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[bookmark: _Toc218122080]1 Introduction 
The internal combustion powertrain will soon be phased out as the greenhouse gas and emissions produced is something government wants to eliminate by 2035 so introduce more hybrid powertrains (Perez, n.d.). despite increased manufacturing of electric, spark-ignition and compression-ignition engines, it continues to be the main global transportation, making advancements in fuel composition and combustion strategy crucial for reducing emissions in the short and medium term. Alternative and blended fuels can reduce CO2 emissions and improve combustion characteristics. 
Fuel qualities including carbon content, lower heating value, stoichiometric air-fuel ratio and enthalpy of combustion all have a direct impact on engine performance and emissions. In addition to carbon dioxide emissions, nitrogen oxides are still a key regulated pollutant due to their influence on air quality. 
This assignment examines how mixing affects CO2 emissions and Nox generation through simplified combustion calculations and engine modelling methodologies; to analyse how alternative fuels can contribute to cleaner combustion while retaining engine performance by combining fuel property data, combustion pressure data and emissions models. 

[bookmark: _Toc218122081]2 Aims and Objectives 
The purpose of this research is to use analytical calculations and engine simulation data to evaluate the effects of fuel composition on carbon dioxide and nitrogen oxide emissions in an internal combustion engine. This involves analysing fuel chemical characteristics to derive stoichiometric air-fuel ratios and theoretical CO2 emissions and evaluating in-cylinder combustion behaviour using pressure data from Realis WAVE simulations. MATLAB is used to process crank angle pressure data to calculate temperature, P-V diagrams and evaluate Nox trends using the thermal Zeldovich mechanism. The comparison of fuels is used to identify how changes in the fuel chemistry and combustion temperature affects CO2 output and Nox formation, and to critically assess the potential of different fuels to reduce emissions while maintaining engine performance. 














[bookmark: _Toc218122082]3 Engine Comparison 
To analyse how engine parameters affect the combustion cycle an investigation into 3 different engines will be looked at in order to evaluate how the combustion differs between engine sizes. 
The engines that will be looked at is the CLAAS 6.7L, McLaren 570s and a 2-stroke Husqvarna 250cc. 

[bookmark: _Toc218122083]3.1 Husqvarna 250. 
[bookmark: _Toc218122084]3.1.1 Pressure
[image: A screen shot of a computer
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[bookmark: _Toc218121902]Figure 1- A graph showing a Pressure comparison.
Figure 1 shows the in-cylinder pressure traces for the three engines over the combustion cycle. The differenced in the peak pressure and pressure rise rate reflects the variations between the engine size, compression ratio and combustion characteristics. The CLAAS shows the highest pressure with the start of combustion occurring at around 80 and rises up to 95bar with combustion happening just after TDC. The McLaren shows that the peak pressure is 71bar at around 15. The Husqvarna has the lowest pressure peak only rising to 33bar.









[bookmark: _Toc218122085]3.1.2 Volume 
[image: A screen shot of a graph

AI-generated content may be incorrect.]


















[bookmark: _Toc218121903]Figure 2- A graph showing volume comparison of engines.
Above shows the variation of volume with crank angle for each engine. The differences in the displacement and swept volume highlights the contrasts between the engines as the CLAAS has a much higher volume compared to the other two, which directly affects the pressure-volume behaviour and work output. 





















[bookmark: _Toc218122086]3.1.3 P-V Diagram 
[image: A screen shot of a graph
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[bookmark: _Toc218121904]Figure 3- A graph showing the P-V diagram comparison.
Figure 3 presents the pressure-volume diagrams for the engines, showing the difference between the characteristics of compression and expansion behaviour. The enclosed area of each loop represents the work per cycle. It can be seen that the work per cycle produced from the CLAAS is considerably more than the McLaren 570s and the Husqvarna 250 due to the difference in engine size. 



















[bookmark: _Toc218122087]3.1.4 Indicated Work 
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[bookmark: _Toc218121905]Figure 4- A graph showing the indicated work.
Figure 4 compares the indicated work produced by each engine per cycle. The CLAAS larger engine shows a higher work due to its increased displacement and higher trapped mass, while the Husqvarna shows a much lower work per cycle due to smaller displacement. 





















[bookmark: _Toc218122088]3.2 CLAAS Results 
[bookmark: _Toc218122089]3.2.1 Temperature 
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[bookmark: _Toc218121906]Figure 5- A graph showing the CLAAS temperature.
Figure 5 shows the in-cylinder temperature variation for the CLAAS engine. The high peak temperatures are seen at around 15 where combustion occurs after TDC and reaching a temperature of 1850K.

















[bookmark: _Toc218122090]3.2.2 Zeldovich NOx Rate 
[image: A screen shot of a graph
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[bookmark: _Toc218121907]Figure 6- A graph showing the CLAAS zeldovich NOx rate.
Figure 6 shows the thermal NOx rate calculated using the Zeldovich mechanism for the CLAAS engine. The NOx rate closely follows the same trend as the temperature in figure 5, confirming the strong dependence of thermal NOx formation on high combustion engines. 





















[bookmark: _Toc218122091]3.3 Husqvarna Results 
[bookmark: _Toc218122092]3.3.1 Temperature 
[image: A screen shot of a graph
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[bookmark: _Toc218121908]Figure 7- A graph showing the Husqvarna 250 temperature.
Above shows the in-cylinder temperature profiles for the Husqvarna 250 engine. It shows a lower peak temperature at 1080K compared to figure 5. 




















[bookmark: _Toc218122093]3.3.2 Zeldovich NOx Rate.
[image: A screen shot of a graph
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[bookmark: _Toc218121909]Figure 8- A graph showing the Husqvarna 250 zeldovich NOx rate.
While figure 8 presents the Zeldovich NOx model for the Husqvarna. Kt displays a reduced magnitude and duration of NOx as it reflects the expectations for a 2-stroke engine.






















[bookmark: _Toc218122094]3.4 McLaren Results 
[bookmark: _Toc218122095]3.4.1 Temperature
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[bookmark: _Toc218121910]Figure 9- A graph showing the McLaren temperature.
The in-cylinder temperature of the McLaren 570s, shows a rapid rise in the temperature as combustion has occurred indicating an intense combustion. 




















[bookmark: _Toc218122096]3.4.2 Zeldovich NOx Rate 
[image: A screen shot of a graph
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[bookmark: _Toc218121911]Figure 10- A graph showing the McLaren 570s zeldovich NOx rate.
Above shows the NOx formation for the McLaren 570s. the elevated NOx rate does correspond with the high temperature in figure 9. 

[bookmark: _Toc218122097]3.5 McLaren 570s, CLAAS, Husqvarna 250 Fuel Properties.
[bookmark: _Toc218121961][bookmark: OLE_LINK1]Table 1- McLaren 570s, CLAAS, Husqvarna 250 fuel properties.
	Engine
	Fuel
	LHV (J/kg)
	AFR Stoich
	
	VBDC (cm3)
	Wi (J/cycle)
	Air Mass (kg/cycle)
	AFR
	Fuel Mass (kg/Cycle)
	i

	McLaren 570s
	Petrol
	4.3x107
	14.7
	0.95
	525
	475
	6.24x10-4
	15.47
	4.03x10-5
	27.4

	CLAAS 6.7L
	Diesel
	4.3x107
	14.5
	0.6
	1189.28
	945.92
	1.41x10-3
	24.17
	5.85x10-5
	38.0

	Husqvarna 250
	Petrol
	4.3x107
	14.7
	0.9
	274.25
	106.71
	3.26x10-4
	16.33
	2.00x10-5
	12.4








[bookmark: _Toc218122098]3.6 Indicated Thermal Efficiency 

[bookmark: _Toc218121912]Figure 11- A graph showing the thermal efficiency comparison.
Figure 11 shows the comparison of indicated thermal efficiency of all three engines. The differences reflect the variations between operating conditions and characteristics of all three engines. The trend continues to show the largest engine produced the higher thermal efficiency and the Husqvarna produced the lowest amount of thermal efficiency at 13%, and the McLaren producing 23%. 

[bookmark: _Toc218122099]3.7 IMEP 

[bookmark: _Toc218121995]Equation 1- IMEP equation.
[bookmark: _Toc218121962]Table 2- Engine IMEP.
	Engine
	Wi (J/cycle)
	Vd (m2)(x10-6)
	IMEP (bar)

	CLAAS
	475945.92
	5251189.28
	7.95

	McLaren 570s
	475
	525
	9.05

	Husqvarna 250
	106.71
	274.25
	3.89



[bookmark: _Toc218122100]3.8 Summary 
Figures 1-11 all show how engine size, geometry and operating factors affect in-cylinder pressure, temperature, work output, efficiency and NOx generation. The three engines’ combustion behaviours are clearly different, as seen by the pressure, volume and P-V diagrams. The large CLAAS engine has produced more indicated work because of its increased displacement and trapped mass. The thermal NOx generation is also likely to occur in the CLAAS engine as it shows a higher peak temperature profile compared to the others, the Zeldovich NOx rate further supports this. The relationship between engine operating circumstances is further reinforced by variations in indicated thermal efficiency, which also reflects the variation in combustion phasing and engine design, reinforcing the link between engine operating conditions, combustion temperature and NOx emissions. 










































[bookmark: _Toc218122101]4 Fuel Analysis
The fuel analysis looks at the influence of fuel chemical composition on theoretical carbon dioxide emissions using a fuel-based analysis. Octane, ethanol and diesel surrogate fuels are analysed using stoichiometric combustion relationships to determine air-fuel ratios and CO2 emissions. The fuel properties are obtained from the fuels database and is used to calculate stoichiometric air-fuel ratios, CO2 produced per unit mass of fuel and CO2 emissions normalised by energy input. By doing this approach it establishes a comparison between the fuels provided. 

[bookmark: _Toc218122102]4.1 Fuel Selection 
Octane was chosen as a substitute for gasoline because of its chemical structure and frequent use in combustion and emissions testing. It is a hydrocarbon with no oxygen content. Its use enables direct comparison with oxygenated and diesel fuels under constant stoichiometric assumptions. 
Since the presence of oxygen in the fuel molecule greatly affects the stoichiometric air-fuel ratio and carbon content, ethanol is a well-suited fuel for assessing the impact of fuel chemistry on emissions. Its selection was based on the growing relevance in spark-ignition engines. 
Diesel fuel was included to simulate the operation of compression engines. A single component surrogate fuel was used to enable consistent stoichiometric and emissions calculations. This method offers a useful way to compare the combustion characteristics of diesel with the oxygenated and hydrocarbon fuels. 

[bookmark: _Toc218122103]4.1.1 Fuel Property Table
[bookmark: _Toc218121963]Table 3- Fuel Properties (David, 2025)
	Fuel Name
	Chemical Formula
	Molecular Weight
	Lower Heating Value (MJ/kg)

	Octane
	C8H18
	114.23
	44.7

	Ethanol
	C2H6O
	46.07
	26.8

	Diesel
 (n-Dodecane)
	C12H26
	170.33
	44.6










[bookmark: _Toc218122104]4.2 Fuel Calculations
[bookmark: _Toc218122105]4.2.1 Stoichiometric Calculations
4.2.1.1 Stoichiometric Oxygen Requirement 

[bookmark: _Toc218121996]Equation 2- Stoichiometric Oxygen.
4.2.1.2 Stoichiometric AFR

[bookmark: _Toc218121997]Equation 3- Stoichiometric AFR.



[bookmark: _Toc218122106]4.2.2 Stoichiometric Results 
[bookmark: _Toc218121913]Figure 12- A graph showing stoichiometric fuel comparison.
Figure 12 provides the stoichiometric air-fuel ratio between all three fuel types, showing that octane and diesel n-Dodecane produces 15 kg per air and fuel, while ethanol only produces 9 kg per air and fuel due to the presence of oxygen within the fuel molecule. The octane and diesel are hydrocarbon with no oxygen present. 







[bookmark: _Toc218122107]4.2.3 CO2 Calculations
4.2.3.1 CO2 per kg Fuel 

[bookmark: _Toc218121998]Equation 4- CO2 per kg Fuel.
4.2.3.2 CO2 per MJ

[bookmark: _Toc218121999]Equation 5- CO2 per MJ.
[bookmark: _Toc218122108]4.3.4 CO2 Results 

[bookmark: _Toc218121914]Figure 13- A graph showing CO2 fuel comparison.
Figure 13 shows the theoretical CO2 emissions by energy input for the three fuels investigated. The ethanol produces 71.3g/MJ of CO2 emissions as its lower heating value results in comparable CO2 emissions per unit energy to octane and diesel. 













[bookmark: _Toc218122109]4.5 Results Table 
[bookmark: _Toc218121964]Table 4- Fuel results.
	Fuel Name
	VO2
	Stoich AFR
	CO2 (kg)
	CO2 (MJ)

	Octane
	12.5
	15.0
	3.08
	68.9

	Ethanol
	3
	8.94
	1.91
	71.2

	Diesel
(n-Dodecane)
	18.5
	14.9
	3.09
	69.5



[bookmark: _Toc218122110]4.6 Summary 
The impact of fuel chemistry on the stoichiometric air-fuel ratio and theoretical CO2 emissions is shown in figures 12 and 13, along with the data in tables 3 and 4. Because ethanol contains oxygen, its stoichiometric AFR is calculated to be 8.94 which is significantly lower than that of octane which is 15.0 and diesel n-Dodecane at 14.9. compared to diesel and octane which both produce roughly 3.1kgCO2/kg fuel, ethanol produces far less CO2 at 19.1 on a bulk basis. The gap between fuels is lessened when emissions are normalised by energy input, with ethanol yielding roughly 71.2g CO2/MJ as opposed to 68.9 g CO2/MJ for diesel. These finding provide crucial context for engine-based NOx analysis shown in figures 1-11 by providing fuel comparisons based only on mass. 


























[bookmark: _Toc218122111]5 Ricardo WAVE
This section of the assignment looks at the effects of octane, ethanol and diesel on a Ducati 1199 Panigale engine model in Ricardo WAVE.
 
[bookmark: _Toc218122112][image: A computer screen shot of a computer

AI-generated content may be incorrect.]5.1 Ducati 1199 Panigale Engine Model
[bookmark: _Toc218121915]Figure 14- Ducati 1199 Panigale engine model in Ricardo WAVE.
[bookmark: _Toc218122113]5.2 WAVE Fuel Properties 
[bookmark: _Toc218121965]Table 5- WAVE fuel properties.
	Fuel Name
	AFR
	LHV (J/kg)
	Liquid Density (kg/m3 )
	Formula

	Octane
	15.03
	44430000
	702.67
	C8H18

	Ethanol
	8.95
	26830000
	789.37
	C2H6O

	Diesel
	14.22
	42800000
	762.55
	C15H25
























[bookmark: _Toc218122114]5.3 Fuel Impact Comparison 
[bookmark: _Toc218122115]5.3.1 Brake Torque
[image: A screenshot of a computer

AI-generated content may be incorrect.]5.3.1.1 Octane 
[bookmark: _Toc218121916]Figure 15- A graph showing  brake torque of octane.
[image: A screenshot of a computer

AI-generated content may be incorrect.]5.3.1.2 Ethanol 
[bookmark: _Toc218121917]Figure 16- A graph showing  brake torque of ethanol.











5.3.1.3 Diesel [image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc218121918]Figure 17- A graph showing  brake torque of diesel.
[bookmark: _Toc218122116]5.3.2 Summary 
Figures 15-17 show the brake torque by the Ducati 1199 Panigale engine when operating with the selected fuels. Octane produces the highest torque across the operating range at 130Nm at 5000rpm, this shows its higher energy density and suitability for spark-ignition combustion in this engine configuration. Ethanol shows a slightly reduced torque output at 99Nm, due to its lower heating value despite improved combustion characteristics associated with its oxygen content. Diesel produced around 130Nm the same as octane. 






















[bookmark: _Toc218122117]5.4.1 Brake Power 
5.4.1.1 Octane 
[bookmark: _Toc218121919]Figure 18- A graph showing brake power of octane.[image: A screenshot of a computer

AI-generated content may be incorrect.]
5.4.1.2 Ethanol
[bookmark: _Toc218121920]Figure 19- A graph showing brake power of ethanol.[image: A screenshot of a computer

AI-generated content may be incorrect.]













5.4.1.3 Diesel
[bookmark: _Toc218121921]Figure 20- A graph showing brake power of diesel.[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc218122118]5.4.2 Summary
Figures 18-20 present the brake power produced from the three fuels across engine speed. The trend follows closely with the brake torque, with octane and diesel both producing a maximum of 85kW of power and ethanol producing only 62.5kW. 


























[bookmark: _Toc218122119]5.5.1 BSFC
5.5.1.1 Octane 
[image: A screenshot of a computer
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[bookmark: _Toc218121922]Figure 21- A graph showing  BSFC of octane.
5.5.1.2 Ethanol 
[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc218121923]Figure 22- A graph showing  BSFC of ethanol.











[image: A screenshot of a computer

AI-generated content may be incorrect.]5.5.1.3 Diesel
[bookmark: _Toc218121924]Figure 23- A graph showing  BSFC of diesel.

[bookmark: _Toc218122120]5.5.2 Summary
Figures 21-23 show the brake specific fuel consumption for octane, ethanol and diesel. Ethanol and diesel both exhibit the highest BSFC values, indicating a greater mass of fuel is required to produce the same brake power due to its lower heating value. Octane shows a lower BSFC value, reflecting more efficient energy conversion on a mass basis.























[bookmark: _Toc218122121]5.6.1 BMEP
5.6.1.1 Octane 
[image: A screenshot of a computer
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[bookmark: _Toc218121925]Figure 24- A graph showing BMEP of octane.
[image: A screenshot of a computer

AI-generated content may be incorrect.]5.6.1.2 Ethanol
[bookmark: _Toc218121926]Figure 25- A graph showing BMEP of ethanol.











[image: A screenshot of a computer

AI-generated content may be incorrect.]5.6.1.3 Diesel

[bookmark: _Toc218121927]Figure 26- A graph showing BMEP of diesel.

[bookmark: _Toc218122122]5.6.2 Summary
Figure 24-26 show the brake mean effective pressure for the three fuels. Octane and diesel have both shown high BMEP values, indicating greater effective utilisation of cylinder pressure to generate useful work. Ethanol has produced a lower value of 155psi showing that there is low energy released per cycle.






















[bookmark: _Toc218122123]5.7.1 Lambda 
5.7.1.1 Octane 
[image: A screenshot of a computer
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[bookmark: _Toc218121928]Figure 27- A graph showing  lambda of octane.
5.7.1.2 Ethanol 
[bookmark: _Toc218121929]Figure 28- A graph showing  lambda of ethanol.[image: A screenshot of a computer

AI-generated content may be incorrect.]












5.7.1.3 Diesel 
[bookmark: _Toc218121930]Figure 29- A graph showing  lambda of diesel.[image: A screenshot of a computer

AI-generated content may be incorrect.]

[bookmark: _Toc218122124]5.7.2 Summary
Figures 27-29 present the lambda values of the engine operations using the fuels. Ethanol operates at a lower lambda value of a maximum of 1.45 at 7000rpm, this is due to its lower stoichiometric air-fuel ratio which arises from the presence of oxygen. Octane and diesel operate at a closer operations causing both at have a lambda of around 0.91, and much lower compared to the ethanol. 























[bookmark: _Toc218122125]5.8.1 Mass Air Flow 
5.8.1.1 Octane 
[bookmark: _Toc218121931]Figure 30- A graph showing mass air flow of octane.[image: A screenshot of a computer

AI-generated content may be incorrect.]
5.8.1.2 Ethanol 
[bookmark: _Toc218121932]Figure 31- A graph showing mass air flow of ethanol.[image: A screenshot of a computer
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5.8.1.3 Diesel 
[bookmark: _Toc218121933]Figure 32- A graph showing mass air flow of diesel.[image: A screenshot of a computer

AI-generated content may be incorrect.]
[bookmark: _Toc218122126]5.8.2 Summary
Figures 30-32 all show the air mass flow rates. Octane and diesel show a similar trend in the results, where the gradient rises gradually before steadying towards the maximum. Ethanol shows the same trend however there isn’t a step from 4000-6000rpm.  

























[bookmark: _Toc218122127]5.9.1 Fuel Mass Flow 
5.9.1.1 Octane
[image: A screenshot of a computer
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[bookmark: _Toc218121934]Figure 33- A graph showing fuel mass flow of octane.
5.9.1.2 Ethanol
[bookmark: _Toc218121935]Figure 34- A graph showing fuel mass flow of ethanol.[image: A screenshot of a computer
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5.9.1.3 Diesel 
[bookmark: _Toc218121936][image: A screenshot of a computer

AI-generated content may be incorrect.]Figure 35- A graph showing fuel mass flow of diesel.

[bookmark: _Toc218122128]5.9.2 Summary
Figures 33-35 show the fuel mass flow rates. Ethanol displays the highest fuel mass flow at 25 kg/hr, compared to octane and diesel with a lower value of 23 kg/hr. The difference in results shows the effect of its higher energy density. Both graphs follow the same trend as figure 30-32 showing a rise between 5000rpm to 1100rpm. 























[bookmark: _Toc218122129]5.10.1 AFR
5.10.1.1 Octane
[bookmark: _Toc218121937]Figure 36- A graph showing AFR of octane.[image: A screenshot of a computer

AI-generated content may be incorrect.]
5.10.1.2 Ethanol
[bookmark: _Toc218121938]Figure 37- A graph showing AFR of ethanol.[image: A screenshot of a computer

AI-generated content may be incorrect.]
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AI-generated content may be incorrect.]5.10.1.3 Diesel
[bookmark: _Toc218121939]Figure 38- A graph showing AFR of diesel.

[bookmark: _Toc218122130]5.10.2 Summary
Figures 36-38 present the AFR  for the fuels. This is where there is a considerably difference in the graphs especially between octane and diesel. Looking at ethanol operates at a lower AFR compared to octane and diesel, resulting from the oxygen. Due to octane and diesel both being a hydrocarbon they operate at a higher AFR values. These AFR differences influence combustion temperature and oxygen availability, which are key factors affecting the NOx formation. 

[bookmark: _Toc218122131]5.4 Limitations
When comparing simulation findings to actual engine behaviour, there are a number of restrictions even through WAVE offers a one-dimensional engine modelling environment. The model depends on simplified depictions of complex physical processes, such as gas exchange, heat transport and combustion, which are extremely sensitive to input assumptions and calibration. Combustion is usually shown using models rather than chemistry and in-cylinder processes. Furthermore, due to assumptions and a lack of experimental validation data, thermal boundary conditions, friction losses may be different from actual engines. Therefore, WAVE simulations are best to evaluate and compare engine parameters and fuels. 









[bookmark: _Toc218122132]6. Combustion Model Refinement
[bookmark: _Toc218122133]6.1 Literature Data Used 
The combustion phasing data came from published experimental literature. (Jang, et al., 2020), presented the pressure-derived combustion characteristics for the ethanol-based gasoline by providing the CA10, CA50 and CA90 values for gasoline and ethanol fuels. 
(Wang, et al., 2020), is where the data for the diesel combustion at CA50 while the data used to recreate CA10 and CA90 on the assumption of symmetry around CA50.
For each fuel, the Wiebe mass fraction burned curves were fitted in MATLAB using these values as target points. 

[bookmark: _Toc218122134]6.1.1 Literature Values 
[bookmark: _Toc218121966]Table 6- Literature Values.
	Fuel 
	CA10 
	CA50

	CA90


	Octane-like SI (Gasoline E0)

	-4.58 

	8.61
	23.78

	Ethanol-rich SI (E60 blend)

	-5.45 

	7.69
	22.59

	Diesel CI (literature CA50+duration)

	-.5515
	8.75
	23.015




[bookmark: _Toc218122135]6.2 MATLAB Outputs 
[bookmark: _Toc218122136]6.2.1 Results Table 
[bookmark: _Toc218121967]Table 7- MATLAB Results Table.
	Fuel 
	theta0_SOC

	Delta_deg 

	  a  

	m
	CA_abs_error_sum 

	xb_abs_error_sum


	Octane-like SI (Gasoline E0)

	-9.3527
	33.323
	1.9202
	0.49373
	1.3004
	0.082689

	Ethanol-rich SI (E60 blend)

	-10.939
	33.738
	1.743
	0.54528
	0.25698
	0.079453

	Diesel CI (literature CA50+duration)

	-13.094
	36.108
	1.6954
	0.77959
	0.00057935
	0.0082059




[bookmark: _Toc218122137]6.2.2 MFB Curves 
[image: A screenshot of a computer
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[bookmark: _Toc218121940]Figure 39- MFB curve plots of fuels.
Figure 39 shows the fitted Wiebe MFB curves for the three fuels using the literature combustion values listed in Table 6. For octane, the start of combustion shows that the fitted SOC is -9.35 TDC and a burn duration of 33.23. This produces a relatively gradual increase in mass fraction burned, with combustion largely complete by 23.78.
The ethanol-rich fuel shows an earlier start of combustion, with Table 6 showing -5.45 and a fitted calculated SOC at -10.94, while maintaining a similar burn duration of 33.74. Despite the comparable burn duration to gasoline, the ethanol shows a steeper MFB rise due to the differences in the Wiebe shape parameters where a is 1.74 and m is 0.55, indicating that combustion is faster in the main burn phase. 
[bookmark: _Int_cudaBUvf]Diesel combustion displays the broadest MFB profile. Using the reconstructed values shown in Table 6, the fitted SOC occurs at 13.09 TDC, with a longer burn duration of 36.11. this extended burn duration results in a more gradual increase in mass fraction burned compared to the other fuels, which follows the consistency with the nature of compression ignition combustion. 

[bookmark: _Toc218122138]6.2.3. Burn-rate Curves 
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[bookmark: _Toc218121941]Figure 40- Burn-rate curves of fuels.
Figure 40 presents the burn-rate curves obtained from the derivative of the fitted Wiebe MFB functions. The ethanol fuel shows the highest and most concentrated burn-rate profile, which can be attributed to it’s earlier start of combustion and Wiebe shape parameters, producing a faster rate of heat release during the main combustion phase.
The octane gasoline shows a lower peak burn rate and a broader distribution, consistent with its later start of combustion and lower shape parameter values shown in Table 6. Although the gasoline and ethanol cases have similar burn durations, differences in the Wiebe characteristics result in distinct burn-rate characteristics.
Diesel combustion displays the lowest peak burn rate and the widest burn-rate profile, corresponding to its longer burn duration of 36.11 and higher shape parameter at 0.78, which spreads combustion over a wider crank angle range. 

[bookmark: _Toc218122139]6.3 Limitations and Improvements 
The accuracy of the fitted combustion models was assessed using the combustion phasing and mass fractions burned error metrics shown in Table 7. For all fuels, the crank angle errors were small, indicating that the fitted Wiebe functions closely match the targets in Table 6. The low mass fraction burned error further confirms that the fitted curves satisfy the imposed combustion constraints and provide a consistent representation of the literature-based combustion phasing. 
Although the results were valid, there are several limitations of the modelling approach that should be noted. The combustion data were obtained from different literature sources, meaning that crank angle positions may not be directly comparable between fuels. In addition, a single Wiebe function was used to represent combustion for all fuels. While this approach is suitable for spark ignition fuels, diesel combustion is a multi-phase, consisting of premixed and controlled burning, which cannot be fully captured by a single Wiebe function.
To improve the model even further the use of a two-stage Wiebe function for the diesel could be used, and incorporating full mass fraction burned curves rather than relying on CA10, CA50 and CA90 values. As well as access to 1D model in WAVE, would allow a greater accuracy and detailed refinement of the combustion model.









































[bookmark: _Toc218122140]7. Conclusion 
This work has investigated the influence of fuel chemistry and engine operating characteristics on carbon dioxide and nitrogen oxide emissions using a combination of analytical calculations, Ricardo WAVE simulations and MATLAB. Fuel based analysis showed that potential CO2 emissions are mostly controlled by carbon content. However, ethanol’s benefit is diminished when normalised by the energy input because of its lower heating value. Engine cycle study showed that engines of various sizes and configurations range greatly in cylinder pressure, temperature and work output, all of which have a direct impact on combustion behaviour. Higher peak temperatures and longer durations at these higher temperatures result in enhanced thermal NOx generation, which is compatible with the Zeldovich mechanism. The significance of considering both fuel characteristics and engine design for evaluating emission performance can be seen by the comparative analysis across the engines. The results clearly show how fuel chemistry and the combustion characteristics interact to determine CO2 and NOx emissions. 
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