
IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 8 Issue 3, March 2021  

ISSN (Online) 2348 – 7968 | Impact Factor (2020) – 6.72 

www.ijiset.com  

222 
 

Combustion, Emission, and Performance 
Characteristics of Compression Ignition 
Engine Fueled with Waste Animal Fats 

Biodiesel – A Review 
Edwin Cheruiyot, Freddie Inambao, Omojola Awogbemi, Abdulfattah Yusuf  

 Department of Mechanical Engineering, University of KwaZulu-Natal, Durban 4041, South Africa  

*Corresponding Author Email: Freddie Inambao 40TUInambaof@ukzn.ac.za U40T  

*40TUhttps://orcid.org/0000-0001-9922-5434 

Abstract 
Degradation of the environment as a result of pollutant emissions from fossil fuel and uncertainty in 
the supply of fossil-based diesel have pushed governments and international agencies to adopt 
renewable fuels. Biodiesel is one of the most widely researched fuels for application in diesel engines 
because it is renewable, biodegradable, easily available, oxygenated, sulfur-free, non-toxic, easily 
miscible with fossil-based fuels, and environmentally friendly. Feedstock costs account for about 75 
% of the total production cost of biodiesel on a commercial scale. Waste animal fats discarded in 
slaughterhouses is an easily available low-cost feedstock for biodiesel production. The goal of this 
paper is to review published scientific research works on the combustion, emission characteristics, 
and engine performance of waste animal fats biodiesel, and diesel blends. Combustion parameters 
such as cylinder pressure and heat release rate were reported to be higher for biodiesel than diesel due 
to the high density and viscosity of biodiesel. Ignition delay period was shorter for biodiesel than 
diesel fuel at all loading conditions which was attributed to waste animal fats’ high cetane number. 
Emission characteristics such as carbon monoxide, unburned hydrocarbon, smoke opacity, and 
particulate matter were lower for biodiesel than diesel because of the presence of oxygen molecules 
bonded in biodiesel chemical structure which promote complete combustion. However, nitrogen 
dioxide and carbon dioxide gases were slightly higher for neat biodiesel than diesel fuel. On engine 
performance, biodiesel had lower brake thermal efficiency and brake power while brake specific fuel 
consumption was higher than diesel fuel. These near consensus positions were highlighted.  
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1.0  Introduction 
The growing population globally has put severe pressure on natural resources to provide an income 
for livelihood and to develop the economy. One of the natural resources facing enormous pressure is 
fossil fuel which has been the main source of energy globally. Fossil fuel is finite and projected by 
experts to last for a few more years before depletion [1-3]. In addition, a few countries are blessed 
naturally with an abundance of oil wells leaving the rest to rely on imports that have led to 
competition and political instability. This political instability has forced down the number of barrels 
produced by oil producers and ceded market control to powerful nations and caused wars hence 
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creating an oil crisis [4]. The oil crisis together with environmental concerns of pollutant effects on 
health [5] caused by exploration and utilization of fossil-based fuels has led to the search for clean and 
abundant renewable fuels. The available clean fuels are bioethanol [6], bio-alcohol [7], biodiesel [8], 
and hydrogen [9]. One of the most promising clean fuels is biodiesel which researchers have tested 
already on diesel engines [10]. 
 Biodiesel is renewable, biodegradable, easily available, oxygenated, sulphur-free, non-toxic, 
easily miscible with fossil-based fuels, and environmentally friendly fuel [11-13]. Biodiesel in some 
cases comes with drawbacks such as reduced thermal efficiency [14], increased NOx emission [15], 
high brake fuel consumption [16], worse temperature properties [17], and high production costs [13]. 
Major feedstocks for biodiesel production include vegetable oil, used cooking oil, and waste animal 
fats. Biodiesel feedstock accounts for 75 % of the total biodiesel production cost [18]. Thus, it is 
imperative to use low-cost feedstock that does not compete directly with food for human 
consumption. Waste animal fats (WAFs) have been identified as a promising economical and 
abundantly available source. Besides its economical aspect, its use helps in keeping the environment 
clean by reducing fouling and diseases when dumped in landfills. WAF sources include goat fat [19], 
beef tallow [20], sheep tallow [21], chicken fat [22], fish oil [23], and tannery tanning waste [24]. 
Most of the research on WAF biodiesel undertaken have been laboratory and small-scale pilot plants. 
Some pilot-scale plants for animal fats were developed by Alptekin et al. [25], Sanel et al. [26], and 
da Cunha et al. [27]. The application of these WAFs will prevent the inappropriate disposal of these 
wastes by households, slaughterhouses, and butcheries into drainages, rivers, and bushes thereby 
contaminating aquatic and terrestrial habitats.  

Biodiesel is produced from several methods including transesterification [28], pyrolysis [29], 
emulsification [30], and blending [31]. The advantages and disadvantages of each method is 
summarized in table 1. Transesterification is the most common and widely accepted production 
technique for household and large-scale industrial applications. WAF biodiesel has been used in 
stationary and mobile diesel engines for both research work and in-road applications to test the 
performance and emissions in comparison to fossil diesel. WAFs biodiesel contain high saturated 
fatty acids [32] which directly influence its performance and emission characteristics. The high CN of 
WAF biodiesel has a positive effect on improving ignition delay and combustion [33].  
 Recently, many studies on the valorization of wastes and working towards attainment of fully 
circular economy [34, 35] in the society have pushed for the adoption of WAF biodiesel as alternate 
fuel in compression ignition (CI) engine. Hence, the goal of this paper is to undertake a summary of 
technical research work on the engine performance, combustion, and emission characteristics of WAF 
biodiesel and diesel blends. The information will be useful for scientists, engineers, research students, 
and experts in the renewable energy field for reference purposes. 

http://www.ijiset.com/


IJISET - International Journal of Innovative Science, Engineering & Technology, Vol. 8 Issue 3, March 2021  

ISSN (Online) 2348 – 7968 | Impact Factor (2020) – 6.72 

www.ijiset.com  

224 
 

Table 1. Summary of advantages and disadvantages of various biodiesel production methods. 

Production process Advantages Disadvantages Ref. 

1 Transesterification 

Ultrasonication 

The reactor is simple to setup. 
Energy saving compared to 
mechanical agitator. 
Leads to reduction of methanol and 
time which reduces cost of 
production. 

High purification cost. 
Generation of high temperature for 
longer reactions. 
Fast reaction may lead to soap 
formation. 

[36] 

Membrane 
technology 

Removes unnecessary side reaction. 
High quality products rich in 
FAME. 
Low energy consumption, 
elimination of waste water 
treatment and corrosion resistance. 
Glycerol is separated from FAME 
during the reaction. 

High cost of fabrication. 
Development of fouling over 
prolonged usage can reduce 
effectiveness. 
Purification is required since FAME 
rich phase contains methanol, water 
and glycerol 

[37-39] 

Reactive 
distillation 

The reaction is exothermic and 
hence the heat generated eliminates 
reheating of oil. 
 

High temperature in the column 
degrades the products. 
Traces of triglyceride in resultant 
biodiesel may clog filters  

[40] 

Microwave 

Short reaction time. 
Low generation of by-products. 
Low molar ratio of methanol to oil. 
High quality of product. 
Easy to operate the reactor. 
Power consumption is lower than 
the mechanically stirred method 

It is dangerous for use in industrial 
setup due to high microwave that may 
compromise the safety of operators. 
It is not economically feasible for 
industrial scaling due to technical 
difficulties 

[41, 42] 

BIOX process 

Short reaction time. 
Ability to handle raw material with 
high FFA. 
Alcohol and co-solvent can be 
recycled in a single-stage making 
the process economical. 
Both biodiesel and glycerol phase 
has no dissolved catalyst. 
 

Co-solvent used is dangerous and has 
to be removed from biodiesel. 
Tetrahydrofuran (THF) co-solvent and 
methanol have closer boiling point 
making their separation difficult 
 

[43] 
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Supercritical 
method 

A complete reaction occurs in a 
short period (2-4min). 
TG conversion to biodiesel is not 
affected by FFA and water content. 
Simple and eco-friendly process. 

The molar ratio of methanol to fat is 
extremely high 42:1. 
Monoglyceride, glycerol, and acid 
value can be reduced by increasing 
temperature and long reaction time 
which increases FAME thermal 
decomposition. 

[44, 45] 

2 Pyrolysis 

Easy, pollution-free, and negligible 
waste generated. 
Possibility of upscaling to industrial 
scale setup. 
Flexibility in choice of raw 
materials 

Bio-oil contains large organic 
compounds which require 
enhancement of fuel properties before 
application in the engine. 

[46, 47] 

3 Emulsification 

Cost-effective in the reduction of 
NOx and helps in the improvement 
of engine efficiency  
Emulsifier droplets present in 
emulsified fuel improves fuel-air 
mixing which improves engine 
efficiency 
Water and surfactant in fuel can 
lower engine temperature. 

Unstable and phase separation may 
erode engine components  

[30, 46, 
48] 

4 Direct use 

There are savings in financial costs 
and no major modification of the 
engine. 
The fuel used will be completely 
renewable. 

High viscosity of oil and fat causes 
filter clogging and power loss  [49-51] 
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1.1 Biodiesel properties  
The comparison of fuel properties of biodiesel from various WAFs and diesel fuel (DF) is outlined in table 2. 
The advancements in biodiesel quality are being developed globally for its safety and acceptability so that it can 
be used in a diesel engine without any difficulty. There are two widely accepted international standards, 
namely, the American Society for Testing and Materials (ASTM D6751) and the European Standards (EN 
14214) for B100 biodiesel. There are other standards adopted in specific countries like Germany (DIN 5106), 
China (GB/T20828), Republic of Korea (KS M), Malaysia (MS 2008), Vietnam (TCVN 7717), Japan (JIS 
K2390), Austria (ON), and Czech Republic (CSN) [52]. Biodiesel properties are characterized by 
physicochemical properties. Some of the properties are density (kg/mP

3
P), viscosity (mmP

2
P/s), flash point (°C), fire 

point (°C), CN, oxidation stability(h), cold filter plugging point, cloud point (°C), pour point (°C), heating value 
(kJ/kg), acid value (mgKOH/g-oil), lubrication properties, peroxide value, availability of water, carbon residue, 
copper strip corrosion, presence of phosphorus, calcium, magnesium, and sodium, ash content, cold soak 
filtration, free and total glycerin. 
 Cetane number (CN) measures the ability of a fuel to auto-ignite during the combustion process [53]. 
CN determines the ignition quality of fuel. Fuel with low CN corresponds to high ignition delay which causes a 
phenomenon called engine knocking and produces increased particulate matter (PM) and soot emission. 
Biodiesel has CN ranging from 48 - 62. Cloud point, cold filter plugging point, and pour point are together 
grouped as cold flow properties. Cloud point (CP) is the temperature of a liquid oil specimen when the smallest 
observable cluster first occurs under controlled conditions because of the elevated melting point of methyl 
esters [54]. D2500, D5771, D5772, and D5773 are methods used to measure CP. Pour point (PP) is defined as 
the lowest temperature at which movement of the test specimen is observed under the prescribed conditions of 
the test [54]. PP is always lower than PP and happens when a crystal growth is large enough to hinder biodiesel 
movement. ASTM standards followed to measure pour point are D97, D5949, D5950, D5985, D6749, and 
D6982. Cold filter plugging point (CFPP) is the maximum temperature at which a given fuel fails to pass 
through a standardized filtration system (45 μm) in a specified time (60s) under cooling conditions [54]. 
 Viscosity is the measurement of the resistance of a liquid to flow, which tends to resist any dynamic 
change in motion [12]. Viscosity plays a critical role in the operation of fuel injection and spray atomization 
especially at low temperatures that increase viscosity. Biodiesel has a viscosity that is 10 to 15 times higher than 
DF due to the larger molecular mass and large chemical structure [55]. Fuel with lower viscosity than set 
standards will lead to seepage from the injector and early wear. On the other hand, viscosity that is higher than 
the required limits will lead to more energy in the injection system to pump the fuel [56]. The viscosity of WAF 
biodiesel ranges from 3.28 mgKOH/g to 4.8 mgKOH/g.  

Density is defined as mass per unit volume. Density is directly related to viscosity and CN and it affects 
engine performance. Density influences the quality of combustion by increasing the mass of fuel in the injector. 
Fuel with high density will increase fuel droplets in the combustion chamber [57]. Density is measured 
according to ASTM standard D1298 and EN ISO 3675/12185 methods [55]. The density of WAF biodiesel is 
within the range of EN14214 of 860 kg/mP

3
P and 900 kg/mP

3
P although beef tallow has the lowest value at 800 

kg/mP

3
P while castor oil has the highest value at 946.1 kg/mP

3
P. 

 Flashpoint is the temperature at which fuel will ignite when exposed to flame or spark. Flashpoint 
indicates the possibility of remnants of alcohol in biodiesel during production [58]. A higher flash point value is 
often correlated with a lower risk of fire, an advantageous factor of biodiesel over mineral diesel [59]. Diesel 
has a flashpoint of 45 °C while WAF biodiesel flashpoint ranges from 104 °C to 188 °C. This is within 
acceptable limits of EN14214 of above 101 °C and ASTM D6751 of above 130 °C. Heating value (HV) affects 
the thermal efficiency and combustion behavior of biodiesel in the engine. HV measures the amount of energy 
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in the fuel [57]. HV of biodiesel is lower than DF. The lower heating value of diesel is 42 500 kJ/kg while WAF 
biodiesel is 38 547 kJ/kg. 
 Saponification value refers to the presence of short alkyl groups in the fatty acids contained in the oil 
which increase with the molecular weight [60]. Acid value in biodiesel is very beneficial during storage. Any 
change in the amount of acid value indicates the presence of water and degradation of alkyl esters. Concerning 
water content, any value above the acceptable limit can cause microbial growth in fuel tanks and transportation 
equipment. Also, there is a high chance of converting sulfur to sulphuric acid by microorganisms [61]. Acid 
values for biodiesel ranges from 0.01 to 0.8 which lies within acceptable maximum limits for EN14214 and 
ASTM D6751 standards. 
 

1.0 Combustion characteristics 
Waste chicken fat biodiesel (WCF) with added alumina nanoparticles used in a single-cylinder, four-stroke, 
constant speed DI CI engine was investigated by Gurusala et al. [75]. Alumina nanoparticles in the blend shifted 
the maximum cylinder pressure closer to top dead centre (TDC). The heat release rate (HRR) and rate of 
pressure rise was reduced when the biodiesel percentage was increased. A slight increase in HRR occurred with 
the addition of alumina nanoparticles. Nanoparticle-blended fuel decreased combustion time compared to all the 
fuel blends due to improvement in the combustion of hydrocarbons. Similarly, Guru et al. [76] blended B10 
chicken fat biodiesel and diesel with a magnesium additive. The engine operated at varying speeds of 1800 rpm 
to 3000 rpm. The maximum cylinder gas pressure for biodiesel was slightly above DF. Neat biodiesel 
contributed to a rapid pressure rise and HRR as shown in Figure 1. At 9.72º CA, biodiesel Mean Cylinder 
Pressure (MCP) was 60.8 bars while neat diesel reached 59.65 bars at 6.85º CA. Biodiesel start of combustion 
(SOC) happened 0.72° CA earlier than diesel due to its higher density, higher kinematic viscosity, modulus and 
CN. Biodiesel is less compressible which causes earlier fuel injection. Due to biodiesel’s high CN which 
shortens Ignition Delay (ID) and leads to accumulation of fuel, the maximum HRR of biodiesel during 
premixing is lower than DF. The summary of combustion characteristics of WAF are outlined in table 3. 

 
Figure 1 Cylinder pressure and heat release rate against crank angle for chicken fat added additive [76] 
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Table 2. Comparison of test biodiesel fuel properties.  
Feedstock Source Oxidation 

stability 
viscosity Density Flash 

point 
Cloud 
point 

Pour 
point 

CFPP CN Acid 
value 

UHV LHV Water 
content 

Free 
glycerine 

Total 
glycerine 

Sulphated 
ash 

Sulphur 
content 

Ref. 

Units h@110°C 
min 

mmP

2
P/s kg/mP

3 °C °C °C   mgKOH/
g 

kJ/kg kJ/kg Vol %max %mass, 
max 

%mass, 
max 

%mass, 
max 

mg/kg  

ASTM D6751 - 1.9-6.0  > 130 - - - >47 0.8 - - 0.05 0.02 0.24 0.02 0.05 %, 
max 

[62] 

EN 14214 6 3.5-5.0 860 to 
900 

> 101 - - - >51 0.5 - - 500 mg/kg 0.02 0.25 0.02 10 ppm [62] 

Diesel - 3.6 830 45 -6 -15 -1.5 47 - - 42500 0.05 - - - 10 [63] 

Animal fat - 4.241 887 180 -1 -2 -2 58 - 39640 38547 - - - - 1.1 [64] 

Waste vegetable oil - 4.5 865 438  10 - 48 0.2 - - - - - - - [65] 

Waste fish oil - 3.95 883 104.0 - - - - 0.16 - - 1413 mg/kg 0.015 0.635 - - [11] 

Waste fish oil - - 888 - 0 -3 - - 1.06 - - - - - - - [66] 

Castor - - 946.1 194 -18 -30 - 43.7 - 38340 - 0.15 - - - - [12] 

Goat fat - 4.8 883 162 11 8 - - - - - - - - - - [56] 

Beef tallow 9 4.54 800 180 3.2 2.5 - 62 - - - - - - - - [67] 

Beef tallow - 4.6 883 160 3 -2 - 50 0.1 - - - - - - - [68] 

Leather fleshing - 4.2 855 160 4 - - - 0.07 - - < 0.01 - - - - [69] 

Leather tanning waste - 4.5 - 171 10.1 - - 51.6 0.21 44710 - - - - - - [70] 

Chicken oil >10 4.8 864 150 - - - 51 0.2 - - 0 - - - - [71] 

Bitter almond oil - 3.28 867.4 155 -5 -9 - - 0.01 - - - 0.008 0.06 - - [72] 

Chicken fat  - 3.9 810 120 2 - - 50 0.3  - 90 mg/kg - - - 17 [73] 

Rooster - 4.3 870 126 3 - - 55 0.2 - - 95 mg/kg - - - 15 [73] 

Kesambi  3.21 4.71 875.6 173 5 4 4 - - - - - - - - 3.83 [58] 

Grape seed 4.62 4.22 886.7 188 -5 -5 0 - - - - 246.7 ppm - - - 2.64 [58] 

Palm oil 4.4 4.4 874 - - - - - 0.1 36400 - - - - - - [74] 
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Combustion efficiency which measures heat content effectiveness in the fuel when transferred to useful 
heat and HRR or cylinder pressure was studied by Jayaprabakar et al. [28]. The authors used sheepskin 
biodiesel (NOSSB) in a Kirloskar TV1 single cylinder CI engine. The engine combustion efficiency was 
directly proportional to the percentage of NOSSB content in the blended fuel. The cylinder pressure reduced 
when NOSSB percentage increased in the fuel blend while peak HRR increased with the percentage of NOSSB. 
Nguyen et al. [77] studied combustion of fish oil biodiesel in a single cylinder, 4-stroke, DI, AVL-5402 CI 
engine. The authors reported similar indicated pressure profiles for the tested fuel blends. The peak cylinder 
pressure reduced with an increase in the percentage of biodiesel blend. Peak CP occurred closer to the TDC. 
HRR graphs were close to each other with a violent explosion at a late stage of combustion that increased NOx 
emission. Spray penetration assessed at 50 bar, 100 bar and 200 bar injection pressures increased with an 
increase in a blend ratio of biodiesel. Dominant fatty acids of beef tallow biodiesel influence on Kirloskar TV1 
four stroke, single cylinder CI engine was studied by Srinivasan et al. [78]. B20 reached a pressure difference of 
6 % with diesel while other blends reached 4.4 %. B20 attained a maximum CP of 71 bars. B20 blend had an 
HRR of 77 kJ/mP

3
Pdegree. This HRR was equivalent to 13.2 % higher than diesel. The higher HRR was due to 

the higher oxygen content and CN. Exhaust gas temperature (EGT) was highest for the biodiesel blend while 
ester samples had a maximum difference of 2.84 % from B20.  

Turkey rendering fat biodiesel (TRFB) was experimented with in a single cylinder DI diesel engine by 
Emiroglu et al. [79]. From the results obtained, maximum cylinder pressure and maximum HRR values of DF 
were lower than TRFB blends which were attributed to lower CN of TRFB and prolonged ID led to the 
accumulation of burning fuel in the combustion chamber. Mikulski et al. [80] conducted a test for B25, B50, 
and B75 swine lard biodiesel in a four cylinder ADCR CI engine at different load conditions. The authors 
reported a higher HRR of animal fat esters than diesel. From the experiment, the engine controller responded to 
the higher combustion rate with a reduced degree of supercharging. Reduction in supercharging decreased the 
maximum indicated pressure. The authors used this phenomenon to justify the increase in specific fuel 
consumption.  

Injection timings affect fuel combustion as reported by Gnanaserakan et al. [81] during an investigation 
of fish oil ethyl ester. The authors observed that peak pressure and HRR for diesel was higher than for biodiesel. 
At 21° bTDC and 24° bTDC, diesel peak CP was obtained as 70.7 bars and 73.6 bars and 63.8 bars and 67.1 
bars for pure biodiesel. The Peak HRR of DF reached 62 J/° CA at 24° bTDC. Retardation of injection timing 
decreases ID causing lower premixed combustion and lower peak HRR. Jiaqiang et al. [82] investigated fish oil 
biodiesel in a NA, 4-stroke, single-cylinder, DI AVL-5402 diesel engine. Injection timing varied from 12° 
bTDC to 22° bTDC at an interval of 2° and the injection pressure was 400 bars to 800 bars at intervals of 100 
bars. The authors reported increased brake power up to the maximum with an increase in injection timing which 
then decreased slightly for all fuel blends. Brake specific fuel consumption (BSFC) reached the minimum value 
when the brake power value was at maximum which corresponded to optimum injection angle. Results showed 
injection pressure has a greater effect on biodiesel blends than standard diesel due to the increased viscosity of 
biodiesel. Hence, pressure has more effect on the evaporation of injected fuel mixing with charged air. The 
authors concluded that adjusting the pressure is unnecessary for blends lower than B30. Adjusting pressure for 
blends above B30 will enhance performance and improvement as observed in spray characteristics for pressures 
above 900 bars. 

Addition of ethanol influences injection timing as investigated by Alptekin et al. [83] on chicken fat 
biodiesel (CFB), bioethanol, and DF. The start of injection timing for the B20-B80 biodiesel blend was earlier 
than DF for all test conditions. The start of injection (SOI) timings of FOB happened 0.75° CA which is later 
than for CFB. The maximum CP of biodiesel was higher than DF with the B20 blend being closer to DF. The 
maximum HRR increased with an increase in bioethanol blend. The maximum HRR of B20 was similar to DF. 
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The SOC of biodiesel occurred much earlier than DF. DF had a longer ID than CFB. High CN of biodiesel 
caused shorter ID. 

The fuzzy model approach is reliable to predict engine performance over costly experimental models as 
reported by Sakthivel [84]. The ID obtained was longer at low loads and shorter at higher loads. ID at 27° 
bTDC for B20 to B100 was in the range 16.4° CA to 15° CA. Combustion duration was observed to increase 
with an increase in injection timing and reduce with a reduction in injection timing. Maximum combustion 
duration (CD) was noted for diesel at 6° CA for 27° bTDC and 2° CA to 6° CA for biodiesel. The maximum 
rate of pressure rise increased with a reduction in injection timing and decreased with the advancement of 
injection timing. The maximum pressure rise for B20 to B100 was lower at 27° bTDC. The developed multi 
input multi output (MIMO) fuzzy model predictions at 21° bTDC resulted in excellent correlation coefficients 
of 0.946 % to 0.999 %, low root mean square error (RMSE), and mean root error (MRE) of 0.06 % to 2 %. 
Krishania et al. [85] performed numerical and experimental tests of first, second, and third-generation (fish oil 
and animal fat) biodiesel in a standard rail engine. The MCP increased with an increase in compression ratio 
(CR). Biodiesel had more MCP than diesel. Maximum HRR increased with an increase in CR while a reduction 
in ID with an increase in CR was recorded. ID was lower for biodiesel compared to diesel while maximum 
pressure rise was higher for diesel than biodiesel. At CR 18.5, fish oil had maximum pressure rise of 5.99 
bar/degree, diesel had 5.8 bar/degree while animal fat was 6.37 bar/degree. 

Awad et al. [33] investigated animal fat residue (AFRBD) on a 3.7 kW diesel engine at 1500 rpm. Peak 
cylinder pressures varied from 77.8 bars  to 90.6 bars at 20 % load to full load. At 20 % load to full load, DF 
developed a brake mean effective pressure (BMEP) of 75.5 bars and 90.7 bars, respectively. HRR and ID for 
AFRBD were lower than DF at low and high loads. The higher EGT for AFRBD than for DF at low load was 
attributed to low volatility and high viscosity which contributed to low premixing in the combustion chamber. 
Kamarulzaman et al. [86] evaluated Hermetia illucens larvae oil (HILO) in a single cylinder four-stroke direct 
injection CI engine at a constant speed of 1500 rpm. Peak cylinder pressure of HILO decreased compared to DF 
due to low heat content and increased viscosity that resulted in poor fuel atomization. At SOC, HRR for HILO 
was negative then increased at the premixed phase. HILO HRR was lower than HRR for DF by 12.89 %. DF 
had a longer ID period that increased accumulation of fuel resulting in higher HRR compared to HILO fuel 
blends. Mass fraction burned (MFB) of HILO-diesel blend were similar from SOC which helped the fuel blend 
to start at the same crank angle. ID of HILO fuel was 4.36 % shorter than DF. ID increased with an increase in 
HILO percentage. HILO decreased with an increase in BMEP.  

Gharehghani et al. [87] evaluated waste fish oil (WFO) in a single-cylinder VCR Ricardo E6 diesel 
engine. Pure biodiesel produced the highest HRR and peak cylinder pressure in comparison with other fuel 
blends. This was attributed to high cylinder temperature resulting from biodiesel’s high CN that caused rapid 
combustion in the premix phase. The exhaust temperatures for the B25, B50, and B75 blends were lower 
compared with the conventional DF by 1.5 %, 3.1 %, and 5.7 % respectively. The thermal efficiency of 
biodiesel and its blends obtained was slightly higher than that for diesel in the same test conditions. Greater 
oxygen content, lower combustion temperature, and higher quality of ignition of biodiesel led to an 
improvement in combustion and hence raised thermal efficiency. 

Shorter ID was reported by Behcet et al. [88] when using anchovy fish oil with 37.93 % saturated fatty 
acid. The biodiesel obtained from anchovy fish was found to contain high fatty acids. The high amounts of 
saturated fatty acids increased the CN of biodiesel blends hence shortened ID in the combustion period. The 
shorter ID eliminated the knocking effect and improved biodiesel combustion. Nautiyal et al. [89] used B10, 
B20, and B100 waste tallow on diesel engine coupled with an eddy current dynamometer with the rated power 
output of 5 kW at 1500 rpm and compression ratio of 19.5:1. The maximum rate of pressure rise and HRR were 
lower for biodiesel than DF. The authors attributed this difference to biodiesel’s shorter ID and high CN. 
Shorter ID causes less accumulation of fuel due to the early SOC. This trend matches results obtained by 
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Kirubakaran et al. [90] using chicken fat biodiesel. The authors obtained 70 Mpa for diesel and 68 Mpa for B25 
while other blends had lower cylinder pressures. 

Ashok et al. [91] experimented with 20 % pork lard methyl ester (PLME) in a Kirloskar made 4.4 kW, 
1500 rpm, single-cylinder, 4-stroke, air-cooled CI diesel engine. The engine was operated at a fuel injection 
timing (FIT) of 19° bTDC, 21° bTDC, 23° bTDC, and FIP of 200 bars to 240 bars. CP increased with an 
increase in fuel injection pressure (FIP). Also, at 200 bars, CP for PLME20 at 21° bTDC was lower than the 
value obtained at 23° bTDC. A minimal difference was reported between pure diesel and PLME20 at 240 bars 
and 21° bTDC. The peak CP for PLME20 was lower than diesel at all loading conditions. HRR for PLME20 
(240 bars at 19° bTDC and 21° bTDC) had a similar trend to that of DF. The highest HRR was obtained for 
diesel (56.484 J/degree) while PLME20 (220 bars at 23° bTDC) had the least value at 50.192 J/degree. Ahmed 
et al. [92] compared petro-diesel (PD), waste animal fat (AF) and waste cooking oil (WCO) on a single-
cylinder, four-stroke, water-cooled, constant CI engine. HRR was high for PD50AF30WCO20, and PD50AF50 
generated a higher CP than other tested blends. Furthermore, a maximum of 30 J of HRR was recorded for 
PD50AF30WCO20 blend compared with 37 J of HRR for PD. EGT increased by 13 % for PD50AF30WCO20, 
31.5 % for AF50W50 and 26 % for PD50AF50 compared to PD. PD50AF30WCO20 emitted a lower amount of 
EGT than PD. Table 3 shows the summary of combustion parameters of waste animal fats biodiesel in a CI 
engine. 

2.1 Inferences from the behavior of combustion characteristics 

2.1.3 Ignition delay 
Ignition delay (ID) is defined as the time-lapse between points of fuel injection to the SOC of injected fuel [95]. 
ID has a direct correlation with the CN of the fuel. High CN shortens ID while low CN lengthens ID. The CN 
indicates the capabilities of fuel to auto-ignite. Higher temperature contributes to early SOC and reduces 
exhaust gas dilution, thus increasing the availability of oxygen during the suction stroke [86]. From the 
literature review conducted, biodiesel blends have a shorter ID than DF. ID affects engine knocking, time delay, 
amount of pollutant emission, and vibrations.  
 The shorter ID with WAFs occurs due to high viscosity and high density that leads to an early SOC. 
Another reason for shorter ID is the level of saturated fatty acids. Animal fats have a high-saturated fatty acid 
content which increases the CN hence shorten the ID. The oxygen molecules in biodiesel structure break down 
oleic and linoleic fatty acids into volatile compounds which then leads to the early SOC. The longer ID results 
from the use of additives like alumina Nano-particles, while Mg lengthens ID in some reported work [76]. The 
addition of kerosene to WCO biodiesel was reported as an effective way to shorten ID by Gad et. al [96]. 

2.1.4 Spray penetration 
The distance between the tip of spray and the exit point on the nozzle of the injector is known as spray tip 
penetration and spray cone angle is the angle of the nozzle tip generated by two intersecting lines from the two 
outer regions of each spray for the widest distance between them at a spray evolution process [97]. Spray 
penetration hinges around biodiesel blend quantity, injection pressure, density, and viscosity. High pressure 
increases the distance that the fuel droplets travel before getting broken. Besides, an increasing percentage of 
biodiesel raises viscosity which then enhances spray penetration and the size of the spray droplets. A heavy fuel 
spray droplet limits forward movement because of high momentum. The high viscosity and density of biodiesel 
fuels lengthen the fuel droplet and increase momentum more than in the case of DF. Hence, the biodiesel jet is 
longer and the cone angle smaller than diesel [28]. 
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Table 3. Summary of Combustion of waste animal fats biodiesel in a diesel engine. 

S/N Feedstock Test Engine configuration Testing conditions Combustion parameters Ref. 
HRR CP ID CE 

1 Fish oil 1C, 4S, NA, DI diesel engine B0, B10, B20, B30, B100. 1400 rpm and 2200 
rpm speed 

same    [77] 

2 Beef tallow Kirloskar TV1, 1S, constant speed, water-
cooled, CI engine 

B0, B5, B10, B15, B20 
Engine load:0 % to 100 % load in steps of 25 % 

    [28] 

3 Animal fat blend 1C, 4S, CI engine Speed: 1500 rpm, full load 
Compression ratio: 16.5, 17.5, 18.5  

    [85] 

4 Turkey fat 1C, DI, air-cooled, NA Blends: B10, B20, B50 
Engine load: 2.5 Nm, 5 Nm, 7.5 Nm, and 10 
Nm  
Speed: 2000 rpm 

    [79] 

5 Tannery waste CFR-IT-9-3 type engine B5, B10, B15  
Preheated animal fat to 40 P

o
PC 

    [93] 

6 Swine lard 4C, ADCR CI engine B0, B25, B50, B75 
Load: 50 Nm, 100 Nm, 150 Nm 
Engine speeds: 1500 rpm 

    [80] 

7 Fish oil Kirloskar TAF1, 1C, 4S, air-cooled, CI engine B0, B20, B40, B60, B80, B100 
0 % to 100 % load in steps of 25 % 

    [81] 

8 Chicken fat and 
fleshing oil 

Ford cargo, DI, 6C, turbocharged, intercooler, 
4S, water-cooled engine 

Load: 150 Nm, 300 Nm, 450 Nm and 600 Nm 
Speed: 1400 rpm 

    [83] 

9 Beef tallow Kirloskar TV1, 4S, 1C, water-cooled engine Full load capacity     [63] 
10 Trap grease Lister Petter-TS 1 series, 1C, 4S, air-

cooled, CI engine 
Fuel: B0, B100 
Load: 20 % and 100 % 
Speed: 1500 rpm 

    [33] 

11 Hermetia 
illucens larvae 
oil 

Yanmar TF120M,1C, 4S, DI, CI engine Fuel: B0, B25, B50, B75, B100 
Load: 0 % to 100 % load in steps of 25 % 
Speed: 1500 rpm 

    [86] 

12 Waste fish oil 1C, VCR Ricardo E6 CI engine Load: 0 % to 100 % load in steps of 25 % 
Torque:6 Nm, 12 Nm, 18 Nm, 25 Nm 
Steady state condition of 1200 rpm  

    [87] 

13 Fish oil Kirloskar TAF1, 1S, 4.4 kW, 4S, NA, air-
cooled CI engine 

B0, B20, B40, B60, B80, B100 
0 bmep to 6 bmep (bar) 

    [94] 

14 Chicken fat 1C, 4S, water-cooled, NA, constant speed 
DI CI engine 

B0, B20, B40 added alumina nanoparticle     [75] 

  = biodiesel parameter is lower than diesel,      =biodiesel parameter is higher than diesel, C = Cylinder,, S = stroke, 1C = Single cylinder, DI = Direct 
ignition, NA = Naturally aspirated 
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2.1.5 Rate of cylinder pressure rise 
Cylinder gas pressure curves determine the total pressure obtained during work time in combustion [98]. A 
mixed trend was obtained for animal fat biodiesel directly related to ID. A shorter ID means the quantity of 
accumulated fuel is less than with a longer ID. A sudden rise of in-cylinder pressure for animal fat biodiesel is 
characterized by the phenomenon that higher density and higher viscosity increases the mass of the injected fuel 
[99]. Cylinder pressure reduces with an increase in animal fat biodiesel percentage in the blend as reported by 
Nguyen et al. [77]. Animal fat has a high CN leading to rapid combustion in the premixing chamber increasing 
CP.  

2.1.6 Rate of heat release rate 
HRR is used to analyze combustion characteristics and the most general approach is given in this equation (1). 

 
𝑄𝑛 = 𝜆

𝜆−1
𝑝 𝑑𝑉
𝑑𝜑

+
1

𝜆−1
𝑉 𝑑𝑝
𝑑𝜑 

[77]……………………………………………………………… 
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Where: 
λ is the specific heat ratio,  
φ is the crank angle, p is cylinder pressure. V is cylinder volume calculated from the equation (2) below from 
the kinematic model. 
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From the literature review done, some research works have reported that biodiesel blends have high HRR than 
pure DF while a lower HRR has been reported in other works. HRR occurs due to biodiesel's low calorific 
value, ID, and the presence of oxygen. In some cases, shorter ID causes low intensity in the premixed 
combustion phase which causes less accumulation of fuel in the cylinder. Accumulation of biodiesel inside the 
cylinder due to high density and viscosity causes it to burn instantaneously and hence raises HRR.  

2.0  Emission characteristics 
Fish oil biodiesel was tested by Nguyen et al. [77] in a single-cylinder, 4-stroke, DI, naturally-aspirated AVL-
5402 diesel engine using B10, B20, and B30 fuel blend. There was a high reduction of smoke opacity, CO, and 
hydrocarbons (HC) at high biodiesel blend B30 by 17.5 %, 14.0 %, and 26.2 % respectively while NOx 
increased by 5.1 % when compared to DF. PM reduction rate increased at higher speeds. At 75 % load, HC and 
CO were reduced by 26.2 % and 14.3 % respectively. The engine emission parameters discussed in the article 
are summarized in table 4. 
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Emission characteristics of B10, B20, and B30 beef tallow biodiesel were analyzed by Srinivasan et al. 
[78] on a Kirloskar TV1 4-stroke, single-cylinder diesel engine. The EGT for B10, B20, and B30 blends 
increased by 1.14 %, 5.43 %, and 8.5 %, respectively compared to DF. The B30 blend produced the highest 
COR2R emission at 21.53 %. Biodiesel blends had higher COR2R emission than the ester samples oleate, stearate, and 
palmitate blends used in the same study. The NOx for the ester samples was less when compared to biodiesel by 
2.44 %, 3.16 %, and 4.78 % for stearate, palmitate, and oleate respectively. B20 had the lowest NOx emission 
due to the low unsaturation level of biodiesel. Using a similar type of engine, Jayaprabakar et al. [28] 
experimented with biodiesel produced from sheepskin (NOSSB). For all the fuel blends, there was a reduction 
in CO, HC, and smoke while there was an increase in NOx, EGT, and COR2R. For the tested fuels, smoke was less 
opaque in NOSSB compared to DF. The highest value of EGT was recorded at 398 ℃ for the NOSSB20 blend. 
The lowest and highest NOx was obtained for PBD and NOSSB20, respectively. 

First, second, and third-generation (fish oil and animal fat) biodiesel simulation and experimental tests 
were studied by Krishania et al. [85] on a standard rail single-cylinder, four-stroke, DI, diesel engine. The 
engine operated full throttle, 1500 rpm constant speed, and a CR of 16.5 to 18.5. The authors reported lower 
smoke emission and PM for biodiesel than DF for all fuels tested. The NOx emission was higher for biodiesel 
than DF for all test fuels while sulphur dioxide (SOR2R) was higher for DF than biodiesel. At CR 18.5, NORXR 
emission for soybean, Jatropha curcas, and Spirulina microalgae for the third-generation biodiesel was lower by 
18.25 %, 42.7 %, and 18.24 % respectively, compared to DF. The SOR2R reduced with an increase in biodiesel 
percentage. The maximum reduction in SOR2R emission of B20 (fish oil biodiesel) was 46.53 % lower than that of 
DF. Similarly, Rajak et al. [100] numerically investigated (using Diesel-RK software) WAFs, edible and non-
edible vegetable oils, and alcoholic oil using results conducted on a naturally-aspirated, single-cylinder, and 
four-stroke CI engine ran at 1500 rpm engine speed. The authors reported that the numerical simulation of 
biodiesel recorded the lowest NOx, PM, and smoke emission for all the tested fuels compared to fossil diesel. 
Sakthivel [84] used fuzzy logic to predict engine emissions and experimented on a single-cylinder, four-stroke, 
air-cooled constant speed CI engine at different injection timings of 21° bTDC, 24° bTDC, and 27° bTDC. EGT 
increased more for biodiesel than DF for all test conditions. The highest EGT for biodiesel occurred at 423 ℃. 
HC, CO, and smoke reduced from low load to high load due to dominance of the premixed combustion phase. 
NOx and COR2R emissions increased with an increase in biodiesel blend due to an increase in CN and oxygen 
with a rise in ester content. A good correlation coefficient occurred between 0.916 and 0.999, a maximum range 
of 4.5 %, and low RMSE. Ilangkumaran et al. [101] experimented and predicted by means of artificial neural 
networks (ANNs) for fish oil biodiesel-diethyl ether-diesel (DEE) blend. Authors reported lower CO and HC 
while NOx emissions of 10 % and 15 % DEE had the highest reduction rate. The addition of 15 % to 20 % DEE 
decreased smoke intensity and COR2R. These results agreed with the ANN model correlation coefficient of 0.997-
1.  

A preheated blend of animal fat from the tannery and DF studied by Lazaroiu et al. [93] powered single 
cylinder four-stroke CFR-IT-9-3 diesel engine successfully. The authors reported a decrease in indicated 
specific energy consumption, NOx, smoke opacity, and COR2R emission concentration and an increase in the 
indicated mean effective pressure. The only drawback cited is the necessity to install a special fueling system 
coupled to electrical resistance and heat from the cooling system to preheat the fuel blend. Arumugam et al. [14] 
evaluated waste sardine oil on a Kirloskar single-cylinder, variable compression ratio engine at CR 18:1 and 
injection pressure 200 bars. The authors reported a reduction in CO, unburned hydrocarbons (UHC), and NOx 
emission of biodiesel compared to DF. The NOx emission reduction of 25 % in biodiesel is attributed to lower 
temperatures in the combustion chamber. 
 Researchers have studied variations of FIT and FIP on biodiesel fuel blends. Gnanaserakan et al. [81] 
investigated fish oil ethyl ester in a CI engine at 21° bTDC, 24° bTDC, and 27° bTDC FIT. The authors 
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reported 2 % to 4 % lower NOx emission for biodiesel. The retardation of FIT decreased NOx emissions 
whereas advancement increased NOx emissions. CO and HC for biodiesel were lower for biodiesel than DF and 
decreased further by reduction of injection timing. A similar study was conducted by Ashok et al. [91] using 
pork lard methyl ester by 20 % volume (PLME20) at 0 % to 100 % engine loads. The highest reduction in brake 
specific hydrocarbon (BSHC) occurred at 220 bars at 14 % with 21° bTDC. Also, at 240 bars, BSHC, brake 
specific carbon monoxide (BSCO), and smoke decreased by 2.5 %, 30 %, and 14.8 % respectively. Brake 
specific nitrogen dioxide (BSNOx) emission and COR2R increased by 33.74 % and 3.1 % respectively at 240 bars.  
 Alptekin et al. [83] investigated chicken fat (CFB), bioethanol (E), fleshing oil (FOB), and diesel (D2) 
on turbocharged-intercooled DI, CI engine at 1400 rpm constant speed. FOB and CFB biodiesel generated less 
CO and increased NOx and COR2R emissions in comparison to DF. Bioethanol fuel blends produced lower COR2R 
compared to B20 blends. NOx emissions for FOB and CFB increased by 15.2 % and 16.0 % compared to DF. 
Behcet et al. [102] evaluated fish oil (FOME) and chicken oil (COME) on variable speed engines. FOME20 and 
CFME20 produced lower CO, HC, COR2R, and smoke emissions than diesel by 17.34 %, 12.89 %, 7.87 %, and 
12.99 %, respectively. NOx emission for blend reported was higher for biodiesel blends than D2. When the 
average revolution was accounted for, NOx emissions increased by 13.77 % compared to the D2 fuel. Behcet 
[16] obtained similar results for blends of D2, fish fat methyl ester (FFME), and chicken fat methyl ester 
(CFME) in a DI engine. The author reported lower CO and HC emissions of FFME and CFME than D2. The 
reason given by the author for this reduction was the presence of more oxygen in the biodiesel for complete 
oxidation in the mixtures part of rich air-fuel. 
 Emissions from a power generator were studied by Schirmer et al. [103], comparing blends of soya 
(SB) and diesel and a blend of beef tallow (BT). The DI monophase generator used yielded 7.36 kW of power 
coupled load capacity of 5.5kW panel. The blends used were SB0 to SB100 and BT0 to BT100. Biodiesel had 
lower CO, organic gas emissions, and SOR2R emissions than pure diesel. BT blends produced  lower CO 
emissions than SB blends. Beef tallow biodiesel emissions were lower than soybean biodiesel. NOx emission 
for SB and BT were higher at all applied engine loads. S100 produced higher benzene than DF at lower and 
higher engine loads. Animal fat residue (AFR) was investigated by Awad et al. [33] on a diesel engine 
generating 3.7 kW power output. The HC reduction rate was higher for AFRBD at all loads linked to shorter ID 
and low volatility. PM reduction was high at low loads, unlike high loads. At high loads there was minimal 
change in PM, attributed to ID and cycle pressure. NOx emission increased by 20 % at low load and decreased 
by 4 % at full load. The authors explained that PM change leads to heat energy radiation between cylinder walls 
and burned gases that raised temperature. High temperatures in turn caused a slight increase in NOx at low load 
and an increase at high load. 
 Noise from the engine can be grouped as combustion noise, mechanical noise, and intake and exhaust 
noise. A rapid cyclic pressure causes combustion noise in the combustion chamber. Mechanical noise results 
from force reciprocating and rotating parts of the crankshaft [104]. Dal et al. [105] evaluated noise emission 
from blends of turkey fat (TRFB) and broiler chicken fat (BRFB) in a single cylinder air-cooled Lombardini 15 
LD 350 diesel engine using a Bruel & Kjaer 2250 noise analyzer. Different noise levels were taken at the 1/3 
octave band. Authors reported the biodiesel blends had a negligible change in engine noise emission in 
comparison to DF. The engine noise level for all blends examined increased proportionally with engine speed. 
Hence, the authors concluded that broiler chicken and turkey biodiesel will assist in alleviating the energy crisis 
in the future. Emiroglu et al. [79] used B10, B20 and B50 turkey rendering fat biodiesel (TRFB) in a DI, air-
cooled, single-cylinder CI engine. The authors reported a reduction of smoke opacity and an increase in NOx 
emission due to the higher oxygen content of biodiesel. TRFB50 gave the lowest smoke compared to other fuel 
blends. In addition, the EGT for DF was higher than the TRFB blend and it increased with the increase in load.  
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Insects contribute to food security and the potential energy production source. Kamarulzaman et al. [86] 
evaluated Hermetia illucens larvae oil (HILO) in a Yanmar TF120M CI engine at 1500 rpm constant speed. 
HC, CO, and COR2 Rfor neat HILO fuel were higher than DF by 666.36 %, 113.34 %, and 13.62 % respectively. 
The reason for that behaviour was due to high viscosity which caused under mixing as fuel droplet size 
increased. HILO NOx was lower by 19.80 % compared to DF. Some of the reasons highlighted by the authors 
for the low NOx were high rate of vaporization, low peak cylinder pressure, low peak HRR and high viscosity 
of HILO which caused poor atomization. 
 Gharehghani et al. [87] evaluated waste fish oil (WFO) in a VCR Ricardo E6 diesel engine. WFO 
biodiesel, when compared to diesel, reduced CO and UHC while NOx and COR2R emission increased. The 
maximum reduction of CO and UHC for WFO was 27 % and 70 % respectively. NOx increased by 12.8 % for 
all engine loads. Jiaqiang et al. [82] investigated B0 to B100 fish oil biodiesel in a NA, single-cylinder, four-
stroke, DI AVL-5402 CI engine. The authors obtained reduced CO, HC, and smoke emissions. A significant 
increase in NOx emissions occurred due to increased biodiesel content. Higher stoichiometry of fish oil 
biodiesel than fossil diesel caused enhancement in NOx formation. 

Swine and chicken fat produce quality blends of biodiesel as elaborated by Feddern et al. [106] in an 
experiment undertaken on a stationary diesel engine. The authors reported a high reduction in CO of 47 % for 
B100 while NOx emission increased compared to DF. Authors studied the role of the iodine index on emissions 
and concluded that the high iodine index of biodiesel from forestry and agricultural feedstock leads to more 
NOx emission than animal-based sources.  

Mikulski et al. [80] conducted an experiment using B25, B50, and B75 swine lard biodiesel on a four-
cylinder ADCR CI engine at 50 Nm, 100 Nm, and 150 Nm load conditions and engine speeds of 1500 rpm and 
3000 rpm. Authors reported a reduction in EGT and smoke opacity while NOx emission increased. Similarly, 
there was a reduction in exhaust emission of CO and HC when compared to DF. Decreased exhaust gases 
opacity and an increased proportion of esters were attributed to a higher HRR that contributed to complete 
combustion. The B75 fuel blend attained the highest reduction of EGT, HC and CO and increase in NOx 
concentration for different load conditions. 
 Silva et al. [107] blended jet kerosene and ox tallow ethyl ester (OTEE) for use in a single-stage 
centrifugal compressor with a reverse-flow combustor loaded hydraulic dynamometer. Authors reported that an 
increase in OTEE in the fuel blends increased SFC and decreased both COR2R and CO emission indexes. Blends 
with a high percentage of OTEE had low carbon content. An increase in fuel flow induced, led to increase in 
COR2R emission. Load increments increased the NOx emission index due to a reduction in air/fuel ratio with 
increased power. The authors attributed the NOx emissions increase to a high temperature at the flame zone, 
lower heating value, and enrichment of air/fuel mixture. Barrios et al. [108] compared animal fat-diesel blend 
with soya-diesel blend on a 2.0 TDI, 4 cylinder, 4-stroke, DI, CI engine. The particle number decreased when 
biodiesel increased in the blend. A lower particle number was obtained at A50. For both blends, an increase in 
biodiesel increased NOx emission. At A30, a maximum effective efficiency of 25.8 %, a particle size range of 
560 nm, a geometric mean diameter (GMD) greater than 60 nm and NOx emission in the same order of 
magnitude as NOx emissions of pure diesel was obtained. The authors noted the possibility of reducing 
emissions, reducing fuel consumption, and maximizing effective efficiency as shown by the A30 biodiesel 
blend. 
 Numerous studies on blending biodiesel with nanoparticles have attracted researchers’ attention 
recently. Gurusala et al. [75] investigated waste chicken fat biodiesel (WCFME) with added alumina 
nanoparticles on a diesel engine. The WCFME-diesel blend produced lower smoke, CO, and HC emissions than 
diesel. NOx and COR2R increased with biodiesel blending ratio and the addition of alumina nanoparticles induced 
better catalytic combustion. Similarly, Guru et al. [76] blended 12 um/L mg with B10 chicken fat biodiesel and 
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diesel on a single-cylinder, 4-stroke, DI diesel engine. The engine operated at varying speeds of 1800 rpm to 
3000 rpm. The authors reported lower CO and smoke with an increase in the percentage of biodiesel. At 2200 
rpm CO and soot emissions decreased by 13 % and 9 %, respectively while NOx rose by 5 %. 
 Bhaskar et al. [94] conducted a test for fish oil biodiesel (FOME) on a single-cylinder, 4-stroke, NA, 
air-cooled CI engine loaded electrical swinging field dynamometer. FOME blends produced lower CO, HC, and 
soot emissions than diesel. All exhaust emissions increased with an increased percentage of FOME. NOx 
emissions were higher for FOME and its blends than pure diesel. The utilization of EGR slightly reduced NOx 
emission of FOME. Buyukkaya et al. [109] investigated trout oil methyl ester (TOME) on a single-cylinder, 
NA, DI diesel engine. Engine exhaust emitted less CO, smoke opacity, and HC for TOME than DF. A reduction 
in exhaust emission was due to the high oxygen content of the biodiesel. The study produced higher NOx 
emissions for FOME than diesel. The reason for the increase in NOx was the presence of oxygen in biodiesel 
and increased gas temperature favorable for NOx formation. Oxygen promotes better combustion that facilitates 
high in-cylinder temperature and increases NOx emission [90]. 
 Oner and Altun [110] used inedible tallow biodiesel in a Rainbow-LA186, single-cylinder, 4-stroke, 
forced air cooling, DI diesel engine. CO emission for B5, B20, B50 and B100 biodiesel blends was lower than 
DF by 14 %, 15.5 %, 4.5 %, and 14.5 %, respectively. Similarly, NOx emission for the biodiesel blends was 
lower than DF. B20 biodiesel had the lowest NOx emission. Authors attributed the difference to biodiesel's 
higher CN and low flash point compared to DF. DF produced the highest SOR2R compared to biodiesel. Biodiesel 
produced lower smoke than DF. Lower smoke was attributed to improved amount of oxygen, low C/H ratio, 
and the absence of aromatics in the biodiesel. 
 Anchovy fish oil biodiesel produced by transesterification was used by Behcet [88] in a single-cylinder, 
DI diesel engine. Emissions of CO, HC, and COR2R were lower for the fish oil biodiesel and its blend fuels than 
for mineral diesel. B100 generated the highest NOx emissions. The same fuel blend produced the lowest CO 
and HC. An on-road passenger car VW Touareg R5 2.5 UI (Unit Injection System) year of production 2007 
vehicle fitted with dual-fuel engines designed for the Slovak republic was used by Kleinova et al. [111] to test 
blends of rapeseed oil (RO), chicken fat (CF) and ethanol (EtOH). The content of CO for both engines was very 
low, with the 2.5 UI engine producing low UHC. Both test engines’ NOx value was lowest in idling conditions 
and increased with an increase in speed. Similarly, when EtOH was added, it produced a low content of CO in 
the exhaust gases. CHx and NOx values for the RO-EtOH blend were identical to DF. 
 Nautiyal et al. [89] used waste tallow/diesel blend in a 4-stroke diesel engine of compression ratio 
19.5:1. At high load, CO and HC were higher for DF followed by B10, B20, and B100. B100 produced the 
lowest HC emission in the range 0.045 g/kWh  to 0.133 g/kWh. Smoke opacity increased with an increase in 
load percentage. Smoke opacity decreased with an increase in biodiesel content. NOx emission increased with 
an increase in biodiesel percentage. However, NOx decreased with an increase in load due to the presence of 
more oxygen at high load. B20 produced the highest NOx emission of 16.59 g/kWh compared to 13.13 g/kWh 
of diesel. Ahmed et al. [92] investigated petro-diesel (PD), waste animal fat (AF), and waste cooking oil (WCO) 
blends in a single-cylinder diesel engine. The authors reported lower UBHC for AF50WCO50, increased COR2R 
for PD50AF50 while AF50WCO50 emitted higher CO, NOx, and smoke opacity than PD. 
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Table 4. Summary of emission characteristics of waste animal fats biodiesel in a diesel engine. 
 
S/N Feedstock Test Engine 

configuration 
Testing conditions Emission characteristics Ref. 

CO COR2 NOx PM EGT UHC Smoke 
1 Fish oil 1C, 4S, NA, DI CI 

engine 
B0, B10, B20, B30, B100 
1400 rpm and 2200 rpm speed 

       [77] 

2 Beef 
tallow 

Kirloskar TV1, 1C, 
constant speed, 
water-cooled, CI 
Engine 

B0, B5, B10, B15, B20 
Engine load: 0 % to 100 % load in steps of 
25%  

       [28] 

3 Animal fat 
blend 

1C, 4S, CI Engine Speed: 1500 rpm, full load 
Compression ratio: 16.5, 17.5, 18.5  

       [85] 

4 Turkey fat DI, air-cooled, NA, 
1C 

Blends: B10, B20, B50 
Engine load: 2.5 Nm, 5 Nm, 7.5 Nm, and 
10 Nm  
Speed: 2000 rpm 

       [79] 

5 Tannery 
waste 

CFR-IT-9-3 type 
Engine 

B5, B10, B15  
Pre-heated animal fat 

       [93] 

6 Waste 
sardine oil 

Kirloskar/PS 234, 
1C, VCR, 12:1 to 
18:1 CR, CI engine 

B10 fuel, 
CR: 18:1, 
Pressure: 200 bars 

       [14] 

7 Swine lard AC, ADCR CI 
engine 

B0, B25, B50, B75 
Load: 50 Nm, 100 Nm, 150 Nm 
Engine speeds: 1500 rpm and 3000 rpm 

       [80] 

8 Fish oil Kirloskar TAF1, 
1C, 4S, air-cooled, 
CI Engine. 

B0, B20, B40, B60, B80, B100 
0 % to 100 % load in steps of 25 % 

       [81] 

9 Chicken fat 
and 
Fleshing 
oil 

Ford cargo, DI, 6C, 
4S, turbocharged, 
intercooler, 
water-cooled 
Engine 

Load: 150 Nm, 300 Nm, 450 Nm and 
600 Nm 
Speed: 1400 rpm  

       [83] 

10 Beef tallow 
and Soya 
blend 

Monophase power 
generator (Branco, 
model BD 6500 
CF) 

Load: 0.5 kW, 1.0 kW, 1.5 kW of 5.5kW 
panel 

       [103] 

11 Fish and 
chicken fat 

Rainbow-186, 1C, 
air-cooled, 18:1 
CR, DI Diesel 

Speed: 1000 rpm to 2500 rpm 
Fuel: D2, FFME100, CFME100 

       [16] 
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engine 
12 Fish oil 

and 
chicken oil 

Rainbow LA 186, 
1C, 4S, VCR, air-
cooled, DI, CI 
engine 

FOB0, FOB20, CFB0, CFB20,  
Speed: 1000 rpm to 2500 rpm 

       [102] 

13 Trap 
grease 

Lister Petter-TS 1 
series, 1C, 4S, air-
cooled, CI engine 

B0, B100 
Load: 20 % and 100 % 
Speed: 1500 rpm 

       [33] 

14 Beef tallow Kirloskar TV1, 1C, 
4S, water cooled 
Engine 

Full load capacity        [63] 

15 Fish oil AVL 5402, 1C, 4S, 
NA, DI, common 
rail CI engine 

Speed: 1000 rpm to 2500 rpm 
Fuel: D2, FFME, CFME 

       [82] 

16 Hermetia 
illucens 
larvae oil 

Yanmar TF120M, 
1C, 4S, DI, CI 
engine 

Fuel: B0, B25, B50, B75, B100 
Load: 25 %, 50 %, 75 %, 100 % 
Speed: 1500 rpm 

       [86] 

17 Waste fish 
oil 

1C, VCR Ricardo 
E6, CI engine 

Load:25 %, 50 %, 75 %, 100 % 
Torque:6 Nm, 12 Nm,18 Nm, 25 Nm 
Steady state condition of 1200 rpm  

       [87] 

18 Chicken 
and swine 
residue 

1C, 4S, horizontal, 
DI, water- cooled, 
NA Yanmar 
NSB11S CI engine 

B5, B20, B50, B100 (FW1 and FW2)  
 

       [106] 

19 Fish oil Kirloskar TAF1, 
1C, 4S, 4.4 kW, 
NA, air-cooled, CI 
engine 

B0, B20, B40, B60, B80, B100 
0 bmep to 6 bmep (bar) 

       [94] 

20 Trout oil Lister petterAA1, 
1C, 4S, NA, IDI, 
CI engine 

Speed:900 rpm to 2700 rpm, Fuel: B0, B10, 
B20, B40, B50, B100, 0 to Full load at 10% 
intervals 

       [109] 

  = biodiesel parameter is lower than diesel,     =biodiesel parameter is higher than diesel, C = Cylinder,, S = stroke, DI = Direct ignition, NA = 
Naturally aspirated 
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3.1 Inferences from emission characteristics 

3.1.1 Nitrogen Oxide emission 

Nitrogen has an affinity for oxygen at high temperatures around 1200 °C and the two gases react to form NO 
and NOR2R. The NO and NOR2R gases are grouped together to form NOx gases [77]. The formation of NOx can be 
described using the Zeldovich mechanism through three chemical routes: thermal, prompt, and fuel as shown in 
the equations 1, 2 and 3. 

 𝑂 +𝑁2 → 𝑁𝑂 + 𝑁………………………………………………………………………………. 
 (1) 

 

 𝑁 + 𝑂2 → 𝑁𝑂 + 𝑂……………………………………………………………………………… 
 (2) 

 

 𝑁 + 𝑂𝐻 → 𝑁𝑂 + 𝐻……………………………………………………………………………… 
 (3) 

 

NOx development is mostly contributed by availability of oxygen, in-cylinder temperature, and residence time 
for reaction. Biodiesel has a high density and bulk modulus which makes it less compressible compared to 
diesel causing advanced injection timing. The early SOC raises the in-cylinder temperature and lengthens 
residence time, hence causing a rise in NOx emission [89]. 

From the literature reviewed, the majority of researchers reported an increase in NOx emission from animal 
fats biodiesel compared to diesel. Only very limited work obtained a decrease in NOx while some results gave 
similar trends for biodiesel and diesel NOx emission. Some authors who reported a decrease in NOx value cited 
higher saturation number, lower flash point, low peak cylinder pressure, low HRR, and high CN [81, 86, 110]. 
Compression ratio and engine load were other factors that affected the amount of NOx emission. An increase in 
CR and engine load increased NOx emission [85, 89]. Biodiesel from feedstock with a high number of double 
bonds generally produces higher NOx emission. In a certain case, Redel-Macias et al. [112] observed a 
reduction in NO emission for high saturated palm oil biodiesel blend due to high CN. A higher CN decreases 
combustion in the pre-mixing chamber by shortening ignition delay. The formation of NOx will be low due to a 
drop in cylinder pressure [113]. Feddern et al. [111] directly correlated the NOx increase in biodiesel to the 
iodine index compared to DF. Wyatt et al. [114] elaborated the direct relationship of animal fat and soybean 
molecular weight to NOx emission as an indicator for a low cost method for the adoption of biodiesel as an 
alternative fuel. NOx emission can be reduced by the addition of water particles in biodiesel. Water owing to its 
latent heat of vaporization absorbs maximum heat energy generated during combustion [30].  

3.1.2 Carbon monoxide emission 

The incomplete oxidation of carbon in fuel leads to CO emission. The main factors causing CO emission are the 
insufficient to supply of oxygen, shortened combustion time, and poor air-fuel mixture. An increase in the 
proportion of biodiesel content decreases the air-fuel equivalence ratio because of high SFC.  
 From the literature reviewed, many research works undertaken reported a general decrease in CO 
emission for WAF blends compared to DF. A few authors found higher CO emission or similar value of CO for 
WAF biodiesel and diesel. WAF biodiesel has oxygen bonded in its chemical structure which improves 
insufficient combustion [90]. Loading conditions and engine speed affect the value of CO emissions. At low 
load, poor fuel atomization occurs. Injection timing between 21° bTDC and 27° bTDC affects CO emission. 
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Retardation of injection timing increases CO and high FIT in some cases increases CO. An increase in biodiesel 
percentage decreases CO emission with B100 giving the lowest value. EGR affected CO emission in some 
engines considered in this review. The addition of nanoparticles increased the reduction in CO as it influenced 
the surface area to volume ratio and affected injected fuel mass. 

3.1.3 Carbon dioxide emission 

COR2R is a harmful greenhouse gas when emitted into the atmosphere from combustion. COR2R is the primary 
product formed during the combustion of hydrocarbons. COR2R formation results from in-cylinder temperature, 
level of unsaturation, fuel type, and C/H ratio [78]. The general trend from the reviewed literature shows that 
WAF biodiesel blends have more COR2R emissions than neat diesel. An increase in biodiesel percentage in the 
blend increases the amount of COR2 Remission. High biodiesel percentage increases CN which promotes early 
combustion. Biodiesels have oxygen molecules in their structure which oxidizes CO during combustion hence 
increasing COR2 Rlevel. Higher oxygen content influences the air-fuel mixing ratio in the combustion chamber 
hence releases more COR2.R Biodiesel has more carbon content than DF. Loading conditions affect the amount of 
COR2R together with FIT and FIP. Directly preheated fuel produced lower COR2R and the addition of nanoparticles 
increased COR2 Rfavored by improved catalytic combustion. 

Some research work reported a lower value of COR2R for WAF biodiesel than DF. FOB20 and CHB20 
produced lower COR2R than D2 fuel as investigated by Behcet et al. [102]. The increment of engine speed 
contributed to the oxygen-fuel reaction in the engine cylinder which contributed to lower COR2R fromR Rbiodiesel 
compared to D2. 

3.1.4 Un-burnt hydrocarbon emission 

UHC emission is due to incomplete combustion of fuel. HC emission depends on the structure of fuel, 
construction of engine, and engine operating conditions. From the review of articles summarized in table 4, it is 
evident that the UHC trend is lower for biodiesel and its blends than for DF. UHC occurs mainly due to the 
inability of the combustion chamber to reach ignition temperature from low oxidation. Reduction in UHC 
emission is caused by the presence of sufficient oxygen in the air-fuel mixture. Biodiesel has oxygen bonded to 
the molecules that promote sufficient oxidation. HC emission hinges on speed, air movement (turbulence), 
cylinder pressure, and temperature. At low loads, HC for biodiesel increases from over-leaning of the fuel-air 
equivalence ratio in the fuel spray. HILO biodiesel [86] produced higher UHC than DF when compared to other 
research work. HILO has high viscosity and enlarges fuel droplet size during atomization and reduction of 
vapor pressure. The use of additives reduced the quantity of UHC emitted [115]. An additive such as peroxides 
(DTBP) has oxygen in its chemical structure and a low flash point that shortens ID. DTBP enhances air-fuel 
mixing and a faster combustion process. 

3.1.5 Exhaust gas temperature 

A high value of the exhaust temperature in the exhaust pipe indicates low conversion of heat energy into useful 
work [28]. The reports obtained from the literature reviewed on EGT for WAF biodiesel were varied. Table 4 
shows that biodiesels and its blends have more EGT than DF. The general trend shows more EGT results from 
the addition of more biodiesel ratio in the blend. Higher biodiesel volume delays combustion due to higher 
density which promotes poor atomization. Biodiesel has poor volatility and higher viscosity causing late 
combustion which increases temperature hence increase in EGT. Some of the reasons for low EGT for biodiesel 
are low heating value (LHV) and high oxygen content causing lower temperature [116]. 
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3.1.6 Smoke opacity and Particulate matter 

Smoke opacity indicates incomplete oxidation of hydrocarbons in the fuel and the presence of soot [117]. The 
presence of soot content in exhaust gas is because of carbon, sulphur, PM, aromatic compounds, and oxygen 
[28]. PM comprises dry carbon particles (soot), a soluble organic fraction, and traces of sulfates and nitrates. 
The PM is produced in zones with insufficient oxygen by the process of thermal cracking of fuel. A high 
temperatures is suitable for the oxidation of PM while low-temperature activation energy is insufficient to 
promote oxidation. PM depends on C/H and C/O ratios, engine load, equivalence ratio, and cycle temperature. 
PM formation has the same mechanisms as those of UHC [33]. At low loads, a lean air-fuel mixture limits the 
influence of oxygen on PM emissions. At high loads, a rich core exists from more fuel-injected generating more 
PM. Oxygen atoms from biodiesel in the high-temperature fuel-rich core form OH radicals that consume soot 
precursors [77].  
 The general trend from the literature reviewed shows smoke opacity and PM decreases for biodiesel 
blends compared to DF. An increase in biodiesel percentage in the blend leads to a high reduction in PM 
emission. The reduction in smoke opacity with an increase in biodiesel content is contributed by the absence of 
aromatics that are considered to be soot precursors [117]. Ashok et al. [91] proposed the variation of injection 
timing and injection pressure to optimize PM emission in biodiesel blend to obtain the least emission value. 
Kumar et al. [118] reported the addition of cerium oxide to reduce smoke emission particles. Cerium oxide acts 
as an oxygen buffer and helps to oxidize soot particles and provide more complete combustion. 

3.0  Engine performance characteristics 
Performance characteristics of beef tallow biodiesel were analyzed by Srinivasan et al. [78]. The SFC 

increased progressively with an increase in biodiesel blending ratios. The presence of stearate and oleate 
molecules in B20 led to higher SFC. Brake thermal efficiency (BTE) increased with an increase in load for the 
tested fuels because of more power being delivered at high engine loads. Indicated thermal efficiency rose 
steadily up to 75 % and then developed a falling trend on adjustment of engine load up to 100 %. Jayaprabakar 
et al. [28] tested biodiesel produced from sheepskin (NOSSB) with 7 % free fatty acid content on a diesel 
engine. The mean BSFC for NOSSB blend was higher than petroleum-based diesel (PBD). BTE of NOSSB 
blends was lower than PBD that authors attributed to higher viscosity, higher density, and lower calorific value 
of NOSSB than PBD. The BP drastically reduced with an increase in biodiesel content in the fuel blend. The BP 
of all the test fuels increased with increase in engine load. NOSSB-PBD blend had lower BP than PBD. Higher 
biodiesel viscosity limits fuel combustion and vaporization hence causing high SFC that lowers BP. 

Gnanaserakan et al. [81] investigated fish oil ethyl ester on a single-cylinder, 4-stroke, air-cooled, constant 
speed, direct injection diesel engine at 21° bTDC, 24° bTDC, and 27° bTDC injection timings. The BTE 
increased with retardation in injection timing. BTE of biodiesel was higher than DF. Nguyen et al. [77] tested 
fish oil biodiesel on a single cylinder, 4-stroke DI, naturally-aspirated AVL-5402 diesel engine at 1400 rpm and 
2200 rpm engine speeds. The engine power for all fuel blends tested was close to each other for all tested loads. 
An increase in biodiesel in the blending ratio reduced brake power and increased BSFC. For both speed modes 
at fuel blend B10, B20 and B30, the average value of engine power was lower by 1.08 %, 2.16 %, and 3.00 % 
while BSFC was higher by 1.21 %, 2.45 %, and 3.40 % compared to DF. 

A two-step transesterification process synthesized by Emiroglu et al. [79] produced quality biodiesel from 
Turkey rendering fat (TRFB). The authors reported a lower BTE and higher BSFC for TRFB compared to DF 
for all engine loads. Krishania et al. [85] reported a reduction in BTE with an increase in CR for first, second, 
and third-generation biodiesel. Diesel fuel had higher BTE than biodiesel blends. The SFC was higher for 
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biodiesel blends than DF, fish oil consumption was 264.6 g/Kwh and animal fat was 268.4 g/Kwh at CR 18.5. 
The EGT decreased for biodiesel blends with an increase in CR from 16.5 to 18.5 compared to DF. The lowest 
EGT recorded was 672.57 K for animal fat and 683.28 K for fish oil at 18.5 CR. The mechanical efficiency was 
lower for all biodiesel blends compared to DF. The methyl esters were obtained as 84.12 % for animal fat and 
84.30 % for fish oil. 

Arumugam et al. [14] evaluated waste sardine oil in  Kirloskar-234 single-cylinder, variable 
compression ratio engine at CR 18:1. The authors obtained lower BTE for biodiesel than DF at all loading 
conditions while a rise in BSFC and power generation of biodiesel compared to diesel was recorded for B10 
fuel blend. Mikulski et al. [80] experimented with swine lard biodiesel on a 4-cylinder ADCR CI engine. The 
authors reported a rise in BSFC and a fall in fuel efficiency resulting from the lower heating values of biodiesel 
compared to diesel. The BSFC of B25, B50, and B75 were higher than B0 by 3.2 %, 8.5 %, and 13 % 
respectively. The brake fuel combustion efficiency of B25, B50, and B75 differed from DF by 1.6 %, 4.8 %, 
and 7.8 % respectively. Blends of chicken fat biodiesel, bioethanol, and diesel were studied by Alptekin et al. 
[83]. The BSFC values reduced with an increase in engine loads and increased with an increased bioethanol 
percentage in the fuel blend. The increase in BSFC resulted from the lower heating value of bioethanol and 
biodiesel blends compared to those of DF. The biodiesel blends had closer heating values to each other. 

Various tools have been used to predict fuel performance as reported by Sakthivel [84] who used fuzzy 
logic. Experimental data was performed on a 4-stroke CI engine. BTE of B20 and B40 were similar to diesel 
while BTE of B40, B60, and B80 were lower for biodiesel compared to DF. BSFC increased with an increase in 
load. BSFC was higher for biodiesel than DF. The developed MIMO fuzzy model predictions resulted in good 
correlation coefficients, good MREs, and low RMSE. The predicted values and experimental values agreed. The 
authors concluded that the fuzzy model is more reliable than theoretical and empirical methods. Diesel engine 
performance using fish oil biodiesel-diethyl ether-diesel blend with ANN was studied by Ilangkumaran et al. 
[101]. To acquire data for training and testing the proposed ANN, an experiment was conducted on a single-
cylinder, 4-stroke, NA compression ignition engine at a constant speed of 1500 rpm and variable load. BTE 
decreased by 6 % for neat biodiesel compared to diesel. The addition of DEE improved BTE by reducing 
viscosity hence improved atomization. The EGT for biodiesel was higher than DF with the highest value being 
391 °C. The DEE blend had a lower EGT at 383 °C. The higher CN of DEE created a shorter ID that reduced 
EGT of DEE blends. ANN predicted performance well with a correlation coefficient R = 0.997 and R = 0.999 
for BTE and EGT respectively. 

 Evaluation of fish oil methyl ester (FOME) and chicken oil methyl ester (COME) was undertaken by 
Behcet et al. [102] on a single-cylinder, DI diesel engine. The SFC was higher for FOME and COME than 
diesel by 8.3 % and 5.2 % respectively. EGT increased with an increase in engine speed for all test fuels. EGT 
for D2 was lower compared to FOME20 and COME20 fuels. The brake power and torque for FOME decreased 
by 4.33 % and 3.2 % respectively while for COME it decreased by 2.4 % and 1.9 % respectively in comparison 
to diesel. Authors attributed the difference to LHV and the high density of biodiesel compared to DF. Behcet 
[16] used blends of diesel (D2), fish fat methyl ester (FFME), and chicken fat methyl ester (CFME) on a diesel 
engine. The BTE for biodiesel decreased by 8.85 % and 6.28 % for CFME and FFME respectively when 
compared with D2. FFME and CFME fuels produced lower engine power than diesel. The average power 
decreased by 4.10 %. FFME BSFC and CFME BSFC increased by 8.14 % and 8.96 % respectively than D2 
fuel. Schirmer et al. [103] compared blends of soya and diesel and another blends of beef tallow and diesel in a 
DI monophase power generator. The blends used were SB0 to SB100 and BT0 to BT100. BSFC significantly 
reduced with an increase in the applied load. The overall efficiencies increased for both fuel blends, with higher 
efficiencies obtained at higher load conditions. SB100 maximum efficiency of 14.4% was obtained at 1.5 kW 
load. 
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Animal fat residue from fat traps (AFRBD) was investigated by Awad et al. [33]. The power output of 
AFRBD dropped by 9 % because of LHV. The BTE was reduced by 1.5 points at low load and increased by 1 
point at high load. This difference was linked to early SOC and longer CD of AFRBD at low loads and its 
shorter CD at high loads. A higher density of AFRBD fuel contributed to 6 % increase in mass flow rate of 
AFRBD compared to diesel. Jiaqiang et al. [82] reported increased SFC, low BP, and lower calorific value of 
fish oil biodiesel. The authors concluded that a high biodiesel blending ratio increases density and kinematic 
viscosity which causes a reduction in evaporation ability, hence reduced combustion efficiency and increased 
SFC. Kamarulzaman et al. [86] evaluated Hermetia illucens larvae oil (HILO) in a Yanmar TF120M CI engine. 
The authors reported that an increase in HILO in the blend increased BSFC by 38.10 %, increased EGT by 3.88 
%, and decreased BTE by 11.47 % compared to DF. This change is attributed to LCV and the high viscosity of 
HILO-diesel blend compared to DF. 

Nanoparticles when added to biodiesel have important properties and effect on performance as reported by 
Gurusala et al. [75]. A waste chicken fat (WCF) alumina nanoparticle biodiesel blend was used in a single-
cylinder, 4-stroke, water-cooled, NA, constant speed DI diesel engine. Lower BSFC and improvement in BTE 
was obtained with the addition of alumina nanoparticles in biodiesel-diesel blends. Nanoparticles enhanced ID 
and surface area to volume ratio by catalyzing the reaction in the combustion chamber. Similarly, the 
magnesium additive and B10 chicken fat biodiesel blend studied by Guru et al. [76] resulted in minimal torque 
differences between the biodiesel blends and pure diesel, while the SFC of biodiesel increased by 5.2 % at 2200 
rpm. The BTE of biodiesel decreased by 4.8 % compared to DF. 

Trout oil methyl ester (TOME) was experimented with by Buyukkaya et al. [109] in a NA, IDI diesel 
engine. Even though TOME had LHV, the authors reported an increase in torque and engine power for TOME 
compared to diesel. This attributed to the presence of oxygen for rich fuel enrichment for complete combustion 
and more efficient lubricity of biodiesel. BSFC was higher for TOME than diesel. BSFC values of B10, B20, 
B40 and B50 was higher by 0.45 %, 1.04 %, 1.10 % and 1.47 % than DF, respectively. LHV promoted higher 
BSFC of TOME. BTE for B50 was higher by 4.05 % than that of diesel at 1800 rpm. BTE increased from low 
loads to high loads due to oxygen-improved combustion characteristics. Bhaskar et al. [94] tested fish oil 
biodiesel (FOME) on a single cylinder, 4-stroke, NA, air-cooled diesel engine. The authors reported lower BTE 
of FOME blends at all brake power outputs. BTE decreased with an increase in the percentage of FOME in the 
blend. In addition, researchers obtained lower BP and ID and higher peak pressures for FOME and its blends 
compared to diesel. This effect was attributed to more oxygen molecules in FOME. 

Oner and Altun [110] used inedible tallow biodiesel in a Rainbow-LA186, single-cylinder, 4-stroke, forced 
air cooling, NA, DI diesel engine. The effective power for biodiesel was lower than DF. BSFC increased with 
an increase in the percentage of biodiesel. Biodiesel has a higher density which implies that the fuel 
consumption on a volume basis resulted in higher SFC for biodiesel. BTE for B5, B20, B50, and B100 was 
lower than DF by 3.7 %, 7.4 %, 8.2 %, and 12 %, respectively. The authors attributed this difference to tallow 
biodiesel's higher viscosity, higher density, and LHV than DF. The highest EGT obtained was at 445 °C while 
B50 had the lowest EGT at 412 °C compared to other fuel bends. Anchovy fish oil biodiesel produced by 
transesterification was used by Behcet [88] at engine speeds of 1000 rpm to 2500 rpm. Biodiesel blends had a 
minimal difference from those of DF. Anchovy fish biodiesel has LHV which increased BSFC by 4.96% and 
decreased BTE by 7.39 % and power losses. 

An on-road passenger car VW Touareg R5 2.5 UI  year of production 2007 vehicle fitted with dual-fuel 
engines was used by Kleinova et al. [111] to test rapeseed oil (RO), chicken fat (CF), and ethanol. The peak 
performance decreased by 6 % to 9 % for 1.9 TDI and 12 % to 13 % for 2.5 UI while torque decreased by 1 % 
to 4 % for 1.9 TDI and 12 % to 14 % for 2.5 UI. Fuel consumption was favorable for DF for both engines. The 
addition of 3 % to 6 % ethanol decreased performance for the tested biodiesel fuels. The measurements gathered 
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from the study showed a positive impact on the long-term operation of the vehicles. The addition of ethanol in 
the rapeseed SVO proved to be beneficial except regarding flashpoint. Ethanol raised the flash point. Nautiyal et 
al. [89] used B10, B20, and B100 waste tallow and diesel in a 4-stroke, single-cylinder diesel engine. At low 
load, BTE increased for all fuel blends but later decreased at high load due to increased injected fuel and 
advanced SOC. Ashok et al. [91] experimented with 20 % pork lard methyl ester (PLME) in a Kirloskar, single-
cylinder, 4-stroke, air-cooled diesel engine. The engine was operated at varying FITs of 19° bTDC, 21° bTDC, 
and 23° bTDC and FIP of 200 bars to 240 bars. At 200 bars and 23 °bTDC, the BTE of diesel was higher than 
the PLME20-diesel blend. There was an improvement in FIT 21 °bTDC and FIP 220 bars to 240 bars for all 
fuels tested. PLME20 BSEC was obtained as 25.56 MJ/kWh at 25 % load and 12.99 MJ/kWh at maximum 
load. BSFC was higher for 19° bTDC than at 21° bTDC at FIP of 240 bars. 

Ahmed et al. [92] compared petro-diesel (PD), waste animal fat (AF), and waste cooking oil (WCO) on a 
single-cylinder, 4-stroke, water-cooled, constant CI diesel engine. The PD50AF30WCO20 blend increased 
BSFC by 4.5 % compared to PD. Biodiesel blends produced a higher BSFC, and 3.76 % less BTE compared to 
PD. PD50AF30WCO20 produced 5.5 % more BTE. Silva et al. [107] experimented with a jet kerosene and ox 
tallow ethyl ester (OTEE) blend on a single-stage centrifugal compressor coupled to a hydraulic dynamometer. 
The authors reported that OTEE increased BSFC. The operation of the turbine at low load increased BSFC. For 
instance, the BSFC of the B70 blend was higher than B0 at 4 kW and 32 kW by 53 % and 32 %, respectively. 
This was attributed to the LHV of the fuel blend. Barrios et al. [108] compared animal fat-diesel (A) blend with 
a soya-diesel blend (S) on 2.0 TDI, 4 cylinders, 4-stroke, and DI, CI engine. The use of different biodiesel 
blends compared to pure diesel led to an increase in SFC due to lower the LHV of soya and the animal fats 
biodiesel. A40 and A50 produced the highest SFC. A30 and S50 presented the highest effective efficiency. A 
lower proportion of EGR and increased oxygen content of biodiesels caused more complete combustion which 
increased effective efficiency. A summary of the above-mentioned parameters of engine performance is 
recorded in table 5. 
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Table 5. Summary of Engine performance characteristics of waste animal fats biodiesel. 

S/N Feedstock Test Engine configuration Testing conditions Performance parameters Ref. 

BSFC BTE BP 
1 Fish oil 1C, 4S, 4-stroke, NA, DI, CI 

engine 
B0, B10, B20, B30, B100 
1400 rpm and 2200 rpm speed 

   [77] 

2 Beef tallow Kirloskar TV1, 1C, constant 
speed, water-cooled, CI engine 

B0, B5, B10, B15, B20 
Engine load: 0 %, 25 %, 50 %, 75 % 
and 100 %  

   [28] 

3 Animal fat 
blend 

1C, 4S, CI engine Speed: 1500 rpm, full load 
Compression ratio: 16.5, 17.5, 18.5  

   [85] 

4 Turkey fat 1C, DI, air-cooled, NA, CI 
engine 

Blends: B10, B20, B50 
Engine load:2.5 Nm, 5 Nm, 7.5 Nm, 
and 10 Nm  
Speed: 2000 rpm 

   [79] 

5 Waste 
sardine oil 

Kirloskar/PS 234, 1C, VCR, 
12:1 to 18:1 CR diesel engine 

B10 fuel, CR: 18:1, 
Pressure: 200 bars 

   [14] 

6 Fish oil Kirloskar TAF1, 1C, 4S, air-
cooled, CI engine 

B0, B20, B40, B60, B80, B100 
0 % to 100 % load in steps of 25 % 

   [81] 

7 Chicken fat 
and 
Fleshing oil 

Ford cargo, DI, 6C, 4S, 
turbocharged, intercooled, water 
cooled CI engine 

Load: 150 Nm, 300 Nm, 450 Nm and 
600 Nm 
Speed: 1400 rpm 

   [83] 

8 Fish and 
chicken oil 

Rainbow-186 1C, air-cooled, 
18:1 CR, DI, CI engine 

Speed: 1000 rpm to 2500 rpm 
Fuel: D2, FFME, CFME 

   [16] 

9 Beef tallow Kirloskar TV1, 1C, 4S, water 
cooled, CI engine 

Full load capacity    [63] 

9 Chicken oil 
and fish oil 

Rainbow LA 186, 1C, 4S, VCR, 
air-cooled, DI, CI engine 

FOB0, FOB20, CFB0, CFB20,  
Speed: 1000 rpm to 2500 rpm 

   [102] 

10 Trap grease Lister Petter-TS 1 series, 1C, 4S, 
air-cooled, CI engine 

B0, B100 
Load: 20 % and 100 % 
Speed: 1500 rpm 

   [33] 

11 Fish oil AVL 54021C, 4S, NA, DI, 
common rail CI engine 

Fuel: B0, B10, B20, B30, B50, B100 
Speed: 1200 rpm to 3000 rpm 

   [82] 

12 Hermetia 
illucens 
larvae oil 

Yanmar TF120M, 1C, 4S, DI, CI 
engine 

Fuel: B0, B25, B50, B75, B100 
Load: 25 %, 50 %, 75 %, 100 % 

   [86] 
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13 Waste fish 
oil 

1C, VCR Ricardo E6 CI engine Load:25 %, 50 %, 75 %, 100 % 
Torque:6 Nm, 12 Nm,18 Nm, 25 Nm 
Steady state condition of 1200 rpm  

   [87] 

14 Fish oil Kirloskar TAF1, 1C, 4S, 4.4kW, 
NA, air-cooled CI engine 

B0, B20, B40, B60, B80, B100 
0 bmep to 6 bmep (bar) 

   [94] 

15 Trout oil Lister petter AA1, 1C, 4S, NA, 
IDI, CI engine 

Speed:900 rpm to 2700 rpm,  
Fuel: B0, B10, B20, B40, B50, B100, 
0 to Full load at 10 % interval 

   [109] 

16 Chicken fat 1C, 4S, water-cooled, NA, 
constant speed DI, CI engine 

B0, B20, B40 added alumina 
nanoparticle 

   [75] 

= biodiesel parameter is lower than diesel,  =biodiesel parameter is higher than diesel, C = Cylinder, S = stroke, DI = Direct ignition, NA = 
Naturally aspirated 
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4.1 Inferences from performance characteristics 

4.1.1 Brake specific fuel consumption 

The brake specific fuel consumption is the ratio of fuel mass flow rate to the unit power output [119]. The 
BSFC of fuel depends on factors such as density, viscosity, calorific value, and volumetric fuel injection [28]. 
BSFC is an important property to be analyzed and indicates the effectiveness of engine fuel conversion into 
useful work [120]. The majority of the literature reviewed shows that animal fats biodiesel produced more 
BSFC than neat diesel. Biodiesel blends have a higher density than pure DF thus causing higher mass injection 
for the same volume at the same injection pressure. Furthermore, biodiesel and its blends have a lower calorific 
value than diesel requiring a larger amount of fuel to produce the same power. An increase in WAF biodiesel in 
the blend increases BSFC. The increase in BSFC is attributed to the lower heating value and higher density of 
biodiesel as reported by Barik et al. [116] while using chicken fat biodiesel. The addition of nanoparticles in the 
fuel blend reduced BSFC [75].  

4.1.2 Brake power 

Brake power (BP) is defined as the power available at the drive shaft of an engine for performing useful work 
that incorporates power loss resulting from gear and transition friction. BP is directly related to engine torque 
[121]. In other words, BP is the amount of work done per unit time [122]. From the literature reviewed, BP for 
animal fats biodiesel blends is slightly lower than for DF. Some authors correlated the reduction in BP to an 
increase in BSFC lower HV of biodiesel. A few research publications reported higher BP for WAF biodiesel 
compared to DF due to higher oxygen content, the larger mass flow rate for the same volume, higher density, 
and high viscosity [109]. Despite LHV, animal fats biodiesel at lower engine speed had enough time for 
combustion increased effective BP [110]. Some works reported biodiesel BP enhancement by the addition of 
emulsified water, ethanol, and nanoparticle additives [122, 123]. BP increase is attributed to energy produced in 
the cylinder due to an increase in surface area to volume ratio of nanoparticles and an increase in heat transfer 
coefficient. 

4.1.3 Brake thermal efficiency 

Brake thermal efficiency (BTE) is the ratio of the thermal energy available in the fuel to the output power 
delivered to the crankshaft by the engine [119]. Besides HV, BTE is a better parameter than specific fuel 
consumption for evaluating the performance of different fuels [124]. Engine efficiency is dependent on the 
shape of the heat release curve for TDC. The pressure occurring during the combustion stroke creates resistance 
on the piston motion thus increases pumping work. In the same cycle, late combustion releases heat during the 
expansion phase which reduces resultant pumping work [33]. From the literature reviewed, the majority of 
WAF biodiesel blends used in diesel engines have lower BTE than neat DF, while a few authors reported higher 
values of BTE. The decrease in BTE of WAF biodiesel blends were attributed to higher density, higher 
viscosity, and lower heating value compared to DF. Similar results were obtained in other studies [120]. The 
addition of nanoparticles helps to increase heat transfer and lessens the delay period, due to their higher surface 
area to volume ratio [118]. Injection timing in some experiments helped in raising the BTE of WAF biodiesel 
blends [81]. 
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4.0  Conclusion 
WAF biodiesel can be successfully applied in CI engines in partial or full replacement of fossil diesel. WAF 
biodiesel physicochemical properties are close to DF and lie within acceptable limits of ASTM D6751 and 
EN14214 international standards. Density, viscosity, and heating value has a greater influence on the usability 
of biodiesel in CI engines. The following are the conclusions deduced from the literature review conducted. 

Ignition delay of waste animal fats biodiesel is shorter than that of DF. ID decreases with an increase in 
the percentage of biodiesel in the blend and this is attributable to the higher CN of biodiesel compared to DF. 
WAF has higher peak cylinder pressure which occurs later than in DF. Higher density and viscosity of biodiesel 
contributes to the accumulation of biodiesel in the cylinder which increases injector pressure. Cylinder pressure 
increases with an increase in biodiesel percentage in the blend. WAF has higher HRR than diesel and it 
increases with an increase in biodiesel percentage. 
 Emission characteristics exhibited different results per gas analyzed and test conditions. CO, smoke 
opacity, PM, and UHC produced lower values for biodiesel than diesel while values of NOx and COR2R were 
higher for biodiesel. Oxygen bonded to biodiesel chemical structure promotes complete combustion of carbon 
hence a decrease in CO, smoke, UHC, and PM. Biodiesel contributes to a higher cylinder temperature and 
longer holding time which raises NOx emission. Hence, high NOx is a factor of residence time, a high oxygen 
content of biodiesel, and high temperature in the combustion chamber. COR2R on the other hand increases due to 
further oxidation of CO by oxygen present in the biodiesel structure. 
 Engine performance of BSFC, BTE, and BP is related to the energy content of the biodiesel. Biodiesel 
has lower HV which decreases BTE and increases BSFC to generate enough power. BP decreases with an 
increase in biodiesel percentage in the blend due to lower HV of biodiesel.  

WAFs from various sources, when used in CI engines, have outstanding combustion, emission, and 
engine performance which is similar to vegetable oils and nonedible plant oils which have been widely used as 
a favorite substitute for fossil diesel. 
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