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Abstract: The fuel performance of biodiesel produced from transesterification of microalgae was evaluated to 

assess its potential as alternative fuel in diesel engine. The biodiesel was produced from transesterification of 

microalgae which was 90% N. Occulata using a synthesized novel catalyst. The engine used in the study was 

Yanmar 3009D, a small diesel engine with an output power rating of 14.2 kilowatts. The experimental runs 

yielded data that showed comparable power and torque when the engine was run using both the commercial 

diesel and the algal biodiesel. Algal biodiesel had been found to have higher brake-specific fuel consumption 

and it has a lower exhaust concentrations of nitrogen oxides, oxides of carbon and total hydrocarbons when 

compared to the commercial diesel. Blending commercial diesel with low concentration of algal biodiesel did 

not show significant change in the performance and emission of the commercial diesel. Higher blends of algal 

biodiesel however showed that it can be used as an alternative fuel for steady-state non road diesel engines to 

lower our dependence to fossil fuels.   
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Introduction 
Biofuel is a fuel that is derived from biological materials, which can be obtained directly from plants or 

indirectly from animals, such as animal waste (Slade and Bauen 2013). The two most common biofuel are 

bioethanol and biodiesel. Bioethanol, or simply ethanol, is produced by fermenting carbohydrates derived from 

plant matter such as corn and sugarcane. Biodiesel on the other hand, is produced by transesterfication of oils or 

fats derived from plant matter or animal wastes (Bharathiraja et al. 2014). Biodiesel will replace diesel oil, 

ethanol for gasoline, and plant oil for industrial diesel oil that will be used in generation of electricity for 

commerce, community, industry and transportation (Rahmadi, Aye, and Moore 2013).  

Use of biodiesel and ethanol has a potential environmental impact. Global dependence on fossil fuels 

brought emissions that contribute to global warming(Höök and Tang 2013). Petroleum based fuels lead to 

emission of pollutant gasses like CO2, HC, NOx and SOx among others (Borugadda and Goud 2012). In 2008, 

nearly 30 billion tons of carbon dioxide were produced from fossil fuel use and has doubled since 1970 (Höök 

and Tang 2013). While fossil fuels just emit CO2, biodiesel or ethanol derived from plants makes use of CO2 in 

the atmosphere in its photosynthesis. Moreover, biodiesel and ethanol does not emit sulfur or aromatic based 

compounds and it has a lower hydrocarbon, carbon monoxide and particulate matter emission (Alam et al. 

2012). Bioethanol has 12% lower greenhouse gas emission (GHG) compared to gasoline and biodiesel has 41% 

lesser GHG emission when compared to diesel (Issariyakul and Dalai 2014).  

To make biodiesel production more feasible, studies on transesterification of non-edible oils were 

initialized. The raw materials that gained importance as potential feedstock for biodiesel production are karanja, 

rubber plant, tobacco, jatropha, mahua, rice bran, animal fats and waste cooking oil (Nautiyal, Subramanian, and 

Dastidar 2014). Since the cost of the raw materials attribute to about 60-80% of the total cost of biodiesel 

production, the choice of cheaper feedstock with high lipid content had driven researchers to an even more 

viable feedstock, microalgae (Najafi, Ghobadian, and Yusaf 2011). Microalgae had a lot more advantages when 

it is to be compared to other feedstock. Of the 1.46 x 10
11

 tons of biomass produced annually around the world, 

40% is attributed to algal photosynthesis (Cheng et al. 2013). This is because algae has a higher photosynthetic 

yield(3-8%) compared to other plants (less than 1%) that makes them grow faster (1-3 doublings per day), 

sequestrate carbon dioxide much better,  and accumulate lipid yield of up to 50% (Patil et al. 2011). Moreover, 

algae can grow in arid lands, swamps, and saline or fresh water which makes them a non-competitor in land 

utilization against others crops whether for fuel or food production (Patil et al. 2011). Microalgae can produce 

more per land area in a given time compared to other plants. It is reported that microalgae was able to yield 10 

times as much lipid compared to jathropa and 50 times as much as that of soybean (Kim et al. 2015). Also, 

microalgae are a tough species that makes them tolerant to severe environmental conditions where losses due to 

calamities such as floods and storms are negligible when compared to other terrestrial plants (Ramachandra et 

al. 2013).  

The production of biodiesel from whatever lipid source however must also be scrutinized. Standards 

would have to be set in order to determine if it has the same metrics when compared to the regular commercial 

diesel(Siva and Marimuthu 2015)It is of no avail producing biodiesel if it could not be used by any engine(Siva 
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and Marimuthu 2015). To make such comparisons, certain physical and chemical characteristics would have to 

be met. Some of the more important standards are viscosity, density, flash point, cloud point, cetane number, 

pour point and sediments(Ma and Hanna 1999). Also of huge consideration are its engine performance and 

exhaust emissions. Though engine performance is dependent upon the initial physical and chemical nature of the 

fuel, there are a few studies in the literature that it could not point out the exact relationship of the discussed 

variables. It maybe that different fuels can have same physical and chemical properties and yet differ in their 

engine performances(Demirbas 2009). The exhaust emission is also needed so as proper evaluation can be 

carried out to assess the cleanliness of the fuel. This is to ensure that the fuel is in compliance with the standards 

and laws that are being set by the environmental agencies governing a certain state(Ziolkowska 2014).  

This research specifically was conducted to determine the feasibility of the production of biodiesel 

from microalgae. It will assess the physical and chemical properties of algal biodiesel and compare it to the 

commercial diesel. The study will then test the engine performance of the algal biodiesel and its exhaust 

emissions. Moreover, certain blends will be made on varying ratios of algal biodiesel and commercial diesel to 

point what will be the best blend. Moreover, it is the intent of this study that a viable supplemental fuel can be 

made to lessen our dependence upon fossil fuels.  

 
Materials and Methods 

Materials 
The Algal biodiesel was produced at the Bio-Energy Testing and Analysis (BETA) lab of the 

Biological and Agricultural Engineering (BAEN) department of Texas A & M University (TAMU). The 

procedure on the production of algal biodiesel was described in an earlier study.  The optimum parameters on 

the transesterification of microalgae to produce algal biodiesel were also described there. Consumable materials 

and equipmentwere provided by Sigma Aldrich Chemical Corporation, USA and VWR Corporation, USA. The 

product biodiesel was prepared in different blends for test analysis as described below: 

1) 10% AB and 90%CD = B10 AB 

2) 20% AB and 80%CD = B20 AB 

3) 50% AB and 50%CD = B50 AB 

4) 80% AB and 20%CD = B80 AB 

5) 100% AB = B100 AB 

 

ASTM Characterization of Fuel Sample 

In order to ensure that the test fuel used in the study conforms to the ASTM D6751-08 standard, ASTM 

characterization of the biodiesel was done along with the referenced procedures in the ASTM 6751. Such 

procedures also included cloud and pour point (ASTM D2500), flash point (ASTM D93), water and sediment 

(ASTM D2709), kinematic viscosity (ASTM D445), acid number (ASTM D664) and gross heating value 

(ASTM D4809). 

 

Engine Performance and Exhaust Emissions Testing 

Engine performance and exhaust emissions testing were conducted at the BETA Lab engine testing 

facility. Instrumentation needed to measure some of the EPA regu- lated emissions, such as CO, CO2, NOx, 

THC, and SO2 were in place. 

 

Test Equipment 

The BETA lab uses two (2) test engines with their own respective test beds and dynamometer set-ups. 

One of the test engines was a large test engine of 4-cylinder, 4.5 L, four stroke, naturally aspirated Deere diesel 

engine. The engine’s rated power was at 80 HP with rated speed of 2500 rpm. At the time of the study however, 

the engine was for repair and the 3-cylinder Yanmar 3009D diesel engine rated at 14.2 kW was used instead of 

the two. Table 1 lists the general specifications of the Yanmar 3009D diesel engine that was used to test the 

performance of the algal biodiesel, commercial diesel and there blends. The engine load was controlled by a 

water-cooled eddy current absorption dynamometer with a Dynamatic® EC 2000 controller. The maximum 

braking power of the dynamometer of the smaller Yanmar engine was rated at 22.4 kW (30 hp) at 6000 rpm. 

 

 

 

 

 

 

Table 1. Yanmar 3009D Specifications 
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Specification Rating 

Power 14.2 kW 

Cylinders 3 

Bore 72 mm 

Stroke 72 mm 

Displacement 0.897 liters 

Compression ratio 22.6:1 

Combustion system Indirect Injection 

Aspiration Natural 

 

Instrumentation and Data Acquisition Equipment 

The instrumentation included measurement of test cell ambient conditions (barometric pressure, 

temperature, and humidity), engine speed and torque, fuel flow rates, engine manifold pressures and 

temperatures, and engine exhaust gaseous emissions measurements. Fuel flow was measured with an AW 

positive displacement gear type flow meter with 50% ± 1% duty cycle. Mani- fold pressure measurements were 

taken by strain gauge pressure transducers positioned in the exhaust and intake manifolds. Temperature 

measurements were measured with shielded type-K thermocouples at roughly the same aforementioned 

locations as pressure. Engine brake torque and speed were acquired from the dynamometer. 

National Instruments (NI) data acquisition equipment (DAQ) was installed in different parts of the test 

engines and the test cell. A fiber optic cable connects the remote computer to the NI PCI-7831R FPGA module. 

Thermocouples and pressure transducers were connected to the SCXI 1320 and SCXI 1326 signal conditioning 

units. Torque and engine speed data are collected using a NI Labview program developed for this research. 

Exhaust emissions, such as CO, NOx, and SO2 were measured with electrochemical SEM sensors, while CO2 

and total hydrocarbons (THC) were measured with NDIR sensors, all assembled in an Enerac™ model 3000E 

emissions analyzer. 

The emissions analyzer has a capability of measuring 0 to 3500 ppm NOx concentrations, 0 to 2000 

ppm CO and SO2 concentrations, with an accuracy of ±2% of reading; 0 to 5% by volume total hydrocarbon 

concentrations, and 0 to 20% CO2 concentrations with an accuracy of ± 5% of reading. In addition, it also 

measures the ambient temperature, stack temperature, stack velocity, and test cell O2 concentrations. 

 

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 

atmospheric conditions using the compression ignition engine correction formula according to SAE J 1349 - 

MARCH2008. 

Variables such as air and relative humidity are carefully monitored. Fuel temperature is controlled as 

out- lined 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), NOx concentrations (ppm), unburned hydrocarbon 

concentrations (ppm), CO concentrations (ppm), and CO2 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 10 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. In order to understand the effect of the biodiesel on engine 

combustion efficiency, the brake specific fuel consumptions (BSFC) for the test fuels and each fuel blend were 

measured at peak torque condition. This condition was chosen since it is the point of minimum air/fuel ratio and 

maximum smoke. 

 

Results and Discussion 
Characteristics of Test Fuels 

Table 2 shows the characteristics of the algal biodiesel and commercial diesel as determined following 

ASTM standards. The values of the flash point are higher for the algal biodiesel when it is compared to the 

commercial diesel, indicating a fuel of good quality in terms of safety. Water and sediment are below the limit 

with kinematic viscosity higher that translates into better fuel efficiency. Acid number are also below the limit 
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but it has a higher cloud point than the commercial diesel. Just like any other biodiesel, gross heating value is 

slightly lower but still within the limits specified by the ASTM standards.  

 

Table 2. Fuel Properties compared to Reference Standards 

Property Method Specifications Diesel Biodiesel 

Flash Point, ºC D93 Min 130  128 180 

Water and Sediments D2709 0.05 max 0.01 0.04 

Viscosity, mm
2
/s  D445 Min 6.0 2.3 4.8 

Sulfur, ppm D5453 15 max Unknown  Unknown 

Cetane number D613 Min 47 Unknown Unknown 

Cloud point, ºC D2500 report -35 12 

Acid number D664 0. 5 max 0.04 0.55 

Heating Value, MJ/kg D4809 report 42.7 39.4 

 

Engine Performance 

The performances of the engines at full load using test fuels were determined in accordance to SAE 

J1349 Power test code procedures. Baseline engine performance and emissions tests were performed using 

commercial diesel. Corrected values of the net brake power and brake specific fuel consumption for diesel, as 

described earlier, were also presented in the following sections. 

Net Brake Power 

The net brake power at different engine speeds and fuel blends during the operation of the 14.2-kW 

Yanmar 3009D engine is 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 rapidly as the engine speed is further 

increased. Power decreases after a maximum is reached due to increase in friction at higher speeds. The net 

brake power, as defined by the Society of Automotive Engineers, is a measure 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. 

 

 
Figure 1. Net Break Power at variuos engine speeds 

 

Comparison of the engine brake power at different fuel blends shows that there is negligible power loss 

when using the different proportion of Algal biodiesel and diesel (Figure 2). There was even a slight increase of 

around 1.9 % for B100 AB to a net brake power of 13.6 kW. The increase in engine power when using algal 

biodiesel can be attributed to the higher viscosity of the fuel, which enhances fuel spray penetration, and thus 

improves air-fuel mixing. High lubricity of biodiesel may also have contributed in reduced friction loss and thus 

improve the brake effective power. 
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Figure 2. Net Break Power at variuos fuel blends 

 

Engine Torque 

The engine torque at varying engine speed and fuel blends 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 de-creased rapidly after a maximum value 

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

 

 
Figure 3. Torque at variuos engine speeds 

 

There was a slight variation in peak torque values for biodiesel blends compared to regular commercial 

diesel. The peak torque values for B10, B50 and B100 fuel blends were higher than that for commercial diesel. 

B20 AB obtained the least peak torque value with 45.25N-m, while B50 PME obtained the highest with 48.34 

N-m. 

 

 
Figure 4. Torque at variuos fuel blends 
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Brake Specific Fuel Consumption (BSFC) 

The brake specific fuel consumption (BSFC) is a measure of fuel efficiency within the crankshaft of an 

internal combustion engine and can be obtained by dividing the rate of fuel consumption of the engine by the net 

brake power. Figure 5 shows the BSFC in relation to varying engine speed and fuel blends. The BSFC is shown 

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, al-lowing for more fuel consumption. 

 

 
Figure 5. BSFC at variuos engine speeds 

 
At peak torque conditions, the BSFC was found to increase when using algal biodiesel but has no 

significant difference among the commercial diesel, B10 and B20 fuel blends. Diesel obtained a corrected 

brake-specific fuel consumption of 275.6 g/kW-h. Fuel consumption increases when using biodiesel due to its 

low heating value, as well as high density and viscosity as compared to a regular diesel. . At peak torque 

conditions, B100 AB have an 8% higher BSFC than commercial diesel.  

 

 
Figure 6. BSFC at variuos fuel blends 

 

Exhaust Emissions 

Since the composition of the fuel affects the emissions of an engine, emissions from biodiesel fuel are 

also different 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. Some of 

the EPA regulated emissions determined in this research were CO, CO2, NOx, SO2, and total hydrocarbons. 

The emission concentrations for algal biodiesel and its blends at peak torque conditions are shown in 

Figure 4. The NOx concentration was found to increase as the percentage of PME biodiesel in a blend is 

increased, reaching as high as 28% when using pure biodiesel (Figure 7). The increase in NOx emissions could 

have been affected by the differences in the fuel properties between diesel and biodiesel. The higher density and 

viscosity of the biodiesel imply that the differential pressure at the advance piston contained in the distributor 
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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. The increase in NOx 

emissions could also be related to the higher oxygen content of biodiesel, as it may provide additional oxygen 

for NOx formation. For the CO2 emissions, commercial diesel had the lesser CO2 concentration (5.5%) while 

algal biodiesel has approximately 16%. CO2 emissions increase when an engine is ran on biodiesel due to more 

efficient combustion.  

 

 
Figure 7. Exhaust emmissions at variuos fuel blends 

 

THC concentrations increase also up to 27% when B100 AB (13.5 ppm) was used as compared with 

commercial diesel (11.2 ppm). However, there is no definite trend that can be seen for the fuel blends. THC 

emissions increased since the higher density and viscosity of biodiesel changes the characteristics of the fuel jet 

such as the size of droplets and penetration 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. The CO concentration was found to 

decrease in the percentage of algal biodiesel in the fuel blends. A decrease of 26% in CO concentrations where 

observed as the mixture increase from 0 to 50% algal fuel. The lower CO emissions can be attributed to the 

higher oxygen content of biodiesel as compared to petrodiesel which promotes complete combustion and thus, 

reduction in CO emissions. 

Finally, there were no significant increase in the concentrations produced using algal biodiesel and its 

blends with commercial diesel. At peak torque conditions, the SO2 concentrations stayed below 10 ppm levels, a 

proof of the advantage of using biodiesel due to its low Sulfur content as compared with petroleum diesel. 

 

Conclusion 
Comparable power and torque were delivered by both the small and large engines when ran on pure 

algal biodiesel while BSFC was found to be higher as compared to the reference diesel. Analyses of the exhaust 

emissions of pure algal biodisel showed higher NOx, NOx emissions but lower CO2, CO and THC emissions. 

SO2 remained below 10 ppm and lower than that produced by the reference diesel. Based on these observations, 

biodiesel may be used as a supplemental fuel for steady-state non-road diesel engines. Using small percentage of 

fuel blends, such as B10 and B20, resulted in insignificant changes in peak power and BSFC as compared to that 

of pure diesel fuel. Hence, consumers may choose to use these blends in order to take advantage of the lubricity 

of biodiesel as well as contributing to the goal of lowering the dependence to petroleum diesel. 
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