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1. Abbreviations & Nomenclature 

 

1.1 Abbreviations 

CO – Carbon Monoxide  

CO2 – Carbon Dioxide  

EU - European Union  

EUDC – Extra Urban Driving Cycle  

ECU – Electronic Control Unit 

GPS – Global Positioning  

HC – Hydrocarbons  

Km/h or Km/hr – Kilometres an hour  

OB2 – On-board Diagnostic  

PEM – Portable Emissions Machine  

RDE – Real Driving Emissions 

MC1 – Mumbles Cycle 1 

MC2- Mumbles Cycle 2 

MPG – Miles per Gallon  

M/s – Meters Per Second  

MVEG (A/B) – Motor Vehicle Emissions Group 

NOx – Oxides of Nitrogen  

NEDC – New European Drive Cycle 

PM – Particulate Matter  

Sec - Seconds  

TWidth – Tyre Width  

UDC –Urban Driving Cycle 

VW – Volkswagen  

WLTP – World Light Harmonised Test Procedure  

  



1.2 Nomenclature 

𝑨𝑨𝑨𝑨𝒄𝒄𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾(𝒓𝒓𝒓𝒓𝒓𝒓 𝒔𝒔⁄ 𝒔𝒔⁄ ) – Wheel Acceleration  

𝑨𝑨𝑨𝑨𝒄𝒄𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫(𝒓𝒓𝒓𝒓𝒓𝒓 𝒔𝒔⁄ 𝒔𝒔⁄ ) – Driveline Acceleration  

𝑨𝑨𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹(%) – Aspect Ratio 

𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 (𝑵𝑵𝑵𝑵) – Actual Transmission Input Torque  

AV – Average  

𝑩𝑩𝑩𝑩𝑩𝑩𝑩𝑩 (𝑵𝑵 𝒎𝒎𝟐𝟐⁄ ) 𝒐𝒐𝒐𝒐 (𝑩𝑩𝑩𝑩𝑩𝑩) – Brake Mean Effective Pressure  

𝝆𝝆 (𝒌𝒌𝒌𝒌/𝒎𝒎^𝟑𝟑 ) – Air Density  

𝑪𝑪 – Carbon  

𝒄𝒄𝒄𝒄/𝒎𝒎𝒎𝒎𝒎𝒎 – Cubic Centimetres per Minute 

𝑪𝑪𝑫𝑫 – Drag Co-Efficient  

𝑫𝑫𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯𝑯 – Depth Height  

𝑬𝑬𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 (𝑹𝑹𝑹𝑹𝑹𝑹) – Engine Idle  

𝑬𝑬𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 (𝒄𝒄𝒄𝒄) – Engine Displacement  

𝑬𝑬𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰 (𝒌𝒌𝒌𝒌𝒎𝒎𝟐𝟐) – Engine Inertia 

𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝒂𝒂𝑻𝑻 (𝑵𝑵/𝒎𝒎) – Extra Torque  

𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭𝑭(𝒈𝒈𝒈𝒈𝒈𝒈 𝐬𝐬𝐬𝐬𝐬𝐬⁄ ) – Fuel Flow   

𝑭𝑭𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘 (𝑵𝑵) – Wheel Force 

𝑭𝑭𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 – Rolling Resistance  

𝑭𝑭𝑨𝑨𝑨𝑨𝑨𝑨𝑨𝑨 (𝒎𝒎) – Frontal Area  

𝑭𝑭𝑭𝑭ɳ - Final Drive Efficiency  

𝑭𝑭𝑫𝑫𝑹𝑹 – Final Drive Ratio  

𝒈𝒈 𝒐𝒐𝒐𝒐 𝒈𝒈𝒈𝒈𝒈𝒈 = Grams 

𝑯𝑯 – Hydrogen  

𝑰𝑰𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘𝒘(𝒌𝒌𝒌𝒌𝒎𝒎𝟑𝟑) – Wheel Inertia  

𝑱𝑱/𝑺𝑺𝑺𝑺𝑺𝑺  - Joules Per Second 

𝒈𝒈 (𝒎𝒎/𝒔𝒔^𝟐𝟐 ) – Gravity  

(𝒈𝒈/𝐬𝐬𝐬𝐬𝐬𝐬  ) - Grams per second 

𝑮𝑮ɳ - Gear Efficiency  

𝑮𝑮𝑹𝑹 – Gear Ratio 

𝒓𝒓𝒓𝒓𝒓𝒓/𝒔𝒔 𝒐𝒐𝒐𝒐 𝒎𝒎𝒎𝒎𝒎𝒎  - Radians per Second/Minute 

𝑹𝑹𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 (𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰𝑰) – Rim Diameter  

(𝑹𝑹𝑹𝑹𝑹𝑹/𝒔𝒔)𝒐𝒐𝒐𝒐 𝒎𝒎𝒎𝒎𝒎𝒎   - Revolutions per second or minute 

𝑹𝑹𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶  – Rim Outer Radius  



𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 (𝑵𝑵) – Rolling Resistance  

𝒏𝒏 – Polytropic Index  

𝑷𝑷𝒏𝒏 – Pressure  

𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 (𝑲𝑲𝑲𝑲) – Engine Power  

𝝅𝝅 - PI 

𝑻𝑻𝑻𝑻𝑻𝑻𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 (𝑵𝑵𝑵𝑵) – Wheel Torque  

𝑻𝑻𝑻𝑻𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 (𝑵𝑵𝑵𝑵) – Differential Output Torque  

𝑻𝑻𝑻𝑻𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 (𝑵𝑵𝑵𝑵) – Differential Input Torque  

𝑻𝑻𝑻𝑻𝒓𝒓𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 (𝑵𝑵𝑵𝑵) – Driveline Torque  

𝑻𝑻𝑻𝑻𝒓𝒓𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 (𝑵𝑵𝑵𝑵) – Engine Internal Torque 

𝑻𝑻𝑻𝑻𝒓𝒓𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬(𝑵𝑵𝑵𝑵)  - Engine Out Torque 

𝑻𝑻𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 (𝒎𝒎𝒎𝒎) – Tyre Width    

𝑽𝑽𝒏𝒏(𝒄𝒄𝒄𝒄) – Volume  

𝑽𝑽𝑽𝑽𝒍𝒍𝒏𝒏 (𝒎𝒎 𝒔𝒔⁄ ) – Velocity  

𝑽𝑽𝑽𝑽𝒍𝒍𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 – Transmissions Out Angular Velocity  

𝑽𝑽𝑽𝑽𝒍𝒍𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻(𝒓𝒓𝒓𝒓𝒓𝒓 𝒔𝒔⁄ ) – Transmissions Input Angular Velocity  

𝑽𝑽𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 (𝒌𝒌𝒌𝒌) – Vehicle Mass 

𝑽𝑽𝒏𝒏𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 – Different Velocity Points  

𝑽𝑽𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 (𝑱𝑱 𝒔𝒔𝒔𝒔𝒔𝒔⁄ )(𝑲𝑲𝑲𝑲 𝒔𝒔𝒔𝒔𝒔𝒔⁄ ) – Vehicle Energy  

𝑽𝑽𝑽𝑽𝒍𝒍𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬𝑬 (𝒓𝒓𝒓𝒓𝒓𝒓 𝒔𝒔⁄ )𝒐𝒐𝒐𝒐 (𝒓𝒓𝒓𝒓𝒓𝒓)-  Engine Angular Velocity  

𝑽𝑽𝑽𝑽𝑽𝑽𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾 (𝒓𝒓𝒂𝒂𝒂𝒂/𝒔𝒔) – Wheel Velocity 

𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝒍𝒍𝑹𝑹𝑹𝑹 (𝒎𝒎) – Wheel Rolling Radius  
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3. Abstract 

This report is presenting a comparison of 3 vehicles that have been tested by development 
of the New European Drive Cycle, NEDC. The vehicles that are being used are as follows; an 
Audi A3, Euro 3, Volkswagen Passat, Euro 4, and a Ford Fiesta Eco boost, Euro 5. The 
Volkswagen Passat and the Ford Fiesta data has been used to create the NEDC and by using 
interpretation of legislative requirements comparisons will be made of the two with CO2 and 
fuel consumption being the predominant focus. A simple combustion model of the Ford 
Fiesta was also developed for an understanding of combustion. Excel was used for both the 
combustion model and the NEDC. To compare the NEDC to real world application On Board 
Diagnostics system has been used alongside an Audi A3 project car to enable testing of real 
world fuel consumption and CO2 emittance in mixed driving conditions. Mixed driving 
conditions include Urban and Motorway to provide different miles per gallon, MPG, usage to 
investigate the closeness of real world to the NEDC. Research has been carried out into 
environmental influences of fuel consumption.  

Using values researched for MPG, comparisons have been made between the measured and 
researched. The same has been completed for the CO2 however, the CO2 has been taken 
from the owner’s logbook of the vehicle. Both of these tests had increased values, proving 
the speculation of how inaccurate the NEDC values are to Real World Driving Emissions.  

A cold start procedure was also carried out compared to a warm start which showed the fuel 
increase of the cold start, this is due to the NEDC not including the start procedure and idling 
in the drive cycle since the year 2000.  

A conclusion has been made to conclude the overall project and how true it is and further 
improvements.  
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4. Introduction  

With growing technology in the Automotive Industry for emissions and overall performance, 
it generates stricter legislations for Carbon Dioxide, CO2, to compete with developments. 
Even though technology has advanced type approval tests for emissions have remained the 
same for nearly 30 years. As well as technology developing, more vehicles are now used on 
the road, a survey completed in 2014 found that there is 7 times more traffic on the road than 
there was in 1950 and 79% of road users were using a car (George & Kershaw, 2016). This 
expansion of car users also affects the total emissions output of cars as a whole. The NEDC 
was last updated in 1990, and before September 2017, there were no further changes in how 
emissions were regulated. With more car users, road traffic calming systems have been 
introduced as well as congestion increasing at peak times, resulting in an incomparable type 
approval test. As the type approval tests influences the tax band, fuel consumption value, 
CO2 emissions value and overall efficiency of the vehicle, the values stated in the NEDC have 
been questioned by the government as to how accurate the speed profile is to real world 
driving. Now, after the loopholes of the NEDC have been exposed to the general public, the 
World Light Harmonised Test Procedure, WLTP, is being implemented officially in 
September 2018 to all manufacturers for passenger cars. 

In this repot the NEDC and the WLTP procedure will be discussed to provide understanding 
of the differences that have been made to the approval test. Real Driving Emissions, RDE, 
test procedure will also be discussed to enlighten how the RDE is so important to the new 
legislation. Certification for the legislations have been researched to interpret the 
restrictions that the light passenger vehicles in this report had to follow when released.     

This report also analyses the impact of road conditions and how different routes on every day 
roads with the use of live testing, reflect the fuel consumption, MPG and CO2 values. These 
will be compared to the manufacturer’s specified values.  

Conclusions will be made to gain validation of how relevant the NEDC is to real world 
application and a conclusion of the project focusing on improvements, anomalies and future 
work that could be carried out if the project is taken further. 
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5. Project Planning  

 

5.1 Aims 

 

 To determine how accurate New European Drive Cycle, NEDC, is to real world 
applications. 

 To produce the NEDC model on Excel to provide understanding of how the Carbon 
Dioxide and Fuel Consumption values are calculated and legislated for the industry. 

 Research the impact of the automotive industry on global warming and how the 
government is regulating this growing problem to be able to provide 
recommendations from literature found.  

 Values stated by industry of fuel consumption is always questioned therefore from 
carrying out an improvised RDE Step 2 test, analysis will be carried out on the effects 
of fuel consumption compared to the NEDC value stated from research. 

 To produce understanding and conclusion of how accurate legislations are and why 
the World Light Harmonised Test Procedure is being implemented in September 
2018.  
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5.2 Timing Plan  

A timing plan was set at the beginning of the year, the author wanted to spend 4 hours a 
week on the project which would have been a total of to 128 hours of work over 32 weeks. 
However, due to numerous University work commitments throughout the year and a 
troubled project at the beginning of the year, the final major project was not started till 
January. This resulted in a lot of loss time affecting the overall progress the author wanted 
from this project.  

Figure 1 is the completed Gantt chart for the project, it is evident from the timings that a lot 
of the work that was carried out was from January 2018. If the project discussed in this report 
would have been started before January 2018 then most of the practical work would have 
been completed far earlier than the author wanted too, and would have provided varied 
results.  

The first project that fell through will be discussed in section 5.3 Combustion Model.  
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Figure 1 Completed Timing Plan 
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5.3 Combustion Model  

The author wanted to create a combustion model of a 2 stroke engine with fuel injection 
concentrating on reducing emissions, however due to commitments falling through with a 
manufacturer the author was unable to retrieve reliable and current data. While waiting for 
the manufacturer to decide on committing, a combustion model was started on CR500 and 
YZ125 2 stroke data from the University, as well as building a model on the 4 stroke Ford Fox 
engine that is being used in this project.  

The initial step of the combustion model was to find the logarithm graphs for the cylinder 
pressure and volume, the differences of the 2 stroke and 4 stroke data can be seen in Graph 
1 and Graph 3.  

Log p versus Log v graphs can be used to check the quality of the cylinder pressure data. On 
log p- log v graphs the compression and expansion processes are straight lines on the slope, 
as labelled. These graphs need to be as smooth as possible to find the duration of 
combustion, which then can entail the characteristics of the combustion. Graph 3 presents an 
example of how log p – log v graphs can produce anomalies.  

From many detailed studies it can be said that the compression and expansion processes are 
well fitted by a polytropic relation (Heywood, 1988):  

𝑝𝑝𝑉𝑉𝑛𝑛 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  

𝑛𝑛 =
−𝑃𝑃2 − 𝑃𝑃1
𝑉𝑉2 − 𝑉𝑉2

 

Equation 1 Boltzmann Constant 

  

  

Graph 1 LogV vs LogP Graph 

Expansion 

Compression 

Combustion 



22 | P a g e  
Bernadette Gray 

When using Equation 1 on the Ford Fox data, the polytropic index values ranged from 1.25-
1.26, even though slightly lower than it should be, it didn’t produce any anomalies. With 
conventional fuels the polytropic index should range between 1.25-1.35 (Heywood, 1988). 
Unlike the Ford, the YZ125 gave values ranging 1-1.8 which then proved it very difficult to 
calculate the mass fraction burned, therefore hindering the reliability of the data.   

Graph 3 2 Stroke LogV vs LogP 

Graph 2 Ford Fox Mass Fraction Burn 
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Graph 5 Fox Pressure vs Volume 

 

Graph 6 2 Stroke Pressure vs Volume 

Graph 4 2 Stroke Mass Fraction Burn 
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Graph 7 Crank Angle vs Pressure 

Graph 8 2 Stroke Crank Angle vs Pressure 

Only volume (cc) and pressure (Bar) and engine dimension data was received from a Go Kart 
Company for a 125cc 2 stroke engine, the same process was completed as before. Graph 4 
presents the difficulties of the data when calculating the mass fraction burn, indicating the 
amount of fuel burned in the combustion process. Without accurate ignition timing, this also 
proved that the project would be difficult. The final issue was that pressure data was 
influenced by the pressure sensor and how the pressure would read a negative number. This 
had to be corrected by adding ambient pressure which influenced the peak pressure, the Fox 
data in Graph 7 proved to show a smooth increase in pressure and decrease in volume which 
is desirable for the combustion process. Compared to Graph 8 the pressure at Top Dead 
Centre, TDC, has decreased and increased, as a result of the lack of data from the 
manufacturer this could not be seen as reliable data, so due to these reasons, the decision 
was made to no longer work on this data.  
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6. Literature Review  

The most relevant piece of literature to this project is from Georgios Fontaras, “Fuel 
consumption and CO2 emissions from passenger cars in Europe vs laboratory versus real-
world emissions”.  

This paper explains in great detail how altitude, resistive forces, air density, aerodynamics 
and weather as a few examples influence fuel consumption, but they’re not at all 
considered in the NEDC type approval test. This paper is all theoretical, no tests were 
carried out by the individuals, and it was all researched.  

Below is a graph taken from a report by T J Barlow, it includes all specifications for type 
approval tests. The graph was taken as it is representing how a real world driving test would 
look. It is displaying that there isn’t a set speed or time to follow, however it is influenced a 
lot by traffic calming measures. Further into the report a graph created for the Audi RDE 
looks similar to this graph therefore the literature is relevant to the work being carried out.  

  

Figure 2 An Example of a Realistic Cycle (T J Barlow, 2009) 
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7. Emissions and Importance of Certifications  

This section will explain the consequences of emissions from automotive vehicles and how 
they have been restricted throughout the different Euro Legislation generations.  

7.1 Certification  
The vehicles used in this report range from Euro 3 to Euro 5 legislations Table 1 is showing 
the legislation restriction differences between Euro 3 and Euro 5. In Figure 3 CO2 has 
decreased enormously from 2007 to 2013 presenting how important emission certification is 
to the environment, by presenting to manufacturers CO2 limits, it encourages 
manufacturers to develop emissions technology as it proves successful. The technologies 
include weight reduction by use of advanced materials, exhaust after treatment like three 
way catalytic convertors, advanced electronics to read emissions every millisecond which 
then can self-adjust, and most of all the development of fuel injection (George & Kershaw, 
2016).   

 

Table 1 Euro Standards for Emissions (AA, 2017) 

Emissions. All are 
measured in (g/km) 

Euro 3, Audi A3 Euro 4, VW Passat 
Euro 5, Ford 

Focus 
Current Euro 

Legislation, Euro 6 
(January 2001) (January 2006) (January 2011) (September 2015) 

Carbon Monoxide, CO 2.3 1 1 1 
Hydrocarbons, HC 0.20 0.10 0.10 0.10 

Oxides of Nitrogen, NOx 0.15 0.08 0.06 0.06 
Particulate Matter, PM No Limit No Limit 0.005 0.005 

 

 

 

Figure 3 Greenhouse Gas Emissions (George & Kershaw, 2016) 
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The first European exhaust emissions standard for passenger cars was introduced in 1970, 
then in 1992 the Euro 1 standard was implemented with the fitting of catalytic convertors 
(AA, 2017).    

From September 2017, the Euro 6 legislations are now considering the Road Driving 
Emissions, RDE, type test alongside the World Light Harmonised Test Procedure, WLTP. 
Legislations have become more stringent and the realistic tests are being used to certify new 
models against Euro 6 emission limits. The WLTP however will now be applied to all type 
vehicles from September 2018, therefore applying to new car registrations.  

All type approval tests are explained in more detail in section Legislated Type Approval Tests.  

The European Union, EU, hopes to achieve a cut to greenhouse gases by at least 20% below 
1990 levels by 2020. In October 2014, the European Union leaders then agreed to a further 
20% reduction by 2030.  

The European Union has committed themselves to reducing the emissions by 80-95% of the 
1990 levels by 2050, and CO2 emissions will need to be 95g/km by 2020 (Bosch, 2014), as part 
of a collective effort from European Union Countries (EuropeanUnion, 2018).  

“We have no choice but to adapt to climate change.” 

(EuropeanUnion, 2018) 

This quotes defines how important greenhouse gases have become to our environment and 
how companies must surrender to the balance of the environment and desirable vehicles to 
eliminate dangerous levels of climate change.  
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7.2 Emissions from Combustion and their Impact on the Environment  

 

Table 2 Emissions and Impact on Environment (Heywood, 1988) 

Type of Product/Emission Impact 

1) Oxides of Nitrogen, NO and N2 or NOx React in photochemical smog. NO2 is Toxic. 
2) Carbon Monoxide, CO Toxic 
3) Unburned Hydrocarbons, HC  Reactant in photochemical smog 
4) Particulates, (Soot and absorbed 

hydrocarbon compounds) 
Reduces visibility; some of the HC compounds 
mutagenic. 

5) Carbon Dioxide, CO2 Greenhouse Gas  
 

1) Nitrogen Oxides are formed by the reaction of nitrogen and oxygen, nitrogen is the most 
abundant gas in the equation. NOx compromises of colourless nitric oxide, NO, and a very 
toxic and reactive nitrogen dioxide, NO2.NOx emissions cause harm to the environment as 
they lead to the formation of the secondary particulate matter and ground level ozone in the 
atmosphere. NOx contributes to acidification and eutrophication of water and soils. (EEA, 
2016).  

2) Carbon Monoxide is a product of incomplete combustion, it is highly toxic and colourless. 
It occurs when the carbon in fuel is partially oxidised forming CO and not CO2. Direct 
exposure to CO can reduce the flow of oxygen in the bloodstream and is dangerous to 
people’s health, particularly heart disease. Carbon Monoxide also contributes to the 
formation of ground level ozone and smog (EEA, 2016).  

3) Hydrocarbons are produced with incomplete combustion or partial combustion. HC’s 
contribute to the formation of ground level ozone and photochemical smog in the 
atmosphere. The ozone can irritate the eyes, cause damage to lungs and respiratory system 
(EEA, 2016).  

4) Particulate Matter, PM, is another product of incomplete combustion and can be split into 
primary and secondary PM’s. Primary is emitted directly into the atmosphere and secondary 
PM forms in the atmosphere following the release of gases like sulphur dioxide, nitrogen 
oxides and ammonia. Particulate matter is one of the most important emissions as it 
infiltrates into the respiratory system and can cause or make worse cardiovascular and lung 
diseases and even cancer (EEA, 2016).  
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7.2.1 Carbon Dioxide, CO 

Carbon is the element that combines with oxygen to produce CO2. For every one molecule 
of carbon there are two molecules of oxygen. Carbon on its own is not a greenhouse gas, but 
combined with oxygen it is damaging (thecarbonaccount, n.d.).  

In a natural carbon cycle, carbon dioxide would be absorbed by plants and trees. Due to high 
intensity of burning fossil fuels, the effect of extra CO2 in the atmosphere increases the 
overall temperature of the planet. As average global temperature increases, the day to day 
level of climate change is unpredictable. To reduce extreme weather and the implication 
fuelling has on the environment, certification legislations of emissions are implemented for 
the automotive industry (thecarbonaccount, n.d.).  

The following equations and weights of species were used to calculate the amount of CO2 
produced for each value that has been calculated for CO2 in this report. Automotive CO2 is 
a product of the burning fuel in the combustion process of an engine. The fuel assumed to be 
used in this report is Isooctane, the species that make up this fuel are C8H18. 

 

Fuel  Air 

𝐶𝐶8𝐻𝐻18 + 12.5 × (𝑂𝑂2 + 3.773𝑁𝑁2) 

 

Equation 2 Isooctane Fuel and Air Balance Equation 

8𝐶𝐶𝑂𝑂2 +  9𝐻𝐻2𝑂𝑂 +  47𝑁𝑁2 

Equation 3 Stoichiometric Products from the Fuel and Air Balance Equation 
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Table 3 Calculating Mass of Fuel and CO2 of Isooctane (Heywood, 1988) 

 

3.09 𝑘𝑘𝑘𝑘 𝐶𝐶𝑂𝑂2 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐾𝐾𝐾𝐾 𝑜𝑜𝑜𝑜 𝐶𝐶𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐾𝐾𝐾𝐾 𝑜𝑜𝑜𝑜 𝐶𝐶8𝐻𝐻18

=
352
114

 

𝐶𝐶𝑂𝑂2 (𝑔𝑔 𝑘𝑘𝑘𝑘⁄ ) =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑔𝑔) × 3.09
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑘𝑘𝑘𝑘)

 

Equation 4 CO2kg and CO2g/km Calculations 

 

The fuel mixes with air; oxygen and nitrogen, and depending on the lean or richness of the 
equation it influences the products. CO2 along with water is the main product of fuel 
combustion. CO2 is the most posing threat to the greenhouse gases and is a threat to public 
health and the environment in the long term (EEA, 2016) (EEA, 2016).  

For this report, the CO2 calculations have all been assumed to be from a stoichiometric 
combustion to provide reasonable comparisons and because a three way catalyst operates 
at lambda-1. If the balance equation is stoichiometric, then the total fuel used is proportional 
to the amount of CO2 produced.  

When the balance equation is stoichiometric, the carbon and oxygen will produce CO2 as 
there is no excess carbon, (excess fuel) to produce CO or excess oxygen (excess air) to 
produce O2. Excess O2 can then react with nitrogen to form NOx. With a more complex 
combustion model these species can be predicted, however for this report a simple 
prediction like Equation 4  of fuel consumption, can still predict relative CO2 predictions 
(Mcdonald, 2017).  

The Air:Fuel ratio that influences the amount of CO2 emitted has been discussed further in 
the appendices in section 14.6.1.1 Air: Fuel Ratio 

  

1 Molecule of Isooctane    = 8 Molecules of CO2 

Calculating molecular mass of Isooctane:  
 (8 × 12 + 18 × 1) = 114𝐾𝐾𝐾𝐾 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹   
(No of Molecules X Atomic Weight)  

Calculating CO2 in Isooctane:  
8 × (12 +  2 × 16)   = 352𝐾𝐾𝐾𝐾𝐾𝐾𝑂𝑂2   
(No of Molecules X Atomic Weight)  
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7.3 How CO2 is Controlled in Automotive Industry    

Table 4 CO2 Tax Bands and Costs Over for a Year Payment (GOV.UK, n.d) 

Tax Band CO2 Emissions (g/km) Single 12 Month Payment 
A Up to 100 £0 
B 101-110 £20 
C 111-120 £30 
D 121-130 £120 
E 131-140 £140 
F 141-150 £155 
G 151-165 £195 
H 166-175 £230 
I 176-185 £250 
J 186-200 £290 

K* 201-225 £315 
L 226-255 £540 
M Over 255 £555 

(*Includes cars with a CO2 figure over 225g/km but were registered before 23rd March 2006) 

 

Buying a vehicle with lower carbon footprint is a priority for consumers due to the tax 
payment, hence, manufacturers are always aiming for consumer needs however deceitful 
that solution is. The higher a CO2 value the higher the tax band, Table 4 is showing the 
expense and correlating tax band.  It is clear as to why car manufacturers attempt to reduce 
the emissions to provide an affordable model (Sandbag, 2011).  

The vehicles that are being analysed, their tax bands can be found in Table 5. 

Table 5 Tax Bands of Vehicles Used 

Vehicle Tax Band Euro “.” Researched CO2 Value 
2003 Audi A3, 1.6L H (£230) Euro 3 170 g/km (V5C, 2017) 

2010 Passat, 2L I (£250) Euro 4 185 g/km (carfolio, 2013) 
2012 Ford Fox Sigma, 1L C (£30) Euro 5 114 g/km (FordMotorCompany, 2012) 
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The VW Passat has been assumed to be a 2010 model, the values found for CO2 have been 
researched. It can’t be assured that these are the absolute value due to the lack of 
information of the vehicle, however through research these values were used as they are the 
closest to the data provided. (ultimatespecs, 2009) And (carfolio, 2013) provided the same 
values of CO2 emissions and the miles per gallon value, therefore these values have been 
used.  

With the WLTP being introduced, manufacturers are now stating that the CO2 values will be 
a lot higher (volkswagen, n.d.), than for the NEDC. Therefore the CO2 tax bands will either 
decrease with the change or remain at the same and consumers will pay more.  

A scheme has been introduced by the government to tackle CO2 emissions without 
necessarily fining manufacturers. If manufacturers have exceeded the CO2 limits, then the 
government can balance the carbon footprint by aiding environmental projects with carbon 
tokens, instead of administering fines to those who exceed. These schemes are called 
Emission Trading, this solution has been further discussed in 14.1 Carbon Offsetting 
(Sandbag, 2011).  
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8. Legislated Type Approval Tests 

As road vehicles emit a range of atmospheric pollutants because of the combustion process 
they are regulated by the European Union, EU Directives. In the EU, type approval emission 
tests are required by law for all new light-duty vehicle models. The tests are completed under 
laboratory conditions. The light-duty vehicles are tested using a power-absorbing chassis 
dynamometer, for research and emission factor development. For chassis dynamometer 
tests, the vehicle drive wheels are positioned so that they are in contact with the rollers. The 
rollers are then adjusted to simulate friction losses and aerodynamic resistance replicating 
road conditions. The sampling of exhaust emissions is then performed at the maximum 
speed for each cycle (Bosch, 2014). Driving cycles are usually defined in terms of vehicle 
speed and gear selection as a function of time, a trained driver is employed to follow the drive 
cycle on the dynamometer (T J Barlow, 2009). 
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8.1 New European Drive Cycle, NEDC  

The Motor Vehicles Emissions Group, MVEG-A, cycle was introduced in 1970, it was created 
to assess the level of emissions from automotive vehicles and fuel economy in passenger 
cars. The cycle was created to represent a typical usage of a vehicle in Europe for that period, 
considering urban and motorway driving (DieselNet, 2013).  

The modified cycle has now been as MNEDC (Bosch, 2014), which has been in force since 
Euro 3, compared to the Euro 2 NEDC, the MNEDC begins emission testing and includes cold 
starting. Prior to the test, the vehicle can soak for a minimum of 6 hours, to meet the 
requirements of the test temperature being, 20-30°C and then idled for 40’s.  

In the year 2000, the idling period was eliminated, and emissions sampling and the engine 
will start at 0 seconds (Bosch, 2014).  

The MNEDC consists of two different cycles, an Urban, UDC, and an Extra Urban, EUDC. The 
UDC is repeated four times with no interruption and the EUDC is only carried out once. The 
NEDC was originally created regarding petrol vehicles, whereas with increasing technologies 
it now considers, diesel’s, hybrid and battery electric vehicles all with different procedures 
(Bosch, 2014). The pollutants are collected in bags in the two phases of the NEDC, Urban and 
Extra Urban at max speed (Bosch, 2014). The MNEDC and the NEDC titles in this project are 
used as the same cycle to avoid any confusion.  
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Graph 9 has been taken from the Excel spreadsheet created by the author of the NEDC cycle, 
showing the time and speed profile of the whole cycle. The speed and time profile was 
provided by the University to create the model accurately. 

 

 

 

 

 

 

 

 

 

 

Table 6 is showing the measurements and the duration through the NEDC cycle.  

Table 6 Duration of Cycles in NEDC 

Measurements Duration Speed (km/h) 

Urban Cycle First 780s Max: 50 

Extra Urban Cycle  780s to 1180’s Max: 120 

Overall (and C02 emissions) Complete Cycle Average: 33.6km/h  

   

The EUDC and UDC are combined for the fuel economy value, this is the total of the fuel 
consumption.  

  

Graph 9 Urban Drive Cycle and Extra Urban Drive Cycle 

Extra Urban Drive Cycle 

Urban Drive Cycle 
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8.1.1 Urban Drive Cycle, UDC 

 The Urban Drive Cycle, was implemented by the United Nations in 1970 as part of the ECE 
Vehicle Regulations. More recent versions are defined as ECE R83, R84 and R101 
(UnitedNations, 2013). The Urban Drive Cycle, represents typical driving conditions in 
European cities, it is categorised by low engine load (part load), low exhaust gas temperature 
and a maximum speed of 50km/h (DieselNet, 2013).  

The cycle definitions is dependent on the type of vehicle, for this report all vehicles are 
manual therefore following the same specifications of cycle. The Urban Drive Cycle must 
reach, 15km/hr, 32km/hr, 50km/hr then back down to 32km/hr following the timings and it 
should end within 195 seconds completing 1Km. With the four cycles, the duration is 780 
seconds and a theoretical distance of 4Km, with an average speed of 18.35km/hr (Bosch, 
2014).  

8.1.2 Extra Urban Drive Cycle, EUDC 

The EUDC, was introduced in 1990 (UnitedNations, 2013), trying to represent the more 
aggressive and high-speed driving carried out. The maximum speed of the EUDC is 120km/hr 
and for lower engine sizes, it is limited to 90km/hr (DieselNet, 2013). The vehicle will then 
slowly accelerate to 70km/hr, back down to 50km/hr and then accelerates to 70km/hr, as 
mentioned previously, all within the time requirements. The vehicle cruises at 70km/hr, then 
accelerates slowly to 100km/hr and then further to 120km/hr, the vehicle then comes to a 
stop gradually.  The whole duration is 400 seconds, with a theoretical distance of 6.9Km, and 
an average speed of 62.6km/hr. This section of the NEDC is representing motorway driving 
(Bosch, 2014).  
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 8.2 World Light Harmonised Test Procedure, WLTP  
In 2009 the World Forum for Harmonization of Vehicle Regulations initiated a new drive 
cycle, the Worldwide Harmonized Light Duty Test Procedure, WLTP. The introduction of the 
test procedure is dependent on specific country, the EU will be the first to introduce the 
WLTP, which was in 2017, and then followed by Japan. China, India, South Korea are also 
expected to implement this, the US are staying with their separate Federal Standards and 
California legislations (dieselnet, n.d). The WLTP addresses many limitations that the 
previous approval test had (Fontaras, et al., 2016). The whole cycle has been developed from 
data collected from many countries around the world to create an ideal cycle harmonised 
from collated speed and time profiles (Bosch, 2014).  

 

Table 7 Changes Made for the WLTP (Fontaras, et al., 2016) 

Modified 

• Tyre Selection, Pressure and Tread Depth  
Resistance force calculations changed, tyre characteristics are defined and boundary conditions 
for pressures.  

• Vehicle Test Mass 
Includes effect of optional equipment. 

• Default Road Load Co-Efficient 
• Driving Cycle 
• Test Temperature 

The test temperature has changed from a range of 20° -30°C to a more suited EU type 
temperature of 14°.  

• Vehicle Inertia 
Inertia classes have been removed. 

• Pre-Conditioning 
Corrected 

• Gear Shift Strategy  
The new speed and gear shifting calculation algorithm are the main changes. The WLTP addresses 
the issue of a more realistic drive cycle than the NEDC. 

 

  

Introduced 
• Inertia of Rotating Parts 
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8.2.1 WLTP Steps  
 

The WLTP has been split into 3 classes, defining the vehicles by their power-weight ratio, 
power in kW/Tonne. 

1)  Low powered vehicles (power<22)  

2) Medium powered vehicles (22>power<=34)  

3) High-power vehicles (34<power) 

As seen in Figure 4 the WLTP consists of different types of driving, incorporating a real-world 
type cycle. Each class will be restricted as before due to the vehicles maximum speed, 
however the duration of each section is the exact same over the three classes (volkswagen, 
n.d.).  

Class 3 will be discussed further due to it being mostly passenger cars. It has a maximum 
velocity of 135 km/h, has a duration of 1800 seconds and a total stop duration of 235 seconds. 
The complete distance is 23.27km, with the low cycle being 3095m with a maximum speed 
of 56.5km/h, medium distance of 4756m and speed 76.6km/h, high distance of 7162m and 
speed of 90km/h and the extra high distance of 8254m and maximum speed being 135km/h 
(Tutuianu, et al., 2013).   

  

Figure 4 WLTP Graph Example (volkswagen, n.d.) 
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8.3 Real Driving Emissions, RDE  
 

Real Driving Emissions, RDE measures pollutants emitted by cars while on the road using 
Portable Emissions Measuring System, PEMS. The RDE test lasts between 90 minutes to 120 
minutes (ACEA, n.d). The RDE does not replace the WLTP laboratory test but complements 
it. Europe is the first region in the world to introduce this type of emissions testing, marking 
a major leap in the testing of car emissions (ACEA, n.d).  

The process of the RDE is shown below in Figure 5.  

 

 

 

 

 

 

 

 

 

Table 8 RDE Conditions 

Conditions Covered in the RDE (ACEA, n.d) 
Different Altitudes 

Range in Temperatures 
Additional Vehicle Payload (Weight) 

Up-and-Down- Hill Driving 
Urban Roads (low speed) 

Rural Roads (medium speed) 
Motorways (high speed) 

 

  

Figure 5 RDE Steps (ACEA, n.d) 
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PEMS provides a real-time monitoring of pollutants, with the inclusion of advanced gas 
analysers, exhaust mass flow meters, weather station, Global Position System, GPS, and a 
connection to the vehicle networks. Every manufacturer uses different suppliers for the 
PEMS equipment therefore the final results differ slightly (ACEA, n.d). To create accurate 
readings further development could mean that all manufacturers consider modelling 
vehicles to use the same PEMS. 

RDE Step 1 (with NOx conformity factor of 2.1) 
RDE Step 1 applies to new type approvals from September 2017 and to all new registrations 
from September 2019. Cars type approved during this period are labelled as Euro 6d-temp 
(AA, 2017).   

RDE Step 2 (with NOx conformity factor of 1.0 plus an error margin of 0.5) 
RDE Step 2 will be applied in January 2020 for new types. Then is will be applied to all new 
registrations in January 2021. Cars type approved during this period are labelled as Euro 6d-
temp (AA, 2017). 

In October 2015, the European Commission’s Technical Committee on Motor Vehicles, 
TCMV, finalised the conformity factor applicable of the RDE Step 2. The conformity factor is 
the cap applied to vehicles to limit the NOx emissions of real world driving.  

The PEMS are installed on the back of the vehicle. The conformity factor is implemented 
because the PEMS have various inaccuracies. The repeatable accuracy of the PEMS does not 
compete with the same as the cyclic laboratory tests. The PEMS are also affected by altitude 
and the ambient temperature, therefore there is further development work needed to ensure 
accuracy of the technology (ACEA, n.d).  

The International Council on Clean Transportation, ICCT completed a study finding that in 
Germany, the gap between type approval and the real-world application, fuel consumption 
and CO2 values increased around 8% in 2001 to 21% in 2012, increasing greatly from 2007, 
indicating the importance of evolving technology to control this (Tietge, et al., 2017).  
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9. Creating the NEDC Model 

9.1 Measurements  
 

Table 9 and Table 10 Passat values were provided by the University and the Ford value were 
taken from (FordMotorCompany, 2012) assuming that the dimensions were for a Ford Focus, 
5 door passenger car. These values were needed to find the necessary value for the NEDC 
model.  

Table 9 Passat and Ford Values 

Nomenclature Passat Ford 
Air Density (kg/m3) 1.2 1.2 
Drag Co-Efficient 0.4 0.38 

Engine Displacement (cc) 1984 999 
Engine Idle (rpm) 800 800 

Engine Inertia (kg/m2) 0.15 0.15 
Frontal Area (m2) 2.235 2.7 

Gravity (m/s2) 9.81 9.81 
Rolling Resistance Co-Efficient  0.015 0.015 

Vehicle Mass (kg) 1650 1279 
Wheel Inertia (kg/m2) 0.8 1.6 

Wheel Rolling Radius (m) 0.32 0.32 
 

Table 10 Gear Ratios for Passat and Ford 

  Passat Ford 

Gear Efficiency % Ratio Ratio 
1st  0.94 3.36 3.727 
2nd  0.94 2.09 2.048 
3rd  0.95 1.47 1.357 
4th  0.97 1.1 1.032 
5th  0.97 0.87 0.821 
6th  0.96 0.73 0.690 

Final Drive 0.94 3.94 4.07 
 

The difference of the two vehicles is the idling rpm, vehicle mass and the frontal area. 
Through research it is a known fact that one of the keen progresses in industry is weight 
reduction to compliment power advantages.  The frontal area is greater for the Ford due to 
the type of model, this doesn’t prove fruitful for fuel consumption due to air resistance force.  
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9.2 Procedure for Creating the MNEDC  
 

To compare the two models, like the MNEDC, the maximum speed values of both cycles have 
been compared, to then enable an accurate comparison to CO2 (Bosch, 2014). All equations 
used were also provided during supervisor meetings. As the velocity and time are not set to 
change, the first calculation completed is converting velocity from km/hr to m/s, from this 
the acceleration is then calculated.  

Acceleration is a measurement of how quickly the velocity changes in the vehicle. In this instance, 
acceleration in Equation 5 is the change in velocity from Vel1 to Vel2 in respect to time, the initial 
position was Vel1.  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑚𝑚 𝑠𝑠⁄ 𝑠𝑠⁄ ) = 𝑉𝑉𝑉𝑉𝑙𝑙2 − 𝑉𝑉𝑉𝑉𝑙𝑙1 

Equation 5 Acceleration at the Wheels 

The rolling force and aero force are needed as they are resistive forces acting on the vehicle 
which initiate the vehicles state in motion. Equation 6 and Equation 7 has been described in 
greater detail in section 10.4.1 Coast Down Test. 

 

𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝜇𝜇 ×𝑀𝑀 × 𝐺𝐺 

Equation 6 Rolling Force 

𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =
1
2

 × 𝜌𝜌 × 𝐶𝐶𝐷𝐷 × 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  × 𝑉𝑉2 

Equation 7 Aero Force 
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If statements were used on Excel to eliminate any negative forces that derived from the 
deceleration of the vehicle. This is to ensure that the future calculations are not affected 
throughout the spreadsheet.  Below is the function used for Equation 8: 

 

 

 

 

 

 

 

 

𝐹𝐹𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 (𝑁𝑁)  = 𝑀𝑀 × 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐹𝐹𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  

Equation 8 Wheel Force 

The vehicle energy per second in both Joules and Kw was then calculated, averaging both 
negative and positive values over the cycle provide the assumption that this is the power 
driving the vehicle energy per/sec.  

 

𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐽𝐽 sec⁄ ) = 𝐹𝐹𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 × 𝑉𝑉𝑉𝑉𝑉𝑉 (𝑚𝑚 𝑠𝑠⁄ ) 

𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐾𝐾𝐾𝐾/𝑠𝑠𝑠𝑠𝑠𝑠) =
𝑉𝑉𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝐽𝐽 𝑠𝑠𝑠𝑠𝑠𝑠⁄ )

1000
 

Equation 9 Vehicle Energy (J/sec & Kw) 

𝑉𝑉𝑉𝑉𝑙𝑙𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 (𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ )   =
𝑉𝑉𝑉𝑉𝑉𝑉 (𝑚𝑚/𝑠𝑠)

2𝜋𝜋 ×𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑅𝑅𝑅𝑅 
 

𝑉𝑉𝑉𝑉𝑙𝑙𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒  (𝑟𝑟𝑟𝑟𝑟𝑟 𝑚𝑚𝑚𝑚𝑚𝑚⁄ ) = 𝑉𝑉𝑉𝑉𝑙𝑙𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒(𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ ) × 60 

𝑉𝑉𝑉𝑉𝑙𝑙𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒  (𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠)  = (𝑉𝑉𝑉𝑉𝑉𝑉 (𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ ) × 360) × �
𝜋𝜋

180
� 

Equation 10 Wheel Velocity (rev/s), (rev/min) & (rad/s) 

  

Figure 6 IF Function for Wheel Force 
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A motor vehicles driveline is the portion of the vehicle that is delivers the power to the driving 
wheels. The drivetrain is coupled with the engine to produce mechanical power to rotate the 
axle. This includes physically linking components, at the opposite ends of the vehicle, so this 
requires a prop shaft or a drive shaft. The operating speed of the engine and the wheels are 
different, therefore gear ratios need to be used to ensure that vehicle speed changes remain 
efficient and no efficiency is lost through this process. The components that are included in 
a manual driveline are differentials, clutch, gearbox, rear axle and final drive. The following 
equations were used to provide the engine speed at different gear ratios, which then the fuel 
usage could be calculated by using the relevant speed and torque/BMEP. This is explained 
further in 9.3 Fuel Usage.  

 

𝑇𝑇𝑇𝑇𝑟𝑟𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒  (𝑁𝑁𝑁𝑁) = 𝐹𝐹𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒  ×𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑙𝑙𝑅𝑅𝑅𝑅 × 2 (𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) 

Equation 11 Wheel Torque 

 

𝐴𝐴𝐴𝐴𝑐𝑐𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒  (𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ 𝑠𝑠⁄ ) = 𝑉𝑉2𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 (𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ 𝑠𝑠⁄ ) −  𝑉𝑉1𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 (𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ 𝑠𝑠⁄ ) 

Equation 12 Wheel Acceleration 

 

𝑇𝑇𝑇𝑇𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑁𝑁𝑁𝑁) =  𝑇𝑇𝑇𝑇𝑟𝑟𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 + (𝐼𝐼𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 × 𝐴𝐴𝐴𝐴𝑐𝑐𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒)  

Equation 13 Driveline Torque 

 

𝐴𝐴𝐴𝐴𝑐𝑐𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷ℎ𝑎𝑎𝑎𝑎𝑎𝑎  ((𝑟𝑟𝑟𝑟𝑟𝑟 ⁄ 𝑠𝑠) ⁄ 𝑠𝑠) = 𝐴𝐴𝐴𝐴𝑐𝑐𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒  ((𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠)/𝑠𝑠) 

Equation 14 Driveshaft Acceleration 

 

𝑇𝑇𝑇𝑇𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑁𝑁𝑁𝑁) = 𝑇𝑇𝑇𝑇𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑁𝑁𝑁𝑁) 

Equation 15 Differential Output Torque (Nm) 

 

𝑇𝑇𝑇𝑇𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑁𝑁𝑁𝑁) =
𝑇𝑇𝑇𝑇𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

(𝐹𝐹𝐹𝐹ɳ × 𝐹𝐹𝐷𝐷𝑅𝑅) 
 

Equation 16 Differential Input Torque 
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Figure 7, Figure 8 and Figure 9 are presenting the IF functions used to calculate the correct engine 
speed with the correct gear ratio and gear efficiency in Excel. IF (C26=1 < this function is an example 
of the author telling the software that if the gear is equal to 1 then use the efficiency and ratio for 1st 
gear. By doing this the engine RPM, which is a function of the final drive ratio and gear ratio, will be 
the correct and efficient range for the gear.  The engine speed is then needed to calculate the 
engine internal torque and BMEP, which is then used in later calculations for the fuel usage.  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑁𝑁𝑁𝑁) = 𝑇𝑇𝑇𝑇𝑟𝑟𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝐺𝐺ɳ×𝐺𝐺𝑅𝑅

 

Equation 17 Actual Transmission Input Torque 

 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑅𝑅𝑅𝑅𝑅𝑅 𝑠𝑠⁄ 𝑠𝑠⁄ ) = 𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴𝐴𝐴𝐴𝐴 (𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ 𝑠𝑠⁄ ) × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 

Equation 18 Engine Acceleration 

Figure 7 IF Function for Gearing 
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𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸(𝑅𝑅𝑅𝑅𝑅𝑅) = 𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑉𝑉𝑉𝑉𝑉𝑉(𝑟𝑟𝑟𝑟𝑟𝑟/𝑚𝑚) × 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 × 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 

Equation 19 Engine RPM 

  

Figure 8 IF Function for correct Gear Ratio 

Figure 9 IF Function for Correct Gear Ratio (RPM) 
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𝑇𝑇𝑇𝑇𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 (𝑁𝑁𝑁𝑁) = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑁𝑁𝑁𝑁) + 𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼(𝑘𝑘𝑘𝑘 𝑚𝑚2⁄ ) × 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 (𝑟𝑟𝑟𝑟𝑟𝑟 𝑠𝑠⁄ 𝑠𝑠⁄ ) 

Equation 20 Engine Internal Torque 

 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 (𝑁𝑁 𝑚𝑚2⁄ ) =
𝑇𝑇𝑇𝑇𝑟𝑟𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 × 4𝜋𝜋

�
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝑒𝑒𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

106 �
 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 (𝐵𝐵𝐵𝐵𝐵𝐵) = 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 (𝑁𝑁 𝑚𝑚2⁄ ) × 105 

Equation 21 BMEP (N/m2) & (Bar) 

The following fuel equations were also used when calculating CO2 and Fuel Usage in the RDE 
cycles.  

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑡𝑡𝑡𝑡 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 =
1 𝐿𝐿𝑖𝑖𝑡𝑡𝑡𝑡𝑡𝑡 
4.545

 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺  

Equation 22 Fuel Conversion from Litre to Gallons 

1 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 750𝑔𝑔𝑔𝑔𝑔𝑔 (𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓) 

Equation 23 Fuel Conversion Litre to gms of Fuel 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿) =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑔𝑔𝑔𝑔 𝑠𝑠⁄

750
 

Equation 24 Fuel Conversion from grams to Litre 

 

𝑀𝑀𝑀𝑀𝑀𝑀 =
𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 (𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑖𝑖𝑖𝑖 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 

  

Equation 25 MPG 

3.09 𝑘𝑘𝑘𝑘 𝐶𝐶𝑂𝑂2 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐾𝐾𝐾𝐾 𝑜𝑜𝑜𝑜 𝐶𝐶𝑂𝑂2
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐾𝐾𝐾𝐾 𝑜𝑜𝑜𝑜 𝐶𝐶8𝐻𝐻18

=
352
114

 

𝐶𝐶𝑂𝑂2 (𝑔𝑔 𝑘𝑘𝑘𝑘⁄ ) =
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑔𝑔) × 3.09
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷(𝑘𝑘𝑘𝑘)

 

Equation 26 CO2 Calculations 
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9.3 Fuel Usage  

To find the fuel usage polynomial equations were used from the original data of the engines.  

In Excel, graphs were created using fuel usage on the y axis and depending on the vehicle, 
BMEP or Torque demand on the x axis. Using the graph functions a polynomial trendline 
and equation was presented on the graph. Each RPM will have a different equation, only 
3000RPM has been used for an example, the other graphs and equations used can be found 
in 13.5.1 Fuel Usage Graphs.  

  

Graph 10 Polynomial Graph for 3000RPM 

Graph 11 3000RPM Polynomial for Ford 

Torque Demand % 
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The following figures are showing the accuracy of the polynomial equations to the original, 
to validate the equation before using in the model. The Ford Fox uses torque demand as a 
percentage for the reference points tested for fuel usage and the Passat uses BMEP in Bar.  

 

 

 

 

  

Figure 10 Original VW Passat Fuel Data 

Figure 11 Polynomial VW Passat Fuel Data 
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Figure 13 Polynomial Values for the Fuel (g/sec) 

Figure 12 Ford Fox Fuel Values (kg/h) (FordMotorCompany, 2012) 
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The following section will explain how the polynomials were retrieved and then calculated 
for each vehicle.  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑔𝑔𝑔𝑔𝑔𝑔 sec⁄ ) = 𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑𝒑 𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆  

Equation 27 Fuel Flow Equation From Polynomials 

𝑦𝑦 = 𝑦𝑦 + �
𝑥𝑥 − 𝑥𝑥1
𝑥𝑥2 − 𝑥𝑥1

�× (𝑦𝑦2 − 𝑦𝑦1) 

Equation 28 Interpolation Equation for Polynomials 

An IF statement in Excel and Equation 28 was used to find the estimating values between the 
known data points of the BMEP/Torque Demand. Circle 1, is the IF statement asking the 
software that if the RPM selected CellY22, is greater than 300 but smaller than 850, use the 
following equation. Circle 2, is showing the use of the interpolation equation, where (CellY22) 
is the RPM calculated at that data section and using interpolation to give the estimated value 
using the polynomial.  Circle 3 is showing the repetition in the formula to ensure that no data 
points have been left out.  

 

 

 

 

 

 

 

 

  

1 

2 

Figure 14 If Function, Polynomial and Interpolation Example 

 

3 
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3D graphs have been formed to create a physical representation of the fuel usage. The VW 
Passat shows a very high value for high BMEP and high RPM, 34.51(g/sec), this can be due to 
the cooling effect of excess fuel at high temperatures in the engine, caused by very high 
pressures as it is supercharged and turbocharged. The Passat is also a stratified fuel injection 
which is a forced aspiration, and the fuel is injected straight into the combustion chamber to 
create a stratified charge, this increases the torque and power of the engine with a higher 
compression ratio. TSFI can help reduce emissions and is 15% more economical due to the 
fuel distribution in the chamber (Audi, 2009).   

 

  

Graph 12 VW Passat Polynomial Fuel Usage 

RPM  
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The Ford being a 1L compared to the 2L Passat cannot achieve the same torque at the higher 
RPM’s therefore the fuel data does not consider this. There is a gradual fuel increase, and 
doesn’t peak with extreme fuel usage, producing less fuel than the Passat. The turbochargers 
still increases fuel efficiency but not increasing power, the turbo recovers waste energy in the 
exhaust and feeds it back into the engine intake (Cummins, n.d.). The wasted energy 
increases the mass of air, and it becomes easier for all the fuel to be combusted by the spark 
plug.   

 

  

Graph 13 Ford Fox Fuel Usage from Polynomials 

RPM  
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9.4 Values Calculated  
 

Table 11 Max Speed of UDC and EUDC Driving Cycle Data 

 
VW Passat Ford Focus 

Measurement 
UDC. Max Speed 

50(km/hr)  
EUDC. Max Speed 

120(km/hr)  
UDC. Max Speed 

50(km/hr)  
EUDC. Max Speed 

120(km/hr)  

Velocity (m/s) 13.9 33.33 13.9 33.33 
Acceleration (m/s/s) 0 0 0 0 

Wheel Force (N) 346.270 838.8 306.96 872.205 
Vehicle Energy Per Sec 

(J/sec) 4809.3 27959.9 4263.26 29073.5 

Vehicle Energy per sec (Kw) 4.81 27.96 4.263 29.07 
Wheel Velocity (rev/s) 6.91 16.58 6.9 16.6 

Wheel Velocity (rev/m) 414.47 994.72 414.47 994.72 

Wheel Velocity (rad/s) 43.403 104.17 43.403 104.17 
Wheel Torque (Nm) 110.81 268.42 98.226 279.12 
Wheel Acceleration 

(rad/s/s) 0 0 0 0 

Driveline Torque (Nm) 110.8 268.42 98.23 279.12 
Driveshaft. Acceleration 

(rad/s/s) 0 0 0 0 

Diff. Out Torque (Nm) 110.81 268.42 98.23 279.12 
Diff. Input Torque (Nm) 29.92 72.5 25.68 72.95 

Actual Transmission Input 
Torque (Nm) 28 85.9 19.92 91.61 

Engine Rad/s/s 0 0 0 0 

Engine RPM 1796 3409 2289 3323 
Engine Torque (Nm) 28 85.9 19.916 91.61 

BMEP (bar) 1.762 5.396 1.251 5.756 
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Table 12 Fuel and CO2 Consumption on UDC and NEDC 

 

Table 13 Actual Stated Values Found From Research 

 

 

 

 

 

 

 

 

 

 

 

 VW Passat Ford Focus 

Measurement 
UDC. Max Speed 

50(km/hr)  
EUDC. Max Speed 

120(km/hr)  
UDC. Max Speed 

50(km/hr)  
EUDC. Max 

Speed 120(km/hr)  

Final Fuel Usage (g/sec) 0.68 2.424 0.464 2.165 

Fuel Usage (g) 320.2 407.4 207.6 320.4 

Total Fuel (g) 727.6 528 

MPG 26 34 40 44 

Combined (MPG) 30 42 

CO2 Emissions (g/Sec)  0.002 0.007 0.001 0.007 

CO2 Emissions (g/km)  89.71 114.15 58.33 90 

Total CO2 (g/km) 203.87 148.33 

 VW Passat (ultimatespecs, 2009) Ford Focus (FordMotorCompany, 2012) 

Measurement 
UDC. Max Speed 

50(km/hr)  
EUDC. Max 

Speed 120(km/hr)  
UDC. Max Speed 

50(km/hr)  
EUDC. Max Speed 

120(km/hr)  

MPG 26 46 47.8 68.8 

Combined (MPG) 36 58.5 

Total CO2 (g/km) 183  109 
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10. Real Driving Emissions on an Audi A3 
 

The NEDC CO2 and MPG are obtained when the vehicles are type approved in the NEDC 
cycle, for this section the MPG used from research are those for the Audi A3. 

Carbon dioxide and MPG values that are obtained under the WLTP may be higher than those 
that are obtained under the NEDC cycle. There is still anticipation that the taxation and the 
registration of the fleet emissions will remain on the NEDC values till 2020/2021 (volkswagen, 
n.d.). This is due to the lack of testing of the new drive cycle to present accurate values to go 
by. By keeping to the NEDC values there won’t be an influx in vehicles exceeding the CO2 
limit. In line with the Government guidance the NEDC figures will still be stated even for type 
approved WLTP (volkswagen, n.d.).  

Due to this literature, the RDE carried out on the Audi A3 will be compared to the NEDC 
legislations that were in place for Euro 3.  
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10.1 On-board Diagnostics, OBD  
 

OBD refers to a vehicles self-diagnosing and reporting capability, it was first introduced in 
the 1980’s. OBD systems give the vehicle owner or repair technician access to the status of 
various subsystems within the ECU. Modern systems now use standardized digital 
communications point to provide real time data in addition to standardized series of 
diagnostic trouble codes, these allow rapid identification and remedy malfunctions (ARB, 
2015).  

OBD has had many improvements and different adjustments. OBD2 is an improvement in 
both capability and standardization on the first generation, OBD1. The OBD2 standard 
specifies the type of connector and pins for the connection, electrical signalling protocols 
available and messaging format (ARB, 2015).  

To retrieve real-live testing data for this report, an XTRONS ELM327 OBD2 Car Bluetooth 
Scanner was purchased. The connector was connected to a port underneath the steering 
wheel. There is a pin in the connector that provides power for the scan tool from the vehicle 
battery, which eliminates a separate power source. The OBD2 provides a list of standardized 
diagnostic trouble codes, a single device can query the on-board computers for these 
parameters in any vehicle.  

Standardization was prompted to simplify diagnosis of an increasingly complicated 
emissions equipment, most manufacturers have made the OBD2 data link connector the 
main connector in the vehicle through which all systems are diagnosed and reprogrammed 
(EuropeanCommunities, 1998). OBD2 is the common definition for the system, however 
there is an EOBD system that is used for the European OBD. The EOBD applies to all 
passenger cars of category M1, the Audi falling into this category (V5C, 2017), those which 
are first registered within the EU member states since January 2001 for petrol cars.  

 

  

Figure 15 XTRONS OBD2 Bluetooth Scanner 
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Literature from The European Parliament and of the Council stated in 1998 that new 
provisions for the OBD should be introduced with a view of permitting an intermediate 
detection of failure of anti-pollution vehicle equipment and thus allowing a significant 
upgrading of the maintenance of initial emissions performance from 2001-2005. The paper 
also stated that OBD systems offer unrestricted and standardized access: information must 
be provided for diagnosis by suppliers of vehicle parts and repairs, to not create any 
disadvantage throughout the industry. (EuropeanCommunities, 1998)  

10.2 OBD Data Available  
OBD2 provides access to data from the ECU and offers a valuable source of information for 
trouble shooting. Certain manufacturers will allows access to their specified information.  

 

Table 14 Variables Chosen for the RDE Cycle 

Variables Chosen for the RDE Cycle 
GPS Time Intake Air Temperature (°C) 

 Device Time Intake Manifold Pressure (psi) 
 Longitude Mass Air Flow Rate (g/s) 
 Latitude Miles Per Gallon (Long Term Average)(mpg) 

GPS Speed (Meters/second) Relative Throttle Position (%) 
 Altitude (m) Speed (GPS)(mph) 

Air Fuel Ratio (Measured)(:1) Throttle Position (Manifold)(%) 
Engine Coolant Temperature (°C) Timing Advance (°) 
Engine kW (At the wheels)(kW) Torque (Nm) 

Engine Load (%) Trip average MPG (mpg) 
Engine RPM (rpm) Trip Distance (miles) 

Fuel flow rate/minute (cc/min) Trip distance (stored in vehicle profile)(miles) 
Fuel used (trip)(l) Trip Time (Since journey start)(s) 

Horsepower (At the wheels)(hp) Voltage (OBD Adapter)(V) 
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10.3 Specification Sheet 
The specification sheet was created by the author before using the OBD2 adapter so the data 
that would be recorded was unknown. To the authors advantage a lot of variables were 
recorded which made the collation of data easier. The variables that endorsed the report 
were device time, date, and longitude/latitude position of every trip.  

Creating specification sheets allows the user to record and document the trips accordingly, 
ambient pressure could not be recorded due to lack of equipment however the temperature 
used in this report was always taken from the vehicles own reading on the dashboard. The 
importance to record fuelling ensures the weight of the vehicle and to clarify that the fuel 
usage in response to those recorded from OBD2.   

Figure 16 RDE Specification Sheet 
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10.4 Steps to the RDE Cycles 
 

10.4.1 Coast Down Test 

The vehicle start speed was recorded to be 60mph, the engine was disconnected from the 
wheels with the clutch engaged. The vehicle slowed down to a stop gradually over 119 
seconds over a distance of 1475m. The reason for carrying out this test was to calculate the 
resistive forces acting on the vehicle, the vehicle will slow down if these forces are greater 
than the vehicles forward motion.  

These are showing in Figure 17.  

 

 

 

  

 

 

 

 

 

 

10.4.1.1 Aerodynamic Force/Drag  
When the vehicle is travelling through the air, there is a resistance due to the molecules of 
air colliding with the vehicle. If the air is denser, the resistance is greater, and if the air is 
lighter, the resistance is lessened (Sengerandu, 2013).   

10.4.1.2 Rolling Force   
When the vehicle is in motion, and the tyres are rolling over the contact surface, the relative 
motion of the two surfaces produces friction. For this coast down it is assumed that the tyre 
is a constant radius and a very small patch of tyre, therefore no energy loss will be generated 
by slip (Sengerandu, 2013).  

“For the coast down test will be assumed a road not too bumpy” (Preda, et al., n.d)  

Literature states that to complete the test effectively the road cannot be too bumpy. 10.4.1.3 

Altitude explains how this proved to be true. Calculations used to find the values of these are 
presented in 10.4.1.4 Drag Co-Efficient and 10.4.1.5 Rolling Resistance.  

Ѳ 

mgsinѲ 

FAero 

FRolling 

Figure 17 Resistance to Motion Test Annotation with an Angle 
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10.4.1.3 Altitude  

The altitude is measured by using the phones own GPS and the units are in m. Initially it was 
thought that the vehicle was either going up or downhill. Graph 14 is showing the altitude 
changes over 1475 metres. When conducting the calculations over this time frame there were 
inaccuracies. Figure 18 is presenting the incorrect data for the overall altitude throughout the 
journey. 

 

Figure 18 Altitude Anomalies 

Graph 14 Altitude vs Time for Coast Down 



62 | P a g e  
Bernadette Gray 

The altitude difference was a simple calculation of subtracting the second altitude value by 
the first. However, the altitude difference values were jumping from negative to positives, 
this is because of slight bumps in the road, making it difficult to achieve the change in angle 
every second.  

Referring to the earlier statement made of road surface affecting coast down test (Preda, et 
al., n.d) the data was then cut down to approximately 20seconds. 

 Graph 15 is evidence of the slightly uneven surface, however the change in altitude was taken from 
two data points, 29 – 61. The calculations have been discussed further into the report.  

  

Graph 15 Altitude vs Time 
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10.4.1.4 Drag Co-Efficient  
The following equations were used to find the values for co-efficient of drag and the rolling 
resistance.  

𝐹𝐹𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 =  𝜇𝜇 ×𝑀𝑀 × 𝐺𝐺 

Equation 29 Rolling Resistance 

𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =
1
2

 × 𝜌𝜌 × 𝐶𝐶𝐷𝐷 × 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  × 𝑉𝑉2 

Equation 30 Aero Force 

 

𝐹𝐹𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑒𝑒 −   𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅  + 𝑀𝑀 × 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  𝑀𝑀 × 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 

𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 − 𝑀𝑀 × 𝑔𝑔 × 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑀𝑀 × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷   

On the coast down test due to the clutch being disengaged, the wheel force becomes 0.  

𝜌𝜌𝐶𝐶𝐷𝐷𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(𝐴𝐴𝐴𝐴) = 𝟎𝟎.𝟖𝟖𝟖𝟖 

Equation 31 𝜌𝜌𝐶𝐶𝐷𝐷𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 
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As the air density value is stated to be 1.2Kg/m2 and the frontal area is 2m2 the equation can 
be rearranged to find the drag co-efficient.  

𝐶𝐶𝐷𝐷(𝐴𝐴𝐴𝐴) =
𝜌𝜌𝐶𝐶𝐷𝐷𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴

𝜌𝜌
 

𝐶𝐶𝐷𝐷𝐴𝐴(𝐴𝐴𝐴𝐴) =
0.88
1.2

= 𝟎𝟎.𝟕𝟕𝟕𝟕 

Equation 32 𝐶𝐶𝐷𝐷(𝐴𝐴𝐴𝐴) 

𝐶𝐶𝐷𝐷 =
𝐶𝐶𝐷𝐷𝐴𝐴
𝐴𝐴

  

𝐶𝐶𝐷𝐷 =
0.73

2
= 𝟎𝟎.𝟑𝟑𝟑𝟑𝟑𝟑 

Equation 33 𝐶𝐶𝐷𝐷 

 

 

 

  

Figure 19 Coast Down Test Results 
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10.4.1.5 Rolling Resistance  
 

Tyre rolling resistance can be defined as the force required to maintain the forward 
movement of a loaded tyre in a straight line. The tyre losses can be from, friction or scrubbing 
between tyre and road way, aerodynamic drag of wheels and losses of tyres due to constant 
cyclic stresses. Friction or scrubbing losses occur due to slippage at the tyre to road, due to 
tangential forces and difference in the radius of the tyre and the contact to the surface 
(Varghese, 2013).  

 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶  (𝑁𝑁) =  𝜇𝜇 ×  𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑔𝑔 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  

Equation 34 Rolling Resistance 

As the vehicle was slowing down, the acceleration turns into deceleration.  

 

10.4.4.6 Rolling Resistance Co-Efficient 
The rolling resistance co-efficient is a dimensionless value that is considered to be constant 
or proportional to engine  

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐴𝐴𝐴𝐴) = 188𝑁𝑁 

µ =
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅(𝐴𝐴𝐴𝐴)(𝑁𝑁)
𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 (𝑘𝑘𝑘𝑘) × 𝑔𝑔

 

𝜇𝜇 =
188

1205 × 9.81 
= 𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 

Equation 35 Rolling Resistance Co-Efficient 

From literature (Bosch, 2014) states that the standard rolling resistance co-efficient is 
0.012, an increase in rolling resistance can increase fuel temperature. However, if the rolling 
resistance was to go the opposite affect towards 0.006 then the tyres will have no grip and 
be dangerous for car users.   
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The efficiency of a tyre can improve fuel consumption by 7% for motorway type driving and 
4% for urban style driving. A 10% reduction in rolling resistance can improve fuel economy 
by 4%, larger tyres have higher rolling resistance forces but a lower rolling resistance co-
efficient as the load is higher requiring more effort to turn due to physics. The reason can be 
down to the tyre tread bending and stretching and can recover simply (Varghese, 2013).  The 
rolling resistance of a vehicle is also dependent on the temperature of the surroundings such 
as the ambient air temperature and the contact surface (Ejsmont, 2017).  

Rolling resistance of tyres from NEDC conditions can account for 20-25% of the total vehicle 
energy loss, 5-30% reduction in rolling resistance can lead to 13.5% improvements to fuel 
consumption. Due to the energy inefficiency tyres can have on a vehicle, the NEDC have 
classes for rolling resistance ranging from A-G. Vehicles tested on the NEDC dynamometer 
can have different tyres on than those sold for customers (Fontaras, et al., 2016). This 
variation in the rolling resistance co-efficient can reach up to 90%, increasing fuel 
consumption by 7.5%.  

The WLTP is now introducing that the tests will be conducted with a tyre in class A and class 
G, to then advertise fuel efficiency with no discrepancy (Fontaras, et al., 2016).  
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10.4.2 Wheel Rolling Radius  

 

 

 

 

 

 

 

 

The values for the Audi A3 tyre dimensions were retrieved physically from the author’s 
vehicle. Equations from (Shibashis Ghosh, 2012) were used to find the correct rolling radius 
for the RDE project vehicle. 

 Table 15 Nomenclature Used for Tyre Dimensions 

 

 

 

𝐷𝐷 = 𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 × 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊  

𝐷𝐷𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 0.45 × 225 = 𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓𝒎𝒎𝒎𝒎 

Equation 36 Depth Height of the Tyres 

𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =
(17 × 25.4)

2
= 𝟐𝟐𝟐𝟐𝟐𝟐.𝟗𝟗𝟗𝟗𝟗𝟗 

Equation 37 Rim Outer Radius 

𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑙𝑙𝑅𝑅𝑅𝑅 = 𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 + �
𝐴𝐴𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 × 𝑇𝑇𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊

1000
� 

𝑊𝑊ℎ𝑒𝑒𝑒𝑒𝑙𝑙𝑅𝑅𝑅𝑅 = 215.9 + �
0.45 × 225

1000
� = 𝟎𝟎.𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑 

Equation 38 Wheel Rolling Radius for Audi 

  

Nomenclature Definition Values 
RDIAMETERCODE Rim Diameter (Inches) 17 

TWIDTH Tyre Width (mm) 225 
ARATIO Aspect Ratio (%) 45 

 Inches to mm conversion 25.4 

RDIAMETER  

ARATIO 

TWIDTH    

Figure 20 Wheel Dimensions 
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11.  RDE Cycles Conducted   
 

This section will explain the cycles completed to gain data for the RDE section of this report.  

Table 16 Audi A3 MPG and Fuel Consumption Data (ultimatespecs, n.d) 

 

11.3.1 Briton Ferry  
 

            Table 17 Briton Ferry Drive Cycle 

   

  

 

 

 

 

 

 

 

 

Figure 21 has been taken from the Torque app used on the author’s phone to record the 
data, for every route carried out the GPS records the location. The GPS also records the 
speed, then produces a photo showing the route.  The definition for the colours in the 
picture can be found below.  

Table 18 Speed Range Key for RDE 

 

,   

 

Fuel Consumption - Economy - Combined: 7 L/100km 40 mpg UK 

Fuel Consumption - Economy - Extra Urban: 5.5 L/100km 51 mpg UK 
Fuel Consumption - Economy - City: 9.6 L/100km 29 mpg UK 

Measurements Values Units 

Total Distance 15951.122 m 

Total Distance 15.951 Km 

Total Distance 9.570673101 miles 

Total Fuel Used 1279.565 g 

Total Fuel Used 1.706 L 

Miles Per Gallon 25.494 MPG 

Total CO2 Emitted 247.8732633 g/km 

 Maximum Speed 
 High Speed 
 Mid Speed 
 Low Speed 

Figure 21 Briton Ferry Drive Cycle 
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This trip was the first carried out, for this report it was used as a test trip.  

This section will explain the steps taken to calculate CO2, MPG and the total fuel used for 
the RDE. The OBD2 adapter measures the fuel every second in cc/min this value was then 
converted to g/sec.  

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑐𝑐𝑐𝑐 min 𝑡𝑡𝑡𝑡 𝑔𝑔 sec = ⁄ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹⁄ 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 (𝑐𝑐𝑐𝑐) ×
0.75 

60
 

Equation 39 Fuel Conversion cc/min to g/sec 

Equation 4 CO2kg and CO2g/km Calculations and Equation 25 MPG were used to calculate 
the CO2 emissions, assuming that the Audi is operating at stoichiometric.  

This test was conducted over 27 minutes, with 15km covered. The test consists of numerous 
stops as seen in Graph 16. The speeds range from 70mph to very low speeds through the 
town, with an average speed of 27mph. This cycle is a representation of urban driving and 
extra urban, with a likeliness to the WLTP speed profile seen in Figure 4 WLTP Graph 
Example (volkswagen, n.d.).   

Graph 16 Briton Ferry Speed vs Time 
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Over the 15km covered, 1279 g’s of fuel was used, producing 247 g/km of CO2 and a MPG of 
25. When comparing the combined NEDC MPG, to the MPG calculated there is a 37.5% 
decrease of the value stated from manufacturers. It can be argued that the distance 
covered is longer than the NEDC, however the values advertised are not accurate.  

The 170g/kmCO2 figure for the combined drive cycle has now increased by 45% in this 
particular cycle. 

Without having values to compare % increase the only assumptions for these values is the 
cycle is more of a reflection to real world figures of fuel consumption and CO2 than the 
NEDC. (Fontaras, et al., 2016) Stated in 2016 that there is a 30-40% increase in official 
values of the NEDC to the real world type approval tests. According to this statement the 
calculations can be proved true.  

 

 

Graph 17 Briton Ferry Data 
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The start/stop technology values were calculated with the assumption that fuel usage is zero 
when the velocity is zero. The fuel cut off assumes that the acceleration is less than 0, 
indicating deceleration and fuel injectors are cut. With a combination of the two technologies 
the fuel consumption and CO2 emissions over the whole route has been reduced by 43% This 
means that the CO2 emissions can be cut by half by using these technologies, improving the 
carbon footprint of automotive vehicles. It is important to mention that the vehicle is a 2003 
A3 Audi, 1.6, therefore the emissions equipment on there today are nowhere near advanced 
as 2018. It is also relevant that the equipment may not be working to the same standard as 
they would have upon release due to rust, dirt from roads and wear and tear of the vehicle.  

 

Graph 18 Briton Ferry, Fuel Technology 

Graph 19 Briton Ferry CO2 with Technology 
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Graph 20 is showing the difference of the two MPG with the average speed of the Briton Ferry route.  

  

Graph 20 Average Speed, MPG 



73 | P a g e  
Bernadette Gray 

 

11.3.2 Motorway, M25 and M4 
Table 19 Motorway Drive Cycle Data 

 

 

 

 

 

The motorway route was conducted over 35km even though the whole route was a distance 
of 395km, the total distance could not be used as there was traffic and variable speed limits 
along the route hindering the average speed and the fuel consumption.  

The motorway fuel consumption calculated the MPG to be 34, to prove the accuracy of this, 
cross checking was carried out.  

395 𝑘𝑘𝑘𝑘 = 237 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 

237𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚
34𝑀𝑀𝑀𝑀𝑀𝑀

× 4.545 = 31.7𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 

This is a very close estimate, since the journey has been completed before the author 
knows that the vehicle uses just over half a tank, 27.5 litres. Providing the figure to be 
31.7liters, this can be seen as validation of the data.  

   

 

 

Measurements Values Units 
Total Distance 35005.764 m 
 Total Distance 35.006 Km 
 Total Distance 21.0034582 miles 

Average Positive Kw coming from vehicle 8.62013699 Kw 
Total Energy Used Driving 10171761.649 Joules  

Average Negative Kw coming from vehicle -1.446038516 Kw 
Total Energy Used Slowing Down 1706325.449 Joules  

Total Fuel Used 2081.221 g 
Total Fuel Used  2.775 L 
Miles Per Gallon 34.401 MPG 

Total CO2 Emitted 183.7117855 g/km 

Figure 22 Motorway Type Driving, M25,M4 19th 
March 
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Graph 22 Motorway Data 

Graph 21 Motorway MPG Comparisons 



75 | P a g e  
Bernadette Gray 

 

 

 

 

 

 

 

 

 

 

 

 

The extra-urban part of the NEDC, lasts for only 400seconds and the highest speed of 
120km/hr only lasts for 80’s. Comparing the MPG found from the motorway with the NEDC 
values is impracticable as one speed is not measured for a constant times.  

The overall CO2 value is lower because when on the motorway there are no inefficiency 
gear changing which means inefficient engine speeds. With inefficient engine speeds the 
fuel may not burn fully, therefore not providing as much power. Whereas on the motorway 
an engine can work at its optimum at a constant speed, with the perfect volumetric 
efficiency of the intake and the throttle opening, which in turn creates cleaner combustion 
if the temperature isn’t too hot.  

  

Graph 23 Average Speed and CO2 for Motorway 



76 | P a g e  
Bernadette Gray 

11.3.3 Mumbles 
 

The first Mumbles Cycle was carried out on the 7th of March, also referred to as MC1. This 
route was chosen to represent an urban type drive test, with speeds varying from 10-40mph. 
The test was carried out again on the 12th of March, named as MC2, the time chosen was 
during “rush hour” for Swansea, Wales, therefore the test has shown the fuel consumption 
and CO2 for a city at its busiest time.  

The calculations that have carried out in this section are: Acceleration, Wheel Force, CO2, 
MPG, Vehicle Energy and an estimate of fuel usage when using fuel saving strategies such as 
Stop and Start and Fuel Cut off Technologies. These technologies have been explained 
further into the appendices in section     

This section has been split into 2 separate parts, and then an analysis will be completed at 
the end of the results.  
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11.3.3.1 MC1 Data 
 

Table 20 7th March Mumbles Data 

 

 

10.3.3.2 MC2 Data 
Table 21 Mumbles 12th Values 

 

 

Measurements Values Units 

Total Distance 19000.066 m 

Total Distance 19.000 Km 

Total Distance 11.400 miles 

Average Positive Kw coming from vehicle 0.88746281 Kw 

Total Energy Used Driving 1047206.116 Joules 

Average Negative Kw coming from vehicle -1.646088976 Kw 

Total Energy Used Slowing Down 1942384.991 Joules 

Total Fuel Used 1564.754 g 

Total Fuel Used 2.086 L 

Miles Per Gallon 24.834 MPG 

CO2 254.4775711 g/km 

Measurements Values Units 

Total Distance 16547.597 m 

Total Distance 16.548 Km 

Total Distance 9.929 miles 

Average Positive Kw coming from vehicle 0.88056484 Kw 

Total Energy Used Driving 1039066.512 Joules  

Average Negative Kw coming from vehicle -2.055009904 Kw 

Total Energy Used Slowing Down 2424911.687 Joules  

Total Fuel Used 1395.841 g 

Total Fuel Used 1.861 L 

Miles Per Gallon 24.246 MPG 

CO2 260.65 g/km 

Figure 23 Urban Type Driving Mumbles 7th March 

Figure 24 Mumbles 12th Drive Cycle 
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11.4 Comparison of Both Trips  
Graph 24 and Graph 25 can show that the lower the average speed on this trip, the lower the 
fuel consumption. The MC2 had an average speed with stops of 18mph and 22 mph without 
stops. The MC1 however had an average speed of 19mph with stops and 24mph without 
stops. Even though 2mph slower, the MC2 produced less fuel.   

Graph 24 Speed Comparison 

Graph 25 Fuel Usage and Time Comparison 



79 | P a g e  
Bernadette Gray 

The total fuel for the MC1 is 1564kg and MC2 1385g, when using the CO2 calculations, 
Equation 4 the general trend would be the higher the fuel the higher the CO2. However these 
calculations are a function of distance. The MC1 duration was 19km and the MC2 test was 
16km. With a lower distance and lower fuel consumption further calculations were carried 
out. An IF statement was made to see which cycle was under 10mph the longest, indicating 
congestion. The MC1 test had a duration of 958 seconds and the MC2 was 1059 seconds, 
indicating that the MC2 was influenced a lot by other road users. The author can also state 
that the driving was influenced by a slow moving bus and other car users. The following two 
sections explain in detail the reason for the increase in CO2.  Graph 35 further into the 
document is presenting that carrying out the same route in congestion the fuel consumption 
will increase by 2%.  

 

 

 

 

 

 

 

  

Graph 26 Maximum Fuel Usage and Maximum CO2 Values 

Graph 27 Average Speed over Mumbles Drive Cycles 
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11.4.1 Driver and Style  
Drivers differ from one person to the next, whether they are heavy on the throttle, using 
higher rpm’s or late braking.  All of which will have an impact on fuel consumption. The more 
aggressive a drive is on the throttle, the higher the acceleration speeds and the deceleration 
for braking, as well as higher RPM operations.  

The laws of physics state that to get a vehicle moving, it requires more effort than to keep it 
rolling. A driver harsher on the brake during traffic, due to restlessness, by braking sharply 
and accelerating fast, means the vehicle is having to use more power to accelerate the 
vehicle from standstill (Pyefinch, 2015).   

Drivers will also use different gears during congestion, some drivers will remain in 1st while 
others will get the most out of 2nd gear, and gears are in place to make sure that the engine 
is operating efficiently at that part of rpm range of the vehicle.   

When in traffic the throttle position is partly closed, and as mentioned before, throttle 
opening is highly reliable to fuel consumption and the applicable load.  
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11.4.2. Congestion and Traffic Calming Solutions  
The time of both tests differ hugely, one test was conducted at 7:09am with minimal traffic, 
however the second was carried out at 17:00pm during rush hours.  

Congestion has an influence on consumption due to frequent start and stop and acceleration 
in urban situations. Increased traffic affects the speed profile of each trip and influences how 
drivers handle the car. Increased traffic, means increase in CO2 this may be sever under low 
speed urban driving conditions in heavy traffic.  

Idle fuel consumption is such a large part of our city fuel consumption that car makers 
developed the start/stop procedure which stops the car engine, therefore the fuel usage 
when stopped or decelerating for fuel usage.  

 

11.4.3 Altitude  
 

The NEDC type approval test doesn’t take into consideration the altitude, as it is tested on a 
chassis dynamometer the test has never considered the load on the engine with mass and 
gravity acting down including an angle. Graph 28 is presenting that at a higher altitude the 
fuel consumption became much greater than those at low. This particular instance the 
vehicle was travelling up a very steep gradient. This is also another factor that the new RDE 
drive cycle is considering.    

Graph 28 7th March Mumbles, Altitude vs Fuel Usage 
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12.  Cold Starting  
Ambient temperatures determine the temperatures of the vehicle when left for long enough 
for a cold start state, this then affects the components when starting. Literature found from 
U.S Environmental Protection Agency stated that a drop in temperature from 24°C to 7°C 
can increase the fuel consumption in urban commutes by 17-28% (Canada, 2014).  

Cold starts last until all components are at their working temperature (Fontaras, et al., 2016), 
the duration chosen for the test was 120seconds. This duration was chosen as the idling 
period was the same for both cycles, however the two cycle routes differed therefore it 
wouldn’t have been feasible to compare fuel consumption over a longer period.  

The reason for cold starts influencing fuel consumption is that the lubrication systems take 
longer to get to their efficiency operating temperature, transmission, engine components 
and exhaust after treatment all function differently.  Exhaust after treatment does not work 
properly until it has reached above 2000K.  

  

  

Graph 29 Warm and Cold Start Comparison 
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The ambient temperature for the warm start test was 12°C, however, once the air is inducted 
into the engine the actual temperature will change due to heat transfer through the intake 
and cylinder head. 55°C was taken from the dial gauge of the vehicle and the temperature 
values were measured from the OBD2. 

The NEDC test has a starting temperature of 20-30°C, mostly 25°C, as seen by the tests 
carried out the English weather during this period does not fall into that category, and 
therefore this highlights how irrelevant that temperature is to real world application. 
Another piece of literature also stated that for every 10% decrease in air temperature there 
can be a 23% increase of fuel consumption (Fontaras, et al., 2016).  

Cold start for urban cycles increased 15% and 20% for conventional vehicles for 8 petrol cars 
(Fontaras, et al., 2016).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 25 Percentage increase in fuel consumption related to starting temperature (Fontaras, et al., 
2016) 
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𝑦𝑦 = 0.9057 × 𝑋𝑋 + 127.16  

𝑦𝑦 = 0.9057 × 25 + 127.16 

𝒚𝒚 = 𝟏𝟏𝟏𝟏𝟏𝟏.𝟓𝟓𝟓𝟓𝟓𝟓𝟓𝟓 (𝒈𝒈𝒈𝒈𝒈𝒈) 

Equation 40 Interpolation of CO2 for NEDC 

From literature, the author decided to interpolate between the two points on the graph from the 

warm and cold start to suit the NEDC temperature which is 25°C.  

Graph 30 Linear Interpolation for NEDC CO2 

Graph 31 Cold Start vs Warm Start CO2 Emissions 
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Assuming that the NEDC start temperature is 25°C, at 55°C there is a 25% decrease of CO2 
emissions when the start temperature is higher. For the cold start however, there is a 13% 
increase of CO2 due to the increase of fuel needed preventing the engine from stalling through 
the warm up phase.   
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12.1 Relevant Graphs Created From RDE 
The graphs attached after this is just further comparisons made but not elaborated.  

   

Graph 32 Mumbles 7th CO2 Emissions with Fuel Technology 

Graph 33 12th March CO2 Emissions with Fuel Technology 
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Graph 34 Mumbles 7th Fuel Usage with Different Technologies 

Graph 35 Mumbles 12th Fuel Usage with Different Technologies 
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Graph 36 Mumbles 7th Fuel Usage, CO2 and MPG 

Graph 37 Mumbles 12th Fuel Usage, CO2 and MPG 
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13. Conclusions 

The NEDC values for the Passat proved to be in range with the MPG researched, however the 
extra urban was slightly over. This was also the same for the Ford, the Ford CO2 values were 
148g/km from the model whereas researched values were 109 g/km. the only reason the 
author can give is that the polynomial equations may not have been accurate enough at 
higher BMEP and Torque. This will be future work to see if the data is incorrect or the values 
researched are. Overall the NEDC proved to help the understanding of this report, it created 
a platform for the author to produce and understand their own RDE and have a reference 
point on values created by the NEDC. If the NEDC was to be carried out again, more time 
would be spent on being able to apply the Audi to the NEDC model created to compare the 
model and the RDE. It was also attempted to insert the fuel (g/sec) for every second into the 
Mumbles speed profile, however the fuel consumption values were becoming negative, and 
this may also be because of the polynomial equations.  

Other than the altitude values creating problems with the OBD2 data, overall the tool was 
very helpful and easy to use, and surprisingly provided varied and important data. The fact 
the OBD2 was easily accessible is because the European Union made this a legislation for all 
manufacturers to access the OBD.  

Researching the impact of CO2 and how the government have strict legislations not just in 
the automotive industry, makes the seriousness of global warming become more apparent. 
It is important for all industries emitting billions of CO2 to be cautious of this and be confident 
enough to tackle the problem.  

The RDE proved how unreliable the NEDC values can be, the only difference is that the CO2 
is taken at a maximum speed of the two cycles (Bosch, 2014), the argument against this is 
that vehicle isn’t doing this speed all the time therefore this way of measuring is unreliable. 
This can be one of the reasons as to why the CO2 values were greater than those stated in 
the logbook for the Audi. The vehicle is always changing air: fuel ratio which affects CO2 
emittance a Co2 model was attempted using the measured air: fuel ratio however due to 
time this was unfinished. A picture has been added into the appendices presenting the first 
steps, this would be an area where the author would like to expand on after. The aim of the 
project was to find whether the NEDC was accurate to real world driving emissions. From 
research carried out and values calculated the project seems reliable enough to say that it 
isn’t. It can be seen how important the WLTP and RDE legislation is tot eh environment for 
reducing global warming.   
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14. Appendices 

14.1 Carbon Offsetting  
Carbon offset schemes allow companies to invest in environmental project in order to 
balance out their own carbon footprints. This can involve rolling out clean energy 
technologies or purchasing and ripping up carbon credits from an emissions trading scheme 
(Sandbag, 2011).  

Emissions trading is a market based approach to controlling pollution, by creating tradeable 
pollution permits it attempts to add the profit motive as an incentive for good performance 
unlike traditional environmental regulation, which is based solely on the threat of penalties. 
Setting a limit on pollution and allowing the market to decide how to stay within that limit is 
ideally suited to reducing carbon emissions (Sandbag, 2011).    
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14.2 Planning  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendices Figure 1 Chart Screenshot on April 11th 2018 
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14.3 Combustion Model  
 

This section includes the graphs created for the combustion model that was going to be 

completed for the first project.   

Appendices Graph 1 FOX LogV vs LogP 
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Appendices Graph 3 FOX Volume vs Pressure 

Appendices Graph 2 Ford FOX Crank Angle vs Pressure 
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14.4 Drive Cycle  
 

14.4.1 Passat 
 

14.4.1.1 Fuel Usage Graphs   
 

 

 

 

 

 

 

 

 

 

 

  

Appendices Graph 4 500RPM Polynomial, Passat 

Appendices Graph 5 800RPM Polynomial, Passat 
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Appendices Graph 6 1000RPM Polynomial, Passat 

Appendices Graph 7 1250RPM Polynomial, Passat 

Appendices Graph 8 1500RPM Polynomial, Passat 
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Appendices Graph 9 1750RPM Polynomial, Passat 

Appendices Graph 10 2000RPM Polynomial, Passat 

Appendices Graph 11 2500RPM Polynomial, Passat 
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Appendices Graph 12 3500RPM Polynomial, Passat 

Appendices Graph 13 4000RPM Polynomial, Passat 

Appendices Graph 14 4500RPM Polynomial, Passat 
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Appendices Graph 15 5000RPM Polynomial, Passat 

Appendices Graph 16 6000RPM Polynomial, Passat 

Appendices Graph 17 7000RPM Polynomial, Passat 
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13.5 Drive Cycle Ford 
13.5.1 Fuel Usage Graphs   

Appendices Graph 18 800RPM Polynomial 

Torque Demand % 
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Appendices Graph 19 1000RPM Polynomial 

Torque Demand % 

Appendices Graph 20 1250RPM Polynomial 

Torque Demand % 

Appendices Graph 21 1500RPM Polynomial 

Torque Demand % 
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Appendices Graph 24 2250RPM Polynomial 

Torque Demand % 

Appendices Graph 22 2000RPM Polynomial 

Torque Demand % 

Appendices Graph 23 1750RPM Polynomial 
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Appendices Graph 25 2500RPM Polynomial 

Torque Demand % 

Appendices Graph 26 3000RPM Polynomial 

Torque Demand % 

Appendices Graph 27 3500RPM Polynomial 

Torque Demand % 
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 14.6 Real Driving Emissions Section 
  

14.6.1 Fuel Usage  
The OBD2 diagnostic equipment collates the Air: Fuel ratio of the engine for every second.  

14.6.1.1 Air: Fuel Ratio  

For engines the Air: Fuel ratio is crucial for how lean, rich or stoichiometric the fuel usage is. When 

the fuel and air composition is stoichiometric, it means that the structure has the correct amount of 

air and fuel to produce a chemically complete combustion in the chamber. For petrol engines, the 

stoichiometric Air: Fuel ratio is 14.7:1, 14.7 parts of air to one part of fuel (turbobygarrett, n.d.).   

Appendices Table 1 Air: Fuel Ratio 

Lean Stoichiometric Rich 
Greater than 14.7 14.7: 1 Less than 14.7 

With excess air, the products of 
the Equation 2 Isooctane Fuel 
and Air Balance Equation 
generates more O2.  

 There is insufficient oxygen to 
oxidize fully the fuel C and H to 
CO2 and H2O. The products 
are a mixture of H2O and CO2 
with CO, H2 and N2.  

 

The air: fuel ratio determines how combustible the mixture is, the higher the ratio the more air that 

has been added to one part of fuel. The ratio is part of the feedback system of the vehicle to ensure a 

controlled level of emissions (Heywood, 1988). The ratio is measured by a lambda sensor in the 

exhaust system that measures the oxygen level of the exhaust gas. Signals are sent to the ECU in a 

closed loop control system, which enables the fuel injectors to change the levels of fuel used. This 

type of system allows tight tolerances to be used for fuelling, improving the emissions.  
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14.6.2 Mumbles, MC1  

Appendices Graph 29 7th March Mumbles Cycle 

Appendices Graph 28 7th March Mumbles Fuel Usage 
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Appendices Figure 2 7th March Mumbles Google Earth  

Appendices Graph 30 Speed vs Fuel, 7th of March 
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Appendices Graph 31 MC1 Average Speed and Total Fuel Used 

Appendices Graph 32 MC1 Average Speed without Stopping 
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14.6.3 Mumbles MC2 
 

  

Appendices Graph 33 MC2 Average Speed and Total Fuel Used 

Appendices Graph 34MC2 Speed and Fuel Usage, 12th March 
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14.6.4 MOT and Proof of Data V5C  
 

 

  

Appendices Figure 3 Audi A3 V5C Logbook 
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Appendices Figure 4 Basic Emissions test Completed in 
2016 on the Audi A3 
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14.6.5 Rolling Resistance Co-Efficient  
 

Due to the design of the vehicle, the aerodynamic drag from the wheels can vary due to the 
hub or the size, finally, most of the tyre losses can be from the tyre rubber element. Rubber 
has both viscous and elastic response to deformation, viscous is proportional to the rate of 
deformation and the elastic response is proportional to the amount of deformation Visco-
elastic material also has a property of hysteresis which means the material relaxation takes 
more time than material compression time. 

14.6.6 Briton Ferry  
 

 

  

Appendices Graph 35 Briton Ferry Average Speed 
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Appendices Graph 36 Briton Ferry Average Speed and Total Fuel Used 

Appendices Graph 37 Briton Ferry Fuel Usage vs Speed 
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14.6.7 Resistance to Motion 
The total resistance to motion is the sum of rolling resistance, aerodynamic drag and 
climbing resistance. In order to overcome this resistance a sufficient amount of motive force 
needs to be applied to the wheels.  

14.6.8 Drag Co-Efficient Derivation 
𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝜇𝜇 × 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑔𝑔 × 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ×  𝑔𝑔 × 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  

The incline is 𝑀𝑀 × 𝑔𝑔 × 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 and the rolling resistance is the 𝜇𝜇 × 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 × 𝑔𝑔 × 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 

Due to the altitude implications, we are assuming that the slope 0 therefore 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 becomes 0.  

𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴:𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖 1.  𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝜇𝜇 × 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑔𝑔 × 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 

𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝜇𝜇 × 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑔𝑔 = 𝑀𝑀 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  

1
2
𝜌𝜌𝐶𝐶𝐷𝐷 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑉𝑉2 + 𝜇𝜇 × 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑔𝑔 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑  

The drag co-efficient needed to be calculated for every second.  

1
2
𝜌𝜌𝐶𝐶𝐷𝐷 𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑉𝑉

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑜𝑜 = 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ×
𝑑𝑑
𝑑𝑑𝑑𝑑

(𝑑𝑑𝑑𝑑𝑑𝑑) 

𝜌𝜌𝐶𝐶𝐷𝐷𝐹𝐹𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 =
𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 × 𝑑𝑑

𝑑𝑑𝑑𝑑  (𝑑𝑑𝑑𝑑𝑑𝑑)

𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

 

Appendices Figure 5 Force at the Wheel Diagram  

𝑴𝑴𝑴𝑴𝑴𝑴𝑴𝑴 × 𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈𝒈   
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14.6.9 Stop/Start and Fuel Cut Off Technology  
 

When the car comes to a stop, the ECU will cut off supply to the spark and the fuel injectors. 
There is a sensor on the brake or clutch pedal that tells the ECU when the driver has let off 
the pedal, which then allows the engine to fire back up. A bigger battery is required to start 
the engine instantly and with an increase of on and off cycling. The stop and start system is 
there to reduce the amount of time the engine is idling, therefore aiding the reduction in fuel 
consumption. Stop and start technology has become more common due to stricter fuel 
economy and emissions regulations.  
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14.6.10 Other Factors Affecting Fuel Consumption  
14.6.9.10.1 Vehicle Mass 
The mass of vehicles is one of the main factor that manufacturers concentrate on for aiding 
decrease of fuel consumption, especially under low velocity loads. 

The operating mass of a vehicle is defined in the NEDC of an empty vehicle. There have been many 
deceitful methods in testing to reduce the weight of vehicles, such as disabling of auxiliary systems 
(Stenner & Lienkamp, 2014). Some manufacturers disabled units like air conditioning and other 
heating elements that reduced the fuel consumption by around 0.5 – 1 litre of fuel (Stenner & 
Lienkamp, 2014). 

For a given mass value for the NEDC it then gives an inertia value therefore setting a class for the 
vehicle. More power is needed to accelerate the vehicle through the acceleration phases during the 
drive cycle and rolling resistance is increased proportionally. The average weight for passenger cars 
is 1340-1400kg.In general weight reduction is meant to reduce fuel consumption by 5-10%. 

 The NEDC reports a linear relationship between mass reduction and fuel consumption, decrease in 
vehicle weight can lead to 8-6% of fuel decrease. 

 An additional 100kg increases fuel consumption by an average of 57% for a medium sized car of 
1500kg. Weight reduction can also be linked to powertrain characteristics such as engine power. 
With lighter vehicles and component efficiency improvements the peak power could further be 
reduced over time leading to fuel consumption improvements. 

A 10% weight reduction can improve fuel economy by 48% depending on engine downsized to 
maintain engine performance. Load carrying vehicles can add up to 5.6% increase with a 50% of the 
mass equal. 

14.6.9.10.2 Aerodynamic Resistance 
As aerodynamic resistance is linear dependent, the tests are performed in lighter air, therefore 
suiting a higher altitude and higher temperature. 
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14.6.11 Air: Fuel Ratio  
 

Below is the beginning of a CO2 calculator. The author wanted to calculate the CO2 when the air: fuel 
ratio was lean and when rich to provide accurate data. However due to time this couldn’t be achieved.  

  

Appendices Figure 6 CO2 Calculations from Air:Fuel Ratio from OBD2 Data 
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