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1.0 Vehicle Emissions

The burning of hydrocarbons (Petrol or Diesel) creates several by-products, what is the content of exhaust gases from an internal combustion engine?.................……………………………
……………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………..………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………………..……………………………………………………………………………………………………………………………………………….……………………………………………………………………………………………………………………………………………..……………………………………………………………………………………………..………………………………………………….……………………………………………………………………………………………………………………………………………..……………………………………………………………………………………………..………………………………………………….……………………………………………………………………………………………………………………………………………..……………………………………………………………………………………………...………………………………………………….…………………………………………………………………………………………..…………………………………………………..…………………………………………………………………………………………..



2.0 Emissions legislation

Emissions data history is fairly recent (compared with how long we have had vehicles), since emissions regulations have only been mandatory since 1982, and then were not up-dated until 1992, with the introduction of the ‘Euro’ regulations by the European Union.  
Below are two tables, Tables 1 and 2, containing the data for both Petrol and Diesel internal combustion engines emissions from 1982 up to the present Euro vi standard.

	Year of Regulation
	CO (g/km)
	HC & NOx (g/km)
	HC (g/km)
	NOx (g/km)

	1982
	20.7
	5.8
	-
	-

	1992 (Euro 1)
	2.72
	0.97
	-
	-

	1996 (Euro 2)
	2.2
	0.5
	-
	-

	2000 (Euro 3)
	2.3
	0.35
	0.2
	0.15

	2005 (Euro 4)
	1.0
	0.18
	0.1
	0.08

	2009 (Euro 5)
	1.0
	0.16
	0.1
	0.06

	2014 (Euro 6)
	1.0
	0.16
	0.1
	0.06


[bookmark: _Toc157078070]Table 1: Petrol Emissions

Data are shown graphically in figure 1 and illustrate the reduction of emissions due to developments in legislation.

[bookmark: _Toc215987975]




Figure 1: Petrol Emission Regulations Over Time


	Year of Regulation.
	CO (g/km)
	HC & NOx (g/km)
	HC (g/km)
	NOx (g/km)
	Particulate Matter (PM) (g/km)

	1982
	20.7
	5.8
	-
	-
	-

	1992 (Euro 1)
	2.72
	0.97
	-
	-
	0.14

	1996 (Euro 2)
	1.0
	0.7
	-
	0.8
	0.08

	2000 (Euro 3)
	0.64
	0.56
	0.5
	0.5
	0.05

	2005 (Euro 4)
	0.5
	0.3
	0.25
	0.25
	0.025

	2009 (Euro 5)
	0.5
	0.23
	-
	0.18
	0.005

	2014 (Euro 6)
	0.5
	0.17
	-
	0.08
	0.005


[bookmark: _Toc157078071]Table 2: Diesel Emissions
(www.europa.eu.int, 2004)
Data are shown graphically in figure 2.




[bookmark: _Toc215987976]Figure 2: Diesel Emission Regulations Over Time

Both Figure 1 and Figure 2 illustrate the reduction of emissions required since the mandatory regulations were introduced.  Each manufacturer has had to conform to the legislation with every vehicle in their range if the car is to be sold in the E.U. If the car is of a higher emission output then the owner pays a percentage of tax based on the vehicle’s emissions, a ruling that will be in place until April 2017. (Haymarket Motoring, 2004)
Prior to 2003, the main method for measuring tailpipe emissions was to take an instantaneous value, this measurement being performed within 40 seconds of the engine being started.  It is within this period that a vehicle emits the highest volume of unwanted emissions (Blix 2004).  

Since 2003, test cycles have been devised to synthetically generate a typical driving curve, including an urban traffic cycle and a suburban section.  This idea has been developed and legislated on by the E.U. as the ECE/EC test cycle and is currently required by law in the European countries.
Figures 3 and 4 below show the ECE/EC Euro v test cycle, over which emissions measurements are taken. Figure 3 concerns petrol powered passenger cars and light commercial vehicles, whilst Figure 4 concerns diesel engined equivalents and heavier commercial vehicles. These figures also show how the regulations relate to vehicles of specific weights.  

The petrol cycle is 1220secs (20 minutes) long; it covers a distance of 11 km; averages a speed of 32.5km/h and reaches a top speed of 120km/h. The diesel cycle lasts for 1180secs, and also has an average speed of 32.5km/h and a top speed of 120km/h (Bosch, 2000). 

 Looking at the first 850 second of the petrol emissions cycle (Figure 3) the chart shows a series of peaks increasing from around 15km/h then 35km/h and finally 50km/h between each peak the vehicle comes back to rest.  This series of peaks is repeated four times.  This part of the drive cycle simulates urban driving, with a ‘start stop’ pattern that a driver might experience whilst driving through town, travelling through congestion and traffic management e.g. traffic light systems.  From 850 seconds until the end of the test, the cycle accelerates up to 70km/h maintains this speed for a short period, drops to 50km/h for a short period, and then accelerates up to 120km/h before returning to rest.  This section of the cycle represents a suburban driving pattern, where the driver is now making progress on a more open highway e.g. duel carriageway and experiencing less congestion.  

The diesel cycle (Figure 4) mimics the petrol cycle very closely but simulates slightly higher top speeds in the urban driving section of the test.
[image: ]
[bookmark: _Toc215987977]Figure 3: Petrol Emissions Test Cycle
[image: ]
[bookmark: _Toc215987978]Figure 4: Diesel Emissions Test Cycle


2.1 Criticism
Inability to represent real-life driving:  The NEDC was conceived at a time when European vehicles were lighter and less powerful. The test offers a stylised driving speed pattern with low rates of acceleration, constant speed cruises, and many idling events, however the transient accelerations are much steeper and more dynamic in practice,[6] in part caused by the power surplus of modern engines, as the 0–100 km/h average time decreased from 14 seconds in 1981 to 9 seconds in 2007. Thus, drivers fail to achieve the certified values in practice. 
Cycle beating:  For the emission standards to deliver real emission reductions it is crucial to use a test cycle that reflects real-world driving style. However, the fixed speeds, gear shift points and accelerations of the NEDC offer possibilities for manufacturers to engage in what was called 'cycle beating' to optimise engine emission performance to the corresponding operating points of the test cycle, while emissions from typical driving conditions would be much higher than expected, undermining the standards and public health. In one particular instance, research from two German technology institutes found that for diesel cars no 'real' NOx reductions have been achieved after 13 years of stricter standards.  
The Volkswagen emissions scandal, devalued the EDC after VAG programmed engine management software to detect test conditions, and alter the emission control when under these conditions.  So although the cars would pass the test, during actual driving conditions, the cars emitted up to 40 times more emissions.



2.2 Carbon Emissions
Targets for CO2 emission are driven by global regulations.  These are identified by the G8 countries and are enforced worldwide.  Current targets:
· 95g/km by 2018
· 80g/km by 2020
There are of course issues with developing countries meeting these, largely the inefficient manufacturing process that exist in these parts of the world.
Top 10 CO2 emitters:
1. ……………………………………………………………17% GHG per capita
2. ……………………………………………………………16%
3. ……………………………………………………………11%
4. …………………………………………………………….6%
5. …………………………………………………………….5%
6. …………………………………………………………….5%
7. …………………………………………………………….4%
8. …………………………………………………………….3%
9. …………………………………………………………….2%
10. ……………………………………………………………..2%

Vehicle Emissions (Higher or lower):
Ford KA 2016, 1.2l…………………………………………………………………………………………………………………..
Citroen DS3 2015, Blue HDI 100, 1560cc………………………………………………………………………………….
Mini, 2016, 2l …………………………………………………………………………………………………………………………
Mazda MX5, 2011, 1.8l……………………………………………………………………………………………………………
Toyota Prius, 2009………………………………………………………………………………………………………………….
Toyota Prius Plus, 2016 …………………………………………………………………………………………………………..
Smart Roadster, 2007, 698 cc ………………………………………………………………………………………………….
Bugatti Veyron 1, 2015, 8l……………………………………………………………………………………………………….
Aston Martin DBS,2017 6l……………………………………………………………………………………………………….



3.0 Combustion of Hydrocarbons

Current internal combustion engines, in the main, run on one of two fuels, diesel or petrol (gasoline) and these have been the most widely used fuels for internal combustion engines over the last 50 years.  
Most of the emissions and environmental problems associated with the automotive industry are caused by the incomplete combustion of fuels by the internal combustion engine, therefore it makes sense to try and improve this aspect of the internal combustion process in an attempt to reduce some of the inefficiencies. 

[bookmark: _Toc215990585]3.1 Alkane Derived Fuels

If these fuels are burned with enough oxygen the only emissions are CO2 and H2O:
· 2C8H18 + 25O2 = 16CO2 + 18H2O
          (Petrol + Oxygen = Carbon Dioxide + Water)

· 2C12H26 + 37O2 = 24CO2 + 26H2O
	(Diesel + Oxygen = Carbon Dioxide +Water)

Water vapour and carbon dioxide are not harmful to the environment directly, but are greenhouse gases.  The production of CO2 in particular needs to be lowered in an attempt to reduce the observed increase in CO2 levels in the atmosphere. (Kiehl, J.T, and Trenberth, K, 1997).
If combustion is not complete, i.e. there is not enough oxygen present during burning, then other chemicals are produced, namely carbon monoxide, hydrocarbons, and Nitrous Oxides.  These chemicals are harmful to plants and animals as described earlier and hence it is important to keep production of these chemicals to a minimum.  There are different degrees of incomplete combustion; the less oxygen there is present whilst combustion is taking place, the worse the resulting emissions (Nelson, 1978).
Below are the variations of incomplete combustion for both petrol and diesel.


Petrol:
· C8H18 + 12O2 = 7CO2 + CO + 9H2O
(Petrol + Oxygen = Carbon Dioxide + Carbon Monoxide + Water)
· C8H18 + 10O2 = 6CO2 + CO + 7H2O +CH4
(Petrol + Oxygen = Carbon Dioxide + Carbon Monoxide + Water +Hydro Carbons)
· C8H18 + 7O2 = 7CO +7H2O +CH4
(Petrol + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Diesel:
· C12H26 + 18O2 = 11CO2 + CO +13H2O 
(Diesel + Oxygen = Carbon Dioxide + Carbon Monoxide + Water)
· C12H26 + 11O2 = 10CO2 + CO + 11H2O + CH4
(Diesel + Oxygen = Carbon Dioxide + Carbon Monoxide + Water + Hydro Carbons)
· C12H26 + 11O2 = 11CO + 11H2O + CH4
(Diesel + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Nitrogen oxides are also produced as a result of lack of oxygen during combustion.  NO and NO2 are produced from the nitrogen present in air, combined with oxygen during combustion.
Another toxin produced during Diesel combustion is sulphur dioxide, SO2 (described in chapter 1) that is present in the fuel and comes out as an emission as a result of the combustion process. 
All alkanes produce the same types of emission but in different quantities depending on the amount of oxygen present during combustion.  Hence alkanes are problematic as fuels for internal combustion engines as there will always be undesirable bi-products of the combustion process, even if combustion is stoichiometric.

[bookmark: _Toc215990586]LPG or Liquid Propane Gas is a mixture of propane and butane. It emits the same pollutants as petrol and diesel when burned inefficiently, but with the correct technology employed by the internal combustion engine its emissions are substantially lower than those of petrol and diesel.  Propane produces around 30% more energy when burned than the equivalent weight in petrol, making it more efficient than petrol and diesel, this efficiency combined with the fact that LPG is not currently taxed by the government makes it extremely economical for drivers who cover large distances.  
The disadvantages of LPG are the lower cruising ranges and increased volumetric fuel consumption compared to petrol. Special safety precautions are necessary, as LPG is pressurized.  Also in order to use LPG in a road car a conversion must be fitted by a registered company.  Although this can be an expensive one off payment, the government previously offered incentives for the conversion, which when combined with a cheaper fuel bill and lower emissions, prove appealing to consumers.  

Methane.
Complete Combustion:
· CH4 + 2O2 = CO2 + 2H2O
	(Methane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· 3CH4 + 5O2= 2CO + CO2 +6H2O
	(Methane + Oxygen = Carbon Monoxide +Carbon Dioxide + Water)
· 4CH4 + 5O2 = 2CO +CO2 +6H2O +CH4
(Methane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)	
· 3CH4 +3O2 = 2CO +4H2O +CH4
(Methane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Ethane.
Complete Combustion:
· 2C2H6 + 7O2 = 4CO2 + 6H2O
	(Ethane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· C2H6 + 3O2 = CO +CO2 + 3H2O
(Ethane + Oxygen = Carbon Monoxide + Carbon Monoxide + Water)
· 2C2H6 + 4O2 = 2CO + CO2 + 4H2O + CH4
(Ethane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· C2H6 + O2 = CO + H2O + CH4
(Ethane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Propane (LPG).
Complete Combustion:
· C3H8 + 5O2 = 3CO2 + 4H2O
(Propane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· C3H8 + 4O2 = 2CO + CO2 + 4H2O
(Propane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water)
· 2C3H8 + 5O2 = 2CO + 2CO2 + 4H2O + 2CH4
(Propane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· C3H8 + 2O2 = 2CO + 2H2O + CH4
(Propane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)  

Butane.
Complete Combustion:
· 2C4H10 + 9O2 = 4CO2 + 10H2O
(Butane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· C4H10 + 5O2 = 3CO + CO2 + 5H2O
(Butane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water)
· C4H10 + 2O2 = CO +CO2 + H2O + 2CH4
(Butane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· 2C4H10 + 5O2 = 7CO + 3H2O + CH4
(Butane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Pentane.
Complete Combustion:
· C5H12 + 8O2 = 5CO2 + 6H2O
(Pentane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· C5H12 + 7O2 = 2CO + 2CO2 + 6H2O
(Pentane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water)
· C5H12 + 5O2 = 2 CO + 2CO2 + 4H2O + CH4
(Pentane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· C5H12 + 3O2 = 4CO + 2H2O +CH4
(Pentane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Hexane.
Complete Combustion:
· 2C6H14 + 13O2 = 12CO2 + 14H2O
(Hexane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· C6H14 + 9O2 = CO + 5CO2 + 7H2O
(Hexane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water)
·  C6H14 + 7O2 = CO + 4CO2 + 5H2O + CH4
(Hexane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· C6H14 + 7O2 = 5CO + 5H2O + CH4
(Hexane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Heptane.
Complete Combustion:
· C7H16 + 11O2 = 7CO2 + 8H2O
(Heptane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· C7H16 + 8O2 = 6CO + CO2 + 8H2O
(Heptane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water)
· 2C7H16 + 14O2 = 12CO + CO2 + 14H2O + CH4
(Heptane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· C7H16 + 6O2 = 6CO + 6H2O + CH4.
(Heptane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)

Nonane.
Complete Combustion:
· C9H20 + 14O2 = 9CO2 + 10H2O
(Nonane + Oxygen = Carbon Dioxide + Water) 
Incomplete Combustion:
· C9H20+ 10O2 = 8CO + CO2 + 10H2O
(Nonane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water)
· 2C9H20 + 18O2 = 16CO + CO2 + 18H2O + CH4
(Nonane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· C9H20 + 7O2 = 7CO + 7H2O + CH4
(Nonane + Oxygen = Carbon Monoxide + Water + Hydro Carbon)

Decane.
Complete Combustion:
· 2C10H22 + 31O2 = 20CO2 + 22H2O
(Decane + Oxygen = Carbon Dioxide + Water)
Incomplete Combustion:
· C10H22 + 15O2 = CO + 9CO2 +11H2O
(Decane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water)
· C10H22 + 13O2 = CO + 8CO2 +9H2O + CH4
(Decane + Oxygen = Carbon Monoxide + Carbon Dioxide + Water + Hydro Carbons)
· C10H22 + 9O2 = 9CO + 9H2O + CH4
(Decane + Oxygen = Carbon Monoxide + Water + Hydro Carbons)


4.0 Alternative Fuels

Although alkanes have been the main fuel source for internal combustion engines, there are other chemicals that are compatible with the same engine architecture, with little or no modification to the original specification required.  These are:

4.1 Biodiesel
· It is compatible with normal diesel engines.
· Biodiesel doesn’t require special storage, unlike regular diesel that is an irritant and can corrode through some materials.
· It has a safer flash point +125ºC, (compared with petrol -43 ºC).
· Biodiesel is a renewable energy source.

The major problem affecting the usability of biodiesel is that it is not compatible with natural rubber.  Consequently hoses, gaskets, oil seals and other components, found in engines need to be replaced. Rubber features in pre-1994 engines need replacing with components compatible with biodiesel before use and this may not prove cost effective.
However there are ethical and financial issues connected with the use of biodiesel.  Since the demand for the fuel has increased in recent years the original method of recycling used vegetable and animal fats to manufacture the diesel now provides insufficient stock so now there is a permutation to mass production through the cultivation of vegetables for the sole purpose of providing crops for biodiesel.   The ethical implications of this change are centred on the starvation in developing countries and whether crops should be grown to feed these starving populations over the production of an alternative fuel.  The financial implications of this permutation to mass produced biodiesel have been a rise in retail cost of the fuel.  Both of these issues could be seen as factors which result in a decline in the popularity of biodiesel but trends are on the increase since the large rise in crude oil prices over the last 10 years. (Schienke, 2008)  



4.2 Bio-Ethanol
[bookmark: _GoBack]Commonly used in Brazil, where 50% of vehicles are able to use 100% ethanol, and introduced to a selection of U.K fuel retail outlets in early 2006, this fuel has very low emissions when burnt and is considered to be a renewable energy source and less toxic as it is manufactured from corn, maize or wheat crops as well as some common trees.  It is more commonly referred to in the U.K by its blend name E 85 (85% bioethanol and 15% petrol) and results in less CO2 from complete combustion:

· C2H5OH + 3O2 = 2CO2 + 3H2O
Since this fuel is also sourced from crops it raises the same ethical issues as those associated with Biodiesel, but this fuel is already available at U.K petrol stations and infrastructure is in place for the general public’s purchase. 
The manufacturer Saab has produced a range of vehicles which run on Bioethanol boasting improved power and torque specifications as a result of the fuel possibly making the alternative to petrol more appealing to a specific range of consumer (Taylor & Francis, 2007).

4.3 Dimethyl Ether (DME)
Dimethyl Ether is a new fuel being proposed as a replacement for diesel fuel. It has the following properties: 
· Sulphur and metal free emission.
· Zero soot.
· Low NOx, see Section 2.2.1.
· Faster burn rates than diesel.
· Can employ existing LPG technology.		        (SAE SP-1608, 2001)

However, there are problems with this fuel such as its poor lubricating properties, causing high wear in fuel system.  DME has a low calorific value so would require a fuel tank that was double the conventional size and in order to achieve the same power output as for example diesel, a higher rate of fuelling would be required which would result in almost an identical amount of CO2 emission.  

4.4 Alcohols
Ethanol and Methanol can both be used in spark ignition internal combustion engines, with suitable lambda sensors and catalytic converters.  Both of these fuels generate fewer emissions, reduced NOx and CO2 and lower levels of ozone and smog formation. They run with substantially higher compression ratios, therefore have higher efficiency levels, compared with regular internal combustion engines.  The engines used in these alcohol-fuelled vehicles have management systems, which are designed for flexible dual fuel operation ranging from pure petrol to maximum of 85% methanol.  
The disadvantages with alcohols are similar to those of biodiesel.  Moisture, acid and cohesive substances contained in the fuel pose hazard to metals, synthetic materials and rubber, so these need to be replaced before switching to alcohol fuel.  Also the low calorific value of methanol means fuel consumption is doubled, necessitating higher fuel delivery rates, higher tank volumes and recalibrated injections.

4.5 Hydrogen
Hydrogen is considered to be the ideal energy source since its only emission at low burn temperatures is water vapour (H2O). 
2 H2 + O2 = 2 H2O 

At higher burn temperatures it will produce an amount of NOx, the quantity of which increases with the increase in burn temperature.  
Hydrogen can be used in the electrolysis process for fuel cells, or in spark ignition internal combustion engines. Hydrogen is a volatile chemical, a characteristic that has discouraged the general public from using it as a possible alternative fuel, since carrying such a fuel often perceived to be dangerous.  However advances in technology could make carrying and refuelling hydrogen less of an obvious hazard.

When direct injection is fitted to hydrogen engines, the charge dispersion is improved which results in good burn properties, and hence higher power output.  Due to the volatile nature of hydrogen engines, they need to employ lean burn strategies (see Chapter 4.2.5) that mean the amount of fuel injected into the engine cylinder is very low resulting in a slight power loss.  This loss in power can be compensated for by fitment of a super/turbo charger, thus regaining the lost power.  

One problem with a switch to hydrogen as fuel for internal combustion engines is that there is currently minimal infrastructure such as fuel stations equipped with the correct fuelling tools and tanks, etc., to support its usage.
The main argument against hydrogen is the manufacturing of the fuel itself, since hydrogen has to be in its liquid form as opposed to its more common gaseous state and in order to liquefy the hydrogen it has to be cooled under pressure to reach a temperature of −252.87°C. This process uses large amounts of energy, and once liquefied more energy is required to maintain it at this temperature.
(Ogden, J.M, 2002)
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