
International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 11 (2018) pp. 9706-9723 

© Research India Publications.  http://www.ripublication.com 

9706 

Performance and Emissions of Compression Ignition Engines Fuelled with 

Waste Cooking Oil Methyl Ester – A Critical Review 

 

1Awogbemi, O, Inambao, F. and Onuh E.I 

Green Energy Solution Research Group, Discipline of Mechanical Engineering,  
University of KwaZulu-Natal, Howard College campus, Durban 4041, South Africa. 

 

 

Abstract 

The high cost of edible feedstocks, the food vs fuel debate, the 

threat of deforestation, environmental pollution, damage to 

wildlife habitats, etc., has shifted the attention of researchers to 

the production of biodiesel from waste cooking oil (WCO). 

This paper reviews recent research on the performance and 

emission characteristics of waste cooking oil methyl ester 

(WCOME) in unmodified conventional compression ignition 

(CI) engines. The general consensus among most authors is that 

the use of WCOME was found to result in increased brake 

specific fuel consumption (BSFC), brake thermal efficiency 

(BTE) and higher exhaust gas temperature (EGT) when 

compared with petroleum-based diesel fuel. Most authors 

reported that CI engines fuelled with pure WCOME emitted 

less carbon monoxide (CO), carbon dioxide (CO2), and 

particulate matter (PM), but higher nitrogen oxide (NOx) 

compared with diesel fuel. The oxygenated nature and other 

fingerprints of the biodiesel were responsible for the outcomes 

of the tests. However most of the research was not carried out 

in substantial compliance with established performance 

regulations and emission protocols. A niche for a formulated 

hybrid fatty acid methyl ester (FAME) from WCOME to 

enhance engine performance and mitigate emissions in line 

with international best practices and established emission 

benchmarks exists. This can be investigated through 

computational means using MATLAB, artificial neural 

networks (ANN), and computational fluid dynamics (CFD) 

The paper highlights these possibilities. 

Keywords: Biodiesel, emission, hybrid FAME, performance, 

waste cooking oil  

 

INTRODUCTION AND BACKGROUND 

The performance and emission characteristics of unmodified 

diesel engines fueled with neat petroleum-based diesel (PD) 

fuel has been revealed to have many inadequacies in recent 

years. The application of biodiesel, as a renewable alternative, 

is also not without shortcomings. The high cost of feedstock, 

interference of edible feedstocks with the food chain, the large 

expanse of land needed for cultivation, the threat of 

deforestation and damage to wildlife habitats have necessitated 

the search for other cheap and readily available feedstocks. The 

use of waste cooking oil (WCO) as feedstock will not only 

mitigate the high cost of production by up to 45%, but also 

eliminate the shortcoming highlighted above [1, 2]. The USA, 

Brazil and Germany have continued to dominate the global 

production of biodiesel (Figure 1). Table I shows the annual 

volume of used vegetable oil collection in some countries. An 

estimated 200 000 tons of waste cooking oil are generated but 

uncollected annually in South Africa. The uncollected WCO 

contributes to soil and water contamination, sewage blockages, 

and damage to aquatic life [3, 4]. Generally, biodiesel has been 

found to be disadvantageous due to its distribution and 

transportation difficulties, degradation under storage, blocking 

of fuel filters, injectors, and hoses, emission of higher nitrogen 

oxide, corrosive nature against copper and brass, extreme 

engine wear, and unsuitability for use at low temperature [5, 6]. 

However, its application offers enormous and far reaching 

benefits. 

 

 

Figure 1. World best producer of biodiesel (thousand bpd) 

2015-2017 [7] 
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Table 1. Annual collection of WCO (Million tons) 

Country WCO collection 

(Million tons) 

South Africa 0.06 

Malaysia 0.06 

Canada 0.135 

UK 0.2 

Japan 0.6 

China 4.5 

 

In recent years, a lot of research has been conducted on the 

performance and emission characteristics of waste cooking oil 

methyl esters (WCOME) with varying outcomes. The relevant 

questions to ask, however, are whether these tests have been 

performed in line with the test protocols and if the results of the 

emission tests are in line with the locally or globally recognized 

standards and benchmarks. Also have these researches been 

able to come up with the optimal fatty acid methyl ester 

(FAME) hybrids that will enhance the performance and 

mitigate emissions of conventional unmodified compression 

ignition (CI) engines? FAME is a mixture of free fatty acids 

(FFA), the properties, performance, and behaviours of which 

are dependent on the fatty acid composition and its degree of 

saturation. There is a need to continue to investigate the optimal 

mix of fatty acids to ensure the best performance outcome and 

emissions mitigation.  

This research is a review of various recent works on the use of 

WCOME in conventional CI engines, with a view to revealing 

the research gaps for further works. This will be conducted with 

emphasis on the procedures and criteria adopted by various 

researchers. The necessity for the use of numerical and 

computational tools to predict the properties, optimal 

performance and emission characteristics of hybrid FAME will 

also be highlighted. 

 

PERFORMANCE REGULATIONS AND EMISSION 

BENCHMARKS 

Engine performance is a measure of degree of effectiveness in 

the conversion of fuel into useful work by internal combustion 

engines. This is measured on the basis of known performance 

parameters, namely: load, speed, torque, brake power, brake 

specific fuel consumption, brake thermal efficiency, exhaust 

gas temperature and the emission of regulated gases. As part of 

the engine test protocols, specifications of the engine must be 

disclosed, namely: manufacturer, model, model year, 

displacement, power rating (hp), configuration, bore (m) x 

stroke (m), induction, fuel type, engine stroke per cycle, and 

injection. The United States Environmental Protection Agency 

(EPA) promulgated the new source performance standards 

(NSPS) for stationary compression ignition engines as a 

benchmark on emissions of PM, NOx, CO and non-methane 

hydrocarbons (NMHC) all measured in g/kWh. Depending on 

the net power (kW) and model year of the engine and other 

parameters, the USA, EU, Japan, etc., have different standards 

for measuring regulated emissions for diesel engines [8].  

The EU 13 mode cycle for performance and emission 

measurements for all CI engines are shown in Table 2. The 

USEPA emission benchmarks for various categories of diesel 

engines are presented in Table 3, while Table 4 shows the EU 

emission standards [8, 9].  

 

Table 2. EU 13 mode of emission measurement [8] 

Mode Speed Load (%) Duration 

(Min) 

1 Idle - 4 

2  

Max Torque Speed 

10 2 

3 25 2 

4 50 2 

5 75 2 

6 100 2 

7 Idle - 2 

8  

Rated Power Speed 

100 2 

9 75 2 

10 50 2 

11 25 2 

12 10 2 

13 Idle - 2 

 

The Department of Minerals and Energy of the Republic of 

South Africa, in 2007, came up with the Biofuels Industrial 

Strategy with the aim of stimulating biofuel (bioethanol and 

biodiesel) as a renewable energy component of the country’s 

energy mix. The document aims to ensure energy security, 

reduce the emission of greenhouse gas, and make biofuel a 

major contributor to the socioeconomic development of South 

Africa. The strategy adopted a 5-year pilot programme for 2% 

biofuel or 400 million litres per year in the energy mix [10]. 

However, South Africa has no performance and emission 

standards for reciprocating internal combustion engines. The 

legal instrument for the carbon tax and offsets to encourage the 

utilization of less greenhouse gas (GHG) emission gasses is yet 

to be promulgated [11]. 
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Table 3: EPA Tier 1-4 Non-road Diesel Engine Emission Standards, g/kWh [9]. 

Engine Power Tier Year CO HC NMHC+NOx NOx PM 

kW < 8 Tier 1 2000 8.0  - 10.5 - 1.0  

Tier 2 2005 8.0 - 7.5 - 0.8 

Tier 4 2008 8.0 - 7.5 - 0.4a 

8 ≤ kW < 19  Tier 1 2000 6.6  - 9.5 - 0.8  

Tier 2 2005 6.6  - 7.5 - 0.8  

Tier 4 2008 6.6  - 7.5 - 0.4 

19 ≤ kW < 37 

 

Tier 1 1999 5.5  - 9.5  - 0.8  

Tier 2 2004 5.5  - 7.5  - 0.6  

Tier 4 2008 5.5  - 7.5  - 0.3  

Tier 4 2013 5.5  - 7.5  - 0.03 

37 ≤ kW < 75 

 

Tier 1 1998 - - - 9.2 - 

Tier 2 2004 5.0  - 7.5  - 0.4 

Tier 3 2008 5.0  - 4.7 - -† 

Tier 4 2008 5.0 - 4.7 - 0.3b  

Tier 4 2013 5.0  - 4.7  - 0.03  

56 ≤ kW < 130 Tier 4 2012-1014c 5.0  0.19  - 0.40 0.02 

75 ≤ kW < 130 

 

Tier 1 1997 - - - 9.2  - 

Tier 2 2003 5.0  - 6.6  - 0.3 

Tier 3 2007 5.0  - 4.0  - -† 

130 ≤ kW < 225 

 

Tier 1 1996 11.4  1.3 - 9.2 0.54 

Tier 2 2003 3.5  - 6.6  - 0.2 

Tier 3 2006 3.5 - 4.0  - -† 

130 ≤ kW < 560 Tier 4 2011-2014d 3.5 0.19  - 0.40 0.02 

225 ≤ kW < 450 

 

Tier 1 1996 11.4 1.3 - 9.2  0.54 

Tier 2 2001 3.5  - 6.4  - 0.2  

Tier 3 2006 3.5  - 4.0  - -† 

450 ≤ kW < 560 

 

Tier 1 1996 11.4  1.3 - 9.2 0.54  

Tier 2 2002 3.5  - 6.4  - 0.2  

Tier 3 2006 3.5  - 4.0  - -† 

kW ≥ 560 

 

Tier 1 2000 11.4  1.3  - 9.2 0.54  

Tier 2 2006 3.5  - 6.4  - 0.2  

       Category Tier Year CO HC NMHC NOx PM 

Generator sets > 900kW Tier 4 2011 3.5  - 0.40  0.67  0.10  

All engines except gensets > 900 kW Tier 4 2011 3.5  - 0.40  3.5  0.10 

Generator sets Tier 4 2015 3.5  - 0.19  0.67 0.03 

All engines except gensets Tier 4 2015 3.5 - 0.19  3.5 0.04  

† Not adopted, engines must meet Tier 2 PM standard. 

a - Hand-startable, air-cooled, DI engines may be certified to Tier 2 standards through 2009 and to an optional PM standard of 0.6 g/kWh starting in 2010 
b - 0.4 g/kWh (Tier 2) if manufacturer complies with the 0.03 g/kWh standard from 2012 

c - PM/CO: full compliance from 2012; NOx/HC: Option 1 (if banked Tier 2 credits used)—50% engines must comply in 2012-2013; Option 2 (if no Tier 2 

credits claimed)—25% engines must comply in 2012-2014, with full compliance from 2014.12.31 
d - PM/CO: full compliance from 2011; NOx/HC: 50% engines must comply in 2011-2013 

 

 



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 11 (2018) pp. 9706-9723 

© Research India Publications.  http://www.ripublication.com 

9709 

Table 4. EU emission standards for CI engines [8] 

Category  Date CO (g/kWh) HC (g/kWh) NOx (g/kWh) PM (g/kWh) Smoke (m-1) 

EURO I  1992-1993 4.5 1.1 8.0 0.612 (0.36)1 - 

EURO II  Oct. 1995-Oct. 1996 4.0 1.1 7.0 0.15 - 

EURO III  Oct. 2000-Oct. 2001 2.1 0.56 5.0 0.1 0.8 

EURO IV  Oct. 2005-Oct. 2006 1.5 0.46 3.5 0.02 0.5 

EURO V  Oct. 2008-Oct.2009 1.5 0.46 2.0 0.02 0.5 

 

FAME COMPOSITION, BIODIESEL PROPERTIES 

AND HYBRIDIZATION OUTCOMES 

The production of biodiesel by the transesterification of 

vegetable oils or animal fats using triglycerides and alcohol in 

the presence of an alkalis catalyst, results in the formation of 

FAME. The fatty acid fingerprint of the biodiesel is dependent 

on the feedstock and can be determined by a gas 

chromatography mass spectrometry (GC-MS) analysis. Of the 

fatty acid constituents of FAME (Table 5), palmitic acid, stearic 

acid, oleic acid, and linolenic acid have been found to be 

dominant [12, 13].  

Factors such as chain length and branching, degree of 

saturation, number and position of double bonds, etc., 

determine the quality, behaviour, physical and chemical 

properties of FAME. Apart from the inherent properties of 

FAME itself, production, handling, storage process and 

procedures also affect its properties. Countries, including 

Argentina, Brazil, China, EU, Japan, Kenya, New Zealand, 

South Africa, USA, etc., in line with international protocols and 

benchmarks, have set standard specifications for FAME in their 

respective countries. Table 6 shows the specifications of FAME 

in the USA, EU and some countries including South Africa.  

As part of efforts to improve the characteristics, properties and 

performance of biodiesel feedstock, hybridization of feedstock 

has been proposed. Hybridization involves blending two or 

more different feedstocks or B100 biodiesels in varying 

proportions to produce an entirely new product with a different 

fingerprint and improved properties compared to the parent 

stocks. Hybridization, whether in-situ, ex-situ, bi or poly, is not 

only cost effective but also leads to better yield and quality, and 

enhanced physico-chemical and thermal properties of FAME 

when compared with biodiesel from the parent feedstock [13, 

14]. However, the FAME derived from hybridization has not 

been tested on CI engines to verify its performance and 

emission characteristics, and hence no optimal FAME hybrid 

has been discovered.  

 

Table 5: Fatty acid composition of FAME [15-17] 

Common name Scientific nomenclature Chemical formula Abbreviation Molecular weight 

(g/mol) 

Saturated fatty acid series 

Palmitic acid Hexadecanoic acid C16H32O2 (C15H31COOH) 16:0 256.42 

Stearic acid Octadecanoic acid C18H36O2 (C17H35COOH 18:0 284.47 

Lauric acid Dodecanoic acid C12H24O2 (C11H23COOH) 12:0 200.31 

Myristic acid Tetradecanoic acid C14H28O2 (C13H27COOH) 14:0 228.37 

Acetic acid Ethanoic acid C2H4O2 (CH3COOH 2.0 60.05 

Butyric acid Butanoic acid C4H8O2 (C3H7COOH 4.0 88.10 

Caproic acid  Hexanoic acid C6H12O2 (C5H11COOH) 6.0 116.16 

Caprylic acid Octanoic acid C8H16O2 (C7H15COOH 8.0 144.21 

Capric  n-decanoic C10H20O2 (C9H19COOH 10.0 172.26 

Behenic acid Docosanoic acid C22H44O2  (C21H43COOH) 22:0 340.58 

Lignoceric acid  Tetracosanoic acid C24H48O2  (C23H47COOH) 24.0 368.63 

Arachidic acid Eicosanoic acid C20H40O2  (C19H39COOH) 20:0 312.52 

Unsaturated fatty acid series. One double bond 

Oleic acid cis-9-Octadecenoic acid C18H34O2(CH3(CH2)7 CH=CH(CH2)7COOH) 18:1 282.45 

Eladic acid trans-9-octadecenoic acid CH3(CH2)7 CH=CH(CH2)7COOH 3.1 282.45 

Myristoleic acid cis-9-Tetradecenoic acid C14H26O2 (CH3(CH2)3CH=CH(CH2)7COOH 14:1 226.35 

Palmitoleic acid cis-9-Hexadecenoic acid C16H30O2 (CH3(CH2)5 CH=CH(CH2)7 COOH) 16:1 254.40 

Two double bonds 

Linoleic acid cis-9,12-Octadecadienoic acid C18H32O2 (CH3(CH2)4CH=CHCH2CH=CH(CH2)7COOH 18:2 280.44 

Three double bonds 

Linolenic acid   cis-9,12,15-Octadecatrienoic acid C18H30O2 (CH3CH2CH=CHCH2CH=CHCH2CH=CH(CH2)7COOH 18:3 278.42 

Elaeostearic acid cis 9,11,13-octadecatrienoic acid CH3(CH2)3CH=CHCH=CHCH=CH(CH2)7COOH 18.3 278.42 
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PERFORMANCE OF WCOME 

The performance of any fuel is determined by the 

thermochemical composition and properties of the fuel. The 

major performance criteria of a diesel engine are brake specific 

fuel consumption, brake thermal efficiency and exhaust gas 

temperature. Table 7 presents the summary of outcomes of 

various researches on the use of pure WCOME as fuel for diesel 

engines as reported by various authors. The oxygen content, 

heating value, density, and viscosity of pure biodiesel have 

been found to influence its behaviour and performance in a 

conventional compression ignition engine.  

 

Effect on brake specific fuel consumption 

Measured in gram per kilowatt hour (g/kWh), the brake specific 

fuel consumption (BSFC) is a measure of how much fuel is 

consumed in one hour to produce one kilowatt of brake power. 

It portrays the combustion efficiency of an IC engine that burns 

fuel to yield rotational power at the crankshaft.   

In their study, Mahesh et al. [29] attributed higher BSFC in a 

diesel engine to the effects of density, viscosity and heating 

value (HV) of B100 WCOME. On their part, Zhu et al. [30] and 

An et al. [31] cited higher oxygen content, decreased low 

heating value (LHV) and high viscosity of biodiesel as 

responsible for increased BSFC.  

Though they used engines with different configurations 

Hirkude and Padalkar [32], Sharon et al. [33] and Ozsezen and 

Canakci [34] reported a 24%, 14.55% and 10% increment in 

BSFC with used cooking oils compared with neat diesel fuel. 

They attributed the results to the lower energy content, higher 

density, increased LHV, higher viscosity, and lower calorific 

value (CV) of the pure biodiesel. Gopal et al. [35], Hwang et 

al. [36] and Nedayali and Shirneshan [37] blamed viscosity, 

density, and reduced lower heating value of B100 WCOME for 

the higher value of BSFC recorded when biodiesel was 

experimented with on an unmodified diesel engine.  

Man et al. [38], Geng at al. [39], Sanli et al. [40] and Attia and 

Hassaneen [41] tested pure WCOME on various configurations 

of unmodified CI engine and reported an increase of 11.03%, 

11.53%, 14.17% and 30% respectively of the BSFC when 

compared with neat PD fuel. Higher oxygen content, reduced 

heating value, higher density, higher viscosity and low calorific 

value were cited as responsible for the outcomes. 

However, the authors disregarded the recommended test cycle 

for such tests as specified by regulatory bodies while carrying 

out the fuel consumption test on an unmodified compression 

ignition engine under varying engine loads. 

Key conclusions on brake specific fuel consumption: 

 All the authors agreed that the application of B100 

WCOME led to higher brake specific fuel consumption in a 

diesel engine. 

 Higher oxygen content, reduced lower heating value, 

calorific value, higher viscosity, and density of the B100 

WCOME triggered increased fuel consumption. 

 Most of the works reviewed jettisoned international 

performance protocols including disclosure of test engine 

specifications, observance of test cycles, etc. 

 

Effect on brake thermal efficiency 

Brake thermal efficiency (BTE) is the ratio of brake power to 

fuel power. It is a performance index used to evaluate how well 

an engine converts the heat from a fuel to useful mechanical 

energy.  

The BTE of pure biodiesel was found to be lower than that of 

neat diesel fuel. This was as a result of high viscosity, density, 

increased lower heating value and poor volatility of the 

oxygenated B100 which led to poor atomization and 

combustion [32, 33, 35]. In the same vein Nedayali and 

Shirneshan [37], Attia and Hassaneen [41] and Prabu et al. [42] 

blamed the higher BTE of B100 on lower calorific value, 

increased BSFC, and low air-fuel mixing of pure biodiesel. 

Mahesh et al. [29] found that the BTE of pure WCOME was 

not significantly different from that of diesel fuel. 

On the other hand, some authors reported that the brake thermal 

efficiency of B100 WCOME was higher than that of neat diesel 

fuel. They attributed these outcomes to higher oxygen content 

that ensured a more complete combustion, increased 

combustion temperature of B100 particularly at higher engine 

load [31, 38, 40, 43]. Though the 13-mode test cycle was 

adopted by two of the authors, the authors failed to disclose the 

model, year, and other important specifications of the test 

engine in line with established test protocols for engine 

performance. 

Key conclusions on brake thermal efficiency: 

 58.33% of the authors reported lower BTE, 33.33% 

reported higher BTE while 8.33% reported no significant 

difference in BTE in CI engine fuelled with B100 WCOME.  

 Viscosity, calorific value, lower heating value, density, 

higher oxygen content and fuel consumption influenced the 

brake thermal efficiency of diesel engine fuelled with B100 

WCOME. 

 Partial compliance with performance test protocols as 

regards to test cycles, disclosure of engine specifications 

and parameters was observed.  
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Table 6: Standard specification of FAME of various countries 

Countries Argentina [15] Australia 

[18] 

Austria 

[15] 

Brazil 

[19] 

China 

[20] 

Chinese 

Taipei[20] 

Colombia [15] European Union [21] Germany 

[22] 

Indonesia 

[23] 

Property (Unit) Resolution 1283/2006  ON 

C1191 

ANP Act 

No. 

42 / 2004 

GB/T 

20828- 

2007 

CNS 15072 

K5155 

Resolution 

180782; 

Feb 2007 

EN 

14214 

Test 

Methods 

DIN V 

51606 

SNI 04- 

7182-2006 

Acid no (mg KOH/g, max) 0.5 0.8 0.8 0.8 0.8 0.5 0.8 0.5 EN 14104 0.5 0.8 

Carbon residue (wt. %, max)  0.05 0.05 0.05 0.3  0.3 0.3  0.05 0.05 

Cetane index (min)       49     

Cetane no. (min) 45 51 49 45 49 51 47 51 EN ISO 

5165 

49 51 

CFPP (oC, max)  Report ≤ 0  Report 0 Report -5 to -44 EN 116   

Cloud point (oC, max)    Report   Report Variable EN 23015  18 

Copper strip corrosion (3 hr, at 50 oC, 

max) 

Class 1 Class 1  No. 1 1 1 No 1 No 1 EN ISO 

2160 

No 1 No. 3 

Density (Kg/m3) 875-900 860-890 850-890 Report 820-900 860-900  

860-900 

860-900 EN ISO 

3675 

EN ISO 

12185 

875-900  

850-890 

Distillation (T90, oC, max)  360  360   360    360 

Ester content (wt. %, min) 96.5 96.5    96.5 96.5 96.5 EN 14103  96.5 

Flash point (oC, max) 100 120 100 100 130 120 120 101 EN ISO 

2719 

110 100 

Monoglycerides (wt, %, max)    1.0  0.8  0.8 EN 14105 0.8  

Diglycerides (wt, %, max)    0.25  0.2  0.2 EN 14105 0.4  

Triglycerides (wt, %, max)    0.25  0.2  0.2 EN 14105 0.4  

Free glycerol (wt, %, max) 0.02 0.02 0.02 0.02 0.02 0.02  

0.02 

0.02 EN 14105 

EN 14106 

0.02  

0.02 

Total glycerol (wt, %, max) 0.24 0.25 0.24 0.38 0.24 0.25 0.25 0.25 EN 14105 0.25 0.24 

Iodine number (gl2/100g, max) 135  120   120 120 120 EN 14111 

EN 16300 

115  

115 

Kinematic Viscosity @ 40oC (mm2/s) 3.5-5.0 3.5–5.0 3.5-5.0  1.9-6.0 3.5-5.0 1.9-5.0 3.5-5.0 EN ISO 

3104 

3.5-5.0 2.3-6.0 

Linolenic acid methyl esters (wt. %, 

max) 

     12.0  12.0 EN 14103   

Metal (Ca+Mg), ppm, max  5.0    5.0  5.0 EN 14538   
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Metal (Na+K), ppm, max  5.0  10  5.0  

 

5.0 

5.0 EN 14108 

EN 14109 

EN 14538 

  

 

18 

Methanol (wt, %, max)  0.2 0.2 0.5  0.2 0.2 0.2 EN14110 0.3  

Oxidation stability (hrs @ 110oC, min) 6 6  6 6 6 6 6 EN 14112   

Phosphorus (ppm, max) 10 10 20 10  10 10 4.0 

mg/kg 

EN 14107 

PrEN 16294 

10 10 

Polyunsaturated acid methyl esters (wt. 

%, max) 

     1.0  1.0 EN 15779   

Sulfated ash (wt. %, max)  0.02 0.02 0.02 0.02 0.02 0.02 0.02 ISO 3987 0.03 0.02 

Total contamination (mg/kg, max)      24 500 24 EN 12662 20  

Total sulphur (ppm, max) 10 10 100 10 50 10 10 10 mg/kg EN ISO 

20846 

EN ISO 

20884 

EN ISO 

13032 

10  

 

100 

Water and sediment (% vol., max) 0.05 0.05  0.02   0.05 0.05 EN ISO 

12937 

0.03 0.05 

Water (ppm, max)     500 500      

 

Countries Japan [24] Kenya [25] Korea 

[26] 

New 

Zealand 

[26] 

South 

Africa 

[27] 

Taiwan [23] Thailand 

[23] 

The 

Philippines 

[26] 

United States of 

America [21] 

Worldwide 

fuel charter 

[28] 

Property (Unit) JIS K2390  KS 

2227:2010  

 NZS 

7500:2005  

SANS 

1935:2011 

CNS 

15072K5155  

 PNS 

2020:2003  

ASTM 

D6751  

Test 

Methods 

Biodiesel 

guidelines     

Acid no (mg KOH/g, max) 0.5 0.5 0.5 0.5 0.8 0.5 0.5 0.5 0.5 D664 0.5 

Carbon residue (wt. %, max) 0.3 0.3  0.05 0.05 0.3  0.05 0.05 D4530 0.05 

Cetane index (min) 51           

Cetane no. (min) 51 51  51 45 51 51 51 47 D613 51 

Cloud point(oC, max)        Report  Report  D2500  

Copper strip corrosion (3 hr, at 50oC, max) No 1 Class 1 Class 1 No. 1 No. 1 No. 1 Class 1 No. 1 No. 3 D130 Light rusting 

Density (Kg/m3) 860-900 860-900 860-900 860-900 860-900 860-900 860-900 860-900   860-900 

Distillation (T90, oC, max) 360    360(T-95)   360 360 D1160  
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Ester content (wt. %, min) 96.5 96.5 96.5 96.5 96.5 96.5 96.5    96.5 

Flash point (oC, max) 120 120 120 100 100 120 120 100 93 D93 100 

Monoglycerides (wt, %, max) 0.8 0.8  0.8 1.0 0.8 0.8 0.8 0.40 D6584 0.8 

Diglycerides (wt, %, max) 0.2 0.2  0.2 0.25 0.2 0.2 0.2   0.2 

Triglycerides (wt, %, max) 0.2 0.2  0.2 0.2 0.2 0.2 0.2   0.2 

Free glycerol (wt, %, max) 0.02 0.02  0.02 0.02 0.02 0.02 0.02 0.02 D6584 0.02 

Total glycerol (wt, %, max) 0.25 0.25 0.24 0.25 0.38 0.25 0.25 0.24 0.24 D6584 0.24 

Iodine number (gl2/100g, max) 120 140  140 140 120 120    130 

Kinematic Viscosity @ 40oC (mm2/s) 3.5-5.0 3.5-5.0 1.9-5.0 2.0-5.0 3.5-5.0 3.5-5.0 3.5-5.0 2.0-4.5 1.9-6.0 D445 2.0-5.0 

Linolenic acid methyl esters (wt. %, max) 12.0 12.0  12.0 12.0 12.0 12    12.0 

Metal (Ca+Mg), ppm, max 5.0  5.0 5.0 5.0 5.0 5 5.0 5.0 EN 14538 5.0 

Metal (Na+K), ppm, max 5.0  5.0 5.0 10 5.0 5 5.0 5.0 EN 14538 5.0 

Methanol (wt, %, max) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.20 EN14110 0.2 

Oxidation stability (hrs @ 110oC, min) 2 6 6 6 6 6 6 6 3 EN 14112 10 

Phosphorus (ppm, max) 10 10 10 10  10 10 10 10 D4951 4 

Polyunsaturated acid methyl esters (wt. %, 

max) 

1.0 1.0  1.0 1.0 1.0     1.0 

Sulfated ash (wt. %, max) 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02 D874 0.005 

Total contamination (mg/kg, max) 24 24  24 24 24 24    24 

Total sulphur (ppm, max) 10 10 10 10  10 10 500 15  D5453 10 

Water and sediment (% vol., max) 0.05 0.05 0.05 0.05 0.02   0.05 0.05 D2709 0.05 

Water (ppm, max)    500   500     
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Effect on exhaust gas temperature 

The temperature of the exhaust gas of an IC engine is an 

indicator of the rate of heat released during fuel combustion. 

High temperature of the exhaust gas is one of the drawbacks of 

the diesel engine; engine designers and manufacturers are 

devising means of mitigating excessive EGT. Manesh el al. 

[29], Hirkude and Padalkar [32], and Sharon et al. [33] reported 

that the EGT was higher when an unmodified CI engine was 

fuelled by pure WCOME. The saturated and oxygenated nature 

of B100 allowed a better and more complete combustion and 

hence increased temperature of the exhaust gas. 

On the other hand, some authors recorded a lower EGT when a 

CI engine was fuelled with B100. This was attributed to the 

latent heat of evaporation, high viscosity, and poor atomization 

of B100 caused by its high viscosity [39, 41, 42]. The authors 

did not adopt any test mode/cycles and as such no values were 

taken at 0% load, 100% load, idle and maximum speed, etc as 

specified by performance test protocols. 

Key conclusions on exhaust gas temperature: 

 50% of the authors reported higher EGT with B100 

WCOME while 50% reported otherwise.  

 High density, high viscosity, poor volatility, lower heating 

value, lower calorific value, higher oxygen content, high 

latent heat of evaporation of WCOME influenced the EGT 

of a diesel engine. 

 The 13-mode test cycle and other test cycles were not 

carried out as stipulated by performance test protocols. 

 

EMISSION CHARACTERISTICS OF WASTE 

COOKING OIL METHYL ESTER 

One of the motivations for the deployment of B100 WCOME 

as alternative fuel for diesel engines is to mitigate the release of 

toxic exhaust gas to the environment. The regulated emissions 

to be considered are CO, CO2, UHC, smoke opacity, and 

PM/Soot. The summary of effects of application of B100 

WCOME ester on emissions from various researches is 

presented in Table 7. 

 

Carbon monoxide emission 

The presence of carbon monoxide (CO) in exhaust gas is an 

indication of incomplete combustion of fuel in an IC engine. 

Fuelling of diesel engines with biodiesel brings CO emission 

within the acceptable limits recommended by regulatory 

bodies. The higher oxygen content which allows for more 

complete and improved combustion, low carbon content, 

higher cetane number, and increased air-fuel mixing of B100 

were reported to be responsible for the reduced CO emission of 

CI engine fuelled with B100 WCOME.  

While Man et al. [38], Sanli et al. [40], and Hirkude and 

Padalkar [32] reported 7% to 25%, 15% to 25%, and 21% to 

45% reduction respectively Gopal et al. [35], Sharon et al. [33], 

and Ozsezen and Canakci [34] gave 31%, 52.5% and 67% as 

their percentage reduction respectively. In addition, other 

researchers cited high viscosity, inadequate time for 

combustion and for oxidation of carbon monoxide to carbon 

dioxide, insufficient oxygen particularly at higher engine 

speed, as being responsible for low carbon monoxide emission 

with B100 compared with neat PD fuel [29-31, 36, 41, 42]. 

However, Kumar and Jaikumar [44] reported that pure 

WCOME generated more CO emissions compared to PD fuel. 

Unfortunately, most of these authors did not measure the CO 

emission in g/kWh, and the full specifications of the engine 

were not disclosed, particularly the model, model year, and 

power rating. These make comparison with CO emission 

benchmarks cumbersome. Some of the results did not fall 

within the internationally accepted benchmark for CO 

emission.  

Key conclusions on CO emission: 

 Pure WCOME produced less CO emission than neat PD fuel 

by up to 67%. 

 92.3% of the authors reviewed reported that pure WCOME 

produced less CO emission. 

 Higher oxygen content, air-fuel mixing, increased fuel 

consumption, higher cetane number, etc., precipitated reduced 

CO emission. 

 Lack of requisite information like the engine specifications 

and model year did not give room for comparing the result of 

most authors with the standard emission benchmarks.  

 

Carbon dioxide emission 

The release of carbon dioxide (CO2) is an important parameter for 

measuring the combustion efficiency of a CI engine. Increased 

CO2 emission is an indication of complete combustion of the fuel. 

The oxygenated fingerprint of B100 WCOME ensured a more 

complete combustion and oxidation of more carbon monoxide to 

carbon dioxide hence increased CO2 emission [29, 33]. On the 

contrary, some authors reported about 8% reduction in CO2 

emission when they tested B100 WCOME on a CI engine. They 

ascribed the outcomes to the reduction in BSFC and total 

combustion duration (TCD) of pure biodiesel [31, 34, 40]. 

However, these outcomes could not be compared with emission 

benchmarks since neither US EPA nor EU has benchmarks for 

carbon dioxide emission.  

Key conclusions on CO2 emission: 

 Few researchers investigated the effect of B100 WCOME on 

carbon dioxide emission compared to carbon monoxide. 

 60% of the authors reviewed agreed that WCOME emitted less 

carbon dioxide than neat PD fuel while 40% reported 

otherwise. The higher oxygen content of biodiesel resulted in 

the emission of more CO2. 
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Table 7: Summary of the performance and emissions of diesel engine fuelled with waste cooking oil methyl ester  

Fuel Tested Engine type Test conditions                                                                          Test outcomes Ref. 

Performance Emissions 

B100 WCOME 

and diesel 

 1C, 4S, water cooled 

diesel engine 

 Constant engine speed 

 BMEP of 0N/m2 to 25N/m2 at 5N/m2 

step 

 BSFC of WCOME > diesel fuel 

 No significant difference in BTE  

 EGT of WCOME ˃ diesel fuel 

 Partial compliance with protocol 

 CO emission of WCOME ˂ diesel fuel 

 CO2 emission of WCOME ˃ diesel fuel  

 NOx emission of WCOME ˃ diesel fuel 

 UHC emission of WCOME ˂ diesel fuel 

 Smoke opacity of WCOME ˂ diesel fuel 

 No complete engine specifications 

[29] 

B100 WCOME 

and EuroV 

diesel fuel 

 

 4C, NA, DI, water-

cooled 88 kW diesel 

engine 

 Varying BMEP at constant engine 

speed of 1800 rpm 

 Maximum engine torque of 240 Nm  

 BSFC of WCOME < Euro V diesel 

fuel by 10.8% 

 Partial compliance with protocol 

 BSCO of WCOME < Euro V diesel fuel > benchmark 

 BSNOx of WCOME > Euro V diesel fuel by 11% > 

benchmark 

 BSHC of WCOME < Euro V diesel fuel > benchmark 

 BSPM of WCOME < Euro V diesel fuel > benchmark 

[30] 

B100 WCOME 

and diesel fuel 

 In-line 4C, 4S 

 Turbocharged, DI, 75 

kW diesel engine 

 Engine speed of 800 rpm to 3 600 rpm 

at intervals of 400 rpm 

  25%, 50%, and 100% load 

 BSFC of WCOME > diesel fuel 

 BTE of WFOME ˃ diesel fuel  

 Partial compliance with protocol 

 

 CO emission of WCOME ˂ diesel fuel < benchmark 

 CO2 emission of WCOME < diesel fuel 

 NOx emission for WCOME < diesel fuel < benchmark 

 UHC emission for WCOME < diesel fuel < benchmark 

[31] 

B100 WFOME 

and diesel fuel 

 1C, 4S.  

 DI, 3.78 kW diesel 

engine 

 Constant engine speed of 1 500 rpm 

 Brake load from 0.5 kW to 4 kW in 

steps of 0.5 kW 

  BSFC of WFOME > diesel by 24%  

 BTE of WFOME ˂ diesel fuel 

 EGT of WFOME ˂ diesel fuel 

 Partial compliance 

 CO emission of WFOME ˂ diesel fuel by 21% to 45% 

 NOx emission of WFOME ˃ diesel fuel 

 PM of WFOME was 23% to 47% ˂ diesel fuel 

  Lack of data on benchmark and wrong unit 

[32] 

B100 WPOME 

and diesel fuel 

 1C, 4S, water cooled 

 NA, DI, 5.2kW diesel 

engine 

 Constant speed of 1 500 rpm. 

 Brake power 1 kW to 6 kW in intervals 

of 1 kW  

 BFSC of WPOME > diesel fuel by 

14.55% 

 BTE of WPOME ˂ diesel fuel  

 EGT of WPOME ˂ diesel fuel 

 Partial compliance 

 CO emission of WPOME ˂ diesel fuel by 52.9% 

 CO2 emission of WPOME > diesel fuel 

 NOx emission of WPOME > diesel fuel 

 UHC emission of WPOME < diesel fuel by 9.53% to 38.09% 

 Smoke density of WPOME < diesel fuel by 10% to19% 

 No data for engine category 

[33] 

B100 WPOME 

and diesel fuel 

 6C, 4S 

 Water-cooled, NA, DI, 

81 kW diesel engine 

  Varying engine speeds of 1 000 rpm to 

2 000 rpm in steps of 250 rpm 

 Injector opening pressure of 197 bar 

 BSFC of WPOME ˃ PBDF by 10% 

 Partial compliance with test protocols 

 CO emission of WPOME ˂ PBDF by 67% < benchmark 

 CO2 emission of WPOME < PBDF by 8% 

 NOx emission for WPOME > PBDF by 11% > benchmark 

 UHC emission of WPOME < PBDF by 26% < benchmark 

 Smoke opacity of WPOME was 63% to 74% ˃ PBDF 

[34] 

B100 WCOME 

and diesel fuel 

 1C, 4S, air cooled 

 DI, 4.4 kW diesel 

engine 

 Brake power from 1 kW to 5 kW at 

intervals of 1kW 

 Constant speed of 1 500 rpm 

 BSFC of B100 WCOME > diesel fuel 

 BTE of WCOME ˂ diesel fuel 

 Partial compliance with test protocols 

 CO emission of WCOME 31% ˂ diesel fuel 

 NOx emission of WCOME 18.33% > diesel fuel  

 UHC emission of WCOME 57% < diesel fuel  

 No data for engine category 

[35] 

B100 WCOME 

and diesel fuel 

 1C 

 Common-rail DI diesel 

engine 

 Engine speed of 1 400 rpm 

 Injection pressures of 80 MPa and 160 

MPa 

 BSFC of B100 WCOME > diesel fuel 

due to reduced LHV of WCOME 

 Partial compliance with test protocols 

 CO emission of WCOME ˂ diesel fuel 

 NOx emission for WCOME > diesel fuel 

 UHC emission from WCOME < diesel fuel 

[36] 
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 Smoke emissions from WCOME < diesel fuel 

 No disclosure of requisite engine specifications 

B100 WCOME 

and diesel fuel 

 12C, 4S, water cooled, 

486kW supercharged 

diesel engine generator 

 Constant engine speed of 1 530 rpm 

 Engine loads of 25%, 50%, 75%, & 

100% 

 BSFC of B100 WCOME > diesel fuel 

 BTE of B100 was ˂ No. 2 diesel fuel 

 Partial compliance 

NA [37] 

B100 WCOME 

and diesel fuel 

 4C, naturally aspirated, 

DI, 88kW diesel engine 

 Engine speeds of 0 rpm, 1 280 rpm, 

1 920 rpm, and 2 560 rpm 

 Maximum power of 88kW/3200rpm 

 BSFC of B100 WCOME > diesel fuel 

by 11.03% 

 BTE of B100 WCOME ˃ diesel fuel 

 Full compliance with test protocols 

 CO emission of WCOME was 7% to 25% ˂ diesel fuel < 

benchmark 

 NOx emission of WCOME > diesel fuel by 2% to 20% > 

benchmark 

 UHC emission of WCOME < diesel fuel by 2% to 23%  

[38]  

B100 WCOME 

and diesel fuel 

 6C, in-line, water-

cooled, DI, 178.2 kW 

diesel engine 

 125 Nm, 250 Nm, and 375 Nm @ 1 

050 rpm 

 273 Nm, 546 Nm, and 819 Nm @ 1 

500 rpm 

 BSFC of B100 WCOME > diesel fuel 

by 11.53% 

 EGT of WCOME ˂ diesel fuel 

 Partial compliance with test protocols 

 NOx emission of WCOME < diesel fuel > benchmark [39] 

B100 WFOME 

and PBDF 

 6C, 4S, water cooled 

 DI, turbocharged, 

intercooled 136kW 

diesel engine 

 Engine torque of 600 Nm. 

 Engine speeds of 1 100 rpm, 1 400 rpm 

and 1 700 rpm 

 BSFC of B100 WFOME > PBDF by 

14.17 

 BTE of WFOME ˃ diesel fuel 

 Partial compliance 

 CO emission of WCOME ˂ PBDF > benchmark 

 CO2 emission from WCOME < PBDF 

 NOx emission from WCOME > PBDF > benchmark 

 UHC emission of WCOME was 23.74% to 36.19% < PBDF < 

benchmark  

[40] 

B100 WCOME 

and PBDF 

 1C, 4S, air cooled 

 DI, naturally aspirated 

diesel engine 

 Fuel injection at 24o Crank angle bTDC 

 Rated power of 5.775 kW at 1 500 rpm 

 BSFC of B100 WCOME > diesel fuel 

by 30% 

 BTE of WCOME ˂ neat diesel fuel by 

6%  

  EGT of WCOME was 2% ˂ diesel 

fuel 

 Partial compliance 

 CO emission of WCOME 15% to 25% ˂ diesel fuel < 

benchmark 

 NOx emission from WCOME < diesel fuel by 6% 

 UHC emission of WCOME < diesel fuel by 20% 

 Smoke opacity of WCOME > neat diesel fuel 20% 

[41] 

B100 WCOME 

and diesel fuel 

 1C, 4S, air cooled, DI, 

stationary diesel engine 

 Engine speeds of 1 800 rpm, 2 500 

rpm, and 3 600 rpm 

 

 BSFC of B100 WCOME > diesel fuel  

 BTE of B100 WCOME ˂ diesel fuel 

 EGT of WCOME ˂ diesel fuel 

 Partial compliance 

 CO emission ˂ diesel fuel 

 NOx emission for WCOME ˃ diesel fuel by 17% 

 The smoke emission of WCOME ˂ diesel fuel by 51% 

 Wrong unit and inadequate data for engine category  

[42] 

B100 WCOME 

and diesel fuel 

 4C, naturally aspirated 

DI diesel engine 

 Engine loads of 0.16 MPa, 0.33 MPa, 

0.49 MPa, 0.65 MPa, and 0.73 MPa 

 BSFC of B100 WCOME > diesel fuel  

 BTE of B100 WCOME ˃ diesel fuel  

 Partial compliance 

 [43] 

B100 WCOME 

and diesel 

 1C, 4S, water cooled, 

naturally aspirated 

 DI, CI engine 

 Power output of 3.7 kW at 1 500 rpm 

 Injection timing 27obTDC 

 BTE of B100 WCOME ˂ diesel fuel  

 Partial compliance 

 CO emission of neat WCO ˃ neat diesel fuel 

 UHC emission ˃ neat diesel fuel by 20% 

 No complete data for engine category 

[44] 

WCOME = Waste cooking oil methyl ester. WFOME = Waste frying oil methyl ester. WPOME = Waste palm oil methyl ester C = Cylinder. S = Stroke. NA = Naturally 

aspirated. DI = Direct injection.              bTDC = before Top Dead Centre. B100 = Pure unblended biodiesel. 
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Nitrogen oxide emission 

Nitrogen oxide (NOx) is a product of oxidation of nitrogen which 

forms more than 70% of the air intake for engine combustion. 

Nitrogen oxide can be formed by Zeldovich (thermal) mechanism 

and Fenimore (prompt) mechanism. While Zeldovich is 

influenced by increased temperature, Fenimore is influenced by 

free radicals such as CH and CH2 formed from the fuel react with 

nitrogen to form NOx [43].  

Fuelling a compression ignition engine with pure WCOME was 

reported to result in 1% to 20% more nitrogen oxide when 

compared with neat diesel fuel. The increased NOx emission was 

blamed on higher oxygen and nitrogen content, delay of ignition, 

and higher combustion temperature, increased injection pressure, 

and high bulk modulus of pure biodiesel [28, 30, 32, 33]. The 

increased combustion temperature, higher heat of combustion of 

B100 and high temperature of the combustion chamber 

occasioned by complete combustion of the oxygenated biodiesel 

triggered the Zeldoivch mechanism that eventually led to 

increased NOx emission [27, 31, 34, 38]. On the other hand, An 

et al. [14], Geng et al. [37] and Attia and Hassaneen [39] reported 

that NOx emissions from B100 WCOME were lower compared 

to neat diesel fuel. They attributed their outcome to low heating 

value and low viscosity of B100.  

Key conclusions on NOx emission: 

 80% of the works reviewed reported higher nitrogen oxide 

emission from pure biodiesel while about 20% reported 

otherwise.  

 High oxygen content, high in-cylinder, prolonged residence 

time, high nitrogen content, delayed ignition, and high bulk 

modulus accounted for higher NOx from biodiesel.  

 Lack of full disclosure of specifications of test engines 

prevented comparison with standard benchmarks. 

 

Unburned hydrocarbon emission 

Unburned hydrocarbon (UHC) is a gaseous form of 

hydrocarbon. The presence of UHC in the exhaust of diesel 

engines indicates incomplete combustion of the fuel as a result 

of quenching of flame at the cylinder wall, particularly at the 

crevice regions.  

Mahesh et al. [27], Zhu et al. [28] and An et al. [29] observed 

that higher oxygen content of pure WCOME allowed for more 

complete and cleaner combustion which resulted in lesser UHC 

emission compared with neat PD fuel. Also, a reduction of 

9.53% to 38.09%, 20%, 23.74% to 36.19%, 26%, and 57% in 

UHC emissions were reported by Sharon et al. [31], Attia and 

Hassaneen [39], Sanli et al. [38], Ozsezen and Canakci [32], 

and Gopal et al. [33] respectively when an unmodified CI 

engine was fuelled by biodiesel compared with neat diesel fuel. 

This was attributed to the oxygenated fingerprint of B100 

WCOMEl. 

Hwang et al. [34] attributed the increased hydrocarbon 

emission from pure WCOME to higher viscosity of B100 

WCOME which caused poor atomization. This was further 

confirmed by Man et al. [36] and Kumar and Jaikumar [42] who 

observed a reduction 2% to 23%, and 20% respectively in UHC 

emission. 

Key conclusions on UHC emission: 

 About 90.9% of the literature reviewed reported a reduction 

on UHC emission from pure biodiesel. 

 Higher oxygen content of B100 WCOME caused lower 

unburnt hydrocarbon emissions. 

 Most of the results could not be compared with recognized 

emission standards due to non-disclosure of the model year 

of the test engine and other details. 

Smoke opacity emission 

Formation of smoke emission is as a result of shortage of 

oxygen in the combustion chamber, partial combustion of fuels, 

the cooling effect of fuel and the complications of combustion 

delay.  

Sharon et al. [33], Prabu et al. [42], and Ozsezen et al. [34] 

recorded a decrease of 10% to 19%, 51%, and 63% to 74% 

respectively in smoke opacity of a diesel engine fuelled with 

B100 compared with when fuelled with neat diesel fuel. They 

attributed the reduction to higher oxygen content and less 

aromaticity of B100. Manesh et al. [29] and Hwang et al. [36] 

cited higher oxygen content and lower carbon content of 

WCOME as being responsible for reduced smoke emission 

compared with diesel fuel. On the other hand, Attia and 

Hassaneen [41] reported that the use of B100 WCOME led to 

a 20% increase in smoke opacity compared with neat diesel 

fuel. The high viscosity of B100 WCOME was blamed for this 

outcome. 

Key conclusions on smoke opacity emission: 

 83% of the literature surveyed reported a decrease in smoke 

opacity emission while 17% dissented. 

 The use of pure biodiesel triggered a decrease of between 

10% and 74% in smoke opacity emission due to higher 

oxygen content and lower carbon content of pure biodiesel. 

 Inadequate disclosure of specifications of test engine 

prevented comparison with emission standards and 

benchmarks. 

 

Particulate Matter emission 

Particulate matter (PM) emitted from diesel engines consists of 

volatile organic compounds (VOC), carbonaceous soot particles, 

and solid phase materials found in the air.  

In their research to investigate the PM emission in an unmodified 

diesel engine fuelled by pure WCOME, Zhu et al. [30] reported a 

lower particulate matter as a result of higher oxygen content and 

less aromaticity of B100 which led to more complete oxidation 

and dilution of aromatics respectively. PM emission was found to 

decrease by 23% to 47% with the use of biodiesel fuel due to the 

higher oxygen content of WCOME compared with PD fuel [32]. 

Key conclusions on particulate matter emission: 

 The application of pure WCOME led to reduction of PM 
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emission. 

 Higher oxygen content and less aromatic nature of WCOME 

was generally cited as a major cause of the reduction of 

particulate matter. 

 Lack of full disclosure of specifications of test engine 

prevented comparison with emission standards and 

benchmarks. 

 

NUMERICAL APPROACH TO PREDICTION AND 

VALIDATION OF DIESEL ENGINE PERFORMANCE 

AND EMISSION CHARACTERISTICS  

High financial outlay, time, and the technicalities involved in 

conducting performance and emission experiments have 

continued to pose challenges to the analysis of the behaviour of 

fuels in real life internal combustion engines. Researchers, fuel 

engineers, fuel refiners, engine manufacturers, combustion 

analysts, etc., have continued to explore the advancement in the 

high-speed digital computing to develop mathematical models 

to accurately predict, analyze, and validate engine performance 

and emissions. The utilization of mathematical models and 

computer simulations are cost effective, save time, are less 

laborious, innovative, flexible, and have the capability to 

forecast and predict “what-if” scenarios [45]. The various 

models developed by researchers can be broadly divided into 

either single zone, two zone, or multi zone models. 

Single zone models use ordinary differential equations to 

obtain the cylinder temperature, pressure, and mass. This model 

enjoys wide usage due to its easy deployment. Two zone 

combustion models guarantee more accurate and far-reaching 

results than single zone models. Multi zone models allow 

comprehensive evaluation of fuel-air distribution in the 

combustion chamber which allows accurate computation of 

exhaust gas composition. The multi zone model also considers 

the calculation of conservation of mass, momentum and energy 

as well as stochastic and computational fluid dynamics (CFD), 

but disregards the effects of droplets on turbulence [46]. 

Characteristically, necessary assumptions concerning constant 

pressure, constant volume and limited pressure are made for 

each process of an ideal diesel engine cycle, namely isentropic 

compression, adiabatic combustion, isentropic expansion, and 

adiabatic exhaust [47]. This forms the basis for the combustion 

and emission models. 

The rate of combustion, heat transfer, fuel consumption, etc., 

are governed by the combustion model. The liquid fuel injected 

into the cylinder is heated then mixed with an adequate amount 

of air in the air zone to prepare the fuel for combustion in 

accordance with the chemical kinetic equation. In predicting 

the engine performance, the fuel spray, heat release, ignition 

delay submodels, etc., are employed while pollutant formation 

including the emission of hydrocarbons, oxides of nitrogen, 

smoke and particulate matter are governed by the emission 

submodels [46, 48]. Table 8 shows the outcomes of the 

application of numerical tools to predict and validate 

performance and emissions of B100 in conventional 

unmodified compression ignition engines within the last 

decade. 

Datta and Mandal [49] used DIESEL-RK simulation software 

to predict the brake specific fuel consumption, brake thermal 

efficiency, and nitrogen oxide emission of a single cylinder, 

four stroke naturally aspirated direct injection diesel engine. 

The predicted parameters only deviated from the experimental 

value by a maximum of 0.8% which was attributed to various 

assumptions made in the modelling. Awad et al. [50] used a 

single zone combustion model to predict the performance and 

combustion characteristics of a diesel engine fuelled with B100 

and reported that the predicted result agreed with the 

experimental results with 2.2% to 2.5% variation. Amba Prasad 

Rao et al. [51] developed a wide-ranging computational 

phenomenological model to predict and validate the 

performance and emissions of a single cylinder CI engine 

fuelled with pure rapeseed methyl esters. They concluded that 

the model did not only effectively predict the indicated power, 

indicated specific fuel consumption (ISFC), indicated thermal 

efficiency (ITE), nitric oxide (NOx), and soot density, but also 

the variation, with experimental results being within 10%.  

Lesnik et al. [52] used an AVL BOOST simulation program to 

predict the performance and emissions of a six cylinder, four 

stroke naturally aspirated CI engine fuelled with B100. The 

predicted results were found to be between 0.794% and 8.554% 

of the experimental results. Paul et al. [53] carried out a 

numerical study of the performance and emission 

characteristics of a diesel engine using a DIESEL-RK model. 

The model accurately predicted the BSFC, BTE, NOx, PM, 

CO2 and smoke emissions and validated the experimental 

results.  
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Table 8: Outcomes of different numerical tools for engine performance and emissions of CI engines fuelled with FAME 

Fuel tested Engine type Test conditions Models Submodels Parameters predicted Outcomes Ref. 

B100 1C, 4S, DI  Brake power: 0 kW 

to 4 kW 
 

Diesel RK  Engine friction 

 Heat release model 

 NOx formation model 

 Soot and PM formation model 

 BSFC, BTE, EGT 

 NOx, CO2, PM, and smoke  

Maximum ARD of 0.8% deviation 

between the predicted and experimental 
results 

[49] 

B100 1C, 4S, NA Power output of 7.5 

kW at 2 500 rpm 

Single zone 

combustion model 
 Flow through orifice model 

 Modified Arrhenius law 

 Triple Wiebe law 

 Woschnis semi empirical model 

 Performance characteristics 

 Heat release rate 

 Injection pressure 

 Fuel burning rate 

ARD between 2.2% and 2.5% [50] 

B100 1C  Equivalence ratio 0 

Phi to 0.8 Phi, -40oC 
to 120oC crank 

angle 

Zero-dimensional 

Thermodynamics 
based model 

Phenomenological model Indicated power, ISFC, ITE, NOx and 

soot density 

Successful prediction and validation with 

ARD of 10% of experimental results 

[51] 

B100 6C, 4S, NA water 
cooled 

Engine speed: 1 300 
rpm to 2 000 rpm 

Crank angle: 3 500 

CA to 4 000oCA  

AVL BOOST 
simulation model 

 Combustion model 

 Emission formation models for NOx 

and CO 

Torque, power, BSFC, NOx, CO The predicted parameters within 0.794% 
to 8.554% of experimental results 

[52] 

B100 2C, 4S DI diesel 
engine 

Brake power: 1 kW 
to 5 kW 

Diesel RK  Combustion model 

 NOx formation model 

 Soot formation model 

 PM model 

 BSFC, BTE 

 NOx, CO2, PM, and smoke emissions 
 

Accurate prediction and validation of 
performance and emission characteristics 

within acceptable ADR 

[53] 

B100 1C, 4S, DI diesel 
engine 

Constant speed of 
1 500 rpm 

Brake power of 

0 kW to 4.4 kW 
steps of 1.1 kW 

Diesel RK Multizone combustion and emission 
models 

 BSFC 

 CO, UHC, NOx, smoke opacity 

Maximum deviation between predicted 
and experimental results was 4.64% 

[54] 

B100 1C, 4S, DI diesel 

engine 

BMEP: 0 MPa to 

1.0 MPa steps of 0.2 
MPa 

ANFIS model Performance and emission sub-models  Power, BSFC, BTE, EGT 

 CO, HC, and NO emissions 

Mean relative errors between predicted 

and experimental results was 1.40% to 
27.40%. 

[55] 

B100 1C, 4S, DI diesel 

engine 

 MATLAB ANN 

model 

  BTE, BSFC, EGT 

 CO, CO2, HC, NOx 

Overall mean absolute percentage error is 

4.863001% 

[56] 

B100 1C, 4S, diesel 

engine 

 MATLAB ANN 

model 

  BTE, BSFC, EGT 

 CO, CO2, HC, NOx and smoke 

Percentage error of between 0.10 and 

0.03% 

[57] 

B100 1C, 4S DI diesel 

engine 

 Taguchi-Fuzzy model   BTE, EGT 

 CO, CO2, HC, NOx, and smoke 

Correlation coefficient of 0.897-0.998 [58] 

C = Cylinder, S = stroke, NA = Naturally Aspirated, DI = Direct Ignition. CA = Crank angle, ARD =  average relative deviation 
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Dawody and Bhatti [54] also employed DIESEL-RK software 

to predict the BSFC, CO, UHC, NOx, and smoke opacity of a 

single cylinder direct injection CI engine fuelled with B100. 

They reported that the software accurately predicted the 

parameters and the outcomes were in good agreement with the 

experimental results. The utilization of an adaptive neuro-fuzzy 

inference system (ANFIS) by Hosoz et al. [53] to predict the 

performance and emissions of one cylinder four stroke diesel 

engine fuelled with B100 WCOME showed that the ANFIS 

approach effectively predicted the power, BSFC, BTE, EGT, 

UHC, NOx, and CO. The results were in line with the 

experimental outcomes with mean relative errors of 1.40% to 

27.40%.  

The use of Taguchi-Fuzzy model for the prediction of engine 

performance and emission characteristics was also reported to 

be effective in predicting the performance and emission 

characteristics of a diesel engine with reasonable agreement 

with experimental results [55]. Various researchers have used 

artificial neural networks (ANN) to predict and validate the 

performance and emission characteristics of conventional 

diesel engine fuelled with B100. Javed et al. [56] corroborated 

that ANN gave a good prediction and validation of with an 

average of 4.863% deviation from experimental results while 

Rao et al. [57] established an average correlation coefficient of 

0.999 for the prediction of brake thermal efficiency, brake 

specific fuel consumption, exhaust gas temperature, HC, NOx, 

CO2, CO and smoke. 

Key conclusions on numerical approaches to predict engine 

performance and emission characteristics: 

 Numerical models and simulations are an effective and 

innovative way to predict and validate engine performance 

and emission characteristics of CI engines.  

 The outcomes of these models validated the experimental 

results with the percentage deviations being within the 

acceptable average relative deviation (ARD). 

 Gaps still exist in the numerical prediction and optimization 

properties of WCOME for optimum performance and 

mitigated emissions particularly for optimal hybrid FAME.  

 

CONCLUSIONS 

Waste cooking oil offers obvious advantages over other 

feedstocks for affordable biodiesel production to meet the ever-

growing demand for biodiesel. The application of B100 WCOME 

results in increased BSFC, BTE and higher EGT as well as less 

CO, CO2, PM, UHC, but higher NOx emissions when compared 

with diesel fuel. The peculiar fingerprint of B100 WCOME, 

particularly the high oxygen content and the degree of saturation, 

have been found to greatly influence the behaviour, performance 

and emission characteristics of the fuel. 

However, the literature review revealed that the recommended 

engine test cycle modes were not followed in carrying out the 

tests. Also, some of the results could not be compared with the 

standard emission benchmarks set by USEPA, EU and other local 

bodies due to lack of full disclosure of the specification of test 

engine like the power (kW), the model, and the model year. 

Furthermore, a hybrid FAME for optimal performance and 

emissions within the acceptable standards and benchmarks has not 

yet been achieved. The outcomes of various hybridizations of 

feedstocks have not been tested for performance and emission 

characteristics in line with USEPA and EU standards. South 

Africa should expedite actions in setting up its emission standards 

in the same way that Japan, South Korea, Brazil, Argentina, etc., 

have.  

Though numerical models have been employed to predict the 

performance and emissions of diesel engines, research gaps still 

exist in the numerical prediction and optimization properties of 

WCOME for optimum engine performance and mitigated 

emissions. The application of numerical and computational tools 

including MATLAB, Artificial Neural Network (ANN) and 

Computational Fluid Dynamics (CFD) to formulate hybrid FAME 

for optimal performance will no doubt be a worthwhile effort. 
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