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Abstract

Smoke opacity, CO, NO, and other engine emissions can vary appreciably with the use of biodiesels obtained
from different feedstock. Biofuel density, viscosity and bulk modulus are linked to engine performance and
emissions. This paper represents an up-to-date review of engine performances and emissions with biodiesels
derived from different feedstock and conventional diesel. The data indicate that biodiesel is an attractive
renewable alternative fuel for diesel engines in terms of environmental benefits. Physical and chemical
properties of biodiesels can have significant effects on the combustion process, which will impact on the engine
performance and emissions. Based on this information, major issues in the search for suitable ingredients and
processes to produce quality biodiesels have been presented. The study is of interest to sustainable development.
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1. Introduction

Interest in biodiesel as an alternative engine fuel has widely increased globally due to political, financial, and
environmental reasons. After the oil crisis in the 1970s, many non-oil producing countries initiated efforts to
lessen their dependency on fossil fuels by encouraging the development of alternative energy sources such as the
production of biodiesel using locally available oil bearing crops. Investors were tempted by the potential returns
of investments in these ventures. Feedstock costs constitute the major part of the biodiesel production expenses.
By converting unutilized agricultural land to produce high oil-yield crops that are cheap, abundant and can be
grown rapidly without restricted growing seasons, analysts believed that the economical production of biofuels
for domestic consumption could not only be sustained, but could also be also profitable. This is based on the
assumption that the price of biofuels will progressively increase with time owing to the continuous depletion of
the limited available fossil fuel reserves and the growing demand for energy. Driven by potential financial gains,
the derivation of biodiesels has gained much attention. Extensive research has been conducted on the extraction
of biodiesels from different feedstock and the characteristics of biodiesels of different origins on engine
performances and emissions have become topics of increasing importance.

To date, hundreds of oil bearing crops have been identified. Among them, oils from rapeseed, cottonseed,
sunflower, soybean, and palm are generally considered to be among the top contenders for use in diesel engines
(Goering et al., 1982). Although these plant oils can be directly used in diesel engines, they are sensitive to cold
weather and start to gel as temperature decreases. This causes clogging of filters, sticking of pistons, jamming of
valves, rapid wearing and contamination of lubricating oil. One way to overcome these problems is to process
the plant oils to biodiesels. Biodiesel can be derived from a variety of animal and vegetable oils (Ozsezen &
Canakci, 2010; Buyukkaya, 2010; Aydin & Bayindir, 2010; Celikten et al., 2010; Sayin, 2010; Wu et al., 2009;
Lin & Li, 2009; Qi et al., 2009; Lin et al., 2009; Raheman & Ghadge, 2007; Rakopoulos et al., 2006; Usta, 2005;
Ilkilic & Yucesu, 2005; Rodjanakid & Charoenphonphanich, 2004; Kalam & Masjuki, 2002; Masjuki et al., 1997;
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Abdul Aziz et al., 2005; Singh & Singh, 2010; Hossain & Davies, 2010). The chemical basis of vegetable oils,
regardless of their origins, is triglyceride, which consists of glycerol and three carboxylic or fatty acids. A
common method to generate biodiesel involves the transesterification of the triglycerides with the help of a
catalyst (Singh & Singh, 2010) to produce alkyl monoesters of chained fatty acids that have comparable
properties to that of conventional diesel. Glycerol becomes a by-product of this chemical reaction that must be
removed by separation processes.

The physicochemical properties of the biodiesel produced would logically depend on the feedstock used. Table 1
summarizes the properties of some of these feedstock oils and biodiesels. The quantity and quality of the oil
generated from the same plant species may not be exactly the same and can vary depending on cultivation
methods, soil conditions, weather, plant parts used and processing technologies. The data in Table 1 show that
for rapeseed oils, the density can vary from 0.872 to 0.920 g/cm’ while the viscosity can change from 11 to 39
mm?/s, with the cetane number ranging from 37.6 to 39.0. The properties of oils from different crops can vary
due to different fatty acid contents and different amounts of impurities such as alkalis and phosphorus. For
soybean oils, the density (0.914 to 0.925 g/cm’®), viscosity (33.0 to 65.4 mm?/s), and cetane number (37 to 38)
are different from rapeseed oils.

The biodiesels derived from different plant oils will have slightly different molecular structures such as
carbon-chain lengths, hydrogen-carbon ratio and oxygen content due to the variation of the degree of
unsaturation of the fatty acids in different sources. In Table 1, the density, viscosity and cetane number for
rapeseed oil methyl esters (i.e. the biodiesel derived from rapeseed oils) can vary from 0.885 to 0.875 g/em’,
4.59 to 6.38 mm?/s, and 53.0 to 54.5, respectively; while the density, viscosity and cetane number for soybean oil
methyl esters (i.e. biodiesel derived from soybean oils) can vary from 0.873 to 0.885 g/cm’, 4.05 to 6.62 mm?/s,
and 51.0 to 51.3, respectively. The data in Table 1 show that the viscosities of plant oils are much higher
compared with conventional diesel. Plant oils are denser, and have lower calorific values with lower cetane
numbers compared with diesel. The transesterification of the plant oils to methyl esters generally resulted in a
drastic decrease of the viscosity with a slight drop in density while increasing the calorific value and cetane
number. Nevertheless, the densities and viscosities of the methyl esters are still slightly higher than diesel.
Although the cetane numbers of most methyl esters are comparable with diesel, the calorific values of biodiesels
are still much lower than that of diesel.

The differences in biodiesel properties would lead to differences in injection, combustion, performance and
emission characteristics of the diesel engine. To further understand the characteristics of different biodiesels, this
paper examines their effects on engine performances and emissions.

2. Biodiesel Production

Biodiesel, in general, involves conversion of the oil (long and branched chain triglyceride molecules) to its
methyl esters. This transesterification process requires the use of methanol in a basic solution such as potassium
or sodium hydroxide to produce the monoester and the glycerol as a by-product. The properties of these esters
are similar to those of the petroleum diesel. However, the vegetable oil usually cannot be directly used in the
transesterification step because of its high content of free fatty acids (FFA). Under alkaline conditions this
treatment tends to produce soap that reduces the yield of the reaction, requires excessive utilization of alkali and
a slower reaction time leading to the risk of an incomplete conversion. Therefore, pre-treatment with methanol
under acidic conditions is necessary to reduce the amount of FFA by converting them to fatty acid methyl esters
(FAME). A two-step process: acid-catalysed pre-treatment (Figure 1) and base-catalysed transesterification
(Figure 2) is thus necessary.

3. Characteristics of Biodiesels on Engine Performances

Table 2 summarizes the specifications of some of the engines used in the investigations of the impact of
biodiesels on engine performances. Even though the procedure for testing engine performances and emissions
for different methyl esters is similar, the engines studied were not identical. The engines used had different
power capacities and compression ratios involving both direct and indirect injection systems.

Figure 3 summarizes the average percentage change in power for different biodiesels after the engines were
switched from diesel to run on the biodiesels. Most engines experienced a loss in power when operating on
biodiesels. This can be attributed to the calorific value of biodiesel, which is generally lower than that of diesel
due to the chemical composition and the differences in carbon, hydrogen, oxygen and sulfur content
(Channiwala & Parikh, 2002). Compared with conventional diesel, biodiesel generally has higher oxygen but
lower sulfur contents and this correlates to a lower calorific value, which would lead to less power. The intensity
of the change in power would ultimately depend on the engine type, injection system and design. In some
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engines the changes in power may not be significant as shown in Figure 3.

Lower calorific values also generally imply higher brake specific fuel consumption (BSFC) as higher fuel
consumption rates are required at the same loading condition to attain the same power. Figure 4 shows the
average percentage change in BSFC for different biodiesels after the engines were switched from diesel to
biodiesels. Higher BSFCs are needed for the biodiesels. The density of biodiesel is slightly higher than diesel
and this could also affect the BSFC. Fuel is delivered to the engine on a volumetric basis. For the same fuel
volume, an increase in fuel density would imply a larger mass flow rate to the cylinders and this would increase
the brake specific fuel consumption. The intensity of the change in BSFC would ultimately depend on the
injection system as the distribution of fuel-air packets inside the spray may affect the required fuel per cycle.

Instead of using pure biodiesel, plant or animal oil methyl esters are often used as supplements to form diesel
fuel blends at ratios of 10/90 and 20/80 (i.e. methyl ester to diesel ratio). Interestingly, the blend content can also
influence the BSFC and power generated. Figure 5 shows the average percentage change in BSFC for different
blends of biodiesels after the engines were switched from diesel to run on the blends. More diesel content in the
blend usually leads to lower percentage change in BSFC. The percentage change in BSFC of biodiesel blends in
Figure 5 is generally lower than that of the neat methyl esters shown in Figure 4.

Figures 3 and 4 compare the average percentage changes in power and BSFC for different biodiesels with
respect to diesel. The instantaneous changes in power and BSFC would depend on the engine design, speed and
loading conditions. Engines with higher compression ratios would result in higher temperatures and pressures
during mixing of the burning gas in the cylinder. This promotes more complete combustion and affects the
instantaneous percentage changes in power and BSFC. Engine speed would affect the mixing process with
higher engine speed normally giving a better mixture. Higher engine speeds would also normally result in higher
cylinder temperature and pressure. At higher engine speeds, and at higher temperatures, a better mixture would
enhance the burning of the fuel. On the contrary lowering the engine speed would lower the cylinder temperature
and this can lead to poorer vaporization and atomization. Figure 6 compares the changes in BSFCs with respect
to diesel at different engine speeds and at full loads for some biodiesels.

4. Characteristics of Biodiesels on Engine Emissions

Biodiesel is an oxygenated fuel and the oxygen content facilitates the ignition. This improves the combustion
process. The oxygen in biodiesel would also raise the bulk temperature during combustion. This is important as
higher temperatures close to the stoichiometric conditions aids the formation of NO,. At high temperatures, N,
and O, would combine to form NO,. Figure 7 shows the average percentage change in NO, for different
biodiesels after the engines were switched from diesel to operate on the biodiesels. Most of the biodiesels emit
more NO, than diesel although there are cases where the opposite occurs. The amount of NO, produced would
depend on the nitrogen and oxygen content in the biodiesels as well as the combustion dynamics, which can be
influenced by the adiabatic flame temperature, duration of high burning gas temperature, sprays characteristics
and ignition delay. As such, the NO, concentration could vary with the engine speed and loading conditions.
Studies have found that there is a correlation between the iodine number, which quantifies the number of double
bonds, and the NO, emissions (Peterson et al., 2000; McCormick et al., 2001). As a rule of thumb, biodiesels
with more saturated carbon bonds generally produce less NO, emissions. The iodine number increases with the
level of unsaturation and is associated with the biodiesel’s carbon-chain structure as well as fuel properties such
as cetane number, density, bulk modulus and freezing point.

Similar to BSFC and power, blends of biodiesels can also alter the NO, emissions. Figure 8 shows the average
percentage change in NOy for different blends with respect to conventional diesel. Most blends emit less NOy
than diesel. B20 biodiesel (i.e. blend at ratios of 20/80) seems to produce less NO, emissions than B10 biodiesel.
Comparing Figures 7 and 8, less NO, is emitted with blends than neat biodiesels.

CO is one of the consequences of incomplete fuel combustion. Figure 9 shows the average percentage change in
CO for different biodiesels after the engines were switched from diesel to operate on the biodiesels. Less CO is
generated with biodiesels than diesel. Concentration of oxygen during combustion would enhance the oxidation
rate of CO and lead to less CO formation. This is a major advantage of oxygenated fuels like biodiesel. However,
the intensity of the CO reduction can be affected by the engine loading and speed condition. At low speed, the
lower burning gas temperature could hinder the conversion rate of CO to CO, and more CO can be emitted. It
should be noted that the carbon contents of different biodiesels are not the same and most biodiesels have less
carbon content than diesel. This could also affect the percentage change in CO emissions.

Viscosity determines the liquid’s ability to flow and signifies the mean droplet size associated with the
atomization process. Larger droplets are usually formed with fuel of higher viscosity. The droplet size becomes
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important during injection and combustion. Larger droplets prevent adequate breakdown of the fuel during the
injection process and their evaporation is more difficult during the combustion stage. These factors can lead to
inefficient combustion and produce more black smoke, which is formed primarily due to the incomplete burning
of the hydrocarbon and the carbon reaction in the fuel.

Figure 10 shows the average percentage change in smoke opacity for different biodiesels after the engines were
switched from diesel to operate on the alternative fuels. Almost all the biodiesels show a decrease in the
percentage change in smoke opacity compared with conventional diesel. Although biodiesel has slightly higher
viscosity than diesel, its lower stoichiometric air/fuel ratio compared with neat diesel can lead to less black
particulate emissions. The stoichiometric air/fuel ratio in biodiesel is lowered mainly by the bound oxygen and
the oxygen enriched air. The intensity of the smoke emission reduction with biodiesel could also depend on the
fatty acid compositions and fuel molecular structures. Higher content of shorter carbon-chains generally have
better ignition quality and less smoke emissions (Auld et al., 1982). However, biodiesel may contain different
compositions by weight of constituents with different molecular structures. As a result, the constituents can burn
and evaporate at different rates. Constituents that continue to burn in the late combustion stage would contribute
to the exhaust gas temperature, while un-burned constituents can form soot. It should be noted that although
shorter carbon-chains can improve ignition leading to complete combustion at lower temperatures, the
consequence would imply that higher brake specific fuel consumption will be needed to support the process.
Furthermore, the combustion characteristics of biodiesels are affected by the cylinder gas pressure, heat release
rate and ignition delay and these variables can be dependent on loading and speed conditions. For short
combustion processes at high speeds, the amount of total hydrocarbon emissions could be different from that at
low speeds.

Figure 11 shows the average percentage change in exhaust gas temperature for different biodiesels after the
engines were switched from diesel to operate on the biodiesels. The cetane number refers to the ease with which
the fuel can ignite. A high cetane number ensures good cold start and is associated with shorter ignition delay
and shorter premixed combustion, resulting in faster burning rate without late combustion in the expansion
stroke. These factors would lead to lower exhaust temperatures. The slightly higher cetane number of most
biodiesels compared with diesel would explain the general trend shown in Figure 11. Besides higher combustion
efficiency, the lower energy content of most biodiesels compared with diesel could also lead to lower exhaust gas
temperatures. Hess et al. (2005) found that the ignition timing of biodiesel may be advanced due to its higher
isentropic bulk modulus. Exhaust gas temperature can be affected by the changes in ignition delay, with longer
ignition delay often resulting in a delayed combustion and higher exhaust gas temperature.

The performances of the various biodiesels indicated that NO, emissions can be higher, while CO and smoke
emissions are generally lower than conventional diesel. Most engines experienced power losses with higher
BSFC when operating on biodiesels. The intensities of these changes are mainly influenced by the complex
interaction between the combustion dynamics and the fuel thermo-physical properties. The combustion
efficiency would depend on the engine design, injection system, composition of the air-fuel ratio, as well as the
loading and speed conditions. The physicochemical properties of biodiesels may vary due to the differences in
feedstock, conversion processes and separation efficiencies. Factors such as chemical compositions,
carbon-chain lengths, degree of saturation and impurities will influence the performances of the biodiesels in
diesel engines.

5. Future Perspectives

There are tremendous opportunities for improving the physical characteristics of biodiesel. Vegetable oils
generally have bigger and heavier molecular weights than biodiesels and neat diesels due to heavier triglyceride
molecules and more long-chain fatty acids. The transesterification process reduces the molecular weight. Heavier
molecules can contribute to the production of more soot as longer hydrocarbon chains have the potential to
release a larger quantity of black particulate matter. Feedstock with different proportions of saturated,
mono-unsaturated, and polyunsaturated fatty acids can produce different qualities of biodiesels with slightly
different properties. Saturated fatty acids usually have longer chains and their chemical bonds can lower the
combustion temperature and NO, emissions (Lee et al., 1998). On the other hand, unsaturated fatty acids
containing one or more reactive double bonds can significantly increase the tendency to undergo oxidation
degradation and increase the NO, emissions (Knothe et al., 2003). Table 3 shows the typical weight percent of
fatty acids in some common oil feedstock. Additives, catalysts and production strategies can alter the
characteristics of the biodiesel. The key to improving the quality of biodiesel may well lie in finding suitable
ingredients with the right proportions of fatty acids as well as developing optimal catalysts and processes to
transform the feedstock into biodiesels with desired properties.
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There are many important considerations in the search for suitable ingredients and processes to produce quality
biodiesels. Recent developments have focused on the search for and development of cheap land-based energy
crops with high oil contents quantified mainly by cost per kilograms of oil per hectare. However, by harvesting
agricultural land for the feedstock, many developments had ignored the competition created between the use of
resources for food production and biodiesel production. The generation of biodiesels from edible crops tends to
intensify food prices as well as shortages. In some regions, abstraction of energy from “power-plants” has led to
land-grabbing, deforestation and animosity between inhabitants and those that grow “energy-crops”. It was
estimated that such deforestation and agricultural activities accounted for 75% of Brazil’s greenhouse gas
emission. To overcome these problems, it is vital that cultivation of suitable cost-effective feedstock should not
impact adversely on feeding the growing global population. In this respect the search for non-edible, cheap, and
stable raw oil sources can be critical for the future development of the biodiesel industry. One potential solution
is algae, which can have a higher oil yield than land-based oleaginous plants (Aresta et al., 2005). Ecology and
environment are other factors. It is essential that genetic modification of suitable feedstock or the introduction of
foreign crops for biodiesel production should not disturb the regional ecological system. Furthermore, the
generation of biodiesel should not in any way cause any environmental damage. From this aspect, the recycling
of waste oils to biodiesels should be encouraged. Advanced processing technologies and more efficient
production methods would be needed to support such initiatives to further lower the cost and improve the quality
of biodiesels from waste oil.

It is vital that the fuel used should match the engine. The fuel characteristics would depend on engine type, size,
design and operating conditions. Using fuels with better characteristics do not necessarily improve engine
performance. On the other hand, using fuels with characteristics below the minimum engine requirements can
cause rough engine operation. Biodiesels from different feedstock can vary in composition and purity and may
need different engine settings for optimum performance. To enhance the performances of biodiesel-fuelled
engines, improving the engine design is essential. Better knowledge of the combustion process, compression
ratios, spark timing, and lean operational limits in engines with biodiesels will be needed for improving the
engine designs. For example, fuel density and viscosity can influence the atomization and affect the air-fuel
mixing rate. Low viscosity fuel is easier to inject, atomize and mix with air. As such the viscosity will affect the
spray angle. The higher bulk modulus of biodiesels can lead to advanced injection timing. Tat et al. (2003) found
that the isentropic bulk modulus of unsaturated fatty acid methyl ester is higher than that of saturated fatty acid
methyl ester. Injection pressure can also change the effect of biodiesel on engine performance and emissions
(Celikten et al., 2010). These issues indicated that advanced fuel injection systems may be needed for biodiesels.
Currently, improvements to diesel engines include not only enhanced fuel injection control strategies (e.g.
multi-stage injection system), but also exhaust gas recirculation devices.

Besides engine improvement, the long term storage and usage of biodiesels also has to be resolved. Biodiesels
are biodegradable and the oxidation stability can affect their properties if the fuels were stored for a long period
of time (Monyem et al., 2001). Oxidation as the biodiesel ages can lead to high acid numbers, high viscosity,
polymerization, and the formation of gums and sediments. Degradation of the fuel with time will lead to the
point where the biodiesel is out of specification and should not be used. Oxidation resistance is affected by the
fatty acid composition and higher iodine number often indicates lower oxidation stability. Although biodiesel
with high oxidation stability can be stored longer, the fuel is generally not stored for long periods of time. The
recommended storage life for pure biodiesel is about six months. Based on this shelf life, biodiesel production
rates and levels must be optimized with respect to the distribution logistics and inventory to meet the just-in-time
demands of the consumers. The presence of bacteria and other contaminants can also affect the fuel stability and
biological contamination can be a problem during storage. Aerobic fungus, bacteria, and yeast hydrocarbon
utilizing microorganisms usually grow at the fuel-water interface and can cause corrosion. Long term usage of
oil with high saturated fatty acid content will generally cause a high cold filter plugging point and reduce fluidity
(Knothe, 2005). Their long-term utilization may lead to injector choking, more carbon deposits, piston oil-ring
sticking and gelling of engine lubricating oil. Furthermore, trace metals in biofuels can cause unwanted problems
and long term operation of biodiesel could corrode and degrade engine components due to the presence of
oxygen and trace metals (Pillay et al., 2012).

6. Conclusion

The review of biodiesels of different origins on engine performances and emissions indicated that this form of
alternative fuel can be an attractive renewable alternative energy source for diesel engines. Physical and
chemical properties of biodiesels can have significant effects on the combustion process, which will impact on
the engine performance and emissions. For better performance and emission, the engines should match the
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biodiesel characteristics. The search for cost-effective feedstock and processes to produce quality biodiesels must
not only consider economical factors, but also focus on long term ecological and environmental issues. Besides
finding suitable feedstock, developing optimal conversion processes, and improving the engine designs, the
future development of biodiesels may also depend on the resolution of long term usage and storage problems.
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Table 1. Comparison of some biodiesel fuel properties

Fuc e o | ey | RS | s
Diesel 0.837 3.25 44.4 512
&g‘g";}g;‘g’gi;ﬁf;{‘ Sffg;) 0.885 (15°C) 4.59 (40°C) 39.9 545
(WﬁRjZﬁA ZEO)O9) 0.873 6.38 (20°C) 39.8 53.0
(Rakop(()ﬁlso(s)lg/'[[?., 2006) 0.885 (15°C) 4.70 (40°C) 37.3 53.0
?ﬁﬁ?ieffagi (2%81(0))) 0.920 (15°C) 35.0 (40°C) 37.1 39.0
(Cehktef;(g.’ 2010) 0.872 11.0 27°C) 39.7 376
(HossaiglReSthl)., 2010) 0.914 39.2(27°C) 37.6 37.6
o e i Soro 0.883 (15°C) 449 (40°C) 39.0 i
Com Oi(lL?rlleggllfszthg?OME) 0.885 (15°C) 436 (40°C) 39.8 554
(Rakoiﬁﬁo?ﬁg)zooa) 0.915 (15°C) 35.0 (40°C) 36.3 38.0
(Hossain(ceto 331., 2010) 0.915 46.3 (40°C) 37.8 37.6
(Singh (e(t:gl) 2010) 0.909 34.9 (38°C) 39.5 37.6
Soybean (()EILn :f;-‘{l ‘;Ségg§SBOME) 0.885 (15°C) 4.05 (40°C) 39.7 513
(wlﬁsjgfffgog) 0.873 6.62 (20°C) 39.9 51.0
(Rakop((nsl]li)cs)l:tﬂz:l%., 2006) 0.885 (15°C) 4.10 (40°C) 373 51.0
(Qi(i?ﬁlj/lz%)og) 0.870 (20°C) 5.20 (40°C) 38.8 47.0
(ngl}i/llzt?;ne(t)izlﬂ(.,sg(g)()) 0.914 39.5(27°C) 37.6 37.0
(Rakopoéli]sgg)t)al., 2006) 0.925 (15°C) 33.0 (40°C) 37.0 38.0
(Hossaiglsftoal)., 2010) 0.914 65.4 (40°C) 39.6 38.0
COC?}I{EEJO;;;??;S;? ggONﬁES) 0.920 (15°C) 23.7 (40°C) 37.1 ]
(Hoseainetal, 2010) 0915 316 27°C) 3538 :
Paln}f,f;;ffﬁ?ﬁ zls_t,eig(g%ME) 0.875 471 (40°C) 413 50-52
(Lin(ggll\f%)oog) 0.878 (15°C) 4.69 (40°C) 39.9 62.0
(Wu(:g;f?oog) 0.878 7.10 (20°C) 40.1 64.0
Ry S OOV | oo ic0 | amarn | vz | o
Palm kemeéfiirll ﬁeﬁlylzgf)tg)r (PKOME) 0.876 (15°C) 3.24 (40°C) 38.5 62.1
Reﬁ{‘gﬁ;j:ﬁgﬁ;fg‘fgg}}f)oS) 0.864 (15°C) 6.32 (40°C) 40.4 ]
Palm oil (PO) 0.918 39.6 (38°C) 36.5 420

(Hossain et al., 2010)
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Table 1. Comparison of some biodiesel fuel properties (continued)

Fuel type P tesorty | Colgnfic yalue | Cetane

Peanut O&I;I‘le;‘ill.’esztggg)’NOME) 0.886 (15°C) 5.25 (40°C) 39.7 54.0
(SingNe?X,Ez)m 0 0.883 4.90 (37.8°C) 336 54.0
(le) cant Ztﬂa(i 1\2181)0) 0.903 39.6 (38°C) 398 418
S“nﬂ"w‘zl‘l’jilli’él:ihﬁ’ezs(t)eors()SFOME) 0.880 (26°C) 450 (26°C) 39.3 49.0
(Liﬁfgy%o% 0.886 (15°C) 438 (40°C) 39.9 516
(Rakopéif()cs)ga’ 2006) 0.880 (15°C) 4.40 (40°C) 375 50.0
(Riﬁggg’x; g&ﬁg%% 6 0.920 (15°C) 34.0 (40°C) 36.5 37.0
(Hossaigsftag" 2010) 0.918 58.5 (27°C) 39.5 37.1
(Singh(s‘fﬁ)’ 2010) 0.916 33.9 (38°C) 39.6 37.1

Mah‘t;gﬂeﬁﬁlﬁ ZTT’;&’;?ME) 0.880 (15°C) 3.98 (40°C) 36.8 -

(Hﬂdsiﬂf‘feﬂsz?l 0 0.900 37.2 (27°C) 388 -
(ORglzgpkO"SfSl gtﬂaflzi(‘)’gg) 0.925 (15°C) 32.0 (40°C) 37.0 39.0
CO“"“S“&;’&;“:I};{]’ "zs(ﬁro%CSOME) 0.874 (15°C) 434 (40°C) 412 54.0
(W&i?gl.\,/[zEgo% 0.880 6.38 (20°C) 39.7 54.0
(Rakop(()(lils()?lz'fg., 2006) 0.885 (15°C) 4.00 (40°C) 375 52.0
(Rcaigggfl‘fgg ;ﬂal(?%)g@ 0.910 (15°C) 34.0 (40°C) 36.8 38.0
(Hossaiglcestoal)., 2010) 0.912 0.100(27°C) 39.6 48.1
(Singh(ectsafi? 2010) 0.915 33.5(38°C) 39.5 418
Tobacco See%“;g}%g;“ (TSOME) 0.887 (15°C) 3.98 (40°C) 398 51.0
Marine ﬁSh(Eiiilrgft{liy’l;’osggr) (MFOME) 0.860 7.20 (at 40°C) 414 50.9
Waste fried (‘i‘}n“;ft;ylzf)sgg; (WFOME) 0.884 (15°C) 4.86 (40°C) 39.7 55.0
Waste °°°kin(%&§’élert‘1§1%10%59t§r (WCOME) 0.870 6.89 (20°C) 40.1 56.0
rome) B o oy 0.875(15°C) |  4.40 (40°C) 38.7 60.4
Waste °°°1(‘i1}§ glﬁtozdégsg‘;l (WCOB) 0.870 470 (40°C) 40.1 48.1
(81;’5;;}"2‘2‘60110) 0790 20°C) | Ti5etd 11 4.0
(Sa]itilr‘lf‘g%ll 0 0780 20°0) | 1p32d%* 0.92 6.0
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Table 2. Comparison of some diesel engines used in the biodiesel investigations

: : Max. Max.
Fuel type Engine used Cyl}nder number CR' power | speed
(model) (Displacement) (kW) (tpm)
RSO MAN - 6 cylinders .
(Buyukkaya, 2010) (direct injection) (12829 cc) 17:1 164 2100
CSOME Rainbow — 186 Diesel: 1 cylinder
(Aydin et al., 2010) (direct injection) (406 cc) 18:1 7.46 3600
SFOME LO&%E%I(?I B 1 cylinder
(Ilkilic et al., 2005) direct injection (395 cc) 18:1 6.25 3600
RPOS, CNOES Yanmar — TF85LM: 1 cylinder .
(Rodjanakid et al., 2004) (indirect injection) (493 cc) 241 6.34 2200
POME Isuzu — 4FB1: 4 cylinders .
(Kalam et al., 2002) (indirect injection) (1817 cc) 21 39.0 1 5000
TSOME Ford XLD418T 4 cylinders '
(Usta, 2005) (indirect injection) (1753.4) 2151 350 4500
SBOME 1 cylinder 16.5:1
(Qi et al., 2009) (direct injection) (996 cc) 1.0 2000
MOME Ricardo E6 . .
(Raheman et al., 2007) (compression ignition) 1 cylinder 18:1 9.0 1500
MFOME, WCOB (direct injection) 4 cylinders ) ) )
(Lin & Li, 2009) J (3856 cc)
CSOME, SBOME, SFOME,
RSOME, POME, CSO, Ricardo Hydra 1 cylinder 19.8:1 ) )
SBO, SFO, CO, OlivO (direct injection) (449 cc) e
(Rakopoulos et al., 2006)
CSOME, SBOME, RSOME, . .
POME, WCOME Cummins 15Be0 6 cylinders 17.5:0 | 136 | 2500
(Wu et al., 2009) (direct injection) ( cc)
SBOME, PNOME, COME,
SFOME, RSOME, POME, Yanmar-TF110F 1 cylinder
PKOME, WFOME (direct injection) (584 cc) 17.9:1 8.10 2400
(Lin et al., 2009)
CaOME, WFOME Ford 6.0L Cargo 6 cylinders .
(Ozsezen et al., 2010) (direct injection) (5946.8 cc) 15.9:1 81.0 2600
RSOME, SBOME Steyr 4 cylinders ) 46.0 2400
(Celikten et al., 2010) (direct injection) (3141.6 cc) ’
Methanol and Ethanol Super Star — 7710: 1 cylinder .
(Sayin, 2010) (direct injection) (770 cc) 17:1 7.40 1900
' CR = compression ratio
Table 3. Weight percent of fatty acids in oil feedstock
C20:0 C20:1
*C14:0 Cl16:0 Cl6:1 Cl18:.0 C18:1 C18:2 C18:3
C22:0 C22:1
Soybean 0.3 7-11 0-1 3-6 22-34  50-60 2-10 5-10 -
Palm 1-6 32-47 - 1-6 40-52 2-11 - - -
Rapeseed - 2-5 0.2 1-2 10-15 10-20 5-10 0.9 50-60
Sunflower - 6.0 - 4.2 18.7 69.3 0.3 1.4 -

*Length of carbon chain and number of double bonds
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General Reaction: Acid-Catalysed Pretreatment of Fatty Acids

0) O
H,SO,
R + CH3OH —_— R
-~
OH OCH;
Fatty Free Acid Methanol Fatty Acid Methyl Ester

Figure 1. Acid-catalysed pre-treatment process

General Reaction: Base-Catalysed Transesterification

I
/O —C—R,
CH,
0 CH,OH
| | NaOH
CH—O——C—R, 4+ 3CH;0H —_— CHOH +
0 CH,OH
CH, | |
O—C—R;y
Triglyceride Methanol Glycerol

Water
(0]
CH;0
Ry
(0]
CH;0
R,
(0]
CH;0
R;

Methyl Esters
(Biodiesel)

Figure 2. Base-catalysed transesterification process using methanol
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Figure 3. Comparison of average percentage change in power with different biodiesels wrt diesel
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Figure 4. Comparison of average percentage change in BSFC with different biodiesels wrt diesel
Figure 5. Comparison of average percentage change in BSFC with different blends of biodiesels wrt diesel
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Figure 6. Comparison of change in BSFC with respect to diesel at different engine speeds for some biodiesels

Figure 7. Comparison of average percentage change in NO, with different biodiesels wrt diesel
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Figure 8. Comparison of average percentage change in NO, with different blends of biodiesels wrt diesel
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Figure 9. Comparison of average percentage change in CO with different biodiesels wrt diesel
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Figure 11. Comparison of average percentage change in exhaust gas temperature with different biodiesels wrt

diesel
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