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Abstract

The potential of biodiesel fuels from various vegetable oil sources such as sunflower (SFME), saf-
flower (SAFME), peanut (PME) and canola (CME) as well as from low-cost chicken fat (CFME) to
supplement increasing biodiesel demands must be evaluated in terms of the corresponding engine
performance and exhaust emissions. In this study, two diesel engines rated at 14.2 kW (small) and
60 kW (large) were operated by using the different biodiesel fuels and a reference diesel. Results
showed that both the small and large engines delivered similar power when using biodiesel fuels
in the expense of higher brake-specific fuel consumptions (BSFC). Higher exhaust concentrations
of nitrogen oxides (NOx) and carbon dioxide (CO2) while lower carbon dioxide (CO) and negligible
sulfur dioxide (SO:) emissions were observed in both engines. Total hydrocarbon emissions (THC)
were higher in both engines when using SME, SFME and CME but comparable when using CFME,
SAFME and PME in the large engine. Thus, with the increasing demand for biodiesel, alternative
feedstock sources such as those used in this study may be utilized to take advantage of their
availability, renewability and environmental benefits.
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1. Introduction

With the world’s progress in making technological advancements, the increasing dependence on power genera-
tion using fuels comes, which for the time-being, are sourced mainly from fossil reserves. A technological ad-
vancement that shaped today’s civilization is the use of compression-ignition (CI) or diesel engine, particularly
in the transportation, automotive and agricultural sectors [1]. It was first developed in 1900 by Rudolph Diesel,
who showed that it can be operated by using peanut oil [2], which, however, caused several problems because of
its high viscosity and low volatility [3]. At that time, petroleum-based diesel fuel became the choice fuel for di-
esel engines due to its availability and abundant supply. However, petroleum-based fuels are now deemed to be
depleting and found to have detrimental effects to the environment with their long-term use, and thus, the need
for the utilization of fuels is required, which can be derived from renewable sources and which yields reduced
levels of pollutants [4].

As demonstrated by Rudolph Diesel, oils from biomass can be a potential alternative to petroleum-based fuels
but they need to be modified first to improve their properties. One method is through the transesterification of
the oils to produce a mixture of monoalkyl esters of long chain fatty acids (FAME) termed as biodiesel [5]-[7].
Due to its very similar properties with petroleum-based diesel fuel [8] [9], biodiesel has been established as an
alternative diesel engine fuel, which is further supported by the fact that it can be used in any compression igni-
tion engine without major modification [10]. Additional benefits of biodiesel include: improved lubricity, higher
flash point, lower toxicity, biodegradability, and no net contribution to the greenhouse effect because of its re-
newable sources [11].

The feedstock commonly utilized for biodiesel production depends upon the country’s geographical, climatic
and economic conditions. In the US, the main feedstock for biodiesel production is soybean oil [12]; however,
its supply may not be enough to accommodate the projected increase in biodiesel demand. Soybean oil accounts
for only 13.5% of the total biodiesel production [13] and only an estimated 6% of petroleum diesel demand can
be replaced if all US soybean productions were utilized as biodiesel feedstock [14]. Consequently, other vegeta-
ble oils and animal fats were identified as alternative feedstocks, of which there are oils from sunflower, saf-
flower, peanut and canola, as well as chicken fats. Table 1 lists the annual production of these feedstocks as re-
ported by the USDA [15] as well as the oil content of each feedstock. Peanuts have the highest yield and oil
content among the crops. Safflower, sunflower and soybean have comparable oil content while canola has simi-
lar oil content as with peanuts.

The use of sunflower seed is found in the food and nutraceutical industries due to its high oil and protein con-
tents [20]. Recent studies on biodiesel production from sunflower oil vary from optimization of the transesteri-
fication process conditions, variation in catalysts, and blending with other oils prior to biodiesel production
[21]-[24]. Safflower, on the other hand, is a drought-resistant oilseed, whose oil is flavorless and odorless and
similar to sunflower oil in terms of nutritional value [25]. Studies on biodiesel production from safflower oil
mainly involved parameter and optimization studies [26] [27].

Peanut is an important crop grown in the US and is widely cultivated in warm climates. It is used for oil pro-
duction, peanut butter, confections and snacks products. Studies on peanut oil biodiesel production are rather li-
mited [28]-[30]. Canola, on the other hand, is a variety of rapeseed with low erucic aid (<2% in the oil) and low
levels of saturated fatty acids (6%), high levels of monounsaturated fatty acid such as oleic acid (58%) and

Table 1. Annual production yield and oil content data for different biodiesel feedstocks.

Feedstock Yield (metric tons per ha)? Production (1000)? Oil content (%)°
Canola 1.59 2,447,410 (Ibs) 40-45°
Peanuts 4.70 6,741,400 (Ibs) 45-55

Safflower 1.26 179,424 (Ibs) 15 - 34¢

Soybean 2.66 3,014,998 (bu) 15-20

Sunflower 1.70 2,785,695 (Ibs) 25-35

Chicken fat - 1,300,000 (Ibs)* -

°[15]; °[16]; [17]; “[18]; °[19].
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moderate levels of polyunsaturated fatty acids (36%) [31]. Some advantages of using canola oil are: it has high
oxidation stability, can produce better quality biodiesel [32] and has a high ratio of unsaturated to saturated fatty
acids, giving it a low value of liquefaction temperature (3°C - 4°C) which is beneficial in terms of preventing
engine blockage [33].

Chicken fat is a relatively inexpensive by-product in the poultry industry [1] obtained from the extraction
from feather meal prepared from chicken wastes such as chicken feathers, blood, offal, and trims after the ren-
dering process during chicken processing [34]. A few researchers have investigated conversion of chicken fat
into biodiesel [34]-[37].

One important aspect in biodiesel research that must be considered is the assessment of its performance as an
engine fuel. There have been a number of literatures that discussed biodiesel performance in an engine specifi-
cally the effect of using biodiesel blends on engine power and fuel economy [38]. Biodiesel produced from dif-
ferent oil sources has been employed in a variety of engine configurations. However, variation in the quality of
the biodiesel caused by differences in the esterification process and the raw materials used, among others, may
affect engine performance [39].

Aside from engine testing, emissions associated with the use of biodiesel also need to be evaluated to assess
its cleanliness as a fuel. The Environmental Protection Agency (EPA) reported that non-road diesel engines have
a substantial role in contributing to the nation’s air pollution and therefore stricter emission standards were im-
posed with regards to the amounts of particulate matter, nitrogen oxides and sulfur oxides [40]. This necessitates
the analysis of biodiesel emissions to ensure compliance with current EPA regulations.

Thus, this paper aims to investigate the performance and emissions characteristics of two stationary non-road
farm diesel engines operated on different biodiesels produced by using various vegetable oil sources such as
sunflower, safflower, peanut and canola as well as chicken fat, and compare them with soybean oil biodiesel and
a reference diesel. Specifically, this study aims to: 1) assess fuel properties of the different biodiesels in accor-
dance with ASTM standards; 2) determine the effect of the biodiesel feedstock on the characteristic engine per-
formance (i.e. net brake power, torque and specific consumption); and 3) compare the exhaust pollutant concen-
trations (i.e. NOy, THC, CO and CO;) when using the different test fuels.

2. Materials and Methods
2.1. Materials

Sunflower oil biodiesel (SFME), safflower oil biodiesel (SAFME) and peanut oil biodiesel (PME) were pre-
pared from previously extracted and refined oils at the Bio-Energy Testing and Analysis (BETA) Laboratory at
Texas A&M University, College Station, TX. Based on preliminary studies, the following conventional biodie-
sel reaction conditions were used: reaction time, 1 h; weight of catalyst, 0.4% wt. of initial oil weight; vol. of
methanol, 15% vol. of oil; reaction temperature: 50°C.

Canola oil biodiesel (CME), chicken fat biodiesel (CFME), soybean oil biodiesel (SME) and the ultra-low
sulfur diesel standard no. 2 reference fuel (REFDIESEL) were obtained from commercial producers (New
Energy Fuels, Waller, TX; Gulf Hydrocarbon, Inc., Houston, TX; Producer’s Cooperative, Bryan, TX).

2.2. ASTM Characterization of Biodiesel Fuels

ASTM characterization of the biodiesel was done to ensure that the test fuel used in the study conforms to the
ASTM D6751-08 standard (ASTM, 2008). Some of the referenced procedures in the ASTM 6751 standard were
conducted in the BETA lab. Such procedures were: cloud and pour point (Koehler Instrument Company, Inc.,
Houston, TX; ASTM D2500), flash point (Koehler Instrument Company, Inc., Houston, TX; ASTM D93), water
and sediment (Sigma Zentrifugen, Germany; ASTM D2709), kinematic viscosity (Koehler Instrument Company,
Inc., Houston, TX; ASTM D445), acid number (Cole-Parmer Instrument Company, LLC, IL; ASTM D664) and
gross heating value (Parr Instrument Company, Moline, IL; ASTM D4809).

2.3. Engine Performance and Exhaust Emissions Testing

Engine performance and exhaust emissions testing were conducted at the BETA Lab engine testing facility. Test
engines, instrumentation and data acquisition equipment used were discussed in a previous study [41].
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2.3.1. Experimental Method

Engine power tests are conducted in accordance with SAE Standard Engine Power Test Code for diesel engines
(SAE J1349 Revised MAR2008). Baseline engine performance and emissions tests are performed using ULSD
reference diesel fuel. Engine performance data for ULSD reference diesel were corrected to the standard atmos-
pheric conditions using the compression ignition engine correction formula according to SAE J 1349-MARCH
2008.

Variables such as air and relative humidity are carefully monitored. Fuel temperature is controlled as outlined
in the test procedure. Tests were conducted in a randomized complete block design (RCBD) to prove that the
fuel sequence is not significant to the results of the study. Response variables were the following: net brake
power (KW), torque (N-m), fuel consumption (L/h), NO, concentrations (ppm), unburned hydrocarbon concen-
trations (ppm), CO concentrations (ppm), and CO, concentrations (%).

The BETA lab is equipped with a NI Labview program that can perform remote-based switching of fuel
source. This provides changing of test fuels without turning off the engine. At each fuel change, the fuel filter
was replaced and then the engine was warmed at idle speed on the new fuel for 15 minutes to purge remaining
previous test fuel from the engine’s fuel system. Then, the engine was operated at full throttle and prepared for
the next performance testing. Also, a new set of sintered filters for the exhaust emissions analyzer was installed
prior to the next emissions testing.

The important sources of uncertainty in this study are: 1) supply of consistent quality of fuel, 2) proper control
over relevant engine parameters (e.g. speed and load), and 3) proper use and calibration of the measurement in-
struments. To minimize the first source of uncertainty, test fuels were processed in such a way that it will match
up ASTM 6751 standard. Fresh batch of biodiesel was used to ensure consistency of the fuel quality in the expe-
riment. Having proper control and use of engine instrumentation and controller equipment minimized uncer-
tainty associated with the second source. Parameters, such as engine speed, fuel flow rate, and load accuracy
were matched to within £5 RPM, +1% of the reading, and £0.05% of the rated output, respectively. Finally, un-
certainty associated with the third source was minimized through routine calibration of emissions equipment and
all other instruments (e.g. pressure transducers, thermocouples, flow rate meters, etc.) prior to start of testing.

In order to understand the effect of the biodiesel on engine combustion efficiency, the brake specific fuel
consumptions (BSFC) for the test fuels were measured at peak torque condition. This condition was chosen
since it is the point of minimum air/fuel ratio and maximum smoke [7]. Results were compared to those of the
control fuel using statistical analysis procedures (Analysis of Variance and Fisher’s Least Significant Difference
Test).

3. Results and Discussion
3.1. Characteristics of Test Fuels

The different biodiesel and reference diesel were characterized to ensure that they meet certain standards estab-
lished to guarantee successful engine performance. Some of the physico-chemical properties that were deter-
mined include: gross heating value, kinematic viscosity, cloud point, flash point, acid number, and water and se-
diment concentration, all according to published ASTM standards. Results are shown in Table 2, which also
lists the specified limits in the standards for the different properties.

Flash point is the temperature at which a fuel will ignite upon exposure to a flame or spark and is inversely
related to the fuel’s volatility [6]. The minimum value stated in the standards is 130°C and all the biodiesel meet
this requirement. The values are even higher than that for the reference diesel, which is indicative of a good fuel
quality in terms of safety during transport, handling and storage [6].

Water and sediment need to be quantified in a fuel since they can be a source of various problems associated
with fuel storage as well as engine operation due to corrosion and plugging [6]. All biodiesel fuels were below
the standard specified limit of 0.05 vol%. Water in biodiesel may occur either as dissolved or suspended water
droplets while the sediment consists of suspended rust and dirt particles or insoluble compounds formed during
fuel oxidation. Water in the biodiesel should be avoided since it may become acidic during storage and therefore
cause corrosion of the engine components and storage tanks. It can also contribute to microbial growth during
storage. Sludge and slimes may be produced by these microorganisms, which can cause filter plugging. In addi-
tion, hydrolysis reactions can proceed with the high water content, thus, converting biodiesel to free fatty acids,
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Table 2. Properties of test fuels and the reference diesel according to ASTM standards.

A Reference  Soybean Sunflower Safflower Chicken
Property Method Specifications Diesel ME ME ME Peanut ME Canola ME Fat ME
Flash Point, °C D93 130 min. 128 199 192 197 190 171 131

Water and Sediment, %vol D2709  0.050 max. <0.01 <0.01 <0.01 <0.01 <0.05 <0.01 <0.05
Kinematic Viscosity, 40°C,

mmé/s D445 19-6.0 2.3 4.7 6.3 55 7 4.8 4.7
Sulfur, ppm D5453 15 max. Unknown 4 Unknown Unknown Unknown Unknown <0.001
Cetane Number D613 47 min. Unknown 55 Unknown Unknown Unknown Unknown 48.2
Cloud Paint, °C D2500 Report -35 -6 2 2 15 -5 7

Carbon Residue, %mass  D4530  0.050 max.  Unknown 0.01 Unknown Unknown Unknown Unknown 0.02

Acid Number, mg KOH/g

sample D664 0.50 max. 0.04 0.19 Unknown 0.68 0.13 0.2 0.14

Distillation Temperature, °C  D1160 360 max. Unknown 329 Unknown Unknown Unknown Unknown 352

Oxidation Stability, hours EN14112 3 min. Unknown 7.2 Unknown Unknown Unknown Unknown 3.3

Gross Heating Value,

MJlkg D4809 Report 42.7 38.8 38.2 38.1 39.2 38.5

which can form fuel filter blockage [5].

Viscosity is an important fuel property since it indicates the ability of a material to flow and therefore affects
the operation of fuel injection especially at low temperatures. The kinematic viscosities of the different biodie-
sels fall within the specified standard except for SFME and PME slightly exceeds the maximum standard value
by around 5% and 17%, respectively. The kinematic viscosities were also higher when compared to the refer-
ence diesel since biodiesel contains compounds with large molecular weights and chemical structures than those
present in petroleum diesel [6].

The fuel’s behavior at low temperatures should also be considered since partially or fully solidified fuel may
result in blockage of the fuel lines and filters and thus, cause fuel starvation and eventually problems in engine
operation and possible engine damage [7]. Thus, temperature parameters were established to identify the point
when possible fuel solidification may occur. Cloud point is defined as the temperature at which the wax crystals
in the fuel become visible when it is cooled. The biodiesels in this study have higher cloud points as compared
with the reference diesel. Thus, problems in cold weather operation should be addressed for these biodiesel
products.

Another important property of biodiesel is the acid number, which is merely the amount of free fatty acids
(FFAs) present in the samples. These are either saturated or unsaturated monocarboxylic acids that occur natu-
rally in fats, oils or greases, but are not attached to glycerol backbones. The biodiesels have acid numbers below
the maximum standard value except for SAFME. High acid value in the fuel should be avoided since it may re-
sult in severe corrosion in the fuel supply system of the engine [6].

The energy content of the fuels was also determined and reported as the gross heating value in Table 1. It is
basically the amount of heat energy released by the combustion of a unit value of a fuel and also termed as the
heat of combustion. There is no specified value in the ASTM standard but according to EN 14213 (biodiesel for
heating purposes), the minimum value is 35 MJ/kg. The heating values of the different biodiesel pass this stan-
dard although they are lower as compared with the heating value of the reference diesel.

These differences in the fuel properties of the various biodiesel used in this study can lead to differences in
engine performance and exhaust emissions, as will be discussed in the succeeding paragraphs.

3.2. Engine Performance

The performances of the engines at full load (the fuel pump is at the maximum delivery setting) were deter-
mined in accordance to SAE J1349 Power test code procedures. Baseline engine performance and emissions
tests were performed using standard no. 2 ULSD fuel (REFDIESEL). Corrected values of the net brake power
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and brake-specific fuel consumption for ULSD, as described earlier, were also presented in the following sec-
tions.

3.2.1. Net Brake Power

1) Small engine

The net brake power at different engine speeds and test fuels are presented in Figure 1. At different engine
speeds, there is an initial gradually increasing trend in power until a maximum is reached and then it falls rapid-
ly as the engine speed is further increased. Power decreases after a maximum is reached due to increase in fric-
tion at higher speeds. The net brake power, as defined by the Society of Automotive Engineers [42], is a meas-
ure of the engine’s horsepower delivered directly to the engine’s crankshaft without the loss in power caused by
the accessories such as the gearbox, alternator, differential, water pump, and other auxiliary components such as
power steering pump, muffled exhaust system, etc.

As observed in Figure 1, the corrected peak brake power for REFDIESEL is at 13.5 kW (18.0 hp) at an en-
gine speed of approximately 2940 rpm. Similar results were obtained using B100 SME. The net brake power for
B100 PME was only 2% higher than REFDIESEL with 13.7 kW. Other test fuels (i.e. B100 CME and B100
SFME) are 1% lower than REFDIESEL with both fuels obtaining 13.3 kW. This negligible loss in power was
also observed by Lin et al. [43], who observed that the maximum differences in engine power at full load be-
tween petroleum diesel and eight kinds of vegetable oil methyl esters is only about 1.49%. They attributed this
to the higher viscosity, fuel consumption, oxygen content and combustion rate of biodiesel. Also, Qi et al. [44]
reported the same trend and explained that since engines deliver fuel on a volumetric basis, the higher density of
biodiesel as compared to diesel implies more fuel is delivered and this compensates for the lower heating value
of biodiesel, thus yielding negligible power loss in comparison with petroleum diesel. Others also reported that
insignificant changes in engine power can be obtained even when using different feedstocks such as waste palm
oil and canola oil methyl esters [45] and soybean, rapeseed and palm oil biodiesels on a 3-cylinder, 4-stroke,
30-kW diesel engine [46].

2) Large engine

For the 4-cylinder-80-hp John Deere engine, the net brake power at different engine speeds as shown in Fig-
ure 2 follows the same trend as with the small engine. The corrected peak net brake power using REFDIESEL
was observed to be the highest compared to the biodiesel fuels. Percent differences in peak net brake power
were from 0.2% to 2%. Similar explanations as with the small engine can be applied to these observations.

3.2.2. Engine Torque

The engine torque at varying engine speed and fuel blends for the large engine were also obtained and shown in
Figure 3. The torque is a good indicator of an engine’s ability to do work and is a function of engine speed.
Similar to engine power, the torque was gradually increasing at low speed and decreased rapidly after a maximum
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Figure 1. Net brake power of the Yanmar engine using different test fuels at

varying engine speed.
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Figure 3. Engine torque of the John Deere engine using different test fuels at
varying engine speed.

value was reached. Torque decreases because the engine is unable to ingest a full charge of air at higher speeds
[47].

Moreover, the peak torque value for REFDIESEL was higher than peak torque values for biodiesel fuels, ex-
cept for CME, which has similar peak torque value as with REFDIESEL. The highest decrease in peak torque
value was observed for CFME, corresponding to a 2.9% decrease from 293.2 N-m at 770.3 rpm for REFDIESEL
284.8 N-m at 825.5 rpm for CFME. The other test fuels have peak torque values that are 1.2% - 1.5% lower than
REFDIESEL. The different biodiesel fuels performed similarly with the reference diesel.

3.2.3. Brake Specific Fuel Consumption (BSFC)

1) Small engine

The brake specific fuel consumption (BSFC) is a measure of fuel efficiency within the crankshaft of an inter-
nal combustion engine and can be obtained by dividing the rate of fuel consumption of the engine by the net
brake power [47]. Figure 4 shows the BSFC in relation to varying engine speed and fuel blends for the Yanmar
engine. The BSFC is observed to decrease with an increase in engine speed until it reaches a minimum value
and further increases at higher speeds. Greater friction losses at higher speeds contribute to the increase in fuel
consumption while at low speed, the longer time per cycle results in higher heat loss, allowing for more fuel
consumption.

Using analysis of variance, at peak torque conditions, the BSFC’s for all biodiesel fuels as compared to the
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reference fuel has increased significantly, with 14%, 10%, 9%, and 5% increase for SME, CME, PME and
SFME, respectively. An increase in BSFC was also observed by Moreno et al. [39], when they fueled a four-
cylinder, turbocharged, indirect injected Isuzu engine with pure sunflower oil biodiesel. The BSFC increased by
approximately 12% higher than with pure diesel fuel. Kaplan et al. [48] also observed similar results. The ob-
served increase in fuel consumption when using biodiesel can be attributed to the combined effects of the bio-
diesel properties such as lower heating value and higher density and viscosity as compared to a regular diesel
[38] [49]. The higher density of biodiesel indicates that higher mass is injected for the same volume at the same
injection pressure while the lower calorific or heating value indicates that a larger quantity of fuel must be in-
jected into the combustion chamber to produce the same power, thus leading to an increase in the specific fuel
consumption [49].

2) Large engine

Figure 5 shows the BSFC at different engine speeds when running the large John Deere engine with the dif-
ferent biodiesel fuels and reference diesel. Higher BSFC was again obtained for REFDIESEL as compared with
the biodiesel fuels. Using analysis of variance, at peak torque conditions, SaffME obtained the highest BSFC
with 314.8 g/kW-h, while REFDIESEL obtained the lowest with 248.8 g/kW-h. Similar explanation as with the
small engine can be applied in these observations. On the other hand, Fisher’s least significant difference test
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indicated that there is no strong evidence of differences among SME, SFME and PME test fuels.

Also, it is interesting to note that the large engine had relatively lower BSFC values than the small engine.
BSFC values range from 267 - 308 g/kW-h for the small engine while it ranges from 248 - 278 g/kW-h for the
large engine. According to Pulkrabek [47], BSFC generally decreases with engine size, being best (lowest) for
very large engines. One reason for this is that large engines have less heat loss due to the higher volume-to-sur-
face-area ratio of its combustion chamber. Also, larger engines operate at lower speeds, which reduce friction
losses.

3.3. Exhaust Emissions

Since the composition of the fuel affects the emissions of an engine, emissions from biodiesel fuel are also dif-
ferent as compared to those of petroleum diesel. Due to its higher oxygen content (~10 - 12 wt%), biodiesel has
less heating value and yields less particle emissions. Additional advantage is the absence of sulfur in biodiesel,
thus removing the typical aerosols derived from sulfuric acid formed during diesel fuel combustion. However, it
should be noted that the results can also be affected by the type of engine and its condition [50]. Some of the
EPA regulated emissions determined in this research were CO, CO,, NO,, SO,, and total hydrocarbons.

3.3.1. Small Engine Emissions

Exhaust emissions of the Yanmar 3009D test engine using the different test fuels are shown in Figure 6. In gen-
eral, all biodiesel fuels under study have higher NO, concentrations than the reference fuel. The same was ob-
served by many other researchers concerning the NO, emissions when using biodiesel. A maximum of 15% in-
crease in NO, emissions for B100 was observed by Nabi et al. [51] at high load condition which was attributed
to the 12% oxygen content of the B100 and higher gas temperature in combustion chamber. A greater increase
in NO, emissions (22.1%) was observed by Ozsezen et al. [45] when they employed waste palm oil biodiesel on
a 6-cylinder WC, NA, DI diesel engine while canola biodiesel produced NO, emissions higher than petrodiesel
by 6.5%. The increase in NO, emissions could have been affected by the differences in the fuel properties be-
tween diesel and biodiesel. According to Moser et al. [52], the higher density and viscosity of the biodiesel
imply that the differential pressure at the advance piston contained in the distributor pump is slightly increased,
which in turn advances injection. Also, the amount of fuel injected per cycle could also be affected by variations
in density in the fuel. In addition, the fuel spray properties might also be modified due to increases in the size of
the droplets of the fuel, thus affecting burning of the fuel [52]. The increase in NO, emissions could also be re-
lated to the higher oxygen content of biodiesel, as it may provide additional oxygen for NO, formation [53].

The CO emissions, on the other hand, decreased as the engine speed increased and were lower for the biodie-
sel fuels in comparison with the reference diesel. Puhan et al. [54] also observed a decrease of around 30% in
CO emissions when they used Mahua oil biodiesel instead of petroleum diesel. Utlu et al. [55] observed a 17.1%
decrease when using waste frying oil biodiesel and Wu et al. [56] reports an average of 4% - 16% CO reduction
for five biodiesels. The lower CO emissions can be attributed to the higher oxygen content of biodiesel as com-
pared to petroleum diesel, which promotes complete combustion and thus, reduction in CO emissions [57]-[60].

CO, emissions followed the same trend as CO emissions with respect to engine speed but were found to be
higher for the biodiesel fuels as compared with the reference diesel. Other researchers also report that the CO,
emissions increase when an engine is ran on biodiesel due to more efficient combustion [57] [61]-[65]. Never-
theless, others reason out that this can be offset by planting and raising biodiesel crops as supported by life-cycle
assessment of CO, emissions from biodiesel [65] [66]. About 50% - 80% reduction in CO, emissions can be
obtained when using biodiesel [67].

The emissions of THC, on the other hand, seemed to be not affected by the engine speed and were found to be
higher for the biodiesel fuels; with comparable for SME, PME and CME test fuels but higher value for SFME. A
similar increase in hydrocarbon emissions was observed by Mufioz et al. [50] at high engine speed and load.
They explained that hydrocarbon emissions increased since the higher density and viscosity of biodiesel changes
the characteristics of the fuel jet, i.e. size of droplets, penetration, etc., liberated by the injector. It also increases
the amount of fuel retained in the interior of the injector nozzle, and therefore cannot be incorporated in the
combustion chamber immediately, causing an increase in the hydrocarbons without burning.

Lastly, negligible SO, concentrations were lower for PME as compared with REFDIESEL, a proof of obtain-
ing lower sulfur emissions when using biodiesel rather than petroleum diesel.
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Figure 6. Various emission concentrations of the Yanmar engine using different test fuels at varying engine
speed.

3.3.2. Large Engine Emissions

The emissions of the large John-Deere engine using different test fuels are shown in Figure 7. Similar to the
small engine emissions, NO, concentrations tend to decrease as the speed of the engine is increased. Also,
REFDIESEL obtained the lowest peak NO, concentrations with 454 ppm at 1203 rpm. Highest NO, emissions
at peak torque conditions were observed for CME at 38% increase, corresponding to NO, concentrations of 627
ppm. This increase can be explained by the reasons described earlier for the small engine.

CO, concentrations were observed to gradually increase as the speed was increased up to a certain point (2050
rpm) only and then decreased rapidly up to peak power conditions. CO, emissions were higher for CME as
compared with those of SME and REFDIESEL at the given range of engine speed. At peak torque conditions,
CME has around 17.5% higher CO, emissions than SME. SME and REFDIESEL have comparable CO, emis-
sions while the other biodiesel fuels have slightly higher emissions than REFDIESEL.

CO, THC and SO, concentrations, on the other hand, tend to peak as they approach peak power conditions.
Similar to the small engine, there was a reduction in CO emissions when using the biodiesel fuels than the refer-
ence diesel, which yielded 138 ppm CO emission at peak torque conditions. THC emissions, on the other hand,



B. S. Santos, S. C. Capareda

500 -
450
400 4
350
300 4
250
200 3
150
100
50

NOX concentrations

CO concentrations (ppm)

500 1500 2500 3500 500 1000 1500 2000 2500 3000
Engine Speed (rpm)

-
o

CO, concentrations (%)

N WA U1 OO N 0O L

THC concentrations (ppm)

500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Engine Speed (rpm) Engine Speed (rpm)

=
o

—0— REFDIESEL
—— B100 SME
—#— B100 CME
—&— B100 CFME
—¢—B100 SFME
—¥—B100 SaffME
——+—B100 PME

SO, concentrations (ppm)

500 1000 1500 2000 2500 3000
Engine Speed (rpm)

Figure 7. Various exhaust emissions of the John Deere engine using different test fuels at varying engine
speed.

were higher by around 33% - 47% for CME, SME and SFME as compared to REFDIESEL, but slightly lower,
if not comparable, for CFME, SAFME and PME. Finally, negligible SO, emissions were obtained for all test fu-
els at peak torque conditions.

4. Summary and Conclusions

In summary, very few losses (up to 2%) in power and torque were observed when running both the small and
large engines with biodiesel fuels rather than the reference diesel. Power is a function of the engine geometry,
speed, air/fuel ratio, efficiencies and fuel properties. Assuming that mechanical losses were similar, and since
there were no modifications made in the injection rates or duration for an individual test fuel, similar engine
performance for the biodiesel fuels in comparison with the reference diesel indicates that even though the heat-
ing values of the biodiesel fuels were lower as compared to that for the reference diesel, the same power and
torque were delivered due to the increased fuel consumption. Indeed, BSFC values at peak torque conditions for
both engines were higher when using the biodiesel fuels rather than the reference diesel.

For the exhaust emissions, higher NOy concentrations were obtained in both the small and large engines when
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using the biodiesel fuels. Also, both engines yielded lower CO but higher CO, emissions, owing to better com-
bustion characteristics imparted by the higher oxygen content of the biodiesel fuels as compared to the reference
diesel. Also, THC increased while SO, emissions were negligible. Differences in exhaust emission concentra-
tions in the biodiesel fuels and reference diesel were observed due to changes in properties such as density, vis-
cosity and heating values, as well as the compaosition of the fuel. These altogether affect the fuel injection cha-
racteristics and the mechanism of fuel burning, thus resulting in variation in emission concentrations of the EPA
regulated pollutants. Thus, biodiesel from the different vegetable oils and chicken fat used in this study proved
their potential as petroleum diesel substitute in terms of delivering similar engine performance and yielding
lower CO and SO, emissions.
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