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ABSTRACT 

The design of a plant for the production of 100,000 tonnes of Biodiesel per annwn from Rape 

seed oil was carried out using Transesterification reaction. The product from this plant is found 

to be compactable with all diesel combustion engines. The design covered the material and 

energy balance for the entire process. It also involves flow sheeting which shows the bulk flow 

of materials and various processes involved as well as the operating conditions, the sizing of all 

the equipment and its optimization. The Economic evaluation indicate a net profit of 1.199x 107 

Naira per year from total annual sales of 1.69xl07 Naira per year. The rate of return and payback 

period was 16.415 % and 4.55 4year respectively, which shows the economic viability of this 

project. 
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CHAPTER ONE 

1.0 INTRODUCTION 

Design is a creativity whereby ideas are generated and translated into processes and equipment 

for producing new materials or significantly upgrading the value of the existing once. In this 

case, the target of this project is to design a plant to produce biodiesel fuel. (Buraimoh, 2006) 

The rising need for an alternative fuel that is not subjected to problems posed by the 

conventional fossil fuel is fast becoming inevitable. As such, a renewable non -toxic substitute is 

required to supplement or completely replace the conventional fuel, due to the increasing 

demand for these products. 

Biodiesel fuel is a potential substitute for fossil diesel because of its huge benefits. It consists of 

methyl esters (biodiesel) of fatty acids produced by the transesterification reaction of natural oils 

with triglyceride composition with methanol using a homogenous catalyst such as sodium 

hydroxide. Glycerol, a useful raw material is also produced as a by-product from the process 

(Wang et al., 2007). 

Of the several methods available for producing biodiesel, transesterification of natural oils and 

fats is currently the method of choice. The purpose of the process is to lower the viscosity of the 

oil or fat. Transesterification is basically a sequential reaction. Triglycerides are first reduced to 

diglycerides, which are subsequently reduced to monoglycerides, which are finally reduced to 

fatty acid esters. The order of the reaction changes with the reaction conditions. The main factors 

affecting transesteritication are the molar ratio of glycerides to alcohol, catalysts, reaction 

temperature and time, and free fatty acid and water content in oils and fats. Transesterification is 

extremely important for biodiesel (Ma et ai, 1999). 

In this project, Rapeseed oil is the focused source of natural oil needed in the transesterification 

process. Other source of triglycerides includes palm seed, sunflower seed, peanut, soya beans, 

castor seed etc. However, the most economical feasible of these seeds is the rapeseed since it is 

the preferred oil stock for biodiesel production in most part of the world. This is because, rape 

seed produce more oil per unit of land area compared to other natural seeds. 

1 
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/1.1 AIM AND OBJECTIVES OF THIS DESIGN PROJECT 

f The aim of this design project is to design a plant for the production of 100,000 tonnes per year 

J 

1 
of biodiesel fuel by the Transesterification of rapeseed oil with methanol aided by homogenous 

1 sodium hydroxide catalyst. 1 
1 
i 
J It is expected that this design project would achieve the following objectives to: .1 
;i 

~ , 
* Understand the important of the biodiesel fuel and the need for a potential substitute for 

fossil diesel oil. 

Highlight the characteristics, advantage, disadvantage, justification and limitation of the 

production ofbiodiesel fuel. 

Evaluate the process design and control, process flow diagram and equipment required 

for the production ofbiodiesel. 

Identify the idea of how to go about pilot plant, plant location and mechanical 

engineering design of the biodiesel fuel plant. 

1.2 CHARACTERISTICS OF BIODlESEL FUEL 

It has a higher octane number and flash point than petroleum diesel 

Its viscosity is lower than diesel 

Its specific gravity is slightly higher than diesel 

It is biodegradable, non-toxic and free of sulphur and aromatics. 

1.3 SIGNIFICANCE OF THE PROJECT 

To increase energy self-sufficiency of non-oil producing countries and boost the availability of 

diesel fuel in oil producing nation through the following ways. 

Reduce pollutiort 

Create more employment opportunities. 

Provide a better alternative source of diesel fuel. 

Increase the demand for agricultural products. 

2 



1.4 DISADV ANT AGES OF BIODIESEL FUEL 

High cost of production. 

Environmental impacts of increase fertilizer and pesticide usage to increase the oil seed 

production. 

It has a high viscosity than the conventional diesel and therefore becomes less useful at 

low temperature; hence, depressing agents and dissolving solvents may have to be added. 

1 .5 THE ECONOMIC COST AND EFFECTIVENESS OF BIODIESEL FUEL IN THE 

FUTURE. 

In Malaysia and America, biodiesel fuel is more expensive than the conventional diesel but in 

European countries, biodiesel costs no more than diesel and can be up 5% cheaper as it is not 

subject to oil tax 

Acceptance of biodiesel fuel is likely to increase over the year since it is non-toxic and has 

greater advantage than conventional diesel fuel. It is hope that in the near future more biodiesel 

plant will be set up in every country and hence, substitute consumption of conventional diesel 

from fossi I fuel, through biodiesel is still not economically competitive nor is it seen to be the 

for -see-able future (DA Potts et aI, 1999). 

1. 6 LIMITATION OF THE PROJECT 

The cost of assembling the pilot scale set up for the manufacture of biodiesel is quite expensive. 

Rapeseed is not grown in this country hence it has to be imported from Europe for the course of 

this project. The feed prices are expensive ranging from £ IOO/tonne for rapeseed oil to 

£200/tonne for sodium hydroxide. 

3 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

For comprehensive design of this project work literatures were reviewed to serve as a guide 

toward successful completion. 

2.1 BIODIESEL 

Biodiesel, defined as monoalkyl esters of vegetable oils or animal fats is a promising alternative 

fuel for use in compression-ignition (diesel) engines and is being produced in commercial 

quantity and used in various countries around the world, including the United States, Austria, 

The Czech Republic, France, Germany, Italy, Malaysia and Sweden(Gerhard Knothe,2001). It is 

produced by chemically reacting a fat or oil with an alcohol, in the presence of a catalyst. The 

product of the reaction is a mixture of methyl esters, which are known as biodiesel, and glycerol, 

which is a high value co-product. The process used is known as transesterification, and is shown 

in the equation below, where RI, R2, and R3 are long hydrocarbon chains, sometimes called fatty 

acid chains. 

o 
il 

CH2 - 0 - C - Rl 
1 

I 0 
I II 

CH - 0 - C - R2 + 3 CH30H 

I 
I 0 
I II 

CH2 - 0 - C - R3 

Tl'ia\weride e. :\I~thallol 

o 
l; 

o CH~ - 011 

CH3 - 0 - C - R2 CH - OH 
(catalyst) 

() CH: - OH 

Glycel'in 

There are five chains that are CI)mmon in most vegetable oils and animal fats (others are present 

in small amounts). The relative amounts of the five methyl esters determine the physical 

4 
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properties of the fuel, including the ceta'ne number (a combustion-related diesel fuel quality 

index), cold now, and oxidative stability.( Van <Jerpen and M. Canakci, 19(7) 

2.2 Chamcteristics and Specifications Biodiesel 

As biodicsel is produced fIom a wide variety of vegetable oils of qrying origin and quality, il 

was necessary to implement criteria for standardization of fuel quality for better enginc 

performance. Austria was the pionecring country in the world to define and approve the 

standards for rapeseed oil methyl esters as diesel fuel (Meher et al. 2006). As standardization is a 

prerequisite for quality control, certain parameters are considered for the purpose, of which 

cetane number and fuel viscosity are important ones. The detailed physical attributes of biodiesel 
" 

produced following the transesterlftcation process given in Table I and Table 2 depicts the 

vegetablc oil specific parameters and the corresponding valuc of fatty acid methyl esters 

according to select countrics. 

2.3 Current Technologies in Diodiesel Production 

or thc scveral methods availablc fur producing biodicscl, transcstcrilicatioll or nalural oils and 

fats is currently the method of choice. The purpose of the process is to lower the viscosity of the 

oil or fat. Transesterification is basically a sequential reaction. Triglycerides are fIrst reduced to 

diglycerides, which are subsequently reduced to monoglycerides, which are finally reduced to 

fatty acid esters. 

Th~ order of the reaction changes with the reaction conditions. The mam factors affecting 

transesterification are the molar ratio of glycerides to alcohol, catalysts, reaction tell1J)erature and 

time, and free fatty acid and water content in oils and fats. Transesterification is extremely 

important for biodiesel. Biodiesel as it is defined today is obtained by transesterifying 

triglycerides with methanol. Mcthanol is the preferred alcohol for obtaining biodiesel because it 

is the cheapest alcohol. 

Base catalysts are more effective than acid catalysts and enzymes (Ma and Hanna, 1999). 

Methanol is made to react with triglycerides to produce methyl esters (biodiesel) and glycerol 

5 
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2.3.1 TRANSESTERIFICATION 

Transesterification is the general term used to describe the important class of organic reactions 

where an ester is transformed into another through the interchange of alkoxy when the original 

ester is reacted with an alcohol. Transesterification also known as alcoholysis of carboxylic 

esters which is based on the chemical reaction oftriglycerides with an alcohol in the presence of , 

an alkaline catalyst to form a mixture of methyl esters, which are known as biodiesel and 

glycerine, which is a high value co-product. Transesterification is a reversible reaction. Thus, ex-

cess methanol is required to shift the equilibrium favourably. The transesterification process as 

shown in the equation below, where R\, R2, and R3 are long chain hydrocarbon (Jon Van Gerpen, 

2008). 

2.3.1.1 Alkali-catalyzed Transesterification 

Figure 1 shows a schematic diagram of the processes involved in biodiesel production from 

feedstocks containing low levels of free fatty acids (FF A). This includes soybean oiL canola 

(rapeseed), oil, and tfle higher grades of waste restaurant oils. Alcohol, catalyst, and oil are 

combined in a reactot and agitated for approximately one hour at 60°C. Smaller plants often use 

batch reactors (W.D. Stidham et al,2000) but most larger plants (> 4 million liters/yr) use 

continuous flow processes involving continuous stirred-tank reactors (CSTR) or plug flow 

reactors (G. Assman,1996). The reaction is sometimes done in two steps where approximately 

80% of the alcohol and catalyst is added to the oil in a first stage CSTR. Then, the product 

stream from this reactor goes through a glycerol removal step before entering a second CSTR. 

The remaining 20% of the alcohol and catalyst are added in this second reactor. This system 

provides a very complete reaction with the potential of using less alcohol than single step 

systems. 

o 
II 

Na+·O-C-R 

Sodium sonp 

rICI 

Arid 

6 

o 
I 

HO-C-R 

F :1 tt Y :1 ci <l Snlt 
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I J Following the reaction, the glycerol is removed from the methyl esters Due to the low solubility 

I of glycerol in the esters, this separation generally occurs quickly and may be accomplished with 
l I either a settling tank or a centrifuge. The excess methanol tends to act as a solubilizer and call 
, , 
I I slow the separation. However, this excess met1~anol is usually not removed from the reaction 
j 
.j 1 stream until alter the glycerol and methyl esters are separated due to concern about reversing the 
, 
! transesterification reaction. Water may be added to the reaction mixture after the 
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i 
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transesterification is complete to improve the separation of glycerol ('1'. Wimmer, \9(5). 

?\ let ha1101 --
l\·fethyl 

R t . s t e,,'er~ cae or ... _____ " '. t.'pma or . ___ . _____ _ 

Figure I. Process Flow Schematic for Biodiescl Production 
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The methanol that is removed from the methyl ester and glycerol streams will tend to collect any 

water that may have entered the process. This water should be removed in a distillation column 

bef<)re the methanol is returned to the process. This step is more difficult ir an alcohol sllch as 

ethanol or isopropanol is used that forms an azeotrope with water. Then, a molecular sieve is 

used to remove the water. 
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2.3.1.2 Acid Cutalyzed Pretreatment 

Special processes are required if the oil or fat contains significant amounts of FF As. Used 

cooking oils typically contain 2-7 % FF As and animal fats contain from 5-30 % FF As. Some 

very low quality feedstocks, such as trap grease, can approach 100 % FF As. When an alkali 

catalyst is added to these feedstocks, the free fatty acids react with the catalyst to form soap and 

water as shown in the reaction below: 

o 
II 

HO-C-R 

fatty Acid 

KOH 

Potassiulll Hydroxide 

o 
I 

K~ -0 -C - R + H~O 

\Yater 

Up to about 5% FFAs, the reaction can still be catalyzed with an alkali catalyst but additional 

catalyst must be added to compensate for that lost to soap. The soap created during the reaction 

is either removed with the glycerol or is washed out during the water wash. When the FF A level 

is above 5%, the soap inhibits separation of the glycerol from the methyl esters and contributes 

to emulsion formation during the water wash. For these cases, an acid catalyst such as sulfuric 

acid can be used to esterify the FF As to methyl esters as shown in the following reaction: 

o 
II 

HO-C - R 
Fntty AC'ill 

+ CH30H 
:\1('thaI101 

o 
(H~SO-l) 

• 
As shown in Figure 2, this process can be used as a pretreatment to convert the FF As to methyl 

esters and thereby reduce the FF A level. Then, the low FF A pretreated oil can be transesterified 

with an alkali catalyst to convert the triglycerides to methyl esters (0.1. Keim, 1945). As shown 

in the reaction, water is fOImed and, if it accllmulates, it can stop the reaction well before 

completion. 
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Reactor 2 Separntor 2 

Pletrcared oil 
(to nlb Ii-catnlyzed process) 

Figure 2: Pretreatment process for high free fatty acids feedstocks 

Kawahara and Ono (Kawahara and Ono, 1979) propose allowing the alcohol to separate from 

the pretreated oil or fat following the reaction. Removal of this alcohol also removes the water 

formed by the esterification reaction and allows for a second step of esterification or proceeding 

directly to alkali-catalyzed transesterification. 

Note that the methanol-water mixture will also contain some dissolved oil and FF As that should 

be recovered and reprocessed. 

2.4 Fuel Quality 

The primary criterion for biodiesel quality is adherence to the appropriate standard. In the United 

States, this standard is ASTM D 6751-02 "Standard Specification for Biodiesel Fuel (B 100) 

Blend Stock for Distillate Fuels". Generally, the fuel quality of biodiesel can be influenced by 

several factors: 

• The quality of the feedstock. 

• The fatty acid composition of the parent vegetable oil or animal fat. 

• The production process and the other materials used in this process. 

• Post-production parameters. 
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Table 3 shows the property values required for a mixture of methyl esters to be considered 

biodiesel. When these limits are met, the biodiesel can be used in most modern engines without 

modifications while maintaining the engine's durability and reliability. Even in low level blends 

with conventional diesel fuel, the biodiesel blending stock is expected to meet the standard 

before being blended. While some properties in the standard, such as cetane number and density, 

reflect the properties of the chemical compounds that make up biodiesel, other properties provide 

indications of the quality of the production process. Generally, the parameters given in ASTM 

06751 are defined by other ASTM standards. However, other test methods, such as those 

developed for the American Oil Chemists' Society, (AOCS) may also be suitable (or even more 

appropriate as they were developed for fats and oils and not for petroleum-derived materials 

addressed in the ASTM standards). This discussion will focus on the most important issues for 

assuring product quality for biodiesel as it is related to production as well as some post

production parameters. 
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Table 3. ASTM D 6751-02 Biodicscl Specifications 

".:'1!r~p~ti#~';,;;!i;::?i<:';: ":) ::M.e.l1!l.f1!?~~ »,,\'/:;,,:,;\!41hilf$,':;, ' """", .. trtilts' 
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Flash pOll/f, dosed (,lip D 93 130 mill ~, C 

t--- ;1.;o::a; 

Water (1nd sediment D2709 0.05011/(1x %:; ''O/1I1I1f 
> 

K1fU!1IIatic l·i.<;CO'i(t)~ 40 D e D .f.f5 1 . .9- 6.0 " 11Im"'/s 

Sulfated (Ish D874 0.0201JJ(lX lI'f. '?() 

Totat SlIlfitr D5453 0.05 max 1ft. % 

Copper' sflip C017·O.s;Otl D130 IVo. 3 max 
t----~.-- - A _.-1--- ~--- = . =c -~-~"".-",,-,,~,~ 

Cerane llwnber D613 47 mill 

Clolld poillf D2500 Report fo customer QC 

Ca,.bon residue D ,{530 0.05 max H't, ~'a 

Acid IIl1l11ber D664 0.8 max mg KOlflg 

Free gflY:elill D6584 0.02 wI. qij 

Total ~l"cerbl D 6584 
'-' . 0.14 1fT. % 

Phosphorus D 4951 10 ppm 

Vacllllm distillation end point 1J 1160 360°C max, at 
T-90 

Storage stability 
To be 

To be determilled To be determil1ed determined 

Source: American Sodelyfor Testing and Materials, Standard Specification for Biodiesel Fuel (B100) Blend Stock 

for Distillate Fuels. 2002 
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2.5 Production Process Factors 

2.5.1 Completion of reaction 

The rnost important issue during' biodiesel production is the completeness of the 

tran~esterification reaction. The basic chernical process that occurs during the reaction is 

indicated by the following sequence of events: 

Tl'lglycrl'i<ie ~ Diglyrerjele, ----) l\;lonoglyreride ----) Glvcerol 
~ 

~nethyl 

ester 

"" Inetbyl 
ester 

w 

Int'tbvl .' 
ester 

The triglycerides are converted to diglycerides, which in tum are converted to monoglycerides, 

and then to glycerol. Each step produces a molecule of a rnethyl ester of a fatty acid. If the 

reaction is incornplete, then there will be triglycerides, diglycerides, and monoglycerides left in 

the reaction rnixture. Each of these cornpounds still contains a glycerol 

molecule that has not been released. The glycerol portion of these compounds is referred to as 

hound glycerol. 

2.5.2 Free Glycerol 

""ee glycerol refers to the arnount of glycerol that is left in the finished biodiesel. Glycerol is 

essentially insoluble in biodiesel so alrnost all of the glycerol is easily rernoved by settling or 

centrifugation. Free glycerol rnay remain either as suspended droplets or as the very srnall 

arnount that is dissolved in the biodiesel. Alcohols can act as cosolvents to increase the solubility 

of glycerol in the biodiesel. Most of this glycerol should be removed during the water washing 

process, Water-washed fuel is generally very low in free glycerol, especially if hot water is used 

for washing. Distilled biodiesel tends to have a greater problem with free glycerol due to glycerol 

carry-over during distillation. Fuel with excessive free glycerol will usually have a problern with 

glycerol settling out in storage tanks, creating a very viscous rnixture that can plug fuel filters 

and cause cornbustion problems in the engine. 
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2.5.3 Residual Alcohol and Residual Catalyst 

Since methanol (and ethanol) and the alkaline catalysts are more soluble in the polar glycerol 

phase, most will be removed when the glycerol is separated from the biodiesel. However, the 

biodiesel typically contains 2-4 % methanol after the separation, which may constitute as much 

as 40% of the excess methanol from the reaction. Most processors will recover this methanol 

using a vacuum stripping process. Any methanol remaining after this stripping process should be 

removed by the water washing process. Therefore, the residual alcohol level in the biodiesel 

should be very low. A specific value for the allowable alcohol level is specified in European 

biodiesel standards (0.2 % in EN 14214), but is not included in the ASTM standard. Tests have 

shown that as little as 1 % methanol in the biodiesel can lower the flashpoint of the biodiesel 

from 170°C to less than 40°C. Therefore, by including a flashpoint specification of 130°C, the 

ASTM standard limits the amount of alcohol to a very low level «0.1 %). Residual alcohol left 

in the biodiesel will generally be too small to negatively impact the fuel's performance. 

However, lowering the flashpoint presents a potential safety hazard as the fuel may need to be 

treated more like gasoline, which also has a low flashpoint, than diesel fuel. 

Most of the residual catalyst is removed with the glycerol. Like the alcohol, remaining catalyst 

should be removed during the water washing. Although a value for residual catalyst is not 

included in the ASTM standard, it will be limited by the specification on sulfated ash. 

Excessive ash in the fuel can lead to engine deposits and high abrasive wear levels. The 

European standard EN 14214 places limits on calcium and magnesium as well as the alkali 

metals sodium and potassium. 

2.6 Post-production Factors 

2.6.1 Water and Sediment 

Water and sediment contamination are basically housekeeping issues for biodiesel. Water can be 

present in two forms, either as dissolved water or as suspended water droplets. While biodiesel is 

generally considered to be insoluble in water, it actually takes up considerably more water than 

diesel fuel. Biodiesel can contain as much as 1500 ppm of dissolved water while diesel fuel 

usually only takes up about 50 ppm (Van Gerpen, 1997). The standards for diesel fuel (ASTM D 
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975) and biodiesel (ASTM 0 6751) both limit the amount of water to 500 ppm. For petroleum-

based diesel fuel,' this actually allows a small amount of suspended water. However, biodiesel 

must be kept dry. This is a challenge because many diesel storage tanks have water on the 

bottom due to condensation. Suspended water is a problem in fuel injection equipment because it 

contributes to the corrosion of the closely fitting parts in the fuel injection system. 

Water can also contribute to microbial growth in the fuel. This problem can occur in both 

biodiesel and conventional diesel fuel and can result in acidic fuel and sludges that will plug fuel 

filters. 

Sediment may consist of suspended rust and dirt particles or it may originate from the fuel as 

insoluble compounds formed during fuel oxidation. Some biodiesel users have noted that 

switching from petroleum-based diesel fuel to biodiesel causes an increase in sediment that 

comes from deposits on the walls of fuel tanks that had previously contained diesel fuel. Because 

its solvent properties are different from diesel fuel, biodiesel may loosen these sediments and 

cause fuel filter plugging during the transition period. 

2.6.2 Storage Stability 

Storage stability refers to the ability of the fuel to resist chemical changes during long term 

storage. These changes usually consist of oxidation due to contact with oxygen from the air. The 

fatty acid composition of the biodiesel fuel is an important factor in determining stability towards 

air. Generally, the polyunsaturated fatty acids (C18:2, linoleic acid; CI8:3 linolenic acid) are 

most susceptible to oxidation. The changes can be catalyzed by the presence of certain metals 

(including those making up the storage container) and light. If water is present, hydrolysis can 

also occur. The chemical changes in the fuel associated with oxidation usually produce 

hydroperoxides that can, in tum, produce short chain fatty acids, aldehydes, and ketones. Under 

the right conditions, the hydroperoxides can also polymerize. Therefore, oxidation is usually 

denoted by an incroase in the acid value and viscosity of the fuel. Often these changes are 

accompanied by a darkening of the biodiesel color from yellow to brown and the development of 

a "paint" smell. When water is present, the esters can hydrolyze to long chain free fatty acids 

which also cause the acid value to increase. 
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There is currently no generally accepted method for measuring the stability of biodiesel. The 

techniques generally used for petroleum-based fuels, such as ASTM 02274, have been shown to 

be incompatible with biodiesel. Other procedures, such as the Oil Stability Index or the Rancimat 

apparatus, which are widely used in the fats and oils industry, seem to be more 

appropriate tor use with biodiesel. However, the engine industry has no experience with these 

tests and acceptable values are not known. Also, the validity of accelerated testing methods has 

not been established or correlated to actual engine problems. Ifbiodiesel's acid number, 

viscosity, or sediment content increase to the point where they exceed biodiesel's ASTM limits, 

the fuel should not be used as a transportation fuel. 

Additives such as BHT and TBHQ (t-butylhydroquinone) are common in the food industry and 

have been found to enhance the storage stability of biodiesel. Biodiesel produced from soybean 

oil naturally contain some antioxidants (tocopherols, i.e., vitamin E), providing some protection 

against oxidation (some tocopherol is lost during refining of the oil prior to biodiesel 

production). Any fuel that will be stored for more than 6 months, whether it is diesel fuel or 

biodiesel, should be treated with an antioxidant additive. 

2.7 Quality Control 

All biodiesel production facilities should be equipped with a laboratory so that the quality of the 

final biodiesel product can be monitored. It is also important to monitor the quality of the 

feedstocks. 

One strategy used by many producers is to draw a sample of the oil (or alcohol) from each 

delivery and use that sample to produce biodiesel in the laboratory. This test can be fairly rapid 

(lor 2 hours) and can indicate whether serious problems are likely in the plant. Measuring 

feedstock quality can usually be limited to acid value and water content. 

To monitor the completeness of the reaction according to the total glycerol level specified in 

ASTM 0 6751 requires the use of a gas chromatograph and a skilled operator. Large producers 

will find that having this equipment on-site is necessary. Commercial laboratories (i.e.Magellan 

Midstream Partners) are available that can analyze the samples but the cost is $80-$150/test and 
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the time required may be several days. Smaller producers will need to use a more robust 

production process involving extra methanol and probably multiple reaction steps. Then the 

product quality can be monitored through periodic testing by an outside laboratory. 

Other possibilities for monitoring the transesterification reaction and assessing fuel quality are 

methods based on spectroscopy (such as near- infrared spectroscopy) or physical properties (such 

as viscometry). These methods, although they are not (yet?) ASTM methods, are usually faster 

and easier to use than gas chromatography. However, some of them require extensive calibration. 

They also cannot accurately quantify glycerol at the low levels called for in the ASTM standard. 

To circumvent this, comparison to a reaction and product known to meet ASTM standards is 

needed. 

2.8 RAPESEED 

Rapeseed (Brassica napus), also known as rape, oilseed rape, rapa, rapaseed and (in the case of 

one particular group of cultivars) canola, is a bright yellow flowering member of the family 

Brassicaceae (mustard or cabbage family). The name derives from the Latin for turnip, rapum or 

rapa, and is first recorded in English at the end of the 14th century. 

In agriculture, canola is certain varieties of oilseed rape, or the oil produced from those varieties. 

It's a trademarked hybrid of rape initially bred in Canada. Rape Seed Oil was produced in the 

19th century as a source of a lubricant for steam engines, and the oil has a bitter taste due to high 

levels of acids. Canola has been bred to reduce the amount of acid, yielding palatable oil. 

Rapeseed is grown for the production of animal feed, vegetable oil for human consumption, and 

biodiesel; leading producers include the European Union, Canada, the United States, Australia, 

China and India. In India, it is grown on 13 % of cropped land. According to the United States 

Department of Agriculture, rapeseed was the third leading source of vegetable oil in the world in 

2000, after soybean and oil palm, and also the world's second leading source of protein meal, 

although only one-fifth of the production of the leading soybean meal. World production is 

growing rapidly, with FAO reporting that 36 million tonnes of rapeseed was produced in the 

2003-4 season, and 46 million tonnes in 2004-5. In Europe, rapeseed is primarily cultivated for 
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animal feed (owing to its very high lipid and medium protein content), and is a leading option for 

Europeans to avoid importation of GMO product. ( Wikimpedia,2009/Rapeseed.) 

Natural rapeseed oil contains 50 % erucic acid. Wild type seeds also contain high levels of 

glucosinolates (mustard oil glucosindes), chemical compounds that significantly lowered the 

nutritional value of rape seed press cakes for animal feed. The rapeseed is the valuable, harvested 

component of the crop. The crop is also grown as a winter-cover crop. It provides good coverage 

of the soil in winter, and limits nitrogen run-off. The plant is ploughed back in the soil or used as 

bedding. On some ecological or organic operations, livestock such as sheep or cattle are allowed 

to graze on the plants. 

Processing of rapeseed for oil production provides rapeseed animal meal as a by-product. The 

by-product is a high-protein animal feed, competitive with soya. The feed is mostly employed for 

cattle feeding, but also for pigs and chickens (though less valuable for these). The meal has a 

very low content of the glucosinolates responsible for metabolism disruption in cattle and pigs. 

Rapeseed "oil cake" is also used as a fertilizer in China, and may be used for ornamentals. 

Rapeseed leaves and stems are also edible. Some varieties of rapeseed are used for vegetable oil 

production. Rapeseed is a heavy nectar producer, and honeybees produce a light colored, but 

peppery honey from it. It must be extracted immediately after processing is finished, as it will 

quickly granulate in the honeycomb and will be impossible to extract. The honey is usually 

blended with milder honeys, if used for table use, or sold as bakery grade. Rapeseed growers 

contract with beekeepers for the pollination of the crop. 

Rapeseed oil is used in the manufacture of biodiesel for powering motor vehicles. Biodiesel may 

be used in pure form in newer engines without engine damage, and is frequently combined with 

fossil-fuel diesel in ratios varying from 2 % to 20 % biodiesel. Formerly, owing to the costs of 

growing, crushing, and refining rapeseed biodiesel, rapeseed derived biodiesel cost more to 

produce than standard diesel fuel. Prices of rapeseed oil are at very high levels presently owing 

to increased demand on rapeseed oil for this purpose. Rapeseed oil is the preferred oil stock for 
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CHAPTER ONE 

1.0 INTRODUCTION 

Design is a creativity whereby ideas are generated and translated into processes and equipment 

for producing new materials or significantly upgrading the value of the existing once. In this 

case, the target of this project is to design a plant to produce biodiesel fuel. (Buraimoh, 2006) 

The rising need for an alternative fuel that is not subjected to problems posed by the 

conventional fossil fuel is fast becoming inevitable. As such, a renewable non -toxic substitute is 

required to supplement or completely replace the conventional fuel, due to the increasing 

" 
demand for these products. 

Biodiesel fuel is a potential substitute for fossil diesel because of its huge benetits. It consists of 

methyl esters (biodiesel) of fatty acids produced by the transesterification reaction of natural oils 

with triglyceride composition with methanol using a homogenous catalyst such as sodium 

hydroxide. Glycerol, a useful raw material is also produced as a by-product from the process 

(Wang et al., 2007). 

Of the several methods available for producing biodiesel, transesterification of natural oils and 

fats is currently the method of choice. The purpose of the process is to lower the viscosity of the 

oil or fat. Transesterification is basically a scquentiallcaction. Triglycerides are first reduced to 

diglycerides, which are subsequently reduced to monoglycerides, which are finally reduced to 

fatty acid esters. The order of the reaction changes with the reaction conditions. The main factors 

affecting transesterification are the molar ratio of glycerides to alcohol, catalysts, reaction 

temperature and time, and free fatty acid and water content in oils and fats. Transesterification is 

extremely impOliant for biodiesel (Ma et aI, 1999). 

In this project, Rapeseed oil is the focused source of natural oil needed in the transesterification 

process. Other source of triglycerides includes palm seed, sunflower seed, peanut, soya beans, 

castor seed etc. However, the most economical feasible of these seeds is the rapeseed since it is 

the preferred oil stock for biodiesel production in most part of the world. This is because, rape 

seed produce more oil per unit of land area compared to other natural seeds. 
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1.1 AIM AND OBJECTIVES OF TI-IIS DESIGN PROJECT 

The aim of this design project is to design a plant for the production of 100,000 tonnes per year 

of biodiesel fuel by the Transesterification of rapeseed oil with methanol aided by homogenous 

sodium hydroxide catalyst. 

It is expected that this design project would achieve the following objectives to: 

Understand the important of the biodit:sel fuel and the need for a potential substitute for 

fossil diesel oil. 

Highlight the characteristics, advantage, disadvantage, justification and limitation of the 

production of biodiesel fuel. 

Evaluate the process design and control, process flow diagram and equipment required 

for the production of biodiesel. 

Identify the idea of how to go about pilot plant, plant location and mechanical 

engineering design of the biodiesel fuel plant. 

1.2 CHARACTERISTICS OF BIODIESEL FUEL 

It has a higher octane number and flash point than petroleum diesel 

Its viscosity is lower than diesel 

Its specific gravity is slightly higher than diesel 

It is biodegradable, non-toxic and free of sulphur and aromatics. 

1.3 SIGNIFICANCE OF THE PROJECT 

To increase energy self-sufficiency of non-oil producing countries and boost the availability of 

diesel fuel in oil producing nation through the following ways. 

Reduce pollution 

Create more employment opportunities. 

Provide a better alternative source of diesel fuel. 

Increase the demand for agricultural products. 
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1.4 DISADVANTAGES OF BIODIESEL FUEL 

High cost of production. 

Environmental impacts of increase fertilizer and pesticide usage to increase the oil seed 

production. 

It has a high viscosity than the conventional diesel and therefore becomes less useful at 

low temperature; hence, depressing agents and dissolving solvents may have to be added. 

1.5 THE ECONOMIC COST AND EFFECTIVENESS OF BJODIESEL FUEL IN THE 

FUTURE. 

In Malaysia and America, biodiesel fuel is more expensive than the conventional diesel but in 

European countries, biodiesel costs no more than diesel and can be up 5% cheaper as it is not 

subject to oil tax 

Acceptance of biodiesel fuel is likely to increase over the year since it is non-toxic and :has 

greater advantage than conventional diesel fuel. It is hope that in the near future more biodiesel 

plant will be set up in every country and hence, substitute consumption of conventional diesel 

from fossil fuel, through biodiesel is still not economically competitive nor is it seen to be the 

for-see-able future (DA Potts et ai, 1999). 

1.6 LIMITATION OF THE PROJECT 

The cost of assembling the pilot scale set up for the manufacture of biodiesel is quite expensive. 

Rapeseed is not grown in this country hence it has to be imported from Europe for the course of 

this project. The feed prices are expensive ranging from £ 1 DO/tonne for rapeseed oil to 

£200/tonne for sodium hydroxide. 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

For comprehensive design of this project work literatures were reviewed to serve as a guide 

toward successful completion. 

2.1 BIODIESEL 

Biodiesel, defined as monoalkyl esters of vegetable oils or animal fats is a promising alternative 

fuel for use in compression-ignition (diesel) engines and is being produced in commercial 

quantity and used in various countries around the world, including the United States, Austria, 

The Czech Republic, France, Germany, Italy, Malaysia and Sweden(Gerhard Knothe,2001). It is 

produced by chemically reacting a fat or oil with an alcohol, in the presence of a catalyst. The 

product of the reaction is a mixture of methyl esters, which are known as biodiesel, and glycerol, 

which is a high value co-product. The process used is known as transesterification, and is shown 

in the equation below, where R 1, R2, and R3 are long hydrocarbon chains, sometimes ca.lled fatty 

acid chains. 

o 
fI 

CH~ - 0 - C - Rl 

I 
I 0 
I II 
CH - 0 - C - R2 + .3 C H~ 0 H 
I 
I 0 
I II 

CH2 - 0 - C - R3 

Tl'i olweride e. :.\ letha 1101 

( catalyst) 
, ~. 

o 
" " 

o 
I: 
II 

o 

CH3 - 0 - C - R~ 

CH - OH 

CH, - OH 

GI~r{,l'ill 

There are five chains that are conimon in most vegetable oils and animal fats (others are present 

in small amounts). The relative amounts of the five methyl esters determine the physical 
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properties of the fuel, including the cetane number (a combustion-related diesel fuel quality 

index), cold flow, and oxidative stability.( Van Gerpen and M. Canakci,1997) 

2.2 Characteristics and Specifications Biodicscl 

As biodiesel is produced from a wide variety of vegetable oils of varying origin and quality, it 

was necessary to implement criteria for standardization of fuel quality for better engine 

performance. Austria was the pioneering country in the world to define and approve the 

standards for rapeseed oil methyl esters as diesel fuel (Meher et al. 2006). As standardization is a 

prerequisite for quality control, certain parameters are considered for the purpose, of which 

cetane number and fuel viscosity are important ones. The detailed physical attributes of biodiesel 

produced following the transesterification process given in Table I and Table 2 depicts the 

vegetable oil specific parameters and the corresponding value of fatty acid methyl esters 

according to select countries. 

2.3 Current Technologies in Biodicsell)roduction 

Of the several methods available for producing biodiesel, transesterification of natural oils and 

fats is currently the method of choice. The purpose of the process is to lower the viscosity of the 

oil or fat. Transesterification is basically a sequential reaction. Triglycerides are first reduced to 

diglycerides, which are subsequently reduced to monoglycerides, which are finally reduced to 

fatty acid esters. 

The order of the reaction changes with the reaction conditions. The main factors affecting 

transesterification are the molar ratio of glycerides to alcohol, catalysts, reaction temperature and 

time, and free fatty acid and water content in oils and fats. Transesterification is extremely 

important for biodiesel. Biodiesel as it is defined today is obtained by transesterifying 

triglycerides with methanol. Methanol is the preferred alcohol for obtaining biodiesel because it 

is the cheapest alcohol. 

Base catalysts are more effective than acid catalysts and enzymes (Ma and Hanna, 1999). 

Methanol is made to react with triglycerides to produce methyl esters (biodiesel) and glycerol 
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2.3.1 TRANSESTERIFICATION 

Transesterification is the general term used to describe the important class of organic reactions 

where an ester is transformed into another through the interchange of alkoxy when the original 

ester is reacted with an alcohol. Transesterification also known as alcoholysis of carboxylic 

esters, which is based on the chemical reaction of triglycerides with an alcohol in the presence of 

an alkaline catalyst to form a mixture of methyl esters, which are known as biodiesel and 

glycerine, which is a high value co-product. Trnnsesterification is a reversible reaction. Thus, ex-

cess methanol is required to shift the equilibrium favourably. The transesterification process as 

shown in the equation below, where RI, R2, and R3 are long chain hydrocarbon (Jon Van Gerpen, 

2008). 

2.3.1.1 Alkali-catalyzed Tnlllscsterification 

Figure 1 shows a schematic diagram of the processes involved in biodiesel production from 

feedstocks containing low levels of free fatty acids (FF A). This includes soybean oil, canola 

(rapeseed) oil, and the higher grades of waste restaurant oils. Alcohol, catalyst, and oil are 

combined in a reactor and agitated for approximately one hour at 60°C. Smaller plants often use 

batch reactors (W.D. Stidham et al,2000) but most larger plants (> 4 million liters/yr) lise 

continuous flow processes involving continuous stirred-tank reactors (CSTR) or plug flow 

reactors (0. Assman,1996). The reaction is sometimes done in two steps where approximately 

80% of the alcohol and catalyst is added to the oil in a first stage CSTR. Then, the product 

stream from this reactor goes through a glycerol removal step before entering a second CSTR. 

The remaining 20% of the alcohol and catalyst are added in this second reactor. This system 

provides a very complete re[lction with the potential of using less alcohol than single step 

systems. 

o 
II 

Na+·O-C-R 

Sodium 50np 

HCl 

Add 
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Following the reaction, the glycerol is removed from the methyl esters. Due to the low solubility 

of glycerol in the esters, this separation generally occurs quickly and may be accomplished with 

either a settling tank or a centrifuge. The excess methanol tends to act as a solubilizer and can 

slow the separation. However, this excess methanol is usually not removed from the reaction 

stream until after the glycerol and methyl esters are separated due to concern about reversing the 

transesterification reaction. Water may be added to the reaction mixture after the 

transesterification is complete to improve the separation of glycerol (T. Wimmer, 1 995). 

Methanol-

Finished 
biodiesel 

ivlethy! ~elltr(\liz 

.-- Dryer 

f 
Oil 

Re("ctor' S t estels "11' ... 1 I " t---+I . eparn Ol'r--.-__ -fooj (, \.·1 an( ~ 

Catalyst ---40-1 

Free fhtty ftcids 1----1 

Cmele Glycerol (85%) ... +----1 

Glycerol 
(~ooi)) 

Acidulation 
(lnd FFA 
~eparation 

methi1l~~"'l I 
relllU\,~ 

'--r--.[ 
:\cid 

\\'(l(er-

l 
\\,,,,,,11 
watel 

},'Iet]Ull1ol 
remo\'(ll 

'---. l\Iethanol\Yi1fer 
[--------..1 lectitlcatioll 

'------,--r-----

l\ktll<lllo! I L ...--J watel 
storage 

Figure I. Process Flow Schematic for Biodiesel Production 

The methanol that is removed from the methyl ester and glycerol streams will tend to collect any 

water that may have entered the process. This water should be removed in a distillation column 

before the methanol is returned to the process. This step is more difficult if an alcohol such as 

ethanol or isopropanol is used that forms an azeotrope with water. Then, a molecular sieve is 

used to remove the water. 
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2.3.1.2 Acid Catalyzed Pretreatment 

Special processes are required if the oil or fat contains significant amounts of FFAs. Used 

cooking oils typically contain 2-7 % FF As and animal fats contain from 5-30 % FF As. Some 

very low quality feedstocks, such as trap grease, can approach 100 % FF As. When an alkali 

catalyst is added to these feedstocks, the free fatty acids react with the catalyst to form soap and 

water as shown in the reaction below: 

o 
II 

HO-C-R 

Fntt)· Acid 

KOH 

Pot:1<:;SiUlll H~·c1roxi<lt' 

o 
I 

K-·O -C - R 

Pot:1~Sillm ~oap 

Up to about 5% FF As, the reaction can still be catalyzed with an alkali catalyst but additional 

catalyst must be added to compensate for that lost to soap. The soap created during the reaction 

is either removed with the glycerol or is washed out during the water wash. When the FF A level 

is above 5%, the soap inhibits separation of the glycerol from the methyl esters and contributes 

to emulsion formation during the water wash. For these cases, an acid catalyst such as sulfuric 

acid can be used to esterify the FF As to methyl esters as shown in the following reaction: 

o 
II 

HO-C -R 
Fatty Acid 

+ CH30H 
:\Iethnnol 

(H2S0 -l ) 

• 
o 

CH.~ - 0 - C - R 
:\Iethyl e') ter 

H10 
',"Mer 

As shown in Figure 2, this process can be used as a pretreatment to convert the FF As to methyl 

esters and thereby reduce the FF A level. Then, the low FF A pretreated oil can be transesterified 

with an alkali catalyst to convert the triglycerides to methyl esters (0.1. Keim, 1945). As shown 

in the reaction, water is formed and, if it accumulates, it can stop the reaction well before 

completion. 
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Figure 2: Pretreatment process for high free fatty acids feedstocks 

Kawahara and Ono (Kawahara and Ono, 1979) propose allowing the alcohol to separate from 

the pretreated oil or fat following the reaction. Removal of this alcohol also removes the water 

formed by the esterification reaction and allows for a second step of esterification or proceeding 

directly to alkali-catalyzed transesterification. 

Note that the methanol-water mixture will also contain some dissolved oil and FFAs that should 

be recovered and reprocessed. 

2.4 Fuel Quality 

The primary criterion for biodiesel quality is adherence to the appropriate standard. In the United 

States, this standard is ASTM D 6751-02 "Standard Specification for Biodiesel Fuel (BI00) 

Blend Stock for Distillate Fuels". Generally, the fuel quality of biodiesel can be influenced by 

several factors: 

• The quality of the feedstock. 

• The fatty acid comt:osition of the parent vegetable oil or animal fat. 

• The production process and the other materials used in this process. 

• Post-production parameters. 
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Table 3 shows the property values required for a mixture of methyl esters to be considered 

biodiesel. When these limits are met, the biodiesel can be used in most modern engines without 

modifications while maintaining the engine's durability and reliability. Even in low level blends 

with conventional diesel fuel, the biodiesel blending stock is expected to meet the standard 

before being blended. While some properties in the standard, such as cetane number and density, 

reflect the properties of the chemical compounds that make up biodiesel, other properties provide 

indications of the quality of the production process. Generally, the parameters given in ASTM 

D6751 are defined by other ASTM standards. However, other test methods, such as those 

developed for the American Oil Chemists' Society, (AOCS) may also be suitable (or even more 

appropriate as they were developed for fats and oils and not for petroleum-derived materials 

addressed in the ASTM standards). This discussion will focus on the most important issues for 

assuring product quality for biodiesel as it is related to production as well as some post-

production parameters. 
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Table 3. ASTM D 6751-02 Biodiesel Specifications 

i ;Properly llfelllod Lill/its U1Iits 

Flash poillt, closed Clip D93 130 lIIill .c-
o. --

Water (/Ild sedilllellf D 1709 0.05011101' o f) ~'O!IIII/C 

Ki11elllatic l'iscosity. 40 0 C D4.:!5 1.9- 6.0 
"I 

111111- S 

SlIlfated (Ish D 874 O.O_"IOI1/oY ,,'r. Ij I) 

Total SlIljill" D 5453 OJ) 5 11 WX ,,'f. 0 I) 

Cappel' strip corrosioll D 130 ;Vo 3 II1(/Y 

('etoile 1l1111/ber D 013 r: iIIin 

Clolld point D :500 Report to cmroll/c/, o <-

Carbon residlle D 4530 0.05 1110X , !'f. I} 'l 
~"':. 

Acid IlIflllbcr D66! 0..'':-.' Ilia\, 11/'< l:'OH g 

Free g~n'erill D65S-I 0.0: ,,.r. I} n 

T ota I g~l'c£'rill D658-1 O. ]-/ ,,. t. (J ,) 

Ph o.sph01'llS D 4951 10 pPIll 

VacII1I111 distillation (,lid poillf D 1160 3(lO :C /I/O\'. (Ii 

T-Vf) 

STOrage stability To be 
To be de rc 1'1 II illed To be determillcd de terlll ill cd 

Source: American Society for Testing and Materials, Stundard Specification/or Biodiesel FlIel (BIOO) Blend Stock 

for Distillate Fuels, 2002 
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J , 
J 2.5 Production Process Factors 

J 2.5.1 Completion of reaction 

J The most important issue during biodicsel production is the completeness of the 

transesterification reaction. The basic chemical process that occurs during the reaction is 

indicated by the following sequence of events: 

Diglyceride ~ l\Iolloglyceride ~ 
~ t 

Inethyl 
ester 

lnethyl 

ester 

v 

Inethyl 

es tel' 

The triglycerides are converted to diglycerides, which in turn are converted to monoglycerides, 

and then to glycerol. Each step produces a molecule of a methyl ester of a fatty acid. If the 

reaction is incomplete, then there will be triglycerides, diglycerides, and monoglycerides left in 

the reaction mixture. Each of these compounds still contains a glycerol 

molecule that has not been released. The glycerol portion of these compounds is referred to as 

bound glycerol. 

2.5.2 Free Glycerol 

Free glycerol refers to the amount of glycerol that is left in the finished biodiesel. Glycerol is 

essentially insoluble in biodiesel so almost all of the glycerol is easily removed by settling or 

centrifugation. Free glycerol may remain either as suspended droplets or as the very small 

amount that is dissolved in the biodiesel. Alcohols can act as cosolvents to increase the solubility 

of glycerol in the biodiesel. Most of this glycerol should be removed during the water washing 

process. Water-washed fuel is generally very low in free glycerol, especially if hot water is used 

for washing. Distilled biodiesel tends to have a greater problem with free glycerol due to glycerol 

carry-over during distillation. Fuel with excessive free glycerol will usually have a problem with 

glycerol settling out in storage tanks, creating a very viscous mixture that can plug fuel filters 

and cause combustion problems in the engine. 
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1 I 2.5.3 Residual Alcohol and Residual Catalyst 

I Since methanol (and ethanol) and the alkaline catalysts are more soluble in the polar glycerol , 
I ! phase, most will be removed when the glycerol is separated from the biodiesel. However, the 

biodiesel typically contains 2-4 % methanol after the separation, which may constitute as much 

as 40% of the excess methanol from the reaction. Most processors will recover this methanol 

using a vacuum stripping process. Any methanol remaining after this stripping process should be 

removed by the water washing process. Therefore, the residual alcohol level in the hiodiesel 

should be very low. A specific value for the allowable alcohol level is specified in European 

biodiesel standards (0.2 % in EN 14214), but is not included in the ASTM standard. Tests have 

shown that as little as 1 % methanol in the biodiesel can lower the tlashpoint of the biodiesel 

from 170 °e to less than 40 °e. Therefore, by including a tlashpoint specification of 1300 e, the 

ASTM standard limits the amount of alcohol to a very low level «0.1 %). Residual alcohol left 

in the biodiesel will generally be too small to negatively impact the fuel's performance. 

However, lowering the flashpoint presents a potential safety hazard as the fuel may need to be 

treated more like gasoline, which also has a low flashpoint, than diesel fuel. 

Most of the residual catalyst is removed with the glycerol. Like the alcohol, remaining catalyst 

should be removed during the water washing. Although a value for residual catalyst is not 

included in the ASTM standard, it will be limited by the specification on sulfated ash. 

Excessive ash in the fuel can lead to engine deposits and high abrasive wear levels. The 

European standard EN 14214 places limits on calcium and magnesium as well as the alkali 

metals sodium and potassium. 

2.6 Post-production Factors 

2.6.1 Water and Sediment 

Water and sediment contamination are basically housekeeping issues for biodiesel. Water can be 

present in two forms, either as dissolved water or as suspended water droplets. While biodiesel is 

: generally considered to be insoluble in water, it actually takes up considerably more water than 

diesel fuel. Biodiesel can contain as much as 1500 ppm of dissolved water while diesel fuel 

usually only takes up about 50 ppm (Van Gerpen, 1997). The standards for diesel fuel (ASTM 0 
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975) and biodiesel (ASTM D 6751) both limit the amount of water to 500 ppm. For petroleum-

. based diesel fuel, this actually allows a small amount of suspended water. However, biodiesel 

must be kept dry. This is a challenge because many diesel storage tanks have water on the 

bottom due to condensation. Suspended water is a problem in fuel injection equipment because it 

contributes to the corrosion of the closely fitting parts in the fuel injection system. 

Water can also contribute to microbial growth in the fuel. This problem can occur in both 

biodiesel and conventional diesel fuel and can result in acidic fuel and sludges that will plug fuel 

filters. 

Sediment may consist of suspended rust and dirt particles or it may originate from the fuel as 

insoluble compounds formed during fuel oxidation. Some biodiesel users have noted that 

switching from petroleum-based diesel fuel to biodiesel causes an increase in sediment that 

comes from deposits on the walls of fuel tanks that had previously contained diesel fuel. Because 

its solvent properties are different from diesel fuel, biodiese1 may loosen these sediments and 

cause fuel filter plugging during the transition period. 

2.6.2 Storage Stability 

Storage stability refers to the ability of the fuel to resist chemical changes during long term 

storage. These changes usually consist of oxidation due to contact with oxygen from the air. The 

fatty acid composition of the biodiesel fuel is an important factor in determining stability towards 

air. Generally, the polyunsaturated fatty acids (CI8:2, linoleic acid; C18:3 linolenic acid) are 

most susceptible to oxidation. The changes can be catalyzed by the presence of certain metals 

(including those making up the storage container) and light. If water is present, hydrolysis can 

also occur. The chemical changes in the fuel associated with oxidation usually produce 

hydroperoxides that can, in turn, produce short chain fatty acids, aldehydes, and ketones. Under 

the right conditions, the hydroperoxides can also polymerize. Therefore, oxidation is usually 

denoted by an increase in the acid value and viscosity of the fuel. Often these changes are 

accompanied by a darkening of the biodiesel color from yellow to brown and the development of 

a "paint" smell. When water is present, the esters can hydrolyze to long chain free fatty acids 

which also cause the acid value to increase. 
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There is currently no generally accepted mcthod for measuring the stability of biodiesel. The 

techniques generally used for petroleum-based fuels, such as ASTM D 2274, have been shown to 

be incompatible with biodiesel. Other procedures, such as the Oil Stability Index or the Rancimat 

apparatus, which are widely used in the fats and oils industry, seem to be more 

appropriate for use with biodiesel. However, the engine industry has no experience with these 

tests and acceptable values are not known. Also, the validity of accelerated testing methods has 

not been established or correlated to actual cngine problems. Ifbiodiesel's acid number, 

viscosity, or sediment content increase to the point where they exceed biodiesel's ASTM limits, 

the fuel should not be used as a transportation fuel. 

Additives such as BHT and TBHQ (t-butylhydroquinone) are common in the food industry and 

have been found to enhance the storage stability of biodiesel. Biodiesel produced from soybean 

J t oil naturally contain some antioxidants (tocopherols, i.e., vitamin E), providing some protection 

J against oxidation (some tocopherol is lost during refining of the oil prior to biodiesel 

production). Any fuel that will be stored for more than 6 months, whether it is diesel fuel or 

biodiesel, should be treated with an antioxidant additive. 

2.7 Quality Control 

All biodiese1 production facilities should be equipped with a laboratory so that the quality of the 

final biodiesel product can be monitored. It is also important to monitor the quality of the 

feedstocks. 

One strategy used by many producers is to draw a sample of the oil (or alcohol) from each 

delivery and use that sample to produce biodiesel in the laboratory. This test can be fairly rapid 

(1 or 2 hours) and can indicate whether serious problems are likely in the plant. Measuring 

feedstock quality can usually h.~ limited to acid value and water content. 

To monitor the completeness of the reaction according to the total glycerol level specified in 

ASTM D 6751 requires the use of a gas chromatograph and a skilled operator. Large producers 

will find that having this equipment on-site is necessary. Commercial laboratories (i.e.Magellan 

Midstream Partners) are available that can analyze the samples but the cost is $80-$150Itest and 
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the time required may be several days. Smaller producers will need to use a more robust 

production process involving extra methanol and probably multiple reaction steps. Then the 

product quality can be monitored through periodic testing by an outside laboratory. 

Other possibilities for monitoring the transesterification reaction and assessing fuel quality are 

I methods based on spectroscopy (such as near- infrared spectroscopy) or physical properties (such 

as viscometry). These methods, although they are not (yet?) ASTM methods, are usually faster 

and easier to use than gas chromatography. Howcver, some of them require extensive calibration. 

They also cannot accurately quantify glycerol at the low levels called for in the ASTM standard. 
j I'"~ 
, --

To circumvent this, comparison to a reaction and product known to meet ASTM standards is 

needed. 
. , . \ I I " ' j • 1~,; i J • • i , 

2.8 RAPESEED 

Rapeseed (Brassica napus), also known as r~pe, oilseed rape, rapa, rapaseed and (in the case of 

one particular group of cultivars) canola, is a bright yellow flowering member of the family 

Brassicaceae (mustard or cabbage family). The name derives from the Latin for turnip, rapum or 

rapa, and is first recorded in English at the end of the 14th century. 

In agriculture, canola is certain varieties of oilseed rape, or the oil produced from those varieties. 

It's a trademarked hybrid of rape initially bred in Canada. Rape Seed Oil was produced in the 

19th century as a source of a lubricant for steam engines, and the oil has a bitter taste due to high 

levels of acids. Canola has been bred to reduce the amount of acid, yielding palatable oil. 

Rapeseed is grown for the production of animal feed, vegetable oil for human consumption, and 

biodiesel; leading producers include the European Union, Canada, the United States, Australia, 

China and India. In India, it is grown on 13 % of cropped land. According to the United States 

Department of Agriculture, rapeseed was the third leading source of vegetable oil in the world in 

2000, after soybean and oil palm, and also the world's second leading source of protein meal, 

although only one-fifth of the production of the leading soybean meal. World production is 

growing rapidly, with FAO reporting that 36 million tonnes of rapeseed was produced in the 

2003-4 season, and 46 million tonnes in 2004-5. In Europe, rapeseed is primarily cultivated for 
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animal feed (owing to its very high lipid and medium protein content), and is a leading option for 

Europeans to avoid importation of GMO product. ( Wikimpedia,2009/Rapeseed.) 

Natural rapeseed oil contains 50 % erucic acid. Wild type seeds also contain high levels of 

glucosinolates (mustard oil glucosindes), chcmical compounds that significantly lowered the 

nutritional value of rape seed press cakes for animal feed. The rapeseed is the valuable, harvested 

component of the crop. The crop is also grown as a winter-cover crop. It provides good coverage 

of the soil in winter, and limits nitrogen run-off. The plant is ploughed back in the soil or used as 

bedding. On some ecological or organic operations, livestock such as sheep or cattle are allowed 

to graze on the plants. 

Processing of rapeseed for oil production provides rapeseed animal meal as a by-product. The 

by-product is a high-protein animal feed, competitive with soya. The feed is mostly employed for 

cattle feeding, but also for pigs and chickens (though less valuable for these). The meal has a 

very low content of the glucosinolates responsible for metabolism disruption in cattle and pigs. 

Rapeseed "oil cake" is also used as a fertilizer in China, and may be used for ornamentals. 

Rapeseed leaves and stems are also edible. Some varieties of rapeseed are used for vegetable oil 

production. Rapeseed is a heavy nectar producer, and honeybees produce a light colored. but 

peppery honey from it. It must be extracted immediately ailer processing is finished, as it will 

quickly granulate in the honeycomb and will be impossible to extract. The honey is usually 

blended with milder honeys, if used for table use, or sold as bakery grade. Rapeseed growers 

contract with beekeepers for the pollination of the crop. 

f Rapeseed oil is used in the manufacture of biodiesel for powering motor vehicles. Biodiesel may 

r be used in pure form in newer engines without engine damage, and is frequently combined with 
j 

I fossil-fuel diesel in ratios varying from 2 % to 20 % biodiesel. Formerly, owing to the costs of 

growing, crushing, and refining rapeseed biodiesel, rapeseed derived biodiesel cost more to 

produce than standard diesel fuel. Prices of rapeseed oil are at very high levels presently owing 

to increased demand on rape~;ced oil for this purpose. Rapeseed oil is the preferred oil stock for 
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CHAPTER ONE 

1.0 INTRODUCTION 

Design is a creativity whereby ideas are generated and translated into processes and equipment 

for producing new materials or significantly upgrading the value of the existing once. In this 

case, the target of this project is to design a plant to produce biodiesel fuel. (Buraimoh, 2006) 

The rising need for an alternative fuel that is not subjected to problems posed by the 

conventional fossil fuel is fast becoming inevitable. As such, a renewable non -toxic substitute is 

required to supplement or completely replace the conventional fuel, due to the increasing 

demand for these products. 

Biodiesel fuel is a potential substitute for fossil diesel because of its huge benefits. It consists of 

methyl esters (biodiesel) of fatty acids produced by the transesterification reaction of natural oils 

I 
with triglyceride composition with methanol using a homogenous catalyst such as sodium 

hydroxide. Glycerol, a useful raw materinl is also produced as a by-product from the process 

(Wang et aI., 2007). 

Of the several methods available for producing biodiesel, transesterification of natural oils and 

fats is currently the method of choice. The purpose of the process is to lower the viscosity of the 

oil or fat. Transesterification is basically a sequential reaction. Triglycerides are first reduced to 

diglycerides, which are subsequently reduced to monoglycerides, which are finally reduced to 

fatty acid esters. The order of the reaction changes with the reaction conditions. The main factors 

affecting transesterification are the molar ratio of glycerides to alcohol, catalysts, reaction 

temperature and time, and free fatty acid and water content in oils and fats. Transesterification is 

extremely impoliant for biodiesel (Ma et aI, 1999). 

In this project, Rapeseed oil is the focused source of natural oil needed in the transesterification 

process. Other source of triglycerides includes palm seed, sunflower seed, peanut, soya beans, 

castor seed etc. However, the most economical feasible of these seeds is the rapeseed since it is 

the preferred oil stock for biodiesel production in most part of the world. This is because, rape 

seed produce more oil per unit 0f land area compared to other natural seeds. 

35 



) 

I 
; 

t 
! , 
j 

I 
t 
1 

t 
i 
i 
I 

1.1 AIM AND OBJECTIVES or THIS DESIGN PROJECT 

The aim of this design project is to design a plant for the production of 100,000 tonnes per year 

of biodiesel fuel by the Transesterification of rapeseed oil with methanol aided by homogenous 

sodium hydroxide catalyst. 

It is expected that this design project would achieve the following objectives to: 

Understand the important of the biodiesel fuel and the need for a potential suhstitute for 

fossil diesel oil. 

Highlight the characteristics, advantage, disadvantage, justification and limitation of the 

production ofbiodiesel fuel. 

Evaluate the process design and control, process flow diagram and equipment required 

for the production of biodiesel. 

Identify the idea of how to go about pilot plant, plant location and mechanical 

engineering design of the biodiesel fuel plant. 

1.2 CHARACTERISTICS OF BIODIESEL FUEL 

It has a higher octane number and flash point than petroleum diesel 

. Its viscosity is lower than diesel 

Its specific gravity is slightly higher than diesel 

It is biodegradable, non-toxic and free of sulphur and aromatics. 

1.3 SIGNIFICANCE OF THE PROJECT 

1 To increase energy self-sufficiency of non-oil producing countries and boost the availability of 

f diesel fuel in oil producing nation through the following ways. 

) 
Reduce pollution 

Create more employment opportunities. 

Provide a better alternative source of diesel fuel. 

Increase the demand for agricultural products. , 
I 

36 



1.4 DISADVANTAGES OF BIODIESEL FUEL 

High cost of production. 

Environmental impacts of increase fertilizer and pesticide usage to increase the oil seed 

production. 

It has a high viscosity than the conventional diesel and therefore becomes less useful at 

low temperature; hence, depressing agents and dissolving solvents may have to be added. 

1.5 THE ECONOMIC COST AND EFFECTIVENESS OF 13I0DIESEL FUEL IN THE 

FUTURE. 

In Malaysia and America, biodiesel fuel is more expensive than the conventional diesel but in 

European countries, biodiesel costs no more than diesel and can be lip 5% cheaper as it is not 

subject to oil tax 

Acceptance of biodiesel fuel is likely to increase over the year since it is non-toxic and has 

greater advantage than conventional diesel fuel. It is hope that in the near future more biodiesel 

plant will be set up in every country and hence, substitute consumption of conventional diesel 

from fossil fuel, through biodiesel is still not economically competitive nor is it seen to be the 

for-see-able future (DA Potts et al, 1999). 

1.6 LIMITATION OF THE PROJECT 

The cost of assembling the pilot scale set up for the manufacture of biodiesel is quite expensive. 

Rapeseed is not grown in this country hence it has to be imported from Europe for the course of 

this project. The feed prices are expensive ranging from £lOO/tonne for rapeseed oil to 

£200/tonne for sodium hydroxide. 
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CHAPTER TWO 

2.0 LITERA TURE REVIEW 

For comprehensive design of this project work literatures were reviewed to serve as a guide 

toward successful completion. 

2.1 BIODIESEL 

Biodiesel, defined as monoalkyl esters of vegetable oils or animal fats is a promising alternative 

fuel for use in compression-ignition (diesel) engines and is being produced in commercial 

quantity and used in various countries around the wotld, including the United States, Austria, 

The Czech Republic, France, Germany, Italy, Malaysia ai1d Sweden(Gerhard Knothc2001). It is 

produced by chemically reacting a fat or oil with an alcohol, in the presence of a catalyst. The 

product of the reaction is a mixture of methyl esters, which are known as biodiesel, and glycerol, 

which is a high value co-product. The process used is known as transesterification, and is shown 

in the equation below, where RI, R2, and R3 are long hydrocarbon chains, sometimes called fatty 

acid chains. 

o 
II 

CH2 - 0 - C - Rl 
I 
I 0 
I II 

CH - 0 - C - R,~ + 3 CH30H 

I 
I 0 
I II 
CHl - 0 - C - R3 

Tl'jo!w('rid(' 
1:1 • ;\11.'1 h:lllO! 

( cCltalvst) 
. " 

o 
11 
I' 

CH3 - 0 - C - Rl 

o 
!! 

CH3 - 0 - C - R,2 

o 
II 

CH3 - 0 - C - R~ 

CH~ - OH 

CH - OH 

CH: - OH 

Glw(,l'in 

There are five chains that are common in most vegetable oils and animal fats (others are present 

in small amounts). The relative amounts of the five methyl esters determine the physical 
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1 I properties of the fuel, including the cetane number (a combustion-related diesel fuel quality 

! index), cold flow, and oxidative stability.( Van Gerpen and M. Canakci,1997) 

2.2 Characteristics and Specifications Biodicscl 

As biodiesel is produced from a wide variety of vegetable oils of varying origin and quality, it 

was necessary to implement criteria for standardization of fuel quality for better engine 

performance. Austria was the pioneering country in the world to define and approve the 

standards for rapeseed oil methyl esters as diesel fuel (Meher et al. 2006). As standardization is a 

prerequisite for quality control, certain parameters are considered for the purpose, of which 

cetane number and fuel viscosity arc important ones. The detailed physical attributes of biodiesel 

produced following the transesterification process given in Tablel and Table 2 depicts the 

vegetable oil specific parameters and the corresponding value of fatty acid methyl esters 

according to select countries. 

2.3 Current Technologies in Biodiescl Production 

Of the several methods available for producing biodiesel, transesterification of natural oils and 

fats is currently the method of choice. The purpose of the process is to lower the viscosity of the 

oil or fat:,Transesterification is basically a sequential reaction. Triglycerides are first reduced to 

diglycerides, which are subsequently reduced to monoglycerides, which are finally reduced to 

fatty acid esters. 

The order of the reaction changes with the reaction conditions. The mam factors affecting 

transesterification are the molar ratio of glycerides to alcohol, catalysts, reaction temperature and 

time, and free fatty acid and water content in oils and fats. Transesterification is extremely 

important for biodiesel. Biodiesel as it is defined today is obtained by transesterifying 

triglycerides with methanol. Methanol is the preferred alcohol for obtaining biodiesel because it 

is the cheapest alcohol. 

Base catalysts are more effective than acid catalysts and enzymes (Ma and Hanna, 1999). 

Methanol is made to react with triglycerides to produce methyl esters (biodiesel) and glycerol 
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2.3.1 TRANSESTERIFICATION 

Transesterification is the general term used to describe the important class of organic reactions 

where an ester is transformed into another through the interchange of alkoxy when the original -
ester is reacted with an alcohol. Transesterification also known as alcoholysis of carboxylic 

esters, which is based on the chemical reaction of triglycerides with an alcohol in the presence of 

an alkaline catalyst to form a mixture of methyl esters, which are known as biodiesel and 

glycerine, which is a high value co-product. Transesterification is a reversible reaction. Thus, ex-

cess methanol is required to shift the equilibrium favourably. The transesterification process as 

shown in the equation below, where R I , R2, and R3 are long chain hydrocarbon (Jon Van Gerpen, 

2008). 

2.3.1.1 Alkali-catalyzed Transesterifica tion 

Figure 1 shows a schematic diagram of the processes involved in biodiesel production from 

feedstocks containing low levels of free fatty acids (FFA). This includes soybean oil, canola 

(rapeseed) oil, and the higher grades of waste restaurant oils. Alcohol, catalyst, and oil are 

combined in a reactor and agitated for approximately one hour at 60°C. Smaller plants often use 

batch reactors (W.D. Stidham et al,2000) but most larger plants (> 4 million liters/yr) use 

continuous flow processes involving continllolls stirred-tank reactors (CSTR) or plug flow 

reactors (G. Assman,1996). The reaction is sometimes done in two steps where approximately 

80% of the alcohol and catalyst is added to the oil in a first stage CSTR. Then, the product 

stream from this reactor goes through a glycerol removal step before entering a second CSTR. 

The remaining 20% of the alcohol and catalyst are added in this second reactor. This system 

provides a very complete reaction with the potential of using less alcohol than single step 

systems. 

o 
II 

Na+·O-C-R 

Sodium soap 

HCI 

.4.cid 
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HO -C - R :.J8Cl 
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Following the reaction, the glycerol is removed from the methyl esters. Due to the low solubility 

of glycerol in the esters, this separation generally occurs quickly and may be accomplished with 

either a settling tank or a centrifuge. The excess methanol tends to act as a solubilizer and can 

slow the separation. However, this excess methanol is usually not removed from the reaction 
~ 

stream until after the glycerol and methyl esters are separated due to concern about reversing the 

transesterification reaction. Water may be added to the reaction mixture after the 

transesterification is complete to improve the separation of glycerol cr. Wimmer,1995). 
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Figure!. Process Flow Schematic for Biodiesel Production 

The methanol that is removed from the methyl ester and glycerol streams will tend to collect any 

water that may have entered the process. This water should be removed in a distillation column 

before the methanol is returned to the process. This step is more difficult if an alcohol such as 

ethanol or isopropanol is used that forms an azeotrope with water. Then, a molecular sieve is 

used to remove the water. 
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2.3.1.2 Acid Catalyzed Pret .. e~lhnent 

Special processes are required if the oil or fat contains significant amounts of FF As. Used 

cooking oils typically contain 2-7 % FF As and animal fats contain from 5-30 % rr As. Some 

very low quality feedstocks, such as trap grease, can approach 100 % FF As. When an alkali 

catalyst is added to thye feedstocks, the free fatty acids react with the catalyst to form soap and 

water as shown in the reaction below: 

o 
II 

HO-C-R 

Fatty Acid 

KOH 

Potnssilllll Hydroxide 

o 
I 

K- -0 -C - R 

Potal)~ium ':.oal> 

+ H~O 

Up to about 5% FFAs, the reaction can still be catalyzed with an alkali catalyst but additional 

catalyst must be added to compensate for that lost to soap. The soap created during the reaction 

is either removed with the glycerol or is washed out during the water wash. When the FF A level 

is above 5%, the soap inhibits separation of the glycerol from the methyl esters and contributes 

to emulsion formation during the water wash. For these cases, an acid catalyst such as sulfuric 

acid can be used to esterify the FF As to methyl esters as shown in the following reaction: 

o 
II 

HO-C -R 
Fatty Acid 

+ CH30H 
~Ie-thallol 

(H2S0.l) 

• 
o 

CI-h - 0 - C - R 
:\Ie-th~'1 e-st€'l' 

H2 0 
'YMe-1' 

As shown in Figure 2, this process can be used as a pretreatment to convert the FF As to methyl 

esters and thereby reduce the FF A level. Then, the low FF A pretreated oil can be transesterified 

with an alkali catalyst to convert the triglycerides to methyl esters (G.!, Keim, 1945). As shown 

in the reaction, water is formed and, if it accumulates, it can stop the reaction well before 

completion. 
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Figure 2: Pretreatment process for high free fatty acids feedstocks 

Kawahara and Ono (Kawahara and Ono, 1979) propose allowing the alcohol to separate from 

the pretreated oil or fat following the reaction. Removal of this alcohol also removes the water 

formed by the esterification reaction and allows for a second step of esterification or proceeding 

directly to alkali-catalyzed transesterification. 

Note that the methanol-water mixture will also contain some dissolved oil and FF As that should 

be recovered and reprocessed. 

2.4 Fuel Quality 

The primary criterion for biodiesel quality is adherence to the appropriate standard. In the United 

States, this standard is ASTM D 6751-02 "Standard Specification for Biodiesel Fuel (B 1 00) 

Blend Stock for Distillate Fuels". Generally, the fuel quality of biodiesel can be influenced by 

several factors: 

• The quality of the feedstock. 

• The fatty acid composition of the parent vegetable oil or animal fat. 

• The production process and the other materials used in this process. 

• Post-production parameters. 
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Table 3 shows the property values required for a mixture of methyl esters to be considered 

biodiesel. When these limits are met, the biodiesel can be used in most modern engines without 

modifications while maintaining the engine's durability and reliability. Even in low level blends 

with conventional diesel fuel, the biodiesel blending stock is expected to meet the standard 

before being blended. While some properties in the standard, sllch as cetane number and density, 

reflect the properties of the chemical compounds that make up biodiesel, other properties provide 

indications of the quality of the production process. Generally, the parametei"s given in ASTM 

D6751 are defined by other ASTM standards. However, other test methods, sllch as those 

developed for the American Oil Chemists' Society, (AOCS) may also be suitable (or even more 

appropriate as they were developed for fats and oils and not for petroleum-derived materials 

addressed in the ASTM standards). This discussion will focus on the most important issues for 

assuring product quality for biodiesel as it is related to production as well as some post

production parameters. 
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Table 3. ASTM D 6751-02 Biodiesel Specifications 

, :~ I, 

:PrOpel'tr Jl1efltod Lilllits CllitS 

Flash poil/t, closed Clip D 93 130 lIIill :c 

Water (lnd sediment D ]709 0.050 IJ/a\' o i; "O/I/II/C 

KiJlelllatic l'is cos ir:l'. 40 :) C D 445 1.9-0.0 
~ 

lilli/- I 

Sulfated ash D 87-1 O.O]O/lIOi' 111. 1)0 

Total Sulfllr D 5453 0.05//l(/x 11'f. Q;, 

Copper strip corrosion D 130 Nt.>. 3 /l/O\' 

('etalle /1/IJllber D 613 47 111 ill 

Cloud poillt D 1500 Repol'{ to clfstolller "C 

C(//'boll residlle D 4530 0.05 II/or 11 'T, ~) I) 

-

Acid /lIlIl/bcl' D66-1 o.SII/(/Y IIW J.:OH v ':-- - .~ 

Free gzrce/,jl/ D65S4 O.O_~ 11'f. '.i (, 

Total gZl'ce1'i1l D 658-1 0.]-1 11't, ~) >1 

PllOsphotlls D 495 1 lO pplll 

VacIIIIII/ distillatio1l ('}Id pOillf D 1160 360:(" III(lX. at 
T-90 

Slorage stability To be To be dcrerlllined To be deter/llined " . deterlllined 

Source: American Society jar Testing and Materials, Standard Specification jar Biodiesel Fuel (BIOO) Blend Stock 

jar Distillate Fuels, 2002 
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2.5 Production Process Factors 

2.5.1 Completion of reaction 

The most important issue during biodiesel prouuction is the completeness of the 

transesterification reaction. The basic chemical process that occurs during the reaction is 

indicated by the following sequence of events: 

Tl'iolycel'icle b ... ~ Diolvceride 
~ " 

-). 1\1011 0 gl ~'ce l'i (Ie ---)- Glycerol 
J, J v 

lllethvl BIethyl Inethyl 
ester e5 tel' ester 

The triglycerides are converted to diglycerides, which in turn are converted to monoglycerides, 

and then to glycerol. Each step produces a molecule of a methyl ester of a fatty acid. If the 

reaction is incomplete, then there will be triglycerides, diglycerides, and monoglycerides left in 

the reaction mixture. Each of these compounds still contains a glycerol 

molecule that has not been released. The glycerol portion of these compounds is referred to as 

bound glycerol. 

2.5.2 Free Glycerol 

Free glycerol refers to the amount of glycerol that is left in the finished biodiesel. Glycerol is 

essentially insoluble in biodiesel so almost all of the glycerol is easily removed by settling or 

centrifugation. Free glycerol may remain either as suspended droplets or as the very small 

amount that is dissolved in the biodiesel. Alcohols can act as cosolvents to increase the solubility 

of glycerol in the biodiesel. Most of this glycerol should be removed during the water washing 

process. Water-washed fuel is generally very low in free glycerol, especially if hot water is used 

for washing. Distilled biodiesel tends to have a greater problem with free glycerol due to glycerol 

carry-over during distillation. Fuel with excessive free glycerol will usually have a problem with 

glycerol settling out in storage tanks, creating a very viscous mixture that can plug fuel filters 

and cause combustion problems in the engine. 

46 



~, 

2.5.3 Residual Alcohol and Residual Catalyst 

Since methanol (and ethanol) and the alkaline catalysts are more soluble in the polar glycerol 

phase, most will be removed when the glycerol is separated from the biodiesel. However, the 

biodiesel typically contains 2-4 % methanol after the separation, which may constitute as much 

as 40% of the excess methanol from the reaction. Most processors will recover this methanol 

using a vacuum stripping process. Any methanol remaining after this stripping process should be 

removed by the water washing process. Therefore, the residual alcohol level in the biodiesel 

should be very low. A specific value for the allowable alcohol level is specified in European 

biodiesel standards (0.2 % in EN 14214), but is not included in the ASTM standard. Tests have 

shown that as little as 1 % methanol in the biodiesel can lower the flashpoint of the biodiesel 

from 170°C to less than 40°C. Therefore, by including a flashpoint specification of 1300e, the 

ASTM standard limits the amount of alcohol to a very low level «0.1 %). Residual alcohol left 

in the biodiesel will generally be too small to negatively impact the fuel's performance. 

However, lowering the flashpoint presents a potential safety hazard as the fuel may need to be 

treated more like gasoline, which also has a low flashpoint, than diesel fuel. 

Most of the residual catalyst is removed with the glycerol. Like the alcohol, remaining catalyst 

should be removed during the water washing. Although a value for residual catalyst is not 

included in the ASTM standard, it will be limited by the specification on sulfated ash. 

Excessive ash in the fuel can lead to engine deposits and high abrasive wear levels. The 

European standard EN 14214 places limits on calci lim and magnesium as well as the alkali 

metals sodium and potassium. 

2.6 Post-production Factors 

2.6.1 Water and Sediment 

Water and sediment contamination are basically housekeeping issues for biodiesel. Water can be 

present in two forms, either as dissolved water or as suspended water droplets. While biodiesel is 

generally considered to be insoluble in water, it actually takes up considerably more water than 

diesel fuel. Biodiesel can contain as much as 1500 ppm of dissolved water while diesel fuel 

usually only takes up about 50 ppm (Van Gerpen, 1997). The standards for diesel fuel (ASTM 0 
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975) and biodiesel (ASTM D 6751) both limit the amount of water to 500 ppm. For petroleum

based diesel fuel, this actually allows a small amount of suspended water. However, biodiesel 

must be kept dry. This is a challenge because many diesel storage tanks have water on the 

bottom due to condensation. Suspended water is a problem in fuel injection equipment because it 

contributes to the corrosion of the closely fitting parts in the fuel injection system. 

Watcr can also contribute to microbial growth in the fuel. This problem can occur in both 

biodiesel and conventional diesel fuel and can result in acidic fuel and sludges that will plug fuel 

filters. 

Sediment may consist of suspended rust and dirt particles or it may originate from the fuel as 

insoluble compounds formed during fuel oxidation. Some biodiesel users have noted that 

switching from petroleum-based diesel fuel to biodiesel causes an increase in sediment that 

comes from deposits on thc walls of fuel tanks that had previously contained diesel fuel. Because 

its solvent properties are different from diesel fuel, biodiesel may loosen these sediments and 

cause fuel filter plugging during the transition period. 

2.6.2 Storage Stability 

Storage stability refers to the ability of the fuel to resist chemical changes during long term 

storage. These changes usually consist of oxidation due to contact with oxygen from the air. The 

fatty acid composition of the biodiesel fuel is an impurtant factor in determining stability towards 

air. Generally, the polyunsaturated fatty acids (C 18:2, linoleic acid; C 18:3 linolenic acid) are 

most susceptible to oxidation. The changes can be catalyzed by the presence of certain metals 

(including those making up the storage container) and light. If water is present, hydrolysis can 

also occur. The chemical changes in the fuel associated with oxidation usually produce 

hydroperoxides that can, in turn, produce short chain fatty acids, aldehydes, and ketones. Under 

the right conditions, the hydroperoxides can also polymerize. Therefore, oxidation is usually 

denoted by an increase in the acid value and viscosity of the fuel. Often these changes are 

accompanied by a darkening of the biodiesel color from yellow to brown and the development of 

a "paint" smell. When water is present, the esters can hydrolyze to long chain free fatty acids 

which also cause the acid value to increase. 

48 



There is currently no generally accepted method for measuring the stability of biodiesel. The 

techniques generally used for petroleum-based fuels, such as ASTM D 2274, have been shown to 

be incompatible with biodiesel. Other procedures, such as the Oil Stability Index or the Rancimat 

apparatus, which are widely used in the fats and oils industry, seem to be more 

appropriate for use with biodiesel. However, the engine industry has no experience with these 

tests and acceptable values are not known. Also, the validity of accelerated testing methods has 

not been established or correlated to actual engine problems. If biodiesel' s acid number, 

viscosity, or sediment content increase to the point where they exceed biodiesel's ASTM limits, 

the fuel should not be used as a transportation fuel. 

Additives such as BHT and TBHQ (t-butylhydroquinone) are common in the food industry and 

have been found to enhance the storage stability of biodiesel. Biodiesel produced from soybean 

oil naturally contain some antioxidants (tocopherols, i.e., vitamin E), providing some protection 

against oxidation (some tocopherol is lost during refining of the oil prior to biodiesel 

production). Any fuel that will be stored for more than 6 months, whether it is diesel fuel or 

biodiesel, should be treated with an antioxidant additive. 

2.7 Quality Control 

All biodiesel production facilities should be equipped with a laboratory so that the quality of the 

final biodiesel product can be monitored. It is also important to monitor the quality of the 

feedstocks .. 

One strategy used by many producers is to draw a sample of the oil (or alcohol) from each 

delivery and use that sample to produce biodiesel in the laboratory. This test can be fairly rapid 

(1 or 2 hours) and can indicate whether serious problems are likely in the plant. Measuring 

feedstock quality can usually be limited to acid value and water content. 

To monitor the completeness of the reaction according to the total glycerol level specified in 

ASTM D 6751 requires the use of a gas chromatograph and a skilled operator. Large producers 

will find that having this equipment on-site is necessary. Commercial laboratories (i.e.Magellan 

Midstream Partners) are available that can analyze the samples but the cost is $80-$150/test and 
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the time required may be several days. Smaller producers will need to use a more robust 

production process involving extra methanol and probably multiple reaction steps. Then the 

product quality can be monitored through periodic testing by an outside laboratory. 

Other possibilities for monitoring the transesterification reaction and assessing fuel quality are 

methods based on spectroscopy (such as near- infrared spectroscopy) or physical properties (such 

as viscometry). These methods, although they are not (yet?) ASTM methods, are usually faster 

and easier to use than gas chromatography. However, some of them require extensive calibration. 

They also cannot accurately quantify glycerol at the low levels called for in the ASTM standard. 

To circumvent this, comparison to a reaction and product known to meet ASTM standards is 

needed. 

2.8 RAPESEED 

Rapeseed (Brassica napus), also known as rape, oilseed rape, rapa, rapaseed and (in the case of 

one particular group of cultivars) canola, is a bright yellow flowering member of the family 

Brassicaceae (mustard or cabbage family). The name derives from the Latin for turnip, rap urn or 

rapa, and is first recorded in English at the end of the 14th century. 

In agriculture, canol a is certain varieties of oilseed rape, or the oil produced from those varieties. 

It's a trademarked hybrid of rape initially bred in Canada. Rape Seed Oil was produced in the 

19th century as a source of a lubricant for steam engines, and the oil has a bitter taste due to high 

levels of acids. Canola has been bred to reduce the amount of acid, yielding palatable oil. 

Rapeseed is grown for the production of animal feed, vegetable oil for human consumption, and 

biodiesel; leading producers include the European Union, Canada, the United States, Australia, 

China and India. In India, it is grown on 13 % of cropped land. According to the United States 

Department of Agriculture, rapeseed was the third leading source of vegetable oil in the world in 

2000, after soybean and oil palm, and also the world's second leading source of protein meal, 

although only one-fifth of the production of the leading soybean meal. World production is 

growing rapidly, with F AO reporting that 36 million tonnes of rapeseed was produced in the 

2003-4 season, and 46 million tonnes in 2004-5. In Europe, rapeseed is primarily cultivated for 
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animal feed (owing to its very high lipid and' medium protein content), and is a leading option for 

Europeans to avoid importation ofOMO product. (Wikimpedia,2009/Rapeseed,) 

Natural rapeseed oil contains 50 % erucic acid. Wild type seeds also contain high levels of 

glucosinolates (mustard oil glucosindes), chemical compounds that significantly lowered the 

nutritional value of rape seed press cakes for animal feed. The rapeseed is the valuable, harvested 

component of the crop. The crop is also grown as a winter-cover crop. It provides good coverage 

of the soil in winter, and limits nitrogen run-off. The plant is ploughed back in the soil or used as 

bedding. On some ecological or organic operations, livestock such as sheep or cattle are allowed 

to graze on the plants. 

Processing of rapeseed for oil production provides rapeseed animal meal as a by-product. The 

by-product is a high-protein animal feed, competitive with soya. The feed is mostly employed for 

cattle feeding, but also for pigs and chickens (though less valuable for these). The meal has a 

very low content of the glucosinolates responsible for metabolism disruption in cattle and pigs. 

Rapeseed "oil cake" is also used as a fertilizer in China, and may be used for ornamentals. 

Rapeseed leaves and stems are also edible. Some varieties of rapeseed are used for vegetable oil 

production. Rapeseed is a heavy nectar producer, and honeybees produce a light colored, but 

peppery honey from it. It must be extracted immediately after processing is finished, as it will 

quickly granulate in the honeycomb and will be impossible to extract. The honey is usually 

blended with milder honeys, if used for table use, or sold as bakery grade. Rapeseed growers 

contract with beekeepers for the pollination of the crop. 

Rapeseed oil is used in the manufacture of biodiesel for powering motor vehicles. Biodiesel may 

be used in pure form in newer engines without engine damage, and is frequently combined with 

fossil-fuel diesel in ratios varying from 2 % to 20 % biodiesel. Formerly, owing to the costs of 

growing, crushing, and refining rapeseed biodiesel, rapeseed derived biodiesel cost more to 

produce than standard diesel fuel. Prices of rapeseed oil are at very high levels presently owing 

to increased demand on rapeseed oil for this purpose. Rapeseed oil is the preferred oil stock for 
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biodiesel production in most of Europe, pat1ly because rapeseed produces more oil per unit of 

land area compared to other oil sources, such as soy beans (DA Potts et-al., 1999). 

2.9 METHANOL 

Methanol is the most common alcohol used for the conversion of fats and oils to biodiesel. 

Methanol is flammable, as such proper handling is required for safety. Methanol and oil do not 

mix well, and poor contact between the oil and methanol reactants means the reaction rate will 

be slow. Vigorous mixing at the beginning of the reaction improves reaction rates. Towards the 

end of the reaction, reduced mixing helps the separation of glycerine, and the reaction would 

. proceed faster in the top layer, which contains oil and methanol. At ambient temperature (21°C 

or 70 OF), the reaction takes four to eight hours to complete. The reaction is' usually conducted 

below the boiling point of methanol (60 °c or 140 OF). At this temperature, the reaction time may 

vary between 20 minutes to 1.5 hours. A higher temperature will decrease reaction time. but this 

requires the use of a pressure vessel because the boiling point of methanol is 65 DC or 148 OF. 

The reactor is either sealed or equipped with a condenser to minimize alcohol evaporation during 

the conversion process. Higher oil conversion rates can be achieved if the production system is 

set up as a two-step process with two reactors. In such cases, glycerine formed in the first reactor 

is removed, and the reaction is completed in the second reactor. 
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lJNIT SEVEN: Scrubber 

Wl"\t~J: 11 

10 Bio(li~fiel 

-" 
Unit 7 

(iud~ S (Tn b bE'}· 

UiOflil'~1 
11 

Po 
RE:'.c;i(l ut"!> 

Stream 11: Water 
Water for washing is fed into the SCf1lbber/settling tank to eliminate base catalyst residues and to 

separate out the final Biodicsel. 

Water feed into the Scrubber is given as: 

11 5,11 :'" 0.40N 111 

. I():l. kg 
Tl S,II",,5.199x hr 

Total mass now of stream II is given as: 

5 

N II := L ll s ,ll 

s==() 

N 5 19() 1 ():l. kg 
. II"". x hr 

Mass compositions of stream 11 is: 

11 s, , , 
)( .",,--

)(11,11 
_. 

s, , I . 
NIl 

0 
0 

0 

0 

0 

1 
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5 

L x 11 == I s. 
s=() 

Molar compositions of stream 11 is: 

ns, II 
z '",--
's,II' M 

7 == s,11 

w 
s 

0 

0 

0 

0 

0 

288.527 

krnol 

hr 

Total molar flow of stream 11 is: 

S 

7'11:== L zs,11 

s=() 

kmol 
1,11 = 2R8.527-

In 

Molar compositions of stream 11 is: 

7.s , II 
Y '=-
, s, II' 7 

'II 

y = 
s. II 

0 

0 

0 

0 

0 

1 

S 

L y -\ , s, II -

5=0 
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Stream '12: Biodiesel 

Mass flow of final Biodiesel product in stream 12 is given as: 

tlt1, 12:== O.99<Jn4 , 10 

Glycerol present in the final Biodiesel product obtained is calculated as: 

kg 
11 == 19.874--

" .1,12 hT 

Total mass flow of stream 12 is given as: 

5 

N)2:== L '\,12 

~==() 

,1 kg 
N 12'" 1.268x \0 ,-

. hT 
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Mass compositions of stream 12 is: 
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x ..,:"'--
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Molar compositions of stream 12 is: 

I. 
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Stream 13: Residues 

Mass flow of components present as residue in stream 13 is given as: 

11 := 11 + n - 11 
s,l:l s,IO s.11 s,12 

--
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Total mass flow of stream 13 is given as: 
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1 kg 
N 13 ~ 5.522x Wt,;:" 

Mass compositions of stream 13 is: 
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Product Quality: 

According to (Gerpen et aI., 2004), Biodiesel product quality allows for about 0.24% total Glycerol. 

lIence the Biodics~1 so gotten from this process meets the required product quality standard. 

Total mass now of stream I () (Final Biodiesel obtained from the process) is 
:) 

N 12:'" L liS. 12 
g~() 

N I 2(i ° I()". kg 
12 = . 'ox hr 

5 tonnc 
N = I x 10 :--

12 1lI11111111 

Scale up factor: 

Biodiesel Target production is 100,000 tonnes/annum. 

That is, 

tOllllC 
Tmllel prot1m;tioll :-" 100()()O-

alllllllll 

l3ut Calculated value of Biodiesel produced from the chosen Basis is: 

Calculatcdvalllc :~ N 12 

5 tonnc 
Calculalcdvllluc'" I x 10 .-

annum 

Therefore. the Scale up factor is calculated as follows: 

. Targctproduction 
SF := -~"'-----

MIW\ Clllculatcdvaluc 

SF=I 
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CIIAPTF,R FOUR 

4.1 F.NF,R(;Y nALANCF,S ANI) TIIF,RMOI)YNAMICS PROPIWTIF.S 

The thermodynamics properties used in this work was gotten nom standard texts 

·"'.1 ilEAl' CAPACITY <':OEFFICIENTS OF TilE COMPONENTS 

The heat c<lp<lcity coefficient of the components involved in this project <lrc <lS outlined below. Denoting the 

matrix of the heat capacity coeflicients by c, we have 

TIIERMODYNAMI<.:S PROPERTIES 
-~ -6 

O.OO()() -0.2(i(,R60 3.514()1O . -2.31 R1 \0 I~apcsecd_oil 

0:0000 o .(,(,(j 2 0 
- 1 

1.107210 . 26925610- 7 Methallol 

-~ -1.7553110-- 6 
Na( III 

3.14015 06317R 15533510 . 
( ilvcerol c:= 

I'M 

9. I 53 I (, 10- 2 - 1 
-11441310-

6 
0.0000 2.4112210 . Iliodicsel 

109347.10- 7 -0.152999 3413R41O- 3 --1.7137410- (, Water 

-5.72% 1.914S0 -3.9574010- 4 -7 
R.7620610 

4.1.2 ilEAl' OF FORMATION OF TilE COMPONENTS 

The heat of formation of the components involved In this project are as outlined below: 

D~noting the matrix of the heat capacity coefficients by hr. we have 

') 

-1.743 x 10-

--4.RII x 10
1 

0.0000 

h r := 
-U99.J()2 

-1.496· 10 
2 

-5.76·10 
I 

k:= 1 .. 4 

keal 

mol 

s := 0 .. 5 
AM 
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Biodicscl 

Water 

J 
II .:= (J-

S, I hr 
kJ "" I O(lOjollle eal = 4.IX7.1. 
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The equation to be used for the energy balance is given as: 

,\ II = n r ' '1' .II 

where 

H = Enthalpy 

Cp = Heat capacity 

T = Temperature 

n = Amount 

T r = Reference temperature 

T s = System temperature 

If a reaction is involved, the equation becomes 

1\1\ = n J 
Is 

I c p liT + hr.:,r 

where hf= heat of fonnation 

It should be noted that Cp is given in tenns of heat capacity coefficients as 

C 

"

I' ",2 1'1'.1 p=n~l' ·Ic· +1' 

where a, b, c and d are heat capacity coefficients (constants), 

So, the energy balance equation will then become 
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4.2.1 ENERGY BALANCES CALCULATIONS 

Encrg)' Ulllanccs: 

E,'aluation of SI)('rics Enthalpics: the reference state is the elements at 25°C, 

l r := 29R K TO := (25 + 213,16) 

h(s.O)=7.
s

•
0

' Cs;(i{I'~Tr)+ C~:.!.{r2 __ T/)'" J 

1110\ 

c ' c 
5,2 (",3 ",3) s,3 (".4 '1,4) 

~. --, - + -_. -
J r if r 

UNIT 1: Oilllcatcr 

Enlhnlpy of stream 0: 

K 

",2) r ", 
C 

s, () ('(' 
-~, . 

I 11101 

c s ,2 (,(,,1 '\' ,1)' C
s ,3 (".4 , '" 4) ./ --, - I -_. ,-

1 r if r 

kJ 

hr 

;\11 0 := " II L...J S,O 

64 



k.l 

lIT 

Total enthalpy into the Heater: 

,\i I inl := \ II (I 

kJ 
\ II ill I = 

hr 

Enthalpy of !iltream 1: 

k= 29R K T I := (60 f- 27:'.16) K 

II :=/ .. CS'O{r_T)+ C
s ,I.(T2 _T 2) 

~,I s,l I r 2 r'" 

+ C~'2 .(r~ . T/)~' C~,1'(T4 . "/) 

! I . s, I 
k.l 

hr 

A(I I :", " II L.J s, I 

\II I 
k.l 

hr 

Totnl cnthnlp)' out of the Henter': 

/\11 out I := \ II I 
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! 

k.l 
\11 \11!11 ~ 

hr 

IIcat load: /\11 \li,:1111 --Allilll 

k.l 
\ II 

hr 

i.e. Heat supplied to the Heater = 297600 kJ/hr 

UNIT 2: Mixer 1 

Enthalpy of streum 2: 

k= 298 K T 2 :==(25+273.16) K 

c c 
II := .' ' ~r' 0 (r - Tr,) + s2,1 .(T

2 
- 'J}) .. , 

II 

s,2 s,2 

s,2 
kJ 

hr 

,\ II 2 := Y' II L.J s,2 

kJ 
\II , = 

hr 
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Enthalpy of stream 3: 

Jw= 29R K 

II '= / 
~,~ . !', ~ 

CS;~{I" _ Tr) + ~S; I (r2 __ "1"/) ... 

+ C:,2.(r1 _. T/) + C:,3(r4 -- r/) 

kJ 
II 

s,l hI' 

1\ \I 3 := "II "l i...J s, .. , 

s 

k.l 

hr 

Total cnthall'Y into Mixer 1: 

·1\11 in2 := \11, + 1\11 3 . 

k.l 
\ 11 in~ 

hr 

Enthalpy of stream 4: 

.\ 

Jw= 29R K T4 := (30 + 273.16) K 
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11 
1:,4 

k.l 

hr 

A II 4 := "" II 4 L.. s, 

.~ 

kJ 
\ 11 I '" 

hr 

Total enthalllY out of Mixer t: 

All (lu12 := ,\11 1 

k.l 
\11 ""1~ hr 

Ilent load: \11 ,)111: - All in2 

kJ 
\ II 

hr 

UNIT J: Mixer 2 

Total enthalllY into Mixer 2: 

All in3:= \II I + All 4 
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k.l 
,II ' !n' In 

l<:nthalllY of stream ~: 

"1'5:= (50 + 273.16) K 

c c 
II := / . sr' () (r - Tr) + s2,1 .(T2 

- T/) ... 
s,5 s,5 

k.l 
II 

s,S hr 

A" 5 := "11 S L..J s, 

\ II 

s 

kJ 

hr 

Total enthalpy (Jut of Mixer 2: 

,," out) :'" \I! .~ 

\ II (\I\t~ 

Heat load: 

k.l 

hr 

AI! 

\II 

\11 ,,"I' - 1\1\ in~ 

k.l 

hr 
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UNIT 4: Tran!le!lterification Reactor 

Enthalpy of stream S: 

JNj-= 298 K 

II ,,:~,' Csl,O (r _. 'l'r,) +- CSz' I .('1'2 _. '1'/) ... 
s, _ s,5 

11 
!l,S 

kJ 

hr 

('11 5 :", 'II S L...J s, 

s 

\ 11 
kJ 

hr 

Total enthalpy into the Reactor: 

I'll in4 ,- \\1 

kJ 
\ 11 ;:11 

hr 

Enthalpy of !ltrcam 6: 

'.J.,w= 298 K T6 := (60 + 273.16) 

70 

K 

J 
.-+hr 
mol s 



kJ 

hr 

(\\16;0= " !! L.J s.C! 

\II (, == 
k.l 

hr 

Total enthalllY out of the Reactor: 

1\11 (Ju14 ;0= \ " f. 

kJ 
\ I , ,,!II I 

hr 

Heat load: 1\11 .-. \11 'Hit I - ~H in4 

\ I! 

UNIT 5: Distillation Column I 

EnthlllJlY of sh-cam 6: 

J.,w= 298 K 

kJ 

hr 

,JjM= (60 + 273.16) K 
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.1 
.-+hf 

mol s 



kJ 
II 

, s , (, hr 

t\" (i := " ! I r. LJ S,\) 

!I 

kJ 
.\ 11 

In 

Total cnthaIJl~' into Column J: 

i\ II inS \II (, 

kJ 

hI' 

Enthalpy of ~trcam 7: 

II = 
s,7 

kJ 

hr 

mol 

1 

.I 

l7:=c(45+27.1.IG) K 

J 

IDol 
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1\ 11 7 := ~..., 11 7 L....J s, 

1.;.1 
\I' 

hI" 

k= 298 K 

Enthalpy of !ltream 8: 

lJ,;= (75 +273.16) 

II := /. . CS,'O .(T _ Tr) ~_". C 1)2' I .(T2 
-' '1'/) ... 

s, S s, R 

k.1 
\I 8'-

S, hr 

1\11 8 := "11 0 L....J s,o 

k.1 
\ 11 \. '" 

" hI" 

Total enthalpy out of Column I:' 
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1\11 out5 \ \ 1 -, + 1\11 R 

kJ 
\! I ili"-:; hr 

lIellt load: 1\ II .\11 (\\1\:; -- 1\11 inS 

\ \ I 
kJ 

hr 

II N IT 6: Di~tillation Colnmn II 

Total enthalllJ into Column II: 

1\ II iuG := \ 1 \ X 

kJ 

hr 

Enthalpy of ~tream 9: 

k= 29R K 

kJ 

hr 

'1'9:= (45 + 27:1.16) 

74 

K ,.l..;== T <) 

mol 



All 9 :'" '" 11 i...J 5,9 

kJ 
\ II) := 

hr 

Enthalpy of stream to: 

II .:= I . 
. ~, )(). S, 10 

11 
s,IO 

kJ 

hr 

T 10 := (90 I 27!t.1(') K 

c c ( ) s, II ('I' 'I') ~ '1.2 'I' 2 --. -. r~' . .- r ... 
I . 2 

s,2 ,\,3 'r 3 s, 3 '1.4 'I' 4 c ( ) c ( ) +-_. .' + --. -
!t r 4 r 

/\11 10::= L lis, I() 

s 

kJ 
\ II \( I := 

hr 

Total enthalpy out of Column II: 

All out6 

IIcat load: 

\1\" + ,\\110 

kJ 

hr 

All ." \ II ,)1111, - All in(i 

75 

J 

mol 



\\1 
kJ 

hr 

UNIT 7: Scrubber 

Enthalpy of stream 1 t: 

T 11 :=(25+273.16) K 

11 .==/ . C s1,O-(r-T
r
)+ C s2,1.(T

2
_T/) ... 

R,II' s,lI 

5,2 .\,:1 'I' J s,3 '1,4 '1,4 C ( ) C ( ) +-_. -/',--' ... 
:I r 4 r 

kJ 
II 

s, II hr 

1\ 11 1\ := L II s, 11 

\ 1 \ \1 

fI 

kJ 

hr 

Total cnthalll)' into the Scnlbber: 

I\Il in7 := \\ l'l\l + 1\1\ 11 

\ \1 1\\; 

kJ 

hr 
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Enthalpy of stream 12: 

,l.w= 2<JR K T 12:== 70 + 273,16 K T '", T 
f'NV' 12 

mol 

.1 c 0 
s, ('I' 'I') --, - + 
I r 

11 'co, ' 
~, 12' 's,12 

/ __ CS_,_2 ,(.,.,1 _ T ~) + _Cs_,_3(T4 _ T 4) 
j r 4 r 

k.l 
11 

s,I2 
,'-

hI' 

All 12:= L lIs, 12 

Enthalpy of stl"t~nm 13: 

'k"'" 29R K 
Tn;= (70 + 273,16) K T '= T ,..,..N 13 

kJ 
II 

s,l1 hr 

I 
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kJ 

In 

Total enthalpy out of Scmhhc,': 

,\11 out7 := \ II 1,.,1 1\11 13 

k.f 
\ II ,,111: ,-

III 

IIcat load: All 

" 11 
k.1 

hI 
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CHAPTER FIVE 

5.0 Process Description 

From figure 3 which depicts a simplified block flow diagram (BFD) for the typical biodiesel 

production process from the Trans-esterification of Rapeseed oil by methanol. In the first step, 

methanol and catalyst (NaOH) are mixed with the aim to create the active methoxide ions. Then, 

the oil and the methanol-catalyst solution are transferred to the main reactor where the 

transesterification reaction occurs. Once the reaction has finished, two distinct phases are formed 

with the less dense (top) phase containing the ester products and unreacted oil as well as some 

residual methanol, glycerol, and catalyst. The denser (bottom) layer is mainly composed of 

glycerin and methanol, but ester residues as well as most of the catalyst, water, and soap can also 

be found in this layer. 

In general, a vacuum distillation step is used for methanol recycle prior to glycerin purification. 

Next, the remaining base catalyst in the crude glycerin is commonly neutralized with low cost 

mineral acids, such as phosphoric acid. This operation also converts the soaps back to Free Fatty 

Acids (FFAs). After neutralization, three distinct phases form: a low density (top) layer 

containing FF As, a dense (bottom) liquid layer composed of glycerin, water and alcohol, and a 

third layer made of salt precipitates. These three phases are then separated with the non glycerin 

layers being treated as waste. Glycerin is further purified by distillation to remove water and 

alcohol. This procedure yields 90-95 % pure glycerin, which can be sold at market price. 

Crude biodiesel is initially purified by thoroughly washing the ester phase with water or by 

neutralization with a polyprotic mineral acid to eliminate base catalyst residues. Next, in a 

settling tank, an aqueous phase, salt precipitates, and biodiesel are separated. Another water 

washing step follows to further remove polar compounds that might still be present in the 

biodiesel product. Finally, the biodiesel is vacuum distillated at moderate-to-high temperatures 

(around 190-2701 °C) to comply with ASTM specifications (99.6 % or purer). 
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In general, base catalyzed processes are carried out at low temperatures and pressures (60-65 °c 

and 1.4-4.1 bars) with low catalyst concentrations (0.5-2 wt %) by weight of lipid feedstock. 

Conversions of greater than or equal to 95 % can be expected after 1 hr. alcohol to oil molar ratio 

of 6:1. 

Catalyst 

Mixer 1 

Heater 

Biodiesel 

Mixer 2 

Water 

Scrubber/S 

ettling Tank 

Residues 

Trans -

esterification 

Reactor 

Glycerol 

Crude 

Biodiesel 

Methanol 

Column 1 for 

methanol 

removal 

Column 2 

Figure 3: Block Process Diagram for Biodiesel Production using Rapeseed Oil 
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CHAPTER SIX 

6.0 EQUIPMENT SIZING AND DESIGN 

'6.1 SIZING OF OIL HEATER 

6.1.1 Design of Oil Pump 

Pump SY5tem 

Pnmmctcrs 

Mass flow rate of oil to the pump: 

F '= 1 29Rx 104 kg () , , 

Density of oil 

kg 
Po := 880-

~ 
m 

Volumetric How rate of the oil 

.1 
m 

Q == 14.75-
liT 

81 

hr 

Discharge 

Figure4: J\ Pump System 
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J 

f 
I 
I 

f 
I , , 
I 
i 
~ 
l 
j 

l 
i 
~ 
i 

I 

Flowrate: 

Fluid specific weight:: 

Elevation: 

Pipe diameter: 

Pipe length: 

Pipe friction factor: 

Results 

gal 
~:=2S00-. 

!lllll 

lbf 
r ;::::: 84\3-

111 

Suction: 

I~:=, l.5-IT 

tlr :::::: O.2OJn 

Lr :::::: S·rr 

fr:= 0.0: 

Discharge 

T',s :== S·n 

ds :=:: 025411 

1.5 := 10'1T' 

[5:= 0.01 

The solution is found by first writing the energy equation 

y2 I' y2 P 
r r S S 

_ + - -I F + F = - + - + F + hI 
Z. g y r 1) 2. g y S • 

Where: V r, V s = velocity 

J\, P s = pressure 

Er, Es = elevation 

= fluid density 

Ep = pump energy 

hL = head loss 

Now, solve this equation for pump energy 

( 2 2J Ys Yr Ps Pr 
E = - - - + (- - -) + (Es - 1\.) + hI 

r 2·g 2·g y y 
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assuming that the velocity and pressure head are negligible. 

The head loss in this equation can be found using the Darcy-Weisbach equation. 

2 

hI, = f.~ (~J .f-t! d~ •. g 
7t.-

4 

rewriting as a/fmc/iof1 

I [ Q J2 1 h) (f.L,d,<»):= r·....:· -- .-
, d d2 2·g 

7t.-
4 

Now, by substitution of the Darcy-Weisbach equation into the energy equation the pump' 

head is calculated as: 

I~ = 4.29 ~IT 

The horsepower required is the product of the fluid specific weight, Oowrate, and pump 

111':= y .().Ep 

III' '" 11.995hp 

The hydrauli~ grade line is calculated by first defining a number N of points to evaluate at 
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Number of points: 1i.:,-,; 20( 

defining a ml1ge of distances x along the pipeline from zero to total combined length of pipe 

from the source to the storage reservoir 

and then using an ([statement to control calculation of the hydraulic grade line as the 

calculations proceed through the range of distances. 

Now, the hydraulic grade line can be graphed. 

Hydrualic Grade Line 
6 

5 

4 

hgk.v.) 
--3 

In 

2 

---- .... 

I 
-~, -------

0 
0 5 to 15 

x 

111 

Di~tance 
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Figure 5 Hydrualic Grade Line 

Total flow rate of ~omponent to the heater 

l\ kg 
Fh = l.DRx 10 .

yr 

"verage density of component to the heating vessel 

kg 
rllvg:= HRO-

1 
III 

Volumetric now rate of the heater 

Retention time, t: 

Fh 
Vh :=-

rnvg. 

1 
m 

VI = 14.75-
1 hr 

',''t := 1·ln 

Volume of the Heater required for the retention time: 

4 
V"" 1.475x 10 L 
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The total volume of the Heater can be calculated as thus: 

V I .7) 1()4" lolnl == ." ,x 

Allowing for }O% safety allowance: 

The optimum proportions (or a cylindrical container is a classical example of t he optimization 
of a simple function . 

. The surface area, A, ofa closed cylinder is: 

1t 2 
1\ = 1t x \)x 1.+ 2-)) 

4 

Where D = Heater diameter 

L = Heater length (or height) 

This will be the objective function which is to be minimized; simplified: 

,l 
f(lh L) = Dx 1.+-

2 

For a given volume, V, the diameter and length are related by: 

1t ') v= -1)- xL 
4 

and the objective function becomes 

Setting the differential of this function zero will give the optimum value for D 
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V 
-4-- + 1)= (l .., 

It n~ 

'J 
Vlolal 

I):".. 4--
1t 

D", 2.901m D=9.5IRH 

From literature, Cerebro, 2003 ratio of vessel diameter to its height (Dill) is: 

6.2 Mixer I lJesign 

. J) 
Ratio = - = 0.8: 

II 

Ratio:= OK 

I) 
11::::-
f-NV Hatin 

\I = .U9Srr 

6.2.1 Feed nate to Mixer" I 

The mass flowratc of the feed to the Mixer 

- {t~ kg 
}' := 8.475x Iv -
M hr 

II = IIA<17fl 

numher of mixer:::: 1 Each mixer capable of handling I i(l of the design flow. 

F 

,t,.,:= number of mixer 

F "" O.78S
kg 

s 

The density of the feed to the tnixer 

87 
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kg 
p:= l53R

:1 
m 

F 
nowlalc :"'" -

r 

Mixin!:Uimc:= 6hr This is somewhat the same as that in the guidelines given in the text, 48 hrs 
which is within the guidelines . 

• ~L= 900~ec- 1 velocity gradient, units are m/(sec*m) 

impeller type: turbine, 6 flat blades, vaned disc: KT := 6.: The drawing of a vaned disk 

impelter is shown below 

As part of your design proposal for this facility provide the following: 

1. Water power input in kW 

2. tank dimensions 

3. JWI mixer model number 

4. rotational speed of the impeller in rpm. 

6.2.2 Mixer I Design Calculation: 

appropriate definitions and constants: 

rod 
rps := 2·1[·-

sec 

md 
,.t.WJ1= 2·x . - .. 

mill 

.. . volume 
Dllultol1 Inne = ---

- nowrllle 

kg 
£,:= 1538-

3 
m 

~I :'"' 1.027 to 
3 ncwton· ~cc 

2 
!ll 

The available mixer model from Hysys Model (Hyprotech, J 999) is shown below: 

AVAILABLE MIXER MODELS 

Model Rotational speed, rpm power, kW 

p JTQ50 30,45 .37 (i= 
II·volume 1TQ75 45, 70 .56 

JTQ100 45,110 75 
JTQJ50 45, J 10 1.12 
JTQ200 70,110 1.50 
JTQ300 110,175 224 
1TQ500 175 374 
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.l 1 5 I' - K'r'n ' ). ·r - Imp 

impeller diameter should be between 0,2 and 0,5 the diameter orthe tank 

6.2.3 Mixer Volume 

vnilllllC :== MixinJ!,_ timc· l10wrntc 

Allowing for 30% safety allowance: 

volumc 
V'=~'--

N'N '0,9 

volume =0 l.102x 104 L total volume, the volume of each tank's value. The depth and diameter 

of each tank are calculated below: 

6.2.4 Mixer Diameter 

2 
It . /) volumc 
--.1)=---

~ 2 

I' 
- 1 

I .l (vOlumc)-).:= 2 ' 
,'N 1t 

J) '" I.!) I 4m 

The optimum propot1ions for a cylindrical container. A clas:;ical example of the optimization 01 

a simple function. 

The surface are, A, of a closed cylinder is: 

It 2 
A=1txDxL+2-IJ 

4 
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~ Where D = vessel diameter 

L -= vessellength (or height) 

This will be the objective function which is to be minimized; simplified: 

f( J) x L) = J) x 1,1 
Ii 
2 

For a given volume, V, the diameter and length are related by. 

nnd 

and the objective function becomes 
') 

. v I)~ 
1(1))=4-+-

1t D 2 

Setting the differential of this function zero will give the optimum value for D 

V 
-4-- + D=(l 

') 

It 1)-

r-. 1 119.0]; 
J) = ' 

3.142 

J) = 2.49Rm 

! 

Accoding to, (Cerebro, 2003) ratio oftank diameter to tank height (lJ/H) is: 

. If 
Rallo = - = O.R: 

)) 

.. 
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Ratio:= OK 
/11\1\/1/111.11'" 

o 
\-1:=-

NW Ratio 

H =- 3.01111 

6.2.5 Mixer Stirrer Powel" Requirement 

G= 
P 

(
VOlume) 

11' --
2 

2 volume 
P:=-G·W--

2 

P = 4.584x 103 W power required to meet required velocity gradient, 70 sec -1 

6.2.6 Mixer Efficiency 

Assumption: 

Assume that any mixer used is only 80 % efficient at transferring power into tank. 
Therefore 

required mixer should have power rating of at least: 

eff:= .8C 
AliMA 

P 
p. '=

mixer' eff Pmixer= 5.73-kW 

6.2.7 Mixer Impeller Diameter 

At this point we have to use some judgement. We have rules of thumb regarding the 

relationship of the size ofthe mixing impeller to the size of the tank. We have a G value to 
be 

met and we have the rotational speed of the impeller which is somewhat fixed by the 
available 

mixers, pg. 209 3rd edition (Mc Cabe et-al, 1979). Using a maximum rotational speed of 
175 

rpm, a six blade, vaned disk impeller K T = 6.30 (see drawing) we can compute the 

diameter 

of the impeller. Looking at the table the smallest unit that will work is the JTQ300 which 
has a 

nameplate power level of2.24 kW 
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n :~, 17'srpIT "nctllnl :="' 2.24kW·!/ 

Compute the impeller diameter resulting from using a JTQ300 rated at 2.24 kW 

I'RctUll1 

willi 

K
r

( ~:J ]" r 
Tpm kg 

~ 
m 

5 

·rr 

1)· "'" 0 175m This is the iml)cller diameter that results if we lise a .JT()300 mixing unit Imp .. ' 

J} 
This results in an impeller to tank ratio of ~ == 0.15 which is just inside the rule of thumb 

D 
of 0.03 to 0.5. 

The tank has barnes attached to its periphery to break up bulk movement and promote mixing. 

The rule of thumb is that the barnes should extend into the tank a distance of [0 I *diametcrl 

I'llctunl 

volume 
~l' 

2 

1 
<.i ~ 5(,2.12-

sec 

We can use a slightly smaller impeller to bring G down to 800 sec-1 if we care to 

(j·Mixing_timc == 1.215x If? 
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Reynolds and Richards also check the Rey~olds number, which should be:;- 10,000 to assure 

turbulent mixing conditions. 

2 
1 )jmp . n· p 

NRc :"'---
II 

NI~e '" J.RIl7x 10
6 turbulent mixing conditions 

6.3 M her II Design 

6.3.1 Fee.'d Rnte.' to Mixer' II 

The mass t10wrate of the feed to the Mixer 

}l.w,nhxr....Q.lm~1F.~,:=:1 Each mixer capable of handling 116 of the design flow. 

I; -= Il)R7-~~ 
g 

The density of the feed to the mixer 

kg 
,a..:== IS.1R-

3 
m 

F 
~:"'.-

r 

kg 
F =' 1.9S7-

s 

Mjnil}8.....~im.~,:= (j.hr This is somewhat the same as that in the guidelines given in the text, 48 hrs 
which is within the guidelines. 

-I .<;,V-= 900 sec velocity gradient, units are m/(sec*m) 
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impeller type: turbine, 6 flat blades, vaned disc: t~JN:= 6.: The drawing of a vaned disk 

impeller is shown below 

As part of your design proposal [or this facility provide the following: 

1. Water power input in kW 

2. tank dimensions 

3. JWI mixer model number 

4. rotational speed of the impeller in rpm. 

6.3.2 Mixer II Design Calculation: 

appropriate definitions and constants: 

rad 
~:=2.1[·

sec 

rad 
,UW1= 2·1[ '-. 

111111 

'1' . volul11e DI utlOn time = ---
- flowrate 

ko 
~:= IS3S---E.. 

3 
III 

. '1 newton· sec 
J~,:= 1.02710 .,----

2 
In 

The available mixer model from Hysys Model (I-Iyprotech, 1999) is shown below: 

G= 
p 

!-i·volume 

3 5 
P = KT·n·n. .p IInp 

Model 

JTQ50 
JTQ75 
JTQIOO 
JTQI50 
JTQ200 
JTQ300 
JTQ500 

AVAILABLE MIXER MODELS 

Rotational speed, rpm 

30.45 
45, 70 
45. 110 
45, 110 
70, 110 

110,175 
175 

power, kW 

.37 

.56 
,75 
1.12 
1.50 
2,24 
3,74 

impeller diameter should be between 0.2 and 0.5 the diameter of the tank 

6.3.3 Mixer Volume 

~p,ll}.m.x":= Mixing_timeflowrate 

Allowing for 30 % safety allowance: 
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volume 
V·-=i.""'" --,m 0.9 

4 
V= :UOlx 10 L 

volume::: 2.79\ x \0" L total volume, the volume of each tank's value. The depth and diameter 

of each tank are calculated below: 

6.3.4 Mixer Diameter 

2 
11: ·1) volume 
--.1):::---

" 2 

I - ~ 

3 (VOlume)' J.4::=: r· 
11: 

j) oc 2 ()09m 

rhe optimum proportions for a cylindrical container. A classical example of the optimization 01 

a simple function. 

The surface are, A, of a closed cylinder is: 

11: 2 
A==11:xIJxL+2-IJ 

4 

Where 0 = vessel diameter 

L == vessel length (or height) 

This will be the objective function which is to be minimized; simplified: 

r(D x L) == n x L I 

) 
))-

2 

Por a given volume, V, the diameter and length are related by: 
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nnd 

£lnd the objective function becomes 
v ))2 

HI)::: 4- + .-
It D 2 

Setting the differential of this function zero wlll give the optimum value for D 

V 
-4-- + D= 0 

It li 

1.----
f) = . 4 119.63: 

.1.142 

According to (Cerebro, 2003) ratio of tank diameter to tank height (D/H) is: 

. II 
I{nllo = - = O.W 

\) 

){olio := 0.8: ""J.,,..,, ~ ... , 

IJ • 11:,---
I~nli(l 

II ~ .1.0Im 

6.3.5 Mixer Stirrer Power Requirement 

I' 

( 
vOlume) 

~l' 
2 
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2 volume 
P:=G'~l'--

f"M 2 

p = 1.161 x 104 W power required to meet required velocity gradient, 70 sec -1 

6.3.6 Mixer Efficiency 

Assumption: 

Assume that any mixer used is only 80 % efficient at transferring power into tank. Therefore 

required mixer should have power rating of at least: 

eff:= .8( 
AItAIIA 

p 
p. '=-
~ eff 

Pmixer= 14.509kW 

6.3.7 Mixer Impeller Diameter 

. At this point we have to use some judgement. We have rules of thumb regarding the 

relationship of the size of the mixing impeller to the size ofthe tank. We have a G value to 

be 

met and we have the rotational speed of the impeller which is somewhat 1ixed by the 
available 

mixers, pg. 209 3rd edition (Mc Cabe et-al, 1979). Using a maximum rotational speed of 
175 

rpm, a six blade, vaned disk impeller Kr = 6.30 (see drawing) we can compute the 

diameter 

of the impeller. Looking at the table the smallest unit that will work is the .lTQ300 which 
has a 

n := 175-rplll 
nameplate power le~~l of2.24 kW 

Ra61Ua"':= 2.24kW·.8 

Compute the impeller diameter resulting from using a .lTQ300 rated at 2.24 k W 
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I 
I 
I 

I 
I 
I 

I 
,~ 

P aelual 

wnt\ 

( 

n J3 
GO r 

Kr rpm . kg 

1 
m 

I 

5 

·rr 

1). == () 175m This is the iml)eller diameter that results if we use a JTQ300 mixing unit 
1111p . .• t 

n· 
This results in an impeller to tank ratio of Imp", 0.11 which is just inside the rule of thumb 

n 
of 0.03 to 0.5. 

The tank has barnes attached to its periphery to break up bulk movement and promote mixing. 

The rule of thumb is that the barnes should extend into the tank a distance of [0.1 *diameter] 

0:= 
/\NIl 

P actual 

volume 
II' 

2 

(j", lSl.()28-
1
-

sec 

We can use a slightly smaller impeller to bring G down to 800 sec-1 if we care to 
I 

Reynolds and Richards also check the Reynolds number, which should be> 10,000 to assure 

turbulent mixing conditions. 

NRc'" .1.867x 10
6 turbulent mixing conditions 

6.4 SIZING OF TRANS ESTER.IFICATION REACTOR , : 

Total flow rate of component to th~ reactor 

98 



I 

R kg 
Fr == I.RRlx 10·

\T 

A verage density of component to the reactor vessel 

kg 
roil := RRO-

~ 
III 

kg 
rmcthanol :== 795.72--;, 

In 

kg 
PNn( )11 :== 17R211-

J 
m 

kg 
rnvg == 97102~ 

III 

Mw oil:== 2l)48l~ 
mo I 

Mw melhanol :== 12.04.JL· 
mol 

Mw NaDII:== 40.00-.!L 
mol 

Volumetric flow rate of the reactor 

Residence time, -r: 

Fr 
Vr :==--

Pavg 

3 
m 

Vr =: 22.1·
hr 
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/ 

.1.:= I· hr 

Volume of the Reactor required for the residence time: 

4 
V==2.2Ix to L 

The total volume of the reactor can be calcu lated as thus: 

4 
V10lal == 2.21 x 10 L 

Allowing for 30% safety allowance: 

<1 
Vlolal == 2.Rnx 10 L 

The optimum propoHions for a cylindrical container is a classical example orthe optimization 
of a simple function'. 

The surface area, A, of a closed cylinder is: 

11: ? 
1\ = 11: X D x L + 2 - D-

4 

Where 0 = Reactor diameter 

L = Reactor length (or height) 

This will be the objective function which is to be minimized; simplified 

1)2 
f(D x L) = D x 1. + -

2 

For a given volume, V, the diameter and length are related by 

1t 2 
V = -J) x L 

4 
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I 
.~ 

and the objective function becomes 

2 
v D 

f(D) = 4 - + ----. 
1C J) 2 

Setting the differential of this function zero will give the optimum value for D 

V 
-4-- + \)= (J 

1t r1 

3 V 
total 

}):0=:4--
NW 

1t 

\) == 3.32m D == 1O.89lfi 

From literature, Cerebro, 2003 ratio of reactor diameter to reactor height (Of H) is: 

. D . 
Hnlto :: - :: O.R: 

11 

}{atio := (l.S: 
"'I ",o.,,..liAI 

1\ == 4'1T 
H==IJ.IUt1 

;,' 

6.5 Column I Design 

This equipment design calculation program calculates the diameter of a sieve-tray tower to 

satisfy an approach to flooding criterium, and estimates the tray efficiency. 

Enter data related to the gas and liquid streams 

Enter liquid flow rate, mL, in kg/s 

- 1 
m!~j= 0.0 139kg· ::;cc 

,', 
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1 

I 
i 
1 

I 
1 
j 

I 
I 
I 
! 
~ 

I 

Enter gas flow rate, mG, in kg/s 

-- I 
111(1:= (J_O 174kg-sec 

Enter liquid density, in kg/m3 

- '\ 
1'1.:= 791-kg-m -

Enter gas density, kg/m3 

- 1 
r(i:= I.I~kg-11l . 

Enter gas viscosity, Pa-s 

- 'i 
pO :'" LOS 10- 'PlI-sec 

Enter temperature, T, in K 

;L~ 35JK 

Enter total pressure, P, in Pa 

) ' := 10 130(WlI 
" 

Enter liquid surface tension, in dyne/em 

dyne 
fl:= 21--

cm 

Molar gas constant 

joule E.,.:= 83145101-"-
mole-K 

Gas Flowrate 

mli 
()G:= -

r(j 

Liquid Flowrate 

'11,:= mL 
rL 

Enter foaming factor, dimensionless 

FF:",(U 
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Calculate flow parameter, X 

X := mL. J ("'( ; 
1110 rl, X", oml 

Specify the ratio of downcomer area to total area, AdAt 

AdA!:= O. \ if X ~ 0.\ 

02 if X ~ 1 

x- 0.1 
(). 1 + otherwise 

9 

Ad;\! ~ () I 

If X is smaller than 0.1, use X = 0.1 in equation (4-31) 

2);= I X if X ~ 0.1 

0.1 otherwise 

X =0.1 

Calculate the ratio of hole to active area, Ahl Aa 

(00)2 
;\h;\n := 0.907 -; 

Calculate FHA 

fIlA:= IS.AhAa + 0.5 if AhAa < 0 I 

1 otJlI~r\\-i.~e 

FilA = \ 

Calculate FST 

( )

02 

FST:= a 
dYlle 

20·--
em 

FST = 1.0\ 

104 
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1 
1 
t 
! 

I 
1 
I 
! 

I 
j 

1 
1 

I 
I 
I 
i 
I 
1 
~ 
j 
I 

I 
1 

I 
I 

I 
1 
i 
.1 
j 
1 
I 
·1 
j 

1 , 

I 
I 

Enter parameters 

- 1 
(( I :-= (Un 4 4111 

- 1 
III := \l.(U04m 

tt2:'" 0.0117 

\n := (Ull: 

Iterate to find diameter and tray spacing 

(i(\) :== cd·\ + rx.2 

II(t) := IH·I + In 

fP\. pU 
\"(iF(t):= qt). --

pO 

m 
crl) := C\·CF(l)·-
1#'1. sec 

Initial Estimates of Tray Spacing and Diameter 

I') := 2.rr ,.1;:',., 

( ij\'cn 

\ := OSrr. 

G 4QU 
D= 

f·vGHI)·( I -- AdAI ).11: 

Use is made here of the step function F(x) to define the recommended 

values of tray spacing. 

1 = O·5·mIN I·m - D) + O.6m(lll( lm - D) - 111( I·m - D» ... 
+O.75m(lll(4·m - D) - Ill(J·m -- D» ... 
+ O.9.m(II>(20·m - I)) .- Ill( 4·m - I)) 

lOS 



J 
I 
i 
l 

t 

1 
j 
I 
4 
~ 

1 
1 

i 
I , 

(7,) := Find(D, t) 

0= 0.11Sm t = 0.5m 

Calculate some further details of the tray design 

2 
n·D 

At:=--
4 

total area 

2 
At = 0.011m 

downcomer area 

Ad := AdAt . At 

- 3 2 
Ad = 1.1 0 1 x 10m 

active area 

Aa:= At - 2·Ad 

-3 2 
Aa = S.S06x 10 m 

hole area 

Ah := AhAa·Aa 

-3 2 
Ah = 1.123x 10 m 

first estimate 

e 1 := l.2· rad 

Given 
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01- sin(OI) 
1\<11\\ = -----

2·1( 

01 := hml( () 1 ) 
"''''''/ ' 

weir length 

distance from tower center to weir 

rw = O.04Im 

Estimate the gas-pressure drop through the tray 

Dry tray head loss, hd 

Calculate orifice gas velocity, vo 

QG 
vo ;=-

I\h 

III 
\'0 = 13.129-

s 

Calculate orifice coefficient, Co, 

do {dO)2 
Co:=0.R50J2-0.042JI- + 0.001795 -

. 1 1 

Co = 0.764 
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I 
I 

I 
I 
j 
i 
i 
l 

(
see 

2) (vo )2 P W ( 2) hd := (l.(I05l eln-In --- . -, ·pO ---. 1 .- AhAn 
kg Co pI. 

hd '" (1.02 In: 

Equivalent head of clear liquid, hi 

Calculate gas velocity based on active area, va 

(.It; 
vu:"'

Aa 

m 
\'a == \(-'75-

s 

Calculate capacity parameter, Ks 

1 
- 5 III 

qL == 1.757x 10 -
s 

~
G 

Ks:==vn· 
p L -- pU 

Ks == ().()()5~ 
s 

Calculate froth density qc 

qc := CX{-12.55( Ks _ 1 J091j 
\·msec 

qc == (U54 

2 - 1\ 

C/, 1:= 50.12crnscc .1. m .1 
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2 - 4 

3 3 
CL2:= 43.89cmsec ·m 

hi = O.OI9m 

Head loss due to surface tension, hs 

6·cr 
hcr:=---

g·pLdo 

-3 
hcr = 3.61 x 10m 

Total head loss, ht 

ht := hd + hi + hcr 

ht=0.044 m 

Convert head loss to pressure drop, DP 

~p := ht·pLg 

= 340.93 Pa 

Check tray design for excessive weeping; calculate orifice Froude number, Fro 

If Fro > 0.5 there is no we.eping problem. 

Fro := 

2 
pGvo 
--
pLg·hl 
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Fro '" I. 177 ~1i 

Calculate fractional entrainment, E 

II." = 0.031 

h2q, :"'" ~ + 779\1 I (1.9(do)I.

RS

l Ks2 
. elc _ hI J cIc .g.t\ht\a 

( h2(~ ,1\ (PL'O.S (': : hl'{ 
\.::-= ooo.n5 T~) '~i) .. wi) 

''',1.' 

I': = 0.024 

Calculate point efficiency, EOG 

rOvo·hl 
RcFc := !---

pC;·cIc 

RcFc = 7.R9x 10
4 

rO 
e(j:== -

MO 

. kg 
ct. = orn5-

:1 
m 

rL 
cL:=-

ML 

kg 
cL = 24.71~ 

3 
111 

al := 0.4 Dr a2:= 0.607· 

110 
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1

- ( )n? -0.0029 al hi - a' 
EO(i:== I _ eXT ___ -;=========.RcFc . - ·AhAn-

cO I .1.-. do 
I -I mc· - . n(i. -- 'I" 

. cL DL· AhAn 

EOO", 072 

Calculate Murphree tray efficiency, EMG 

Check the degree of vapor mixing; calculate PeG. 

If PeG> 50, or if t D h2f < 0, vapor is unmixed. 

t - h2(~ ,.,. <U1711l 

2 

DEO:= 0.0 I· ~ 

Calculate PeL 

2 
4·qL·nv 

PcL:= --'---
;\n . hl·))1'I. 

PcL + 2 Ji,;---
2 

mG ML 
A:=mc·-·

IllL MO 

For mixed vapor 

( 
A.EOG)N 

1+-- -\ 

EMGmixcd:o-: N 
A, 

PC<i == 3.2R7 

2 

DE\.= 0021~ 
s 

Pcl, == 0.034 

N == J.(117 

A == 0.492 

111 
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I 
t 

EMGmixed= 0.722 

For unmixed vapor 

EMGunmixed:= EMGmixed( I - 0.0335 A 1.07272. Eoci2.51844. peLo.17524) 

EMGunmixed= 0.719 

EMG:= I EMGmixed if 0 < PeG < 50 

EMGunmixed otherwise 

EMG= 0.722 

Correct efficiency for entrainment 

EMGE= 0.714 

1\1 := Ie AJ.. 

Column efficiency: 

Col eff:= 80 % 

, N 
Actual Number of 1 rays := ---

- - - Col Eff 

Column Height 

Col Eff = 0.8 

Column height = [Number of actual trays] x [Tray spacing] + Additional elevation of 

the liquid holdup in the base of the column. 

Tray_Spacing := 0.: rr 
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Additional elevation of the liquid holdup in the base of the column (ZA) 

Column Height (H) 

Column_Height = 6.75m 

Column_volume 1 := At·Column_Height 

Column volumel = 74.301 L 

6.6 Column II Design: 

This equipment design calculation program calculates the diameter of a sieve-tray tower to 

satisfy an approach to flooding criterium, and estimates the tray efficiency. 

Enter data related to the gas and liquid streams 

Enter liquid flow rate, mL, in kg/s 

-I ,m1i= 0.043325kg·sec 

Enter gas flow rate, mG, in kg/s 

- 1 m9,:= 0.054l57kg·sec 

Enter liquid density, in kg/m3 

-3 
R,~,:= 79l·kg·m 

Enter gas density, kg/m3 

-3 
RAQ.:= l.I8-kg·!11 

Enter gas viscosity, Pa-s 

-5 
lin := 1.05 lO . Pa· sec tMA"XA1 
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Enter temperature, '1', in K 

T := 35JK ,.,,"', 

Fnter total pressure, P, in Pa 

Enter liquid surface tension, in dyne/em 

dyne 
(J := 21·----
IWJ em 

Molar gas constant 

joule 
~/:: R.31451 (.)I-"m-ol-e.-K 

Gas Flowrate 

Liquid Flowrate 

I 
mL 

~,:=
I '/oM pi. 

Enter foaming factor, dimensionless 

Enter water density at T, kg/m3 

m 
g == 9.R07-

2 
s 

Enter local slope of equilibrium curve 

Enter molecular weights of gas and liquid 
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Enter difTusivities of gas and liquid 

2 
em 

J)O:o=:O.15~-
NMN !'cc 

~=::2.(nIO 

Enter data related to the tray design 

Filter hole diameter and pitch 

Enter plate thickness 

Lo=: Lmn 

Enter weir height 

2 
·5 em 

I'CC 

Enter fractional approach to ,nooding 

f:o=: (U 
"'" 

Calculate now parameter, Xi 

x = 0.03\ 

Specify thc ratio of downcolTlcr area to total area, AdAt 

~:o=: 0.1 if X ~ 0.1 

0.2 jf X? I 

X - 0.\ 
O. 1 + otherwise 

!) 

AdA! '" 0.1 
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If X is smaller than O. I, use X = O. I 

Ii;-= I X if X ;:> () I 

O. J othC'I",ise 

X =0.1 

Calculate the' ratio of hole to active area, Ah! Aa 

(do )2 
~:=O.907 ,-; 

Calculate FHA 

)~= \ 5·;\h;\a + ,0,5 if ;\h;\a < 0.1 

I othclwisc 

Calculate FST 

( J
02 

,t]l.;= (J 

. dyne 
2()·-·-

em 

FST == 1.0\ 

(:1:= FS'I',\·J\t\\·T "'1.,, II 

C I", 0.909 

Enter parameters 

- r 
cd := O.0744rn 
"""",. 

- 1 JtL= O.0304m 

IX.') :=0.0117 ",.."7,,, 
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I 
I 
1 
J 

I 
I 
1 
i 
I 

1 ; 

1 

Iterate to find diameter and tray spacing 

n~I):'" (d·t 1- tt2 

JW) := IH·I + 112 

111 
~I) :"" CI·CF(t)-

sec 

pI, - p<l JW.Jt) := qt). 
. pO 

Initial Estimates of Tray Spacing and Diameter 

11..,::= 2'IT t,:= 05rr 

(liven 

[)= 
4· (~(J 

~----.---

f.vOF(I)·( I --- Ad At ).1( 

Use is made here of the step tlmction F(x) to define the recommended 

values of tray spacing. 

t = O.S·m'll( "TI1- [)) + 06m«IJ(j·m -- [) - (Il( '·m -D)) ... 
+ O.7Sm('ll(4·ln - I) - IJ1(J·tn - D» ... 
+ O.9'm(lJJ(20:'11 - D) - '1>(4·m - D) 

(7) := FinJ(D. t) 

D = 0.209m t == O.Sm 

Calculate some further details of the tray design 

2 
1t . [) 

1;,».;;= -
4 
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total area 

2 
1\1 = O.tn4111 

downcomer area 

A.I := I\dl\l .I\t lA\'t,., 

active area 

All := 1\1 -- 2·I\U 1,,).AjO,1 

2 
I\a = (U)27m 

hole area 

A h := I\hl\o ·I\n I..A)."N 

-.' 2 I\h = 3.496x \0 In 

first estimate 

01 := l2·rad 
1\''''''' 

Given 

I 
_O_I_-_s_in~( O~I) 

1\( 1\( = 
2·7t 

g.\.,:= Finu( 01) 

weir length 

(01) ~:= I)·sin '"2 

Lw = O.152rn 

~. ~ 2 
Ad '" J .42()x 10 rn 

01 = L()27 

distance from tower center to weir 
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1 
1 

rw = (l.072m 

Estimate the gas-pressure drop through the tray 

Dry tray head loss, hd 

Calculate orifice gas velocity, vo 

(.>0 
vo:=

MIW\ Ah 

rn 
vo = 11.129-

s 

Calculate orifice coefficient, Co, 

do do 
{ 

2 

~:= O.RS032- 0.04211-
1 

+ n.oo 1795 -I) 

Co = O.7(j4 

( 2J( 2 ( sec vo pW 2 
Jm..:=O.OOSI emm-- . -, ) '1'0-· 1 - AhAa ) 

kg Co 1'1, 

hd = O.02hr 

Equivalent head of clear liquid, hi 

Calculate gas velocity based on active area, va 

m 
va = 1.675-

s 
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" 

Calwlate capacity parameter, Ks 

~ 
- 5 in 

ql. = 5.477x 10 -

pO 
M:=va. 

rL - r{i 

\11 
Ks =O.()()5-

s 

s 

Calculate froth density I\c 

{ ( 
K )0.91] 

$....:=C)<! -12.55 _ S _. I 

I·m-scc 

2-4 

:1 -- tj 

2 
J J 

CL := 43.R9cmscc ·m 
,..,."""", 

, 

~= 4c t", + CLC:I~ ) 1J 

hi = 0.0 19m 

Head loss due to surface tension, hs 

('·0 
J.u1,:=--

g·rLdo 
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Total head loss, ht 

hL:= htl + hI + 110 

hI =-,O.045m 

Convert head loss to pressure drop, DP 

AI' == )45HWa 

Check tray design for excessive weeping; calculate orifice Froude number, fro 

lffro> 0.5 there is no weeping problem. 

( ' 2 r ,VO 
Fro := .(,,,..... pI: g. hI 

Fro == 1.1(, 

Calculate fractional entrainment, E 

~:= 05{ I - lanh ( I.; In( :1:1,) _. O.IS)) 

K == 0.029 

II l (I ) 1.!~5\ K 2 
)

'1)"' ... ___ 1 ( 11 S ~I 7.79 1 ~ (,.1). - .----
4c hI _ 4c .g.·AhAn 
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( h2~)1 I (PLjO.S ( hI jK 
F:== o.oo:ns - . -- .-
fi' .. , I. pI i J 1121/> ) 

F = 0.024 

Ca!.culate point efficiency, EOG 

RrFc=oR.127x 10
4 

kg 
C<i "" oms

l 
111 

kg 
6\' = 24.71~ 

l 
III 

111 :== 0.607, 
"A1:'""" 

... t· -0.0029 nl (hi )a2 a'j J»"llij== 1 - ex\ . . RcFc . - . AhAu . 
cO I - <Ie do 

1+ mc·-· DO'----!--
cL DL·AhAu 

F(){/= OTQ 
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Calculate Murphree tray efficiency, EMG 

Check the degree of vapor mixing; calculate PeG. 

If PeG> 50, or if t f) h2f < 0, vapor is unmixed. 

t - h2<\! ~ o.:n7m 

PcG:= 4'QGrw
2 

M/WVV DEO}\lI.(1 - h2.p) 

Calculate PeL 

Pel, , 2 
,!::l;= 2 

mU Ml, 
IN;=rne·-·

mL MO 

For mixed vapor 

( 
A.. EU<l)N 

If'-
N
- -I 

~:=~---....!---
A. 

For unmixed vapor 

EMGlmmixed== 0.n3 

2 

JJlli1:= 0.0 I·~ 
sec 

PelT == 10.221 

2 
1)1-:1,= 0021~ 

s 

Pel, C~ 0.103 

N ~ \051 

I. = 0.491 

EMOmixed= 0 73 7 
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~:= I EMGmixed if 0 < PeG < 50 

EMGunmixed otherwise 

EMG= 0.737 

Correct efficiency for entrainment 

( 15,13 E) 
~:= EMG I - 0.8·EOGA. .. -

me 

EMGE= 0.729 

N:= Ie 
It,A/\A 

Column efficiency: 

N 
~:=--

Col Eft 

Column Height 

Col Eff = 0.8 

Column height = [Number of actual trays] x [Tray spacing] + Additional elevation of 

the liquid holdup in the base of the column. 

l rav Snacinu := o.~ IT 
A AA/\,{IWW\II1::AAAII.AA1:I.,A 

Additional elevation of the liquid holdup in the base of the column (ZA) 

~:=O.~ IT 
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Column Height (I ') 

Coilnnnvohnne2 :c, i\1·CohllnTl_llcighl 

Col llmn_ V0111l11c2 '" 2J 1.2Y.L 

6.7 SCRlJBBf4:R SIZING . 

Total flow rate of component to the Scrubber 

4 kg 
""s:=G.912x III -

hr 

R kg rs == 6059x 10 .
yr 

Average density of componetlt to the Scrubber vessel 

kg 
Pglyccrol := 1260.78-

3 
III 

kg 
rhiodicscl :=:, 87(l8~ 

rn 

ko 
·-997 ()~ rwlltcr·-· . 

J 
111 

125 

g 
Mw glycerol .= 92.10-

- . 11101 

M .. ·-29( ')(~ W hlOOlcscI ... . J.. 

Mw water:= 1802~ 
mol 
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kg 
Pavg = 970.066--

3 
m 

Volumetric flow rate of the Scrubber 

Retention time, ,: 

F s 
Vs :=--

Pavg 

3 
m 

V = 71251-s .. hr 

t := I·hr 
'" 

Volume of the Scrubber required for the retention time: 

V:=V·, 
MN S 

4 
V=7.125x 10 L 

The total volume of the Scrubber can be calculated as thus: 

~=V 

V 7 125 1(.)4L total =. x 

Allowing for 30% safety allowance: 

4 
Vtotal = 9.263x lO L 

The optimum proportions for a cylindrical container is a classical example of the 
optimization of a simple function. 

The surface area, A, of a closed cylinder is: 
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A=1txOxL+2-0 

4 

Where D = Scrubber diameter 

L = Scrubber length (or height) 

This will be the objective function which is to be minimized; simplified: 

0
2 

f(O x L) = 0 x L + -
2 

For a given volume, V, the diameter and length are related by: 

1t 2 v= -0 x L 
4 

V 
L=4--

1t 0
2 

and the objective function becomes 

v II 
f(O) = 4- -1--

TC 0 2 

Setting the differential of this function zero will give the optimum value for D 

V 
-4--+0=0 

1t 0
2 

3r--
Vtotal 

0:= 4--
MN 1t 

D= 4.904 m D= 16.089 ft 

According to (Cerebro, 2003) ratio of Scrubber diameter to its height (O/H) is: 

Ratio = 0 = OX 
H 

o 
H:=-
MN Ratio 
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CHAPTER SEVEN 

7.0 I~Q{JlPMENT OPTIMIZATION 

In optimizing any equipment, the first step is to clearly define ~he o?jectiv~. That is, the 
criterion to be lIsed to judge the performance of the system. In engmeenng deSIgn, the 

objective of optimizing any reactor or equipment must be an economical one. This is 

because 

fiJr any chemical plant set up, the primary objective is to maximize profits. 

7.1 EQUIPMENT OPTIMIZATION 

The optimization of the Fluidized bed reactor, where the major chemical process takes 

place in the designed plant is carried out as shown below. 

7.1.2 OPTIMIZATION OF TilE TRANS ESTERU"ICATION R(!~ACTOR USING 
TilE PRINCIPLE OF MINIMIZING TJlR LENGTH AND DIAMETER 

The reactor can be optimized using the fact that, in order to minimize cost of construction of 
the 

reactor vessel, the length and diameter of the must be kept at minimum. 

The reactor is taken to be cylindrical in shape. 

That is, the total surface area of the reactor is given as 

D 
And r =-

2 
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where r = "radius of the reactor" 

J) = "diameter of the reactor" 

II = "height of the reactor" 

It = "pic, a constant" 

So, the formula becomes 

2 
1\ = 2·7t·r + 2·7t ·r·ll r 

(\))2 D 
1\ = 2·7t· - + 27t .-.1\ 

r 2 2 

Il D 
1\ = 2·7t·- + 2·7t ·-·11 

r 4 2 

1/ 
I\r = 7t.- + 7t .\).\1 

2 

One can now say that the area of the reactor is a function of the diameter and length of the 

reactor. That is, mathematically, 

2 

where 1\ = 7t.~ + 7t·D·II is the objective function and D = minimum and H = minimum are 
r 2 

the constraints that are to be minimized. 

so that the equation of 1\\ becomes 

\)2 
('(I),I1) = 7t.- + 7t·J)·H 

2 
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Noting that the volume of the reactor is given as 

2 
V

r
= 1t·r ·11 

. I D 
WIt 1 r = -

2 

(D)2 
Vr = 1t. 2 .1/ 

,} 
v = 1t ·-·11 

r 4 

Making H the subject of the formula in the above equation, 

4,V
r 

11=--
2 

1t .J) 

substituting the expression ofB into the equation of total area of the reactor which is a 
function 

of distance, 0, and height ,H, it is obtained that 
0 2 4,Vr 

f(D,II) = 1t.- + 1t .1).--

. 2 x.Ii 

Simplifying, 

Ii 4,Vr 
f(D,1I) = x·- + x·-

2 x·D 

Now, it can be observed that the teml of H has disappeared. That is to say that the total surface 

area is now a function of only the diameter, O. As such, the expression can be rewritten as 

Ii 4,Vr 
f(D) = x·- + 1t.-

2 x·D 
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Since the aim here is to optimize, it may either be maximizing or minimizing In 

this case, the aim is to maximize buy to minimize the dimension of the tank so that the 

size can be less, consequently, the profit can be much. 

Differentiating the above equation, 

d . 4 
- f( D) = It· D - -. Y

I dD 1)2 

To optimize, the differential will be equated to zero, that is, 

d 4 
-f(D) = It·J) - -'Yr = 0 
tiD ri 

Taking the last two expressions, 

4 
It·D - -'Yr = (J 

Ii 

Simplifying and making D the subject of the formula 

4·Y ,lD=._f 
It 

r ~
4.V 

D= -
It 

The above expression is now the optimized diameter of the reactor. 

Using the relatioship between the height of the reactor and the diameter given as 

4'Yr 
11=--

2 
It ·D 
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Substituting for D in this expression yields 

4·Yr 
H=----

Simplifying, 

Y 3 3 
H= _r_.J; 

I 

3 
7t 

Numerically, with 

3 
Yr := 45m 

J4.V 
0:= ~ 

Y 3 3 r .)f2 
H:=-·V 2-
NW I 

3 
7t 

D= 3.855 m 

H= 3.855 m 

Thus, it, therefore, means that the optimum diameter and height of the reactor are 

the same and have the same value ofH= 3.855 m and D= 3.855 m· 

Taking cost as the objective function, which is always the primary objective of any 

Set-up, the optimum dimension is almost given as H = 2·0 
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CHAPTER EIGIIT 

8.0 SA.~ETY AND QUALITY CONTROL 

Safety is one of the major criteria for the selection of the best alternative along with economic 

viability; this is due to the value placed on the operating personnel and equipment in designing a 

plant.Operating conditions and equipments in operation are usually dangerous and could lead to 

a serious injury or major damage to the plant as well as disability to the personnel or even loss of 

life. 

The plant should be sited far away from the public to avoid environmental pollution to the host 

community. For this design, the hazards and some of the actions that could lead to these hazards 

are identified and safety measures are then recommended to fit into the plant design. 

The following may be considered in Safety and loss prevention of a process design: 

I. Identification and assessment of the haz.ards. 

2. Control of the hazards: for example, by containment of flammable and toxic materials. 

3. Control of the process. Prevention of hazardous deviations in process variables (pressure, 

temperature, flow) by provision of automatic control systems, interlocks, alarms, trips; together 

with good operating practices and management. 

4. Limitation of the loss. The damage and injury caused if an incident occurs: pressure relief, 

plant layout, provision of fire-fighting equipment. 

8.1 SAFETY 

Any organization has a legal and mOlal obligation to safeguard the health and welfare of its 

employees and the general public. Safety is also good business; the good management practices 

needed to ensure safe operation will also ensure efficient operation; there is need for loss 

prevention. The tern) "loss prevention" is an insurance term, the loss being the financial loss 

caused by an accident. This loss wil1 not only be the cost of replacing damaged plant and third 

party claims, but also the loss (If earnings from lost production and lost sales opportunity. 
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J I All manufacturing processes are to some extent hazardous, but in chemical processes there are 

l additional, special, hazards associated with the chemicals used and the process conditions. The 

designer must be aware of these hazards, and ensure, through the application of sound 

engineering practice, that the risks are reduced to acceptable levels. 

8.1.1 HAZARDS IN BIODIESEL PLANT 

A hazard is generally defined as the presence of a material or condition that has the potential of 

causing loss or harm (Odigure, 1998). Prevention reduces the likelihood of the hazard occurring, 

whereas protection lessens the chance of the consequences from happening. 

Material and equipment inventory were carried out in order to identify the hazards present in the 

plant. 

8.1.1.1 INVENTORY 

The types of the inventories present in the process plant are material and equipment 

inventories. 

8.1.1.2 EQUIPMENT INVENTORY 

In this case, the followings are the major equipment pr~sent: 

I. Trans-esterification reactor. 

II. Distillation columns. 

iii. Heater 

IV. Scrubber 

8.2 Plant Safety 

8.2.1 Introduction 

The responsibility for the safe operation of any chemical process facility, including a biodiesel 

plant, begins with the CEO of the company and extends to every employee and visitor on the 

plant site. Safety is a result of training, operating, maintaining, and preparing to prevent 

unplanned and dangerous events in the plant. It is a way of thinking and acting during routine 

activities and in response to extraordinary situations. 

There are numerous regulatory requirements associated with training and housekeeping to 

monitor and improve safety in the workplace. Regulations and procedures dictated by OSHA, 
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EPA, and other agencies apply to biodiesel plants of any size. Some of these requilements are 

covered in other modules. In addition, every plant should have one person with the designated 

responsibility for overseeing the training and inspections in the workplace. 

Given this introduction, this section will focus on some of the key elements of a plant safety 

program, safe design, and safe operation. The emphasis is on elements of safety associated with 

the operation of a chemical process facility. This section is intended to be a reminder for what 

must be known and taught, more than detailed instmction in all of the elements of plant safety. 

8.2.2 Basic Definitions 

• Safety: The prevention of accidents by the use of appropriate technologies to identify the 

hazards of 8 chemical plant and to eliminate them before the accident occurs. 

• Hazard: Anything with the potential for producing an accident. 

• Risk: The probability of a hazard resulting in an accident. 

• 

8.2.3 Keys to a Successful Safety Program 

1. Safety Knowledge - Every person associated with the plant must know what the 

materials used in the plant are and what their hazards are. The people must be trained in 

the correct and safe operation of the processing equipment, and know how to respond in 

an emergency situation. 

2. Safety Experience - Training is more than a lecture, a video module, or reading a manual. 

Personnel must have hands-on training in proper operation of equipment and develop an 

understanding of how to recognize and correct dangerous situations. The use of process 

simulators is needed, as is training with actual safety equipment. 

3. Technical Competence - The ability to use training in proper operation and proper safety 

precautions must be demonstrated and documented on a regular basis. 

4. Safety Management Support - Safety must be modeled and monitored throughout the 

management chain. 

s. Commitment - Demonstrated commitment to safety in the workplace and beyond must 

begin with the CEO and permeate all employees. Breaches of safe procedures must be 

clear dismissal grounds and enforced. 
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/ I 8.2.4 Types of Chemical Plant Ar.ridents 

A biodiesel facility is first and foremost a chemical process facility. As such, the plant is suhject 

to the same dangers as any other chemical process plant. Table 13 lists categories of accidents 

that are uniquely associated with chemical plants. Note that the likelihood of an event and its 

potential impacts are not closely related. 

Table 4.0: Types of Chemical Plant Accidents 

Probabilitv Potential Fatalities Potential $ Loss 

~-----.--------------
Fire High Low Moderate 

Explosion Moderate Moderate High 

Toxic Release Low High Low 

In a biodiesel plant, the greatest risk is associated with methanol. It presents a fire and explosion 

hazard as well as being toxic through oral ingestions of skin contact. 

In order to better understand how accidents occur in a chemical plant, it is useful to examine the 

causes for loss with respect to the source of the loss event. These causes are listed in order of 

frequency below: 

Causes for Loss in a Chemical Plant Accident (in order) 

1. Mechanical Failure 

2. Operational Error 

3. Unknown - Miscellaneous 

4. Process Upset 

5. Natural Hazard 

6. Design Error 

7. Arson - Sabota 

Since the most common cause for loss is mechanical failure, it is useful to examine the specific 

equipment items responsible for the failures. These items are listed in order below: 

Hardware Associated with Losses 
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• Piping Systems 

• Miscellaneous of Unknown 

• Storage Tanks 

• Reactor Piping Systems 

• Process Holding Tanks 

• Heat Exchangers 

• Process Towers 

• Compressors 

• Pumps 

• Gages 

8.2.5 Accident Sequence 

It is rare that there is a single causal event that leads to n loss accident. Indeed, one of the most 

important ways to prevent accidents is to examine carefully the chain of events that result in an 

accident and that bring the accident sequence to an end. These lessons learned provide the basis 

for anticipating potential accident situations and planning interventions that halt the accident 

process before a loss occurs. The accident sequence can be described as follows: 

-Initiation - event that begins the accident 

-Propagation - event(s) that sustain or expand the accidetlt 

-Termination - event(s) that stop the accident or diminish it is size 

The propagation steps in an accident sequence are generally associated with potential hazards 

that exist - accidents ready to ~appen. In many cases these steps are the results of intentional acts 

with unintended consequences. For example, turning otT alarms and sensors during servicing 

makes the service personnel vulnerable to accidents that would have been prevented if the alarms 

were operational. The chemical process industry has a special category of hazards present 

because the industry is based on the utilization and transformation of chemical raw materials into 

new chemical products. These hazards are linked to the physical and chemical reactivity 
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f properties of the various chemicals present. The categories of chemical process hazards may be 
j 

f present in a chemical facility are listed as thus: 

! 
l' 

Categories of Chemical Process lIazards 

• Explosion 

• Gases - toxic, flammable, compressed 

• Flammable Liquids 

• Flammable Solids 

• Oxidizers and Organic Peroxides 

• Poisons, Pesticides, Carcinogens 

• Radioactive 

• Corrosives 

8.2.6 Identifying Hazards 

The most fundamental tasks in developing a safety program for a chemical process facility are 

summarized in the sequence shown below. 

·What are the hazards? - Identification 

• What can go wrong and how? - Scenario Building 

• What are the chances? - Risk 

• What are the consequences? - Results 

There are a number of formalized procedural tools for hazard identification. Any given facility 

may choose to use one or more of these tools. The tools include: 

• Process Hazards Checklist -. Use a standard checklist that covers possible hazardous conditions 

in the operation. When a hazard is noted, the action step is to remove the hazard, or to mitigate 

its effect. 

• Hazard Survey - Use an individual or a team to inspect a specific process or operational area, 

looking for hazardous conditions. Again, the action step is to eliminate or mitigate the hazard. 
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• Hazard and Operability Studies HAZOP -- This is a formalized approach that examines every 

piece of equipment in a process on the basis of its function. The questions of cause and eiTect for 

each operation are framed in terms of the item not functioning, under functioning and over 

functioning (NOT, LESS, MORE, etc.). The effect of each condition is estimated, along with the 

likelihood of the cause being present. This process helps identify likely, significant faults for 

correction . 

• Safety Review - An independent, experienced team reviews operations and safety procedures 

in use at a facility. The review includes simulated incidents and monitors the response to the 

incidents. 

8.2.7 Toxic Hazards 

In the chemical process industry there is the hazard of exposure to chemicals that are toxic. 

Toxicity is defined as the ability of a chemical substance to cause physical harm to a living 

organism. The harm may range from a temporary irritation to permanent loss of function, to 

death. The toxic effect may be the result of a long term, cumulative effect (chronic toxicity) or a 

rapid response to the presence of the toxicant (acute toxicity). 

In either case, a key factor in the response is the amount of material presented in the exposure 

(dose) and the degree of toxicity exhibited by the material. The dose is typically measured in 

terms of amount per kg of body weight. The degrees of toxicity based upon the dosage required 

to cause death in 50 percent of the exposed subjects is shown below: 

Degree of Toxicity LD50 (dose per kg body weight) 

< 1.0 mg Dangerously toxic 

1.0 - 50 mg Seriously toxic 

50 - 500 mg Highly toxic 

0.5 - 5 gm Moderately toxic 

5 - 15 gm Slightly toxic 

>15gm Extremely low toxicity 
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When working with and around various chemicals, there are a number of paths for toxic 

materials to enter the body. These routes include: 

o Ingestion - mouth or stomach 

-Inhalation - mouth or nose 

olnjection - skin cuts 

-Dermal absorption 

The toxic hazards can be eliminated from the body by excretion (kidneys, liver, lungs, other), 

detoxification through internal biotransformation, or by storage, typically in fatty tissue or bones. 

Methanol is the primary issue for toxic exposure in a biodiesel plant. Because of the risks from 

chronic exposure, there are limits to allowable exposures to most chemicals. These limits are 

based on a combination of time and concentration. These limits are termed "threshold limit 

values" and are described below. 

8.2.8 Threshold Limit Values 

• TL V -TW A: Time weighted average, 8 hr Day 

• TLV -STEL: Time weighted average, short-term exposure, < 15 min 

• TL V -C: Ceiling limit, do not exceed at all 

A required source of information on the hazards associated with chemicals in use in the 

workplace is the Material Safety Data Sheet. There must be copies of the MSDS for every 

chemical in use in each area of the chemical plant and associated laboratories available in a 

public, easily located place. The hazard properties and recommended methods of handling each 

compound are included in the MSDS. All employees must be familiar with the chemicals that 

they are working with and must follow the recommendations for their handling, use and disposal. 

8.2.9 Designing for Safety 

There are a number of safety enhancement strategies --that can be applied during the design 

phase for any chemical plant. They include: 

oSubstitution - Less hazardous chemicals and equipment 
, 
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• Attenuation - Less hazardous operating conditions 0-:: "less" 

-Isolation - lsolate equipment from sources of hazard or from risk of harm to personnel 

-Process intensification - smaller/higher throughput; smaller inventory 

Similarly, there are safety enhancement strategies to be applied during the operating phase of a 

chemical plant: 

-Enclosures 

-Local Ventilation 

-Dilution Ventilation 

-Wet Methods and Cleaning 

-Good Housekeeping 

-Personal Protection 

8.2.10 in Summary, safety is: 

• 

• 

• 

• 

8.3 

8.4 

PREPARED 

PREPLANNED 

PREVENTION 

PREEMINENT 

STRATEGIES FOR SAFER PROCESS DESIGN 

There are four major strategies for safer process design: 

I. Minimizing the size of process equipment. 

2. Substituting a less hazardous substance or process step. 

3. Moderate stora.ge or processing conditi0ns. 

4. Simplifying process and plant design. 

SAFETY DECISIONS VIA RISK MAPPING 
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Risk is defined as a combination of the likelihood of occurrence and severity of impact from 

d I "d nts (Odigure \998) Risk represents potential expenditure or liahilities, unexpecte oss mct e ,. 

but is not generally included in a budget or financial forecast. A probability exists that an 

expenditure or liability wilt actually be incurred within each period. Thus, the expense will be 

zero if the incident does not occur. Since decisions are generally made on an economic basis, it 

follows that risks must also be converted to monetary values (Odigure, 1 Q(8). Risk avoidance 

can result in increased productivity that translates directly to the corporate bottom line. 

Developing an understanding of risk requires addressing three questions: 

1. What is the hazard? 

2. What are the possible undesired outcomes? 

3. How likely are these to occur? 

Having adequate knowledge about the hazards and the safe limits of certain key parameters such 

as the ignition temperature and explosion concentration is very important in risk mapping. 

8.5 QUALITY CONTROL 

Quality simply means "fitness for usc". But, according to the International Standard 

Organisation (ISO), quality is defined as the totality of the characteristics of an entity that bear 

on its ability to satisfy stated and intended needs. It is more costly to exceed a specification than 

to meet it. Therefore, there is the need to get quality goal or target for effective quality control. 

Maintaining product quality in accordance with acceptable standard has been a major role for 

industrial instrumentation since its inception decades ago. With the ever-increasing interest in 

speeding up production, one becomes aware of the fact that rejectable as well as acceptable 

products can be produced at high rates. 
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J, . . d fi d by ISO as all the planned and systematic activities implemented Quahty assurance IS e me 
J ! within the quality system and demonstration is needed to provide adequate confidence on entity 

will fulfil requirement for quality. 

8.5.1.1 PRINCIPLES OF QUALITY ASSURANCE 

The principles of quality assurance include the following: 

1. Management involvements and objective (management) involvement IS 

very essential to ensure quality. 

II. Programming and planning. 

HI. Application of quality control principles. 

IV. Design and specification control. 

v. Purchasing control and vendor appraisal. 

vi. Production control. 

VII. Marketing and service quality functions. 

viii. Proper documentation. 

IX. Non-conformance control. 

x. Remedial action. 

XI. Defect and failure analysis. 

8.5.1.2 QUALITY MANAGEMENT 

Quality management involves all activities of the overall management functions that determine 

the quality policy, objective and responsibilities and implement then by means, such as quality 

planning control assurance and improvement within the quality system. Responsibility of quality 

lies at all level of illl. To successfully implement quality management, the organisation structure, 

procedure process and r~sources are requisite. 
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CHAPTER NINE 

9.0 PROCESS CONTROL ANI) INSTRUMENTATION 

It is intended that most of the equipment in the Biodiesel plant could be operated automatically 

with automatic control, with the indicating instlUments located in a central control room. 

Actually, this is the general practice of this kind that is proposed not to be labour intensive With 

the exception of ,the trans-esterification (reactor), the plant operates at atmospheric pressure and 

therefore the instlUmentation and control will be based upon temperature, flow and level 

measurements. Measurements of these parameters will be made using, for instance, 

thermocouples for the temperatures, orifice plates for the flow and float type indicators for the 

level measurements. Regulation by pneumatic control is recommended due to the flammability 

of the process fluids. The description of typical instmmentation and control systems of the plant 

equipments are as given below. 

9.1 Chemical Plant Controls 

To produce quality products from a biodiesel production plant it is necessary to be able to control 

the production process. While a tremendously important control variable is the properties of the 

feedstock to the process, this section will only discuss the control of chemical plants within the 

unit operation of the processes, such as those discussed in the previous section Two general 

types of processes can be used in the production of biodiesel, either batch or continuous. For 

batch processes the process control variables will be temperature, pressure, and levels. 

Temperature and pressure control are critical within the reaction and separation sections of the 

plants. Level control dictates charging to the reactor, operation of separation devices, and 

product storage. For continuous processes the process control variables include temperature, 

pressure, level, and flow rate. 

It is important to note that process variables, which are monitored and controlled are not the . ' 

same as the product specifications. Specifications are properties that are required of the final 
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variables are process conditions that are mensured in real time. The process variables are related 

to the specifications through some type of process model. The process model will typically be 

provided by the process licensor with subsequent refinement from plant operation experience. 

Some manufacturing plants will develop their own statistical or empirical models. It should be 

noted that the process models are typically feedstock dependent. 

In discussing process variable measurement instruments, the performance of the instruments can 

be characterized by their accuracy and/or precision. Accuracy is the ability of an instrument to 

measure the correct or "true" value of a process variable. In cOlltrast, precision is the ability of an 

instrument to reproduce a process variable value within a ce"t:lin interval. As such, it is possible 

to have either "accurate and imprecise" or "inaccurate and precise" instruments. For day-to-day 

operation the ability of a measurement instrument to be precise is generally more important than 

the necd to be accuratc. However, when the measurement instrument needs to be replaced, 

accuracy becomes an important issue. 

When considering an instrumental control system for a chemical plant there are a number of 

factors that should be considered~ cost, precision, reliability, and operator interface. It is 

desirable to have the lowest cost monitoring system that will allow appropriate control of the 

process. Precision is important to assure that there is reproducibility of measurements. Reliability 

insures that the system is not prone to failures. Finally, it is desirable to have a monitoring and 

control system that provides an easy interface with the plant operators. 

The most commoh process variable monitored in a chemical plant is the temperature. The 

temperature at a specific point is generally measured using thermocouples, which are electrical 

devices. 
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Figure 6.0: Thermocouples 

Thermocouples are made of two different metallic wIres. These wIres are connected at a 

junction. An electrical current is established when the junction is heated. The electrical current is 

proportional to the temperature at the junction. For this reason, the thermocouple must be 

calibrated to correlate temperature to current. Thermocouples are categorized by the metals used 

in their junctions, with different metal junction combinations being more appropriate for 

different temperature ranges. 

Individual thermocouples are typically not calibrated by the supplier. Instead, manufacturers will 

typically test a representative portion of the thermocouples they produce. Due to the 

manufacturing procedure, thermocouples are usually precise (or completely don't work) but can 

be inaccurate. The thermocouple is typically enclosed within a thermowell. The thermocouple 

must be fully inserted into the thermowell with the thermowell extended appropriately into the 

process to obtain a correct reading. If the temperature of a process liquid is being measured it is 

generally adequate for the thermowell to extend about 2-3 inches into the liquid. Due to inferior 

heat transfer, the thermowell should extend about 6 inches into a process vapor. 

Thermocouples are typically used in processes for both monitoring and controlling the process. 

When a thermocouple is used as part of a process control loop, the electrical current output from 

the thermocouple is compared with the current expected for the set point temperature. Deviation 
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of the actual temperature from the set point temperature will cause a change in the output to a 

heater or cooler that is included in the control loop. 

Pressure values can be measured using several different types of devices such as liquid column, 

elastic element, and electrical sensing. The most common form of a liquid column device is a 

manometer in which the liquid height can be observed visually and correlated to the pressure 

through the density of the liquid. Liquid column devices are rarely used in chemical processes. 

Elastic element devices measure pressure by determining deformation of an elastic material. This 

elastic material is usually metallic. One type of elastic element device uses bellows elements. 

The displacement of the bellows can be correlated to the pressure value. The most common 

pressure measurement instruments used in chemical processes are electrical sensing devices, 

which are known as strain gauges. Strain gauges are predicated on the fact that the electrical 

resistance of conducting solids changes with length and diameter of the solid. The dimensional 

change of the solid induced by a pressure .causes an increase in the electrical resistance of the 

conducting solid. An elastic element or electrical sensing device used to measure pressure is 

called a pressure transducer. The pressure tap for a transducer should be located in the vapor 

phase of a process. A transducer located in the liquid phase will detect a different pressure at 

different depths in the liquid. 
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Figure 7.0: Pressure Transducer 

To use a pressure transducer for process control or in continuous monitoring, the transducer must 

produce an electrical signal. For the elastic element device, the direct pressure reading due to 

displacement must somehow be converted to an electrical signal. An advantage of the electrical 

sensing approach is that these devices directly provide an electrical signal. As with 

thermocouples, pressure transducers can be used for process control by comparing the measured 

pressure to a desired set point pressure. 

Level measurement can be used to yield mass balance information across the process or loading 

in a batch reactor. Historically, level measurement devices have typically been displacer-based 

meters or differential pressure meters. The displacer-based meter is based on buoyancy. The 

displacer is immersed in a displacer chamber that is located as a side chamber. The displacer is 

restrained by an elastic element whose motion is proportional to the buoyant force, so the level 

can be determined by the vertical location of the displacer. Differential pressure meters, which 

are the most common level indicating devices, measure the difference in pressure between two 

pressure taps in a vessel. 
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Figure 8.0: DitTerential Pressure Meters 

It is important to note that both of these level measurement indicators are liquid density 

dependent, so that changes in liquid densities can affect their readings. This effect can be 

particularly important if several liquid phases are present in the device. For example, the height 

of liquid in a gauge glass connected to a vessel is not a direct measurement of the liquid level! 

Recently, level measurement devices have been developed that use signal reflectance from an 

ultrasonic transducer or radio frequency, which measures the change in impedance between two 

capacitor electrodes. 

If 
Differential 
Pressure 
Transmitter 

~ 
o 

Figure 9.0: level Measurement Transducer 

In addition to density, there are a number of factors that can influence the reliability of a level 

measurement. Plugged taps can occur without causing apparent discrepancies in the level 
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measurement device. Excursions to high liquid levels can impact the reliability of the level 

measurement as can the presence of foam in the vessel. 

The measurement and control of level in a vessel generally requires two taps into the vessel. It is 

impottant that these taps are properly valved. Since the level indicator can be used to monitor the 

amount of material in a vessel, it can be used to track chemical inventory within the process as 

well as to control the charging of chemicals into a batch process. Level measurements can be 

converted to electrical signals that can be used for control. The most common control loop that 

includes level measurement is with operation of pumps . 

. The final process variable that will be discussed is flow rate. Flow rate measurement will 

generally only be needed if a continuous flow process is used. There are a number of methods for 

measuring flow rates, but the most commonly lIsed approach in chemical processes are 

differential pressure flow meters and positive displacement flowmeters. Flowmeters can be used 

in monitoring and control. The most common control loop that includes flow rate is with 

operation of pumps 

Differential flowmeters measure the difference in pressure between the two sides of a restriction 

in a confined stream. These flow meters are based on restrictions imposed by a venturi tube, an 

orifice plate or a flow nozzle with the orifice plate meter being the most common. The orifice 

plate hole should be appropriately sized for the flow rate range of interest. If the hole is too large 

the resulting pressure change and, therefore, accuracy of the flow measurement will be 

inaccurate. In contrast, if the hole is too small, the flow rate measurement is at the cost of too 

high of a pressure drop. While orifice plate meters are typically used for flow rate measurement 

and subsequent control, it should be noted that the meters do have some potential problems. 

First, this type of flowmeter is highly dependent on the density and viscosity of the liquid. 

Orifice plates can erode or have blockage, which will lead to inaccurate measurement. The 

pressure taps can become plugged leading to erroneous flow values. 
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Positive displacement flowmeters measure flow rates using the fluid to displace a measuring 

device. Most common are rotary displacement flow meters. 

In these meters, flow rate is measured by the amount of rotation created by flow of the fluid past 

a rotary device. An example of a rotary flowmeter is a vane-liquid flowmeter in which a set of 

vanes mounted on a rotor with opposing pairs rotated in a cylindrical chamber. 

Figure 10: Vane-liquid Flowmeter 

The overall monitor and control system for a process can be achieved by individual monitors and 

controllers located directly at the process. However, it is most common in the chemical processes 

to have a ~entralized system for monitoring and controlling. This can be readily accommodated 

for most processes by a PC based system. A number of different software options are readily 

available for these types of systems. 

9.2 PROCESS CONTROL OF EQUIPMENTS 

9.2.1 CONVERTER (REACTOR) CONTROL 

The schemes used for reactor control depend on the process and the type of reactor. If a reliable 

on-line analyzer is available, and the reactor dynamics are suitable, the product composition can 

be monitored continuously and the reactor conditions and feed flows controlled automatically to 

maintain the desired product composition and yield. More often, the operator is the final link in 

the control loop, adjusting the controller set points to maintain the product within specification, 

based on periodic laboratory analyses. 

Reactor temperature will normally be controlled by regulating the flow of the heating or cooling 

medium. Pressure is usually held constant. Material balance control will be necessary to maintain 
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the correct flow of reactants to the reactor and the flow of products and unreacted materials from 

the reactor. A typical reactor control scheme is shown in Figure 9.1. 
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Figure 11 : A stirred tank reactor control scheme, temperature: cascade control, and reagent: flow 

control 

Table 5.0: SPECIFICATION OF CONTROLLER/INSTRUMENT TYPE 

-
TI Temperature Indicator [thermocouples (Chromel-alumel)] 

TC Temperature Controller (PIO - Proportional-Integral-Derivative controller) 

PC Pressure Controller (P - Proportional controller) 

PI Pressure Indicator (DitTerential Pressure Gauge - diaphragm) 

LC Level Controller (PI - Proportional-Integral controller) 

LI Level Indicator (Float-type indicator) 

FC Flow Controller (PI - Proportional-Integral controller) 

FI Flow Indicator (orifice plate) 

----- Pneumatic control due to high flammability of the process fluid 

--
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CHAPTER TEN 

10.0 ENVIRONMENTAL ACCEPTABILITY 

Any new project or technology involving hazardous materials requires a rational approach of 

assessing the suitability and acceptability to the environment and man. 

Various legislations govern the emission of pollutants into the environment. The environmental 

friendliness of the process choice adopted from the design process is of utmost importance to the 

relevant government agencies responsible for environmental protection. Awareness of the 

relevant federal regulations is an essential component of a legally acceptable plant design. 

Pollution is an inevitable consequence of human activities. Recent studies have called attention 

to the harm arising from air pollution, which menaces both the physical and chemical conditions 

of the whole atmosphere and indirectly biological equilibrium of the entire earth. The cost of 

preventing pollution and nuisances is less than the cost of repairing the damage caused and 

introduced anti-pollution measures (Wood, 1989). 

Pollution prevention assessment and development of strategies involves the following steps: 

1. Definition of the problem. 

II. Effect of pollution. 

iii. Developing some conceptual pollution strategies. 

10.1 DEFINITION OF THE PROBLEM 

It is very necessary to understand what, where, when, how and why emissions and wastes 

are generated in order to develop appropriate preventive measures. 

10.1.1 IDENTIFICATION OF POSSIBLE POLLUTANTS, SOURCES AND EFFECTS 

The effects of the pollutants on the environment cannot be overemphasized. Their various 

effects are as described thus. 
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. Chlorine Gas and Sodium Hypochlorite 

Community and ind\.lstrial concern regarding the potential health, enyiromnental and safety risks 

associated with chlo,.ine based disinfection has greatly increased over the past few years. The 

recent cryptosporidium scare in Sydney and the unprecedented political impact it has had on the 

Sydney Water Corporation has alerted the water industry to the potential consequences of any 

safety incident which can affect community health. Water boards have subsequently conducted 

risk assessments on all their operations concluding the "inherent risk" associated with the use of 

chlorine gas poses a potential safety concen!. 

Despite the outstanding safety record of the chlorine gas some water companies are considering 

convel1ing their disinfection systems from chlorine gas to sodium hypochlorite due to the 

perceived safety benefit. The health risks associated with sodium hypochlorite, the increasing 

number of safety incidents occurring, the environmental damage from spills and the potential to 

greatly increase t!·e cost of disinfection should be considered prior to conversion. This chapter 

discusses the issues associated with the application of chlorine based disinfection products for 

water and waste water. 

It is our responsibility to set the market standard by operating to the highest ethical standards to 

ensure the safety of our customers, employees, the community a11d the environment. 

Concern over the use of Chlorine disinfection is primarily due to environmental, regulatory and 

community perception of public risk. Public concern with acceptable levels of disinfection by-

products has mounted pressure on government authorities to provide safe alld "chemical free" 

potable water. 

There is a requirement to provide chlorine and its derivatives as their use is application specific. 

In the case of chlorine based disinfection for water and waste water, chlorine gas offers 

customers the lowest health risk for consumers, is the safest in use, and is the most cost effective , 

and environmentally safe alternative. Sodium hypochlorite is becoming the largest contributor of 

safety incidents involving chlorine based disinfection. 
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Hence for conversion to sodium hypochlorite, there is the need to conduct an independent risk 

assessment of the sites to determine if there is a real safety risk. It is important to fully 

investigate the suppliers to ensure that the product is fresh, has the required strength of available 

chlorine and is stored and transported in line with the strictest safety regulations. It is also 

: strongly suggested that all chlorate levels are monitored in storage tanks and the receiving water. 

1 
! , 

Safety Considerations 

The absence of fatalities in Nigeria related to the use of chlorine gas may be attributed to the 

rigorous safety practices (Hazop and Quantitative Risk Assessment) employed by manufacturers, 

distributors, regulators and customers of chlorine gas. The employment of these techniques to 

assess "inherent risk" (the potential to cause a fatality) has directly resulted in the dramatic 

reduction in "safety-in-use" incidents involving chlorine gas. Essentially, if you can forecast the 

potential risk of a chemical, you can eliminate safety incidents related to its use. 

The minimization of safety risks associated with the use of chlorine gas has been based on 

assessment of the "inherent risk" (the potential to cause a fatality) rather than measurement of 

"safety-in-use risk" (the number of safety incidents caused during the transport/storage/use of 

chlorine gas). The assessment method most commonly employed to assess "inherent risk" is the 

Quantitative Risk Assessment (QRA) which estimates the risk associated with the operation of a 

facility, calculates the likely frequency, and gauges the severity of an incident for a range of 

distances from the facility. The results are then used to take action to reduce risk (if required). 

Hazop studies are also conducted at the end of the process design stage to eliminate any 

unforeseen safety hazards. These techniques have successfully forecasted potential safety 

hazards. The reward for this rigorous application of risk assessment has been an outstanding 

safety record for mariufacturers and users of chlorine gas ie negligible "safety-in-use" incidents. 

The same rigorous risk assessment techniques have not been employed in ensuring the safe 

design, storage and transport of sodium hypochlorite. It appears that the reason for this oversight 

has been that sodium hypochlorite is considered as having an extremely low "inherent risk" and 
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therefore, there has been little attention paid to "safety-in-use risk". Whilst it is true that sodium 

hypochlorite is an inherently safer chemical, it does have the potential to create very dangerous 

safcty hazards when stored, transportcd or uscd incorrectly. It is this perception regarding the 

relativc safety of sodium hypochlorite which has directly resulted in an alarming increase in 

safety-in-usc incidents involving sodium hypochlorite. Additionally, there are few regulatory 

guidelines in place to ensure the safe storage, transport and use of sodium hypochlorite. 

Subsequently, standard risk management practices have often not been conduct. 

Orica has been compiling safety incident data on chlorine gas and sodium hypochlorite since 

1996 via the Emergency Response System. The data shows an alarming increase in the number 

of sodium hypochlorite safety incidents occurring on customer sites. These incidents primarily 

involve: 

Ground contamination from tank ruptures and valve leaks caused by poor 

maintenance/unsuitable materials of construction; 

• Pipe ruptures caused by hypo under pressure; 

• Bums/inhalations to operators due to lack of training in' safe handling practices and 

failure to use appropriate Personal Protection Equipment (PPE); 

• Periods of non-disinfection due to absence of back-up supply on site. 
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, mixed with acid creating an uncontrollable chlorine gas cloud. There have been far more 
\ 
1 1 incidents where members of the public have been exposed to chlorine gas in this way than via 

I leaks from chlorine gas containers. 

! 
I 

i Health Considerations 
i 
~ 1 Water Quality guidelines are becoming more stringent resulting in increased treatment and 
1 
1 ~ monitoring chemical. Additional to treatment costs is the enormous cost associated with public 

J ! liability in the event of an incident involving public health (eg cryptosporidium). Chlorine gas 

, can continually deliver the required level of disinfection when applied correctly, however there 
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J are serious doubts with regard to the use of sodium hypochlorite for disinfection of both potable 
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j water and waste water. These doubts have arisen for two reasons: 
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I. The degradation of sodium hypochlorite is virtually instantaneous. The resultant by-

product, sodium chlorate, is dangerous to public health when it reaches defined levels. 

Consequently, countries such as USA have introduced water quality guidelines that 

prescribe the maximum allowable limit of chlorates in potable water. These guidelines 

can be met if the sodium hypochlorite is used soon after manufacture; however, for any 

Water Company storing sodium hypochlorite on site, it is strongly recommended that 

they implement chlorate testing before the sodium hypochlorite is used to ensure that 

they do not breach the guidelines. As the degradation process is strongly influenced by 

time and temperature, the storage time allowable for sodium hypochlorite will vary 

J 
according to the customel 's storage conditions. 

I 
f I 2. The degradation of sodium hypochlorite also affects the strength of the product. Oriea 
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manufactures hypo each night for distribution the next day. Manufacture strength is typically 

14 - 15% which ensures that the product is still at a minimum of 13% chlorine when it 

reaches our customers. However, depending upon temperature, storage conditions and 

storage time, the sodium hypochlorite will continue to lose strength. For customers storing 
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hypo on site, this may result in under chlorination of the water supply due to the consequent 

loss in strength. For many companies this may create a situation equivalent to a period of 

non-disinfection and a seriolls health concern. 

Environ mental Considerations 

When considering the environmental risks of chlorine most people think of the dangers 

associated with the release of a chlorine cloud to the atmosphere. In reality a pure chlorine gas 

cloud will disperse very quickly and, according to the Chlorine Institute, is unlikely to 

. reach/affect the Ozone layer. ,However, if chlorine is released in large quantities to the 

. waterways, its strong oxidizing properties will cause it to foml by-products which are 

detrimental to marine plant and animal life. The likelihood of an accidental release of chlorine 

gas into the waterways is negligible; however, there is an increasing frequency of accident.al 

releases of sodium hypochlorite into these sensitive environments. The most common causes of 

such leaks are transport accidents and tank ruptures. 

The likelihood of a transport or storage incident increases with the number of deliveries and 

quantities stored. A single deliver of 6 x 920kg drums of chlorine gas would require the 

equivalent of 6 separate deliveries of 9,200L of sodium hypochlorite. Therefore, the number of 

transport and storage related incidents with sodium hypochlorite are higher. 

Another significant reason why chlorine gas has very few transport or storage incidents is 

because it is transported and stored in specially engineered containers which are strong enough to 

withstand a fall from a multistory building . 

. ", Sodium hypochlorite is stilt chlorine but in a liquid form, it has the same ability to negatively 

impact the environment, however, because it is perceived to be "safe" regulations do not specify 

the same safeguards for transp0l1, storage and use. This is a dangerous oversight which must be 

rectified if sodium hypochlorite is to safely replace chlorine gas in water disinfection. 
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10.2 POLLUTION TREATMENT AND PREVENTION STRATE(;IES 

In treating the waste emitted from the Hypochlorite plant, various strategies could be 

implemented. These strategies, if well implemented, could lead to friendly and conducive 

environment. That is to say, the strategies would reduce, or even eliminate, the presence of 

pollutants in the atmosphere. The strategies are as follows: 

I. Appropriate concentration analyzer should be used to detect the escape of any 

gase~ and other pollutants gases with the air leaving the Separator. 

ii. The ofT-gases vented from the Separators could be channelled from the top of the 

Separators to serve as feedstock for the process industry, if possible and required. 

iii. The product quality should be properly to reduce waste which could lead to 

pollution. 

iv. Efforts should be made to find markets for the bye-products (the off-gases) of the 

Hypochlorite plant. 

v. Routine monitor of the plant should be carried out to detect fugitive emissions or 

leaks. 

vi. The process-contaminated air should be kept from heating and ventilation air. 

vii. The reaction kinetics should be improved to reduce the generation of bye-product; 

that is, to increase the conversion of Sodium Hypochlorite. 
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CIIAI)'n:n. ELEVEN 

10.0 START UP AND SHUT UOWN I)ROCEI>URE 

Start up time may be defined as the time span between end of construction and the beginning of 

normal operations. Stal1 up and shut down procedure must proceed safely and be flexible 

enough to be carried out in various ways. In other words, the start up and shut down of the 

Biodiesel plant should be such that it can be casily and safely operated. The operating limits of 

the plant should not be exceeded and dangerous mixtures must not be formed as a result of 

abnormal states of concentration, composition, temperature, phase, pressure, reactants and 

products. 

It should be noted that some items of actions must be completed before even the start up of the 

plant in order to prepare the plant for the start up operation. 

1. All scaffolds and temporary piping and supports should be removed. 

11. Lines and equipment should be flushed out. 

II\, Pumps, motors/turbines and compressors should be nm. 

IV. Hydrostatic or pneumatic lines and equipment should be tested. 

v. Laboratory and sampling schedule should be prepared. 

VI. All instruments should be inspected and tested. 

11.1 START UP PROCEDURES 

For the Biodiesel plant designed, the following are the start up procedures: 

1. The reactor should be heated up and maintained at their operating temperatures and 

pressures. 

II. The inlet and outlet valves of the reactors should be opened up. 

III. The compressor valve to supply air at a regulated pressure should be opened. 

IV. All the inlet and outlet valves to the reactor should be shut as soon as the feed enters 

the reactor in order to achieve maximum conversion. 
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v. The outlet value of the reactor should be opened for the evacuation of the reactor 

contents. 

VI. The outlet valve of the reactor should he locked before opening the inlet valve he fore 

further entering of the feed into the reactor. 

11.2 SHUT DOWN PROCEDURES 

The shut down procedures for the Biodiesel plant are as outlined below 

I. The supply of the Raw material to the reactor should be cut off. 

II. The air supply into the converter should also be cut ofT. 
. 

, ' 

III. All the purge valves should be opened to discharge unconverted reactants 

11.2.1 EMERGENCY SHUT ()OWN OF PLANT 

Emergency shutdown of plant is deemed necessary if there is abnormality, which might result in 

costly top (unwanted) event. This may be due to breakdown of any major equipment that is not 

easily replaceable. For example, if the Reactor has major problem or breakdown completely, 

there is no other option than to shut down the Biodiesel plant. Insufficient utility services may 

also necessitate emergency shut down of plant. 

When there is emergency, the process trip system is designed to affect the emergency shut down 

of plant. Unit shut down is preferable; it would not affect production and quality because of the 

cost involved in starting up the whole unit. 

A trip system carries out the appropriate activity on command from automatic actuation of the 

relay or other means. Such systems are closely associated to the shut down of plant when some 

units are operating on abnormal manner. The shut down can be designed to subdivide the plant 

into different segments. These segments include: operating utilities, pressure level, or volume 

of flammable material. Thus, it would be possible to reduce the volume of fluid that would be 

spilled in the event of pipe rupture. 
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I This system must be reliable and respond only when required, so as to avoid unnecessary shut 

i 
down or plant and also when necessary they must not fai\. The trip setting should be designed to 

incorporate safety. 

11.2.2 START UP AFTER EMERGENCY SHlJT DOWN 

When the trip system is being designed, each start up must be undertaken with care. It is 

necessary to consider what happens when the trip system occurs and when the trip system 

condition is removed. The necessary actions are planned for all those cases, which cannot be 

foreseen. 

In addition, during the start up after emergency shut down, 

I. Undesirable or toxic materials under pressure should be removed during the start up. 

II. Non-confonning specification process materials should be recycled. 

II\, Air and undesirable materials or chemicals used for cleaning system should be 

removed. 

IV. The controls and set points should be checked and adjusted. 

v. It should be ensured that everything is in good order before the start up. 

163 



CIIAPTER TWELVf1~ 

12.0 SITE FOR PLANT LOCATION 

Many factors must be considered when selecting a suitable site, and a review of the principal 

factors will be given in this chapter of this design project for the production of Biodiesel. The 

location of the Biodiesel plant, just as any other plant, would definitely have a crucial etTect on 

the profitability of the Biodiesel production project and the scope for future expansion. The 

principal factors to be considered are: 

I. Location, with respect to the marketing area. 

II. Raw materials supply and price. 

III. Transport facilities. 

IV. Cheap and readily available of labour. 

v. Availability of utilities. 

VI. Availability of suitable land. 

VII. Environmental impact and emuent disposal. 

Vlll. Local community considerations. 

IX. Climate. 

x. Political and strategic considerations. 

12.1 THE MAJOR FACTORS TO BE CONSIDERED FOR SITE AND PLANT 

LOCATION 

The factors considered for site and plant location are as described thus. 

12.1.1 PROXIMITY TO THE MARKETING 

Economically, for a material produced in bulk quantities such as the Biodiesel; where the cost of 

the product per tonne is relatively low and the cost of transport is a significant fraction of the 

sales price, the plant should be located close to the primary market. 
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12.1.2 AVAILABILITY OF RAW MATERIALS 

The availability and price of suitable raw materials will often determine the site location. Plants 

producing bulk chemical as the Biodiesel plant are best located close to the source of the major 

raw materials (which is Methanol and Rapeseed oil); where this is also close to the marketing 

area. 

12.1.3 AVAILABILITY OF LABOUR 

Labour will be needed for construction of the plant and its operation. Skilled construction 

workers will usually be brought in from outside the site area, but there should be an adequate 

pool of unskilled labour available locally; and labour suitable for training to operate the plant. 

Skilled tradesmen will be needed for phmt maintenance. Local trade union customs and 

restrictive practices will have to be considered when assessing the availability and suitability of 

the local labour for recruitment amI training. 

12.1.4 A VA ILABILITY OF RELIABLE TRANSPORTA T1 ON SYSTEM 

The transport of materials and products to and from the plant will be an overriding consideration 

for site selection. 

If practicable, a site should be selected that is dose to at least two major forms of transport 

systems: road, rail, waterway (canal or river), or a sea port. Road transport is being increasingly 

used, and is suitable for local distribution from a central warehouse. Rail transport will be 

cheaper for the long-distance transport of bulk chemicals. 

12.1.5 UTILITIES (SERVICES) 

Chemical processes usually require large volumes of water for process use, and the plant must be 

located near a source of water of suitable quality. Process water may be drawn from a river, 

from wells. or purchased from a local authority. 

At some sites, the cooling water required can be taken from a river or lake, or from the sea; at 

other locations cooling towers will be needed. Electrical power will be needed at all sites. 

Electrochemical processes that require large quantities of power may hereto need to be located 
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close to a cheap source of power. A competitively priced fuel must be available on site for steam 

and power generation. 

The word "utilities" is now generally used for the auxiliary services needed in the operation of 

any production process. These services will normally be supplied from a central facility; which 

include: 

a. Electricity: - power required for electrochemical processes, motors, lightings, and 

general use. 

b. Steam for process heating: - The steams required for the process are generated in the 

Tube boilers using most economic fuel. 

c. Cooling water: - Natural and forced draft cooling towers are generally used to provide 

the cooling water required 011 site. 

d. Water for general use: - The water required for the general purpose will be taken from 

local water supplies like rivers, lakes and seas. Because of this reason al\ the plants 

located on the banks of river. 

e. Dematerialized water: - Dematerialized water, from which all the minerals have been 

removed by ion-exchange is used where pure water is needed for the process use, in 

boiler feed water. 

f. Refrigeration: - Refrigeration is needed for the processes, which require temperatures 

below that are provided by the cooling water. 

g. Inert-gas supplies:- This is the supply of the inert gas like nitrogen to the plant. 

h. Compressed air: - In the Terephthalic acid plant compressed air is one of the raw 

materials. It is also needed for pneumatic controllers etc. 

I. Emuent dispo!t81 faciliti,es: - facilities must be provided for the effective disposal of the 

eflluent without any public nuisance. 

12.1.6 ENVIRONMENTAL IMPACT AND WASTE DISPOSAL 

All industrial processes produce by-products, and full consideration must be given to the 

difficulties and coat of their disposal. The disposal of toxic and harmful effluents will be covered 
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1 by local regulations, and the appropriate authorities must be consulted during the initial site 

J survey to determine the standards that must be met. 

12.1. 7 LOCAL COMMUNITY CONSIDERATIONS 

Full consideration must be given to the safe location of the plant so that it does nol impose a 

significant additional risk to the community. Therefore, the proposed plant must be fit in with 

and be acceptable to the local community 

On a new site, the local community must be able to provide adequate facilities for the plant 

personnel: schools, banks, housing, and recreational and cultural facilities. 

12.1.8 COST AND SUITA8LE LANI> 

The land should be ideally flat, well drained and have suitable load bearing capacity. A full site 

evaluation should be made to detennine the need for pining or other special foundations. It 

should also be available at a relatively low cost. 

12.1.9 CLIMATIC CONDITIONS 

Adverse climatic conditions at a site will increase costs. Abnormally low temperatures will 

require the provision of additional insulation & special heating for equipment & pipe runs. 

Stronger structures will be needed at locations subject to high winds or earthquakes. 

12.1.10 POLITICAL AND STRATEGIC CONSIDERATION 

Capital grants, tax concessions and other incentives provided by governments to direct new 

investment to preferred locations, such as areas of high un-employment should be the overriding 

considerations in the site selection. 
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12.% SITE SELECTION 

Careful consideration of the factors for the site selection outlined above reveals that the best site 

for this project (that is, production of Biodiesel) is Lagos State, Nigeria. 

12.3 .JUSTIFICATION OF THE SELECTED SITE 

Actually, the suburb of Lagos State, Nigeria, has been chosen for this project. The selection was 

based on some requirements, which the site was able to meet among the factors for the site 

selection discussed above. The justifications for the selected site are as follows: 

12.3.1 AVAILABILITY OF RAW MATERIALS 

The major raw material in the production of Biodiesel is the Methanol. I,ooking at it very well, 

the major source of this majur raw material, Methanol and is the Petrochemical industries. In 

addition, considering the situations in Landmarks of Lagos State, Nigeria, River State could be 

an alternative. So, siting the Biodiesel plant in the suburb of Lagos State is sitting the plant close 

the source of the raw material. 

12.3.2 NEARNESS TO MARKETING AREA 

Since Biodiesel is used as Biofuel, siting its plant close to the place of primary marketing area, 

that is, highly industrialized areas (process industries) will be very ideal. River and Lagos State 

are located close to process industries in the country. 

12.3.3 TRANSPORT 

Regarding the transport facilities, Lagos is close to seaport and a waterway. Besides, it is close 

to a major airport (that is, Lagus Airport). So, the good and many means of transportation present 

in the area will ensure effective transportation of the raw materials, products and even the skilled 

e~erts at low cost. . Another advantage is that Lagos has good road network. 
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12.3.4 AVAILABILITY OF LABOUn 

For the fact that Lagos is highly populated, youths, both skilled and unskilled, are now trooping 

into the area to seek their source of living. That is to say, all kinds of labour force are available 

there. 

lk3.5 CLIMATE 

The absence of adverse climatic conditions such as too low temperature or too high wind loads 

or earthquakes has made Lagos or River state a good site for the Biodiesel plant. 

12.3.6 POLITICAL AND STRATEGIC CONSIDERATIONS 

In an attempt to woo investors to Rivers State, the Rivers State government has given capital 

grants and other inducements to direct new investment to Rivers State. Thus, availability of such 

grants is an overriding consideration in selecting River as the alternative favourable site for the 

Biodiesel plant. 

12.3.7 UTILITIES 

Since the silver process of Biodiesel production requires large quantities of services such as 

steam for the Reactor, cooling water for the condensers and other services, it is important that the 

Biodiesel plant should be sited in a place where there is abundance of water; Lagos is one of 

such areas. Further, the readily available gas powered electricity generation plant in Rivers State 

is another reason for the choice of this site for the Biodiesel plant. 

12.4 PLANT LAYOUT 

The economic construction and operation of a process unit will depend on how well the plant 

equipment specified on the process flow sheet and laid out. The principal factors to be 

considered are: 

a. Economic consideration: construction and operation cost. 

b. The process requirement 

c. Convenience of operation 
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d. Convenience of maintenance 

e. Safety 

f Future expansion 

g. Modular construction 

12.4.1 COSTS 

The cost of construction can be minimized by adopting a layout that gives shortest run of 

connecting pipes between equipment, and adopting the least amount of structural steel work. 

However, this will not necessarily be the best arrangement for operation and maintenance. 

12.4.2 PROCESS REQUIREMENT 

All the required equipments have to be placed properly within process. Even the installation of 

the auxiliaries should be done in such a way that it will occupy the least space. 

12.4.3 OPERATION 

Equipment that needs to have frequent operation should be located convenient to the control 

room. Valves, sample points, and instruments should be located at convenient position and 

height. Sufficient working space and headroom must be provided to allow easy access to 

equipment. 

12.4.4 MAINTENANCE 

Vessels that require frequent replacement of catalyst or packing should be located on the outside 

of buildings. Equipment that requires dismantling for maintenance, such as compressors and 

large pumps, should be placed under cover. 
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12.4.5 HAZARDS AND SAFETY 

Blast walls may be needed to isolate potentially hazardous equipment, and confine the efTects of 

an explosion. At least two escape routes for operator must be provided from each level in the 

process building. 1 

t 2.4.6 PLANT MODIFICATION AND EXPANSIONION 

Equipment should be located so that it can be conveniently fit in with any layout modification or 

expansion of the process. Space should be left on pipe alleys for future needs, service pipes 

over-sized to allow for future requirements. 

12.4.7 MODULE CONSTRUCTION 

In recent years, there has been a move to assemble sections of the plant at the manufacturer site. 

These modules will include the equipment, structural steel, piping and instrumentation. The 

modules then transported to the plant site, by road or sea. 
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CIIAPT(~R THIRTEEN 

13.0 ECONOMIC ANALYSIS 

13.1 INTRODUCTION 

For any industrial plant to be put into operation, huge sum of money must have been invested in 

it to purchase and install the necessary machinery and equipment. Land and service facilities 

must be obtained and the plant must be erected complete with the piping, controls, and service. 

In addition to all these cost, it is necessary to have money available for the payment of expenses 

involved ill plant operation. 

The capital requires to have the necessary manufacturing and plant facilities is called the tixed 

capital investment. That which is nec.essary for operation of the plant is termed the working 

capital. The sum of the fixed investment and the working capital is the total capital equipment 

(TCl). 

13.2 ACCURACY AND PURPOSE OF CAPITAL COST ESTIMATES 

The accuracy of an estimate depends on the amount of design detail available: the accuracy of 

the cost data available; and the time spend on preparing the estimate. In the early stages of a 

project only an appropriate estimate will he required, and justified, by the amount of information 

by then developed. 

13.3 FIXED AND WORKING CAPITAL 

13.3.1 FIXED CAPITAL 
~ 

i Fixed capital is the total cost of the plant ready for stat1-up. It is the cost paid to the contractors. 
'1 

It includes the cost of: 

1. Design, and other engineering and construction supervision. 

2. All items of equipment and their installation. 

3. All piping, instrumentation and control systems. 

4. Buildings and structures. 

5. Auxiliary facilities, such as utilities, land and civil engineering work. 
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13.3.2 WORKING CAPITAL 

Working capital is the additional investments needed, over and above the fixed capital, to 

start the plant and operate it to the point when income is earned. 

It includes the cost of: 

I. StaI1-up. 

2. Initial catalyst charges. 

3. Raw materials and intermediates in the process. 

4. Finished product inventories. 

5. Funds to cover outstanding accounts from customers. 

Most of the working capital is recovered at the end of the project. The total investment 

needed for a project is the sum of the fixed and working capital. 

Working capital can vary from as low as 5 per cent of the fixed capital for a simple, 

single-product, and process with little or no finished product storage; to s high as 30 per cent for 

a process producing a diverse range of product grades for a sophisticated market such a synthetic 

fibres. 

13.4 OPERATING COSTS 

An estimate of the operating costs, the cost of producing the product, is needed to judge the 

viability of a project, and to make choices between alternative processing possible schemes. 

These costs can be estimated from the flow-sheet, which gives the raw material and service 

requirements, and the capital cost estimate. 

The cost of producing a chemical product will include the items listed below. They are divided 

into two groups. 

I. Fixed operating costs: costs that do not vary with production rate. These are the 

bills that have to be paid whatever the quantity produced. 

174 



J 
j 
1 
~ 

! 

;. 
l
I 
I 
I 
f 
" 

J 
~ 

, 

2. Variable operating costs: costs that ate dependent on the amount of product 

produced. 

13.4.1 FIXED OPERATING COSTS 

l. Maintenance (labour and materials). 

2. Operating labour. 

3. Laboratory costs. 

4. Supervision. 

5. Plant overheads. 

6. Capital charges. 

7. Rates (and any other local taxed). 

8. Insurance. 

9. License fees and royally payments. 

13.4.2 VARIABLE OPERA TING COSTS 

I. Raw materials. 

2. Miscellaneous operating materials. 

3. Utilities (services). 

4. Shipping and packaging. 

The costs listed above are the direct costs of producing the product at the plant site. In 

addition to these costs the site will have to carry its share of the company's general operating 

expenses. These will include: 

) . General overheads. 

2. Research and development costs. 

3. Sales of expense. 

4. Reserves. 
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13.5 COMPUTER-AIDED ALGORITHM FOR COSTING 

Most large manufacturing and contracting organisations use computer programs to 

Acceptable plant design must present a process that is capable of operating under conditions 

which will yield profit. Since net profit equals total value minus all expenses, it is essential that 

the chemical engineer be aware of the many different types of cost involved in the manufacturing 

processes. Capital must be allocated for the direct, plant expenses, such as those for raw material, 

labour and equipment. Besides direct expenses many others indirect expenses are incurred, and 

these must be included if a complete analysis of the total cost is to be obtained. Some examples 

of these indirect expenses are administrative salary, product distribution cost and cost for 

interplant communication. A capital investment is required for every industrial process and 

determination of necessary investment is an important part of a plant design process. The total 

investment for any process consist of fixed capital investment for practical equipment and 

facilities in the plant plus working capital, which must be available to pay salaries, keep raw 

material and products at hand, and handle other special items requiring the direct cost outline. 

When the cost for any type of commercial process is to be determined, sufficient accuracy has 

to be provided for reliable decision. There are many factors affecting investment and 

production cost. These are; 

I. Source of equipment 

2. Price fluctuation 

3. Company policies 

4. Operating and rate of production 

5. Governmental policies 

Befure an industrial plant can be put into operation, a large sum of money must be supplied to 

purchase and install the necessary machinery and equipment. 

Aid in the preparation of cost estimates and in process evaluation. Many have developed 

their own programs, using cost qata available from company records to ensure that the estimates 

are reliable. 

Consequently, in order to the cost analysis of this design project, a computer software 

known as MathCAD will be USt'<.i to prepare the cost analysis algorithm. 

Below is the MathCAD sheet for the algorithm. 

176 



1 
1 

J 
" 1 
I 
I 
3 13.5.1 COST ESTIMATION, EQUIPMENT AND ECONOMIC ANALYSIS 

Acceptable plant design must present a process that is capable of operating under 

conditions which will yield profit. Since net profit equals total value minus all 

expenses, it is essential that the chemical engineer be aware of the many different 

types of cust involved in the manufacturing processes. Capital must be al10cated for 

the direct, plant expenses, such as those for raw material, labour and equipment. 

Besides direct expenses many uthers indirect expenses are incurred, and these must be 

included if a complete analysis of the total cost is to be obtained. Some examples of 

these indirect expenses are administrative salary, product distribution cost and cost for 

interplant communication. A capital investment is required for every industrial 

process and determination of necessary investment is an important part of a plant 

design process. The total investment for any process consist of fixed capital 

investment for practical equipment and facilities in the plant plus working capital, 

which must be available to pay salaries, keep raw material and products (It hand, and 

handle other special items requiring the direct cost outline. 

When the cost for any type of commercial process is to be determined, sufficient accuracy has 

to be provided for reliable decision. There are many factors affecting investment and 

production cost. These are; 

1. Source of equipment 

2. Price fluctuation 
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3. Company policies 

4. Operating and rate of production 

5. Governmental policies 

Before an industrial plant can be put into operation, a large sum of money must be supplied to 
purchase and install the necessary machinery and equipment. 
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13.6 ECONOMIC ANALYSIS CALCULATIONS 

13.6.1 CALCULATION OF FIXED CAP)T AL INVESTMENT 

The cost are based on cost data of 2004 which were available in Pounds 

Exchange rate ER 350 Naira= 1 Pound 

Therefore ER=350 Naira Naira;: I 

13.6.2 Purchased Cost Data: 

The purchased cost data for process equipments is given below as: 

Bridgwater, IChemE (1988), gives a developed relatively simple correlation for plants 

that are predominantly liquid andlor solid phase handing processes. 

His equation, adjusted to 2004 prices is: 

for plant capacities under 60,000 tonne per year: 

C = 150,000 N (Q/s)o.JO 

and above 60,000 t/y: 

C = 150 N (Q/S)O.675 

where C = capital cost in pounds sterling 

N = Number of functional units 

Q = plant capacity, tonne per year 

s = reactor conversion 
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By the Plant for the production of Biodiesel from Rapeseed oil, there are nine functional units 

(number of significant processing steps), the capacity is 100,000 tonnes/annum and 98 % 

converSIOn. 

N:= 4 Pounds == I 

The plant capacity in tonne/yr is given as: 

Q:= lOOOO( 

s := 0.9~ 

Capital cost in Pounds sterling is given as: 

)

0.675 

c:= 15()'N{; 

6 
C = 1.442x 10 Pounds 

This gives the capital cost (Purchased cost of equipment) in the year 2004. 

By cost Index estimation, this gives the value in year 2004. 

By 2008, i.e. current year, the cost will be calculated as follows: 

Average increase in cost is about 2.5% per year, so that by 2008: 

2 Cz := C( l.07~ 

6 Cz = 1.667x 10 . Pounds 

Now, making 
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13.7 ECONOMIC ESTIMATION OF TOTAL CAPITAL INVESTIMENT 

The total capital investment can be given by 

Tinv = lFC + we + TLC 

where, TFC =total fixed cost 

WC=working capital 

TLC=total land cost 

1 J. 7.1 Total fixed cost 

The factorial method can be used with the relationship below 

Tlthlc 6.0: FActors li)r c!'tirnaliolJ of project Fi!(ed Carital ('(lst 

Pn )<,:(',,~, I )'I't' 
-------... ---~--..... -_ .. 

Jtl'Ol Fluills FJuid" -. Solid, 
\,,1 ids 

I. Major ('(luirmrlll" lntal plIIch;m.' 
l"o<.;.1 peE P(,E PCE 
f, Filuipm{'nt c/'('('tinn 0.4 1).4~ 1150 
12 Piping 0.70 0.45 0.20 
I ~ In~trulllctltllti(ln n.20 (I. t) 0.10 
f 4 EIt'('trkul 0.10 n.lo CI.IO 
f ~ 8uildin!l!'\. proc('!\S O.IS n.lo 0.05 
• .r 6 Uliliti~ 0.50 (1.45 0.25 
• .r 7 SI()rnsC~ 0.15 0.10 0.25 
• f II Site dc\clopnH.'nl D.ns on5 (H):"' 
• I Q Anc,'iIIary tmillJing __ 0.15 n.20 (un 

2. T(ltal l'\h~"Sicnl planl C(l<;t (PP("~ 

PPC == PCE t1 + / I + ... + f Q) 

r:; peE x .l.40 .\. J5 l,!:l.P 

f,o fx-!'igo lind Hn!til\ecrln~ 0.30 0.25 0.20 

III Contfll(",or's fl,(, 0.05 1),05 fl o=' 
f I~ Cunlingency 0.10 (un 1).10 

Fi~l'd l'upilUI = PPC (I + f 10 + f II + /12) 
= ppe x 1.45 1.4(1 I.~) 

"Omitted for minor cJlI\!nt;ion'\ (If nddiUons to t.~xi~tins sitc1l.. 
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Total physical plant cost (Direct cost) 

I'I'C := 0.45FCI 

1 
II . 

I'PC '" 2.625x O· NllIm 

Fixed Capital cost (Indirect cost) 

TFC := O.2Cn'C 

lFC = 5251x HlNaira 

Working capital 

WC := 0.02· TFC 

Total land cost 

TLC := O.02·TFC 

Tim' :~ TLC + we + TFe 

Tinv = 5.46 I x J(l Naira 

3.4.3.2 Operating cost 

This is divided into Fixed and Variable operating cost 

Let the plant life be 15yrs n := 15yr 
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13.7.2 Fixed operating cost 

()jreet labour cost 

r, . 
Lhe =1.15x IO·Nmra 

Plant maintenace and repah's 

6 N · Me == 4.2x 10· IIIra 

Insurance 

[nSe := 00 IlK 

Local Taxes 

I,t"c := 0.021'£0'<': 

5 6 N . Lt\; == 1.0 x 10· arm 

Royalties and licences fee 

Roy c := 0.0 t·TR 

5 . 
Roy c == 5.251 x 10 ·Nmnt 

Laboratory cost 

Supervision 
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Plant overhead cost 

() . 
POI ~ = I.S7Sx 10 ·Not!'o 

GENERAL EXPENSES 

i administrative 

ii. Research and development 

({"Dc := OOl5TFC 

Total fixed operating cost 

Annual fixed operating cost 

IFO c 
TH )nnllUITI := -

n 

I 
5 Nnira 

TFOnnmlll = 9.241 x 0 ._-
yr 

t 3.7.3 Va ria ble operating CO$t 

M iscellaneuos 

184 



Msc =: 1.575x (()5. Nairn 

lJ tilities cost 

4 N · Utc = 6.301 x 10· aim 

packaging 

1'/\ := n.oo n.lvNaim 

'I 
PAc = 3.15x 10 Naira 

Total variable operating cost 

TVOc = 2.237x 10
5 

Nairn 

Annual variable operating cost 

TV<t 
TVUmmum :=: -n-

4 Naira 
TVOnnnum = 1.491 x 10 .-

yr 

Total annll'al operating cost 

5 Naira 
t\(>Cc '" 9.39 x to ._-

yr 

3.4.3.3 Profit analysis 

I 
lH )anllulll -. O.02lJ-

s 

Annual sales of Product or Revenue (Asp) 

(lllllUm := 3.16day 
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Sales of Biodiesel 

(
tonne ) 0.90 ER 

Biodicsdsillcs:= 50-- .---
annum kg 

7 Naira 
Iliodiesd sales = 1.575 x 10 . --

annum 

Sales of Glycerol 

Naira :oc. I 

The Glycerol gotten is also sold for use in Petrochemical industries. 

(
kg) 12(}US))o\lar 

Ulycerolsales := 7.955- .-----
hr tonne 

1(
6 Naira 

(il.\'ccrolsales = 1.155x ) .--
annum 

Total Sales 

Tot~mlcs := Biooicsclsnlcs + Glyccrol~;alcs 

1 Nairn 
Totsalcs = 2.096 x \(J ._

hr 

Annual sales <!f product 

. ( .1 hr) Asp:= lO\snlcs' 8.064x 10 yr 

7 Nnirn 
. Asp = 1.69x 10 .-

yr 

Profit before tax (PDT) 

Pllr := As p - AOCc 

0
7 Nnirn 

PIlT = 1.597x I .--
yr 
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1 
J20dny == ·/.68x ICT ·hr 

Annual depreciation «()epr) 

let S = Salvage Value afler n years of the plant. Assume plant life of 15 yrs 

'Then 7 . 
S := I (). I () Nlllra 

Tinv - S 
DCJlr :=---

n 

6 Nnira 
Dcpr ::= -H)26 x 10 .--

yr 

Tax payable (TP) 

n :~ IS 

Naira 
Depr := Depr·--

H 

Assume tax ratio of 5% and depreciation is tax allowable, hence lax ratio :=: ().()~ 

TP := (PHT- Depr)' Til x_ratio 

5 Nnirn 
TP == 9.49(lx 10 .--

yr 

Profit after tax (PAT) 

PAT :== PBl - lP 

7 Nnirn 
PAT == 1.502x 10 ._-

yr 

Net income (NIN) 

NIN := PAT + Depr 

7 Nnirn 
NIN == 1.199x 10 ._-

yr 

Pay back period (PDP) 

Tinv 
PIW:=-

NIN 
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7 Naira 
PHT = 1.597x 10 .--

yr 

NIN:= NIN·yrf)cpr:= Dcpr·yr 

I'BI' = 4.5H yr 

I{ate of Heturn (ROR) 

NIN + Dcpr 
IWR:= .\0( 

Tinv 

ROR = 1(;.415 % 
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14.0 I~ECOMMENDATIONS 

The following sets of recommendations were proposed to the industrialists to he noted during the 

construction, start-up and operating phases of the work based on this design work that was 

carried out: 

I. Procurement of raw materials and equipmcnts should be hased on strict regulation of 

specirication and maximum quality 

ii. The recycle design should be considered, since it is useful in reducing the level of plant 

emuent, and it also reduces costs. 

111. Plant should not be operated above the design specification to avoid abnormCll conditions 

and explosions. 

tv. Alternative sources of energy should he available at all times to avoid plant fClilure and 

possible sources of failure. 

v. The water and air around the plant should be monitored regularly to ensure compliance 

with the Environmental Protection Agency Standards. 

14.1 CONCLUSION 

The following conclusions can be drawn from the design of the Biodiesel plant that has been 

carried out 

I. Economic analysis of the project gave the following results: 

Return of Return 

Payback period 

Total capital investment 

Net Profit 

16.4 % 

4.5 years 

#54.6 million 

#15.02 million 

2. The plant is therefore profitable to invest in and shaH be beneficial to the country because 

it shall catcr for the intcrnational demand of the Biodiescl and its precursor, provide 

employment, and enhance industrial development. 

3, The plant designed can be scaled lip to increase production rate. 



Finally. Riodiesel is an important new alternative tnlllsportation fuel. It can be produced from 

many vegetable oil or animal fat feedstocks. Conventional processing involves an alkali 

catalyzed process but this is unsatisfactory for luwer cost high free fatty acid feedstocks due to 

suap formatiun. Pretreatment processes using strong acid catalysts have been shown to provide 

good conversion yields and high quality final products. These techniques have even been 

extended to allow biodiesel production from feedstocks like soap stock that are often considered 

to be waste. Adherence to a quality standard is essential for proper performance of the fuel in the 

engine and will be necessary for widespread use ofbiodiesel. 
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SUMMARY OF MASS BALANCE 
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0 8.466·1()3 0 8.466'103 8.466'103 
kg 

0 0 8.808 8.808 8,808 hr 
0 0 0 0 0 
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-.. 7 ·8 9 10 11 
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4.296'1()3 21,588 0 21.588 0 kg 
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0.881 0 0.881 

134.758 134.084 0.674 
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