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[bookmark: _Toc125305983]Introduction
The automotive industry has seen consistent strides to increasing overall efficiency of an internal combustion engine; with technologies such as exhaust gas recirculation, high-pressure fuel systems, forced induction, but overall thermal efficiencies rarely exceed 40%. With development into electric propulsion systems and kinetic energy recovery, retrofitting a vehicle with the ability to capture energy otherwise lost through deceleration could be highly innovative towards the industry. But can the cost of installation and engineering time be justified through system effectiveness?
This report will discuss the retrofit of a KERS contraption to a production ICE powered car; research into a vehicle of choice to specify system requirements and efficiencies, to whether the energy reapplied to the drive wheels can pay for itself in fuel savings, or through performance benefit. In doing so, future consideration between chemical battery storage and mechanical flywheels can influence vehicle powertrain design, such as a parallel hybrid system working a best of both worlds with low-speed electric efficiency and ICE torque at speed.

[bookmark: _Toc125305984]Literature Review
The car of choice to retrofit a KERS system to is the Mazda CX-3; a crossover compact utility vehicle based on the Mazda3, chosen to reflect the rising popularity of CUVs (Statistica, 2023) see appendix. Road testers have commended its great handling for a car of its class, but the petrol engine uses more fuel when compared to the diesel, newer Skyactiv-X units, or rival vehicles. The car will undergo the new Worldwide Harmonised Light Vehicle Test Procedure (WLTP), replacing the outdated NEDC drive cycle. The Mazda CX-3 will be tested with three masses: kerb weight, plus driver weight, and fully laden (typical payload of parents, three children, their clobber, and a dog). More mass in motion will possess more energy to harvest but requires more fuel burned to accelerate and maintain velocity, and the increased force acting down on the tyres will slightly increase rolling resistances.[image: A red car with a white background  Description automatically generated with medium confidence]Figure 2.1: Mazda CX-3 (2015-20) SE-L nav spec.
Powertrain: 1998cc Skyactiv-G 88kW 204Nm FWD
Mass: 1,155kg   75kg driver   1,690kg Fully Laden
Length/Width/Height: 4,275/1,765/1,535mm
Wheels 215/60 R16 radius: 319.5mm
Rolling Resistance coefficient: 0.013
Aero Drag coefficient: 0.33
Frontal Area: 2.23m2

The Mazda CX-3 being a family vehicle will act as a relevant test subject in justification of retrofitting a KER system in a mass-production scope, and could become a possible alternative to buying an electric car. Survey (Dept. of Transport, 2016) shows a majority of vehicle owners don’t consider EVs when buying a new car. Public awareness is growing on the impending ban of ICE-only vehicle sales, however 83% rate cost important but new hybrids and all-electric cars are expensive. Therefore, if a retrofitable energy reuse device can be installed onto the vehicle for adequate cost and peform as theorised, public interest could sway towards having their cars boosted by energy otherwise wasted by the vehicle. Alternatively, the system could be used to increase peak output, depending on configuration and control. Although the EV charging point network is growing, the infastructure is global for traditional hydrocarbon based fuels and redundancy of ICE usage would have socio-economic effects, as driveable range is a consistant challenge and issue for electric cars. Not every driver will be able to or have the time to charge them depending on their lifestyles and how they commute in their said vehicle.
Energy can be stored chemically or kinetically in a vehicle; choice includes Lithium-Ion, Li-Sulphur, Nickel-metal Hydrite or Sodium-Nickel-Chloride, in which they store electricity chemically and the reaction at the positive electrode generates power. Different material properties give each battery individual advantages and disadvantages, such as low atomic weight, efficient operation, or variably dangerous high operating temperature, space requirement or expense. For full-scale automotive use the Li-Ion is preferred for its comparatively low cost and familiar working parameters; “Most of today's all-electric vehicles and PHEVs use lithium-ion batteries, though the exact chemistry often varies from that of consumer electronics batteries. R&D is ongoing to reduce their relatively high cost, extend their useful life, and address overheating concerns.” (US Dept. of Energy, n.d.) Annual research costs into battery technology exceed billions, looking at materials like Graphene’s and its conductive potential but difficulty in manufacturing (Zhang, et al., 2018) to improve longevity and real-world performance. However, energy can also be stored by angular velocity.[image: A screenshot of a computer  Description automatically generated with medium confidence]Figure 2.2: Comparison of Battery Chemical Composition
[image: A screenshot of a computer  Description automatically generated with medium confidence]Figure 2.3: Flywheel-Hybrid Setup (Brockbank, 2007)

Flywheels are used everywhere from waterwheels and the national grid to vehicle powertrains, where spinning a heavy circular weight can substitute an electrochemical setup. Spinning a heavy circular weight when under braking and discharge it to assist the engine, although the flywheel needs to be charged either via starter motor or via KERS and friction brake management.

[bookmark: _Toc125305985]Methodologies[image: Graphical user interface, application  Description automatically generated] Figure 2.3: Flywheel-Hybrid Setup
Total pixels (PT): 1,126,274
Highlighted pixels (PH): 199,005
Mazda pixels (PMaz): PT – PH = 927,269
Frontal 	Area ratio: (PMaz ÷ PT) 0.8233 / 82.3%
Frontal Area: (1.765 x 1.535) x 0.8233 = 2.23m2


The Mazda CX-3 will simulate the WLTP Class 3 test, undergone by almost all passenger cars. The test purpose is for emissions, but with known vehicle specifications and movement, the energy possessed by the vehicle is calculatable. By mathematizing acceleration force, minus the aerodynamic and drivetrain resistances, overall power required to accelerate the car and power harvestable in deceleration becomes clear during the half-hour/ 1800seconds test. The frontal area is 2D modelled using a pixel painter for reasonable accuracy calculating the ratio of that the car occupies in a front cross section.
The provided excel spreadsheet contained the speeds that vehicles subjected to the WLTP will be measured at, to which the values of each vehicle (loading) are columned next to, giving values used per second which helps specify the system requirements.[image: A screenshot of a computer  Description automatically generated with medium confidence]Figure 3.2: Calculated Data preview rows30/1800

 

[bookmark: _Toc125305986]Results and AnalysisTest Speed (km/h)

At slow WLTP-cycle speed the conditions are ample for energy recoup and reuse, as the rolling resistance and aerodynamic drag are both minimal at speeds of 40 to 55km/h (25-36mph) but energy used is around 10kW with losses mostly between 0.5 and 1.5kW. Energy values are approx. 146% larger when the car is fully laden, but the losses are made of rolling resistance which is influenced by weight, and aero isn’t as the vehicle shape and frontal area is unaffected. Being a tall people-carrier style vehicle, it isn’t the most streamlined, reducing efficiency at high test speeds.Test Speed (km/h)

Increasing the velocity generates more power, especially under braking; a 9 second deceleration theoretically captures around 100kJ overall with a peak intake of 23.5kW per second, which can instantly be used to re-accelerate the vehicle after the driver has applied the brakes. Integration of the power source to generation and drive link has a few approaches, utilizing both the ICE and the  KER drive simultaneously for desired fuel-saving and performance effect is key.Test Speed (km/h)

With speeds rising past 80km/h (50mph), so does the aerodynamic drag that wasn’t present in the low-speed test, therefore high deceleration is needed to overcome the losses of generating power when the car is slowing down from 100km/h (62mph). From this the KER system will be most effective in low-speed urban areas with heavy traffic, inverse of traditional ICEVs where stop-start cycles lose energy as heat from the friction (disc) brakes. Meanwhile the energy otherwise lost is reused to accelerate the car between movement cycles. Test Speed (km/h)

The highest velocity reached in the WLTP show the extent of aerodynamic drag at motorway speeds and is the end point where rolling resistance is accurately predicted (Ehsani, et al., 2004) (although the values are insignificant compared to V2 in drag). The ICE will provide most of the energy in this segment of the cycle as there’s little opportunity to spin the flywheel and convert its momentum into tractive effort at the wheels.Test Speed (km/h)

The influence of increased mass onboard the vehicle towards tractive power has potential to reap more, but simply needs more energy to maintain velocity. The weight of the system will have minimal influence on energy as the mass range is 535kg, tenfold more than the Flybrid KER system’s overall weight.
[bookmark: _Toc125305987]
KERS Design
A flywheel energy storage solution is preferable for road application due to its mechanical reliability compared to electrochemical batteries, with chance of thermal runaway (Held, et al., 2022) in event of deformation. This paired with the comparatively low losses accrued within the energy converter make it efficient, for a compact design where mass majority is in angular velocity. The system was first developed in F1 with large budgets for upmost performance; with a 60,000rpm flywheel weighing 5.5kg encased in a vacuum from an air pump for reduced losses. (Torotrak, 2015) This provides great power; 400kJ (60kW for 6.7seconds) but not lots of torque, where using a heavier carbon steel flywheel spinning slower would possess torque through the same familiar gearbox of the vehicle. The system won’t need to accelerate as fast as the inputs of a Formula car so CFRP can be swapped for heavier elements. Familiarity of control is important as the driver should feel in control of the vehicle when KERS is operational, thus the transition between regenerative brakes and friction brakes is important. The motor becomes a generator when the load is negative, accelerating the flywheel, but if it’s at maximum velocity and cannot store more energy, the KERS brake can’t operate. This creates a pedal actuation problem where vehicle drivability and safety are upmost priority where the standard friction brakes can’t be compromised in case of emergency scenario, but the flywheel needs a power link for several seconds to charge the storage ready for reuse at the wheel for acceleration. [image: Distribution between regenerative brake and hydraulic brake | Download  Scientific Diagram]Figure 5.2: KERS-Friction Brake Transition
[image: Volvo Flybrid KERS system]Figure 5.1: Volvo Flybrid KERS Design (Hilton, 2013)



[bookmark: _Toc125305988]Conclusions
The impending ban is forcing engineers and car manufacturers to develop methods of increasing overall efficiency for their vehicles, where recycling energy otherwise lost may be enough to provide a solution against people selling their cars for new EVs which have their own drawbacks. The integration of power storage in a compact retrofittable package which can reduce BSFC load by around 25%. Lighter vehicles suit performance solutions best, where technology begins research in top-end motorsports such as F1 and works ways through costs and development time into sports cars and eventually mass-market road vehicles. Large electrochemical batteries will drive all-electric systems but the traditional engine and gearbox assembly which has historically developed improved efficiencies throughout its usages and forms, is too wasteful to simply abandon in favour of EV drive systems when there is a solution to improving their tractive effort without external fuel input.
Throughout this report, the new WLTP has been a useful speed-time standard for developing an energy capture and reuse device, returning power to the tractive wheels. Through iteratively expanding the excel spreadsheet, the values of this or any vehicle are processed and maximum tractive effort incorporating losses show a solution’s effectiveness at work done, as input is compared to output and the difference/range are the losses. The model can be further grown incorporating multiple hybrid drive powertrain configurations viewing which is best where, to which properties are the most desirable for mass-market automotive use.
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Mazda CX-3 Specifications:
https://www.parkers.co.uk/mazda/cx-3/4x4-2015/specs/
https://www.autoexpress.co.uk/mazda/cx-3/engines
https://www.automobile-catalog.com/tire/2015/2126780/mazda_cx-3_2_0_skyactiv-g_120_fwd.html#gsc.tab=0
https://www.carfolio.com/mazda-cx-3-2.0-426074
https://www.wheel-size.com/size/mazda/cx-3/2015/




End of report, thank you for reading.

Figure 4.1: Power through Low-speed WLTP
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Figure 4.2: Power through Med-speed WLTP
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Figure 4.3: Power through High-speed WLTP
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Figure 4.4: Power through Extra High-speed WLTP
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Figure 4.5: TE of all masses at Med-speed WLTP
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Table 2. General parameters of the Electric Battery component.

Name Value for Battery Type

Maximum Charge.
Nominal Voliage
Stored Energy
Maximum Voltage / Minimum Voltz
Initial Charge
Number of Cells per Cell-Row

umber of Cell-Row
Internal Re tance char
Operating Temperature 3
Specific Heat Tray 04
Specific Heat Capacity 795
Mass of Battery 318
Battery Price 300

2.3. Digitized infrastructure of the virtual road

Virtual Road is a representation obtained through computerized digitization of one real road sector,
generated by AVL Road Importer, based on the coordinates taken from a software platform that shows
in detail the terrestrial surface (Google Earth). It has an altitude profile which is punctually implemented
with the GPS Prune application that uses GPS coordinates, which represent the Latitude, Longitude and
Height of the reference points

In order to evaluate the autonomy of the electric vehicle in AVL Cruise, the Nardo circuit from Ital
was used as a virtual road (figure 6). This circuit with a length of 12.6 km is a testing track for vehicle
and due to its circular geometry, it allows the displacement of the virtual vehicle in a closed loop until
it reaches the maximum battery autonomy. Defining the geometry of the route was accomplished
through a sequence of parametrized segments, which follow the altitude gradient of the real track.
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Fig. 2 Mechanical KERS Partners

The mechanical KERS comprises a flywheel as the energy storage device and a Torotrak
variable drive transferring energy to and from the flywheel. As the system is, by definition,
active in discrete events, the system is connected into the driveline via a clutch.

,Z(‘/ KERS Configuration

Step-up
Step-up

Flywheel

Layshaft Option Coaxial Option

Fig. 3 KERS Configuration
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