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Abstract - This paper investigates a drive  for a Tesla Model 3 and compares the results against the WLTP of the vehicle. Following the drive cycle analysis a Hydrogen fuel cell is then adapted to the vehicle with the use of a super capacitor to deal with transient loads in the drive cycle. The full specification of the new package is detailed within the latter report.
1. INTRODUCTION
Due to increasing global temperatures and increasing climate change facts governing bodies of the world are targeting major reductions in vehicle carbon dioxide emissions. Their strategy is to ban the sale of new petrol and diesel vehicle from 2035 onwards with 0g of CO2 being produced at the tail pipe [1]. To meet these new regulations new emerging technologies in the form of electric vehicle and hydrogen fuel cells have come to the forefront of the automotive industry. 

A customer of a design team has requested a detailed explanation and model of their plans to convert a tesla model 3 to 50% battery and 50% hydrogen fuel cell. This report details all design criteria with modelling to produces an estimated model of the vehicle performance and range capabilities.
2. TESLA DRIVE CYCLE 
To corroborate the computed outcomes with the documented specifications of the Tesla Model 3 regarding WLTP range and consumption, MATLAB was employed to model the range and consumption. The speed profile of the WLTP Class 3 drive cycle served as input, whereby tractive and resistant forces were computed at the wheels. Leveraging previously determined drivetrain efficiencies, the battery's discharge and recharge were ascertained [2].Top of Form
The drive cycle takes the vehicles time and velocity and calculates the road load that the vehicle is experiencing. The road load multiplied by the velocity of the vehicle calculates the wheel torque of the vehicle. depending on if this torque is positive or negative dictates if the battery is draining power or the Kinetic Energy Recovery System (KERS) is recovering the energy. 
Figure 1 below displays the Velocity of the vehicle over time compared against the Force required to drive the vehicle. 
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Figure 1 - Vehicle Velocity and Force

Having calculated the torque required from the battery, the positive instant torque needed from the battery is calculated and plotted in the graph below. On the second axis of the figure the energy usage over the drive cycle distance is displayed in kWhs. The total energy used over the drive cycle was 4.6kWhs.
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Figure 2 - Instant Power and Energy Used
The figure 3 below shows the efficacy of the battery power bring coveted to kinetic energy from the motor from real life testing. From the data gathered the total energy recovered percentage was only 72.7% due to other losses from the battery pack. The results were much lower that the quoted 95% provided from TESLA. 
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Figure 3 - TESLA Model 3 Battery Efficiencies

The figure below shows the Net energy out of the battery in kW over the drive cycle. At the end of the drive cycle when the vehicle is breaking the battery can be seen regaining it charge.
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Figure 4 - Energy Out of the Battery

Figure 5 displays the charge in the battery. Can be seen that over the range of the drive cycle 5.2Kwh of charge is taken out of the battery. 
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Figure 5 - Battery Storage Over Single Drive Cycle

For the model 3 Tesla quote a WLTP range of 620Kms equivalating to a usage of 16.5kWh/100. On completion of the model the final calculated range from a real drive cycle was 305Kms leading to a consumption of 24.5kWh/100 much lower than the stated range from tesla. 

This is due to the WLTP being a laboratory executed test, Manufacturers are afforded the opportunity to "optimize" vehicles for such tests by employing special test drive modes, adjusting air conditioning settings, optimizing transmission performance, and utilizing different tires specifically for testing purposes rather than those intended for real-world sales. Additionally, manufacturers often exploit the flexibility inherent in testing methodologies.

3.HYDROGEN FUEL CELL
Having estimated the new range for the current tesla model 3. Half of the battery capacity will be removed. Not only does this effect the range of the vehicle being reduced by half but other parameters like the weight of the vehicle. The vehicle will now be paired with a hydrogen fuel cell. The large capacity of the battery will deal with the transient loads and the rapid demand of power. Whereas the fuel cell will be designed to supply a constant supply of power into the battery pack.

Listed in the table below are the spec for the tesla model 3 battery pack. 

	Tesla model 3 total weight 
	1980 kg

	Tesla model 3 battery pack weight
	480kg

	Tesla battery pack size
	0.4 m^3


Table 1 - Tesla Battery Specification

A Proton Exchange Membrane (PEM) hydrogen fuel cell operates through an electrochemical reaction that converts hydrogen and oxygen into electricity, with water as the only byproduct. At the heart of the fuel cell is the PEM stack, which consists of multiple individual cells arranged in series. Each cell comprises an anode and a cathode separated by a proton exchange membrane. Hydrogen gas is supplied to the anode, where it undergoes a catalytic reaction, releasing protons and electrons [3]. The protons pass through the proton exchange membrane, while the electrons travel through an external circuit, generating electrical current. Meanwhile, oxygen from the air is supplied to the cathode, where it combines with protons and electrons to form water molecules. The PEM membrane allows only protons to pass through, forcing the electrons to flow through the external circuit, thus producing electrical power. This process continues if hydrogen and oxygen are supplied to the anode and cathode, respectively, making PEM fuel cells an efficient and environmentally friendly energy source for various applications, including transportation and stationary power generation.

To select the best fuel cell available for the vehicle the following fuel cells have been ranked in a decision matrix form. 

	Parameter
	Toyota Mirai
	Honda Clarity FC
	Hyundai Nexo

	Max Power Output (Kw)
	113
	103
	95

	Quoted Efficiency(kg/100km)
	0.79
	0.85
	0.84

	Working Temp (C) 
	20
	22
	20

	Weight
	240
	90
	100


Table 2 - Fuel Cell Decision Matix

Having selected the Honda clarity due to is low weight the model can be updated with the new weight and power increase.

4. HYDROGEN STORAGE
There are two primary ways that hydrogen can be stored. Physically based (storing the hydrogen as an atom controlled within a space) or material-based (storing the hydrogen as a molecule bonded to other atoms).  The main issue with the storage of hydrogen is finding a cost-effective method to make is more energy dense. 
Compressed Gas is the storage of hydrogen in high pressure tanks up to 10,000 pounds per square in. this allows the hydrogen to be storge in a small space and will also retain its energy effectiveness. For that tank to withstand the extreme pressures in size the mass of the tank increase drastically, therefore increasing the mass of the vehicle reducing its range [4]. 
A secondary from of physical hydrogen storage is liquid hydrogen, also known as hydrogen slush. When hydrogen is stored at 20k it becomes a non-corrosive a colourless liquid. These types of tanks can often hold twice the amount of hydrogen than that of a compressed gas tank. To maintain the sub-zero temperature, the storage tanks needs to be well insulated and maintain the temperature level which cost energy. A secondary problem that occurs at the fuel pump. Due to the low temperatures finding suitable materials to maintain a seal on the fuel pump without the use of lubrication as not to add impurities to the fuel mix is challenging [5]. 
Chemical hydrogen is a material-based storage of hydrogen. Metal hydrides store the hydrogen as a decomposable chemical compound. Ammonia (NH3), metal hydrides, formic acid, carbohydrates, synthetic hydrocarbons, and liquid organic hydrogen carriers (LOHC) are among the materials used for storing hydrogen via chemical means. When hydrogen is storge in the form of Ammonia it can be blended with water and stored in its liquid state at room temperature and standard pressure. This liquid form offers high hydrogen storage densities with minimal cryogenic limitations. However, there is a restricted extraction rate of the hydrogen due to the release being a type of reaction. With a typical flow rate of 125NL/h [6].
To decide which type of storage is best suited to this vehicle a decision matrix is required racking each hydrogen storage 1-5 based on its ability to meet the requirement. 

	Requirement 
	Compressed Gas
	Liquid Hydrogen
	Chemical Hydrogen 

	Cost 
	3
	1
	2

	Weight 
	1
	3
	3

	Energy density 
	4
	2
	1

	Capacity 
	2
	4
	3

	Life Cycle 
	4
	3
	2

	Totals
	18
	13
	11


Table 3 - Hydrogen Tank Storage Decision Matrix

Having analysed the design matrix Compressed Gas storage appears to off the best solution to the tank. 

When looking for hydrogen tanks on the market Quantum and Lincon appeared to be the market leaders offering multiple tanks. The tanks selected for this model is the Q-LITE. The tanks offers a mass of 49Kg and has a total Hydrogen storage capacity of 2.3kgs

5. SUPERCAPACITORS
To increase the performance of the vehicle supper capacitors will be used to maxims the recovery of the vehicle under braking from the Kinetic Energy Recovery System (KERS). When KERS is working of the vehicle the energy recovered goes to the battery in the current model. Due to the battery having a low C rate it can’t except all the charge. The use of a supper capacitor with a high C rate will be able to except most of the charge. The downside of using super capacitors is that they are prone to self-discharge and can’t store the energy over long periods of time [7]. 
A supercapacitor uses an electrolyte layer that uses electro chemistry to increase its capacitance to the Pico to Microfarad range. The electrolyte layer has positive and negative ions in an aqueous mixture being separated from each electrode. the layer of ions that form at the charged plates create a Helmholtz layer being very dense with charged ions. The distance between the Helmholtz layer is between 0.3 – 0.8 nm inputting this distance into the capacitance formula creates a C high rate [8].
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The energy supplied by the power source to change the capacitor is listed in the equation below. The half in the equation is implemented a 50% of the energy is lost due to heating effects while charging the capacitor. 
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As the capacitor discharges over time the voltage drops. This drop in voltage can lead to potential problems when trying to control the motor. 
Self-discharge, a gradual energy loss in charged supercapacitors without external load, results from internal chemical reactions, imperfect insulation, and inherent material properties. Factors influencing self-discharge include electrode material, electrolyte type, temperature, and the age or condition of the supercapacitor. In automotive applications, self-discharge affects energy storage system efficiency,
Equivalent Series Resistance (ESR) represents the internal resistance inherent in a supercapacitor throughout its charge and discharge cycles. It encompasses various resistances within the capacitor, including those of the electrolyte, electrodes, separator, and internal connections [9]. ESR significantly influences the performance of the supercapacitor in several ways. Firstly, it directly impacts energy efficiency by contributing to energy losses during charging and discharging, primarily in the form of heat, which is proportional to the square of the current multiplied by the ESR. Additionally, ESR affects the power capability of the supercapacitor; lower ESR values allow for higher power delivery, while high ESR limits the rate at which the capacitor can be charged or discharged. Moreover, high ESR can lead to significant heat generation, particularly under high current loads. When specking a super capacitor managing the temperature of the capacitor is critical to obtain optimal performance for long durations. 
When analysing the market for companies making super capacitors there is little to know on the market due to large manufacturers making them in house there for the desired features of the super capacitor fitted will be listed below and updated into the model. 
	C rate
	0.2

	Self-Discharge
	Dependent on vehicle running temp.

	Thermal running temp (C)
	22

	Power Density (W/kg)
	10,000


Table 4 - Supercapacitor Specifications
7. MODEL RESULTS
After updating the model with the additional features, the simulation was run again to produce the following results. The figure below details the energy stored in the battery over the full drive cycle. 
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Figure 6 - Energy in Battery with Fuel Cell

the original simulation of the standard model 3 achieved a WLTP of 24.55kWh/100. The new hydrogen fuel cell with supercapacitors achieved a slightly more efficient 23.48kWh. however, due to the limited space within the vehicle for the storage of the hydrogen tank and low power density from hydrogen as well as removing half of the total battery storage the total range of the vehicle was decrease from 305km to 219km. this reduction in total range makes the conversion from battery to hydrogen fuel cell unrealistic. 

8. LIFE CYCLE CONSIDERATIONS
Lithium-ion batteries, while essential for powering many modern devices and electric vehicles, pose environmental challenges throughout their lifecycle. Firstly, the extraction and processing of lithium, cobalt, and other rare metals required for battery production can lead to habitat destruction, water pollution, and soil contamination in mining regions. Additionally, the manufacturing process itself consumes significant energy and generates greenhouse gas emissions [10].
the end-of-life management of lithium-ion batteries presents challenges. Improper disposal or recycling methods can lead to the release of hazardous materials into the environment, posing risks to both ecosystems and human health. Additionally, the recycling process itself can be energy-intensive and costly. As the demand for lithium-ion batteries continues to grow with the expansion of electric vehicles and renewable energy storage systems, it becomes imperative to address these environmental concerns through sustainable practices and technological innovations to ensure a more environmentally responsible approach to battery production and disposal [11].
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Figure 7 - Life Cycle Assessment from Volvo

The figure above is sourced from Volvo's life cycle analysis of their internal combustion engine (ICE) and lithium-ion battery electric vehicle (EV) production models. The data highlights that a significant portion of CO2 emissions originates from the user phase for ICE vehicles and from production for electric vehicles. It becomes apparent that electric cars offer a favourable solution only when powered by green energy sources such as wind power generation [12].
9. ERRORS WITHIN THE MODEL
Although trying to limit the number of errors within the model there are some factors that may yield results that aren’t expected. One issue identified within the model is that the fuel cell begins charging the battery right from the outset. Consequently, the battery remains above 80% charge for an extended period, which can result in battery degradation. Sustaining the battery above 80% charge over prolonged periods can accelerate its deterioration, leading to reduced longevity and performance.
The model lacks provisions for the gradual discharge of the supercapacitors over time. It operates under the assumption that the supercapacitors consistently supply energy back to the motor without considering their natural discharge process. This oversight could lead to discrepancies in energy management and potential inefficiencies in the system's overall performance.
The data gathered from the fuel was collected from Hondas website. Like tesla the figures they supply may not be accurate leading to a potential increase in range and efficiency over a physical vehicle. 

10. CONCLUSIONS
In conclusion, the analysis underscores several crucial considerations regarding the accuracy and effectiveness of current technologies in automotive applications. Firstly, the disparity between WLTP test results and real-world data highlights the limitations of standardized testing methodologies in capturing true vehicle performance under varied conditions. In the model of the drive cycle simulation there was a discrepancy of 350Km.
 Secondly, while hydrogen fuel cells offer a promising alternative to conventional combustion engines, their inefficiency compared to other power sources raises questions about their viability as a sustainable solution. This is due to the lower power density of hydrogen and the limited efficiency of the fuel cell technology. 

Finally, the superior capability of supercapacitors in managing transient loads suggests their potential as a key component in enhancing the responsiveness and efficiency of electric vehicle systems. Moving forward, addressing these challenges and leveraging the strengths of emerging technologies will be essential for advancing the sustainability and performance of automotive propulsion systems.
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