[image: A picture containing text

Description automatically generated]     






University of Wales Trinity Saint David
School of Engineering

Hybrid Powertrain and Control 
Drive-Cycle Requirement Specifications (ACAE 7007)

Taylor Winter
Automotive Engineering
1901843

15/03/2023


     

[bookmark: _Toc130738815]Abstract 
This report discusses the positive impacts of integrating a hydrogen fuel cell with a PEMFC on the performance of electric vehicles. While the reduction in battery capacity will lead to a shorter driving range, the additional range provided by the hydrogen fuel cell can significantly offset this drawback. The hydrogen fuel cell with PEMFC is a promising technology for EV conversion due to its numerous benefits, including zero emissions, long driving range, fast refuelling, and high efficiency. Additionally, the PEMFC offers high energy efficiency, low operating temperature, and fast response time, making it an attractive option for a wide range of applications. As the demand for clean and sustainable energy sources continues to grow, hydrogen fuel cells with PEMFC are likely to play an increasingly important role in meeting energy and transportation needs. Despite the current challenges such as limited infrastructure and high cost, these issues are expected to be resolved through ongoing innovation and improvements in technology. The industry will continue to optimize the integration of these technologies to maximize the benefits and provide more efficient and sustainable transportation options for consumers.
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Electric vehicles have become increasingly popular due to their environmental benefits and improved performance compared to internal combustion engine (ICE) vehicles. The Tesla Model 3 is one of the most popular EVs on the market, but like other EVs, its driving range is limited by the capacity of its battery. One potential solution to this problem is to replace a portion of the battery with a hydrogen fuel cell, which can provide a longer driving range and faster refuelling time than batteries.

In Assignment One's presentation, a conversion project was proposed for a Tesla Model 3 to replace a minimum of 50% energy storage with a fuel cell while maintaining a similar WLTP range for the best WLTP Wh/km. The goal of this engineering report is to provide detailed specifications for completing this conversion while meeting the customer's requirements.

To achieve this goal, the report will reassess and evaluate the drive cycle of the Tesla Model 3, with a focus on converting 50% of the battery capacity to a fuel cell. This will involve using various methods such as mathematical modelling, industry research, and academic papers to determine the major components needed to complete the conversion. The report will provide flow rates, energy conversion rates throughout the powertrain or subsystem, operating conditions of components, and a final decision based on requirements, standards, and costing.

To ensure that the converted Tesla Model 3 meets the customer's requirements, the report will evaluate the performance and efficiency of the fuel cell system compared to the original battery. This will involve analysing factors such as driving range, refuelling time, and overall energy efficiency. The report will also consider the practicality of the conversion, considering factors such as the availability of hydrogen fuelling stations and the cost of the fuel cell components.
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[bookmark: _Toc129789341][bookmark: _Toc130738820]2 Research 
[bookmark: _Toc129789342][bookmark: _Toc130738821]2.1 Industry Standards 
ISO 23273:2013 is a standard developed by the International Organisation for Standardisation (ISO) that specifies the essential requirements for fuel cell vehicles (FCV) with respect to the protection of persons and the environment inside and outside the vehicle against hydrogen-related hazards (ISO, 2013) (International Organisation for Standardisation, 2013).

This standard applies only to FCVs where compressed hydrogen is used as fuel for the fuel cell system. ISO 23273:2013 covers the design and performance requirements of the fuel system, environmental and operational conditions, and protection against hydrogen hazards for vehicles fuelled with compressed hydrogen (International Standard, 2013).

The standard does not apply to manufacturing, maintenance, and repair. The requirements of ISO 23273:2013 address both normal operating (fault-free) and single-fault conditions of the vehicles. Therefore, ISO 23273:2013 is an essential standard for ensuring the safety and protection of persons and the environment in FCVs.

The ISO/TC 197 - Hydrogen technologies (ISO, 1990) is responsible for developing standards for hydrogen technologies, including fuel cells. The comparison of fuel cell technologies (Office of Energy Efficiency & Rewable Energy, 2020) shows that each fuel cell technology has advantages and challenges, such as expensive catalysts, long start-up time, and sulphur sensitivity. 

The Fuel Cell Standards (Hydrogen Tools, nd) resource provides information on codes and standards for hydrogen systems, including basic considerations for the safety of hydrogen systems and fuel quality control. The Standard for Fuel Systems in Fuel Cell and Other Hydrogen Vehicles (SAE, 2013) defines design, construction, operational, and maintenance requirements for hydrogen fuel storage and handling systems in on-road vehicles. Therefore, the ISO standards for fuel cell conversion include safety, performance, and environmental requirements, which are essential for protecting persons and the environment against hydrogen-related hazards.
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The following equations have been added to the original drive cycle MATLAB to account for the addition of the hydrogen fuel cell with PEMFC. 

[bookmark: _Toc130738855]Equation 1: New Battery Storage.

[bookmark: _Toc130738856]Equation 2: New Battery Storage (W/h).

[bookmark: _Toc130738857]Equation 3: Fuel Cell Storage.

[bookmark: _Toc130738858]Equation 4: Hydrogen Energy in.

[bookmark: _Toc130738859]Equation 5: Number of Cycles.

[bookmark: _Toc130738860]Equation 6: Hydrogen (kg).

[bookmark: _Toc130738861]Equation 7: Hydrogen (kg per Cycle).
The higher heating value (HHV) used was 142.18MJ/kg (EESOM Co., 2022).

[bookmark: _Toc129789344][bookmark: _Toc130738823]4 Limitations 
Testing a Worldwide harmonized Light vehicles Test Procedure (WLTP) drive cycle through MATLAB can have several limitations, including:

MATLAB models are designed to simulate the behaviour of a vehicle and its powertrain during a drive cycle. However, these models typically use simplified representations of the vehicle and powertrain systems, which may not fully capture the complex interactions between various components of the vehicle during a drive cycle.

The model is designed to simulate the behaviour of a vehicle and its powertrain under different driving conditions. However, these models may not accurately capture the real-world driving conditions, which can lead to inaccurate predictions of the vehicle's performance, energy consumption, and emissions. One of the challenges in simulating real-world driving conditions is that they are highly variable and difficult to capture in a model. For example, real-world driving conditions can include a wide range of speeds, accelerations, and decelerations, as well as changes in traffic flow and road grade. These variations can significantly impact the vehicle's energy consumption and emissions, and their accurate representation is critical for obtaining accurate simulation results.

The accuracy of a MATLAB model used for simulating the behaviour of a vehicle and its powertrain during a drive cycle depends on the quality and availability of the input data. This data can include vehicle specifications, driving patterns, and environmental conditions, among others.

MATLAB models used for simulating the behaviour of a vehicle and its powertrain during a drive cycle rely on certain assumptions and simplifications, which can introduce errors and uncertainties into the results.

One of the main sources of error and uncertainty in MATLAB models is the use of simplified models of the vehicle and powertrain systems. These simplified models are often based on a limited set of assumptions and simplifications, which can lead to inaccuracies in the model predictions. Another source of error and uncertainty in MATLAB models is the use of simplified representations of driving conditions. MATLAB models often use standardized drive cycles, which may not accurately reflect the diversity of real-world driving conditions. This can lead to inaccuracies in the model predictions, as the actual driving conditions may be significantly different from the standardized drive cycle.
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Electric vehicles (EVs) have become increasingly popular as consumers seek environmentally friendly alternatives to traditional gasoline-powered vehicles. One of the main challenges facing EVs is the limited driving range of their batteries, which can make long-distance travel difficult. Hydrogen fuel cells with PEMFC offer a potential solution to this problem by providing a longer driving range and faster refuelling time than batteries.

A hydrogen fuel cell with PEMFC works by converting the chemical energy of hydrogen fuel into electrical energy. The fuel cell is connected to an electric motor that drives the wheels of the vehicle. As the vehicle moves, the fuel cell generates electricity to power the motor. The PEM in the fuel cell is a thin, polymer electrolyte membrane that allows protons to pass through while blocking the flow of electrons. This separation of charge helps to maintain the electrical potential difference between the anode and cathode sides of the fuel cell, which drives the flow of electrons through the external circuit and generates electrical power.

One of the main advantages of using a hydrogen fuel cell with PEMFC for an EV conversion is its zero emissions. Hydrogen fuel cells produce only water vapor as a by product, which means they emit no pollutants or greenhouse gases. This makes them an environmentally friendly alternative to gasoline-powered vehicles. Additionally, hydrogen fuel cells have a longer driving range than batteries, making them well-suited for long-distance travel. Refuelling a hydrogen fuel cell takes only a few minutes, which is much faster than recharging a battery. This can reduce the time and inconvenience of long-distance travel, making hydrogen fuel cells a practical choice for many drivers.

[bookmark: _Toc130738825]5.1 Decision Matrix 
The process of selecting the most appropriate fuel cell tank for a conversion involves evaluating multiple factors such as cost, availability, energy density, power output, reliability, safety, tailpipe emissions, and ease of installation. A decision matrix is typically used to compare the performance of different options based on these criteria.

In this case, a decision matrix was developed for five different fuel cell tanks (seen below in table 1), and the results were analysed to determine the best option. Based on the analysis, the hydrogen fuel cell tank was found to be the most suitable choice due to its high performance in all the evaluated criteria.

The hydrogen fuel cell tank scored the highest in energy density, which refers to the amount of energy that can be stored in the tank per unit volume. It also had a high power output, which is important for efficient and effective operation. In terms of reliability and safety, the hydrogen fuel cell tank also scored well, indicating that it is a dependable and secure choice. Finally, the hydrogen fuel cell tank had the lowest tailpipe emissions compared to the other fuel cell tanks, which is beneficial for environmental purposes.

Although natural gas was the second-best option based on the decision matrix analysis, it was not chosen as the ideal choice due to its lower power output and higher tailpipe emissions compared to the hydrogen fuel cell tank. 

A second decision matrix the type of fuel cell can be seen below in table 2. After analysing the results, the PEM fuel cell was determined to be the best option. This type of fuel cell had the highest score in the decision matrix, indicating superior performance across all evaluated criteria. The PEM fuel cell was also found to be cost-effective and readily available, making it a practical choice for the project. In addition, it scored well in terms of safety, reliability, and environmental impact, with low tailpipe emissions.

Conversely, the alkaline fuel cell was found to be the second-best option, but it did not perform as well as the PEM fuel cell. The alkaline fuel cell scored lower in cost, energy density, and power, making it less practical for the project. As a result, the decision was made to not use the alkaline fuel cell for the conversion project.

Overall, the decision matrix allowed for a comprehensive evaluation of the different fuel cell options and helped to identify the best choice based on a range of important factors. The use of the PEM fuel cell is expected to provide a reliable, efficient, and environmentally friendly solution for the customer specification.
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	Fuel Cell Tank Decision Matrix 

	Fuel Cell
	Hydrogen 
	Methanol 
	Ethanol
	Natural Gas
	Biogas

	Cost
	1
(Clean Cities, 2021)
	2
(Ahlvik & Brandberg, 2001)
	3
(Grahn, et al., 2022)

	4
(Clean Cities, 2021)
	5
(Hansson, et al., 2019)

	Availability 
	1
(Irena, 2021)
	3
(ICF Incorporated & Arcadis Geraghty & Miller, 1998)
	2
(Sazali, et al., 2020)
	5
(Clean Cities, 2021)
	4
(Araya, et al., 2020)

	Energy Density
	5
(Staffell, et al., 2018)
	4
(Staffell, et al., 2018)
	3
(Staffell, et al., 2018)
	2
(Valera-Madina, et al., 2018)

	1
(Ahlvik & Brandberg, 2001)

	Power
	5
(Clean Cities, 2021)
	4
(Lehnert, 1977)
	2
(ICF Incorporated & Arcadis Geraghty & Miller, 1998)
	3
(Clean Cities, 2021)
	1
(Clean Cities, 2021)

	Reliability
	5
(Clean Cities, 2021)

	1
(Araya, et al., 2020)
	2
(Danish Technological Institute, 2011)
	4
(Valera-Madina, et al., 2018)
	3
(Bušić, et al., 2018)

	Safety
	5
(Clean Cities, 2021)
	1
(Lehnert, 1977)
	2
(Office of Energy Efficiency & Rewable Energy, 2020)
	4
(Samhsa Gov, 2020)
	3
(Bkour & Ha, 2020)

	Tailpipe Emissions
	5
(Clean Cities, 2021)
	4
(Valera-Madina, et al., 2018)
	3
(ICF Incorporated & Arcadis Geraghty & Miller, 1998)
	2
(Osman, et al., 2022)
	1
(IEA, 2021)

	Ease of Installation 
	3
(Tashie-Lewis & Nnabuife, 2021)
	1
(Bossel & Eliasson, 2020)
	2
(NETL, 2004)
	4
(Academy, 2011)
	5
(Ghadikolaei, et al., 2021)

	Sum
	30
	20
	19
	28
	23

	Proceed
	Yes
	No
	No
	No
	No





[bookmark: _Toc130738851]Table 2: Type of Fuel Cell Decision Matrix.
	Type of Fuel Cell Decision Matrix 

	Fuel Cell
	Proton Exchange Membrane 
	Solid Oxide 
	Direct Methanol
	Alkaline
	Phosphoric Acid
	Molten Carbonate

	Cost
	6
(Schulze & Gülzow, 2009)
	5
(EG&G Technical Services, Inc., 2004)
	4
(Walkowiak-Kulikowska, et al., 2017)
	3
(Ye, et al., 2012)
	2
(Du & Zhan, 2021)
	1
(EIA, 2019)

	Availability 
	6
(Battelle Memorial Institute & U.S Department of Energy, 2016)
	2
(Hurlbert, 2013)
	3
(OECD, 2016)
	5
(Irena, 2018)
	4
(Schulze & Gülzow, 2009)
	1
(EG&G Technical Services, Inc., 2004)

	Energy Density
	3
(Hirschenhofer, et al., 1998)
	6
(Akinyele, et al., 2020)
	1
(Walkowiak-Kulikowska, et al., 2017)
	2
(Office of Energy Efficiency & Rewable Energy, 2020)
	4
(EG&G Technical Services, Inc., 2004)
	5
(U.S Environmental Protection Agency, 2015)

	Power
	3
(Fuel Cell Store, 2017)
	5
(Yue, et al., 2021)
	1
(EIA, 2019)
	2
(Yue, et al., 2021)
	4
(Ramirez-Meyers, et al., 2021)
	6
(Office of Energy Efficiency & Rewable Energy, 2020)

	Reliability
	6
(U.S Department of Energy, 2013)
	3
(Hughes, 2019)
	1
(Cadwallader & Herring, 1999)
	5
(McCain & Brownback, 2005)
	4
(Chandler, 2014)
	2
(Voelcker, 2018)

	Safety
	6
(Tweed, 2012)
	3
(Office of Energy Efficiency and Renwable Energy, 2023)
	1
(Schulze & Gülzow, 2009)
	5
(EG&G Technical Services, Inc., 2004)
	4
(Walkowiak-Kulikowska, et al., 2017)
	2
(NETL, 2004)


	Tailpipe Emissions
	6
(U.S Department of Energy, 2013)
	2
(Sun, et al., 2021)
	5
(U.S Department of Energy, 2013)
	4
(Sun, et al., 2021)

	3
(U.S Department of Energy, 2013)
	1
(Lobner, 2015)

	Ease of Installation 
	6
(Lehnert, 1977)

	2
(Schreiber & Hartranfit, n.d)

	5
(IEA, 2019)
	4
(Lehnert, 1977)
	3
(Schreiber & Hartranfit, n.d)
	1
(Schreiber & Hartranfit, n.d)

	Sum
	42
	28
	21
	30
	28
	19

	Proceed
	Yes
	No
	No
	No
	No
	No


[bookmark: _Toc130738826]6 Results and Discussion 
Figure 2 below shows the storage levels from the original battery, the maximum battery storage was 27x107kWh which drops to 25x107kWh after one WLTP cycle. Figure 3 below shows the storage levels after removing 50% of the battery and the addition of a hydrogen fuel cell with a PEMFC. This results in a maximum battery storage of 13.5x107kWh which drops to 11.7x107kWh. As well as a maximum 1.73kg of hydrogen, which drops to 1.6kg after one WLTP cycle. This means that the vehicle is now consuming more energy per mile travelled than it was before. However, this is due to the increase in energy available. 

The effects of the changes in the storage levels of the battery and the addition of the hydrogen fuel cell with PEMFC will have several impacts on the vehicle's performance. Firstly, the reduction in the battery storage capacity will affect the vehicle's driving range. With a smaller battery capacity, the vehicle will be able to travel a shorter distance on a single charge. This means that the vehicle may need to be charged more frequently or may have a shorter range between charges.

However, the addition of the hydrogen fuel cell can offset this decrease in driving range. The fuel cell can produce electricity to power the vehicle's electric motor, extending the vehicle's range. 

Secondly, the changes in the storage levels will affect the vehicle's weight. Removing 50% of the battery will reduce the weight of the vehicle, which can lead to improved handling and performance. However, adding the hydrogen fuel cell will add weight back to the vehicle, which can offset some of these improvements.Top of Form

The change in the Watt hours per mile value is an important metric to consider when evaluating the efficiency of a vehicle. A higher value means that the vehicle is consuming more energy per mile, which can lead to a shorter driving range and increased operating costs. It is important to optimize the vehicle's energy efficiency to minimize its environmental impact and maximize its economic value.

Bottom of Form

[image: Chart

Description automatically generated]
[bookmark: _Toc130738842]Figure 2: Battery Storage Level.
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[bookmark: _Toc130738843]Figure 3: Battery Storage Levels with H2.
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7 Conclusion 
In conclusion, the changes in storage levels of the battery and the addition of a hydrogen fuel cell with a PEMFC will have both positive and negative impacts on the performance of the vehicle. The reduction in battery capacity will lead to a shorter driving range, which can be offset by the additional range provided by the hydrogen fuel cell. The changes in weight due to the removal of the battery and addition of the fuel cell will affect the vehicle's handling and performance.

A hydrogen fuel cell with PEMFC can be a good option for an EV conversion due to its zero emissions, long driving range, fast refuelling, and high efficiency. However, the limited infrastructure and high cost of hydrogen fuel cells may make them impractical for some users. As the demand for clean and sustainable energy sources continues to grow, hydrogen fuel cells with PEMFC may play an increasingly important role in meeting the transportation needs.

The Proton Exchange Membrane Fuel Cell is an important technology that has the potential to revolutionize the way we generate and use energy. The PEMFC offers high energy efficiency, low operating temperature, and fast response time, making it an attractive option for a wide range of applications. As the demand for clean and sustainable energy sources continues to grow, the PEMFC is likely to play an increasingly important role in meeting our energy needs.

Overall, the integration of these new technologies will require careful consideration and optimization in order to maximize the benefits while minimizing any negative impacts on the vehicle's performance. As electric and fuel cell vehicles become more widespread, the industry will continue to innovate and improve upon these technologies to provide more efficient and sustainable transportation options for consumers.
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