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[bookmark: _Toc36080640]Introduction
What does the future of transport look like? A question which has been asked through the at many points in history. Will it take the shape of a hydrogen powered Ford Fiesta or the increasingly common all electric vehicle, or will it look like the vehicle pictured below? The aim of this investigation is to answer the aforementioned question in this time of uncertainty and change.
In order to examine the feasibly of possible form of propulsion alternatives three types of vehicles will be evaluated on a single real-world drive cycle. An A and D segment vehicle as well as a motorcycle will be examined through data gathered by the vehicles OBII port and mobile phone position data. 
Following the vehicle analysis an investigation will be done into feasible alternative motoring solution with the goal of reducing net energy consumption, with the end goal of reducing emissions. 
A final consideration is discussed in terms of which technology is the most feasible for a current automotive manufacturer to implement and bring to market with the aim of reaching the legislative goals set in place.

[image: 'In many ways, the Chaparral 2X VGT is like racing wing suit, with a protective fuselage for 'flying' very low to the ground,' the firm says]
Figure 1 - Is this the car of the future? The Chaparral 2X VGT, a laser powered concept by General Motors. (Kierstein, 2014)

[bookmark: _Toc36080641]Three Vehicle Data Processing
The energy efficiency of three vehicles are investigated along the drive cycles illustrated in Figure 3. The three vehicles are,
· 2016 Toyota Aygo 1.0 VVT-i X-Pression 5dr Hatchback
· 2016 Volvo V40 Cross-Country D2
· 2011 Triumph Tiger 800 XC
Data from each vehicle is gathered through the OBII port, reading data off vehicle sensors, through a Bluetooth connected OBII reading tool. The information is relayed to a mobile phone where it is processed through the ScanXL software package. Data is also gathered through phone sensors such as GPS.
The data is exported to excel for further analysis, however selective data channels are chosen as the ScanXL software package produces many constant and calculation channels with unknown formulae, therefore it is regarded as non-reliable. Below is a table defining different data out channels, and which ones are considered for further analysis.

Table 1 - Data types gathered from OBII sensor software. Reliability of each type is evaluated.
	OBII Scan Software Data Output Types

	Data Name
	Type of Data
	Reliable

	SAE.
	Data gathered from vehicle sensors through OBII sensor port.
	YES

	AUX.
	Data gathered through phone sensors.
	YES

	CONST.
	Input constants within the application or software to form calculations.
	NO

	CALC.
	Data calculated within software package from SAE and AUX using CONST.
	NO



Following the initial filter, the data channels exported to the spreadsheet produce three variants of the same output. A timestamp column followed by a metric unit column and an imperial unit column. The timestamps denote the point within the overall timeframe where that data is sampled. This is non-essential and is removed and the imperial column is also removed leaving only metric unit of each output.  
[image: ]
[bookmark: _Ref35518765]Figure 2 - Comparison between vehicle wheel speed and GPS speed gathered from the phone sensors. This is taken from the Volvo.
Two vehicle speed channels were present in the output data. The two channels were compared in Figure 2 and a small variant were apparent while the trend was exact. The GPS speed was 2km/h higher throughout. Assuming there is no wheel slip, which is very unlikely, the vehicle sensor speed is used for further analysis.


[bookmark: _Ref35793559]Equation 1 - Distance calculation from change in time.
The data of each vehicle during the drive cycle was out of phase when plotted against time, therefore through Equation 1 the distance travelled was found through the time difference between each reading allowing distance travelled to be calculated. The improved phasing is apparent in Figure 3 compared to appendix Figure 5, which is synchronized against time, the normal convention for a drive cycle graph. 
The total distance travelled by each vehicle was found to be different, the triumph traveling the furthest. This is found to be due to storage location of each vehicle at the start and end of the cycle. From GPS destination plot in Google maps the distance is taken as 31.2km.
[bookmark: _Toc36080642]Vehicle Drive Cycle Analysis
The studied drive cycle consists of a real-world driving situation. Starting at a rural home location and commuting to a place of work. 11.8km is spent on a B road at varied speeds, 12.9km is spent on the motorway at a more constant speed and the last segment of drive cycle is spent on A roads with similar driving conditions as the first. The drive cycle is illustrated in Figure 3.
[image: ]
[bookmark: _Ref35796350]Figure 3 - The drive cycle in the form of speed against distance due to better phasing. It consists of 30km of A and B roads as well as motorway driving.
Through the drive cycle each vehicle showcases different characteristics. The most apparent being the engine speeds during the drive cycle. The Triumph operating at the highest engine speeds, averaging 3000 rpm, was also the most transient in operation. The Aygo with a NA petrol engine averaged 2045 rpm, while the diesel Volvo showcased the lowest engine speeds at 1494 rpm. The mpg of each vehicle was sated similar, at 50+/-1 mpg.

[image: ]
In order to compare the power usage of all three vehicles the total running resistance is calculated. 
The forces present during steady state driving is illustrated in Figure 4. The drive cycle conditions are extremely varied thus for easy comparison a constant speed of 70km/h is assumed. An average constant gradient of 3% (α = 2.75˚), the UK national motorway average, is also assumed as constant. (Pischinger & Tomazic, 2012) In order to maintain a constant speed at a set road gradient the vehicle must overcome wheel rolling, aerodynamic and gradient imposed resistance. The sum of forces to overcome as well as power conversion at constant speed are given in Equation 2. The final mass of all vehicles is the sum of the kerb weight with the addition of one driver (100kg) and a bag (5kg).
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[bookmark: _Ref35934983]Figure 4 - Forces resisting steady state forward momentum of the vehicle.




[bookmark: _Ref35853468]Equation 2 – Power required to maintain a constant speed against rolling, aerodynamic and gradient resistance.

Rolling resistance due to tire deformation is found using the Equation 3. The coefficient of rolling resistance for a pneumatic tire on asphalt is 0.008 (Dietsche & Konrad, 2018) and is used for all vehicles. 



[bookmark: _Ref35863749]Equation 3 - Rolling resistance due to tire deformation.

The aerodynamic drag is calculated through Equation 4. The frontal area of each vehicle is calculated from the specification width and height. A headwind of 20 km/h hour is also assumed. The air density is assumed to be 1.202 kg/m^3. The value for vehicle drag coefficient is identified from the fig X for the Aygo and Volvo. The motorcycle and rider drag coefficient is found to be 1.8 according to (Engineering ToolBox, n.d.).



[bookmark: _Ref35885270]Equation 4 - Aerodynamic Drag formula.

Due to the assumed gradient a portion of the vehicle mass is acting against or for the forward moment depending if the vehicle is traveling up or down the slope. It is assumed an uphill slope. 

Equation 5 - Force produced by vehicle on a gradient.
The power requirements for each vehicle is featured in the table below. Excel calculations are featured in the appendix Figure 9. The Volvo requires the greatest amount of driving power due to the total mass of the vehicle influencing rolling resistance and uphill resistance. Due to similar aerodynamic resistance figures in cars the Toyota driving power requirement is approx. 60% that of the Volvos. Interestingly due to the poor aerodynamic drag of the motorcycle a large amount of resistance is a result while not the case in other two areas.

Table 2 - Resistance to steady state velocity of each vehicle.
	Vehicle
	Total Weight (kg)
	Aerodynamic Resistance (N)
	Rolling Resistance (N)
	Uphill Driving Resistance (N)
	Driving Power Required for constant 70km/h @ 3% Gradient (kW)

	Toyota Aygo
	1010
	295.08
	73.26
	3781.54
	80.69

	Volvo V40
	1679
	264.58
	121.79
	6286.33
	129.75

	Triumph Tiger
	324.5
	637.53
	23.54
	1214.96
	36.48



With all vehicles achieving 50mpg the Volvo is the most efficient in terms of transported mass, while the opposite is true for motorcycle, being 1.35 tons, lighter including obvious carry limitations and reduced travel comfort. This higher The Toyota is found at a middle ground between the two, in terms of mass transportation. Drivability in the Aygo is poor however, as the power requirements at speed are greater than the vehicle can deliver.
[bookmark: _Toc36080643]Alternative Technology
The implementation of alternative technology is studied following the global trend for a more efficient and environmentally friendly solution. This was done on the Toyota Aygo, a popular vehicle type within cities. It is also a challenging platform to implement these technologies due to space restrictions concerning the exterior and interior. The following are viable technologies analysed for this vehicle type during a 60km drive cycle following the structure of that previously examined.
[image: ]
Figure 5 - Complete drive cycle, 60km long.
[bookmark: _Toc36080644]Electric
One solution to an alternative propulsion system is to replace the drivetrain with an electric unit. This compromises of a battery pack and an electric traction motor, mounted where the IC engine would normally be positioned. The main benefit of an electric power unit is the tank-to-wheel efficiency compared to the drivetrain losses experienced in the former. The main drawback is due to the energy density present in battery units. 
A similar vehicle to the Toyota Aygo is the Renault ZOE R110, an all-electric car with a LG Chem E63 cell battery unit. The battery has an energy density of 0.882 MJ/kg (Lima, 2019), compared to that of fuel at 47.5MJ/kg. Hence a significant mass increase over the Aygo at an additional 572kg. If the same power unit was featured in the Aygo it would increase rolling resistance and uphill resistance power demand by 42.45 kW.
In terms of the current drive cycle, the range would be covered by the electric unit at 215km (cold combined value) (EV Database, 2020). Therefore, it would make a feasible solution.
[bookmark: _Toc36080645]Hybrid
A technology implemented in an effort to combat ‘range anxiety’, hybrid systems run either in series (ICE isolated from driveline) or Parallel (a calibrated system where electric torque motor and ICE are coupled to the wheels). The majority of hybrid featured on the roads are parallel hybrid systems. (A. F. BurkeEG&G Idaho, Inc., 1992) A hybrid powertrain would feature a reduced battery size due to lower power requirements under shared load with the ICE. A greater mass than a standalone IC engine would still be the case.
If the drive cycle is the sole basis of the vehicle travel design the added mass of the hybrid system would be unnecessary. A parallel system would suffer from non-ideal and infrequent running under cold conditions. A series hybrid would be more appropriate however if it is charged when at either start of end location the charge would provide sufficient range, resulting in excess mass being transported. 
[bookmark: _Toc36080646]Potential Energy & KERS
Examining the altitude change in the drive cycle, Figure 6, it would be a good idea to harness the potential energy from decent to aid the power requirement during the ascent. This is plausible through the use of a kinetic energy recovery systems (KERS), recovering the lost energy during deacceleration and braking. An in-depth review of drive cycle footage reveals at times vehicle speed is maintained due to coasting, a situation where KERS is not active and would slow the vehicle if applied creating the need for the reapplication of the throttle. Brake pedal data would reveal point of deacceleration under brake application rather than engine braking.
[image: ]
[bookmark: _Ref36042504]Figure 6 - Vehicle altitude during the drive cycle.
Under braking conditions however this technology can be beneficial. There are two forms of KER systems, the first found in a hybrid is an electrical system using the hybrid torque motor as a generator and shutting down the ICE the battery is charged. Beneficial in increasing engine off time for a stop/start system discussed later. This system suffers from inefficiencies during conversion from kinetic-to-electric-to-chemical-to-electric-to-kinetic, a loss of 64% recoverable energy. An alternative system to consider is a flywheel-based system. Where a mechanical flywheel is spun up during braking retaining it in a kinetic form. This promises a 70% energy recovery efficiency (Boretti, 2010). 

[bookmark: _Toc36080647]Stop/Start
Stop/Start technology has been shown to reduce the fuel consumption of a vehicle through shutting off the engine when the vehicle is stationery instead of idling. The effectiveness of the technology is questioned however (Matsuura, et al., 2004) points out idling over 7 seconds is beneficial in fuel, under this amount more fuel is consumed in starting the vehicle. The Volvo showcased one instance when stop/start technology was used in the drive cycle. Through Equation 6 a fuel saving was calculated of 2.92 cc during the single 23 second stop.
[image: ]
[bookmark: _Ref36029660]Equation 6 - Stop/Start fuel savings formula. (Matsuura, et al., 2004)
The benefit of the technology would mostly be seen in city driving conditions with many traffic lights stop situations. This however can be offset by traffic situations where the vehicle is stationary for less than 7 seconds. Thus, effectiveness completely relies on driving situation. In a vehicle with a smaller capacity engine, 1 litre in the case of the Aygo, lower idling fuel consumption means the vehicle will need to be stationary for longer to save fuel. No less than 15 seconds. The studied drive cycle has irregular stopping points dependant on traffic conditions which will directly affect idle time, therefore for a small capacity engine stop/start technology may not provide the same benefit as a larger capacity engine.
[image: ]
Figure 7 - Volvo engine off period due to stop start technology, saving 2.92cc of fuel.
Note: 
· Fuel consumption during idle for the Volvo is assumed to be 0.179 and 0.08 for the Aygo (Half that of a 2.0l petrol small sedan) according to (U.S. Department of Energy, 2015).
· Engine restart fuel consumption assumed for both engine at 1.2cc even-though this would lower in the case of the Aygo. (Matsuura, et al., 2004)

[bookmark: _Toc36080648]Hydrogen
A fuel source abundantly found in the environment; hydrogen has been studied by manufacturers as a viable fuel source. BMW with a 6 litre V12 and Honda with the Clarity are two examples. Hydrogen exhibits the properties of an ideal duel with a high knock resistance ideal for turbocharging and high in-cylinder pressures. It has a low density which can be solved by direct pressurised injection into the cylinder, a particular problem with port injection. The high NOx production can be dealt with through effective aftertreatment systems. 
The predominant issue with low density fuel outside of the combustion chamber is storage, especially in the case of the compact Toyota Aygo. Heavy pressurised cylinder will need to be used adding mass to the system. 3.5 times more hydrogen fuel than gasoline will be required for the same range capabilities. It took 46 litres of hydrogen to complete one lap of the Nurburgring for the Aston Martin Rapide (Ward, 2018). 
Instead of utilizing hydrogen in combustion and with current emerging technology a fuel cell is a viable alternative. A current production example is the Toyota Mirai, emitting only water and achieving 50% efficiency at the wheels. The range is that of 342 miles more than efficient for the drive cycle or longer distance trips with no limitation on fuelling times. 
[image: Image result for Aston martin hydrogen]
Figure 8 - Aston Martin Rapide project, developing a hydrogen powered vehicle. (Ferreira, 2013)
[bookmark: _Toc36080649]Future Transportation Feasibility
The current global situation poses a difficult decision from the point of a technical director of a motor manufacturer. Government legislation has put a ban on the sale of petrol, diesel and hybrid sales by the year 2035 (BBC, 2020). Therefore, based on the studied drive cycle the ideal vehicle would be a fully electric vehicle, easily achieving the range and showcasing higher efficiencies. An early development of this vehicle type would aid complete fleet transition before the set date.
However, the solution may not be as simple as by 2028, fossil fuels and alternative vehicles are still a viable choice. Therefore, examining the starting point and the aim for the company to achieve overall lower emissions productions two scenarios can be evaluated. If 10% of the current market offerings were to be developed as fully electric vehicles and were twice as efficient the overall emissions reduction would be 5%. While if a more efficient ICE was developed, 10% Cleaner, and implemented into the whole fleet a total emissions reduction of 10% would be experienced. This is assuming the sale of the electric vehicle makes up a large enough percentage. One element affecting the widespread adoption of an electric vehicle is the initial cost and lack of range leading a single vehicle owner to choose an ICE variant capable of satisfying all requirements of the consumer. A major driving factor in the cost of an electric vehicle is the cost of the battery unit, estimated at $300/kWh or $100 for each mile of vehicle range to achieve 100 miles it would cost approximately $10000 (Turner, et al., 2010). This cost is not likely to decrease due to shortages in lithium and cobalt already affecting motor manufacturers (Kobie, 2020), which presents a major issue in the longevity of the investment into electric vehicles while fossil fuelled variants are well known and affordable to manufacture. 
Currently the most economically viable solution is to follow the trend to electrification (due to public perception/racing series involvement etc.), however as discussed, the current development of hydrogen fuel cells may breach the gap in electric motor technology and ICE convenience habits (fuelling times etc.). The greatest limitation with hydrogen is the national infrastructure, current fuel station can be converted to hydrogen, however a large storage capacity would be required. Therefore, it would be in good interest to pursue hydrogen development if no change in battery technology presents itself. 
[bookmark: _Toc36080650]Conclusion
Information from three distinct vehicles were successfully analysed during a set drive cycle. Despite an array of output channels those of reliability were sorted and processed, identifying channel types. The vehicle wheel speed sensor was decided to be the most reliable. Processing and analysis were done in both Microsoft Excel and Matlab revealing the Triumph operated at the highest engine speeds aiding to the high fuel consumption alongside poor aerodynamic characteristics compared to the vehicle mass. The Volvo required the greatest amount of power to maintain steady state speed conditions on the assumed drive scenario.
Alternative technology based on a 60km drive cycle was investigated on the basis of the Toyota Aygo. Electric proved the most sensible technology to implement although this resulted in greater rolling resistance due to battery mass. Hybrid technology was deemed inappropriate in reference to the drive cycle, if the vehicle is charged at home the range would be sufficient and unnecessary excess weight would be transported. KERS is a beneficial addition to an electric system while a flywheel-based solution would be appropriate in aiding an ICE solution. Stop/start technology originally featured in the Volvo from analysed data showed a significant fuel saving during a 23 second stop. Lastly hydrogen fuel cells are a very viable alternative already proven in the Toyota Mirai.
A limited conclusion could be made on the correct development plan for a vehicle manufacturer moving forward to meet stringent legislation. However, this is a topic much too broad to be easily answer with a multitude of factors to consider in tandem to political and economic issues, such as social perception, manufacturing transitions and the ultimate longevity of the technology. When solely focused on the studied drive cycle an electric vehicle would be the appropriate solution already being implemented, however high battery costs and resource shortages hinders progress for wider adoption. In light of this hydrogen fuel cell technology could bridge the gap between ICEVs and EV, providing the efficiencies of and EV with the familiar usability of an ICEV.
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Figure 9 - Drive cycle route plotted on Google Maps.
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[bookmark: _Ref35796368]Figure 10 - Drive cycle plotted as standard against time. Vehicle as out of phase with one another.
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Figure 11 - Aerodynamic drag coefficients of various vehicle types. (Dietsche & Konrad, 2018)
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Figure 12 - Road Gradient conversion table. (Dietsche & Konrad, 2018)
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[bookmark: _Ref35943859]Figure 13 - Vehicle Calculations within Microsoft Excel.
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Table 3: Drag coefficients and aerodynamic drag for various vehicle body configurationd ::
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2016 Toyota Aygo 1.0
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2011 Triumph Tiger 800 XC
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2016 Volvo V40 Cross-Country D2

Vehicle Type Segment C

Fuel Type Diesel

Engine Capacity 1969 o
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