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ABSTRACT 

The global warming and climate change challenge has forced us to 

reassess the current energy generation and utilization methods. Fossil 

fuels still fulfill more than 80% of the global annual energy need. The 

urgency to move towards environmental friendly renewable sources of 

energy is now more than ever, considering the rapidly rising pollution 

level and leaping energy demand. Biodiesel has been assessed and 

recommended as one such alternative fuel for diesel engines. It has an 

additional benefit of production from locally available resources. 

Microalgae have been identified as a source of biodiesel that can 

efficiently fulfill the future transport energy demand of the human 

population.  

In the current research work, microalgae biodiesel has been explored 

as an alternate fuel for an indirect injection compression ignition 

engine. Initially, six microalgae strains were isolated using wastewater 

from the Kabitkhedi sewage treatment plant, Indore, India. The 

selection of microalgae strains for further study is finalized by 

analyzing their lipid composition and estimating their thermo-physical 

properties. Relevant thermo-physical properties (related to fuel spray 

and combustion modeling) are even calculated for extended 

temperature ranges, justifying the exposure of liquid fuel to the adverse 

atmospheric conditions to which the fuel is exposed. Scenedesmus sp. 

is found to be the best among six different microalgae strains. It is 

selected for outdoor cultivation in raceway ponds with ordinary tap 

water and urea-DAP as nutrient media. An adequate daily growth rate 

of microalgae was observed under sufficient light conditions. Despite 

the high growth rate, around 3.07 kg/month of dried biomass and 

14.2% of oil could be obtained only due to simple gravity 

sedimentation for harvesting and soxhlet for oil extraction. This clearly 

shows that the technologies for harvesting, and oil extraction need to 

be scaled to the industrial level for increased, cost-effective 

production. The Scenedesmus sp. biodiesel is analyzed for its fatty acid 

composition and predicted properties. Even though it had high poly-
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unsaturated fatty acid content (mostly linolenic acid) at 29.75%, the 

saturated fatty acid content is also 38.43%, limiting its thermo-physical 

properties within the range proposed by international standards. To 

study the viability of using microalgae biodiesel in a diesel engine, 

prepared biodiesel's 20% (A20) and 30% (A30) blends were studied in 

a four-stroke, four-cylinder IDI diesel engine. The slightly poor 

thermal performance of the engine was found: 3.1% and 6.3% lower 

brake thermal efficiency (BTE) than diesel for A20 and A30, 

respectively. However, a tremendous reduction in emissions was 

provided by microalgae biodiesel blends compared to pure diesel. The 

NOx emissions were lowered by 13.1% and 10.7%, whereas smoke 

emissions were reduced by 36.7% and 58.9% for A20 and A30 blends, 

respectively. Subsequently, the nanoparticle (cerium oxide) addition to 

the biodiesel blend has been explored to improve the engine's 

performance (100 ppm concentration in A30 blend). For comparison 

with contemporary options, 30% Pongamia biodiesel blend was also 

used in the study. The application of nanoparticles as a fuel additive 

improved the BTE (average increase of 4.2%) for A30, but it increased 

NOx emissions. It was also observed that the cost and stability of the 

nanoparticle-added blend need to be addressed further. Finally, a mix-

fuel blend with an equal amount of Scenedesmus and Pongamia 

biodiesel has also been tested. A slight improvement in the engine's 

performance without any corresponding deterioration in emissions 

parameters has been observed compared to the A20 and P20 blends. 

Overall, Scenedesmus sp. biodiesel can be satisfactorily used as an 

alternative fuel to diesel with some advances in biodiesel production 

steps. 
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1 INTRODUCTION 

1.1 Background 

The global demand for fuel is increasing at an accelerated pace due to 

rapid economic growth and improved living standard expectancy 

worldwide. An increasing global population made the situation even 

more adverse. More than 80 percent of global primary energy 

consumption is still supplied through fossil fuels [1]. The global oil 

demand will rise to 103.5 million barrels per day (MB/day) in 2040 

from 90.6 MB/day in 2014, out of which around 55% was used for the 

transport sector alone [1]. As of 2020, oil consumption in India was up 

to 5 mb/day [1]. On the other hand, the crude oil production in India is 

only 0.9 MB/day, which indicates the country’s dependence on oil 

imports. Crude oil is a readily available fuel. There are well-

established facilities for its extraction and processing. However, there 

is a rising concern about its non-renewable nature, environmental and 

health problems due to the harmful emissions and ultimate impact on 

global climate change. Therefore, limiting the consumption of fossil 

fuels (coal, natural gas, and oil) has been an obligatory aim of the 21
st
 

century. The alternative sources to fossil fuels should be sustainable, 

renewable, readily available, environment friendly, and affordable. 

Electric vehicles are currently projected as the future of the urban 

transport sector. However, Apart from several daunting technological 

issues, the persistent question about electric vehicle reality as green 

transport as advertised remains. Anyhow, it may take a long time to 

assess the impact of electric vehicles on the environment. Biodiesel is 

another potential alternative fuel that has the ability to replace 

conventional fossil diesel [2,3]. It is chemically a monoalkyl ester of 

long-chain fatty acids obtained from edible and non-edible oils as well 
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as animal fats. It is an alternative fuel to diesel owing to similar 

thermo-physical properties. It is a clean, renewable fuel with less 

carbon monoxide, unburned hydrocarbon, net carbon dioxide, and 

sulfur emissions. It is not entirely new technology, as Rudolf Diesel 

himself tested his engine with vegetable oil. However, cheap and 

readily available petroleum products became favorable, and the use of 

vegetable oil as a fuel remained just an idea. As the oil from plant or 

animal sources has a high viscosity compared to diesel fuel, a reaction 

called transesterification is used to convert oil into biodiesel. It is a 

reaction of triglyceride (oil) with methanol in the presence of a catalyst 

(acid or base), which gives biodiesel with glycerol as a byproduct. The 

use of acid (H2SO4) or base (NaOH) catalysts mostly depends on the 

content of free fatty acids (FFAs) in the oil or animal fat. The reaction 

is carried out at around 60°C with continuous stirring. The conversion 

efficiency of oil to biodiesel is fairly high when the reaction is properly 

optimized for various parameters, namely the ratio of alcohol to oil, the 

catalyst used, time, temperature, and mixing intensity [4]. Even though 

the production of biodiesel is a fairly simple process, the source of oil 

for biodiesel is key in making the fuel viable as an alternative to diesel. 

Table 1.1 presents the potential yield of different sources of biodiesel. 

The biodiesel source should not only provide biodiesel in abundance so 

that the growing need for energy is satisfied but also, the quality of the 

produced biodiesel should be in accordance with established fuel 

standards like ASTM D675 or EN14214. Initial biodiesel sources are 

called first-generation sources of biodiesel. They are mainly edible oil 

plants like soybean, sunflower, etc. Since they pose a problem of food 

vs. fuel security, it was later decided to switch to second-generation 

biodiesel sources like Jatropha, Pongamia pinnata, etc. They have the 

advantage that they are non-edible oil sources and can grow on 

wasteland; therefore, they do not compete with food crops. They also 

produce biodiesel with a good mix of saturated and unsaturated fatty 

acids, making them favorable for most of the properties. However, 

researchers have reported that second-generation biodiesel sources do 
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not have the potential to satisfy the demand–supply equation of diesel 

vehicles. 

Table 1.1 Estimated oil yield from different feedstocks 

Feedstocks Oil content (%) Oil yield ((L/ha/year) 

1
st
 generation [5]   

Sunflower  25-35 952 

Soybean 15-20 446 

Palm 30-60 5950 

2
nd

 generation [6]   

Jatropha 35-40 1892 

Pongamia 30-40 1818 

Rubber seed 40-50 4648 

3
rd

 generation [7]   

Microalgae 30 (on the lower side) 58700 

 

Microalgae biodiesel has been identified as the third-generation source 

that can cater to the ever-increasing demand for transportation fuel [8]. 

Their photosynthetic efficiency is very high [9], and they can absorb 

atmospheric CO2, thus have the added advantage of CO2 fixation. They 

have also been explored for their growth in domestic wastewater by 

absorbing nutrients, thus possibly facilitating even wastewater 

treatment [10]. Also, they have been tested for their ability to remove 

heavy metals from various sources [11–13]. Microalgae can produce 

19000 to 57000 liters of oil/acre in one year, better than any previous 

biodiesel source [9]. It is converted into biodiesel through a standard 

transesterification process. The remaining biomass also contains 

valuable components, such as residual lipids, proteins, and soluble 

polysaccharides, that can be used for the production of other biofuels 

like bio-oil [14,15] bioethanol [16], biohydrogen [17,18], and biogas 

[19,20] through various thermochemical and biochemical processes; 

thus improving the overall energy balance [21]. Microalgae also 

contain important pigments useful for the health and cosmetic 

industries [22]. 
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In view of this, exploring microalgae as a source of biodiesel and 

evaluating it in a diesel engine becomes extremely important 

considering future transportation energy needs. 

1.2 Motivation 

In light of the persistent environmental challenges posed by fossil 

fuels, there is a growing imperative to identify sustainable and 

environmental friendly alternative fuels. Biodiesel, with properties 

closely resembling conventional diesel, holds promise in this regard. 

Microalgae, due to their rapid growth, ability to thrive without arable 

land, CO2 sequestration potential, co-extraction of valuable compounds 

and waste water remediation, present an attractive source of biodiesel. 

However, the literature predominantly concentrates on microalgae 

biotechnology at a laboratory scale, with limited attention given to the 

practical aspects of outdoor cultivation, large-scale biodiesel 

production, and their application in internal combustion (IC) engines. 

Moreover, microalgae biodiesel properties crucially depend on the 

fatty acid methyl ester (FAME) composition, which varies among 

species and cultivation conditions. This necessitates a deeper 

understanding of locally available microalgae species and their FAME 

profiles for optimal large-scale biodiesel production. 

Furthermore, there is a notable absence of comprehensive studies on 

the performance and emissions of diesel engines fueled by microalgae 

biodiesel, compared to both conventional diesel and second-generation 

biodiesel. The potential of fuel additives to enhance the performance 

and emission characteristics of microalgae biodiesel in IC engines 

remains an unexplored territory. Addressing these gaps is essential for 

advancing the practical viability and sustainability of microalgae 

biodiesel as an alternative to fossil fuels. 

1.3 Organization of the thesis 

In the current chapter, the general introduction and motivation behind 

the research work are presented. In chapter two, the review of literature 
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on microalgae oil extraction, biodiesel composition, and properties and 

a summary of previous works related to engine performance evaluation 

using microalgae are reported. The screening study for microalgae 

species selection is presented in chapter three. The screening study 

compares six locally isolated microalgae species based on their lipid 

composition and estimated thermophysical properties. The large-scale 

cultivation of microalgae Scenedesmus sp. in raceway ponds is 

presented in chapter four. The chapter also discusses the oil extraction 

and biodiesel production from Scenedesmus sp. biomass. Chapter five 

discusses the performance and emission characteristics of the diesel 

engine using Scenedesmus sp. biodiesel. The further improvement in 

engine output characteristics by adding nanoparticles to biodiesel and 

mixing two different biodiesels is presented in chapters six and chapter 

seven. Finally, the future scope of the work which can be carried out is 

discussed.
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2 LITERATURE REVIEW 

Microalgae have various advantages over the first and second-

generation sources of biodiesel. However, the intricate and costly 

biodiesel production processes are a concerning issue when it comes to 

the commercialization of microalgae biodiesel. Figure 2.1 shows the 

main stages of biodiesel production through microalgae. Microalgae 

can be cultivated in open raceway ponds or in photobioreactors, both 

having their respective advantages and disadvantages. Open pond, as 

the name suggests, is open to natural light, and it is simple in design, 

low cost, and the most widely used method. Contamination by other 

species, microorganisms, and dust is the main concern that makes 

cultivation difficult. Other disadvantages include variations in light 

availability and temperature [23]. Pure culture cultivation can be 

achieved by the use of photobioreactors in a controlled environment of 

light and temperature. However, the high cost involved in system 

design and operation currently limits their use for large-scale 

production. After the cultivation stage, microalgae biomass is 

harvested. The selection of a proper harvesting method is of great 

importance in biodiesel production as it accounts for 20-30% of the 

total cost involved [24]. Methods used for harvesting are 

centrifugation, gravity sedimentation, filtration, flocculation, etc. 

Gravity sedimentation is the most suitable method for the economical 

harvesting of biomass. After harvesting, biomass is dried and made 

ready for oil extraction. Sun-drying can be a preferred method for 

large-scale purposes. The next stage is oil extraction, which needs 

special attention due to its complex and energy-intensive nature. Each 

microalgae cell contains different components; specific extraction 

techniques are employed to extract components of interest. The use of 

an appropriate extraction method has significance in the overall 
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scalability of microalgal biodiesel production [25]. Finally, a 

conventional transesterification process carries out the conversion of 

extracted lipid/oil into biodiesel. The next two sections describe the 

composition and productivity of lipids from different microalgae 

species. 

 

Figure 2.1 Microalgae Biodiesel production process 

2.1 Lipids in microalgae cells 

Each microalgae cell contains a complex mixture of different 

constituents like lipids, carbohydrates, proteins, pigments, and other 

cell components. Out of the above, lipid or oil content is the significant 

prerequisite in determining the aptness of microalgae for commercial 

biofuel production. Microalgae cells generally contain 30-80 % lipids 

[8]. Lipids are, in general, soluble in nonpolar (organic) solvents but 

insoluble in polar solvents due to the presence of a hydrophobic chain. 

Therefore, they are easily extractable using the organic solvent 

extraction method. They are further categorized as neutral (mono-, di-, 

triacylglycerols, and sterols) and polar types (phospholipids and 

glycolipids) [26]. The main function of the neutral lipid is energy 

storage, whereas polar lipids form structural components of the cell 

membrane [25]. Triacylglycerols (TAGs) are the most common neutral 

lipids found in cell cytoplasm as tiny droplets. They are formed when 

three same or different fatty acid molecules get attached to the 
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glycerol. In contrast, polar lipids are formed when fatty acid molecules 

get attached to the charged head group [25]. It is the neutral lipids that 

can be converted to biodiesel. Fatty acids of the lipids are represented 

as C, followed by two numeric numbers: the first is for the total 

number of carbon atoms, and the second is for the total number of 

double bonds. The absence and presence of double bonds categorize 

them as saturated fatty acids (SFA) and unsaturated fatty acids (UFA). 

UFAs are further classified as monounsaturated fatty acids (MUFA) 

and polyunsaturated fatty acids (PUFA).  

Microalgae undergo biochemical changes during the different stages of 

growth, i.e., from the lag phase to the late stationary phase. The 

accumulation of neutral lipids during the growth is desirable for the 

production of biodiesel as compared to glycol - or phospholipids. The 

effect of the growth phase on lipid content and composition has been 

explored by researchers (presented in Table 2.1). Usually, lipid content 

in the cell is more in the late stationary phase than in the logarithmic 

phase (except for a few species, such as Tetraselmis sp., where lipid 

content in the logarithmic phase was higher). The increased lipid 

content in the stationary phase is at the expense of cell division. 

Additionally, the fatty acid composition also changes considerably 

during various growth phases. The higher amount of SFAs (C16:0) and 

MUFAs (C16:1 and C18:1) were obtained in the late stationary growth 

phase with simultaneous lowering down of PUFA (C18:3, C18:4, and 

C20:5). 

2.2 Lipid productivity 

The biodiesel production capacity of the microalgae species is 

anticipated by measuring lipid/oil productivity, a term inclusive of 

lipid content and biomass production rate. This is because species with 

high lipid content can have lower growth rates, resulting in lower 

biodiesel yield. Therefore, lipid productivity is considered the actual 

measure of the biodiesel production capacity of the species. The 

methods that are used to increase the lipid content in the species may 

not increase the overall lipid productivity because of the decrease in 
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biomass production rate at the same time. For example, Nitrogen 

limitation is used to increase the lipid content. The US aquatic species 

program, however, demonstrated that nitrogen limitation also 

decreases growth rates in the species [27]. At nitrogen starvation 

conditions, the cell growth stops after complete consumption of 

nitrogen, but it also leads to photosynthesis energy being utilized for 

lipid synthesis pathways. So, the lipid content increases at the 

starvation condition. Pruvost et al. [28] found that the neutral lipids 

compositions were higher for nutrient deficit conditions because of 

TAG accumulation, even though the cell division rate ceased. 

However, Griffiths et al. [29] claimed that nitrogen deficit condition 

has a positive influence on lipid productivity. Only for one species, 

Spirulina, they observed the opposite trend. The enhancement in lipid 

content in their study under nitrogen-limited conditions was 

comparatively higher than the decrease in biomass production rate. 

Similar trends in lipid productivity had been observed in the context of 

temperature by Converti et al. [30]. The decrease in temperature 

resulted in higher lipid productivity in the case of C. vulgaris, but N. 

oculata showed a decrease in lipid productivity. In both cases, lipid 

content increased with a decrease in temperature. At very low 

temperatures, the decrease in biomass concentration can be accredited 

to the poor metabolic activities of the cell. Similarly, lipid content in 

the microalgae cell has been found to increase with the increase in light 

intensity and salinity of growth media, but overall lipid productivity 

reduces due to a decrease in biomass production rate [31,32]. The 

increase in salinity leads to oxidative stress, causing an increment in 

the TAG content. Overall, unfavorable conditions for cell division 

stimulate neutral lipid accumulation. A balance of growth conditions is 

necessary such that the increase in lipid content by stress conditions 

should not be rendered ineffective by the decrease in biomass.  

Table 2.2 summarizes the studies carried out in the past that compare 

different microalgae classes based on their lipid productivities. 

Chlorophytes (Chlorophyceae, Trebouxiophyceae, and 
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Chlorodendrophyceae) showed higher lipid productivity. 

Nannochloropsis sp. (class Eustigmatophyceae) was also found to have 

good lipid productivity. The table also shows that outdoor cultivation 

with tap water and NPK fertilizers has lower lipid productivity values. 

Lipid productivity, although an important characteristic, is not the 

single factor determining the suitability of microalgae for large-scale 

biodiesel production. Other factors such as minimum nutrient 

requirements, ability to withstand varying temperature and light 

conditions, easy and less energy-consuming downstream processes, 

etc., are also vital. 
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Table 2.1 Effect of growth phase on lipid content and fatty acid composition 

Species Isochrysis galbana [33] Pavlova lutheri [34] Gymnodinium sp. [35] 
Nannochloropsis 

sp. [36] 
Tetraselmis sp. 

[36] 
Rhodomonas sp. 

[36]  

Cultivation condition 

Seawater+nitrate, in 

incubator at 18 ± 1 °C, 115 

μmol m
-2

 s
-1

, 12:12 h 

light–dark cycle, bubbled 

with air 10 l/min 

f/2 media with sea water, 

22 ± 2 °C,  100 μmol m
-2

 

s
-1

, 12:12 h light–dark 

cycle  aerated with 20 

mL/min,  

GSe medium,  18.5 °C, 80 

μmol m
-2

 s
-1

, 12:12 h 

light–dark cycle, initial 

cell density was 345 

cell/ml 

L1 medium,  24 °C, 43 μmol m
-2

 s
-1

, 

 12:12 h light–dark cycle, 

Phase/days L ES LS 9 23 40 8  22 43 L ES LS L ES LS L ES LS 

Lipids (% of  dry 

weight) 
21.8 34.0 38.4 

   
18.3 29.6 22.6 21.3 31.3 32.7 10.6 8.7 10.1 9.5 13.0 12.5 

Neutral lipids (% of 

total lipids) 
27-30  54-61 

 
28 35    

         

Phospholipids (% of 

total lipids) 
31-39  10-12 88 57 50    

         

C14:0 19.2 14.4 10.2 8.8 8.1 7.9 0.9 1.0 1.4 4.5 5.1 5.0 0.6 0.6 0.6 4.7 9.5 7.8 

C15:0 0.26 0.27 0.32    0.5 0.5 0.6 0.3 0.4 0.5 
      

C16:0 14.9 12.5 18.6 17.3 22.8 23.4 20.5 23.4 26.7 25.3 30.8 37.5 27.8 31.7 32.8 11.2 21.3 19.7 

C16:1 20.5 19.4 24.5 14.5 21.1 23.2 
   

23.4 21.3 23.3 
   

3.6 1.9 1.5 

C18:0 0.52 0.42 0.67 0.3 0.3 0.3 
   

0.9 0.8 0.9 0.9 1.0 1.1 0.7 2.4 3 

C18:1 3.54 3.09 6.25 3 4.2 4.6 1.7 3.4 3.6 5.2 7.8 11.9 28.2 41.3 44 7 8 8.4 

C18:2 2 0.68 1.23 0.6 0.5 0.8 4.5 5.1 6 2.2 2.2 1.5 9.3 7.5 6.8 0.7 2.5 3.3 

C18:3 1.91 1.56 1.09 2.6 0.7 0.8 
      

23.9 12.3 8.4 20.3 29.8 29.8 

C18:4 12.5 15.1 8.68 10.9 6.2 4.9 3.1 3.8 1.8 
   

3.7 1.8 1.3 33.1 12.8 11.7 

C18:5 
      

20.5 15.5 12.4 
         

C20:5 14.6 19.0 16.1 27.6 17.7 17 11.4 9.9 8 30.8 26.1 15.3 3.4 2 1.5 11.1 6.8 8.6 

C22:6 5,64 7.85 8.26 7.9 11.2 9.2 28.4 27.8 31.3 
      

4.1 2.1 3 

SFA 35.2 28.8 30.7 26.7 31.5 31.9 23.7 26.7 30 31.9 37.7 44.8 29.3 33.3 34.8 17 34.1 31.5 

MUFA 24.0 22.5 30.8 17.5 25.3 27.8 1.7 3.4 3.6 28.6 29.1 35.2 29.4 42.5 46.6 10.6 9.8 9.9 

PUFA 40.7 48.6 38.4 54 40.4 36.8 69.8 63.8 62.1 39.4 33.4 20.1 41.2 24.3 18.6 72.4 56.1 58.6 
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Table 2.2 Comparison of lipid productivities of different microalgae species 

Growth conditions Species Class 
Lipid productivity 

* (mg/L/day) 
Reference 

Airlift photo bioreactors 3.2 L, freshwater species -3 N 

BBM medium, marine species f/2 or Walne's, halophilic 

species Zarrouk’s medium, 25±1°C, 250 μmol photons 

/m
2
/s,  aerated 0.29 % CO2 at 2 L min−1. 

Scenedesmus (L) Chlorophyceae 106 

[29] 
Chlorella vulgaris (L) Chlorophyceae** 67 

Nannochloropsis (L) Eustigmatophyceae 63 

Cylindrotheca  fusiformis (H) Bacillariophyceae 55 

10 L, L1 medium. 24 °C, L/D photoperiod of 12:12 h 

250 μmol photons/m
2
/s. 

Tetraselmis sp. Chlorodendrophyceae 22.7 

[36] Isochrysis sp. Prymnesiophyceae 21.1 

Nannochloropsis sp. Eustigmatophyceae 20 

16 L tap water, soluble NPK (19:19:19) fertilizer, 31-33  

°C, 130-464 μmol /m
2
/s, aerated with 1 HP compressed 

air pump. 

C. variabilis BTA4121 Trebouxiophyceae 1.98 

[37] Chlorella variabilis BTA4036 Trebouxiophyceae 1.89 

Chlorella sp. BTA4032 Trebouxiophyceae 1.34 

5 L of culture medium Conway (C), Zarrouk and WC , 

25 °C, L/D photoperiod of 12:12 h, 4.5 ± 0.3 kLux, 

agitation provided by the continuous bubbling of air (2.0 

mL/min). 

Chlorella sp. (D101Z) Chlorophyceae 190.1 

[38] S. nidulans (D109WC) Cyanophyceae 93.8 

Chlamydomonas sp. (D132WC) Chlorophyceae 83.4 

250 mL flasks, bubbled with a sterile air/CO2 mixture 

(95/5, v/v), 25 °C, 100 μmol PAR  photons/m
2
/s. 

Nannochloropsis sp. F&M-M26 Eustigmatophyceae 61 

[39] 
Nannochloropsis sp. F&M-M28 Eustigmatophyceae 60.9 

Chlorococcum sp. UMACC 112 Chlorophyceae 53.9 

Scenedesmus sp. DM Chlorophyceae 53.7 

* Top 3 or 4 species have been presented from each study; ** some studies consider Chlorella vulgaris in class Trebouxiophycea 
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2.3 Oil extraction 

Lipids or oils from microalgae cells are extracted following harvesting 

and drying of biomass. The conventional mechanical press method, 

which is used extensively for oil extraction from edible and nonedible 

crop seeds, is not suitable for microalgae. As microalgae cells are very 

small and their cell walls are very strong, cells do not disrupt through 

simple squeezing operations inside the conventional mechanical press. 

Therefore, organic solvents extract lipids from microalgae cells based 

on the simple chemistry principle ―like dissolves like‖ [40]. Organic 

solvent extraction is basically a mass transfer process in which lipid 

molecules diffuse across cell walls into organic solvent [41]. Lipid 

extraction through the soxhlet extraction method has been used 

extensively in the past from different types of biomass. Generally, non-

polar solvents such as hexane and ethyl ether are used for such 

purposes. However, as the membrane-associated polar lipids form 

strong hydrogen bonds with protein molecules to make the cell 

membrane rigid, non-polar solvents cannot enter the cell easily, which 

is responsible for the poor efficiency of that method. Hence, an organic 

co-solvents system (a blend of polar-nonpolar solvents) can be applied 

for the extraction of lipids from microalgae cells. Bligh and Dyer [42] 

(chloroform/methanol, 1:2) and Folch et al. [43] (chloroform/methanol, 

2:1) are popular methods of co-solvent combination.  

Along with the co-solvent, if the lipid extraction process is preceded by 

a suitable cell disruption method, then extraction efficiency improves 

further. Cell disruption helps to easily extract lipids from the rigid cell 

wall surrounding the cellular material. Recently, modern techniques 

such as ultrasound, microwave, and supercritical fluids have been 

explored to expedite the lipid extraction process with high extraction 

efficiency. In the ultrasonic-assisted method, ultrasonic waves are used 

to disrupt the cell wall and assist the oil extraction. It is a mechanical 

acoustic wave with very high energy. The high power of ultrasound 

helps break the strong, attractive force between the molecules and 

generates cavitation bubbles. These bubbles grow as time passes and 
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experience huge expansion before collapsing violently. The pressure 

and temperatures developed during the bubble collapse (at the micro-

level) are very high (T ~ 5000 K and P ~ 1000 atm) [44]. These high-

energy shock waves cause a dispersive effect on cell walls. It causes 

intracellular materials to come out in the solvent medium, which can 

easily get dissolved [45,46]. In the case of microwave-assisted 

extraction, polar solvents like water, methanol, etc., get heated when 

exposed to electromagnetic waves. The electric and magnetic fields 

induced because of these waves change their direction very rapidly. In 

trying to align with the field because of the dipole moment, the polar 

molecules cause friction with other oscillating molecules and thus 

cause localized heating. This high temperature developed at the 

molecular level increases dissolution efficiency, leading to an 

increased extraction rate [41,47]. It is a non-contact heat source, which 

has the benefit of heating the sample uniformly. Supercritical fluids 

had been used previously in the transesterification process for the 

production of biodiesel from oil [48]. The use of CO2 as supercritical 

fluid for lipid extraction through microalgae is gaining widespread 

interest [49,50]. The polarity of the solvent reduces at supercritical 

conditions so that they can also act as a solvent for non-polar lipids 

[51]. Another advantage of this method is that separation of solvents is 

very easy and the final product obtained will be purer compared to 

traditional methods of oil extraction. 

Lately, Ionic liquids have also become popular for oil extraction 

purposes. They are salt with a very low melting point (below 100 
0
C). 

In a liquid state, they contain only ions: cations and anions. They have 

extremely low vapor pressure and are non-volatile, highly polar, 

thermally stable, and chemically inert [52]. The ionic liquids, when 

used in the extraction process, dissolve microalgal biomass, keeping 

lipid bodies suspended in the solution. The lower-density lipids 

floating on the ionic liquid solution can easily be separated. This 

method can be combined with the ultrasonic or microwave-assisted 

method of oil extraction. However, the high cost of the ionic liquid is a 
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big concern currently. Other recent methods of oil extraction include 

the use of bio-based solvents [53], switchable hydrophilicity solvents 

(SHS) [54] and the use of surfactant for lipid extraction [55]. These 

methods mainly cover certain aspects like sustainable extraction, easy 

solvent recovery, etc. When compared with one another, all these 

methods have their respective advantages and limitations depending on 

the process parameters, solvent and species used, and quantity of 

biomass. 

2.4 Biodiesel conversion: conventional and direct 

transesterification 

The extracted oil from microalgae has a decent energy value and can 

be used as fuel in boilers and other power-generating devices. 

However, it cannot be used as a transport fuel in diesel engines due to 

mediocre thermo-physical properties and high viscosity. The high 

viscosity creates difficulty in the atomization of the fuel and causes 

other serious issues such as engine deposits, piston rings sticking, etc. 

Therefore, the extracted oil is further converted into biodiesel through 

a chemical process called transesterification. In a transesterification 

reaction, one mole of triacylglycerol (TAG) molecule reacts with three 

moles of alcohol (generally methanol) in the presence of a catalyst to 

give three fatty acid alkyl esters molecule and glycerol as a by-product 

of the reaction (Figure 2.2).  As the reaction is reversible, a minimum 

molar ratio of 1:6 (oil: alcohol) is maintained to have a forward 

reaction. The process has successfully converted oil from first and 

second-generation sources into biodiesel. The same can be used for 

extracted microalgae oil. 
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Figure 2.2 Transesterification reaction 

The direct biodiesel conversion of microalgal biomass into biodiesel 

called as direct transesterification method has also been studied [56]. 

In this method; instead of extracting the oil first and then converting it 

into biodiesel, the microalgal biomass is subjected to solvent (alcohol) 

and suitable catalyst (acid or base) under the specific conditions to get 

it directly converted into biodiesel in a single step. The raw biomass 

used in this method can also be in a wet state. The drying step, in an 

algal biodiesel production process, consumes high energy and the net 

energy output of the process becomes negative [57]. The use of wet 

microalgae biomass for the transesterification process can help to 

conserve the energy spent during the drying step. This fact was well 

demonstrated by the life cycle analysis study [58] in which a colossal 

difference in overall energy balance was seen when dry and wet 

biomass was used as a raw material. However, wet biomass to 

biodiesel is not an easy step as the presence of water molecules around 

the cells hinders the interaction of catalyst and reactant with the lipid 

molecules as it does not allow them to easily penetrate through 

microalgae cell walls [57,59]. Water content more than a particular 

level can even inhibit the transesterification process completely [60]. 

Finding an optimum solvent to biomass ratio is also important for high 

biodiesel yield from wet/dry biomass transesterification. The solvent to 

biomass ratio can be minimized by the use of cell disruption methods 

like ultrasound and the use of co-solvent along with methanol [61]. 

The energy required for the recycling of solvents like hexane and 

methanol during the direct transesterification process is less than the 
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energy required for drying biomass [62]. Hence, the recovery and reuse 

of organic solvent is recommended for the direct transesterification 

process. No matter how attractive the direct transesterification method 

is, it is still a lab-scale method, and further research is necessary to 

develop the equipment and process for large-scale viability. 

The commercial success of microalgae biodiesel is possible only when 

the harvesting, drying, and oil extraction processes are improved in 

terms of time and energy consumption. It was observed that a lot of 

research has been carried out on various aspects associated with 

microalgae biodiesel production. However, many aspects, like property 

estimation of biodiesel from various species, the fatty acid 

composition, and diesel engine testing, need to be studied in more 

detail. 

2.5 Microalgae biodiesel: FA composition, properties and engine 

evaluation 

Conversion of microalgal biomass into biodiesel is not the sole 

responsibility, as the suitability of biodiesel as an alternative to 

conventional diesel needs to be ensured. This is confirmed by 

measuring the important thermo-physical properties of biodiesel and 

comparing those with international standards such as ASTM D675 or 

EN14214. These standards aim to ensure the economic and 

environment-friendly use of biodiesel as an alternative transport fuel. 

Table 2.3 summarizes the limiting minimum/maximum values of 

important thermo-physical properties permitted under these standards 

taken from references [63,64]. 
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Table 2.3 Biodiesel properties as per ASTM D675 and EN14214 

 
ASTM  D6751 EN 14214 

Limit Method Limit Method 

Flash point  (°C, min) 130 D93 101 ISO CD 3679e 

Cloud point (°C, min) Report D2500 - - 

Kinematic viscosity @ 

40 °C (mm
2
/s)  

1.9–6.0 D445 3.5-5.0 EN ISO 3104 

Cetane no. (min) 47 D613 51 EN ISO 5165 

Density (kg/m
3
) @ 15 

°C 
- - 860–900 EN ISO 3675 

Iodine Value (g l2/100 

g, max.) 
- - 120 prEN 14111 

Acid no. (mg KOH/g, 

max.) 
0.8 D664 0.5 prEN 14104 

Oxidation Stability (h 

@ 110 °C, min) 
- - 6 prEN 14112k 

Sulphated ash content 

(% mass, max.) 
0.02 D874 0.02 EN3987 

Total Sulphur (ppm, 

max.) 
0.05% mass D5453 10 ppm -- 

Water and sediment 

(vol. %, max.) 
0.05 D2709 500 mg/Kg EN ISO 12937 

Free glycerine (% mass, 

max.) 
0.02 D6584 0.02 prEN 14105m 

Total glycerine (% 

mass, max.) 
0.24 D6584 0.25 prEN 14105m 

Monoglycerides (% 

mass, max.) 
- - 0.8 pr EN 14105m 

Diglycerides (% mass, 

max.) 
- - 0.2 pr EN 14105m 

Triglycerides (% mass, 

max.) 
- - 0.2 pr EN 14105m 

Methanol (wt. %, max.) - - 0.2 prEN 141101 

Ester Content (wt. %, 

min)  
- - 96.5 prEN 14103d 

Linolenic acid methyl 

ester (% mass, max) 
- - 12 prEN 14103d 
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2.5.1 Relationship between FA composition and biodiesel 

properties 

As shown earlier, biodiesel is a mixture of fatty acid esters consisting 

of mostly 16 to 18 carbon atoms. The number of carbon atoms present 

in fatty acid and their type (SFAs, MUFAs, and PUFAs) are prime 

factors controlling the biodiesel properties. When considering 

individual fatty acid ester molecules, properties like cetane number, 

melting point, boiling point, calorific value, and viscosity show an 

increasing trend with chain length, whereas an increase in the number 

of double bonds shows a decrease in all these properties [65]. As a 

result, long-chain SFAs could have better combustion properties due to 

high cetane numbers, but at the same time, their high viscosity can 

pose a problem in fuel atomization. The unsaturated FAs will have 

lower viscosity, but their cetane number and calorific values are also 

lower. Also, the unsaturated molecules have allylic and bis-allylic 

sites. These phenomena make them susceptible to degradation by 

reacting with atmospheric oxygen and producing unwanted products 

[66]. Hence, the presence of higher PUFAs in biodiesel indicates lower 

oxidative stability. Cold flow properties determine the temperature 

conditions above which fuel can be used in the engine without any 

trouble. It is generally expressed by the cold filter plugging point 

(CFPP) of the fuel. Although its limit has not been recommended in 

both the standards, it should be decided based on local conditions. 

SFAs have higher cloud points and pour points compared to MUFAs 

and PUFAs, indicating a high CFPP value. Therefore, biodiesel 

containing more saturated fatty acids content exhibits poor cold flow 

properties.  It is clear from the above discussion that a higher 

percentage of just one type of fatty acid (i.e., SFA, MUFA, and PUFA) 

is not desirable from the prospect of virtuous biodiesel. Ideally, 

biodiesel can be a good mixture of long-chain SFA and short-chain 

MUFA or PUFA. The presence of only saturated or polyunsaturated 

fatty acids in biodiesel will lead to extreme properties, which is not 

desirable considering the adverse effect of a few of these properties on 

engine performance and emission characteristics.   
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Many previous studies have shown that the composition of fatty acids 

in biodiesel is important from the prospect of biodiesel properties as a 

transport fuel[67,68]. The primary aim of these studies was to explore 

the effect of chain length as well as the number of double bonds 

present in the fatty acids of biodiesel on engine performance and 

emission behavior. As the chain length of fatty acid increases, the 

maximum pressure developed during the combustion decreases as well 

as the maximum heat release rate [67]. They accredited the observed 

behavior in favor of higher cetane number and high bulk modulus of 

long-chain fatty acid esters. The above two factors lower the ignition 

delay period and the amount of fuel participating in premixed 

combustion. Zhu et al. [69] also observed similar behavior in their 

experimental study. They attributed it to increased viscosity and 

surface tension of the fuel, which causes poor atomization and reduced 

air/fuel mixture quality. Hence, very little fuel burns in the premixed 

combustion phase. However, the peak pressure developed, and heat 

release rates remained invariant when the ignition delay was kept the 

same, irrespective of the increase in the carbon chain of fatty [70]. 

Overall, an increase in the carbon chain of fatty acid results in a higher 

amount of CO, unburnt hydrocarbon, and smoke emissions. But, NOx 

emissions are reduced. The particulate emissions contain a large 

number of nucleation mode (5 to 40 nm dia.) particles for higher chain 

fatty acid ester molecules. The authors did not provide a specific 

reason for the above phenomenon. Compared to fatty acid ester fuel, 

diesel fuel emitted a higher total mass of particle emissions due to 

many accumulation mode particles [67]. 

Coming to the number of double bonds, higher unsaturated fatty acid 

ester presence induces longer ignition delays, resulting in higher peak 

pressure and high heat release rates. Improved combustion inside the 

engine even facilitates reducing pollutants, i.e., CO and HC emissions. 

The above behavior can also be because of the low viscosity of 

unsaturated fatty acid, which assists in better atomization [71] and, 

hence, improved combustion in the premixed phase. But, the adiabatic 
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flame temperature of the fuel increases with an increase in the number 

of double bonds present in fatty acid. This is a possible reason for an 

increase in the NOx emissions for unsaturated fatty acids [69]. 

Saturated fatty acid ester molecules were observed to emit more 

nucleation mode particles (5-40 nm), whereas unsaturated esters 

showed high smoke opacity because of a higher number of 

accumulation mode particles (50-487 nm) [70]. The  unsaturated fatty 

acids with three or more double bonds are not desirable as they will 

lead to extreme values of properties. 

2.5.2 Fatty acid composition of microalgae biodiesel  

Table 2.4 presents the fatty acid composition of important microalgae 

species biodiesel belonging to different classes and the biodiesel 

prepared from a few other main sources from the first and second 

generations. The lipid productivities of two classes (Chlorophyceae 

and Trebouxiophyceae) of microalgae are higher compared to other 

classes; therefore, more species belonging to these classes have been 

presented in the table. Species of microalgae belonging to these two 

classes have been widely explored in past research works. Apart from 

these, species of the Eustigmatophyceae class also have high lipid 

productivity, but the SFA content is very low in this species. It is 

evident that the composition of saturated and unsaturated fatty acids 

varies largely, even among one particular class of microalgae. C16 

series fatty acid is mainly present in the form of saturated fatty acid 

(Palmitic acid, C16:0), and in one species, the percentage of Palmitic 

acid is present up to 50%. Whereas the C18 series is mainly present in 

an unsaturated form (C18:1, C18:2, and C18:3). In a few species, the 

oleic acid composition of up to 60% is even found. Most of the species 

contain linolenic acid above the limit imposed by EN14214 standard 

(12%).  

FA profiles of some of the vegetable oil biodiesel are also shown in the 

table. Vegetable biodiesel also contains high PUFA (19 to 42%), 

except palm biodiesel. Their high PUFA content is mostly because of 
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high linoleic acid. Palm biodiesel contains the highest SFA and MUFA 

among all the vegetable oil sources presented in the table. 

The higher content of linolenic acid is the main limiting parameter of 

the microalgal biodiesel. Some of the properties may not satisfy the 

limits imposed by given standards due to a very high amount of 

PUFAs. Therefore, even though microalgae have a high potential to 

produce biodiesel fuel, the lower quality can act as a barricade in its 

use as a diesel engine fuel. The selection of proper species having high 

oil-yielding capacity with better fuel properties becomes an obligatory 

step for the sustainability of microalgal biodiesel as a transport fuel. 

Measurement of fuel properties of individual species physically is a 

cumbersome task and, indeed, a very costly process.  As these 

properties are dependent on fatty acid composition, empirical 

equations proposed in the past to relate properties with FA composition 

can facilitate a handy tool to speculate these properties related to 

engine performance[72–74]. Based on these correlations and 

experimental lipid productivity, studies have been performed to 

determine the suitability of microalgae species as a source of biodiesel 

[75–78]. 

There are few studies in the literature that have produced enough 

quantity of microalgae biodiesel to measure properties physically. 

Table 2.5 shows the measured properties of pure biodiesel fuels 

obtained from different microalgae species as well as vegetable 

biodiesel. 
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Table 2.4 Fatty acid percentage in various biodiesel feedstocks 

FA composition C14 C16:0  C16:1 C18:0 C18:1 C18:2 C18:3 Other SFA MUFA PUFA 

Trebouxiophyceae  

Botryococcus braunii [75] 0.73 7.17 - 1.59 77.22 5.16 5.34 - 9.49 77.22 10.5 

Chlorella protothecoides [79] 0.27 13.42 - 3.4 58.94 19.86 - - 19.79 58.94 19.86 

Chlorella vulgaris [80] 2.3 6 16.4 10.3 26.5 - 20.8 - 18.6 42.9 20.8 

BTA4036 C. variabilis [37] 1.2 22.3 5.8 5.2 3.4 7.6 9.2 10.1a 34.3 24.2 25.4 

Chlorella emersonii [76] - 14.75  9.8 17.01 9.04 29.32 - 24.55 17.01 38.37 

Chlorella salina [76] - 21.5 2.62 7.83 14.39 10.88 29.75 - 29.34 18.52 40.63 

Chlorophyceae            

Ankistrodesmus sp. [76]  16.24 3.06 7.18 17.66 8.8 28.68 - 23.43 23.27 37.16 

Chlamydomonas sp. [75] 1.61 50.77 0.28 11.54 13.77 3.93 2.76 - 63.92 14.05 6.69 

Dunaliella salina [81] 0.51 18.2 0.98 0 4.56 13.24 30.26 11.24b 18.71 5.54 58.9 

Dunaliella sp. [76] - 9.19 0.8 4.27 22.51 3.84 44.31  13.47 24.74 48.15 

Monoraphidium contortum [38] 0.9 20.9 0.8 0.3 17.3 10.5 23.9 14.7c 24.4 18.1 56.3 

Scenedesmus sp. [76] - 15.62 4.06 2.97 15.23 7.00 22.99 - 18.59 26.86 30.00 

Eustigmatophyceae            

Nannochloropsis  oculata [82] 3.9 20.5 25.2 1.8 4.1 2.2 0.9 29.7d 10.4 39.5 36.9 

Bacillariophyceae            

P. tricornutum [82] 7.4 11.3 22.4 0.4 2.8 1.5 1.4 16.7a, 28.4d 20.2 25.3 49.8 

Prymnesiophyceae            

Pavlova salina [82] 0.4 15.1 30.4 1.0 3.8 1.5 2.2 19.1d 30.7 34.2 29.4 

Rhodophyceae [82]            

Porphyridium cruentum [82] 0.5 28.6 2.9 0.8 2.0 8.2 0.7 21.1d 31.1 5.0 40.8 

Cryptophyceae            

Chroomonas salina [82] 5.0 13.5 2.0 3.0 5.2 1.2 10.8 12.9d 10.7 7.5 65.5 

2nd gen. oil sources  

Jatropha [83] 0.2 13.4 0.8 6.4 36.5 42.1 0.3 - 20 37.3 42.4 

Karanja [84] - 7.4 - 3.8 65.6 15.4 4.4 - 11.2 65.6 19.8 

Palm [85] 1.22 47.9 0.04 4.23 37 9.07 0.26 - 54.12 37.04 9.33 

Mahua [86] 0.08 21.53 - 18.96 39.14 19.55 0.16 - 40.57 39.14 19.71 

Rapeseed [87] - 3.49 - 0.85 64.4 22.3 8.23 - 4.34 64.4 30.53 

a= C16:2 and C16:3; b= C16:4; c= C16:3; d=EPA         



25 

 

It is clear that the measured property database of microalgae biodiesel 

has not matured yet, and a lot of research scope remains in this field. 

The cetane number of studied microalgae biodiesel was slightly lower, 

whereas sulfur content was higher than vegetable biodiesel. It can also 

be noticed that few of the species have a density (Crypthecodinium 

cohnii and Chlorella protothecoides) and viscosity (Crypthecodinium 

cohnii and Spirulina platensis) slightly higher than EN14114 limits. 

Biodiesel obtained from Chlorella protothecoides species seemed to 

have better fuel properties than other species; also, it had better 

oxidation stability (~12 h). Poor oxidation stability of other species can 

be accredited to the high PUFA content present in them. But overall, 

microalgae biodiesel properties were found to be comparable with 

other vegetable oil sources. In the next section, the effect of properties 

of microalgae biodiesel on diesel engine performance and emissions 

are discussed. As the large-scale production of pure microalgae strain 

is very difficult, very few works associated with engine performance as 

well as exhaust characteristic evaluation, have been carried out. 

2.5.3 Performance and emissions characteristics of microalgae 

biodiesel 

The past two decades have seen tremendous interest in biodiesel to 

study its potential as diesel engine fuel [88,89]. Lots of engine 

performance evaluation studies using a variety of first and second-

generation biodiesel have been carried out in the past under various 

operating conditions. Mostly, satisfactory performance and emission 

results were observed. However, very limited engine performance 

evaluation studies were reported related to microalgae biodiesel. These 

studies are summarized in Table 2.7. The table presents the type of 

microalgae species, engine description, testing conditions, engine 

performance parameters, and results of exhaust analysis. 
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Table 2.5 Properties of biodiesel obtained from various sources 

Source 

Crypthecod-

inium cohnii 

[90] 

Chlorella 

sp. 

[91] 

Nannochlor-

opsis sp. 

[92] 

Chlorella 

protothecoi 

-des 

[93] 

Spirulina 

Platensis 

[94] 

Chlorella sp. 

[59] * 

Nannochloropsis 

sp. 

[95] * 

Jatropha 

carcus 

[83] 

Karanja 

[84,96] 

Palm 

[96,97] 

Mahua 

[86] 

Rapeseed 

[98] 

Flash point (
o
C) 95 179 144 124 130 164.21 - 172 160 135 130 >150 

CFPP (°C) - - - - - 0 - - -16 12 - -16 

Pour point (
o
C) - - -6 - -18 3.56 - - -15 - - -10 

Cloud point (
o
C) 16 - 7 - - 6.68 0.97 - -15 16 - -4 

Cetane number 46.5 - - 52 - 55.82 63.27 58.5 55.1 54.6 62 51 

Density (kg/m3) @ 15° C 912 883.6 869 900 860
a
 890 870 884.2 

 
864.42

b
 873.8 884 

Calorific value (MJ/kg) 39.86 37.06 40.72 40.04 41.36 40.77 39.82 41.3 - 39.83 36.9 37.23 

Iodine number (g I2/100 g) - 97.12 - - - - 48.46 93 - - - 112 

Viscosity at 40 
o
C (mm

2
/s) 5.06 4.73 4.19 4.22 5.66 4.22 4.69 4.4 4.5 4.71 4.39 4.7 

Acid number (mg KOH/g) 0.14 0.37 - - 0.45 0.56 - 0.11 0.3 0.24 0.47 0.03 

Oxidation stability (h) - 6.76 - 12 - - 11.85 6.7 1.5 13.37 - - 

Sulphated ash content (%) - - - - - 0.07 - <0.01 0.002 0.002 
 

0.007 

Sulphur (ppm) 7.5 8.1 - 2 - - - - - - - < 3 

Water and sediment  

(vol %) 
0 - - - - - - - 0.03 0.01 - - 

Monoglycerides (%mass) - 0.792 - - - - - 0.01 - - - - 

Diglycerides (%mass) - 0.122 - - - - - 0.02 - - - - 

Triglycerides (% mass) - 0.197 - - - - - >0.02 - - - - 

Total glycerin (%mass) - - - - - - - 0.03 0.01 0.01 0.02 - 

Sulphur mass (%) - - - - - - - 0.004 0.003 0.003 - - 

Ester content (wt. %) - 97.42 - - - - - 98.9 97.6 - - - 

a: @ 40° C, b: @25° C, *: properties are predicted based on fatty acid profile   
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Makareviciene et al. [91] carried out a comparative study of B30 

blends of biodiesel from microalgae Chlorella vulgaris (AME) and 

rapeseed oil (RME). The properties of both biodiesel blends were 

observed to be almost similar. An improvement in BTE (brake thermal 

efficiency) by 2.5 to 3%, a decrease in CO emissions by around 10% 

and HC emissions by 5 to 25% when the engine was fueled with AME 

and RME biodiesel blends was observed. No substantial change in 

NOx emissions was reported for fuels used in the study. Haik et al. 

[92] tested microalgae biodiesel (blends ratio B50, B100) obtained 

from Ankistrodesmus braunii and Nannochloropsis sp. for combustion 

characteristics. The biomass cultivation was done in 15000 liter open 

ponds with nutrients from the sewage water supply. The oil yield from 

dried biomass by standard soxhlet method was 12-15% from A. braunii 

and 10% from Nannochloropsis sp. It was concluded that the amplified 

combustion noise and lower torque output for microalgae biodiesel can 

be countered by retarded injection timing and lower compression ratio. 

Islam et al. [90] investigated biodiesel from C. cohnii (blends B10, 

B20, B50) and waste cooking oil (B20) in a CRDI engine. The authors 

used purchased dry biomass to obtain microalgae biodiesel. It was 

observed that the B20 blend of microalgae biodiesel displayed 

satisfactory emission characteristics as compared to diesel. However, 

the proposed blend was still inferior to diesel when BTE and BSFC 

(brake specific fuel consumption) were compared. Jaypabhakar and 

Karthikeyan [99] produced biodiesel from algae biomass collected 

from the local seashore and compared 20% blends (B20) of algae 

biodiesel and rice bran biodiesel with diesel. Rice bran biodiesel 

showed slightly superior BTE than algae biodiesel but it was lower 

than that of diesel. Advanced injection timing resulted in improved 

BTE for biodiesel blends. Algae biodiesel blends had the highest NOx 

emissions but lowest HC and smoke emissions than that of rice bran 

biodiesel and diesel. Al-lwayzy and Yusaf [93] experimented biodiesel 

from Chlorella protothecoides species (blends B20, B50 and B100). 

The C. protothecoides oil was purchased and transesterified to produce 

biodiesel. It was found that only the B20 blend was comparable to 
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diesel in terms of the average torque and power output. However, all 

biodiesel blends showed lower average exhaust emission values 

compared to diesel. In another study [100], a comparison of first, 

second and third-generation biodiesel (blends B10 and B20) was 

performed. Chlorella vulgaris was used as a third-generation source 

that was cultivated in the photobioreactor. The oil extraction was done 

in soxhlet extractor followed by standard transesterification. Highest 

BSFC and lowest power output were obtained for C. vulgaris biodiesel 

blend. Of the three types of biodiesel used, microalgae biodiesel 

caused very low CO and HC emissions but increased NOx emissions. 

Jayaraman et al. [101] studied single-cylinder diesel engine with 

biodiesel (B20) from algae biomass collected from a freshwater lake. 

The biomass was subjected to mortar-pestle and hexane-isopropanol 

solvent for oil extraction. Transesterification was carried out with 

methyl, ethyl and butyl alcohol. Biodiesel with methyl ester produced 

the most satisfactory results with higher BTE and lower emissions of 

HC, CO, and smoke. Though, NOx emissions were higher. Nautiyal et 

al. [102] produced biodiesel from Spirulina platensis microalgae 

biomass and evaluated it in a diesel engine. Biodiesel decreased peak 

pressure and HRR owing to short ignition delay (a decrease of 2.7 

degrees of crank angle compared to diesel). This study also observed a 

decline in HC, CO and smoke emissions as well as augmented NOx 

emissions when the engine is fueled with biodiesel blends. Venu et al. 

[103] tested biodiesel from Chlorella emersonii microalgae in a diesel 

engine. Cultivation was done in a raceway pond and oil extraction was 

carried out in a soxhlet apparatus. The tested blends were B10 to B40 

by an increment of 10% and B100.  At full load, the BTE of B10 and 

B100 was lower than diesel by 9.01% and 24.03% respectively. The 

ignition delay was shortened for biodiesel because of the increased 

cetane number. CO and HC emissions declined whereas NOx and CO2 

emission increased for all biodiesel blends. Other emissions such as 

acetone and formaldehyde increased and emission of toluene decreased 

with an increasing biodiesel percentage in the blend. Rajak et al. [104] 

analyzed spirulina microalgae biodiesel blends from B20 to B100 by 
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an increment of 20%. BTE for B20 reduced up to 3.03% and for B100 

up to 7.7%. Contrary to many studies, the NOx emission reduced with 

blend percentage (4.9% and 26.6% for B20 and B100 respectively). 

Similarly, smoke emissions also decreased considerably by using 

spirulina microalgae biodiesel. In another study [105], B20 and B100 

blends of spirulina microalgae biodiesel were investigated at variable 

compression ratio (CR). At all the compression ratios, the cylinder 

pressure and the exhaust temperature were slightly more for biodiesel. 

The combustion duration also decreased when fueled with biodiesel 

and it was lo west for B100. The NOx emissions were highest for 

B100 except at CR 17.5 where pure diesel emitted the highest NOx 

emissions. 

The above studies showed that microalgae biodiesel can produce 

comparable performance and emission characteristics. Blends up to 20 

% show similar results to diesel fuel with the added advantage of 

complete combustion due to extra oxygen in the fuel itself. As the 

studies regarding engine evaluation are very few, more research is 

necessary to study large-scale microalgae biodiesel obtained from 

different species. 

2.5.4 Metal oxide nanoparticles as additives 

Microalgae biodiesel also has a similar disadvantage of somewhat 

inferior fuel properties just like initial biodiesel sources, which results 

in reduced engine efficiency as the blending percentage increases. 

However, the emission characteristics of the engine improve with the 

use of microalgae biodiesel. The poor performance at a high blending 

percentage can be normalized by using fuel additives in biodiesel 

blends. These fuel additives improve the fuel properties, spray 

atomization process, and combustion phenomenon in the engine, 

ultimately leading to superior engine performance. Metal oxide 

nanoparticles are frequently investigated as a fuel additive to improve 

performance and reduce emissions. Some of the previous studies are 

mentioned below. 
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Al2O3 nanoparticles were added to the jojoba biodiesel blend and 

studied in a diesel engine by El-seesy et al. [106]. The largest emission 

reduction was for 20 ppm concentration and the highest increase in 

BTE was for 40 ppm concentration of nanoparticles. Appavu et al. 

[107] demonstrated similar gains for the Pongamia biodiesel by the 

addition of 50 and 100 ppm CeO2 nanoparticles. The combination of 

CeO2 and water emulsified diesel-biodiesel blend was found to be very 

effective in increasing the performance and reducing the emissions as 

compared to diesel by [108]. The effect of TiO2 nanoparticles addition 

to waste cooking oil biodiesel blend was investigated by Örs et al. 

[109]. The nanoparticles were used in a mass percentage of 0.01%. 

There was an improvement of 9.74% in the average power of the 

engine by the addition of TiO2 nanoparticles. All the emissions, except 

NOx, were reduced quite significantly. CuO nanoparticles reduced 

NOx and smoke emissions and improved the BTE; when added in 100 

ppm concentration to Pongamia biodiesel [110]. Ge et al. [111] 

attempted to improve the engine output characteristics by adding 75 

ppm Al2O3 nanoparticles to 15% and 30% blends of Spirulina 

microalgae biodiesel. 15% biodiesel with nanoparticles was found to 

be better among all the biodiesel blends in terms of performance. The 

emissions of nanoparticle-biodiesel blends were also lower than that of 

diesel. Thus, the effect of nanoparticles addition on the performance 

and exhaust characteristics of an engine using first and second 

generation biofuels had been explored quite well by researchers. Some 

more studies are tabulated in Table 2.6. While there are other studies 

on the effect of nanoparticle addition on microalgae biodiesel [112–

117]; most of these come from the same research group. Different 

nanoparticles such as CuO2, ZnO, TiO2, SiO2, ZrO2, RuO2 and CeO2 

were tested on microalgae (Neochloris oleoabundans, Botryococcus 

braunii) and macroalgae (Azolla sp.) biodiesel in these studies. In 

essence, it was established that a 100 ppm concentration of 

nanoparticles improved the efficiency of an engine and reduced 

emissions of CO and HC considerably. The NOx emissions increased 

in most of these studies. 
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Table 2.6 nanoparticle added first and second generation biodiesel 

studies 

Author 

(Reference) 

Biodiesel 

Source 
Nanoparticle Blends

*
 

Concentration 

of nanoparticle 

Rastogi et al. 

[118] 

Simmondsia 

Chinensis 

(Jojoba) 

CuO D, B20, B20+N 25, 50 and 75 ppm 

Kumar et al. 

[119] 
Rubber seed Al2O3 D, B25, B25+N 125 and 150 ppm 

Arunprasad et 

al. [120] 
Jojoba La2O3 B20, B20+N 50 and 100 ppm 

Sridhar et al. 

[121] 
Grape seed CeO2 

D, B10+N, 

B20+N, B30+N 
20 ppm 

Mujtaba et al. 

[122] 

Palm+ 

Sesame mix 

Carbon 

Nanotubes 

(CNTs), TiO2 

D, B30, B30+N 100 ppm 

Ağbulut et al. 

[123] 

Waste 

cooking oil 
Al2O3, TiO2, SiO2 D, B10, B10+N 100 ppm 

Devarajan et 

al. [124] 
Mahua CuO 

D, B100, 

B100+N 
100 ppm 

Soudagar et 

al. [125] 
dairy scum oil Graphene oxide D, B20, B20+N 20, 40 and 60 ppm 

Ranjan et al. 

[126] 

Waste 

cooking oil 
MgO 

D, B100 B20, 

B10, B100+N, 

B20+N, B10+N 

30 ppm 

Mendonca et 

al. [127] 
Simarouba Al2O3 

D, D+N, B20, 

B20+N 
50 ppm 

Jiaqiang et al. 

[128] 
Rapeseed CeO2 

D,B5, B5W6, 

B5W4, B5W2, 

B5W6+N, 

B5W4+N, 

B5W2+N 

90 ppm 

El-Seesy et al. 

[129] 
Jatropha 

Graphene 

nanoplatelets 

(GNPs). 

D, B20, B20+N 
25, 50, 75 and 100 

ppm 

Sivakumar et 

al. [130] 
Pongamia Al2O3 D, B25, B25+N 50 and 100 ppm 

Devarajan et 

al. [131] 
Neem Ag2O 

D, B100, 

B100+N 
5 and 10 ppm 

Keskin et al. 

[132] 
Canola 

Palladium, 

ferrocene based 

D, B20, B50, 

B20+N, B50+N 
25 ppm 
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Mehregan et 

al. [133] 

Waste 

cooking oil 
Mn2O3, Co3O4 B20 25 and 50 ppm 

Praveen et al. 

[134] 

Calophyllum 

Inophyllum 
Al2O3 

D,B20, B20+N, 

B20 + 20% 

EGR, and B20 

+N + 20% EGR 

40 ppm 

Hosseini et al. 

[135] 
Soybean 

Carbon 

Nanotubes 

(CNTs) 

D, B5, B10, 

B20, B5+N, 

B10+N 

30, 60 and 90 ppm 

Ashok et al. 

[136] 

Calophyllum 

Inophyllum 

TiO2 + butylated 

hydroxytoluene 

(BHT) 

D, B100, 

B100+N, 

B100+BHT 

50 and 100 ppm,  

200 and 500 ppm 

BHT 

* D: Diesel; B10: 10% biodiesel in diesel and so on; B+N: biodiesel+nanoparticle 

blend 

2.5.5 Mix-fuel blend 

Mixing two or more biodiesels can be another method of optimizing 

the fuel properties and improving the engine output characteristics. 

Some previous studies of mix-fuel blends are presented in this section. 

Raheman et al. [137] mixed Madhuca Indica oil and Simarouba oil in 

equal proportion to optimize biodiesel production because of very high 

FFA content of Madhuca Indica. The produced biodiesel blend (B10 

and B20) was successfully tested in a diesel engine with satisfactory 

engine output characteristics. Habibullah et al. [138] investigated 30% 

biodiesel blend of palm (P30) and coconut (C30) in a diesel engine and 

compared it with mix-fuel blend having 15% palm and 15% coconut 

(PB15CB15). The coconut biodiesel had very high SFA content 

whereas palm biodiesel was composed of palmitic (SFA) and oleic 

acid (MUFA) mainly. Performance of the engine with mix-fuel was 

better than P30 but was inferior to C30 blend. However, average NOx 

emission trend was opposite as C30 showed highest NOx emissions. 

The mix-fuel blend exhibited lower NOx emissions than C30 by 

average 1.2%. Sanjid et al. [139] prepared mix-fuel blend from palm 

and jatropha biodiesel by mixing 5% biodiesel (PBJB5) and 10% 

biodiesel (PBJB10) of each. Of the two biodiesels, palm was having 

high SFA content than jatropha biodiesel. Also, Jatropha biodiesel had 

high linolenic acid (PUFA) content. The observed trend for engine 

output parameters for PBJB5 was in between PB10 and JB10; with 
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PB10 superior amongst the three except NOx emissions. Same results 

were obtained for PBJB10 when compared with PB20 and JB20. In 

another study [140], kapok biodiesel and moringa oilifera biodiesel 

was mixed similar to previous study and compared with 10% and 20% 

individual biodiesel blends. The mix-fuel showed second best 

performance and lowest CO and HC emissions for most of the 

operating speeds. The authors have not reported the fatty acid content 

of the biodiesels. Ruhul et al. [141] prepared mix-fuel consisting of 

Croton megalocarpus and Ceiba pentandra biodiesel in different 

proportions. 10% mix (CM10CP10) of both biodiesels produced better 

performance and emissions except NOx when compared to that of 20% 

blend of each biodiesel. Both the biodiesels had high PUFA content 

consisting of linoleic acid mostly. Srithar et al. [142] prepared mix-fuel 

blends from pongamia and mustard biodiesel and tested them in a 

diesel engine. However, individual biodiesel blends of pongamia and 

mustard were not compared in the study. Authors found out 

satisfactory performance and emissions for the mix-fuel. Hosamani 

and Katti [143] mixed two biodiesel simarouba and jatropha in the 

ratio of 3:1 and prepared B20 to B100 blends from the mix-fuel to 

study the combustion behavior in an the diesel engine. Simarouba 

biodiesel had slightly inferior properties out of these two. The 

maximum cylinder pressure and combustion duration were amplified 

by the use of biodiesel blends and NOx emissions were higher as 

compared to diesel. Khan et al. [144] prepared mix-fuel blends from 

castor and karanja biodiesel in their experimental study. C5K10 with 

5% castor biodiesel and 10% karanja biodiesel was reported as most 

suitable among the studied blends. Sharma and Duraisamy [145] 

produced biodiesel by mixing oil from three sources viz. jatropha, 

karanja and cottonseed in optimized proportion (30-30-40%). The mix-

fuel improved most of the thermophysical properties as well as the 

output characteristics of an engine when compared with individual 

biodiesels. Kumar et al. [146] optimized biodiesel production from 

mixed jatropha-algae oil. The produced biodiesel was tested in an 

engine in the blend ratio of B5, B10 and B20. It was observed that B20 
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was better in performance and emissions, except NOx emissions, as 

compared to other blends. Sudalaiyandi et al. [147] added the biodiesel 

of linseed and rubberseed in the proportion of 5 to 25% each in diesel 

to prepare different blends and study them in a diesel engine. Optimum 

performance and emission output of an engine was obtained with mix-

fuel blends containing 5% and 10% each of the two biodiesels. 

Similarly, Swarna et al. [148] prepared biodiesel from mixed oil of 

pongamia and Mahua and tested it along with the addition of alcohols 

as additives. Authors observed that 20% mix-biodiesel with 20% 

heptanol in diesel to be a superior blend among the studied blends. 

In this way, mixing of two or more biodiesels can be an option to 

enhance engine performance and emissions. 

2.6 Research gaps 

1. Significant variation exists in the lipid content and lipid 

productivity of different microalgae species. Lipid productivity 

further varies with the growth phase and growth conditions. 

Optimization and screening studies are needed to select 

microalgae with high lipid productivity under local conditions. 

2. Advanced lipid extraction methods such as ultrasonic, 

microwave, supercritical fluids, and ionic liquids increase the 

yield, but they are yet to be made cost-effective for scalable oil 

extraction. 

3. Direct conversion of microalgae biomass to biodiesel 

eliminates the drying and lipid extraction steps, but more 

research is necessary to make the process commercially viable. 

4. The fatty acid composition analysis of different microalgae 

biodiesel showed significant variation among different species. 

However, the high PUFA content seems to be a common 

characteristic of microalgae biodiesel. Mixing of different 

biodiesels with FA composition can have a mix-fuel with 

suitable properties. 

5. Microalgal biodiesel properties were comparable to that of 

initial biodiesel sources. The properties depend on the fatty acid 
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composition; thus, it can be optimized by properly regulating 

the growth conditions and harvesting time. Research at the 

molecular level can also help to achieve this. 

6. The performance and emission characteristics of lean blended 

microalgae biodiesel are satisfactory. More research is 

necessary to find out ways to use microalgal biodiesel at higher 

blend ratios and in pure form in an engine. 

 

2.7 Major objectives of the current study 

The following objectives are identified for the current research work 

based on the extensive literature review, 

1. Microalgae growth and adaption are very sensitive to the local 

environmental conditions. Hence, screening and identification 

of suitable microalgae for semi-outdoor biomass cultivation for 

biodiesel production has been identified as the first objective of 

the current research work. For this purpose, six locally isolated 

strains are compared based on their lipid content and FAME 

composition. Also, the estimated thermophysical properties of 

resulting biodiesel from these strains are compared at an 

enlarged temperature scale pertaining to engine operation.  

2. Based on the above analysis, the second objective is to cultivate 

the selected microalgae species for large-scale biomass in the 

in-house polyhouse raceway pond structure and to extract oil 

from dried microalgae biomass for conversion into biodiesel. 

Initially, the isolated strain is grown inside the lab for large-

scale inoculation purposes, and the growth media for the large-

scale production of microalgae biomass is also optimized 

through preliminary experimentation.  

3. The next objective is to study the FAME composition and 

properties of produced microalgae biodiesel and evaluate its 

use as a blend in the diesel engine. Detailed experiments are 

carried out on 20% and 30% biodiesel blends. Their 
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performance and emission characteristics are experimentally 

compared with diesel.  

4. To overcome the poor performance level of the microalgae 

biodiesel blend, the final objective is to study the effect of fuel 

additives, i.e., nanoparticles, on diesel engine performance and 

emissions. Cerium oxide nanoparticles are selected for that 

purpose. In addition, the mixing of two biodiesels as a remedial 

approach to improve the performance and emissions 

characteristics is also explored. 

 



37 

 

Table 2.7 Studies on performance and emission characteristics of microalgae biodiesel 

Sr  

no 

Microalgae 

species 
Engine Condition Blends 

Performance analysis compared to diesel fuel Exhaust emissions compared to diesel fuel 

BSFC 

(g/kWh) 

BTE (%)/ 

brake 

power(kW) 

Peak 

pressure 

(bar) 

Torque 

(Nm) 
CO HC NOx Smoke 

1 
Nannochloropsis 

sp. [92] 

Single cylinder, Ricardo 

E6 IDI, Max power=14.0 

kW, CR= 22, Injection 

timing- 20-45° BTDC 

Varying 

speed  

Diesel fuel, 

B100, B50, 

Raw algae 

oil 

- - 

Maximum:  

B100 - 29.1  

D – 25.9  

@ 1440 rpm 

Maximum 

@1800 rpm: 

B100 – 8.4  

D – 10  

- - - - 

2 NA [149] 

Four-cylinder, Mitsubishi 

canter, DI, 3907 CC, Max 

power 

= 89 kW at 3200 rpm, 

Torque = 295 Nm at 1800 

rpm 

Varying 

speed 

Diesel fuel, 

B5, B10, 

B25, B50, 

B100 

- 

Max @2400 

rpm: 

B100 – 56.9 kW 

D – 60.08 kW   

- 

Max @ 1600 

rpm: 

B100 – 248.3 

D – 262.9 

Max @ 2800 

rpm: 

B100 – 332 

ppm 

D – 368 ppm 

- 

Max @ 1200 rpm: 

B100 – 1089 ppm 

D – 848 ppm 

- 

3 
Chlorella sp. 

[91] 

Three-cylinder, DI, 3300 

CC, Max power=30 kW 

@  

1500 rpm 

Varying 

power 

Diesel fuel, 

B30 

@low load: 

B30 – 695 

D – 661  

@high load: 

B30-270 

D - 242 

Maximum: 

B30 – 36.2 % 

D – 34.8 % 

- - 

Maximum:  

B30 – 194.7 

ppm 

D – 209.6 

ppm 

Maximum:  

B30 – 290.8 

ppm 

D – 328.4 ppm 

Not much change 

Maximum: K 

value,  

B30 – 0.15 

D – 0.31 

4 
Chlorella vulgaris 

 [150] 

Kirloskar single cylinder, 

DI, 661 CC, 

Max power= 3.5 kW, 

CR= 14:1 to 18:1 

Varying 

power 

Diesel fuel, 

B10, B15, 

B20 

- 

Maximum: 

B20 – 21.5 % 

D – 20.1 % 

- - 

Maximum: 

B20 – 2,4 % 

D – 2.7  % 

Maximum: 

B20 – 61.3 ppm 

D – 88.1 ppm 

Maximum: 

B20 – 1094.2 ppm 

D – 1029.7 ppm 

Maximum: 

B20 – 81.3 % 

D – 97.6 % 

5 

Crypthecodinium 

cohnii 

[90] 

Four-cylinder,  

2000 CC, Max 

power=100 

 kW at 4000 rpm, CR= 

18, Turbocharged. 

Varying 

power 

Diesel fuel, 

B10, B20, 

B50 

Maximum:  

B50 – 305.4  

D – 290.6 at 

lower loads,  

Decreases at 

high load 

Maximum:  

B50 – 37.5 %  

D – 38.2 % 

Maximum:  

B50 – 90.3  

D – 96.7 at 

lower loads, at 

high loads no 

difference  

- - 

Maximum:  

B50 – 4.7 

g/kWh  

D – 9.65 g/kWh 

Maximum:  

B50 – 4.8 g/kWh  

D – 3.92 g/kWh  

- 

6 

Chlorella 

protothecoides 

[93] 

Single cylinder, 2190 CC, 

rated power  

3.09 kW @3600 

 rpm, fuel injection 16.5° 

BTDC. 

Varying 

speed 

Diesel fuel, 

B20, B50, 

B100 

@ low rpm: 

B100 – 393.5  

D -  363.2  

@ high rpm: 

B100 – 292.5 

D -  260 

@ low rpm: 

B100 – 24.2% 

D - 23 % 

@ high rpm: 

B100 – 34.2% 

D -  34.9 % 

@ low rpm: 

B100 – 64.5 

D – 69.5 

@ high rpm: 

B100 – 56.8 

D - 60 

@ low rpm: 

B100 – 11 

D – 11.46 

@ high rpm: 

B100 –9.2 

D - 10.7 

@ low rpm: 

B100 – 3.92% 

D - 4.49 % 

@ high rpm: 

B100 -0.13% 

D -  0.58 % 

- 

@ low rpm: 

B100 – 393 ppm 

D -  426 ppm 

@ high rpm: 

B100 – 480 ppm 

D - 559 ppm 

- 
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3 SCREENING AND SELECTION OF 

MICROALGAE SPECIES BASED ON THEIR 

LIPID CONTENT, FATTY ACID PROFILE, AND 

APPARENT FUEL PROPERTIES 

3.1 Introduction 

As explored in the literature review, microalgae have been classified 

into different classes and consist of thousands of species. These 

different classes of microalgae species show variation in their biomass 

and lipid (oil) production ability [29]. Therefore, the selection of 

microalgal species with high quantity and quality of biodiesel is 

necessary to maximize the net energy output of the microalgae 

biodiesel production process. Quantity is determined by the oil or lipid 

yield in a unit mass of dried biomass. Different methods used in the 

literature for lipid content analysis are gravimetric, spectrophotometric 

using a fluorescent dye, and use of instruments like GC or HPLC. The 

biodiesel should qualify for international property standards such as 

EN 14214 or ASTM D6715 to determine the quality. Direct 

assessment of the properties of biodiesel, in the case of the microalgae 

selection process, is not an easy and recommended approach. Instead, 

FAME composition-based correlations are available in the research 

work carried out by Ramírez-Verduzco et al. [74] (viscosity, density, 

and higher heating value), Mishra et al. [151] (cetane number); Ramos 

et al. [152] (CFPP) and Park et al. [153] (Oxidation stability).  These 

equations mainly consider molecular weight, number of carbon atoms, 

and number of double bonds of individual FAMEs as a base to 

calculate the properties. Many past researchers have followed the 

properties prediction approach (based on FAME composition) along 

with lipid content analysis to compare the suitability of microalgae for 

large-scale production. Nascimento et al. [75] compared 12 microalgae 
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species based on their lipid productivity and FAME composition. The 

studied species belong to Trebouxiophyceae and Chlorophyceae class. 

The highest lipid productivity was found in species of 

Trebouxiophyceae class.  However, as none of the biodiesel from 

either class justified all property requirements, they suggested mixing 

biodiesel from both classes to get rid of the situation. Talebi et al. [76] 

also used a similar approach to screen microalgae species. Eleven 

species were used in their study belonging to Chlorophyceae, 

Trebouxiophyceae, and Bacillariophyceae class. They suggested that in 

addition to lipid productivity and biodiesel quality, other factors such 

as ease of cultivation and harvesting and environmental conditions are 

also vital in microalgae species selection for biodiesel production.  

Islam et al. [77] compared locally isolated nine species belonging to 

seven different classes based on their FAME composition. They 

reported N. Oculata (Eustigmatophyceae) as the best among the 

studied species. They further concluded that the effect of the growth 

phase was found to be more on biodiesel quality than the effect of the 

nutrients provided. Eight strains of Scenedesmus species (class 

Chlorophyceae) were experimentally investigated by authors El- 

Sheekh et al. [78]. Based on higher lipid productivity and estimated 

properties (adheres to intentional standard EN14214), the S. obliquus 

was suggested as the best species. All these studies established that 

knowing the FAME composition becomes the foremost important 

criteria to estimate the properties of biodiesel. Apart from these 

studies, some studies have made effort to analyze other important 

thermo-physical properties of biodiesel, which are more relevant for 

the spray and combustion modeling purpose of biodiesel [154–156]. 

These properties are calculated at a wide temperature range, from room 

temperature to critical temperature of the fuel. A similar calculation in 

the case of microalgae will be further helpful in their comparison. 

Therefore, the present study investigated six microalgal species 

isolated locally based on their lipid production and FAME 

composition. The species used are of three classes: Trebouxiophyceae, 
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Chlorophyceae, and Cyanophyceae. The species are grown in a similar 

environment. The calorimetric SPV method determines the lipid 

content, and FAME composition is determined by GC analysis after 

direct transesterification of biomass to biodiesel. After the initial 

screening of species based on their lipid content and a few important 

predicted thermo-physical properties (cetane number, viscosity, 

density, Iodine value, CFPP, heating value, and oxidation stability), the 

species selection process is further refined by the calculation of other 

important properties (vapor pressure, density, viscosity, latent heat of 

vaporization and vapor diffusivity) in wide temperature range 

considering spray and combustion modeling requirement. These 

properties are also compared with that of diesel surrogate fuel to 

predict their effect on combustion and emissions as compared to diesel 

fuel. 

3.2 Experimental procedure 

3.2.1 Cultivation of microalgae species 

The current study used six microalgal species isolated previously in the 

laboratory from wastewater samples collected from the Indore region 

(Madhya Pradesh). Two of them are unicellular green algae species; 

Chlorella sp. (class Trebouxiophyceae) and 

Chlorococcum/Scenedesmus sp. (class Chlorophyceae), and four 

belong to filamentous cyanobacterial species (class Cyanophyceae) i.e. 

Chroococcus sp., Calothrix sp., Nostoc sp., and Lyngbya putealis. 

These were cultured in 250 mL Erlenmeyer flasks with 150 mL 

standard BG-11 media. The light intensity of 2800 lux with 12:12 h 

light: dark cycle at 30 ± 3 °C temperature was maintained during the 

cultivation period. The purity of cultures was checked under a 

microscope initially as well as on the last day of the cultivation period. 

The experiment is set up in triplicates for all the cultures. All the 

cultures were harvested on the 31
st
 day of the growth cycle, i.e., the 

late stationary phase, to ensure the maximum formation of neutral 

lipids inside the cells [76]. The harvesting was done by centrifugation, 
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and the lower biomass pellet was collected, washed, and lyophilized to 

get dry biomass. 

3.2.2 Lipid content measurement 

The lipid content of all six species was determined by sulpho-phospho-

vanillin assay[157]. This phospho-vanillin reagent was prepared fresh 

every time, just before the start of the lipid estimation reaction. The 

standard curves were prepared using glyceryl trioleate and Sunflower 

oil as standards. A known quantity of biomass was taken for lipid 

content analysis of microalgae species. 100 µl water was added to both 

these samples (lipid standard and microalgae biomass), followed by the 

addition of 2 mL concentrated H2SO4. The sample was then heated at 

100 °C in the water bath for 10 min. and cooled in ice for 5 min. 5 mL 

of phospho-vanillin reagent was added to the sample and incubated in 

a rotary shaker incubator at 37 °C for 15 min. A visible pink color 

develops at the end of the reaction. The absorbance of the final sample 

obtained was measured at 530 nm using a spectrophotometer. The SPV 

reaction method is simple and less time-consuming as compared to the 

gravimetric method. The quantity of biomass required in this method is 

much less. 

3.2.3 FAME composition analysis 

FAME profiling was done using the method given by Ríos et al. [46]. 

10 mg biomass was suspended in 4.5 mL of reagent 

CH3OH/CHCl3/HCL (4:1:1; v/v/v) and heated under magnetic stirring 

at 90 °C hot plate temperature for 2 h. After completion of the reaction, 

samples were cooled at room temperature and vortexed after the 

addition of 1.5 mL distilled water. 3 mL of hexane/chloroform (4:1, 

v/v) was added finally and again vortexed for one minute. The whole 

mixture was collected in a clean test tube and allowed to settle for 30 

min (Figure 3.1). After settling, the upper layer containing solvent and 

FAMEs was collected for GC analysis. All the experiments were 

performed in triplicates. 
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To analyze the FAME composition, 1 mL of the FAME-solvent 

solution was taken in 1.5 mL clean GC glass vial. The samples were 

analyzed using an Agilent 7890 GC system equipped with a flame 

ionization detector (FID) and Select
TM

 Biodiesel CP9080 column (30 

m×0.32 mm×0.25 µm). Helium (purity 99.99 %) was used as a carrier 

gas with a 1.5 mL/min flow rate. The 2 µl volume was injected with a 

split ratio of 10:1. The temperature program was kept as given by 

Shirazi et al. [158]. The peaks were identified by comparing the peaks 

of an external standard (FAME mix C4:C24; Sigma Aldrich #18919-

1AMP) under similar conditions. 

The reagents methanol, chloroform, and hexane were all of 

chromatography grade and purchased from Merck. Concentrated 

Hydrochloric acid was purchased from Rankem. C4:C24 FAME mix 

standard was obtained from Sigma Aldrich. 

 

Figure 3.1 Direct transesterification of biomass (upper layer 

containing FAMEs and hexane) 

 

3.2.4 Property prediction 

Property prediction of biodiesel obtained from six microalgae species 

was carried out, and the comparative analysis was done based on the 

predicted properties. The empirical equations used for the same are 

given below. 

The cetane number of the biodiesel was predicted using Eq. (3.1) [151] 
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where,  

DUm: degree of unsaturation, SCSF: straight chain saturation factor, 

M: molecular weight of FAME. 

The iodine value (IV) of the biodiesel was calculated by Eq. (3.3) 

[159] 

 
   ∑

(        )

 
  

(3.2) 

where, 

D: number of double bonds, N: percentage of FAME. 

The cold filter plugging point (CFPP) of the biodiesel was calculated 

by Eq. (3.3) [152], 

                         (3.3) 

where LCSF: long-chain saturation factor is given by,  

     (         )  (         )  (       )  (    

     )  (       ). 

The viscosity (mm
2
/s @ 40 °C), density (g/cm

3
 @ 20 °C), and higher 

heating value (MJ/kg) of the individual methyl esters were calculated 

by Eq. (3.4), (3.5), and (3.6) and then the summation of properties of 
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individual methyl esters multiplied by their weight percentage in the 

biodiesel gives biodiesel property [74]. 

 

  ( )                  ( )          (3.4) 

 

         
   

 
          (3.5) 

 

                        (3.6) 

The oxidation stability of biodiesel is obtained as per Eq. (3.7) [153], 

 
   

        

 
        (3.7) 

where, X is the combined percentage of Linoleic (C18:2) and 

Linolenic (C18:3) acid. 

Table 3.1 Checking validity of equation (3.1) to (3.7) with 

experimental observation 

Property Microalgae 

 Islam et al.  [90] Al-lwayzy and Yusaf [93] 

 Exp. 

 

Pred. 

 

% 

Error 

Exp. 

 

Pred. 

 

% 

Error 

Cetane number 46.6 45.71 1.9 52.0 56.6 8.8 

Viscosity 5.06 3.26 35.5 4.22 4.31 2.1 

Density 0.912 0.907 0.4 0.900 0.850 5.9 

Heating value 39.86 39.62 0.6 40.04 38.55 3.7 

Oxidation stability N.A. 4.31 - 12.0 9.36 21.9 

CFPP N.A. -8.6 - N.A. -8.1 - 

Iodine value N.A. 289.4 - N.A. 82.4 - 

As these equations are used to compare different microalgae strains, it 

is essential to check the validity of these equations. The validity of the 

above equations (Eq. (3.1) to Eq. (3.7)) has been checked by 

comparing their prediction against the experimental properties of 
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Crypthecodinium cohnii reported by Islam et al. [90] and Chlorella 

protothecoides reported by Al-lwayzy and Yusaf [93]. 

Table 3.1 presents the results of the above comparison. It is clear from 

the above table that the estimated properties match fairly well with the 

experimental observations except in the case of viscosity (35%) for 

Crypthecodinium cohnii and oxidation stability (22%) for Chlorella 

protothecoide. High error in the viscosity of Crypthecodinium cohnii is 

less likely to occur as the viscosity of each profiled fatty acid reported 

in that species is much lower than the experimentally measured value - 

except stearic acid (mass composition 0.56%). Similarly, the large 

error in the oxidation stability of Chlorella protothecoides may be 

accredited to undetected components of fatty acids in their analysis. 

This study compared properties and lipid content with the help of a 

multi-criteria decision aid (MCDA) method called PROMETHEE-

GAIA [160] using the Visual PROMETHEE software tool. 

3.2.5 Detailed property estimation 

The properties calculated above are valid only at a certain temperature. 

To know the spray, atomization, and combustion events occurring in 

the combustion chamber for a particular fuel, properties at a wide 

temperature range need to be found. Therefore, properties are 

calculated using suitable empirical equations, which are valid from 

room temperature (20 °C) up to critical temperature. The properties 

estimated are vapor pressure, latent heat of vaporization, liquid density, 

liquid viscosity, and vapor diffusivity, as these are some of the most 

important properties for spray and combustion of fuel [156]. Similar to 

the previous section, these properties are also dependent on the 

structure of individual FAMEs. 

The first step of this analysis is the calculation of the critical properties 

(critical temperature, critical pressure, and critical volume) of 

individual FAMEs. The critical temperature and pressure are 

calculated using the Ambrose method, and the critical volume by the 
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Joback method as given in Reid et al. [161]. Table 3.2 presents the 

critical temperature (Tc), critical pressure (Pc), and critical volume (Vc) 

of common FAMEs, along with their normal boiling point temperature 

(Tb), which is taken from Graboski and McCormick [162]. Then, the 

critical properties of microalgal biodiesel, critical temperature (Tcm), 

critical pressure (Pcm), and critical volume (Vcm), are calculated by 

applying the Lee-Kesler mixing rule [154]. Afterward, the physical 

properties of biodiesel were calculated as per the following subsection. 

The acentric factor required for these calculations was calculated by 

Yuan et al. [154]. 

Table 3.2 Critical properties and normal boiling point of methyl esters 

Methyl ester Tb (K)
 

TC (K)
 

PC (bar)
 

VC (cm
3
/mol)

 

C12:0 535.15 694.13 15.26 789.50 

C14:0 568.15 724.14 13.74 901.50 

C16:0 611.15 767.13 12.50 1013.50 

C16:1 612.15 770.34 12.76 993.50 

C18:0 625.15 774.20 11.46 1125.50 

C18:1 622.15 772.30 11.68 1105.50 

C18:2 639.15 795.26 11.91 1085.50 

C18:3 639.15 797.20 12.14 1065.50 

Note: Tb is taken from Graboski and McCormick (1998).  Tc, Pc, and Vc are calculated from 

Reid et al. (1987). 

 

Vapor pressure of biodiesel 

The vapor pressure of different biodiesels was calculated by using the 

Pitzer equation (3.8) [161], which correlates reduced vapor pressure 

with reduced temperature and biodiesel acentric factor value. 

 

  (    
)   ( )(  )      ( )(  ) (3.8) 

where Pvpr: reduced vapor pressure (P/Pcm), Tr: reduced temperature 

(T/Tcm) 

 f
(0)

 and f
(1)

 are, 

 ( )                                               
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 ( )                                             
  

Liquid density of biodiesel 

The liquid density of different biodiesels was calculated by modified 

Racket equation Eq. (3.9) [161], which gives specific volume (Vs) at a 

particular temperature, 

 

     
 (   )  

(3.9) 

And, 

  (    )
    (    

 )    

where VS
R 

: specific volume at reference temperature TR, Tr
R
: reduced 

temperature (TR/Tc) at reference temperature TR, ZRA: unique constant 

for each compound 

The above equation in density (kg/L) term is given as, 

 

  
  

   
 

 (3.10) 

To know the constant.    , two reference densities at two temperatures 

are required; this was achieved by equations proposed by [163,164] to 

calculate the densities of individual methyl esters. In this case, this was 

done at 20 °C and 90 °C. The summation of these as per weight 

percentages of individual methyl esters in biodiesel gives biodiesel 

density at those two temperatures, from which the value of ZRA can be 

found. The final equation for biodiesel density will be, 

 

             
    

(3.11) 

where, 

  (    )
    (             )    
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Liquid Viscosity of biodiesel 

The liquid viscosity at low temperature (Tr <0.7) of biodiesel was 

estimated by Orrick and Erbar method Eq. (3.12) [161], which gives 

the dynamic viscosity of pure methyl ester components. 

 

  
  

   
   

 

 
 (3.12) 

where,  

  : liquid dynamic viscosity (cP),  : liquid density (kg/L @ 20 °C), 

which was assumed to be the same as mixture density calculated 

previously, A and B were obtained by group contribution method 

[161]. 

Final biodiesel viscosity was obtained by Grunberg-Nissan method 

(Eq. (3.13)) 

 

          (  )            (3.13) 

where,  

  : biodiesel dynamic viscosity (cP), yi: mole fractions of methyl 

esters present, Gij: interaction parameter between components i and j. 

In the case of biodiesel, Gij is neglected [120]. 

High temperature (0.7<Tr<1) liquid dynamic viscosity of biodiesel was 

estimated by Letsou and Stiel method (Eq. (3.14)) [161]. 

 

     (   )
( )    (   )

( ) 
(3.14) 

where, 

 (   )
( )      (                     

 ) 

(   )
( )      (                     

 )    

       (
   

     
 )

    

, M = average molecular weight of biodiesel. 
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Latent heat of vaporization 

The Pitzer correlation (Eq. (3.15)) [161] was used to determine the 

latent heat of vaporization at a temperature range         . 

 

               (    )
             (    )

       
(3.15) 

where, 

   : latent heat of vaporization (J/mol). 

    at the low-temperature range was estimated through Fish and 

Lielmez’s method (Eq. (3.16)) [161],  

 

        

  

   
 
    

    
 

(3.16) 

And,     
   

  
 

    

     
   

where, 

    : latent heat of vaporization at normal boiling point (calculated as 

per Pitzer correlation),    : the reduced temperature at Tb (Tbm/Tcm), p 

= 0.13856 and q = 0.35298 [161]. 

Vapor diffusivity 

Vapor diffusivity of individual methyl esters was estimated by the 

method of Fuller et al. (Eq. (3.17)) [161], where the diffusion 

coefficient of FAMEs into the air (DAB; cm
2
/s) is given by: 
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where, 
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P: operating pressure (bar), MA and MB: molecular weights of FAMEs 

and air (g/mol),   : summation of atomic diffusion volume as per 

Reid et al. [161].   

The vapor diffusivity of biodiesel is then calculated by the summation 

of the diffusion coefficient of individual methyl esters multiplied by 

their weight percentage in the biodiesel. 

Similar calculations of all the above properties were made for diesel 

fuel, taking C14H30 as a surrogate for diesel fuel [156]. The comparison 

of diesel fuel properties with that of microalgae fuel properties was 

made to predict their spray and combustion behavior. 

3.3 Results and discussion 

3.3.1 Comparison of fatty acid profile 

Table 3.3 shows the percentages of different FAMEs present in 

biodiesel obtained from different species, and Figure 3.2 shows the 

total percentage of saturated fatty acid (SFA), monounsaturated fatty 

acid (MUFA) and polyunsaturated fatty acids (PUFA) present in them. 

It can be observed that FAMEs with 16 and 18 carbon atoms are 

mainly found in biodiesel of all microalgae species. SFA content of 

unicellular green microalgae is lower than cyanobacteria species 

Nostoc, L. putealis, and Calothrix. Palmitic acid (C16:0) is the main 

fatty acid of the SFA series. The percentage of Palmitic acid is higher 

in filamentous cyanobacteria, especially in Nostoc sp., L. putealis, and 

Calothrix sp. C18:0 is found only in two cyanobacterial species, L. 

putealis and Calothrix. The high percentage of SFA is desirous of the 

prospect of a higher cetane number, but the high viscosity of the 

resulting biodiesel leads to poor atomization of the biodiesel. PUFA 

content of unicellular green species is higher in general than 

filamentous cyanobacterial species. In fact, only two species (Calothrix 

sp. and L. putealis) satisfy the constraint of the EN14214 standard for 

Linolenic acid (C18:3 ≤ 12%). The highest percentage of Palmitoleic 

acid (C16:1) and Oleic acid (C18:1) was found in L. putealis and 

Nostoc sp., respectively. The cyanobacterium Chroococcus contains 
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PUFA comparable to unicellular green microalgae species. It is clear 

from the above discussion that FAME content varies largely for 

studied microalgae species. The high PUFA content of Chlorella 

Scenedesmus and Chroococcus species, high MUFA content of L. 

putealis, and high SFA content of Calothrix species can be limiting 

factors in their properties. Therefore, it would be interesting to observe 

differences in their predicted biodiesel properties. 

Table 3.3 FAME profile (%) of biodiesel obtained from different 

microalgal species 

Fatty 

acids  

Microalgae species 

Chlorella Scenedesmus Chroococcus Nostoc L. Putealis Calothrix 

C12:0 
1.70 ± 

0.5 
3.10 ± 2.23 ND ND ND ND 

C14:0 
3.81 ± 

0.66 
ND ND ND 

3.63 ± 

0.98 

4.1 ± 

0.06 

C16:0 
24.22 

±0.63 
24.56 ± 0.42 25.59 ± 0.2 

33.47 ± 

1.36 

38.06 ± 

0.60 

46.25 ± 

4.53 

C16:1 ND ND  2.28 ± 1.16 ND 
23.94 ± 

0.20 

17.74 ± 

2.56 

C18:0 
0.50 ± 

0.3 
ND ND ND 

3.45 ± 

0.29 

3.54 ± 

0.62  

C18:1 
8.54 ± 

0.79 
18.37 ± 2.82 19.27 ±1.52 

23.06 ± 

2.12 

11.21 ± 

0.18 

9.95 ± 

0.57 

C18:2 
29.05 ± 

1.16 
33.17 ± 1.16 

30.30 ± 

0.39 

27.14 ± 

1.60 

19.72 ± 

0.32 

18.41 ± 

2.07 

C18:3 
32.18 ± 

1.6 
20.80 ± 1.49 

22.56 ± 

1.46 

16.33 ± 

1.92 
ND ND 
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Figure 3.2 Variation in the percentage of SFA, MUFA, and PUFA in 

different microalgae species 

3.3.2 Comparison of estimated properties 

Table 3.4 presents the summary of the properties of different 

microalgae species. The cetane number of Chlorella sp. biodiesel is the 

lowest among all. It is found to be even lower than the limiting value 

of 51, as suggested by the EN14214 standard. Despite the high SFA 

content of Chlorella sp., its poor cetane number is due to the high 

percentage of linolenic acid. The high proportionate of oleic and 

linolenic acid in Nostoc sp. offset the advantage of high Palmitic acid. 

It leads to only a moderate increase in its cetane number. The low 

cetane number of the fuel is characterized by a high ignition delay 

period [106]. High ignition delay results in more fuel participation in 

the premixed combustion phase, which leads to higher peak pressure 

and peak heat release rates. 

The higher peak pressure and peak heat release rates result in reduced 

CO and unburnt HC emissions but at the cost of increased NOx 

emissions because of the high temperature developed during 

combustion [70]. The remaining two species have a very high cetane 

number, owing to the high percentage of SFA compared to PUFA. The 

iodine value of the biodiesel fuel represents the unsaturation level 

present in fatty acids. It can be seen that species with high PUFA 
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content have Iodine values even exceeding the limits imposed by 

EN14214 (< 120). Nostoc sp. has a moderate Iodine value, whereas L. 

putealis and Calothrix sp. have very low Iodine values. A higher 

Iodine value is an indicator of lower oxidation stability but better cold 

flow properties of the fuel. The reason for lower oxidation stability is 

the susceptibility of the double bond site to oxidation reaction, which 

forms unwanted compounds responsible for the deterioration of fuel 

quality [66]. The cloud points and pour points of unsaturated FAs are 

lower than saturated FAs; therefore, a higher Iodine number implies 

better cold flow properties of the fuel. Owing to this, CFPP values of 

Chlorella sp., Scenedesmus sp., and Chroococcus sp. are better 

compared to other species. The two cyanobacterial species, L. putealis 

and Calothrix sp., have positive CFPP values among the studied 

species, but only these two species have oxidation stability satisfying 

EN14214 norm (> 6 h). 

Table 3.4 Estimated properties of different species and total lipid 

content 

Properties 

Microalgae species 

Chlorella Scenedesmus Chroococcus Nostoc 
L. 

Putealis  

Calothrix Diesel 

(for 

comparison) 

Cetane 

number 
50.07 51.74 51.54 53.64 59.27 60.74 40-46 

IV 

(g/100g) 
141.27 127.14 129.69 109.99 66.26 57.06 -- 

CFPP (°C) -8.07 -8.76 -8.43 -5.96 0.894 3.61 -- 

Viscosity 

(mm2/s) 
3.75 3.89 3.93 4.06 4.09 4.14 1.9-4.1 

Density 

(g/cm3) 
0.882 0.88 0.881 0.878 0.873 0.871 

0.740-

0.840 

Higher 

heating 

value 

(MJ/kg) 

39.52 39.58 39.63 39.65 39.55 39.55 
45.62–

46.48 

Oxidation 

stability 

(h) 

4.51 4.77 4.82 5.3 8.57 8.99 -- 

Lipid 

content 

(%) 

32.3 28.8 21.19 24.94 10.54 19.14 -- 
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All the studied species produced biodiesel with viscosity and density 

values satisfying EN14214 norms. The difference in higher heating 

value (HHV) of studied biodiesel fuels is also not significant. In this 

section, the density and viscosity are calculated just to compare them 

against the norms. The temperature-dependent calculations of viscosity 

and density are discussed in the next section. 

Table 3.4 also shows the result of lipid content analysis. Lipid content 

is a very important criterion in the selection of species for commercial 

biodiesel production. As expected, green unicellular species have an 

edge over cyanobacterial species. The highest lipid content is found for 

Chlorella sp. (32.3%), and the lowest is found for Calothrix sp. and L. 

putealis (19.14 and 10.54%), respectively. The low lipid content of 

these two species can make them undesirable for large-scale biodiesel 

production even though they are better in some of the properties 

discussed in the previous paragraph. 

3.3.3 MCDA analysis 

The properties and lipid content of the different species presented in 

Table 3.4 are compared using the MCDA (multi-criteria decision aid) 

software PROMETHEE-GAIA. Important aspects like lipid content, 

cetane number, and viscosity have been provided with an increased 

weighing factor (two). Rests of the properties are given a weighing 

factor of 1 as either they do not influence the combustion 

characteristics, or negligible difference is observed for these properties 

among different species. Figure 3.3 shows GAIA (graphical analysis 

for interactive aid) plot obtained from software for the studied species 

with the described criteria. The quality of the result reported by the 

software is 95.8%, showing that the variation is explained quite well 

by GAIA analysis. 

The species are represented by points (green), and the criteria are 

represented by blue axes originating from the center in the GAIA plot. 

The position of the species and orientation of criteria axes are 

important in the analysis of the GAIA plane. The position of species 
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along the direction of the criteria vector indicates their suitable values 

for that criterion. For example, Calothrix sp. and L. putealis are better 

in terms of cetane number, density, oxidation stability, and Iodine 

value; therefore, they are orientated along those particular vectors. The 

decision axis (the thick red line) represents the importance of different 

criteria. Table 3.5 presents the ranking of the species as obtained from 

the software. The PROMETHEE ranking is done with the help of Phi 

(ɸ) value, which is calculated by considering how much the species is 

preferred based on its strengths and weaknesses compared to others. 

The best ranking of Calothrix sp. is due to its higher cetane number, 

high oxidation stability, low density, and low iodine value regardless 

of moderate lipid content. Similarly, a good ranking for Scenedesmus 

is due to its high lipid content, lower viscosity, and low CFPP. The 

comparison of detailed properties of these two species will be 

interesting as one of them is a cyanobacterial species, and the other is a 

green unicellular species. 

 

Figure 3.3 GAIA plot for species selection based on properties 

It is evident from the above discussion that the biodiesel of both 

species has certain desirable and certain undesirable characteristics. 
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Also, the above analysis does not include variations of important fuel 

characteristics (vapor pressure, viscosity, density, etc.) with respect to 

fuel spray generation and combustion phenomena occurring inside the 

combustion chamber. Therefore, to have an exhaustive comparison of 

the properties of these two species, property estimation has been 

carried out for the extended temperature scale, considering the 

significance of fuel injection and combustion process inside the diesel 

engine. 

Table 3.5 PROMETHEE table showing the ranking of species 

Rank Species Phi 

1 Calothrix sp. 0.1006 

2 Scenedesmus sp. 0.0231 

3 Chlorella sp. 0.0004 

4 Chroococcus sp. -0.0331 

5 Lyngbya Putealis -0.0424 

6 Nostoc sp. -0.0487 

 

3.3.4 Comparison of detailed properties of two microalgal 

biodiesel 

This section presents a comparison of the detailed temperature-

dependent biodiesel properties of two species (Calothrix species and 

Scenedesmus species) and also with diesel surrogate fuel (C14H30). The 

critical properties of the surrogate fuel are taken from Reid et al. [161]. 

Figure 3.4 presents the vapor pressure of biodiesel from two 

microalgae species. It is observed that the vapor pressure of fuel 

increases with an increase in temperature. The high vapor pressure of 

fuel promotes a higher evaporation rate at the droplet surface, which is 

helpful for the initiation of combustion inside the diesel engine 

[156,165]. Figure 3.4 clearly indicates that the vapor pressure of 

Calothrix sp. species biodiesel is found to be around 15% higher than 

that of Scenedesmus species for the studied temperature range. As a 

consequence, Calothrix sp. is slightly better in terms of vapor pressure. 
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The vapor pressure of both microalgal biodiesel is significantly lower 

(1/12
th

 at room temperature and 1/3rd at critical temperature) than that 

of diesel surrogate fuel. 

 

Figure 3.4 Comparison of the vapor pressure of two species and diesel 

surrogate fuel 

Figure 3.5 presents the density of microalgae biodiesel and diesel 

surrogate fuel. The density of the fuel affects the flow of fuel droplets 

in the combustion chamber. Too high density will produce sprays with 

large sauter mean diameters (SMD) and high axial penetration lengths, 

which can impinge on the piston walls [165]. Too low density can 

reduce the possibility of air-fuel mixing because of the very low 

momentum of the traveling droplets inside the combustion chamber 

[156]. The average density of Scenedesmus sp. biodiesel is 1.9% 

higher than Calothrix sp. biodiesel.  Also, as expected, the density of 

diesel surrogate fuel is very low compared to microalgae biodiesel. 

The densities of the two microalgae biodiesel are 13% higher than that 

of diesel surrogate fuel at room temperature. This difference increases 

to 38% at the critical temperature of the surrogate fuel. 
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Figure 3.5 Comparison of density of two species and diesel surrogate 

fuel 

Figure 3.6 presents the viscosity of two microalgal species, biodiesel, 

and diesel surrogate fuel. Viscosity is one of the most important 

properties affecting the spray and combustion characteristics of the 

diesel engine. The low viscosity of the fuel promotes better 

atomization and spray characteristics that result in the formation of 

very fine liquid fuel droplets. This enhances the fuel vaporization rate 

to facilitate the formation of a combustible air-fuel mixture [156]. The 

viscosity of Calothrix species biodiesel is 16.41% higher than that of 

Scenedesmus species biodiesel at 293 K. After around 400 K, this trend 

reverses. This can be accredited to a higher rate of decrease in the 

viscosity of saturated fatty acids in comparison to unsaturated fatty 

acids with an increase in temperature. Because fuel is injected at a 

lower temperature range, the spray breakup process is affected most by 

viscosity at that temperature range [165]. Therefore, lower-viscosity 

biodiesel is expected to have better spray and atomization 

characteristics. The Scenedesmus sp. is better in terms of this property. 

Also, the average viscosity of the two microalgae species' biodiesel is 

around 2.5 times higher than that of diesel surrogate fuel. 
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Figure 3.6 Comparison of the viscosity of two species and diesel 

surrogate fuel 

Figure 3.7 presents the latent heat of vaporization of microalgae 

species and diesel surrogate fuel. Fuel with high latent heat of 

vaporization will require more heat for vaporization, which is 

undesirable. The ultimate influence of this property is expected to be 

the same on engine performance, as explained earlier in the vapor 

pressure part. The difference in latent heat of vaporization between 

Calothrix sp. and Scenedesmus sp. is negligible (average difference of 

2.6%). It is found that the latent heat of vaporization of microalgae 

biodiesel is around 35% higher at room temperature than diesel 

surrogate fuel, which increases up to around 65% at the critical 

temperature of diesel surrogate fuel. 

Figure 3.8 presents the vapor diffusivity of microalgae species and 

diesel surrogate fuel. Vapor diffusivity governs how fast fuel vapors 

can diffuse into the air inside the combustion chamber [156]. The 

difference in vapor diffusivity of the two microalgal species’ biodiesel 

is very low (1.6%) throughout the temperature range.  Diesel surrogate 
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fuel has higher vapor diffusivity (15.7% high) compared to microalgae 

biodiesels. 

Based on this section of the current study, it is found that for Calothrix 

sp., higher vapor pressure is favorable, whereas for Scenedesmus sp., 

lower viscosity is desirable from the prospect of ideal fuel. Since 

viscosity is the dominant factor in the spray and combustion process, it 

has the ability to compensate for the vapor pressure. The difference in 

the rest of the properties (density, latent heat of vaporization, and 

vapor diffusivity) of both species is almost negligible (Calothrix sp. is 

slightly superior). However, the higher lipid content of Scenedesmus 

species (50.4% higher than Calothrix sp.) cannot be overlooked, 

considering the large-scale commercial biodiesel requirement. Hence, 

considering better commercial viability, the Scenedesmus sp. seems a 

superior alternative to Calothrix sp. The method used in the study is 

useful in an initial assessment of different microalgae species for 

checking their suitability as a source of biodiesel. This method is 

simple and less laborious and compares microalgae species based on 

their fatty acid composition without requiring cultivation at a large 

scale. Even though the individual effect of properties on different in-

cylinder processes has been mentioned, the spray and combustion 

behavior is an intricate process governed by the combined effect of 

properties as well as external factors like the geometry of the engine, 

load, speed condition, etc. But still, some level of understanding 

regarding the quality of the biodiesel can be achieved by comparison 

of described properties. The exact effect of particular biodiesel on in-

cylinder processes can be better understood by experiment only. 

Therefore, the next part of the study focuses on cultivation in raceway 

ponds to obtain biomass and carry out performance and emission tests 

on diesel engines. 
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Figure 3.7 Comparison of LHV of two species and diesel surrogate 

fuel 

 

Figure 3.8 Comparison of vapor diffusivity of two species and diesel 

surrogate fuel 
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3.4 Conclusions 

The fatty acid composition of biodiesel strongly indicates its properties 

and, hence, spray and combustion behavior. The fatty acid profile of 

the studied species showed a higher PUFA percentage for green algae 

species compared to cyanobacterial species. Fatty acids with sixteen 

and eighteen carbon atoms are found abundant in all the species. 

Because of the high PUFA content in Chlorella sp. and Scenedesmus 

sp., they were found to have low cetane number and high density 

compared to other species, except Chroococcus sp., which showed 

high PUFA despite being from cyanobacterial class. However, the 

viscosity of Chlorella sp. and Scenedesmus sp. was observed to be 

better as compared to others. Cetane number, viscosity, and density 

values were as per EN14214 standard for all the species. The iodine 

values of biodiesel from only three species were as per standard, 

whereas only two species followed the standard for oxidation stability. 

There was not much variation in the case of HHV amongst species. As 

expected, the lipid content of two green algae species was higher than 

that of cyanobacterial species. This shows their high potential for 

large-scale biodiesel production. 

Based on this analysis, the MCDA tool has ranked Calothrix sp. and 

Scenedesmus sp. as first and second, respectively. Extended property 

analysis of these two species shows that the higher vapor pressure of 

the former and the low viscosity of the latter is their decisive fuel 

characteristic. Density, latent heat of vaporization, and vapor 

diffusivity are not too different for the two species. However, the lipid 

content of Scenedesmus species is much higher, which makes it more 

suitable for large-scale biodiesel production. 

The next chapter discusses the outdoor cultivation of the selected 

species in raceway ponds to obtain microalgae biomass for biodiesel 

production. 
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4 LARGE-SCALE CULTIVATION TO OBTAIN 

MICROALGAE BIOMASS 

After selecting species (chapter 3), the next step is cultivating 

microalgae biomass for biodiesel production. The selected microalgae 

species is grown under semi-outdoor conditions in raceway ponds for 

that purpose. The current chapter describes the outdoor cultivation of 

microalgae Scenedesmus species and subsequent biodiesel production 

from biomass. 

4.1 Construction of raceway ponds and polyhouse 

This part of the study focuses on the large-scale cultivation of 

microalgae species to produce biodiesel and evaluate its use in CI 

engines for performance and emission characteristics. The raceway 

ponds were constructed, as shown in Figure 4.1. The cement concrete 

oval-shaped raceway ponds have a paddlewheel mechanism to enable 

water circulation around the partition constructed at the center. The 

paddlewheels are made of polypropylene and are operated by motors 

equipped with variable frequency drives to control the speed. A total of 

6 ponds were constructed: four with a total capacity of 1000 liters and 

two with a total capacity of 5000 liters. The ponds were tested for 

water leakages by storing water for 10-day period. The sprinkler 

system, as well as the fan and pad system, was installed for cooling 

and humidifying the inside environment. Thermometers were placed at 

different locations to take temperature readings. The small buffer room 

was also constructed at the entrance to prevent outside dust 

contamination and also for material storage. 

4.2 Preparation of inoculum for raceway ponds 

For large-scale biomass production, Scenedesmus sp. species have 

been selected based on the study from the previous section. The 
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process was initialized by first growing the species in two-liter flasks 

in the laboratory (Figure 4.2). The culture for this was taken from the 

mother culture. Instead of using the DI water in this case, autoclaved 

tap water has been used, keeping laboratory conditions of light (2800 

lux with 12:12 hour light/dark cycle) and temperature (at 30 ± 3 °C). 

The standard BG11 media was replaced by more economical urea 

(1g/liter) and DAP (0.134g/liter). The calculation for the same has 

been done in view of the level of nitrate and phosphate in BG11 media. 

After the successful adaptation of species in new media and autoclaved 

tap water, the biomass was transferred to 20-liter bottles provided with 

bobbling by an aquarium air pump (Figure 4.2). In this step, normal tap 

water was used without an autoclave, keeping other conditions the 

same as in the previous step. It was observed that species showed 

sufficient growth in these conditions in most of the bottles. After the 

12
th

 day, when the culture was in an exponential growth phase, it was 

transferred to a 200-liter polypropylene tank in the polyhouse. After 

initial difficulties, such as contamination of fungi or other microalgae 

species, the species was successfully acclimatized to new conditions. 

The culture was then used as an inoculum for raceway ponds. 

Throughout the process, the purity of the culture was checked regularly 

under the microscope, as shown in the figure. 
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Figure 4.1 Polyhouse and open raceway ponds facility 

  

 

Figure 4.2 Inoculum preparation for raceway ponds 
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4.3 Growth, harvesting, and drying 

Figure 4.3 shows the cultivation of microalgae in raceway ponds. The 

growth was found to be quite satisfactory, as can be seen in the figure. 

It was observed that once Scenedesmus species started to grow at 

sufficient speed, it became dominant over other contaminants and 

utilized the nutrients effectively to make the culture sufficiently pure. 

After 15 days of growth in the ponds, the whole culture was allowed to 

settle at the bottom, and step-by-step harvesting was performed to 

obtain wet biomass with minimum water content, as shown in Figure 

4.4. The upper water layer was discarded or used for another pond 

based on the availability, and the lower wet biomass was collected in a 

1000-liter pond left specifically for that purpose. The culture was again 

allowed to settle there for 24 hours, after which the upper layer was 

again discarded. The lower wet biomass paste was then collected 

manually in plastic tubs kept for the sun-drying process. During 

harvesting, the cultivation for the next batch of biomass was started 

simultaneously in raceway ponds using around 10% of the lower layer 

of wet biomass as inoculum.  

 

a) 
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b) 

Figure 4.3 Growth in raceway ponds a) small tank b) large tank 

 

Figure 4.4 Step by step harvesting of the biomass 

 

Figure 4.5 Sun drying of biomass in tubs 
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Figure 4.6 Dried microalgae biomass 

4.4 Oil extraction and conversion to biodiesel 

The dried biomass was collected and processed to make fine powder, 

as shown in Figure 4.6. The total dry microalgae biomass obtained was 

12.3 kg in the cultivation period of four months. The oil extraction was 

carried out using the soxhlet extraction method with n-hexane as a 

solvent with a 2-liter capacity apparatus, as shown in Figure 4.7. For 1 

kg biomass, around 24-hour extraction time was found to be sufficient 

for optimum yield. In this way, the oil yield of 14.2% was obtained 

using the soxhlet extraction method. The extracted oil was then 

separated by hexane using a rotary evaporator. Additionally, Pongamia 

oil was purchased from a local supplier for its conversion to biodiesel 

as a second-generation biodiesel source. 

The oil-to-biodiesel conversion of Pongamia oil is carried out by a 

two-stage transesterification method, as its FFA content was around 

10%. In the first stage, the reaction of the oil with methanol (methanol 

to oil molar ratio 1:6) is performed at 65° C for 1.5 h in the presence of 

catalyst 1% sulfuric acid (w/w of oil). In the second stage, the reaction 

is performed keeping the same operating parameters in the presence of 

NaOH (0.5%) catalyst. The microalgae oil is transesterified with a 

single-stage process with NaOH catalyst as described above, as the 

FFA content was very low. The prepared fuels are shown in Figure 4.8. 

The fatty acid content of the Scenedesmus sp. and Pongamia biodiesel 

was determined using GC analysis (Table 4.1). The FAME profile 

shows that Scenedesmus sp. biodiesel consists of almost two times 
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higher SFAs than pongamia biodiesel. The higher SFAs increase the 

cetane number of the fuel. On the other hand, they increase the 

viscosity and deteriorate fuel’s usefulness in cold climatic conditions. 

It also has a higher proportion of PUFA (29.75%) than that of 

pongamia biodiesel (20.79%). Very high PUFA content is detrimental 

as it adversely impacts the fuel properties such as calorific value and 

density. The double bonds in PUFAs are prone to oxidation; therefore, 

higher PUFA content impacts the long-term stability of biodiesel. One 

desired effect of higher PUFA content is the low viscosity of fuel. As 

can be seen in Table 4.1 that, pongamia biodiesel contains very high 

(54.99%) MUFAs and lesser linolenic acid (C18:3) than Scenedesmus 

sp. biodiesel. This seems to compensate for the low SFA percentage in 

pongamia biodiesel. Interestingly, outdoor cultivation affected the fatty 

acid composition as it was slightly different for the same species under 

laboratory conditions and different media [166]. The outdoor 

conditions and seasonal changes affect the FA growth in cells as also 

evident from literature studies [167,168]. Based on the fatty acid 

analysis, the thermo-physical properties of the biodiesel were 

estimated as per section 3.2.4 (Table 4.2). The biodiesel properties are 

found to justify the EN14214 biofuel property standard [64]. The 

viscosity of pongamia biodiesel was slightly higher than Scenedesmus 

sp. biodiesel due to very high mono-unsaturated fatty acid content. Its 

latent heat of vaporization was also higher as compared to 

Scenedesmus sp. biodiesel. However, pongamia biodiesel was better 

than Scenedesmus sp. biodiesel when density, cetane number, and 

calorific value were compared. In these experiments, the blends of 

microalgae biodiesel with diesel will be tested in diesel engines for 

combustion and emission evaluation. Additionally, to improve the 

performance of biodiesel, the application of fuel additives will also be 

carried out. 
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a) 

 

b) 

Figure 4.7 Soxhlet oil extraction and hexane evaporation to separate 

oil 

 

Figure 4.8 Scenedesmus sp. and Pongamia biodiesel 
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Table 4.1 FAME composition of Scenedesmus sp. and pongamia 

biodiesel 

Sr. no FAME 
Percentage (%) 

Scenedesmus sp. Pongamia 

1 C14:0 1.78  

2 C16:0 32.79 9.94 

3 C16:1 1.81  

4 C18:0 3.86 7.06 

5 C18:1 15.68 53.73 

6 C18:2 15.99 17.61 

7 C18:3 13.76 3.18 

8 C20:0  1.54 

9 C20:1  1.26 

    
 SFA 

38.43% 

 

18.54 

 MUFA 
17.49% 

54.99 

 PUFA 
29.75% 

20.79 

 

Table 4.2 Estimated properties of Scenedesmus sp. and pongamia 

biodiesel based on FAME profile 

Properties Scenedesmus sp. Pongamia Diesel  [64] 

Cetane number 55.75 56.32 40-46 

Viscosity (mm
2

/s) 4.17 4.75 1.9–4.1 

Density (g/cm
3

) 0.880 0.875 0.750-0.840 

IV (g/100g) 91.7 86.67 - 

CFPP (°C) 1.97 -2.26 - 

Calorific value 

(MJ/kg) 
39.6 39.8 45.62–46.48 

Latent heat of 

vaporization 
a
  

(KJ/mol) 

58.83 59.41 - 

Oxidation stability 

(h) 
6.1 8.26 - 

a : represented at boiling point of biodiesel 
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4.5 Conclusions 

1. The growth of Scenedesmus sp. in outdoor cultivation was 

found to be quite adequate with low-cost urea-DAP as nutrient 

media. However, an overall biomass production rate of 3.07 kg 

per month could only be obtained because of a simple and 

economical method for harvesting (gravity sedimentation). 

2. The oil yield of 14.2% was achieved through n-hexane as a 

solvent and soxhlet apparatus. 

3. Advanced methods for harvesting, drying, and oil extraction 

can increase the biodiesel production rate through microalgae, 

but that will increase the cost of biodiesel production. 

4. The biodiesel produced from Scenedesmus sp. had high PUFA 

content and acceptable SFA content. Nevertheless, it displayed 

thermophysical properties within the range specified by 

international standards. 
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5 EVALUATION OF FEASIBILITY OF USING 

MICROALGAE BIODIESEL IN DIESEL ENGINE 

5.1 Introduction 

The prepared Scenedesmus sp. biodiesel (discussed in the previous 

chapter) needs to be evaluated for its usefulness as a fuel for diesel 

engines. For this purpose, the engine performance and emission 

characteristics are examined experimentally. Because of the intricate 

biodiesel production process from microalgae, there are very few 

studies in the literature evaluating microalgae biodiesel blends in the 

diesel engine. These studies were presented in chapter 2 of the thesis 

(section 2.5.3). In this chapter, microalgae biodiesel blends, with 20% 

and 30% (A20 and A30) biodiesel in diesel, are tested and compared 

with conventional diesel fuel. The experimental procedure and results 

of the work are explained in the following sections. 

5.2 Experimental setup 

The evaluation of Scenedesmus sp. biodiesel was carried out in a 

water-cooled turbocharged four-cylinder indirect injection (IDI) diesel 

engine. The details of the engine and schematic drawing are presented 

in Table 5.1 and Figure 5.1, respectively. The experiments were 

conducted by varying the load from zero to full load, keeping the speed 

constant at 2500 rpm. The load variation was achieved by an eddy 

current dynamometer, and the load was measured by an S-type load 

cell. The piezoelectric pressure transducer measured the in-cylinder 

pressure, whereas a crank angle encoder was attached to measure the 

crank position with respect to TDC. Other parameters such as 

temperature, air flow rate, and fuel flow rate were determined with the 

help of thermocouples (Type K and pt100), an airflow transmitter, and 

a fuel flow transmitter. Exhaust gas was sampled through an AVL Di-
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gas 444N gas analyzer and NETEL smoke meter to measure exhaust 

emissions. The data acquisition unit was used to record various 

experimental readings by averaging data received for 50 cycles. The 

engine was allowed to run for a few minutes during each test to attain 

steady conditions before taking the readings. For biodiesel blends, the 

remaining fuel after each reading completion was removed, and the 

engine was operated with diesel again for some time to prevent fuel 

deposits if any. 

The uncertainty analysis of the experimental results was performed as 

given in [169]. The accuracy of instruments and percentage uncertainty 

values of various parameters is presented in Table 5.2. The uncertainty 

(wR) of dependent parameters was calculated by using eq. (5.1). 
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Here, R is a function of independent variables x1, x2…xn; whose 

uncertainties are w1, w2... wn. 

 

Table 5.1 Details of the engine used in the experiment 

Parameter Specification 

Make/Model 
Tata Indica, Type 475 IDI Turbo 

Diesel 

Engine type 4 stroke 4-cylinder diesel 

Cooling Water-cooled 

Injection type Indirect injection 

Aspiration Turbocharged 

Rated power 52 kW @4500 rpm 

Bore X stroke 75 mm x 79.5 mm 

Compression ratio 18.5:1 

Fuel injection 23° BTDC 

Dynamometer Eddy current, water-cooled 
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Figure 5.1 Schematic diagram of the engine test rig 

 

Table 5.2 Uncertainty of experimental results for various parameters 

Parameter Accuracy 
% 

Uncertainty 

Engine speed  (rpm) ±10 0.5 

Load (kg) ±0.025% 0.3 

Fuel flow (kg/h) ±0.065% 1.6 

Pressure  (bar) ± 0.1 bar 0.6 

Crank angle (degree) ±1° 0.3 

Brake power (kW) - 0.7 

BTE (%) - 1.8 

BSFC (kg/kWh) - 1.8 

NOx emission (ppm) ±5 ppm 2.1 

CO2 emission (%) ±0.3% 1.3 

Smoke emission (HSU) - 1.8 

 

5.3 Results and discussion 

5.3.1 Performance Characteristics 

Figure 5.2 shows the comparison of brake thermal efficiency (BTE) of 

the engine for different fuels considered in this study. BTE represents 

the useful energy generated from chemical energy produced by fuel 
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combustion. The BTE increases with load due to higher temperature 

and reduced friction losses at higher loads. It was also observed from 

Figure 5.2 that when microalgae biodiesel blends were used, the BTE 

of an engine was lower compared to the same for diesel. This effect 

was consistent with other studies in the literature [102,103]. The 

lowered BTE for biodiesel blends can be attributed to the low calorific 

value, high viscosity, and density of microalgae biodiesel (see Table 

4.2). It also has a high latent heat of vaporization (LHV) [156]. These 

properties affect the spray and atomization event, which ultimately 

induces larger droplet formation and inferior fuel evaporation rate 

[170]. At 25% load condition, the BTE for A20 and A30 blends were 

6.8% and 10.1% lower than diesel. This difference reduces at the full 

load where BTE for A20 and A30 blends were 1.1% and 3.6% lower 

than diesel. Biodiesel also has inherent oxygen content and improved 

lubricity, which aids in a better combustion process. This effect can be 

seen at above 50% loads for the A20 blend, where its BTE was almost 

similar to that of diesel. The difference in BTE between A20 and A30 

blends was observed to be an average of 3.4%, which meant the 

increase in blend percentage decreased the BTE. Overall, the inferior 

properties like viscosity, density, calorific value, and LHV adversely 

affected the BTE, but the oxygen content, lubricity, and early 

combustion start due to high cetane number had a positive effect on 

BTE. Therefore, biodiesel blends had comparable performance to 

diesel. 

Figure 5.3 shows the comparison of brake-specific fuel consumption 

(BSFC) of the engine for different fuels. The BSFC trend is 

complementary to BTE values for different fuels. It is a measure of the 

fuel consumption rate of an engine per unit of brake power produced. 

It can be observed that blends of Scenedesmus species biodiesel had 

higher BSFC values than diesel at all loading conditions. The average 

BSFC of A20 and A30 blends were 5.2% and 9.7% higher than diesel. 

This can be credited to inferior viscosity and density, which causes 

slightly poorer air-fuel mixing. Furthermore, the lower calorific value 
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of microalgae biodiesel means more fuel for the same amount of 

energy to be produced. The difference in BSFC at lower loads is larger 

than the difference at full load because of improved combustion at full 

load conditions. 

 

Figure 5.2 Variation of BTE with load 

 

Figure 5.3 Variation of BSFC with load 
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5.3.2 Combustion characteristics 

Figure 5.4 compares the in-cylinder pressure variation for diesel and 

microalgae biodiesel blends. The engine under consideration in the 

current experiment is of indirect injection (IDI) type. IDI engines have 

a swirl chamber or pre-combustion chamber along with the main 

chamber where the fuel is injected and air-fuel mixing occurs. 

Therefore, the air-fuel mixing is slightly more effective in this case as 

compared to direct injection engines. As can be seen from Figure 5.4, 

the difference in pressure values for fuels used in the study is not too 

high, with slightly higher peak pressure values for biodiesel blends. 

This is in agreement with previous studies where increased peak 

pressure for biodiesel blends was observed in the case of an IDI diesel 

engine [171–174].  Also, with an increase in blend percentage, higher 

peak pressure values were obtained except at full load, where the 

difference in peak pressure became very small. This is because, at full 

load conditions, additional factors such as very high temperature also 

play a crucial role in combustion. 

Figure 5.5 compares the heat release rate (HRR) variation for diesel 

and microalgae biodiesel blends. In a typical diesel engine, the 

combustion of the fuel is divided into premixed combustion, diffusion 

or controlled combustion, and after-burning. The first two phases are 

important deciding factors regarding the engine operation. The high 

cetane number of biodiesel leads to short ignition delay. As the 

combustion started earlier, the premixed combustion phase was 

completed earlier for biodiesel blends, resulting in higher HRR values 

initially. This is evident from Figure 5.5, especially at 50% and higher 

load conditions. The oxygen content of the biodiesel blend also 

contributed to the difference in HRR trends of diesel and biodiesel 

blends [172]. For blends with a higher biodiesel percentage (A30), 

peak HRR was attained earlier than other fuels because of the 

aforementioned reasons. This was in agreement with previous studies 

[170,172]. However, the overall difference between HRR values of 
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biodiesel blends and diesel was found to be small, indicating the 

suitability of the biodiesel blend for diesel engine operation. 

Figure 5.6 shows the exhaust gas temperature (EGT) for microalgae 

biodiesel blends and diesel. It was observed that the EGT was highest 

for the A20 blend, followed by diesel, except for the no-load condition. 

At no load, the EGT of different fuels was almost similar, which can 

also be seen from the HRR graph (Figure 5.5) at no load condition. 

The reason for the high EGT of A20 at other loads is the inherent 

oxygen content of the biodiesel that facilitates the combustion reaction. 

Therefore, the in-cylinder temperature developed tends to be higher for 

lower biodiesel blends. The higher cetane number and the early start of 

combustion are also the reasons behind high EGT [103]. For the A30 

blend, worsening properties such as viscosity, density, and LHV 

adversely affected the spray and atomization process. Also, the high 

cetane number and short ignition delay of the A30 blend resulted in 

high HRR during the premixed combustion phase (Figure 5.5), but the 

EGT was somewhat lower considering the entire combustion range due 

to inferior properties. The longer ignition delay, absence of inherent 

oxygen, and more diffusion combustion resulted in a marginally lower 

EGT of diesel compared to A20. Nonetheless, the difference in EGT of 

the fuels used is in the range of 1.5% to 2.5% only. 

5.3.3 Emission characteristics 

The IDI diesel engines produce fewer emissions as compared to DI 

engines [172]. In this study, it was observed that the emissions of HC 

and CO were very low and within the error limit of the instrument 

used. Therefore, only NOx and smoke emissions are presented in the 

following paragraphs. Figure 5.7 compares the NOx emissions emitted 

under different loading conditions. Nitrogen is inert at normal 

temperature and pressure conditions. However, the temperature 

developed during the combustion is very high, in the range of 1500° C 

to 2500° C for the current study. At such high temperatures, nitrogen 

becomes reactive and forms oxides of nitrogen by reaction with 

oxygen. NOx formation is categorized based on the mechanism of 
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formation as thermal NOx, prompt NOx, and fuel NOx. In thermal 

NOx, Zeldovich mechanism consisting of a reaction of oxygen with 

nitrogen at a very high temperature is involved [102]. Prompt NOx 

reaction consists of hydrocarbon fragments reacting with nitrogen to 

form unstable compounds, which then react with oxygen to form NOx 

[102]. Prompt NOx mechanism forms around 30% of total NOx 

emissions [162]. Fuel NOx is formed from nitrogen present in the fuel 

itself. 

NOx formation is typically governed by temperature, the residence 

time of fuel (combustion duration), and the oxygen content of the fuel. 

Figure 5.7 shows that NOx emissions were highest for diesel as 

compared to biodiesel blends. In the literature, some studies found an 

increase in NOx emissions, whereas some other studies reported 

reduced NOx emissions with the use of biodiesel. Some authors argued 

that the increase in cetane number and reduced ignition delay lead to 

increased NOx emissions. However, a counterargument was made in 

which it was claimed that high cetane number and short ignition delay, 

in fact, reduce NOx emission [88,93,175]. This could be the possible 

reason for the reduced NOx emission of biodiesel blends in the current 

study. Also, as seen in Figure 5.6, the difference in EGT of the fuels 

was not large. Therefore, oxygen content and residence time could 

have been more influencing factors than temperature. The oxygen 

content of A30 is slightly more than that of A20, which leads to its 

higher NOx emissions, especially at high loads, but it was still lower 

than diesel. This also shows that higher blends of biodiesel (>A30) 

may emit more NOx emissions than diesel. Overall, NOx emissions 

were lower by an average of 13.1% and 10.7% for A20 and A30 

blends, respectively, than that of diesel. 

Figure 5.8 compares the smoke emissions for diesel and biodiesel 

blends under different loads. The microalgae biodiesel blends 

produced significantly lower smoke emissions. In the current study, it 

was found that there was an average 36.7% and 58.9% reduction in 

smoke emissions for A20 and A30 blends, respectively, to diesel. This 
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can be credited to low Sulfur and aromatic content and also the lower 

C/H proportion of the biodiesel [102,103]. Also, A30 emitted fewer 

smoke emissions than A20 due to increased oxygen content. The 

smoke emission formation mainly occurs in the diffusion period of the 

combustion; therefore, diesel produced the highest smoke emissions 

among the three fuels. The values of smoke emissions were high at 

high loads due to the large quantity of fuel injected, which resulted in 

the formation of fuel-rich zones. The air deficiency in these zones 

creates more smoke. Smoke was also high at 25% load as compared to 

50% and 75% loads. This may be because switching from free 

acceleration (no load) to loading condition initially created air 

deficiency and somewhat incomplete burning of the fuel. 
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Figure 5.4 Variation of in-cylinder pressure with respect to crank 

angle during combustion 
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Figure 5.5 Variation of heat release rate with respect to crank angle 

during combustion 

 

Figure 5.6 Variation of exhaust gas temperature with load 
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Figure 5.7 Variation of NOx emissions with load 

 

Figure 5.8 Variation of smoke emissions with load 

5.4 Conclusions 

The following conclusions were drawn from the study of Scenedesmus 

sp. biodiesel blends in a diesel engine. 

- It was found from the study that a 20% microalgae biodiesel blend 

gave a satisfactory performance of an engine having brake thermal 

efficiency almost equal to diesel at loads greater than 50%. The 
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effect of a 30% microalgae biodiesel blend on the performance of 

an engine was also not too detrimental; with only 3.6% lower BTE 

at high loads.  

- The effect of Scenedesmus sp. biodiesel on the emission 

characteristics of the engine was quite substantial. The NOx 

emission reduction by 20% biodiesel blend was in the range of 

7.9% to 20.7% at different loads. Similarly, a 30% biodiesel blend 

reduced NOx emission in the range of 5.0% to 21.9% as compared 

to diesel.  

- Smoke emissions were reduced drastically by microalgae biodiesel 

blends. 20% biodiesel lowered smoke emissions by 18.4% to 

61.1% at different loads. Similarly, 30% biodiesel reduced smoke 

emissions by 50.0% to 61.3% at various loading conditions. 

In conclusion, biodiesel blends from microalgae Scenedesmus sp. can 

be used satisfactorily in the diesel engine. 
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6 PERFORMANCE IMPROVEMENT BY FUEL 

ADDITIVE AND COMPARISON WITH SECOND-

GENERATION BIODIESEL 

6.1 Introduction 

In this chapter, biodiesel from locally isolated microalgae species 

(Scenedesmus sp.) and second-generation (Pongamia) biodiesel were 

compared for their effect on diesel engine performance along with the 

study of the influence of cerium oxide nanoparticles on both 

biodiesels. The details of both these biodiesel are explained in section 

4.4. The experimental set-up details are the same as explained in 

section 5.2. Cerium oxide (CeO2) nanoparticles exhibit benefits like 

flexible capacity in valence transition, big oxygen storage, and high 

thermal properties; as a result, CeO2 nanoparticles are thought to have 

a significant amount of potential to be an addition to the diesel engine. 

The cerium oxide (CeO2) nanoparticle powder is purchased from 

Sigma Aldrich with an average particle size <50 nm. The CeO2 

nanoparticles were added to biodiesel and mixed with the help of a 

magnetic stirrer (30 minutes), then subsequently kept in the 

ultrasonicator (24 kHz frequency) for 30 minutes to avoid the 

agglomeration of added nanoparticles. The stability checking of 

nanoparticles is presented in Figure 6.1. It is found from visual 

inspection that the nanoparticles are well suspended in the biodiesel for 

up to 2 hours. Some percentage of nanoparticles start settling at the 

bottom after 6 hours of mixture preparation. After 24 hours, almost 

complete nanoparticles settled down at the bottom. Nonetheless, the 

nanoparticle-biodiesel blends are used immediately after preparation to 

avoid any effect of blend instability on the results. It is feasible to keep 

the fuel with nanoparticles added for up to a year by using techniques 

including homogenization, stirring, ultrasonication, controlling the pH 
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of the base fluid, and adding surfactant or dispersant. The prepared 

blends are – thirty percent biodiesel blends of Scenedesmus sp. (A30) 

and Pongamia (P30) in diesel, 100 ppm CeO2 nanoparticles in A30 

(A30C100), and 100 ppm CeO2 nanoparticles in P30 (P30C100), and 

diesel. 

6.2  Results and discussion 

6.2.1 Performance characteristics 

Figure 6.2 shows the comparison of BTE of the engine for different 

fuels used in this study. BTE denotes the actual energy utilized from 

the total energy produced by fuel combustion. The BTE of the engine 

increases with an increase in applied load. However, the percentage 

increase in BTE reduces at high loads as heat losses happening through 

exhaust air start overturning the benefits of the high-temperature 

combustion process. It is clear from Figure 6.2 that both microalgae 

and Pongamia biodiesel blends (A30 and P30) had a noticeably lower 

BTE (6.3% and 6.7%) than diesel. This can be attributed to low 

calorific values, higher viscosity, and density of the biodiesels. The 

high latent heat of vaporization is another important property 

responsible for the lower BTE of biodiesel blends, as it affects the 

evaporation rate of the fuel droplet, leading to poor air-fuel mixing 

[156,170]. Comparing the performance trend of A30 and P30 biodiesel 

blends, it is found that P30 had better performance at low loads, 

whereas the A30 blend had superior performance at high loads. 

Nanoparticle addition to the biodiesel blends improved the BTE of an 

engine. It is well evident that nanoparticles have an extremely high 

surface area to volume ratio, and nanoparticle-added fluid has superior 

heat transfer characteristics than base fluid. Nanoparticles help in 

improving the atomization of fuel through secondary atomization. Fuel 

droplets generated through aerodynamic forces and turbulence, which 

then encapsulate nanoparticles, tend to expand faster and break down 

further into fine-diameter droplets due to interaction with surrounding 

hot gas. Additionally, traveling nanoparticles also help in the breaking 

of larger-diameter droplets. Secondary atomization of fuel droplets not 
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only facilitates the evaporation rate but also boosts the air-fuel mixing 

process. Apart from the above, the catalytic effect of nanoparticles 

[106] also augments the combustion of fuel happening inside the 

engine. Average improvements of 4.2% and 3.8% in BTE, 

respectively, have been observed over A30 and P30 blends. At high 

loads, the BTE of A30C100 reaches almost equal to the diesel fuel. 

Figure 6.3 shows the comparison of the BSFC of the engine for 

different fuels. It represents the amount of fuel consumed to produce 

unit brake power in unit time. The BSFC trend complements the BTE 

values. Therefore, biodiesel blends P30 and A30 had the highest BSFC 

among the tested fuels. The average BSFC of P30 and A30 blends are 

9.9% and 9.7% higher than diesel. Biodiesels have lower calorific 

values compared to diesel; therefore, more fuel is consumed per unit 

break power.  The higher bulk modulus of biodiesel blends advances 

the injection timing, forcing more volume of biodiesel blends inside 

the combustion chamber.  At low loads, the BSFC of P30 is lower than 

A30; a vice-versa trend is observed at higher loads. CeO2 nanoparticle 

addition helped in reducing BSFC by an average of 4.1% and 4.5% for 

P30C100 and A30C100 biodiesel blends as compared to P30 and A30. 

This is because nanoparticle addition helps in improving the 

atomization and combustion process, leading to less fuel requirement. 
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Figure 6.1 Nanoparticle stability inspection in biodiesel blends of A) 

A30C100 B) P30C100 
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Figure 6.2 Variation of BTE with load 

 

Figure 6.3 Variation of BSFC with load 

6.2.2  Combustion characteristics 

Figure 6.4 presents the in-cylinder pressure variation for diesel and 

biodiesel blends. A slightly higher peak pressure is observed for the 

biodiesel blends than for diesel. The observation is in agreement with 

previous studies of IDI diesel engines [171–174]. In general, higher 
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oxygen content is present in the biodiesel molecules that facilitate the 

combustion process, leading to higher peak pressure. As more oxygen 

content is present in microalgae biodiesel, the minutely high peak 

pressure is observed for the A30 blend than P30 despite a lower cetane 

number of the A30 blend. It may also be responsible for the longer 

peak pressure duration of the A30 blend. As biodiesel is associated 

with a poor atomization process, the peak pressure position is slightly 

shifted in the case of microalgae blends. However, at 100% load 

condition, the high temperature in a combustion chamber normalizes 

the ill influence of poor atomization, leading to the almost identical 

position of peak pressure. The nanoparticles blended fuel affected the 

combustion process considerably. It is evident from a considerable 

increase in peak pressure values of A30C100 and P30C100. Improved 

air-fuel mixing, secondary atomization and catalytic effect of 

nanoparticles during combustion seems to be possible reason behind it. 

Also, the addition of nanoparticles increases the oxygen content of the 

fuel, which improves the burning rate of the fuel. The peak pressure 

location becomes identical for A30C100 and P30C100 blends at 100% 

load. 

Figure 6.5 presents the heat release rate (HRR) variation for the tested 

blends. The higher cetane number of microalgae and Pongamia 

biodiesel leads to a shorter ignition delay than diesel. As the 

combustion starts earlier, the premixed combustion stage is completed 

earlier for biodiesel blends (A30 and P30), resulting in higher initial 

HRR values. The effect is clearly visible at 100% load condition. The 

diffusion combustion HRR for the biodiesel blends is lower than that 

of diesel, specifically at higher loads. The excess oxygen content of the 

biodiesel blend also contributes to the dissimilarity in HRR trends of 

diesel and biodiesel blends [172]. Nanoparticle-added blends A30C100 

and P30C100 blends have changed the HRR trend as compared to A30 

and P30 blends. For example, there is a shift in the peak HRR slightly 

away from the top dead center, indicating better and more uniform air-

fuel mixing for nanoparticle-added blends. This may be attributed to 
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the higher surface area-volume ratio of nanoparticles and the increased 

thermal conductivity of the blend. As observed from the figure, the 

HRR is higher for diesel and nanoparticle-added blends during the later 

part of the combustion. The above observation is in agreement with 

previous studies [170,172]. It may also be noted that the peak HRR 

trend also depends on the operating condition, as in the case of El-

Seesy et al. [129], where nanoparticle addition decreased peak HRR at 

1500 rpm but increased peak HHR at 2000 and 2500 rpm. The higher 

oxygen content of the microalgae biodiesel blend seems to normalize 

the combustion rate during the diffusion-burning process. The peak 

HRRs were 23.34, 23.97, 23.95, 23.47, and 23.87 J/CA degrees for 

diesel, A30, A30C100, P30, and P30C100 at full load, respectively. 

 

Figure 6.4 Variation of in-cylinder pressure with respect to crank 

angle during combustion 
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Figure 6.5 Variation of heat release rate with respect to crank angle 

during combustion 

6.2.3 Emission characteristics 

Figure 6.6 compares the NOx emissions emitted under different 

loading conditions. There are contradicting results about NOx 

emissions in the literature for biodiesel blends where biodiesel was 

reported to both increase as well as decrease the NOx emissions 

compared to diesel. The NOx emission is a crucial parameter in CI 

engine emissions as it has a severe ill impact on the environment. 

Apart from temperature, several other parameters such as cetane 

number, viscosity, density, bulk modulus, excess oxygen, residence 

time, engine geometry, and compression ratio also impact NOx 

emission. The situation becomes adverse because of the complex 

influence of a variety of additives in general recommended for 

performance enhancement or emission regulations. In general, oxygen-

richness, higher viscosity and density, advancement in fuel injection, 

and enriched combustion increase NOx emissions, as reported for 

biodiesel and their blends [176–182]. However, the current study 

found that the NOx emissions of the blends A30 and P30 are lower 

than diesel by 7.26% and 5.67%. A similar kind of observation was 
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reported for Madhuca Indica [86], Jatropha and Chinese pistache 

[183], waste vegetable [184] and Cottonseed [185] biodiesel. In the 

case of a higher percentage of biodiesel (similar to the current study), 

the atomization process starts producing fuel droplets of large size; the 

heat of vaporization (for blended fuel) increases, and there is a 

decrease in the calorific value of the resulting fuel. It may have caused 

lesser NOx generation. It is also observed that P30 blends had higher 

NOx emissions than A30. The higher Cetane number of Pongamia 

biodiesel seems to be an expected reason behind the above 

observation. The average NOx emissions are found to be higher by 

2.17% and 6.17% for A30C100 and P30C100 blends compared to their 

biodiesel blends without nanoparticles. The observed trend is due to 

better combustion characteristics of CeO2 nanoparticles added to 

blended biodiesel. The oxygen content also increases due to the 

addition of CeO2 nanoparticles, causing more NOx formation. 

Appealingly, the A30C100 blend NOx emissions are lower than the 

P30C100 despite higher thermal performance. Better heat transfer 

characteristics of the A30C100 blend may be responsible for the 

observed behavior, so it enjoys better combustion in the premixed 

stage. 

Figure 6.7 compares the smoke emissions for diesel and biodiesel 

blends under different loads. The smoke emissions shoot up with an 

increase in load as the injection of more fuel at high loads generates 

fuel-rich zones. The air deficiency in these fuel-rich zones is 

responsible for the creation of more smoke [103,186]. The smoke 

emissions at 25% load are found to be higher than 50% and 75% loads. 

The above observation may be due to switching from free acceleration 

(no load) to loading conditions initially creating air deficiency and 

somewhat incomplete burning of fuel. As compared to diesel, all the 

blends of biodiesel produced significantly lower smoke emissions. The 

smoke emissions are found to be 54.0% and 58.9% less for P30 and 

A30 blends than diesel. The smoke formation mainly occurs during the 

diffusion period of the combustion for the diesel; therefore, it produces 
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the highest smoke emissions. The biodiesel’s low carbon content and 

the presence of free oxygen facilitated in lowering the smoke 

emissions. The low Sulfur and aromatic content of biodiesel also helps 

in reducing smoke emissions [102,103]. The average smoke emission 

of the A30 blend is found to be 15.0% lower than the P30 blend. The 

presence of more free oxygen and lower chain fatty acid methyl esters 

(C16) in Scenedesmus sp. appears to be the possible reason behind the 

above observation [69,70,187]. An appreciable decrease in smoke 

emissions has been found due to the addition of CeO2 nanoparticles in 

both biodiesel blends: the increased oxygen content and the enhanced 

ignition characteristics provided by CeO2 help achieve complete 

combustion. Thus, average smoke emissions for A30C100 and 

P30C100 blends are found to be 28.3% and 16.9% lower than A30 and 

P30 blends. As P30 is already associated with more smoke emissions, 

comparing smoke reduction on a percentage basis by the addition of 

nanoparticles gives fewer values for P30 as compared to that for A30. 

However, in absolute terms, nanoparticles decreased smoke emissions 

sufficiently for both A30 and P30 blends. 

 

Figure 6.6 Variation of NOx emissions with load 
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Figure 6.7 Variation of smoke emissions with load 

6.3 Conclusions 

Scenedesmus sp. biodiesel and Pongamia biodiesel had lower calorific 

values and higher viscosity and density than diesel. Therefore, the BTE 

of the A30 and P30 blends are found to be 6.3% and 6.7% lower than 

diesel. The performance of biodiesel blends operated engine improves 

by the addition of CeO2 nanoparticles. Improved air-fuel mixing and 

enhanced fuel evaporation (due to the secondary atomization process) 

seem mainly responsible for improved performance by the CeO2 

nanoparticle. Nanoparticle addition provided better performance 

enhancement for the Scenedesmus biodiesel. At high load levels, the 

performance of Scenedesmus blend A30C100 is found to be almost 

equal to diesel. The NOx emissions of A30 and P30 blends are found 

to be 7.26% and 5.67% lower than diesel in the current study. 

However, improved combustion by nanoparticles has an adverse effect 

on NOx emissions. The emissions of NOx for P30C100 are even 

higher than diesel. A convincible reduction is found in smoke 

emissions of all the tested biodiesel blends with and without 

nanoparticles. A30 and P30 reduced smoke emissions by an average of 

58.9% and 54.0% compared to diesel. Similarly, A30C100 and 
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P30C100 lowered average smoke emissions by 70.4% and 60.4% 

compared to diesel. Scenedesmus sp. biodiesel blends are found to be 

slightly superior to Pongamia biodiesel blends in terms of performance 

and emissions. More such studies will help to identify the potential 

microalgae biodiesel-nanoparticle combinations for catering to the 

demand for transportation fuel on a national and global level. 
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7 ASSESSMENT OF MICROALGAE AND 

PONGAMIA BIODIESEL MIX-FUEL BLEND 

7.1 Introduction 

Biodiesel is basically a mixture of fatty acid methyl esters having 

carbon chain length of 12 to 24 carbon atoms with or without double 

bonds [188,189]. As explained earlier, if there is no double bond, the 

fatty acid is called as saturated fatty acid (SFA); whereas one or more 

double bonds containing fatty acid is called as monounsaturated 

(MUFA) or polyunsaturated fatty acid (PUFA). The proportion of 

these fatty acids in the biodiesel govern the properties important for 

engine operation and storage stability as the individual fatty acids have 

their own values of properties [65,190,191]. Therefore, biodiesel 

obtained from different sources have dissimilar properties as the fatty 

acid composition differs accordingly. Ultimately, the engine 

performance and emission output is influenced by the proportion of 

fatty acids present in the biodiesel. In this view, the effect of 

saturation-unsaturation content and chain length of fatty acids has also 

been investigated by researchers [67,68,70,192]. A proper mixture of 

SFA, MUFA and PUFA should be present in the biodiesel to have 

properties suitable for optimum engine output characteristics. 

Microalgae biodiesel, even though regarded as a promising new source 

of biodiesel, typically contains long-chain PUFA like linolenic acid 

and, to some extent, EPA and DHA [188]. Second-generation biodiesel 

like pongamia (also calle7d karanja) contains lower PUFA and 

sufficient SFA and MUFA. Therefore, mixing these two biodiesels and 

using them as a fuel for diesel engines will be interesting. The current 

investigation used biodiesel from microalgae Scenedesmus sp. and 

second-generation pongamia biodiesel to prepare a mix-fuel blend for 

a four-cylinder four-stroke diesel engine. The study was conducted in a 
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constant-speed varying-load operating condition, and performance and 

emission output parameters were reported and compared. The blends 

tested were 20% microalgae biodiesel in diesel (A20), 20% pongamia 

biodiesel in diesel (P20), and 10% each of microalgae and pongamia 

biodiesel in diesel (A10P10). 

7.2 Results and discussion 

7.2.1 Performance characteristics 

Figure 7.1 represents the variation of brake thermal efficiency (BTE) 

of an engine with a load of different fuels. As seen from the figure, the 

BTE of an engine increases with an increase in load. More fuel is 

injected inside the engine as the load increases to keep the speed 

constant. However, the rise in fuel intake is less compared to the 

increase in load; therefore, efficiency is higher at high loads. The BTE 

of the engine for microalgae and pongamia biodiesel blends (A20 and 

P20) is almost similar. However, the average BTE for A20 and P20 is 

approximately 3% lower than diesel. This is due to the lower calorific 

value, higher viscosity, and density of the biodiesel than diesel. High 

latent heat of vaporization also affects the evaporation rate of the fuel 

droplets in the combustion chamber and, thus, the air-fuel mixing. 

However, the extra oxygen content of the biodiesel may cancel out this 

negative effect to some extent. Therefore, the difference between the 

BTE of A20 and P20 with that of diesel is limited to around 3%. Mix-

fuel A10P10 slightly improved BTE as compared to A20 and P20 

blends, especially after mid-range. This may be because of the mixing 

of the two biodiesel blends, which compensate for the very high PUFA 

content and low MUFA content of Scenedesmus sp. biodiesel as well 

as the low SFA content of pongamia biodiesel. 

Figure 7.2 represents the brake-specific fuel consumption (BSFC) 

variation of an engine with a load of different fuels. BSFC graph is 

complementary to the BTE graph as it represents inverse trends for 

fuels, as in the case of BTE. The lowest BSFC can be seen for diesel, 

indicating the superiority of diesel fuel in terms of properties and 
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engine combustion over other fuels. For most of the load range, the 

pure blends A20 and P20 showed the highest consumption compared 

to the other two fuels. This shows that blending microalgae and 

pongamia biodiesel in diesel caused some negative effects in terms of 

properties, so the fuel required for the same power generation was 

more. The mix-fuel A10P10 caused improvement in the BSFC 

compared to pure blends A20 and P20 by around 2% for both. This 

clearly illustrates that there is an improvement in performance, in 

terms of fuel consumption, of an engine by a biodiesel blend 

containing a mix of two different biodiesels. Even though the average 

difference in BSFC for pure blends and mix-fuel blends is not much, 

there can be an improvement with higher blends and other methods, 

such as nanoparticle addition. Due to the limited availability of 

microalgae biodiesel, only a 20% blend has been checked in this study. 

 

Figure 7.1 Variation of BTE with load for diesel and biodiesel blends 
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Figure 7.2 Variation of BSFC with load for diesel and biodiesel 

blends 

 

7.2.2 Combustion characteristics 

Figure 7.3 presents the in-cylinder pressure variation for diesel and 

biodiesel blends at 50% load. The developed cylinder pressure during 

the combustion is mainly governed by the rate of fuel burning in the 

premixed combustion phase. This, in turn, is affected by the ignition 

delay period and spray formation. The fuel properties such as viscosity, 

density, and latent heat of vaporization play crucial roles in ignition 

delay and spray behavior of the fuel. Slightly high pressure was 

observed for biodiesel blends as compared to diesel. A similar trend 

was observed in previous studies of IDI diesel engines [171–174]. The 

extra oxygen content of the biodiesel assisted the combustion of the 

blends and possibly increased the peak pressure developed during the 

combustion. Also, biodiesel blends had higher density as compared to 

diesel, which indicates a higher bulk modulus. This means that the 

biodiesel blends are more incompressible than pure diesel. Therefore, 

the pressure build-up will be quick in the injection pump, and fuel will 

be injected early. Moreover, high temperature during the injection 

causes higher molecular weight FAMEs to break down into smaller 
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molecules. The gasification of these compounds spreads the jets and 

causes early ignition [140,193]. This early injection and advanced 

combustion might have caused higher peak pressure for biodiesel 

blends [143]. The A20 blend showed marginally higher peak pressure 

than the P20 blend, whereas the highest peak pressure was observed 

for the A10P10 blend among all the tested fuels. This indicated better 

combustion characteristics for a mix-fuel blend, which in turn showed 

its potential to incorporate the positives of two biodiesels into one. 

Figure 7.4 presents the heat release rate (HRR) variation for diesel and 

biodiesel blends at 50% load. As discussed in the previous paragraph, 

the early injection and shorter ignition delay of the biodiesel is evident 

from Figure 7.4 for biodiesel blends as the HRR curves moved towards 

TDC (left) as compared to diesel, indicating earlier completion of 

premixed combustion. The excess oxygen content of the biodiesel was 

also a responsible factor in the deviation from HRR trends for diesel 

and biodiesel blends [172]. The mixing of the two biodiesel fuels 

affected the HRR trends slightly as the highest peak HRR was 

observed for mix-fuel A10P10, evincing better combustion quality due 

to the mixing of two biodiesel blends. HRR trend for the mix-fuel 

blend also showed the lowest values during the later part of the 

combustion, indicating that most of the charge is burning at the 

premixed combustion stage. This result, along with performance 

values, further reinforced that mixing two biodiesel with different 

saturated and unsaturated fatty acid percentages helped in improving 

engine output characteristics. 
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Figure 7.3 In-cylinder pressure variation with crank angle 

 

Figure 7.4 Net heat release rate (HRR) variation with crank angle 

7.2.3 Emission characteristics 

Figure 7.5 compares the NOx emissions of different fuels tested in this 

study under different loads. In the current study, biodiesel blends 
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produced lower NOx emissions than diesel by 4.43%, 13.14%, and 

15.70% for P20, A20, and A10P10 blends, respectively. This was in 

agreement with previous studies for other biodiesel sources [86,183–

185]. As discussed previously, even though some authors argued that 

the increase in cetane number and reduced ignition delay lead to 

increased NOx emissions, a counterargument claimed that high cetane 

number and short ignition delay, in fact, reduce the NOx 

emission[88,93,175]. This could be the possible reason for the reduced 

NOx emission of biodiesel blends in the current study. Out of the 

biodiesel blends, P20 blends produced the highest NOx emissions, and 

there was only a slight difference between the blends A20 and 

A10P10. This can be credited to the difference in the fatty acid 

composition of pongamia and microalgae biodiesel. NOx emissions 

decrease with higher saturated fatty acid content [194,195]. 

Scenedesmus sp. biodiesel has higher SFA content (38.43%) compared 

to pongamia biodiesel (18.54%). Therefore, A20 showed lower NOx 

emissions. The blending of the two biodiesel had a positive impact on 

average NOx emissions as it was further reduced by 3.07% as 

compared to A20. The negative effect of higher unsaturation content 

(MUFA and PUFA) of pongamia biodiesel was balanced by adding 

microalgae biodiesel having high Palmitic acid (C16:0). 

Figure 7.6 compares the amount of smoke from exhaust for different 

fuels tested in this study under different loads. Smoke emission was 

highest at full load conditions as excess fuel was injected, creating 

fuel-rich zones at such high load conditions. The air deficiency at such 

zones causes more smoke because of a partially burnt charge. On 

average, the smoke emissions of biodiesel blends P20, A20, and 

A10P10 were lower than diesel by 21.19%, 30.66% and 26.49% 

respectively. This significant decrease in smoke emission was because 

of the low sulfur and aromatic content, low C/H proportion, and 

increased oxygen content of biodiesel blends. Diesel fuel had a longer 

ignition delay and more burning in the diffusion combustion phase. 

Therefore, it showed the highest smoke emissions. Among the 
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biodiesel blends, P20 showed the highest smoke emissions, whereas 

the lowest smoke emissions were observed for the A20 blend. Higher 

unsaturation content (number of double bonds) in the biodiesel leads to 

increased smoke emissions [69,187]. Pongamia biodiesel contains 

more unsaturated FAs (MUFA+PUFA); therefore, the P20 blend 

showed increased smoke. Smoke emissions are also proportional to the 

carbon chain length of the fatty acids. Microalgae biodiesel had high 

Palmitic acid (C16:0) content, whereas pongamia biodiesel contains 

higher carbon fatty acids (C18 and C20). The mix-fuel blend showed 

smoke values in between P20 and A20 blends as it compensated for the 

negative effect of the FA content of pongamia biodiesel. Even though 

mix-fuel A10P10 did not produce the lowest smoke emissions, it was 

quite lower as compared to diesel, as mentioned earlier.  

 

Figure 7.5 Variation of NOx emissions with load for diesel and 

biodiesel blends 
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Figure 7.6 Variation of smoke emissions with load for diesel and 

biodiesel blends 

7.3 Conclusions 

Microalgae biodiesel has high PUFA content but also has high Palmitic 

acid. Pongamia biodiesel has very high MUFA content in the form of 

Oleic acid. Mixing of these two biodiesel has the potential to produce a 

good mix of saturated and unsaturated fatty acids. Mix-fuel blend 

A10P10 improved BTE by around 1% and BSFC by around 2% 

compared to the blends A20 and P20. The combustion characteristics 

showed that the A10P10 blend produced the highest pressure and heat 

release rate. The mix-fuel blend also showed the lowest NOx 

emissions among all the fuels. The smoke emissions of A10P10 were 

slightly higher than A20, but they were still lower than diesel by 

26.4%. Therefore, mixing the two biodiesels with dissimilar fatty acid 

contents can be a good strategy to improve engine performance and 

emissions. 
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8 OVERALL CONCLUSIONS AND PLAN FOR 

FUTURE WORK 

8.1 Conclusions 

The present study's objective is to identify suitable microalgae for 

biodiesel production based on fatty acid profile and lipid content. The 

selected species were cultivated in outdoor raceway ponds for large-

scale biomass production. Harvested biomass was subjected to oil 

extraction and biodiesel production through transesterification. 

Eventually, experiments were carried out to evaluate the possibility of 

microalgae biodiesel as a blend in a diesel engine. Additionally, to 

overcome the poor performance level of the microalgae biodiesel 

blend, the addition of nanoparticles and fuel mixing were studied as 

methods of improving diesel engine performance and emissions. 

Following are the outcomes of the current research work.  

1. The species selection methodology was found to be useful in 

screening microalgae for large-scale biofuel production. Even 

under the same growth conditions, the studied species show 

significant variation in their SFA, MUFA, and PUFA percentages. 

Green unicellular species Chlorella and Scenedesmus showed 

relatively higher PUFA with around 30% lipids. Compared to this, 

cyanobacterial species Lyngya and Calothrix had higher SFA, 

MUFA, and only 10 to 20% lipids. 

2. Based on the FAME profile and lipid content 

analysis, Scenedesmus sp. and Calothrix sp. were found to be the 

top two preferred species. Extended temperature-dependent 

property analysis of these two species showed that the low 

viscosity of the former and higher vapor pressure of the latter was 

their decisive fuel characteristic. Density, latent heat of 
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vaporization, and vapor diffusivity were not too different for the 

two species. However, Scenedesmus sp. was considered superior 

based on lipid content and fast growth. 

3. Growth in outdoor cultivation was found to be quite adequate in 

this research work with economical urea and DAP as nutrient 

media. However, implementing simple and economical methods 

for harvesting and oil extraction, such as gravity sedimentation 

and soxhlet apparatus, was found to yield a lower quantity of 

biodiesel. In this work, 14.2% oil/lipid yield was obtained from 

dried microalgae biomass. 

4. The SFA, MUFA, and PUFA proportions in Scenedesmus sp. 

microalgae biodiesel were found to be 38.43%, 17.49%, and 

29.75%, respectively. The higher presence of PUFA was because 

of high linolenic acid content. 

5. Experimental analysis of the diesel engine found that the engine's 

performance slightly deteriorated with A20 and A30 blends of 

microalgae biodiesel with an average of 3.05% and 6.33% 

decrease in BTE (brake thermal efficiency) as compared to diesel. 

This difference at full load conditions was only 1.1% (for A20) 

and 3.6% (for A30) compared to diesel. 

6. The use of Scenedesmus sp. biodiesel resulted in an adequate 

reduction of NOx and smoke emissions. The NOx emission 

reduction was found in the range of 7.9% to 20.7% for A20 blend 

and in the range of 5.0% to 21.9% for A30 blend compared to 

diesel. Similarly, A20 blend lowered smoke emissions by 18.4% 

to 61.1%, and A30 blend reduced smoke emissions by 50.0% to 

61.3% at various loading conditions compared to diesel. 

7. The cerium oxide nanoparticles improved the average BTE by 

4.2% and 3.8% when added to Scenedesmus sp. and Pongamia 

biodiesel blends, but at the cost of a slight increase in NOx 

emissions. NOx emissions were 2.17% and 6.17% higher for 

nanoparticle-added blends than their plane biodiesel blends (A30 

and P30). The blend's cost and stability are the two critical 
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concerns regarding the application of nanoparticles as a fuel 

additive. 

8. Mix blend containing 10% each of Scenedesmus sp. and Pongamia 

biodiesel increased the performance by around 2.1 to 3.8% at the 

mid-load range compared to pure 20% blends (A20 and P20). It 

also decreased NOx emissions by 3.07% and 11.89% compared to 

A20 and P20. Smoke emissions were lower for all biodiesel blends 

as compared to diesel. Therefore, the mixing of two 

biodiesels, Scenedesmus sp., and Pongamia, was observed to be an 

economic strategy to increase the performance to some extent and 

reduce emissions at the same time. 

Technological innovations hold the key to improving efficiency and 

cost competitiveness. Some techno-economic analysis carried out 

recently estimated the cost of microalgae biodiesel around 2.07 to 2.17 

$/L with bio-refinery approach. It was also reported in one study that 

microalgae biodiesel cost should be less than 147 $/barrel to have 

biodiesel production business with heavy metal removal profitable. 

The regulatory support and consumer preferences will shape 

microalgae biodiesels market success. Continued research and 

investment are essential to harness its potential as a sustainable 

alternative to fossil fuels. 

Overall, the major conclusions of the study that are useful for practical 

approach are 

- Microalgae species selection based on FA composition is a  cheap 

and easy method. 

- After initial adaptation to the outdoor environment, single culture 

microalgae growth is possible in open raceway ponds. 

- Urea-DAP can be successfully used for sufficient microalgae 

biomass growth. 

-  With year round cultivation and some improvement in biodiesel 

production process, it is possible to set up microalgae biodiesel 

plant. 
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8.2 Future scope 

Following is the plan for future work: 

1. Based on semi-outdoor cultivation experience, the development 

of efficient harvesting and oil extraction processes needs to be 

studied to increase the biodiesel output. 

2. To increase the net energy output of the process, the possibility 

of production of other biofuels like ethanol and biohydrogen 

from microalgae biomass after lipid extraction can also be 

explored. 

3. Integrated bio-refinery approach with life cycle analysis of 

microalgae biodiesel production can also be studied as a multi-

objective strategy. 

4. Detailed economic analysis of microalgae biodiesel production 

process where methods like possible water recycling, 

renewable sources for drying and paddlewheel operation etc. 

can be studied. The trade-off between nutrient cost and biomass 

generation can also be a useful study. 

5. The effect of engine parameters, such as injection timing, 

compression ratio, etc., as well as spray characteristics in the 

case of Scenedesmus sp. biodiesel, can also be studied in detail. 

6. Analysis of exhaust soot particles is crucial in case of diesel 

engine exhaust. For second generation biodiesel, the exhaust 

soot particles concentration was found to dominated by 

nucleation mode particles (<50 nm), which affect the human 

health. The similar study can be performed for microalgae 

biodiesel fuel, where thorough soot formation process and size 

of particles can be analyzed.  
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