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1. [bookmark: _Toc180139738][bookmark: _Toc228132703]Introduction 
The aim of this assignment is to use both Ricardo WAVE and the ANSYS Forte to investigate the feasibility of synthetic, bio-based, carbon and non-carbon-based fuels for internal combustion engines should the planned 2035 regulations on the sale of cars, vans, and L-category vehicles not be implemented.
[bookmark: _Toc180139739]This study employs modified ANSYS Forte and WAVE pre-built models. A two-zone combustion model is developed using iso-octane and is then used to assess E85 and Methanol. The fuels will be assessed on performance and emission against each other and extrapolated regulations. 
2. [bookmark: _Toc228132704]Regulations 
[bookmark: _Toc228132705]Regulation prediction
European emissions regulations for road worthy vehicles have followed a consistent trajectory of progressive tightening since Euro 1 was introduced in 1992. Standards are applied by vehicle category, M (passenger cars), N (light commercial vehicles), and L (two and three-wheeled vehicles) and regulate tailpipe pollutants including CO, HC, NOx, and particulate matter (PM), expressed in g/km.
Euro 3 separated HC and NOx into individual limits, enabling more targeted control. Euro 5 introduced mandatory PM limits for petrol engines, and Euro 6 tightened NOx emissions for petrol cars. Euro 7, enforced by Regulation (EU) 2024/1257, retained Euro 6 exhaust limits but extended particulate number (PN) measurement to particles ≥10 nm and regulated non-exhaust emissions such as brake wear particulates for the first time. (RAC, 2025) (European Commission, 2024).
The introduction of Real Driving Emissions (RDE) testing under Euro 6d-TEMP and Euro 6d has been particularly significant, as it requires conformity with NOx limits under a broader range of on-road operating conditions, substantially closing the gap between type-approval and real-world performance that had been observed under laboratory-only test cycles (Tsokolis et al., 2016).

[bookmark: _Toc228132706]Extrapolated Emission regulations past 2035

This study assumes the planned 2035 ICE sales prohibition under Regulation (EU) 2023/851 is not implemented. In this scenario, new vehicles sold in 2035 would face a continued and tightened emissions framework. 
No post Euro 7 limits have been introduced or proposed however, China 6b and US EPA MY2027+ standards demonstrate international convergence toward near-zero NOx thresholds, with the EPA targeting a 50% NMOG+NOx fleet average reduction by 2032. (Environment Protection Agency, 2024).
On this basis, the following targets are adopted as study assumptions:
[bookmark: _Toc228132738]Table 1- Extrapolated regulations past 2035
	Pollutant
	Erio 6d(g/km
	Ero 7 (g/km)
	Extrapolated regulations

	HC + NOx
	0.17
	0.10
	0.060

	CO
	1.00
	1.00
	0.75

	NOx
	0.060
	0.060
	0.040



3. [bookmark: _Toc228132707]Methodology 
Simulations were performed across a range of RPMs from 1000 through 6000 in 1000 increments.
The ANSYS Forte model is based on a Jaguar AJ-V8 which was selected for this study due to its availability. During the simulations each fuel was introduced via port injection using species mass fractions calculated to achieve stoichiometric combustion (λ = 1) for each respective fuel. Mass fractions are presented in section 4. 

Spark ignition timing was tuned iteratively to achieve a CA50 value within 0–10° after top dead centre (ATDC), which is generally associated with maximum brake torque (MBT) conditions (Heywood, 1988).
Ignition timing was tuned by collecting the difference between the ideal CA50 value of 5 and the observed value. The spark timing was then adjusted by the observed offset.
These spark timing were used for initial testing of all fuels. This tuning process was performed again to optimise each fuel which will be denoted with + for example E85 +.
[image: ]
[bookmark: _Toc228132727]Figure 1- Wave model modified to represent the Ford Sigma 1.6l engine

A pre-built multi-cylinder petrol engine model from the Ricardo WAVE template library was used as the basis for this study. The model was modified to represent the Ford 1.6 Sigma inline four-cylinder engine using the geometry values in table ___.
[bookmark: _Toc228132739]Table 2- Sigma 1.6 geometry parameters applied in WAVE
	Parameter 
	Value (mm)

	Bore
	79

	Stroke
	81.4

	Connecting rod length
	134

	Compression ratio
	11.16:1



The combustion model was converted from single-zone to two-zone by manually entering Wiebe function parameters derived from the Forte burn angle data. CA10, CA50, and CA90 values were entered per RPM to define the heat release profile for each fuel. The NOx emissions model was enabled with a molecular weight of 46.0 g mol⁻¹, corresponding to NO₂ equivalent reporting. Wave simulations produced power, torque, CO, HC, and NOx outputs which are used to evaluate the fuels.

[bookmark: _Toc228132708]Baseline Methodology tuning
Tables 1 and 2 present the spark timing and corresponding CA10, 50 and 90values for the iso-octane baseline before and after tuning respectively. Figures 2 and 3 show the corresponding chemical heat release and cylinder pressure traces calculated by Forte.
[bookmark: _Toc228132740]Table 3-Pre Tuning spark and Wiebe values
	Run no.
	RPM
	Spark
	CA10
	CA50
	CA90

	1
	1000
	-30
	-12.99
	-6.99
	-3.99

	2
	2000
	-35
	-6.99
	3.03
	10.02

	3
	3000
	-40
	-2.97
	12.06
	35.04

	4
	4000
	-45
	-2.97
	17.04
	0.00

	5
	5000
	-50
	0.03
	26.04
	0.00

	6
	6000
	-55
	-0.99
	31.02
	89.03
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[bookmark: _Toc228132728]Figure 2- Accumulated chemical heat release from flame front against crank angle for different RPMs before tuning
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[bookmark: _Toc228132729]Figure 3- Pressure against crank angle for multiple RPMs before tuning



[bookmark: _Toc228132741]Table 4- Post Tuning spark and Wiebe values
	Run no.
	RPM
	Spark
	CA10
	CA50
	CA90

	1
	1000
	-18
	-2.97
	5.00
	9.06

	2
	2000
	-33
	-5.97
	5.00
	12.06

	3
	3000
	-45
	-9.99
	3.03
	20.04

	4
	4000
	-51
	-8.97
	5.00
	39.06

	5
	5000
	-66
	-20.97
	-2.97
	15.06

	6
	1000
	-70
	-21.99
	-1.95
	22.02


	[image: ]
[bookmark: _Toc228132730]Figure 4-Accumulated chemical heat release from flame front against crank angle for different RPMs after tuning
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[bookmark: _Toc228132731]Figure 5- Pressure against crank angle for multiple RPMs after tuning



At engine speeds above 4000 RPM, heat release is more gradual can also be seen as larger CA90 values. Advancing spark timing reduced but did not fully eliminate this behaviour, indicating a fundamental constraint on flame propagation speed at high piston velocities rather than a timing calibration issue (Heywood, 1998).
Chem release graph – burning too late and for too long on higher RPM runs. 
4. [bookmark: _Toc228132709]Fuel Chemistry 
All fuels were custom mixtures in forte using mass fraction values to achieve stoichiometric AFRs. Exact proportions can be seen in the appendix. 
[bookmark: _Toc228132742]Table 5 - Table showing the fuels used in this study
	Fuel
	Family
	AFR for Stoichiometric combustion

	iso-octane (ic8h18) 
	Hydrocarbon
	15.1:1

	Ethanol E85(c2h5oh)
	Bio-alcohol
	9.8:1

	Methanol (ch3oh)
	Alcohol
	6.4:1



Iso-octane (C₈H₁₈) was selected as the gasoline baseline. Using iso-octane as the reference case allows the effects of alternative fuels to be assessed consistently against a known hydrocarbon benchmark.
E85 was selected as a representative bio-alcohol fuel due to its growing use as a renewable drop-in alternative for gasoline engines. Its high octane rating improves knock resistance and allows greater spark advance, while the oxygen content of ethanol promotes more complete combustion and can reduce CO and HC emissions compared to conventional gasoline (Iodice, Amoresano and Langella, 2021).
Methanol was selected as a synthetic alcohol fuel because it can be produced using renewable hydrogen and captured CO₂, giving it strong potential as a low-carbon future fuel. Methanol also contains oxygen in its chemical structure, which promotes cleaner combustion and can reduce soot and CO emissions, making it a strong candidate for future spark-ignition engines (Verhelst et al., 2019).



5. [bookmark: _Toc228132710]Results and analysis
The WAVE model was validated against dynamometer pressure data. Table X presents peak cylinder pressure values from the WAVE simulation alongside corresponding dyno measurements across the RPM range.
[bookmark: _Toc228132743]Table 6-Wave simulation vs dynameter cylinder pressure data
	RPM
	Wave pressure
	Dyno Pressure

	6000
	79.9
	62.81

	5000
	93.1
	66.0

	4000
	83.4
	69.1

	3000
	73.1
	67.4

	2000
	76.0
	62.3

	1000
	73.4
	47.6



The simulated values are consistently higher than the dyno measurements across all operating points, with the greatest discrepancy at high RPM. However, both datasets follow the same general trend, peaking at 5000 RPM before declining at 6000 RPM.

[bookmark: _Toc228132711]Emissions 
HC + NOx and CO emissions were initially obtained from Wave simulation in parts per million (ppm). To compare these results with Euro 6 and Euro 7 legislative limits, the values were converted to milligrams per kilometre (g/km) using brake specific fuel consumption (BSFC), brake power, and the WLTP average vehicle speed of 46.5 km/h (UNECE, 2021).
The conversion was performed using the exhaust mass flow rate from WAVE and the mean molecular weight of the exhaust gas, assumed as 28.9 g mol−1 for near stoichiometric iso-octane (C8H18, λ = 1) combustion products (Turns, 2000).
The pollutant mass flow was calculated using equation 1:
[bookmark: _Toc228131635]Equation 1- Exhaust mass flow (pollutant)

where Mdotexhaust is the simulated exhaust mass flow rate (g s−1), Cppm is the volumetric concentration (ppm), and Mpollutant is the species molecular weight of the pollutant: 46.0 g mol−1 for NOx, 28.0 g mol−1 for CO, and 114.2 g mol−1 for HC. Distance-specific emissions were then obtained as:
[bookmark: _Toc228131636]Equation 2- Emission of given pollutant in g/km


Where VWLTP is the average velocity during the WLTP emissions test
	RPM
	NOx(g/km)
	HC(g/km)
	HC+NOx(g/km)
	CO(g/km)
	
	

	6000
	23.749
	1.719
	25.468
	15.749
	
	

	5000
	24.282
	1.604
	25.886
	13.413
	
	

	4000
	16.596
	1.154
	17.751
	7.489
	
	

	3000
	10.846
	0.797
	11.643
	3.968
	
	

	2000
	6.927
	0.513
	7.440
	1.776
	
	

	1000
	4.655
	0.248
	4.903
	0.313
	
	



	Pollutant
	Iso-Octane
	E85 
	Methanol

	HC+NOx (ppm)
	6787.79
	4689.05
	3975.69

	CO (ppm)
	1756.81
	1691.49
	2707.33



[bookmark: _Toc228132712]Performance
The performance and emissions comparison between iso-octane, E85, and methanol showed clear differences in both engine output and combustion behaviour across the tested speed range of 1000–6000 rpm.
	
[bookmark: _Toc228132732]Figure 6- Torque against RPM for all tested fuels

	
[bookmark: _Toc228132733]Figure 7- Power against RPM for all tested fuels

	
[bookmark: _Toc228132734]Figure 8- HC+NOx production against RPM for all tested fuels

	
[bookmark: _Toc228132735]Figure 9-- CO production against RPM for all tested fuels

	
[bookmark: _Toc228132736]Figure 10- Power / pollutant (ppm)



	


[bookmark: _Toc228132737]Figure 11- Torque/pollutant (ppm)


[bookmark: _Toc228132713]Conclusion 
Methanol produced the highest torque and brake power across the full operating range. Peak torque reached approximately 169 Nm at 5000 rpm, compared to 156 Nm for E85 and 145 Nm for iso-octane. A similar trend was observed for brake power, where methanol achieved the highest peak value of 91 kW, while E85 and iso-octane reached approximately 83 kW and 78 kW respectively.
Iso-octane produced the highest HC + NOx emissions throughout the RPM range, with values exceeding 6000 ppm. E85 showed a clear reduction in HC + NOx emissions, while methanol produced the lowest values overall, decreasing to 2200 ppm.
The opposite trend was observed for CO emissions. Methanol produced the highest CO while iso-octane produced the lowest CO emissions.
The performance against emissions comparison showed that methanol provided the best balance between power and torque output and HC + NOx reduction, with the highest power-to-NOx ratio
[bookmark: _Toc228132714]Further work 

Further development of this study should include the investigation of additional in-cylinder emissions reduction strategies, particularly exhaust gas recirculation (EGR) and water injection.
Exhaust gas recirculation (EGR) should be assessed for its potential to reduce NOx emissions by lowering peak in-cylinder combustion temperatures. Water injection should also be investigated as a method of reducing knock tendency and controlling combustion temperatures, particularly for hig -load and high speed operation. Additional work could also include catalyst modelling to assess tailpipe rather than engine-out emissions.
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[bookmark: _Toc228132716]Appendix 
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Torque comparrison between fuels
Iso-Octane +	1000	2000	3000	4000	5000	6000	109.41869354248	121.449340820312	128.85023498535099	136.35935974121	145.20306396484301	123.897819519042	E85 +	115.54044342041	130.04226684570301	135.46707153320301	145.34184265136699	156.335357666015	130.79306030273401	Methanol +	123.030059814453	141.61672973632801	152.39405822753901	161.81198120117099	169.19615173339801	145.51008605957	Iso-Octane	1000	2000	3000	4000	5000	6000	107.89321899414	121.626457214355	123.99932861328099	132.13861083984301	124.60050201416	106.80307006835901	E85	117.76657867431599	132.22013854980401	138.78053283691401	145.73114013671801	153.75994873046801	131.98571777343699	Methanol	121.88483428955	140.576568603515	147.07743835449199	160.01263427734301	151.18231201171801	131.65513610839801	RPM

Torque (Nm)


Power comparrison between fuels
Iso-Octane +	1000	2000	3000	4000	5000	6000	11.458269119262599	25.436201095581001	40.4793281555175	57.117877960205	76.027809143066406	77.846954345703097	E85 +	12.0993204116821	27.235874176025298	42.558109283447202	60.880439758300703	81.856643676757798	82.179382324218693	Methanol +	12.8836259841918	29.660030364990199	47.875782012939403	67.779411315917898	88.590469360351506	91.426345825195298	Iso-Octane	1000	2000	3000	4000	5000	6000	11.298505783081	25.473283767700099	38.955413818359297	55.349910736083899	65.240371704101506	67.106101989746094	E85	12.332446098327599	27.692008972167901	43.599037170410099	61.043502807617102	80.508239746093693	82.928756713867102	Methanol	12.7637014389038	29.4421787261962	46.205528259277301	67.025634765625	79.158592224121094	82.721000671386705	RPM

Power (kW)


HC+NOx comparrison between fuels
Iso-Octane +	1000	2000	3000	4000	5000	6000	6780.2672462463379	5108.3943405151367	4994.0869560241699	5357.3151054382324	5525.7019691467285	5105.7644538879395	E85 +	4689.045108795166	3513.3164939880371	3718.0531425476024	3717.4937705993602	3850.4063949584961	3668.6918601989746	Methanol +	3887.6643447875927	2829.4647445678711	2455.2370758056591	2589.5653381347656	2370.9447898864746	2231.5703315734813	Iso-Octane	1000	2000	3000	4000	5000	6000	6641.4339942932129	4905.1397018432617	5022.7710762023926	4812.4184722900391	6762.8338623046875	6787.7885360717773	E85	4331.821159362793	3256.4593887329102	3105.8820037841797	2772.4860649108837	3971.1416816711426	3318.182731628418	Methanol	3975.6938552856395	2920.5698356628368	3134.8377723693798	3009.6237258911083	3971.5559730529785	3722.6052780151367	RPM

HC + NOx (ppm)



CO comparrison between fuels
Iso-Octane +	1000	2000	3000	4000	5000	6000	235.57455444335901	607.85150146484295	978.51721191406205	1209.07934570312	1475.94885253906	1534.04504394531	E85 +	647.67364501953102	883.3603515625	1053.44470214843	1299.86560058593	1576.35656738281	1673.73779296875	Methanol +	1462.94543457031	1818.80126953125	1880.53515625	2015.50451660156	2013.71081542968	2066.24584960937	Iso-Octane	1000	2000	3000	4000	5000	6000	213.76919555664	610.87658691406205	900.24749755859295	1241.11059570312	1713.00134277343	1756.80969238281	E85	606.99890136718705	759.23797607421795	1117.5625	1524.73022460937	1581.86657714843	1691.494140625	Methanol	1453.30236816406	1847.96606445312	2092.6171875	2157.74633789062	2707.32885742187	2644.59033203125	RPM

C0 (ppm)



Performance against emissions
Iso-Octane 	P/Nox	P/CO	1.3777426308019512E-2	7.4871850122438507E-2	E85	P/Nox	P/CO	2.2661752517639681E-2	6.9029021325889658E-2	Methanol	P/Nox	P/CO	2.9572395492370829E-2	4.5408004277405711E-2	


Performance against emissions
Iso-Octane 	T/Nox	T/CO	2.5698173169246028E-2	0.13965378779259405	E85	T/Nox	T/CO	4.2721407212312559E-2	0.13013190075371509	Methanol	T/Nox	T/CO	5.4727501899877469E-2	8.4033322258336152E-2	


Power comparrison between fuels
Iso-Octane	1000	2000	3000	4000	5000	6000	11.298505783081	25.473283767700099	38.955413818359297	55.349910736083899	65.240371704101506	67.106101989746094	Iso-Octane +	1000	2000	3000	4000	5000	6000	11.458269119262599	25.436201095581001	40.4793281555175	57.117877960205	76.027809143066406	77.846954345703097	E85	12.332446098327599	27.692008972167901	43.599037170410099	61.043502807617102	80.508239746093693	82.928756713867102	E85 +	12.0993204116821	27.235874176025298	42.558109283447202	60.880439758300703	81.856643676757798	82.179382324218693	Methanol	12.7637014389038	29.4421787261962	46.205528259277301	67.025634765625	79.158592224121094	82.721000671386705	Methanol +	12.8836259841918	29.660030364990199	47.875782012939403	67.779411315917898	88.590469360351506	91.426345825195298	RPM

Power (kW)


HC+NOx comparrison between fuels
Iso-Octane	1000	2000	3000	4000	5000	6000	6641.4339942932129	4905.1397018432617	5022.7710762023926	4812.4184722900391	6762.8338623046875	6787.7885360717773	Iso-Octane +	1000	2000	3000	4000	5000	6000	6780.2672462463379	5108.3943405151367	4994.0869560241699	5357.3151054382324	5525.7019691467285	5105.7644538879395	E85	4331.821159362793	3256.4593887329102	3105.8820037841797	2772.4860649108837	3971.1416816711426	3318.182731628418	E85 +	4689.045108795166	3513.3164939880371	3718.0531425476024	3717.4937705993602	3850.4063949584961	3668.6918601989746	Methanol	3975.6938552856395	2920.5698356628368	3134.8377723693798	3009.6237258911083	3971.5559730529785	3722.6052780151367	Methanol +	3887.6643447875927	2829.4647445678711	2455.2370758056591	2589.5653381347656	2370.9447898864746	2231.5703315734813	RPM

HC + NOx (ppm)


CO comparrison between fuels
Iso-Octane	1000	2000	3000	4000	5000	6000	213.76919555664	610.87658691406205	900.24749755859295	1241.11059570312	1713.00134277343	1756.80969238281	Iso-Octane +	1000	2000	3000	4000	5000	6000	235.57455444335901	607.85150146484295	978.51721191406205	1209.07934570312	1475.94885253906	1534.04504394531	E85	606.99890136718705	759.23797607421795	1117.5625	1524.73022460937	1581.86657714843	1691.494140625	E85 +	647.67364501953102	883.3603515625	1053.44470214843	1299.86560058593	1576.35656738281	1673.73779296875	Methanol	1453.30236816406	1847.96606445312	2092.6171875	2157.74633789062	2707.32885742187	2644.59033203125	Methanol +	1462.94543457031	1818.80126953125	1880.53515625	2015.50451660156	2013.71081542968	2066.24584960937	RPM
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