keywords— Geopolymeric membrane, Porous reduced graphene oxide, egg albumen, hydrogen peroxide, compressive strength.  

I. INTRODUCTION 

Ceramic membranes are well devolved, have controlled porous structure and good compressive strength. 

Inorganic membranes have been widely used for different membrane processes and had delivered good 

results.   However, the synthesis of ceramic membrane is an energy intensive process due to high sintering 

temperature i.e. above 1000 ⁰ C. Further, the source materials are also very expensive which increase the 

overall cost of the process[1]. Geopolymerization is sustainable, cost effective and sintering free novel 

technique for synthesis of inorganic binding materials[2]. Geopolymerization is a heterogenous reaction 

between high alkali and aluminum silicate which form a semi crystalline compound known as geopolymer. 

The source material is alkaline activator (NaOH.Na2SiO3) and fly ash. Coal fly ash is rich in pozzolanic 

materials (alumina and silica)  is obtained from a coal power plant. Geopolymerization is also an ecofriendly 

process because it is also utilizing waste fly ash as a source material which is an environmental threat[3]. 

Currently geopolymeric membrane has been widely recognized because of its easy synthesis, low cost, free 

sintering, alkali resistive and environmental friendly[4]. A metakaolin based geopolymeric membrane has 

been prepared using hydrogen peroxide as foaming agents for the purification of paper pulp green liquid. 

The study was done to find the effect of foaming agents on the morphology of the membrane. The porosity 

enhanced with hydrogen peroxide but the mechanical strength drastically reduced from 14 MPa to 4 MPa[5]. 

Chengyang bai-Paolo columbo synthesized metakaolin based geopolymeric membrane using hydrogen 

peroxide and egg albumen as surfactant. Porosity of the membrane was 74 % with the compressive strength 

of 4 MPa [6]. Graphene and its derivatives have been emerged as prominent reinforcing for composite 

materials. Graphene sheets have been used to upgrade the mechanical properties of different organic 

polymers[7]. GO has been used to enhance the compressive strength and electrical conductivity of fly ash 

geopolymers[8] this can be due to the excellent mechanical properties of GO(40 GPa tensile strength and 

307 GPa young's modules) and the strong interaction between the wrinkled GO sheets and the matrix[9].  

In the previous studies the graphene geopolymer composite was studied for concrete or electrical purposes 

in the current work we portray such a method to synthesis a hybrid geopolymeric composite membrane and 

to characterize the effect of PRGO on the mechanical properties and morphology of the membrane. 

 

 

 

 

Synthesis of self-supported fly ash-based hybrid geopolymeric 

membrane by incorporating porous reduced graphene oxide 
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II. METHODOLOGY 

 

A. Porous reduced GO synthesis 
GO was synthesized in the laboratory with the help of modified hummer`s method. In this technique, 
graphite was oxidized with  sulfuric acid and potassium permanganate which is very good oxidizing agent 
for GO [10]. 2 grams of graphite was added to sulfuric acid and stirred in a beaker on magnetic stirred for 
2 h until a dark solution was obtained. The solution was then put on an ice bath to maintain its 
temperature below 20 ºC and KMnO4 was slowly added to the solution to obtain dark green colure 
solution. Then solution was then removed from ice bath and 100 ml of water was added and then the 
reaction was neutralized with hydrogen peroxide. The solution was then filtered and washed with 
hydrochloric acid and deionized water. The obtained paste was then dried in muffle furnace at 70 ºC to 
get. The obtained GO was the converted into PRGO by combustion method described by Q.Y. Yang in the 
paper. 

 

B. Synthesis of Flat Geopolymeric membrane  
Lakhra power plant (Sindh, Pakistan) provided the class F fly ash was used in the process which has an 

optimum silica alumina ratio of (2.8). The mechanical properties and pore size depend on the silica alumina 

ratio. 10 M NaOH solution and sodium silicate were used to chemically activate the fly ash. Basic activator 

arrangement was set up by dissolving sodium hydroxide in distilled water and stir for 30 mins at 125 rpm 

on a magnetic stirrer. Then sodium silicate was added in the ratio of 2.5 to sodium hydroxide. The mixture 

was then stirred at 60 rpm for 24 hrs.’ to obtain a uniform solution. Chemicals (NaOH, Na2SiO3) was 

provided by sigma Aldrich. PRGO in different weight percent (0.3,0.7,1wt%) was then added to 50 ml 

deionized water and stirred for 3 hrs, a uniform suspension was formed. Alkaline activator solution, 

graphene oxide suspension and surfactant (H2O2 1 wt.%, egg albumen 5 wt. %) is mixed and stirred for 30 

mins to form a uniform suspension. Fly ash (2.5 weight ratio Fly ash/AA) is mixed with the alkaline 

activator in a mixer for 1 hr to form a uniform paste. Paste was then molded in (4cm*2cm) molds and cure 

at 60 ℃ in muffle furnace for 24 hrs. Fig I summarizes the method carried out for the synthesis of 

membrane.  

 

Figure 2 GP Membrane preparation method 
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III. RESULTS AND DISCUSSION 

A. XRF Analysis  

XRF analysis of the fly ash received from the Lakhra power plant shows that it contains suitable amount 

of silica and alumina for geopolymerization reaction. The power plant Fly ash contain 85% of silica and 

alumina oxides which is perfect for geopolymerization as shown in the Table 1. XRF analysis constitute 

that fly ash have 63% silica and 22 % alumina. The results show that fly ash does not requires any additive 

for the silica alumina ratio adjustment. The ratio of silica to alumina were 2.8 from the XRF analysis Silica 

and alumina percent composition plays an important role in the compressive strength of geopolymer 

material[11]. 

 

 

Table 1 XRF analysis of fly ash 

Oxides Composition % 

Al2O3 23 

Si2O3 61 

CaO 4 

MgO 8.2 

K2O 0.7 

Na2O 1.7 

TiO2 1.3 

 

B.  Compressive strength Analysis 

Generally, geopolymers are extremely porous it is due to the aqua pore solution evaporation and incomplete 

reaction of the materials. As a result, the compressive strength of the geopolymer reduce due to the un 

reacted fly ash and the resulted geopolymer are highly porous. The Graphene based geopolymers are on 

the other hand less porous because of the good chemical bonding between the graphene and geopolymer 

thus results in dense micro structure[12]. The compressive strength of   geopolymer with different amount 

of PRGO was measured through UTM. It is concluded that the compressive strength and stiffness of the 

PRGO geopolymer composite improved with increasing amount of PRGO as shown in FIG 2. Ranjbar 

used low calcium fly ash in their research but the difference was that they used graphene in the form of 

graphene nano pellets (GNP). Because of toughening enhancer mechanisms and uniform stress distribution 

by increasing GNP material, the incorporation of GNP showed an increase in the compressive and flexural 

strength, toughness and stiffness of the composites. The presence of overlapping GNPs, however, caused 

defects, leading to the elimination of the extra resistance from the drag by GNP sheets and stress 

concentration, respectively [13]. 
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Figure 3 Effect of PRGO content on the compressive strength of geopolymer 

IV. CONCLUSION 

Incorporating PRGO in the fly ash based geopolymer offer great potential to enhance the compressive 

strength and Longevity of the fly ash based geopolymer. This study will help to improve the use of 

geopolymer as membrane which is eco-friendly and economical because it uses fly ash as raw material which 

is an environmental threat. The results of this study show that the compressive strength of the geopolymers 

were increased from 6 MPa to 17 MPa by incorporating 1% (by weight of fly ash) of PRGO. The PRGO not 

only increased the geopolymers polymerization but also surface quality of the geopolymers. 
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Abstract— In this study, manganese-oxide coated adsorbent (M.O.C.D) was synthesized and characterized and then 

manganese oxide coated adsorbent (M.O.C.D) employed for the removal of the copper from drinking water in laboratory 

scale. F.T.I.R and Scanning electron microscopy (S.E.M) analysis were performed to determine structure, morphology, 

and crystallinity or amorphous phase of adsorbent properties. The batch study was carried out on adsorbent concentration, 

shaking time and adsorption dose. Further, the removal efficiency of copper increases with increasing the adsorbent dose 

and shaking time but it decreases with ionic strength. When M.O.C.D dose increase greater than 1g/l the copper 

absorptivity obtained from shaking time minute is less.  

 
Keywords— batch studies, cationic pollutants, characterization, drinking water, manganese coated adsorbent.  

I. INTRODUCTION 

Drinking-water impurity with several synthetic concoctions and intense metals, discharged from the various 

anthro-pogenic source has overturned into a global interest [1]. Drinking-water impurity is a commonly new 

issuance and spread out the pressure emergent because of phenomenal people development, industrialization, 

and urbanization ever since 1990s. The defilement water resources have vital impacts on the earth and human 

health [2]. For the most part, drinking water contains Copper (Cu) and other diverse light and substantial 

metals include Cr, Co, Cd, Pb, Ni, Hg, Zn and so on., has critical antagonistic impacts on human wellbeing 

either through lack or lethality because of over the top admission and furthermore cause cancer-causing 

impacts . In any case, an excess amount Copper (Cu) can cause adverse well-being impacts, including 

heaving, stomach spasms looseness of the bowels, and queasiness. It has alike been related with kidney 

ailment and liver harm [3]. Copper (Cu) focuses on water can be credited to both geo-genic and 

anthropogenic sources. The most noteworthy geo-genic and soil wellsprings of metals are weathering of 

rocks, mineral and vulcanization exercises from which the discharged metals discover their way into the 

water bodies. As per Pakistan Environmental Protection Agency (E.P.A) and World Health Organization 

(W.H.O) has suggested an incentive for Copper (Cu) present in drinking water esteem is 2 (mg/L) if esteem 

is surpassed to this isn't considered as standard one [4].  

 

Various methods are accessible for water cleaning and metal recuperation activities from water. Huge 

numbers of these are built up techniques, while others are still in the trial organize. Frequently, just a blend 

of different treatment procedures can give the pro-fluent quality wanted. Inorganic substantial metals are 

typically expelled from fluid waste streams by synthetic precipitation, electro-deposition, and cementation 

[5]. Different techniques, including enacted carbon, particle trade, and turn around osmosis, can be utilized 

to think to squander streams and expel the overwhelming metals. Initiated carbon is viable in lessening 

hexavalent chromium, mercury, what's more, numerous metals are complexes by natural ligands. Likewise, 

different particle trade tars have been observed to be successful in diminishing metal particles from 

arrangement. Intrigue has risen and manganese oxide covered as of late in expelling overwhelming metals 

from arrangement by authoritative or covered with sand, biomass and other material to produce a low-cost 

adsorbent. Precipitation is common water purification technique, it’s taken after by purification has a 

tendency to stay best well-known strategy utilized because of its straightforwardness [6-7].  Basically, 

precipitation includes changing the broke down metal particles into unsolvable durable state kinds by a 

synthetic response with precipitation, for example, a salt or sulfide. Usually, the unsolvable solids are 

evacuated by purification, which includes completely immersed filter media in water. A mixing of two phases 

i.e. precipitation response and purification, in single-phase appears favorable [8]. In the end, this can be 

accomplished by purification on responsive media and such system is named as an enacted un-saturated 
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filter, it's major contemplated aside Parramatta et al. For the evacuation of manganeses & iron. Essentially, 

it is initiated granulated filter media (e.g. sand) working in un-saturated circumstances (i.e. H2O didn’t 

completely possess all the sieve holes). The enactment of the media should be possible through KMn04 

arrangements and past examinations have demonstrated that this method prompts speedier response rates of 

metals evacuation [9-10]. In addition, the nearness of sans water openings in the sieve circulates air through 

the H2O which likewise advances the substance responses in the arrangement. Strong metal species shaped 

because of the precipitation response encourage and are expelled on the same filter media. 

II. METHODOLOGY 

The material was collected from Kotri Barrage District Jamshoro. All the chemicals used were of analytical 

reagent grade. Copper sulfite was used for the preparation of stock solutions. Hydrochloric acid and Sodium 

hydroxide were used to adjust the solution pH. Distilled water was used throughout the experimental studies. 

The preliminary procedure started by screening using sieve size is 200µm to take particle uniform using 

Russel sieve and weighing 450g material. then washing that sieved material and drying it at 105 oC for 12 hr 

in electro oven, after drying sand mixed with KMnO4 (0.01N) for 2 hr. Now mixed material was washing 

server time with distilled water then again drying 105 oC at 12 hr and activated sand stored in plastics bottle 

for further process. Activated sand coated with manganese dioxide to synthesis M.O.C.A For preparation 

350g sand (200 mm) add to 350 ml of a (0.2 M) potassium per magnet solution. Then add sodium hydroxide 

350 ml of a (0.4M) solution in sand magnet were add to neutralize acid. Thereafter 350 ml of 0.3 M 

manganese chloride dropwise and mixed magnet stirrer. Sand manganese drying in oven for 24 h at 105 oC. 

Then wash dried overnight 105 oC, and stored in plastic bottles for further batch study. Then manganese’s 

oxide coated adsorbent M.O.C.A were Characterized using FT-IR spectroscopic and S.E.M technique. 

Describe the methodology adopted to carry out the experimental/simulation work. 

III. RESULTS AND DISCUSSIONS 

A. Manganese’s Oxide Coated Adsorbent (M.O.C.A) Scanning Electron Microscopy (S.E.M) Analyze  

The Structure and morphology of Manganese’s Oxide Coated Adsorbent (M.O.C.A) analyze using Scanning 

Electron Microscopy. The Fig.1 signifies the structure and morphology of the particulates constituents of 

adsorbent properties. The width and length of the constituent were measured on the amplifications of Photo-

micrograph with a clear millimeter (mm) scale.  

 

 

Fig.1. Manganese’s Oxide Coated Adsorbent S.E.M Results 

 

The width peak was recorded for a constituent with ordered surfaces. The microscope conditions used in the 

study were as follows: The accelerating voltage was 10 kV, the working distance was 19–50 mm, 

magnification x100, x200, x550, x1500 and resolution was 10, 20 & 100 µm when magnification and 

resolution rise adsorbents crystals showed clear. M.O.C.A scanning electron microscopy result shows the 

roughness, porous and MnO2 particles attached with crystal particles of sand it is shown Fig.1. 
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B.  FT-IR Spectroscopic Analysis of Manganese’s Oxide Coated Adsorbent (M.O.C.A)  

The FT-IR Spectroscopic analysis is commonly used to detect functional groups in compound organic 

combinations and to associate the resemblances between substances. In this study, FT-IR Spectroscopic was 

used to validate the functional groups and physical structure of the organic constituents. The FT-IR spectra 

of the constituents of the M.O.C.A are shown in Fig.2. Most of the bands are similar to those detected FT-

IR spectra (Bodir et al. 2008, Xui et al. 2013). Frequently, the band in the highest-energy region is due to a 

huge quantity of OH. 

 

 
 

Fig. 2. FTIR Result Manganese’s Oxide Coated Adsorbent (M.O.C.A) 

 

The peaks of MOCA sample at 900.00 cm-1 resemble the C–H vibration to asymmetrical stretching of 

aliphatic structures, while other bands in the pattern region (1800 to 900 cm-1) are compound; this is an 

outcome of numerous vibration modes in 1,2,4-trisubstituted (Bodirlau et al. 2008). The indications at, 

1043.04 cm-1 can be recognized to C-O-R or C-O-H (esters or alcohols) vibrations (Cham and Li 2008; 

Zapate et al. 2009). In conclusion, FTIR spectroscopy was used to inspect the variations in the structure of 

the suggested wastes treatment. While all adsorbent spectra were alike (Fig.2 and Table.1), slight variations 

were detected from spectrum to spectrum, perhaps it representative that comparable strategy. 

 

TABLE I: FUNCTIONAL GROUPS OF MANGANESE’S OXIDE COATED ADSORBENT (M.O.C.A)  

 
S# Functional group M.O.C.A 

1. O=H Stretching       1392.00 

2. C-H  Stretching 900.00 

3. C=O Stretching 780.42 

4. C-O Stretching 1275.20 

5. C=H Stretching 810.00 

6. CH2 and CH3 Stretching 1383.70 

7. C-O-H and C-O-R Stretching 1043.04 

 

C. Effect of the Adsorbent Dose on Removal Efficiency of Copper 

It is observed that's the effect of the adsorbent dose on the removal efficiency of copper, where a copper 

stock solution has been prepared as shown in Fig.3. The stock solution of copper and another sample of 

removal of copper analyzed on Atomic Absorption Spectroscopy (A.A.S) where stock solution results show 

copper is 5.852 ppm present. Another sample S2, S3, and S4 in which time is 60 min, R.P.M is 150 and pH 

is 6 parameters remain constant but adsorption dose change where S2 is 0.25g, S3 is 0.5g, and S4 is 1g. Their 

adsorption dose outcome shown in Table.2 and Fig.3 where S2 copper removal is 2.399ppm (57%), S3 is 

1.780ppm (68%), and S4 is 0.846ppm (86%). The highest removal gets on 1g adsorbent dose and lowest 

0.25g. 
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Fig. 3. The removal efficiency of absorbent dose. 

 

TABLE II: EFFECT OF THE ADSORBENT DOSE ON THE REMOVAL EFFICIENCY OF COPPER 
Samples D P R T R % 

S2 0.25 6 150 60 2.399 57 

S3 0.5 6 150 60 1.780 68 

S4 1 6 150 60 0.846 86 

D=Dosage (g), P=pH, R=RPM, T=Time (min), r=Removal Copper ppm, %=Percentage Removal Copper 
 

D. Effect of the Content Time on Removal Efficiency of Copper 

In this study effect of the content time on the removal efficiency of copper in which remain constant variables 

setup where pH is 6, RPM is 150 and adsorbent dose is 0.5g but changing variable is time which is 30, 60, 

and 90 min and the sample is S5, S3, and S6 as shown Fig.4 and Table.3. 

 
 

Fig. 4. Removal of efficiency of content time. 

 

The result are S5 is 1.750ppm (64%), S4 is 1.780ppm (68%), and S6 is 1.256ppm (78%).  The removal of 

copper is shown in S5 to S3 is less where time is less increase but S3 to S3 high where content is 90min. 
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TABLE III: EFFECT OF THE CONTENT TIME ON THE REMOVAL EFFICIENCY OF COPPER 

 
Samples D P R T R % 

S5 0.5 6 150 30 1.750 64 

S3 0.5 6 150 60 1.780 68 

S6 0.5 6 150 90 1.256 78 

D=Dosage (g), P=pH, R=RPM, T=Time (min), r=Removal Copper ppm, %=Percentage Removal Copper 

 

E. Effect of the RPM on the Removal Efficiency of Copper 

It is investigated that effect of the R.P.M on the removal efficiency of copper when some constant variables 

where the dose is 0.5, pH is 6 and time is 60 min and another change variable RPM is 100,150 and 200. The 

result is shown in Fig.5 and Table.4 where S7 copper removal is 3.232 ppm (45%), S3 is 1.780ppm (68%), 

and S1 is 1.156ppm (76%). The maximum removal is shown sample is S1. 

 

 
Fig.5. The removal efficiency of R.P.M. 

  

TABLE IV: EFFECT OF THE RPM ON THE REMOVAL EFFICIENCY OF COPPER 

 
Samples D P R T R % 

S7 0.5 6 100 60 3.232 45 

S3 0.5 6 150 60 1.780 68 

S1 0.5 6 200 60 1.156 76 

D=Dosage (g), P=pH, R=RPM, T=Time (min), r=Removal Copper ppm, %=Percentage Removal Copper 
 

IV. CONCLUSION 

The main objective of this research was to utilize native residue material for the formation of Manganese’s 

Oxide Coated Adsorbent (M.O.C.A) which has been discovered that it is ideal for the preparation of high-

quality adsorbent. The M.O.C.A formed in this work has been determined and found amorphous in nature 

and does not show any crystalline nature which is again ideal for preparation of high-quality adsorbent. The 

M.O.C.A formed at pH 5 value has a high specific surface area which is 370.2 m2/g. The obtained silica gel 

characteristics show that it has high porous texture and great adsorption capacity. Also obtained product is 

not amorphous in nature and crystalline which is suitable for the preparation of adsorbent. 

 

ACKNOWLEDGMENT 

Authors would like to thank for providing funds and facilities from Chemical Department M.U.E.T 

Jamshoro, P.A.K-U.S.A.I.D, and H.E.C.  

 

45

68
76

0

20

40

60

80

100

100 150 200

R
e

m
o

va
l C

o
p

p
e

r 
%

rpm



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar  

148 | P a g e   

V. REFERENCES 

 

[43] S. Chen, B. Mulgrew, and P. M. Grant, “A clustering technique for digital communications channel equalization using radial 

basis function networks,” IEEE Trans. on Neural Networks, vol. 4, July 1993, pp. 570-578. 

[44] S. Bajpai and M. Chaudhuri, “Removal of Arsenic from Ground Water by Manganese Dioxide–Coated Sand,” Journal of 

Environmental Engineering, vol. 125, no. 8, 1999, pp. 782–784. 

[45] N. Boujelben, J. Bouzid, and Z. Elouear, “Adsorption of nickel and copper onto natural iron oxide-coated sand from aqueous 

solutions: Study in single and binary systems,” Journal of Hazardous Materials, vol. 163, no. 1, 2009, pp. 376–382. 

[46] D. Filip, V. Thomaspeters, E. Deanadams, and J. Middlebrooks, “Residual heavy metal removal by an algae-intermittent sand 

filtration system,” Water Research, vol. 13, no. 3, 1979, pp. 305–313. 

[47] A. Rauf ,M. Javed, “Copper-toxicity to water and plankton in the river Ravi, Pakistan,” International Journal of Agriculture 

and Biology (Pakistan), 2007. 

[48] S. Lu and S. W. Gibb, “Copper removal from wastewater using spent-grain as biosorbent,” Bioresource Technology, vol. 99, 

no. 6, 2008, pp. 1509–1517. 

[49] S. Mehmood,A. Ahmad,A. Ahmed,N. Khalid, and T. Javed, , “Drinking water quality in capital city of Pakistan”, Science 

Rep,vol 2, 2013, p.637. 

[50] P. E. Lim, T. F. Wong, and D. V. Lim, , “Oxygen demand, nitrogen and copper removal by free-water-surface and subsurface-

flow constructed wetlands under tropical conditions,” Environment International, vol. 26, no. 5-6, 2001, pp.425-431. 

[51] S. R. Taffarel and J. Rubio, “Removal of Mn2 from aqueous solution by manganese oxide coated zeolite,” Minerals 

Engineering, vol. 23, no. 14, 2010, pp. 1131–1138. 

[52] W. Zou, R. Han, Z. Chen, J. Shi, and Liu, “Characterization and Properties of Manganese Oxide Coated Zeolite as Adsorbent 

for Removal of Copper(II) and Lead(II) Ions from Solution,” Journal of Chemical & Engineering Data, vol. 51, no. 2, 2006 , 

pp. 534–541. 

[53]  ‘Impact of chromium toxicity on water, plankton and bed sediments of River Ravi, Pakistan,” International Journal of 

Biosciences (IJB), vol. 11, no. 5, 2013 pp. 294–300. 

  



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar  

149 | P a g e   

 

 

Technical Session 3-B (Google meet/Zoom) 

Waste Utilization and Water Treatment 

Session Chair: Dr. Tanveer Iqbal 

Session Co-Chair: Prof. Dr. Saeed Gul 

Presenter Paper Title 

Imran Ahmad 

(Dept. of Chem Eng., UET 

Peshawar) 

Selection of task specific ionic liquids for 

Calcium-based batteries 

M.Suleman 

(Dept. of Chem Eng., MUET 

Jamshoro) 

Adsorption Of Arsenic (V) From Ground 

Water Using Zero Valent Iron Coated Beads 

As Adsorbent  

Syed Nasir Shah 

(UET Taxila) 

Removal of Methylene Blue using Biobased 

Activated Carbon Alginate Membrane 

M. Aftab Khan 

 (Dept. of Chem Eng., UET 

Peshawar) 

Mixing of Coal and Solid Olive Waste to 

Enhance the Properties of Hybrid Fuel 

Ihsanullah Qureshi 

 (MUET Jamshoro) 

Adsorption of Arsenite From Aqueous 

Solution Using Graphene Oxide / Fe2O3 

Coated Indus Sand 
 

  



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar  

150 | P a g e   

 

Abstract—This paper aims to investigate the choice of electrolytes for calcium-based batteries. Carbonate solvent based 

electrolytes such as ethylene carbonate and propylene carbonate have been widely investigated for reversible plating and 

stripping in calcium-based systems. Such electrolytes are economically more viable, however are highly flammable and 

toxic. In this work a screening of ionic liquids was carried out using conductor-like screening model for real solvents 

(COSMO-RS) tool. Based on activity coefficient at infinite dilution, capacity, selectivity, and performance index ionic 

liquids suitable for application as electrolytes in calcium-based batteries were shortlisted. Overall, tetramethylammonium-

sulphate [TMAm-SO4] was found to be a suitable ionic liquid as solvent for electrolytes in multivalent ion batteries. 

Experimental investigation is needed for validation and performance evaluation.  

 
Keywords— Calcium-based batteries, COSMO-RS prediction, electrolytes, ionic liquids.  

I. INTRODUCTION 

Increasing energy demands in Pakistan due to population and economic growth as well as desire to generate 

electricity through renewable energy technologies serve as a motivation behind increasing interest in energy 

storage devices. Lithium-ion batteries are commercially available, however, there is still need for exploration 

of materials that may be relatively widely available economically and are safer for use [1]. One of the 

preferred materials being investigated as an alternative for Lithium is Calcium being the fifth most abundant 

element in the Earth’s crust [2-3]. Sources of Calcium are abundantly available in Pakistan [4]. The standard 

reduction potential of Calcium is -2.87 vs. NHE and has a charge capacity of 1.34 Ah/g which renders it to 

perform better than graphite employed in commercially available Lithium-ion batteries [5]. Although 

magnesium based energy storage systems have more advanced technology, nevertheless Calcium-based 

batteries may offer faster reaction kinetics [6]. However, demonstration of a stable electrolyte for 

multivalent-ion batteries such as Calcium-based batteries is considered to be a challenge [6]. This work aims 

to screen ionic liquids as suitable electrolytes for reversible plating and stripping in Calcium metal systems.     

II. METHODOLOGY 

The methodology followed primarily consisted of screening of ionic liquids using the conductor-like 

screening model for real solvents (COSMO-RS) as shown in Fig 1. However, a literature review was first 

carried out for identifying the properties of electrolytes based on which the COSMO-RS screening was 

performed. 
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Fig. 1. Research methodology 

Performance evaluation of screened electrolytes would be conducted subsequently for validation of the 

results. 

III. RESULTS AND DISCUSSION 

In this work six cations were screened in combination with nineteen anions resulting in a screening to 114 

ionic liquids using COSMO-RS. The cations screened are shown in Table. 1. 

TABLE I: CATIONS SELECTED FOR COSMO-RS SCREENING 

S.No Abbreviation Cation 

1 BMIm 1 butyl-3-methyl-imidazolium 

2 BMPyrro 1-butyl-1-methyl-pyrrolidinium 

3 BMPyri 1-butyl-3-methyl-pyridinium 

4 BMPip 1-butyl-1-methyl-piperidinium 

5 TBMPh Tributylmethyphosphonium 

6 TMAm Tetramethylammonium 

 

The method followed in COSMO-RS screening is based on activity coefficients at infinite dilution, and 

capacity wherein less ionic liquid is required corresponding to high capacity [7]. Capacity of ionic liquids 

predicted using COSMO-RS is presented in Fig. 2. 

 
Fig. 2. Capacities of selected ionic liquids for propylene carbonate at 298.15 K 
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It may be observed from Fig. 2 that the highest capacities are predicted for the tetramethylammonium cation. 

Three anions for which highest capacities are predicted in combination with tetramethylammonium ion are 

SO4
-, Cl-, and Br- respectively. Therefore, the most suitable ionic liquid for propylene carbonate is 

tetramethylammonium-sulphate. 

IV. CONCLUSION 

In this work screening of 114 ionic liquids was performed using COSMO-RS to predict the capacities of 

ionic liquids as solvents for propylene carbonate. Ionic liquids offer promising prospects for application as 

solvents for electrolytes in multivalent batteries such as calcium batteries. Tetramethylammonium cation was 

found to be suitable in combination with SO4
-, Cl-, and Br- anions. Tetramethylammonium-sulphate was 

predicted to have highest capacity for propylene carbonate.  
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Abstract-Arsenic (V) removal from ground water has been accomplished for many years in relative to the health harms, 

bestowing to World Health Organization arsenic is one of most hazardous element for human health and adsorption limits 

of this contaminant are hardly reached in drinking water. To remove this toxic metal, the adsorption method has been 

studied and synthesis of nZVI (nano scale  zero valent iron ) is developed for target metal. Batch study was undertaken to 

evaluate the proficiency of zero valent iron coated beads as an adsorbent for arsenic removal from ground water under the 

effects of various parameters like pH, retention time and adsorbent dosage. The results show that higher adsorbent 

efficiency of 93% was attained at pH-6. The maximum arsenic removal efficiency of 90% was achieved with 150rpm. 

Whereas,91% efficiency was achieved with 90 min contact time. The prepared adsorbent showed good results and its low 

cost making it more suitable and feasible option for commercial use. 

Keywords: Contaminated water, Arsenic, adsorbent, zero valent iron coated beads 

I.   INTRODUCTION 

Shortage of water and safe drinking water are the two major challenges are alive in the world in the area of 

water supply. It is predicted that more than 663 million people around the  world does not have approach to 

pure drinking water [1]. Water is a fundamental constituent for human growth, and water nature affects the 

survival of human life. Elements of different naturally exist in apparent and drinking water such as fluoride, 

nitrate, sulfate, iron, manganese,  chloride, selenium, arsenic, and other dense metals [2] . The nature of 

drinking water is of extraordinary people requirements these days. Many years ago, natural filters use in 

incumbent soil layers for protected ground waters. Though, drinking water impurities can exist in different 

forms, in inclusion to natural (geochemical) pollution such as by infiltration of contaminated surface water, 

by leaks in pipelines, from landfill leachates, etc[3]. Arsenic is  one of the poisonous elements having most 

different effect on the people life and in  around the world his effects are increasing day by day. mostly rocks 

occur in mixture type below earth that on dissolution contaminates H2O [4]. It is one among the 

foremost toxic chemicals found within the  surroundings this one poisonous element occur and give as 

countless compound forms or types in the water environment. Arsenite (AsO3 3−) and arsenate (AsO4 3−), 

referred to as As (III) and As (V), respectively, are common in natural waters[5]. As mostly occur in Organic 

and Inorganic form in ground water, Organic Arsenic form exist due to usage of  organo-arsenic pesticide 

and micro-organism bio methylation and Inorganic Arsenic form occur due to a result of the dissolution of 

minerals such as arsenolite, arsenic oxide and realgar [6].Most areas of Pakistan such as Sindh province  As 

occur in ground water in 24 district such as both on the left and right bank of RI (River Indus) were evaluate 

from it some districts such as  Sakrand, district Shaheed Benazirabad followed by Hala, Matiari , TMK 

(Tando Mohammad Khan) and Nasarpur regions where  As concentration was detected as  two hundred(200) 

ppb (parts per billion),where   WHO (World Health Organization) limit is (10 ppb) [7]. Rice is found in rich 

quantity, the husk obtained is the upper covering of the rice after processing or polishing[8]. for removal of 

As from poisonous water many treatment technologies have been practiced such as these are 

coagulation/filtration, ion exchange, lime softening, adsorption on iron oxides or activated alumina, and 

reverse osmosis.[3] for Ground water and soil remediation Nanoscale zero-valent iron (nZVI) mostly  used 

as   engineered nanoparticles [9]. Adsorption is a cost advantage and technological method use for removal 

of arsenic from drinking water. Due to high affinity for arsenite (As(III)) and arsenate (As(V)), elemental 

iron and iron hydroxides are broadly used as the adsorbents for arsenic removal [10]. In now days, removal 

of different drinking water contaminated  nano scale zero-valent iron (nZVI) has been used. The benefits of 

nZVI over zero-valent iron (ZVI) contain higher reactive surface area, faster and more complete reactions, 

and better inject ability into aquifers [11]. under flow conditions nZVI cannot be used for water treatment 

due to a porous reactive barrier or a filter consisting of a permeable reactive bed. bentonite, kaolinite, chitosan 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/micro-organism
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/realgar
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and ion exchange resins they are also include for tested as supporting matrices for different synthesis  and 

natural minerals [12]. 

II.  MATERIALS AND METHODOLOGY 

    A. Preparation of pottery granules (PG): 

The raw material China clay was collected from Thar, Sindh, White flour from Memon Mill Dadu, Rice 

Husk from Kotri Mill. Distilled water is produced in water quality laboratory of chemical engineering 

department Mehran university Jamshoro. 50 gram of each China Clay, White Flour, Rice husk were mixed 

with 100ml of distilled water and well agitated in the Agitator/Stirrer (Midget Stirrer, MZ-800H) for the time 

of 10 minutes with speed of 170rpm. After the mixing slurry dried in Oven temperature at 110 0C for 2 hours 

then we have reduced the size of paste in Mortar with Pastle after size reduction grinded pottery granules are 

heated in the Muffle Furnace 500 0C for 3 hours. 

  B.  Synthesis of nano zero valent iron coated : 

For the solution of synthesis of nano-zero-valent iron (nZVI) we take 0.5406 g of FeCl3.6H2O which 

dissolved in a ratio of 
4

1
 v v⁄  ethanol /H2O mixture (24 mili liter ethanol + 06 milliliter deionized water) and 

stirred well. And for the grow up iron nanoparticles we take   0.1 M sodium boro hydride solution mixture 

which was prepared by mixing 0.3783 g of NaBH4 in 100 ml of deionized water, an excess of boro hydride 

is required after it boro hydride solution was prepared by discharge into a burette and dropped drop wise 
1

2

drop

second
 into the ferric chloride solution with vigorous stirring. After putting first drop of NaBH4 directly in 

solution the black solid particles will appeared and remaining borohydride solution it use as to accelerate the 

reduction of reaction by mixing it. After mixing all of the borohydride solution, the mixture was stirred for 

another 10 minutes. Removal of Black Iron Nano particles from liquid phase mixture a vacuum filtration 

technique used. What man filter papers was use as filter for remove solid particles by washing 3 times with 

25 ml of absolute ethanol to remove all water after it the solid particles as synthesized nanoparticles was 

dried overnight in a 323 K oven. For storage, a layer of ethanol is added to prevent the nano-iron particles 

from being oxidized. 

C.   Coating of nZVI on pottery granules: 

For the coating we have agitated of pottery granules with nZVI (30/70), after agitation iron coated pottery 

granules ICPG heated at 80 c and 500 c for 1 hour. 

D.  Preparation of stock solution: 

Stock solutions of Arsenate (V) were prepared in the maximum acceptable concentration set by EPA i.e. 50 

ppb. Firstly, the stock solution of 100ppm and 100 (ml) volume was prepared from which the stock solution 

with 50 ppb was derived. For the preparation of 100 ppm stock solution, 0.2402 grams of Potassium Arsenate 

Monobasic (H2AsKO4) were weighed using measuring balance and completely diluted in 100 ml distilled 

water along with 1 drop of Nitric Acid (HNO3) in round bottom flask. For the derivation of 50 ppb stock 

solution dilution formula was used;  

 C1V1=C2V2.  

Here, C1 and C2 are the concentration of first and second concentrations of stock solution and V1 and V2 

are the volumes of first and second solution respectively. 

Here in our case, 

Let C1=100 ppm, C2=1, V2= 100ml ppm then V1 will be calculated as, 

V1 =
C2 × V2

C1
=

1ppm × 100ml

100ppm
= 1ml 

That means we’ll take 1ml from the 100 ppm stock solution and dilute it with 99ml of Distilled water to 

make the 100ml stock solution of 1ppm. Now for 50 ppb we’ll again use same formula. 

Let C1=1 ppm=100 ppb, C2= 50 ppb, V2=100 ml, V1=? 

V1 =
C2 × V2

C1
=

50ppb × 100ml

1000ppb
= 5 ml 
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That means we’ll take 5 ml from the 1 ppm stock solution and dilute it with the 95 ml of Distilled water to 

make the 100 ml stock solution of 50 ppb. Here our step 1 is completed and we proceed towards next step. 

E.    Batch adsorption study 

Batch technology was used to study the adsorption of As (V). At room temperature (20 ± 1 ° C) zero valent 

iron coated beads mixture is used for adsorption capacity by adsorption isotherm in aqueous solution. In 

some glass flasks, 50 ml of each of the As(V) (0.25, 0.5, 1.0, 1.2, 1.5) g solutions was contained per 50 ml 

of adsorbent. The vial was located in a water bath at 20 ° C and shaken at (90, 120, 150) rpm for nearly (60, 

90, 120) min to ensure equilibrium was achieved. The effect of pH and contact time was performed. 

The extracted data are used to calculate specific parameters for technology effectiveness and cost, when 

possible. To standardize the data on effectiveness, the following formula is used to calculate the arsenic 

removal efficiency of each technology, where n is the removal efficiency of adsorbent, C₀  is the influent 

arsenic concentration of the water sample, and Ce is the effluent arsenic concentration. 

n %=  
C₀−Ce

C₀
 × 100 

 

III.     RESULTS AND DISCUSSION 

          1. Effect of pH 

For all water and waste water treatment process the pH of the solution is an essential factor that we perform 

an experiment which was conducted to study the influence of the early pH of the solution to be preserved on 

As (V). At pH = 2.0 to 9.0, the percentage of removal of As (V) varies with pH. The % of arsenic As (V) 

removed powerfully cleaned it depend on the pH of the medium. In addition, it can be noted that the 

maximum adsorption capacity of the zero-valent iron coated  adsorbent for As(V) occurs at pH 6-6.8, at pH 

6.0 (93.27%) highest removal efficiency was achieved, which was selected as the best condition of PH for 

further experiments. 

As(V) having a pH higher than 2.0 exists in an anion form and thus can be efficiently removed by iron 

hydroxide which exists in the form of a cationic monomer (Fe(OH)2+) in this pH range. At pH 9.0 or higher, 

the removal rate of As (V) is lowered. 

Fig. 1 represents the percentage removal efficiency of arsenic at different pH. From this study it is clearly 

observed that the percentage efficiency of arsenic removal was improved from 77 to 93 as the pH value 

increased from 2 to 6 due to Acidic state to neutral state). 

However, the percentage removal of arsenic was decreased gradually from 93 to 84 as the pH value 

increased, it may be attributed by disturbing the neutral state to basic state 

 

.   

 

Fig.1. Effect of pH 
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   2. Effect of time 

For the reaction the time has been investigated for different parameters as it influence Contact time is one of 

the real factors in the intermittent adsorption process. As adsorption efficiency time variation has shown in 

Figure 2. 

 
 

Fig.2. Effect of Contact Time 

 

During the initial adsorption phase, the removal efficiency of As(V) by the zero-valent iron-coated adsorbent 

is significantly increased (0–90 minutes) and then continues to increase at a comparatively slow rate with 

increasing contact time until 90 minutes. After reaching equilibrium. After 90 minutes, the As (V) removal 

rate did not change significantly. On behalf of these results, 90 minutes was taken as the time of the 

adsorption experiment. Typically, the rate of removal of the adsorbate is initially very fast, but gradually 

decreases over time until equilibrium is reached. This phenomenon can be recognized to the point that in the 

early stage, a large number of vacant surfaces are available for adsorption, and over time, it is hard to occupy 

the remaining free surface due to the repulsive force among the solute molecules. 

    3. Effect of adsorbent dosage 

The effect of the amount of adsorbent on the As(V) adsorption percentage is shown in Figure 3, As in figure 

we can see that As(V) removal efficiency increase greatly by increase in the amount of adsorbent. The sorbent 

dose increased from 0.25 mg / 50 ml to 1.0 mg / 50 ml, resulting in an increase in As (V) adsorption from 

79% to 92%. It will happen by the higher obtainability of exchangeable places or surface areas at higher 

concentrations of adsorbent. On the other side, the increase in removal efficiency can be recognized to the 

fact that as the adsorbent dose increases, more adsorbent surface or more adsorption points can be used for 

the adsorbed solutes. A further increase in sorbent dose (> 1.0 mg / 50 ml) does not cause a important 

improvement in As(V) adsorption. It will happen due to the statistic that nearly all of As(V) is adsorbed onto 

the adsorbent and a balance is established between As(V) adsorbed onto the adsorbent and As(V) not 

adsorbed in the solution. Therefore, 1.0 mg / 50 ml of zero-valent iron-coated adsorbent was selected for 

further study. 
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Fig.3. Effect of Adsorbent Dosage 

  4. Effect of rpm 

The effect of the rotational speed (rpm) is one of the effective causes in the intermittent adsorption process. 

Obviously, the adsorption rate increases with increasing agitation speed (90, 120, 150, 180) rpm because the 

thickness of the boundary layer around the adsorbent particles decreases as the turbulence increases. As can 

be seen from the figure, the adsorption capacity of the adsorbent was the largest at 150 rpm. In addition, as 

shown in Fig. 4, the adsorption capacity of the adsorbent is not further increased, and the equilibrium time is 

also increased. This means that for the adsorption process, there is an optimum speed and will be studied for 

each adsorbent. 

 

 

 

                    

 

 

 

 

 

 

 

 

 

Fig.4. Effect of rpm 

IV. IV. CONCLUSION AND RECOMMENDATION 

For removal efficiency of arsenic from ground water by zero valent iron coated beads has been studied and 

investigated as new   effective adsorbent. Numerous benefits of ICPG media are (a) cost effective process 

makes ICPG media a greatly competent adsorbent for removing As at ordinary pH. (b) its As adsorption 

competency by means of  F(0) coated on the sample. From this research, it is evidently concluded that ICPG 

sample can be appropriately used for As expulsion from portable water. Batch adsorption study was used to 

remove As(v) by isotherm in aqueous solution at room temperature (20± 1 0C) determine the adsorption 

strength of zero valent iron coated beads complex by taking different parameters as pH=6 give highest 
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adsorbent efficiency of 93%, furthermore  by taking 90mint contact time 91% efficiency was achieved ,  

highest adsorbent capacity of 92% was achieved at dosage of 1.0 mg/50ml  and at 150rpm 90% As removal 

efficiency was achieved .after optimization of all four parameters the overall average percentage removal 

efficiency  was achieved as 91.5%. 
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Abstract-The coloring of various products such as paper, leather, and textile products is one of the critical processes in 

different industries. The wastewater from these industries contains a significant concentration of these dyes, contributing 

significantly to the water treatment problems. A large concentration of these dyes is present in wastewater, thus increasing 

the chemical oxygen demand and decreasing the light penetration capability, which has a negative effect on the 

photosynthesis phenomenon. In the current study Trihexyltetradecylphosphonium [P6,6,6,14] based hydrophobic ionic 

liquids along with different anions are used to extract methylene blue from wastewater. The anions used are Cl- and BF4-

. The effect of various parameters such as pH, the concentration of ionic liquids, and the temperature is investigated. It is 

found that with the increase in the concentration of ionic liquids the extraction efficiency enhances. The pH of the solution 

is varied from 4.5-8.0, and it is found that with the increase in pH, the extraction efficiency further improves. The 

recyclability of ionic liquids is also studied, and it is found that the efficiency of the ionic liquid decreases for each. The 

regeneration of ionic liquids is studied as well.   
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To confirm the mixidness of coal and solid olive waste 
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Abstract-The naturally available hydrocarbon matter, coal is available in exceptionally high quantity on the planet.  The 

current coal reserve estimates stand at 1.1 trillion tons (1,139,471 million tons).  The current proven reserves can be used 

for estimated 150 years at the current rate of utilization.  Pakistan holds 3377 million tons of demonstrated coal reserves 

positioning 20th on the planet.  It still looks imperitive that the coal use will see its utilization for comming decades as an 

energy source with the disadvantage of greenhouse gas emissions causing environmental pollution.  Various efforts have 

been reported to overcome this environmental isues.  Pakistan is an agrarian country and produces a lot of agricultural 

waste with limited utilization.  Recently there has been a surge in the cultivation of Olive trees which also result in produing 

waste of high Calorific Value (C.V) which often is of no use after oil has been extracted from its fruit.  Capitilizing on the 

opportunity this work will look into the improved mixing characteristics of solid olive waste (SOW) and low rank coal to 

improve the calorific value of the hybrid fuel.  Different type of coal samples and solid olive waste were collected, grinded, 

sieved and mixed with different ratio to confirm the mixedness of coal and solid olive waste by sieving analysis and 

Photographic Information Technique (PGI).  95% mixedness values were confirmed by the image analysis.  Various tests 

such as compressive strength caloric value, ignition point was carried out to test the suitability of the hybrid fuel.  The 

experimental results showed that, the solid olive waste can be used up to 50 mass% with coal to reduce the consumption of 

primary fuel coal which reduces the emission of (SO2) to half of the initial value in comparision to when coal is used alone.  

It increase the calorific value of hybrid fuel and improves the ignition point.  Usage of solid olive waste with coal will help 

in reduction of soil pollution and reduce (SO2) emission to the environment. 

Keywords: Solid olive Waste; photo graphic information, mixing, hybrid fuel. 

 

I. Introduction 

The buring of hydrocarbons resulting in CO2 discharge to air has caused a worldwide temperature alteration, 

scientist say that the temperature of earth has increased to 2Co because of CO2 emissions.  The result is an 

environmental change, manifestations of which incorporate dissolving of the polar ice covers, ascending of 

ocean levels, and aggravation of creature’s regular living spaces, extraordinary climate change, thus a lot 

more negative results that are hazardous and exponentially increasing day by day.  The significant danger 

from expanded CO2 is the greenhouse impact.  As an ozone harming substance, extreme CO2 makes a spread 

that traps the sun's warmth energy in the air bubble, warming the planet and the seas.  An expansion in CO2 

plays devastation with the Earth's atmospheres by causing changes in climate designs. 

The grouping of carbon dioxide in Earth's climate is presently at almost 412 Parts per million (ppm) and 

rising.  This speaks to a 47 percent expansion since the start of the Industrial Age, when the focus was almost 

280 ppm, and an 11 percent increment since 2000, when it was close to 370 ppm. 

Many decades will see the coal utilization as an energy source and hence the emission of greenhouse gases 

is eminent.  Inovative ways to tackle this problem are necessary and hence there has been an interest in this 

field exporing different options.  One such option is the use of solid waste with coal to make hybrid fuel.  

Olive wate is of high calorific value and can be combined with low rank coal to give a stable domestic fuel.  

Hence we have chosen it to form a near to perfect hybrid fuel by looking into the mixedness, strength, 

stability, C.V and other parameters to suggest its suitability [1].  

The mixing of particle and powder is an old unit operation (nearly 4000 years) but due to complex nature a 

very limited information is known about the mechanism of mixing [2].  The combined combustion of coal 

and solid olive waste was done by Armesto et al. showing that mixing of solid olive waste and coal is possible 

[3].  In the past 50 years, the blending and segregation have been viewed as two contending systems to control 

the particle dispersion, Rowe et al., [4].  The early research has looked into the blending and isolation with a 

focus on density contrasts, Nienow et al., [5].   
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II. Materials and Method 

Solid olive waste (SOW) and coal were collected for mixing from olive oil extraction unit Ternab form and 

daara respectively.  Composition of raw material was determind by proximate and ultimate analysis.  

Chemical composition of solid olive waste and coal is shown in Table 1. 

Solid olive waste and coal were taken for grinding, vibratory seieving to obtain a particle size of 250 and 500 

µm.  Mixing of SOW and coal were then performed in different concentrations as shown in Table 2.  Samples 

were taken from top, bottom and middle of the resulting mixture and then passed from vibratory sieve shaker 

to find the mixidness of SOW and coal as shown in Table 3.   

Different light effects were created to find the distribution of particle and mixidness of mixtures.  A 15mega 

pixel camera was used to record the pictures which were then examined by diving into equal ares to find the 

mixedness of the sample. 

 

III. Results and Discussion 

3.1 Chemical Composition of Raw Material 

It may be observed from Table 1 that sulpher content of solid olive waste is 0.10 and of coal where its value 

is 1.78 which is very high as compared to solid olive waste.The calorific value (sow 12500-21000kj/kg) and 

volatile matter of SOW is comparatively to coal (coal calorif value 17000-23000kj/kg) .Hence SOD can be 

mixed to controle sulpher emission, reduce the consumption of primary fuel coal and utilization of SOW as 

usefull rather to pollute the environment. 
 

 

 

Table 1 

Proximate and Ulitmate anylisis of SOW coal (by wt %)  

 

Proximate analysis (by wt %)  

 

FC (wt %)    VM (wt %)    Ash (wt %)  Moisture (wt %)   HHV (kj/kg)     LHV (kj/kg) 

 

SOW        16.30        69.20         9.20        6.60              19,805           19,595 

Coal         41.10        27.35         23.55       7.30              23,208           22,045 

Ultimate analysis (dry basis, wt %) 

C             H            N          O                S              Ash 

SOW        46.60          6.01          0.70        36.63             0.10             9.50 

Coal        59.20           4.53         2.08        11.50             1.78             20.59 

 

 

Table 2 mixing proportion of coal (500 micrometer) and SOD (250 micrometer) 

Sample Coal (mass %) SOD (mass %) 

1 100 0 

2 90 10 

3 80 20 

4 70 30 

5 60 40 

6 50 50 

7 40 60 

8 30 70 

9 20 80 
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Table 3 Confirmation of mixidness of coal and solid olive waste 

Sample SOD (mass %) Mixture proportion (mass %) 

1 0 0 

2 10 8 

3 20 18.5 

4 30 27 

5 40 35 

6 50 46 

7 60 58 

8 70 65 

9 80 77 

 

 

 

3.2 Solid olive waste (SOW) 

3.2.1Pre treatment of SOW 

The moisture content is a significant factor that lessens the SOW energy quality during the burning measure.  

In fact, the contained water in SOW material devours its fundamental dissipation energy from the SOW 

entire energy.  Moreover, numerous unfortunate responses happen because of the water presence in the solid 

olive waste material.  In request to expand the burning energy proficiency and limit the unsafe ensuing 

discharges, a drying pre-treatment of SOW pre-treatment is a suitable arrangement. 

3.2.2 Density and ash analysis 

The density of SOW is 1.0674gm/cm3.  The X-ray fluorescence (XRF) of the ash of SOW has shown the 

main elements to be Si, Al, Fe, Ca, S, Mg, K, Ti, Na, P, Mn, and Cl [12].  The big proportion elements in 

SOD ash are potassium (K) (15990-27744mg/kg) followed by calcium (Ca) (1702-3205mg/kg).  The sodium 

(Na), magnesium (Mg) and iron (Fe) are also present in considerable quantities (104-214mg/kg, 511-808 

mg/kg and 87.4-302mg/kg, respectively). 
 

3.2.3 Confirmation of mixidness 

The mixidness of coal and Solid olive waste was confirmed by sieve analysis and Photograpgic Technique 

(PGI).  The mixing proportion of solid olive waste in different samples is shown in Table 3.  The 16 Mega 

Pixel digital camera taking 15 images per second was set on conveyer belt.  Different lights effect were 

created on the mono layer and images were recorded.  The images were divide into equal nine parts and 

counting of the distinct number of particles in each squre showed that it had 95 % equal distribution of 

particle.  The image 1 and image 2 given below shows the confirm degree of mixidness. 

Table 3 Confirmation of mixidness of coal and solid olive waste 

Sample SOD (mass %) After sieving Mixture proportion 

(mass %) 

1 0 0 

2 10 8 

3 20 18.5 

4 30 27 

5 40 35 

6 50 46 

7 60 58 

8 70 65 

9 80 77 
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Image 1 

 

 

Image 2 
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4. Conclusions 

The above study shows that the coal and solid olive waste mixedness can be accessed from the monolayer 

distribution by image analysis as also confirmed by the sieve analysis.  The mixedness values of 95 % were 

obtained in this work.  Hence the mixing of coal and solid olive waste were confirmed in this work for better 

utilization of the mixture for producing high quality hybrid fuels. 
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Abstract— Arsenic is a broadly appropriated component of the Earth's hull at a normal of around 5 g ton-1[1]. Arsenic is 

a persevering, accumulating, poisonous substance. The U.S Environmental Protection Agency (EPA) has used 10 μg L-1 

arsenic as the highest acceptable level of groundwater[2]. It is very important to remove heavy metals from the aqueous 

solution. In recent decades, many strategies have been developed to eliminate arsenic from contaminated water, including 

chemical rainfall, adsorption and ion exchange, membrane and biological processes, and so on. Due to its high arsenic 

performance and low cost, adsorption is the most popular method[3]. 

This analysis was carried out by means of an adsorption method to eliminate Arsenic (III) from aqueous solution using 

Graphene oxide / iron oxide coated indus sand as adsorbent. Indus sand was amended by treating it with HCl and then 

covered with Graphene oxide / iron oxide.Study were conducted batchwise for experimental parameter. Arsenic (III) 

exclusion efficiency of Graphene oxide / iron oxide coated Indus sand from aqueous solution was determined.  The ideal 

conditions for the expulsion of Arsenic (III) from aqueous solution utilizing Graphene oxide / iron oxide coated indus sand 

as adsorbent were noticed as; pH: 6, adsorbent dose: 1g, stirring speed: 200 rpm and contact time: 90 min. The highest 

evacuation efficiency accomplished on these ideal conditions was 98%. The maximum efficiency along with cheap and easy 

to manufacture makes iron oxide-Graphene oxide coated Indus sand promising for removal for Arsenic (III) from aqueous 

solution. 

 
Keywords— Arsenic (III) expulsion, Iron oxide (Fe2O3), Indus sand , Graphene oxide(GO), Arsenic adsorption . 

I. INTRODUCTION 

From both the characteristic and the toxicological points of view, arsenic can be portrayed into three 

significant groups: inorganic; natural and arsine gas. The most notable is arsenic trioxide, sodium arsenite 

and arsenic trichloride . Arsenic trioxide is simply imperceptibly water soluble also in sodium hydroxide it 

structures arsenite and with concentrated hydrochloric corrosive it shapes arsenic trichloride [4]. Naturally 

exist in food, water and air. Known for a considerable length of time to be a powerful toxin; however, some 

animal studies recommend that arsenic might be a fundamental supplement at low concentrations. It is 

pervasive in nature and involves roughly 0.00005% of the earth's crust. People exposed to water 

contaminated with arsenic generally show arsenical skin sores, which are a late appearance of arsenic 

toxicity. Long term exposure to arsenic debased water may prompt different illnesses, for example, 

hyperkeratosis, cardiovascular diseases,  skin cancer and lung diseases[5]. 

GO is a single atomic layered material containing carbon,  hydrogen, and oxygen atoms by the oxidation of 

graphite crystals, which are cheap and bottomless . 

Graphene oxide (GO)/iron oxide nanocomposites have been proposed to guarantee adsorbents. GO is 

produced by oxidative shedding of graphite, viewed as the most commonly utilized graphene forerunner due 

to its minimium cost and abundance[6]. 
 

II. METHODOLOGY 

1.   Preparation of HCl treated Indus Sand : 

      a.  Collection and sieving of sand/silt 

For the readiness of mud, sediment was gathered from Indus River close Almanzar jamshoro. After the 

gathering of residue it was sieved to acquire a similar size of the sediment, required size is 90 micro meter 

engineering department MUET jamshoro. 

 

 

 

 
 

ADSORPTION OF ARSENITE FROM AQUEOUS SOLUTION 

USING GRAPHENE OXIDE / Fe2 O3 COATED INDUS SAND 
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          b.  Leaching of silt/sand 

Leaching of the silt was because of extraction of undesirable substance from the silt, for that reason silt was 

leached by the including of 0.5 molar concentration of hydrochloric acid in the silt to separate undesirable 

substance from silt. 

          c.  Washing and drying of silt/sand 

After leaching washing was done to keep up the pH of the silt for that washing of silt with deionized water 

was done for 5 to 8 time to get the pH level 7.  

Due to some amount of water present in the silt it is dried to vanish water from sand to get dried sand. 

2.   Preparation of GO / Fe2 O3 Coated Indus sand  

GO ( 3 g) were spread  on water (100 ml) through ultra-sonication for half hour, Fe2 O3 (30 g) was added 

along with leached sand. Mixture were stimulate for 24 h at normal conditions. During this procedure, H2 

O2was added four times according to the ratio of Fe2 O3/ H2O2 = 1 g/10Ml for approximately 6 h . After 

one day slight amount of ammonium hydroxide added until the pH became 8. During it the mixture  

became a deep red color because of ferric hydroxide formation. Then mixture was dried to evaporate water 

in the oven at 105 degree centigrade to yield 300 g of GO/Fe2O3 coated Indus sand. 

 

III. RESULTS AND DISCUSSION 

1.  To characterize Fe2 O3 / GO coated indus sand: 

Determination of Surface morphology by SEM and FTIR 

a.  Scanning Electron Micrograph Analysis : 

An analysis of the adsorbent surface was performed using SEM. Figures 1 and 2 show the surface 

morphology of uncoated Indus sand (before) and Graphene oxide / Fe2 O3 coated indus sand (after) used in 

this study. SEM work on 10 kV accelerating voltage, magnification (100x 1000x) and resolution (10-100 

μm) was performed by both materials. 

 

Fig 1 : SEM result before coating sand with GO / Fe2O3 

It is observed that the graphene oxide / Fe2 O3 coated indus sand adsorbent surface roughness was high, 

which is one of the desirable parameters for efficient adsorption but has less roughness and less adsorption-
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efficient pores compared to uncoated material. The surface roughness and porousness of the structure were 

also higher in the Graphene oxide / Fe2 O3 coated indus sand . 

 

 

              Fig 2: SEM result after coating sand with GO / Fe2O3 

b.  Fourier Transform Infrared Spectroscopy (FTIR) :  

FTIR studies were conducted to determine the functional group development and structure of  modified GO 

/ Fe2 O3 coated indus sand. Figures 3 and 4 display the GO / Fe2 O3 coated sand FTIR spectra before and 

after the As (III) adsorption. According to the Si – O party occupancy, the less extreme sharp peak at 1047.49 

and 924.49 cm-1might was. The 826.50 cm-1 height reflects the Fe – O bond . 

 
Fig. 3 FTIR result of GO / Fe2 O3 coated indus sand 

 

The transfer of functional groups from 98.35 and 776.98 to 1047.49 and 924.59 cm-1 , respectively, shows 

the graphene oxide / iron oxide-coated indus sand as (III) adsorption. 

 

 
Fig. 4 FTIR result of GO / Fe2 O3 coated indus sand after arsenic test 
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2.  BATCH EXPERIMENTS ANALYSIS : 

Batch experiment carried out for analyzing parameters such as pH effect, effect of interaction time, effect 

of adsorbent dose and effect of stirring speed . 

a.  Effect of pH : 

In adsorption, pH is important, therefore exclusion efficiency  varies as of  pH . The maximum efficiency for 

the removal of As (III) using GO / Fe2O3 coated Indus sand adsorbents has been studied by varying the pH 

from 2 to 10 of even numbers. The experiments were conducted with 100 ml of 50 ppm of As (III) aqueous 

solution, 0.5 g of adsorbents at 120 min, respectively.  

The maximum removal of As (III) was 98.00% at pH 7 for GO / Fe2 O3 coated indus sand . Therefore, pH 7 

gives best results.  

 
 

b.  Effect of Adsorbent Dose :   

The effect of adsorbent dosage was investigated at pH 7, 120 min contact time, and 50 mgl-1 initial 

concentration of As(III). The adsorbent dosage was varied from 0.25 to 1.5 g/100 ml of solution. The 

maximum Arsenic removal was attained at 1 g of GO/Fe2 O3 coated indus sand respectively.  

 
c.  Effect of Contact Time :   

The contact time studies were performed by varying the time from 30 to 150 min and the variation in the 

percentage of removal with contact time is shown in  graph . 

The equilibrium was attained at 90 min for GO/Fe2O3 coated indus sand , and the removal of As (III) was 

found to be 96%.  

 

 

 



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar  

169 | P a g e   

d.  Effect of Stirring Speed :   

The contact time studies were performed by varying the time from 30 to 150 min and the variation in the 

percentage of removal with contact time is shown in  graph . 

The equilibrium was attained at 90 min for GO/Fe2O3 coated indus sand , and the removal of As (III) was 

found to be 97%.  

 
 

1) Abbreviations and Acronyms 

ppm: Parts per million , SEM:  Scanning Electron Microscope , rpm : Rotations per minute , FTIR: Fourier 

Transform Infrared Spectroscopy , GO : Graphene oxide 

 

2) Equations 

The amount of adsorption, Quantity and the percentage removal were calculated using Equations (3.1) and 

(3.2).  

                   Q= {(Co –Ce) V}/M     (3.1) 

Where Q is the adsorption capacity, Co and Ce are the concentrations of metal ion in the initial and final 

solutions, respectively, and M is the mass of adsorbent (g) used. Percentage of adsorption was determined 

by the following equation:  

%Arsenic removal =      Total Asin – Total Asout   ×100 

                                                                                          Asin 

                          Percentage of removal=Co–Ce/Co×100              (3.2)  

Where Co denotes the concentration of metal ion initially and Ce represent concentration of metal ion in final 

solution. 

 

3) Other Recommendations 

Based on the outcomes obtained for the expulsion of arsenic (III), the graphene oxide / iron oxide 

coated indus sand can likewise be utilized for the end of other harmful metals, for example lead, 

mercury, copper etc. Tests can be conducted for afore mentioned toxic metals. 

 

IV. CONCLUSION 

In this study, Graphene oxide/Fe2 O3 coated Indus sand is best adsorbent for dismissal of Arsenic (III)  

present in drinking water. From all experimental results the removal percentage is 76% to 98%. 

Indus sand coated with graphene oxide / iron oxide, has been recognized as competent adsorbent that has 

capability to eliminate Arsenic (III) from contaminated solution even when its concentration is as low as 5 

ppm.  
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Abstract— Sui Gas Field since its discovery has been continuously producing gas, SML (Sui Main Limestone) being its 

main reservoir. Production of gas since 1956 gradually reduced reservoir pressure and made installation of a gas 

compression station a necessity to accommodate for dropping gas pressure. Sui Field Gas Compression Station (SFGCS) 

was inaugurated in 1987 to provide sufficient gas supply pressure, however, because of unceasing gas production the main 

reservoir of Sui is diminishing and as per estimation, by the year 2022 gas suction pressure will drop to its lowest design 

i.e. ~7barg. To increase production life of the reservoir till year 2040 when the lowest possible gas suction pressure i.e. 

~1.5barg is expected, a modification is required for which booster compressor system is proposed. To accommodate 

modification, analysis of present equipment and facility to evaluate performance in reduced pressure scenarios to recognize 

mandatory changes in existing system was compulsory. For which, detailed Aspen HYSYS simulation was modelled along 

with compressors’ performance curves, which was used to evaluate hydraulics as per compressors performance. Rating of 

Condensate handling system at different future scenarios was also carried out. Hydraulic checks for some pipeline headers 

showed velocities higher than recommended for H2S service i.e. > 100 ft/s, therefore, changing some pipelines diameter to 

bigger sizes is proposed. Capability check of Slug Catcher determines high velocity in gas risers i.e. 4 ‐  4.75 m/s causing 

higher micron size carryover i.e. 2000‐ 5000 micron and also 10‐ 15% liquid entrainment, meaning inadequate 

performance of the slug catcher and transferring the load to Gas scrubbers which are evaluated to be capable of handling 

high liquid levels in all scenarios. 

 

Keywords—Compression, Performance, Hydraulic, Simulation, Rating. 

I. INTRODUCTION 

Pakistan Petroleum Limited (PPL) is the discoverer and producer of Sui Gas Field which is unceasingly 

producing since 1956. Sui Gas Field has four gas reservoirs SML (Sui Main Limestone), SUL (Sui Upper 

Limestone), HRL (Habib Rahi Limestone), Pab which are in production. 

 

Sui Main Limestone is the main producing reservoir of Sui Gas Field. Because of unceasing gas production, 

the main reservoir of Sui is diminishing. To provide contractual gas supply pressure to customers, Sui Field 

Gas Compression Station (SFGCS) was inaugurated in 1987. The present SML gas treatment facilities 

include Condensate Handling System; Slug Catcher & Raw Gas Scrubbers, and Seven Gas Turbine Driven 

Compression Trains which comprise Knockout Drums, inter‐ stage Air Coolers with Compressors. 

 

As Sui reservoir is in declining trend and it is expected that the production will go to lowest design pressure 

i.e. ~7 barg by year 2022.[1] To increase production life of the reservoir till year 2040 when the lowest 

possible gas suction pressure i.e. ~1.5barg is expected, a modification is required for which booster 

compressor system is proposed.[2] 

  

To accommodate modification, analysis and evaluation of Sui SML Compression System for the Low-

Pressure scenarios along with hydraulics and equipment rating was necessary. 

Gas turbines are made up three components; mostly common shaft air compressor, expander with a 

combustion chamber in-between.[3] Brayton cycle is used generally for analyzing gas turbine systems.  

The Ratio of the energy output to the energy input is the turbine thermal efficiency. Lower heating value of 

fuel is taken while calculating thermal efficiency.[4] 

Performance Evaluation of Compression Station Facility 

Modification  
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The efficiency of gas turbine is given as; 𝜼 = Net Work Output / Heat Supplied.[5] 

 

A process simulation model is a representation of a process plant to facilitate design, rating, monitoring of 

the plant. Basic simulation steps using Aspentech Hysys were reviewed as described by Nishabth et.al. [6] 

Centrifugal Compressor Operations in Aspen HYSYS for typical solution methods, efficiency equations, 

Performance curves, rating and performance were studied.[7, 8] 

  

A schematic of a pipe-type slug catcher is shown 

in Figure-2. 

Ideal separation of liquid droplets of <600 micron 

shall occur.[9] 

Slug catcher bottle velocity upto 2m/s with 650 – 

1000 micron separation is recommended as per 

SHELL recommended practice.[10, 11] 

SFGCS scrubbers can handle entrained liquid upto 

0.5m3/hr.[12] 

As per API-14E, for combined header high H2S 

service gas pipeline velocities higher than 100ft/s 

are not recommended, moreover, vibration and 

noise can be caused by velocity greater than 

60ft/s.[13] 

Norsok Standard suggests that velocities should be 

typically, V= 175 (1/ρ)0.43 or 60m/s, whichever is 

lowest.[14] 

ASME-B31.8 recommends gas velocities lower than 100ft/s to avoid excess of turbulence, noise, and 

pressure drop which may cause internal pipe erosion.[15] 

Key process conditions for pipeline design suggest ti minimize noise and corrosion inhabitance by keeping 

gas piping velocity between 60 – 80 ft/s and not exceed. For corrosives in gas, such as CO2, lower velocity 

of 50ft/s is recommended.[16] 

II. METHODOLOGY 

A detailed process simulation model is developed using Aspentech HYSYS software to evaluate hydraulics 

of inlet and outlet lines of slug catchers and raw gas scrubbers along with compressors performance in 

different cases of production profile. 

Existing compressors curve are fed into HYSYS model and adjusted to meet current performance.  

 

 

Figure 4: TS Diagram for Closed Gas Turbine Cycle 

Figure 5: Pipe-type Slug Catcher 
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Table 6: Cases for Simulation 

 

Case 

 

Year 

SML Rate SML Suction 

MMSCFD Barg 

Case‐1 2021‐22 302.2 7.8 

Case‐2 2026‐27 208.1 4.5 

Case‐3 2032‐33 135.1 2.6 

Case‐4 2036‐37 105.3 1.8 

Case‐5 2026‐27 86.2 1.5 

 

Booster (1st stage) compressors curve as provided by vendor after modification are also fed into model to 

have real‐ time simulation. 

Table 7: Design Parameters of Compressors 

Parameter Unit LP Compressor HP Compressor 

Suction Pressure barg 8.0 18.5 

Discharge Pressure barg 19.3 70.0 

Suction Temperature C 60 60 

Discharge Temperature C 150 214 

Flowrate MMSCFD 40.31 48.37 

Compression Ratio  2.41 3.78 

Polytropic Efficiency % 77.1 68.4 

Power kW 2024 4379 

 

Further, for evaluation of current performance of compressors, operating data from site has been collected. 

Based on operating data, compressor efficiencies are estimated via HYSYS Model as shown in figure-3. 
 

 

 

 

 

 

 

 

 

 

 

Table 8: Compressors' Simulation Result Data 

Parameter Unit LP Compressor HP Compressor 

Suction Pressure barg 9.2 16.4 

Discharge Pressure Barg 17.4 63.5 

Suction Temperature C 48 41 

Discharge Temperature C 126 188 

Flowrate MMSCFD 58.25 57.87 

Compression Ratio  1.89 3.87 

Polytropic Efficiency % 58 71 

Figure 6:HYSYS model for Compressors' Efficiency Estimation 
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Power kW 2412 4561 

 

LP Compressor (C‐ 101A) efficiency decrease to 58% from the design efficiency of 77%.  

Based on current fuel consumption and compressor work load, turbine efficiency is calculated as follows: 

 

Table 9: Current Turbine Efficiency Calculation 

Parameter Unit Value 
Total Compressor Power kW 6973 

Fuel (per Turbine) MMSCFD 3.306 

Treated SML LHV Btu/scf 858.8 

Turbine Fuel Heating MMBtu/hr 118.3 

Turbine Efficiency (incl. Combustion Efficiency) % 20.1 

 

If the performance of LP Compressor intact same as design value as per datasheet and performance curve 

i.e. efficiency ~77%, then compressor power consumption lowered which will result in fuel saving. 

 

Table 10: Current Turbine Efficiency vs Design Efficiency 

Parameter Unit Current Efficiency Design Efficiency 
Polytropic Efficiency Barg 58 77 

Total Compressor Power Barg 6973 6037 

Fuel (per Turbine) C 3.306 2.86 

Treated SML LHV C 858.8 858.8 

Turbine Fuel Heating MMSCFD 118.3 102.4 

Turbine Efficiency (incl. Combustion 

Efficiency) 
% 20.1 20.1 

 

If LP compressor work as per its design efficiency then 

fuel consumption would be ~2.86 MMSCFD (Fuel 

saving ~0.45 MMSCFD per turbine; overall ~2.68 

MMSCFD fuel saving from six turbines). 

Total seven (07) number of compressor trains are 

installed in the Sui Gas Field named as Sui Field Gas 

Compression Station (SFGCS) to boost the pressure from 

~8.0 Barg to ~70.0 Barg. Each train consists of a LP and 

HP compressor driven by Gas Turbine (GT) via a speed 

increasing gearbox. Currently, all trains are installed in 

parallel (six operating and one standby). 

Vendor proposed future configuration based on the production profile which contains three (03) Booster 

Compressors (First Stage Compression) and four (04) Export Compressors (Second Stage Compression). 

 
Figure 8: Vendor Proposed Compressors Configuration 

Figure 7: Existing LP-HP Compressor Train 
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III. RESULTS AND DISCUSSION 

A. Compressors’ Performance 

Proposed compressors configuration by vendor is simulated by feeding Performance Curves provided by 

vendor for all cases into HYSYS Simulation to evaluate performance and following limitations were derived 

and applied. 

 

Based on the Case‐ 1 i.e. 302.2 MMSCFD at 7.8 Barg suction pressure as per Production Profile, all four 

(04) compressors will be in operation. Booster Compressor speed limited to 80% i.e. 10,496 rpm, 2nd stage 

Compressor speed limited to 80.7% (10,500 rpm) to limit power requirement below 6.5 MW (site rated power 

of turbines). 

 

Based on the Case‐ 2 i.e. 208.1 MMSCFD at 4.5 Barg suction pressure as per Production Profile,  

three (03) compressors will be used instead of four (04) compressors to avoid surge flow. Booster 

Compressor speed limited to 90% i.e. 11,808 rpm, 2nd Stage Compressor speed limited to 80.7% (10,500 

rpm) to avoid surge flow. 

 

Based on the Case‐ 3 i.e. 135.1 MMSCFD at 2.6 BarG suction pressure as per Production Profile, two (02) 

compressors will be used instead of four (04) compressors to avoid surge flow. 

Booster Compressor speed limited to 95% i.e. 12,464 rpm, 2nd Stage Compressor speed limited to 87.7% 

(11,400 rpm) and 86% (11,180 rpm) of LP/HP compressors respectively to limit power requirement below 

6.5 MW (site rated power of turbines). 

 

Based on the Case‐ 4 i.e. 105.3 MMSCFD at 1.8 BarG suction pressure as per Production Profile, two (02) 

compressors will be used instead of four (04) compressors to avoid surge flow. 

Booster Compressor speed limited to 95% i.e. 12,464 rpm, 2nd Stage Compressor speed limited to 92.5% 

(12,025 rpm) to keep HP Casing discharge temperature below 200degC. 

 

Based on the Case‐ 5 (worst case) i.e. 86.2 MMSCFD at 1.5 BarG suction pressure as per Production Profile, 

two (02) compressors will be used instead of four (04) compressors to avoid surge flow, Booster compressor 

speed limited to 95% i.e. 12,464 rpm, 2nd Stage Compressor speed limited to 90% (11,700 rpm) to keep HP 

Casing discharge temperature below 200degC. 

 

B. Pipeline Hydraulics 

Velocities at different cases have been checked at upstream and downstream of slug catcher and raw gas 

separator. 

 

Table 11: Pipelines Hydraulic Evaluation 

Parameter Line 

Size 

(inch) 

Velocity (ft/s) 

Case-1 Case-2 Case-3 Case-4 Case-5 

Northern/Southern Inlet Header 20 104 113.9 112.5 113.7 104.4 

Northern/Southern Slug Catcher Gas 

Outlet 

20 103.1 114.2 114.1 114.9 105.6 

Northern/Southern Raw Gas 

Separator Outlet Header 

20 103.2 114.6 114.6 115.3 105.8 

Booster Compressor Suction Header 30 91 101.2 101.1 101.7 93.4 

Booster Compressor Inlet 16 110.3 122.6 121.3 122.1 112 

 

Velocity in combined line are higher which requires special attention. 
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C. Slug Catcher Evaluation 

For slug catcher and raw gas scrubber, equipment rating has been carried out separately to check adequacy 

of nozzles and equipment itself. In‐ house excel based program is used for slug catcher rating. However, 

vendor data is used for Raw Gas Scrubber evaluation. 

The SFGCS facility consists of two (02) Finger Type Slug Catchers. 

 Northern Slug Catcher (A‐ 501)  

 Southern Slug Catcher (A‐ 502) 

All production profile cases have been evaluated for worst case scenario i.e. 60 C Temperature. The velocity 

limitation in the bottles of the slug catcher as per FW highlighted is 1.5 m/s whereas the shell standard allows 

velocities up till 2 m/s. However, the velocities for cases evaluated are in the range of 4.09 to 4.75 m/s. 

Velocities summary is presented below. 

 

Table 12: Slug Catchers’ Evaluation 

 

Cases 

 

Year 

Suction 

Pressure 
Barg 

Temperature 

degC 

Flowrate 
MMSCFD 

Velocity 
m/s 

Entrained 

Liquid 
Micron m3/hr 

Case‐1A 2021‐22 7.8 60 302.2 4.09 302.2 4.09 

Case‐2A 2026‐27 4.5 60 208.1 4.56 208.1 4.56 

Case‐3A 2032‐33 2.6 60 135.1 4.61 135.1 4.61 

Case‐4A 2036‐37 1.8 60 105.3 4.75 105.3 4.75 

Case‐5A 2039‐40 1.5 60 86.2 4.40 86.2 4.40 

 

All evaluation is carried out considering maximum ambient temperature as 60 C.  

Slug catcher evaluation results show that due to high velocities in the bottles of slug catcher, the separation 

is not occurring up to the level as recommended by the shell standard (i.e. 650 micron to 1000 micron) of 

liquid entrained in gas whereas the cases evaluated show that the liquid droplets entrained shall be in the 

range of 5250 micron to 1700 micron. 

 

D. Scrubbers’ Rating 

The SFGCS facility includes six (06) feed gas scrubbers; three (03) in the northern header, and the other 

three (03) in the southern header.The rating conditions of the SGFCS raw gas scrubber grade data provided 

by the supplier have been used. 

The scrubber A/B on the two headers is produced by one supplier, and the scrubber C is produced by 

another supplier. 

 

Table 13: Scrubbers' Rating 

 

Cases 

Entrained Liquid Per Sock Gas Handling (SCFH) Total Gas 

Handling 
Micron m3/hr A/B C MMSCFD 

Case‐1A 5250 0.52 160000 110000 647 

Case‐2A 4000 0.48 140000 100000 574 

Case‐3A 2800 0.47 120000 82000 484 

Case‐4A 2200 0.45 110000 78000 450 

Case‐5A 1700 0.51 100000 72000 411 

 

According to the manufacturer's data, D-501 A/B and D-502 A/B can handle 0.5 cubic meters of entrained 

liquid per hour. Therefore, in all cases, the feed gas scrubber is sufficient to handle gas and liquid flows. 
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IV. CONCLUSION 

 

Hydraulic simulation has been carried out on the pipelines within the battery limit and it is found that the 

speed is very high, that is, the speed in different combined headers is >100ft/s. Due to the higher H2S service, 

it is not recommended. In addition, per API-14E, speeds higher than 60ft/s may cause noise and vibration 

problems, requiring special attention. Therefore, for speeds less than 90ft/s, it is recommended to increase 

the pipeline size from 20 inches to 24 inches, and for speeds less than 60ft/s, it is recommended to increase 

the pipeline size to 28 inches. The slug catcher was rated under different circumstances and found that the 

flow rate in the gas riser was higher, that is 4-4.75 m/s, while the recommended flow rate in the standard was 

2 m/s. This will result in a higher micron size residue, namely 2000-5000 microns and 10-15% liquid 

entrainment. This will result in insufficient operation, and the load will be transferred to the downstream raw 

gas scrubbers. The adequacy of the feed gas scrubber has been considered, and the higher liquid entrainment 

from the slug catcher has been considered. Based on available supplier data, the raw gas scrubbers were 

found to be suitable for the new conditions in all cases. A compressor package based on three (03) first-stage 

(booster) compressors and four (04) second-stage (outlet) compressors has been evaluated. It has been found 

that the recommended supplier’s modified compressor, namely three (03) compressor sets, can provide 

approximately 60-63 Barg of discharge pressure under maximum environmental conditions (i.e 60°C). 

Initially four (04) second stage (outlet) compressors will be required by 2026, after which three (03) 

compressors will be required to keep the flow above the surge limit. Starting in 2032, two (02) compressors 

will be in operation. 
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Abstract— Surface crosslinking of ultra-high molecular weight polyethylene (UHMWPE) is successfully used to increase 

the wear resistance of orthopaedic implants. Long term stability of UHMWPE is a major concern and it is addressed by 

crosslinking in the presence of Vitamin-E. However, it reduces the crosslink density and wear resistance of UHMWPE. In 

this context, tea polyphenols represent an interesting alternate antioxidants to Vitamin-E. This paper presents an approach 

to surface-crosslinked UHMWPE by diffusion in the dicumyl peroxide (DCP) in the presence of tea polyphenols including 

epigallocatechin gallate (EGCG) and lipid soluble epigallocatechin gallate (lsEGCG) as antioxidants. A comparison has 

been made in the crosslink density and oxidative stability of UHMWPE using these tea-polyphenols and Vitamin-E. The 

results show that in comparison to Vitamin-E, the crosslink density was 8.8% and 15.7% higher for EGCG and lsEGCG 

blends respectively and hence an improved wear resistance. However, lesser oxidation induction time (OIT) has been 

reported for both the tea-polyphenols based blends. 

 
Keywords— antioxidants, crosslinking, crosslink density, diffusion, wear resistance. 

I. INTRODUCTION 

Ultra-high molecular weight polyethylene (UHMWPE) belongs to the polyethylene family having extremely 

long chains and molecular weights up to millions of g/mol [1]. It has a proven record in the replacement of 

total joints as the bearing surface material and has dramatically improved the life of patients with joint 

disabilities [2]. It is widely used as acetabular cup in total hip replacement (THR) and tibial component in 

total knee replacement (TKR). The long-term durability and performance of the implants of UHMWPE is 

dependent on three crucial aspects including the wear resistance, oxidative stability and mechanical 

properties; where as the leading failure cause is wear debris-induced osteolysis and loosening of implant [3]. 

The wear in the implants of UHMWPE can be minimized by crosslinking which generates a network 

structure on the surface that resists the plastic deformation and ultimately results in prolonging the wear time 

[4]–[7]. One method of achieving the cross-linking is by radiation, however, this deteriorates the mechanical 

performance since the radiation dose generates free radicals which serve as the precursors for oxidation 

embrittlement through a cascade of reactions with oxygen [8]. These radicals can be fully eliminated if the 

radiation dose is followed by melting, however, fatigue and other mechanical properties are reduced as a 

result of this process because of degraded crystalline structure [9]. This increases the risk of early failure of 

an implant especially when exposed to excessively high stresses. An alternate method of addressing this issue 

is stabilizing the radiation induced radicals by using antioxidant such as Vitamin-E. The antioxidant hinders 

the cascaded oxidation reactions by donating a hydrogen atom [10]. The drawback of this method is that 

during the cross-linking, Vitamin-E reacts with the radicals leading to a reduced cross-link density. Hence, 

low concentrations of Vitamin-E (< 0.2 wt %) are recommended to minimize the adverse effects on cross-

linking, however, sufficient amount of antioxidant is also required for effective stabilization [11].  

Though Vitamin-E has emerged as a successful candidate for enhanced oxidative stability of UHMPWE 

[12]–[17] but the reduced crosslink density is still a major concern and thus the research on more competitive 

antioxidants is required. Several studies have been conducted on the use of tea polyphenols including 

epigallocatechin gallate (EGCG), lipid soluble epigallocatechin gallate (lsEGCG) and lipid soluble tea 

polyphenols (lsTPP) as antioxidants using radiation cross-linking which resulted in improved wear resistance 

and oxidative stability of UHMWPE, however, crosslinking of UHMWPE using peroxides in the presence 

of tea polyphenols has not been explored. This study investigates the performance of tea polyphenols based 

Peroxide Crosslinking of Ultra High Molecular Weight Polyethylene 
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UHMWPE blends using organic peroxide cross-linking with improved wear resistance. The study also 

demonstrates the impact of peroxide crosslinking on the oxidative stability. 

II. METHODOLOGY 

A. Materials 

UHMWPE was blended with 0.2wt% Vitamin-E, 0.2wt% EGCG, and 0.2wt% lsEGCG in 120 ml 

Isopropanol. The chemical formulae and structure of these antioxidants are presented in Table 1. The 

resulting blends were then dehydrated for a week at 60oC under vacuum. The dehydration was followed by 

consolidation into pucks through compression molding at a temperature of 200℃ and pressure of 10 MPa. 

A total of five cubes, each of 1cm3, were machined from each of these consolidated blends. 

 

TABLE I.  ANTIOXIDANTS USED IN THIS STUDY; THEIR MOLECULAR FORMULAE, 

CHEMICAL STRUCTURE AND NUMBER OF PHENOLIC HYDROXYL GROUPS [18] 

Antioxidant Molecular 

Formula 

Chemical structure Numbers of 

Phenolic hydroxyl 

groups 

Vitamin-E C29H50O2 

 

01 

 

EGCG 

 

C22H18O11 

 

08 

 

lsEGCG 

 

C38H48O12 

 

07 

 

B. Diffusion of Peroxide 

The peroxide used was dicumyl peroxide C18H22O2 (Alpha Aesar, Massachusetts, USA). The cubes were 

doped in DCP under nitrogen gas at 80℃ for 4 hours and then heated at 150℃ for 4 hours to decompose the 

peroxide. The samples were weighed at each step. 

 

C. Characterization Techniques 

Crosslink density: To measure the surface crosslink density, (3×3×1mm) samples were cut from surface and 

to measure the bulk crosslink density, cubes (3x3x3mm) were cut from bulk from each of the 5 cubes and 

then were swollen in Xylene for 2 hours at 130℃. The xylene swollen weights at initial and final stages were 

measured for determining the crosslink density and swell ratio as prescribed in ASTM D2765-16.  

Volume swelling ratio can be calculated from (1) [8]. 

qeq=[Teq-α∆T-(ρs/ρm -1)]                              (1) 

where ρs is the machining cubes cross-link density  at ambient temperature , ρm is the hypothetical density 
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of the fluid phase,α is the volumetric coefficient of expansion and ΔT is the difference of temperature 

between ambient and experimental temperature. The equivalent temperature Teq, can be calculated from (2) 

[8]. 

Teq=(hf/hi )
3                                                   (2) 

where hi and hf are initial and final height of machining cubes once it reaches equilibrium. The cross-link 

density in mole per unit volume, υc was calculated using Equation (3) [8]. 

vc=-(ln(1-q-1 )+ q-1+χq-2)/((V1) q̅
-1/s)                (3) 

Here q is the swell ratio, V1 is the xylene partial volume and χ= 0.33 + 0.55/q also known as the interaction 

parameter of Flory–Huggins. 

 

OIT: Differential Scanning Calorimeter (QA 2000; TA Instruments, USA) was used to measure the OIT. 

Samples (n=3) were cut from the surface and bulk. For the sake of comparison, un-cross-linked samples were 

also cut. Samples weighing ~ 5 mg were placed in aluminum pans. An empty aluminum pan was used as a 

reference. Both the pans were left uncovered for OIT testing. Heating rate of 10°C/min was used for heating 

the samples from 40 °C to 200 °C under nitrogen atmosphere with the flow rate of 50ml/min. At 200°C, the 

sample was held isothermal for 3 mins. After equilibrating, the purge gas was toggled to oxygen at the flow 

rate of 50 ml/min. The sample was then held isothermally under oxygen till the appearance of an exothermic 

peak. The time measured from the switching of purge gas to the onset of oxidation, known as OIT, was 

measured in TA Universal Analysis software by extending the recorded baseline beyond the exothermic peak 

and extrapolating the steepest linear slope of this peak to intersect the extended baseline, as prescribed in 

ASTM D3895-98. 

III. RESULTS AND DISCUSSION 

A. Weight change after doping and decomposition 

The weight of cubes after doping with DCP increased by 1.6±0.02, 1.8±0.05, 1.6±0.03 and 1.5±0.02g for 

control (UHMWPE without antioxidant), VE, EGCG and lsEGCG, respectively as shown in fig.1. Similarly, 

after heating at 150°C, a drop of 0.9±0.01, 1.1±0.02, 1.0±0.02 and 0.9±0.04 g, respectively was recorded in 

the weight of the cubes. The weight change, after doping and decomposition processes, was highest for 0.2 

wt% VE as compared to other samples. 

 

Fig. 8. Weight change in UHMWPE blends after diffusion and decomposition 

B. Impact on crosslink density 

The mean crosslink density of samples (n=5) cut from the surface was found to be 338±0.82, 288.5±0.95, 

313.9±0.94 and 333.9±0.35 moles/m3 for control, VE, EGCG and lsEGCG, respectively as shown in fig.2. 

In comparison to the control, the crosslink density decreased by 14.6%, 7.3% and 1.2% for Vitamin-E, EGCG 

and lsEGCG respectively. The use of tea polyphenols resulted in a lesser drop in the crosslink density. 

1.6

1.8

1.6
1.5

0.9

1.1
1

0.9

0

0.5

1

1.5

2

Control 0.2wt% Vitamin E 0.2wt% EGCG 0.2wt% lsEGCG

W
ei

gh
t 

ch
an

ge
 (

gr
am

s)

After diffusion at 80C After decomposition at 150C



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar  

182 | P a g e   

Similarly, samples cut from the bulk also depicted a similar trend with the mean crosslink density of 67±0.90, 

58±0.50, 62.5±0.70 and 63.5±0.55moles/m3for control, VE, EGCG and lsEGCG, respectively. As expected, 

the crosslink density of surface cut samples was higher than that of bulk for all the samples, and the lowest 

crosslink density was observed for VE both at surface and bulk. 

The reduced crosslink density in the case of Vitamin-E can be attributed to the fact that during crosslinking, 

VE reacts with the free radicals which leads to a reduced crosslink density. In comparison to this, the tea 

polyphenols having more phenolic groups can donate more hydrogen atoms during crosslinking. The 

increased number of hydrogen atoms can easily scavenge more free radicals. This is why tea polyphenols 

have shown a lesser inhibitive effect on crosslink density. 

 

Fig. 9. Crosslink density of UHMWPE blends cut from surface and bulk 

C. Impact on oxidative stability 

The mean oxidation induction time recorded for samples cut from surface were 0.3, 40.6, 3.9 and 1 min for 

control, VE, EGCG and lsEGCG, respectively as depicted in fig. 3. Similarly, the mean oxidation induction 

time recorded for samples cut from bulk was 0.3, 55.3, 5.9 and 1 min for control, VE, EGCG and lsEGCG 

respectively. Control showed the lowest OIT and was rapidly oxidized in a few seconds. VE blends had the 

highest OIT as compared to all other samples. The addition of EGCG and lsEGCG increased OIT up to 3.9 

min and 1 min, respectively. 

The oxidative stability of the blends was also compared in terms of the measured OIT. For control, this was 

a few seconds which is not reliable and can be considered negligible. Though previous studies have reported 

higher OIT for tea polyphenols based UHMWPE blends using radiation crosslinking here, opposite to our 

expectations, the OIT for both tea polyphenols was lesser than Vitamin-E. One possible reason for this might 

be the use of different mechanism of crosslinking. Another reason might be the low concentration of 

antioxidant. Similarly, the samples have to kept under high vacuum at a temperature ranging from -4oC to 0

℃ in an empty bottle before the OIT testing [18]. Had these conditions been achieved, higher OIT can be 

expected. More detailed investigations are intended to investigate the impact of tea polyphenols on the OIT 

of UHMWPE. The OIT of surface cross-linked samples was lesser than that of bulk cross-linked. This is 

because of the fact that crosslinking reduces the value of OIT. Since the crosslinking is higher at the surface, 

lower OIT are recorded for surface than bulk. 
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Fig.10. OIT of UHMWPE blends 

IV. CONCLUSION 

The study concludes that peroxide crosslinking of UHMWPE in the presence of antioxidants decreases its 

crosslink density. This reduction is lesser for tea polyphenols as compared to Vitamin-E. Thus, peroxide 

crosslinking in the presence of tea polyphenols can result in an improved wear resistance of UHMWPE. As 

far as the oxidative stability is concerned, the oxidation induction time of tea polyphenols based blends did 

not improve. This was quite opposite to the results of previous studies in which the radiation cross-linking 

approach was used. Hence it is concluded that the type of crosslinking mechanism is one of the factors which 

determine the oxidative stability of UHMWPE and the radiation crosslinking should be explored for effective 

oxidation resistance. Since peroxide crosslinking is an easier and an economically viable method as 

compared to the radiation crosslinking, it can be used for improving the wear resistance of UHMWPE using 

tea polyphenols as antioxidants. 
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Abstract— Olive pomace is a waste produced every year in huge quantities by the oil industry. The elimination of olive 

pomace is problematic due to the high concentration of phenolic compounds, which is a environmental problem. However, 

phenolic blends are used in the health industry. Therefore, the recovery of olive pomace is essential for ecological and 

economic sustainability without neglecting the challenges. This current study describes the exaction of pomace oil 

extraction by microwave extraction (ME). Percent yield, total phenol content, DPPH and phenol compounds were studied. 

The results of MASE and those of the traditional extraction (Soxhlet extraction) were compared. The results showed that 

the extraction conditions had a significant impact on the extraction of the TPC, %yield, DPPH and the phenol content in 

the short time of MASE use. However, it was also found that the ratio of solid-to-solvent are the variables to influence 

extraction yield. The highest result values for pomace oil in MASE and Soxhlet separately in TPC was 0.204 mg GA / g oil 

and 0.148 mg GA / g oil, DPPH was 33.12% and 26.37% and the extraction yield it was 8.04% and 6.34% individually. 

The phenolic compound result was found (9.87%) in ME and (6.46%) in SE. Antioxidant found to be more active radical 

scavenger in Microwave extraction than the Soxhlet extractor. The highest extraction conditions for the extraction of 

MASE pomace oil with high TPC, DPPH, low energy consumption and low CO2 production were for the high power 1: 05 

ratio of 500W power in 05 min. In the SE they were 70 minutes, 75 ° C and containing 1:05 ratio. These results suggest that 

MASE was a more efficient separation technique than Soxhlet extraction. 

 

Keywords— Olive oil, Pomace Oil, Microwave Assisted Solvent Extraction, Soxhlet Extraction, Total Phenolic Content, 

Antioxidant, Phenolic Compound  

I. INTRODUCTION 

Olive oil is of great importance in this world and has been used by humans for centuries in medicine, 

cosmetics, textiles and illumination [1]. Today, it is also arguably one of the richest sources of fat and is 

associated with many important health benefits of the Mediterranean diet. As the rapid global demand for 

olive oil, pollution from olive mills waste (OMW) is becoming increasingly acute, especially in the 

Mediterranean region. Olive-growing places face the difficult task of finding environmentally friendly and 

economically viable solutions for the management and disposal of OMW. When waste enters the environment, it 

also produces foul smell. The deterioration of natural water quality in refinery waste is a serious problem, 

manifested by coloration, greasy appearance and increased oxygen demand. It also affects the quality of the soil, 

is harmful to the life of plants, and produces a stench when thrown on the ground. Waste residual oil (about 8%) 

usually recovered by solvent extraction is of significant economic interest [3-4]. Hexane is the main solvent used 

in solid-liquid extraction step [5]. The most widely used procedure for oil removing from the solid matrix 

remains conventional Soxhlet extraction which is straight forward and inexpensive., whereby the solid 

material is placed in a cellulose thimble within an extraction chamber, which is situated on top of a collecting 

flask and under a reflux condenser [5–7]. This method has the advantage that the extraction is a continuous 

process but has several disadvantages such as high consumption of solvent, long extraction time, and risk of 

thermal decomposition of the bioactive compounds. In recent years, the demand for new extraction 

techniques has been an increasing calling for automation with shorter extraction times and less consumption 

of organic solvent. Microwave heating is increasingly used for promoting solvent extraction of various 

compounds from solid wastes. The absorption of microwave energy in mixtures depends both on the nature 

of the solvent and the solids to be treated. When the solid phase does not absorb microwave radiation (because 

of a low dielectric constant) then a solvent is needed which effectively absorbs microwave energy (a high 

dielectric constant solvent). The past decade has seen reports emerging on the successful use of MASE for 

oil extraction from vegetable biomass as an alternative to the conventional solvent extraction [6-8]. MASE 

is driven by several advantages including energy savings, reduced solvent consumption, more selective 

extraction, better yields and more homogeneous treatment. Addition of acetic acid in hexane is also known 

to improve efficiency of oil extraction from solids [9-15]. The aim is to optimize the operating conditions, 
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including the amount and ratio of solvent, and the time and temperature of the extractions, to achieve better 

extraction yields. In addition, we have used another conventional extraction technique, i.e. Soxhlet 

extraction, to compare the effectiveness of the two extraction methods with respect to the total extract yielded 

and other phenolic properties.  

 

II. METHODOLOGY 

A. Materia and Chemical  

Olive cake was obtained by a local mill of cold press system, 

Pirsabak Nowshera, Pakistan. The olive cake was dried by an oven 

at 1050C for 3 hours, to reduce the moisture content. The moisture 

content was found to be 3.12% (w/w). The olive cake shown in the 

figure 1. Hexane, Methanol, Foline Ciocalteu's reagent, Gallic acid, 

Sodium carbonate 1,1 diphenyl-2picrylhydrazyl (DPPH), were 

purchased of Sigma Aldrich Chemical Co. 

 

B. Method  

C. Soxhlet Extraction (SE) 

50 g of the dry cake was set on a filter paper which was doubled up and tightly wrap utilizing a cotton wire. 

Each prepared sample was put in vital chamber of Soxhlet extractor. The n-hexane was utilized as a solvent 

with a proportion of 1 :3 and 1:5 at various temperatures of 50 0C, 60 0C and 70 0C with about refluxes (ration 

of solvent circulates each time, to extract the desired compound to the round bottom flask, through the solid 

material). Different interval of time period including of 30 mins, 45 mins, 60 mins and 75 mins was the total 

length of program. The mixture was separated by filtration through Whatman No. 42 filter paper, at the end 

of each experiment. 
 

D. Microwave assisted solvent extraction (MASE) 

The dry pomace samples were subjected to microwave as shown in figure 2, in round bottom flask by adding 

distinctive volume of n- hexane (1 :03) and (1 :05) solid-to-solvent ratio at power irradiation of 200, 350 and 

500 W for extraction of oil. In the vial, the mass of dry pomace 50 g was kept constant for each analysis. 

after each sample experimentation and then extracted oil was further refine from n-hexane through a rotatory 

evaporator at 50 ° C, reduced pressure to obtain pomace oil. The EO was calculated from the following 

equation expression. 
 

 

 

 

 

 

 

 

 

 

 

 

 

Extraction Yield of Oil% = (mass of extracted oil/ mass of dried material) x 100         (1) 

 

Figure 1 Olive cake before and after drying 

Figure 2 Microwave Assisted Solvent Extraction Unit 



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar  

187 | P a g e   

E. Qualitative analysis of EO:  

F. Determination of total phenolic content (TPC): 

The total phenols (TP) content of the oil extracts was determined calorimetrically at 760 nm using the Folin-

Ciocalteu reagent according to a modified method of the Gutfinger (1981) [15]. The total phenolic content 

was evaluated calorimetrically using the spectrophotometer UV (Agricultural Chemistry, University of 

Agricultural, Peshawar). Total phenolic content of n-Hexane extract of Pomace Olive oil was determined 

employing the method involving Folin-Ciocalteau reagent agent and Gallic acid as standard. 
 

D. Determination of antioxidant activity, DPPH (2,2-Diphenyl-1-Picrylhydrazyl) Assay:  
 

Free radical scavenging activity of samples was determined using the 2,2-diphenyl-2-picrylhydrazyl (DPPH) 

calorimetrically at 517 nm according to a modification method of Bandoniene et al. (2002) [16]. The DPPH 

was evaluated calorimetrically using the spectrophotometer UV. The percentage (%) inhibition activity was 

calculated from the following equation. (A0 is the absorbance of the control and A1 is the absorbance of the 

extract/ standard) 
 

% I= {(A0 – A1)/ A0} x 100       (2) 

 

 
III. Results and Discussion 
 

A. Comparative analysis (Comparison of Microwave and Conventional extraction) 
 

Combined analysis shows that overall performance of MASE is better than SE in terms of power 

consumption, TPC, Antioxidant and % yield wise as well.   

Extraction yield results are illustrated in figure 3 and figure 4. Both figures demonstrate that oil yield 

increased with extraction time and power. Figure 3 and figure 4 shows the result of % yield of sample to 

solvent ratio of 1:03 and 1:05 of SE and MASE, when conventional extraction highest %yield achieved was 

5.83 at 70 0C in 75 mins, the MASE at same ratio attains maximum %yield was 6.89 at 500W in 5 minutes 

shown in figure 3 both achieved in same ratio of 1:03, as radiation power had more positive influence on the 

oil yield. While increasing the sample to solvent ratio to 1:05, the % yield increased, and results obtained are 

better than 1: 03 ratio. The highest %yield achieved in conventional and ME was 6.38 and 8.04 at different 

time of 70 mins and 5 mins as shown in figure 4, all due to the 3-dimensional heating mechanism of 

microwave. Which properly rupture the cell and get more % yield from it. 
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In the total phenolic content vs time, the microwave assisted solvent extraction experiments on different ratio of 

1:03 and 1:05 solid to solvent ratio was used and compared with the Soxhlet extraction method. Since the total 

phenolic content was the highest in the solid to solvent ratio of 1:05 as compared to solid to solvent ratio 1:03. 

Total phenolic contents of S: L= 1:03 which were extracted by using SE were found to be between 0.095 - 0.137 

mg GAE/g oil and MASE were found to be between 0.118 and 0.183 mg GAE/g oil shown in figure 3. While for 

1:05 (solid to solvent ratio) the SE found at its’ maximum was 0.184 mg GAE/g oil and MASE found to be highest 

as 0.204 mg GAE/g oil shown in figure 4. As the results of both figures 5 and 4.33 showed that highest value 

extract in MASE is 9.89% more than SE in 1:05 while in ratio of 1:03 the MASE is 13% increased in value than 

SE. Total phenolic content increased with time and power but achieved the highest value when solid to solvent 

ratio 

increased  

 

The graphs of Figure 6 show the antioxidant activities of pomace oil extracted with 500 W microwave irradiation 

power – 5 minutes and 70 0C temperature for Soxhlet. Antioxidant activities with respect to time- 70 mins for 

different ratio of 1:03 and 1:05. The highest antioxidant activity was found in MASE was 31.23% scavenging in 

5 minutes, ratio of 1:03 while SE achieved was 26.37% scavenging in 75 mins. Whereas the maximum value for 

the ratio of 1:05 was 33.12 in MASE at 5 minutes and 28.70% in SE at 75 minutes. The 13% increase can clearly 

be observed in 1:03 and 15% in 1:05. The better result shown in MASE is the evidence of the rupture cells and 

more phenolic compounds from microwave extracts. In addition, power and time as well as sample to solvent 

ratio, in the tested ranges, had a significant interactive effect on DPPH scavenging capacity 
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The comparison of power consumed per gm between the SE and MASE shown in figure 7 and figure 8 with both 

ratio of S: L= 1:03 and S: L= 1:05 for different techniques. The power consumed per gm for highest % yield in 

SE (1:03) was 0.0212 (kW/gm E.O) ( Time= 70 mins, %yield= 5.83) while in MASE the power consumed was 

0.0121 (kW/gm E.O) ( Time= 05 mins, %yield= 6.89) shown in figure 7. The low power consumption and high 

% yield also had less effect on environment in term of CO2 emission, more the power consumption will have 

adverse effect one environment. But increasing the sample-to-solvent ratio save more power consumption and 

increase %yield. As S: L= 1:05 the power consumed per gm in SE was 0.0194 (kW/gm E.O) (Time= 70 mins, 

%yield= 6.38) whereas 0.00996 (kW/gm E.O) (Time= 05 mins, %yield= 8.04) in MASE as shown in figure 8. 

The environmental effect will be more less in 1:05 then 1:03. 
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Figure 7 Comparative analysis on ratio of 1:03 of Power consumption/gm and CO2 emission/gm for both SE and MASE 
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IV. Conclusion 

In this study, extraction of pomace oil obtained through microwave assisted solvent extraction and 

Soxhlet extraction. Both techniques were analyzed and tested for percentage yield, total phenolic 

content and antioxidant activity. The conventional method (Soxhlet extraction) been used for long 

period but is very time consuming and usually requires large amounts of solvents. Our results showed 

that microwave-assisted soluble extraction is a more effective method than the traditional technique 

(Soxhlet). The heating mechanism of microwave-assisted soluble extraction is to disrupt cell pant cells 

and increase the mass transfer of intracellular in extraction. The Microwave assisted solvent extraction 

result was validated to assess its efficiency in comparison with Soxhlet extraction (conventional 

technique). The use of microwave-assisted extraction, %yield could be achieved in minutes instead of 

hours with high reproducibility, reducing the consumption of solvent, energy and time due to its shorter 

time extraction. The minimum CO2 emission was also observed in MASE, which will have least adverse 

effect on environment.  The highest %yield, total phenolic content and antioxidant activity values were 

obtained when 1:05 solid to solvent ratio, time period of 5 minutes and 500 W microwave power were 

used. As showed in results the different solvents ratios of 1:03 and 1:05, the ratio of 1:05 was more 

effective in term of %yield and extraction of phenolic compounds from the olive cake. So, increasing the 

solid -to-solvent can simply increase the extraction from olive cake. However, it does have impact on 

phenolic compound and antioxidant activity. But regarding the phenolic compounds and the DPPH, the 

extraction time has a significant influence and tends to increase as the extraction time increases. Overall, 

MASE has proven to be a preferred extraction technique for olive pomace oil over the conventional 

methods of olive pomace oil production. This simple and inexpensive technique could quickly be 

extended to provide some sort of income to olive oil producers and processors, a wise use of this 

agricultural by-product. 
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Abstract-According to the renewable energy global status report (GRS) 2018, around 48% of the total global energy 

consumed is used for heating and cooling purposes. This energy is obtained mainly, from the burning of fossil fuels 

resulting in CO2 emissions, which is the largest contributor to global warming. To use solar energy for heating purposes 

during both, the sunshine and off sunshine hours, phase change material (PCM) could be one of the best choices. Phase 

change material stores solar thermal energy during sunshine hours and the stored energy is extracted back by the 

circulation of heat transferring fluid (HTF) through conductive conduits inside the PCM, for heating purposes during off 

sunshine hours. In this research solar thermal water and space heating system (STWSHS) integrated with PCM was 

used to investigate the charging (energy stored) and discharging (energy recovered) behavior of PCMs. Two PCMs stearic 

acid palmitic acid (SAPA) and puretemp 68 (PT68) were used during experiments. During the daytime, PCM absorbed 

heat energy from HTF, heated in solar thermal collectors by absorbing solar energy. The results showed that SAPA 

outperformed PT68 by storing 31.7% more heat. Moreover, during discharging experiments 36.7% more energy was 

recovered from SAPA as compared to PT68. The maximum energy recovery ratio (ERR) was 0.88 for SAPA and 0.79 for 

PT68. The results suggested that SAPA can be a better choice for solar thermal water and space heating applications. 

 

Keywords: PCM, Charging, Discharging, Energy Recovery Ratio. 

 

I. INTRODUCTION 

According to the renewable energy global status report (GSR) 2018, almost 48% of the total global energy 

consumed is used for heating and cooling purposes [1]. This energy is obtained mainly from the burning of 

fossil fuels resulting in CO2 emissions causing global warming. By 2050 CO2 emissions due to the burning 

of fossil fuels for energy will be approximately doubled [2]. Solar energy can be a very good source to meet 

the increasing demand of the heating sector compared to fossil fuels which upon burning releases CO2 [3]. 

Solar thermal water and space heating (STWSH) systems can be used for domestic water and space heating 

applications. There are two main problems associated with using solar thermal water and space heating 

system for heating purposes, (i) STWSH technologies completely depends on the weather conditions for 

energy storage (availability of solar irradiance) [4], and (ii) lack of availability of high energy storage materials 

[5]. To use PCM for thermal energy storage for water and space heating in buildings, it is needed to design and 

develop a technically feasible, and compact STWSH system integrated with PCM) [6]. The efficiency of solar 

thermal water and space heating systems can be increased by integrating PCM in STWSH systems [7]. 

Energy storage has a great role in energy conservation, reduces the energy supply-demand gap, and 

improves energy systems performance [8]. For thermal energy storage, the PCM should have desirable 

charging and discharging properties. PCMs are classified as solid-liquid, liquid-gas, solid-gas [9]. Solid-

liquid PCMs are preferred over liquid-gas PCMs due to their low volumetric changes during phase 

transition, high energy storage density, and wide range of operating temperatures [10]. Solid- liquid organic 

PCMs and their eutectics have advantages like non-toxic, bio-based in nature, low vapor pressure, smooth 

melting, and abundant availability [11]. Solid-Liquid PCMs are classified as inorganic (salts, hydrates, and 

hydroxides) and organic (paraffin, fatty acids, esters, and many others) [12]. Joseph et al. [13] performed 

the experiments on PCM dodecanoic acid. The dodecanoic acid latent heat energy storage (LHES) system 

absorbed 20% more thermal energy than the equivalent water storage system. Canbazoglu et al. [14] 

experimentally investigated solar thermal energy storage performance for the PCM (sodium thiosulfate 

Solar Thermal Water and Space Heating: Comparative Analysis of 

Charging and Discharging Behavior of Phase Change Materials 
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pentahydrate) and found that solar thermal energy storage performance has improved as compared to the 

solar thermal energy storage without PCM. Sharma, Tyagi, et al. [15, 16] performed experiments on fatty 

acids, eutectic PCMs for thermal and chemical stability. Myristic acid and palmitic acid were found to be 

thermally and chemically stable after performing 1500 melting and freezing cycles. Robaidi et al. [17] 

found that latent heat thermal energy storage (LHTES) systems integrated with PCM can store almost 5 to 

14 times more heat energy per unit volume as compared to sensible heat storage materials. 

 

II. MATERIALS AND METHODOLOGY 

A. Materials 

The materials which are used in solar thermal water and space heating (STWSH) system integrated with 

PCM are water-glycol mixture as Heat transferring fluid (HTF), stearic acid palmitic acid (SA/PA), 

puretemp 68 (PT68) as phase change materials, and water. 
Details of the materials used are given in the tables. 

 

TABLE I: Properties of water-ethylene glycol mixture (50:50 volume ratio) 

Temperature Range 0-150 °C 

Density 1050 kg/m3 

Heat Capacity 3470 J/ kg.K 

 

TABLE II: Properties of Phase Change Materials 
PCM Total 

Quantity 

Melting 

Temperature Range 

Cp 

(liquid) 

Cp 

(solid) 

Latent Heat of 

Fusion 

Stearic acid palmitic acid 

(SAPA) 

2 kg 55.1-59.5 °C 2.65 J/g.K 1.83 

J/g.K 

181 kJ/kg 

Puretemp 68 (PT68) 2 kg 68-73.8 °C 1.91 J/g.K 1.85 
J/g.K 

198 kJ/kg 

 

TABLE III: Equipments used in solar thermal water and space heating system 
Thermally insulated containers (cylindrical shape) Digital Arduino circuit Charging battery 

Copper coil 12 V DC pumps Omega thermocouple data logger 

Wooden chamber (2ft3 ) Solar charger Flowmeter 

Evacuated tube solar thermal collectors Thermocouples Pyranometer 

B. Methodology 

In Fig. 1, red dash lines represent thermocouple feedback system to the thermocouple data logger, the 

direction of the solid black lines represent the direction of HTF in copper coil, dash green lines represent 

temperature feedback to pump controller and solid green lines represent ON/OFF signal from the 

controller to pumps. The experimental setup of the solar thermal water and space heating (STWSH) system 

operates in such a way that, HTF circulating through copper coil absorbs solar energy through STC and 

transfer its energy to PCM to get PCM charged. The HTF in the discharging copper coil takes heat energy 

from PCM and is utilized for water and space heating. The thermal comfort of the controlled environment 

(CE) was kept from 17-27 °C. The HTF circulating in the copper coil through water storage container and 

CE absorbs heat energy from PCM during discharging and transfer heat energy to CE for space heating 

and water heating. When the temperature of CE drops below 17 °C, pump 3 will operate and HTF 

circulation starts to CE and HTF transfer its heat to CE for space heating. When the temperature in CE 

reaches 27 °C, pump 3 will automatically be turned OFF and HTF circulation through CE stops. 
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A: PCM storage 

container B: Water 

storage container C: 

CE (wooden chamber) 

D: Not CE (wooden 

chamber) E: Evacuated 

tube STC 

F: Pump 

controller G: 

PV panel 

H: Battery 

I: Thermocouple data 

logger J: Computer 
K: Flow meter 
P1-P3: HTF circulation 

Pumps V1-V6: Valves 

T1-T18: Thermocouples 
 

 

 

 

 

 

 

 

 

 

Fig. 1. Schematic of solar thermal water and space heating system. 

C. Heat Transfer Equations 

The equation for the charging of phase change material (PCM) is given by. 

Qstored  = m[Cp,s(Ts − Ti) + X∆h + Cp,l(T𝑓 − Tl)] (1) 

Where Cp,s, and Cp,l are the specific heat of PCM in solid and liquid phase respectively,Ti and Tf are the 
PCM temperatures at the initial and final state of charging respectively (T varies from initial state i to 
final state f). 

The equation for discharging of PCM is given by. 

𝑄recovered  = m[Cp,s(Ts − Tfinal) + X∆h + Cp,l(T𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − Tl)] (2) 

Tinitial and Tfinal the temperatures of PCM temperature at the initial and final state of the 
discharging. Energy Recovery Ratio equation is given by. 

Qmax−recovered⁄t
 

ERR =  complete discharge 

Qmax−stored⁄t
 

(3) 
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complete charge 

 

III. RESULTS AND DISCUSSION 

The results of the charging (heat energy stored) and discharging (heat energy recovered) experiments of 

phase change materials (PCMs) are discussed below. 

A. Charging Experiments of Phase Change Materials (PCMs) 
 

(a) Charging of PT68 and water heating (b) Charging of SA/PA and water heating 

 
Fig. 2. The temperature profile of PCM at three different positions PCM 1, PCM 2, PCM 3 (bottom, center, top surface 

respectively) and water heating during charging of PCM using (a) PCM PT68 on 7 February 2019, (b) PCM SA/PA on 14 

March 2019 

 

 

 

 

 . 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Average energy stored in PCM and energy stored in water during all charging experiments using 

(a) PCM PT68 and 
(a) PCM SA/PA. 

 

 

Fig. 2 represents the temperature profile of the charging of PCM PT68, SA/PA, and water heating. The 

water heating started above 40 °C in both cases. This is because the same water which was heated at 

nighttime during discharging of PCM was used at daytime during charging of PCM for water heating. 

PCM was cooled down before charging experiments, to lower its temperature (to increase the temperature 
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difference between PCM and HTF so that heat flow is efficient, and more heat is absorbed by PCM). At 

the start of the charging experiments in both the cases water heating started above 40 °C, loses some heat 

first to come in thermal equilibrium with PCM which is at a lower temperature than water. In Fig. 2 (b) 

the temperature at position PCM 3 (solid green curve) behaves differently than the other two curves 

between 12:00 to 14:00 due to convection heat transfer from the top surface of PCM (thermocouple placed 

at position PCM 3 just immersed in PCM) because the lid of the PCM storage tank was kept open to 

observed whether the PCM is completely melted. 

B. Discharging of Phase Change Materials 

The temperature profile of HTF at the inlet-outlet of the PCM storage tank, water heating, and PCM 

discharging is shown in Fig. 4. From Fig. 4 (a) for PCM PT68 at positions PCM 1 and PCM 2 from point 

B to C is phase transition stage and at position PCM 3 from point A to point C is the phase transition stage, 

because at position PCM 3 the PCM has not melted completely during charging experiment and its 

temperature is in phase transition temperature range. In Fig. 4 (b) from point A to B is the phase transition 

range for SA/PA during discharging, as during the phase transition stage there is latent heat transfer so 

there is no temperature change from point A to B. 

(a) Discharging of PT68 (b) Discharging of SA/PA 

 

Fig. 4. The temperature profile of HTF inlet-outlet to the PCM storage tank, water heating and discharging 

of PCM at three different positions PCM 1, PCM 2, PCM 3 (bottom, center, top surface respectively) 

during discharging of PCM using (a) PCM PT68 on 7 February 2019 and (b) PCM SA/PA on 14 March 

2019. 
 

(a) (b) 

 
Fig. 5. Average energy recovered from PCM and energy stored in water during discharging of PCM, using 
(a) PCM PT68, 
(b) PCM SA/PA. 
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(a) (b) 
 

Fig. 6. Heating of the controlled environment (CE) during discharging of PCM using (a) PCM PT68 on 

7 February 2019, and 
(b) PCM SA/PA on 14 March 2019. 

 

Inside the controlled environment (CE) the temperature profiles of the top, back, bottom, and front 

walls are shown in Fig. 6. The thermal comfort in CE was kept from 17°C to 27°C. When the 

temperature in CE reaches 27 °C, HTF circulation through CE stops. In Fig. 6, the temperature is above 

27°C, because when the HTF circulation through CE stops, the HTF in the copper coil in CE still has 

some energy which is transferred to CE which raises the temperature of CE above 27°C. 

(a) (b) 

 

Fig. 7. Energy recovery ratio (ERR) for all the experiments performed using (a) PCM PT68 and (b) 

PCM SA/PA 
 

A comparison of the energy recovery ratio (ERR) is shown in Fig. 7. The energy recovery ratio of 

PCM SA/PA is higher as compared to the energy recovery ratio of PT68, which shows better heat 

storage and heat recovery capacity of SA/PA. 

 

IV. CONCLUSION 

The total energy stored during all charging experiments in PT68 was 7.94 MJ and in SAPA total energy 

stored was 10.46 MJ. It shows that during charging experiments 31.73% more energy is stored in 

SAPA as compared to PT68. The total energy recovered from PT68 was 6.29 MJ and from SAPA was 
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8.60 MJ during all discharging experiments. Energy recovered during all discharging experiments 

using SAPA was 36.72 % more than PT68. The maximum energy recovery ratio (ERR) for one day 

was 0.79 using PT68 and 0.88 using SAPA. The average ERR using PT68 was 0.75 and using SAPA 

was 0.82. The average ERR for SAPA is 9.33% more than PT68. So, overall SAPA has good charging 

and discharging capabilities as compared to PT68. Therefore using SAPA as a PCM in solar thermal 

water and space heating systems can be a practical solution for the harvesting of solar energy, which 

can solve concerns related to STWSH systems usage in off sunshine hours. 
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Abstract— Domestic sector is one of the major consumers of energy in many countries. Among the various household 

energy consumers, cooking and baking consumes significant energy. Use of solar energy for cooking is an interesting 

approach that has been widely studied. In this research, the effect of use of heat storage material on the cooking 

capacity was studied under various design conditions. Oxalic acid di-hydrated was used as a heat storage material. 

The performance parameters like first and second number of figures, cooking power, exergy input and output, exergy 

efficiency and quality factor were analyzed. The results showed a significant improvement in these parameters and 

increase in the cooking capacity and availability of the cooker. 

 

Keywords—, Aspect ratio of solar cookers, Box type solar cookers, Solar box cooker, Tracking free 

conditions, Storage material (PCM) 
 

I. INTRODUCTION 

The rapid depletion of Conventional Energy Resources and the alarming environmental Problems 

arising because of the use of those resources are igniting the needs to dig for alternate greener 

technologies that can ensure sustainable development and environmental preservation. Cooking is 

one such activity that is responsible for around 33% of total energy consumption in many 

countries[1]. Developing countries (DCs) are mainly dependent on traditional biomass and open fire 

stoves to meet their cooking needs because of lack of access to clean and modern cooking facilities. 

However, by incomplete combustion of solid fuels, flue gases are produced causes more than 4 

million deaths each year especially among children and women, due to certain diseases like lung 

cancer and pneumonia etc.[2]. Moreover, the due to large use of biomass for cooking enhances rate 

of deforestations and all related soil degradation in many DCs. Diverting attentions to renewable 

energy resources at local level through suitable designs of energy technologies are considered as 

sustainable solutions [3].Solar energy is, among other sources, a potential substitute of wood in a 

large portion of the DCs: For Solar energy exploitation, Solar Cooker is considered as one of the 

best possible option. Until now different types of solar cookers have been developed. However they 

can be broadly classified into three different categories [4]i.e. 

1) Indirect type 

2) Concentrator type 

3) Box type 
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Our main concern of the research topic is the Box type solar cookers. The box type solar cookers are 

further subdivided into two categories which are Box type solar cookers with mirrors and Box type 

solar cookers without mirrors. The number of mirrors used in box type solar cookers could range from 

one to four mirrors [5].Among the above mentioned types of Solar Cookers, the most popular and well 

known solar cookers are the box type owing to its ease of manufacture and lower cost [6].The box type 

solar cooker operates on the principle of greenhouse effect and thus it harnesses the diffused component 

of solar radiation. The simple box type solar cooker can reach a maximum temperature of 120°C. Thus 

water based cooking was possible with box type solar cookers [6].The addition of the booster mirrors 

is a design improvement that makes the solar cooker able to utilize the direct radiation as well and thus 

making it a viable option for water and oil based solar cooking. The two booster mirrors are oriented 

at an optimal angle that varies for a specific day of the year and thus making sure that most of the direct 

radiations falling on the booster mirrors in utilized to serve the cooking job. The use of the box type 

solar cooker with booster mirrors is so far tested for water based cooking and there is a room to improve 

it with using appropriate storage material, not only to increase cooking duration but making it possible 

to have effective use i-e use only whenever required when there is no solar energy directly available. 

Different storage materials have been used in different researches, the one preferred here is Oxalic acid 

di-hydrated[7]. The whole setup is shown in Fig. 1. 
 

Fig.1. CAD model of solar cooker with PCM 

 
II. METHODOLOGY 

The experimental work of the research was performed at 33.9893° N, 71.4356° E location (US- Pakistan 

Centre for Advance Studies in Energy, Peshawar KPK Pakistan). The booster mirrors of the said solar 

cooker had the length of 120cm, a width of 45 cm and a height of 30 cm. The aperture area of the cooker 

was calculated to be 0.44m2. The absorber plate of the cooker was painted matt black to have maximize 

the absorptivity. In between the wooden box and the absorber plate cotton was filled for insulation. The 

cooker was placed at the rooftop of the building. Both the booster mirrors were inclined at their specific 

optimized angles calculated by the computer simulations. The primary booster mirror B-1 and the 

secondary booster mirror B-2 faced south and north respectively. Wooden protractors were fixed to the 

cooker to help incline the booster mirrors at their optimal angles. Oxalic acid di-hydrated is used as PCM 

and is placed inside the box of the said type cooker. To increase the absorptivity, the cooking vessels used 

for experimentation were also painted black with non-reflective (Matt black) paint from the outside. The 

cooking vessels were covered with lids which were also painted Matt Black on the outer surface. To make 

the solar cooker airtight a rubber strip was fixed, on which the top lid of the cooker would rest when the 

cooker was closed. The top glazing had two transparent plain glass sheets with a separation of 2 mm in 

between them. Based on the 0.44 m2 aperture area, the total load of the cooker was calculated to be 3200 

gm. For standard performance calculations a total of four experiments were conducted. 

A total of four standard tests were conducted on different days. The first test was conducted under un-

loaded conditions and the rest three were conducted under fully loaded conditions. It was confirmed that 

the booster 

PCM storage 

Base Mirror 

Booster Mirror 
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mirrors are oriented at optimal angles calculated for specific days. The first unloaded test was carried out 

on 7th May, 2020. For the unloaded conditions two temperatures were noted i.e. the cooker base 

temperature and the ambient temperature. The experiment was continued until the base of the cooker 

reached the maximum temperature, i.e. the stagnation temperature. The stagnation temperature stayed the 

same for about 30 minutes. After experiencing no change in the stagnation temperature for about thirty 

minutes. It was observed that the maximum (stagnation) temperature achieved by the solar cooker under 

unloaded conditions for the particular solar radiation intensity. After the stagnation test, three more 

experiments were conducted under fully loaded conditions with 3200 gm of water evenly filled in three 

vessels. The first, second and third test under fully loaded conditions were carried out on 14th, 20th, and 

21st May respectively. During all the four tests, the booster mirrors were inclined at their optimal angles 

for the respective days. For the fully loaded conditions, temperature was measured for two containers i.e. 

the middle one and one on the side. The solar irradiance, cooker base temperature and ambient 

temperature were measured during all the three experiments. It was noted that the middle container reach 

the boiling point earlier than the other containers as it is receiving thermal energy from either side as well 

as directly. 
 

III. RESULTS AND DISCUSSIONS 

To calculate the results of the said solar cooker, different experiments are performed. In the start, the 

solar cooker is loaded with tap water and all the values are calculated. Then two sets of experiments 

on solar cooker were conducted. The first one was without thermal storage and readings were carried 

out for 6 hrs. i-e from 9 am to 3 pm. This set comprises the following stated experiments; 

1) Unloaded without PCM 

2) Loaded without PCM 

The second set of experiments was conducted with thermal storage (PCM) and that too in the 

following stated experiments; 

1) Unloaded with PCM 

2) Three set of loaded experiments with PCM. These experiments are named as A, B and C. Mean 

values are calculated to get appropriate result. 

In the end, separate two experiments are done for cooking of different food items and their time and 

level of cooking are noted. The whole set of experiments and there are results are shown. 

Before starting experiment, optimal values of required angles of both mirrors are calculated by running the 

program of MATLAB. The value of N (number of day starting from January 01) is inserted after defining 

the location for the given programing. The mirrors are tilted accordingly. The our location of research 

experiment, the values found by the computer simulation for the mirrors as optimum angles are given; 
 
 

 

 

Fig. 1. Plot of the optimum angles of the 

mirrors for any day of the year from 9:00 to 

15:00 (β for Booster mirrors B-1 curve and θ 

for booster mirror B-2 bottom curve)[8] 

 
 

Fig.2. Solar radiations intensity vs time plot 
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Fig.3. Temperature and time plot for the unloaded 

condition 

Fig. 4. Temperature and time plot for 1st test 

under loaded conditions 

 

 

 

Fig. 5. Temperature and time plot for mean of the 3 tests under loaded conditions with PCM 

TABLE 1: CALCULATION OF THE FIRST FIGURE OF MERIT (F1) 

 

 

 

 

 

 
TABLE 4.1: CALCULATION OF THE SECOND FIGURE OF MERIT F2 AND THE COOKING 

POWER 

Tb (oC) Tamb (oC) Hs (W/m2) F1 

142 35 918 0.120 
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Exp. 

No 

Aperture 

Area(m2) 

Twi 

(oC) 

Twf 

(oC) 

Tav 

(oC) 

Hav 

(W/m2) 

Duration 

(seconds) 

(M.C
) 

(j/k) 

F2 

1 0.44 33 100 37.5 911 14200 13440 0.2276 

2 0.44 35 100 38 902 14200 13440 0.2242 

3 0.44 35 100 37.8 919 14200 13440 0.2241 

      Average 0.2243 

 

TABLE 4.2: CALCULATION OF THE COEFFICIENT OF OVERALL HEAT LOSS 

 

 
IV. CONCLUSION 

This paper reports the effective use of solar energy in cooker is main objective of the research. The 

performance parameters of the Box type cooker evaluated under tracking free conditions are 

satisfactory and suggest that the angular optimization technique is an excellent replacement for the 

labor involved in adjusting the solar cooker after every 15-30 minutes. The maximum time 

required to cook a dish is 2.5 to 3 hours, which implies that the same cooker can be used for 

cooking twice a day, making it possible to cook 6.4 kg of six different dishes in one day with no 

need for continuous attention thus making the cooking activity easy and less time consuming. With 

the thermal storage, it is experienced to cook till 6 PM and can keep it warm till 7 PM within the 

cooker. Hence, an extra cooking was made possible with the storage (PCM), making it possible to 

cook 9.6 kg of different dishes in a single sunny day. The value of F1 calculated for the box type 

dual booster mirror solar cooker is in the range of the optimum values for F1 and the cooker is a 

“Grade-A Solar Box Cooker” based on its calculated value of F1. The value of F2 is found to be 

0.23. The overall heat loss co-efficient is the average of the heat loss co-efficient for all the three 

experiments conducted under fully loaded conditions. The overall heat loss co-efficient for the 

cooker is 0.54 W/K.m2. The quality factor is the average of the quality factor for all the three 

loaded experiments which is found to be 0.04. The peak exergy power of the cooker is found to be 

15.01 watts. All the values of the performance parameters are in a close proximity with the 

suggested values of these performance indicators. 

The presence of thermal storage (PCM) enhances its importance by adding more time to cook food 

i-e the solar cooker gets potential of cooking food in three phases. In general as evident from the 

experimental data, the cooking takes 3 hrs. to cook the food properly, with enhancing the time up 

to 6 PM in sunny days, the solar cooker can cook 9 dishes in three phases. 
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Abstract— This research paper addresses the issues regarding the monitoring of the generated power via the smart 

monitoring of the PV solar arrays. Monitoring of the generated power has always been a challenging issue in solar 

energy technologies, many times the generation is halt but we don’t get notice of it and thus we get prone to energy 

wastage. For this issue to be addressed, properly, this research paper presents a comprehensive approach for the 

monitoring of energy generated particularly and solar energy specifically. There are a couple of important parameters, 

which have to be monitored for checking the performance of installed PV arrays. These chosen parameters are solely 

based on the objectives of that specific research, but in our case, for the monitoring of the system, the selected 

parameters are temperature and shadow the effect, irradiance, and power. Different sensors have been used, like 

LM335, GO2Y1010AUOP, an LDR Sensor, voltage, and ACS712. These have been fixed on the installed system, after 

getting their real-time data, and transferring to the cloud: thingSpeak web-server with the help of the ESP8266 module. 

Their performance can be monitored via the ThingSpeak android Application on the cell phone. Their results show 

that if we nicely monitor the shadow effect only, after its removal it increases the generated power by 20-30%. Likewise, 

when we monitor the temperature effect, after reducing the temperature effect augments the power generation by 3- 

5% further. It’s also shown that by monitoring the irradiance, which can be removed via changing the orientation of 

the panels here comes further increase ranging from 20-30%, to sum up, we can easily say that this smart monitoring: 

monitoring via an android application, helps in getting the real-time monitoring, which helps in resolving the issues at 

the required time and thus helps in generating the power more efficiently than normal. 

 
Keywords— ACS712: Sensor uses for measuring the current, GO2Y1010AUOP: Sensor used for measuring the 

Irradiance, LM335: Temperature sensor, ThingSpeak: Web-server uses for saving data in the cloud. 

 

I. INTRODUCTION 

The demands of energy across the globe are increasing dramatically owing to continuous expansion in 

industries, uncontrolled population growth, and per capita continuous increase. It’s worth notable that the 

major consumption is in the form of electrical energy. There are a couple of energy harvesting techniques 

that are suitable but they accompany some environmental issues which make them not some preferable 

choices. These things made the gap between supply and demand the worst, and is expected to go more 

awry than the recent one down the road. Renewable energy resources can play a positive role in coping 

the supply with the demand in the future. In this regard, Renewable energy resources: Solar, biomass, 

Wind, Micro-Hydro, geothermal and nuclear, are converted into Electrical energies and feed into the 

demand sector or grid stations [1]-[4]. The other sole factor behind rushing towards Renewable energies 

are the clean environment and energy. Countries in tropical regions are considered to be the most 

proficient for solar energy harvesting than otherwise renewable energy resources [5]. In the past few 

decades, Photovoltaic (PV) technologies developed more than expected owing to the investment by the 

governments and other private bodies to expedite the generation of electrical energy production using PV 

technologies. This whole effort tipped the overall energy production of PV technologies from 103MW in 

1992 to a total of 139795.2MW in the year 2014, this whole data is based on International Energy Agency- 

photovoltaic Power Systems Program (IEA-PVPS) [6]. 

Other than this, Industrialists and the urban population are taking a keen interest in using PV technologies 

for their electricity production, this will make PV technologies reign over the deficiencies of energy 

demands or gaps, and a dramatic rise in its usage is expected in the following years. To be the usage and 

implementation in the verge it’s quite important to have a design which may keep track of the energy 

production and keep its production up in every possible aspect. The sole factor for smart monitoring is to 

predict the faults which can ruin the PV production under a specific irradiance [7]. The issues, which need 

to be tackle are for getting the specified and desired response are avoiding shadow effect, temperature 

effect, etc. according to a paper 10-20% loss occurs due to shadow effect annually [8]. There is some 

other inevitable and production sort of losses, which solely depends on the meteorological data, affecting 

Smart Monitoring of the Solar Energy Power 
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the PV energy production, of the area where the Photovoltaic system is installed [9]. Thus, it’s mandatory 

to have a paradigm, which can address the issues altogether and figure out the ones hampering the desired 

response [10]. A competent solution for all the said issues is termed as a “Smart monitoring System”, 

which can boost the performance with minimal cost. Monitoring System provides information about 

energy production, extraction, and different faults to be detected. This system can also be used for future 

predictions. There is a huge interest shown by the researchers in this field for developing a comprehensive 

monitoring system for small, medium, and large enterprises. There are a couple of models in the market, 

their selection mostly happens based on the climate conditions of that specific area. 

 

II. METHODOLOGY 

In this proposed method the system is always monitored. It detects the errors via selected parameters when 

these parameters undergo some changes. It shows and makes the user informed and speculated about 

certain errors and reasons, the user after implementing that gets the system flawless and thus augments 

the ratio of the generated power. 

The diagram shown below depicts that the generated power of the solar panels is checked with the help 

of two sensors, which are the current sensor and the voltage sensor, their values are then fed to the 

microcontroller or Arduino here. There are a couple of sensors, too, fed to the micro-controller it then 

processes the information and then forwards them up to the cloud with the help of the ESP8266 module 

which can then be accessed via smartphone or laptop/PC anywhere. 

 

 

 

The following sensors are used in the research paper and used for doing the experiments and the results. 

1. Current Sensor 

2. Voltage Sensor 

3. Temperature Sensor 

4. LDR Sensor 

5. Dust Sensor 
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III. RESULTS AND DISCUSSION 

Based on the adopted approach, here are a couple of results, which are parts of the project to monitor 

them up as good as possible. These graphs are based on metrological and other operational parameters 

selected at the start. Here are the results of the monitoring of the solar PV system. These results are 

explained below. 
 

A. CURRENT GRAPH 

The graph of the current sensor identifies the real-time values of the current of the PV based solar system. 

This is a real-time graph, in a ThingSpeak webserver. The Y-axis shows the values of the current that 

generates from the solar panel. It shows the values current comes from the solar panel in Amperes in 

centimeters (cA) and the X-axis shows the time in which these values have been recorded. This current has 

relations with different parameters like light intensity, it varies and changes drastically in variation with 

the intensity of light. The shadow over the panels affects this current as well. This current has maximum 

value according to the panel(s) selected. 

The current here according to our scenario, the trend is dependent upon a couple of parameters like, 

temperature, shadow effect, soiling effect, humidity, and the hovering clouds. Here is the effect 

overcurrent of those erstwhile parameters in a bit of detail. 

The current increases with the decrease in temperature of the solar panel, also as a reverse relation with 

the shadow effect and soiling effect. In case of humidity, it indirectly affects the current, humidity affects 

the radiation over the panel, which further affects the current generation of the solar panel. Here below is 

the graph, which shows everything that came from the real-time monitoring of the solar panel(s). 

 
 

 Fig 2 The real-time current graph 

drawn over ThingSpeak 
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B. Voltage Graph 

The voltage graph is the data of the voltage comes from the solar panel (s), this tells about the production 

of the installed system, whether that is a full setup of panels or a single panel. The voltage values much 

tell about the performance of the system. Voltage is much dependent upon the countless as erstwhile 

mentioned for the current, which are the temperature, shadow effect, the soiling effect, the weathering 

effect like clouding humidity, etc. Voltage has been found directly linked with the parameters mentioned 

above. 

The trend can’t be easily described through those said parameters. The trend of voltage with time is 

dependent on many parameters, but the graph often remains constant if there is no disturbance like there 

is mentioned in the above about shadow, soiling, etc. This feature helps in monitoring better performance, 

etc., like if there comes an issue in a sense of monitoring this voltage graph, and thus the linearity will 

vanish with time. This will be a clue that something has happened thus the better performance has not 

been achieved. The graph is drawn for the best can and exemplifies the ideal case, where there will be some 

issues regarding the performance, which will jeopardize its shape. Here is the graph below in the figure, 

which had been explained earlier. 

 
 

 Fig 3 Voltage curve of real-time data of solar panel. 
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C. POWER GRAPH 

The power graph shows the performance of the solar panel, here it depicts the performance based on the 

environment of solar panels. As power is the product of the generated current and voltage of the solar panel. 

The greater the power means either the current is drawn more, means the solar panel is connected to the full 

load of the voltage is high, which depicts that the solar panel is getting the best intensity of the light or both 

the current and voltage are in average which means that the load and the intensity of the sun are average. 

The trend in the graphs explains different scenarios, in this case, it’s most important to know whether the 

season is winter or summer. In the former case, the efficiency at the noontime will be better than in the latter 

case. The reason is owing to the effect of the temperature on the solar panels. While in the case of summer 

the power generation of the panels in the evening and the mooring will be much better than the power 

generation of the same panel in the winter. 

This graph has taken for less duration, that’s why there aren’t things encountered wholly, these graphs are 

roughly linear. Here it shows that the power generated is almost constant, while variation can be seen via 

variation in load and the intensity of light or creating the shadow over the panel. Here in the graph, the 

values of the generated power are drawn over the Y-axis, which shows the actual power, while over the X-

axis time/date, etc. has drawn, which shows the variation of the power over time. Here these erstwhile things 

are shown in the graph below. 
 

 

Fig. 4 The real-time graph of Power over ThingSpeak 

IV. CONCLUSION 

This paper proposes a concise and comprehensive approach for monitoring the solar system and sheds light 

on a different aspect of smart monitoring. The sensors discussed in the paper are the basics ones, which are 

temperature, current, voltage, and solar irradiation sensors. The reason for selecting only these sensors is 

that these are almost prerequisites to every monitoring. 

This approach takes the real-time data, feeds it to the could due to an interfacing module, and then makes it 

accessible all over. The graphs are shown based on real-time data. For future recommendation, this can be 

assembled into a single unit having all in one assembly with a good packing for commercializing it. 
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A, B, C, D, E=U.S.-Pakistan Center for Advanced Studies in Energy, University of Engineering and Technology, Peshawar, Pakistan 

 

Abstract— A numerical simulation of twin chamber internally circulating fluidized bed reactor (ICFB) with tubes inserted 

in reaction chamber (RC) and then in heat exchanger chamber (HEC) was done using Eulerian-Eulerian model (EEM). The 

model equations are solved through ANSYS Fluent, a computational fluid dynamics (CFD) tool. A two dimensional geometry 

is analyzed to explore the impact of tubes on the gas and solid phases flow in the bed. As the solid particles are continuously 

circulating from RC to HEC above the central baffle and from HEC back to RC through the slot below baffle, so a complete 

understanding of solids and gas circulation behavior is necessary. Based on gas and solids flow behavior achieved through 

simulation, both phases circulation fluxes through the slot have been investigated. It has been seen that the inserted tubes 

lower the velocity of both the solids and gas phases in the middle region of the chambers but enhances it near the walls and 

baffle. A time averaged values of parameters like bed pressures and its difference, solids circulation flux, gas circulation flux 

is calculated through simulations. All the three parameters of the cases in which tubes are installed in RC and then in HEC 

are compared to the tubeless ICFB. It has been noted that due to hindrance created by tubes, pressure gradient between the 

two chambers and both phases circulation fluxes are affected.  

 
Keywords— Eulerian-Eulerian model, Gas phase circulation flux, Heat exchanger chamber, Internally circulating fluidized 

bed, Reaction chamber, Solid phase circulation flux. 

I. INTRODUCTION 

Fluidized bed technology is broadly used in several applications for instance in chemical and 

process industries, coal or biomass combustion and gasification and power generation etc. A phenomena of 

fluidization is a process in which granular particles of solid phase behave like 

a fluid when air or gas is blown upward over the bottom of reactor filled with solid coal 

particles [1]. The passage of gases or air through the solid particles in the bed causes the 

fluidization. A bed filled with solid particles that act like a fluid when gas or air is passed 

uphill over the lower section of the bed is known as Fluidized bed. A prototypical fluidized 

bed consists of cylinder-shaped column that comprises coal fragment and through which flow 

of gas or liquid phase occurs. The time a gas/air flow through the base of a bed filled with solid phase coal 

fragments, the voids or space between the solid particles allows the gas to move upward. The fluid like 

behavior occurs due to unbalancing of drag forces of individual solid particles with the gravity. Friction 

between the particles become so small that the integral constituents act as a fluid. 

Factors that affects fluidization caliber are gas to solid ratio, arrangements of gas inlet, kind of solid particles 

used, fluidization vessel geometry and the size of dense phase and its distribution [2]. For bed behavior the 

rate upon which the gaseous or uninterrupted phase flows straight upward through the solid or particulate 

matter is significant. The velocity of the gaseous phase varies throughout the bed. At sufficiently low 

superficial gas rate, ug which is the volumetric gas flow rate over the bed divided by bed cross-sectional area 

[3], the gas leaks through the porous surface or voids between particles of the bed, which is called fixed bed. 

However, the system changes to fluidized bed as ug increases. The state of minimum fluidization occurs when 

the drag between rising gas and individual particles counterbalance the gravity. At this stage the minimum 

fluidization rate or velocity, umf is attained by superficial gas rate [4]. As ug increases, the particles motion also 
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increases which results into two kinds of fluidization: 1) 

Homogeneous and 2) Heterogeneous. 

Particles circulation in fluidized bed combustion systems are mainly categorized as externally circulated and 

internally circulated fluidized Bed. Externally Circulated Fluidized Bed (ECFB) consist of large central 

column as a riser and particle restoring container known as down comer or cyclone. The pipes circulation 

system connects two fluidized bed i.e. main column and cyclone. During fluidization, the riser particles are 

accumulated in cyclone and returns it back to riser. The pipes are controlled by valve and gas velocity in which 

the particles flow [5]. In Internally Circulated Fluidized Bed (ICFB), the solid circulation takes place in a 

single vessel. There are several chamber or compartments in one vessel which are divided by internal walls. 

The compartments are named as reaction chamber (RC) and heat exchanger chamber (HEC). The walls contain 

orifices through which solid particles can flow easily by applying 

uneven fluidizing flow rates between different compartments. The internally circulated 

fluidized bed system has low investment cost, reduced height, simple structure, compact size 

and low energy consumption and small heat loss as compared to externally fluidized bed 

system. 

Several researchers worked on bypassing of gas and circulation rates of solid in CFB reactors. 

For circulation of solid particles based upon difference between density of fluidized and 

stirring bed in ICFB LaNauze [6] developed a model with gap-height sort of draft tube. The 

opening ratio as well as velocity of gas in ICFB controls the solid circulations [7]. To 

determine bypassing of gas and circulation of solids in an ICFB, three distinct categories of 

distributors of gas was used by Song, Y. Kim and S. Kim [8] and found that best circulation of solid was 

provided by conical plate type distributor. In an ICFB using draft tube with an orifice, the 

orifice diameter influence bypassing of gas commencing the annulus region to the draft tube [9]. The influence 

of temperature on circulation of solids and gas bypassing was examined 

by Namkung, Guy, Boiseelle and Legros [10]. The impact of gas velocity to draft tube as well as particle on 

circulation of solids was studied by Done Kim, Han Kim, Roh and H. Lee [11]. A mathematical model were 

established by Toyoda et al. [12] to predict based upon pressure stability surrounding an opening the solid 

mass flow rate in an ICFB. The influence of relative humidity, solid circulation rate, particle 

diameter and velocity of gas on rate of attrition in an ICFB was studied by Chu and Hwang [13]. To quantify 

the flow dynamics properties in ICFB, several models have been proposed 

[14]-[15]-[16]-[17]. 

In Industrial Fluidized Bed Combustion System there could be a bundle of in-bed or immersed 

tubes or pipes installed in the combustion chamber carrying water or other chemicals to 

increase the amount of mass or heat transfer and also chemical transformation method. These 

tubes decrease the rise velocity of the bubbles due to which good mixing of the mixture, 

homogeneous distribution and smooth fluidization of the particles occur. It also greatly affects 

the hydrodynamics of the bed, the gas movement shape over the bed and dispersal of air 

bubbles inside the bed [18]-[19]. Which subsequently affects the total mixing of solid particles and as a result 

the chemical conversion process and heat transfer rates. In order to set a proper tube arrangement in the bed 

and study its impact on gas-solid hydro dynamic in fluidized bed is a challenging task. The Computational 

fluid dynamics can prove a good mean to carry out such analysis. 

The core aim of this study is to examine the hydrodynamics of twin chamber fluidized with in-bed pipes or 

tubes and their arrangements, in order to advance the performance of the bed flow 

dynamics and rate of heat transfer. Such improvements can enhance proper chemical reactions, 

dryness, rate of heat transfer, mass transfer rate also combustion efficiency. The emphasis is 

to explore the bed tube geometry and arrangement, particle size, bubble shape and size and rise 

velocity. 
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II. METHODOLOGY 

A.  Mathematical modeling using Eulerian-Eulerian model  

The Eulerian-Eulerian model also notorious as Two Fluid model (TFM) solves separate mass 

and momentum conservation equations for all phases and treats both phases as continuous and 

interacting media. Some appropriate interaction terms between the phases are also solved during simulations. 

These conservation equations are generalized form of Navier-Stokes equations that define the mean position 

and velocity of the gas and solid phase system. 

The hydrodynamic modeling of fluidized bed with multiphase gas and solid flow practice the 

laws of mass and momentum conservations. Anderson and Jackson [20] uses the averaging 

techniques and Ding and Gidaspow [21]-[22] describes KTGF to derives governing equations. 

Detail description of these governing equations are given in the above references. Our model 

includes separate continuity and momentum equations for all phase of two phase flow. 

The equations of continuity for both phases of solid and gas without any transfer of mass are 

given as: 
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The conservation of momentum equations for both phases of solid and gas are related as: 
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The transfer coefficient of interphase momentum relation by Wen and Yu [23] is: 
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Gidaspow [22] relation for β is: 
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Syamlal and O’Brien [24] relation for β is: 
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According to KTGF, the granular temperature relation which defines the gradient of particle 

velocity fluctuations is calculated by: 
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The gas phase stress tensor using Newton law of viscosity stress-strain relation is given by: 
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As the solid phase is behaving like fluid, so the solid phase stress tensor can also be derived 

using Newton law of viscosity and is given by: 
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Solid bulk viscosity [25] is specified by: 
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Solid shear viscosity is given by: 
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Radial distribution function [26]: 
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Frictional shear viscosity [27]: 
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Frictional solid pressure [28]: 
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The circulation fluxes of solid and gas phases are calculated as: 

s s sSCF u                                                                                                                                                                      (27) 

g g gGCF u                                                                                                                                                                    (28) 

 
Fig. 11: Graphic design of twin chamber ICFB with different tubes configuration and 

arrangement. 

B. Geometry description 

In our study to investigate internally circulated fluidized bed (ICFB), the structural layout are 

based upon the work of Feng et al. [29] with modifications to include tubes in it. The geometry 

represents part of Fluidized bed reactor which has two interconnected chambers namely 

reaction chamber (RC) and heat exchanger chamber (HEC). The 2D geometry are created in 

ANSYS Design Modeler in order to reduce the computational effort. The ICFB has length of 

900 mm and width of 300 mm. The baffle in the center between RC and HEC has length 250 mm and width 8 

mm and also there is a slot of length 25 mm below the baffle which enables the solids coming back from HEC 

to RC. To see impact of tubes on the gas and solid phase flow dynamics in the bed, tubes have been added first 

in RC and then in HEC. Initially there is only one tube in RC and then it is incremented up to five tubes. The 

geometry design and arrangements of tubes in both RC and HEC is same, but for tubes in HEC only the inlet 

velocities condition are reversed. The diameter of all the tubes is taken as 12.7 mm. Schematic diagram of 

ICFB with tubes in left hand chamber (RC) is presented in Fig. 1. 

C. Grid size 

In numerical simulation grid sensitivity analysis play an important role to check the effect of 

grid size on the outcomes. In order for grid to be independent a common rule for gas and solid 

flow system is that the mesh size ought to be about ten times the diameter of particle. The grid 

sensitivity analysis has been done in the literature [30] for three different grid sizes termed as 

coarse (4 mm × 4 mm), medium (3 mm × 3 mm) and fine (2.5 mm × 2.5 mm) in which there is a little difference 

in simulation results when medium and fine sized grid strategy is applied. Also the results turn 
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out to be grid independent when the mesh size are 3 mm × 3 mm or finer. So following the grid 

sensitivity analysis of this literature, medium sized (3 mm × 3 mm) uniform quadratic mesh strategy 

is applied for all geometries in our work to save the computational cost. 

D. Initial and boundary conditions 

The simulation conditions, gas and solid phase properties are abridged in Table I. At inlet 

the gaseous phase is uniformly applied at the base of ICFB through two distributors namely ur 

and uh, both the inlet velocities are constant and specified. The solid volume fraction at the 

inlet is zero i.e. there is no solid phase flow at the inlet. There is a single outlet of both chambers 

with boundary condition as atmospheric pressure set for the mixture phase. For solid phase in 

multiphase flow no-slip, free-slip and partial-slip are wall boundary conditions that can be 

applied. For gas phase with very dilute flows the no-slip boundary conditions is used at the 

walls [31]. At the wall no-slip condition can also be assumed for the solid phase when there is 

a little impact on bed hydrodynamics. But when the mesh is fine the effects of wall boundary conditions 

Table XIV: Simulation conditions, gas and solid properties [29] 
RC inlet velocity, ur 0.24 [m/s] HEX inlet velocity, uh 0.12 [m/s] 

Density of solid, ρs 2760 [kg/m3] Density of gas, ρg 0.585 [kg/m3] 

Viscosity of gas, µg 5.12×10-5 [Pa.s] Solid particle diameter, dp 0.0003 [m] 

Initial volume fraction of solid, αs 0.60 Maximum limit of solid phase 

packing, αs,max 

0.62 

Initial solid packing height 275 [mm] Specularity coefficient, 0.05 

Restitution coefficient, e 0.9 Minimum fluidization velocity, 

umf 

0.028 [m/s] 

 

are visible near the walls. Johnson and Jackson [32] introduces a model for solid 

phase which takes partial-slip wall boundary conditions. In this model ‘specularity coefficient’ 

is defined for wall frictional effects. Specularity coefficient measures the fraction of collisions 

that transport momentum to the walls and fluctuates from zero (free-slip) to one (no-slip). 

Different values of this coefficient has been used in the literature. In our case a value of 0.05 

were used. The value of restitution coefficient is set 0.9 (For perfectly elastic collision its value 

is equal to one). Initially, the reactor vessel is packed with solid particles up to the height 275 

mm (baffle height). The volume fraction of solid is taken as 0.60. 

E. Solution procedure 

For the solution purpose commercial CFD coded software package ANSYS Fluent 19.2 [33] are 

used to solve model equations. This state of the art software is used for modeling of fluid flow, 

chemical reactions, heat transfer rate etc. in different types of complicated geometries. For modeling of 

interacting multiphase model, the Eulerian multiphase model is selected in Fluent. 

To handle pressure-velocity and phase coupling, the phase-coupled SIMPLE algorithm is used. 

For turbulent flow modeling, k-ε dispersed turbulence model with standard wall function is 

used. The pressure-based second order implicit unsteady solver are used to solve coupled phase 

momentum, volume fractions and shared pressure equations. A first order upwind 

discretization scheme is used to transform general scalar transport equations to algebraic one 

in control volume. The resulting algebraic equations are solved by ANSYS solver through 

Gauss-Seidel linear equation technique accompanied by algebraic multigrid (AMG) method. 

Interested readers can study details about ANSYS solver and solution method in ANSYS 

Fluent 19.2 Theory and User Guides. 
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The calculation activities include time step size of 0.001 s, total number of time steps 15000 

and with maximum 50 iterations per time step. So all simulations are executed for a total of 15 

s time period. The desired values of variables across the slot below the baffle is obtained 

by taking average of the data of last 10 s. 

III. RESULTS AND DISCUSSION 

A. Gas and solid flow behavior 

The instantaneous snapshots of tubeless twin chambers fluidized bed with different specified 

cases of solid volume fraction, solid and gas velocities and bed pressure at a time instant of 8.5 

s are shown in Fig. 2 respectively. The initial packing height is 275 mm and inlet velocities 

for both chambers are uh = 0.12 m/s and ur = 0.24 m/s. 

These figures illustrate the solid phase flow behavior in both chambers of the bed with left 

compartment named as RC and right one as HEC chamber. The vigorously induced gas in RC 

forms bubbles in the bottom region due to which wake is produced. The solid particles tend to 

occupy empty wake region and then it is dragged to upward region by the rising bubbles. The 

bubbles during upward motion merge to form bigger bubbles. After reaching of the big formed 

bubbles to bed surface, it explodes in to the free domain of the bed. Due to this eruption of the bubbles 

 
Fig. 12: Contours plots of different parameters when simulation time is 8.5 s: (a) solid 

volume fraction; (b) solid velocity; (c) gas velocity; (d) bed pressure. 

 

sufficient amount of particles drop alongside the wall of RC and others are dispersed into HEC from RC above 

the baffle. In HEC as the gas phase inlet velocity is half of the 

introduced velocity of gas in RC, so in almost packed bed majority of the particles advances 

slowly downward. As the bottom region of HEC is reached the particles in the right bottom are 

circulated back to RC through slot beneath the baffle as presented in Fig. 2(a). Due to unequal 

gas velocities aroused at the inlets of both the chambers internal solid circulation continues to 

develop below and above the baffle. Vector plot of solid velocity showing circulation pattern 

of solid phase amid two compartments is displayed in Fig. 2(b). The bypassing of gas in the 

slot below the baffle from HEC to RC which nourishes the lateral solid circulation is shown in 

Fig. 2(c). The gas divergence from RC to HEC over head the baffle stimulates solid circulation 

in the upper region. A density difference in the bed system is caused by expanded gas holdup 

in RC and due to which pressure gradient is generated between the two chambers of ICFB and 

as a result gas-solid flow bypassing become achievable as shown in Fig. 2(d). So the key 

component for circulation process in the above phenomena is the central baffle which separates 

the two chambers. 
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B. Impact of insertion of tube bundle in RC and HEC 

The installation of tube bundle in ICFB reestablish the gas and solid phases flow in the bed. In 

our study the influence of tubes on pressure, solid and gas circulation flux through the slot, 

bubble rise velocity and bubble properties were investigated. 

1) Pressure gradient variation 

The pressure gradient between the two chamber which is developed due to uneven inlet 

velocities introduced at the base of the bed is responsible for solid circulation through slot. The results of time 

averaged pressure in RC and HEC are obtained from simulation. The comparison of variation of time averaged 

pressure gradient due to addition of tubes in RC and HEC is shown quantitatively through bar chart in Fig. 3 

and 4 respectively. The pressure difference among two chambers represent interaction intensity which drives 

solid particles motion through slot below the baffle. A variation tendency of pressure gradient can be observed 

from bar charts when tubes are inserted separately in RC and HEC. The increase or decrease in pressure 

gradient might be mainly due to different configuration and arrangement of tubes. 

2) Solid circulation flux variation 

The time averaged results of solid circulation flux through slot of both cases are obtained through simulation 

and comparison of solid circulation flux parameter with different configurations of tube separately in RC and 

HEC are represented through bar charts in Fig. 5 and 6 respectively. With the addition of tubes separately in 

both RC or HEC of the bed a decreasing tendency in SCF can be seen through the slot. This is due to the fact 

that insertion of tubes produces an obstacle for solid particles motion in vertical direction. The flow decreases 

in central region but increases near the walls and baffle. 

 
Fig. 13: Variation in pressure difference for different number of tubes in RC. 

 

Fig. 14: Variation in pressure difference for different number of tubes in HEC. 

 
The increase or decrease in SCF with tubes installed in different cases might be due to tube configurations. 
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3) Gas circulation flux variation 

The time averaged values of gas circulation flux of both cases are calculated through simulation 

and comparison of GCF parameter with different tubes arrangement in RC and HEC separately are shown 

through bar charts in Fig. 7 and 8 respectively. As explained above insertion of tubes in RC or HEC of an 

ICFB block the vertical movement of solid particles, so along with this gas phase motion is also interrupted. 

Due to this blockage GCF is affected through the slot beneath the baffle. The volumetric gas 

flow decreases in the central region but enhances in the vicinity of the walls and baffle. 

4) Variation in bubble properties 

During fluidization of solid particles in fluidized bed the cluster formed by bubbles grows 

continuously when there is no hindrance in its path i.e. when there are no tubes present in the 

bed. The rise velocity also enlarges with the bed height as it is proportional to bubble size. On 

contrast with insertion of immersed tubes the bubbling behavior changes significantly. Fig. 9 

compares the changes in bubble characteristics of tubeless ICFB with bed in which tubes are 

present. For brevity only the tubes in RC is considered here. The snapshot is taken at a time 

instant of 8.5 s. During simulation it was observed that rise velocity, shape and size of bubbles, 

bubble diameter etc. changes intensely when it interacts with tubes. The installed tubes 

increased bubbles bursting rate when it is collided by bubble coalescence. When the fluidizing 

gas enters the inlet of the two chambers, small bubbles are formed initially which grew up as 

it moves towards the tubes. After reaching the first queue of tubes it splits up again into small 

bubbles and this continues until it passes through the tubes bundle. The first contour of Fig. 

9 shows the bed without tube in which it can be observed that the solid volume fraction in 

the central region of RC is lower as related to other cases. This indicates that bubble concentration is high 

 
Fig. 15: Variation in solid circulation flux for different number of tubes in RC. 

 

Fig. 16: Variation in solid circulation flux for different number of tubes in HEC. 

 in this region due to which size or diameter of the bubbles grows fast. 

The increasing mechanism in bubble diameter is proportional to rising velocity of the bubbles. 
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While in immersed tubes case volume fraction of solid in the middle installed tubes region is 

high and rising velocity is low so consequently good mixing is achieved. 

C. Different stages of solid and gas phase mixing during fluidization 

When reaction take place between different groups of solid particles then mixing of solid 

phases in the bed affects interaction of particles and quality of the product. To analyze visually 

the impact of dipped tubes bundle on the gas/solid and particles mixing in the bed, Fig. 10 

represents mixing practices of solid particles in the bed during different stages of fluidization 

without tubes, with five tubes in RC and five tubes in HEC. The geometry of fluidized bed 

with five tubes in HEC is same with tubes in RC, but only inlet velocities are reversed. Other 

cases of tubes in ICFB are exempted for brevity. 

When inlet gases are blown through the bottom of ICFB, the solid particles of different groups disperse and 

mix with each other during fluidization. It can be understood from the Fig. 10 that homogeneous mixing of 

solids is obtained through introduction of tubes bundles in RC and HEC as compared to tubeless ICFB system. 

Quantitative estimation of impact of bundle of tubes on mixing of solids is carried out in the literature [34]. 

Diffusion of particles into each other and solid mixing is attained due to disturbance of local agglomeration of 

particles by tube bundle which can be seen at time interval of 0.01 to 4 s. Thus it can be concluded that faster 

and better mixing and mixing quality can be obtained by inserting tubes in ICFB as it intensifies the disordered 

and turbulent flow of solid phase. The above phenomena are useful in situation when chemical reaction is 

involved between different phases of the bed. 

 
Fig. 17: Variation in gas circulation flux for different number of tubes in RC. 

 
Fig. 18: Variation in gas circulation flux for different number of tubes in HEC. 

IV. CONCLUSION 

The key aim of this study were to explore the impact of immersed tubes on gas and solid phase 

motion in twin chamber ICFB system. The Eulerian-Eulerian model incorporating the kinetic 

theory of granular flow (KTGF) approach were employed for numerical simulation purpose. 
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A commercial CFD coded software ANSYS Fluent 19.2 were used to solve the model 

equations. The results obtained through simulation concluded the following points: 

1. In twin chamber fluidized internal solid circulation can be achieved by the use of central 

baffle. The addition of tubes in RC or HEC disturbs the gas and solid phase flow in the 

central region. The vertical velocity decreases in the center due to presence of tubes 

and increases near the walls and baffle. 

2. The simulation results of gas and solid flow dynamics in an ICFB well explained the 

solid circulation below the baffle through its contour plots and animations. Results 

shows that the driving force responsible for the circulation of solids through the slot 

and above the baffle is basically the pressure gradient among RC and HEC which arises 

due to uneven inlet velocities induced through the bottom of both chambers. 

3. As the presence of tubes enhances gas velocity near the baffle, it produces pressure 

gradient between the two chambers and consequently SCF and GCF through the slot is 

affected. The solid and gas circulation fluxes decrease as more tubes are added to the 

chambers. 

4. Better mixing of solid particles can be achieved by the addition of tubes. This situation 

is helpful when chemical reactions are involved in fluidized bed reactor. 

5. The presence of tubes bundles also affect bubble properties like shape, size and 

diameter of bubble, rise velocity etc. When there is no tube present in the chamber then 

the solid volume fraction in the middle region is low and high nearby the walls and 

baffle. The concentration of bubble is high and grows toward the upper portion of the bed. But when 

tubes are installed the solid volume fraction is not low now and 

accordingly the rise velocity of bubbles is reduced in the center. 

 
Fig. 19: Visual comparison of bubble properties of without tube bed with different tube 

arrangements in the bed. 
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Fig. 20: Different stages of solid and gas phase mixing in fluidization process during time interval t = 0.01 s 

to 4 s: (a) without tubes; (b) five tubes in RC; (c) five tubes in HEC. 
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APPENDIX 

List of Acronyms  

 

          2D                 Two dimensional  

          3D                 Three dimensional 

          CFD              Computational fluid dynamics 

          EEM             Eulerian-Eulerian model 

          TFM             Two fluid model 

          DPM             Discrete particle model 

          DEM             Discrete element method 

          AMG             Algebraic multi grid 

          KTGF            Kinetic theory of granular flow 

          CFB               Circulating fluidized bed 

          BFB               Bubbling fluidized bed 

          AFBC            Atmospheric fluidized bed combustion 

          PFBC             Pressurized fluidized bed combustion 

          ICFB              Internally circulating fluidized bed 

          ECFB             Externally circulating fluidized be     

          RC                 Reaction chamber 

          HEC              Heat exchanger chamber 

          SCF               Solid circulation flux 

          GCF              Gas circulation flux 

          PRC                Reaction chamber pressure 

          PHEC                      Heat exchanger chamber pressure   

          ΔP                 Pressure difference 

          FCC               Fluid catalytic cracking 

          u                    Velocity vector 

          uh                   Heat exchanger chamber inlet velocity 

          ur                    Reaction chamber inlet velocity 

          umf                  Minimum fluidizing velocity 

          utrans               Transition velocity 

          umb                 Minimum bubbling velocity 

          ρ                    Density 

          dp                   Particle diameter 

          t                     Time         

          α                    Volume fraction 

          αs,max              Maximum volume fraction of solid phase 

          β                    Coefficient of interphase momentum exchange 

          g                    Gravity 

         Cd                   Drag coefficient 

         Rep                  Particle Reynold number 

         µ                     Shear viscosity 

         µs,f                   Frictional shear viscosity    

         Θ                     Granular temperature 

         Ps                    Solid pressure 

         Ps,f                   Frictional solid pressure  

         ϕ                      Internal pressure angle 

         γ                      Collisional energy dissipation 
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         ξ                      Bulk viscosity 

         q                      Heat 

         k                      Diffusion coefficient 

         e                      Restitution coefficient 

         go                     Radial distribution function 

         Ī                      Unit tensor 

         I2D                   Deviatoric stress tensor second invariant 

         τ                      Stress tensor 

         Subscripts 

         s                       Solid phase 

         g                      Gas phase 
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Abstract— Multiphase flow occurs in almost all HVAC and refrigeration systems. In this research study, numerical 

simulations of condensation heat transfer phenomenon of R134a refrigerant inside smooth horizontal tube is carried out in 

order to better visualize the flow behavior and analyze heat transfer characteristics of R134a refrigerant. For multiphase 

flow analysis of R134a refrigerant, k-omega shear stress transport (SST) turbulence model is used which is well suited for 

simulating flows in the viscous sub-layer. For predicting and analyzing the heat transfer characteristics, Heat and mass 

transfer model (Lee Evaporation-Condensation Model) is used for internal flow condensation to occur. Convective heat 

transfer coefficient is determined throughout the tube using surface integral method which matched with the convective heat 

transfer coefficient obtained using experimental data. Volume fractions of both the liquid and vapor phases are obtained at 

both the symmetrical and cross-sectional planes which indicated that homogeneous condensation occurred resulting in mist 

flow which later on changed to stratified and stratified wavy flow. The temperature distribution obtained for the two phase 

flow (liquid and vapor) showed that the refrigerant was initially in dry saturated state which then condensed into two phase 

mixture (liquid and vapor) as the condensation process proceeds downstream. The results indicate that the k-omega (shear 

stress transport) turbulence model predicts the multiphase flow characteristics better than the k-epsilon turbulence model.  

 

Keywords—Computational fluid dynamics, Convective heat transfer coefficient, Multiphase flow, Shear stress transport.  

I. INTRODUCTION 

Efforts are in progress in the field of HVAC & refrigeration systems to increase the efficiency of refrigeration 

systems and to minimize the system footprints [1]. For this purpose, researchers are working in the field of 

refrigeration to discover new refrigerants and refrigerant blends which not only minimize the adverse effects 

on atmosphere but also are more efficient and environment friendly [2]. Due to this importance and need, 

worldwide researchers are busy in conducting experimental and numerical studies of different multiphase 

condensation flow of refrigerants using different flow geometries like micro-channels, shell and tube heat 

exchangers, circular tubes, dimpled tubes  [3]. Condensation plays a major role in both domestic and industrial 

applications like power generations, HVAC & R, petrochemical industries, farm preserves, cooling of heat 

emitting appliances [4], [5].  Different types of condensation flows are observed in refrigeration systems like 

direct contact, film-wise, external film, internal flow condensation etc. Internal flow condensation is mostly 

observed in refrigeration system due to which major research is done on internal flow condensation. Rabiee et 

al conducted heat transfer analysis of two phase flow of R134a refrigerant to investigate the dependence of 

heat transfer coefficient on heat flux and tube dimensions [6]. Juggurnath et al performed 3D numerical 

simulations of R134a condensing flow and analyzed heat transfer characteristics using constant mass flux, 

vapor quality (0.25-0.75). The results showed stratified wavy flow pattern which were in good agreement with 

experimental data [7]. Internal flow condensation is different from dropwise and film condensation because of 

the involvement of volume fractions of vapor and liquid phases. Consider initially dry saturated vapors enter 

the tube. As the vapor proceeds downstream, they condense on the inner surface of condenser tube resulting 

in the increased quality of the flow [8] giving different localized flow structures like annular, stratified, 

stratified wavy, intermittent, dispersed as shown in Fig. 1 [9], [10].   

 
 

Numerical Simulations of condensation heat transfer of refrigerant 

R134a in a smooth horizontal tube using Mixture model. 
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Fig. 1. Two phase flow regimes (Flow from left to right)  

Volume fraction of both the vapor and liquid phases depends on the inlet boundary conditions and numerical 

models specified during simulations. Heat transfer and pressure drop characteristics of two phase flow are 

strongly dependent on the flow regimes obtained as the film thickness increases downstream. Researchers 

have developed different models like void fraction, pressure drop, empirical, semi-empirical for different fluid 

flows, design and operating conditions [11] in an effort to improve the reliability of predictions of multiphase 

flows. Since two phase flow occurs in majority of refrigeration and cooling system which may be aerospace 

applications, electronics cooling systems [12], rockets and jet propulsion systems etc. therefore there is a need 

to understand the dynamics of two phase flow of R134a refrigerant.  

This research study is conducted in order to better visualize, understand and compare the numerical results 

with the experimental and two phase flow behavior inside a smooth tube using mixture multiphase model. 

Contrary to most of the available literature where a constant heat flux on the tube surface was defined, variable 

heat flux has been defined on the tube surface at different sections in an effort to obtain accurate results  [13], 

[14].  

The paper is organized into five sections. Section 2 explains the heat exchanger model (geometry and 

meshing). Numerical models selected for analysis are explained in section 3. Numerical results obtained from 

simulations are explained in section 4. Section 5 gives conclusions of the current research work. 

II. METHODOLOGY 

A. Geometry Design 

Tube geometry is designed using ANSYS workbench R19.2. The copper tube has length and diameter of 202.7 

mm and 4.7 mm respectively. The tube is divided into eight (8) segments and different surface heat flux is 

defined on each segment using experimentally available boundary conditions. The wall thickness of tube is 

taken as zero for radial convection only. The 3D isometric view of tube geometry is shown below in Fig. 2. 

 
Fig. 2. 3D model of circular tube  

B. Mesh generation 

ICEM CFD ANSYS 19.2 meshing tool is used for geometry meshing. An O-grid consisting of 698390 

hexahedral elements was generated for the geometry as recommended by different authors for circular 

geometries [15]. The near wall region has inflation layer with number of refined grid rows equal to 20. The 

SST k-ω turbulence model used in this study requires the wall to be discretized with near wall region Y plus 
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(y+ ) value close  to one [1] . The first row of boundary layer grid near the wall is having cell height of 1e-5 m 

with growth ratio of 1.2. Fig. 3 shows cross section of the meshed circular tube. 

1) Mesh Independence 

Mesh independence study was conducted using three different grid sizes having different grid elements in a 

3D smooth tube. The condensation heat transfer coefficient obtained using different grid sizes is plotted as a 

function of tube length. The results indicated that grid size with 698390 grid elements gave improved results 

with given convergence criteria after which the dependence of mesh size on the results was negligible as shown 

in Fig. 4.  

 

 
 

Fig. 3. Cross sectional view of the computational domain 

 

 
Fig. 4. Mesh sensitivity analysis 

III. NUMERICAL MODELS 

Use of various numerical models for modeling turbulence, multiphase flow, and heat and mass transfer has 

been reported in the literature, with varying accuracies. In the numerical investigation conducted, the 

condensation problem for R134a refrigerant was solved using the k-ω SST turbulence model, Mixture 

multiphase model and Lee model. 
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A. Turbulence model 

The CFD community is still in pursuit of a turbulence model which is able to predict all types of turbulent 

flows. In general, the factors considered while identifying the turbulence model are the physical phenomenon 

of a given problem, simulation accuracy time, and available computational resources. The most frequently 

used turbulence models are the k-ω and k-ε models in which k-ω SST turbulence model is used here [16]; 
1) k-ω (SST) turbulence model       

The SST k-ω turbulence model was developed by menter to efficiently blend the robust and accurate 

formulation of the k-ω model in the near wall region with the free stream independence of the k-ε model in 

the far field. [17] To achieve this, k-ε model is transformed into k-ω model with the refinements like 

incorporation of different modeling constants, damped cross diffusion derivative and modified turbulent 

viscosity for turbulent shear stress. Transport equations for SST k-ω model are as follows [16]: 

 

                                                           (1)  

  

 

                                                      (2) 

 

Where GK represents the generation of turbulence kinetic energy due to mean velocity gradients, Gω represents 

the generation of ω, ΓK and Γω represents the effective diffusivity of K and ω respectively, YK and Yω 

represents the dissipation of K and ω due to turbulence, SK and Sω are user-defined source terms.   

B. Heat and mass transfer model 

Lee model is a mechanistic model with a physical basis. It is used with both VOF and mixture multiphase 

models as well as with the Eulerian multiphase model if one of the overall interfacial heat transfer coefficient 

models are used [18]. In the Lee model, the liquid-vapor mass transfer mechanism (evaporation and 

condensation) is governed by the following vapor transport equation: 

 

                                                               (3)       

Where  

v = vapor phase  

αv = vapor volume fraction 

ρv = vapor phase density 

Vv = vapor phase velocity 

ṁlv, ṁvl = the rates of mass transfer due to evaporation and condensation respectively 

Based on the following temperature regimes, the mass transfer can be described as follows [19]; 

 

If Tv < Tsat (condensation) 

  

                                                                                  (4)  

           

From the above equation, coefficient known as accommodation coefficient which is the inverse of the 

relaxation time (1/s) is defined as: 
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                                                                              (5) 

This expression for the condensation process treats the source terms in implicit way in the phase conservation 

equation. The accommodation coefficient and the bubble diameter are not usually well known. 

Accommodation coefficient need to be tuned according to the experimental data and by default 0.1 is the value 

for both evaporation and condensation [16].   

 

For current study, accommodation coefficient (condensation frequency) was set as 0.90 using experimental 

data values for saturation temperature of 319 K and condensation pressure of 1.193 N/mm2. 

C. Multiphase model 

The mixture model is used for modeling multiphase flows having different phase velocities and assuming 

equilibrium condition over short length span. The mixture model is used to model flows with n-different phases 

by solving the continuity, momentum, and energy equations for the mixture, volume fractions equations for 

all secondary phases, and algebraic expressions for the phase’s relative velocities.  

The continuity equation for the mixture of the phases is;  

 
𝜕𝜌𝑚

𝜕𝑡
+ ∇. (𝜌𝑚𝑣𝑚) = 0                                                                                (6) 

 

Where 𝑣𝑚 is the mass is averaged velocity of the phase and is given by;  

 

𝑣𝑚 =  ∑
𝛼𝑘𝜌𝑘𝑣𝑘

𝜌𝑚

𝑛
𝑘=1                                                                                      (7) 

 

Where 𝜌𝑚 is the mixture density and is defined as; 

 

𝜌𝑚 =  ∑ 𝛼𝑘𝜌𝑘
𝑛
𝑘=1                                                                                       (8) 

 

Where 𝛼𝑘 is the volume fraction of the phase, k.  

 

The equation of momentum for the mixture model is given by;  

 
𝜕(𝜌𝑚𝑣𝑚)

𝜕𝑡
+ ∇. (𝜌𝑚𝑣𝑚𝑣𝑚) =  −∇𝑝 + ∇. [μ𝑚(∇𝑣𝑚 + ∇𝑣𝑚

𝑇 )] + 𝜌𝑚𝑔 + 𝐹 + ∇. {∑ 𝜌𝑘𝛼𝑘𝑣𝑑𝑟,𝑘
𝑛
𝑘=1 𝑣𝑑𝑟,𝑘}           (9) 

Where n represents the phases involved, F is the body force and μ𝑚 is the viscosity of mixture.  

 

μ𝑚 = ∑ 𝛼𝑘μ𝑘
𝑛
𝑘=1                                                                                       (10) 

𝑣𝑑𝑟,𝑘  is the secondary phase drift velocity and is given by;  

 

𝑣𝑑𝑟,𝑘  = 𝑣𝑘 − 𝑣𝑚                                                                                       (11) 

The energy equation in case of mixture model is given by;  

 
𝜕 ∑ (𝛼𝑘𝜌𝑘𝐸𝑘

𝑛
𝑘=1

𝜕𝑡
+ ∇. ∑ (𝛼𝑘𝑣𝑘(𝜌𝑘𝐸𝑘 + 𝑝))𝑛

𝑘=1  = ∇. (𝑘𝑒𝑓𝑓∇𝑇) + 𝑆𝐸               (12) 

 

Where 𝑘𝑒𝑓𝑓 represents the effective thermal conductivity and 𝑆𝐸 is the volumetric heat source term.  
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IV. RESULTS AND DISCUSSION 

The numerical results obtained from simulations for internal flow condensation of R134a refrigerant are 

discussed in terms of volume fraction, temperature distribution, velocity distribution, flow regimes transition, 

convective heat transfer coefficient of the two phases (vapor-liquid phases) are displayed and explained below; 

A. Vapor volume fraction  

Numerical simulation results for the vapor phase fraction are shown at the cross sectional planes. The copper 

tube representative length is 202.7 mm and the cross-sectional planes are defined at different axial locations 

(50, 150 mm) from the tube inlet as given below; 

1) Cross sectional planes 

Contours of vapor fraction at cross sectional planes defined at two different axial locations of 5 mm and 150 

mm from the tube inlet are shown in Fig. 5. High quality vapor enters the tube which condenses as the flow 

advances downstream. Homogeneous condensation takes place due to low inlet vapor phase velocity resulting 

in formation of fog (droplets) which settles at the base in the form of condensate due to gravity.  

 

 
(a) 5 mm 

 

 
 

(b) 150 mm 

Fig. 5. Vapor volume fraction at different cross-sectional planes  
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B. Liquid volume fraction  

Contours of the liquid volume fraction are shown at both the symmetrical as well as the cross sectional planes 

as explained below; 

1) Cross sectional planes 

The cross sectional planes are defined at distances (5, 50, 150, 200 mm) from the tube inlet. The R134a liquid 

(condensate) formed inside the tube as a result of homogeneous condensation drains down to the base of the 

tube due to high density, gravity and also flow shear stresses as shown in Fig 6 (a, b, c, d). 

2) Symmetrical plane 

The liquid volume fraction contour at the symmetrical plane is shown in Fig 7. Initially liquid volume fraction 

is zero up to some length (approximately 2-3 mm) as the vapors are dry saturated but after that condensation 

of R134a takes place due to radial heat flux defined at the tube surface. The liquid condensate begins to form 

as a result of internal surface condensation at low mass flow rate. The condensate formed flows to the base of 

the tube as a result of high density and gravity effects. 

 

 
(a) 5 mm 

 
 

 
(b) 50 mm 
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(c) 150 mm 

 
(d) 200 mm 

Fig. 6. Liquid volume fraction at different cross-sectional planes 
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Fig. 7. Liquid volume fraction at the symmetrical plane 

 

C. Temperature distribution  

Temperature distribution contours for both the cross sectional planes and symmetrical plane are shown in Figs. 

8 (a, b, c, d) and 9 respectively. The temperature distribution corresponds to the vapor-liquid two phase 

distribution cloud images showing liquid phase temperature lower than the vapor phase temperature. Initially 

all the mass exists is vapor phase dominant, so the temperature is high at the tube inlet but as the flow advances 

downstream liquid condensate is generated which produces certain degree of sub cooling resulting in the 

decreased heat transfer and temperature downstream. From the symmetrical plane, it is clear that vapor phase 

is dominant in the tube central region due to which temperature is high unlike near wall region where 

temperature is low because of the sub cooling caused due to condensation phenomenon. 
 

 
(a) 5 mm 
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(b) 50 mm 

 

 
 

(c) 150 mm 

 

Fig. 8. Temperature distribution at different cross-sectional planes 
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Fig. 9. Temperature distribution at the symmetrical plane 

D. Two phase flow regimes 

Different flow regimes were observed in case of mixture multiphase model during the two phase condensing 

flow of refrigerant R134a inside a smooth horizontal tube. As vapors flow downstream inside the tube, vapors 

starts condensing and condensate is formed that results in different flow patterns. Initially all the mass exists 

is vapor which starts condensing as the flow advances downstream. From Fig. 10 it is clear that mist flow 

occurs initially in the first tube section (approximately 76 mm) as the flow velocity is low (0.08 m/s) and the 

vapors are dispersed in the whole volume of first tube section. When the liquid volume fraction (condensate)  

reaches certain value then the gravity effects are dominated due to which the condensate is collected at the 

base causing stratified flow as flow proceeds downstream.     

 

 
 

Fig. 10. Flow regimes transition 

 

E. Heat transfer coefficient 

Simulated heat transfer coefficient distribution as a function of axial location is plotted in Fig. 11. The heat 

transfer coefficient decreases along the length of the tube as the temperature gradient decreases along the flow 

direction due to sub cooling caused because of condensate formation at the inner wall surface. The heat transfer 

coefficient as a function of length and dryness fraction (vapor quality) is shown below in Fig. 11 and Fig. 12. 

The high quality vapors enter the tube at low inlet flow velocity having Re<35000 making the flow laminar. 

As the flow proceeds downstream, the condensate film thickness increases causing the thermal resistance to 

increase due to which rate of convective heat transfer decreases. The simulated heat transfer coefficient 

obtained from numerical simulations was compared with the experimental heat transfer coefficient as shown 

in Fig. 13. The results indicate that simulated heat transfer coefficient shows good agreement with the 

experimental results. 
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Fig. 11. Simulated heat transfer coefficient v/s tube length 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12. Simulated heat transfer coefficient v/s vapor quality 
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Fig. 13. Comparison of simulated and experimental heat transfer coefficient 

V. CONCLUSIONS 

In this paper, two phase condensation heat transfer of refrigerant R134a is simulated using mixture multiphase 

model, k-ω (SST) turbulence model, and Lee (evaporation-condensation) mass transfer model with variable 

surface heat flux defined on the tube surface. The simulation results for heat transfer coefficient, volume 

fraction of liquid and vapor phases, temperature, and velocity distribution are obtained which showed good 

agreement with the experimental data available, due to implementation of variable surface heat flux boundary 

conditions unlike literature available where constant surface heat flux is considered at the tube surface. The 

results for simulated and experimental heat transfer coefficient were compared and analyzed which indicated 

that mixture model better predicted the two phase in tube condensation flow of refrigerant R134a. It was also 

noted that heat transfer coefficient gets decreased along the length of the tube as the vapor quality decreased 

due to increase of condensate film thickness downstream causing increased thermal resistance. Flow velocity 

and surface tension effects both effected the simulated heat transfer coefficient results due to increased 

turbulence and interface shear stresses between the vapor-liquid phases which caused the condensate layer to 

become thinner along the flow direction thereby resulted in increased convection downstream.   
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Abstract— Chromium has significant economic and industrial importance because of its refractory and alloying 

properties. Almost all potential chromite deposits are associated with ultramafic-mafic igneous rocks but there are alluvial 

placer deposits of the sedimentary environment with low-grade as well. In Pakistan, chromite deposits are known from the 

ophiolitic sequence and are being targeted for potential mineral exploration. Several mineral resources could be transformed 

into economic-mineral deposits with the careful characterization of mineral resources. Therefore, it is very important to 

carry out detailed characterization before the application of any processing technique. 

The prime focus of the research is the characterization of Bajawar chromite ore Khyber Pakhtunkhwa (KP), Pakistan. 

Five tools that include Thin-section study, Energy Dispersive X-ray analysis, X-ray Diffraction (XRD), Scanning Electron 

Microscopy (SEM), and X-ray Fluorescence (XRF) were utilized in research to evaluate the precise characterization of 

Bajawar chromite. Characterization study identifies the ore body as a low-grade mineral deposit (Refractory grade) as the 

ore body shows the Cr2O3 content 35.6% and chemical grade based on Cr/Fe is 2.1. High concentrations of silica and iron 

oxide have been observed from the Bajawar chromite ore body. Crystal system, hardness, porosity, and average grain size 

combined with the results obtained from the tools used for characterization suggest the usage of shaking-table separation 

technique followed by a magnetic separator to upgrade Bajawar chromite ore and to make it marketable. 

.  

 
Keywords— Characterization; Magnetic Separator; Ophiolitic Sequence; Shaking Table. 

I. INTRODUCTION 

Pakistan contains Precambrian to recent rock and has a high potential of metallic and non-metallic mineral 

resources deposits such as copper, gold, silver, iron, radioactive minerals, lead-zinc, chromite, while low 

potential deposits are antimony, magnesite, Sulphur, mica, feldspar, etc [1]. In our country, Pakistan, people 

just searching for the deposit, observing that the deposit is of some economic value, mine it and sold to higher 

international companies at low prices. High-grade ore deposits are depleted day by day. Most of the Pakistani 

ore deposits are low-grade which does not fulfil the demands of the marketable end product. Several low-grade 

mineral resource deposits could be transformed into economic-mineral deposits with careful characterization. 

The achievement of high-grade ore directly depends on the accurate and precise characterization study. Poor 

characterization of ore leads to failure in the production of marketable products. Therefore, it is very important 

to carry out detailed characterization before the application of any processing technique [2]. The rapid 

advancement in micro-analytical technology has made it easy and possible to characterize the ore/mineral. 

Now Industries are awarded about pre-processing studies and beneficiation. Minerals processing sometimes 

also called ore dressing is based on these characterization studies. Based on the knowledge obtained after 

characterization, the owner satisfying and compel to take practical steps towards the up gradation of low-grade 

deposits. 

 

Characterization of ore is the most important step before going to perform mineral processing. In the 

characterization of mineral deposits may involve the determination of both quantitative and qualitative 
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analyses such as the grade of ore, impurity content, chemical composition, crystal habit, grain size, shape, 

density, porosity, and other features. These characterizations of the mineral deposits give proper guidelines for 

the selection of mining methods, beneficiation techniques, the feasibility of the deposits, and economical 

evaluation of the mineral deposit [3-5].   

The primary objective of this research was to provide comprehensive data on the chemical composition of the 

deposit. These may include general engineering, metallurgical properties, the mineralogical and elementary 

composition of the local chromite ore from Bajawar (Ex-FATA) area. All these investigations are only possible 

by characterization. Five tools are used for this characterization. Detail of each tool is discussed in the 

subsequence section of the paper. 

 

Chromite is the only ore of chromium that is used commercially in the metallurgical industries [6]. The 

metallurgical usability of the chromite ore depends upon the chromium (Cr) and iron (Fe) ratio rather than Cr 

percentage. Almost all potential chromite deposits are associated with ultramafic-mafic igneous rocks but there 

are alluvial placer deposits of the sedimentary environment with low-grade as well [7]. Chromium is the most 

important element of modern industries and it is a raw material for the production of stainless steel and 

ferrochrome alloy. About  80% of the chromium ores are used in the stainless steel industry [8]. Chromites are 

classified into three classes based on Cr and Fe element ratio. Metallurgical grade (high-grade) contains 46-

48% chromium oxide and the ratio of Cr to Fe is 3:1. Chemical grade of chromite contains 40-46% chromium 

oxide and 1.5-2.1 is Cr and Fe ratio. Refractory grade of chromite contains 30-40% chromium oxide [9].  

II. MATERIALS AND METHODOLOGY  

A. SAMPLE COLLECTION AND PREPARATION 

Samples were collected from “Charmang” area located near Durand Line, Bajawar Agency, KP, Pakistan. 

Samples were taken from the top surface of the deposit at some distance apart from each other so that they are 

not biased. The collected chromite ore samples were then subjected to sample preparation process i.e. cutting 

and breaking, crushing, grinding, and sieve analysis. Crushing and grinding were performed in the “Mineral 

Processing Laboratory” Department of Mining Engineering, UET Peshawar. The required samples for XRD 

and XRF were prepared after coning and quartering. Chips samples for SEM, EDX and Thin section were 

prepared in “Rock Cutting Lab” Department of Geology, University of Peshawar.   

For detailed characterization of Bajwara chromite ore to determine the average grade, shape, and tonnage of 

the total deposit. It is necessary to take ore samples with a regular interval at 10m distance along the strick and 

dip with some depth. The geological and value continuity of the deposit can change with depth [10]. 

B. CHARACTERIZATION TECHNIQUE  

1) Thin section study 

Thin section slide is studied to determine the texture of the chromite and mineral identification of ore in the 

samples. This study is carried out in “sedimentology lab” of ‘National Center of Excellence in Geology’ of 

University of Peshawar by using Optical Microscope with 5x lenses. 
 

2) Scanning Electron Microscope (SEM) Analysis  

Scanning Electron Microscope is used for morphological and mineralogical characterization of ore samples to 

determine crystal size, shape, position, and cry form of the minerals [11]. Here SEM is used to find porosity 

of ore, shape, and form of the chromite crystals in samples. Attaching of Energy Dispersive X-Ray Analyzer 

(EDX or EDA) device with SEM is used for the element’s identification and quantitative compositional 

information. It is a non-distractive and bulk analysis method of minerals [12]. The EDX technique for the 

current research is used to determine the elemental composition of the ore sample.   

3) X-Rays Flourances Analysis  

X-ray fluorescence (XRF) is the non-destructive elemental analysis technique used for minerals and solid 

material to determine the presence or absence of the elements whose atomic number is greater than 3 and their 
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relative percentage in the samples [13]. In the current research, XRF is used to determine the elemental 

composition of the chromite ore.  

4) X-Rays diffraction  

X-Rays diffraction (XRD) is a quantitative calculation of the minerals in the sample. It is most suitable when 

studying small scale variations in the mineralogy. It is one of the standard methods and techniques used for 

the investigations of industrial mineral and products [32]. For the same purpose, XRD is used in this research. 

III. RESULTS AND DISCUSSIONS 

A. THIN SECTION STUDY 

Thin section study revealed that the black and brownish grains in Fig.  1 -A, B, C, & D are chromite which is 

opaque in both plan and cross light. The white grains in Fig.  1- A, B, C, & D is quartz, while the greenish 

grain is serpentine i.e. serpentinization has been done by the reaction of olivine with water [14]. The lowest 

grain size is 0.31mm, the largest grain size is 3.15 mm and the average grain size 1.15mm. The grain shape of 

this chromite is mostly tabular i.e. plate-like having one shorter and one longer dimension. Some of them are 

almost equant but they are rare. The Bajawar chromite is hypo crystalline i.e. it includes both crystals and 

glass. 

  

  

Fig.  1 Thin sections under Optical microscope 

 

B. SEM-EDX analysis  

SEM is used to determine the morphology and porosity of the Bajawr chromite ore. Microphotographs Bajawar 

chromite ore is taken by SEM which revealed that the crystal perfection is not well developed as shown in Fig. 

2-B so it is in between euhedral and anhedral. The porosity of representative samples is determined from the 

image of the SEM by “Average Area method” i.e. Porosity = Area of Pores in the image/ Area of total solid 

A B 

C  D 
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crystals in Fig. 2 SEM images for porosity and morphology. A. Porosity = No of pore block 450 / No of total 

block 3588 = 0.125, 0.125 * 100 = 12.5 %.   

RESULT OF FIVE SPECTRA OF EDX IS SUMMARIZED IN  

TABLE. II. BAJAWAR CHROMITE ORE CONTAINS CARBON, POTASSIUM, MAGNESIUM, ALUMINUM, SILICON, 

CALCIUM, TITANIUM, CHROMIUM, AND IRON. WEIGHT (WT) % AND ATOMIC (AT) % OF EACH ELEMENT IN FIVE 

SPECTRA ARE SHOWN IN  

C. TABLE. II. Elemental composition of Bajawar chromite ore by SEM-EDX EDX gives the elemental 

composition of the chromite ore sample and to convert this elemental result into their oxide form, some basic 

formulas in the Excel are used e.g. (Elemental per cent/ Conversion Number = Oxide Percent). The 

conversion number is a standard value given for each element.  X-RAYS FLOURANCES ANALYSIS  

X-RAY FLUORESCENCE (XRF) IS THE NON-DESTRUCTIVE ELEMENTAL ANALYSIS TECHNIQUE USED FOR 

MINERALS AND SOLID MATERIAL TO DETERMINE THE PRESENCE OR ABSENCE OF THE ELEMENTS WHOSE ATOMIC 

NUMBER IS GREATER THAN 3 AND THEIR RELATIVE PERCENTAGE IN THE SAMPLES [13]. THE ELEMENTAL 

COMPOSITION  

 

 

 

TABLE. III ELEMENTAL COMPOSITION OF BAJAWAR CHROMITE ORE (XRF) 

 

 

 

 

 

 

TABLE. IV MINERALOGICAL COMPOSITION OF BAJAWAR CHROMITE ORE. 

 

 

 

 Elemental composition of Bajawar chromite ore (XRF) of the Bajawar chromite ore shown in Table 3. 

Percentage of chromium is less than 27 which is low-grade chromite ore. The ratio of chromium to iron is 1.5 

so Bajawar chromite ore is in the range of refractor grade.    

 

 

Element Spectra 1 Spectra 2 Spectra 3 Spectra 4 Spectra 5 Overage % 

 Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% Wt 
% 

At 
% 

C K 2.08 4.12 1.60 3.13 1.82 3.57 2.55 4.79 0.0 0.0 1.61 3.122 

O K 39.60 58.78 40.97 60.02 40.15 59.07 42.52 60.00 40.32 61.30 40.712 59.834 

Mg K 10.76 10.51 11.09 10.69 11.23 10.88 12.09 11.23 10.35 10.36 11.104 10.734 

Al K 5.11 4.50 5.59 4.85 5.33 4.65 5.93 4.96 5.61 5.06 5.514 4.806 

Si K 6.65 5.62 7.35 6.14 7.54 6.32 7.95 6.39 6.68 5.79 7.234 6.048 

Ca K 2.85 1.69 2.83 1.66 3.00 1.76 2.10 1.18 3.13 1.90 2.782 1.638 

Ti K 0.32 0.16 0.0 0.0 0.31 0.15 0.0 0.0 0.41 0.21 0.208 0.104 

Cr K 23.69 10.82 21.99 9.91 22.44 10.16 19.54 8.48 24.76 11.58 22.484 10.19 

Fe K 8.94 3.80 8.57 3.60 8.18 3.45 7.32 2.96 8.74 3.81 8.35 3.524 

Total  100 100 100 100 100 100 100 100 100 100 100 100 
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TABLE. I SHOWS THE OXIDE COMPOSITION OF THE BAJAWAR CHROMITE ORE. THIS ORE IS IN THE RANGE OF 

REFRACTORY GRADE CHROMITE (CR2O3, 35.66%) [9]. WHERE K IN THE FIRST COLUMN OF  

 

TABLE. II represent the shell from which characteristic rays emitted. Four spectral graphs of the EDX are 

shown in Fig. 3. 

   

Fig. 2 SEM images for porosity and morphology. 

 

S.NO Analyte Result int.(cps/uA) 

 

oxides Conversion 

factor 

% of mineral in 

Chromite 1 Cr 25.422 ◦/◦ 3062.8570 Cr2O3  1.4615 37.154253 

2 Fe 16.099◦/◦                                           706.8174 Fe2O3  1.4297 23.0167403 

3 Al 18.115◦/◦ 1.3735 Al2O3  1.8895 34.2282925 

4 Si 14.232 ◦/◦                                              3.9581 SiO2  2.1392 30.4450944 

5 Ca 5.766 ◦/◦                                               35.8657 CaO  1.3992 8.0677872 

6 Ni 3.476 ◦/◦                                                19.1908 NiO  1.2725 4.42321 

7 K 2.250 ◦/◦                                                2.8519 K2O  1.2046 2.71035 

8 Ti 2.203 ◦/◦                                                8.9626 TiO2  1.6681 3.6748243 

9 V 1.179 ◦/◦                                                 7.9796 V2O5  1.7852 2.1047508 

10 Zn 1.090 ◦/◦                                                  5.1126 ZnO  1.2448 1.356832 

11 Ir 1.073 ◦/◦                                                  1.8456 IrO  1.0832 1.1622736 

12 Bi 1.065 ◦/◦                                                   2.4702 Bi2O5  1.1914 1.268841 

13 Cu 0.031 ◦/◦                                                  1.5097 CuO  1.2518 0.0388058 

Oxide MgO Al2O3 SiO2 CaO TiO2 Cr2O3 FeO 

Percentage 19.9702 11.30542 16.80565 4.22467 0.375603 35.66122 11.6573 

A 

B 
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Fig. 3 Four spectra of EDX 
 

D.  X-RAYS FLOURANCES ANALYSIS  

X-RAY FLUORESCENCE (XRF) IS THE NON-DESTRUCTIVE ELEMENTAL ANALYSIS TECHNIQUE USED FOR 

MINERALS AND SOLID MATERIAL TO DETERMINE THE PRESENCE OR ABSENCE OF THE ELEMENTS WHOSE ATOMIC 

NUMBER IS GREATER THAN 3 AND THEIR RELATIVE PERCENTAGE IN THE SAMPLES [13]. THE ELEMENTAL 

COMPOSITION  

 

 

 

TABLE. III ELEMENTAL COMPOSITION OF BAJAWAR CHROMITE ORE (XRF) 

 

 

 

 

 

 

TABLE. IV MINERALOGICAL COMPOSITION OF BAJAWAR CHROMITE ORE. 

 

 

 

 Elemental composition of Bajawar chromite ore (XRF) of the Bajawar chromite ore shown in Table 3. 

Percentage of chromium is less than 27 which is low-grade chromite ore. The ratio of chromium to iron is 1.5 

so Bajawar chromite ore is in the range of refractor grade.    

 

 

TABLE. I OXIDE COMPOSITION OF BAJAWAR CHROMITE ORE  

 

  

TABLE. II ELEMENTAL COMPOSITION OF BAJAWAR CHROMITE ORE BY SEM-EDX 

Element Spectra 1 Spectra 2 Spectra 3 Spectra 4 Spectra 5 Overage % 

 Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% Wt 
% 

At 
% 

C K 2.08 4.12 1.60 3.13 1.82 3.57 2.55 4.79 0.0 0.0 1.61 3.122 

O K 39.60 58.78 40.97 60.02 40.15 59.07 42.52 60.00 40.32 61.30 40.712 59.834 

Mg K 10.76 10.51 11.09 10.69 11.23 10.88 12.09 11.23 10.35 10.36 11.104 10.734 

Al K 5.11 4.50 5.59 4.85 5.33 4.65 5.93 4.96 5.61 5.06 5.514 4.806 

Si K 6.65 5.62 7.35 6.14 7.54 6.32 7.95 6.39 6.68 5.79 7.234 6.048 

Ca K 2.85 1.69 2.83 1.66 3.00 1.76 2.10 1.18 3.13 1.90 2.782 1.638 

Ti K 0.32 0.16 0.0 0.0 0.31 0.15 0.0 0.0 0.41 0.21 0.208 0.104 

Cr K 23.69 10.82 21.99 9.91 22.44 10.16 19.54 8.48 24.76 11.58 22.484 10.19 

Fe K 8.94 3.80 8.57 3.60 8.18 3.45 7.32 2.96 8.74 3.81 8.35 3.524 

Total  100 100 100 100 100 100 100 100 100 100 100 100 

             

Oxide MgO Al2O3 SiO2 CaO TiO2 Cr2O3 FeO 
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E.  X-RAY DIFFRACTION  

X-Rays diffraction (XRD) is the determination of the minerals in the ore sample. It is the most suitable 

technique used for studying small scale variations in the mineralogy of the ore. It is one of the standard methods 

and techniques used for the investigations of mineral [15]. Result of XRD of the Bajawar ore is summarized 

in TABLE. IV. This result of XRD revealed that the Percentage of the chromite ore is less than 40 so it occurs 

in the range of refractory grade [9]. Minerals in the Bajawar chromite ore in the pie charts form are shown in 

Fig.  4 (B). 

 

 

 

 

 

TABLE. III ELEMENTAL COMPOSITION OF BAJAWAR CHROMITE ORE (XRF) 

 

 

 

 

 

 

TABLE. IV MINERALOGICAL COMPOSITION OF BAJAWAR CHROMITE ORE. 

 

 

 

 

 
 

 

 

 

 

 

S.NO Analyte Result int.(cps/uA) 

 

oxides Conversion 

factor 

% of mineral in 

Chromite 1 Cr 25.422 ◦/◦ 3062.8570 Cr2O3  1.4615 37.154253 

2 Fe 16.099◦/◦                                           706.8174 Fe2O3  1.4297 23.0167403 

3 Al 18.115◦/◦ 1.3735 Al2O3  1.8895 34.2282925 

4 Si 14.232 ◦/◦                                              3.9581 SiO2  2.1392 30.4450944 

5 Ca 5.766 ◦/◦                                               35.8657 CaO  1.3992 8.0677872 

6 Ni 3.476 ◦/◦                                                19.1908 NiO  1.2725 4.42321 

7 K 2.250 ◦/◦                                                2.8519 K2O  1.2046 2.71035 

8 Ti 2.203 ◦/◦                                                8.9626 TiO2  1.6681 3.6748243 

9 V 1.179 ◦/◦                                                 7.9796 V2O5  1.7852 2.1047508 

10 Zn 1.090 ◦/◦                                                  5.1126 ZnO  1.2448 1.356832 

11 Ir 1.073 ◦/◦                                                  1.8456 IrO  1.0832 1.1622736 

12 Bi 1.065 ◦/◦                                                   2.4702 Bi2O5  1.1914 1.268841 

13 Cu 0.031 ◦/◦                                                  1.5097 CuO  1.2518 0.0388058 

Percentage 19.9702 11.30542 16.80565 4.22467 0.375603 35.66122 11.6573 

Element Spectra 1 Spectra 2 Spectra 3 Spectra 4 Spectra 5 Overage % 

 Wt% At% Wt% At% Wt% At% Wt% At% Wt% At% Wt 
% 

At 
% 

C K 2.08 4.12 1.60 3.13 1.82 3.57 2.55 4.79 0.0 0.0 1.61 3.122 

O K 39.60 58.78 40.97 60.02 40.15 59.07 42.52 60.00 40.32 61.30 40.712 59.834 

Mg K 10.76 10.51 11.09 10.69 11.23 10.88 12.09 11.23 10.35 10.36 11.104 10.734 

Al K 5.11 4.50 5.59 4.85 5.33 4.65 5.93 4.96 5.61 5.06 5.514 4.806 

Si K 6.65 5.62 7.35 6.14 7.54 6.32 7.95 6.39 6.68 5.79 7.234 6.048 

Ca K 2.85 1.69 2.83 1.66 3.00 1.76 2.10 1.18 3.13 1.90 2.782 1.638 

Ti K 0.32 0.16 0.0 0.0 0.31 0.15 0.0 0.0 0.41 0.21 0.208 0.104 

Cr K 23.69 10.82 21.99 9.91 22.44 10.16 19.54 8.48 24.76 11.58 22.484 10.19 

Fe K 8.94 3.80 8.57 3.60 8.18 3.45 7.32 2.96 8.74 3.81 8.35 3.524 

Total  100 100 100 100 100 100 100 100 100 100 100 100 
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Index Constituents Formula sum 
Amount 

(%) 

Crystal 

System 

Calculated 

density(g/cm3) 

A Chromite 

Al0.723 

Cr1.125 

Fe0.687 

Mg0.444 

Ni0.002 O4 

Ti0.014 

Zn0.005 

39.5 cubic 4.494 

B 
Al2(H2P O4)3 

(H2O)6(P O4) 
Al2 H18 O22 P4 30.3 

Trigonal 

(hexagonal 

axes) 

2.125 

C Wroewolfeite Cu4 H10 O12 S 19.5 Monoclinic 3.320 

D As2(Fe(CO)3)3 C9 As2 Fe3 O9 10.7 orthorhombic 2.400 

 
 

 

Fig.  4 (A) XRD graph of chromite ore (B) Pei chart of mineral in Bajawar chromite ore 
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IV. CONCLUSIONS 

Following conclusions were drawn for all the characterization techniques carried out for chromite ore: 

1. Thin section study reveals that there are chromite grains associated with traces of serpentine and 

olivine. 

2. From SEM analysis, it has been concluded that the porosity of Bajawar chromite is 12.5% and the 

crystal system is isometric  

3. The EDX analysis shows that it has 22.5% chromium with maximum content of iron and Magnesium 

i.e. 8.35% and 11.1%. 

4. The conversion of EDX results to oxides form confirms that ore has SiO2 -16.8%, Cr2O3 -35.6%, FeO 

- 11.6% which is low-grade chromite ore. 

5. The XRD analysis display that the ore contains four major minerals i.e. Al2(H2PO4)3(H2O)6(PO4) – 

30.3%, Chromite – 39.5%, As2(Fe (CO)3)3 – 10.7%, and Wroewolfeite – 19.5%. 

6. The XRF analysis shows the chromium content in Bajawar chromite ore is 25.4% along with impurities 

of iron, silicon, and aluminum. 

 

A. Bajawar Chromite Grade 

According to Cr/Fe which is almost 2.1/1, chromite ore can be classified into chemical-grade chromite but 

according to the percentage of chromium oxide in the ore which is almost 36%, it can be categorized to low-

grade chromite ore. 

V. RECOMMENDATIONS 

1. The chromite ore of Bajawar area may be characterized using some other methods like Electron Probe 

Microanalysis (EPMA), Laser ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS) 

etc.  

2. The chromite ore of Bajawar is low grade according to Cr2O3 and type of chemical grade according to 

Cr/Fe. It can be upgraded to a high grade (marketable end product) by using various up-gradation 

techniques.  

3. The proposed up-gradation techniques for Bajawar chromite ore are Shaking table followed by 

Magnetic Separation to produce the marketable end product.  
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Abstract-Chromite is metallic mineral based on chromium and is the only available source of chromium metal. 

Chromium is largely used as alloying elements for the production of stainless steels. In the present study, Chromite 

samples collected from Kohistan of Khyber Pakhtunkhwa (KPK) Pakistan were investigated using thin section 

studies by polarizing microscope, X-ray florescence (XRF), X-ray diffraction (XRD), scanning electron microscope 

(SEM) and energy dispersive spectroscopy (EDS).In thin section studies it was confirm that chromite occur at a 

range of (+200-400)µm. The major phases identified in these samples by XRD are of Iron Magnesium Chromium 

Oxide with Silicon Oxide and Magnesium Silicate. The chemical analysis through XRF confirmed that the samples 

comprise 51.41% Cr2O3 along with 26.21% Fe2O3 and 25.45% SiO2. It was concluded that the chromite can be 

treated by gravity separation techniques (Shaking Table). Furthermore, it is recommended that the detail 

characterization of the area may be investigated with effective laboratory investigation of chemical analysis, 

mineralogy, morphology etc. 

 

Keywords: characterization, chromite, thin section, XRD, XRF, EDS. 

 

 
I. INTRODUCTION 

Chromite is the primary producer of chromium metal and additives for use in refractory applications. 

The mineral is categorized by various users on the basis of its physical and chemical characteristics. 

Chromite is an iron chromium oxide: FeCr2O4. Magnesium can be replace iron in variable 

concentrations whenever it forms a solid solution with megnesium chromite (MgCr2O4)[1]. 

Aluminum replacement occurs leading to hercynite (FeAl2O4)[2]. Chromite, a dark - brown cubic 

mineral belongs to the spinel group, has been the only mineral through which metal chromium and 

chromium products are formed. Chromium is the primary raw material used in the manufacture of 

specialized steel and ferrochrome alloys. About 90 percent of the chromite ore extracted is converted 

by the metallurgical industry to various grades of ferrochrome. The steel industry consuming about80 

per cent of ferrochrome produced (typically high-carbon/charge grade) [3]. Chromite also has 

theoretical composition of 32.0 percent of FeO and 68.0 percent of Cr2O3. In its natural state, it 

appears in solid state with other minerals in the spinel group, so that the chromite proportion would 

be less than the theoretical 68%.[4] The most important application of chromite is in the manufacture 

of high-strength alloys and alloys that are heat, abrasion, corrosion and oxidation resistant. About half 

of all chromite production goes to the manufacturing of stainless steel. Chromium chemicals are used 

for various purposes; pigments, photography and plating are but a limited. Chromite can be used as a 

refractory in the manufacturing of steel, zinc, glass and cement [5]. 
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I.I CHROMITE DEPOSITS OF PAKISTAN 

 

Chromite is an oxide mineral that contains Iron, Oxygen and Chromium [(Fe, Mg) Cr2O4]. It occurs 

in mafic and ultramafic rock deposits produced by concentrations of igneous rocks, such as norite, 

called stratiform deposits, while the podiform deposits comprise metamorphic rocks. Due to the 

weathering of laterite soil, i.e. formed over peridotite and chromite-bearing rocks, chromite can also 

be present in beach sands[6]. Coulson (1940) referred to chromite in Pakistan as first mentioned by 

Vredenburg (1901)[7] and its mining began in 1903 in the Khanozai region and was spread to 

Muslimbagh in 1915 and began in the early twenties in the Ms Salwat area, 29 km south of 

Muslimbagh. It is now mainly being mined in Balochistan and Khyber Pakhtunkhwa. It occurs mainly 

in the belt of the Indus Suture. Kohistan's Sapat mafic-ultramafic complex can contain many chromite. 

Chromite Deposits are found in Chilas Complex, Sapat Complex, Jijal Complex, Shangle- Mingora, 

Malakand Agency-Sakhakot (Dargai), Waziristan, Zhob Valley Igneous Complex, Bela and 

Muslimbagh. 

Chilas chromite (Chilas District) is located in the Chilas complex consisting of norites, ultramafics, 

anorthosites, gabbros and diorites, pyroxene granulite facies. Ultramaphics are dunites with 

subordinate peridotites, pyroxenites and unusual amphiboles. Jan et al. (1984) represents a systematic 

similarity to stratiform instead of alpine or concentric complexes, and reported thin chromite layers 

show Cr2 O3 26 percent, Al2 O3 26 percent, FeO 37 percent and MgO 9 percent. 

Besham Jijal chromite, Kohistan is located on the Karakoram highway near Jijal (Kohistan District). 

The Jijal complex is composed of granet granules and ultramafic rocks. Ultramaphics are dunite, 

peridotite, diopsidite, vebsterite and chromitite. Numerous numbers of chromite pods and lenses were 

reported in ultramafic rocks in the northwest region of the Jijal complex.. The Sarhad Development 

Authority (SDA) reported 0.6mt of ore reserves with Cr2O3 at 40-50 percent, Fe2O3 at 12-18 percent 

and Cr:Fe at 2.8:1 to 3.6:1. Significant deposits are produced in the vicinity of Jijal, Shungial, Kokial, 

Taghtai, Gabar, Mani Dara, Khairabad, Jag, Tangai, Chinari, Serai, Lomoto and Kot. Also Identified 

deposition of nickel in Swat ophiolitic rocks. 

Dargai chromite (Malakand District) comprises of ultramafic cumulates composed of harzburgite  (80 

per cent) and dunite (20 per cent) and mafic cumulates comprising of gabbro with few sheets of 

serpentine and ultramafic tectonites made up of harzburgite (90 per cent +) and dunite (<10 per cent). 

Chromite exists as horizontally broad sheets (3-4.5m deep, up to 2km long) confined to the higher part 

of the complex (Qila deposits), irregularly formed small bodies (< 1m square) uncovered in the western 

part of the complex and podiform, large and slightly curved deposits with sharp contact (Hiro Shah 

deposits). (Hiru Shah deposits). The major deposits are in Hiro Shah, Barjo Kanri, Landi Kand, 

Badasar, and Qila and have been continuously mined. Dargai chromite is higher in iron and poor in 

chromite oxide and low in Cr:Fe ratio, but some of the ore contains Cr2O3 45 per cent and the lower 

quality ore has been upgraded Cr2O3 to 45 per cent. The reserves are estimated about 0.67mt. Reserves 

are calculated to be around 0.67mt. It was commercially feasible to mine 20,000 tonnes of ore to 

produce 8,000 tonnes of basic chromite sulphate and 1,500 tonnes of sodium dichromate and 300 

tonnes of sodium sulphate per year [8]. 
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II. MATERIAL AND METHODOLOGY 

 

30 kg of representative sample were collected from Kohistan Khyber Pakhtunkhwa having coordinates 

of (35º02’47.6”N, 72º55’09.6”E). The chromite ore were mostly 15cm*10cm, 14cm*14cm etc. in size 

and in hard form. The color of ore is from gray to light black. The streak of the chromite ore were 

found at a Geology laboratory of Mining Engineering Department University of Engineering and 

Technology Peshawar by streak plate and is dark brown in color. 
 

 

III. EXPERIMENTAL WORK/RESULTS AND DISCUSSION 
 

A. Characterization 
 

Characterization studies have been conducted to understand the physical and chemical properties and 

model their separation efficiency. Results obtained from each characterization analysis are also 

discussed. 

B. Thin Section Study 
 

Six representative thin sections has been made from the chromite sample shown in figure.1 

Fig. 1. Six representative thin sections of Kohistan chromite ore. 
 

The thin section has been studied under polarizing microscope at National Center of Excellence in 

Geology Peshawar (Nikon LV 100 ND transmitted-cum-reflected microscope with standalone 5 

megapixels camera attached with 42 inches Screen). Pictures shown in figures.2, 3 confirm the 

presence of chromite with the olivine and serpentine as gangue mineral. Valuable Mineral Chromite 

(Cr2O3 *FeO Impure) Gangue Minerals: Serpentine [Mg3 Si2O5 (OH) 4], Olivine [(Mg,Fe)2 Si04], Calcite 

(CaCO3). During the above examination it was noticed that the individual crystal of chromite were 

fairly pure and could be easily distinguished from the gangue minerals by their color and isotropic 
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characteristics which is typical of all chromite minerals. The gangue minerals seemed to occur as 

separate unite and sometimes had intruded in the chromite crystals. Serpentine is the most predominant 

gangue mineral followed by olivine and small amount of calcite. Also the size has been identified by 

taking the average of the chromite ore in the polarizing microscope as shown in figures 4, 5 which has 

been between (+250-400)µm[9]. 
 

 

 

Figs. (2, 3). Kohistan chromite ore thin sections by polarizing computers 
 

Figs. (4, 5). Kohistan chromite ore thin sections by polarizing computers with lines. 
 

C. X-Ray Fluorescence (XRF) Analysis 

Chromite ore has been characterized by X-ray fluorescence (XRF) and the finding is given in Table 

1. Chromite ore has been shown to contain mostly Cr2O3 with Fe2O3 MgO Al2O3 etc 
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Table.1 chemical analysis of Kohistan chromite ore by XRF. 

Compound CR2O3 Fe2O3 SiO2 CaO NiO 

percentage 46.6 26.21 25.45 0.69 0.58 

 

D. X-Ray Diffraction (XRD) Analysis 
XRD study was conducted to classify the various mineral phases of the sample and their trends as 

displayed in Figure 6. The phases concerned were studied using JEOL 3532, an X-ray diffractometer 

with Cu k5-007 (1.54Ao) working at 40 kV and 30 mA. The main phases found in the sample are Iron 

Magnesium Chromium Aluminum Oxide [Fe, MG, Cr] 2O3, Silicon Oxide SiO2, Magnesium Silicate 

MgSiO2, Iron Oxide FeO, and Aluminum Oxide ALO. The XRD characteristics installed at CRL are 

Model: JDX-3532, Make: JEOL, Japan, Voltage: 20-40kV, Current: 2.5-30mA, X-Rays: CuKa 

(Wavelength = 1.5418Å), 2Theta-Range: 0 to 160°, Required Physical State: 20-40kV, Current: 2.5-

30mA, X-Rays: (Powder or bulk). 

 

Fig. 6. XRD pattern of Kohistan chromite ore. 
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E. Scanning Electronic Microscopy (SEM) Analysis 

 
The surface morphology of chromite has been observed using a scanning electronic electron microscope 

SEM (JEOL JSM 5910 SEM) and the SEM images are shown in figs. 7 and 8 with different resolutions. 

Dissimilarities in shapes and sizes are observed from the imagesThe specifications of the scanning 

electron microscope mounted in the CRL are as follows Model: JSM5910 Manufacturer: JEOL, Japan, 

Energy: 30KV, Magnification (Max): 300,000X, Resolving Power (Max): 2.3nm, Required Physical 

State of Sample is solid (Powder or bulk). 
 

 

Fig.7 SEM image of ore sample at 250X Fig.8 SEM image of ore sample at 2500X 
 

F. Elementary Dispersive X-ray Spectrometry EDX 
 

Sample of chromite ore was analyzed by EDX compound present in maximum percentage are chromium, 

iron, silicon and calcium etc. shown in table.2. EDX with SEM (JSM5910)INCA200/ Oxford 

instruments, U.K. 

Table.2 EDX Analysis of Kohistan chromite ore. 

Elemen
t 

C O Mg Al Si Ca Cr Fe 

Weight
% 

2.4
1 

10.5
6 

17.3
7 

1.9
5 

7.9
4 

1.4
6 

40.3
2 

17.9
9 

 

 
IV. CONCLUSION 

 

This study presents preliminary findings of Chromite in Kohistan (Jijal) KPK the conclusions regarding 

the characterization of the Kohistan chromite ore under investigation are: 

The XRF analysis shown that the ore contain Cr2O3 with Fe2O3 , MgO, and Al2O3. 

The mineralogical study through XRD confirm the presence of Iron Magnesium Chromium Aluminum 

Oxide [Fe,MG,Cr]2O3, Silicon Oxide SiO2, Magnesium Silicate MgSiO2, Iron Oxide FeO, and 

Aluminum Oxide ALO.The thin section studies show that the chromite exist and from the area cover by 

the chromite has been determine and occur in range of (+250-400)µm. 

From the characterization of the Kohistan chromite it is been concluded and recommended that Gravity 

separation may be used for the beneficiation of ore concerned. 

This paper cannot cover the detail characterization of the Kohistan chromite ore Therefore neither these 

findings are conclusive regarding the entire chromite reserve studied nor could the findings be 

generalized in the larger context. 
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Abstract— Cubic equation of states has been an essential practical model to describe phase equilibrium and has been 

modified several times since its introduction in 1873. However, it still lacks in its ability to accurately predict some of 

the thermodynamic properties especially for polar compounds and for near critical region. The two parameters: 

parameter a and parameter b has been a part of almost all of the major equation of states including Soave Redlich 

Kwong equation of state and Peng Robinson equation of state. New modified equations for parameter b are developed 

for water using compressibility factor as the dependent variable. The equations are then compared with original 

equation of state values and experimental values for molar volume and the difference is then evaluated. The newly 

developed equations show promising results as compared to Soave Redlich Kwong equation of state and Peng Robinson 

equation of state. 

 
Keywords—Cubic Equation of States, Modeling, Peng Robinson Equation of State, Phase Equilibrium, Soave Redlich 

Kwong Equation of State. 

 

I. INTRODUCTION 

Phase equilibrium is a science which is based on the summarization of thermodynamic properties for 

different phases within a phase diagram [1]. Cubic equation of state (EoS) is a model that can describe the 

molecular interactions using its two important parameters introduced by van der Waal [2]. These two 

parameters are the attractive parameter a and the repulsive parameter b [3]. Van der Waals equation (1873) 

was the first ever mathematical model introduced for real gas thermodynamic properties prediction, which 

was followed by Redlich-Kwong (1949). Van der Waals model was discarded for practical use because 

of its inaccuracies, but his idea of molecular interaction became the basis for many other cubic equations 

of states [4]. In 1949 Redlich and Kwong introduced a temperature dependent term in their model for 

parameter a. Despite being a much better model for the prediction of volumetric and thermal properties 

as compared to the previous models, this model was discarded for its inaccuracies in predictions, which 

were attributed to its inaccurate temperature dependent term [5][6]. Soave introduced another temperature 

dependent term for parameter a for Redlich-Kwong equation of state which could accurately predict 

volumetric and thermal properties for many compounds and their mixtures. This equation is also known 

as Soave-Redlich-Kwong equation of state (SRK EoS) and is mostly used in simulation programs for 

different process industries till date [7]. However, SRK equation of state lacks in its ability to predict 

accurately the liquid densities, especially for heavy hydrocarbons [8]. Peng Robinson equation of state (PR 

EoS) was introduced in 1976 when two scientists Ding-Yu Peng from China and Donald B. Robinson 

from Canada started worked together for a project in University of Alberta to modify SRK equation of state 

for better prediction of different properties [9]. They modified the α-function with a different temperature 

dependent expression which resulted in the improvement of prediction for liquid density [10][11]. In both 

SRK EoS and PR EoS the attractive term or parameter a is the temperature dependent term and the 

repulsive term or parameter b is a constant whose value is dependent on the critical temperature and 

critical pressure. In both the equations parameter b is referred as the rigid sphere molecular volume and 

the repulsive term [12]. Both the SRK EoS and PR EoS gives satisfying values for liquid molar volumes 

at the subcritical region but values get inaccurate at the near critical region [13]. 
 

Four types of amendments in EoS are generally used: 1) Amendment by changing parameter a, or 

parameter b, or the α-function. 2) Proposing different functions e.g volume translation. 3) Proposing new 



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar 

 

260 | P a g e   

terms or parameters. 4) Altering mixing rules [9]. Some of the scientists that contributed in the 

modification of EoS are pressure by Mathias & Copeman (1983) [14], Stryjek & Vera (1986) [15], Gasem 

(2001) [16], and Peneloux who introduced the concept of volume translation [17] [18] 

This work is based on the development of modified SRK EoS and PR EoS by introducing a different 

parameter b to reduce the inaccuracies in the prediction of thermodynamic properties, especially for the 

region closer to the critical point. 
 

II. METHODOLOGY 

Experimental data is taken from NIST database for various thermodynamic properties and their 

compressibility is calculated using equation of states. Generalized Reduced Gradient (GRG) algorithm is 

applied to the results to calculate values for the same thermodynamic properties closest to the 

experimental data. The resultant values are then regressed. The equations developed are then compared 

with the original equation of state for volumetric properties. 
 

III. RESULTS AND DISCUSSION 

Equations are developed for parameter b for a specific EoS i.e SRK EoS and PR EoS using regression 

analysis. These equations are then inserted in the original EoS and referred to as the newly developed 

equation in this work. Now molar volume is calculated for water using this newly developed equation as 

well as using the original SRK EoS and PR EoS. The calculated molar volumes are then compared with 

the experimental values at the respected thermodynamic conditions. Percentage error is calculated for 

values of molar volumes using both the equations i.e original EoS and newly developed EoS. These 

percentage errors are then compared. 

Fig.1 shows the percentage error of original SRK EoS for volume calculation as error SRK and the 

percentage error of the newly developed equation for volume calculation as error new. This figure shows 

that the percentage error for newly developed EoS is much less than the original SRK EoS. The error 

especially decreases with the increase of temperature and pressure. From Fig.1 (b) it can be seen that for 

the region closer to the critical point the error in volumetric calculation for original SRK EoS is very large 

and is not justifiable. The newly developed model overcomes this problem and especially gives a very 

low error. 

Unlike the percentage error of newly developed SRK EoS, the percentage error of newly developed PR 

EoS is inconsistent but small as comparison to the original PR EoS as seen in Fig.2. It especially decreases 

as the value reaches the near critical region. 

Fig. 1. Percentage error of original SRK EoS and newly developed SRK EoS at (a) Tr=0.5 and (b) Tr=0.8 
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Fig. 2. Percentage error of original PR EoS and newly developed PR EoS at (a) Tr=0.5 and (b) Tr=0.8 
 

IV. CONCLUSION 

The results for the newly developed equations show a high degree of accuracy as compared to 

the originally used popular equation of states. It also overcomes the flaw of original SRK EoS 

and original PR EoS by giving predicting the values of near critical region with high accuracy. 
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Abstract— Tobacco barns are widely used to cure tobacco leaves. The tobacco drying process consumes large amount 

of fuel. In order to obtain sustainable and cost-effective tobacco curing process, understanding the dynamics of tobacco 

curing process e.g., air flow distribution, temperature distribution, is important. In this research, a forced draft tobacco 

barn was selected, modeled, and simulated. The k-ɛ turbulence model was used for the analysis. It was found that the 

existing rack design in forced draft tobacco barn significantly hinders the air movement. The modified design not only 

improved the air movement, but also helped in temperature uniformity inside the barn. 

  

Keywords— Forced draft tobacco barn, Temperature distribution, Tobacco racks, Velocity distribution. 

I. INTRODUCTION 

Tobacco is produced from the fully ripened and fresh leaves of tobacco plant which belongs to genus 

Nicotiana. It is widely used as an organic pesticide and in cigarette making. There exists various types of 

tobacco e.g., Virginia [1]. Curing of tobacco is an important stage when making processed tobacco. 

Yellowing, leaf drying, and stem drying are the main three stages in curing tobacco [2]. Enzymatic 

reactions and water evaporation from tobacco govern flue curing process [3]. Air flow, temperature and 

humidity distribution highly influence the quality of curing tobacco. 

For the first time in 1960, bulk curing at farm-scale started in North Carolina [4]. Forced ventilation for 

curing tobacco replaced traditional natural ventilation in the bulk tobacco curing barns. Forced draft 

curing process utilized hot air circulation system and automated control systems, which saved both energy 

and labor cost. With the introduction of forced draft curing technology, different structure of curing barns 

with various air flow directions is gaining a lot of interest, especially air rising in the curing barns [5] [6]. 

Computational tools are gaining a lot of interest in simulating flow field, heat and mass transfer processes. 

CFD modeling for the prediction of temperature and relative humidity distribution has been widely used 

in thermosiphon [7] and cool store [8]. Recently artificial neural network has been used to study 

temperature and relative humidity distribution in tobacco bulk curing barns [9]. Numerical studies 

focusing tobacco curing process were rarely considered. 

II. METHODOLOGY 

A. k-ɛ Turbulence Model  

Launder and Spalding proposed this model for fully turbulent flows [10]. The effects of viscosity are not 

taken into account and fully turbulent flow is assumed while deriving this equation [11] [12]. Until now, 

its two variants RNG and realizable models are available inside fluid component of ANSYS. 

Equations for k- ɛ are obtained from following equations: 

𝜕

𝜕𝑡
[𝜌𝑘] +

𝜕

𝜕𝑥𝑖
[𝜌𝑘μ𝑖] =

𝜕

𝜕𝑥𝑗

[(μ +
µ𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌Ɛ − 𝑌𝑀 + 𝑆𝑘                 (1) 

and 
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𝜕

𝜕𝑡
[𝜌Ɛ] +

𝜕

𝜕𝑥𝑖
[𝜌Ɛμ𝑖] =

𝜕

𝜕𝑥𝑗

[(μ +
µ𝑡

𝜎Ɛ
)

𝜕Ɛ

𝜕𝑥𝑗
] + 𝐶1Ɛ

Ɛ

𝑘
(𝐺𝑘 + 𝐶3Ɛ𝐺𝑏) − 𝐶2Ɛ𝜌

Ɛ2

𝑘
+ 𝑆Ɛ    (2) 

The time derivatives are put zero for steady state assumption.  

Model constants have following values which have been determined experimentally:  

C1Ɛ=1.44, C2 Ɛ=1.92, Cµ=0.09, σk=1.0, σE=1.3 

B. Governing Equations 

1) Energy Equation 

Energy equation solved by fluent is written as: 
𝜕

𝜕𝑡
(𝜌𝐸) + 𝛻. (�⃗�(𝜌𝐸 + 𝑝)) = 𝛻. (𝑘𝑒𝑓𝑓𝛻𝑇 − ∑ ℎ𝑗𝑗 𝐽𝑗 + (𝒯𝑒𝑓𝑓

̿̿ ̿̿ ̿. �⃗�)) + 𝑆ℎ                                   (3) 

The time derivatives are put zero for steady state assumption. 

Here 𝑘𝑒𝑓𝑓  is the effective conductivity. In the energy equation last three terms correspond to energy 

transfer terms for conduction, specie diffusion and viscous dissipation respectively. 

2) Continuity Equation 

Equation of continuity solved by fluent is as follow: 

𝜕

𝜕𝑡
(𝜌) +

𝜕(𝜌𝑢)

𝜕𝑥
+

𝜕(𝜌𝑣)

𝜕𝑦
+

𝜕(𝜌𝑤)

𝜕𝑧
= 0                                                                                            (4) 

The time derivatives are put zero for steady state assumption. 

3) Momentum Equation 

The vector form of momentum equation is as follow: 
𝜕(𝜌𝑢)

𝜕𝑡
+ 𝛻(𝜌𝑢𝑢) = −

𝜕𝑝

𝜕𝑥
+

𝜕𝒯𝑥𝑥

𝜕𝑥
+

𝜕𝒯𝑥𝑦

𝜕𝑦
+

𝜕𝒯𝑥𝑧

𝜕𝑧
+ 𝜌𝑔𝑥 + 𝑆𝑥                                                       (5) 

𝜕(𝜌𝑣)

𝜕𝑡
+ 𝛻(𝜌𝑣𝑢) = −

𝜕𝑝

𝜕𝑥
+

𝜕𝒯𝑥𝑦

𝜕𝑥
+

𝜕𝒯𝑦𝑦

𝜕𝑦
+

𝜕𝒯𝑧𝑦

𝜕𝑧
+ 𝜌𝑔𝑦 + 𝑆𝑦                                                       (6)                                                        

Where 𝒯ij are the viscous stress components. The time derivatives are put zero for steady state assumption. 

C. Geometry of Tobacco Barns 

A 2D geometry of forced draft tobacco barn (both existing and modified) using space claim ANSYS was 

created. Air enters the barn through a 2.12 ft hole at speed of 3.5 m/s in both the barns. The air then enters 

from the heat exchanger room into the tobacco loading area through a hole of 1 ft. There are three wooden 

racks in the existing forced draft tobacco barn, while the number of racks in modified barn is four with 

the introduction of modification of a space of 0.5 ft. The dimensions of both the barns are specified in the 

fig. 1 and 2.   

 
Fig. 1. Graphic design of existing forced draft tobacco barn. 
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Fig. 2. Graphic design of modified forced draft tobacco barn. 

D. Initial Conditions for Simulation 

The initial conditions provided for the simulation are provided in the table. 

TABLE I: Values of initial conditions for simulation in fluent. 
Air Inlet Velocity  3.5 [m/s] 

Temperature of Inlet Air 313 [K] 

Density of Tobacco  1600 [kg/m3] 

Specific Heat of tobacco 3800 [J/kg.K] 

Thermal Conductivity of 

Tobacco 

0.086 [W/m.K] 

Thermal Conductivity of 

Tobacco 

0.086 [W/m.K] 

 

III. RESULTS AND DISCUSSION 

A. Behavior of Air Flow and Temperature Distribution 

Velocity and temperature distribution inside the barn are shown in fig. 3 and fig. 4. The inlet velocity for 

the both the barn is 3.5 m/s.  

 
(a)                                                                    (b) 

Fig. 3. Velocity contour in: (a) existing forced draft tobacco barn, (b) modified forced draft tobacco 

barn. 

 
(a)                                                               (b) 
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Fig. 4. Temperature distribution in: (a) existing forced draft tobacco barn, (b) modified forced draft 

tobacco barn. 

The air introduced into the conventional forced barn finds little space to channelize through the leaves of 

tobacco which results in non-uniform distribution of air and temperature. This leads to poor quality of 

processed tobacco. In modified barn a 0.5 ft gap in bottom and middle-top rack distributes the air 

uniformly. This results in uniform curing of tobacco leaves which in turn improves the quality of 

processed tobacco leaves. 

B. Air Flow Behavior Inside Tobacco Racks 

Fig. 5 indicates the distribution of velocity in top rack of both conventional and modified forced draft 

tobacco barns. Air in the top rack of conventional modified barn is below the baseline of 0.9 m/s, which 

affects the channelization of air through the leaves of tobacco. In contrast, the velocity in the top rack of 

modified barn is well above the threshold of 0.9 m/s. 

  
(a)                                                                             (b) 

Fig. 5. Velocity distribution in top rack of : (a) existing tobacco barn, (b) modified tobacco barn. 

 
Fig. 6. Average air velocities in racks of existing and modified tobacco barns. 

IV. CONCLUSION 

In order to distribute the air properly inside the racks of forced draft tobacco barn, modifications were 

made to the racks of forced draft tobacco barn. The k-ɛ turbulent model with standard wall function was 

employed. ANSYS fluent was used for the solution of the geometry. We concluded: 

1. Air speed decreases significantly as it passes through the racks as evident from the velocity 

contour in conventional forced draft tobacco barn. Upon modification in the racks in modified 

forced draft tobacco barn, air channelizes and velocity distribution improves. 

2. As evident from the temperature contour of conventional forced draft tobacco barn that the 

temperature distribution is not uniform. With the inclusion of modification, the overall 

distribution inside the tobacco barn improved.   

3. Keeping the same process parameters i.e., quantity of fuel, air speed, large quantity of tobacco 

leaves can be cured in the modified forced draft tobacco barn. 

4. With improved air and temperature distribution, higher quality of cured tobacco will be obtained. 
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Abstract— National policies regarding energy sector specifically nuclear, hydro and coal while keeping in consideration 

multilateral agreements and international obligations are investigated. Energy crisis has been prevailing since long in 

Pakistan and is further increasing. Policy making in energy sector is a complex issue as the energy demand and its 

generation depends upon many other factors, which are constantly changing over the time and due to other factors, 

such as population growth and economic growth. Solving such issues using old fashioned linear thinking approaches 

may solve the problem in short term but in long term face ‘unintended consequences’, which further aggravates the 

problem that was addressed at the first instance. A non-linear feedback-based system thinking approach is adopted 

using causal loop diagram (CLD) eliciting the interconnected components and subcomponents that are playing key role 

in energy sector policy making in Pakistan. The underlying structure that governs the behavior of the overall energy 

system in Pakistan is captured by using system archetypes to study causal loop diagrams. The qualitative model 

explicitly shows various high and low leverage points that are present in the energy system. The results are helpful for 

policy makers to intervene in the system effectively and efficiently. 

 
Keywords— Energy Policy, Systems Thinking, Casual Loop Diagram (CLD), Nuclear Energy, System Archetypes  

 

I. INTRODUCTION 

A. Pakistan Energy Context  

Pakistan is having annual per capita energy consumption of 457kWh which lies way below the world 

average of 2892kWh [1]. Whereas, Pakistan has an untapped potential of electricity generation of 

100,000MW (Thar coal) for 20 years, 56,000MW (hydro), 150,000MW (wind), ~50,000MW (solar) [2]. 

The electricity generation mix of Pakistan is shown in Figure 1 for 2018 [3]. 

 

 
 

Fig.1.  Energy mix of Pakistan in 2018 [3] 
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The overall energy mix of Pakistan consists of 4% nuclear, 29% hydro, 61% fossil-based fuels and 

6% others [3]. Future projection of electricity generation in Pakistan using Hydro, local coal, and nuclear 

are shown in Figure 2.  

 

 
 

Fig.2.  Future projections of energy generation [3] 

 
A significant increase in the share of hydro power and local coal are projected with minimal growth 

in nuclear sector. Hydro power share is expected to increase from 29% in 2018 to 40% in 2040. Local 

coal share is negligible in 2018, which will be increased to 25% by 2040. Whereas, share of nuclear is 

expected to increase during 2020-2025 and may remain the same till 2040 [3].  

 

B. Multilateral Agreements  

 

Pakistan has been a signatory to Kyoto Protocol adopted in Conference of Parties (COP3) in 1997 with 

targets to reduce 5.2% of their Greenhouse gas (GHG) emissions of 1990’s level by 2012 [4]. Then Paris 

agreement was adopted in 2015, to limit the average global temperature rise between 1.5-2 degree 

Centigrade by 2100 [5]. Along with these Protocols and agreements Pakistan also strives to remain 

compliant with the sustainable development goals (SGDs) [6]. 

II. METHODOLOGY 

The methodology of systems thinking is elaborated in Figure 3 [7], wherein a Bull’s Eye diagram 

identifies key variables of the system that are being mapped in casual loop diagram (CLD) to develop 

understanding of the energy system as well as apply systems thinking tools such as system archetypes to 

develop insights. The archetypal lens was applied to the CLD to investigate the systemic problems in 

energy sector of Pakistan and leverage points were identified [8] . 

 

 

 

2020 2025 2030 2035 2040

Nuclear 1232 4278 4278 4278 4278

Hydro 9991 16155 28890 35240 38790
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Fig.3.  Methodology adopted 

 

III. RESULTS AND DISCUSSION 

A. Causal Loop Diagram of Energy Mix of Pakistan 

 

 
 

Fig.4. (a) Generic Casual loop Diagram of Fixes that Fail. (b) Nested Casual loop Diagram of Fixes that Fail. (c) Casual 

loop Diagram of (Fixes that Fail) in Energy Mix of Pakistan. 

 

Figure 4 (c) shows a causal loop diagram of alternate energy solutions for growing energy demand 

in Pakistan. Loop B2, reflects on the energy demand of the system. The variables involved are current 

GDP growth rate, energy requirements and energy gap. In order to increase current GDP growth rate, 

the energy requirements caused by the current GDP growth rate and population need to be fulfilled. 

Otherwise, the energy requirement will annually increase the energy gap, causing an overall negative 

impact. The trend in GDP growth rate in 2017 (5.3%), 2018 (5.6%), and in 2019 (3.9%) [9]. Employing 
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the rule of 70 [10] the energy requirements would be expected to double in approximately 20 years. 

However, as envisioned in vision 2025; 7% GDP growth rate will require approximately the same amount 

of energy in about 10 years. 
 

loop B3, shows the vicious cycle of coal. The variables involved are energy gap, decision on action, 

coal power plants, current energy capacity. Due to the increased energy demand in loop B2, the energy 

gap intensifies, causing severe energy crisis, resulting in thousands of factories, industries and 

organizations to shutdown affecting the livelihood of thousands of families [11]. Energy crisis has 

adversely affected the economy with estimated 7% loss to the overall GDP [12]. As energy gap increases 

more decision on actions are taken in the form of establishment of coal power plants. Pakistan is believed 

to have huge potential of energy sources, if properly utilized it can fulfill the current and future 

requirements, providing energy security, environmental protection and sustainable economic growth [13].  

Pakistan possesses huge local coal reserves but unluckily its importing coal due to relatively high content 

of ash and Sulphur. Hence to deal with the energy crises and increasing population it is vital to discover 

new local coalfields in order to meet the energy requirements [14] and also understand the limitations of 

the coal resource in Pakistan i.e. environmental. These coal reserves of Pakistan have the potential to 

produce as much as 100,000MW electricity for a lifetime of 30years [15] but at the cost of environment. 

The production of local coal in Pakistan has been significantly very low but gradually picking up with 

peak production year to be in 2080 with an estimated production of 134.06 million tonnes [16]. As number 

of coal power plants increase the power generated, is added into the current energy capacity which in-

turn reduce the energy gap. The share of local coal in energy mix is projected to increase to 2% in 2020, 

7% in 2025, 6% in 2030, 13% in 2035 and 25% in 2040 [5]. Taking into account the following parameters 

coal power plants based on local coal are projected to contribute about 25% in energy mix fulfilling the 

energy gap. Such a growth in coal fired plants will furthermore, result in increase in current GHG 

emissions and require large quantities of water mainly contradicting to at least three SDG’s which seek 

to A) reduce water scarcity B) increase the incorporation of renewable energy sources and C) address 

climate change [17].But as it is shown in Figure 4(c) that the gap is reduced for moment however, after 

some years the gap increase again due to the economic growth. Hence the cycle of energy requirements 

and their fulfillments continues, forcing the system into an unintended spiral. Loops B4 and B5 are the 

alternates, which are greener and act as fundamental solutions to the energy crisis. But once a quick fix 

such as coal in B3 is applied the chance of fundamental solution fades away. This behavior imitates the 

system archetype known as quick fix as depicted in Figure 4(a) and 4(b).  
 

 

 
 

Fig.5. Behaviors in dynamic systems [18] 

 

In Figure 5 it may be seen in part (a) the system is a reinforcing loop causing the system to exponentially 

grow. Part (b) it is shown that the loop is a balancing loop in which the system changes its self until the 

goal is achieved. In Part (c) there is a goal seeking loop to improve the state of the system accompanied 

by various delays causing the system to oscillate. 
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It may be seen that loop B2 is a balancing or goal seeking loop in which the desire is to increase the 

current GDP growth rate and reduce the energy gap. Similarly, in loop B3 to fulfill the energy gap energy 

is added from coal power plants, as it increases the current energy capacity increase, it provides the 

energy required for current GDP growth rate to flourish as the growth kicks off it in-turn increases the 

energy requirement which in-turn increase the energy gap. Hence the system is locked into the vicious 

cycle of coal and to break this vicious cycle, focus on identifying the root cause of the problem symptom 

is essential and develop a two-tier approach i.e. while the quick fix is applied in parallel planning on 

fundamental solutions such as hydro and nuclear is worked out. 
 

IV. CONCLUSION 

 

It may be concluded that energy systems are complex in nature. The actions taken on short term planning 

usually work for the moment and lessens the energy crisis situation, but in longer term reverts back in an 

aggravated form reducing time for planning. Hence, as short-term fixes are applied proper parallel 

planning should be carried out by incorporating fundamental solutions such as hydro and nuclear.  
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Abstract— Most of the people in Pakistan has no access to clean cooking food source. Around 55% of the population of 

Pakistan still burns wood and dung cake for cooking food. Pakistan has a huge potential of biomass including sugarcane 

bagasse and woody biomass. Direct burning of these biomass results into waste of energy, along with harmful emissions. 

One of the best options is the conversion of solid biomass into gaseous form known as syngas which is efficient and 

environmentally friendly. For this purpose, a small-scale downdraft biomass gasification system was fabricated and 

simulated for wood chips and sugar cane bagasse. The system converts solid fuel into useful flammable syngas. In this 

study proximate and ultimate analysis of biomass was also performed. The moisture content and ash content for wood 

chips and bagasse was recorded as well. Moisture Content and Ash content for wood chips are 6.2% and 6.90% and 

for sugar cane bagasse is 5.14% and 1.53%. The H and C content for wood chips and bagasse was recorded as 6.34%, 

4.7% and 45.3%, 43% respectively. The moisture content, Ash content, %H and %C are the factors effecting the 

performance of gasification process mainly. The calculated calorific value of wood chips/woody biomass is 19.89 

MJ/Kg; while the calorific value of sugar cane bagasse is 15.33MJ/Kg. From the results we concluded that such a 

gasifier can be used for cooking and heating purposes in biomass rich rural areas of Pakistan.  

 

Keywords— Biomass gasification, Calorific value, Syngas, Ultimate analysis, Proximate analysis 

.  

I. INTRODUCTION 

The traditional type of energy used by human beings since earlier times is biomass. All biologically 

produced matters are termed as biomass [1]. The energy of biomass comes through the process of 

photosynthesis from sun [2]. There a is dare need of renewable energy due to depletion of fossil fuels and 

climate change [3]. Scientists and governments worldwide; are in search of locally available renewable 

energy sources [4]. One of the adoptable, integrated and easily available energy source is the energy 

obtained from the biomass [5]. Further, the energy obtained from biomass is sustainable and environment 

friendly. 

After three major energy sources i.e. coal, petroleum and natural gas; biomass is the fourth imperative 

renewable energy source. It is easily available locally and can provide energy on urgency basis [6]. In 

addition to, one of the considerable benefits of biomass is; its available in plenty and emit low magnitude 

of GHG, S [7]. 4500 EJ of biomass is produced annually.[8]. Worldwide the capacity of energy obtained 

from biomass is considered as sustainable source of energy. Right now, the world 50% energy demand 

can sustainably be fulfilled by provision of approximately 270EJ of energy obtained from biomass [9]. 

Furthermore, 270EJ of energy is obtained from about 6.5% of the total production of biomass annually. 

Land availability is directly related to the production of biomass. 

Right now, the predicted agro and agro-industrial waste are; 20,494 and 25,271 million tons, respectively 

[10]. 1,121 million tons of wood chips is also produced right now in the world. [11] 50,000 GW h/year is 

the predicted biomass prepatent of Pakistan [12], that accounts for approximately 36% of the total 

Pakistan energy demand [13]. Conventional ways of burning of biomass is still adopted in Pakistan. 

Traditional methods of burning of biomass results in loss of energy along with harmful emissions. The 

energy shortage in Pakistan is due to high price and unavailability of fossil fuel [14]. Pakistan is an 

agricultural country, about 60% of the total population of Pakistan is directly or indirectly related with 

agrobusinesses. 62% of the peoples residing in rural area of Pakistan are relying on biomass to fulfill their 

needs, primarily cooking and heating purpose [15, 16, 17]. In these areas the primary biomass energy 

source is wood and animal waste; and they had little access to fossil fuel energy [18]. Energy crisis can 
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be controlled by focusing on local energy resources. Conventional burning of biomass result in wastage 

of energy and high greenhouse emission. CO2 emissions is mainly produced from combustion of wood 

and other biomass, depending upon the composition of the specific biomass. About 2.8% of Carbon 

dioxide is released from the combustion of wood globally [19]. Gasification of biomass is an energy 

efficient and economical technology that can tend toward adoption of renewable energy. The technique 

of transforming of any solid fuel or biomass into gaseous fuel i.e. syngas at higher temperature is known 

as gasification [20, 21]. The gasification reactions are conserved through heat produced from the oxidant 

[22]. 

In context of environmental point of view, energy obtained from biomass through gasification process 

has many advantages [23]. Conversion of biomass through gasification leads to valuable products i.e. 

combustible syngas, chemicals and synthetics [24]. Syngas can be then used as fuel for cooking purpose 

and driving mechanical engine. The fire tube/reaction tube in which gasification process occur is called 

gasifier. There are many types of gasifier depending upon the direction of flow of air and fuel. Compare 

to others types of gasification process; the downdraft biomass gasifier is cheap method of gasification 

and result in generation of low tar content [25]. Tar is the term used to describe the unreacted carbon and 

its content in gasification product and is undesirable. The optimum design of gasifier depends upon 

various factor such as dimensions of fire tube and system for limited supply of air. Although there are 

several types of biomass available in Pakistan. But the biomass focus herein are the agricultural waste of 

sugar cane known as sugar cane bagasse and forest wood residues; because of its availability and 

suitability for gasification process. 

II. METHODOLOGY 

A. Research activities 

Literature data of downdraft biomass gasifier and selection of biomass that are available plenty in Pakistan 

were studied. During study few designs of downdraft gasifier comes out and that design was selected that 

can produce a syngas with low tar content, but the size has been reduced to lab scaled [1]. Each part of 

the downdraft biomass gasifier such as cyclone separator, Filter unit, grate height and angle, Dimension 

and specification of reaction tube inlet position of air, exit point of syngas were studied, analyzed and 

then fabricated; with the aim to make all part air tight, so that the gasification process may not be disturb 

by the external factors. 

B. Simulation of Downdraft Biomass Gasifier 

For simulation of downdraft biomass gasifier different articles and recent research work was study in 

technical and academic journal. ASPEN plus software was selected; because ASPEN is a software 

package that deliver a complete solution to a chemical process and reactor. For modelling each zone of 

gasifier various ASPEN built in gasifier should be selected; and hence ASPEN simulator don’t have built 

in gasifier. The reactors used in the simulation of downdraft biomass gasifier are RStoic, RYield and 

RGibbs respectively. 

C. Experimental set-up 

Small-scale downdraft gasifier was designed and fabricated with a 1.0kg capacity of Biomass. The 

biomass used are the pieces of wood and sugar cane bagasse having size ranging from 25mm to 30mm. 

The gasifier was run separately for both biomasses such as wood chips and SCB. Small amount of biomass 

such as wood chips/SCB was added into the gasifier before fulfilling the fire tube with wood chips/SCB. 

The small combustion is done to attain the temperature necessary for the initiation of gasification process. 

When the temperature was achieved; then the fire tube is filled with full capacity of biomass used and 

along with controlling the supply of air/O2 or limited supply of air/O2. 

D. Fabrication of Downdraft Biomass Gasifier 

The fabrication of downdraft biomass gasifier is easy; when steps are followed strictly. Only dimensions 

of the fire tube should be strictly followed with the standard; The dimensions of other components like 

casing of firetube, Piping system, dimensions and specifications of filter unit and cyclone can be fixed 

any; until and unless airtightness of these components must be maintained. 
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A. Creo model of downdraft biomass gasification system    B. Fabricated downdraft biomass gasification 

system 

E. Gas Chromatographic Analysis of syngas 

In order to observe the different components in the syngas precisely and closely; The GC selected for the 

project is Agilent 490 Micro with four columns. These four columns were attached to a Chemstation. 

However, in this thesis project only column one and two are used. Column one is a MS5 mol sieve 

whereas column two is a Pora PLOT U (PPU) column. Column one gives the peak of gaseous that 

contributes to higher percentage of syngas; such as He, H2, O2, N2, CH4, and CO, whereas column two 

measures CO2, C2H4, C2H6 concentration in syngas.   The downdraft biomass gasifier was run separately 

for both biomasses i.e. wood chips & SCB. The sample of the syngas were taken in airtight syringes with 

marking as syringes A & B respectively. The very airtight syringe A represent the syngas produced from 

wood chips & syringes B represent the syngas produced from SCB. Then the syngas is injected to column 

of GC for analysis. The interior of gas chromatograph is shown in the figure C below. 
 

 

 

 

C.  Interior of gas chromatograph 

 

F. Pre-treatment of feed stocks (Wood chips/Sugar cane bagasse)  
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The pre-treatment of feedstock is necessary before the simulation of the downdraft gasifier. The pre-

treatment of feedstock means the proximate and ultimate analysis of wood chips and sugar cane bagasse. 

Proximate analysis measures sulfur, moisture, volatile matter, ash, and fixed carbon in the feedstock. 

Proximate analysis of the desired feed stock was performed using TGA analysis.  Ultimate analysis 

investigates the different components present in feed stock such as carbon, hydrogen, Sulphur, oxygen, 

and nitrogen. The ultimate analysis of woody biomass and sugar cane bagasse is performed using CNHS 

analyzer. 

 

III. RESULTS AND DISCUSSION 

The results of the simulation study are shown graphically in Figures 1-4. According to the literature survey 

the hot gas efficiency range of 85-90% for down-draft gasifies. Figure. 2 shows the conversion efficiency 

decreasing as particle diameter increases. According to the research larger the particle size, the higher the 

reactor length required to obtain the same conversion efficiency. Although a smaller particle size results 

in a higher conversion, very small particles may cause bridging and channeling problems, and reduce the 

residence time in the Gasifier.  

Figure. 3 show that conversion efficiency increases as the capacity of the Gasifier decreases. A higher 

reactor load tends to reduce the residence time as the particle move faster. To obtain the same conversion 

efficiency, the reactor length has to be longer. Thus, for the same rector length the efficiency decreases 

for higher reactor loads. In Figure 4.6 the moisture content of wood has a significant effect on conversion 

efficiency Conversion efficiency reduces from 73% to 57% as moisture content increases from 0 to 40%. 

To obtain the same conversion, the reactor length has to be increased for fuel with higher moisture 

contents. Although a low moisture content results in higher conversion efficiency, for large scale 

gasification plants, the practical difficulties and economic factors involved in reducing the moisture 

content have to be considered.    

In Figure 4 .7the variation of capacity and feed rate is linear as expected. In figure. 1 & 2, the efficiency 

of Gasifier at higher temperatures is better, and produced more CO and H2 gases and low quantity of CH4 

and CO2 gases as compared to low temperature process. The optimum temperature of gasification of sugar 

cane bagasse is 690 C whereas the optimum temperature for gasification of woody biomass/wood chips 

is 750 C in case of our result. The gas chromatography result is comparable with the literature result. 

From the calculation of energy conversion efficiency, we can conclude that about same amount of energy 

is generated from the gasification and direct combustion of sugar cane bagasse, but gasification is 

preferable; because gasification process is environmentally friendly. 

The energy conversion efficiency of syn gas produced from the gasification of wood chips is higher 

having value of 90%. While the energy obtained from the same amount of wood chips through direct 

combustion is 60%. Thus, by burning same amount of wood directly through combustion is energy 

inefficient compare to burning of syn gas produced from the gasification of same amount of wood chips. 

Looking to the results one can conclude that biomass gasification can be used as alternative of direct 

combustion in rural area of Pakistan, where biomass is available plenty. This will decrease the dependent 

on fossil fuel and harmful emissions associated with direct combustion of biomass. So, we can use 

biomass gasification system as an alternative of combustion in rural area of Pakistan, where biomass is 

available plenty 
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TABLE I: RESULT OF PROXIMATE ANALYSIS WOOD CHIPS & SCB 

 

% 
Wood 

Chips 
SCB  Standard 

Moisture 

Content 
    6.2 5.14  ASTM E1358-97 

 

Volatile 

Content  

 

 

75.70 67.99  
 

ASTM E872 

Ash 

Content 

 

6.90 4.53  

ASTM E1534-

93(2019) 

 

Fixed 

Carbon 
11.20 15.19  ASTM E870 

     
 

 

 

TABLE I I: RESULT OF ULTIMATE ANALYSIS WOOD CHIPS & SCB 

 

% Wood Chips SCB  Standard 

C     45.3 43  
ASTM 

D5375-02 

 

H  

 

 

6.36 4.7  

ASTM 

D5375-02, 

(E 777) 

 

O 

 
4.145 43  

The 

Oxygen is 

calculated 

value 

N 0.12 0.2  

ASTM 

D53/3--02, 

(E 778) 

     

S 0.14 0.04  

ASTM 

D5375-02, 

(E 775) 
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TABLE III: Simulation result of sugar cane bagasse at different temperature 

 

Simulation 1 2  3 

Temperature 

(Cº) 
 690 730  750 

 

Gas Comp 

Vol (%)                    

    

 

CO 

 

59.42 56.82  
53.57 

 

H2 15.30 18.32  23.21 

     

CO2  35.32 25.37  21.00 

     

CH4 0.1 0.4  2.40 
 

                                       

 

                                          TABLE III: Simulation result of wood chips at different temperature 

 

 

Simulation 1 2  3 

Temperature 

(Cº) 
 700 800  900 

 

Gas Comp 

Vol (%)                    

    

 

CO 

 

56.83 55.32  
53.23 

 

H2 25.2 26.32  27.24 

     

CO2  8.43 10.50  14.32 

     

CH4 6.32 5.32  1.86 
 

 

 

 
TABLE III: GC result of syngas produced from SGC & Wood Chips 

 

Percent 

Comp 
SGC Syn gas 

Wood 

Chips 

Syn 

gas  

  

H2  18.35 14.32  

                   

 

N2 

 

38.33 47.32  

CO 23.25 22.42  

    

CO2  8.30 7.52  

    

CH4 2.53 1.30  
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                                         Fig. 1. Percent mole comp (H2 & CO) versus Temp Cº 

 

 

                                         
 

Fig. 2. Percent mole comp (CO2 & CH4) versus Temp Cº 

 

 

 
Fig. 3. Particle diameter vs hot gas efficiency of Downdraft Gasifier 

 

 
 

Fig. 4. Moisture vs HGE of Downdraft Gasifier 
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IV. CONCLUSION 

Using downdraft biomass gasifier not only convert solid biomass into syngas, but is energy efficient and 

environmentally friendly. According to the experimental analysis the calculated calorific value of wood 

chips/woody biomass is 19.89 MJ/Kg; while the calorific value of sugar cane bagasse is 15.33MJ/Kg. 

The results suggest that such a gasifier can be used for cooking and heating purposes in biomass rich rural 

areas of Pakistan. 
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Abstract-Inventory management is a technique of controlling, storing, and keeping track of the inventory items. 

Inventory management regulates all the operations that are involved from the moment an item enters the store until it 

has been used. In this research, real inventory problem in FF Steel has discussed, industry managed the inventory of 

1450 store items by ordinary method of replenishment and not considering the inventory ordering and holding costs 

and not defining the safety stock which obviously affect the service level. The objective of our inventory management 

to make decision regarding the appropriate level of inventory. We have categorised the inventory by ABC analysis on 

the basis of annual cost. We focus our research on managing the inventory level for spare parts, class A and B which 

commonly known as important classes. We have focused on economic order quantity method to determine the ordering 

quantity and reorder point for the inventory. The result from the research indicates that the economic order quantity 

method gives a significant amount of saving compared to an existing policy used by the company. The proposed policy 

gives average saving 41% of 30 category A items and 73% of 30 category B items.  Safety Stock levels are decided by 

considering 95% service level and decided the Re order point for inventory.  

 

Keywords: Economic order quantity (EOQ), Re-order point, Safety stock, Service level. 

 

I. INTRODUCTION 

Frontier Foundry (FF Steel) is one of the fastest and largest re-rolling mill in Pakistan. FF Steel is the 

only manufacturer intrusively produce Grade-60 and Grade-75 deform steel bars of different sizes 

(3mm to 36mm) according to the standards of ASTM-615 and ASTM-706 [1, 2]  Since its foundation 

in 1986, the company has excellent in manufacturing steel products by meeting the international 

standard. The company has superiority over other re-rolling mills also in the quality assurance 

procedure and process.  

FF Steel recently launched two software that is SAP Business and SCADA System. SAP is used to 

smoothen the business operations and SCADA is used for the Optimal Quality Production. Automatic 

Cutting Machine also play its roll to attain the accurate steel bars length. To achieve fine grain size of 

quality steel bars, 120 feet long cooling bed allows the hot steel bars to cool down at room temperature. 

Automatic bar bundling machine also play its function to make best steel bundles of required weight 

in best finished shape. CNC machine is used for ribs and steel bar fins size accuracy purpose. Finished 

products of different sizes are tested by UTM machines. 

Inventory is nothing but a stock of goods that we maintain to facilitate the continuous production of 

goods and services [3]. According to the Monks, inventory as an idle resources that possess economic 

value [4]. According to the Sundaresan inventory is defined as the sum of raw materials, fuels, 

lubricant, spare parts, maintenance consumable, semi processed material and finished stock at any 

point of time [5]. According to the ARTB the term inventory means the aggregate of those items of 

tangible personal property which are held for ordinary course of business and to process the smooth 

production [6]. 

Inventories are held basically to smoothen the operations of the firm. Shortage of 

inventory at any point would disrupt operations resulting in either idle time for men 

and machines or lost sales. A manufacturing firm may have inventories of different 
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stages in the production process. Generally, the inventory can be classified into four major types. Such 

as raw materials inventory, work in process inventory, finished goods inventory and MRO. 

A. Literature Review and Data Collection  

 

The spare parts inventory system is extensively studied by many researchers. First inventory model 

was introduced by J. D. Croston [10] forecasting and stock control of intermitted demand. Aris A 

Syntetos and Jon E Boylan Studied the Accuracy of intermitted demand estimates by collecting four 

forecasting methods. Simple Moving Average, Single Exponential Smoothing (SES), Croston’s 

method, and a new method (based on Croston’s approach) recently developed by the authors, are 

compared on 3000 real intermittent demand data series from the automotive industry [11]. 

Aris A Syntetos and Jon E Boylan studied on the stock control performance of intermitted demand 

estimators [12]. Aris A Syntetos and Jon E Boylan [10-12] proposed the deterministic inventory model 

for spare parts which is considering some forecasting methods. The demand for consumable spare parts 

is forecasted and then the optimal inventory level had determined by some formula and calculation.  

Mehdizadeh, M. (2019) studied the Integrating ABC analysis and rough set theory to control the 

inventories of distributor in the supply chain of auto spare parts [13]. 

ABC classification system is a method that classifies the spare parts based on how critical the spare 

parts for the company. This method, segments the spare parts into three categories, that is A, B and C. 

A items make up roughly 20 percent of the total number of items and represent 80 percent of the dollar 

sales volume. B items comprise roughly 30 percent of the items and represent 15 percent of the dollar 

volume. C items comprise roughly 50 percent of the items and represent only 5 percent of dollar 

volume. The A items must receive more attention from manager. The B items are of secondary 

importance in relation to class A items and the class C items are relatively unimportant items, hence, 

the manager can manage them as simple as possible [13,14].  

Chu, C. W, Liang, & Liao research Controlling inventory by ABC analysis and fuzzy classification 

combining both [14].  

Teunter and Sani gave their research attention on the lumpy demand. They used order-up-to policy to 

determine the inventory level, which previously used the method by Croston method to forecast the 

demand. Result from this work is that the combination of Croston method and order up-to-level policy 

result in optimal service level [15]. 

Parras and Dekker determine spare parts inventory level at oil refinery it compares different re-order 

point methods for effective spare parts inventory control, motivated by a case study at a large oil 

refinery. Different demand modelling techniques and inventory policies using the oil and refinery 

inventory data [16]. 

Van Jaarsveld, W., Dollevoet, T., & Dekker, R. worked on improving spare parts inventory control at 

a repair shop spare parts are allocated on a first come first served basis to repairs, and their inventory 

is controlled using (s, S) policies [17]. 

De Smidt-Destombes, K. S., van der Heijden, M. C., & van Harten, worked on Joint optimization of 

spare part inventory, maintenance frequency and repair capacity for k-out-of-N systems. To achieve a 

high system availability at minimal costs, relevant decisions include the choice of preventive 

maintenance frequency, spare part inventory levels and spare part repair capacity. We develop 

heuristics for the joint optimization of these variables for (a) a single k-out-of-N system under 

condition-based maintenance and (b) an installed base of multiple identical k-out-of-N systems under 

block replacement [18]. 

Kilpi J., Toyli J., & Vepsalainen, A. Develop Cooperative strategies for the availability service of 

repairable aircraft components and determined the factor that give the contribution to the cooperative 

strategy [19]. 

Wong, H., Van Oudheusden, D., & Cattrysse investigated the Cost allocation problem in the context 

of repairable pooling with game theoretical model [20]. The results of this research showed that the 

cost allocation policy affect the company’s policy in making the decision in the inventory management. 

Even many methods have been implemented in the determining spare parts inventory level, lack of 
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them considering the utilization of continuous review model and periodic review model in the reducing 

the total inventory cost.  

In this research we will determine the spare parts inventory level in order to minimize the total 

inventory cost. We will focus both periodic review model and continuous review model and safety 

stock. The research from many studies showed that the periodic review policy and continuous review 

policy are more easily than other inventory policies. The focus on determining the optimal inventory 

policy for category A and B. There are four types of inventory policies which are Periodic review 

policy, order up-to-r policy, continuous review policy and EOQ model. 

An economic order quantity system is the arrangement in which the inventory level is continuously 

monitored and replenishment stock is ordered in previously-fixed quantities whenever at-hand stock 

falls to the established re-order point [27]. 

Before starting to calculate the EOQ model important assumption are fixed. Ordering cost is constant, 

the rate of demand is also constant, the lead time (LT) is fixed, the purchase price of an item is constant, 

the replenishment is made instantaneously and the whole batch is receiving at once.  

Let 𝑥 be the lot size of the company  

Ordering cost is denoted by S  

Holding cost is denoted by H  

Annual demand is denoted by D 

Total cost is denoted by T.C 

Optimum lot size is 𝑥𝑜𝑝𝑡 

Ordering cost per year = No of order/year * Ordering cost /order  

Ordering cost per year = 
𝐷×𝑆

𝑥
 ……………………….…. eq (1) 

Carrying cost per year = Average inventory × Carrying cost 

Let min inventory = 0 Max inventory = 𝑥  

Av inventory =  
(0+𝑥)

2
 = 

(𝑥)

2
 

Carrying cost per year = 
(𝑥) 

2
𝐻 …………………………. eq (2) 

Material cost or purchasing cost = Total demand × Cost per unit  

Material cost or purchasing cost =  𝐷 × 𝐶𝑝……………………. eq (3) 

Equation 1 and 2 is a function of  𝑥 and equation 3 is not a function of 𝑥 

            
𝐷×𝑆

𝑥
 = 𝐹(𝑥) and 

(𝑥)

2
H= 𝐹(𝑥) but D × 𝐶𝑝 ≠  𝐹(𝑥) 

Total inventory cost = O. cost/year + H cost/year + Purchasing cost  

Total inventory cost (T.C) = 
𝐷×𝑆

𝑥
 + 

(𝑥) 

2
𝐻 + 𝐷 × 𝐶𝑝 ……………… eq (4) 

T.C /year = 𝐹(𝑥)  

Tacking 
𝑑𝑦

𝑑𝑥
 both side   

𝑑(T.C)

𝑑𝑥
 = 

𝑑 

𝑑𝑥

𝐷𝑆

𝑥
 + 

𝑑 

𝑑𝑥

𝑥 

2
𝐻 +

𝑑 

𝑑𝑥
𝐷𝐶𝑝 

We want to minimize the total cost so that we put 
𝑑(T.C)

𝑑𝑥
 = 0 

                     0 = -
𝐷

𝑥2s + 
𝐻

2
 + 0 

           
𝐷

𝑥2s = 
𝐻

2
   the 𝑥𝑜𝑝𝑡 = √

2𝐷𝑆

𝐻
 ………… eq (5)                                        

It is the best lot size on which total cost will be minimum it is also called economic order quantity [28, 36]. 

In this model purchasing cost excluded because the D × 𝐶𝑝 ≠  𝐹(𝑥) 

Total cost per year at 𝑥𝑜𝑝𝑡, using equation 4 

Total inventory cost (T.C) = 
𝐷×𝑆

√
2𝐷𝑆

𝐻

 + 
√

2𝐷𝑆

𝐻
 

2
𝐻 = √2𝐷𝑆𝐻………… eq (6)    

In inventory management, two primary questions are related. How much should be ordered? and when 

to ordered? [27]. The determination of when to order in a continuous inventory system is the reorder 

point, the inventory level at which a new order is placed. The concept of lead time is illustrated, it is  
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the combination of procurement administrative lead time, production lead time and procurement lead 

time [32].  

 
         Fig. 1. Lead time and re-order point 

 

 

The reorder point in basic economic order quantity calculated by multiplication of lead time with 

consumption rate.  

ROP = TL × r, While TL is lead time and r is the consumption rate per unit time. 

 
Fig. 2. Safety stock. 

 

II. METHODOLOGY 

 

In the first stage of our research we have collected 1450 different spare parts and classify it on the basis 

of ABC analysis. ABC analysis carried on the basis of annual consumption value and selected 30 

category A and 30 category B items for detail analysis. Determining ordering cost, holding cost and 

number of orders per year of each selected item and then determined the inventory cost of the existing 

company policy. Determining the ordering quantity, re-order point and inventory cost by considering 

EOQ. Determining safety stock by inducting 95% service level.  
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The actual data of inventory spare parts provided by FF Steel, is the one-year data from 30th September 

2018 to 30th September 2019. It consists of 1450 different items. This data generated by SAP Business 

1 software.  

 

Table I. Format of data collected from FF Steel Mill. 

Item Code  Item Name  Unit 
Purchased 

 Qty per Year 

Issued  

Qty per year 

Unit  

Price 

Total  

Cost  (Rs) 

SS00003203 Breaker 2 amp 2/pole Each 20.00 13.00 1,000 20000 

SS00003479 Nut for pneomatic Jack Each 44.00 16.00 453 19960 

SS00000040 Grinder Baby 4" Each 5.00 11.00 3,980 19900 

SS00000191 Belt B-110 Each 40.00 33.00 495 19800 

SS00001567 Grease Gun Hydraulic (Big) Each 1.00 1.00 19,800 19800 

SS00002488 Gun Metal Bush (Casting) KGs 24.60 24.60 800 19680 

 

ABC analysis is the technique of inventory optimization in which items divide in three different 

category A, B, C on the basis of annual Consumption values. 

 

 

 

 

  

Classification of inv. items by ABC Analysis  

Selection of 30 Category A and 30 Category B 

items for further analysis  

 

Determining ordering cost, Holding cost and 

number of order per year 

 

Determining the inventory cost of existing 

company policy 

Determining the ordering quantity, re-order 

point and inventory Cost by considering EOQ 

 

Determining Safety stock by inducting 95% 

service level 

Data Collection of 1450 inventory items  
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Table II: ABC Analysis results table 

 

Categories 

 

Values 

 

Number of items 

 

%age of items 

 

%age of 

values 

Category A ≥70000 28905800 122 8% 69% 

Category  20000≤ B< 70000 7731449 206 14% 18% 

Category C<20000 5443935 1123 77% 13% 

Total 42081184 1451 100% 100% 

  

 

 
Fig. 3. ABC Analysis of Store inventory 

 

III. RESULTS AND DISCUSSION 

 

Economic Order Quantity policy is proposed for the FF steel inventory system, in which fixed quantity or 

optimum quantity (Q*) replenishment order place considering lead time. Number of orders considerably 

decreased and percentage saving will help us to understand the new policy.   

 

Table III. Annual total cost the company policy and proposed policy and % savings category A. 

0%

20%

40%

60%

80%

100%

0%

20%

40%

60%

80%

Category A Category B Category C

%age of Values %age of Items

Item Code 

Purchas

ed  Qty 

per year 

(D) 

Existin

g 

Policy 

Order 

Quantit

y per 

order X   

No 

of 

order 

D/X 

Annual total 

cost  without 

purchasing 

cost 

=(X/2)*H + 

(D/X)*S 

Economic 

Order 

Quantity 

Q* 

No of 

order 

of 

EOQ  

D/Q* 

Annual total 

cost  without 

purchasing cost 

=(Q*/2)*H + 

(D/Q*)*S 

Percentag

e saving 

(ECP-

EOQ)/EO

Q*100  

SS00002543 7,200 1200 6 112620 2394 3.0 90240 24.8 

SS00000496 379 15 25 11478 21 18.1 10872 5.6 

SS00003695 4 1 4 23602 1 4.0 23602 0.0 

SS00000322 12,765 700 18.2 24990 1858 6.9 16491 51.5 

SS00002748 3,280 1200 2.73 46631 1987 1.7 41273 13.0 

SS00000495 474 20 23.70 29776 92 5.1 12328 141.5 

SS00000036 6,002 800 7.50 15240 1344 4.5 13397 13.8 

SS00000959 840 200 4.20 16170 231 3.6 16002 1.0 

SS00000734 1,325 60 22.0 12338 175 7.6 7567 63.1 

SS00003976 4,200 1200 3.50 35800 2274 1.8 29557 21.1 

SS00004027 20370 4000 5.09 35755 9696 2.1 25210 41.8 

SS00000519 7,440 240 31.00 16340 1031 7.2 7217 126.4 

SS00000435 3,600 100 36.00 13195 460 7.8 5475 141.0 

SS00003693 60 30 2.00 12587 15 4.1 9889 27.3 
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In the above Table III shows the benefit of the proposed policy with company policy, one can see the 

significant amount of saving in average 41.10%. The largest saving (326.5%), (179.3%), (149.2%), 

(141.0%), and (126.4%) of the items (SS00001267), (SS00002938), (SS00003127), (SS00000435) 

and (SS00000519). It is found that one item (SS00003695 have zero effect. 

 

Table IV. Annual Total Cost the Company policy and proposed Policy and % savings category B 

Item Code 

Purchas

ed  Qty 

per year 

(D) 

Existing 

Policy 

Order 

Quantity 

per order 

X   

No of 

order 

D/X 

Annual 

total cost  

without 

purchasin

g cost 

=(X/2)*H 

+ 

(D/X)*S 

Econo

mic 

Order 

Quant

ity Q* 

No of 

order 

of 

EOQ  

D/Q* 

Annual total 

cost  without 

purchasing 

cost 

=(Q*/2)*H + 

(D/Q*)*S 

Percentage 

saving (ECP-

EOQ)/EOQ*1

00  

SS00002617 3 1 3 4746 2 2 4062.0 16.8 

SS00003182 530 100 5 3814 224 2 2839.3 34.3 

SS00002245 16 8 2 8054 16 1 6506.6 23.8 

SS00003471 16 4 4 5620 10 2 3967.9 41.6 

SS00003692 2 2 1 5259 2 1 5105.9 3.0 

SS00003575 5 1 5 10650 4 1 5099.0 108.9 

SS00004015 5 1 5 10650 4 1 5099.0 108.9 

SS00004016 5 1 5 10650 4 1 5099.0 108.9 

SS00003583 30 10 3 13075 33 1 7183.3 82.0 

SS00003219 23 8 3 7733 19 1 5442.8 42.1 

SS00000926 400 100 4 5600 245 2 3919.2 42.9 

SS00000731 88 12 7 4100 35 3 2519.9 62.7 

SS00003216 88 30 3 5475 61 1 4350.0 25.9 

SS00000745 341 30 11 5959 137 2 2494.5 138.9 

SS00003153 7 1 7 8844 4 2 3863.7 128.9 

SS00000973 424 50 8 4599 172 2 2468.2 86.3 

SS00000732 96 10 10 5117 39 2 2467.8 107.4 

SS00000102 2 12 1 20000 2 1 4899.0 308.2 

SS00003509 4 2 2 3100 2 2 3098.4 0.1 

SS00003745 2 2 1 6000 2 1 6000.0 0.0 

SS00003299 326 50 7 8291 207 2 3791.2 118.7 

SS00003246 20 5 4 16749 23 1 6921.6 142.0 

SS00001479 19 5 4 6483 13 1 4224.9 53.4 

SS00002464 328 40 8.20 10197 72 4.6 8660 17.7 

SS00002590 280 12 23.33 13668 47 6.0 6547 108.8 

SS00003274 6 4 1.50 16610 2 2.8 13889 19.6 

SS00000437 117 12 9.72 23024 43 2.7 11859 94.2 

SS00002663 75 12 6.25 30525 41 1.8 16432 85.8 

SS00003356 2,490 1200 2.08 19350 1612 1.5 18537 4.4 

SS00001267 580 10 58.00 17646 84 6.9 4138 326.5 

SS00000432 398 80 4.98 17668 187 2.1 12764 38.4 

SS00000407 4 1 4.00 12050 2 2.4 10696 12.7 

SS00003127 15 12 7.50 25340 6 2.5 10169 149.2 

SS00000546 1,230 600 2.05 31925 1210 1.0 25412 25.6 

SS00002938 21 12 10.50 28371 8 2.5 10159 179.3 

SS00000370 11 4 2.75 14298 6 1.9 13413 6.6 

SS00002466 120 12 10.00 8749 29 4.1 6122 42.9 

SS00003716 1,695 800 2.12 6972 358 4.7 5203 34.0 

SS00003244 20 4 5.00 12421 8 2.5 9842 26.2 

       695337     492958 41.1 
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SS00000796 171 40 4 4116 89 2 3085.2 33.4 

SS00002463 50 16 3 5632 36 1 4208.1 33.8 

SS00000898 105 120 5 11244 75 1 4205.4 167.4 

SS00003662 43 43 1 5903 44 1 5901.7 0.0 

SS00003353 30 10 3 4567 19 2 3731.0 22.4 

SS00003579 321 321 1 6889 378 1 6798.8 1.3 

SS00001564 2,400 300 8 11561 1672 1 4020.1 187.6 

    230477   133373.4 72.8 

 

In the above Table IV shows the benefit of the proposed policy with company policy of Category B, 

we can see the significant amount of saving in average 72.8%. The largest saving (308.2%), (187.6%), 

(167.4%), (138.90%), and (142.0%) of the items (SS00000102), (SS00001564), (SS00000898), 

(SS00000745) and (SS00003246). It is found that three store and spare items (SS00003662), 

(SS00003745) and (SS00003509) have zero effect. 

 

 
Fig. 4. Item wise cost comparison of the Existing policy and EOQ of Category A and B 

A. Safety stock, service level Cost and ROP considering 95% service level 

 

Safety stock also known as buffer stock is calculated, considering the variance in lead time, A 95% 

service level means the stock out risk is 5%, and has a z-score Z95 =1.645 

 

Table V. Safety Stock, ROP and T inventory Cost Considering 95% service level category A 

Item Code 

Economi

c Order 

Quantity 

Q* 

Standard 

deviation of 

lead time in 

month =σLT 

15% LT 

Service 

factor Z 

at 95% 

service 

level 

Safety Stock 

SS=Z*σLT*

D avg 

concerning 

only lead 

time 

ROP 

including 

safety 

level 

=TL*r  

+SS 

Total inventory cost 

per year including 

safety stock and 95% 

service level = 

(D/Q*)*S+(Q*/2 +SS) 

H 

SS00002543 2394 1.24 1.64 1276 1953 138359 

SS00000496 21 0.18 1.64 9 14 15535 

SS00003695 1 0.53 1.64 0 0 32308 

SS00000322 1858 0.27 1.64 384 587 19899 

SS00002748 1987 1.24 1.64 341 522 48358 

SS00000495 92 0.18 1.64 12 18 13872 

SS00000036 1344 0.13 1.64 126 193 14651 

SS00000959 231 0.44 1.64 51 78 19521 

SS00000734 175 0.18 1.64 32 49 8960 

SS00003976 2274 0.93 1.64 508 777 36158 
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SS00004027 9696 0.93 1.64 2360 3611 31346 

SS00000519 1031 0.18 1.64 179 274 8469 

SS00000435 460 0.09 1.64 45 69 6012 

SS00003693 15 0.53 1.64 4 7 12845 

SS00002464 72 0.27 1.64 12 18 10074 

SS00002590 47 0.18 1.64 7 10 7469 

SS00003274 2 1.33 1.64 0 1 16221 

SS00000437 43 0.18 1.64 2 3 12448 

SS00002663 41 0.27 1.64 5 7 18289 

SS00003356 1612 0.93 1.64 316 484 22172 

SS00001267 84 0.13 1.64 10 15 4635 

SS00000432 187 0.44 1.64 24 37 14405 

SS00000407 2 0.18 1.64 0 0 11010 

SS00003127 6 0.27 1.64 0 1 10794 

SS00000546 1210 1.24 1.64 110 169 27726 

SS00002938 8 0.27 1.64 1 1 11094 

SS00000370 6 0.53 1.64 1 2 15785 

SS00002466 29 0.27 1.64 5 8 7194 

SS00003716 358 0.53 1.64 123 188 6987 

SS00003244 8 1.99 1.64 1 1 10500 

Total inventory Cost of  SS with Service Level 95% 613094 

 

Table VI. Safety Stock, ROP and Total inventory Cost Considering 95% service level category B 

Item Code 

Economic 

Order 

Quantity 

Q* 

Standard 

deviation of 

lead time in 

month =σLT 

15% LT 

Service 

factor  

Safety Stock 

SS = 

Z*σLT*D 

avg 

concerning 

only lead 

time 

ROP 

including 

safety 

level 

=TL*r  

+SS 

Total inventory cost 

per year including 

safety stock and 95% 

service level = 

(D/Q*)*S+(Q*/2 

+SS)H 

SS00002617 2 0.66 1.64 0 1 4478 

SS00003182 224 0.18 1.64 13 92 2998 

SS00002245 16 0.22 1.64 0 2 6607 

1SS00003471 10 0.66 1.64 1 11 4563 

SS00003692 2 0.22 1.64 0 0 5303 

SS00003575 4 0.93 1.64 1 5 5924 

SS00004015 4 0.93 1.64 0 3 5594 

SS00004016 4 0.93 1.64 0 3 5594 

SS00003583 33 0.93 1.64 4 28 8002 

SS00003219 19 0.18 1.64 0 1 5497 

SS00000926 245 0.18 1.64 10 71 4074 

SS00000731 35 0.18 1.64 2 17 2684 

SS00003216 61 0.53 1.64 10 73 5059 

SS00000745 137 0.13 1.64 7 49 2616 

SS00003153 4 0.27 1.64 0 1 3960 

SS00000973 172 0.18 1.64 8 61 2587 

SS00000732 39 0.27 1.64 4 26 2696 

SS00000102 2 0.27 1.64 0 0 5008 

SS00003509 2 0.53 1.64 0 1 3316 

SS00003745 2 0.27 1.64 0 0 6109 
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SS00003299 207 0.22 1.64 10 73 3972 

SS00003246 23 1.99 1.64 3 20 7736 

SS00001479 13 0.27 1.64 0 3 4339 

SS00000796 89 0.18 1.64 1 11 3136 

SS00002463 36 0.27 1.64 2 11 4392 

SS00000898 75 0.18 1.64 2 18 4341 

SS00003662 44 0.18 1.64 1 8 6042 

SS00003353 19 0.13 1.64 0 3 3805 

SS00003579 378 0.93 1.64 41 300 7532 

SS00001564 1672 0.18 1.64 51 374 4142 

Total inventory Cost of  SS with Service Level 95% 142105 

 

B. Effect of service level vs inventory cost. 

Service level is the expected probability of not hitting a stock-out during the next replenishment cycle. 

We are checking different service level and its effect on inventory cost 

 

Table VII. Show the inventory cost at different service level of category A and B items 

Service Level 
Service 

factors Z 

Total inv. 

Cost of A 

items  

  

Service 

Level 

Service 

factors Z 

Total inv. 

Cost of B 

items  

50% 0 492958 50% 0 133373 

60% 0.25 511271 60% 0.25 137104 

70% 0.52 531050 70% 0.52 136142 

75% 0.67 542038 75% 0.67 134941 

80% 0.84 554491 80% 0.84 137846 

85% 1.04 569142 85% 1.04 138910 

90% 1.28 586723 90% 1.28 140188 

95% 1.64 613094 95% 1.64 142105 

98% 2.05 643128 98% 2.05 144288 

99% 2.33 663639 99% 2.33 145778 

99.50% 2.99 711987 99.50% 2.99 149292 

99.99% 3.72 765462 99.99% 3.72 153179 

 

      

Fig. 5. Service Level relationship with T.C of inventory Category A 
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Fig.  6. Service Level relationship with T.C of inventory Category B 

 

In the above tables and Fig. show that if we start from 50% service level and going up-to 95% service 

level, a very little increase occur in the  cost for both category A and B items. If we wish to go from 95% 

up-to 100% service level then very straight curve bend towards the cost showing that very high jump in 

the cost in movement of five digits beyond 95% service level. 

C. Effect of Service level on Cost on both Category A and B 

 

Table VIII. Show the effect of Service level on Cost of both Category A and B items. 

 

Fig.  7.  Effect of Service level on Cost of 

 both Category A and B items. 

 

D. Comparisons of Existing Company Policy, Economic Order Quantity Policy and EOQ with 

95% service level Costs 

In this section we will generate a summary of Company Existing policy, proposed policy and proposed 

policy with 95% Service level and then we plot it on grape for more explanation and quick 

understanding.  
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Table IX. Comparing existing policy vs proposed policy of category A 

Category A  
Company Existing 

policy 
Proposed policy 

Proposed Policy with 

95% service level 

SS00002543 112620 90240 138359 

SS00000496 11478 10872 15535 

SS00003695 23602 23602 32308 

SS00000322 24990 16491 19899 

SS00002748 46631 41273 48358 

SS00000495 29776 12328 13872 

SS00000036 15240 13397 14651 

SS00000959 16170 16002 19521 

SS00000734 12338 7567 8960 

SS00003976 35800 29557 36158 

SS00004027 35755 25210 31346 

SS00000519 16340 7217 8469 

SS00000435 13195 5475 6012 

SS00003693 12587 9889 12845 

SS00002464 10197 8660 10074 

SS00002590 13668 6547 7469 

SS00003274 16610 13889 16221 

SS00000437 23024 11859 12448 

SS00002663 30525 16432 18289 

SS00003356 19350 18537 22172 

SS00001267 17646 4138 4635 

SS00000432 17668 12764 14405 

SS00000407 12050 10696 11010 

SS00003127 25340 10169 10794 

SS00000546 31925 25412 27726 

SS00002938 28371 10159 11094 

SS00000370 14298 13413 15785 

SS00002466 8749 6122 7194 

SS00003716 6972 5203 6987 

SS00003244 12421 9842 10500 

Total Cost (T.C) Rs 695337 492958 613094 
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Table X. Comparing Existing policy vs proposed policy of category B 

Category B 
Company Existing 

policy 
Proposed policy 

Proposed Policy with 

95% service level 

SS00002617 4746 4062.0 4478 

SS00003182 3814 2839.3 2998 

SS00002245 8054 6506.6 6607 

SS00003471 5620 3967.9 4563 

SS00003692 5259 5105.9 5303 

SS00003575 10650 5099.0 5924 

SS00004015 10650 5099.0 5594 

SS00004016 10650 5099.0 5594 

SS00003583 13075 7183.3 8002 

SS00003219 7733 5442.8 5497 

SS00000926 5600 3919.2 4074 

SS00000731 4100 2519.9 2684 

SS00003216 5475 4350.0 5059 

SS00000745 5959 2494.5 2616 

SS00003153 8844 3863.7 3960 

SS00000973 4599 2468.2 2587 

SS00000732 5117 2467.8 2696 

SS00000102 20000 4899.0 5008 

SS00003509 3100 3098.4 3316 

SS00003745 6000 6000.0 6109 

SS00003299 8291 3791.2 3972 

SS00003246 16749 6921.6 7736 

SS00001479 6483 4224.9 4339 

SS00000796 4116 3085.2 3136 

SS00002463 5632 4208.1 4392 

SS00000898 11244 4205.4 4341 

SS00003662 5903 5901.7 6042 

SS00003353 4567 3731.0 3805 

SS00003579 6889 6798.8 7532 

SS00001564 11561 4020.1 4142 

Total Cost (T.C) Rs  230477 133373 142105 

 

 
Fig. 8. Company policy, proposed policy and proposed with 95% Safety Stock policy (A) 
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Fig. 9. Company policy, proposed policy and proposed with 95% Safety Stock policy (B) 

IV. CONCLUSION 

In this paper real inventory problem has discussed of the steel mill. We have continued our study by 

selecting 30 of category A and 30 of category B items for detail analysis. The proposed policy EOQ model 

gives 41% saving of 30 category A and 73% saving of 30 category B items. 

Then inducted the safety stock to the proposed policy by considering 95% service level. From moving 

the company policy to the proposed policy, considering 95% service level gives 13.41% saving of 30 

category A items and gives 62.18% saving of 30 category B items. Also properly defined the reorder 

point for each items by considering the safety stock and lead time.  

Further study can be done by integrating the inventory policy with the major breakdown maintenance 

activity of the industry. Previously, most of the maintenance model discuss only maintenance activity and 

neglecting its relationship with Spare parts inventory. Integrating both policy in one model produce some 

significant insight.  
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Abstract— Huge emissions of greenhouse gases such as carbon dioxide are of major concern during power generation 

from coal. Global warming is the main harmful effect of these emission products and it becomes necessary to mitigate 

the effect of emissions to the environment. Gasification is a way to convert low-value feedstock (coal, biomass and oil 

waste) into synthetic gas (syngas). Integrated gasification combined cycle (IGCC) power system has been recognized as 

a rare existing opportunity to utilize low quality fuels with reduced emissions and co-production of power, fuels and 

chemicals. The conversion of coal into syngas is a process of interest in Pakistan where the huge reserves of low quality 

coal are present, and at the same time harmful effects of environmental pollution are being faced. Gasifier selection 

plays a key role in mitigating the air pollution and improving the overall efficiency of the IGCC co-generation systems. 

In this work, the gasification process has been simulated using coal-entrained flow gasifiers under thermochemical 

equilibrium with the Gibbs free energy approach. Two typical technologies used in entrained flow gasifiers such as coal 

dry and coal slurry are simulated using Shell and General Electric (formerly Texaco) gasifiers, respectively in Aspen 

Plus®. The emphasis is put on performance evaluation of both gasifiers using same low quality Pakistani coal. Models 

used for the performance evaluation of gasification process on local coals have been validated by same quality coals 

provided in NETL reports. Thus, the proposed models can be considered as a reliable and useful tool to study and 

optimize the gasification process for indigenous coals. Sensitivity analysis for 12 % drying level in dry feed gasifier has 

been performed to study the effect oxygen to coal ratio on output composition of syngas. Effects of temperature of 

gasifier and oxygen to coal ratio on the cold gas efficiency are also studied in both type of gasifiers using sensitivity 

analysis. Oxygen consumption rate in both type of gasifiers for low quality coal has also been investigated for the desired 

syngas composition and operating temperature. In the end the effect of solid concentration in slurry on the output 

composition of the syngas has been investigated for slurry feed system. Composition of syngas plays a vital role in the 

co-generation scenario, so this research could provide a guideline for making a decision in the optimal scenario of the 

IGCC co-generation system.   

Keywords— Co-generation, General Electric gasifier, IGCC, Low quality coal, Shell gasifier.  

*Corresponding author (chemadnan72@yahoo.com) 

I. INTRODUCTION 

The rapid industrial growth, increase in population and urbanization coupled with improved living 

standards has led to an ever-increasing world energy demand, especially electric power. Cheap and clean 

energy demand have been apriority in modern world. Fossil fuels are still exploited by most of the energy 

sectors for power production. Coal has emerged as a cheap source of electricity generation. The major 

electricity generation of developing countries (e.g., Pakistan) depends upon oil, coal and natural gas. Coal 

contributes around 41 % in the total electricity production of the world [1]. It has been proved that coal 

has the maximum potential for the production of electricity in future [2]. However, huge emissions of 

greenhouse gases from coal combustion, such as carbon dioxide are of major concern. Presence of sulfur 

in the coal also makes the emission control more challenging. Use of low quality coals like lignite 

containing high sulfur contents becomes even more challenging for power generation. Huge reserves of 

low quality coal because of their low cost can provide a sustainable solution for power generation if their 

environmental impacts can be mitigated. According to some estimates, more than about 50% of global 

coal reserves are of low rank, i.e. sub-bituminous and lignite [3]. In Pakistan, the largest reserve of 175 

billion tonnes of lignite coal, is located in the Thar Desert of Sindh. In addition to this, there are other
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lignite coal reserves in Lakhra, Sonda, Indus East coalfields in Sindh [4]. 

 

Therefore, it is very important to consider power generation technologies which help mitigate the effect of 

emissions to the environment. IGCC power generation system is a rare existing technology which offers 

efficient power generation due to possibility of co-firing (i.e., coal with biomass), co-production (electricity, 

methane, ammonia, etc.) and ease of carbon capture.  

Gasification is a vital part and plays a key role in an IGCC power plant [5], [6]. Gasification is a way to 

convert low-value feedstock (coal, biomass and oil waste) into electricity, steam and hydrogen. Coal and 

biomass are utilized in the gasification unit for the production of syngas in an efficient way. Selection of 

proper gasification technology is crucial for optimizing the operation of a future generation IGCC plant, 

especially with varying coal quality.  

 

Gasification process is significantly affected by the quality of coal. The high heating value (HHV) of the 

coal has direct impact on the performance of the gasifier [7]. Similarly, the performance of the gasifier and 

coal dryer is influenced by the moisture content of the coal [8], [9]. Composition and amount of syngas 

produced from a gasifier and steam requirement for coal drying also depend on the coal type, hence, overall 

performance of the IGCC plant in term of efficiency improvement and environmental regulations is also 

influenced by coal quality. Thus, considering the above issues, the comparison study for the utilization of 

various types of coal in gasification is imperative to analyze the relative performance of different coals with 

respect to existing gasification technologies.  

 

Thus, to explore a realistic future generation IGCC plant for Pakistani coal, the effects of the coal quality on 

the gasification process must be investigated. Several previous studies [10], [11], [12], [13] in context to 

Pakistan have reported on IGCC plants using different low quality coals without any reference to 

performance of different gasifiers. Most recently [14] considered simulation of dry and slurry gasification 

using computational fluid dynamic (CFD) technique with special emphasis on reaction taking place in both 

processes employing a two-dimensional computational fluid dynamic (CFD) model of downdraft gasifier.  

 

In this study, benchmark models of dry feed and slurry feed gasification has been developed in Aspen Plus® 

and results are in close agreement with reported data [15], [7]. After verification of the models, sensitivity 

analyses to check the feasibility of indigenous Pakistani coals of diverse qualities have been performed. 

Analysis for the composition of syngas against temperature of the gasifier for both dry and slurry feed 

gasification has been performed. Composition of syngas for varied Oxygen/Fuel (O/F) ratio has been 

investigated for all three coals using dry feed and slurry feed gasification. In the end, cold gas efficiency of 

gasifier for both dry feed and slurry feed systems has been investigated against varied O/F ratio.  

II. METHODOLOGY 

This section covers the brief description of entrained flow gasifiers (dry and slurry feed technologies) in 

general and assumptions considered in this study for both type of processes. Characteristics of Pakistani 

coals considered in this study and their significance has also been included. In the end of this section, 

simulation model development and its verification with literature has been presented.  

A. Process description 

1) Dry feed technology using Shell gasifier 

The Shell gasifier typically operates at around 45 bar, with a temperature range of 1400-1600 oC, well above 

the ash melting point [15]. These gasifiers show high cold gas efficiencies compared to (single stage) slurry-

fed entrained flow gasifiers (e.g., General Electric gasifier), as in dry-fed system no water required to be 

evaporated leading to additional energy consumption [16]. Coal is pulverized and dried to specific moisture 

level (12% residual moisture in this study) prior to gasification. The dry, pulverized coal is subsequently 

pressurized using a lock-hopper system to pneumatically feed to the gasifier in dense phase mode using pure 

nitrogen as a conveying gas. Oxygen to fuel ratio  is low for hard coal gasification, but when gasifying 

lignite, oxygen to fuel ratio is high and  steam supply with oxygen is not required [7]. The raw syngas leaving 

the gasifier is first rapidly cooled to around 900 oC. Further details on Shell gasifier regarding syngas 
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quenching can be found in [7]. In this work only gasification process has been considered for both dry feed 

and slurry feed systems, and composition of hot syngas will be analyzed by performing sensitivity analysis 

of various parameters for Pakistani coals. Vattenfall Buggenum IGCC plant in the Netherlands used Shell 

gasifier technology [7].  

The relatively high gasification temperatures have been assumed to   minimize the kinetic barriers to ensure 

the gasifier gaseous products approach to the equilibrium [17], [18]. In this way the gasification process can 

be described by means of a thermodynamic model [19]. In this work, an overall equilibrium approach is 

employed while neglecting the hydrodynamic complexity of the gasifier. Char is supposed to be 100% 

graphite (conventional substance available in Aspen Plus® database). The ash content turned into slag. The 

gasifier reactors are simulated as RGibbs adiabatic reactors. In addition, assumptions related to operation of 

the shell gasifier are listed below. 

 Particle size distribution (PSD) before gasifier is maintained at 80 % coal under 100 micrometer 

 Nitrogen rich gas has been used as a drying agent at 232 oC 

 Up to 12 % moisture level has been achieved for all type of coals before gasifier 

 For comparison purpose the temperature of dried coal is maintained at 71 oC (160 oF) 

 Nitrogen used for pneumatic flow is 0.125 lb/lb of dried coal [15] 

 Oxygen requirement for gasification in base case is0.6856 lb/lb of dried coal (O2 purity 95 % ) [15] 

 Pressure of the gasifier has been maintained at 42.49 bar (615 psia) 

 Temperature of the gasifier is fixed at 1371 oC (2500 oF) for base case 

 Carbon conversion in gasifier is assumed at 99.3 % [15] 

Drying of the moistened coal is performed in Rstoic reactor of the Aspen Plus®, where moisture level of dry 

coal up to 12% and conversion for moisture removal has been adjusted. Flash2 block of Aspen Plus®, has 

been employed to remove gases along with released moisture and dried coal is fed to the gasifier.. In 

gasification section, pyrolysis to decompose coal into its constituents like C, H2O, N2, H2, Cl2 and Ash etc. 

has been performed in Ryield block. Gasification reactions of the decomposed constituents have been 

modeled in RGibbs block in the presence of oxygen to produce syngas.   

2) Slurry feed technology using GE gasifier 

Similar to the Shell gasifier, the GE gasifier uses pulverized coal; however, pulverized coal is mixed with 

water to produce a slurry feed. The typical range of solid concentration in slurry varies from 35 to 70 wt% 

depending on the type and quality of the coal [20], [21], [22]. In case of the slurry type of gasifiers, a slurry 

pump is utilized to feed the slurry into the gasifier. Higher operating pressure up to 70 bar is possible in this 

type of gasifier. 

Oxygen to fuel ratio in this case is relatively high, caused by the fact that some CO and H2 burning is required 

to vaporize the water present in slurry. As can be confirmed from the results, the syngas produced by GE 

gasifier shows relatively high contents of combustion products (i.e. CO2 and H2O). The limited lifetime of 

the refractory in this technology causes low availability. Further details on this technology and its 

downstream components can be found from somewhere else [7]. 

The Tampa Electric Polk IGCC power station in the USA uses GE gasifier [7]. Similar to shell gasifier, the 

high temperature assumption for the gasification minimizes the kinetic barriers and therefore the gaseous 

products leave from the gasifiers approach to the equilibrium. In this way the gasification process can be 

considered a thermodynamic model [19]. Similar to shell gasifier, in GE gasifier, an overall equilibrium 

approach is employed while neglecting the hydrodynamic complexity of the gasifier. Assumptions specific 

to operation of the GE gasifier in slurry feed system for base case development have been listed below. 

 PSD before gasifier is maintained at 80 % coal under 100 micrometer 

 Coal concentration in slurry is 45 % 

 Coal conversion in decomposer is fixed at 95 % 

 Oxygen rate in gasifier is0.721 lb/lb of coal (as-received) with O2 purity of 95 % [7]  

 Pressure of the gasifier has been maintained at 60 bar 

 Temperature of the gasifier is fixed at 1450 oC 

 Carbon conversion in gasifier is assumed at 99 % [7] in base case 

Simulation of a slurry based coal gasification has been implemented in Aspen Plus® software package. Coal 

sizing and screening in the form of slurry; and gasification of coal slurry sections have been considered 
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during model development in slurry based gasification. Slurry of coal and water is prepared during size 

reduction of the coal in coal preparation section. Water composition in slurry is adjusted to 55% and left is 

coal. Slurry leaving from the sizing section enters in Rstoic block where non-conventional PSD sub stream 

of coal changes to only non-conventional sub stream. In gasification section coal water slurry comes in 

contact with almost 95% pure oxygen. As discussed in dry coal gasification section before gasification of 

solid fuels like coal and biomass, solid fuel is required to decompose into its constituents. In case of slurry 

based gasification, decomposition of coal is performed in Rstoic block instead of Ryield block and products 

of decomposition have been specified in reaction along with conversion of the coal. All other steps in slurry 

based gasification are same as in dry coal gasification.  

B. Selection of coal: 

Three Pakistani coals have been selected which cover qualities of major existing Pakistani coals. HHV of 

as-received and dry basis coals have been calculated using Dulong equation (1)  [23]. Accuracy of Dulong 

equation was verified first by calculating HHV of (North Dakota Beulah-Zap Lignite) reported in NETL 

2011 [15] for both as-received and dry basis. The selected coals of Pakistani origin involve moisture contents 

35% to 50.24% and ash contents 3.13% to 14% on as-received basis coal. Since, it is a proven reality now, 

that coal quality impacts performance of gasification process and resultantly overall performance of the 

IGCC power plant [7], [24]. Selection of diverse range of low quality coal will help find feasibility of 

indigenous coal for power generation through gasification technology. Considered coal samples of Thar 

origin for gasification have been presented inError! Reference source not found., comprising proximate 

and ultimate analysis of coal along with HHV both on as-received and dry basis. Size of the coal to be fed 

to entrained flow gasifier should be under 100 micrometer, hence in this work up to 80 % of the mass of the 

coal considered for gasification is under 100 micrometer and for Shell gasifier inherent moisture of the coal 

is reduced to 12 % by weight, in line with NETL report [15]. 
 

 
𝐻𝐻𝑉 (

𝑘𝐽

𝑘𝑔
) = 337𝐶 + 1419(𝐻 − 0.125𝑂) + 93𝑆 + 23𝑁 (19) 

Where, C, H, O, S and N are percent components of ultimate analysis both for as-received or dry basis HHV 

calculations.  

Table XV: PROPERTIES OF VARIOUS CLASSES OF THAR COAL 

Coal identity Thar lignite A [25] Thar lignite B [26] Thar lignite C [26] 

Analysis type 
as-

received 
dry basis 

as-

received 
dry basis 

as-

received 
dry basis 

Proximate analysis (wt %) 

Moisture 35.00 0 44.92 0 50.24 0 

Fixed carbon 20.00 30.769 21.14 38.381 19.64 39.469 

Volatile 

matter 
31.00 47.692 29.58 53.704 26.99 54.240 

Ash 14.00 21.538 4.36 7.916 3.13 6.290 

Ultimate analysis (wt %) 

Carbon 36.39 55.984 37.96 68.918 34.65 69.634 

Hydrogen 4.21 6.477 2.85 5.174 2.76 5.546 

Nitrogen 0.64 0.984 0.46 0.835 0.34 0.683 

Sulphur 2.00 3.077 0.31 0.563 0.40 0.803 

Oxygen 7.76 11.938 9.14 16.594 8.48 17.042 

Ash 14.00 21.538 4.36 7.916 3.13 6.290 

HHV (kJ/kg) 17061.71a 26248.72a 15254.87a 27695.84a 14134.37a  28405.03a 
a Calculated by Dulong formula [23] 
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C. Model development and verification 

For each entrained-flow gasifier i.e. Shell and GE, a generic thermodynamic Aspen Plus® model has been 

developed. Compared to individual verification cases, such generic thermodynamic models are valid in the 

range of slightly altered boundary condition. As the operating experience of both gasifiers is present, hence 

developed thermodynamic models can provide a simple and robust tool to match the performance of the 

gasifiers. Verification data was found from literature for both the shell gasifier [15] and GE gasifier [7].  

Simulation of coal based gasification using recent version of Aspen Plus® (V.11) both for slurry feed and 

dry feed technologies have been performed in this work. A model is developed and tested by comparing the 

results predicted by this model with the results of NETL report [15] for shell gasifier and with the results of 

[7] for GE gasifier, so that accuracy of the developed model can be confirmed, and  the developed model 

can be used for performing further analysis. 

During model development a sequential modular approach was used in Aspen Plus® to simulate different 

stages of the gasification process. In this model, coal sizing and gasification have been simulated using 

different hierarchy blocks. Peng-Robinson property method was used as a global method and for sizing 

section SOLID property method has been used. Experimental data of the coal used during simulation of the 

gasification process in Aspen Plus® has been taken from literature. The following analyses are important to 

be used in Aspen Plus® simulation. 

 Proximate analysis of coal 

 Ultimate analysis of coal 

 Sulfur analysis 

 General analysis 

a) Heat of combustion of fuel 

b) Density of fuel (coal) 

 Particle size distribution (PSD) analysis of coal 

In simulation, COAL and COALASH are considered nonconventional solid components. The properties 

calculated for nonconventional components are enthalpy and density. The enthalpy model for COAL, and 

COALASH is HCOALGEN and for the density model for all components is DCOALIGT in Aspen Plus®.  

Flow sheet was developed for both cases i.e., dry feed technology using shell gasifier and slurry feed 

technology using GE gasifier in Aspen Plus®. Simulations were run for both flow sheets considering various 

sensitivity analyses. ASU is not included in simulation, 95 % pure oxygen has been considered as an 

oxidizing agent in gasification process [15]. Locally available Thar coal is considered for predicting 

feasibility of indigenous resources using the tested model.  

 

The oxygen-to-coal (mass flow rate) ratio and temperature of the gasification are two important parameters 

in practicing coal gasification. Cold gas efficiency (CGE) and syngas composition at the outlet of the gasifier 

are two vital indices used for evaluating the performance of gasification. CGE % (2) or the energy efficiency 

of the gasification process is the ratio between the energy contained by syngas leaving from the gasifier and 

the coal energy in the stream feeding into the process. Since the main combustible components of the syngas 

are CO, H2, CH4, H2S and even tar compounds, a high cold gas efficiency does not necessarily imply a high 

gas quality [27]. 

 𝐶𝐺𝐸(%) = (
𝑚sg × 𝐻𝐻𝑉sg

𝑚coal × 𝐻𝐻𝑉coal
) × 100 (20) 

Where, msg is the mass flow of syngas leaving from the gasifier; mcoal is the mass flow of coal fed to the 

gasifier; HHVcoal is the higher heating value of coal as-received basis that is including ash and moisture 

contents; HHVsg is the higher heating value of the syngas stream leaving the gasifier (wet basis), (3). 

 𝐻𝐻𝑉sg = ∑ 𝑋i

𝑘

𝑖=1

× 𝐻𝐻𝑉i 
(21) 

Where, Xi is the mass fraction of the syngas components (wet basis); HHVi values of  syngas components 

taken from [28]. The energy parameters, such as HHVsg and CGE, were directly estimated within the Aspen 
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Plus® model by means of Fortran statements in calculator blocks. The Oxygen/Coal as-received (a.r) was 

also estimated using Fortran statement during sensitivity analysis. 

III. RESULTS AND DISCUSSION 

Three different coals of Pakistani origin, comprised of high ash and average moisture (i.e., Thar Lignite A 

[25]), medium ash and high moisture (i.e., Thar Lignite B [26]), and low as with very high moisture (i.e., 

Thar Lignite C [26]) are considered in this work to analyze the feasibility of these coals for gasification. The 

properties of the coal, such as proximate, elemental, and calorific values, are summarized in Table XV. Two 

commercial technologies, dry feed (using Shell gasifier) and slurry feed (using GE gasifier) being used for 

power generation in the world for gasification of the fuels are considered in this work. Temperature of the 

gasifier, flow rate of oxygen, extent of drying and solid concentration in slurry impacts the performance of 

the gasification process. Composition of syngas produced is majorly influenced by these parameters. 

Moisture contents and ash contents of the feed also affect the output composition of the syngas. In this 

section various analyses performed are to evaluate the status of the Pakistani lignite coal for gasification 

feasibility. Comparison of syngas composition at the outlet of the gasifier simulated in this work and reported 

in DOE reports [15] for shell gasifier has been presented in Fig. 9a. Results of syngas composition from 

both works are in close agreement, hence the developed model can be used for performing further analysis 

by using operating conditions used by most of the Shell gasifiers for dry feed technology and GE gasifier 

for slurry feed technology. Slurry feed gasification model has been compared with [7] and presented in Fig. 

9b. The results from the slurry feed model are also in close agreement with literature. 

A. Performance analysis of dry feed gasifier (Shell): 

The profiles of the temperatures at the exit of the gasifier from the gasification of the three coals and the 

cold gas efficiency (CGE) of the gasifier at various Oxygen/ Coal as-received (O/Coal a.r) ratios for dry 

feed gasification are presented in Fig. 10. Compositional analysis of syngas at varied O/Coal (a.r) ratios for 

all three selected coals of Pakistani origin, is presented in  

Fig. 11 and Fig. 12. The moisture level in all three coal types under consideration is reduced to 12 %, 

assumed from the literature [15]. CGE is higher at lower temperatures, as the methane yield is high in the 

region of carbon presence and decreases abruptly in the carbon-free area reflecting the gasification 

temperature. Due to kinetic restrictions it is not possible to achieve these high values of CGE in practice 

[27]. Combustible components of the syngas which exists at high temperature like CO and H2 are considered 

on wet basis for CGE evaluation. As the CH4 has not been considered in CGE evaluation, the trends for 

CGE at lower O/Coal ratios are at lowest side and peaks of CGE graphs in Fig. 10b indicate high temperature 

in the gasifier and negligible production of CH4 and H2S. Hence, at higher temperature in shell gasifier, the 

CGE of the gasification process is true representation of main components of syngas, like CO and H2. The 

HHV of syngas components have been taken from [28] and HHV of coal (a.r) has been calculated from 

Dulong formula [23].  

1) Effect of oxygen to coal ratio on the outlet temperature of the syngas 

The outlet temperatures rise of the syngas with increasing O/Coal ratios is observed, regardless of which 

quality coal has been used as shown in Fig. 10a. This arises from the fact that the exothermic oxidation 

reactions are intensified as the O/Coal ratio increases. It is noted that after 0.43 O/Coal ratio a sharp rise in 

temperature indicates production of more exothermic compounds like CO2 and H2O. Temperature profiles 

for dry feed gasification presented in Fig. 10a, also confirms that for considered low quality Pakistani coals 

the optimum gasification temperature exist between O/Coal ratio of 0.40 to 0.43. It is also observed from 

the temperature profiles that temperature rise of Thar Lignite C (TL-C) at higher O/Coal is more, as 

compared to the other coals, the reason is more fixed carbon present in TL-C at dry basis and more chances 

of exothermic CO2 production. 
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            (a) (b) 

 
 
Fig. 9. Comparison of syngas composition from this work, with NETL 2011 report [15] using (a) dry feed 

technology and, with [7] using (b) slurry feed technology. 

            (a) (b) 

 
Fig. 10. Profiles for the shell gasifier, (a) Temperature (b) CGE, at the exit of the shell gasifier for various 
Oxygen/Coal (a.r) ratios. 

 

2) Effect of oxygen to coal ratio on the CGE of the gasification process 

The CGE of the dry feed gasifier has been presented in Fig. 10b at various O/Coal ratios. In case of dry feed 

system at low temperature, huge amounts of CH4 are formed which causes an increase in CGE of the process, 

but in reality CGE near 90 % is not possible [27]. To see the actual CGE of the process CH4 formation at 

early stage of gasification is not considered in CGE calculation that is why the small values of CGE are 

observed at lower values of the O/Coal ratios. CGE based on HHV of syngas and coal for all three coals is 

calculated in Aspen Plus using calculator block. As shown in Fig. 10b, the CGE for Thar Lignite B (TL-B) 

and TL-C at O/Coal ratio of 0.40 is maximum with values 86.78 % and 83.76, respectively. Temperature of 

the gasifier for these CGE was 2277 oF and 2376 oF, respectively. After this point, the temperature rise is 

observed in gasification process and downward fall of syngas components results in lower CGE at higher 

O/Coal ratios. When temperature of the gasifier reaches near 2500 oF, the further decrease in CGE for all 

type of coals is noted, which gives a prediction for actual gasification process using entrained flow gasifier 

in which high temperature and high carbon conversion is assumed. Carbon contents of Thar Lignite A (TL-

A) on dry basis are low as compared to TL-B and TL-C, so exothermic compounds start forming at O/Coal 

ratio of 0.43 instead of 0.40. It has also been noted from the temperature and CGE profiles for varied O/Coal 

ratio that TL-B and TL-C are close in carbon contents, hence shown almost same performance. Furthermore 

as observed at 0.43 O/Coal ratio where all possible reactions take place and represent true dry feed 

gasification, there is not huge difference in CGE of different quality coals, hence it is proved that in case of 
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dry feed gasification using shell gasifier the performance of the gasifier is not vulnerable to the quality of 

the coal. 

3) Effect of oxygen to coal ratio on the outlet composition of the syngas 

 

Fig. 11a,  

Fig. 11b and Fig. 12a present the syngas composition at various O/Coal ratios for coal TL-A, TL-B and TL-

C, respectively. Fig. 12b expressed the composition of syngas at already confirmed optimal O/Coal ratios 

of 0.43 for coal TL-A and 0.40 for TL-B and TL-C. In case of TL-A as represented in  

Fig. 11a, at lower temperatures and at lower O/Coal ratios, CH4 formation is high. Similarly, CO2 and H2O 

formation show a rise after a specific O/Coal ratio when combustion reactions instead of gasification 

reactions commence. At the early stage of the gasification process when O/Coal ratio is not high, formation 

of CO and H2 by the reduction reaction takes place. The trends in all type of coals are almost same with 

varied amounts of the syngas components. For TL-A in  

Fig. 11a, the amount of CO produced is less in comparison to other two coals, the reason behind is the less 

amount of carbon contents in TL-A on dry basis as compared to other coals. Similarly, H2 mole rate is more 

in coal TL-A because of more hydrogen existed in that coal on dry basis. It is also observed from  

Fig. 11b and Fig. 12a, that coal TL-B and TL-C show almost same behavior during gasification. It is obvious 

because of same characteristics of these two coals after drying up to 12 % moisture contents, as seen 

fromTable XV. Syngas composition for all three coals after gasification in dry feed gasifier presented in  

Fig. 11a,  

Fig. 11b and Fig. 12a at varied O/Coal ratios provide a foundation for decision making for the selection of 

different operation parameters for the desired composition of the syngas for downstream co-generation. 

          (a)   (b) 

  

 

Fig. 11. Syngas composition in dry feed system for varied O/Coal ratio for coal (a) TL-A and (b) TL-B. 
 

 

 

 

 

 



5th Online International Conference on Sustainability in Process Industry (SPI-2020) 

Dec 15-16th, 2020 Department of Chemical Engineering, University of Engineering and Technology (UET), Peshawar 

 

305 | P a g e   

 

 

 

 

  

 

 

 

 

 

 

             

      

Fig. 12. (a) Syngas composition for varied O/Coal ratio for TL-C coal and (b) Syngas composition at 

optimal O/Coal ratios. 
 

B. Performance analysis of the slurry feed gasifier 

The profiles of the temperatures at the exit of the gasifier from the gasification of the three coals and the 

cold gas efficiency (CGE) of the gasifier at various (O/Coal) ratios for slurry feed gasification are presented 

in Fig. 13. Compositional analysis of syngas from slurry feed gasifier at varied O/Coal ratios for all three 

selected coals of Pakistani origin, has been presented in Fig. 14 and Fig. 15a. The solid concentration in 

these cases explained in the coming sections has been fixed at 45%, taken from literature [7] for low quality 

coals.  

1) Effect of oxygen to coal ratio on the outlet temperature of syngas and CGE of the gasifier 

The outlet temperatures rise of the syngas with increasing O/Coal ratios is observed (as shown in Fig. 13a), 

regardless of which quality coal has been used same as in dry feed system. This arises from the same reason 

as in dry gasification, that the exothermic oxidation reactions are intensified as the O/Coal ratio increases. 

It is noted that in case of TL-A, temperature rise at the early stage of the gasification when O/Coal ratio is 

low is because of low moisture contents of that coal. After 0.7 O/Coal ratio a sharp rise in temperature 

indicates production of more exothermic compounds, like CO2 and H2O. Temperature profiles for slurry 

feed gasification presented in Fig. 13a, and CGE profiles against O/Coal ratio presented in Fig. 13b, also 

confirm that for considered low quality Pakistani coals the gasification temperature where higher values of 

CGE are achieved is in the range of 1500-1600 oF. Low temperature up to this extent is not suitable for 

entrained flow gasifiers like GE and Shell where reaction kinetics barriers are assumed to be removed at 

high temperatures to achieve equilibrium conditions [27]. Temperatures near 2500 oF can be achieved by 

employing more O/Coal ratio, as can be seen in Fig. 13a, in which more than 0.91 O/Coal ratio is required 

to reach temperature near 2500 oF. Huge amount of oxygen required for gasification of Pakistani coals by 

employing slurry feed technologies. Huge oxygen consumption causes cost increase of the power plant and 

result in decreased overall efficiency of the system.   
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The CGE of the slurry feed gasifier has been presented in Fig. 13b at various O/Coal ratios. CGE based on 

HHV of syngas and coal for all three coals has been calculated in Aspen Plus using calculator block. As 

shown in Fig. 13b near 2500 oF temperature as a requirement of the entrained flow gasifiers. The CGE for 

TL-A is 29 %, for TL-B is 25 % and for TL-C is almost 15 % at O/Coal ratio of 0.91. At 0.91 O/Coal ratio, 

there is huge difference in CGE of different quality coals, hence it is proved that in case of slurry feed 

gasification using GE gasifier the performance of the gasifier is vulnerable to the quality of the coal. Very 

small values of CGE for low quality coals also suggest that slurry feed gasification is not suitable for very 

low quality coals.  

 

2) Effect of O/Coal ratio on the outlet composition of the syngas 

Fig. 14a, Fig. 14b and Fig. 15a represent the variation in composition of the syngas at various O/Coal ratios 

for coal TL-A, TL-B and TL-C, respectively. Fig. 15b expressed the composition of syngas at already found 

point of O/Coal ratio of 0.91 for all type of coals. In case of TL-A as represented in Fig. 14a CO2 and H2O 

formation show a rise after a specific O/Coal ratio (0.91) when combustion reaction instead of gasification 

reaction commence. At the early stage of the gasification process when O/Coal ratio is not high, formation 

of CO and H2 by the reduction reaction takes place. The trends in all type of coals are same with varied 

amounts of the syngas components. For TL-A in Fig. 14a, the amount of CO and H2 produced is more in 

comparison to other two coals, the reason behind is the less amount of moisture contents in TL-A on as-

received basis as compared to other coals, resultantly  temperature suitable for the gasification reaches soon 

and more CO and H2 exist at that temperature. Syngas composition for all three coals after gasification in 

slurry feed gasifier presented in Fig. 14a, Fig. 14b and Fig. 15a at varied O/Coal ratios show almost same 

behavior but varied composition based on their moisture contents. If slurry feed technology has to be used 

for power generation these graphs for low quality coals provide a foundation for the decision making for the 

selection of the process and hint different operation parameters for the desired composition of the syngas 

for downstream co-generation. 
 

                (a)   (b) 

  

Fig. 13. Profiles for the GE gasifier, (a) Temperature (b) CGE, at the exit of the GE gasifier for various 

Oxygen/Coal (a.r) ratios. 
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              (a)   (b) 

        
Fig. 14. Syngas composition in slurry feed system for varied O/Coal ratio for coal (a) TL-A and (b) TL-B. 

              (a) (b) 

             

Fig. 15. (a) Syngas composition at varied O/Coal ratio for TL-C coal, (b) Syngas composition at O/Coal 

ratio of 0.91 for TL-A, TL-B and TL-C. 

 

3) Effect of solid concentration in slurry on the composition of the syngas and CGE of the gasifier 

Fuel contents in slurry play an important role on the performance of the gasifier and even overall 

performance of the IGCC system. Fig. 16 presents a comparison for two different concentrations of fuel 

contents in the slurry. Fig. 16a with 50% solid contents in slurry shows increased CO, CO2 and H2 

composition in outlet syngas. Water coming out from the syngas in case of 50% solid contents is less in 

comparison to 40% concentration as seen in Fig. 16b, but CO, CO2 and H2 contents in case of 40% solid 

contents are less in comparison to 50% concentration. This comparison based on the different concentrations 

of the fuel in slurry provides a guideline for decision making to adjust the desired concentration of solid 
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content as per requirements downstream of the process. Similarly, Fig. 17a presents a comparison for 

different solid concentrations of TL-A coal in slurry and it is very obvious from the results that as solid 

concentration decreases in slurry, amount of CO and H2 decreases in syngas and resultantly CGE of the 

gasifier decreases. As the assumed outlet temperature of the syngas is same i.e. 2300 oF for all solid 

concentrations, the amount of CO2 in syngas is almost same. As the amount of water increases in slurry 

more oxygen is required to vaporize the water and to reach the desired gasification temperature, hence 

O/Coal ratio increases. The O/Coal ratio for 35%, 45% and 55% solid concentration is 1.145, 0.907 and 

0.757, respectively.   

 

            (a) ( b) 

 

Fig. 16. Syngas composition from gasifier at same input parameters for (a) 50% and (b) 40% solid 

concentration in slurry. 

 

              

 

Fig. 17. (a) Syngas composition and CGE comparison for the same coal (TL-A) at same temperature and 

pressure but different solid concentration in slurry, (b) Mole composition of syngas from different quality 

coal at 0.6856 oxygen/ dried coal (up to 12%) using Shell gasifier.  

 

For comparison purpose, syngas composition from the Shell gasifier at same oxygen to dried coal ratio of 

0.6856 is presented in Fig. 17b. It is clear from the results, dry feed gasifier produces more CO and H2 as 

compared to slurry feed gasifier.   

IV. CONCLUSION 

Critical analysis of two commercial gasification technologies using indigenous resources of coal in 

gasification provide a foundation in decision making for the utilization of these coals. In this study, coal 

with average, low and very low quality were used with moisture content 35%, 44.92% and 50.24%, 

respectively, which represent major portion of the existing coal resources in Thar, Pakistan. Based upon the 

results obtained from the thermodynamics models of gasification process performed using dry feed 
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technology (using Shell gasifier) and slurry feed technology (using GE gasifier) following conclusions have 

been drawn. 

1) In case of dry feed technology, at 2500 oF temperature and 615 Psia pressure, the CGE for TL-A is 80.40% 

at 0.46 O/Coal ratio, for TL-B is 85.88% at 0.42 O/Coal ratio and for TL-C is 82.86% at 0.41 O/Coal ratio. 

From these values it is clear that, as all coals were dried up to 12% moisture content before gasification 

process, the performance of the dry feed gasifier depends upon the quality of the coal with respect to ash 

content and carbon content. 

2) From above values of O/Coal ratios for different quality coals also confirm that low quality coals require 

more oxygen to reach desired performance in comparison to high quality coals.  

Even huge difference in coal quality of the three considered coals, there is merely a minor difference in the 

performance of the gasifier with respect to the CGE of the gasifier, proves that dry feed gasification 

technology is less vulnerable to the quality of the coal. 

3) In case of slurry feed gasification technology, near 2500 oF temperature, the CGE for TL-A is 29 %, for 

TL-B 25 % and for TL-C is almost 15 % at O/Coal ratio of 0.91. The above values of O/Coal ratio to reach 

up to 2500 oF gasification temperature show that huge amount of oxygen is required to initiate entrained 

flow gasification reactions as compared to dry feed system. Furthermore, huge difference in CGE for 

different quality coals proves that in case of slurry feed gasification using GE gasifier the performance of 

the gasifier is vulnerable to the quality of the coal. Very small values of CGE for low quality coals also 

suggest that slurry feed gasification is not suitable for low quality coals. 

4) When dry feed gasification is compared with slurry feed gasification on same quality coals of Pakistani 

origin, it has been noted that dry feed gasifier (Shell) shows appropriate performance, and suitable for power 

generation. 
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Abstract—worldwide attention to the reduction of carbon foot prints and energy efficiency (EE) has inspired researchers 

to design energy efficient thermal processes and systems. Heat energy recovery is one among the most important measures 

that can help in acquiring both. However, the small and medium industries, which are in significant numbers in Pakistan, 

are rarely being studied for energy efficiency improvements. In this study, the thermal process of a medium density fiber 

(MDF) manufacturing industry was studied. Processes like steam generation and consumption, fuel contents, air 

preheating and thermal power generation were modeled and simulated. It is found that the air preheating option (APH) 

increased the generated steam capacity from 24.6 to 37.2 𝒕𝒐𝒏𝒔 𝒉𝒓 ⁄ and reduced flue gas temperature at stack from 400°C 

to 100°C. It was also found that the fouling resists the exchange of heat at the interfaces significantly, thus not only reducing 

the steam generation but also increases the stack temperature. Moreover, the combined heat and power model also showed 

an opportunity for energy efficiency improvement. 

Keywords— Air Pre Heating, Energy Efficiency, Power Generation, Waste Heat Recovery  

I. INTRODUCTION 

In the modern world a country’s progress is measured by diversity and sustainability of energy resources 

along with their efficient and environment friendly utilization. The viability of energy source is measured in 

terms of efficiency and sustainability. Inefficient practices cause a rise in demand as well as the price of 

energy. To cope up with inefficient utilization of energy and increased carbon emissions, Energy 

Management is considered a viable tool and a matter of keen global interest [1]. Owing to the increasing 

rate of industrialization and multifold increment in population in recent years, the energy demand has been 

increasing very rapidly. Studies suggest that the energy demand increased by 2.3% in 2018; the highest rise 

in demand since 2010. Industrialized nation like US, China and India accounted for 70% of the total 

worldwide energy demand growth. With an alarming population growth rate of about 3%, the increase in 

Pakistan’s energy demand is distressful [2]. Energy management provides us with standards, tools, 

techniques and procedures which pave the way to what is called Energy Efficiency. Organizations are 

reported to have saved up to 20% of the energy cost by implying various energy management programs with 

nominal investment [3]. The inefficient usage of energy comes with a cost in all the Small and medium 

enterprises. The energy cost is reflected in the increased price  of the product and the services Researches 

suggest that 10 to 40% possible energy savings can be achieved within the available technology in the 

manufacturing industries  by implementing various energy and resources management strategies [4].  

Flue gases have enormous amount of heat energy which often leaves the system with unutilized heat 

energy. In all the process of fuel-fired furnaces, exhaust losses are unavoidable. Fuel Air mixture is burned 

to produce thermal energy which is utilized up to maximum possible level in the heating devices and its 

load.  The utilized gases then lost via stack to give a space to the fresh charge of combustible gases.  

The Exergy puts a limit, means they can’t liberate further energy to the load when the furnace and load 

achieve the same temperature as the combustion products. They have to be rejected as waste heat losses. 

The greater the exhaust gases temperature, the lower the efficiency. The temperature of the stack gases 

defines energy efficiency [5]. 

In order to bring improvement in the energy efficiency waste heat recovery has been proved as an 

attractive, less costly and an emission free technology for the industrial sectors. Several industries have 

installed/adopted several waste heat recovery technologies and have upgraded or improved their energy 

consumption.WHR is an emission free substitute instead of purchasing costly fuels or power generation [6]. 
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II. METHODOLOGY 

The methodology for research work has been divided in different phases.  

i. Phase 1 

 The first step in phase 1 is familiarization about the plant activities for identification of the main 

energy consuming units; in process heat industry as in our case (MDF) the steam generation and its 

consumption at various stages of the process is crucial. 

 The next step in the phase 1 is the selection of a simulation tool; EBSILON®Professional that has 

been used for simulation purpose in our research work. EBSILON®Professional is a simulation 

software used for plant designing, planning and optimization [7]. 

 The last step in phase 1 is primary data collection from the plant for simulation purposes 

ii. Phase 2 

 Analysis and simulation of energy consumption of existing plant data. 

 Development & Identification of Energy Conservation opportunities 

iii. Phase 3 of the methodology includes selection and recommendation of the proposed and promising 

ideas. 

III. RESULTS AND DISCUSSION 

 Model 01: the plant input data is shown below in the table I 

TABLE I: Existing plant data 

Fuel type 𝑡𝑜𝑛𝑠/𝑑𝑎𝑦 NCV(𝑘𝑗 𝑘𝑔⁄ ) 

COAL 50 24080 

DUST 20 9048.3 

BARK 24 9048.3 

CHIPS 40 19340 

For this data the existing plant is currently producing a steam of 18 𝑡𝑜𝑛𝑠/ℎ𝑟  with a hot flue gases 

temperature of 900°C while thermal oil temperature is 280 °C.  

We have modeled our plant in EBSILON®Professional for the same data and after simulation we have 

obtained the following results as shown in the below Fig. 1. 

 
Fig. 1. Model 01. 

At final stage the various properties of hot flue gases are shown in the following Fig. 2. 
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Fig. 2. Flue gases properties at stack of Model 01. 

So we have an ample potential to utilize this waste heat for some useful purposes.  

Model 02 With APH option: We have modeled our plant with air pre heating option by utilizing the waste 

heat which is shown below in the Fig. 3. 

                                                                                                
Fig. 3. Model 02 with air pre heating option. 

 

We have noticed that in our first model the flue gases at stack are at 400°C and 1bar so we have utilized 

that waste heat for air pre heating purposes. Visible changes occurred in our plant model as shown in the 

Fig. 3 above. The hot flue gases temperature changes after installing APH reduces from 400°C to 100°C; 

ultimately the waste heat has been recovered and utilized for APH purposes.  

APH effects on Steam 

The generated steam capacity has been increased from 24.6 to 37.2 𝑡𝑜𝑛𝑠 ℎ𝑟⁄ ; consequently the heat consuming 

capacity has also been increased to 24470.8 KW which was 16212.5 KW in our first model. 

TABLE II: Comparison between inlet air with and without APH 

Parameter 
Inlet air to CC without 

APH 

Inlet air to CC with 

APH 

Pressure (bar) 1 1 

Temperature (°C) 20 235.12 

Enthalpy (𝒌𝒋 𝒌𝒈⁄ ) 20.10 238.59 

Energy flow 

(KW) 

529.22 8149.37 

Exergy (𝒌𝒋 𝒌𝒈⁄ ) -0.310 65.53 

Mass flow (𝒌𝒈 𝒔⁄ ) 26.32 34.15 

 

Model 03 EBSILON® model with APH and as well as Power Generation option.                                                   

We have utilized the waste heat in this model for the two purposes which are as followings 

1. Air Pre Heating option  2. Power Generation option                                                                                                                                                            

So, primarily we have two circuits; one is working for industrial process while at the same time the other 
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circuit is generating power which can be utilized for industry use. 

 

 
Fig. 4. Model 02 with air pre heating option and power generation option. 

Effect on Steam: The generated steam capacity has been increased from 24.6 to 27.4  𝑡𝑜𝑛𝑠 ℎ𝑟⁄ ; 

consequently, the heat consuming capacity has also been increased to 18009.6KW which was 16212.5KW 

in our first model.  

Power generation option: With the flue gas properties of 400 °C and mass flow of 27.2 𝑘𝑔 𝑠⁄  approximately 

1.8 MW of electric power (gross) can be achieved; if an air cooled condenser is used approximately 77 KW 

of power is needed for that.  

Fouling factor plays an important role in heat exchangers, with the addition of fouling factor (i-e 0.8 in our 

case) the value cross at each component shows significant changes, some of the changes are shown in the 

TABLE IV below. 
TABLE IV: Role of fouling factor 

Parameter Design case with no fouling Design case with fouling factor of 0.8 

Generated Power (KW) 1803.2 1778.2 

Generated steam (𝒌𝒈 𝒔⁄ ) 27.4 27.1 

Exergy  (KW) 17860 17639 

Heat flow @stack (KW) 3806.09 4068.60 

Stack temperature (°C) 120 129.80 

IV. CONCLUSION 

In this research work, simulation-based assessments are conducted in order to evaluate the energy efficiency 

resources or conservation measures in a small & medium enterprise. The plant for the input fuels at current 

level has been simulated and it is found that for the same data our simulated model has generated 

24.6 𝑡𝑜𝑛𝑠 ℎ𝑟 ⁄ steam as compared to 18 𝑡𝑜𝑛𝑠 ℎ𝑟⁄  in the actual plant. While, the hot flue gases at stack are at 

400°C and at 1bar pressure. So, there is an ample potential to utilize this waste heat for some useful purposes 

like for Air preheating and as well as for power generation purposes.  

In the second type, we have developed a simulated model in EBSILON® Professional with air pre heating 

option utilizing the waste heat. The hot flue gas temperature after installing APH reduces from 400°C to 

100°C. The generated steam capacity has been increased from 24.6 to 37.2 𝑡𝑜𝑛𝑠 ℎ𝑟⁄ ; consequently the heat 

consuming capacity has also been increased to 24470.8KW which is 16212.5KW in our first model. The air 

temperature at the inlet of combustion chamber has been changed from 20°C to 235.12°C.  

In our third type, i-e model with APH and power generation purposes the flue gas temperature at stack has 

been reduced to 120°C from 400°C, The generated steam capacity has been increased from 24.6 to 

27.4 𝑡𝑜𝑛𝑠 ℎ𝑟⁄ ; consequently, the heat consuming capacity has also been increased to 18009.6KW which is 

16212.5KW in model 01, With the flue gas properties of 400 °C and 27.2 𝑘𝑔 𝑠⁄ , approximately 1.8 MW of 

electric power (gross) has been generated. 

Fouling factor plays an important role in heat exchangers. The generated power has been reduced from 

1803.2KW to 1778.2KW; the flue gas temperature at stack has been increased from 120°C to 129.8°C, while 

the energy flow at stack has also been increased to 4068.60KW from 3806.09KW. 
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Thus, a model with both the APH and Power generation option is the most promising option because using 

the waste heat for power generation, resulting in independency on power-producing agencies, lower product 

prices, and an environment-friendly industrial process. 
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Abstract-Renewable sources of energy are the need of the day in the current energy crises situation. To combat energy 

crises, energy from the biomass feedstock could be the possible remedy. Lignocellulose biomass feedstock due to its 

abundance and carbon neutral nature could be utilized for the production of renewable biofuels. Pyrolysis for such 

utilization is an efficient method for producing liquid biofuels from waste biomass feedstock. A comparative study of 

conventional and microwave assisted pyrolysis for biofuel formation from corncob is done in the current study. In this 

study some of the factors like bio oil yield and process variables in the conventional and Microwave assisted pyrolysis were 

studied. Comparing the two processes, keeping same process variables, a maximum bio oil yield of 6.5% and 9.6% is 

obtained in the conventional and Microwave assisted pyrolysis respectively. Microwave assisted pyrolysis is proving to be 

an energetically as well as economically feasible process. 

  

 
Keywords — Bio oil, Feedstock, pyrolysis. 

I. INTRODUCTION 

Renewable energy has attracted increasing interest because of the concerns about the high demand on fossil 

fuels and the global climate change. One of the renewable energy sources is biomass. Biomass represents 

an abundant carbon-neutral resource for the production of bioenergy and biomaterials, and its enhanced use 

would address several societal issues [1]. Bioenergy and biofuels derived from biomass feedstocks exhibit 

lower life-cycle greenhouse- gas emissions than fossil fuels and with little or no competition with food 

production. The satisfactory feedstocks include agricultural residues, sustainably harvested wood, and 

municipal and industrial wastes [2]. Bioenergy industry will grow in the next few decades to address societal 

demands to reduce net carbon emissions, and it will require major changes in supply chain infrastructure 

[3]. Lignocellulosic biomass, a major biomass. resource, has been recognized as a potentially sustainable 

feedstock for the production of biofuels and other biomaterials [4]. However, because of the nature of 

biomass recalcitrance which means the complex structural and chemical mechanisms of plant biomass for 

resisting assault on its structural sugars from the microbial and animal kingdoms, it would be difficult to 

convert lignocellulosic biomass by biological processes and the cost could be high [4]. In this case, 

thermochemical processes could be a better choice to convert lignocellulosic feedstocks more quickly with 

lesser cost. Thermochemical conversion processes include combustion, gasification, liquefaction, and 

pyrolysis [5,6]. Combustion is the burning of biomass in air to convert the chemical energy stored in biomass 

into heat, mechanical power, or electricity [6]. Gasification is the conversion of biomass to a fuel gas by 

heating in a medium such as air, oxygen, or steam [7]. Liquefaction is generally carried out at relatively low 

temperatures to produce liquid products [8]. Pyrolysis is a thermal decomposition process occurring in the 

absence of oxygen, and it is always also the first step to produce primary products in combustion and 

gasification processes where it is followed by total or partial oxidation of the intermediate products [9]. The 

products of biomass pyrolysis include solid (char), liquid (bio-oil), and gaseous fuel [10]. The yields of the 

three-phase products would vary with changing operational parameters. Lower process temperature and 

longer vapor residence time favor the production of char, higher processing temperature and longer vapor 

residence time increase the biomass conversion to gas, and moderate temperature and shorter vapor 

residence time are optimum for liquids production [9]. Pyrolysis consists of a complicated set of reactions 

involving the formation of radicals [11]. Most of the research on pyrolysis processes has been conducted by 

using conventional heating sources such as electric and gas heater [12]. However, biomass pyrolysis heated 
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by microwave irradiation could be a more promising technique because of a number of advantages over 

conventional pyrolysis. 

 

1.1. Microwave heating mechanism 

2.1. Microwaves: In the electromagnetic spectrum, microwaves lie between infrared and radio frequencies. 

The wavelengths of microwaves are between 1 mm and 1 m with corresponding frequencies between 300 

GHz and 300 MHz, respectively [13e15]. The two most commonly used microwave frequencies are 915 

MHz and 2.45 GHz [14]. Microwave energy is derived from electrical energy with a conversion efficiency 

of approximately 85% for 915 MHz and 50% for 2.45 GHz [13]. Most of the domestic microwave ovens 

use the frequency of 2.45 GHz. Compared with 2.45 GHz, the use of 915 MHz can provide substantially 

larger penetration depth which is an important parameter in the design of microwave cavity size, process 

scale up, and investigation of microwave absorption capacity of materials [16]. 

 

1.2. Microwave heating 

Microwaves cause molecular motion by migration of ionic species or rotation of dipolar species or both [13] 

to generate heat because of the friction among molecules. Materials that can absorb microwaves are called 

absorbers or dielectrics, so microwave heating is also referred to as dielectric heating [15]. The extent of 

microwave heating a material can be determined by a term called loss tangent which is the ratio of dielectric 

loss factor to dielectric constant of the material [13]. In general, materials can be divided into three types 

according to their loss tangents: high (> 0.5), medium (0.1-0.5), and low (< 0.1) microwave absorbing 

materials [16]. The loss tangents of carbon materials such as charcoal, carbon black, and activated carbon, 

ranging from 0.1 to 0.8, are either comparable to or higher than the loss tangent of distilled water (0.118 at 

2.45 GHz and 298 K), so carbon materials are good microwave absorbers that show high capacity to absorb 

and convert microwave energy into heat [12,17]. Materials can be classified into three categories according 

to their interactions with microwaves: conductors, insulators, and absorbers. Microwaves are reflected from 

the surface and thus do not heat metals, which generally have 

high conductivity and are classified as conductors [13]. Materials (e.g., glass and ceramics) transparent to 

microwaves are classified as insulators. Microwave heating offers a number of advantages over conventional 

heating such as: (1) non-contact heating; (2) energy transfer rather than heat transfer; (3) higher heating rate; 

(4) material selective heating; (5) volumetric heating; (6) quick startup and stopping; (7) heating from 

interior of the material body; (8) higher level of safety and automation [13]. Microwave energy is efficient 

in the selective heating of materials as no energy is wasted in the bulk heating of feedstocks, which is a clear 

advantage over conventional methods (bulk heating in furnaces) [15]. Therefore, microwave heating has 

been widely used in various scientific researches and industrial applications, such as food processing, 

sterilization and pasteurization, different drying processes, rubber vulcanization, and polymerization or 

curing of resins and polymers [17]. An important characteristic of microwave heating is the phenomenon of 

hot spot formation, which arises from the inhomogeneity of microwave field (the formation of standing 

waves) or dielectric property within a feedstock (a blend or a mixture) so that a local temperature inside the 

feedstock is much higher than the temperature measured in the bulk [15,16]. Hot spots would have 

significant influence on the yield and characteristics of microwave processing products. To control or utilize 

the hot spot phenomenon, cavity design is an important factor [15]. The effects of hot spots can be reduced 

by several techniques, such as increasing the size of the cavity, operating at a higher frequency, equipping a 

turntable, installing a mode stirrer, and hybrid heating that combines microwave heating with conventional 

heat transfer through radiation, convection, or conduction [14]. 

 
1.3. Microwave pyrolysis 

Lignocellulosic biomass, such as crops, wood, agricultural and forestry residues, is mainly composed of 

cellulose, hemicellulose, and lignin. In general, the cellulose, hemicellulose, and lignin contents of plant 

biomass are approximately 35-50, 25-30, and 15-30 wt%, respectively [1].  
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2.  METHODOLOGY 

2.1 Microwave assisted Pyrolysis: 

Figure.1 shows the experimental setup used in the pyrolysis of corn cob wastes. . Particle size range was 
between 0.425mm< dp < 0.600 mm. Pyrolysis was carried out in a microwave cavity oven (Panasonic 

model). The heating area of the oven is 46.1 cm × 28.9 cm × 37.7 cm and has a maximum output power of 

800 W. In a typical experiment, 100 g dried biomass was added to a two-neck round bottom quartz flask 

which was placed inside the microwave cavity. The atmosphere was purged for 10 min to create oxygen free 

environment. Appropriate holes were made in the oven such that the flask can be connected for nitrogen 

supply and condenser set-up. Water was used as the coolant in the condensers. Since microwave heating 

assists in fast pyrolysis, a sufficient time of 10 min was kept for all biomass to achieve complete pyrolysis. 

Due to rapid microwave heating, continuous monitoring of temperature was not possible; however the 

observed temperature at the end of the pyrolysis reaction was in the range of 400–500 °C. At the end of 

experiments, the liquid products (bio-oil) remained in the round bottomed flask. All the bio-oil were 

collected in a single tight sealed Teflon coated container, and analyzed further. The obtained solid bio char 

in the quartz flask was allowed to cool and then weighed. The non-condensable gases were left into the 

atmosphere.  
 

 

 

 

 

 

 

 

 

 

 

 

 
Figure.1 Experimental setup for microwave pyrolysis experiment 

 

2.2 Conventional Pyrolysis: 
The Microwave assisted pyrolysis was compared to the conventional pyrolysis of corncob, a work of demiral 

at al[18].  operated on a very similar features and conditions in which they used 100g of  biomass samples 

in a fixed-bed reactor with a length of 104 mm and an internal diameter of 70mm equipped with a sweep 

gas (nitrogen) connection. The 600W furnace with an inner volume large enough to contain the whole reactor 

was employed for heating. The thermocouple was connected to a proportional controlling unit which was 

capable of maintaining the oven temperature installed into a control panel. 

3. RESULTS AND DISCUSSION: 

Product Yield  

When the reaction temperature was only 180-200°C, bio oil yield was 5% in microwave assisted pyrolysis. 

However, at the reaction temperature of 480 °C (optimum temperature) liquid yields was approximately 9.6 

wt.%, respectively. At a temperature of 600°C, the liquid yield was 6.5%. Therefore, liquid yield 

substantially decreased with increasing reaction temperature. This may imply that, when product vapors are 

released by the devolatilization of biomass pyrolysis, more hydrocarbons in the vapors can be converted into 

permanent gases at higher reaction temperature. 

In the conventional pyrolysis, upon heating at 500°C(optimum temperature) a maximum yield obtained was 

6.5% 
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4. CONCLUSION 

In this study, a renewable source, corncob, was taken as the biomass sample for the pyrolysis experiments 

performed in a modified microwave oven under different conditions to investigate the effects of these 

experiental changes on product yields. Also the results were compared at very similar conditions with the 

conventional pyrolysis. The results from the present study suggested that the corn cob can be utilized as an 

energy-rich potential renewable feed stock to produce higher amount of bio-oil hence, the corn cob based 

bio oil can be used as a suitable feed stock for further upgrading it in to fuel oil via catalytic hydro processing. 

Finally, it was concluded that the microwave assisted fast pyrolysis is an emerging technology to produce 

good quality bio-oil. 
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Abstract— Pakistan is a developing country. To meet its energy needs one way is to install new powerplants, the other way 

is to slow down the growing demand of energy without effecting the economic growth through energy efficiency. 

Internationally energy efficiency is considered as a resource. Three sample marble industries were studied and checked 

for inefficient practices. A list of Energy Conservation Measures was provided through energy audits of the industries. 

The ECMs were checked for their technical and economic feasibility. A potential energy efficiency intervention program 

was obtained after the economic and technical feasibility study of the ECMs. 

From the energy efficiency program potential, a resource of approximately 5 Million kWh saving per year for Peshawar 

marble industrial sector was identified through the intervention of energy efficiency program. A total savings of 81.6 

Million PKR/year from the marble industry can be achieved for ten years by one-time initial investment of 572.7 Million 

PKR. The payback of the investment will be 7 years.   
 
Keywords— Energy Conservation Measures, Energy Efficiency, Energy Savings, Resource.  

I. INTRODUCTION 

The most effective way to address energy crises and global climate change issue is to improve energy 

efficiency. Energy efficiency is basically doing more with less. With the advancements in science and 

technology the efficiency of equipment’s and machines are improving day by day. For example, a 12-watt 

LED can give you the same number of lumens that a 100-Watt incandescent bulb emits. By switching 

towards more efficient technology and improving the current technology’s efficiency a huge amount of 

power can be saved from the industrial sector of Pakistan, whose result would reflect in the form of lower 

energy demand. Energy efficiency is itself a resource. And a large potential for energy savings through 

energy efficiency is present in Pakistan. 

A large portion of energy is consumed by the industrial sector in Pakistan, about 37.46% of the total energy 

produced is consumed by this sector. Second largest energy consuming sector is transport. While the 

domestic sector consumes 21.20% of the total energy [1]. 

A detailed study of Pakistan energy supply and demand side was taken in 2012-13, All the inputs and outputs 

on supply and demand side were measured in MTOE. The study revealed that if the losses are included at 

consumer level, the loss of energy that Pakistan is suffering in its power transmission and consumption are 

about 82% due to inefficiencies. The biggest losses incur on consumer side about (29.24 MTOE), losses in 

power generation and transmission account for 15.06 MTOE, the losses in transmission and distribution of 

natural gas 3.79 MTOE, and electricity transmission and distribution losses 1.69 MTOE [2].  

It means that for every one unit of energy used we are wasting 4.5 units of energy, which is a huge loss. If 

we concentrate on minimizing the inefficiencies in the major consuming sectors, we would be able to control 

and minimize our future projected demands of energy.  

 

II. METHODOLOGY 

The methods employed for this study are presented in the steps below: 

1. Identification of the Significant Energy Users (SEU's) 

2. Detailed Energy Audit of Ashrae level I and level II 

3. Evaluation of the costs and benefits of energy efficiency measures 

4. Assessing the key barriers and constraints to implementation 

5. Design of a practical energy efficiency intervention program 

6. Quantifying the energy resource from program potential 

 

Energy Efficiency Resource Assessment for Marble Industry of 

Peshawar City 

 

 

Zaeem Ahmed A, Prof. Dr. M. A. Irfan B,  
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III. RESULTS AND DISCUSSION 

The saving potential in terms of PKR for the different ECMs is listed below in the table. 

TABLE I: Savings potential from the ECMs in Rupees. 

S.No. Details Imran 

Marble 

Iqra Marble Karkon 

Marble 

Average Saving 

potential 

1 Savings from Power factor 

correction (PKR/yr) 

28,848 35,328 0 21,392 

2 Savings from premium efficient 

motors (PKR/yr) 

162,282 233,892 250,873 215,682 

3 Saving from shifting peak to off 

peak (PKR/yr) 

18,781 29,570 20,859 23,070 

Total Average savings  260,144 PKR/yr 

 

The saving potential of the premium efficient motors in kWh is listed below in the Table: 

TABLE II: Saving potential from premium efficiency motors. 

Details Imran Marble Iqra Marble Karkon Marble Average 

Savings in 

kWh/month 

1,013 1,460 1,566 1,346 kWh/month 

Savings in 

kWh/year 

12,156 17,520 18,792 16,156 kWh/year 

Savings in 

PKR/year 

162,282 233,892 250,873 215,682 PKR/year 

* Unit cost @13.35 PKR/kWh 

 

The program potential which consists of three Energy Conservation Measures for the marble industrial 

sector is used to identify the potential of energy savings from the sector. The results of energy efficiency 

resource assessment of the marble industrial sector of Peshawar are presented in the figures below. 

 

Fig. 1: Energy efficiency resource assessment of Peshawar marble sector. 

The estimated units of energy consumed by the whole marble sector of Peshawar is estimated to be 11.69 

Million kWh, out of which 5.1 Million kWh of electricity can be saved from this sector by the 

implementation energy efficiency intervention program. 

The estimated savings in Rupees from the individual ECM of the energy efficiency intervention program 

and the cost of energy consumption by the sector on annual basis are presented in the Figure below: 

Estimated 
consumption 

(kWh/ year), …

Estimated savings …

0 4 8 12

Peshawar Marble cluster

Millions kWh
Peshawar Marble cluster

Estimated savings (kWh/
year)

5,089,644

Estimated consumption
(kWh/ year)

11,690,280

Resource assessment of Peshawar marble sector 

Estimated savings (kWh/ year) Estimated consumption (kWh/ year)
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Fig. 2: Savings comparison of different ECMs and estimated energy consumption. 

An estimated total of 156.07 Million PKR/ year is spent by the marble sector of Peshawar in paying the 

electricity bills. A saving of 67.94 Million PKR/ year can be achieved by replacement of less efficient motors 

with highly efficient ones. A saving of 6.74 Million PKR/ year can be achieved by improving the power 

factor. Shifting the working hours from peak to off peak can also save 7.27 Million PKR/ year for the marble 

sector. While the estimated total investment in the highly efficient motors account for 567 Million PKR and 

an estimated initial investment of 5.2 Million PKR is required for the power factor correction. 

A total savings of 81.9 Million PKR/year from the marble industry can be achieved for ten years by one-

time initial investment of 572.7 Million PKR. The payback of the investment will be 7 years.  

 

IV. CONCLUSION 

The energy efficiency intervention program consists of three Energy Conservation Measures. 

1. Power factor correction 

2. Highly efficient motors 

3. Shifting from peak to off peak hours. 

Saving of 6.7 Million PKR/year can be achieved for up to ten years by the marble industrial sector of 

Peshawar by just correcting the power factor of their facility. The Investment for the power factor correction 

is estimated to be 5.25 Million PKR. The Payback of this ECM will be 0.8 years. 

Savings of 67 Million PKR/year can be achieved for a period of ten years by the marble industrial sector of 

Peshawar by replacing the low efficiency motors with highly efficient premium class motors. The investment 

for the highly efficient motors is estimated to be 567.3 Million PKR. The investment would pay back in 8.5 

years. 

Savings of 7.2 Million PKR can be achieved by the marble industrial sector of Peshawar just by shifting its 

working hours from peak to off peak. This ECM will not cost any penny to the industry.  

As a result of energy efficiency resource assessment of marble sector of Peshawar city an estimated saving 

potential of 5.1 Million kWh/year of electricity was identified. The proper implementation of the Energy 

efficiency intervention program could result in savings of 81.94 Million PKR/year, for a period of ten years, 

with one-time initial investment of 572.7 Million PKR. The investment will pay back in 7 years. 

Due to large payback period of the highly efficient motors, the owners of marble industry prefer to purchase 

motors from second hand market, which costs them less. But due to the use of inefficient motors a huge 

amount of energy is wasted, which if saved can prove to be a good resource on the energy supply side. 
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Abstract-Disposal of municipal solid waste is one of the challenging issues in Pakistan. Such wastes produce leachate and 

harmful gases which damage our environment. Converting municipal solid waste to refused derived fuel is an exciting 

technique for producing energy from wastes. In this research, household waste from selected houses in Peshawar Pakistan 

was quantified and characterized. It was found that the waste consists of 61% food waste, 10% plastic, 12%paper & 

cardboard, and 3% textile, 14% other non-combustible waste. The analysis showed that per capita waste generation 

ranges from 0.5 to 0.7 kg. The solid combustible wastes except of food were converted to refused derived fuel (RDF) pellets. 

The RDF pellets were further characterized using a thermal gravimetric analyzer and calorimetry. The net calorific value 

of the RDF turned out to be 13 MJ/kg. The backward analysis of energy utilization revealed that food production and 

cooking accounts for 10.8 MJ per kg of energy which includes energy consumed for transportation, labor, seeds, fertilizers, 

and cooking. Thus, reducing food waste is of equal importance. 

 
Keywords— Calorific value, characterization, municipal solid waste, refused derived fuel, TGA Analysis  

 

 

I. INTRODUCTION 

The municipal solid waste (MSW) is generated from household, commercial, and institutional activities. 

MSW consists of food, plastic, clothing, glass metals, wood, tree trimming waste, etc. [1]. It does not include 

hazardous, industrial, and construction wastes [2]. According to research about 1.3 billion tons of solid waste 

was generated worldwide in 2012, and it is expected to double in 2025. MSW required more budgets in 

cities of the developing world. And poor management of MSW in a city badly affects the environment, 

health, and economy of cities[3]. 

 There are many ways and means, technologies to convert MSW to energy and end-use application[4]. 

(WTE) technologies include pyrolysis, incineration, anaerobic digestion (AD), and refuse-derived fuel 

(RDF) pellets[5]. Internationally waste to energy conversion turns out to be only 13% of the total waste 

produced while 53 % of the waste is managed through landfilling.                                                                                                                                                                                                                                                                                                                                                                                                                   

Currently, incineration, composting, and recycling are making headway for waste management, and 

landfilling is no longer the first preference. Initially, the world used the incineration process to reduce the 

mass of solid waste but these days it is used for energy recovery. Landfills produce biogas which is used as 

a source of thermal energy and electrical power production. Composting of organic waste is the best choice 

when mass is taken into account during material recycling [6]. Advanced techniques can solve the problem 

arising from solid waste. The available waste to energy (WTE) techniques can be very useful for efficient 

energy recovery. This technique includes fluidized bed combustion, anaerobic digestion, pyrolysis, thermal 

conversion, plasma technology combustion, gasification, and landfill gas utilization. Specific amounts and 

compositions of solid waste are addressed by each of the techniques [7]. 

This research work deals with waste to energy conversion of Peshawar, Pakistan. As refused derived fuel 

pellets is an option for waste to energy conversion. This paper is about all details and prerequisites about 

refused derived fuel. 
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II. Materials & methods                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

For this research work, the following methodology was adopted.  

a. Data collection for waste characterization  

b. waste characterization of MSW of Peshawar  

c. Sampling for refused derived fuel pellets 

d. Refused derived fuel pellets preparation  

e. Testing of refused derived fuel pellets  

A.  Data collection  

Data for waste characterization was collected from different areas of Peshawar. For data collection, different 

areas of Peshawar were selected. For this purpose digital scales were distributed to volunteers. Volunteers 

collected data separately from all fractions of solid waste.   

B. Waste characterization of MSW 

After data collection of the waste, the average of data was taken and by that way, waste characterization 

was found out. 

C. Refused derived fuel pellets sampling &preparation    

Refused derived fuel pellets were prepared from combustible solid waste. For RDF pellets preparation,  

fractions of MSW was dried and weighted according to the percentage get in waste characterization. After 

that fractions of solid waste were shredded into powder particles with help of a shredder, after that mixed 

with calcium hydroxide and then pressed according to the standard size of RDF, and then put to sunlight for 

drying.  Three types of RDF samples were prepared. Details of RDF samples are given below in table No.1. 

Table 1: RDF Pellets composition by mass 

S.No Component name Mass percentage 

01  RDF#01 RDF#02 RDF#03 

02 Paper and 

cardboard 

42.43% Nil 29.5% 

03 Plastic 31% Nil 14% 

04 Textile 11.22% Nil 11% 

05 Wood Nil 56% 25.5% 

06 Binder 8% 4% 9.5% 

07 Moisture 7.8% 4.5% 10.5% 

08 Binder Ca(OH)₂  Ca(OH)₂  Ca(OH)₂  

09 Coal Nil 35.5% Nil 

 
Fig. 1:Refused derived fuel pellets 
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D. Testing of refused derived fuel  

 Different testing of refused derived fuel pellets was done by different equipment such as proximate analysis 

was done by Thermo Grivemetric Analyzer, ultimate analysis by X-ray Fluorescence Spectrometer (EDX) 

of model EDX 7000, calorific values by bomb calorimeter.   

III. RESULTS AND DISCUSSION 

A. Characterization of municipal solid waste 

As for characterization, different houses from different areas of Peshawar were selected, and after that data 

was collected for 30 days. As municipal solid waste consists of different fractions such as paper, plastic, 

textile, food waste, etc. the data of these items collected separately and after taking an average of the data 

are shown in table 2. The term others represent the values of non-combustible. 

 

Table 2: characterization of MSW of three houses 
 

Items House#01 House#02 House#03 Average 

Food 

waste 

64.7% 58.4% 55.9% 69.6(±2.5.)% 

plastic 

waste 

8.3% 11.7% 10.7% 10.2 (±0.5)% 

Paper 

and card 

board 

10% 11.3% 16.3% 12.53(±0.6)% 

Textile 5.2% 3.4% 3.6% 4.06(±0.2)% 

Others 11.8% 16.7%  14.1% 14.1(±0.6)% 

 

B. Proximate analysis  of refuse-derived fuels pellets  

Proximate analysis of RDF was carried out for refused derived fuel. The results were obtained from Thermo 

Grivemetric Analyzer TGA. This analysis was carried out in an Argon atmosphere with a 10-degree per 

minutes rise in temperature. The results are given below in table No.2. 

Table 2: Proximate analysis of refused derived fuel 

Name RDF 1 RDF 2 RDF 03 

Moisture 
content 

 

16.5% 
 

14% 12% 

Volatile 
matter 

11.5% 23% 18% 

Fixed carbon 35% 33% 37% 

Ash content 37% 30% 37% 

 

C. Elemental analysis RDF pellets 

We conduct elemental analysis through Energy Dispersive X-ray Fluorescence Spectrometer (EDX) of 

model EDX 7000. The result of the EDX is given below. For the RDF 01 sample. This graph shows the 

elements contained in the sample and their percentage. This graph show percentage of aluminum. As usually   
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Fig. 2: Elemental analysis graph of Refused derived fuel pellets with the composition of paper, plastic, 

textile 

 

 
 

Fig. 3: Elemental analysis TGA graph of Refused derived fuel pellets with the composition of paper, 

plastic, textile, wood, and coal 

 

 
 

Fig. 4: Elemental analysis of Refused derived fuel pellets with the composition of coal. 
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E. Calorific value of refused derived fuel pellets 

Calorific value is determined by bomb calorimeter. we found the calorific value of  RDF pellets 01,02 and 

03  12900 kJ/kg,12950 kJ/kg and13065 kJ/kg respectively.  The average value of all these RDF is about 

13MJ. 

F. Energy loss in houses in term of food waste 

As municipal solid waste is consists of about 60 percent of food waste. So we calculated the food waste in 

terms of energy lost. As 1-kilogram food consumes 11 MJ energy from sowing to cooking [8]. As we have 

already calculated the per capita waste generation for the houses so on that basis we calculated the energy 

lost in terms of food waste for every house. and found that 27.81MJ energy is wasting on an average basis 

per house. 

IV. CONCLUSION  

Municipal solid waste is collective trash collected from houses, commercial markets, and organizations. It 

consists of food waste, paper waste, plastic waste, and textile waste, etc. Its waste composition changes 

considerably from place to place. Waste to energy is an attractive option ecologically and economically 

which is rapidly increasing associated with energy demand. Waste to energy technologies is thermal 

conversion such as pyrolysis, incineration, and gasification. From data collection, it was found that MSW 

consists of about 61% food waste, 10% plastic waste, 12% paper /cardboard, 3% textile waste, and 14% 

other waste. After the ultimate analysis, it is investigated that sulfur content is varying from 0.2% to 0.4 % 

which is very less than that of lignite coal. So it is more environment friendly. It was concluded that the 

calorific value of Refused Derived Fuel (RDF) pellets comprising combustible solid waste is 13MJ. 
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Abstract—Fossil fuel such as coal is used as an ultimate source of energy in the world. 186.28 billion tons of coal is estimated 

in Pakistan, in which approximately 123 million tons are present in KP province, but very little is known about the 

composition and energy content of this local coal. This research is about the analysis of local coal found in Dara Adam 

Khel area of KP. Total of 7 samples of coal are analyzed, in which 4 samples are Dara Adam Khel coal, 1 sample is 

Afghanistan coal and 2 are Quetta coal. The main analysis is proximate, ultimate, energy analysis and also the 

environmental hazards from local coal. Proximate analysis of four samples of local coal gives Moisture 5.94 to 8.74 percent, 

Volatile Matter 14.42 to 23.30 percent, Ash content 16.35 to 45.19 percent and Fixed Carbon from 22.77 to 55.49 percent. 

Elemental analysis gives Carbon content from 60.29 to 74.685 weight percent, Oxygen is 13.9435 to 24.425 weight percent, 

and Sulfur is 1.1725 to 3.4875 weight percent. The caloric values are from 10,883.4 to 25,757.077 kJ/kg. Main 

environmental hazards causes by local coal mines are the dust, diseases like influenza, subsidence, production of methane 

gas, production of carbon monoxide gas, water pollution, vibration due to blasting, noise, erosion and difficulties in labor 

work.  

 
Keywords—Proximate analysis, Ultimate Analysis, Calorific value, Environmental Hazards, KhyberPakhtonhwa, 

Kilojoules per Kilograms.  

I. INTRODUCTION 

Fossil fuel such as coal, is formed from plants and vegetables as a result of high pressures and temperatures 

which takes millions and billions years. Coal demand is increasing day by day due to energy crises and 

natural abundance worldwide [1]. Pakistan is one of the coal-rich countries in the world because of its large 

reservoirs and mines. Pakistan is the sixth coal-rich country in the world [2]. The total estimated coal being 

formed in Pakistan is 186.28241 billion tons, of which 122.99 million tons is formed in KP province, but 

very little is known the composition and energy analysis of this local coal. Dara Adam Khel coal has not yet 

been analyzed [3]. The study is about the analysis of local Dara Adam Khel coal and compared this local 

coal with coal from Quetta and Afghanistan, which is also analyzed in our study. The Dara Adam Khel coal 

mines are located in the local mountains of DaraAdamKhel, which is in the Kohat-Peshawar road, close to 

the north of the Kohat tunnel and south of Peshawar. The main analysis of coal includes proximate analysis, 

elemental analysis, energy (calorific values) analysis and environmental hazards. 

Proximate analysis is the determination of the distribution of products when samples are heated under 

specific conditions. It involves the determination of moisture content, volatiles, ash and solid carbon using 

a muffle furnace. The sample is taken about 1 gram. The moisture content is determined under 105°C-110°C 

for one hour, the weight loss is calculated as the moisture content of coal. Volatile matter is determined by 

dry bases as the moisture is removed from about 1g of sample and then it is kept at 950°C for seven minutes, 

the sample weight loss shows us the volatile matter of coal. Ash is determined on dry bases, the sample is 

stored in the oven at room temperature and gradually increases the temperature to 450-500°C for the first 

hour, then from 500°C to 700-750°C for the next second hour and then Kept at 750°C for two hours, the 

residue left at the end is the ash content of coal [4]. 

Ultimate analysis is also known as elemental analysis of coal. The main elements of carbon, nitrogen, sulfur, 

oxygen and others are determined in elemental analysis of coal. There are many methods by which to 

determine elemental analysis, but the method available in KP is SEM EDX. SEM is a scanning electron 

microscope with which EDX is attached. EDX is electron-dispersive X-ray spectroscopy in which the 
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sample is bombarded by a high beam. These rays eject electron from the shell of the element, as a result a 

hole is created that is filled by the outermost electron of the element. In the process of jumping electrons 

from one shell to another, energy is emitted by the element. Several energy peaks are emitted and printed to 

give us the elemental analysis of coal [5]. 

Analysis of the available energy of coal means determining the calorific values (CV), such as the gross 

calorific value(GCV). Calorific value is the indication of the heat content of coal. The best method for 

determining the calorific value is the bomb calorimeter. Bomb calorimeter is used to determine the gross 

calorific value of coal. About 1 gram of sample is burned in high pressure oxygen under certain conditions. 

The heating value shows the heating value of coal along with the moisture content of the water [4]. 

Environmental hazards from coal include environmental and health problems caused by local mines. To 

assess environmental hazards, I visited the local coal mines and researched the working conditions of coal 

mines, met local people, engineers, technical personnel, manger and workers who worked there. I have 

collected data on environmental and health issues.  

II. METHODOLOGY 

Coal methodology consists of several analyses. These analyses tell us about the ranking of coal and the 

intrinsic properties of the coal. The main analysis of coal consists of proximal analysis, element analysis, 

energy analysis and environmental analysis. 

A. Proximate analysis 

Proximate analysis is used to determine moisture, volatiles, ash and fixed carbon in the coal. Proximate 

analysis of coal followed standard methods which are ASTM and ISO. Equipment used for proximate 

analysis is muffle furnace. 

 

1) Moisture content 

For moisture content, first weigh seven empty silica crucibles and note that, this is the weight of the empty 

crucible and then take about 1 gram of coal in the silica crucible, this is the initial weight of the coal sample 

and crucible for moisture content and set the furnace at 105°C when the temperature rises to 105-110°C, 

keep these samples in the muffle furnace and set the time to one hour. After one hour crucibles removed 

from the furnace and placed in a desiccator to cool to room temperature. After some time when the 

temperature drops to room temperature, then weigh the sample with a crucible and record the weight, this is 

the final weight of the coal after heating. The difference between the initial and final weight divided by the 

sample weight and multiplied by 100, this gives us a percentage of coal moisture. 

 
%𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 =

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒
× 100 (1) 

 

2) Volatile matter 

Volatile matter is carried out by means of a moisture-free method, that is, when moisture is removed from 

the coal sample and then kept below 950°C. The final weight obtained in the moisture content is the initial 

weight in volatile matter because moisture is removed from the coal and the analysis is performed in the 

anhydrous state of coal. Record the final weight of the moisture content, that is, the initial weight of volatiles. 

Gradually increase the temperature of the muffle furnace by 50°C to 950°C, when the temperature rises to 

950°C, keep the seven samples of the crucibles in the oven for seven minutes. After seven minutes, remove 

the crucible from the furnace and place them in the desiccator to cool the temperature of the crucibles to 

room temperature. Wait sometime, after some time when the temperature has cooled down. Weigh the 

crucibles; this is the final weight of the coals. % Volatile matter is calculated by the difference between the 

initial and final weight divided by the weight of the sample multiplied by 100. 
 

%𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑀𝑎𝑡𝑡𝑒𝑟 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒
× 100 (2) 

 

3)  Ash content 

Ash is the residue left over from coal combustion. It is also done on a moisture-free basis to determine the 

ash content. About 1 gram of coal is placed in the crucible, and then the moisture is removed from the 
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samples at 105°C for one hour and cooled in a desiccator. Then keep the crucible in the muffle furnace, and 

gradually increase the temperature of the furnace from room temperature to 450-500°C in the first hour and 

then gradually increase the temperature of the oven to 700-750°C in the next second hour and keep it 

temperature over 750 ° C for two hours. This is a total of four hours heating process. After heating for four 

hours, samples were removed from the oven and stored in the desiccator to cool to room temperature and 

then weighed and recorded. The weight of the residue divided by the weight of the sample gives the % ash 

content. 
 

%𝐴𝑠ℎ =  
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑅𝑒𝑠𝑖𝑑𝑢𝑒 𝑟𝑒𝑚𝑎𝑖𝑛𝑖𝑛𝑔

𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑆𝑎𝑚𝑝𝑙𝑒
× 100 (3) 

 

4) Fixed carbon 

Fixed carbon is the carbon that remains in the sample after volatile matter has evolved from the samples. FC 

is calculated by the following formula. 
 %𝐹𝑖𝑥𝑒𝑑 𝐶𝑎𝑟𝑏𝑜𝑛 = 100 − (%𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 + %𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑀𝑎𝑡𝑡𝑒𝑟 + %𝐴𝑠ℎ 𝐶𝑜𝑛𝑡𝑒𝑛𝑡) (4) 

 

B. Elemental analysis 

Elemental analysis is performed by many methods. The chemical method used for elemental analysis of coal 

is CHNS. But that method is so expensive, time-consuming and not feasible in our province. The method 

used in this study is X-ray spectroscopy. The equipment used is SEM EDX. SEM is the scanning of electron 

microscopes. EDX, EDS or EDXS is electron dispersive X-ray spectroscopy. This is a kind of spectroscopy 

where an X-ray beam is used to pass through samples and then it has detected by a detector used in this 

method of SEM EDX.  

In SEM EDX sample of powder form is used. Sample is attached with the carbon tape and remains in the 

SEM. Seven samples can be determined at a time. An incident electron beam passes through these samples, 

electron beam ejects electron from the K shell, and produces a hole. 

This hole created by the ejection of the K shell electron due to an incident electron beam is filled by the 

outer shell electron which is filled by L, M, N etc. When the K shell hole is filled by the outer shell electron, 

an unnecessary energy is emitted in the form of X-ray energy. 

Excess X-ray energy then goes to EDX. EDX system consists of several parts: X-ray detector, pulse 

processor and multi-channel analyzers. X-ray radiation is detected by a detector. Detector consists of several 

components. X-ray beam incident on the detector which forms a photoelectron, and produces an electron 

pair as a result, which produces charge that is pre-amplified and produces Kev which is then much more 

amplified in the pulse processor. Pulse processor converts charge to voltage which is then displayed in the 

MCA. Multiple Channel Analyzer shows us different energies of different atoms in the form of Kev (5). 

 

 
Fig 1 “(a)” EDX system, “(b)” Scanning Electron Microscope  

C.Energy analysis 

Energy analysis of coal is find out by the determination of calorific values of coal. Calorific value (CV) is 

the heating value of the coal. Coal Calorific Value is determined by using bomb calorimeter. Bomb 

calorimeter is the best method to find out Calorific Value in coal. 

Bomb calorimeter gives the heating value of coal. About 1 gram of sample is taken into the crucible and 
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noted, which is placed in a bomb with a lid on. It consists of wire that is the ignition source for the 

combustion of coal. Wire is attached with electrolyte, which is attached with thermocouple that burns the 

wire. The wire is also attached with sample, causing combustion of sample. The bomb is tightly covered 

with a lid and heavy metal, so that constant pressure is exerted on the bomb. Bomb consists of water that is 

continuously stirred. The temperature is measured by a temperature measuring device. Oxygen is supplied 

to the bomb using a valve with a pressure of 30 bars. Water is continuously agitated when combustion started 

and the sample gives all of its heating to the water. The temperature of the water rises for some time until a 

constant temperature is reached. The mass of water is known, the heating value is determined. 

 
Fig 2 Bomb Calorimeter 

 

D. Environmental hazards 

Environmental hazards are the health and environmental problems caused by coal mines in the local mining 

area. For this purpose I visited the DaraAdamKhel and asked questions about the problems they face 

regarding their health, difficulties and environment of local people, engineers, workers, miners and 

administrations working in coal mines. Also investigated the local mines and found the shortcomings in the 

working conditions of local coal mines. 

 

 

Fig 3 “(a)” A labor in coal mine, “(b)” Dust from coal mines  

III. RESULTS AND DISCUSSION 

A. Proximate Analysis 

After doing experimental work on the four samples of Dara adam khel coal, one sample of Afghanistan and 

two samples of Quetta, following the above methodology and doing calculations from formulas and 

equation, the final results of proximate analysis such as Moisture, volatile matter, ash and fixed carbon 

contents are as 
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Fig 4 Overall Proximate analysis of seven samples 

 
 

B. Elemental Analysis 

Final results of elemental analysis such as carbon, oxygen, sulfur and other contents of seven samples 

obtained from SEM EDX are 

 
Fig 5 Elemental analysis of seven samples of coal 
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C.Energy Analysis 

After experimental work through bomb calorimeter, the final results of calorific values of seven samples of 

coal are  
Table 16 Calorific values of seven samples of coal 

S.NO Sample Calorific Value(
𝑘𝐽

𝑘𝑔⁄ ) 

1 Dara Site 1 25,757.08 

2 Dara Site 2 23,539.58 

3 Dara Site 3 10,883.4 

4 Dara Site 4 23,258.42 

5 Afghanistan 23,657.77 

6 Quetta Site 1 23,357.34 

7 Quetta Site 2 23,100.9 

 

 

 

D. Environmental hazards 

After researching the coal mines and inquiring from local people, engineers, workers, miners and authorities, 

the following are environmental dangers in Dara Adam Khel coal mines. 

• Dust problems in coal mines. 

• Caused many illnesses such as chest conditions, influenza caused by dust in the mines. 

• Land subsidence. 

• Methane gas production.. 

• Dust and methane cause major damage. 

• Carbon monoxide gas production causes a lack of oxygen gas. 

• Water pollution. 

• Vibrations occur due to explosion when creating new coal mines. 

• Noise pollution. 

• Erosion of machines, equipment and other useful items. 

• The method used in mine creation and exploration is not a standard and expensive method, but it is being 

worked on, therefore there is risk of accidents, injuries and also deaths. 

• Labor uses shovels, etc. To dig and explore coal, so there is a potential for accidents such as rocks and 

mines falling over their heads and bodies that could cause serious injury. 
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IV. CONCLUSION 

Pakistan is a rich coal country and KP's local coal is also present in very large quantities. In this study, I 

collected the samples from the local area of Dara Adam Khel and did the analysis and compared this local 

coal with the Afghanistan and Quetta coal analysis. From proximate analysis, the moisture content of 4 

samples of Dara Adam Khel coal from 5.94% to 8.74% and fixed carbon from 22.77 to 55.49%. Elemental 

analysis of 4 samples of coal, such that carbon content from 60.29 wt% to 74.685 wt% and sulfur from 1.1 

wt% to 3.4875 wt%. Energy analysis gives us the result of Dara Adam Khel coal from 10,883.4 to 

25,757.077 kJ / kg. The analysis shows that coal of Dara Adam Khel sites 1, 2 and 4 is slightly better than 

coal from Afghanistan and Quetta and also falls in the good rank of coal which is anthracite and bituminous. 

While site 3 alone is not better than Afghanistan and Quetta coal and falls in the lagnite coal range. 
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Abstract— Energy requirement has increased as result of modernization in style of living. People today relay on energy to 
personnel gadgets, provide for themselves a conformable environment and expedite their work using technology. Moreover, 
industrial sector also want energy to power the machinery used to increase their production. It is definite that energy is 
required, now the question is that what type of energy is required. The answer to this question is that energy is required 
that is cheap, reliable, and environmentally friendly. At this moment, these three qualities are not available in both 
renewable as well non- renewable sources of energy. The solution to this problem is that we adopt hybrid energy system 
that is combination of different sources with advantages more than disadvantages. This hybrid system can reduce cost of 

electricity provide reliability and do negligible harm to the environment. In this research, four sources of energy are used 
such as solar, wind, gas generators and sanctioned load from WAPDA. From the analysis we concluded that cost of energy 
is reduced that is 0.082$/kWh and the second is that reliability of the system is enhanced due to use reliable sources such as 
Gas generators and WAPDA. 
 
Keywords— Solar PV, Gas Generator, Hybrid Power System, HOMER, Net Present Cost. 
 
 

I. INTRODUCTION 

Dependency of our country on fossil fuels for energy is evident from the generation data that is(65%) from 

crude oil, (33%) from natural gas, (7%) from nuclear plants and remaining from renewable energy sources  

[1].This data make it evident that large chunk of energy is our country is generated from fossil fuels. It will 

result in the depletion of natural resources as well as affect the environment. It is the need of the hour that 

renewable energy resources are utilized, and the share of renewable energy resources is increased in the 

overall energy matrix. This will not only provide cheap energy to the domestic and industrial users but also 

reduce the environmental effects of energy generation. [2].Pakistan is blessed with natural resources , 

clearness index and solar hours are among the longest for solar energy, coastal belt of around twelve hundred 

kilometers for wind energy, trillions of tons of coal for energy from coal and many rivers with ideal location 

for hydro energy. Biomass energy is available in rural, which can utilize for generation of thousands of 

megawatts. 

Pakistan is facing a shortfall in meeting the energy requirement of the country. The shortfall is around five 

to six megawatts. Both residential and industrial users are affected by it, especially in summers.[3].  

Peshawar is badly affected by load shedding. Load shedding in summers is from eight to fifteen hours in 

different parts of the city. Industrial sector is badly affected due to reliance on expansive and reliable energy 

from public sector energy institutions [4]. Peshawar city is having total load of around 70MW. This load is 

divided into up to 50 MW residential load and 20 MW industrial load. For this load, the city is dependent on 

public sector entities for expansive energy.  

Residential and industrial sector in Peshawar city is totally dependent on public energy development 

institutions for energy requirements. Current Cost of electricity /kWh is 0.113$. Through this research work 

cost of energy will be reduced from 0.113 $/kWh to 0.0824$/kWh. Secondly, carbon emissions will be 

minimized by use of renewable energy resources and natural Gas as a source of generation. The carbon 

emissions will be reduced from 7,866,633kg/yr to 4,495,824kg/yr. The proposed system is also shown in the 

figure 1. Share of renewable resources to fulfill energy requirement is at negligibly low level. Expansive 

energy from fossils fuels results in expansive electricity for domestic and industrial consumers. Energy crisis 

has also resulted in load shedding to the residential and industrial consumers. Industry is being shifted to 

other countries, which is resulting in unemployment and poverty.  

The proposed hybrid energy system that that is intended to provide a cheap and reliable energy to both 

residential and industrial sector in Peshawar city. 

One drawback of renewable energy is its reliability. To reduce the effects of reliability the renewable energy 
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system can be merged with conventional energy system in a hybrid system to increase the reliability of the 

system 

 

 

Figure 1.   Monthly Electric production of the system 

 

In this research work hybrid energy system is recommended that is a combination of renewable and 
nonrenewable energy resources. The energy sources used in the hybrid system are national Grid, Generation 
from natural gas, solar and wind energy. The system is design to cater the load of 1.5 MW. The system is 
designed to facilitate small industrial sector and large residential in the Peshawar city. All the analysis is done 
through HOMER software. The best system was chosen after comparison of simulation results of four hybrid 
systems that will give cheap, reliable, and environmentally friendly solution to the industry and residential 
user. 

II. LOCATION DETAIL 

The project is designed for the city of Peshawar, capital of province kyber Pakhtunkhwa. Peshawar city is a 
valley surrounded by hills of Khyber, Mohmand, and semi tribal areas of formally FATA region. Total 
population of Peshawar is around 5 million by census 2017 [12]. Although district Peshawar is having 
different resources of energy such as solar, hydro and wind resources due to its adjacent hilly areas. 
Similarly, adjustment district of Kohat and karak is having a lot of natural resources of natural gas and oil. 
District karak is having production of natural gas around 80 million cubic feet and oil is 7000 barrels. 

III. METHODOLOGY 

The hybrid energy system is modeled by using HOMER software. In this system four sources of energy with 
the following specification are used. 

-National Grid 1800 KVA Sanctioned load 

-1500KVA Natural gas operated generator 

Model G3512E TA 
Rated power 1200KW/1500KVA 
Continuous power 
1500 rpm/ 50Hz.Fuel: Natural gas  

-400KW Solar PV system 
Flat plate PV  

Brand SMA  

Rated capacity 400KW 

Each panel: 260 W 

Total 1540 panels 

100KVA wind system 
Horizontal axis type  

Rotor dia: 21m  
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1. Load calculation  

Different types of loads were taken in the load calculations, these were equipment’s inductive loads, 

lighting loads and supporting equipment loads such as fans, water supply system, firefighting equipment 

loads etc.Electrical load was low during the winter season. Load increased as summer season was 

approaching closer. Maximum load was noted in the month of August. Electrical loads in the peak hours 

were also considered. The peak load calculated was 1.5 MW maximum in the summer’s month of August. 

All the energy resources were allocated based on this peak load.  

2. Calculation of resources   required. 

Both renewable as well as non –renewable resources of energy were considered for the hybrid system.  

Advantages of both resources are tried to be utilized as efficiently as possible and disadvantages were 

minimized as much as possible. The following resources were used, Solar PV, Wind, Generation from gas 

through Gas generators and sanctioned load from grid. The resources used are considered based on the 

weather conditions and geographical location. The problems in the current electricity supply system are 

considered and addressed in the hybrid system designed. Specially, the issue of reliability andcost are 

considered as the main target of the hybrid system. To achieve the two targets both renewable and non-

renewable resources are used in appropriate portions. 

Solar data is required to be accumulated when a hybrid system comprise of solar PV. Solar data is dependent 

on two factors, solar radiation in the area and cleanness index of the area. 

The clearness index is defined as the ratio of the solar radiation that strikes the surface of earth to the solar 

radiation that strikes the top of the atmosphere. It defines how clear the atmosphere and this constant 

number are ranging between 0 and 1. Solar data for the city of Peshawar is obtained from NASA database 

as shown in the below table 1. 

Table 1: Average Solar Radiation and Clearness Index of Study Area 
 

Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

   Solar radiation 

(kWh/m2/day 

3 3.77 4.7 6.1 7.31 7.8 6.9 6.21 5.8 5.0 3.7 286 

3.   Natural gas requirement and availability  

District Peshawar also the provincial capital does not have any explored reserved of natural gas but the 

adjoining district of Karak and Kohat are blessed with large reserves of natural gas. This natural can be used 

for generation of cheap electricity for domestic and industrial users.  

3) Main components used in the system 

Solar Flat PV system composed of Flat PV solar panels polycrystalline are used in the system, total capacity 

of each panel is 260 Watt and total of 1400 panels are installed with total capacity of 400KW.The connection 

of the system is a series – parallel combination and sinked with the grid. 

The second component of the system is the natural gas generators having capacity of 500KVA each and total 

capacity of 1500KVA for three generators. The fuel used is natural gas and the generators are prime time 

generators with long hours of operation. The generators were set for synchronous to serve the major chunk of 

load. Almost 78% of the load is served by the natural gas generators.   

The third source of electricity is the sanctioned load of 1800KW from natural grid. Sanctioned load is obtained 

from natural grid at a cost of 18.5 Rupees/Unit. The connection will be done from the grid through three wire 

overhead system and connection at the utility will be done through a three-core cable system. 

The fourth component of the system is DC to AC convertor with the capacity of 400KW. This converter is 

used to convert the DC energy generated by the solar system to AC energy before sinking it with the AC 

energy from   Grid and Natural gas generators. All the details of the four components are mentioned in the 

below schematic figure 2. 
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Figure 2.   Schematic Diagram of Hybrid System 

 

IV. SIMULATIONS AND RESULTS 

The simulation results obtained from HOMER software are discussed and the best hybrid system is advised 

on the base of these results. Results are shown in table 2. 

Table 2: Detail description of system No. 1 

Parameters Grid-connected multisource generation 

System #1 System #2 System #3 System #4 

COE($/kWh) 0.0824 0.0867 0.0915 0.0938 

NPC ($) 9,341,771 9,832,688 10,374,2450 10,635,450 

O&M Cost ($) 683,745 748,998.3 745,054 795,350 

Gas Generators% 78 86.6 75 0 

PV (%) 9.83 0 9.83 9.83 

Wind (%) 0 0 3.63 0.00 

Grid Purchase (%) 12 13.4 11.6 90.2 

                                                 

 

In the above four systems, system no 1 is recommended for small industries and residential centers in 

Peshawar. This system not only adds 9.83% of renewable energy in the systems but also provides the lowest 

COE, NPC and MC as compared to the other three systems scenarios. Details of the most suitable system 

is shown in the table 3. 
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Table 3: cost comparison of the hybrid systems 

 

Component Capital ($) Replacement ($) O&M ($) Fuel ($) Salvage ($) Total ($) 

CAT-NG-

1500KVA 

$150,000.00 $122,507.02 $528,153.69 $ 6,835,504.9 $26,241.57 $7,609,924.08 

PV $325,000.00 $0.00 $129.28 $0.00 $0.00 $325,129.28 

Grid $0.00 $0.00 $1,369,554.94 $0.00 $0.00 $1,369,554.94 

System 

convertor 

$27,642.51 $11,727.99 $0.00 $0.00 $2,207.33 $37,163.18 

System $502,642.51 $134,235.01 $1,897,837.91 $6,835,504.94 $28,448.89 $9,341,771.48 

 

Total cost of the system is USD 9,341,771.4. USD 7,609,924.08 is incurred on 1500KVA Gas Generators. 

USD 325,129.2 is incurred on Flat PV system of 400KW. Purchase cost on Grid is USD1,369,554.9 and 

total cost on system converter cost is USD 37,163.18.Details of the renewable penetration are shown in the 

table 4. 

Table 4: Renewable penetration 

 

  

Quantity  KWh/Yr Units  

Renewable  9.4 % 

Max Renewable Penetration 108 % 
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Electric Load production of the system 

Production from different sources used in the system is mentioned in the below graph. Gas generating 

plant is contributing the major chunk of energy that is 78.1 %. Grid is contributing 12% and solar flat PV 

is adding 9.83%.Electric load production is shown by the table 5 and figure 4 below. 

Table 5: Electric load production of the system. 

 

 

 

                                                       

 

 

Figure 4: Electrical load contribution from different sources 

 

Fuel consumption Detail 

As natural gas is the only fuel used in the system for Generation of energy, so cost calculations will be done 

for three 500KVA gas generators. 1762521 cubic meter is the total gas consumed per year for three 

500KVA generators. The consumptions per hour and per day are also mentioned in the below table 6 and 

figure 5. 
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Table 6: Fuel consumption 

 

Quantity    Value    Units  

Total fuel consumed  1,762,521 m3  

Avg fuel per day 4,829 m3 /day 

Avg fuel per hour 201 m3 /hour 

 

Figure 5: Natural gas consumption 

Electrical specification of three 500KVA Generators: 

The parameters of three 500KVA generators are discussed, such as hours of operation, number of starts, 

operational life and generation cost/ unit is mentioned in the below table 6 and figure 6.   

Table 6: Generators output detail 
 

Quantity  Value  Units  

Electric Production  6,886,630 kWh/yr 

Mean Electrical output  843 kW 

Minimum Electrical output 440 kW 

Maximum Electrical output 1,000 kW 

 

 

Figure 6: Specification of 500KVA generator 
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Parameters of Grid Purchase/Sale  

Purchase from Grid and sale of energy to grid is mentioned in the bellow table. The net purchased energy 

and peak demand are the below table 7 and figure 7.  

Table 7:  Grid purchase/sale parameters 

Month  Energy Purchased 

(kWh) 

Energy Sold 

(kWh) 

Net Energy 

Purchased 

(kWh) 

Peak Demand 

(kW) 

 

$ 

 

$ 

January  36,300 16 36,284 489 $3,629.22 $0 

February 61,764 15 61,749 440 $6,175.65 $0 

March 30,616 0 30,616 632 $3,061.58 $0 

April 30,244 0 30,244 450 $3,024.41 $0 

May 33,346 0 33,346 439 $3,334.57 $0 

June 25,016 0 25,016 438 $2,501.57 $0 

July 136,043 0 136,043 965 $13,604.31 $0 

August 335,844 0 335,844 1,465 $33,584.39 $0 

September  223,302 0 223,302 1,065 $22,330.23 $0 

October  36,674 0 36,674 459 $3,667.44 $0 

November  34,708 0 34,708 590 $3,470.80 $0 

December  75,569 0 75,569 753 $7,556.89 $0 

Total 1,059,426 31 1,059,395 1,465 $105,941.0 $0 

 

 
 

Figure 7: Specification of Grid 
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Details of system convertor: 

System convertor has a capacity of conversion 302KW. The hours of operations will be 4385Hr/Yr.It will 

produce output of 822,139KWH/Yr. Inverter specification are shown in the table 8 and figure 8. 

Table 8: Inverter specification 

Quantity  Inverter   Rectifier  Units  

Hours of operation  4,385 0 hrs./yr.  

Energy out  822,139 0 kWh/yr.  

Energy In  865,410 0 kWh. /yr.  

Losses 43,270 0 kWh. /yr. 

 

Figure :8 System convertor 

VI. Conclusions 

This research paper is intended to provide the most economical and reliable solution to energy requirements 

of small industry and large residential in Peshawar with load requirement of 1.5 MW. This system can be 

adopted for any other region depending on the conditions with modifications. The best system was selected 

after detail comparison of four hybrid systems in HOMER software. The proposed system is based on 

contribution from Grid, Solar and gas generators. The adoption of the system will reduce the cost by 

$0.1555/kWh to $0.08241/kWh. Grid will only be used for 12% load. Such type of systems adopted by 

private sector can help reduce the energy crisis in the country and help reduce the import bill spent on crude 

oil.  

VII. Recommendations 

The recommended system can be adopted for an any area with modification as required. It must be noted 

that space availability must be insured as renewable sources like solar plant will require space of installation. 

In coastal and hilly areas where wind speed is high, generation from wind can play a major part in fulfilling 

the load and must be adopted. Collection of data should be made as accurate as possible to  
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Abstract— This study presents energy efficiency improvement technologies in power generation sector of Pakistan after 

identifying losses in power sector. Saving potentials also have been estimated after implementing these improvements as 

a solution. The methodology employed to conduct this study was first to find plant load factor (PLF), plant capacity factor 

(CF), efficiency, upfront tariff/power generation cost, indigenous fuel option for specific power sector then select the 

appropriate energy efficiency improvement technology like ultra-supercritical (USC), coal beneficiation (CB), combine 

heat & power (CHP) etc for that sector from international energy efficiency standards & benchmark studies. The salient 

results from this research are saving potentials of 2,242.92 GWh annually from renewable power sector including 

pumped storage hydropower (PSH) potential, 6,769.76 Million PKR savings from CB of indigenous coal, 2,357 Million 

PKR from USC technology by up gradation of coal fired power plants, 4.48 MMTOE saving from CHP in gas sector and 

almost 7% capacity factor improvement in nuclear sector by good outage management. Total energy units will increase 

from 131,275 GWh to 188,527.25 GWh with 43.61% increment and total average power units will increase from 14,985.73 

MW to 21,521.37 MW with 43.61% increment. It is recommended to consider these energy efficiency improvement 

technologies and promote indigenous resources like hydro, Thar coal and Renewable for curtailment of 17.75 Billion 

USD fuel import bills. 

 

Keywords— Pakistan, Energy Efficiency, Power Sector, Saving Potentials, Solutions. 

 

I. INTRODUCTION 

During 2017-18, Primary energy was increased from 80.584 Million tonnes of oil equivalent (MMTOE) 

to 86.301 MMTOE (6 MMTOE annual increase for FY2017-18) with transformation losses of 27.202 

MMTOE. Only 59.099 MMTOE including electricity of 10.957 MMTOE primary energy was converted 

to useful secondary energy with 53.98% losses. Oil import bill was 9.1 Million USD in 2016-17which 

was raised to 11.9 Million USD in 2017-18. More 19.3% Crude oil was imported by refineries as compare 

to last year. High speed diesel (HSD) consumption was 8.48 million tonnes of oil equivalent (MTOE) in 

2017 and was 9.04 MTOE in 2018 with 6.5% increase from last year. RLNG import was 186,672,977 

MMBtu in 2017 and 313,902,345 MMBtu in 2018 with 68.2% annual increase (1). 

This study is comprised of three major sections. The first section presents the current situation of Pakistan 

power sector. The second section discusses the inefficiencies in power sector and third section presents is 

the solutions with energy saving potentials of Pakistan power sector. Current situation of power 

generation sector of Pakistan describes the installed capacity of power plants, energy potential, current 

energy efficiency technologies in Pakistan power sector and power development status. Source wise 

conversion from primary energy to secondary energy in power sector is also mentioned. It gives the idea 

that how much a primary source like coal, RLNG, gas, Oil, nuclear, hydro is more efficient utilized to 

produce electricity. 

Two kinds of power generation losses are technical and non-technical losses or inefficiencies in power 

sector of Pakistan. Technical Losses in power sector of Pakistan are lower PLF, huge combustion losses, 

lower capacity factor, forced outages, etc. Non-technical issues of power generation sector of Pakistan 

are lack of technical skills, lack of leadership skills, no decision power, management incompetency and 

irresponsible behavior. Some common technologies like combine heat & power (CHP) in gas-fired power 

plants as mentioned in Fig. 1., coal beneficiation (CB) in coal, pumped storage hydropower (PSH) in 

Energy Efficiency Improvements for Power Generation Sector of 

Pakistan 
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hydro power, ultra-supercritical (USC) technology in coal, renewable repowering, reduction in refueling 

outage (RFO) length of nuclear power plant are considered for identify the energy saving potentials from 

Pakistan power generation sector. It is necessary to analyze the cost as simple payback period of any 

investment in any energy efficiency improvement opportunity. Simple payback period (SPP) is 

considered for any investment that shows feasibility of project. More than 10 years of simple payback 

period is not reasonable but an average 3-5 years is very economical. 

Fig. 1. Separate Heat and Power as compare to CHP (Source: NREL) 
 

II. LITERATURE REVIEW 

World’s primary energy intensity was 5.1 MJ/USD in 2017 as compare to 5.9 MJ/USD in 2010 that means 

world is adopting energy efficiency techniques. Contribution of energy intensity reduction of end use 

electricity is more in the production sector. Many countries like USA, China, India, Germany etc., haves 

adopted energy efficiency techniques for building, transport, residential and industrial sector but have 

given less attention towards power generation sector. Main reason for less attention is that power 

generation system is more complex and difficult to understand the whole process of electricity production 

(2). 

Nowadays average Electricity generation from fossil fuel power plant is 40% efficient (2). China and 

India are the top two countries constructing more efficient coal fired generation and gas fired generation. 

They have improved efficiency up to 45% for gas fired generation. These countries are improving 0.7% 

efficiency annually for coal fire generation from 2010 to 2016 (2). Major economies (Australia, Brazil, 

Canada, EU, China, India, Indonesia, Japan, Korea, Mexico, Russia, South Africa and United States) have 

potential of 2.177*1010 GJ (520 MTOE) saving annual fossil fuel in 2020 (3). In Japan, combine cycle 

power plants haves been installed with gross thermal efficiency (maximum design value) up to 60%. For 

more improvements in efficiency in generation system, integrated coal gasification combine cycle (IGCC) 

power plant is under construction in world other than this Japan has constructed world’s most efficient 

power plant Chubu electric power Co.’s Nishi-Nagoya Thermal Power Plant Unit No. 7-1 with 63.08% 

efficiency (LHV) (4). 

In Japan, thermal power generation capacity was 1, 74,390 MW in 2017 including coal fired power plant 

of 45,910 MW capacity. By improvements like Ultra Super Critical (USC) pressure boiler, & variable 

pressure operation equipment, Japan has enhanced efficiencies and load capabilities of their power plants. 

Kawasaki Thermal Power Station (TEPCO Fuel & Power, Inc.) Unit 2 and 3 entered for operation in 

January and June 2016 respectively with 61% efficiency. These plants were running at 1600°C of gas 

turbine inlet temperature (5). 
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Fig. 2. Effects of various measures for efficiency (LHV) improvements of pulverized coal fired power 

plants (6) 

 

For Trenton Channel Power plant (USA) the main steam conditions was changed from 2.89 MPa/657.6 

K (420 psi/724 °F) to 8.96 MPa/783.15 K (1300 psi/950°F) after expansion built in 1949. And after in 

1967 steam conditions was also changed by single reheat unit to 16.547 MPa/810.928 K (2400 psi/1000 

°F). By change the steam condition efficiency can be increased as in Figure 2. This energy improvement 

increased in efficiency from 18.5% in 1924 to 33% in 1967 (7). 

 

III. METHODOLOGY 

There are three major sections of methodology that can be seen in Fig. 3. First section is related to current 

energy review and classification of power sector of Pakistan. Second section is to analyze inherent 

inefficiencies in power generation sector of Pakistan. Final section is to propose the solution of reducing 

losses or inefficiencies. It also includes quantify saving potential of primary energy on the basis of those 

energy efficiency improvement technologies with cost analysis. 
 

Fig. 3. Three sections of research methodology 
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First section includes current energy scenario of power generation sector of Pakistan, current power sector 

development status, current energy efficiency improvements in Pakistan and summary of energy 

inefficiencies in power generation sector of Pakistan. 

Second section of methodology as illustrated in Fig. 3 above is an analysis of inherent inefficiencies of 

power generation sector of Pakistan. It includes inefficiencies/losses in each system, LCOE/ Upfront tariff 

comparison of different countries, plant load factor (PLF) & generation cost comparison of Pakistan 

energy sector and RFO length comparison in Pakistan with USA for nuclear power generation sector. 

Third section as in Fig. 3 is a proposed solution to improve the efficiency of power generation sector of 

Pakistan and quantify saving potential by implementing these energy efficiency technologies. It includes 

addressing technical inefficiencies, addressing non-technical inefficiencies, challenges in power 

generation sector of some countries with financials, social & environmental benefits, recommended 

energy efficiency improvements and cost analysis of energy efficiency retrofits analysis in some 

countries. 
 

IV. REVIEW AND CLASSIFICATION OF POWER GENERATION SECTOR OF PAKISTAN 

Pakistan is generating electricity to fulfill energy demand of country from thermal, nuclear and renewable 

(including Hydro) power plants. According to Central Power Purchasing Agency Annual Report 2019, 

Total installed capacity of country is 42,004.3 MW with 61.38% major contribution of thermal power (8). 

According to USAID report 2007, Pakistan has 122.6 GW annually of wind energy potential. Most 

prominent location for wind power generation is Gharo-Keti Bandar wind corridor of 60 kmx170 km land 

area and potential map of wind energy in Pakistan. It was developed by Pakistan metrological department 

(PMD) with collaboration of AEDB at 100 m height from ground level. Wind speed varies from 5 m/s to 

12 m/s at different locations of Pakistan (9) (10). 

Pakistan has potential of producing more than 100,000 MW electricity from solar radiations in solar 

energy potential map of Pakistan. According to Alternative Energy Development Board (AEDB), 

Pakistan has target to increase of 5% by 2030 of renewable energy which is almost 9700 MW. Southern 

Punjab, Sindh and Baluchistan has solar energy potential of 2 MWh/m2 solar radiation per year. Annual 

average solar radiation in Pakistan is 5.5 KWh/m2 per day which is more than the value of 4.5 KWh/m2 

solar radiation measured in Naha Okinawa, Japan (11) (12). Pakistan has planned to develop 25,000 MW 

more power by 2025 for its power sector under the private power infrastructure board (PPIB). For this 

purpose, letter of intent (LOI) has issued to 37 IPPs construct thermal power projects of 15,469 MW 

capacity under China Pakistan economic corridor (CPEC) with 36 billion USD investment. (13) 

According to hydro planning organization (HPO), Pakistan has 60,159 MW hydro power potential mostly 

located in KPK, AJ&K, Gilgit Baltistan and only 12% of this potential has been exploited so far. 

According to vision 2025, Pakistan has planned to achieve 40,000 MW target of hydro energy by 2025. 

For this purpose WAPDA has considered 72 sites for hydro projects. WAPDA will develop these sites in 

three phasesAccording to National Action Plan Energy Report 2019, Primary energy intensity of Pakistan 

has been decreasing continuously by 1.7% annually since 2000. Implementations of energy efficiency 

technologies/programs like rehabilitation of main plant and conversion to combine cycle, optimum use 

of additional water head and good outage management in power generation sector have sizeable 

contribution to lower this primary energy intensity. 
 

V. ANALYSIS OF INHERENT INEFFICIENCIES OF POWER GENERATION SECTOR OF 

PAKISTAN 

In 2009, India was 15% and Philippine was 25% more energy efficient than Pakistan. In Pakistan, obsolete 

technology and poor infrastructures are causes for energy losses or inefficiencies in power generation 

systems. In a technical report published with the collaboration of Ministry of Planning Commission & 

Reforms it was estimated that 2,121 thousand TOE or 93,763 TJ energy saving potential in power 

generation sector is available. It can be achieved with the investment of $3.3 billion (14) & (15). But 

Pakistan has less paid very attention on energy efficiency techniques as comparison of energy efficiency 

of pakistna with different countires can be seen in Fig. 4. 

According to Pakistan energy yearbook 2018, Primary energy of 29.747 MTOE was converted to 10.376 

MTOE electricity. Due to huge power generation sector losses only 34.88% of primary energy was 
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converted into electricity with conversion losses of 65.12% (19.372 MTOE). Whereas the overall world 

has power generation losses of 54.88% in 2012, UK has 56.28% in 2014 and USA has 61.29% in 2018. 

Such losses are not tenable for a growing economy like Pakistan. It is imperative for Pakistan to identify 

and mitigate power generation losses. (16), (17) & (14). 
 
 

Fig. 4. Progress of Energy Efficiency of Pakistan with other countries 1990-2015 

(Source: World Bank Elaboration Based on Rethinking Power Sector Reform Utility Database 

2015) 

According to Wood Mackenzie report 2019, levelized cost of electricity LCOE (Upfront tariff/ Cost of 

power generation) on fossil fuel based power generation is 44.5 USD/MWh in India and 48.5 USD/MWh 

in China (18). Where as in Pakistan average thermal power generation cost was 65.2 USD/MWh in 2018 

so saving potential is available in power generation sector of Pakistan including renewable energy sector 

due huge losses/inefficiencies in power systems (16). 

Average PLF is not more than 60% which is less than other many developing countries. Pakistan has 

potential to increase in PLF that would decrease in overall cost of power generation. Overall PLF in 

Pakistan power sector is below than acceptable limits especially for public sector utilities. 

In India, NTPC Ltd's Talcher thermal power station has achieved more than 90% PLF. China has PLF for 

its utilities varies from 70% to 90% at different regions and this is also an acceptable limit for PLT (19) 

(20). Some of energy efficiencies have mentioned in Table I. 
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TABLE I: INEFFICIENCIES/LOSSES IN EACH SYSTEM (21) & (22) 
 

Category Inefficiency 
01 

Inefficiency 02 Inefficiency 03 Inefficiency 04 

Thermal 
power 

generation 
    
  

Lower Plant 
Factors 

Poor Steam 
Conditions 

Combustions 
Losses 

High Stack 
Temperature 

 

Renewables 
power 

generation 

Lower Capacity 
Factors 

Environmental 
effects 

Insulation 
Losses in Solar 

PVs 

High Temperature 
in Solar PVs 

Nuclear 
Power 

Generation 

More Refueling 
Outage (RFO) 

Length 

 
Cooling/Coolan

t System 
Leakages 

 
Down Time 
Variations 

Over Heating in 
Core of Reactors 
and Meltdown 

Risk 

 
Hydel Power 

Generation 

 

Lower Capacity 
Factor 

 
Head Losses 

Forced Outages 
due to 

Corrosions and 
Fatigues 

 

Lower Peaking 
Capabilities 

 

 

VI. PROPOSED SOLUTIONS TO REDUCE INEFFICIENCIES 

Many countries are improving their power generation sector by implementing many energy efficiency 

technologies some of these have mentioned in Table II, but few of them like pumped hydro in hydro 

power sector, cogeneration/CHP, SC/USC technologies in thermal power sector, RE repowering, 

improving RFO length in nuclear power plants, and coal beneficiation in coal fired power plant are more 

important. In this report only these six energy efficiency technologies will be considered for quantify 

energy saving potential in power generation sector of Pakistan. 

 

TABLE II: ADDRESSING TECHNICAL INEFFICIENCIES (23), (24) & (25) 

 

Category Solution 01 Solution 
02 

Solution 03 Solution 
04 

Thermal power 
generation 

Plant Up 
Gradation with 

CHP 

Optimum 
Combustion 

Process 

Efficient Burner 
Design 

Improve 
Fuel 
Capacity 

 
 

Nuclear power 
generation 

 
Good Outage 
Management 

Online 
Inspection 
of Cooling/ 

Coolant 
System 

Improve 
Stabilization & 
Synchronizatio
n with Startup 

 
Optimize 

Core 
Mapping 

 
Renewables power 

generation 

 
 

Battery 
Storage 

Enhanced 
Thermal 
Effects 

(Solar PV) 

 
Solar Tracking 
System (Solar 
PV) 

Lower 
Shading 
Effects 

(Wind & 
Solar) 

 
Hydro power Generation Pumped 

Storage 

Optimiz
e 
Penstock 
Design 

Reduce 
Seepage and 

Sedimentation 

Corrosion 
and Fatigue 
Assessments 
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Pakistan is also have many of non-technical inefficiencies as in Table III. But in this study only technical 

will be discussed. 

 
TABLE III: ADDRESSING NON-TECHNICAL INEFFICIENCIES (26), (27), (28), (29) & (30) 

 
 

Category Solution 01 Solution 02 Solution 03 Solution 04 

 
 
 
 

Policy 
Issues 

 
 

Evidence-Based 
Execution of 

Energy 
Efficiency 

Projects with 
Planning 

 
 
 

Addressing the 
Problems of Past 
Energy Efficiency 
Policies/Programs 

 
 

Reduce Fuel 
Imports (Coal 

Imports for 
Sahiwal and Port 

Qasim Power 
Plant) 

 
Reduce Energy 
Production Cost 
(More Energy 

Production Cost 
per KWh than 
buying from 

IPPs) 

 
 

Governance 
Issues 

 
 

Decision 
Making Power 

 
 

Decentralization of 
Authority 

 

Clear the Role 
and  Functions 

for all Institutions 

 
Design Incentive 

Mechanism for 

Saving Power 

Generation 

 
 

Financial 
Issues 

 
Commercialize 

Approved 
Academia 
Research 

 
Pilot Scale Project 

after repeated 
research with 

Positive Results 

 
Cost Analysis 

Comparison with 
World’s Best 

Energy Projects 

Micro Financing 
the EE Retrofits 

in Power 
Generation 

Sector of 

Pakistan 

 
Political 
Issues 

 
Five Years 

Energy Plan 
Follow up 

Fair Merit and 
Transparent Criteria 

for Public 
Investments 

Prefer Public 
Issue and Safety 
(Environmental 
Pollution, Land 
Acquisition, etc) 

 
Endeavor For 

the well-being of 
Pakistan 

 
Behavior 

Issues 

 
Adopting New 
Technologies 

Realize Self - 
Responsibility of 
Energy Saving 

contribution 

Energy Saving 
trainings at each 

& every level 

EE Techniques 
should be Easy 
to Adopt 

Technical 
Issues 

Improve Labour 
Skills 

Technical Capacity 
Enhancement 

Codes and 
Standards 

Digitalization 
and Software 

Based Controls 

Hourly load curve Fig. 5 of peak demand of day during 2016-17 which is considered for identify the 

potential of pumped storage hydropower (PSH). During 2016-17 National Transmission & Dispatch 

(NTDC) system has peak capacity of 22,600 MW. Pumped hydro potential against this peak capacity is 

8,299.2 MWh. This power storage will be considered during off peak demand of country from 11:30 PM 

to 7:30 AM. Peak demand from 12 PM to 9:30 PM above 24,000 MW is 7,479 MWh against pumped 

storage hydropower potential of 8299.2 MWh. This report will not cover implementation cost of these 

potential. It is just highlighting the available saving potential of renewable energy storage. If 22,000 MW 

is considered as base load then 4,699.2 MWh per day potential is available and for annual saving potential 

it will be 1,715.208 GWh or 1,396,832.06 TOE annually. (31) 
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𝐹𝑢𝑒𝑙 𝐼𝑛𝑝𝑢𝑡 ∗ 
1𝐾𝑊ℎ 

 

 

 
 

Fig. 5: Load Curve of Peak Demand of Day 2016-2017 (June 3, 2017) (Source: NTDC) 
 

According to Pakistan energy yearbook 2018, Primary energy supply as gas fuel was 10,831,662 TOE 

(544,654MMCft) and gas-fired plants were generated 39,435 GWh (3,211,586.4 TOE) as final energy as 

electricity. There was 30% contribution of total electricity from gas-fired power plants. Only 29.64% of 

primary energy was converted to useful energy as electricity that’s why combine heat & power (CHP) 

energy saving opportunity has been considered for gas fired power plants. Overall efficiency of power 

station will increase to range of 66-71% after upgrading a gas power plant to CHP. For minimum 

efficiency limit of 66%, gas-fired power plant has 3,937,310.52 TOE saving potential and for maximum 

efficiency of 71% power stations has 4,478,899.62 saving potential (32). 
 

𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐸𝑓𝑓𝑒𝑐𝑖𝑒𝑛𝑐𝑦 

 

𝑁 𝑒𝑡 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑢𝑠𝑒𝑓𝑢𝑙 𝐻𝑒𝑎𝑡 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 ∗ 
     1 𝐾𝑊ℎ 

 

= 
  

3.412 𝑀𝐵𝑡𝑢 

3.412𝑀𝐵𝑡𝑢 

 

 
(1) 

 

 
Higher heating value (HHV) of coal can improve to 20.24 MBtu/Tonne when 20% reduction in ash is 

considered by the process of coal beneficiation. It can improve 10% utilization factor, 10-15 % plant load 

factor and 8-10% increase in HHV of coal. Average higher hating value of Pakistan indigenous coal is 

18.74 MBtu/Tonne Indigenous Coal and imported coal is 27.56 MBtu/Tonne. Higher heating value of 

coal can be found based on proximate analysis. Eq. 3 is used to find coal consumption (Kg/KWh) based 

on HHV of coal. If indigenous coal will use other than imported coal after washing it can save 6,769.76 

million PKR (33), (16). 

 

𝐻𝐻𝑉(𝑀𝐽/𝐾𝑔) =  0.353𝐹𝐶 + 0.1559𝑉𝑀 − 0.0078𝐴𝑆𝐻 (2) 
Where 

FC = % Fixed Carbon in Coal 

VM = % Volatile Matter in Coal 

ASH = % Ash in Coal 

𝐶𝑜𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 (𝐾𝑔/𝐾𝑊ℎ) = ( 3600𝐾𝐽/𝐾𝑊ℎ ) (3) 

Where 
𝑃𝑙𝑎𝑛𝑡 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐸𝑓𝑓𝑐𝑖𝑒𝑛𝑐𝑦 ∗ 𝐻𝐻𝑉 (𝐾𝐽/𝐾𝑔) 

 
HHV = Higher Heating Value (KJ/Kg) 
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During 2017-18, only three units (Port Qasim, Sahiwal with design efficiency of 39%, and Lakhra power 

plants with 35% based on LHV) were generating electricity based on coal fuel. These coal-fired power 

plants have supercritical technology. Up gradation from supercritical technology (571°/25.5 MPa) to 

ultra-supercritical technology (600 °C/30 MPa) can improve 1.5-2% efficiency of power station (34). 

Average 1.5% increase in power plant efficiency can save coal consumption of 0.0187 Kg/KWh according 

to equation 6.4 and 2,357 Million PKR can be saved from import bills of coal (21). 
 

 

𝐶𝑜𝑎𝑙 𝑆𝑎𝑣𝑖𝑛𝑔 (𝐾𝑔⁄𝐾𝑊ℎ) = ( 
ɳ 

Where 

1 

𝑃𝑟𝑒𝑣𝑖𝑜𝑢𝑠 

1 
− 

ɳ𝐼𝑚𝑝𝑟𝑜𝑣𝑒𝑑 

3600𝐾𝐽/𝐾𝑊ℎ 
) ∗ (

𝐻𝐻𝑉 (𝐾𝐽/𝐾𝑔)
) (4)

 

ɳ Previous = Efficiency before retrofit 

ɳ Improved = Efficiency after retrofit 
HHV = Higher Heating Value (KJ/Kg) 

 

During 2017-18, Pakistan has generated 9,880 GWh from 1430 MW installed capacity of nuclear power 

plants. Operating hours was 6,909.09 hours and average RFO length was 77.12 days. Two important 

processes start-up & synchronization and core design optimization of refueling outage require proper 

monitoring and outage management. These processes optimization along with up gradation (15% CF 

increment) of nuclear power sector can reduced average 20- 25 days of RFO length (16). Capacity factor 

will increase from 78.81% to 85.72% of nuclear power plants by reducing RFO length from 77.12 days 

to 56 days (24). 
𝑇𝑜𝑡𝑎𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 (𝑀𝑊ℎ) 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝐹𝑎𝑐𝑡𝑜𝑟 = 
𝑃𝑙𝑎𝑛𝑡 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 (𝑀𝑊) ∗ 𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒 (𝐻𝑜𝑢𝑟𝑠) 

(5)
 

According to energy year book 2018, Pakistan has 430 MW installed capacity of solar power plant and 

average capacity factor was 20%. During 2017-18, solar PV plants has generated 786 GWh. Solar tracking 

system is one option as solar energy repowering to improve the output yield of solar PVs. Solar tracking 

system increase output energy by 13-15% increase in global horizontal irradiance (GHI) 13-15% (35) 

(36). 

𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 𝑅𝑎𝑡𝑖𝑜 (𝑃𝑅) = 100 ∗ ( 
𝐸𝐴𝐶

 

𝐸𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 ∗ 𝐴𝐴𝑟𝑟𝑎𝑦 ∗ ɳ𝑆𝑇𝐶 
) (6) 

Where 
E AC = Energy measure coming from inverter in KWh 

E Irradiance = Unshaded irradiance at Module Level in KWh 

A Array = Total Surface Area of module in m2, 
ɳ STC = Efficiency Standard Test Condition of PV Module 

Equation 6 will use to find value of performance ratio. It represents operation quality of PV module 

system. Performance ratio from Eq. 6 will put in Eq. 7 to find the specific power of PV module in 

KWh/KWp. 
 

Where 
𝐸  = 𝐴 ∗ ɳ ∗ 𝐻 ∗ 𝑃𝑅 (7) 

 
E = Specific Power (KWh/KWp) 

A = Area of PV Module (m2) 

ɳ = Operational Efficiency of PV Module 

PR = Performance Ratio 

H = Annual Average Solar Radiation on Tilted Panel (KWh/m2) 
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Equation 6.8 represents another alternate method to estimate specific power of PV module because 

above equation 6.6 and 6.7 require operational values of PV system. 

𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 𝑃𝑜𝑤𝑒𝑟 (𝐾𝑊ℎ⁄𝐾𝑊𝑝) 
= 𝐺𝐻𝐼 (𝐺𝑙𝑜𝑏𝑎𝑙 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒) ∗ 𝐴𝑟𝑒𝑎 𝑜𝑓 𝑃𝑉 𝑀𝑜𝑑𝑢𝑙𝑒𝑠 
− 16.42% 𝑜𝑡ℎ𝑒𝑟 𝑠𝑦𝑠𝑡𝑒𝑚 𝐿𝑜𝑠𝑠𝑒𝑠 (8) 

Where 
Average Global Horizontal Irradiance (GHI) for Pakistan = 2,071 KWh/KWp 

Eq. 8 gives the value of specific power 1,919.97 KWh/KWP after 15% increase global horizontal 

irradiance (GHI) due to solar tracking system. This retrofit will yield 83,895.931 MWh more electricity 

and utilization factor will improve from 20% to 22.68%. 

During 2017-18, Pakistan has generated 2101 GWh from 1,006 MW wind power plant capacity. 

Average capacity of Wind Turbine Generator was 1.74 MW and total 568.63 number of WTG were 

installed. 10% increase in rotor diameter as design improvement can be increase from 1.74 to 2.11 MW 

per WTG find by Eq. 9 due to increase in turbine efficiency and wind power availability. Energy output 

from 568.63 WTG will increase from 2,101 GWh to 2,544.841 GWh and capacity factor will be 

improved from 23.85 

% to 28.87%. 
 

 

P Wind Power = Wind Power Available (MW) 

 = Air Density =1.24 

Kg/m3 A = Swept Area 

(m2) = πr2 

V = Average Velocity (m/s) = 6-8 

m/s CP = Power Coefficient = 0.4 

 

Capital cost can be considered for cost analysis in upgrading USC technology of coal fired power plants. 

For example, Sahiwal coal fired power plant of 1320 MW capacity has capital cost of 1535.736 Million 

USD. This capital cost for super critical technology but for ultra-supercritical technology, more 57.12 

Million USD will be required as capital cost. Savings potential from this up gradation with 70% 

utilization factor will be 12.234 Million USD from imported coal with only 4.66 years simple payback 

period (37). In 2008, China has upgraded its almost 100 power stations with SC/USC technologies and 

has saved utilization of 27 million metric ton of standard coal annually. Coal utilization has reduced 

from 380 gce/KWh in 2003 to 350 gce/KWh in 2008 with avoided 55 million metric CO2 annually. Table 

6.7 shows that SC/USC retrofits in China has average 5.34 years of simple payback period. Another 

case of coal beneficiation has been mentioned in Table 6.7 that in India ash contents was reduced from 

40% to 30% and 26.73 Million USD was saved for 500 MW capacity coal-fired power plant (38) & 

(39). 
 

VII. RESULTS AND DISCUSSIONS 

The salient results from this research are saving potentials of 2,242.94 GWh annually from renewable 

power sector including PSH (Pumped Storage Hydropower), 6,769.76 Million PKR savings from CB 

(Coal Beneficiation), 2,357 Million PKR from USC (Ultra Supercritical), 4.48 MMTOE from CHP 

(Combine Heat & Power) and almost 7% CF improvement by RFO (Refueling Outage) reduction. 

Total energy units will increase from 131,275 GWh to 188,527.25 GWh with 43.61% increment and 

total average power units will increase from 14,985.73 MW to 21,521.37 MW with 43.61% increment. 

It is recommended to consider these energy efficiency improvement technologies and promote 

indigenous resources like hydro, Thar coal and Renewable for curtailment of 17.75 Billion USD fuel 

import bills. 
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TABLE IV: RESULTS OF SAVING POTENTIALS FROM ENERGY EFFICIENCY IMPROVEMENTS 

 

Power 
Generation 

Sector 

 
Technical Improvements 

 
Saving Potential 

Capacity Factor 
Enhancement 

Gas-Fired 
Power Sector 

Combine Heat and Power 
(CHP) 

3.93 MMTOE to 
4.48 

MMTOE 

- 

 
 

Coal-Fired 
Power Sector 

 
Coal Beneficiation and 

Ultra- Supercritical 
(USC) Technology 

6,769.76 million PKR 
from Coal 

Beneficiation 
2,357 Million PKR 
from Up-grading to 

  USC 
Technology  

 
 
- 

 
 

 

VIII. CONCLUSION 

Gas-fired thermal power plants converted only 29.65% useful energy into electricity with 70.35% 

power generation system losses. Overall efficiency of power station can be increased to 66-71% after 

upgrading a gas power plant to CHP and it has 3.93 MMTOE to 4.48 MMTOE energy saving potential. 

Pakistan renewable power sector can save energy of 2,242.94 GWh annually from including 1,715.208 

GWh from pumped storage hydropower (PSH). Proper monitoring and good outage management in 

nuclear power sector of Pakistan has potential to increase in capacity factor from 78.81% to 85.72%. It 

means 30.2 GWh more generation annually by reducing 20- 25 days from average nuclear refueling 

outage (RFO) length During 2017-18, Pakistan has generated electricity by utilizing almost 4,433,081 

Tonnes of imported coal. Pakistan has huge coal reserves of 361,512 Million Tonnes but indigenous 

coal has been not considered for power generation application due to high ash contents with other 

contamination. Process of coal beneficiation can be reduced 10-15% ash content and it will save 

6,769.76 million PKR from import bill. Up gradation from supercritical technology (571°/25.5 MPa) to 

ultra-supercritical technology (600 °C/30 MPa) can improve 1.5-2% efficiency of power station. That 

is another techniques to save average 18.7 g/KWh coal from coal-fired power plants and save 2,357 

Million PKR from import bill of 17 Billion USD for Primary energy fuels. 

 

 

 

 

 
Nuclear Power 

Sector 

Optimize start-up & 
synchronization with core 

design optimization 

Reducing RFO length 
from 77.12 days to 56 
days 

Current Value: 
78.81% 

Improved Value: 

85.72% 

Hydro Power 
Sector 

Pumped Storage 
Hydropower (PSH) 

1,715.208 GWh or 
1,396,832.06 TOE 

Annually 

 
- 

 
Solar Power 

 
Solar Tracking System 

83895.931 MWh or 
68324.84 TOE 

Current Value: 20% to 

Improved Value: 

22.68% 

 
Wind Power 

Design Improvement for 
Enhanced Wind Energy 

Availability 

 
443,841.05 MWh 

Current Value: 
23.85% to Improved 

Value: 28.87% 
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Abstract— Arsenic contamination in water is a major problem around the word. It is well known that the ingestion of 

groundwater polluted with arsenic results in  chronic health effects. World Health Organization (WHO) provisional 

guideline value for arsenic in drinking water is 10 μg/l. There are various treatment techniques for removal of arsenic 

from water, such as adsorption, filtration, ion exchange and membrane process, reverse osmosis, phytoremediation, 

chemical precipitation, electrokinetic methods, and electrocoagulation. Among these, because of the low cost, 

performance, and simplicity, adsorption is an efficient and versatile process. Chitosan is a cationic polysaccharide with 

an exceptional potential for arsenic adsorption. In this study ferric coated chitosan was synthesized and used as an 

adsorbent in tea bags for the batch study. The adsorbent was characterized by SEM and FTIR to see the surface texture 

and functional groups besides this different parameters were studied to investigate the effect of the arsenic removal 

percentage such as pH(2,4,7,9), contact time(15,30,60,120) in minutes, initial arsenic concentration (50,100,150,200) in 

ppb, and adsorbent dose(0.25,0.5,0.75,1.0) in grams. The optimized parameters at which maximum arsenic was 

removed (98%) from water at contact time 60 minutes, adsorbent dose 0.25 g, initial arsenic concentration 50ppb and 

pH 7. 

 
Keywords—Adsorption, Arsenic removal, Batch study, Characterization, Fe-Coated Chitosan, Tea Bag.  

V. INTRODUCTION 

Freshwater percentage on the earth surface is limited to 2.5% out of which only 1% is used. Including 

this, one of the highly important water resources are lakes which are mostly a supply of water 

consumption for human beings and it is only 0.3% of total surface water body sources. As such, the 

conditions of lakes are in constant deterioration due to increased anthropogenic activities surrounding 

them [1]. Arsenic is hazardous in nature. The sources through which human are being exposed are 

atmospheric air, groundwater as well as food sources too. Arsenic contaminants in water are due to major 

sources which includes either by geological or by anthropogenic activities [2]. Due to arsenic 

contaminants it causes many complications in body organs such as, respiratory, nervous, integumentary, 

hematopoietic, endocrine, cardiovascular, immune, renal, hepatic, reproductive system, and development. 

Arsenic contaminants if available can be a cause of cancer in the body. Presence of several arsenic caused 

health effects involving emerging areas such as epigenetics and cancer [2]. In spring water, arsenic 

contaminants are increasing day by day because of which there are many ill-effects on health totally 

throughout the world. On the other hand, studies show that, arsenic contaminants effects health of children 

too i.e. skin lesions, overall health effects and changes within the complete blood count in children 

exposed to arsenic through beverage in West Bengal, India. This report shows that in one of the most 

populated country India, children were having genetic damages due to arsenic contaminants [3]. It has 

been found that there is a big threaten to health i.e. result in bladder cancer.  Breast cancer and laryngeal 

cancer are two diabetes as it has been shown in new data. As a youth, its symptoms include kidney 

damage, carotid intima-media thickness, and different pulmonary thicknesses in infants. On the other 

hand, effects in childhood were also witnessing which includes low birth weight, low fetal age, anemia, 

enhanced apoptosis, and reduced cognitive functions. Along with this Arsenic also damaged DNA and 

modification of gene and protein expression have also been found [4]. On the planet, Arsenic is one of 

the lethal elements, putting citizenry in peril by affecting the drinkable water. Twenty-four districts of 

Sindh, Pakistan were analyzed. From the results, it was found that Sakrand, Shaheed Benazirabad region, 

Halla, Matairi, Tando Muhammad Khan (TMK), and Nasarpur region have the highest arsenic 

concentration that was 200 ppb. It is above the limits which are set by the World Health Organization 
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(WHO) [5]. This analysis highlights, for the main time, the magnitude and severity of As-induced issues 

supported by related published papers in Pakistan; examines possible sources of As-contamination of 

aquifers and estimates of As-induced potential health threats in the country on global data [6]. 

Contaminants of Arsenic if available in ground water will be a major issue which will give rise to many 

dangerous health issues as already explained. It includes effect on physical body (internal and external 

cancers) [7]. According to research we can get rid of this fully or we can immobilize arsenic, which 

includes natural process, sand filtration etc. These methods have advantages as well as disadvantages too. 

From above methods, two methods have shown good results in removing arsenic contaminants includes 

in-situ subsurface arsenic immobilization by aeration and the removal of arsenic from aqueous phase [7]. 

These methods can remove both arsenic contaminants as well as these will affect their chemical treatment 

and membrane process too. If ions like phosphate, silicate, nitrate, chloride, carbonate, and sulfate are 

present in them it will help a lot in removing arsenic contaminants [8]. Electrocoagulation (EC) is taken 

into account as an advantageous process for the removal of As due to simplicity, high removal efficiency, 

cost-effectiveness, lower chemical requirement, and the feasibility of small-scale operations as compared 

with other treatment processes [9]. On wastewaters many water purification processes are applied which 

includes electrolytic chemical treatment, adsorption, biological treatment, and membrane separation. It 

was observed from the above techniques that advantages on adsorption were following three; its cost was 

low, it was effectiveness and it was simple [10]. In batch tests, magnetic nanoparticles impregnated with 

chitosan beads (MICB) synthesized using the chitosan template were investigated for the absorption 

ability of arsenic. Magnetic nanoparticles impregnated chitosan beads (MICB) synthesized by using the 

chitosan template was investigated for uptake capacity of arsenic in batch studies. the consequences of 

varied factors like adsorbent dose, power of hydrogen, time of contact, concentration of arsenic, and co-

existing anions in detail were studied systematically on removal of arsenic [11]. A new sorbent of Fe-

Mn binary oxide impregnated chitosan bead (FMCB) was manufactured by impregnating Fe-Mn binary 

oxide into the chitosan matrix. Into chitosan matrix by using a novel sorbent of Fe–Mn binary oxide 

impregnated chitosan bead (FMCB) was fabricated through impregnating Fe–Mn binary oxide. As a result 

of which showed that the presence of the FMCB helps in removing arsenic (V) and arsenic (III), which 

indicates that it is very helpful in removing the arsenic from the real beverage [12]. By using iron-chitosan 

composites on real-world groundwater to remove arsenic is studied and presented. Under two conditions 

i.e. equilibrium and dynamic through adsorption at pH 7.0 was studied to see the effect on removing 

arsenic (III) and arsenic(V). By fitting the equilibrium data to Langmuir adsorption models, evaluation 

was done on various parameters. For removing total inorganic arsenic right down less than to 10μg/l from 

real-life arsenic-contaminated ground water samples, adsorbent was also successfully applied [13]. 

Various technologies for the removal of arsenic from contaminated water supplies have been developed, 

which includes following four, precipitation, membrane processes, ion exchange and adsorption. A 

number of adsorbents are used to remove this dangerous arsenic and many other contaminated metals. In 

this research fe-coated chitosan is synthesized to increase its removal efficiency of arsenic and used in 

tea bags to study the adsorption of arsenic and batch study were carried out.  

VI. MATERIALS AND METHODOLOGY 

A. Preparation of Fe-Coated Chitosan Tea Bag Model 

1) Materials 
For developing the fe-coated chitosan tea bag model, following types of materials were used, that includes 

the chitosan, tea bags and ferric chloride hexahydrate. Ferric chloride hexahydrate was arranged from the 

water quality lab Chemical Engineering Department MUET. Whereas the chitosan and Tea bags were 

purchased commercially from market of standard grade.  

2) Preparation of ferric solution 

Ferric solution was prepared by taking 0.5406 g of ferric chloride hexahydrate in ethanol and distilled 

water in the ratio of 1:1 respectively and stirred well.   
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3) Coating of ferric to chitosan material 

Fe-coated chitosan was prepared by initially pouring 10 g of chitosan in 100 ml of ferric solution. The 

solution was mixed at magnetic stirrer 300 rpm for 2 h. Adsorbent was filtered and dried in muffle furnace 

at 90°C for 3 h. Fe-coated chitosan was ready. 

4) Tea bag model containing fe-coated chitosan 

Different grams of adsorbent in tea bags were added. The Tea bags model containing fe-coated chitosan 

are dipped in arsenic contaminated water, and shaked well are shown in below figure. 

 

 
Fig.1: Tea bags, Samples, Shaking of samples 

B. Batch studies of Tea bag model contained adsorbent 

Tea bag model containing fe-coated chitosan has been developed and used to remove the arsenic 

contaminants from water. Batch study was carried out to investigate the effect of contact time, adsorbent 

dose, arsenic initial concentration, and pH. 

C. Arsenic Removal %age 

Formula through which we can find the arsenic removal percentage or percentage filtration is given by: 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =
𝐶𝑖−𝐶𝑓

𝐶𝑓
× 100   (1) 

Where Ci stands for water containing arsenic contaminated water and Cf stands for water containing 

arsenic contaminated water after treatment, 

VII. RESULTS AND DISCUSSIONS 

A. Characterization of fe-coated chitosan 

1) SEM Characterization 

Fe-coated chitosan adsorbents surface morphology was performed by scanning the electron microscopy 

to see the surface behavior of the fe-coated chitosan adsorbent with an accelerated voltage 15kV, and 

magnification 50 and having diameter i.e. pore equals to 500µm.  So now if we want to compare the 

surface features of fe-coated chitosan which clearly shows the clear surface and on the other hand media 

pores are smooth before adsorption test. After the adsorption test that surface shows that arsenic 

adsorption took place at the surface of the media, apparently including within surface region of the pores 

in the particles of fe-coated chitosan. 
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Fig. 2:  SEM results before adsorption test 

 

 

Fig. 3:  SEM results after adsorption test 

 

2) FTIR characterization 

The purpose of FTIR is to know the functional groups and structure of the fe-coated chitosan. Following 

figures i.e. 3.3, 3.4 and 3.5 shows FITR results of fe-coated chitosan before and after adsorption of arsenic, 

respectively. These figure shows the behavior of attachment functional groups before and after arsenic 

removal.   

 
Fig. 4: Before adsorption test 
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Fig. 5: After adsorption test 

 

 

Fig. 6: Combined Chitosan & Fe-coated chitosan before & after Adsorption 

B.  Batch study of tea bag model containing adsorbent 

1)  Effect of contact time 

Effect of contact time shown in figure 3.6, the adsorption rate of arsenic was observed & to find the 

optimum time. Other paraments were kept constant such as adsorbent dose 0.25 grams, pH 7, Initial 

Concentration of arsenic 50 ppb & shaking speed 150 rpm. It was observed that at 60 minutes contact 

time maximum arsenic was removed which was 98% with an increased in contact time the adsorption 

rate was reduced.  

 

Fig. 7: Effect of contact time 
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2) Effect of pH 

Power of Hydrogen’s effect on arsenic adsorption is  shown in the figure 3.7, pH was varied between 1 

and 9. Other parameters were kept constant such as contact time 60 minutes, Arsenic concentration 

50ppb, Adsorbent dose 0.25 grams, and shaking speed 150rpm. It was observed that adsorption of 

arsenic is highly dependent on pH. The maximum adsorption was 98% at pH 7. With increased in pH 7 

to 9 and decreased from pH 7 to 4 adsorption of arsenic was also decreased.   

 

3) Effect of adsorbent dose 

To see adsorbent dose effect on removing of arsenic is shown in figure 3.7. The Adsorbent dosage were 

varied from 0.25 to 1.0 grams. Other parameters were kept constant such as arsenic initial concentration 

50ppb, contact 60 minutes, pH 7, and shaking speed 150rpm.The optimized adsorbent dose was 

0.25grams at which maximum (98%) arsenic was removed. By increasing the adsorbent dose arsenic 

removal % was decreased. 

 

 

Fig. 8: Effect of pH 

 

 

Fig. 9: Adsorbent dose effect 

 

4) Effect of arsenic concentration 

The arsenic concentration ranged from 50ppb to 200ppb to observe the effect of arsenic. Other 

parameters were kept constant such as adsorbent dose 0.25grams, time of contact 60 minutes, pH 7, and 

shaking speed 150rpm. It was observed that maximum arsenic was removed 98% at initial arsenic 

concertation 50ppb.By increasing the arsenic concentration adsorption of arsenic was decreased. 
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Fig. 10:  Effect of initial arsenic concentration 

VIII. CONCLUSION  

Adsorption of arsenic was investigated by using fe-coated chitosan Tea bag model. The batch study of 

the adsorbent was carried out for finding the effectiveness of the adsorbent. 

Following parameters were optimized in this research, time of contact, adsorbent dose, initial arsenic 

concentration, and pH. 

 In the batch study by fixing the other optimized parameters constant and varying the contact time. 

From this research it can be concluded that at 60 minutes, maximum percentage i.e. 98% of arsenic 

contaminants was removed. With an increase in contact time, the removal efficiency of adsorbent was 

reduced. So, the optimized contact time was 60 minutes. 

 In the batch study by fixing the other optimized parameters constant and varying the pH. It can be 

summarized from the results that 98% of arsenic was removed at pH 7. With an increase and decrease 

in pH, the removal efficiency of adsorbent was decreased. So, the optimized pH value was at pH 7. 

 In the batch study by fixing the other optimized parameters constant and varying the adsorbent dose. 

After performing tests, it is concluded that the maximum percentage of arsenic (98%) was removed 

at 0.25 grams. It was also noticed that by increasing the adsorbent dose, the removal efficiency of 

adsorbent was decreased. So, the optimized adsorbent dose value was at 0.25 g. 

 In the batch study by fixing the other optimized parameters constant and varying the initial arsenic 

concentration. It was seen that 98% of arsenic removal was at 50 ppb. With an increase in initial 

arsenic concentration, the removal efficiency of adsorbent was decreased. So, the optimized initial 

arsenic concentration value was at 50 ppb.  
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Abstract 

This paper presents synthesis of Nickel based energetic materials as a suitable replacement for lead based compounds in terms 

of safety in handling and processing. Typical mixtures of lead azide, and lead styphnate are toxic, and very sensitive to friction, 

impact and heat. Nickel hydrazine nitrate (NHN) has been utilized for developing energetic materials due to its low mechanical 

sensitivity, good stability, and insensitivity towards light. NHN was synthesized in a batch process using hydrazine (80%) and 

nickel nitrate in the presence of Ethanol (80-90%). Comparison with lead azide and lead styphnate mixtures indicate that NHN 

is more powerful.  

Keywords: Energetic materials; lead azide; lead styphnate. 

Introduction 

In the past, mercury fulminate (MF) was used in detonators as primary explosives. But later on, a mixture of lead 

azide (LA) and lead styphnate (LS) with small quantity of Al powder known as ASA are used in detonators to replace Mercury 

Fulminate because of its ultra-sensitive to friction and impact and also its decomposition with passage of time [1]. Lead Azide 

has considerable advantage in terms of detonation potential. But it is very highly sensitive due to typical structural features. 

Lead azide on hydrolysis forms hydrozic acid which is very hazardous. Lead azide reacts with metals like copper to form 

highly sensitive azides leading to serious accidents on handling [2]. The ASA,though safer than mercury fulminate, is quite 

sensitive to friction, impact, static electricity etc.  In the whole detonator production process, most of the unpleasant incidents 

had been occurring during handling and drying of lead azide, lead styphnate or ASA and such other manufacturing stages [3]. 

Lead itself increases toxicity and contamination with sever type of its sensitivity during handling and storage [4]. A primary 

explosive need to be sensitive enough to initiate a detonator but at the same time it should also be safe enough for 

manufacturing, drying and handling [5]. 

After these issues, researchers from ordinance community started thinking about the development of a safer energetic and lead 

free molecule. Studies have been going on silver azide for specific Initiators. But it is more sensitive to friction stimuli than 

even lead azide [6]. Many researchers in the field considered a compound of Nickel nitrate with Hydrazine Hydrate as one of 

mailto:shafi9193@gmail.com
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the alternatives.  Space and defence industry, with a view to thwart the risks and damages of ASA to their end product, adopted 

going on Silver azide for specific NHN. Some of the properties of NHN are much better than that of lead azide. Its low 

mechanical sensitivity, good stability and no effect to light makes it a preferred candidate to replace lead azide and lead 

styphnate in commercial detonators [7]. 

1. EXPERIMENTAL PROCEDURE 

2.1 Materials 

      Materials such as nickel nitrate, hydrazine hydrate, ethanol and distil water were used of analytical 

reagent (AR) grade. RDX prepared locally was used in detonators as high explosive. 

2.2 Synthesis of NHN 

Nickel hydrazine nitrate (NHN) was prepared on lab scale in a set up already available for LA and 

LS with some amendments. Before starting preparation of NHN, first of all two solutions were prepared. 

Nickel nitrate (bright green salt) dissolved with saturate hot water, then add the later solution with 1:1 

(Volume ratio) with ethanol (80-99%). After mixing it has a green ethanol solution of Ni(NO3)2. With the 

same procedure Hydrazine with 80% mix with ethanol. Hydrazine solution was taken and add drop wise 

under stirring conditions of the green alcoholic Ni(NO3)2 solution. Temperature of the reaction would be 

50ᵒC and this was achieved indirectly by the cycling of steam with specific flow rate. A deep blue 

precipitate appears which upon agitation turns purple colour. 

The complex salt filtrate is insoluble in ethanol/water which helps fast and smooth precipitation and yield 

is close to 100%. Vacuum drier is used for drying with max 60ᵒC and for 3-4 hrs. 

2.3 Analysis 

 Experiments have been carried out and achieved the product of NHN more safely and easily than LS 

and LA. NHN after preparation, vacuum dried and then sample is selected for analysis. Three random 

samples have been selected from different batches and then the general and structure characteristics of 

NHN are summed up in the Table 1. 

 

Table 1: General Characteristics of Nickel hydrazine Nitrate (Values in brackets are taken from literature). 

Molecular formula Ni H12 N8 O 

Molecular weight  278.69 

Colour Purple violet 

Crystal density (g/cm3)  2.1 

Average particle size (μm)  12 

Nickel content (%)  21.12 (21.06)a 

Hydrazine content (%)  34.47 (34.45)a 

Nitrate content (%) 44.48 (44.49)z 

Moisture content (at 333 K 

for 10 min) (%) 

0.34 
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Average M.wt of 

combustion products 

27.35 

Percent condensable Ni (l)  18 

Oxygen-fuel ratio 0.8571 

1)  

2.3.1 Performance Evaluation 

 Performance of the produced NHN was checked and examined after passing through some basic tests 

required for detonators and primers. 

2.3.1.1 Flash Sensitivity of NHN 

NHN (350mg) was filled and pressed in detonatorat2MPa with dwell time of 2-3 s after 20 mg of RDX 

with same pressing load. Gun powder of Grade-20placed above the pressed NHN loosely and crimped 

gently. Relative humidity (45 <RH< 65%) of process room was ensured throughout the preparation and 

filling operation. For evaluation the NHN filled detonator was vertically held on 4 mm lead plate and the 

loose Gun powder was initiated by hot electric wire. Dent to the lead plate was measured in terms of the 

size of the hole equal to the diameter of the detonator. 

2.3.1.2 Friction Sensitivity 

Detonators filled with NHN (350mg) and RDX were passed through drop test to check friction 

sensitivity. A steel ball weight of 110 gram was dropped from a height of 6cm on a detonator fix in a 

drop test fixture and 100% ignition was observed. While from 4cm, 50% ignition was observed. It 

indicates that NHN is insensitive to mechanical shock up to 10N.  

2.3.1.3 Performance Evaluation 

Comparative fire/detonation of lead based detonators/primers used in artillery ammunitions and 

NHN filled dots under the same conditions as already applied for the later one. Detonator LH3 having 

dimensions (cap case dia 3.5mm and length is 6.5mm while det case 3.6mm dia and 7mm length) were 

used for this comparison. Lead based detonators were filled according and then NHN has been used where 

LS & LA was used. Det cap was firstly pressed with 2MPa (250lbs/cm2) RDX quantity 20 mg at bottom 

and then 260 mg of NHN pressed at 2MPa (250 lbs/cm2) over the pressed RDX. After this, det case was 

filled/pressed RDX 40mg at 2MPa and then loose 60mg of RDX put on the pressed one so that easy for 

catching flash from det cap. 

This type of filling for both lead based and NHN was carried out initially for 50 nos. Of detonators and 

passed through static tests like jolting, soaking for 4 hrs, drop test to check sensitivity of the det and then 

detonation where 4mm lead disc was used to check the hole size created after the detonation. Result 

observed was satisfactory but during filling, low in gauge was observed which is against the filling 

procedures. 
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 But it was observed during filling that due to comparatively less density of NHN, 1.5times more use of 

NHN than lead based. Now there were two options to control the quantity and gauge  issues, one is to 

study about the pressing load and lessen the load to desire value to control the quantity and the second 

option is to used little more NHN to overcome the gauge issue with same pressing load.  

But it was decided after thorough study that quantity factor will be considered instead of pressing load to 

achieve better result for artillery projectiles. After this observation, 50 nos. of dets were prepared where 

360mg of NHN were used and passed through the above mentioned tests and the results were more 

satisfactory than the previous one.  

After the second procedure, another 100nos. of det were filled and 50nos. passing from same basic tests 

and the remaining were used in artillery fuses and check the behaviour, especially in detonation of fuse 

where result was satisfactory. 

During processing of detonators, the humidity of the operation shop will be in between 45 to 65 %. 

Another 250nos. of the dets were prepared with later procedures and this time all tests were carried out 

thoroughly and 100nos. were used in static tests and processing/performance/handling/storage were 

satisfactory and even the workers were feel easy during handling/processing. Some dets were used in 

fuses and send these fuses with gun firing to check the behaviour in ballistics as well and the results were 

satisfactory. NHN filled Detonators were then placed in open environment where no humidity and 

temperature control to check their storage behaviour for one month but there is no difference in their 

behaviours observed. But the storage should be proper like humidity will be 45<RH>65.NHN used then 

in other detonators to check the performance and the result is quite suitable. 

2. RESULTS AND DISCUSSIONS 

After friction sensitivity test it was concluded that alone NHN filled primers were not suitable for 

percussion and stab action primers but physically it was tested and check the behaviour of the NHN in 

percussion and stab action type primers. The results were unsatisfactory and 85% duds were observed. 

Density of the NHN was calculated and found 2.1 g/cm3 which is less than LA/LS. It is found in literature 

that at 2.1 g/cm3 the detonation of NHN is 6700 m/s while LA has 3400 m/s. In high explosives, RDX 

has maximum VOD which is approx. 8300 m/sec. For explosive train/chain, it is necessary that each 

component in the chain will perform correctly otherwise partial detonation of the artillery ammo will 

observed.  

Different types of primers and detonators used in artillery ammos were filled with NHN instead LA/LS 

at specific conditions which is recommended for the latter composition and tests have been conducted in 

house. NHN filled detonators responded to initiation by flash and hot wire stimuli. While in percussion 

and stab action primers, their behaviours were quite unsatisfactory and it shows that NHN is friction 

insensitivity. 
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3. CONCLUSIONS 

Nickel hydrazine nitrate is an energetic material usually used as initiators, which can prepare 

easily compare to LA/LS in required quantity and in high yields with no time with economically available 

raw materials. Because of its low sensitivity to mechanical shock, the processing, handling and storage 

of NHN detonators is relatively safe. The size and performance of the NHN detonators are matching with 

the presently used lead based detonator. From the firing data, it is cleared that NHN can be used in place 

of LA/LS, without compromising on performance. 

It is also observed during trial that it is more power full than LS/LA filled detonators and satisfactory 

results were observed. There is issue with LS/LA filled Detonators that partial detonation may observed 

sometimes with High Explosives, but this was not observed with NHN because NHN is 3 times powerful 

than the latter one according to Literature. And this was physically observed during firing of approx. 

1000Nos. Detonators. 

Lead based composition is hazardous to health and there is a serious issue with contact of lead and this is 

minimized up to some extent to use lead free energetic compositions for initiators.  
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