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Preface

The book aims to add contributions and new advances in technologies and treatment on
petroleum chemicals, in terms of oilfield chemicals, biofuel production, and chemical trans‐
formation. The book begins with an introduction on oilfield chemicals.

Chemicals have been an essential part of the petroleum industry in the current and past cen‐
turies. An essential for modern industry is to have access to low-cost energy. Worldwide,
petroleum consumption will reach 100 million barrels per day, more than twice it was 50
years ago. Nevertheless, petroleum resources are declining, and overwhelming greenhouse
gases, by releasing 400 billion tons of carbon, threaten the Earth. The fact is preventing cars
and trucks from using petroleum fuels is a difficult task. Accordingly, we need to cure our
dependence on petroleum and be able to develop sustainable solutions to fuel our future.
The challenges associated with sustainable hydrocarbon production have seen a major
growth in the need for biofuel and chemical transformations. A promising solution involves
biodiesel from natural oils and fats (mineral oils), which could be used to provide heat and
electricity. By blending waste frying oil with petroleum diesel, scientists have devised a new
way to convert waste cooking oil into biodiesel that could make it more affordable, as
shown in the chapter “Waste Frying Oil as a Feedstock for Biodiesel Production.”

The global drive for environmental sustainability necessitates continuous adjustment, opti‐
mization, and improvement in petroleum refining processes to generate energy and prod‐
ucts that include automotive fuels such as gasoline. In gasoline engines, knocking results in
destructive effects to the engine and drastically increases the pressure inside the engine’s
cylinders. So, clearly, antiknocking agents are additives that prevent or reduce engines from
knocking. Catalytic reforming is an important process in the petroleum refining industry,
which developed originally to produce components of automotive fuels, specifically gaso‐
line, which meet engine requirements for high antiknock quality. In fact, refiners need to
maximize their asset utilization to maintain competitiveness in the business setting. As
shown in the chapter “High-Octane Gasoline Production from Catalytic Naphtha Reform‐
ing,” utilizing such an application will contribute toward the production of energy in an
environmentally sustainable manner through an optimal process operation approach with
reduced off-specification fuel products.

In the next chapter, “Implementation of Basic Principles of Econometric Analysis in Petrole‐
um Technology: A Review of the Econometric Evidence,” a question on how the physico‐
chemical parameters of distilling petroleum products can be understood is answered for
practitioners. In this review chapter, the quality of the different fuels is expressed by a series of

             
           

 
             

              
         
               

               
             

          

               

              

         
           

             
            

           
          

             
           

          
             

         

            
             

           
     



             
           

 
             

              
         
               

               
             

          

               

              

         
           

             
            

           
          

             
           

          
             

         

            
             

           
     

Preface 

The book aims to add contributions and new advances in technologies and treatment on 
petroleum chemicals, in terms of oilfield chemicals, biofuel production, and chemical trans‐
formation. The book begins with an introduction on oilfield chemicals. 
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gases, by releasing 400 billion tons of carbon, threaten the Earth. The fact is preventing cars 
and trucks from using petroleum fuels is a difficult task. Accordingly, we need to cure our 
dependence on petroleum and be able to develop sustainable solutions to fuel our future. 
The challenges associated with sustainable hydrocarbon production have seen a major 
growth in the need for biofuel and chemical transformations. A promising solution involves 
biodiesel from natural oils and fats (mineral oils), which could be used to provide heat and 
electricity. By blending waste frying oil with petroleum diesel, scientists have devised a new 
way to convert waste cooking oil into biodiesel that could make it more affordable, as 
shown in the chapter “Waste Frying Oil as a Feedstock for Biodiesel Production.” 
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mization, and improvement in petroleum refining processes to generate energy and prod‐
ucts that include automotive fuels such as gasoline. In gasoline engines, knocking results in 
destructive effects to the engine and drastically increases the pressure inside the engine’s 
cylinders. So, clearly, antiknocking agents are additives that prevent or reduce engines from 
knocking. Catalytic reforming is an important process in the petroleum refining industry, 
which developed originally to produce components of automotive fuels, specifically gaso‐
line, which meet engine requirements for high antiknock quality. In fact, refiners need to 
maximize their asset utilization to maintain competitiveness in the business setting. As 
shown in the chapter “High-Octane Gasoline Production from Catalytic Naphtha Reform‐
ing,” utilizing such an application will contribute toward the production of energy in an 
environmentally sustainable manner through an optimal process operation approach with 
reduced off-specification fuel products. 

In the next chapter, “Implementation of Basic Principles of Econometric Analysis in Petrole‐
um Technology: A Review of the Econometric Evidence,” a question on how the physico‐
chemical parameters of distilling petroleum products can be understood is answered for 
practitioners. In this review chapter, the quality of the different fuels is expressed by a series of 



 
   

     

             
              
              

         

           
             

             
        

 

XII Preface 

physical, chemical, and other characteristics. The connection between production process and 
quality of fuel is crucial in the field of petroleum technology. Results show that the regression 
analysis perfectly illustrates the relationships between the variables in all applied models. 

Rising global oil consumption in modern society has led to more petroleum waste genera‐
tion. Petroleum waste is full of pollutants and its treatment aims at reducing the contami‐
nants to acceptable levels to make the water safe for discharge back into the environment. 
Having high concentrations of aliphatic, aromatic petroleum hydrocarbons, oil processing 
wastewater will affect plants and aquatic life of surface and groundwater sources. Due to its 
organic origination, complex nature, and toxic effects, wastewater treatment prior to dis‐
charge is obligatory. The biological treatment process is normally applied to reduce the ef‐
fects of petrochemical waste. Powered by two case studies, as shown in the chapter 
“Biological Treatment of Petrochemical Wastewater,” the commonly applied pretreatment 
methods for petrochemical wastewater are summarized and compared with biological treat‐
ment performance of different systems. 

Mansoor Zoveidavianpoor, PhD 
MEI Chartered Petroleum Engineer 

Executive Production Technology 
Petronas 

Kuala Lumpur, Malaysia 



 

 
 

Chapter 1 

Introductory Chapter: Oil Field Chemicals - Ingredients 
in Petroleum Industry 

Mansoor Zoveidavianpoor 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/intechopen.85957 

Time is the friend of the wonderful business, the enemy of the mediocre - Alice Schroeder 

1. Introduction

The real task for the oil industry is how quickly it can move to take advantage of the many 
opportunities that “gas and renewable” technologies will bring. While oil demand slowly falls 
with the adoption of more renewables and gas technologies, there is a need for oil companies 
to have insight into new technology advancement and accordingly innovate to stay competi-
tive and keep the fuel flowing. A great deal of activities in the oil and gas sector is focused 
on upstream and downstream, and not surprisingly, research and development still plays a 
key role in the coming years. Oil companies should be prepared to pursue new drilling and 
extraction technologies and to increase their research into sustainability and clean energy. I 
think oil sector leaders might consider a question on how their companies can develop new 
capabilities and in what areas? 

Nowadays, improved oil recovery (IOR) is one of the main strategic priority areas in petroleum 
industry [1]. IOR processes consist of all techniques that are employed to enhance hydrocar-
bon production. Oil field chemicals have many positive functions such improved oil recovery,
drilling optimization, corrosion protection, prevent mud loss in different geological forma-
tions, stabilize drilling fluid in high pressure and high temperature environment, and many
others [2]. Oil field chemicals demand is expected to reach USD 32.69 billion by 2023 from USD
26.06 billion in 2017 [3]. The rising demand from Asia-Pacific, shale gas, and increasing deep
water drilling operations are likely to be the major driven for the oil field chemicals market.

Region wise, oil field chemicals have received much attention in recent years (Figure 1) due 
to their contribution in oil recovery of hydrocarbons, which offer important economic ben-
efits. Many case studies and lessons learned from the industry show that there are excellent 

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 
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Figure 1. Oil field chemicals by region.

Figure 2. Oil field chemicals market.

opportunities to grow for oil field chemicals in certain fields such as drilling and cementing, 
enhanced oil recovery, production, workover and completion, and well stimulation. Well 
stimulation comprises of different types of operations performed on a well to maintain and/
or improve its productivity [4]. 

According to IHS Markit, 2018 [5], oil field chemicals enable the production of oil and gas 
or make it efficient and is projected to grow at an average annual rate of about 4% during 
2017–2022. Logistics (hauling, transfer, and storage) and disposal issues are directly related 
to the green and continuous development in oil field chemicals. These two are contributed to 
approximately 85–90% of total annual spending money in petroleum industry.

The wide range of oil field chemicals, including well stimulation and other additives, plays an 
important role in maximizing the productivity of existing (green) and mature (brown) fields. 
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Stimulation operations can be conducted solely on the wellbore or on the reservoir; those can 
be performed on old wells and new wells alike; and it can be designed for remedial purposes 
or for enhanced production. As shown in Figure 2, the market size of the well stimulation in 
USA alone is about 61% of the total oil field chemicals. Increases in well stimulation activities 
are expected to continue; accordingly, development and innovation in stimulation chemicals 
will effectively shape the future of oil industry; that is one of the potentials what the oil and 
gas leaders may think about! 

I am calling oil field chemicals as “every time ingredients” in petroleum industry; they are 
utilized in many ways and different stages in downstream and upstream sectors, starting 
from drilling, production, stimulation, and finally abandonment. So, if the oil sector leaders 
are thinking about innovative solutions in oil field chemicals, TIME is really their friend.
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Abstract

This study was initiated to blend the biodiesel produced from waste frying oil (WFO) 
with petroleum diesel in three different proportions (B20, B50 and B80), and the dual fuels 
were tested on compression ignition engine to evaluate their emission characteristics. The 
biodiesel produced from WFO was achieved via heterogeneous catalyzed transesterifica-
tion using anthill-eggshell-Ni-Co mixed oxide composite catalyst at reaction temperature 
of 70°C, reaction time of 2 h, catalyst loading of 3 wt% and methanol to oil molar ratio of 
12:1. Various analyses carried out on the prepared WFO-based biodiesel confirmed that it 
is of good quality and also meet the ASTM standard. The blended fuel containing 20% by 
volume biodiesel content (B20) emitted 1050 and 14,000 ppm of CO and CO2, respectively, 
which were lower than those emitted by B0, B50 and B80. It can be concluded that blend-
ing the diesel with appropriate volume of biodiesel not only improves its quality but also 
lowers greenhouse gases emission.

Keywords: biodiesel, catalyst, diesel, transesterification, diesel engine, waste frying oil

1. Introduction

The basic concept of biodiesel synthesis was invented by Rudolf Diesel in the 1890s, and the
diesel engine had become the device of choice for power reliability and high fuel economy
globally. He envisaged that pure vegetable oil could be used on compression ignition engine
as fuel [1]. After it was used, it became obvious that it was not suitable to power diesel engine
due to some limitations associated with its use. Those limitations include carbon deposition
in heating chamber, sticking of piston ring, injection tip coking and partial combustion [2–4].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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However, modern biodiesel fuel has its basis in research conducted in Belgium [5], but bio-
diesel production plant was not set up in any of the European countries until the late 1980s [4]. 
Continents in the other parts of the world including Africa also witness the local production of 
biodiesel starting up. Today, there are many countries with commercial biodiesel projects [6]. 

Renewable and alternative fuel such as biodiesel is capable of solving associated problems 
with fossil hydrocarbon fuel. Greenhouse gas emissions arising as a result of fossil hydro-
carbon fuel burning in vehicular or compression ignition (CI) engine have been identified as
the main problem confronting the entire world nowadays [7]. Recently, interest in non-toxic,
renewable, biodegradable, alternative fuel such as biodiesel and bio-hydrogen, with their
unique applications in powering vehicular and CI engines, is ongoing. However, the problems
related to sticking of piston ring and injector tip coking do occur in long run usage of biofuel
without necessarily adjusting fuel consumption and engine performance [8]. Since carbons 
present in biodiesel are biodegradable, it contributes less to carbon cycle. Besides, the qualities
of petrol-diesel get improved and the emissions of sulphur and nitrogen oxides get reduced 
when biodiesel is blended with appropriate quantity of diesel [9]. 

Standard specifications for biodiesel have been adopted by most countries, for instance, 
America and Europe use ASTM D6751 and EN 14212, respectively. Generally, a code consist-
ing of a number that indicates the biodiesel content in percentage is employed, for example, 
B100 is purely 100% biodiesel while B40 simply means a mixture containing 40% biodiesel 
and 60% petrol-diesel. In some part of the Europe, Sweden in particular, a dual fuel contain-
ing 5% biodiesel (B5) is often used [10]. Recently in Nigeria, the Nigerian National Petroleum 
Corporation (NNPC) adopted B20 as standard specification for biodiesel-fossil diesel blend. 
This according to the corporation would require 80 volumes of petrol-diesel to be blended 
with 20 volumes of biodiesel.

Generally, any material that contains triglyceride can be used to produce biodiesel [11]; 
however, a choice of feedstock to be used should be carefully made. At present, it is usually 
made from edible and non-edible plant oils obtained from palm kernel seed [12–14], soybean 
[15–18], rapeseed [19–22], coconut oil [23], sunflower oil [24–30], Tiger nut [31, 32] (Cyperus 
esculentus), cotton seed [33] and Sorghum [34]. The use of oil from algae [35], fish [36], Karanja 
[37], Jatropha curcas seed [38–41], yellow horn corn oil [42] and Chinese tallow seed oil [43] for 
the synthesis of biodiesel had also been reported. It has also been reported that biodiesel can 
be conveniently synthesized from waste vegetable oils [10]. 

1.1. Waste frying oil as economic feedstock for biodiesel synthesis 

Waste frying oil (WFO) is regarded as spent oil which has been employed for deep frying and 
is no more viable for further consumption. WFO is made up of saturated and unsaturated 
monocarboxylic acids with the trihydric alcohol glyceride saturated and unsaturated mono-
carboxylic acids [44]. During frying, the physical, chemical and organoleptic features of the 
plant oil change [45]. More so, free fatty acids content are enhanced in the oil by hydrolysis of 
reactive components as a result of water from food during heating. High cost of biodiesel has 
been identified as the major reason why its production has not been widely commercialized. 
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One of the ways in which this could be addressed is to develop a holistic method to minimize 
the biodiesel cost [46, 47]. Those options include biodiesel synthesis from spent frying oil and 
also minimize its processing cost through the optimization of process parameters that have 
influence on its yield and quality [48]. 

Oils which contain high free fatty acids (FFAs) such as waste cooking oil are now being used 
for biodiesel synthesis, because they are less expensive than refined oil [49, 50]. More so, 
it offers significant advantages which include reduction in environmental problem and the 
production cost [51]. WFO is available in large amount, and its management constitutes a 
serious disposal problem. In most of the developed countries, spent frying oil is being used as 
raw material for making soap [52]. 

According to United States Energy Information Administration Agency, several gallons of 
used cooking oil are collected daily in United States of America [52], where close to 9 pounds 
of used cooking oil are produced per person each year [53]. In Europe, about 0.49–0.7 million 
gallons per day of waste frying oil are collected [54]. In Nigeria, WFO is one of the major 
wastes generated in hotel, restaurants and eateries [55]. However, since no strict and more 
stringent environmental legislations on WFO discharge, those organizations mentioned ear-
lier discharge WFO indiscriminately into water bodies and on land, thus leading to envi-
ronmental degradation [52]. More so, there is no Information Administrative Agency that 
accounts for WFO generated in Nigeria. However, the operation of Students’ Cafetaria at Afe 
Babalola University (ABUAD), Ado-Ekiti, Nigeria, where the waste frying oil used in this 
study was collected, is being monitored by food scientist and nutritionist. They make sure 
that the used oil is not reused more than two times after initial frying to prevent the intake of 
free fatty acid and thus use the WFO as raw material for producing soap.

Table 1 shows the average fatty acid composition in waste frying oil [50]. However, low qual-
ity feedstock, which contains high concentration of free fatty acid (greater than 1%), cannot be 

Fatty acid (trivial/rational 
name) 

Methyl ester (trivial/rational 
name) 

Formula Common 
acronym 

Acid composition 
(%)

Palmitic acid/hexadecanoic acid Methyl palmitate/methyl 
hexadecanoate 

C16H32O2 C16:0 15.86

Stearic acid/octadecanoic acid Methyl stearate/methyl 
octadecanoate 

C18H36O2 C18:0 4.87

Oleic acid/9 (E)—octadecenoic 
acid 

Methyl oleate/methyl 9 (E) 
octadecenoate 

C18H34O2 C18:1 (E) 29.83

Linoleic acid/9 (Z), 12 (Z)—
octadecadienoic acid 

Methyl linoleate/methyl 9 (Z), 
12 (Z) octadecadienoate

C18H30O2 C18:2 (Z,Z) 28.85

Linolenic acid/9 (Z), 12 (Z), 15 
(Z)—octadecatrienoic acid

Methyl linoleate/
methyl 9 (Z), 12 (Z), 15 
(Z)—octadecadienoate

C18H30O2 C18:3 
(Z,Z,Z)

2.49

Source: [50]. 

Table 1. Average fatty acid composition in waste frying oil.

http://dx.doi.org/10.5772/intechopen.79433
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easily transformed into biodiesel by alkali transesterification because it consumes the catalyst 
and reduces its performance leading to substantial yield losses [56, 57]. 

Acid-catalyzed transesterification remains the best means of converting oil with high FFA 
content to biodiesel, but due to the harsh reaction conditions and prolong time of reaction 
[42, 46, 58], it has been largely ignored. Talebian-Kiakalaieh et al. [51] investigated that hetero-
geneous transesterification of WFO rich in FFA with methanol using heteropoly acid (HPA) 
catalyst and 88.6% of biodiesel was obtained at optimum reaction conditions. Meanwhile, the 
authors only focused attention on the performance and reusability of the heterogeneous acid 
catalyst while process economy was not given attention.

Since the transesterification of waste frying oil rich in FFA may not proceed using solid base 
catalyst, a two-step transesterification reaction is often employed [56, 59, 60]. The first step is 
the acid esterification process through which high FFA oils react with methanol using mineral 
acid usually concentrated tetraoxosulphate (VI) acid as catalyst to produce free fatty acid 
ester [44, 50, 61]. Followed by the basic transesterification process, whereby acid preheated 
waste frying oil reacts with methanol in the presence of base catalyst to form biodiesel and 
other products [52]. Therefore, a two-step transesterification process not only removes high 
free fatty acid content (FFA) but also improves the biodiesel yield [44]. The test of the waste 
frying oil-derived biodiesel on commercial diesel engines provides better performances and 
less gaseous pollutant is emitted apart from NOX [62]. 

2. Raw materials 

Apart from the biodiesel feedstock, alcohol and catalyst also play important roles in biodiesel 
production. The required raw materials for the synthesis of biodiesel from WFO are explained 
as follows:

2.1. Alcohol 

In biodiesel synthesis, monohydric alcohols, such as methanol, ethanol and butanol, are usu-
ally employed as co-reactant. Methanol is a basic monohydric alcohol used in excess for the 
production of biodiesel via catalyzed transesterification process. Methanol is light, volatile, 
poisonous and inflammable and contributes to ozone layer depletion. Biomass-derived fuel 
produced with methanol from natural gas or coal has approximately 94–96% biogenic con-
tent [63]. However, a 100% renewable biodiesel could be produced, if bioethanol is used as 
a substitute for methanol [64]. Ethanol is also a light alcohol, volatile, flammable, colourless 
and biodegradable. Among those aforementioned alcohols, methanol is mostly used for bio-
diesel production commercially, because it is relatively cheap, readily available and easier to 
separate glycerol from the product mixture [65]. The use of ethanol and other monohydric 
alcohols for biodiesel production has however all been reported [66]. 

2.2. Catalyst 

Industrial production of biodiesel is frequently done via homogeneous catalyzed transesteri-
fication process, whereby the triglyceride contained in vegetable oil or animal fat reacts with
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alcohol (methanol/ethanol) in the presence of liquid catalyst. Utilization of enzymes as biocata-
lyst for the transesterification of triglyceride to biodiesel has also been reported [67]. However,
due to the problem associated with homogeneous catalysis (wastewater generation and diffi-
culty in reusability) and enzymes (exorbitant cost and deactivation), there have been simulated
researches in the field of heterogeneous catalysis for biodiesel production [68, 69]. The solid-
based catalysts include pure metal oxides, mixed metal oxides, alumina, silica and zeolite-
supported catalyst, sulphated metal oxide and those ones derived from waste and naturally
occurring materials. Vujicic et al. [70] investigated the transesterification of sunflower oil using
CaO catalyst. Apart from that, Wen et al. [43] studied the transesterification reaction between
cotton seed oil and methanol using TiO-MgO as heterogeneous catalyst. Many more hetero-
geneous catalysts suitable for biodiesel production have been reported in literature [23, 71]. 

3. Materials and methods 

3.1. Materials 

The WFO after used for long frying was collected from students’ Cafeteria 1, Afe Babalola 
University, Ado-Ekiti, Nigeria. The chemicals/reagents used for waste frying oil characteriza-
tion such as potassium hydroxide (KOH), ethanol (95%), hydrochloric acid (HCl), diethyl 
ether, phenolphthalein, diethyl ether, chloroform and acetic acid (BDH, England) were all 
obtained from Chemical Science Laboratory, ABUAD, Ado-Ekiti, while analytical grade 
methanol (JHD, AR China) was procured from Nizo Chemical Enterprise, Akure and was 
used as received. Distilled water was prepared in the laboratory. The heterogeneous catalyst 
used for this study was a self-synthesized, and it is known as anthill-eggshell-Ni-Co mixed 
oxide composite catalyst (AENiCo). 

3.2. Characterization of waste frying oil 

The WFO was first heated in a hot air oven at 120°C for 4 h and later filtered using a 120-μm 
sieve mesh to remove any non-oil components or bits of food residues. The basic physico-
chemical properties of the waste frying oil shown in Figure 1 are determined as follows:

3.2.1. Density 

The empty density bottle was weighed and recorded as w1. Prior to this, the temperature 
of the oil was taken with thermometer and obtained to be 23°C. The bottle was filled with 
distilled water, after which it was weighed and recorded as w2. Furthermore, the bottle was 
emptied, cleaned with tissue paper and also filled with equal volume of waste frying oil. The 
weight of the bottle and waste frying oil was then measured and recorded as w3. The density 
of the sample was thereby determined using Eqs. (1) and (2).

w0 w3 − w1 R.D = = (1) w w w2 − w1 

= R.D × 1 g/cm3 (2)ρwfo 

http://dx.doi.org/10.5772/intechopen.79433
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Figure 1. Samples of waste frying oil. 

3.2.2. Kinematic viscosity 

The essence of subjecting vegetable oil (edible and non-edible) to transesterification reaction 
process is to reduce its viscosity and density, because it cannot be used directly to power any 
diesel engine. This property needs to be determined before and after biodiesel synthesis from 
vegetable oil. In order to determine this property, a weighed quantity of oil was poured into 
a stainless cup of DV-III ultra programmable rheometer (Brookfield: model LVDV-III U) and 
preheated to a temperature of 60°C for 1 h. Thereafter, its spindle and cup containing heated 
oil were placed under the rheometer. The rotor and spindle were both immersed in the cup 
after the rheometer had been set to require speed (150 rpm). The value of dynamic viscosity 
was immediately taken when the temperature of the preheated oil dropped to 40°C. However, 
in order to determine the kinematic viscosity, the density of waste frying oil at 40°C was there-
fore determined using Eq. (3).

µK = ρ 
µD . (3)
wco40

3.2.3. Acid value 

It is the number of milligram potassium hydroxide needed to neutralize the acid contained 
in 1 g of oil or fat sample. It measures the extent at which the glyceride contained in an oil 
sample decomposes by the activity of lipase or other actions. Acid value of the WFO was 
examined by titration method reported elsewhere [72]. 

In this method, 5.926 and 6.695 g of oil samples were weighed and poured into flasks A and
B, respectively, and 25 mL each of diethyl ether and ethanol was added into flasks A and B
and 2 drops of 1% phenolphthalein indicator solution were also added into each of the flasks.
Thereafter, potassium hydroxide (KOH) solution was then titrated against dissolved oil-solvent
mixture under constant agitation until the solution turned into pink as shown in Plate VI. The
acid value (A.V) and free fatty acid content (% FFA) were thus calculated using Eqs. (4) and (5).
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56.1 × CKOH × VKOH (A.V) in mgKOH/g = (4)w o 

%FFA = A.V (5)2

Where VKOH is the volume of potassium hydroxide, CKOH is the concentration of potassium 
hydroxide, wo is the weight of oil used whose value must lie between 0 and 10 g, AV is acid 
value and % FFA is the percentage of free fatty acid.

3.2.4. Saponification value

The saponification value of an oil or fat is the number of mg of potassium hydroxide required 
to neutralize the fatty acids resulting from the complete hydrolysis of 1 g of the sample. It 
helps in detecting oils and fats, which contain a high proportion of the lower fatty acids. The 
principle is that oil or fat undergoes saponification reaction with large volume of alcoholic 
potassium hydroxide, and the resulted product is subjected to titration process in order to 
determine the amount of potassium hydroxide remaining after saponification reaction.

In order to determine the saponification value of WFO, 8.221 g of KOH pellet was weighed 
and dissolved in 5 ml distilled water, after which 250 ml of 95%v/v ethanol was added and 
allowed to settle overnight. Decant of the clear solution of alcoholic potassium hydroxide was 
then obtained. Also, 1 g of phenolphthalein powder was dissolved in 100 ml ethanol to make 
phenolphthalein indicator solution. 

About 2.030 g of oil was weighed into flat bottom flask A and 25 mL of alcoholic potassium 
hydroxide solution was added into the flask A. Another flat bottom flask B was also filled with 
25 mL of alcoholic KOH without oil. The reflux condensers were attached to each of the flasks 
and heated on a boiling water bath for 1 h with occasional shaking. The flasks A and B were 
then removed from the water bath after 1 h and two drops of phenolphthalein indicator were 
added into each of the flasks. Both colours in flasks A and B changed to pink. While still hot, 
contents in flasks A and B were titrated with the standard 0.5 M hydrochloric acid with con-
stant shaking until the solutions in flask A and B changed back to pale yellow and colourless, 
respectively. However, after the estimation of volume of acid consumed, the saponification 
value (SV) was then calculated using Eq. (6) [50]. 

(b − a) × 28.05S.V = (mgKOH/g) (6) w o 

Where a and b are volumes of acid used against alcoholic KOH solution with oil and alco-
holic KOH solution without oil, respectively. wo is the volume of WFO used, while S.V is the 
saponification value.

3.2.5. Average molecular weight 

It is the weight in atomic mass units of all the atoms in a given formula. The determination 
of molecular weight of a substance is necessary in order to ascertain the number of grams 
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___________ 

12 Petroleum Chemicals - Recent Insight 

contained in one mole of that same substance. It is a function of saponification and acid val-
ues. Average molecular weight (AMV) of oil is determined using Eq. (7).

56.1 × 1000 × 3A.M.W = (7) (S.V − A.V) 

Where A.M.W is the average molecular weight. Saponification and acid values are denoted 
by S.V and A.V, respectively.

3.3. Biodiesel production from WFO 

The transesterification of WFO to biodiesel using AENiCo catalyst was carried out in a batch 
reactor made up of a 250 mL one way round bottom flask fitted with a condenser and ther-
mometer as shown in Figure 2. The reaction was performed at reaction conditions, consider-
ing catalyst loading of 3 wt%, reaction temperature of 70°C, reaction time of 2 h and methanol 
to WFO molar ratio of 12:1, while stirring rate was kept constant throughout the reaction. At 
the end of the reaction, the resulting mixture was filtered using white cloth in order to remove 
the spent catalyst, and the filtrate was then poured into a separating funnel and left there 
overnight to settle. During the process, two layers of liquid were observed, in which the upper 
layer was biodiesel and the lower layer indicated glycerol. 

3.4. Preparation of different blends of biodiesel and petroleum diesel

In this study, waste frying oil-derived biodiesel was mixed with petroleum diesel and used on
ignition engine to evaluate its performance and characterize the exhaust gas emission. The mix-
ing of two different diesels (biodiesel of waste frying oil and fossil diesel) was made in plastic
container coupled with electric mixing machine as shown in Figure 3. The blends were made 
at different proportions with 20% (B20), 50% (B50), 80% (B80) and 100% (B100) by volume of
biodiesel. It was vigorously mixed with the help of agitator being driven by electric motor at 
room temperature with agitation speed of 400 rpm. The characteristic of the prepared biodiesel,
biodiesel-diesel blend and diesel including specific gravity, kinetic viscosity, lower heating value
(LHV) and flash point were determined. The LHV of the fuels was determined using Eq. (8) [73]. 

LHV = −0.167ρ + 184.95 (8)

3.5. Emission characterization of compression ignition engine 

The method reported by Elsolh [74] was adopted for the performance evaluation of the engine. 
The gas emission of three different blends of biodiesel and diesel were measured and com-
pared in a Yoshita S195NM ignition engine whose technical features are given in Table 2. The 
first blend used was B20, it was poured into the fuel tank of the ignition engine and the engine 
was immediately turned on by hand whirling. The probe of a gas analyzer was thereafter 
attached to exhaust pipe of the engine. The engine was left to work for almost 20 min in order 
to make it stabilize and allow the thick smoke to escape. The measurement was then taken 
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Figure 2. (a) Experimental set, (b) raw materials and synthesized biodiesel and (c) biodiesel-glycerol mixture.

Figure 3. (a) Petroleum diesel and WFO-derived biodiesel, (b) blending of biodiesel and petroleum diesel and (c) 
blended fuels. 

Technical properties Values 

Number of stroke 4

Number of cylinder 1 

Declared speed 2000 rpm

Compression ratio 20:1

Rated power 3.32 kW

Overall dimensions 900 × 440 × 760 mm

Bore and stroke 95 × 115 mm

Table 2. Ignition engine specification.

by gas analyzer every 5 min for 20 min, and the values of the emission measurements were 
stored on an input computer program to determine the average values. The same procedure 
was used for other fuels (B50 and B80) (Figure 4). 
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Figure 4. (a) KANE AUTOplus gas analyzer, (b) blended fuel being poured into the fuel tank of diesel engine, (c) gas 
emission analysis and (d) saving of analysis results on analyzer. 

4. Results and analysis 

4.1. Characterization of WFO 

In this current study, WFO used as feedstock was characterized based on its physicochemical
properties. The properties are summarized in Table 3. Its density at 25°C was determined to
be 0.9147 g/cm3. The obtained value of density was slightly less than those ones recorded by 
Chhetri et al. [52] and Mahgoulb et al. [75] as 0.9216 and 0.9185 g/cm3 at 23°C, respectively. This
difference is attributed to the fact that density is a function of temperature [52] and decreases 
as temperature increases [76]. The kinematic viscosity of waste frying oil was 9.36 cP.

More so, the acid value obtained was 3.945 mgKOH/g. The free fatty acid concentration in 
the used frying oil was equivalent to 1.973 wt%. Since the free fatty acid content is less than 
3 wt%, it implies that the waste frying oil (WFO) could be directly converted into biodiesel via 
single-step transesterification process. The saponification value was determined to be 183.1 
mgKOH/g. This value obtained was lower than that of waste frying oil collected in Malaysia 
by Tan et al. [44]. Meanwhile, it was approximately equivalent to the one reported by Buasri 

Property Unit Value 

Density at 25°C g/cm3 0.9147

Viscosity at 40°C cP 9.36

Acid value mgKOH/g 3.945

Free fatty acid wt.% 1.973

Saponification value mgKOH/g 183.1

Average molecular g/gmol 939.41

Table 3. Physicochemical properties of waste frying oil (WFO).
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et al. [77]. However, the average molecular weight of oil or fat, usually expressed in g/gmol, 
is a function of acid and saponification values of fat and oil [78]. Average molecular weight of 
waste frying oil obtained in this study was found to be 939.4 g/gmol, which was comparable 
to other sources, 942 and 928 g/gmol [75]. 

4.2. Comparison of physicochemical properties of biodiesel, diesel and their blends 

The results of the measured properties of the WFO-derived biodiesel, petrol-diesel and bio-
diesel-diesel blends are presented in Table 4. 

The physicochemical features of different biodiesel-fossil diesel mixtures as contained in 
Table 4 indicate that the specific gravities/densities of those blends and pure biodiesel vary in 
the range of 0.825–0.883. The densities of B20 and B80 samples showed conformance with the 
ASTM standard (0.86–090) while B50 did not. However, the kinematic viscosities as measured 
for the blends of biodiesel and conventional diesel samples on comparison with the ASTM 
standard for biodiesel meet the requirements as they fall within the range (1.9–6.0 mm2/s); this 
observation is attributed to homogenized mixture, which might have resulted from proper 
mixing of the two fuels. Meanwhile, these values as seen in Table 4 are higher than that of 
fossil diesel (2.03 mm2/s), indicating that biodiesel has large molecular mass [79]. However, 
the viscosity of pure biodiesel (3.76 mm2/s) was larger compared to those of three blends. This 
indicates that blending leads to reduction in viscosity. Hence, a complete combustion and 
reduction in emission of greenhouse gases are possible [80]. 

Energy content (calorific value) is a property that determines the fuel combustion quality. As 
can be seen in Table 4, biodiesel has lower energy content as compared to that of petrol-diesel. 
The main reason for this behaviour is due to the fact that biodiesel contains 11% oxygen by 

Parameter Unit B0 B20 B50 B80 B100 

Specific gravity — 0.809 0.866 0.825 0.872 0.883

Kinematic viscosity mm2/s 2.03 3.31 2.27 2.23 3.76

Lower heating value (LHV) MJ/kg 48.23 40.33 47.18 39.33 37.49

Flash point °C 84 130 79 124 162

Table 4. Physicochemical properties of WFO-derived biodiesel, petrol-diesel and their blends.

Fuel type CO (ppm) CO2 (ppm) O2 (ppm)

B0 2300 9500 98,750

B20 1050 14,000 185,250

B50 1055 19,000 173,450

B80 1450 22,500 173,500

Table 5. Average values of exhaust emissions for every biodiesel blend. 
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weight [81, 82]. More so, it was revealed that B50 has the highest energy content (caloric value) 
compared among the three blended fuels, followed by B20. However, the lower heating val-
ues of those dual fuels (B20, B50 and B80) are higher than that of pure biodiesel but lower than 
that of petrol-diesel, thus indicating high specific fuel consumption. The same findings were 
also reported by Yoo and Lee [83] in the prediction models and LHV effect on the CI engine 
performance when fuelled with biodiesel blends. 

The measure of flammability of the fuel is referred to as flash point [7]. The measured values 
of flash point obtained for the three blended fuels indicate a significant drop when compared 
to that of B100. This indicates an improvement in fuel qualities. As for diesel fuel (B0), it could 
be noticed that the results of the specific gravity, the kinematic viscosity, flash point and the 
lower heating value shown in Table 4 are very close to the DIN EN 590 standards of diesel and 
to the experimental results reported by Chopade et al. [84]. 

4.3. Performance and emission characteristics 

In this aspect, the gas exhaust emissions are compared for different biodiesel blends, that is, 
B20, B50 and B80 and pure diesel (B0) at the engine speed of 2000 rpm. The gas emissions 
measured include carbon monoxide (CO) and carbon dioxide (CO2). The gas analyzer used in 
this study could only measure those aforementioned gases. The mean values of the resulted 
emissions for each of the fuel are presented in Table 5. 

As shown in Table 5, it was noticed that the average value of CO2 rises as the volume of 
biodiesel increases in the mixture of biodiesel and conventional petrol-diesel. This trend may 
be due to the presence of oxygen in biodiesel [85]. 

4.3.1. Comparison of carbon monoxide (CO) emission 

Higher percentage of CO was emitted when the diesel engine was fuelled with B80 fuel, fol-
lowed by B50 which released 1055 ppm, and least CO was emitted from diesel engine when 
it was fuelled with B20 blended fuel as can be seen in Table 5. Although, the amount of CO 
emitted for every fuel biodiesel blend was found to be very small. There was no much dif-
ference among the three blended fuels. A similar observation was also recorded by Xue [86], 
who observed that the blends of biodiesel lowered CO emissions. Moreover, biodiesel, being 
an oxygenated fuel, enhances combustion and leads to reduction in CO emission. It is noticed 
that the three blended fuels have lower values of CO as compared to other gases emitted. This 
indicates that the combustion was almost completely done. However, the reported increase of 
CO emission with the use of pure diesel (B0) is due to the absence of oxygen in the fuel, thus 
leading to incomplete combustion [83]. 

4.3.2. Comparison of carbon dioxide (CO2) emission 

As shown in Table 5, it was noticed that B80 fuel emitted largest concentration of CO2, followed
by B50 fuel, and this indicates that CO2 emission increases as the biodiesel content increases in 
the biodiesel-diesel blend. As reported in the literature, biodiesel provides a means of reusing
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CO2, so there is no net increase in global warming [74]. Moreover, it is a known fact that complete
combustion inside the combustion chamber of diesel engine promotes CO2 [7]. Besides, it has
been reported by many researchers that the presence of O2 in biodiesel enhances better combus-
tion [87, 88], which helps to convert CO and CO2 and, therefore, increases CO2 emission rate. This 
is attributed to why B80 fuel released large amount of CO2 as compared to other blended fuels. 

It is quite evident from Table 5 that the CO2 emission of biodiesel-fossil fuel mixture is higher 
than that of pure diesel (B0) at all blends and a maximum increase is noted when compared 
to each of the blend. According to Datta and Mandal [7], the emission of CO2 from ignition 
engine should increase with biodiesel addition to diesel fuel because of improved combustion 
due to the presence of oxygen in the molecular structure of biodiesel. 

5. Conclusions 

The major achievements in this research work are the production of biodiesel from WFO via 
heterogeneous catalyzed transesterification process and the performance of ignition engine 
fuelled with WFO-derived biodiesel-diesel blend. Various analyses carried out on the WFO-
derived biodiesel confirmed that it is of good quality and also meet the ASTM standard. 
Moreover, the performance and emission evaluation conducted on existing diesel engine 
fuelled with biodiesel-diesel blend showed that the blend containing 20% biodiesel content 
(B20) emitted least CO and CO2, thus suggesting better dual fuel combination.
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Abstract 

The global drive for environmental sustainability necessitates continuous adjustment, 
optimization, and improvement in petroleum refining processes to generate energy and 
products including automotive fuels such as gasoline. At the same time, refiners need to 
maximize their asset utilization to maintain competitiveness in the business setting. This 
chapter presents a process advisory and monitoring application to optimize a catalytic 
naphtha reforming operation to produce high octane gasoline feedstock. A mathemati-
cal model is developed for the process to produce hydrocarbons with high anti-knock 
ratings. The proposed methodology involves formulating a nonlinear programming 
optimization model to perform data reconciliation. The model objective minimizes the 
deviations (or errors) between the measured values and the model-reconciled values to 
reflect the accuracy and reliability of the measurements. The overall procedure is carried 
out subject to various real-world operation constraints to ensure sustainable processing 
of the required products, which include hydrogen gas and aromatics. We present a case 
study to illustrate an implementation of the resulting model in an online environment to 
improve process operation at an actual refinery in Canada. The computational results 
show enhanced product quality of a reformate stream with high octane number and 
increased yields. 

Keywords: catalytic naphtha reforming, petroleum refinery process operation, data 
reconciliation, process monitoring, mathematical modeling, nonlinear optimization 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited. 

http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.5772/intechopen.80866


26 Petroleum Chemicals - Recent Insight 

1. Introduction 

1.1. Catalytic reforming process 

Catalytic reforming is an important process in the petroleum refining industry. It is developed 
originally to produce components of automotive fuels specifically gasoline, which meet engine 
requirement for high antiknock quality. The process objective is to convert petroleum naphtha 
fractions to high rates of aromatic hydrocarbons as selectively as possible since the latter have 
excellent antiknock ratings. Naphtha fractions are liquid hydrocarbon mixtures with 6–12 
carbon atoms and having boiling points in the range of 320–470 K [1, 2]. Reforming also serves 
two other main purposes in a refinery: it is the main hydrogen producer for use within a 
refinery or outside it; it also provides feedstock (mainly consists of benzene, toluene, and 
xylene) for the subsequent downstream petrochemical production processes [3]. A survey of 
the recent progress on the reforming process focusing on the reactor modeling is available in 
Refs. [4]. 

A commercial reformer unit consists of a reactor section, a recycle gas compression section, 
and a fractionation section. The reactor section consists of a feed system, a few heaters or 
furnaces, a series of reactors, and a flash separator. A portion of the flashed hydrogen gas is 
recycled and mixed with the feed and then increased to the reaction temperature by a heat 
exchanger combining the feed and reactor effluent followed by the first heater. We send the 
flashed liquid to the fractionation section comprising a distillation column that acts as product 
stabilizer. The distillate stream strips light gases from the flashed liquid that produce liquefied 
petroleum gas (LPG) and off-gas as fuel. The main product is the bottoms stream called 
reformate that is a feedstock for gasoline blending. We use a few (typically three to five) 
heater-and-reactor pairs to maintain the reaction temperature within a range of 400–500˜C 
(700–800 K) and at pressures of 10–35 atm using catalysts mainly to accelerate the reaction 
[3, 6]. Figure 1 displays a general process flow of a commercial reformer unit. 

1.2. Data reconciliation method 

Data reconciliation involves estimating process variables by comparing their values from 
process measurements and process models. The models typically comprise material and 
energy balances or conservation relations. Data reconciliation involves adjusting or correcting 
errors in measurement values to be consistent with the mass balances. The procedure is useful 
in the process and its affiliated industries to conduct monitoring and modeling for control, 
simulation, and optimization as well as to perform instrument maintenance and equipment 
analysis [5–9]. 

Progress has been recorded in the literature on data reconciliation techniques that include 
calculating measurement errors to estimate the model variable values using linear process 
models [7], classifying the estimated variables [8], and categorizing the measurement values 
as redundant or nonredundant [9]. In this work, we adopt the data reconciliation procedure 
that makes use of information from redundant measurement and conservation laws to correct 
measurement values by converting them into model values based on reliable, accurate, and 
thermodynamically valid process knowledge incorporated in a nonlinear steady-state model. 
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Figure 1. General process flow of a commercial reformer unit. 

2. Problem statement 

We have the following data for a catalytic reforming process: a set of process units; a set of 
measurements i with vector of known data on their raw scan values y, model values x, 
standard deviation σi, and weights wi; and a set of tuning parameters p with known nominal 
values np, model values tp, and scaling factors sp. The model constraints for the process are the 
mass balances, energy balances, and equilibrium relationships. 

In this work, we want to optimize the operation of a catalytic reforming process by minimizing 
the deviations of values for selected measurements and tuning parameters from their model-
computed values (i.e., differences computed between the x and y vectors and the np and tp 

vectors, respectively) subject to process constraints to obtain reconciled process values (as 
given by the model values). To achieve this aim, we can adjust a set of reconciled variables 
such as skew factors on the true boiling point of crude oil fractions, product flow rate bias, 
Murphree efficiencies of the distillation columns, and reaction kinetic parameters [10–12]. 

3. Model formulation 

This section describes the approach used to develop a reforming process monitoring model 
using the commercial advanced chemical process optimizer platform called SimSci ROMeo 
[13]. The model developed involves two technologies: cyclic and semi-regenerative reforming 
with the overall scope covered by the model shown in Figure 2. Figure 3 presents a detailed 
schematic of the model for the cyclic reforming operation. 

http://dx.doi.org/10.5772/intechopen.80866
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Figure 2. Model scope comprising the semi-regenerative and cyclic reforming units. 

The optimality of a catalytic reforming process operation is measured based on the yields of 
the main product of reformate (a gasoline blending feedstock) and the side products of 
petrochemicals comprising benzene, toluene, and xylene (BTX). We use material-balanced data 
of the model-computed values and not raw scan values of the measurements to evaluate such 
performance measures. Hence, we perform data reconciliation on the measurement values, 
which are obtained from field instruments measuring the actual process operation. 

3.1. Data reconciliation model 

We formulate the data reconciliation procedure as a least squares minimization version of an 
optimization problem [14]. The objective function as given in Eq. (1) minimizes the sum of 
squares of the weighted differences between model values and raw scan values for selected 
measurements and tuning parameters: 

2 2 X δi tp � np minimize wi þ wp (1) 
σi sp i 

where wi is the weight matrix for each measurement i (either 1 or 0 otherwise for those not 
considered) and δi is the offset as given by difference between model value and raw scan value. 

The differences or deviations are also called errors, offsets, or biases of the instruments consid-
ered. The offset value is weighted or multiplied with a weight factor (i.e., its value is wi = 1) if  we  
decide to reconcile the process value of the associated measurement or tuning parameter. Such a 
decision is made based on a measurement’s reliability, that is, if it is measured value is accurate 
to be compared against a model-reconciled value; otherwise, the instrument needs to be cali-
brated. The model constraints mainly consist of the total mass and component balances, energy 
balances, and equilibrium relationships as well as appropriate bounds on the variables [7, 8]. 
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Figure 3. Schematic representation of the cyclic reforming operation model representation. 

3.2. Feed characterization 

We perform tuning on the reformer feed composition to match the process data as close as 
possible by adjusting the factors representing the component mole fractions [10]. It is not 
necessary to adjust for all the components in the reconciliation procedure especially if regular 
laboratory data on feed composition is not available in terms of its PONA (paraffin, olefin, 
naphthene, and aromatic) content analysis. We can reduce the number of components to be 
tuned for the feed slate by equating the mole fraction factors for components with the same 
number of carbon atoms on the basis that these components have similar molecular weights 
and densities. This strategy can result in reducing about one-third of the parameters involved 
in the tuning procedure. 
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In the absence of composition data, we consider tightening the reformate yield specification by 
minimizing its offset and reducing its standard deviation value. The reformate yield measured 
value is given by the ratio between reformate mass flow rates to that of the feed; therefore, no 
weight is specified on reformate yield because the actual measured values are the product and 
feed flows. 

In a component adjuster model of the SimSci ROMeo software, three choices of methods are 
available for handling each component, that is, flow, component, and dependent. Typically, 
only one component is chosen as a dependent component; all others should be chosen as flow 
or component. There is no definite guideline on specifying the use of a flow or component 
method for a component. It is best to use the most abundant component which is the depen-
dent component. 

Depending on the situation, we can impose bounds on the adjustment factor to get a feasible 
solution. If the lower bound of the adjustment factor for a component is active, setting its lower 
bound to a value of �0.5 results in reducing the component mole fraction by 50% (e.g., from 
0.05 to 0.025). Correspondingly, a lower bound of �1 reduces the component mole fraction to 
zero, that is, the component is removed from the resultant outlet stream of the component 
adjuster. This effect is undesirable; we do not want a component to be removed completely. 
Therefore, a suggestion is to use a lower bound other than �1 (e.g., �0.8 or �0.75). Similarly, 
for a component with an active upper bound, an upper bound of 0.5 increases its mole fraction 
by 50% (e.g., from 0.05 to 0.075). Therefore, we avoid upper bounding of the adjustment factor 
on the mole fraction of a component as 1 because it results in a doubling effect. 

It is extensive and not necessary to tune the compositions of all components in the lumped feed 
slate. In particular, there is no need to adjust those of the light components of C5s and lower (i.e., 
C3s–C5s) because their compositions are very low (or almost zero). A typical bound for the tuning 
parameters of a feed component is [�0.75, 0.75]; a practical bound depends on the actual data. 

3.3. Reactor representation 

The application uses a proprietary nonlinear surrogate model to represent a reactor bed that 
incorporates its catalyst- and kinetic-related information. We use a flash drum operating under 
adiabatic condition to model the pressure of the reactor bed inlet stream and a similar config-
uration to model the outlet stream as shown in Figure 4. For each reactor, we include a set of 

Figure 4. Schematic representation of a reactor. 
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equations to equate each of the kinetic parameters (e.g., catalyst activity) to a common vari-
able, thereby facilitating the reaction kinetics tuning to match the plant values. Since each 
reactor is identical, we first develop an individual reactor with its associated auxiliary units 
(such as the two flash drums at its inlet and outlet) and then duplicate its representation. This 
approach can be done by way of using a block diagram (or other similar features) that is 
available, which can help to improve the layout of the graphical user interface besides facili-
tating with a failed solution or modeling problem. 

3.4. Reactor pressure balance 

There are a number of ways to represent a reactor pressure balance for data reconciliation 
purpose depending on the reliability of measurements available: (1) distribute the total pres-
sure drop across the reactor bed equally to the pressure drop of the inlet flash drum and that of 
the outlet flash drum; (2) honor the inlet and outlet pressure measurements if they are reliable; 
and (3) relate the pressure drops for the other reactors to that of a reactor with known reliable 
pressure measurement. 

3.5. Reaction kinetic tuning 

A general approach in reforming applications is to maintain most of the built-in reaction kinetic 
tuning parameters equal for each of the reactors by using some form of mathematical relation 
facility (such as a customization unit feature available in ROMeo). We use the first mathematical 
relation with a local variable on each kinetic parameter that has an associated tuning parameter 
to adjust it. Then, for each reactor, we use the second relation to equate a kinetic parameter to its 
corresponding variable in the first relation. Such a setup gives the flexibility of turning a reactor 
on or off when addressing convergence issues while keeping the kinetic tuning parameters equal 
for all reactors that are turned on. We put suitable bounds on the tuning parameters to keep the 
solved parameter values within reasonable range. The tuning parameters are divided into two 
sets: for catalyst and for catalyst coke. The catalyst tuning parameters are base-2 logarithm (log2) 
multipliers that are bounded. 

3.6. Reactor switch in cyclic reformer 

The application has logic to represent the reactor switch for a cyclic reformer. The switch 
operation involves a swing reactor besides the on-oil reactors to replace the reactor in regener-
ation. Thus, the catalyst can be regenerated without shutting the unit down. Note that such 
logic is not required for a semi-regenerative reformer in which all the reactors are taken off-
stream or out of service for in situ regeneration of the entire catalyst inventory. 

The mentioned logic to model the reactor switching involves the following steps with the 
explanation aided by Figure 5: 

• Turns down the following items for the off-oil reactor and turns them on for the on-oil 
reactors: inlet pressure measurement, reactor custom model unit, inlet and outlet flash 
drums, customization units on reaction kinetic tuning, customization unit on reactor pres-
sure balance, delta temperature measurement model, and its associated customization unit 
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Figure 5. Reactor switching in cyclic reformer. 

• Sets to zero for the initial and final values of the off-oil reactor bed pressures (and equates 
these values to that of the inlet flash drum pressures for the on-oil reactors) 

• Sets to zero for the split fraction of the off-oil reactor inlet flow rate: sets to 1 for the split 
fraction of the swing reactor bypass flow rate and vice versa for the on-oil reactors, 
thereafter generating estimates for these splitters 

If the swing reactor is off oil, the logic performs the following steps: 

• Turns on the inlet mixer and outlet splitter of the swing reactor 

• Initializes the mixer pressure drop to that of the incoming bypass stream, thereafter 
generating value estimates 

• Sets the split fractions for the swing reactor outlet splitter flow rates, thereafter generating 
value estimates 
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• Initializes the mixer pressure drop for each on-oil reactor to the incoming stream, thereaf-
ter generating value estimates 

• Unweight the inlet pressure and temperature difference measurements 

The default setting of the logic is to put weights on all the reactor inlet pressure and tempera-
ture difference measurement models to account for them in the objective function computa-
tion. But when reactor switch happens, the swing reactor inlet pressure measurement may 
have a large offset that results in a huge objective value; hence, it may merit resolving the 
model by removing the weight on this tag. 

3.7. Measurement models 

3.7.1. Absolute error tolerance 

The standard deviation parameter is specified to set the absolute error tolerance for a measure-
ment model. Manipulating this tolerance to obtain a desired solution or to represent the 
importance of a measurement should be avoided; instead, the tolerance represents a measure-
ment’s reliability and accuracy. 

We use Microsoft Excel to view and analyze the results to help with obtaining a good repre-
sentation of the measurements; an example of such a result viewer is shown in Figure 6. A  
measurement may still be of good quality but a particular instance of its value may be bad, for 
example, because data has stopped flowing to the data historian. Specifying the tolerance of a 
measurement depends on its precision. The weighting of a measurement can handle a bad 
valued measurement instance by way of excluding it from being considered in the objective 
function computation. 

Figure 6. An example of result viewer of the reformer model. 
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It is recommended to set approximately 1% of the process variable value (PV) for most 
measurements and 5% of the PV for flow rates. Note that a calculated tag is generally not 
reconciled, that is, unweighted if the input measurement for which the calculations are based 
on are available. 

3.7.2. Measurement screening logic to handle data quality 

Specifying the logic for measurement model screening requires review when handling nega-
tive flow rate instances to determine if they are caused by zero flows or bad transmitters. The 
following gives a list of rules of thumb that can be applied: 

• The typical response to bad quality value is to use the last good raw scan value, which 
applies particularly for a measurement model whose value is a dependent variable. For 
temperature indicators (thermocouples), we can select to set its objective function contri-
bution to zero. 

• If we do not want a measurement value to become negative when its quality turns bad, we 
can fix its value to zero or a small value by setting its minimum and selecting an out-of-
range action. This rule typically applies to a flow rate meter which we do not need to 
specify a maximum value. 

• Set zero objective function contribution for the offset of a dependent valued measurement. 

• To respond to bad quality data for an independent valued measurement, we can use a 
suitable fallback value as the scan value or stop running the online model to find out the 
cause especially if this happens to a feed flow rate meter. 

• To fix controller outputs at certain minimum and maximum values. 

3.7.3. Two measurements on one variable 

There may be two measurements available on the same process variable. It is acceptable to use 
two measurement models for a dependent variable, but for an independent variable, doing so 
results in one measurement model used as a controller and another as an indicator; thus, we 
may face problems if its scan value becomes bad. If both measurement models are necessary, 
we can specify a new variable equal to the particular process variable and point the indicator 
measurement to it, besides specifying a screening criterion to set the objective value contribu-
tion to zero when the measurement data quality turns bad. 

4. Results and discussion 

4.1. Key process variables 

The key process variables to match are reformate yield, reformer reactor total endotherm, 
research octane number (RON) of reformate product, and hydrogen recycle gas purity. The 
available tuning variables are feed composition and reaction kinetic parameters such as overall 
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catalyst activity, acid site activity, and aromatic selectivity. The main input parameters are 
catalyst weight and reactor bed coke fraction. Table 1 summarizes the key variables that the 
application uses for process monitoring and their typical values. 

4.2. Tuning strategies 

To tune the model to achieve the desired values and results, we balance between tuning the 
group of parameters for the reactor kinetics and that for the feed compositions. We can reduce 
the variation in one group by letting parameters in the other group move—the deliberation as 
to which to allow for more movement/adjustment depends on the feedback from the site or a 
process specialist on their relative importance. If the deliberation is not to change the feed 
composition much while letting the reactor tuning parameters to move more, then use scaling 
factors of 1 for both parameter groups with appropriate lower and upper bounds for the 
parameters. (The solved parameters should not be at bounds.) 

However, if the composition of the synthesized feed is significantly different from the actual 
plant condition, even allowing for the feed composition tuning parameters to move over a 
wide range may not help with convergence. Therefore, it is important to have good starting 
feed composition, which can be achieved by calculating the feed distillation cut points at the 
same time at which the samples are taken. 

Two other tuning strategies involve using calculated variables on the reformate yields and 
reactor total endotherms. 

Variable Error Value (offset in bracket) 

Cyclic Semi-regenerative 

Reformate yield ˜0.1% 81.19 (°0.13)% 82.68 (°0.26)% 

Reactor total endotherm ˜10˛ F 198.17 (°0.01)˛F 152.07 (°5.20)˛ F 

Research octane number (RON) ˜0.1 87.39 (°0.35) 87.53 (°0.63) 

Hydrogen recycle purity ˜1% 90.02 (°3.23)% 75.60 (0.52)% 

Reaction kinetic parameter Reference 

Catalyst activity [°100, 100] 1.13 2.30 

Metal activity [0.5, 1.5] 1.01 1.45 

Acid activity [0.5, 1.5] 1.14 1.28 

Aromatic selectivity [0.5, 1.5] 1.11 1.65 

Hydrogenolysis activity [0.5, 1.5] 1.25 1.18 

Catalyst coke capacity [0.5, 1.5] 1.26 1.73 

Coke yield penalty [0.5, 1.5] 1.52 0.78 

Coke hydrogen purity penalty [0.5, 1.5] 1.10 1.60 

Table 1. Representative key process variable values to match error tolerance for reformate yields. 
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4.2.1. Reformate yields 

Reformate yield is given by the ratio of the reformate stream flow rate to that of the feed stream 
(typically on a mass basis). A calculated tag is generally not weighted and thus excluded from 
the objective function calculation. Instead, the tolerances for the two flow measurements used 
to calculate the yield (i.e., for the reformate and feed streams) are tightened. However, for the 
purpose of experimenting to determine ways to improve the model, we put a weight on the 
reformate yield tag and use a tight tolerance by specifying the standard deviation value to an 
artificially small number but one in which the model is still solvable in reasonable computa-
tional time. The resulting model solution gives information on the candidate independent 
variables whose bounds can be reasonably relaxed, measurement models whose tolerances 
(i.e., standard deviations) can be adjusted or relaxed, as well as possibly faulty or problematic 
instrumentation (due to malfunction or calibration issues). Note that this practice highlights a 
difference between using a data reconciliation application and using a predictive optimization 
tool in which the latter attempts to meet the reformate yields and other variables tightly. 

4.2.2. Reactor total endotherms 

Reactor total endotherms are the sum of the temperature differences (i.e., delta in tempera-
tures) of each of the reforming reactors. This variable represents the temperature change and 
hence the reaction that takes place in a reactor, which can be the desirable endothermic 
reactions of dehydrogenation of naphthene to aromatic compounds and/or dehydrocyclization 
of paraffins to naphthenes or the undesirable (but necessary) exothermic reactions of hydro-
cracking and/or hydrocyclization. There are two relations available (which hence gives rise to 
uncertainty) to calculate the temperature difference for a reactor: (1) take the difference 
between the temperature transmitters at the outlet of a preheater (i.e., upstream furnace) and 
that at the inlet of a furnace downstream and (2) take the difference between the reactor 
temperature indicators (i.e., thermocouples at the top skin and bottom skin). It is noted that 
when facing catalyst issues, the second relation may give a higher value than that theoretically 
attainable due to heat loss that is actually experienced but not accounted for. Similar to the 
reformate yield being a calculated variable, it is also generally our practice to unweight (or to 
turn off) the total endotherm tag because it is an artificial or pseudo-tag which may not 
physically exist at a site. 

5. Concluding remarks 

In this work, we discuss a systematic workflow to develop a data reconciliation model for a 
catalytic reforming process to produce automotive fuels. We present the mathematical model 
formulation in the form of a nonlinear optimization model developed on a commercial soft-
ware platform. The model is deployed as an online application to improve process advisory 
and monitoring at a refinery besides providing a rich data source for a multitude of other 
associated relevant uses. We show the utility of such an application to contribute toward 
producing energy in an environmentally sustainable manner through an optimal process 
operation approach with reduced off-spec fuel products. 
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Abstract 

In the present study we give the opportunity to understand the physicochemical param-
eters of distilling petroleum products applying the basic principles of econometric analy-
sis. The quality of the different fuels is expressed by a series of physical, chemical or other 
characteristics. The connection between production process and quality of fuel is crucial in 
the field of petroleum technology. It is remarkable that the used method of the regression 
analysis perfectly illustrates the relationships between the variables in all applied models. 
Econometrics is one the best methods to study the variation of the physicochemical 
properties of the oil. The use of econometrics methods in petroleum chemistry turned out 
to be useful tool in order to prove that there is indeed strong rates volatility and correla-
tion between physicochemical properties of oils with their mixes. In Petroleum Industry 
the most common types of Diesel fuels are the biodiesel, biomass to liquid or gas to liquid 
Diesel. The results of our research can be an important tool for the development of 
software that can anticipate changes of physicochemical properties of petroleum distillate 
products, taking into account specific parameters. 

Keywords: diesel, JP8, biodiesel, econometric, analysis 

1. Introduction 

Econometric applications are now accepted in order to have safe conclusions in oil technology as 
well. The use of such applications can provide the necessary information to deal with problems, 
particularly in terms of fuel quality. The forecast is based on mathematical equations that take 
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into account specific fuel price constraints. In this way, it is possible to check the quality of the 
fuel during the production process and also the quality at its distribution points. 

Econometric analysis is used in order to find out whether there is a relationship or not between 
particular variables. The relative evaluation realization demands the application of statistic 
and mathematic methods which are focused on the variables features used by the analysis. 

The use of linear regression analysis is one of the most famous econometric methods. By using 
structure and unstructured data we can evaluate empirical research and taking into account 
the theory we can come up with safe conclusions [1]. An introductory economics textbook 
describes econometrics as allowing economists “to sift through mountains of data to extract 
simple relationships [2]. The first known use of the term “econometrics” was by Polish econo-
mist Pawel Ciompa in 1910 [3]. 

As already mentioned above the basic tool for econometric analysis is the linear regression 
method. With this model we can create models and come up to safe conclusions. The linear 
regression method can also be easily applied in the case of oil or pure diesel blends. In modern 
econometrics, other statistical tools are frequently used, but linear regression is still the most 
widespread method among all. Especially for the study of the physicochemical properties of the 
oil, meaning diesel and biodiesel, we are dealing with non-chronological data. Econometrics is 
one the best methods to study the variation of the physicochemical properties of the oil in order 
to draw strong and reliable conclusions about the quality of the examined mixture and in most 
cases to able to preview the values of its physicochemical property of the tested model fuels [4]. 
Estimating a linear regression on two variables can be visualized as fitting a line through data 
points representing paired values of the independent and dependent variables [4]. 

Greene [5] suggests that the environmental and energy issues increase the demand for differ-
ent fuel types of altered and mixed oils. The market of petroleum products is enlarged as a 
consequence of the changes in the environment of life that have originated from the improve-
ment of the living conditions, the cities expanding as a result of the massive population 
movement and the expanded basic needs. 

Next to this, the national trade balance and the economic development are influenced by this 
compulsory demand since Greece imports more crude oil products owing to the expansive 
requirement. Additionally, the transportation energy use of diesel causes a serious environmen-
tal pollution by its gases, leading EU countries to command against them and avoid the bad side 
effects of the polluted environment that are greenhouse effect, acid rain and serious health issues. 

So, all the referred arguments make the biodiesel an only-way solution that will replace the 
diesel oil as long as it is able to respond to the current increased needs of the means of 
transport and has also the diesel oil characteristics so as to meet the requirements of producing 
the appropriate energy. Its main features are to be mixable, efficient and stable unexceptionally 
[6]. Micro emulsions, thermal cracking (pyrolysis), transesterification (alcoholysis) are the basic 
four proper procedures of producing biodiesel and according to the usual course of things the 
direct utilization and mixing follows [7]. 

At this point we should refer that the transesterification of natural and fats oils is the method 
that is mainly used. So the application of alkalis, acids or enzymes facilitates the process since 
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they implement the catalysis to the transesterification chemical reaction of triglycerides with 
alcohols (ethanol, propanol, methanol, amyl alcohol or butanol). 

The researchers [8] attempt to succeed in defining the accurate new fuels characteristics based 
on the extracted equations by using the linear regression model which is the basic tool for 
econometrics. According to their findings, the performance of socially responsible firms is 
negatively related to an increase of global CO2 emissions. In addition, the methods of econo-
metrics will be applied to the variables targeting to retrace the connection points between the 
mix and the fuels physicochemical properties in the tested models. 

In other words with the use of econometrics methods they to prove that there is indeed strong 
rates volatility and correlation between physicochemical properties of oils with their mixes. 
This relationship can be represented by mathematical equations after the application of linear 
regression [9, 10]. 

Naturally, as far as mixes are concerned, the Y = ax + b is the suggestive linear equation that is 
capable of pointing variables reactions. The variables relation could be stated by the simple 
linear regression model as the following equation shows: 

Yi ¼ b0 þ biX þ Ut (1) 

where Yi: i is the experimental value of the dependent variable physicochemical property as 
well. 

Xi: i is the value of the independent variable Mix. 

b0, b1: the straight regression coefficients. 

Ut: the equation error. 

Finally, the referred estimating process should be applied to fuels identified with similar 
properties under the advisable temperature that it must be followed at its experiment. The 
use of econometrics in order to study the physicochemical properties of the oil enables further 
investigation of the relationship between physicochemical properties in the same or different 
oil blends. Through the equations it possible to identify in advance where to be expected the 
change of values of the mixtures and to preview the values of the examined physicochemical 
properties. 

The process of experimenting followed international standards as well as ISO procedures in 
order for the results to be right. By using econometric methods, the authors have demonstrated 
that there is a positive relationship between the model variables. The extraction of equations 
was the main econometric result of the authors’ research. 

2. Materials 

Biodiesel is one of the most well-known and widely used fuels in the world [23]. Speaking 
about oil and specific for Diesel oil we must mention that in in general is any liquid fuel used in 
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diesel engines. Essentially diesel fuel is a mixture of hydrocarbons which are come from 
petroleum. Petroleum crude oils are composed of hydrocarbons of three major classes: (1) 
paraffinic, (2) naphthenic (or cycloparaffinic), and (3) aromatic hydrocarbons. The most com-
mon types of Diesel fuels are the biodiesel, biomass to liquid or gas to liquid Diesel. 

When we are using the word Biodiesel we first have to give the definition of a particular fuel 
type [24]. Biodiesel refers to clean burning renewable fuel made using natural vegetable oils 
and fats. Biodiesel can be used as an alternative solution of the petroleum, diesel fuel or in 
most cases can be blended with petroleum diesel fuel in any proportion. Of course, this 
particular type of fuel is used not only on engines but is it also applicable to other uses. 

It is known that the process by which the biodiesel is produced involves the esterification of the 
mother oil (and/or fat) with methanol and with the catalyst. The result may include components 
such as the residual catalyst, which are not desirable. For example, the presence of glycerol, 
although separated during the production of biodiesel, is almost certain in the final biodiesel. 

Jet Propellant 8 (JP8) is a kerosene based fuel which when blended with specific additives 
constitutes a suitable material for military applications. This type of fuel has previously been 
used as a fuel for aircraft. However, its capabilities have also led to its use for ground 
vehicles [11]. 

The main reason was that military forces like NATO and especially the United States of 
America decided to use a specific fuel for their transport and activities. JP8 consists by approx-
imately 99.8% kerosene by weight and is a complex mixture of higher order hydrocarbons, 
including alkanes, cycloalkanes, and aromatic molecules. JP8 contains three mandatory addi-
tives: a fuel system icing inhibitor, a corrosion inhibitor, and a static dissipater additive. 

It is also known that JP8 is a fuel that can easily be adapted to any requirements and applica-
tions. This is done by adding chemicals with antioxidants. 

Its composition is a mixture of petroleum hydrocarbons. In general, the mixture is of the 
methane series and contains 10–16 carbon atoms per molecule. Of course, the presence of 
paraffin is a key ingredient in making it used as a fuel in jet engines. 

A framework for analyzing unstructured data using statistical methods in order to verify the 
existence and the type of correlation between the blends pure Diesel and Biodiesel and the 
respective physicochemical property. 

It is also noted, in nowadays, that the statistics science is based on the chemistry and chemical 
engineering issues, so the interconnection between the statistical models and methods and the 
chemical experiments is very obvious provided that the chemical experiments and data anal-
ysis use them as a guide in the framework of their researches. 

Firstly, a significant presentation of this interrelation should take place, and then the calibra-
tion matter should be studied. Speaking specifically, the generalized standard addition method 
(GSAM) will be examined targeting the following areas: initially, the upgrading of statistics 
field and the future estimation theory and the multicomponent analysis development as well 
and secondly the registration of the statisticians character in order to achieve a constitutive 
communication and understanding between the sciences and scientists of the two fields. 
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During our research we made experiments in order to export a regression equation which 
describes the variation of the physicochemical property taking into account, in most cases, the 
parameter of time. 

Throughout our experiments we studied the variation of humidity of Diesel fuel with Time 
[12]; the variation of kinematic viscosity in blends of Diesel fuel with Biodiesel [4]; the variation 
of humidity and reduction conductivity of JP8 (F34) with time [13]; the variation of heat of 
combustion in blends of Diesel fuel with Biodiesel [14]; the variation of density in blends of 
Diesel fuel with Biodiesel [15]; the variation of conductivity in blends of Diesel fuel with 
Biodiesel [8]; the contribution of different kinds of biodiesel on the conductivity and density 
of blends of diesel and biodiesel fuels (animal and vegetable) [16]; the variation of humidity of 
conventional diesel with time [17]; the variation of density of diesel-biodiesel blends across the 
scale (0–100)% by adding each time 2% biodiesel and then measuring the density of 3 different 
temperatures (5, 15, 25)�C [9]. The results of our research are based on tables and figures. All 
tables and related figures are available in the published papers. 

3. Results and discussion 

In order to determine the suitability of fuel and the reduction of pollutants to the environment, 
quality control of alternative fuels is considered to be necessary. What we can certainly find 
almost all of the fuel is the presence of water. In any case, its presence causes problems such as 
erosion. Our effort is to modify the percentage of dampness in diesel oil through an equation. 
The whole process involves introducing hydrophilic LPG polymers into diesel fuel samples. 
Monitoring the whole process resulted in the moisture content being recorded over a period of 
time, and based on these results, we created an equation. In all cases and throughout our 
experiment the volume of fuel and mass remain constant [18–21]. 

Specifically, in this paper we have examined the regression model that we can see below, 

Yi ¼ b0 þ bi Sin ðTiÞ þUt (2) 

The adaptability and suitability of the prototype model was confirmed by the application of 
specific econometric controls. Specifically, we examined the adaptability of the standard resi-
dues and their squares in order to check whether or not they are free from serial correlation. 
We also tested the existence of first order autocorrelation using the Durbin-Watson index [22]. 

The time (T) and the change in humidity was a basic question that we wanted to answer with 
this research using the linear regression model. The results showed that the presence of 
moisture declined over time, even reaching its maximum value in the first hour. Essentially 
with this equation we can predict humidity values over a period of time. By applying this 
equation we can know when we can remove the greatest amount of moisture from the fuel. 

In our next research we tried to export an equation which describes the variation of kinematic 
viscosity in blends of diesel fuel with biodiesel. Using specific volume of these blends we 
determine kinematic viscosity via method ASTM D 445-06 using a capillary glass viscometer 
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in order to study the contribution of quantity of biodiesel and convert the statistical data into 
mathematic relation as a specific formula, attempting to achieve an empirical evaluation. 

Trying to accomplish this, we studied the way how the values of variables are changed and 
whether a relation exist using dispersion diagrams [4]. From the graphic depiction realized 
that the relation is linear and they proceeded to regression analysis. The analysis extracted the 
conclusion that the relation was strong and the values of the dependent variable kinematic 
viscosity was depended on a large percentage of the values of the mixture of fuels. 

As far as the mix is concerned, the authors expected that the upgrade of the animal and 
vegetable biodiesel would be proportional to the increase of the kinematic viscosity arithmetic 
outcome due to the linear relation that connects the two variables. Studying on the regression, 
the authors notice that Eq. (4) has correct signals as they are aware of theory, so that the bigger 
addition of biodiesel on pure diesel will make the mix quote lower and lower real values to 
kinematic viscosity. The authors came to the relative conclusion as it is defined by the follow-
ing: Yi ¼ b0 þ biX þ Ut. 

Yi: i is the observation of the dependent variable kinematic viscosity; 

Xi: i is the observation of the independent variable mix; 

b0, b1 are the straight regression coefficients and Ut represents the equation error. 

Yi ¼ 40:914 þ 0:0540 X (3) 

We come to the conclusion that there is an actual strong linear relation that connects the above 
mix with the kinematic viscosity. It is remarkable that the mix independent variable has a 
strong linear relation to the Kinematic Viscosity. The autocorrelation heteroskedasticity 
absence that was combined to the strong linear relation of the variables made the authors to 
conclude that Eq. (3) is able to preview the kinematic viscosity of the model fuels [4]. 

In 2012, Tsanaktsidis et al. [13] showed that the proposed equation can predict the moisture 
content and the height of conductivity in JP8 (F34) fuel over time. Essentially an ingredient, 
called hydrophilic polymer, leads to the reduction or even the elimination of humidity over a 
certain time. For example over 39% of humidity and 36% conductivity are decreased over 2 
hours. The elimination of humidity makes the fuel suit able for car machines and gives 
combustion with less pollution for the environment. Thus, the quality of the fuel as well as 
its combustion efficiency can be improved while the reduction of water concentration 
enhances the secure of the combustion machine’s operation. 

The preliminary statistical analysis of sequences of humidity Y and time T have shown that the 
modifications of Y, probably determined by the sine of T. Specifically, in this paper we have 
examined the regression model in order to investigate the relation between humidity of JP8 fuel 
and the time, when the volume of the fuel and the mass of the polymer maintain stable. Some 
diagnostic tests were performed to establish goodness of fit and appropriateness of the model. 
First, the authors examined whether the standardized residuals and squared standardized resid-
uals of the estimated model were free from serial correlation. In addition, the independence of 
the standardized residuals was confirmed by the Durbin Watson statistics. 
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Yi ¼ b0 þ bi Sin ðTiÞ þUt (4) 

More precisely, the results of the current investigation showed that the change of humidity 
could be described via a regression equation at which the dependent variable is the humidity 
change and the independent variable is the cosine of the time that the hydrophilic polymer 
TPA remains at the fuel. The results of the analysis showed that in the long run the presence of 
moisture decreases. In fact, it reaches its maximum value in the first hour. Hence, with the 
proposed equation, moisture rates can be predicted for a period of time. Eliminating work 
makes fuel more suitable for machines and polluting less the environment. Thus, the results of 
the present study give the possibility of humidity removal via the polymer TPA, which can be 
reduced [13]. 

Continuing our research and using specific volume of blends of Diesel fuel with Biodiesel we 
determined heat of combustion, in order to study the contribution of each kind of Biodiesel 
and we converted the statistical data into mathematic relations as a specific formula, 
attempting to achieve an empirical evaluation. The linear regression model was selected in 
order to correctly evaluate the values of the dependent variable (relative to the corresponding 
values of the independent variable). The preliminary statistical analysis of our series has led to 
the conclusion that the relation that links the variables of our model is linear [14]. 

We have created two blends which were blend 1, which referred to the pure diesel with the 
animal fats biodiesel and the blend 2 which referred to the pure diesel and the vegetable 
biodiesel. The two blends were studied in terms of the heat of combustion value in order to 
find the equation that might define the blends heat of combustion value. Studying on the 
regression, we notice that the Eqs. (5) and (6) had correct signals as the blend value increase 
should quote positively the heat of combustion variable. 

Heat of Combustion 1 ¼ 40:914 þ 0:0540 blend 1 (5) 

Heat of Combustion 2 ¼ 39:297 þ 0:062 blend 2 (6) 

By studying the relationship of the variables initially with diagrams, we have concluded that 
the relationship between fuel (Diesel + Animal Fat Biodiesel = Mixture 1 and Diesel + Vegetable 
Biodiesel = Mixture 2) is linear. The strong linear positive relation of the variables made us 
conclude that the Eqs. (5) and (6) were able to preview the heat of combustion of the model 
fuels [14]. 

Furthermore Tsanaktsidis et al. [15] tried to export equations that would be able to describe the 
variation of density in blends of Diesel fuel with Biodiesel. Using specific volume of those 
blends, we determined density (while temperature maintain stable), in order to study the 
contribution of each kind of Biodiesel and we converted the statistical data into mathematic 
relations as a specific formula, attempting to achieve an empirical evaluation. 

In that study [15] we used pure Diesel and two kinds of Biodiesel; Biodiesel by vegetables 
(vegetable oil fuel) and Biodiesel by animal fats. The total volume of each blend was 100 mL 
and in every measurement the volume of Biodiesel was changing. In the third blend the 
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percentage of each kind of Biodiesel was 50% of the total volume of Biodiesel (for example 20% 
blend included: 80 mL Diesel, 10 mL Vegetable Biodiesel and 10 mL Animal Fats Biodiesel). 

We measured density via the method ASTM D 1298-99 firstly in pure Diesel and then in all 
blends. The preliminary statistical analysis of the density series and the mix have showed that 
the variations of the variable den (Υ) were defined by the rates of the variable mix (Χ) introducing 
linear equation for the three mix types that we took into account. We observe that Eqs. (2) and (4) 
has the appropriate signals as the mix rate increase should give plus rate to density variable. 

The examination of the relation of the Diesel pure fuel to a specific mix ratio of fats and 
vegetable oils Biodiesel was implemented under stable climate conditions that were measured 
per mix in order to avoid the mistake risk of sample rate output. Eq. (7) that refers to the 1st 
mix (pure Diesel and vegetable oils biodiesel) attempts to explain the relation between the pure 
Diesel and the vegetable oils biodiesel, that were the Y and the Χ accounting the chemicals 
attributes of the variables that they express. We observed that the Eqs. (7) and (8) had the 
appropriate signals as the mix rate were increased should gave plus rate to density variable. 

Density ¼ 0:817461 þ 0:00521 mix1 or Y ¼ 0:817461 þ 0:00521 (7) 

With reference to the 2nd mix (pure Diesel and vegetable oils biodiesel), the equation had the 
appropriate signals and the relation to the dependent variable were statistically significant for 
the 2nd fuel mix, on account of the reasons we have already referred. 

Density ¼ 0:830749 þ 0:000312 mix 2 or Y ¼ 0:830749 þ 0:000312 (8) 

For the 3rd mix (pure Diesel and aggregation of fats and vegetable oils biodiesel), the next 
equation were registered, which explained the linear relation of the model variable. 

Density ¼ 0:826332 þ 0:000417 mix3 or Y ¼ 0:826332 þ 0:000417 (9) 

Based on the Eqs. (7), (8) and (9) we shown with can said that the dependent variable was 
statistically significant to each of the three mixes we have studied. 

Taking into account the chemical features of the diesel fuels, fats and vegetable oils Biodiesel, 
and considering that the observation temperature is 15�C, we conclude that we might have 
high density predictability for all the mix types that we used [15] meaning the 1st the 2nd and 
the 3rd one. The equation application might only achieve quite perfect success in predicting the 
suitability of the final fuel in terms of the every time examined characteristic. 

In our next research we tried to export a regression equation which describes the variation of 
conductivity in blends of Diesel fuel with Biodiesel. Using specific volume of those blends, we 
determined conductivity, in order to study the contribution of each kind of Biodiesel and we 
converted the statistical data into mathematic relations as a specific formula, attempting to 
achieve an empirical evaluation [8]. 

We used pure Diesel and one kind of Biodiesel; Biodiesel by Vegetables (soybean oil- vegetable 
oil fuel). Those samples met the specifications of Diesel fuel and Biodiesel Standards. The total 
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volume of each blend was 100 mL (for example 20% blend included: 80 mL Diesel and 20 mL 
Vegetable Biodiesel) and in every measurement the volume of Biodiesel was changing. 

Studying on the regression, we noticed that the Eq. (10) had correct signals. The bigger 
addition of Biodiesel on pure Diesel would make the mix quote lower and lower real prices to 
the Conductivity. 

Conductivity ¼ 1691:409 � 17:504 mix or Y ¼ 1691:409 � 17:504 (10) 

In the framework of our research on the fuels relation (diesel + biodiesel = blend or mix), we 
concluded that there were an actual strong linear relation that connects the above mix with 
the Conductivity. It was considerable that the mix independent variable has a linear relation to 
the Conductivity. 

That model meaning Eq. (10) probably might give not give us secure conclusions because of 
the substantial part of the humidity in the conductivity factor. The humidity factor importantly 
influences the conductivity values so that an additional measurement will ensure the infer-
ences in this research field. 

One of the filed that needs more attention and further study is the contribution of different 
kinds of biodiesel on the conductivity and density of blends of diesel and biodiesel fuels 
(animal and vegetable). In the framework of this research we attempted to substantiate the 
existence and the type of the correlation between the blends of pure Diesel and Biodiesel 
(Vegetable and Animal Biodiesel) and the Density as well as the conductivity. 

We decided to adopt for this purpose the Regression Analysis as the best model that would 
support this study. The basic target of this method was the potentiality of the precise evalua-
tion of the dependent variable prices regarding the specific independent variables prices. The 
preliminary statistical analysis of the Density (Y1) and the Conductivity (Y2) with respect to the 
fuel volume fractions (X) (fuels) series has directly showed that the relation that connects each 
variable is linear [16]. 

Pure diesel and biodiesel (vegetable and animal) were used. Those samples met the specifica-
tions of diesel fuel and biodiesel standards described above. Eleven different blends were 
used. The total volume of each blend was 100 mL and in each blend the volume fraction of 
diesel/biodiesel was different (100% diesel, 90% diesel-10% biodiesel, 80% diesel-20% biodie-
sel, 70% diesel-30% biodiesel, 60% diesel-40% biodiesel, 50% diesel-50% biodiesel, 40% diesel-
60% biodiesel, 30% diesel-70% biodiesel, 200% diesel-80% biodiesel, 10% diesel-90% biodiesel, 
and 100% biodiesel). 

In this research we had six different blends of biodiesel. The mixes were studied in terms of 
their Conductivity and Density values in order to find an equation that shows the relationship 
between Conductivity and Density of the created mix as a function of the blend’s constitution. 
As far as the produced mix is concerned, the “mix”, our last assumption is that the upgrade of 
biodiesel (vegetable or animal or 50% vegetable with 50% animal biodiesel) would be propor-
tional to the increase in Density and Conductivity due to the numerical result of a linear 
relationship between the two variables. 
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Density ¼ 0:005mix þ 0:8175 Y1 ¼ 0:005mix þ 0:8175 (11) 

Conductivity ¼ 844:55mix � 83:63 or Y2 ¼ 844:55mix � 83:63 (12) 

The tested model was statistically significant at 1% level and we came to the decision that the 
selected regression model for the above mixes were suitable to account for an important part of 
the Density and Conductivity variability. We proceed to a closer examination of blends of pure 
diesel with animal biodiesel. The mixes were studied in terms of the Conductivity and the 
Density. As far as the produced mix were concerned, the “mix”, we expected that the upgrade 
of animal biodiesel would be proportional to the increase in Conductivity and also in Density 
due to the numerical result of a linear relationship between the two variables. 

Desity ¼ 0:004mix þ 0:8215 orY1 ¼ 0:004mix þ 0:8215 (13) 

Conductivity ¼ 2:789mix � 29:364 or Y2 ¼ 2:789mix � 29:364 (14) 

The tested model was statistically significant at 1% level and we came to the decision that the 
selected regression model for the above mixes were suitable to account for an important part of 
the Density and Conductivity variability. 

Throughout the rest of that paper [16], we continued to our analysis with the examination of 
blends of pure diesel with Biodiesel (vegetable 50% + animal 50% biodiesel). Due to the linear 
relationship between the two variables our regression analysis has shown that the Eqs. (15) 
and (16) had correct signals. 

Density ¼ 0:005mix þ 0:8149 or Y1 ¼ 0:005mix þ 0:8149: 
(15) 

Mix ¼ Pure Diesel þ Biodiesel ð50%Animal Biodiesel þ 50%Vegetable Biodiesel 

Conductivity ¼ 11:605mix � 178:4 or Y2 ¼ 11:605mix � 178:64 : 

Mix ¼ Pure Diesel þ Biodiesel ð50%Animal Biodiesel þ 50%Vegetable BiodieselÞ (16) 

The tested model was statistically significant at 1% and based on that procedure we are able to 
come to secure conclusions. Moreover with this procedure it is possible the further study of the 
biodiesel use with lower density and Conductivity. We consider that this scientific study can 
contribute to the today’s industry sector in terms of the exploitation of the alternative biodiesel 
fuel. Finally due to fact that the biodiesel cost is lower than the pure diesel the utilization 
possibility in a wide range reduces the production cost and makes a final fuel product that is 
friendlier to the environment [16]. 

In our next research we studied the possibility of exporting a regression equation which could 
describe the variation of humidity of conventional diesel with time. A hydrophilic polymers 
TPA (Thermal Polyaspartic Anion) and natural resin from halepius Pines tree were used to 
eliminate humidity from conventional diesel. At both cases, where TPA as well as natural resin 
was used as additive, the hydrophilic polymers just blended, mechanically, with the diesel and 
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after several mixing times were removed from this. The elimination of humidity made the fuel 
suitable for car machines and gave combustion with less pollution for the environment [17]. 

The preliminary statistical analysis of sequences of humidity Y and time T have shown that the 
modifications of Y, probably determined by the sine of T. Specifically, in this research we have 
examined the regression model 

Yi ¼ b0 þ bi Sin ðTiÞ þUt (17) 

in order to investigate the relation between humidity of JP8 fuel and the time, when the 
volume of the fuel and the mass of the polymer maintain stable. 

As far as for the statistical investigation for the variables like time T and resin we came to the 
conclusion that the relationship is not linear. So, in order to proceed our research we have 

2 examined the regression model Yi ¼ b0 þ b1ðTiÞ þ b2ð ÞTi þ ut in order to investigate the rela-
tion between humidity (Y), Time (Ti) and Time 2 (Ti) and the result of our analysis have shown 
the following equation: 

˜ ° 

Humidity 
mg ¼ 137:58 þ 1:33Time þ 0:004Time2 (18) 
g 

The results of the current investigation have shown that the change of humidity could be 
described via a regression equation at which the dependent variable was the humidity change 
and the independent variable was the cosine of the time that the hydrophilic polymer ΤΡΑ 
remains at the fuel. 

Thus, the results of this research [17] gave the possibility of humidity removal via the polymers 
TPA and RESIN. Hence the quality of the fuel as well as its combustion efficiency can be 
improved while significant problems can be avoided because of the presence of water in the 
combustion machine. 

Moreover, the properties of the fuel were not influenced by the use of the polymer. Via the 
equation, the value of humidity in a fuel can be calculated in the frames of the experiment time 
scale, without the use of experimental process, only by maintaining the parameters of the 
experiment (temperature 25�C and polymer use) in the proposed proportion. 

The present study also investigated how fuel’s humidity changes by the time (T) that the resin 
mass remains at the fuel, using a regression model. Because of the nonlinear relation we can 
say with certainty that the humidity can be predicted with safety (almost 86% at the time) 
when using Eq. (18). 

The use of biodiesel fuel is becoming increasingly imperative nowadays and it is necessary to 
know the change of density. In our next research we have studied the variation of density of 
diesel-biodiesel blends across the scale (0–100)% by adding each time 2% biodiesel and then 
measuring the density of three different temperatures (5, 15, 25)�C covering and the usual scale 
of temperatures the use of mixtures of diesel-biodiesel. Through the extraction of equations 
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can be known in advance the relationship of density of diesel-biodiesel blend, and temperature 
that is used. 

Based on these fuels created 50 diesel-biodiesel blends content (0-2-4-6 .... 100) % v/v, at three 
different temperatures (5, 15, 25)�C to cover all common temperature scale used diesel-
biodiesel mixtures. Then we proceed to the determination of the density of these mixtures. 
The determination is conducted through the ASTM D-1298 method (ASTM D1298-99, 2005) 
with measurements by means of BS718:1960LSOSP hydrometers. These measurements are 
reduced to a temperature of 15�C, at which they also constitute the value of fuel density, 
while they are expressed in kg/L. The measurement scale of these hydrometers is between 
0.6 and 1.1. 

In order to verify the existence and the type of correlation between the blends pure Diesel and 
Biodiesel and the Density we decided to use the Regression Analysis as the best method that 
would support this study. The preliminary statistical analysis of the Density (Y) with respect to 
the fuel volume fractions (X) (fuels) series had directly showed that the relation that connects 
each variable were linear for its temperature meaning 5, 15 and 25�C [9]. 

In this research we had almost 50 different blends of biodiesel for its temperature. The mixes 
were studied in terms of their Density values in order to find an equation that shown the 
relationship between Densities of the created mix as a function of the blend’s constitution. As 
far as the produced mix was concerned, the “mix”, our last assumption was that the upgrade 
of biodiesel would be proportional to the increase in Density due to the numerical result of a 
linear relationship between the two variables. We came to the relative conclusion as it was 
defined by the following equations: 

mix01 ¼ 0:8114 þ 0:0013 density Constant temperature 5oC (19) 

mix02 ¼ 0:8282 þ 0:001 density Constant temperature 15oC (20) 

mix03 ¼ 0:8262 þ 0:0008 density Constant temperature 25oC (21) 

The proposed methodology can be used in the bio fuels industry for the prediction of variation 
of the density of mixtures of diesel-biodiesel in a temperature scale is the most common in use 
for these fuels. Moreover based on this procedure we are able to come to secure conclusions 
when the values of density according to the mixes where measured between 5 and 25�C. If we 
overcome these limits then we will face autocorrelation and heteroskedasticity problems. In this 
case our model will have no predictive ability and will essentially reject as unacceptable [9]. 

4. Conclusion 

Based on our results the variation of the physicochemical properties of the oil can be predicted. 
This can be done using the equations generated during our investigations. The predictive 
capacity of these equations is valid only if specimens and mixtures follow specific rules, such 
as those during the experiments we conducted. With these studies we came to the conclusion 
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that it is given the opportunity to develop software in order to study the changes of physico-
chemical properties of petroleum distillate products. The development of such an application 
would help us to know in advance the variation of the physicochemical properties. This 
implementation would be important not only for researchers but also for the respective control 
bodies as regards the quality of the final product at each stage to the final consumer. Taking 
into account such equations and having knowledge of oil technology, we can predict the prices 
per fuel mix and, accordingly, accept it or reject it. 
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Abstract

Petrochemical wastewater is inherent to oil industries. The wastewater contains various
organic and inorganic components that need to be well managed before they can be
discharged to any receiving waters. The complexity of the wastewater and stringent
discharge limit push the development of wastewater treatment by combinations of differ-
ent methods. Biological wastewater treatments that have been well developed for organic
and inorganic wastewater treatment are thus a potential method for petrochemical waste-
water management. This chapter summarizes the commonly applied petrochemical
wastewater pretreatment methods prior biological treatments and compares different
biological treatment systems’ performance such as biological anaerobic, aerobic and inte-
grated systems. Two case studies are presented for a high chemical oxygen demand
(COD) contents petrochemical wastewater treatment in full-scale by applying Biowater
Technology’s biofilm system continuous flow intermittent cleaning (CFIC) and a pilot-
scale study by an integrated anaerobic and aerobic biofilm system hybrid vertical anaero-
bic biofilm (HyVAB). Both processes showed substantial (over 90%) COD removal, while
the HyVAB system produced high methane content biogas that can be potentially used as
an energy source. Studies of degradation of certain toxic chemicals, such as aromatic
compounds in petrochemical wastewater, by the advanced treatment systems incorporat-
ing specific organisms can be of good research interest.

Keywords: petrochemical wastewater, anaerobic digestion, aerobic digestion, biofilm
reactor, integrated system

1. Introduction

Increasing consumption of oil in modern society has led to more oil/oil refinerywaste generation.
The oil processing wastewater/waste has high concentrations of aliphatic, aromatic petroleum
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Abstract 

Petrochemical wastewater is inherent to oil industries. The wastewater contains various 
organic and inorganic components that need to be well managed before they can be 
discharged to any receiving waters. The complexity of the wastewater and stringent 
discharge limit push the development of wastewater treatment by combinations of differ-
ent methods. Biological wastewater treatments that have been well developed for organic 
and inorganic wastewater treatment are thus a potential method for petrochemical waste-
water management. This chapter summarizes the commonly applied petrochemical 
wastewater pretreatment methods prior biological treatments and compares different 
biological treatment systems’ performance such as biological anaerobic, aerobic and inte-
grated systems. Two case studies are presented for a high chemical oxygen demand 
(COD) contents petrochemical wastewater treatment in full-scale by applying Biowater 
Technology’s biofilm system continuous flow intermittent cleaning (CFIC) and a pilot-
scale study by an integrated anaerobic and aerobic biofilm system hybrid vertical anaero-
bic biofilm (HyVAB). Both processes showed substantial (over 90%) COD removal, while 
the HyVAB system produced high methane content biogas that can be potentially used as 
an energy source. Studies of degradation of certain toxic chemicals, such as aromatic 
compounds in petrochemical wastewater, by the advanced treatment systems incorporat-
ing specific organisms can be of good research interest. 
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reactor, integrated system 

1. Introduction 

Increasing consumption of oil in modern society has led to more oil/oil refinery waste generation. 
The oil processing wastewater/waste has high concentrations of aliphatic, aromatic petroleum 
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hydrocarbons, etc. Direct discharge of this will affect plants and aquatic life of surface and 
ground water sources. Due to its organic origination, complex nature, and toxic effects, waste-
water treatment prior to discharge is obligatory. The biological treatment process is normally 
applied to reduce the effects of petrochemical waste. 

Stringent regulations have motivated researchers to design advanced treatment facilities to give 
high treatment efficiency, low maintenance, footprint, and operational costs. Biological anaero-
bic, anoxic, and aerobic digestion (or a combination of each other) have been implemented to 
treat petrochemical wastewater. Optimizing pretreatment process using physicochemical pro-
cesses is also important for getting suitable pretreatment wastewater for efficient biological 
secondary treatment. An overview and update of the petrochemical wastewater treatment pro-
cesses will contribute to the knowledge development both theoretically and practically. 

In this section, the petrochemical wastewater treatment by biological processes is shortly 
reviewed and discussed. Section 2 introduces the petrochemical wastewater sources and their 
components in general. Section 3 introduces the normally applied pretreatment process prior 
to biological treatment processes. Section 4 presents the commonly applied anaerobic, aerobic, 
and combined anaerobic and aerobic biological systems for petrochemical wastewater treat-
ment. Section 5 shows two case studies on the petrochemical wastewater treatment using 
Biowater Technology AS’s continuous flow intermittent cleaning (CFIC) and hybrid vertical 
anaerobic biofilm (HyVAB) processes. Section 6 summarizes challenges and further studies in 
the petrochemical wastewater treatment. 

2. Petrochemical wastewater 

Petrochemical wastewater is a general term of wastewater associated with oil-related indus-
tries. The sources of petrochemical wastewater are diverse and can originate from oilfield 
production, crude oil refinery plants, the olefin process plants, refrigeration, energy unities, 
and other sporadic wastewaters [1, 2]. The compositions of wastewater from different sources 
consist of varying chemicals and show different toxicity and degradability in terms of biolog-
ical treatment. In this chapter, to better compare the treatment efficiency with varying pretreat-
ment processes, the petrochemical wastewater has been categorized to oilfield-produced 
wastewater, petrochemical refinery, and oily wastewater based on the originates. 

Oilfield-produced wastewater is generated in crude oil extraction from oil wells that contain 
high concentrations of artificial surfactants and emulsified crude oil characterized of high COD 
and low biodegradability [3]. It is produced during oil extraction in oil fields and contains 
complex recalcitrant organic pollutants such as polymer, surfactants, radioactive substances, 
benzenes, phenols, humus, polycyclic aromatic hydrocarbons (PAHs), and different kinds of 
heavy mineral oil [4, 5]. Table 1 presents the commonly found compositions of wastewater 
obtained from oilfield production. 

Petroleum refinery wastewater is generated in oil refinery processes that produce more than 2500 
refined products. The wastewater can be from cooling systems, distillation, hydrotreating, and 
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Parameter Values Heavy metal Values (mg/L) 

Density (kg/m3) 1014–1140 Calcium 13–25,800 

Surface Tension (dynes/cm) 43–78 Sodium 132–97,000 

TOC (mg/L) 0–1500 Potassium 24–4300 

COD (mg/L) 1220 Magnesium 8–6000 

TSS (mg/L) 1.2–1000 Iron <0.1–100 

pH 4.3–10 Aluminum 310–410 

Total oil (IR; mg/L) 2–565 Boron 5–95 

Volatile (BTX; mg/L) 0.39–35 Barium 1.3–650 

Base/neutrals (mg/L) <140 Cadmium <0.005–0.2 

(Total non-volatile oil and grease by GLC/MS) base (g/L) 275 Chromium 0.02–1.1 

Chloride (mg/L) 80–200,000 Copper <0.002–1.5 

Bicarbonate (mg/L) 77–3990 Lithium 3–50 

Sulfate (mg/L) <2–1650 Manganese <0.004–175 

Ammoniacal nitrogen (mg/L) 10–300 Lead 0.002–8.8 

Sulfite (mg/L) 10 Strontium 0.02–1000 

Total polar (mg/L) 9.7–600 Titanium <0.01–0.7 

Higher acids (mg/L) <1–63 Zinc 0.01–35 

Phenols (mg/L) 0.009–23 Arsenic <0.005–0.3 

VFA’s (volatile fatty acids) (mg/L) 2–4900 Mercury <0.001–0.002 

Silver <0.001–0.15 

Beryllium <0.001–0.004 

Table 1. Wastewater parameter form oilfield production [6]. 

desalting. The compositions of the refinery wastewater can vary depending upon the operational 
units for different products at specific time and locations. Different concentrations of ammonia, 
sulfide, phenols, Benzo, and other hydrocarbons are normally present in such wastewater [7, 8]. 

The oily wastewater is defined here to be any wastewater that does not clearly belong to the 
two categories mentioned earlier. This wastewater can be from petrochemical-related indus-
tries such as from oil transportation tank, garage oil wastewater, etc. The composition of such 
wastewater is diverse with high COD that can be over 15 g/L [9]. 

3. Pretreatment process for biological stabilization 

Wastewater from petrochemical industries consists of different chemicals. The treatment pro-
cesses depend and are specialized by wastewater sources, discharge requirements, and 
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treatment efficiencies. Normally, pretreatment processes are applied in the treatment of petro-
leum refinery wastewater before it is sent to biological process for organic elimination [8]. A 
primary treatment includes the elimination of free oil and gross solids; elimination of dis-
persed oil and solids by flocculation, flotation, sedimentation, filtration, microelectrolysis, 
etc.; increasing the biodegradability of wastewater, etc. [8]. This chapter lists a few commonly 
applied methods for petrochemical wastewater pretreatment. 

3.1. Physical treatment 

Depending on the wastewater characteristics, physical treatment such as adsorption by active 
carbon, copolymers, zeolite, etc. can be used for removing hydrocarbons in the petrochemical 
wastewater [6]. Evaporation is proposed to remove oil residuals in saline wastewater. 
Dissolved air flotation (DAF) is commonly used for wastewater containing oil/fat as well as 
suspended solids, which can also be applied for petrochemical wastewater. 

Microfiltration (MF) and ultrafiltration (UF) are also applicable for pretreatment before the 
wastewater passes through, for example, reverse osmosis (RO) process for reusing purposes [10]. 

3.2. Chemical treatment 

Enhancing hydrolysis by adding chemicals for removing the long-chain organics, toxic mate-
rial, or suspended solids can increase the Biochemical Oxygen Demand (BOD) ratio of the 
wastewater. Three chemical treatment processes are listed here. 

Micro-aeration breaks down high hydrocarbon content components from wastewater, which 
leads to easily biodegradable organic generation. At a dissolved oxygen (DO) concentration 
from 0.2 to 0.3 mg/L, the hydrolysis of wastewater organics is enhanced. The BOD/COD ratio 
is increased and SO4� reduction in wastewater is inhibited. Low H2S generation due to SO4� 
reduced reduction can benefit subsequent biological treatment by lowering inhibitory effects. 
Benzene ring organics’, such as benzene, toluene, ethylbenzene, and xylenes, treatability in the 
biological stage can be improved [11]. 

Coagulation-flocculation for specific petrochemical wastewater treatment, such as purified 
terephthalic acid (PTA) production wastewater; the wastewater contains aromatic compounds 
such as p-toluic acid, benzoic acid, 4-carboxybenzaldehyde, phthalic acid (PA), and 
terephthalic acid (TA), etc. Ferric chloride is found to be the most effective coagulant with 
COD removal efficiency at 75.5% at wastewater COD of 2776 mg/L and dose of pH 5.6. Adding 
cationic polyacrylamide improves the sludge filtration [12]. Certain streams that combine 
coagulation and flocculation as pretreatment followed by MF and UF achieved significant 
suspended solid removal [10]. 

Ozonation for wastewater that contains phenol, benzoic acid, aminobenzoic acid, and petro-
chemical industry wastewater containing acrylonitrile butadiene styrene (ABS) at 30 min and 
100–200 mg O3/h showed an increased BOD/COD ratio from 20 to 35% [13]. 
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3.3. Other treatment 

Microelectrolysis of petrochemical wastewater has been tested with positive effects on the 
COD removal as well as increasing the BOD-to-COD ratio levels [14]. 

4. Biological treatment of petrochemical wastewater 

Biological treatment incorporates actions of different microbes to eliminate organics and stabi-
lize hazardous pollutants in petrochemical wastewater. Stringent environmental standards 
and recycling of water for reuse have shifted focus to biological treatments because of its cost 
and pollutant removal efficiency. As the nature of petrochemical wastewater is very complex, 
biological treatment to remove pollutants still has challenges despite immense potentials. 
Complex structures of aromatic, polycyclic, and heterocyclic ringed chemicals are known to 
be restraint to biological degradation [15]. However, recent research activities have produced 
notable removal percentages of pollutants from petrochemical wastewater [16]. 

Anaerobic digestion (AD), aerobic digestion, or an integration of both methods is commonly 
applied in biological processes to treat petrochemical wastewater. 

4.1. Anaerobic process 

Anaerobic digestion has the advantages of producing methane as a renewable energy, requiring 
less space and having lower sludge generation than aerobic process. A literature review of 
anaerobic digestion on the petrochemical wastewater is given in Table 2. Petrochemical wastewa-
ter treated in anaerobic baffled reactor (ABR), sequence batch, and up-flow sludge blanket reactor 
(UASB) was commonly applied. It shows that organics in the petrochemical wastewater could be 
partially anaerobic digested at a removal efficiency depending on the chemical constituents, 
reactor type, operational conditions (temperature, loading rate, etc.), and wastewater sources [24]. 

COD removal efficiency is used here as a general parameter to assess the performance of 
different systems. Crude oil extraction of light, medium, and heavy petroleum wastewater 
treatment by different anaerobic digestion systems at mesophilic or thermophilic conditions 
showed that in batch test over 56–71% COD removal was achievable at thermophilic condition 
[1, 18] (Table 2), while UASB system can achieve over 93% COD removal at mesophilic 
conditions for wastewater from light petroleum extraction (Table 2). It seems light petroleum 
extraction wastewater was generally easily degradable (over 71–93% removal) compared to 
the medium and heavy oil extraction wastewater. The setup of plug flow pattern and granular 
sludge application in UASB might also enhance the interaction between wastewater and 
organisms, giving higher efficiency. The removal efficiency decreases as the loading rate 
increases, indicating the inhibition effects to the organisms. 

Medium- and heavy oil-produced wastewater treatment efficiency was relatively low. Batch 
system gives generally a better treatment efficiency for these two wastewaters at about 50–60% 
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NO. Types of wastewater Treatment 
system 

Operating conditions Pollutants 
monitored 

Removal 
efficiencies (%) 

References 

1 Crude oil extractions* Batch 
reactors 

Thermophilic 
conditions (55 ˜ 1° C) 

COD 70.7 
59.9 
62.1 

[1] 

UASB Mesophilic COD 81.7 
23.5 

[17] 

35.7 

2 Crude oil extractions** Batch 
reactors 

Thermophilic 
conditions (55 ˜ 1° C) 

COD 68.2–69.2 
55.9–50.4 

[18] 

3 Crude oil extractions*** UASB Mesophilic 
1.06 kg COD/m3.d 
0.78 kg COD/m3.d 

COD 93 
26 

[19] 

4 Crude oil extraction of 
light petroleum 

UASB Mesophilic 
4.7 kg COD/m3.d 
0.78 kg COD/m3.d 

COD 23.8 
86.1 

[20] 

UASB Mesophilic 
5.6 kg COD/m3.d 
Thermophilic 
5.6 kg COD/m3.d 

COD 
VSS 
COD 
VSS 

40–80 
42–73 
67–84 
52–67 

[21] 

UASB Thermophilic 
1.1 kg COD/m3.d 

COD 78 [22] 

UASB 4.1 kg COD/m3.d COD 82 [23] 

5 Heavy oil refinery UASB 3.4 kg COD/m3.d COD 
Total oil 

70 
72 

[9] 

ABR 0.5 kg COD/m3.d COD 
Oil 

65 
88 

[24] 

*Water from light petroleum, medium petroleum and heavy petroleum, respectively. 
**Water from medium petroleum and heavy petroleum, respectively. 
***Water from light petroleum, medium petroleum, respectively. 

Table 2. Overview of anaerobic treatment of petrochemical wastewater. 

removal (Table 2), while UASB shows low efficiency at around 20–30% removal efficiency. The 
effects of toxic chemicals in the wastewater and high content of large organic molecules can be 
the reason for low efficiency. 

4.2. Aerobic process 

Aerobic process has been applied widely in petrochemical wastewater treatment attributed to 
its features of easy operation, less sensitiveness to toxic effects, higher organisms’ growth rate, 
etc. than the anaerobic system. Different aerobic reactors such as traditional active sludge, 
contact stabilization active sludge, sequence batch reactor (SBR) that applies active sludge 
and biological aerated filter (BAF), membrane bioreactor (MB), moving bed biofilm reactor 
(MBBR), aerobic submerged fixed-bed reactor (ASFBR) that applies biofilm, etc. have been 
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S. Types of Treatment system Operating Pollutants Removal References 
N wastewater conditions monitored efficiencies (%) 

Petroleum 
refinery 

2 Oilfield 

3 Oily 
wastewater 

Contact stabilization 

Activated sludge 

Activated sludge 

SBR 

MSBR 

HF-UF MBR 

CF-MBR 

BAF 

ASFBR 

BAF with immobilized 
carriers 

MBBR with 
Activated sludge 

Activated sludge 

Airlift reactor 

Activated sludge 

Activated sludge and 
contact oxidation 

F/M 0.38 

SRT: 20 days 
HRT: 8 h 

HRT: 25–36 h 

DO: 4 mg/L 
F/M: 0.2–1.15 

1.9 kg COD/m3.d 

2.4 kg COD/m3.d 
HRT: 12 h 

1.1 kg COD/ m3.d 

4.2 kg COD/ m3.d 

SRT: 20 days 
MLSS: 730 mg/L 

HRT: 12 days 

Temperature: 
25–37°C 

1.1 kg COD/ m3.d 

COD 
BOD 
NH3-N 
H2S 
TSS 

COD 
BOD 
NH3-N 
H2S 
TSS 

COD 
TOC 
TSS 

COD 
TOC 

COD 
Oil and grease 
TPH 

COD 
TSS 
Turbidity 

COD 

COD 
Oil 
SS 

COD 
TSS 

TOC 
Oil 

COD 

THP 

COD 
TOC 
Phenols 
NH4 + -N 

COD 

Ethylene 
dichloride 

Vinyl chloride 

Total 
hydrocarbons 

COD 
NH4+-N 

97.9 
95.8 
87.5 
97.5 
98.6 

93.4 
94.4 
83.3 
95 
97.6 

94–95 
85–87 
98–99 

80 
84 

80 
82 
93.4 

82 
98 
98 

93–94 

84.5 
94 
83.4 

70˜7 
65˜16 

78 
94 

74 

98–99 

65 
80 
65 
40 

89 
99 
92 
80 

84.9 
60 

[25] 

[8] 

[26] 

[27] 

[28] 

[29] 

[30] 

[31] 

[5] 

[32] 

[33] 

[34] 

[35] 

[36] 
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S. 
N 

Types of 
wastewater 

Treatment system Operating 
conditions 

Pollutants 
monitored 

Removal 
efficiencies (%) 

References 

UF Membrane bioreactor Temperature–35° C COD 
TOC 

97 
98 

[37] 

Oil 99.9 

RBC Diesel concentration: 
0.6% 

TPH 
COD 

98.1 
97.2 

[38] 

CFIC Temperature–35° C COD 92 Case study 
in chapter 5 

Table 3. Overview of aerobic treatment process of petrochemical wastewater. 

tested to treat petrochemical wastewater from varying sources and presented in Table 3. 
Generally higher COD and chemical removal efficiencies by aerobic process are achieved than 
the anaerobic processes (Tables 2 and 3). The sludge retention time, hydraulic retention time, 
dissolved oxygen level, feed to organism ratio, and temperature are some of the important 
factors that determine the treatment efficiency. 

Petroleum refinery wastewater COD removal was generally high from 70 to 98% in the 
mentioned aerobic system (Table 3), which in anaerobic system is from 70 to 93%. The 
contact and extended active sludge process can achieve high COD removal rate of 89–95% 
(Table 3) at a feed to microorganism ratio of 0.38 [25]. The applied aeration to the mixed 
liquor and the sludge recycle rate was found to be critical parameters in the successful 
optimization of the contact stabilization process. The treatment efficiency of NH4-N, H2S, 
and TSS were also high [25]. Traditional SBR has relatively lower treatment efficiency at 80% 
COD removal (Table 3). 

The membrane reactors such as BAF, cross-flow membrane bioreactor (CF-MBR), membrane 
sequencing batch reactor (MSBR), and hollow fiber ultrafiltration membrane bioreactor (HF-
UF MBR) including ultrafiltration MBR systems treating higher OLR or food to organisms’ 
ratio can achieve over 80% COD removal (Table 3). MBBR system applying biofilm can 
achieve 74% COD removal at a high OLR of 4.2 kg COD/m3˜d (Table 3). It also can be seen 
that NH4-N and H2S removal are above 60% that cannot be obtained in anaerobic system. The 
Total Organic Compounds (TOC) and oil removal are also better than the anaerobic system. 

Oilfield wastewater is relatively reluctant to aerobic digestion due to the complex ingredient. 
The removal efficiency of such water has a COD removal at around 30–74% (Table 3) by BAF, 
MBBR, etc. Active sludge process seems to handle well the wastewater and achieve high total 
petroleum hydrocarbon (TPH) removal. 

The oily wastewater COD removal is generally high by using different aerobic methods, 
indicating its easily degradable nature (Table 3). The case study in Section 5 presents the 
advanced biofilm technology named CFIC process by Biowater Technology AS. The full-scale 
plant data show consistently high COD removal efficiency over 90%. 
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4.3. Integrated biological process 

The treatment efficiencies of individual anaerobic and aerobic systems show good capability in 
treating certain petrochemical wastewater. An integrated system combining anaerobic and 
aerobic processes can possibly take the advantages of both and achieve even better removal 
efficiency for chemicals that are not easily degraded by either anaerobic or aerobic process. An 
integrated system that is focused in this chapter can be a hybrid reactor consisting of an 
anaerobic and an aerobic system in a vertical design, such as a hybrid vertical flow anaerobic 
aerobic biofilm reactor (HyVAB) [9], provided by Biowater Technology AS, or a combination of 
different treatment processes in series, for example, a system consists of traditional anaerobic 
reactor and an aerobic stage in series. The performance of integrated systems for petrochemical 
refinery, oilfield-produced wastewater, and other oily wastewaters is presented in Table 4. The 
integrated system could effectively remove easily degradable COD in the anaerobic stage first 
and convert it to biogas with the residual COD and other chemicals such as ammonium, 
sulfide, etc. degraded in the aerobic stage (Table 4). 

Hybrid system combining UASB and aerobic stage treating oilfield wastewater showed good 
effects on COD removal by enabling acidification prior to the aerobic stage where organisms 
are actively reacting with organic chemicals. The COD removal rates were over 70–95%. Oil 
and ammonia removal was also recorded over 87% (Table 4). 

S. 
N 

Types of 
wastewater 

Treatment system Operating 
conditions 

Pollutants 
monitored 

Removal 
efficiencies 

References 

(%) 

1 Oilfield 
produced 

UASB coupled with immobilized 
biological aerated filters (I-BAFs) 

HRT 12 h 
(Min) 

COD 
NH4 

+-N 
SS 

74 
94 
98 

[39] 

UASB-two stage BAF Temperature: 
26–33˜C 

COD 
NH4 

+-N 
90.2 
90.8 

[3] 

Oil 86.5 
PAHs 89.4 

hydrolysis, MBBR, O3 and biological 
active carbon reactor 

COD 
Oil 

95.8 
98.9 

[40] 

Ammonia 94.4 

2 Petroleum 
refinery 

MBBR with anaerobic-aerobic (A/O) HRT: 72 h 
HRT: 36 h 

COD <60 mg/L 
(effluent) 

[41] 

UASB-aerobic packed bed biofilm 
reactor (PBBR) 

0.5 kg COD/ 
m3.d 
Temperature: 
35 ° 1 ˜C 

COD 
PAHs 

81.1 
100 

[42] 

3 Oily 
wastewater 

HyVAB reactor containing anaerobic 
and aerobic in vertical 

To 23 kg 
COD/m3.d 

COD 86 [9] 

Bioaugmentation anoxic-oxic (A/O) HRT 17.5 h COD 
NH4 

+-N 
91 
89 

[5] 

Table 4. Overview of integrated treatment process of petrochemical wastewater. 
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For petrochemical refinery treatment, direct discharge of treatment effluents after combining 
anaerobic and aerobic MBBR system is possible. The PAH removal reached even 100% by 
combining the UASB and packed bed biofilm reactor (PBBL) at 0.5 kg COD/m3˜d (Table 4). 

The pilot study of hybrid vertical flow anaerobic biofilm (HyVAB) treating oily wastewater 
had substantially high organic loading rate over 23 kg COD/m3˜d. The COD removal efficiency 
was consistently good over 86% [9]. A case study based on this HyVAB concept is followed in 
the next section with detailed performance data presentations and discussions. 

5. Petrochemical wastewater treatment case study 

Petrochemical wastewater of different sources, such as from manufacturing industries, auto 
repair shops, and washing water of oil tanks, is collected and delivered to a full-scale aerobic 
treatment plant at Bamble, Norway, for resource recovery and biological stabilization. The 
collected wastes are stored in storage tanks before being distilled to extract oil residuals. The 
wastewater after oil extraction still contains high COD and is therefore further treated by 
biological processes. The full-scale CFIC plant was designed and delivered by Biowater Tech-
nology AS and has been running continuously for 3 years. A pilot study of the integrated 
system HyVAB was also carried out on site of the full-scale plant running with the same feed 
water and the results showed good performance and can be referred to [9]. In this chapter, the 
full-scale CFIC operation data and a continuous study of HyVAB applying pure oxygen as 
aeration media are presented. 

5.1. Full-scale CFIC treating petrochemical wastewater 

The full-scale plant applies continuous flow intermittent cleaning biofilm (CFIC) technology. 
The CFIC technology is an advanced biofilm system based on MBBR concept. It is compact 
and is operated with alternating a normal and a washing mode while continuously feeding the 
reactor. CFIC contains highly packed biofilm carriers (over 90% filling ratio) to a degree that 
oxygen is utilized efficiently by enhancing gas transfer and limiting carriers’ movement in the 
reactor. The biofilm grows in condition of sufficient oxygen, organic substrates, and nutrients. 
Excess aerobic sludge grown on the carriers’ surface is washed off during the intermittent 
washing that helps maintain a thin and effective biofilm. 

5.1.1. System layout 

The full-scale plant layout is shown in Figure 1. Distilled wastewater is pumped to a condi-
tioning chamber where nutrients are dosed and pH is corrected. Effluent from CFIC goes 
through chemical precipitation and DAF to remove solids before being discharged to the sea. 
Sludge is temporally stored and dewatered to be tanked away for specific treatment. 

The full-scale system is treating wastewater of fluctuating concentrations with COD concen-
tration ranging from 7 to 35 g/L at a designed daily flow rate of 240 m3/d. The wastewater pH 
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is around 5 and a total dissolved solid content of 4 g/L. BWTS® (Biowater Technology AS) with 
a surface area of 650 m2/m3 is applied as biofilm carriers in CFIC (Figure 1). 

5.1.2. Operational results and discussion 

Operational data of the full-scale plant in 2017 is summarized here. The COD feed to the 
reactor and the final effluent after DAF is shown in Figure 2 together with removal efficiency. 
It shows that on average over 90% feed COD was removed by the system. At the early days of 
the year, sludge flocculation process chemical dosing was not well established; the total COD 

Figure 1. Up, layout of the full-scale CFIC plant with 1. Storage tank; 2. CFIC reactor; 3. DAF; 4. Sludge storage tank; 5. 
Dewatered sludge tanker. Down, applied BWTS® biofilm carriers. 

Figure 2. Feed and effluent total COD and COD removal efficiency. 
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removal was fluctuating around 80–90%. When the system was stabilized even high COD feed 
from 100 to 200 days did not reduce treatment efficiency. The high removal efficiency indicates 
that CFIC is a stable and robust system. 

The suspended solid content of the final effluent shows that the average value was within 100 
mg/L (Figure 3). The CFIC system running in normal mode generally worked as a filter bed 
which retains suspended solid in the reactor. When washing mode starts, raised water level in 
the reactor coupled with increased aeration induces a well-mixed moving bed biofilm system. 
The extra biofilm/sludge in carrier voids are washed off due to intensified shear force and are 
carried out of the system by continuous effluents. The washing washes away on average 30% 
of the total solids on the biofilm carriers. 

5.2. Pilot study of HyVAB treating petrochemical wastewater using pure oxygen 

The concept of the HyVAB system is illustrated in Figure 4. The system consists of a bottom 
anaerobic and a top aerobic biofilm stage in a vertical mode. Biogas generated from the 
anaerobic stage can be collected through the three-stage separator. Due to the close integration 
of two processes, the dissolved gases (methane, H2S, etc.) in liquid that are generated in the 
AD stage will not be released to the atmosphere but captured and oxidized by aerobic organ-
isms, avoiding a commonly observed emission problem in anaerobic treatment plants [43]. 
Returning of the excess aerobic sludge to the AD stage by gravity where the solids undergo 
stabilization simplifies the sludge treatment which also contributes to methane production. 
The detailed longer-term pilot study with reactor layout and performance can be referred to 
[9], where air was applied as aeration source. 

This chapter presents the pilot study of pure oxygen effects on HyVAB performance. Oxygen 
aerations were known to be less energy intensive, high in efficiency, and give good biofilm 
development due to its close contact with biofilm layers. Results show that the HyVAB COD 
removal using air and pure oxygen reached similar ratios on average 94 and 85% for the 
soluble and total feed COD removal, respectively. Oxygen aeration minimized the flushing 

Figure 3. Effluent suspended solid concentration after DAF. 
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Figure 4. Sketch of the HyVAB (hybrid vertical anaerobic biofilm) bioreactor with the anaerobic stage at the bottom and a 
CFIC stage at the top. Numbers are sampling points. 

effects on biofilm carriers and reduced the effluent suspended solid to 500 mg/L and effluent 
pH was overall 1.1 less than applying air aeration. 

5.2.1. Experiment management 

The anaerobic stage was filled with granular sludge, with relatively equal size (˜2 mm) from 
an industrial wastewater treatment facility. Similar biofilm carriers (Figure 1) were used in the 
aerobic stage. Pure oxygen was applied as aeration oxygen source and air washing was 
introduced intermittently during the washing mode in the study. The pilot was running 
continuously for 115 days at 21 ° 2˛C. 

5.2.2. Operational results and discussion 

With OLR increased gradually to close to 30 kg COD/m3˝d at lower HRT of 15 h, the HyVAB 
system still performed well with over 90% soluble COD removal when the oxygen aeration 
was introduced after 32 days (Figure 5). The air aeration was conducted before 31 days and the 
results were treated as reference. With oxygen aeration, the anaerobic stage generated high 
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Figure 5. COD removal at different organic loading rate (OLR) and HRT. 

Figure 6. Biomass yield at different OLR and with/without oxygen aeration, vertical line separate air and oxygen 
aeration. 

methane content biogas (82%) and the soluble COD removal efficiency was comparable with 
air aeration (Figure 5). 

The sludge yield with oxygen aeration was at 0.04 g VSS/g CODremoved and less variations 
showed comparing to the air aeration stage (Figure 6). The reasons can be that the fine bubbles 
of the aeration from oxygen did not give high shear force on the biofilm to scratch it off. The 
low mixing effects also retained the solids in the reactor. The low sludge yield at high organic 
loading rate indicates high efficiency of the HyVAB system in removing petrochemical organic 
substances. Consistently lower effluents of less than 500 mg/L were observed with oxygen 
aeration. 

Some petrochemical wastewater contains high salinity and nutrients such as ammonia and 
phosphate, especially after anaerobic treatment. The high content of dissolved solids might 
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Figure 7. pH variations in different streams, vertical line separate air and oxygen aeration. 

precipitate on biofilm carriers when pH is high and temperature is in good range. Oxygen 
aeration showed good pH control effects compared with air aeration which induced high pH 
(over 8.5) (Figure 7) in the aerobic stage. Good biofilm development was observed in the pilot 
test with such petrochemical wastewater and the scaling effects on carriers were minimal with 
oxygen aeration. 

6. Conclusions and further study 

Biological treatment of petrochemical wastewater is an economic and efficient waste stabiliza-
tion method. The treatment of wastewater containing organic contaminants of refractory 
nature can be ineffective in biological treatments [44]. The challenges are as follows: (1) 
activated sludge method can fail while treating strong petrochemical wastewater with high 
COD concentration (>10 g/L) and contain some aromatic compounds (phenol and its deriva-
tives, etc.); [45] (2) variations in the strength of the organic load due to various sources of 
petrochemical refinery can cause shock to the biomass; (3) petrochemical wastewater contains 
large amounts of volatile organic compounds (VOCs) and can cause odor and air pollutions 
around the biological treatments, and aerobic treatments like activated sludge should not be 
considered in this case; (4) oil, fat, and grease can cause floatation of the sludge and this can 
cause sludge washout ultimately failing the treatment system. 

Application of certain organisms for specific wastewater components’ treatment after second-
ary biological treatment can be a topic in the future. Isolation of specific bacteria to treat 
recalcitrant compounds can lead to effective removal, for example, the bacterium Pseudomonas 
putida to degrade phenolic compounds [7]. Integrated biological system showed general better 
performance for treating petrochemical wastewater; the synergistic effects of organisms of 
different originals such as from anaerobic combining aerobic might facilitate the recalcitrant 
organic removal. Also, reactor modification and microorganisms’ isolation to handle complex 
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petroleum wastewater treatment can be of great interest in coming days to reduce extra-
treatment costs. 
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