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Introduction

Today, the world energy demand is increasing 
so rapidly due to growing industrialization and pop-
ulation that the limited reservoirs will soon be de-
pleted at the current rate of consumption. Petroleum 
is a non-renewable energy resource, which means 
that resources of this type of fossil fuel are finite 
and will come to an end upon continuous usage. 
According to the Oil and Gas Journal, at the begin-
ning of 2004, worldwide reserves were estimated at 
1.27 trillion barrels of oil, and 6,100 trillion cubic 
feet of natural gas. At today’s consumption level of 
about 85 million barrels per day of oil, and 260 bil-
lion cubic feet per day of natural gas, the reserves 
represent a 40-year supply of oil and a 64-years 
supply of natural gas.1 Both the shortage of resourc-
es and increasing petrol prices have led to finding 
new alternative and renewable energy resources. In 
addition, environmental issues drive the develop-
ment of alternative energy resources, since fossil 
fuel combustion causes various environmental 
problems including global warming, air pollution, 
acid precipitation, ozone depletion, forest destruc-

tion, and emission of radioactive substances.2 Alter-
native energy resources include hydro, wind, solar, 
geothermal, hydrogen, nuclear, and biomass ener-
gy.3 Biofuel derived from biomass is considered the 
most promising alternative fuel resource because it 
is renewable and environmentally friendly. Biofuel 
can be defined as any liquid or gaseous fuel that can 
be produced from biomass, including biodiesel, al-
cohol and biogas.4 Biodiesel can be produced from 
methanol, ethanol and vegetable oils which are ag-
riculturally derived products. Compared to petro-
diesel, biodiesel has many advantages such as lower 
flue gas emission, it is biodegradable, renewable, 
and has superior lubricating properties.5

Currently, the cost of this fuel is a primary fac-
tor that limits its use. Preliminary studies of the po-
tential for biodiesel production have indicated that 
small-scale biodiesel plants based on purified oil 
are unsustainable because of the high cost of raw 
material. However, one way to reduce the cost of 
biodiesel is to use a less expensive form of vegeta-
ble oil such as waste oils, greases and soap 
stocks,6–21 since feedstock costs account for more 
than 85 % of the total cost of biodiesel produc-
tion.22–23 Many reports are available on the use of 
waste cooking oil for biodiesel production.24–26 
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Waste cooking oil (WCO) cannot be directly used 
in diesel engines because of its high viscosity, 
which poses many problems to fuel injection. There 
are a number of ways to reduce the viscosity of 
waste cooking oils. Dilution, micro-emulsification, 
pyrolysis, and transesterification are four techniques 
applied to solve the problems encountered with 
high fuel viscosity. One of the most common meth-
ods used to reduce oil viscosity in the biodiesel in-
dustry is called transesterification.27 In the transes-
terification of vegetable oils, a triglyceride reacts 
with an alcohol in the presence of a strong acid or 
base, producing a mixture of fatty acid alkyl esters 
and glycerol.28–29 Alcohol reduces the viscosity of 
the oil in transesterification. In this study, we used 
methanol, which has the lowest viscosity among al-
cohols and good equilibrium conversion.

Many researchers investigated the key reaction 
conditions and parameters of alcoholysis of tri-
glycerides. Zheng et al.10 studied the reaction kinet-
ics of acid catalyzed transesterification of waste fry-
ing oil. They found that at the methanol/oil molar 
ratio of 250:1 at 70 ºC or in the range 74:1–250:1 at 
80 ºC, the reaction was a pseudo-first order reaction. 
High yield of 99±1 % could be achieved at both 70 
ºC and 80 ºC and a stirring rate of 400 rpm, using 
feed molar ratio oil: methanol: acid of 1:245:3.8. In 
contrast, Wang et al.11 investigated a two-step cata-
lyzed processes for synthesis of biodiesel by using 
WCO from Chinese restaurants. In the first step, fer-
ric sulfate-catalyzed methanolysis was carried out, 
while potassium hydroxide catalysis was performed 
in the second step. The authors concluded that, com-
pared with one-step sulfur acid catalysis, the two-
step catalyzed process provided a simpler and more 
economic method of producing biodiesel from WCO.

The optimum conditions developed for produc-
tion of good quality biodiesel from used sunflower 
oil were: molar ratio of methanol to oil 6.825:1, cat-
alyst concentration of 0.679 wt %, stirring speed of 
290 rpm and a reaction time of 2 h.30 The alkali-cat-
alyzed transesterification can be completed at low 
temperatures and pressures with high conversion 
rates, meaning lower operating costs of alkali-base 
method compared with other methods.31 Excess cat-
alyst was used to neutralize free fatty acids (FFA) 
present in waste cooking oil. A process was devel-
oped by Canakci where the high FFA feedstock was 
initially treated using acidic catalyst to reduce FFA 
level below 1 %. Pre-treated feedstock with FFA 
less than 1 % was then transesterified with metha-
nol using alkaline catalyst. It was observed that 
two-step acid catalyzed esterification followed by 
alkaline catalyzed reaction improved ester yield.6

The main objective of this study was to produce 
a renewable fuel from almost worthless feedstock 
that contributes to the control of gas emissions with 

almost the same performance of fossil fuel. Specifi-
cally, waste cooking oil collected from the restaurant 
of the Petroleum University of Technology (PUT) 
was esterified to reduce free fatty acids (FFA) to be-
low 1 %. Transesterification of waste cooking oil 
with lowered FFA was then performed with metha-
nol. KOH was used as catalyst in this reaction. Bio-
diesel was produced as an upper layer of transesteri-
fication products. Physical properties of waste 
cooking oils, produced biodiesel and purchased petr-
odiesel were measured using specified standards. 
The physical properties of the biodiesel and petro-
diesel were compared. To examine their performance 
and flue gases emissions, biodiesel and petrodiesel 
were burnt in a wet base semi-industrial boiler. The 
emitted combustion gases, including CO, NOx, SO2 
and CO2, were measured with a flue-gas analyzer. Fi-
nally, the effects of air-to-fuel ratio on performance 
and emitted gases of the biodiesel and petrodiesel at 
two different energy levels were investigated.

Experimental

Experimental procedures include procedures for 
biodiesel production, physical properties ASTM tests 
and combustion in a semi-industrial boiler. Tests were 
carried out in the laboratories of PUT and Abadan’s 
refinery. Esterification and transesterification reactions 
were accomplished in the gas research laboratory of 
PUT. Physical properties of waste cooking oil, bio-
diesel and petrodiesel were measured in Abadan oil 
refinery laboratory. The combustion test was carried 
out in the heat transfer laboratory of PUT.

Raw material

Waste cooking oil collected from the restaurant 
of the Petroleum University of Technology (PUT) 
and methanol, potassium hydroxide and sulfuric 
acid provided from Merck Company, were the raw 
materials used in this study. Silica gel purchased 
from a local shop was used as drying agent.

Apparatus

LR 2000P modularly expandable laboratory re-
actor was used for transesterification. The reactor 
was double-walled, jacketed with 2 liter vessels 
made of stainless steel, with bottom discharge 
valve. A Eurostar power control-visc P7 overhead 
stirrer with 8 to 290 rpm was used. The combustion 
study was accomplished on a fully instrumented 
water-jacketed combustion chamber equipped with 
a sterling 90UK Spec liquid fuel burner. This com-
bustion chamber is a stainless steel horizontal cylin-
der, one meter in length, with an inner diameter of 
45 cm and outer diameter of 0.50 m.
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In addition to the standard analysis, the KANE 
QUINTOX 9106 flue-gas analyzer equipped with 
electrochemical cells, allowed us to investigate CO, 
NO and SO2 in the exhaust stack. 

Composition analysis of waste cooking oil

Table 1 shows the chemical properties and fatty 
acid composition of WCO. Fatty acid (FA) is a car-
boxylic acid with a long aliphatic chain, and these 
long-chain FAs generally have an even number of 
carbon atoms. They may be saturated (e.g. palmitic 
acid and stearic acid) or unsaturated, with one dou-
ble bond (e.g. oleic acid) or two or more double 
bonds, in which case they are called polyunsaturat-
ed FAs (e.g. linoleic acid and linolenic acid).

WCO has higher specific gravity relative to pu-
rified oil because it has much residue such as water, 
because water is mixed inside the WCO as a result 
of condensation of the cooking process. Therefore, 
the density of WCO is higher compared to refined 
oil.

Biodiesel production

Pre-treatment of WCO

The WCO collected from the restaurant of the 
Ahwaz Faculty of Petroleum Engineering was con-
taminated with water, solid particles, FFA and many 
other impurities. Due to the very high temperature 
during the food frying process, chemical reactions 
such as hydrolysis, polymerization and oxidation 
will occur, which can increase the FFA level. To re-
duce the FFA of WCO, it should be esterified before 
transesterification by one acidic catalyst to avoid 
saponification problems. Water also creates a prob-
lem such as foaming during transesterification. 
WCO was mixed with silica gel (10 weight percent, 
50 meshes) to remove water content by stirring the 
mixture and vacuum filtration for the removal of 
silica gel. Solid particles of waste cooking oil were 
filtered with a No. 40 Quantitative.

Esterification

In order to reduce the FFA of WCO, before 
transesterification it should be esterified with one 
acidic catalyst to avoid saponification problems. 
Two liters of WCO was poured into the batch reac-
tor. Two weight percent of sulfuric acid as a catalyst 
was mixed with 3.4:1 molar ratios of methanol to 
oil and mixed vigorously. The solution was then 
poured into the WCO and left to react at 48 °С for 
2 h with 290 rpm. When the reaction was complet-
ed, a thick layer of soap formed which interfered 
with the glycerol separation.

Transesterification

Waste cooking oils were converted into bio-
diesel by alkali-catalyzed transesterification reaction. 
In the alkali catalytic transesterification method, the 
catalyst is dissolved in methanol by vigorous stirring 
in a batch reactor. Transesterification reactions were 
carried out at optimum conditions mentioned by 
Mansourpoor and Shariati,30 6.8:1 molar ratios of 
methanol to oil, 48 °С reaction temperature and 
0.7 wt % of alkali catalyst concentration (excess cat-
alyst was used about 0.8 wt % for waste oil). Many 
researchers have reported the optimal conditions for 
the alkali-based approach.6,32–37 The anhydrous waste 
oil which esterifies one stage was poured into the re-
actor and allowed to equilibrate to the temperature of 
reaction (heated to 48 °C) at 290 rpm. The hot water 
circulating in the jacket of the reactor provided the 
necessary heat for reaction. The catalyst was dis-
solved in methanol and then added to the waste 
cooking oil. The final mixture was stirred vigorously 
for 2 h at 48 ºC in atmospheric pressure.

A successful transesterification reaction pro-
duces two liquid phases. Glycerin has a higher den-
sity relative to biodiesel and goes to the bottom of 
the funnel separator after hours. Phase separation 
could be observed within 15 minutes and could be 
completed within 4 h of settling. After glycerin 
drainage, the biodiesel was washed out from impu-
rities and un-reacted agents with warm water. Final-
ly, the biodiesel was dried with silica gel (10 weight 
percent, 50 meshes) to remove water content by 
stirring the mixture and vacuum filtration for the re-
moval of silica gel.

Operating conditions

Combustion tests were carried out in a semi-in-
dustrial boiler at steady state conditions that permit-
ted good repeatability. All fuels were tested under 
the same operating conditions, which were defined 
by setting fuel pressure, fan damper setting, and 
choosing a nozzle. Air to fuel ratio and fuel pres-
sure could be varied by the user.

Ta b l e  1  – Fatty acid composition of waste cooking oil

Fatty acid Waste cooking oil (wt %)

Palmitic acid C16:0 12

Palmitoleic C16:1 2.8

Stearic acid C18:0 4.7

Oleic acid C18:1 58.7

Linoleic acid C18:2 26.3

Arachidic C20:0 0.9

Eicosenoic C20:1 1.9
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Results and discussion

Transesterification of WCO with methanol was 
carried out in LR2000P reactor, using KOH as cata-
lyst. Table 2 presents operating conditions and yield 
of biodiesel.

Ta b l e  2  – Operating conditions and yield of biodiesel

Operating conditions
Yield 
(%)MeOH 

(mL)
KOH 

(g)
Oil 
(L)

T 
(°C)

500 17.5 2 48 97.4

Physical properties

Physical properties of biodiesel such as flash 
point, cetane index, heating value, viscosity, etc., 
were determined with the methods given in Table 3.

Ta b l e  3  – Standard methods applied for biodiesel properties

Physical property Test method

Flash Point ASTM D 93
Cetane Index ASTM D 976
Heating Value ASTM D 240
Viscosity ASTM D 445
Specific Gravity ASTM D 1298
Copper Strip Corrosion ASTM D 130
Cloud Point ASTM D 2500
Pour Point ASTM D 97
Acid Number ASTM D 974
Water and Sediment ASTM D 2709
Carbon Residues ASTM D 198
Total Sulfur UOP 357

The physical properties of the biodiesel produced at 
the laboratory were measured in Abadan’s oil refin-
ery laboratory, and are given in Table 4. It was ob-
served that the biodiesel had higher flash point rel-
ative to petrodiesel, which is several times better 
than petrodiesel at 65 °C. Therefore, it is safe to be 
shipped by common mail carriers. A higher cetane 
number indicates greater fuel efficiency.38 In this 
work, biodiesel had a higher cetane number than 
petrodiesel because of its oxygen content. The high-
er cetane number leads to easier start of combus-
tion, runs better, and burns cleaner. Total sulfur of 
biodiesel was low; therefore the SO2 emission of its 
combustion is very low.

Ta b l e  4  – Physical properties of biodiesel and petrodiesel

Test Methyl 
ester Petrodiesel ASTM

Flash Point (°C) 190 65 min 130
Cetane number 54.2 min 51 min 51
Heating Value 
(MJ kg–1) 39.5 45.4 37.6–40.5

Viscosity at 40 °C 
(Pa s) 0.0037 0.0017–0.00343 0.0017–0.0053

Specific Gravity 0.886 0.857 0.880

Copper Strip 
Corrosion 1a 1a No. 3 max

Cloud Point (°С) 0 –6 N/A
Pour Point (°C) –4 –19 N/A

Acid Number 
(mg KOH g–1) 0.255 0.002 0.800

Water and Sediment Trace Trace 0.005

Carbon Residues 
(wt %) 0.004 max 0.01 max 0.05

Total Sulfur (ppm) 1.4 50–500 15

In the petroleum industry, cloud point refers to 
the temperature below which wax in fuel forms a 
cloudy appearance. Pour point is the lowest tem-
perature at which the oil specimen can still be 
moved. Table 4 shows cloud and pour points of 
 ester. In this work, cloud point of biodiesel is 0 °C 
while pour point is –4 °C. It was found that biodies-
el had higher cloud point than petrodiesel because 
the biodiesel produced from waste cooking oils 
contained FFA. FFAs increase the cloud point of 
biodiesel.

After transesterification, the biodiesel showed 
substantial reduction in viscosity which met the 
ASTM standard (0.0017 – 0.0053 Pa s). In this work, 
viscosity of the biodiesel was 0.0037 Pa s, while that 
of petrodiesel was lower (0.0017 – 0.00343 Pa s).

Acid number is the mass of potassium hydrox-
ide (KOH) in milligrams that is required to neutral-
ize one gram of chemical substance. Acid value of 
crude WCO was very high (12 mg KOH g–1) and 
acid value of esters after transesterification was 
lower than the limit of ASTM standard (max 0.8). 
The acid number of methyl ester was reduced to 
0.255 mg KOH g–1. Acid numbers higher than 0.50 
have been associated with fuel system deposits and 
reduced life of fuel pumps and filters.

Biodiesel generally has a lower heating value than 
petrodiesel. Heating value of ester is 39.5 MJ kg–1 
which is not much different from that of waste 
cooking oil. These values were approximately 
12 % less than those of petrodiesel reported in ref-
erences.
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Table 4 shows that methyl ester meets ASTM 
standards for flash point, heating value, specific 
gravity, kinematic viscosity, copper corrosion, acid 
number, cetane number, carbon residue and total 
sulfur.

Boiler performance and specifications

To examine the fuels’ performance and emis-
sions, a wet base semi-industrial boiler was used. 
Specifications of the boiler are given in Table 5.

Ta b l e  5  – Specification of boiler C492 P.A. Hilton

Net Weight 175 kg
Dimensions Height: 1.700 m – Depth: 2 m – Width: 0.8 m
Packing Volume: 3.96 m3

Fuel Kerosene, gas oil or other clean light fuels
Fuel density 790 – 835 kg m–3

Fuel viscosity 0.011–0.055 cm2 s–1 at 40 °C
Fuel flow rate 2 to 5 g s–1

Water flow meter 100 to 400 g s–1

Temperature 0 to 1100 °C

Electrical 
Specification

Either: A: 220–240 V, Single Phase, 50 Hz 
(With earth/ground) 

B: 110–120 V, Single Phase, 60 Hz 
(With earth/ground)

The flame burns within a stainless steel com-
bustion chamber (0.45 m diameter and 1 m length) 
which is water cooled and of sufficient size to pre-
vent flame impingement under normal conditions. 
The flame was observed through four 0.1 m diame-
ter windows. The burner had adjustable air settings 
for different air-to-fuel ratios. Cooling water inlet 
and outlet temperature, air inlet temperature, ex-
haust temperature, flame temperature, cooling water 
flow rate, fuel flow rate, and mass flow rates of air 
and fuel were read from the control panel. Fuels 
were burned at two fuel pressures of 8 and 11 bar. 
Average fuel consumption at 8 bar was 5.68 L h–1 
for biodiesel, and 5.4 L h–1 for petrodiesel. At 
11 bar, 6.12 L h–1 petrodiesel and 6.42 L h–1 bio-
diesel were consumed. Combustion efficiency of 
the boiler was calculated by using the inlet and out-
let water temperatures, heating value of fuel, and 
flow rates. In this work, combustion efficiency and 
emissions of biodiesel were compared to those of 
petrodiesel. For every set of experimental test, tem-
perature and emissions readings were recorded after 
steady-state combustion was achieved as indicated 
by stable exhaust gas and water outlet temperature 
values. Specifications of Quintox gas analyzer are 
given in Table 6.

Ta b l e  6  – Specification of Quintox KM9106 gas analyzer

Parameter Resolution Accuracy Range

Temperature 
of exhaust gas 0.1 °C/F ±1 °F/C, ±0.3 % 

of rdg
0 ° to 

1170 °C

Nitric Oxide 
(NO) 1 ppm ±5 ppm 

<100 ppm
0–5000 

ppm

Carbon Monoxide 
(CO) 1 ppm ±20 ppm 

<400 ppm
0–10000 

ppm

Oxygen (O2) 0.1 % –0.1 %+0.2 % 0 to 25 %

Carbon Dioxide 
(CO2)

0.1 % ± 0.20 % 0-fuel 
value

Sulfur Dioxide 
(SO2)

1 ppm ±5 % of reading 
>100 ppm

0–5000 
ppm

Dimensions
17.75” long x 

9” wide x 
13.75” high

Weight 21 lbs

Exhaust temperature

Figs. 1 and 2 depict the variation of exhaust 
temperature (Texh) with Air to Fuel (A/F) ratio. The 
Texh for biodiesel varied between 560 to 615 °C at 
8 bar, and 610 to 655 °C at 11 bar. Exhaust gas tem-
perature of petrodiesel varied from 596 to 637 °С at 
8 bar, and 645 to 709 °С at 11 bar. As fuel pressure 
increased, so did flue gas temperature of biodiesel 

F i g .  1  – Texh (°C) vs. A/F ratio at 8 bar

F i g .  2  – Texh (°C) vs. A/F ratio at 11 bar
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and petrodiesel. Petrodiesel had higher exhaust tem-
peratures relative to biodiesel because of its lower 
mass flow rates and higher heating value. Tashtoush 
et al.39 also reported higher exhaust temperature of 
petrodiesel than that of biodiesel although the fuels 
had been injected at equal fuel pressure into the 
boiler. Variation of Texh with A/F ratio was different 
from variation of Texh with fuel pressure. At lower 
A/F ratios, Texh of biodiesels and petrodiesel were 
closer than at higher A/F. Figs. 1 and 2 show that 
the exhaust gas temperature decreases as A/F ratios 
increases. Decrease in exhaust gas temperature with 
increasing A/F ratios is related to two effects. The 
first is the entering of excess air into the boiler 
which is colder than the gases in it, and the second 
is that the heat generation in the system is constant 
while it is distributed as measurable heat between 
circulating water in the boiler and the gases leaving 
the boiler. Despite these results, Batey et al.40 
 reported no significant difference in the exhaust 
gas temperature of biodiesel compared with petro-
diesel. 

Combustion efficiency

The combustion efficiency, hc, is the ratio be-
tween the heat transferred to the water in the jacket 
of the boiler, Qw, and the amount of heat input to 
boiler, Qin. Figs. 3 and 4 present the variation of 
combustion efficiency in relation to A/F ratio at two 

fuel pressures. By increasing the A/F ratio, the tem-
perature of the flame was decreased; hence, the dif-
ference between cooling water temperature and 
flame temperature resulted in the reduction of Qw 
which consequently leads to lower system efficien-
cy. The combustion efficiencies increased as the 
fuel pressure increased. This trend was observed 
due to the fact that rising fuel pressure enhanced the 
spray characteristics of the fuels.

Figs. 3 and 4 indicate that petrodiesel per-
formed a little better, but only by 4.41 to 5.68 %. 
The probably reason being the lower density and 
viscosity of petrodiesel compared to biodiesel, 
which in turn may have better mixability and uni-
form distribution in the flame. 

Emissions

NOx

Figs. 5 and 6 show the measured emissions of 
nitrogen oxides (NOx) for fuels at 8 and 11 bar. The 
use of biodiesel in diesel engines often led to an 
increase in NOx emissions41–46 while various results 
were obtained in boilers.42,47–54 When biodiesel is 
burnt in boilers, NOx tends to decrease because the 
combustion process is different than that in engines 
(open flame for boilers, closed cylinder with 
high-pressure spray combustion for engines).55 The 

F i g .  3  – Combustion efficiency (%) vs. A/F ratio at 8 bar

F i g .  4  – Combustion efficiency (%) vs. A/F ratio at 11 bar

F i g .  5  – NOx (ppm) vs. A/F ratio at 8 bar

F i g .  6  – NOx (ppm) vs. A/F ratio at 11 bar
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formation of NOx depends mainly on the percentage 
of oxygen and exhaust gas temperatures. By in-
creasing the exhaust gas temperature and the oxy-
gen of the boiler, the NOx was increased. By in-
creasing the A/F ratio, since a higher amount of air 
entered the boiler and entrance heat was constant, 
the exhaust temperature was reduced and hence 
NOx was reduced in the flue gases. Many research-
ers39,56,57 reported a reduction in NOx emissions with 
the use of biodiesel compared with petrodiesel in a 
wide range of A/F at two different energy rates of a 
boiler.

Petrodiesel has higher NOx relative to biodiesel 
at 11 bar, but had the fuel had been injected at 8 bar, 
this amount would be the same for both petrodiesel 
and biodiesel.

CO

Figs. 7 and 8 show the measured emissions of 
carbon monoxide (CO) with A/F ratio for fuels at 8 
and 11 bar. It was seen that biodiesel emits less pol-
lutants than petrodiesel. The higher concentration of 
CO for petrodiesel is due to the higher carbon con-
tent by weight of petrodiesel relative to biodies-
el.43,57–58 The high flow rate of entrance air extin-
guished the flame and led to poor distribution of the 
fuel in the chamber. Furthermore, the high air to 
fuel ratio led to a decrease in flame temperature 

which in turn led to incomplete and unstable fuel 
combustion. Consequently, the high fuel pressures 
and low A/F ratio led to improvement in combus-
tion of biodiesel and petrodiesel in the boiler. At 
constant A/F, the amount of CO was reduced with 
the use of biodiesel by about 16.3 to 41.8 % at 11 
bar, and 22.8 to 27.1 % at 8 bar relative to petro-
diesel.

CO2

Figs. 9 and 10 show variation of CO2 vs. A/F 
ratio for fuels at 8 and 11 bar. These figures show 
that a reduction in CO2 of 11 to 56.4 % at 8 bar, and 
36.7 to 46.62 % at 11 bar is attainable if biodiesel is 
burnt instead of petrodiesel under the same condi-
tions. Petrodiesel emitted higher amounts of CO2 
when compared to biodiesel at different A/F ratios 
and two fuel pressures of the boiler, which make 
biodiesel more suitable for boilers than petrodiesel. 
Higher CO2 in petrodiesel combustion is due to the 
higher carbon content of petrodiesel relative to bio-
diesel. Biodiesel releases only the CO2 that was ab-
sorbed by the plants as they were growing and mak-
ing oil. With increasing A/F ratios, the percentage 
of CO2 in the flue gas had decreased, because the 
flue gas was diluted with excess air. 

F i g .  7  – CO (ppm) vs. A/F ratio at 8 bar

F i g .  8  – CO (ppm) vs. A/F ratio at 11 bar

F i g .  9  – CO2 (%) VS. A/F ratio at 8 bar

F i g .  1 0  – CO2 (%) VS. A/F ratio at 11 bar
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SO2

Figs. 11 and 12 show variation of the emissions 
of sulfur dioxide (SO2) with A/F ratios. As shown, 
the SO2 emission of biodiesel is almost negligible 
compared to that of petrodiesel, since it contains 
much less sulfur than typical petrodiesel. It was ex-
pected that no SO2 emission would be observed for 
biodiesel combustion. However, the small amount 
of sulfur may have come from the methanol con-
tent. 

Conclusion

This experimental work compares the physical 
properties, emissions and combustion efficiencies 
of biodiesel produced from WCO and commercial 
petrodiesel. The combustion investigations were 
carried out at steady state conditions in a semi-in-
dustrial boiler, and the results were obtained after 
five frequent experiments, which have good repeat-
ability.

The produced biodiesel meets ASTM standards 
for flash point, heating value, specific gravity, kine-
matic viscosity, copper corrosion, acid number, ce-
tane number, carbon residue and total sulfur. These 
properties of biodiesel are also comparable with 
petrodiesel properties. The trends of exhaust tem-

perature and combustion efficiency of biodiesel are 
the same as petrodiesel at different air-to-fuel ratios. 
However, they are slightly lower. The CO, NOx, 
SO2 and CO2 emissions of biodiesel are lower than 
those of petrodiesel at different air-to-fuel ratios 
and two energy levels. This work shows that bio-
diesel of acceptable quality and low flue gas emis-
sions could be produced from a low-cost raw mate-
rial.

Biodiesel as an alternative to petrodiesel could 
significantly decrease the amount of waste cooking 
oil. It decreases subsidies spent for agricultural 
over-production, as well as flue gas emissions, 
while lowering dependence on petrodiesel, which 
altogether ensures a safer environment.

A b b r e v i a t i o n s

FFA  – Free Fatty Acid
ASTM – American Society for Testing and Materials
cSt.  – CentiStoke
ppm  – Part Per Million
N/A  – Not Available
rpm  – Revolution per Minute
WCO – Waste Cooking Oil
FA  – Fatty Acid
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