[image: ]

PEMFC DESIGN AND OPERATION AS A MOTORCYCLE POWERTRAIN.


A viability study on the use of a Polymer Electrolyte Membrane fuel cell as an alternative motorcycle powertrain.
By. Paul Gormlie P149642
University of Wales Trinity St. David, Swansea
Submitted as Part of BEng (Hons) Motorcycle Engineering final year project 2020. M6X00417.





Declaration of authenticity:
I hereby declare that the work contained within this document has been composed by myself and the findings are as a result of my own personal research.
Any information found or quotations from other external bodies of work have been referenced in the Harvard style convention.
Paul Gormlie (P149642)								3rd May 2020


Contents
Acknowledgements:	iii
Abstract:	iv
Nomenclature:	v
List of figures:	vi
List of tables:	vii
1.	Introduction:	viii
2.	Literature Review:	1
2.1	A brief history of fuel cells:	1
2.2	Why are alternative power sources necessary?	1
2.3	Legislative measures and targets:	2
2.4	Hydrogen in the transport sector:	3
2.5	Where does hydrogen come from?	3
2.6	Limitations and methods of mitigation:	3
2.6.1	Cost	3
2.6.2	Storage and transport:	4
2.6.3	Alternative sustainable technologies:	5
2.7	Hydrogen motorcycles:	5
3.	Methodology:	7
3.1	Fuel cell theory:	7
3.1.1	Properties of Hydrogen and Oxygen reaction	8
3.1.2	Thermodynamics	8
3.1.3	Electrochemistry	13
3.1.4	Mass transport	15
3.1.5	Membrane electrode assembly	18
3.1.6	Catalysis	19
3.1.7	Gas Diffusion layers	19
3.1.8 	Flow fields	20
3.1.9 	Fuel cell stacks	20
3.2	Specifying system components for motorcycle application:	20
3.2.1 	Power requirements of the motorcycle:	21
4.	Results and discussion:	24
5.	Conclusion:	25
6.	References	26
7.	Appendices:	29



[bookmark: _Toc39326022]Acknowledgements:

I would like to thank Dr Owen Williams and Mr. Mark Sandford for guidance during the research and writing phases of this report, also all members of staff at UWTSD, Swansea campus for helping to facilitate experiments and their assistance in the laboratories during these times.
I would also like to thank my parents, Karen and Eoin who have supported my decision to return to university later in life and have done everything they could to help making it happen.

[bookmark: _Toc39326023]Abstract:

In order to alleviate the growing concern of Greenhouse gas (GHG) emissions from internal combustion engine vehicles, an alternative method of vehicle powertrain requirements is emerging. There are many proposed methods in practice today to tackle this issue.
A specific area of interest in solving these issues is the utilisation of fuel cell technology, and in particular the hydrogen fuelled, polymer electrolyte membrane fuel cell (PEMFC), upon which this paper has its focus.
The proposal is, to specify a hydrogen fuel cell that can be implemented to power a small to mid-sized motorcycle of mass approximately 110-150kg with similar capabilities as an equivalent 250-600cc gasoline powered machine.
Analysis has been carried out to ascertain the correct configuration of fuel cell stack required and discussion follows regarding the implementation of such a powertrain, including pertinent theories of operation, system components, sub-system components, packaging and cost analyses.
Relevant laboratory experiments have been carried out to determine the operating parameters of a single cell PEM cell and will serve as a basis to scale the cell stack to the required configuration. 
From this point, the scaled-up fuel cell system can be analytically modelled, giving way to comparison of results for the cell stack, where various combinations of catalyst and membrane materials have been trialled and cell geometry and configurations modified to find the best overall efficiencies.
Utilising a 180-cell stack, the desired power figures have been achieved with the correct operating temperatures and pressures being determined, allowing the most efficient operation of the cell stack as a power source. Hydrogen consumption at various levels of stack output have been determined also and the implementation of a stack design has been configured on a motorcycle platform successfully.
Further discussion assesses the viability of this alternative powertrain for motorcycle applications, and the prospect of the hydrogen infrastructure as a whole.
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ICE : Internal combustion engine	2
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1. [bookmark: _Toc39326027]Introduction:

Owing to the recent announcement of a ban on the sale of petrol- and diesel-powered vehicles in the United Kingdom from 2040, an alternative source of power for on-road vehicles must be explored. A shift toward fuel cell technology has been cited as a viable alternative to fossil fuel powertrains in recent times with several vehicle manufacturers adopting the fuel cell approach as a possible power-source. Although this may not apply directly to motorcycles in the interim in the U.K, there will most certainly be a global requirement in countries with large motorcycle populations.
Currently, there are no fuel cell motorcycles available commercially, several attempts have been trialled in the past with less than adequate results. The main issue being low power density of the cells themselves, storage of fuel onboard the motorcycle and the lack of hydrogen infrastructure.
The aim of this project is to explore the possibilities of utilising a hydrogen powered, polymer electrolyte membrane fuel cell (PEMFC) in a motorcycle application in an attempt to alleviate the aforementioned obstacles. Utilising a hydrogen fuel cell supplied by the university, a set of experiments have been carried out to validate relevant theories required to scale up fuel cell geometry to a useable size. A series of calculations have then been made to determine where the losses in a fuel cell occur and how these losses may be minimized. 
Using MatLab, the calculations performed will be run over a series of different operating parameters that may be encountered by a fuel cell. These calculations will culminate in the production of a polarisation curve that can be edited to include variations in cell parameters such as operating pressure and temperature and number of cells in the overall stack, which will determine the output characteristics of the specified fuel cell.
The study will then discuss the viability of these type of cells for a motorcycle, considering initially, geometric and electrical properties and subsequently, material choice for components and possible issues that may arise when utilising hydrogen as a fuel source. 
Following successful modelling and analysis, auxiliary fuel cell systems and their requirements have been explored, with respect to packaging within existing motorcycle geometry, fuel consumption and safety concerns. 


2

2

2. [bookmark: _Toc37626043][bookmark: _Toc39326028]Literature Review:

2.1 [bookmark: _Toc39326029]A brief history of fuel cells:

[image: ]From the invention of the first fuel cell as we know it in 1839 by Swansea native, Sir William Grove with his “Gas Voltaic cell” there has been much interest in the principles of his invention throughout the past 180 years. The principle that he pioneered remains relatively unchanged in today’s fuel cells, whereby a set of electrodes submerged in an electrolyte are fuelled with a gas on the anode and air or oxygen on the cathode producing a chemical reaction that generate an electrical potential.
[bookmark: _Toc39422779]Figure 1: Sir William Grove's "Gas Voltaic Cell" forefather to the fuel cell as we know it. (Morus, 2017)
This theory is the same principle upon which conventional batteries rely also, the difference being that a battery will store electricity generated from an external source, whereas the fuel cell will directly generate electricity as a result of the chemical reaction occurring within the cell. (LibreTexts - Chemistry, 2020).
In the mid-20th century the advantages of the fuel cell would become apparent, in the era of accelerated space exploration in the 1960’s, astronauts used alkaline fuel cells powered by hydrogen to generate electricity in the Apollo and Gemini space programs, the research conducted by NASA into this technology has helped with the commercialisation of the fuel cell and undoubtedly heralded the advantages of this power source in adverse environments. (National aeronautical and space administration (NASA), 2005)
This subsequently led to interest from various military and private backing for the technology with Canadian based company, Ballard power systems introduction fuel cell powered buses to the streets of Vancouver, BC in 1993 after a long history of producing portable PEMFC generators for the U.S and Canadian military. (Koppel, 1999) This marked a sea-change for the future of the fuel cell with many renowned auto manufacturers interested to invest in the technology offered. Ballard fuel cells are still in use today in passenger vehicles and public transport around the world.
2.2 [bookmark: _Toc39326030]Why are alternative power sources necessary? 

In today’s world, people are attempting to find a viable alternative to internal combustion engines to cater for their transport needs, this is largely in part to the effects of global warming as a result of GHG emissions, since the late 1970’s vehicle manufacturers, under government imposed restrictions in many countries, have been attempting to reduce harmful exhaust emissions from internal combustion engine(ICE) vehicles.
As can be seen in the below chart, (Fig.2) the industrialisation of Earth has had a monumental impact on the amount of GHG produced, this also correlates with the rise in population of the planet and the increase in human need for transport. 
China’s huge boom in population has been one of the major contributors to these increases, along with relaxed carbon tax measures for industry in the latter half of the 20th century. Measures taken by the USA appear to have yielded some slow in carbon output although they still do account for approx. 25% of global cumulative emissions. (H. Roser, 2020).
The U.K has a much smaller carbon footprint, mainly due to population but in each of these developed countries, carbon output is still far too high to be acceptable.
[bookmark: _Toc39422780]Figure 2: Comparison of CO2 emissions 1750-2020. Data obtained courtesy of: (H. Roser, 2020)
Taking the case of Great Britain as an example, government have committed to an overall carbon reduction of 15 Mt of CO2 a year in order to reach net-zero carbon output by 2050. To achieve this proposal, an increase in sustainable energy practices must be implemented. Several measures are currently in place with Britain investing heavily in renewable energy sources.
2.3 [bookmark: _Toc39326031]Legislative measures and targets:

In 2019 the U.K government have committed to £12 Billion to achieve net-zero carbon emissions by 2050 and have partnered with private oil and gas companies in projects such as GigaStack on the Humber estuary, whereby excess electricity from wind and tidal generators is used to produce hydrogen by electrolysis and hence store off-peak energy that would not be used otherwise. This is a valuable investment towards realising net-zero emissions in the specified timeframe. (The oil and gas technology centre - UK Gov, 2019)
Globally, several countries are also investing in the probability of a hydrogen economy, most notably in Asia, where Japan, China and South Korea have announced plans to have large numbers of hydrogen vehicles on the road by 2030, along with vast infrastructure projects to facilitate these changes, the same is true for Europe with France, Germany and the Scandinavian countries outlining their pledge to reduce carbon emissions by adopting similar strategies, unfortunately the United States is falling behind in this sense, with only the state of California committing to implementing these infrastructure goals by 2030 (Deign, 2019) and only 10 states in total committing to any carbon reducing policies in general.
2.4 [bookmark: _Toc39326032]Hydrogen in the transport sector:

At the current time, data suggests that almost a quarter of total GHG emissions worldwide is down to the transport sector, and a further 72% of this figure down to road transport alone. This amounts to approx. 15% of all global GHG as a result of road transport. (Centre for climate and energy solutions, 2020).
In light of these figures and the possibility of the large scale integration of hydrogen as a fuel source, the fuel cell is becoming an attractive source of energy for road transport, owing to the fact that the net CO2 output from a fuel cell is zero if the hydrogen is obtained sustainably.
2.5 [bookmark: _Toc39326033]Where does hydrogen come from?

Hydrogen production is predominantly a by-product of natural gas production, where steam reforming of methane creates pure hydrogen, it is also produced by the gasification of coal and reforming of crude oil. These methods currently also contribute a very high amount of CO2 by their mechanisms and continuing to use these methods will not provide a sustainable platform upon which to prop the hydrogen economy.
To overcome this issue various alternative methods have been discussed, the Surf ‘n’ Turf project in Orkney is one example that provides a sustainable method of production, although currently not on a commercial scale. Other methods such as biomass and high temperature electrolysis as employed by the GigaStack project, are the subject of much research at the present time and concluding successful research, these methods could provide the quantities of hydrogen required to sustain future transport needs through directly fuelling a fuel cell or combining with reclaimed CO2 to produce e-fuels. (M. Yugo, 2019)
2.6 [bookmark: _Toc39326034]Limitations and methods of mitigation:

2.6.1 [bookmark: _Toc39326035]Cost

In order to use hydrogen as a fuel source, particularly in PEM fuel cells, hydrogen must be of exceptional purity (>99.99%) otherwise accelerated degradation of the precious metal catalyst layers can occur and do not allow PEMFC’s to achieve their recommended lifespan of approx. 5000hrs for a typical passenger car. (250,000km at average speed of 50km/h) (Z. Shengsheng, 2009). Several advancements in materials are being currently researched to mitigate this issue and allow the use of lower quality fuel or even unreformed gases to be used without premature failure of the expensive catalyst layer.
At the present time, the cost of hydrogen as a fuel is not competitive with fossil fuel sources available today. As the economy of hydrogen is in its infancy this status may be remedied as more manufacturers begin adopting these technologies, therefore driving the price down for the end user. Current cost of >99.99% pure green hydrogen is between $3.60-$6.80 (£3.10-£5.50) per Kg, (Collins, 2020) whereas current gasoline prices are at approximately $0.80 (£0.65)per Kg. Although pure hydrogen contains more energy (120mJ/kg as opposed to 44mJ/kg) than gasoline, this cost is still restrictive if this was to be considered a viable alternative. Current projections suggest that green hydrogen could become cost competitive as early as 2025 in optimal locations such as Australia, South America and Saudi Arabia with GW scale electrolysis plants and competitive by 2030 worldwide. (F.Mueller-Langer, 2007)
The initial cost of a fuel cell vehicle (FCV) is still also not comparable with ICE vehicles, as a result of being a still emerging technology, the maturation of the sector should also materialize in cost benefits more in line with ICE vehicles. (A. Ajanovic, 2020)
2.6.2 [bookmark: _Toc39326036]Storage and transport:

Storage and transportation of hydrogen is yet another obstacle that must be overcome to ensure viability, in order for hydrogen to achieve the energy density required, it must be compressed to very high pressure (~700 BAR) to achieve comparable density as typical fossil fuels. Again, energy must be used to allow for this pressurization which could lead to increased CO2 emissions in the processing phase. 
Research is ongoing on how to mitigate this issue, with the possibility of hydrogen storage on metal hydrides being a proposed solution, where large quantities of gas can be stored on the surface of certain materials by adsorption or within the structure of the material by dissociative absorption allowing high energy densities at ambient pressures and relatively low temperatures. (Billur Sakintunaa, 2007).
[image: ]
[bookmark: _Toc39422781]Figure 3: Metal hydride hydrogen storage process. (MabeLite Photonics, 2012)
Transportation of hydrogen does pose a problem also, if hydrogen were to be produced centrally, in the same way power is generated at a station and then distributed, the cost of transporting both economically and environmentally would outweigh the benefits. It is being proposed that hydrogen produced onsite by electrolysis may be a method of overcoming this issue but, as before large investments must be made to alter the existing infrastructure to support this. With a very limited number of hydrogen refuelling stations globally at the moment, (<600) (FuelCellsWorks, 2020), this could be a major obstacle in the widespread adoption of H2 as a fuel source in the near future. Conversely the number of HRS is increasing yearly suggesting that the hydrogen economy is being embraced, particularly in Scandinavian countries where the number of stations is the highest per capita.
2.6.3 [bookmark: _Toc39326037]Alternative sustainable technologies:

A major hurdle for the adoption of hydrogen for transport is the prevalence of many fossil fuel alternatives in the market. The past 20 years has seen a large increase in the amount of electric and hybrid vehicles being sold globally. In theory this is good news for the environment as these vehicles do not directly produce harmful GHG emissions, but the practices involved in the production of these vehicles, such as the mining of lithium and cobalt for batteries, along with life-cycle uncertainty cast some doubt on the sustainable values of this sector, with the well to wheel analysis reflecting a more robust view of the scenario. (L.Athanasopoulo, 2018). Despite this, full electric and hybrid vehicles account for the vast majority of non-fossil fuelled vehicles with 5.5 million vehicles registered in total to date. (International energy agency (IEA), 2019). Unfortunately, a very small percentage of these were fuel cell vehicles (<2%) owing to the aforementioned factors.
[image: ]On the plus side for FCV’s the maturity of the electric vehicle sector means that there is an already well established industry for the production of necessary motors, motor controllers and auxiliary systems, all of which are still required for use in a FCV. This helps to reduce the cost per kW and may even allow for the adaption of hybrid electric/FCV vehicles in the future.
[bookmark: _Toc39422782]Figure 4: Well to wheel comparison between ICE, Hybrid and Fuel cell vehicles. (Nicola Briguglio, 2011)
2.7 [bookmark: _Toc39326038]Hydrogen motorcycles:

To date, there have been no commercial fuel cell powered motorcycles, many prototypes have been trialled but again, the low maturity of the sector, high cost and packaging issues have impeded the progress for the motorcycle industry. Development of new technology and increased power densities for fuel cells could herald a new chapter for this application in the future. 
Early experimental developments in PEMFC technology have seen specific power in excess of 1kW/kg (National aeronautical and space administration (NASA), 2005) which does suggest a reasonable case for the adoption of a fuel cell motorcycle. Swedish company Powercell have a commercially available stack weighing just 21kg with an output of 49kW. (Powercell Sweden AB, 2019) This unit is extremely compact and fits the criteria to be packaged within existing typical motorcycle geometry and would provide ample power to weight, to power even a relatively large motorcycle,  unfortunately the cost of this cell is still prohibitive at present.
One successful application of fuel cell technology in the motorcycle industry was by Taiwanese scooter company Asia-pacific fuel cell technologies, where they have implemented a ‘swap and go’ style metal hydride canister system on board a 3.5kW PEMFC scooter (Model ZES IV). This currently holds the record for longest distance travelled on a single tank of fuel at just short of 1000km. (Fuel Cells bulletin, 2010), thus displaying the possibilities of great progression in extending vehicle range and overcoming range anxiety associated with full EV motorcycles.




3. [bookmark: _Toc37626045][bookmark: _Toc39326039]Methodology:
3.1 [bookmark: _Toc39326040]Fuel cell theory and calculations:
This chapter will discuss the theory of fuel cell operation in a typical PEM type hydrogen/oxygen fuel cell. This will include application of empirical theories and formulae associated with the operation of PEMFC’s to determine the parameters required in each relevant sub-section of the chapter.
As discussed in the literature review, Fuel cells are not a new technology, basic forms of this type of electricity generation have been in use since the mid 1800’s. The principle of operation of the fuel cell is based on the electro-chemical reaction that happens at the anode (with a hydrogen oxidation reaction) and at the cathode (by reduction of oxygen). This reaction causes release of hydrogen electrons at the anode, thus creating an electrical potential, and transport of positive hydrogen ions through a porous electrolyte membrane to combine with reduced O2 ions on the cathode to form water, a by-product of the reaction is also heat generated on the cathode side of the cell. This red-ox reaction as it is commonly referred to is shown below:
Anode: H2 (g) → 2H+ (aq) + 2e−
Cathode: O2 (g) + 2H+ (aq) + 2e− → H2O (l) 
Overall: H2 (g) + O2 (g) → H2O (l) + electric energy + waste heat
Each of the reactants must be transported to their respective electrode by convection and diffusion through a catalyst, usually platinum (Pt) or ruthenium (Ru), and water and heat managed in order to prevent damage to fragile electrode membranes and platinum-based catalyst layers. The electrical potential generated will then allow for a current to flow when a load is connected between the two conductive electrodes.
[image: ]Shown below is a basic schematic of a typical hydrogen/oxygen PEMFC:
[bookmark: _Toc39422783]Figure 5: PEMFC schematic. (Fuel cell store, 2018)

In order for this reaction to happen safely and the cell to achieve a respectable efficiency, many processes are happening simultaneously to facilitate the generation of electricity, all of these parameters will be discussed in further detail below:
3.1.1 [bookmark: _Toc39326041]Properties of Hydrogen.
Below are a selection of tables outlining some of the thermodynamic properties of hydrogen. This information will be useful in analysing the requirements for the completed fuel cell stack. A further selection of thermodynamic tables related to the properties of fuel cell reactants and products is available in appendix A.
	20
	293.15
	Cp
	S°
	-(G° - H°298.15)/T
	H° - H°298.15

	25
	298.15
	28.84075
	130.715
	130.7
	0.00375

	30
	303.15
	28.8604
	131.1615
	130.7347
	0.141665

	35
	308.15
	28.8769
	131.5765
	130.7897
	0.287165

	40
	313.15
	28.8934
	131.9915
	130.8447
	0.432665

	45
	318.15
	28.9099
	132.4065
	130.8997
	0.578165

	50
	323.15
	28.9264
	132.8215
	130.9547
	0.723665

	55
	328.15
	28.9429
	133.2365
	131.0097
	0.869165

	60
	333.15
	28.9594
	133.6515
	131.0647
	1.014665

	65
	338.15
	28.9759
	134.0665
	131.1197
	1.160165

	70
	343.15
	28.9924
	134.4815
	131.1747
	1.305665

	75
	348.15
	29.0089
	134.8965
	131.2297
	1.451165

	80
	353.15
	29.0254
	135.3115
	131.2847
	1.596665

	85
	358.15
	29.0419
	135.7265
	131.3397
	1.742165

	90
	363.15
	29.0584
	136.1415
	131.3947
	1.887665

	95
	368.15
	29.0749
	136.5565
	131.4497
	2.033165

	100
	373.15
	29.0914
	136.9715
	131.5047
	2.178665


[bookmark: _Toc39060460][bookmark: _Toc39406352] Table 1: Thermodynamic properties of hydrogen at various fuel cell operating temperatures











[bookmark: _Toc39406353]Table 2: Hydrogen densities at various pressures.
	Hydrogen properties at varying pressure

	Pressure (Bar)
	Density kg/l
	Volumetric energy density kW/h/l
	Density kg/m3
	V.E.D kW/m3

	1
	0.0000881
	0.003
	8.81E-08
	0.000003

	10
	0.000881
	0.029
	8.81E-07
	0.000029

	350
	0.0308
	1.01
	0.0000308
	0.00101

	700
	0.0616
	2.03
	0.0000616
	0.00203



3.1.2 [bookmark: _Toc39326042]Thermodynamics
Thermodynamic properties of a fuel cell allow predictions to be made about various parameters such as temperature, pressure and useful energy that can be converted to work, these parameters will make up the basis for determining fuel cell performance and are vital in understanding the processes taking place during the conversion from chemical to electrical energy.
The basic overall cell reaction being expressed as: 

3.1.2.1 Enthalpy
Enthalpy is defined as the measure of how much energy is absorbed or released by a reaction or in other words the internal energy of a substance plus the product of pressure conditions and its specific volume, this is expressed as:

For each species in the fuel cell, the enthalpy can be calculated from values obtained from thermodynamic tables and input to the expression at the required pressure and temperature.
The enthalpy of formation of a substance is another useful characteristic when looking at chemical reactions as it defines the change in enthalpy required to form one mole of a substance from its products at a reference state (usually 25°C and at 101.33kPa) (Khotseng, 2019). 
For H2, O2 Reaction:				   	
This is equal to:				   for liquid water.
This is also the HHV for hydrogen when combusted with oxygen, which is essentially the same process occurring, as the temperature is below 100°C the water is in its liquid state and therefore the HHV is used, if the reaction caused water to be vaporised, then the LHV would be used. As the fuel cells that are being studied will be operating at approx. 350K the HHV will be used unless otherwise stated.
From these values it is now possible to reference for each substance in the reaction and allow for calculations determining the sensible energy change, when changing from reference temperature to desired temperature.
The product of the enthalpy of formation and the sensible enthalpy change (thermal enthalpy) are known as the absolute enthalpy.
This is expressed as:

This can also be expressed by the following equation if the system is at a constant pressure:

In the case of hydrogen gas at 350K:

For oxygen at the same temperature:

Water in the same instance:


3.1.2.2 Entropy
Entropy is defined as the amount of energy that is unavailable to do work in a closed thermodynamic system. In the case of the fuel cell reaction, the change of state in the reaction is reversible, which also produces electrical work and heat transfer to the product water and surroundings. As electrical work does not result in heat transfer, only the heat transfer will result in an entropy change. The second law of thermodynamics dictates that there must be a net increase in entropy for this system as disorder is increased. This is defined as:

The total amount of heat rejected can then be calculated as follows:

In this case: 			


Therefore, for given temperature, T, in this case 350K

Now ΔS can be found by implementing the formula from before:

Giving: 				       
3.1.2.3 Specific heat
Specific heat is defined as the amount of energy required to raise the temperature of 1Kg of a substance by 1 deg. K. The specific heat of a substance can be measured when the substance is at a constant pressure, denoted Cp or when at a constant volume denoted Cv. The specific heat ratio k is then expressed as:				

For the purpose of this study, the substances are being assumed as incompressible and ideal, and therefore the ratio of specific heats can be assumed to be 1. This is a useful parameter as it defines the relationship between temperature change and heat energy in the system.
3.1.2.4 Free energy change of a reaction
The free energy change of a reaction can be calculated from the enthalpy and entropy of a given reaction. The amount of free energy is a result of the enthalpy and entropy at a given state is defined as:

Therefore, in the case of the fuel cell:

This is further proved by the following equation:


From this point the total free energy available to do work is known at standard conditions, it is now necessary to calculate free energy at a range of pressures and temperatures to emulate typical cell operating conditions.
3.1.2.5 Cell reversible and output voltage
It is now possible to calculate the amount of electrical work that is possible from the reaction, this involves the use of Faraday’s constant, denoted F. (This constant equates to 96,487 coulombs per mole of electrons). The open circuit voltage of the cell can be determined from the total free energy available and the Faraday constant, along with the number of moles of electrons carrying charge following oxidation of the hydrogen molecule at the anode. This is shown as follows:

Then to find reversible voltage at standard conditions
[bookmark: _Hlk39084460]
Rearranging this for Er°:

Giving:

This is the maximum theoretical voltage at standard conditions that can be output from the hydrogen/oxygen red-ox reaction. Actual cell output voltage will be less than this as a result of various losses which will be discussed in the latter chapters of this report. It must also be noted that the cell output voltage will vary with temperature and pressure change, this can be calculated as follows using a simplified form of the Nernst equation:
 (Spiegel, 2007)
So, for a cell operating at 350K and 3Atm:
 
As a result of the higher pressure, the theoretical cell voltage increases slightly. It is common for PEM fuel cells to be operated at higher than ambient pressures in order to achieve this higher voltage, conversely, at higher temperatures, cell voltage can actually decrease, observed in this case at 350K and 1Atm from the change in entropy at standard conditions.

This can be used in the expression below to find volts lost from overall reversible voltage due to rise in temperature:

Therefore, 

As such, it is necessary to find an optimal operating pressure and temperature for the cell to operate efficiently. Too much pressure within the cell can cause damage to the expensive membrane and care must be taken to avoid this. 
Although the voltage drop is seen here theoretically at higher temperatures, this does not account for the higher speed of reaction kinetics associated with higher temperature operation of the cell, these quicker kinetics actually allow for a greater potential at temperature of approximately 80°C (Spiegel, 2007)and will be explored in more detail in the following sub-chapter. 
3.1.2.6 Fuel cell efficiencies
Fuel cell theoretical efficiency can be calculated from the ratio of the total free energy available to the maximum energy released from the reaction. This is shown as follows:

This is the theoretical maximum overall efficiency of the cell assuming ideal conditions with no losses. In a real-world application some losses are encountered in various stages of the reaction, the cause of these losses will be explained in the following sections, an example of how the total output voltage of the cell is measured is shown below:



Giving an overall expression of:

Whereby, 
Vact = Activation losses from electrode kinetics.
Vohmic = Ohmic losses through cell components such as membranes, bipolar plates etc.
Vconc = Concentration losses caused by anomalies in mass transport of reactants to the electrodes.
For the purpose of the example, Virrev can be estimated to be 0.6187V
Vact = 0.148V
Vohmic = 0.29V
Vconc = 0.0287V
Thus, Vmax,output  = 1.229-0.467 = 0.762V
Thus, giving the cell an overall output efficiency of: 	 
3.1.3 [bookmark: _Toc39326043]Electrochemistry
3.1.3.1 Electro kinetics
When current is flowing from the fuel cell as a result of the reaction occurring, a certain amount of energy is required to promote the dissociation of hydrogen molecules. This energy can be described as an “overpotential”. This is known in this case as the activation overpotential and is denoted as Vact as shown in the previous example. The dissociation of the molecules is aided by the presence of the catalyst layer which is in contact with the membrane, this helps to reduce the activation energy required for the successful reaction to occur, hence the requirement for noble metal catalysis in hydrogen/oxygen fuel cells.
These reactions are shown below as the Tafel reaction and the Volmer reaction respectively:
 
This equation shows the dissociation of the H2 molecule to two adsorbed species.

In the second reaction, the hydrogen molecule is split into its respective proton and electron and is the basis for the charge transfer of electrons and thus the generation of electricity.
The rate that the reaction occurs at will determine how much electricity the cell can generate and is proportional to the number of electrons released by the reaction. Due to catalysis, the rate of reaction will be greater at higher temperatures. It is this fact that helps to overcome the decrease in voltage shown at higher cell temperatures as discussed earlier.
3.1.3.2 Charge transfer
To determine the amount of charge being transferred, Faradays first law can be used to calculate this parameter. Faradays first law states that “the amount of chemical change produced by current at an electrode-electrolyte boundary is proportional to the quantity of electricity used” (Encyclopedia Brittanica, 2020)
This is represented by the following expression:

Where,



If the temperature and pressure of the system are known, along with the mass flow rate of fuel to the system it is possible to calculate the total current produced and the number of moles of H2 consumed over a certain period of time.
For example, a PEM fuel cell running at 80, at 2atm for 2 hours with a volumetric flow rate of 16ml/min. How much current will be produced and how much hydrogen will be consumed?
From the ideal gas law equation:

Therefore,			 
Thus, 			
Total charge for duration of running period becomes:

The total number of moles of Hydrogen consumed then becomes:

In order to calculate the activation losses in a fuel cell, or the energy lost in overcoming the so-called barrier in an electro-chemical reaction, there are certain factors that must be considered. This is a complex problem to solve as it involves the interface of gases, solids and liquids. A brief summary of how they are calculated, with certain assumptions being made will be explained with scope for improvement on the accuracy of the calculations. 
3.1.3.3 Activation losses:
If the current density and the exchange current density characteristics of the anode and cathode are known, it is possible to calculate the activation overpotential by implementing the Tafel equation as mentioned earlier. “The exchange current density is a measure of the readiness of the electrode to proceed with a reaction” (Spiegel, 2007). The value for exchange current density (io) is assumed for the purpose of these calculations as 10-6.912. Another parameter that is assumed, is the transfer co-efficient () which is described as a measure of the symmetry of the energy barrier that must be overcome during the activation phase of the reaction (Khotseng, 2019). For most electro-chemical reactions, this value is assumed to lie between 0.3-0.7, for the purpose of these calculations the transfer co-efficient will be assumed to be 0.7.
Implementing these values, a guideline figure for activation overpotential can be achieved and will assist in the defining of the polarization and power curves.
Calculation of the activation overpotential using the Tafel equation is shown below for a cell operating at a current density of 0.8A/cm2 at 353.15K.

Where, 				
Combining these equations,

This results in a total voltage loss of 0.148V at 353.15K to overcome the activation energy as discussed earlier.  
[bookmark: _Toc39422784]Figure 6: Activation loss plot as a function of current density showing 0.148V at i = 0.8A/cm2[image: ]
To observe the parameters of the fuel cell effectively, the polarisation curve best illustrates the in-cell parameters as this curve will illustrate the voltage output at a specified current density and also illustrate the overpotentials or losses as described in the previous chapter. This allows the designer of the cell to decide which current density and output voltage the cell will work most efficiently at. As the output voltage is a function of the temperature and pressure conditions of the cell and will be altered by the composition of fuel, humidity of reactants and effects of catalysis, all of these parameters must be calculated to determine an accurate polarisation curve. An example of a curve from a MatLab script with a cell from a 150-cell stack operating at 80°C and 2 Bar of pressure is illustrated below:
[bookmark: _Toc39422785]Figure 7: Polarisation curve from cell at 80°C and 2 Bar[image: ] operating pressure.
Looking at the polarisation curve, there are low activation losses at higher temperature, this is due to less energy requirement for the reaction to occur as a result of heat within the cell. At very high current densities (>0.8A/cm2) the cell voltage drops dramatically. This is symptomatic of high current demand as mass transport losses begin to occur as the fuel and oxidant supply cannot keep up with the demand for current.
3.1.4 [bookmark: _Toc39326044]Mass transport
Mass transport in a fuel cell happens at a micro and a macroscopic level, and by convection and diffusion. (Barbir, 2012)At the macroscopic level this is the mass flow of reactants through the flow fields to each electrode. The microscopic level is the diffusion of the species through the catalyst layer to the membrane. 
Channel size in the flow field must be of a sufficient shape and size to allow the required mass flow of reactants to each electrode. If the concentration of the species becomes weaker at high current densities due to a lack of mass flow, this can result in a loss of potential output from the fuel cell, this is known as the concentration overpotential. Good flow channel design ensures that concentration losses are kept to a minimum at high current densities. (Tabbi Wilberforce, 2017)
As the reaction rate of oxygen is a lot slower at the electrode/catalyst interface, the effect on concentration overpotential is far greater than that of hydrogen, therefor the effects of hydrogen concentration losses become negligible. Assuming that ambient air is fed to the fuel cell on the oxidant side, the following calculations can determine the concentration losses and subsequent limiting current density. (Barbir, 2012)
To calculate the rate of mass transfer in the flow channel the following expression is used:

Where,
 Aelec = Area of the electrode
Hm = Mass transfer co-efficient
Co = Initial concentration
Cs = Concentration at electrode
The area of the electrode is simply the geometric measurement of the active area that will be in contact with the gas diffusion layer. For a cell stack that of 180 cells that will output 120V at 250A the active area must be 200 cm2.  This means a single cell with an output of 0.75V at a current density of 0.8A/cm2 must be 140*140mm or any combination of length and width to achieve 200cm2, 140*140mm will be used in this instance. 
The mass transfer co-efficient can be calculated from the Sherwood number, the hydraulic diameter of the flow channel and the binary diffusion co-efficient of the fluid being transferred. The Sherwood number is determined by whether the flow through the field is laminar or turbulent. This can be calculated by finding the Reynolds number. If the Reynolds number is less than 2300, the flow can be considered laminar. In this case the Sherwood number will be 4.86 from empirical values.
A list of binary diffusion co-efficient for fuel cell species is shown below:

[bookmark: _Toc39406354]Table 3: Binary diffusion co-efficient table. (Spiegel, 2007)[image: ]
To calculate the diffusivity co-efficient at a given temperature (in this case 353.15K) the following formula is implemented:

As the air is composed of oxygen and nitrogen, the binary co-efficient for O2 and N2 can be taken at 273K, implementing the formula:
Gives,
 		
Therefore, the mass transfer co-efficient for the hydrogen/oxygen fuel cell can be calculated as follows:

The concentration of the fluid entering the cell is dependent on the humidity of the gas as it is generally humidified to prevent drying of the membrane. In this case dry gas will be considered as the starting point to determine concentration from the ideal gas law.
If the temperature and pressure of the gas in question are known, the ideal gas law can be manipulated as follows:

This will determine the number of moles per unit volume of the substance.
As an example:
P = 101325Pa
R = 8.314J/mol. K
T = 353.15K
Concentration of oxygen = 0.21 
Therefore 
From the length of the inlet channel of the designed bipolar plate of 335mm and a flow channel radius of 1.5mm, it is possible to calculate the limiting current density at the inlet and outlet if the velocity of the air flowing into the flow field is known. In this case assuming a blower is feeding air to the cell at 3m/s:


The limiting current density at the outlet can now be calculated as follows:

From here the concentration of oxygen at the channel outlet can be found:

It is now possible to calculate the total for limiting current density from the following formula:
 
Thus, the mean limiting current density over the length of the electrode can now be calculated also by application of the following equation:

3.1.4.1 Concentration losses
It is now also possible to calculate the total concentration losses for this particular fuel cell by implementing the following equation:

From the initial expression the mass air flow rate can be calculated also:




3.1.5 [bookmark: _Toc39326045]Membrane electrode assembly

The membrane electrode assembly is made up of the gas diffusion layer, catalyst layer and the polymer exchange membrane. This is the heart of the fuel cell and its principles of operation permit the electro-chemical reaction to take place. 
Allowing the exchange of protons is the polymer membrane, this is usually made from a synthetic material known commercially as Nafion™, this polymer was invented by DuPont in the 1960’s but the licence to manufacture Nafion™ is now held by subsidiary company, Chemours and is a variation of PTFE or perflourinated tetrafluoroethylene, which is also commonly known as Teflon. Nafion™ is essentially Teflon with side chains that terminate in a sulfonic acid. (Fuel cell store, 2020)  This allows the H2 proton to jump between the acidic ends of the polymer membrane and also does not allow the flow of electrons. 
Polymer membranes require hydration to prevent drying out, but also cannot be allowed to ‘flood’ as this will result in reduced cell performance or even failure. At low current densities, the production of water at the cathode is enough to hydrate the membrane but at very high densities, the reactants must be humidified to prevent drying out of the polymer. This does result in concentration losses, as discussed previously and therefore high output cells are often run at pressures above atmospheric to offset this issue.
Resistivity of the membrane is a factor to be considered as this inhibits the speed of the reaction considerably at the interface of the membrane and the diffusion layer resulting in an ionic loss. (S. Thanasilp, 2010) This happens at both the anode and the cathode and is a component of the ohmic overpotential as the resistance of protons travelling through the membrane require a certain amount of energy to allow transport. 
Resistivity of the membrane is a function of the porosity and the thickness of the electrolyte layer and for high efficiency fuel cells the membrane thickness should be kept as small as possible without weakening the structure, particularly if the cell is operated at higher than atmospheric pressure. Typical thicknesses of electrolyte structures vary from 25 μm to 200 μm. Coupled with losses due to resistivity of the materials the cell hardware is made of, current collectors, bipolar and end plates etc. These factors will summate in the total ohmic overpotential. This can be calculated from ohms law:
If the total resistivity of the electrolyte layer is 0.3Ω/cm2, (which is an empirical value for Nafion112) (Spiegel, 2007). If the current density is 0.65A/cm2 the total voltage loss will be:

If the total resistance of the rest of the cell materials is 0.15Ω/cm2


As can be seen, this is a rather high figure and is mainly caused by the resistivity of the membrane. This issue is exacerbated at higher current densities also. Advances in materials are currently seeing higher conductivity in electrolyte membranes and allow for membranes with reduced thickness to be used which further decreases the resistivity and in turn ohmic losses within the cell. Higher concentration of fuel and oxidant will offset the ohmic losses also as discussed by Liu et al in 2005. (J.G. Liu, 2005).

3.1.6 [bookmark: _Toc39326046]Catalysis
The effect of catalyst loading on the catalyst layer has a profound effect on the performance and efficiency of the fuel cell, this is one of the major sticking points with fuel cells in general due to the expensive nature of the noble metals required. Various combinations of precious group metals (PGM’s) platinum (Pt), palladium (Pd) and ruthenium (Ru) have been trialled throughout the development history of the PEMFC with platinum being an excellent catalyst on the anodic electrode, due to having good oxidation properties with pure hydrogen, palladium has a similar effect when used in anode catalyst layers. Typical noble metal loading on the anode is 0.2-1 mg per cm2, so it is appreciable how the cost can mount in cells with large active areas. 
In most fuel cells, the noble metals are deposited on a conductive carbon backed cloth such as Vulcan which is commercially available with different levels of loading. This type of catalyst layer is often used for experimental and DIY fuel cells but is still expensive at $1350 per m2. Experiments with smaller loading of PGM have been trialled that allow greater utilisation of smaller amounts of Pt, Pa etc. in fuel cell electrodes and may even result in electrodes without noble metals being required. (Sagoff, 2018). 
[image: Current density–cell voltage curves of cells operated on pure H2 with anode catalysts consisting of carbon supported Pt (E-TEK), PtPd, PtPd2, PtPd4, PtPd6 and Pd at a pressure of 1.5 bar. Tcell = Thum = 80 °C. Reprinted from ref. 41, ©2002, with permission from The Electrochemical Society.]Palladium is a good choice for cathode electrodes in low temperature PEMFC due to having similar performance to Pt based catalysts when reduction of oxygen occurs. Several studies have successfully implemented and proved the effectiveness of Pd based cathode catalyst layers, with only minor losses in performance at a much lower cost. Studies carried out by Antolini, found that catalysts with 1:6 Pt:Pd ratio performed as efficiently as Pt catalysts until current densities of approx. 0.75A/cm2.
[bookmark: _Toc39422786]Figure 8: Comparison of platinum and palladium as cathode catalyst materials. (Antolini, 2009)

3.1.7 [bookmark: _Toc39326047]Gas Diffusion layers
The gas diffusion layer also plays a critical role in the efficiency of the fuel cell, as a lot of concentration of species is lost through the diffusion as it gets closer to the membrane. Ensuring that the material is porous enough to allow adherence of catalyst material on its active area assists in diffusing the gas effectively. The GDL also supports the Nafion™ membrane which is sandwiched between the GDL for the anode and the GDL for the cathode.  Usually the two GDL’s are hot pressed together with the polymer membrane in between. Th GDL must also allow for relatively unimpeded flow to the membrane by diffusion.
Another function is to transport species away from the membrane, unused hydrogen on the anode side if the fuel cell is a flow-through type, and also product water on the cathode side. Unsuccessful removal of these species results in poor performance of the fuel cell and must be considered when designing the GDL.
Traditional diffusion layer designs using carbon paper such as Vulcan appear to operate efficiently up to current densities of 0.9-1A/cm2. For higher current densities, GDL’s that have been designed with lattice structure MEA’s such as the MEA found in the Toyota Mirai, have been found to reduce concentration overpotentials massively by allowing back diffusion of  H2 that is saturated, then recirculating this humidified hydrogen increasing the efficiency of the cell, this also eliminates the need to humidify gas before entering the cell, causing parasitic losses.
The Toyota design also incorporates the flow fields and the diffusion layers together which is a departure from tradition. Their approach has been successful, with current specific power densities increased by a factor of 3 over their previous design in the FCHV 3.
The lattice structure is also far more efficient as it reduces the amount of rib structure in contact with the electrolyte layer as found in traditional GDL designs and thus, allows for a higher rate of water dispersal along the length of the electrodes.
[image: Tmc1]
[bookmark: _Toc39422787][image: Tmc2]Figure 9: Comparison of Toyota Mirai Gas diffusion layer with traditional design. (Green Car Congress, 2015)
[bookmark: _Toc39326049]3.1.8 	Fuel cell stacks
When overall power densities and output voltages are achieved within a single fuel cell, it is then possible to stack cells together to achieve the required power output. Cells can be stacked in parallel or in series and are often stacked in a combination of both. 
To allow cells to be stacked in series, the cathode of one cell must be connected to the anode of the next, this is done by use of a bipolar plate which usually has the flow fields for the anode and cathode respectively, etched or machined into each face of the plate. 
The bipolar plates must be made from a material that is highly conductive and that will also withstand the harsh acidic environment within an operating fuel cell. Consideration must be given for mass, machinability and cost also. Most traditional fuel cells will have bipolar plates made from 316 stainless steel, as this has low electrical resistivity at 7.35x10-5 Ωcm-1. Stainless has good corrosion resistance, is cheap and is easily machinable. 
[image: ]
[bookmark: _Toc39422788]Figure 10: Bipolar plates with serpentine flow fields machined into both faces.
The only negative property of stainless in this scenario is its mass. If designing a 180-cell stack 178 bipolar plates will be required and if the active area of the cell is 200cm2, the mass becomes an issue. For example, a bipolar plate from a fuel cell with active area 200cm2, 2mm in thickness will have an approximate mass of 329g. 329x178 = 58.56Kg. This is not feasible for a stack with large numbers of cells as this does not include any ancillary equipment, end plates or other associated hardware required. 
Replacing the stainless steel with annealed longitudinal titanium reduces the overall stack weight by 25.6Kg. The electrical resistivity is also comparable at 1.78*10-4 Ωcm-1. (Aerospace specification metals inc., 2020) Titanium is often used in fuel cells for mobile applications for this reason.
Another consideration for the stack is delivery of reactants to the anode and cathode. Some stacks have external manifolds which does allow for ease of manufacture and will provide a modular base if the cell stack size requires modification. These manifolds can supply hydrogen, oxidant and must also remove product water from the cell. Most modern cells will have internal manifold that will supply reactants at constant pressure in order to achieve high concentrations and maintain high efficiency.
At high current densities, fuel cell stacks release a lot of heat and will require cooling. Older stacks in the 1990’s used a cooling cell every 4-5 cells that used a glycol-based coolant to remove heat from the cell at high current loading. (Lin, 1999) Nowadays, the cooling systems are integrated into the fuel cell stacks, normally by means of an internal gallery or manifold that can transfer heat away from areas of high temperature, such as the bipolar plates that are closest to the catalyst layers. The use of de-ionized water is essential as any areas in contact with cooling fluid will be susceptible to corrosion. 
The stack will have a plate at either end that will be considered the main anode and cathode for the fuel cell stack, this is where the current will flow from and to through the consumer or load. Each end plate will have a flow field on only one face, to transport hydrogen on the anode and oxidant on the cathode. The end plates are usually machined to allow the complete stack to be clamped together between each end plate. Sufficient clamping force must be applied to ensure no leaking of fuel, oxidant or coolant. In between each bipolar plate is a gasket also, usually manufactured from EPDM rubber, as hydrogen is such a small molecule and diffuses easily.
Sensors are fitted at various locations on the cell stack to detect any fuel leaks and will shut off the supply of hydrogen if a leak is detected.
An example fuel cell stack is shown below: 
[bookmark: _Toc39422789]Figure 11: Example of fuel cell stack assembly[image: fuel cells fst sealing ]. (Heney, 2019)
3.2 [bookmark: _Toc39326050]Specifying system components for motorcycle application:

[bookmark: _Toc39326051]3.2.1 	Power requirements of the motorcycle:
3.2.1.1	Motor selection:
In order to select the correct motor for the motorcycle, the maximum power required to accelerate the vehicle and maintain velocity on specified inclines must be calculated. Based on the following performance requirements, geometric and environmental factors the power of the motor required can be calculated:
· Top speed - 180 km/h
· Max. Acceleration – 6.61 ms-2 = 0-100 km/h in 4.2 seconds
· Steepest incline – 10% gradient
· Mass – 120Kg
· Frontal area – 0.65m2
· Co-efficient of drag – 0.38
· Rolling resistance co-efficient – 0.015
· Assuming air density at sea level, normal pressure.
This data can then be input to the following empirical formula to determine total mechanical power required in a highest loading scenario:

 (Spiegel, 2007)
From this formula, it is calculated that a total mechanical power of 19.8kW will be required at peak load. As this formula does not account for the rider of the motorcycle, an extra mass of 100 kg should be added to the total mass to give parity with the real-world scenario. With this adjustment the peak power requirements increase to approximately 22kW. 
A DC motor that as a peak input of approximately 10-15% over what the fuel cell can produce is considered a good rule of thumb when selecting for a vehicle drivetrain. A 30kW peak motor with continuous power of 15-18kW would be sufficient. Most DC motors of this size have an operating voltage of between 24 and 120V. Max current is approximately 440A for 1 minute. Continuous current would be approximately 180A. Typical motors of this specification weigh 12-18Kg. These specifications are ideal for the motorcycle application with a continuous torque of 30NM at 180A. Coupled with the final drive ratio of the motorcycle, performance would be comparable to a 250-500cc ICE motorcycle.
3.2.1.2	Fuel cell stack size:
The fuel cell stack must be sized accordingly to achieve the required power for the vehicle, if the stack was to be designed to output a maximum power of 24 kW, A suitable design with the correct current density and voltage per cell must be implemented. To achieve this the active area of the cell must be at an optimal range so as not to cause extra thermal stress by being too large and not being too small to achieve required current density. Water management and mass transfer must be considered also for an effective stack design, along with the obvious consideration for geometry.
To achieve this power output, each cell must have an active area of 200cm2 and operate at a current density of 0.65A/cm2. This will give a maximum total current of 130A. If the cells are 50% efficient an output voltage of 0.67V per cell can be expected. In order to reach sufficient voltage for the system a stack of 180 cells would be required thus giving a total of 120V if stacked in series. This will give a total stack output of 24kW and allow for an active area of 0.14x0.14 m per cell which would be suitable in a stack designed for a motorcycle application. Target mass for the complete stack assembly would be in the order of 45-50Kg.
Each individual cell will be approximately 3mm in width and the end plates 10mm, so overall total length for a 180-cell stack in series would be 560mm. This is marginally too long to fit within the geometry of the selected motorcycle, so an alternative would be to run two 90-cell stacks in parallel, giving a total voltage of 60V and maximum current of 260A. This configuration would require two extra end plates but would fulfil the requirements of the motorcycle application more so in this instance.
To aid with packaging concerns, a cell stack to the correct specification has been designed to incorporate a suitable 30kW DC traction motor applicable to the geometry of the motorcycle in question. The stack has mounting points machined into the outer casing and can be easily scaled to requirements.
3.2.1.3	Ancillary equipment:
3.2.1.3.1 	Air Pump:
To facilitate the maximum operating efficiency of the stack, an air pump is driven from the rear of the traction motor when the cell is providing power to the motor, and also can be driven when the motorcycle is in a free-wheeling motion. This is a rotary vane type, positive displacement pump that can produce compressed air to be stored in an onboard tank. This compressed air can be used to maintain oxygen stoichiometry when there is a high hydrogen demand from the fuel cell, it also has the ability to provide extra cooling for the cell under high loading conditions and may even be used to aid tractive effort to the motor if in an unusually high power demand scenario. The pump will be connected by an electro-mechanical clutch and can be switched on or off as required by an onboard control system.
3.2.1.3.2 	Hydrogen and oxygen tanks:
[image: ]To store fuel for the motorcycle there will be two 4.5 litre hydrogen tanks mounted where the fuel tank would be found on an ordinary motorcycle. These tanks are of a carbon fibre construction on the outer shell with an aluminium pressure liner. Hydrogen will be stored at 350 mPa in both these tanks giving a total storage of 9l. Converting to hydrogen capacity in kg = 0.258Kg at standard temperature. If hydrogen is being consumed by the fuel cell at 200A the fuel will last 12 minutes approximately. If being consumed at 50A, total consumption will be 167g per hour therefore giving a range of approximately 1.5hrs. At approx. $15 per kilo (£12) the cost to refill the tanks would be approximately £3.10.
[bookmark: _Toc39422790]Figure 12: High pressure hydrogen tanks 4.5l internal volume. Aluminium inner and composite outer shell.
Hydrogen being fed to the stack inlet will be released through a pressure regulator that can be controlled by a closed loop feedback from an onboard processor. This can vary the pressure of hydrogen and air fed to the cell according to current demand in transient operation.
3.1.2.3.3 	 Motor controller:
To regulate the voltage and current supplied to the DC motor, a motor controller and a DC/DC converter would be implemented with an integrated control system for rider inputs. The motor controller would also have the facility to control the level of regenerative braking in order to charge an auxiliary battery required for pre-heating the fuel cell and to run auxiliary equipment such as lights, dashboard etc.

1. 

4. [bookmark: _Toc37626046][bookmark: _Toc39326052]Results and discussion:
4.1 Procedures
From determination of the cell parameters required, by hand calculation and physical experiments carried out, data generated has been input to MatLab programming software with the specification of the cell required. This has allowed for the generation of a dynamic polarisation curve and power curve over a range of temperatures and pressures for the cell stack design that would be necessary to power the motorcycle in question. 
Utilising this data, the point of highest efficiency of the fuel cell has been found that satisfies the requirements outlined without overloading of the cell stack.
[image: ]
[bookmark: _Toc39422791]Figure 13: Dynamic power curve showing output of 21.8kW at current density of 0.67A/cm2

[bookmark: _Toc39422792]Figure 14: Polarisation curve at 80°C 2 Bar showing where losses occur.[image: ].
[bookmark: _Toc39422793]Figure 15: Polarisation curve at ambient pressure and temperature. (Fuel cell store, 2018)[image: ]
4.2 Analysis of results:
Upon analysis of the power and polarisation curves, data was found to correlate well with expected results. Power outputs appeared within 5% of expected, with the total output of the stack running at 80C and 2 Bar returning a figure of 21.8kW at the selected pressure and temperature. Losses shown in the polarisation curve appear to correlate well also, with rapid activation losses from open circuit voltage being reduced as opposed to a cell running at ambient temperature and pressure. This does argue the case that preheating of the cell will result in greater efficiency from start-up.
The ohmic losses also appear to correlate well with a loss of approximately 0.3V occurring almost linearly as the current density increases in proportion to the higher speed of ionic transport required. This is found with an electrolyte thickness of 50μm, which is the best balance of thickness to select, that will allow quick transition of ions and to avoid flooding from humidified reactant, or osmotic flooding by product water that is often associated with thinner electrolyte layers.
[bookmark: _Toc39422794]Figure 16: Chart displaying ohmic loss as a function of electrolyte thickness. Loss of 0.31V at current density of 0.65A/cm2[image: ]
Mass transport losses appear to be occurring at slightly excessive current densities, with calculated figures expecting a drop of 0.028V at a limiting current density of 1.12A. This anomaly could be as a result of lower velocities of reactants or discrepancies in the geometry of the flow channels.
Overall, the implementation of the model appears to be successful. There are certain areas that could be improved upon, with the calculation of exchange current density being performed rather than assumed and also calculation or experimentation performed to determine the value of the mass transfer co-efficient. This would illustrate more accurately where the losses occur across a range of temperatures and pressures. Detailed flow analysis of flow channels would help to give an accurate representation of the mass transfer characteristics by determining the pressure drop across the flow channel geometry that is too intricate to calculate by hand.
The ohmic losses could also be predicted more accurately also if the rate of diffusion at the catalyst layer/electrolyte interface was calculated. Determination of conductivity of all cell materials with respect to changing temperature would also allow for a more robust model that would include the variation of ohmic losses with heat transfer included.
4.3 Cost Analysis:
A basic cost analysis has been carried out to determine the economic viability of building a cell stack of this magnitude. For a single bespoke cell, not including the cost of machining, the prices are broken down as follows
· Titanium sheet for end plates and bipolar plates 1.8mm x 1sq.m = $605 = 34 Bi-polar plates, for 150 bi-polar plates 180x160mm, 4.5 m2 are required including end plates = £2722.50
· 4.5 m2 of carbon cloth with platinum loading for catalyst layer = £920/m2 = £4140
· Nafion membrane 140x140mm x 150 cells = 2.9m2 = £550/ 0.61m2 = 4.75 x £550 = £2612
· Gasket material = £85/m2 = 4.5 x £85 = £382.50
· Fittings etc. = £120
· Hydrogen tanks = adapted from carbon 350BAR scuba tanks, not safety certified = £580 x 2 = £1160.
A very basic cost analysis puts the cost of the materials, without machining or ancillary equipment at a very conservative £11137. 
If the cost of machining, labour and ancillary equipment such as pumps, motors, regulators, motor controllers and inverters were to be included this estimate would undoubtedly at least double.
Conversely, if bulk manufacturing runs of all components were implemented, a drastic reduction in these costs may be feasible.
4.4 Packaging:
To package the powertrain within a motorcycle frame initially seemed to be a difficult process, following research into what fuel cell systems are available commercially at the present time, it appears that the specific energy density of fuel cells has increased rapidly in the past 2-3 years. Most notably from manufacturers such as PowerCell and Intelligent Energy who are achieving incredible densities, along with Toyota and Honda who have cell stacks that are seeing up to 2.5kW/Kg, the challenges are receding rapidly.
[image: ]Taking dimensions from PowerCells 49kW stack data sheet (Powercell Sweden AB, 2019), the dimensions of the proposed stack have been trialled in the same volume to determine viability. These dimensions have then been test fitted within a typical cradle-frame type motorcycle frame within Solidworks for an initial analysis. The cell stack has been temporarily placed within the frame and has clearance where required. An integrated motor design has been chosen also to make the packaging more compact.
[bookmark: _Toc39422795]Figure 17: Fuel cell stack assembly fitted to cradle type motorcycle frame.
Further detailed analysis is required to determine NVH properties, correct mounting points and exact location of all system components and this image only serves as a visual representation that the geometry is suitable for a motorcycle application.

5. [bookmark: _Toc37626047][bookmark: _Toc39326053]Conclusion:
Upon completion of the project it appears that it is, in fact viable to physically implement the use of a PEMFC as a motorcycle powertrain. The specific energy densities of fuel cells have experienced a rapid growth in the past 5 years facilitating the use of high output cell stacks for mobile applications.
On an overall viability standpoint on the contrary, the two biggest limiting factors are still cost and availability of pure hydrogen fuel en-masse. The initial costs of actually manufacturing the stacks being a major point to contend with. The conservative estimate to build this stack at approx. £11000 before any ancillary equipment, is astronomical as opposed to an ICE of similar power output. Hydrogen has become more available in central Europe and California, but it will still be a long time before this is not a major concern to general consumers.
Applying the basic thermodynamic principles found in the study of fuel cells has allowed a vast amount of insight into how this type of energy is converted into usable work and also how this work is lost through the fuel cell reaction. Although seemingly a simple principle, research into this topic has revealed the complications and difficulties that can be encountered when attempting to model systems with various substances at different states with a variety of external factors acting upon them.
A greater understanding of how the thermodynamic principles that relate physical, chemical and electrical work has been found throughout the course of the project also.
This has also highlighted some shortcomings in the understanding of certain principles particularly in the case of understanding the effects of catalysis and diffusion of gas at a molecular level. Further study in a more focused aspect of these topics is necessary from a personal standpoint to fully appreciate the state of the art. 
To gather this understanding, some further work that would like to be pursued following completion of this project, would be the implementation of theories and practices learned regarding the design and operation of fuel cells, to realise a working model at a manufacturable scale. This idea was explored during the course of the project, but financial constraints and the unavailability of university facilities towards the latter end of the project led to a wholly theoretical approach. 
The model could have been realised for a 3-cell stack by manufacture of end plates and bipolar plates that would have been manufactured from 316 stainless steel which is readily available and easy to machine. CAD drawings have been completed and are at the manufacturable stage. The membrane assemblies are available commercially and would consist of Vulcan carbon backed cloth with loading of 60% platinum at 0.5mg/cm2 and would utilise a Nafion™ 112 membrane 10cm2 in area. These products would be cost effective for a small-scale model and total cost for all materials is sub £400. This would have allowed for more physical experimentation with variations of flow rates and temperature, giving a more robust analysis of the theories involved.
Further detailed analysis and modelling of the catalyst layers would also provide a greater insight to how to speed up reaction rates by modelling various configurations of catalyst loading and fuel utilisation.
Detailed flow analysis by CFD would also give a greater understanding of the properties of the intricate flow channels and allow for pressure drop across the channels to be calculated and further optimised for higher fuel cell efficiencies.
As mentioned, a detailed analysis of the ergonomics and NVH properties is required to determine the longevity of a fuel cell stack within a motorcycle platform. Analysis of mounting materials and damping properties of the materials the stack is manufactured from should be performed also.

In summary, a vast amount of knowledge has been gained throughout the course of this project and the topic of fuel cells does still interest me even after many months of trawling through papers and articles reading about them. 
Hopefully, sometime in the near future society can find a solution to the problem of damaging the Earth by polluting it, whether it is by a fuel cell, a battery or a wind turbine. The job is in our hands.
For a few final parting words, I would like to thank my girlfriend, Sue for supporting me on a late return to education and also good friends from university, Billy and Owen who have always been there throughout many late nights in the library when trying to get a problem solved! Cheers guys.



6. Impact of covid-19:
Due to the unforeseen early closing of the university, a number of experiments that were scheduled to be carried out were not completed. Using the Hydro-genius fuel cell test equipment, it was hoped to determine a characteristic curve plot for the single cell as a baseline for comparison. 
Several experiments from the Hydro-genius handbook were carried out however, although only relating to electrolyser performance under solar power. It was felt by the candidate that since the experiments were incomplete the data garnered was not sufficient or conclusive in the case of the fuel cell. 
Minor experiments were carried out in the early stages of the project to determine voltage drop under load and measure hydrogen consumption. Photographs of these experiments will be included in appendix B of this report but as mentioned, it was felt that due to being incomplete these experiments have not been included in the main body of the report.
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7. [bookmark: _Toc37626049][bookmark: _Toc39326055]Appendices:
8.1 Appendix A
[bookmark: _Toc39406355]Table 4: Hydrogen thermodynamic tables
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[bookmark: _Toc39406356][image: ]Table 5: Oxygen thermodynamic tables.















[bookmark: _Toc39406357]Table 6: Water thermodynamic tables.















[image: ]8.2 Appendix B:
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[bookmark: _Toc39422796]Figure 18: MatLab script to calculate activation losses as a function of temperature.


[bookmark: _Toc39422797]Figure 19: MatLab script for calculating ohmic loss as a function of electrolyte thickness.[image: ]    
[bookmark: _Toc39422798]Figure 20: MatLab script for calculation of Nernst voltage[image: ]   




[bookmark: _Toc39422799]Figure 21: Excerpt from MatLab script plotting dynamic cell power output and polarisation curves.
[bookmark: _Toc39422800]Figure 22: Fuel cell experiment showing voltage drop as current flows.[image: ][image: ] 
[bookmark: _Toc39422801]Figure 23: Experiment to determine hydrogen consumption when current flowing.[image: ]
UK, USA and China CO2 emissions 1750-Present

UK CO2	1751	1752	1753	1754	1755	1756	1757	1758	1759	1760	1761	1762	1763	1764	1765	1766	1767	1768	1769	1770	1771	1772	1773	1774	1775	1776	1777	1778	1779	1780	1781	1782	1783	1784	1785	1786	1787	1788	1789	1790	1791	1792	1793	1794	1795	1796	1797	1798	1799	1800	1801	1802	1803	1804	1805	1806	1807	1808	1809	1810	1811	1812	1813	1814	1815	1816	1817	1818	1819	1820	1821	1822	1823	1824	1825	1826	1827	1828	1829	1830	1831	1832	1833	1834	1835	1836	1837	1838	1839	1840	1841	1842	1843	1844	1845	1846	1847	1848	1849	1850	1851	1852	1853	1854	1855	1856	1857	1858	1859	1860	1861	1862	1863	1864	1865	1866	1867	1868	1869	1870	1871	1872	1873	1874	1875	1876	1877	1878	1879	1880	1881	1882	1883	1884	1885	1886	1887	1888	1889	1890	1891	1892	1893	1894	1895	1896	1897	1898	1899	1900	1901	1902	1903	1904	1905	1906	1907	1908	1909	1910	1911	1912	1913	1914	1915	1916	1917	1918	1919	1920	1921	1922	1923	1924	1925	1926	1927	1928	1929	1930	1931	1932	1933	1934	1935	1936	1937	1938	1939	1940	1941	1942	1943	1944	1945	1946	1947	1948	1949	1950	1951	1952	1953	1954	1955	1956	1957	1958	1959	1960	1961	1962	1963	1964	1965	1966	1967	1968	1969	1970	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	9350528	9354192	9354192	9357856	9361520	10006384	10010048	10013712	10017376	10017376	10973680	10977344	10981008	10984672	10988336	12259744	12263408	12267072	12270736	12274400	13611760	13615424	13619088	13622752	13626416	15037056	15040720	15044384	15048048	15055376	16843408	16847072	16854400	16858064	16865392	19148064	19155392	19159056	19166384	19173712	21416080	21423408	21430736	21434400	21441728	22412688	23541200	24515824	25798224	26633616	26710560	26849792	30191360	30330592	31462768	33250800	33258128	33269120	33280112	33291104	35562784	36936784	37376464	38087280	38922672	41436176	41923488	42022416	42337520	42528048	42872464	44521264	46873552	49082944	49592240	50145504	52230320	52589392	53336848	67864608	65765136	65589264	65494000	65537968	65263168	76445696	73770976	75811824	77779392	80959744	81839104	85371200	89093824	93472304	99986896	95692688	103548304	109286128	116005904	122604768	116654432	116240400	115599200	139301616	130442064	140375168	137861664	135113664	150011488	167950432	175047600	169470992	180224832	193909872	205488112	211731568	217374128	213219152	223705520	228494368	242036512	254988752	264658048	257187152	271487744	271018752	275899200	270974784	272645568	297124752	312312032	314964768	327730144	319097760	315290864	312429280	320442448	333167520	345024224	353022736	360471648	353008080	316210528	362102128	365549952	375981360	385969424	386878096	414552288	419740512	410701424	426639824	429985056	431992928	437672128	453350384	473568336	461964448	466086448	469732128	481350672	455885872	498322320	483182672	489481088	507071952	501169248	466848560	456131360	470014256	319804912	428222672	454892928	475982912	449657072	246371024	466734976	437657472	460693040	441094304	412236640	395917184	392172576	423224976	429131344	453823040	468160272	448971904	452456368	475143856	469680832	468929712	454848960	442043280	417641040	436155232	461297600	475598192	485146576	500440112	544836800	528425744	540088256	552710736	576643984	574009568	570396864	555935056	546606132	584020017.60000002	588614801.39999998	592931498.60000002	603385663.20000005	607865989.39999998	622111621.39999998	618074666	592057027	606488304.60000002	628382547	652577395.10000002	660388283.79999995	648026448.39999998	659577321.89999998	617183889.60000002	603247367.29999995	598526349.60000002	604362139.39999998	604713988.29999995	644513312	579035974.70000005	560555006.5	548240956.10000002	545485794.20000005	529108886.30000001	559628081.20000005	568554785.60000002	571668517.29999995	570294855.39999998	581577310.60000002	601067551.5	609020421.89999998	593504125.89999998	579402782.10000002	575657386.10000002	566834101.60000002	588493462	562484735.60000002	567486178.89999998	560505345.79999995	567061452.29999995	575927499.79999995	560040954.10000002	571600968.79999995	573203764.5	570001049.79999995	567652245.20000005	559321980.60000002	544848238.5	494604731.5	512214253.30000001	469811462.19999999	487670753.89999998	477732571.39999998	438691177	422662553.89999998	398550884.10000002	384706788.60000002	USA CO2	1751	1752	1753	1754	1755	1756	1757	1758	1759	1760	1761	1762	1763	1764	1765	1766	1767	1768	1769	1770	1771	1772	1773	1774	1775	1776	1777	1778	1779	1780	1781	1782	1783	1784	1785	1786	1787	1788	1789	1790	1791	1792	1793	1794	1795	1796	1797	1798	1799	1800	1801	1802	1803	1804	1805	1806	1807	1808	1809	1810	1811	1812	1813	1814	1815	1816	1817	1818	1819	1820	1821	1822	1823	1824	1825	1826	1827	1828	1829	1830	1831	1832	1833	1834	1835	1836	1837	1838	1839	1840	1841	1842	1843	1844	1845	1846	1847	1848	1849	1850	1851	1852	1853	1854	1855	1856	1857	1858	1859	1860	1861	1862	1863	1864	1865	1866	1867	1868	1869	1870	1871	1872	1873	1874	1875	1876	1877	1878	1879	1880	1881	1882	1883	1884	1885	1886	1887	1888	1889	1890	1891	1892	1893	1894	1895	1896	1897	1898	1899	1900	1901	1902	1903	1904	1905	1906	1907	1908	1909	1910	1911	1912	1913	1914	1915	1916	1917	1918	1919	1920	1921	1922	1923	1924	1925	1926	1927	1928	1929	1930	1931	1932	1933	1934	1935	1936	1937	1938	1939	1940	1941	1942	1943	1944	1945	1946	1947	1948	1949	1950	1951	1952	1953	1954	1955	1956	1957	1958	1959	1960	1961	1962	1963	1964	1965	1966	1967	1968	1969	1970	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	252816	267472	289456	296784	333424	340752	333424	377392	392048	403040	417696	447008	483648	520288	560592	600896	663184	718144	780432	762112	791424	828064	864704	901344	1014928	1135840	1315376	1447280	1593840	1795360	2088480	2264352	3022800	3528432	3381872	4316192	4730224	5305472	5030672	5517984	5873392	6214144	6917632	7764016	9306560	11204512	12710416	15070032	16784784	18221072	19792928	24633072	26791168	30162048	33159200	38160560	40036528	41055120	41648688	45320016	47437808	45679088	47448800	54809776	58656976	58821856	59232224	72865968	82352064	93695808	98620224	103020688	126305408	139506800	134296592	135747536	132820000	147175552	143903600	175468960	198684064	210192688	235393680	253882224	267589248	272161920	287462784	307380288	373874560	335541792	401746608	427423920	450448496	454094176	425049648	479947360	480881680	500286224	545320448	625532736	662736992	721525872	764493600	894404384	880221040	984498480	1033339600	1201802992	1050974432	1163352976	1269227920	1256385600	1341210864	1440113216	1315698432	1365268688	1516258464	1668468352	1745584560	1476951072	1735889616	1421972752	1433327488	1894009536	1695592944	1740898304	1888535520	1844838656	1827786400	1960338928	1742210016	1483080944	1256400256	1347183184	1434390048	1490262384	1710695952	1789563552	1513418864	1667863792	1871490592	2039213856	2193896944	2267184272	2440377888	2355340112	2253033904	2480762496	2577052416	2159990288	2535942336	2612369712	2545080352	2605745200	2483052496	2721721792	2852903984	2828611664	2740924816	2823004702	2887820432	2877369848	2984001744	3116022372	3252755199	3388192678	3559179160	3693298171	3828306054	4021502617	4325500825	4351308657	4558452642	4762452212	4592958261	4400795008	4607168187	4735366318	4882964043	4894042875	4716716355	4530369843	4301970691	4335916563	4468262025	4484338153	4487855840	4680834052	4885590503	4948021163	5121264461	5070839400	5174059076	5284687882	5377987137	5439213314	5626186717	5703890708	5752324190	5832250178	6000606067	5902454993	5943651279	5991319569	6106620735	6132005704	6052236286	6130983563	5932775281	5495394958	5701075808	5570706560	5366730281	5519612557	5568759258	5420804127	5310861406	5269529513	China CO2	1751	1752	1753	1754	1755	1756	1757	1758	1759	1760	1761	1762	1763	1764	1765	1766	1767	1768	1769	1770	1771	1772	1773	1774	1775	1776	1777	1778	1779	1780	1781	1782	1783	1784	1785	1786	1787	1788	1789	1790	1791	1792	1793	1794	1795	1796	1797	1798	1799	1800	1801	1802	1803	1804	1805	1806	1807	1808	1809	1810	1811	1812	1813	1814	1815	1816	1817	1818	1819	1820	1821	1822	1823	1824	1825	1826	1827	1828	1829	1830	1831	1832	1833	1834	1835	1836	1837	1838	1839	1840	1841	1842	1843	1844	1845	1846	1847	1848	1849	1850	1851	1852	1853	1854	1855	1856	1857	1858	1859	1860	1861	1862	1863	1864	1865	1866	1867	1868	1869	1870	1871	1872	1873	1874	1875	1876	1877	1878	1879	1880	1881	1882	1883	1884	1885	1886	1887	1899	1902	1903	1904	1905	1906	1907	1908	1909	1910	1911	1912	1913	1914	1915	1916	1917	1918	1919	1920	1921	1922	1923	1924	1925	1926	1927	1928	1929	1930	1931	1932	1933	1934	1935	1936	1937	1938	1939	1940	1941	1942	1943	1944	1945	1946	1947	1948	1949	1950	1951	1952	1953	1954	1955	1956	1957	1958	1959	1960	1961	1962	1963	1964	1965	1966	1967	1968	1969	1970	1971	1972	1973	1974	1975	1976	1977	1978	1979	1980	1981	1982	1983	1984	1985	1986	1987	1988	1989	1990	1991	1992	1993	1994	1995	1996	1997	1998	1999	2000	2001	2002	2003	2004	2005	2006	2007	2008	2009	2010	2011	2012	2013	2014	2015	2016	2017	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	0	95264	95264	1963904	2088480	2297328	17110880	16839744	22731456	20837168	18748688	27846400	9786544	10757504	15106672	16088624	17964592	19851552	21042352	24255680	26769184	25288928	26633616	32151600	35093792	33221488	29590464	33525600	34115504	35819264	37922400	40260032	38600240	42216608	49273472	57627392	65039664	60576912	55304416	67157456	86100336	107615344	113869792	97304848	97865440	50350688	31275904	33587888	23852640	59309168	78647760	101723632	128221680	134102400	161256304	190890736	216348208	256348096	525380960	720152146.70000005	778979465.79999995	550958537.29999995	439342105.30000001	435517603.69999999	435703730.30000001	474680624.89999998	521458912.89999998	432223556.89999998	467805643	575944671.20000005	770167190.29999995	874016350.70000005	928893957.79999995	965646598.29999995	985085216	1142101906	1190964535	1304402788	1455257506	1487113084	1458886738	1442782298	1570468325	1655810483	1802317096	1951773228	2052242012	2191053006	2347763494	2386884998	2420302108	2538923968	2657112406	2835795473	3010242208	3265056964	3408346591	3414549286	3265902621	3258134887	3349294776	3426144062	3782439297	4452310296	5125894416	5771168440	6377748016	6861750652	7375189907	7758811768	8500542695	9388199234	9633899303	9796527160	9820360492	9716467840	9704479432	9838754028	Year


 tonnes of CO2 emitted




2

image3.png




image4.png




image5.jpeg
ox hy ox





image6.jpeg
Soe,

ab#p
pogen Pury 59985

+ -

Hytrogen tank durng charging.

s,
& —pp o
'

Hydrogen Purty 590.9995%

" — —_
i ; s
2
H
—

Ful charged hysroge tank.

Hysrogen tark during discharging.

[

oviiioom, (@) arscini Conpod i hioy: [ Mk




image7.png
Well-to-Wheels Greenhouse Gas Emissions
(direct emissions, based on the expected state of the technologies in 2020)

Gasoline| 410

Conventional
Vehicles

" rigs
Natural Gas Gl

Gasoline
Diesel Hybrid
Electric
Gorn Ethanol - E85 Vehicles

Cellulosic Ethanol - E85|

Plug-in Hybrid
Electric Vehicles
(éomie aietctic range)

Gasoline|
Cellulosic Ethanol - E85|
Hj from Distributed Natural Gas

Hytrom Coat wiSequostration Fuel Cell

H; from Blomass Gasification Vehicles
H,from Nuclear High-Temp Electrolysis.

H, from Central Wind Electrolysis (TR

100 200 300 a00
Grams of CO-equivalent por milo

“Net emissions from these pathways wil be substantially lower i these figures are adjusted (o include:
+ Tho cspiacemort of missons fom Gr powse-enaraton St il ur whon SUES SKELHY s C0-0roBuCd Wi CoRDSKc 100
+ The dispacement of enissons ffom o1 pows—generaton hal may occur  secticty 5 co-produce wih hydogen i the biomass and
Gl paWaYs, a0 i SAUS WG Power 1 Gencraied N1 1 WG 10-y09en Pa3Y
- Carbon diide sequestration i the biomass10-hyrogen pocess





image8.jpeg
Bipolar Catalystlayer  Eloctrolyte Gas Diffusion Layer
Plate  (Carbon supported Layer  (Electrically conductive
catalyst) fibers)




image9.jpg
Activation loss (Volts)

o155 Activation losses as a function of current density

0.145

o
>

0.135

o
@

0.125

o
o

0.115

0.11

0.105 L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Current density (A/cmz)




image10.jpg
Output voltage (Volts)

0.9

o
o

o
3

o
o

0.5

0.4

0.3

0.2

0.2

0.4

0.6 0.8
Current density(A/cmZ)

1.4




image11.PNG
Substance A Substance B T(K) DAB(m?s)
Acetone Air 298 011x10*
Acetone H,0 298 0.13x 10 *

Ar N, 293 0.19x 10 *
Benzene Air 298 0.88x 10 °
CO, Air 298 0.16 X 107
CO, N, 293 0.16 X 107
CO, 0, 273 0.14 X 107
CO, H,0 298 0.20 X 107
Ethanol H,0 298 0.12 % 107
G H,0 298 0.94 X 107°
Glucose H,0 298 0.69 X 107°
H, Air 273 0.41 % 107
H, 0, 273 0.70 X 107
H, N, 273 0.68 X 107
H, CO, 273 0.55 X 107
H, H,0 298 0.63 % 107
H,0 Air 298 0.26 X 107
N, H,0 298 0.26 X 107
Naphthalene Air 300 0.62 X 10°
NH, Air 298 0.28 X 107
0, Air 298 0.21 % 107
02 N, 273 0.18 X 107
0, H,0 298 0.24 X 107
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Hydrogen Thermodynamic Data

T(K) &(T)(k]/mol) h(T)(k]/mol) S(T)(J/mol K) C,y(T)(J/mol K)
200 —26.66 -2.77 119.42 27.26
220 -29.07 -2.22 122.05 27.81
240 -31.54 -1.66 124.48 28.21
260 -34.05 -1.09 126.75 28.49
280 -36.61 -0.52 128.87 28.7
298.15 —38.96 0 130.68 28.84
300 -39.20 0.05 130.86 28.85
320 —41.84 0.63 132.72 28.96
340 -44.51 121 134.48 29.04
360 -47.22 1.79 136.14 29.1
380 -49.96 2.38 137.72 29.15
400 —52.73 2.96 139.22 29.18
420 —55.53 3.54 140.64 29.21
440 .35 4.13 142 29.22
460 -61.21 4.71 1433 29.24
480 -64.08 53 144.54 29.25
500 -66.99 5.88 145.74 29.26
520 —69.91 6.47 146.89 29.27
540 —72.86 7.05 147.99 29.28
560 —75.83 7.64 149.06 29.3
580 ~78.82 822 150.08 29.31
600 -81.84 8.81 151.08 29.32
620 -84.87 9.4 152.04 29.34
640 -87.92 9.98 152.97 29.36
660 —90.99 10.57 153.87 29.39
680 —94.07 11.16 154.75 29.41
700 -97.18 11.75 155.61 29.44

720 -100.30 12.34 156.44 29.47
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Oxygen Thermodynamic Data

T(K) &(T)(kJ/mol) h(T)(k]/mol) $(T)(J/mol K) Cy(T)(]/mol K,
200 —41.54 -2.71 194.16 25.35
220 —45.45 -2.19 196.63 26.41
240 —49.41 -1.66 198.97 27.25
260 —53.41 10 201.18 27.93
280 —57.45 54 203.27 28.48
298.15 —61.12 0.00 205.00 28.91
300 —61.54 0.03 205.25 28.96
320 —65.66 0.62 207.13 29.36
340 —69.82 121 208.92 29.71
360 —74.02 1.81 210.63 30.02
380 —~78.25 2.41 212.26 30.30
400 -82.51 3.02 213.82 30.56
420 -86.80 3.63 215.32 30.79
440 -91.12 4.25 216.75 31.00
460 -95.47 4.87 218.14 31.20
480 —99.85 5.50 219.47 31.39
500 -104.25 6.13 220.75 31.56
520 —-108.68 6.76 221.99 31.73
540 -113.13 7.40 223.20 31.89
560 -117.61 8.04 224.36 32.04
580 -122.10 8.68 225.48 32.19
600 —126.62 9.32 226.58 32.32
620 -131.17 9.97 227.64 32.46
640 -135.73 10.62 228.67 32.59
660 -140.31 11.27 229.68 32.72
680 -144.92 11.93 230.66 32.84
700 -149.54 12.59 231.61 32.96

720 -154.18 13.25 232.54 33.07
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H,0(1) Thermodynamic Data

T(K) &(T)(k]/mol) B(T)(k]/mol) $(T)(J/mol K) Cy(T)(]J/mol K)
273 -305.01 -287.73 63.28 76.10
280 -305.46 —287.20 65.21 75.81
298.15 -306.69 —285.83 69.95 75.37
300 -306.82 —285.69 70.42 75.35
320 -308.27 -284.18 75.28 75.27
340 -309.82 -282.68 79.85 75.41
360 -311.46 -281.17 84.16 75.72
373 -312.58 -280.18 86.85 75.99

H,0(g) Thermodynamic Data

T(K) &(T)(k]/mol) B(T)(k]/mol) $(T)(J/mol K) Cy(T)(J/mol K)
280 —294.72, -242.44 186.73 33.53
298.15 -298.13 -241.83 188.84 33.59
300 —298.48 —241.77 189.04 33.60
320 -302.28 —241.09 191.21 33.69
340 -306.13 —240.42, 193.26 33.81
360 -310.01 —-239.74 195.20 33.95
380 -313.94 -239.06 197.04 34.10
400 -317.89 -238.38 198.79 34.26
420 -321.89 —237.69 200.47 34.44
440 -325.91 —237.00 202.07 34.62
460 -329.97 -236.31 203.61 34.81
480 -334.06 -235.61 205.10 35.01
500 -338.17 -23491 206.53 3522
520 —342.32 -234.20 207.92 35.43
540 -346.49 -233.49 209.26 35.65

560 -350.69 —232.77 210.56 35.87
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