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Abstract
In recent decades there has been a growing global concern with regards to vehicle-generated
green house gas (GHG) emissions and the resulting air pollution. Currently, gasoline and diesel
are the most widely used automotive fuels and are refined from crude oil which is a nonrenewable resource. When they are combusted in an Internal Combustion Engine (ICE) they
release significant amounts of air pollutants and Green House Gasses (GHG’s), such as NOx,
CO2, SOx, CO, and PM10 into the atmosphere.
The results of a feasibility study indicate that intermediary automotive propulsion
systems are needed in order to begin a transition from fossil fuels to a clean, renewable
transportation system. The Extended Range Electric Vehicle (E-REV) has been identified as an
ideal intermediate vehicle technology.
In this context, the objective of this thesis is to establish the scientific and engineering
fundamentals for the design and development of a Dual-Fuel (hydrogen + Gasoline) Power
Generation System for the E-REV sustainable mobility architecture. The devised power
generation system is comprised of hydrogen and gasoline storage reservoirs, their respective
fuelling systems, a Spark Ignition Internal Combustion Engine (SI ICE), an electric generator,
batteries, as well as supplementary electronic systems. The batteries are used to provide power
directly to the electric motors and are recharged with both the on-board electric generator and via
plug-in capabilities. The developed prototype vehicle, which used a commercial Dune Buggy as
a test bed, combined with the on-board rechargeable LiFePO4 battery pack, can provide the users
with a daily commute range of ~ 65 [km] relying solely on the battery’s electric power, whereas
for longer duration trips the use of the on-board generator would be necessary. The developed
Dual-Fuel E-REV power generation system offers the following benefits when compared to the
original gasoline ICE architecture: reduced emissions, improved acceleration (47% ↑), improved
range (75% ↑), improved fuel economy (22% ↑) and decreased average fuel cost/km (29% ↓).
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Chapter 1 – Introduction
1.1 – Purpose of Thesis
Urban air pollution is a major issue of concern today. One source is attributed to vehicle exhaust
emissions, including carbon dioxide (CO2), hydrocarbons (HC), and nitrogen oxides (NOx).
Growing global concerns over the warming of the earth’s atmosphere, air quality, and the rise of
global water levels has reinvigorated efforts regarding sustainable mobility and the future of the
automobile. With crude oil supplies expected to peak around
nd 2010 as in Figure 11.1 and demand
expected to continue to increase there is a need to reduce global
global reliance on fossil fuels and
develop cleaner, renewable fuel sources and power generation technologies for vehicle
applications. With this in mind the goal of this thesis is to devise and develop a novel power
generation system which will be applied to a Dune Buggy chassis and used as a proof of concept
for future development and implementation in a 2006 Pontiac Solstice.

Figure 1.1 - Global Oil Supply and Demand [1]

1.2 – Scope of Thesis
To begin, an extensive portfolio of existing systems will be evaluated to determine which
fuel/power train combinations provide the best alternative to the gasoline/diesel combustion
engine. A number of engineering methods and tools must be utilized in order to successfully
evaluate the potential
ntial of any proposed propulsion system. Such tools include: Quality Functional
Deployment (QFD), Decision Matrices, Computer Aided Design (CAD) tools such as UGS NX
5 and SolidWorks,, mathematical modeling software like Matlab
atlab and Maple, as well as process
flow and process modeling software such as Visio. As well,
well results from the GREET and PSAT
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software packages will be used to display the environmental footprint of each alternative fuel
technology. Upon completion of the initial evaluation, a proof-of-concept architecture of the
chosen power system, shown in Figure 5.1, will be designed and simulated. The final step will be
to develop and test the power system architecture which will be integrated with a matching
electric drivetrain which is being developed in a parallel project [2]. For this study a 250cc Dune
Buggy chassis will be utilized as illustrated in Figure 1.2. The Dune Buggy chassis was chosen
as the test bed for the project because of its open structure which allowed for easy modification.

Figure 1.2 - 250cc Dune Buggy Chassis [3]

1.3 – Methodological Approach for Design
The design methodology being utilized for this project is illustrated in Figure 1.3; it is referred to
as the Environmental Design Process [4]. The process is divided into seven chronological steps
and the critical path is linear although in many instances feedback exists allowing previous steps
to be revisited in the event of an error or omission. The first step in the environmental design
process is to identify the tasks and aims of the research. The result is a list of the general
objectives and goals of the research activity. The second step is to create a benchmark by
analysing the current system. For the purpose of this project the vehicle’s initial range, fuel
economy and emissions data was determined. The third step is to generate a list of requirements
such as the desired performance (Power, Acceleration, Top Speed, and Range), cost, and
emissions levels. These values are used as a guide in steps four through six and in step seven to
evaluate the success of the project. The fourth step is to brainstorm possible solutions to the
design challenge and then evaluate them in step five based on the requirements set forth in step
three. Step six is to design, implement and test the chosen solution and finally in step seven the
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vehicle is evaluated against the requirements in order to determine where the project has
succeeded and where it has failed.
R&D Tasks
and Aims
Analysis of
Present
System

Test and
Refine

Generation of
Requirements
List

Implement
Strategy

Evaluate
Alternatives

Create
Alternatives
List

Figure 1.3 - R&D Methodology
odology for environmentally friendly products [4]

1.4 – Organization of Thesis
The thesis document will be organized into three main sections which encompass the major
project phases, which are:
•

Research, Evaluation and Concept Selection (Chapter 2-3))

•

Design
gn Analysis (Chapter 4)

•

Construction/ Testing (Chapter 5)

As a result of this work a novel dual-fuel power system has been derived for an E-REV
E
architecture. The
he power and energy storage systems have been designed and integrated with a
matching drive train [2] and implemented in the 250cc Dune Buggy. This contribution will help
form the basis for future design work at UOIT with the implemen
implementation
tation of the architecture in the
2006 Pontiac Solstice Roadster.
Roadster. The architecture may one day provide a transition technology
tec
between the gasoline and diesel combustion engine vehicles of the present and electric/hydrogen
based vehicles of the future. The research contained herein will help to further efforts in the field
of Series Hybrid Electric Vehicles as well as examine hydrogen
ydrogen as a Spark Ignition Internal
Combustion Engine (ICE) fuel. Thorough design analysis and supporting calculations will allow
the results to be replicated and scaled for use in future work. Suggestions for improvements to
the current design can bee found in Chapter 6.
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Chapter 2 - Background Information
2.1 – Technical Background
This section contains a basic introduction to a number of key topics related to the work presented
in this thesis. Such fundamental knowledge is important for understanding and interpreting the
results presented herein.

2.1.1 – Hydrogen
Hydrogen is a promising replacement for non-renewable petroleum based fuels in an internal
combustion engine. Hydrogen is the most abundant element in the known universe and accounts
for nearly 75% of all baryonic matter by mass. Hydrogen is also the second most abundant
element in the salt water contained within earth’s ocean’s accounting for nearly 11% by mass.
Elemental hydrogen is rare on earth and can be produced from the electrolysis of water and from
hydrocarbons such as methane. Hydrogen gas (H2) is highly flammable and can be burned in
concentrations as low as 4% in air. Hydrogen will auto ignite with air at temperatures above 560
[ºC]. The combustion of hydrogen gas and elemental oxygen is illustrated by the following
balanced chemical equation [5]:
2     2  

(2.1)

From Equation 2.1 it can be seen that when hydrogen is combusted with oxygen the only product
is water. However, when the pure oxygen is replaced with air the combustion of hydrogen will
also produce oxides of nitrogen (NOx):
    

     

(2.2)

In order to reduce NOx emissions an internal combustion must be tuned to run in a “lean-burn”
state with a high air-to-fuel ratio. Hydrogen can also be used in fuel cells although their current
cost of production is far too expensive for commercial vehicles [6].
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2.1.2 - Hybrid Electric Vehicles (HEV)
In recent years the hybrid electric vehicle (HEV), which combines an internal combustion engine
and electric motor, has begun to gain market acceptance as a means of quelling demands for
increasingly expensive gasoline and diesel fuel. In the fall of 2008 gasoline prices reached an alltime high in the United States at $4 per gallon and in Canada at $1.40 per liter. At the time many
experts were predicting that the price of a barrel of crude oil could reach as high as $150 by the
end of 2008 with some predicting prices as high as $200 per barrel into 2009. Since then, the
world has slipped into a global recession and crude oil prices have tumbled. The price of oil is
currently around $50 per barrel (April 2009). Gasoline prices have also receded, with the current
price below $0.90 per litre in Canada and below $2.00 per gallon in the US.
There are two primary configurations of the HEV known as the series and parallel
architectures. Both architectures offer their own unique set of benefits and challenges. More
information regarding the two architectures can be found in Section 2.2.3. The series HEV is
particularly attractive as it provides the ability for zero emissions travel for short duration trips.
More than 80% of daily commuters would be able to travel to and from work on a single charge
never requiring a drop of gasoline.

2.1.3 – Internal Combustion Engines (ICE)
Internal Combustion Engines are divided into two categories depending upon the method used to
ignite the mixture of air and fuel in the engine. Spark Ignition (SI) ICEs use a spark plug to ignite
pre-mixed fuel and air. SI ICEs operate on either a four or two stroke cycle. A four stroke SI ICE
uses the Otto Cycle which consists of:
•

Adiabatic compression

•

Heat addition at a constant volume

•

Adiabatic expansion

•

Rejection of heat at a constant volume

A Compression Ignition (CI) ICE relies on the heat from the compression of air to ignite
the fuel which is added just before the piston reaches Top Dead Center (TDC). The CI ICE
utilizes higher compression than an SI ICE which makes it more efficient without the need for a
separate ignition system. CI ICE’s follow the Diesel cycle. A typical four stroke diesel cycle
functions as follows:
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•

Isentropic Compression

•

Heating at Constant Pressure

•

Isentropic Expansion

•

Cooling at constant volume

The ICE of either a parallel or series HEV can be designed to run on a variety of fuels
such as gasoline, compressed natural gas (CNG), liquefied natural gas (LNG), hydrogen, and
ethanol blends. Each fuel possesses unique characteristics which affect the way it is stored onboard the vehicle, how it is delivered to the engine, and the amount of power that is produced.
Several key performance indicators (KPIs) for typical ICE fuels are shown below in Table 2.1.
Column one represents the volumetric efficiencies of each fuel. As can be seen gaseous fuels
such as hydrogen and CNG have less energy per liter when compared to liquid fuels. Column
two represents the gravimetric efficiencies of each fuel. Gaseous fuels such as hydrogen excel
when compared to liquid fuels as they possess more energy per kilogram.
Table 2.1- Properties of ICE Fuels at LHV [7-9]

Fuel Type

[MJ/litre]

[MJ/kg]

[kWh/kg]

Gasoline

31.2

42.7

11.86

Ethanol

23.5

31.1

8.64

Diesel

36.5

41.9

11.64

CNG

10

50.4

14

Methanol

15.9

19.9

5.53

Hydrogen

5.6

120

33.3

2.1.4 – Greenhouse Gases and Air Pollutants
When studying the effects of vehicle exhaust emissions on the atmosphere it is important to
understand the difference between Greenhouse Gases (GHG) and air pollutants. Greenhouse
Gases are naturally occurring atmospheric gases that contribute to the greenhouse effect by
blocking solar radiation from leaving the earth’s atmosphere; effectively acting like a one way
lens they allow for temperature moderation on earth. GHG’s are an important part of the earth’s
atmosphere and without them the earth would plunge into a deep cold [10]. The most abundant
GHG’s and their proportional impact on the greenhouse effect are [10]:
•

Water Vapor, 36-70%, H2O
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•

Carbon Dioxide, 9-26%, CO2

•

Methane, 4-9%, CH4

•

Ozone, 3-7%, O3

•

Nitrous Oxide, 1-2%, N2O

Alternatively, air pollutants are substances that have been introduced into the atmosphere
by human activity that cause harm or discomfort to living beings and the environment [10].
Major air pollutants that are produced by human activity include:
•

Sulfur Oxides, SOx

•

Nitrogen Oxides, NOx

•

Carbon Monoxide, CO

•

Volatile Organic Matter, (VOC)

•

Particulate Matter (PM)

Some major anthropogenic sources of air pollutants include: factories, power plants, vehicle
emissions, wood burning, and oil refining. Additionally, air pollutants are produced by a variety
of natural processes such as: radioactive decay, volcanic activity and wildfires.

2.2 - Literature Survey
In this section a wide array of vehicle power and propulsion concepts will be introduced and
explored. Section 2.3 follows by comparing specific criteria for each power system as a way of
measuring their relative performance and feasibility. The systems are broken down into a number
of broad categories. First, the internal combustion engines are separated into spark ignition and
compression ignition. Second, the mild hybrids follow with various configurations explored.
Third, the various types of pure electric vehicles are outlined. Finally, a segment on propulsion
systems such as heat engines and compressed air vehicles is provided.

2.2.1 – Spark Ignition Internal Combustion Engines (SI ICE)
The spark ignition internal combustion engine (SI ICE) is undoubtedly the most popular
propulsion system for automobiles in North America. The most common SI engine uses gasoline
as a fuel. In a gasoline SI ICE cycle the oxidant air and gasoline fuel enter the combustion
chambers through a series of valves which are controlled by a camshaft. Once a sufficient
amount of material has entered the combustion chamber the valves are closed and a spark is

8
created. The spark ignites the mixture of fuel and air as the piston is nearing the top of its stroke.
As the flame propagates through the mixture of gas and air the reaction produces heat thereby
increasing the pressure and driving the piston downwards.

Figure 2.1 - Standard SI ICE [11]

The piston is attached
ached to a crankshaft which produces rotational mechanical energy on
the crankshaft which can then be applied through a transmission to the wheels. A simplified
schematic of a typical SI engine is shown in Figure 2.1.. The average mechanical efficiency of a
gasolinee SI ICE tends to be around 20% [11].
2.2.1.1 – Gasoline
The fuel itself is known either as gasoline or petrol. It is produced from crude oil and consists
mainly of aliphatic hydrocarbons and some aromatic hydrocarbons which are used to enhance
the octane rating. The octane rating is representative of the fuels ability to resist self detonation.
Ideal gasoline will resist self
self-detonation
detonation (unlike diesel fuel) and will only
on detonate with a timed
spark [12].
The energy density of standard gasoline is 34.8
3
[MJ/litre] or 44 [MJ/kg] and yields
150,100 [BTU] per imperial gallon. This compares to other ICE fuels as shown in Table 2.1 and
section 3.1.7.. Gasoline is considered a non-renewable
non renewable fuel. It is widely used because of its price,
ease of use, and availability.
ability. It also possesses attractive properties such as a relatively high
energy density and is supported by an international infrastructure for harvesting, refinement, and
distribution. The major drawbacks of gasoline fuel are the production of greenhous
greenhouse gases
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throughout the fuel lifecycle especially within the pump-to-wheel sub-cycle and looming threat
of not being able to meet supply demands as global oil reserves deplete. Currently additives such
as ethanol are being mixed with gasoline in order to offset costs, reduce emissions, and reduce
the global demand for gasoline [12].
2.2.1.2 - Ethanol Blends
Ethanol is superior to gasoline in many ways [13]. Ethanol typically has an octane value of 108,
which is higher than conventional gasoline and bettered only by a limited selection of niche fuels
such as those used in race cars. Ethanol also possesses a faster flame speed and higher heat of
vaporization when compared to gasoline. Combined, these characteristics allow for a higher
compression ratio, quicker burn, and leaner engine conditions as well as a higher operating
efficiency. The major disadvantage of ethanol is that it is less energy dense then gasoline.
Another disadvantage is the cost, as ethanol produced from biomass is nearly two times more
expensive than gasoline. Ethanol also has low vapor pressures which make cold starts difficult.
When mixed with gasoline the resultant mixture becomes highly volatile resulting in improved
cold starts, but at the cost of higher vapor emissions [13].
Ethanol is currently produced through three distinct methods [13]:
1. Hydration of ethylene from natural gas and petroleum
2. Fermentation of sugar derived from biomass
3. By utilizing non-sugar lignocellulosic fractions of biomass
Currently, the most common production method for fuel ethanol is from corn. Ethanol is mixed
in standard gasoline at 10% or 7.7% in some cases. In reformulated gasoline ethanol is typically
5.7%. An IEA report shows a breakdown of the ethanol market in the US, the results of which
are summarized in Figure 2.2 [13].

Oxygenated
Gasoline
RFG

Figure 2.2 - Most Common Uses of Ethanol [13]
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Ethanol is available as a pure motor fuel as well as being mixed with gasoline. Available
ethanol fuel derivatives include:
•

100% Ethanol

•

E85P, 85% Ethanol + 15% Gasoline

•

E10P, 90% Gasoline + 10% Ethanol

2.2.1.3 – Natural Gas (CNG/LNG)
Natural gas is a petroleum based product which can be used as a substitute for other petroleum
based fuels such as gasoline and diesel. Natural gas can be used in SI ICE’s as both a liquid and
a gaseous fuel, which are known as Liquefied Natural Gas (LNG) and Compressed Natural Gas
(CNG) respectively. Natural gas is mainly composed of methane, but also contains significant
quantities of other hydrocarbons such as ethane, butane, and propane. Methane itself was not
considered due to its high toxicity. Natural Gas is versatile in that it can be used in both the Otto
Cycle and a modified Diesel cycle [14].

Figure 2.3 - Compressed Natural Gas Vehicle [14]

A number of tradeoffs exist when comparing the natural gas in the liquid and gaseous
form. LNG storage systems require less space onboard the vehicle and as such allow for greater
range. The benefit of using CNG is that it has a lower cost of production and storage and does
not require the expensive sub-systems necessary for an LNG system such as cooling and
cryogenic tanks [14].
There are a number of benefits of using natural gas in the North American automotive
market. First and foremost the fuel is much cleaner than gasoline and diesel fuel. Second it is in
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abundant supply in North America. Lastly, CNG is available at a considerable discount to other
automotive fuels, although the price fluctuates directly with that of gasoline. Figure 2.3, shows a
CNG storage system mounted in the trunk of the vehicle. The CNG Honda Civic was first
released for public sale to North American markets in 1988. The original four cylinder engine
was comparable to gasoline model in terms of acceleration, braking and fuel economy. The
major difference was the reduced storage space in the trunk compartment as modifications were
made to house the larger fuel tank. The CNG Civic also yielded net improvements in emissions,
producing 90% less CO and 30% less CO2 [15].
2.2.1.4 - Hydrogen
Hydrogen can also be combusted in an ICE using a modified Otto Cycle. Like Natural Gas,
hydrogen fuel can be stored on-board the vehicle as either a liquid or a gas. Compressed
hydrogen gas can be stored on-board the vehicle at pressures up to 10,000 [psi] (700 [Bar]).
Liquid hydrogen must be stored in cryogenic tanks similar to LNG. The main advantage of
hydrogen fuel, regardless of form, is its superior emissions characteristics when compared to the
burning of natural gas and gasoline. When mixed and ignited with pure oxygen it produces zero
emissions, however, when combusted with air a small amount of NOx emissions are produced.
Hydrogen is the most abundant element in the known universe, accounting for
approximately 75% of the elemental mass. Hydrogen is most commonly found on earth in water,
air, and hydrocarbons such as methane. Hydrogen can be produced through a number of
processes such as methane steam reforming, partial oxidation of hydrocarbons and the
electrolysis of water. The equation for each reaction is shown in Equations 2.3 to 2.5 [16].
Methane Steam Reforming,
CH4 + H2O → CO + 3H2

(2.3)

2CH4 + O2 → 2CO + 4H2

(2.4)

2H2O → 2H2 + O2

(2.5)

Partial Oxidation of Hydrocarbons,

Electrolysis of Water,

Hydrogen poses a number of problems for vehicle use. For one, hydrogen production methods
are not currently cost effective enough to replace gasoline. Second, on-board storage of hydrogen
is limited by the low volumetric energy density in its gaseous form.
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2.2.2 – Compression Ignition Internal Combustion Engines (CI ICE)
The Compression Ignition Internal Combustion Engine (CI ICE) is another form of internal
combustion engine. Unlike the SI ICE, compression ignition engines utilize the diesel cycle. In
the diesel cycle the air is added to the combustion chamber separately from the fuel. Once the air
within the combustion chamber is compressed the fuel is added and self-ignites. Compression
Ignition engines are not as common in North America as Spark Ignition engines and have been
more commonly produced for international markets, especially in Europe. A typical CI ICE is
shown in Figure 2.4 [17].

Figure 2.4 - Standard CI ICE [17]

2.2.2.1 – Diesel
Diesel fuel is a petroleum based hydrocarbon mixture which is produced through the distillation
of crude oil between 250 [ºC] and 300 [ºC]. The hydrocarbon mixture contains approximately
75% saturated hydrocarbons and 25% aromatic hydrocarbons. Petroleum based diesel fuels are
15% more dense then gasoline fuels yielding 850 [g/litre] versus 720 [g/litre] for gasoline.
Typically, diesel powered vehicles yield greater fuel economy while producing less overall
greenhouse gas emissions, although the fuel must undergo additional filtering to remove sulfur
prior to use. Although diesel fuel tends to emit greater GHG emissions per litre, the 20-40%
increase in fuel economy is enough to compensate and yield lower overall emissions. Like
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gasoline, petroleum based diesel is also a non-renewable resource. The fuel produces 38.6 [MJ/l]
and 45.41 [MJ/kg] while creating 166,600 [BTU] per imperial gallon [18].
Unlike gasoline, diesel fuel is not rated based upon its ability to resist self-detonation but
rather on its ability to self-detonate. This is known as the Cetane rating and is an inverse of the
Octane rating. For example, fuels with a high Octane rating possess and low Cetane rating and
fuels with a high Cetane rating possess a low octane rating [18].
2.2.2.2 - Bio-diesel Blends
Biodiesels represent a broad category of fuels that are all produced through the esterification of
vegetable oils. Biodiesel fuels can be used in standard compression ignition diesel engine
without any modifications to the engine components or the diesel cycle. Bio-diesel can be
produced in a number of different ways, the most common of which are canola, rapeseed,
soybeans, as well as biodiesels produced from tallow and waste cooking oils.
Canola is type of edible oil and a variant of rapeseed crop. It is a member of the Brassica
family, which includes broccoli, cabbage, and cauliflower among other common vegetables.
Rapeseed or rape as it is more commonly known is also a member of the Brassica family and in
full grown form is a bright yellow flower. Soybeans are a bushy plant which is native to Asia.
These products are grown for their seeds/beans which are then ground and the oil recovered.
Tallow is a rendered fat from bovine products. It can be kept unrefrigerated for extended periods
of time without decomposing as long as it is stored in an air tight container to prevent oxidation.
Waste cooking oil is produced in restaurants around the world, and is commonly known as
“McDiesel” with the McDonalds restaurant chain being the largest supplier of waste cooking oils
[19].

2.2.3 – Hybrid Vehicles
A hybrid vehicle is defined as using two or power distinct power sources in order to propel the
vehicle. This usually equates to a combination of an electric motor and an ICE. Hybrids are
becoming increasingly popular in North America with 22 new hybrid models set to debut in
2009 from nearly every major automobile manufacturer. The hybrid vehicle market is also not
exclusive to small vehicles. Trucks, minivans, and SUV hybrids have entered the market in
recent years. Hybrids offer many benefits over conventional ICE’s such as increased fuel
economy, lowered emissions, and greater engine life. There are a number of different hybrid
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systems available. For this study two distinct hybrid vehicle types will be considered. The first is
the hybrid electric vehicle (HEV) which utilizes regenerative braking to recharge onboard
batteries which can power an electric motor during acceleration and at low speeds. The second
type is the plug-in hybrid electric vehicle (PHEV) which represents the latest progressions in
hybrid vehicle design. The PHEV utilizes standard hybrid systems such as regenerative braking
as well as the ability to run for extended periods of time on battery power for zero emissions
operation using grid produced electricity [20].
2.2.3.1 – Parallel Hybrid Electric Vehicles
In a parallel hybrid vehicle an ICE and electric motor are used to produce power for the purpose
of turning the vehicles wheels. A typical parallel HEV architecture is shown in Figure 2.5. The
electric motor and ICE are mated to a unique power split device that allows either or both units
to deliver power to the wheels. During times of acceleration from rest, idle, and low speed travel
the electric motor is used as the sole source of power. During heavy acceleration both propulsion
systems are often used in “parallel” to improve efficiency and reduce fuel consumption. During
high constant speed situations the ICE is the sole source of power to the wheels. Under cruising
conditions a portion of the power is often transmitted through the electric motor which acts as a
generator to recharge the batteries. In addition regenerative braking and plug-in capabilities are
often used to recharge the on-board battery pack. The parallel HEV has continued to gain market
acceptance as a means of reducing the fuel consumption of a vehicle for a small increase in
initial capital investment. The Toyota Prius stands as the most popular proponent of parallel
HEV technology and is the current industry leader for all hybrid vehicles. The parallel hybrid is
inherently cheaper than the series hybrid as it requires a smaller battery pack, which tends to be
the most expensive portion of the drive train [21].

Figure 2.5 - Parallel Hybrid Architecture [21]
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2.2.3.2 – Series Hybrid Electric Vehicles
In a series hybrid vehicle the sole source of power being delivered to the wheels is from an
electric motor. The ICE is used instead to turn an electrical generator which recharges the
vehicles on-board battery pack. The battery pack is then used to supply power to the electric
motor. Figure 2.6 shows a typical series HEV architecture. The power split device of a parallel
hybrid is removed.

Figure 2.6 - Series Hybrid Architecture [21]

In a series HEV the ICE is typically smaller then in a parallel HEV, while the battery
array is larger. Although the series HEV architecture is simpler then the parallel HEV the cost of
batteries, larger electric motors, and generator tend to drive up the cost. One of the primary
benefits of the Series HEV is that it allows for a period of all electric zero tailpipe emissions
travel. Another advantage is that it allows for the ICE to be completely optimized for a single
RPM and avoid highly inefficient operating conditions that occur during acceleration. The Series
HEV is also known as an Extended Range Electric Vehicle (E-REV) when it is combined with
plug-in capabilities. The first commercial E-REV/Series Hybrid in North America is set to debut
in 2010. Produced by General Motors it will be known as the Chevrolet Volt. The Volt will be
equipped with a 16 [kWh] battery array which will be good for 40 [miles] of travel before it must
be recharged by the ICE or by electrical plug-in [22]. A number of academic research projects
are also involved in the area of concept series hybrid architecture design; involving a variety of
range extension systems and fuels [23-25]. Two popular conceptual range extensions have
emerged. The first is a fuel cell based range extension system powered by compressed hydrogen.
A regenerative (two way) fuel cell is used to generate and store hydrogen on-board the vehicle.
The second range extension concept incorporates ICE technology and fuels such as CNG,
gasoline, and hydrogen.
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2.2.3.3 – Plug-in Hybrid Electric Vehicle (PHEV)
A Plug-in Hybrid Electric Vehicle (PHEV) is an extension of either a series hybrid or parallel
hybrid vehicle by allowing for an external connection to the electrical grid in order to recharge
the vehicles on-board battery array. The PHEV offers vehicle owners the flexibility of charging
their vehicles overnight using cheaper off-peak electricity. PHEV technology is best coupled
with a series hybrid or Pure Electric vehicle architecture to take advantage of the larger battery
array. The vehicles charging system can be equipped to connect to standard 120/240 [V] outlets
or to high voltage outlets installed in a residential garage or roadway filling station. By using a
120/240 [VAC] source a battery array could be charged in 6-8 hours. Using high voltage
charging stations this could be reduced to only a few minutes. Using grid electricity a single
charge can cost as low as $0.05 [cents per kWh] and only $1 per day for a 20 [kWh] battery
pack, which could potentially deliver a person to and from work for a typical commute (<40 km)
[26].

2.2.4 – Pure Electric Vehicles
Electric vehicles are being touted as the future of the automotive industry, the exact fuel
mechanism is as of yet highly debated and very much unknown. With the migration from
mechanical to electric systems comes a new host of rewards and challenges to overcome on the
path to developing a sustainable mobile economy. Electric vehicles offer greater flexibility and a
chance to be free of our reliance on non-renewable sources of energy such as crude oil.
2.2.4.1 – Battery Electric Vehicle (BEV)
The BEV in its simplest form consists of a battery array and electric motor. The battery is
charged via Plug-In capabilities allowing it to be recharged in one’s home using 120/240 [VAC]
power or by way of a high voltage quick charge station. The power from the batteries is used by
the electric motor(s) to provide power to the wheels. The battery power is also used at a lower
voltage (12 [V]) to provide power to the various accessories and subsystems of the vehicle such
as the: lights, horn, heating/cooling system, power seats, switches/gauges, and electro hydraulic
components. Presently, the largest hurdle to be overcome in the implementation of the BEV is
the high price of the battery array.
Electric motors offer a number of benefits over their ICE counterparts based upon
performance, and environmental impact. During the operation of the vehicle the emissions from

17
the vehicle is essentially zero. However, that is not to say that the emissions over the total fuel
lifecycle are zero as the means for fuel generation, be it electricity, hydrogen etc. may not
necessarily be zero. For example a purely electric vehicle that uses standard grid electricity to
charge its batteries may have a theoretical zero emissions lifecycle until the production of that
electricity from gasoline or coal is factored into the equation.
The Tesla Roadster is an example of a BEV with tremendous power and performance
characteristics. Manufactured by Tesla Motors the Roadster is equipped with a 53 [kWh] lithium
Ion battery pack and a 185 [kW] electric motor. The Roadster has a reported range of 393 [km]
per charge and is on sale in the US in 2009 at a cost of $109,000 [USD] [27]. A Canadian price
and availability information for Canada is due from Tesla Motors by Q4 2009. General Motors
EV-1 was one of the first commercial attempts at designing a BEV for production; however the
project was scrapped in the early 1990’s due to high costs.
An Urban EV is a version of the BEV which is specifically designed for low speed, high
traffic urban areas. The Urban EV is typically small and lightweight which helps improve fuel
economy. The Urban EV has gained popularity in areas that are highly congested with traffic as
a means of reducing urban air pollution and street noise.
2.2.4.2 – Solar Electric Vehicle (SEV)
There are a number of solar technologies that may be suitable for integration with vehicles in the
North American market. The first solar technology to consider is photovoltaic cells. As shown in
Figure 2.7 the MIT Tesseract Solar Vehicle has hundreds of solar cells applied to the structure of
the vehicle. During the day the light from the sun is harnessed and can be used to produce
electricity. This electricity can then be stored in on-board batteries to drive one or more electric
motors. The downside of using PV cells is that they can only harness 50% of the energy from the
cell in the form of visible light and cannot harness the energy contained within invisible ultraviolet rays. In addition, they require significant energy and resources to produce resulting in
significant emissions during various stages of manufacturing.
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Figure 2.7 - Tesseract, MIT Solar Vehicle [28]

The second solar technology that may be applicable for consumer vehicles is a new nanosolar composite paint that is being developed. The paint could be applied directly to the vehicle
and the batteries recharged while parked or driving. The benefit of nano-solar technology is that
unlike standard PV cells it is capable of harnessing invisible ultraviolet rays which account for
approximately 50% of the energy that the sun delivers to the earth’s surface. It would also allow
for batteries to recharge on days that are overcast and cloudy [29].
Solar radiation provides a nearly limitless source of energy. Currently the Sun produces
10,000 times more energy than the entire earth combined. If one could cover just 0.1% of the
Earth’s surface with solar panels then one could effectively replace every other form of energy
generation [29].
2.2.4.3 – Fuel Cell Electric Vehicle
Fuel cell vehicles are considered by many to be the future of the automotive industry. When
powered by hydrogen, they are capable of operating with zero emissions. The operation and
construction of a fuel cell is remarkably simple. A simple fuel cell consists of two electrodes
(cathode, anode) and an electrolyte. In a proton exchange membrane fuel cell the fuel is supplied
to the anode. The chemical reaction occurring at the anode is:
H2 + -> 2H+ + 2e-

(2.6)

The electrons then travel through the load attached to the cell and into the cathode. The
+

2H is allowed to pass through the electrolyte and is reacted with a feed supply of air at the
cathode creating the following reaction:
2H+ + 1/202 -> H20

(2.7)
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Figure 2.8 - Hydrogen Based PEM Fuel Cell [30]
[

Figure 2.9 - Fuel Cell Vehicle Architecture [31]
[

There are a number of different types of fuel cells which are characterized first by the
type of electrolyte that they use and secondly by the type of fuel. There are a number of different
fuels available for direct
ect use in fuel cells including: hydrogen, methanol, ethanol, and ammonia.
These fuels can also be run through a reformer prior to entering the fuel cell to produce pure
hydrogen.. The electrical power produced by the fuel cell
cell can then be used to charge a battery
pack or can be supplied directly to the electric motors. A hydrogen based PEM fuel cell is shown
in Figure 2.8 with the vehicle architecture shown in Figure 2.9. The large components including
the fuel cell stack, high
igh pressure storage vessel and battery pack are keep low in the vehicle in
order to keep the vehicles center of gravity as low as possible.

2.2.5 – Other Propulsion Systems
For the purposes of providing a more comprehensive evaluation of determining the most suitable
power train a number of unique and novel concepts beyond the realm of standard thinking have
also been looked at. These unique power train designs include compressed air engines, salt water
engines, and
nd various types of heat engines.
engines. There is undoubtedly a certain level of uncertainty
introduced when comparing quantifiable technologies with theoretical and often speculative
ones. That being said it is important not to overlook such technologies on the basis that they have
not been fully developed.
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2.2.5.1 – Compressed Air Vehicles
The MDI Minicat is an example of a commercially available compressed air vehicle. The
Minicat utilizes an air engine which harnesses the stored potential energy of compressed air
converting it into kinetic energy which is used to drive a piston or rotor. A sample compressed
air engine can be seen in Figure 2.10.. The compressed air vehicle offers many benefits over
fossill fuels and battery powered electric vehicles. Charging
harging the compressed air tanks take much
less time to recharge than
an charging batteries of a plug-in
in electric vehicle. The compressed air
engine also yields zero emissions during operation, because the only net emissions are coming
from the means of electrical generation, be it nuclear, hydro
hydro-electric,
electric, coal, etc.

Figure 2.10 - Compressed Air Engine [32]

Compressed air systems tend to be only slightly more efficient then gasoline SI ICE’s.
When the losses due to the compression of the air, production of heat,

and electrical

generation/transmission inefficiencies most compressed air systems do not surpass 25% in total
system efficiency.
The Negre CityCat is another compressed air vehicle. The manufacturer oof the vehicle
claims that it is capable of travelling between 160 [km] and 320 [km] on one tank of compressed
air depending upon driving conditions. It is designed mostly as a commuter vehicle and is
capable of refueling in less than three minutes at a service
vice station or within several hours if
plugged into the electrical grid at home utilizing the systems onboard air compressor.
Additionally, advances in storage technology, such as carbon fiber tanks capable of holding
10000 [psi] could allow the vehicles range to approach 1000 [km] on a single charge. Additional
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benefits include cost effective system components and simple designs while yielding zero
driving emissions. The costs of driving the vehicle are estimated at approximately $1.00 per 100
[km] and a cost of $3 to fill the tanks at a service center [33].
2.2.5.2 – Heat Engines
Heat engines are used to convert thermal energy (heat) into mechanical energy (work). They can
be operated using either a closed or open cycle meaning that the system can be both open to
atmosphere or sealed. A number of variations of the heat engine are available and are known by
the name of the cycle that they attempt to mimic.

Figure 2.11 - Stirling Cycle Heat Engine [34]

Figure 2.11 illustrates a simple heat engine. In this iteration there are two equally sized
chambers sealed from the outside. On the one chamber heat is applied, while the other chamber
is cooled. The difference in temperatures creates a pressure differential between the two
chambers. This causes the air within the system to flow from the high temperate/pressure
chamber to the lower temperature/pressure chamber in order to return the system to equilibrium.
This flow of gases in the closed system causes one piston to draw inwards via the vacuum
created in the higher pressure chamber and the piston in the colder chamber to drive outwards as
gas flows into the chamber. The linear movement of the pistons is then converted into rotational
mechanical energy [34].
The rotational mechanical energy can be either utilized directly or can be connected to a
generator to recharge batteries or power an electric motor. Typical heat engine efficiencies for an
automotive engine are around 25% which is slightly better than a gasoline combustion engine.
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Chapter 3 - Concept Power Train/Fuel
3.1 – Concept Selection
A number of different alternative propulsion techniques have been analyzed and evaluated
against a series of different criteria to determine which method will provide the best alternative
to the gasoline internal combustion engine. The propulsion methods being examined have been
previously outlined in Chapter 2 and are divided into four main categories:
1. Internal Combustion Engines
2. Hybrid Vehicles
3. Electric Vehicles
4. Other Propulsion Systems
The feasibility of each propulsion system has been evaluated against criteria of
sustainable mobility. Factors of sustainable mobility refer to the propulsion systems ability to
limit the production of atmospheric pollution, consume less fuel, remain cost effective and
provide sufficient power for 21st century travel, while ensuring that the system remains safe and
reliable throughout a range of operating conditions. There are also a number of long term
considerations that must be maintained such as the availability and cost effective requisition of
fuels and materials required for the production of the system, i.e. platinum for fuel cells; as well
as the environmental impact of obtaining these materials. As well as the factors of sustainable
mobility the propulsion system must also meet many vehicle-specific requirements in order to
ensure that the overall performance, appearance, and drivability of the vehicle is maintained as
closely as possible. More specifically, the criteria for evaluating each fuel and their respective
weighted importance are illustrated in Figure 3.1.

Figure 3.1 - Weighted Importance of Evaluation Criteria
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The criteria and weighting were selected based on the following rationale. Safety was
deemed to be the most important characteristic of a future automobile. If a vehicle is not safe
then people aren’t going to drive it, nor will it be allowed to be driven. Second, the biggest
problem with crude oil is that it produces high emissions and is not renewable. As such the
successor to crude oil must be both plentiful and clean. Additionally, people have gotten use to a
certain level of performance, which many people are unwilling to sacrifice until they absolutely
have to. Thus, it is equally as important to ensure that a technology is not only clean and
renewable, but also capable of performing to people’s expectations. Thirdly, feasibility and cost
is important to a vehicles commercial success, but could be improved with mass production,
government grants, and OEM research dollars. As such these criteria are more to gauge the
current state of each technology. Finally, certain fuel storage systems may pose problems if they
are integrated into today’s vehicles. However, if vehicles are designed from the ground up to
incorporate the new technology this becomes less of an issue and not a huge deterrent to success.
To begin, a concept screening matrix is used to eliminate certain technologies that have
either been explored in great detail previously or that do not provide significant potential for
replacing the gasoline SI ICE. Table 3.1 illustrates the selection process based upon the initial
selection criteria. Each concept is evaluated relative to the SI ICE which is the baseline system
for comparison. If a concept is better than the datum it receives a “+”. If it is significantly better
it receives a “++”. If a concept is the same as the datum it receives a “0“. If a concept is worse
than the datum it receives a “-“. If a concept is significantly worse it receives a “--“. The total
sum of all “+”, “0“, and “-“ are used to determine the top five concepts for further evaluation.
As a result of the data presented in the concept screening matrix the following concepts
will be examined in greater detail throughout the remainder of this chapter:
•

HEV

•

E-REV

•

Full EV

•

Fuel Cell EV

•

CI ICE

•

SI ICE
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Table 3.1- Concept Screening Matrix

Power Train Concepts
Criteria E-REV HEV
+
+
Performance

Urban EV Full EV FC EV CI ICE Solar Com. Air SI ICE
-0
+
--

+

+

++

++

++

0

++

+

Safety

0

0

--

-

-

0

-

-

Cost

-

-

+

-

--

0

--

+

Feasibility

0

0

--

-

-

0

--

--

Supply

+

+

++

++

++

0

++

++

Fuel Storage

-

-

--

-

-

0

-

-

Sum +'s

3

3

6

4

4

1

4

4

-

Sum 0's

2

2

0

0

1

6

0

0

-

Sum -'s

2

2

8

5

5

0

7

6

-

Net Score

1

1

-2

-1

-1

1

-3

-2

-

Rank

1

1

6

4

4

1

8

6

-

Continue?

YES

YES

NO

YES

YES

YES

NO

NO

-

Datum

Emissions

3.1.1 – Performance Justifications
The performance of a gasoline SI ICE is based on the horsepower and torque of the motor, the
weight and aerodynamics of the vehicle, the efficiency of the drive train, and the volume of
gasoline storage. It is often difficult to compare gasoline SI ICE vehicles to electric/hybrid
electric vehicles due to the difference in their fuels and components. A set of standard
performance criteria must be developed in order to effectively compare each competing power
generation solution.
Performance criteria that will be used to evaluate each competing technology are as
follows:
•

0-100 [km/h] acceleration

•

Top Speed

•

Fuel Economy

•

Total Vehicle Range

25
Table 3.2- Concept Performance Data

Vehicle

Category

0-100

Architecture

Vehicle

[km/h]

SI ICE [35]

CI ICE [36]

‘09 Honda
Civic
‘09 Jetta
TDI

Top
Speed
[km/h]

Range
[km]

Fuel

Mass

Cost

CO2

Economy

[kg]

[$000]

[tons/

[MPG]

yr]

9.6

185

634

26/34

1173

16.2

6.3

9.9

189

824

30/41

1465

24.3

6.4

13.5

184

843

40/45

1314

23.6

4.4

8.5

190

1030

100

1427

32.6

11

150

435

62/51

1680

3000

??

9.9

169

190

>100

1628

45

??

‘09 Honda
HEV [37]

Civic
Hybrid
‘10

E-REV* [22]

Chevrolet
Volt

FC EV* [38]

Full EV [39]

’08 Honda
FCX
Miles XS500

4
(est.)

* Denotes manufacturers estimated performance claims

The 2009 SI ICE Honda Civic was chosen as a baseline for comparing the data presented
in Table 3.2. The vehicle is relatively equal in size when compared to the vehicle of varying
architectures. The SI ICE boasts the lowest price and second best 0-100 [km/h] time, albeit with
the worst fuel economy and average range. As the vehicle becomes more electrified the price
tends to increase and the range tends to decrease. Furthermore the fuel economy tends to increase
with increasing weight due to the batteries. It is of interest to note that fully by-wire hybrid and
electric vehicles do not in fact weigh less than their mechanical ICE counterparts in fact they are
significantly heavier. This is illustrated with a difference of nearly 150 [kg] between the SI ICE
Civic and the Hybrid Civic and a difference of nearly 500 [kg] when compared to the fuel cell
version. From the data the E-REV vehicle provides incredible value with the longest driving
range; second best fuel economy, best top speed and highest acceleration [22, 35-39].
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3.1.2 – Emissions Justifications
To evaluate the environmental emissions of GHG’s it is necessary to follow the fuel from
extraction through to disposal and end-of-life. This is more commonly known as a “well-towheels” study. This study can be further broken down into two distinct segments. The first
segment is the “well-to-pump” portion of the fuel lifecycle. It is used to measure the emissions
caused by the extraction of the fuel from the earth through processing and distribution until it
reaches the pump or distribution point for the vehicles. The second portion of the study is the
“pump-to-wheels” analysis. This portion of the fuel lifecycle is designed to measure the
emissions caused by using the fuel in the vehicle and any end of life emissions for disposing of
the fuel.
The “well-to-pump” lifecycle that we will be following is broken down into five stages.
The five stages are defined as follows:
1. Primary Production/Extraction
2. Extraction/Separation/Filtration
3. Transportation Storage
4. Fuel Production/Refining
5. Transportation/Storage/Distribution
The “pump-to-wheels” segment of the lifecycle contains two steps shown below. It
follows that the “well-to-pump” study ends at the beginning of the “pump-to-wheels” study. It is
broken down into two stages [40]:
1. Vehicle Operation (WTT)
2. Disposal/Separation (TTW)

Figure 3.2 – Percent Change in GHG Emissions [12-13, 19, 41-47]
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Based on the data presented in Figure 3.2, we can see the various emissions of motor
fuels based on actual production and demonstration vehicles. Studies were performed by a
number of institutions, government agencies and industrial partners such as MIT and General
Motors. Using Petroleum (PULP) as a baseline a number of improvements in net emissions can
be gained from using alternative fuels. The bars represent the total percent reduction of
emissions in key GHG categories such as CO2, NOx and Methane. The data is primarily based on
an EPA study in which the latest lifecycle analysis tools, such as GREET, are used. From Figure
3.2 it can be inferred that most fuels being compared offer emissions reductions when compared
to gasoline. That is with the exception of liquefied hydrogen and diesel which are slightly higher
emitting.

3.1.3 – Safety Justifications
An important factor to consider when selecting a power generation system is the safety of those
components during all operating conditions. Vehicles are subjected to a great deal of wear and
tear over their 15-20 year lifespan. They are subjected to a number of adverse conditions that
could potentially influence the safety of on-board vehicle systems such as:
•

Mechanical Vibration/Shock

•

Water

•

Snow/Ice

•

Acute Mechanical Forces (Collisions)

•

Extreme Cold, up to -40 [ºC]

•

Extreme Heat, up to 200 [ºC]

Each condition must be accounted for during design in order to ensure the safety of passengers,
the public and emergency responders in the event of an accident.
For instance, gasoline itself is highly flammable and thus a punctured fuel tank combined
with a spark or open flame can be extremely dangerous. A study prepared by the US Fire
Administration shows that between 2004 and 2006 there were approximately 260,000 vehicle
fires resulting in 490 deaths, 1275 injuries, and $1 billion in property damage. Nearly 85% of
those fires occurred in passenger vehicles. The leading cause of which is attributed to mechanical
failure in the engine compartment (47%) followed by electrical failure (23%). Less than 2% of
vehicle fires start in the fuel line or fuel tank [48].
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Cryogenic fuel storage systems pose a unique safety challenge for vehicle designers.
Cryogenic fuels such as liquefied hydrogen and LNG must be stored in specially designed tanks
at extremely low temperatures. In the event of a leak extreme caution must be taken when
interacting with the fuel as it may cause extreme frostbite and burns.
Highly compressed gaseous fuel systems such as hydrogen and natural gas are highly
flammable in air in concentrations as low as 5%. Both gases are lighter than air and thus a fire
tends to burn up and away from the vehicle as the gases disperse quickly into the atmosphere. In
the event of a leak, hydrogen gas may cause embrittlement in metals that it comes in contact
with. Additionally, hydrogen gas fires are colorless and thus may cause accidental burns. Due to
their odorless nature an odorant must be added to the fuel in combination with gas leakage
sensors to notify vehicle occupants of a leak. In an enclosed, non-ventilated environment
hydrogen can act as an asphyxiating (gas displaces oxygen causing suffocation) agent [49].
High density lithium based batteries can rupture and ignite if they are left exposed to high
temperatures for an extended period of time. Short circuiting lithium based cells can also lead to
explosions and fire. Safety devices are often built internally into the battery to ensure that the
casing is not modified and that pressure does not build up. The introduction of lithium iron
phosphate batteries has improved the cycle life, reliability, and improved safety at the cost of
reduced capacity.

3.1.4 – Cost Justifications
The cost of a vehicle is one of the most important factors for someone making a decision to buy
a new car. The cost of any new system must be maintained relative to other standard ICE
vehicles on the road today in order to ensure drivers will purchase the vehicle. The cost of
owning a vehicle (disregarding maintenance and upkeep, as this is beyond the scope of this
project) is subdivided into two main categories; Capital Costs and Fuel Costs. Capital Costs are
defined as the initial investment required for owning a vehicle. It represents the cost of design,
manufacturing, assembly and delivery of the vehicle. Fuel costs are those required to be paid by
the driver in order to refuel the vehicle.
The capital vehicle costs can be determined any number of ways; from summing the costs
of individual vehicle components to examining costs of entire production vehicles. For the
purpose of this study we will simply look at the costs of existing vehicles that fit the various
vehicle architectures. The data has previously been presented in Table 3.2, in Section 3.1.1. The
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costs of each architecture are summarized in Table 3.3. Additionally the cost to refuel and the
driving cost per 100 [km] are also illustrated. From the data presented below it can be inferred
that the most cost effective vehicle to refuel and drive is the BEV which only requires electricity
to run, while the most expensive vehicle to fuel and run is the pure Ethanol SI ICE which is
nearly 12 times as much per 100 [km]. The capital costs of the vehicles tend to range between
$24,000 and $35,000. The exception is the FC EV produced by Honda which costs $2,000,000,
[50], the BEV from Miles which costs $45,000 and the Gasoline SI ICE by Honda which costs
$16,200.
Table 3.3 - Fuel Costs [34-39]

Fuel/Arch.

$/100 km

$/unit

$/MJ

Gasoline HEV

$4.39

$3/ [gal.]

$0.025

Gasoline SI ICE

$6.21

$3/ [gal.]

$0.025

Ethanol SI ICE

$10.97

$1.19/[litre]

$0.051

Diesel CI ICE
Bio-Diesel CI
ICE
CNG SI ICE
Hydrogen FC

$6.51

$3.72/ [gal.]

$0.027

$6.98

$1.10/ [litre]

$0.034

$6.79
$2.30

$0.022
$0.021

BEV

$0.82

$1.13/ [kg]
$2.5/ [kg]
$0.055/
[kWh]

LPG CI ICE

$4.96

$3.12/ [gal.]

$0.033

Gasoline E-REV

$3.58

$0.055/[kWh]
$3/ [gal.]

$0.015
$0.025

$0.015

Vehicle
Honda Civic
Hybrid
Honda Civic
DX
Saab 9-5
Biopower
Jetta TDI
Audi 1.9
TDI
Opel Zafira
Honda FCX
Miles XS500
Ford Falcon
LPG
Chevrolet
Volt

Capital Cost
$23,600
$16,200
$33,950
$24,000
$32,420
$26,936
$2,000,000
$45,000
$24,347
$32,600

3.1.5 – Technical Feasibility/Sustainability
The technical feasibility of each fuel/power train combination will be analyzed to
quantitatively determine whether or not there are any factors which may make a technology unfit
for mass production. Technical feasibility attempts to look at the entire lifecycle of a propulsion
system or fuel to determine if there is a short-coming which will make it unfeasible when a
concept is being scaled to a commercial production model.

Gasoline, ethanol, natural gas, and hydrogen are all fuels that can be used in a variety of
mixtures and forms for fuelling an SI ICE. Each fuel can be consumed as at least a liquid with
NG and Hydrogen being storable in gaseous forms as well. Gasoline and NG are not however
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sustainable. With limited reserves on earth they will not last forever, nor will they replenish
themselves fast enough to sustain supply. Ethanol on the other hand is renewable and is produced
by a variety of natural products such as corn and wheat. Ethanol poses a unique challenge
because vast areas of land required for its growth are offsetting lands previously used for food
crops. With this in mind it is driving up certain food prices. Hydrogen is readily available in
water and the earth’s crust although it does not exist in a pure elemental form. It is renewable
since a by-product of its reaction with air is H2O.
Diesel, LPG (Liquefied Petroleum Gas), and bio-diesel blends are feasible solutions for a
CI ICE fuel. Diesel and LPG are non-renewable and face similar problems to gasoline and
natural gas. Bio-diesel produced by various natural products such as wood waste and rape seed
offer similar challenges to ethanol in that they hog resources and drive up prices of other
products if we were to continue to use them indefinitely.
The hybrid electric vehicle architecture is beneficial over a standard ICE vehicle in that it
offers a variety greater fuel economy and reduced emissions. It has been proven technically
feasible for many years with its commercial use in vehicles such as the Toyota Prius and Honda
Civic Hybrid model. The HEV’s sustainability will then depend on the fuel which is being used
as previously discussed.
The success of the extended range electric vehicle architecture like the HEV depends on
the fuel being used. Furthermore, E-REV vehicles must rely on a small battery array to last for
the life of the vehicle. With no E-REV vehicles on the market some time will be required before
adequate testing can prove its technical feasibility. For now there is no reason to assume that it
will be any less successful than an HEV or BEV and has the potential for long term
sustainability.
The fuel cell electric vehicle is not cost efficient in the current market place. That being
said the FC-EV does possess great potential for long term sustainability with a hydrogen
infrastructure. The FC EV is technically feasible as demonstrated by the Honda FCX. Some
issues arise when the FC EV architecture is made to include battery storage as an intermediary
step between the fuel cell and electric motors.
The Tesla Roadster is one of the first purely electric vehicles that can truly illustrate the
technical feasibility of a BEV. Batteries are still a concern, especially with mass recalls of
lithium-ion based cells from a wide variety of electronic devices such as a recent recall of Sony
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Li-ion cells for Lenovo computers. Newer generation Li-Ion/Li-Poly/LiFePO4 cells have solved
this problem although concerns over their short life and disposal hazards are still at the forefront.
Additionally, the concern over the cost of such cells as well as their weight and extremely poor
energy density must be considered. When developing an EV with a range comparable to a
gasoline SI ICE the weight and cost of the necessary batteries can become quite large, a perfect
example of which is the Tesla Roadster, with a base cost of $89,000 and 6,831 Li-ion cells; with
a range of only 1/3 of a similar sized hybrid or ICE vehicle.

3.1.6 – Availability/Supply Justifications
With the supply of crude oil expected to begin declining in the next few years and global energy
demands expected to increase an important factor in choosing a successor to gasoline is to find a
fuel without supply concerns. Supply concerns exist when the available amount of the fuel does
not replenish itself quickly enough to make supply (i.e. the carbon cycle) and when the fuel is
not economically harvestable. Ideally, a renewable highly abundant fuel will replace the gasoline
ICE alleviating demand for crude oil and other non-renewable limited supply energy sources.

Table 3.4 - World Energy Reserves [51-53]

Fuel
Crude Oil [51]
(Gasoline/Diesel)
Natural Gas (Methane) [52]

Hydrogen

LPG (Propane/Butane) [53]

Sources

Earth’s Crust

Earth’s Crust

Energy from Fuel
Remaining
3003 b Barrels
5105.1 bMWh
6183 Trillion Ft3
1890 bMWh

Water

Nearly Unlimited

Natural Gas

(See Equation 2.1)

Crude Oil
Natural Gas

3% typical, 40% max
5%
2276 bMWh

As shown in Table 3.4 the major fuels: Crude Oil (Gasoline/Diesel), Natural Gas
(Methane), Hydrogen and LPG are analyzed to determine where they derived from and what
usable reserves are left on earth. Hydrogen is the most abundant fuel available although there are
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concerns over the cost of producing it from reforming and electrolysis. Of the three remaining
fuels Crude Oil is the most abundant on earth. It should also be noted that LPG is a combination
of Propane, Butane and other light hydrocarbons and is a by-product of reforming Crude Oil and
Natural Gas. Typically, about 3% of the energy from crude oil is converted into LPG, whereas
5% by mass of Natural Gas is LPG [53].

3.1.7 – Energy Storage Justifications
Fuel is essential for providing the necessary energy required to power a vehicle. When
comparing vehicles it is important to determine how much volume and how much mass are being
dedicated to the storage of fuel. The energy storage of an ICE, hybrid/electric, or pure electric
vehicle can be divided into three categories depending upon the chemical state of the fuel. Table
3.5 illustrates the three fuel categories in greater detail. Energy carriers store energy in variety of
different types such as: chemical, electrochemical, thermal, electrical, and mechanical. For the
purpose of this study three types of energy storage will be analyzed: chemical, electrical and
electrochemical. Chemical storage is broken down into liquid and gaseous fuels. Electric storage
includes various types of batteries and electrochemical is comprised of ultra/super capacitors.
Table 3.5 - Energy Storage/Carrier Types

Chemical

Chemical

Elec./ElectroChem.

Liquid
Gasoline
Ethanol
Diesel
Bio-Diesel
LNG
Liquefied Hydrogen

Gaseous
CNG
Compressed Hydrogen
LPG
Air

Solid State
Batteries
Ultra-Capacitors

Depending upon the type of fuel and its purpose additional Balance of Plant (BOP)
components may be required to store and sustain fuel levels. In Table 3.6 the various fuels being
studied and their respective energy densities will be illustrated. In a vehicle it is necessary to
reduce mass in order to reduce the amount of power required to move and stop the vehicle. It is
also necessary to reduce the volume of components to improve aerodynamics, aesthetics, and
handling.
Table 3.6 - Comparison of Energy Carriers and Storage Mediums [54-57]

Storage

Vehicle

Type

MJ/l

MJ/kg

kWh/kg

kWh/l

Gasoline

SI ICE

Chem.

31.2

42.7

12.2

9.7
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Ethanol

SI ICE

Chem.

23.5

31.1

7.85

6.1

E85

SI ICE

Chem.

25.65

33.1

8.5

6.64

CNG

SI ICE

Chem.

10

50.4

14

2.78

LNG

SI ICE

Chem.

25

50.4

12.1

7.2

Diesel

CI ICE

Chem.

36.5

41.9

13.76

10.94

Bio-Diesel

CI ICE

Chem.

32

37.2

10.33

8.89

LPG

CI ICE

Chem.

25.4

46.6

12.94

7.06

Comp. H2

ICE/FC

Chem.

5.6

120

33.3

1.56

Liquid H2

ICE/FC

Chem.

10.1

120

33.3

2.6

LiFEPO4

All Elec.

Elec.

0.61

0.36

0.1

0.17

NiMh

All Elec.

Elec.

0.22

0.2

0.09

0.1

NiCd

All Elec.

Elec.

0.175

0.158

0.06

0.15

Li-Ion

All Elec.

Elec.

0.6

1.4

0.13

0.3

Lead Acid

All Elec.

Elec.

0.1

0.07

0.025

0.04

Ultra Caps

All Elec.

Ele. Chem.

0.05

0.0206

0.005

0.014

Based on the results presented in Table 3.6 a number of conclusions can be drawn. Diesel
fuel offers the highest volumetric energy density of 36.5 [MJ/litre] and 10.94 [kWh/litre].
Furthermore, hydrogen in either liquid or gaseous form offers the highest gravimetric energy
density of 120 [MJ/kg] and 33.33 [kWh/litre]. Due to the additional BOP requirements of
cryogenic liquid hydrogen storage systems gaseous hydrogen will yield a higher gravimetric
density which is not illustrated in Table 3.7. Finally, various forms of electrochemical and
chemical storage systems were analyzed and it was found that their volumetric and gravimetric
energy densities are nearly two orders of magnitude less than chemical storage systems.

3.1.8- Power Train Selection
To encapsulate the results of each section a series of engineering design tools have been utilized.
The House of Quality is a part of quality functional deployment (QFD); it is a graphical tool for
defining the relationship between customer desires and the capabilities of a product by means of
a planning matrix. The house of quality also contains a correlation matrix as a roof to link
customer needs with product features.
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Additionally, two other decision making tools have been used to help aide in the concept
selection process. The concept screening matrix is designed to provide an initial baseline for
creating a short-list of suitable concepts. The concept scoring matrix is used to evaluate the
short-list based on the weighted criteria. In each step the gasoline ICE will be used as a datum,
for comparison.
Table 3.7 - Concept Scoring Matrix

Concept Power Train
A
EREV

B

C

D

E

F

HEV

Full EV

FC EV

CI ICE

SI ICE

Selection
Criteria

Wt.

Rating

Score

Rating

Score

Rating

Score

Rating

Score

Rating

Score

Rating

Score

Performance

17%

5

0.85

4

0.68

2

0.34

3

0.51

4

0.68

3

0.51

Emissions

17%

4

0.68

3

0.51

5

0.85

5

0.85

2

0.34

2

0.34

Safety

20%

5

1

5

1

4

0.8

3

0.6

5

1

5

1

Cost

10%

3

0.3

4

0.4

2

0.2

1

0.1

5

0.5

5

0.5

Feasibility

11%

4

0.44

4

0.44

2

0.22

2

0.22

5

0.55

5

0.55

Supply

17%

4

0.68

4

0.68

5

0.85

5

0.85

3

0.51

3

0.51

Fuel Storage

8%

3

0.24

4

0.32

2

0.16

1

0.08

5

0.4

5

0.4

Total

4.19

4.03

3.42

3.21

3.98

3.81

Rank

1

2

5

6

3

4

Cont.
?

YES

NO

NO

NO

NO

NO

The concept scoring matrix was used to determine that the most feasible near-term
solution to replacing the standard SI ICE vehicle architecture is the Extended Range Electric
Vehicle architecture. The E-REV architecture lends itself well to the next generation of vehicles
as it begins to explore a number of technological concepts including batteries and plug-in
capabilities. The E-REV offers superior range and excellent performance characteristics while
allowing for periods of zero-emissions travel and reduced overall emissions. The cost of the EREV, while higher than a standard hybrid is still lower than a full EV or FC EV.
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3.1.9 – Fuel Performance Justifications
Important properties for each of the studied fuels are shown for comparative purposes in Table
3.8, while combustive properties are shown in Table 3.9. At atmospheric pressure hydrogen is
significantly less dense than any of the other motor fuels and as such requires significantly more
fuel per volume of air to be injected into the engine for combustion to occur. However, by mass
hydrogen is in fact more energy dense which offers a lower gravimetric stoichiometric ratio.
Hydrogen also possesses nearly three times more energy per kg then either natural gas or
gasoline and higher combustion energies per [g] of air:fuel mixture.

Table 3.8 - Common Properties of Hydrogen, Natural Gas, Gasoline [58]

Property
Density @ 1 [atm] and 300
[K] in [kg/m3]
Stoich. Composition in air
(weight)
LHV [MJ/kg]
LHV [MJ/litre]
Combustion Energy [kJ/g]
Octane/(Cetane) Level

H2

Methane

Gasoline

Diesel

Ethanol

Propane

57.4

497

750

810

789

510

34.3

6.45

14.7

14.7

9

15.7

120
5.6
141.9
120

50.4
10
54
02

42.7
31.2
47
81-90

41.9
36.5
45
40-55 (C)

31.1
23.5
29.8
92

46.6
25.4
49.9
97

With regards to combustion hydrogen offers a number of benefits in relation to other
fuels, including characteristics such as:
•

~14x lower ignition energy [mJ]

•

~5x greater laminar flame speed [m/s]

•

Lower flame temperature than gasoline

•

> 20 points higher octane rating than 2nd highest

On the other hand, hydrogen also offers a number of drawbacks when compared to other
fuels, such as:
•

3x lower quenching gap

•

Wider flammability limit than gasoline
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Table 3.9 - Combustion Properties of Hydrogen, Natural Gas, and Gasoline [58]

Property
Flammability
Limits
(% by volume)
Min. Ignition
Energy
Laminar Flame
Speed [m/s]
Flame Temp. [K]
Quenching gap
[mm]
Autoignition
Temp. [K]

Hydrogen

Methane

Gasoline

Diesel

Ethanol

Propane

4-75

5.3-15

1.2-6.0

1-6.0

4.3-19

2.2-9.5

0.02

0.28

0.25

0.23

0.24

0.29

1.9

0.38

0.4

0.31

0.42

0.6

2318

2190

2470

2005

2531

2250

0.64

2.03

2.0

2.11

2.07

2.01

858

813

500-750

480

695

490

3.1.10 – Fuel Selection
Further to the results of Table 3.8, a fuel must be selected for use with the E-REV’s ICE. In
Table 3.10 a decision matrix is used to illustrate this decision based on data from Sections 3.1.1
to 3.1.7 and 3.1.9.
Table 3.10 - Fuel Selection for E-REV ICE

Fuel Alternatives
Criteria

H2

17%
17%
20%
10%
11%
17%
8%
Total +
Total S
Total Overall
Total
Weighted
Total

+
S
+
+
3
1
3

Petrol

BioEthanol Diesel

CNG

Diesel

/
/
/

+
S
+
2
1
4

+
S
S
S
S
S
1
5
1

+
+
S
S
S
2
3
2

+
+
S
S
S
2
3
2

+
S
1
1
5

0

/

-2

0

0

0

-4

8

/

-26

0

7

7

-46

Datum

F. Performance
Emissions
F. Safety
Fuel Cost
Feasibility
Fuel Supply
Fuel Storage

Weight

LPG
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Based on the results of Table 3.10 hydrogen has been selected as the ideal fuel candidate
for the E-REV’s ICE. Although hydrogen does not typically perform as well as gasoline in an IC
Engine optimized specifically for gasoline, it offers a number of unique parameters which would
make a hydrogen optimized engine very competitive. Hydrogen combustion produces superior
emissions to gasoline in terms of most major pollutants, especially CO2. Increasing the amount
of energy generated through clean power sources (i.e. solar, wind, nuclear) will help to further
reduce the emissions in the WTT lifecycle. Hydrogen fuel can also be produced at a reduced fuel
cost per MJ. Hydrogen is also renewable and although very little infrastructure exists there is a
potential to develop both a distributed and centralized distribution strategy. The largest
deficiency that hydrogen fuel possesses is its low volumetric efficiency, which will make it
challenging to integrate the storage tanks into the vehicle.
Two issues which have been previously identified with hydrogen are its low volumetric
storage efficiency when in the gaseous form and limited distribution network. In order to
improve these parameters it may be beneficial to make the vehicle bi-fuelled incorporating a fuel
such as gasoline or diesel with higher energy storage densities and a proven supply chain. With
the addition of a second fuel comes increased system complexity, cost, and weight. However, the
benefits of adding a more common fuel to the vehicle could improve the feasibility of the
architecture while reducing emissions and promoting hydrogen use. Adding a second fuel would
allow drivers to utilize zero tailpipe emissions electrical travel for short durations, very low
hydrogen emissions for medium durations, and highly available gasoline/diesel for longer
duration trips.
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Chapter 4 - Design Analysis
4.1 – Fuel Delivery System
The fuel delivery system of a dual-fuel ICE requires unique delivery apparatus for each fuel
combined with shared control and injection systems. The fuel delivery system is shown in its
simplest form in Figure 4.1. In essence, the gasoline tank supplies gasoline directly to the
carburetor while the hydrogen is first reduced to near atmospheric pressure by the regulator
before being injected in the inlet air stream of the carburetor. In reality, electro-pneumatic flow
valves would also be included between each of the fuel sources and the carburetor in order to
isolate either system when the other is in use or to isolate both systems when the vehicle is
turned off. The gasoline is still fed into the carburetor by a vacuum created by the engine, while
the slightly pressurized hydrogen gas is diffused into the air intake prior to the carburetor. The
regulator is equipped with a needle valve (similar to the carburetor) to allow the engine to
operate while idling.

Figure 4.1 - Fuel Delivery System

The control of the fuel system is accomplished using an integrated controller as
illustrated in Figure 4.2. The control unit is equipped with a switch to determine the fuel
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selection of either gas or petrol. Additionally, a jumper on the rear of the controller dictates the
type of injection system on the vehicle, either carbureted or electronic fuel injection. The switch
has three positions: gasoline (petrol), hydrogen (gas), and neutral. Neutral is used to switch
between fuel modes manually, allowing sufficient time for the fuel to empty the respective fuel
line while the second fuel is slowly introduced.

Figure 4.2 - Fuel Controller Block Diagram [59]

The wiring diagram for the microprocessor is portrayed in Figure 4.3. Connections to
each of the electro valves control the flow of fuel to the engine depending upon the position of
the fuel switch. Power is supplied to the unit from the ignition switch. A pressure gauge mounted
on the regulator determines the level of hydrogen remaining in the system, which is displayed on
the front of the control unit. When the system is in hydrogen operation mode and the hydrogen
supply depletes it will automatically switch to gasoline mode. The controller can also be
programmed to switch from gasoline to hydrogen as the engine reaches a specific [RPM].
Timing is ascertained from the high voltage wire leading from the coil to the spark plug, the
microprocessor acts to filter and correct the timing signal. When in either gasoline or hydrogen
mode the controller acquires the timing from the high voltage ignition wire and controls the flow
of fuel accordingly. As the speed of the engine increases, the time between the spark plugs firing
in the engine decreases and the fuel flow rate is increased.
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Figure 4.3 - Fuel Control Schematic [59]

4.1.2 – Managing Hydrogen Embrittlement
Hydrogen embrittlement occurs when lone hydrogen atoms diffuse into a metal. Due to their
relative size hydrogen atoms can accomplish this quite easily especially at elevated temperatures
or in high concentrations. Once inside the metal the hydrogen atoms bond to form hydrogen
molecules which create pressure inside the cavities in which they have formed. This pressure
causes the metal to lose ductility and tensile strength. If enough pressure accumulates in an area
the metal will actually crack and break apart. A number of solutions have been proposed for
combating the problem of hydrogen embrittlement, such engineering controls include:
•

Regularly purging the system

•

Heat treating materials

•

Select proper materials

•

Cathodic Protection

•

Coating Materials

The process of hydrogen-enhanced decohesion is illustrated in the Figure 4.4 in which the
tip of a crack or the tension field of edge dislocations allows for increased solubility of hydrogen
atoms. This results in the decrease in atom bonding forces in the metal lattice.
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Figure 4.4 - Hydrogen Enhanced Decohesion [60]

Regularly purging the system allows the hydrogen that has impregnated the surface of the
material to slowly diffuse out of the metal. When the hydrogen source is removed the hydrogen
atoms will naturally diffuse. Not
ot all hydrogen will diffuse, but the concentrations
co
will be
diminished [61]. Table 4.1 highlights the advantages and disadvantages of system purging.

Table 4.1 - Advantages/disadvantages of purging the system

Advantages

Disadvantages

Simple to do if system is designed to be Can be dangerous to purge system if a well
purged

ventilated area is not available

Cheap, does not cost anything to do, unless Can be difficult to purge system
performed by a trained mechanic etc.
Can be done over night while the car is idle

Must be done frequently

Reduces likelihood of embrittlement

Does not remove all hydrogen

Heat treating the materials provides an extra level of hydrogen extraction in addition to
purging the system. The procedure will require up to twenty four hours of cooking time in order
to remove a substantial amount of hydrogen atoms from the material. Prior to heat treatment the
part must undergo acid treatment to help improve the effectiveness of the procedure.
Experiments have shown that increased baking time is needed when harder, higher
highe tensile
strength materials are used. Figure 4.5 illustrates the amount of baking time versus hardness
ha
from
C33 to C52 Rockwell [62]]. Table 4.2 highlights the advantages and disadvantages of component
baking for protection against hydrogen embrittlement.
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Rockwell C Hardness
Figure 4.5 - Rockwell Hardness vs. Baking Time [62]
Table 4.2 - Advantages/disadvantages of baking components

Advantages

Disadvantages

Removes more hydrogen then stopping the Requires components to be removed from the
source and allowing natural diffusion

vehicle

Well suited for processes that involve the Requires a heat source, oven etc.
creation of hydrogen such as electroplating
Reduces likelihood of embrittlement

Not feasible for vehicle component after
installation
Expensive
Time consuming

Selecting proper materials is an important step towards protecting components against the
effects of hydrogen embrittlement. Current research suggests that materials with a Rockwell
Hardness greater than C30 are most susceptible to hydrogen embrittlement. In addition, materials
with an ultimate tensile strength greater than 1000 [MPa] are more susceptible to embrittlement.
Materials such as aluminum and beryllium copper alloys have been shown through extensive
testing to be the most resistant to hydrogen embrittlement. Alloys of nickel and titanium should
not be used when in contact with high concentrations of hydrogen [61]. Table 4.3 highlights the
advantages and disadvantages of proper material selection as a means of protecting against
embrittlement.
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Table 4.3 - Advantages/disadvantages of proper material selection

Advantages

Disadvantages

Done in the design stage

May still require other mechanisms long term

Requires less long term maintenance costs

Suitable

materials

application

may

parameters

not

suit

in

terms

other
of:

conductivity, strength, ductility etc.
Reduces likelihood of embrittlement
Coating metals can help to reduce the amount of hydrogen that is able to enter the metal.
A variety of coatings have been explored which utilize Plasma Spraying for application of the
coating. One such coating is composed of a 0.1-0.2 [mm] layer of tantalum bond and 0.6 [mm]
chromium oxide top layer composed of 3 [wt%] titanium oxide [63]. Table 4.4 highlights the
advantages and disadvantages of using metallic coatings to protect metals from hydrogen.

Table 4.4 - Advantages/disadvantages of metallic coatings

Advantages

Disadvantages

Reduces likelihood of embrittlement

Requires additional manufacturing/assembly

Done in the design stage

Could react with other events in the vehicle

Requires less long term maintenance costs

Coating could wear off over time
Increased cost

4.1.3 – Managing Hydrogen Leaks
Hydrogen leaks can occur for any number of reasons including: faulty components,
embrittlement, corrosion, impact/damage caused by collision as well as general wear and tear.
The effects of a leak vary along with their associated risks. The most severe cases involve
hydrogen leaking into the passenger compartment. In the event that the compartment is sealed
and the hydrogen unable to escape there is a potential for asphyxiation due to a loss of oxygen.
Furthermore, although hydrogen does not explode it is extremely flammable. Fortunately,
hydrogen molecules are significantly lighter than air which means they diffuse very quickly into
the atmosphere when they are ventilated. When they become trapped the risk of a fire is high. It
becomes increasingly dangerous because a hydrogen fire is not visible to the naked eye, which
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makes it more difficult to avoid. The effects of hydrogen leaks in vehicles have been mitigated in
a number of ways, such methods include:
•

Proper routing

•

Adequate ventilation

•

Sensors

Proper routing of transport components such as piping is integral to ensure that in the
event of a hydrogen leak that the gas is allowed to escape to atmosphere and not enter the vehicle
compartment. Proper routing of piping/tubing ensures that piping is securely fastened to the
vehicle chassis and that it is not free to move. This is especially important for high pressure steel
lines. In addition, components must not be routed through the vehicle compartment where a leak
could be catastrophic. Efforts should be made to ensure that piping does not pass by the inlet for
the cooling/heating system so that hydrogen is not drawn into the vehicle from the engine bay.
Furthermore, the piping should not be routed close to the ground where it becomes susceptible to
damage from road debris, bumps in the road, weather and heat sources on-board the vehicle,
such as exhaust gases and the ICE. Table 4.5 illustrates the advantages and disadvantages of
proper component routing for protection against leaks.

Table 4.5 - Advantages/disadvantages of proper component routing

Advantages

Disadvantages

Done during the design stage

May slow assembly of vehicle

Cheap

May require additional shielding/materials

Could save lives/reduce risk of vehicle May slow design process
damage
May make maintenance difficult
Adequate ventilation is an engineering control that can be applied to the vehicle as well
as the vehicle storage locations such as garage’s and cover parking lots. The majority of
underground parking lots do not allow for gaseous vehicles (hydrogen and compressed natural
gas) because they are not well ventilated and the effects of a leak could be severe. Table 4.6
illustrates the advantages and disadvantages of ventilation systems as a means of mitigating the
effects of leaks. Methods of infrastructure and vehicle based ventilation solutions could include:
•

Forced Air systems (Fan/blower)
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•

Vents/ Natural Air Flow

Table 4.6 - Advantages/disadvantages of ventilation systems

Advantages

Disadvantages

Potentially Cheap

Systems must be maintained

Available at the design lifecycle stage

Parts might require replacing

Reduces effects of a hydrogen leak

May not be feasible

Hydrogen detection sensors are highly sensitive MEMS-based devices that can be as
small as a quarter. They are used to measure hydrogen concentrations in a variety of applications
such as industrial, vehicles and aerospace. They boast rapid response times operating in both air
and inert backgrounds. They are controlled by a PLC with networking capabilities which can be
integrated into a vehicles communications network (CANBus) [64]. Table 4.7 highlights the
advantages and disadvantages of using hydrogen sensors for detecting hydrogen leaks.

Table 4.7 - Advantages/disadvantages of hydrogen sensors

Advantages

Disadvantages

Actively notifies those around of a problem, Requires additional components such as fans,
unlike other solutions.

alarms etc.

Can be used to turn on other systems such as Increased cost
fans, saving energy when not required
Integral part of a hydrogen leak detection Systems must be maintained
system
Linked to vehicle CANBus

Does not remove hydrogen by itself
Requires a PLC

4.2 – Fuel Storage
Hydrogen as a fuel for vehicle applications of both internal combustion engines and fuel cells
can be stored in a number of different forms including:
•

Gaseous Hydrogen

•

Liquid Hydrogen

•

Metal Hydride Tanks

•

Carbon Nanotubes/High surface Area Storage
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A vehicle optimized for mobility and not power or acceleration typically will require 24
[kg] of petrol for 400 [km] of travel versus roughly 8 [kg] for a hydrogen combustion engine and
only 4 [kg] for a hydrogen fuel cell [65]. At room temperature, 8 [kg] of hydrogen gas would
occupy a volume of 90 [m3], which is hardly practical for a light vehicle such as the 250cc sandrail dune buggy chassis. For many years storing hydrogen as a gas has been the most widely
accepted method. More recently liquid hydrogen systems are being explored and have been
implemented in fully-functional prototypes designed by major automotive manufacturers such as
BMW. There is also a high level of research and interest in more advanced storage solutions
such as metal hydride and carbon nanotube storage systems. The analysis and most suitable
hydrogen storage solution will be explored for this custom application.
Storing hydrogen as a gas onboard the vehicle in high pressure tanks has been the most
widely used method over the past century of hydrogen engine development. There are typically
two options for storing gaseous hydrogen on-board a vehicle. The first is using standard steel
high pressure vessels, which are typically rated for use up to 300 [bar] (4350 [psi]) and are
generally filled to 200 [bar] (2900 [psi]). At 2900 [psi] the 8 [kg] of hydrogen needed for a
typical vehicle to travel 400 [km] requires an internal volume of approximately 450 [litres]. The
second alternative is to utilize carbon-fibre tanks which are tested up to 600 [bar] (8700 [psi])
and are generally filled up to 450 [bar] (6525 [psi]). At 6525 [psi] the 8 [kg] of hydrogen gas
required would need an internal volume of 200 [litres]. The carbon-fibre tanks must be internally
coated with a chemically inert liner that is resistant to the hydrogen gas. High-pressure storage
vessels have been seen as a safety hazard and are banned on public streets in Japan. The
compression and filling of the tanks is the most dangerous operation with regards to gaseous
hydrogen storage [66].
Liquid hydrogen storage is another alternative which provides a greatly increased energy
storage density when compared to gaseous hydrogen of 70.8 [kg m–3]. The major downside of
storing liquid hydrogen is the extremely low temperature for condensing one bar of hydrogen gas
which is –252 [ºC] and the high vaporization enthalpy at the boiling point of 452 [kJ kg-1] [67].
Additionally, complex and chemical hydrides may be used to store hydrogen. Metal
hydrides react with heat, air, or a chemical dopant in order to release stored hydrogen. Current
hydride systems are nearly three times larger and four times heavier than a gasoline tank storing
an equivalent amount of energy.
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The volumetric and gravimetric storage capacities of various technologies are illustrated
in Figure 4.6.

Figure 4.6- Volumetric/Gravimetric Hydrogen Storage Capacities [68]

Based on the data Table 4.8 illustrates the volumetric and gravimetric fuelling capacities
of various storage technologies as well as recent price estimates based on the amount of energy
stored within the reservoir.
Table 4.8 - Comparison of Fuel Storage Solutions [68]

Volumetric Capacity

Gravimetric Capacity

[$/kWh]

25 [g/l]

4.8 [wt%]

$18-20

20 [g/l]

6 [wt%]

$12-15

Liquid Hydrogen

35 [g/l]

5.2 [wt%]

$6-9

Chemical Hydride

30 [g/l]

3.8 [wt%]

$5-8

Complex Hydride

20 [g/l]

1.9 [wt%]

$12-16

Gaseous Hydrogen
(700 Bar)
Gaseous Hydrogen
(350 Bar)

The mass of hydrogen that can be stored given at a given volume and pressure can be calculated
using a rearranged form of the ideal gas equation [69]:





(4.1)
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For a 206 [Bar] (20,600.00 [Pa]) storage vessel of volume 50 [litres] (0.05 [m3]) stored at 25 [ºC]
(298 [K]) the mass of hydrogen (mm = 2.016 [g/mol]) is,

20600000  0.05
 2.016
8.31  298

(4.2)

839 

(4.3)

To find the amount of energy contained within the 839 [g] of hydrogen the lower heating value is
multiplied by the mass to determine the total energy content [69], as per:



0.839 !  120.1 "

#$
%
!

 

(4.4)

100.76 #$

27.98 !'

(4.5)

The gasoline storage system contains 11 [litres] of fuel. The mass of the gasoline is equal to:
()*+,-./  0()*+,-./

()*+,-./
()*+,-./

11 123456  0.76 "

!
%
12345

(4.6)

8.36 !

(4.7)

Similarly, the energy content of the 11 [litres] of gasoline on-board the vehicle can be calculated
by multiplying the volume or mass with the respective lower heating value:
()*+,-./
()*+,-./

11 123456  31.2 "

()*+,-./  

#$
%
12345

343.2 #$

(4.8)
106.7 !'

(4.9)

Thus, the total fuel energy stored on-board the vehicle is equal to the energy stored in the
hydrogen plus the energy stored in the gasoline:
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27.98 !'  106.7 !'

(4.10)
134.68 !'

(4.11)

The total mass of fuel on-board the vehicle is equal to the mass of the hydrogen plus the
mass of gasoline. In this case we are ignoring the mass of the tanks in both cases.

mLMNO
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0.839 !  8.36 !

(4.12)
9.2 !

(4.13)

Based on the energy content of each fuel and the required sub-systems for storing the
fuels, gasoline provides a significantly higher volumetric energy density. A Stage IV tank
(Highest rated commercial pressure vessel, made of Carbon Fibre with a composite liner, rated
up to 10000 [psi]) combined with the high gravimetric energy density of hydrogen may be
enough to offset and make it a legitimate contender to gasoline in larger vehicles.

4.3 – ICE Operation
To manage the operation of the vehicles Internal Combustion Engine a number of parameters
must be known. The first operating condition is to determine the stoichiometric air to fuel ratio
for hydrogen and gasoline fuels using the balanced chemical reaction for their combustion.
Section 4.3.1 illustrates the calculation for the determining the Air:Fuel Ratio’s of both fuels.

Figure 4.7 - 250cc ICE
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In Section 4.3.2 the engines operational parameters will be calculated, including efficiency,
torque and power output. Finally, in Section 4.3.3 analysis will be performed and the optimal
RPM will be determined for each fuel. Figure 4.7 shows the ICE after the CVT has been
removed. The output shaft from the motor connects via the chain drive to the generator.

4.3.1 – Stoichiometric Air:Fuel Ratio (A/F Ratio)
Calculating the stoichiometric A/F ratio requires a balanced chemical equation. The first step is
to write a balanced chemical equation using pure oxygen as a reactant then later replacing it with
air [5].
P'5 2QR1 5RQ32ST 2T U45 VW5T: 2  
Y 2 #S156  RTZ 1

2 

(4.14)

S15  [S4 QS \U632ST

Next the molar composition of air is calculated and replaced with pure oxygen from the balanced
chemical equation in the first step of the problem.
#S156  2T ]24

0.79  2T ]24
#S156  V ^
_
0.21  2T ]24

#S156  2T ]24

#S156  2T ]24

1 #S15 V ^3.762_
3.762 #S156

(4.15)

(4.16)

(4.17)

Once the molar composition has been determined the total moles of air must be calculated by
summating the total moles of nitrogen and oxygen since they compose the majority of the molar
mass of air.

S3R1 #S156 S[ ]24

S3R1 #S156 S[ ]24

#S156   #S156 

3.762 #S156  1 #S156

(4.18)

4.762 #S156
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With the total number of moles of each of the reactants the mass of each reactant must then be
calculated.
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The A/F Ratio can be calculated in two ways. The first and most common is the mass ratio,
which is solved by dividing the mass of air required for a given mass of fuel.
]: b R32S

R66 S[ R24
R66 S[ [U51

137.34
4
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34.34 c 1

(4.24)

(4.25)

In addition to the mass ratio a volume A/F Ratio can also be calculated which can later be used
to determine the volume occupied by the hydrogen gas in the combustion chamber.
]: b R32S
]: b R32S

S156 S[ R24
S156 S[ [U51

4.762 S156
2 S156

2.38 c 1

(4.26)

(4.27)

Finally the volume of the combustion chamber occupied by hydrogen, and the volume of air
displaced by the hydrogen fuel is calculated.
%
%

S156 
3S3R1 S156

2 S156
^2  4.762_ S156

(4.28)
29.6%

(4.29)
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As a means of comparison it is known that the stoichiometric A/F Ratio of Gasoline and
CNG are 14.7:1 and 17.2:1 by mass, respectively. By volume, the A/F Ratio of CNG is 9.7:1. A
higher A/F Ratio indicates that more air flow into the ICE is required for each unit of fuel.

4.3.2 – Engine Performance
The specifications of the ICE motor are listed in Table 4.9. The motor was produced in China by
a company named CFMoto and came with the dune buggy chassis.

Table 4.9 - ICE Specifications [70]

Specification

Value

Engine Type

Vertical, Single Cylinder, liquid cooled, 4
stroke, Overhead Cam

Weight

33 [kg]

Bore:Stroke

72:60 [mm] (2.83:2.36 [in.])

Compression Ratio

10:1

Max Power

12.5 [kW] @ 7500 [RPM]

Max Torque

17.6 [Nm] @ 5500 [RPM]

Ignition

CDI

Intake Valve (Open/Close)

5 BTDC/30 ABDC @ 1 [mm] lift

Exhaust Valve (Open/Close)

40 BBDC/0 ATDC @ 1 [mm] lift

Idle Speed

1500 [RPM]

Throttle Diameter

27 [mm]

Lubrication Type

Pressure and Splash

Min. Fuel Consumption

354 [g/kWh]

The performance of the ICE will be measured in terms of its brake horsepower, brake
mean effective pressure and brake thermal efficiency. The brake horsepower represents the net
output from the ICE as it is commonly measured using a “prony brake” test apparatus. The brake
mean effective pressure represents the average gas pressure within the cylinder minus the
pressure required to overcome friction. It provides an excellent perspective on the operating
conditions of the motor. The brake thermal efficiency represents the motor’s ability to convert
chemical energy into mechanical energy. It is calculated by measuring the actual output from the
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motor as opposed to the work done by the gases in the combustion chamber. The brake thermal
efficiency represents the total losses that occur in the motor. Thus, it is a composition of the
mechanical losses of the system, the thermal losses in the engine, and the thermal energy lost to
the exhaust gases [71].
The brake horsepower is best determined using a “prony brake”, but a base value has
been provided in the motor specifications as 12.5 [kW] or 16.75 [HP] @ 7500 [RPM]. Thus, the
Brake Mean Effective Pressure (BMEP) can be calculated for the 250cc 4-stroke dune buggy
motor using [71]:
e#
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Similarly, for the peak torque output of 17.6 [Nm] @ 5500 [RPM] the brake horsepower (bhp)
and BMEP can be calculated for verification using Equations [71]:
\'g
e#

1,008,000


5250
2.83

13  5500
5250

13.6
 2.36  1  5500

13.6 \'g
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(4.33)

(4.34)

Finally, the remaining values can be calculated using the performance curve for the motor
which is shown in Figure 4.8 using the previously described methods. Then, the brake thermal
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efficiency can be found using the appropriate LHV of each engine fuel. A dynamometer run is
shown for a Honda CN250 motor which is nearly identical to the ICE on the dune buggy. The
CFMoto 172 [mm] is actually designed to be a clone of the Honda CN250 engine and thus the
results of the dyno are nearly identical.

Figure 4.8 - Honda CN250 Dyno Run [66]

The BMEP values for the entire RPM band has been calculated and plotted in Figure 4.9. The
thermal efficiencies have been calculated using [71]:
lmn

So54 U3gU3
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p q  

(4.35)

(4.36)

From this data, it can be inferred that the optimal thermal efficiency occurs around 4000
[RPM]. This is slightly higher than the initial estimate of 2200 [RPM], but as will be seen in
Section 4.3.3 is within the safe operating range for the combustion of hydrogen fuel. In
conclusion, it would be beneficial to operate the engine at two unique engine speeds for each
fuel, 2200 [RPM] for gasoline and 4000 [RPM] for hydrogen.
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Figure 4.9 - BMEP vs. RPM

The theoretical thermal efficiency for various [RPM] values was found using the
simulated ICE combustion map in Figure . When the efficiency map is cross referenced with the
performance curves the thermal efficiency map is plotted in Figure 4.10.
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Figure 4.10 - Theoretical Efficiency vs. RPM

4.3.3 – Timing/Operation
Previous empirical tests have been designed to answer a number of questions related to the
timing and operation of the ICE with hydrogen and gasoline fuels. The engine timing must be
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carefully controlled to ensure that the intake and exhaust values open at the appropriate time to
ensure that the fuel is properly combusted and to reduce the likelihood of backfire and predetonation. It is important to make efforts to reduce the effects of backfire in order to increase
thermal efficiency in the engine, increase the power output, and protect components from
damage. If significant backfire or pre-detonation were to occur there is a chance that the engine
could be irreversibly damaged. Figure 4.11 illustrates the effects of varying the equivalence with
respect to the spark timing. The data is taken at a compression ratio of 10:1 and a temperature of
311 [K] (584 [°C]). The data suggests that to increase efficiency a lean air:fuel mixture should
be used in accordance with a delayed spark timing. Furthermore, if the intent is to reduce knock
then a richer air:fuel mixture should be used. For the sake of reducing knock while keeping
efficiency relatively high an equivalence ratio of 0.58 with a spark timing of 8º ATDC (8º after
the piston reaches the top of its stroke) could potentially yield the most stable operating
conditions.

Figure 4.11 - Equivalence ratio vs. Spark Timing [58]

In addition to proper engine timing, the air:fuel ratio must also be carefully maintained in
order to optimize efficiency and power output. Figure 4.12 shows the effects of varying the
equivalence ratio of hydrogen and air to the thermal efficiency and power output.
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Figure 4.12 - Equivalence Ratio vs. Efficiency/Output of Hydrogen [58]

From Figure 4.12, the indicated power tends to increase with the amount of fuel added to
the engine. Additional fuel means that there is more energy input into the motor and as such
there is greater potential to get more energy as output. However, as the equivalence ratio
increases the thermal efficiency decreases. The optimal thermal efficiency has been found to
occur with an equivalence ratio of approximately 0.35, whereas the peak power output occurs at
an equivalence ratio greater than 1. According to Figure 4.12, if the engine is run with an
equivalence ratio of 0.6 then a balance of efficiency and power can be obtained.
The data in Figure 4.11 and 4.12 both suggest that running the ICE with an equivalence
ratio of ~0.6 will lead to the strongest balance in terms of thermal efficiency, power output and
reduced knock. Furthermore, an engine timing of 8º ATDC would best complement the lean
air:fuel mixture.

4.3.4 – Managing Pre-Ignition/Backfire
Pre-ignition/backfire often occurs when hydrogen is combusted in an internal combustion engine
because the minimum ignition energy of hydrogen is nearly one full order of magnitude less than
gasoline. As such, latent heat in the combustion chamber, hot spots, unburnt fuel and hot oil can
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cause the hydrogen to ignite before the intake valve is closed. The effects of which in most cases
is that the engine will run rough. However, in more severe cases the engine may become
damaged or inoperable. Pre-ignition will also cause the engine to lose power as the work being
performed by the fuel acts against the motion of the piston. Hydrogen also possesses a much
smaller quenching gap than gasoline or methane which means that it stops burning much closer
to the cylinder walls. As such, it is possible for the ignited fuel to escape through the intake valve
before it closes.
A number of unique solutions have been proposed by various authors for the purpose of
controlling backfire and limiting pre-ignition in an ICE. The methods for attempting to mitigate
these effects include:
•

Exhaust Gas Recirculation

•

Water Injection

•

Inject cold GH2

•

Modifying engine parameters

•

Use special oils and materials

•

Increase compression ratio

•

Inject GH2 or LH2 late in the compression stroke

•

Increase engine speed

Exhaust Gas Recirculation works by reintroducing cooled exhaust gases into the engine.
The cooled exhaust gas contains little to no combustible fuel and as such it acts to cool the
cylinder. It is typically used in standard SI and CI engines to help reduce the NOx emissions.
Due to hydrogen’s low ignition energy, reducing the temperature inside the cylinder has the
effect of reducing the kinetic energy of hot gases. Thus, hydrogen is less likely to pre-ignite
when it comes in contact with these gases. An EGR system has the following advantages and
disadvantages when compared to a stand-alone ICE with no such system in plane [73]. Table
4.10 highlights the advantages and disadvantages of using an EGR system to control backfire.

Table 4.10 - Advantages/Disadvantages of EGR Systems

Advantages

Disadvantages

Reduced Throttling Losses

More complex design required

Reduced Heat Rejection

Additional components to replace
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Reduced Chemical Dissociation

Reduced peak power output at high loads

Reduced Specific Heat Ratio

Rough idle at low speeds

Reduced knock/backfire
Decreased NOx Emissions
A water injection system, which is also known as an anti-detonant injection sprays water
directly into the intake system. Similar to an EGR system the water cools the cylinder. It is then
burned off by the heat of combustion and is emitted from the vehicle as water vapour. The water
that is being injected into the system is often a 50/50 mixture of water and alcohol, with small
amounts of water soluble oil for lubrication. The oil is used to help prevent corrosion and the
alcohol is used as a fuel to help mitigate the effects of the lose power due to the addition of the
liquid [74]. Table 4.11 highlights the advantages and disadvantages of water injection to control
backfire.

Table 4.11 - Advantages/disadvantages of Water Vapour

Advantages

Disadvantages

Reduced knock/backfire

Reduced engine power

Higher fuel octane rating

Potential for engine corrosion

Potential for small fuel economy increase

More complex design required

Decreased NOx Emissions

Additional components to replace
Must maintain and refill the water/alcohol/oil
Often leaves some fuel unburned
Only used at high engine loads
Requires forced induction

A cryogenic GH2 injection system utilizes gaseous hydrogen that has been cooled by
passing the hydrogen through a heat exchanger which cooled by liquid nitrogen and gaseous
nitrogen. The hydrogen reaches approaching 100 [K] and is then injected into the engine. This
process serves two purposes; the first is to supply highly compressed hydrogen into the engine,
the second is to reduce the chance of backfire, by reducing the heat of the engine. The cold GH2
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acts like a water injection system in this regard [75]. Table 4.12 highlights the advantages and
disadvantages of injecting cold GH2 as a means of preventing backfire.
Table 4.12 - Advantages/disadvantages of cold GH2

Advantages

Disadvantages

Reduces backfire

Expensive cryogenic system

Improved power output from the engine

Requires refilling

Does not require a second system for cooling

Dangerous nitrogen materials on-board

Modifying the parameters of the ICE specifically for hydrogen use, such as engine timing
and air:fuel ratio may improve the operation of the engine and reduce backfire/knock. Leaning
the mixture means that there is less fuel being injected into the engine per volume of air.
According to Figure 4.11, the equivalence ratio, which represents the ratio of the actual air:fuel
mixture divided by the stoichiometric air:fuel mixture, can be optimized for knock between 0.5
and 0.95 equivalence. Similarly, the engine spark timing changes with equivalence ratio to
maintain the limit on knock [58]. Table 4.13 highlights the advantages and disadvantages of
optimizing engine timing to limit backfire.

Table 4.13 - Advantages/disadvantages of engine timing

Advantages

Disadvantages

Requires no additional hardware

Likely to reduce engine efficiency

Reduces knock

Reduced power output

The compression ratio in an ICE is measured as the ratio of the volume of the combustion
chamber when the piston is at the bottom of its stroke to the volume of the compression chamber
when the piston is at the top of its stroke. It is represented by the Equation 4.37, where (b) is the
bore of the compression chamber, (s) is the stroke length of the piston and (Vc) is the volume of
the combustion chamber including the head gasket [76].
P

^0.25r\ 6  s _/s

(4.37)
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When varied in accordance with the equivalence ratio the knocking region, which is
shown in Figure 4.13 can be avoided. Table 4.14 highlights the advantages and disadvantages of
system increasing compression ratio.

Figure 4.13 - Compression ratio vs. Equivalence ratio for knock [58]
Table 4.14 - Advantages/disadvantages of increased compression ratio

Advantages

Disadvantages

Increased horsepower

Decreased fuel economy

Increased Torque

Requires a more robust engine design

Reduced Knock

Engine more susceptible to wear

No additional components

Possible engine damage if too high

Higher thermal efficiency

By increasing the speed of the engine there is a decreased likelihood for hydrogen fuelled
engines to backfire. Several studies have shown that increasing the engine speed above 2600
[RPM] is an effective deterrent for knock and backfire [77]. Table 4.15 illustrates the advantages
and disadvantages of increasing engine speed in order limit backfire.
Table 4.15 - Advantages/disadvantages of increasing engine speed

Advantages
No additional components required

Disadvantages
Requires an architecture that can be tuned to a
single speed, i.e. a series HEV
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Reduces knock/backfire

Not applicable for low RPM’s
Requires modification of the equivalence ratio
Burns more fuel

4.4 – Generator Operation
The generator is used to convert mechanical power into electrical power which can be used to
recharge the on-board battery array, extending the range of the vehicle. The generator must be
connected to the ICE in order to capture the mechanical energy. The connection between the ICE
and the generator must be as efficient as possible to ensure that minimal power is lost. There are
a number of drive train solutions that can be utilized in order to connect the drive shaft of the
motor with the shaft of the generator. The most efficient method would be to directly drive the
generator by coupling it to the ICE. This could be accomplished by designing a mechanical
collar that will mate between the spline shaft of the ICE and the keyway of the generator. The
efficiency of such a system is essentially 100% in that the only energy lost would be as a result
of slippage in the coupler or twisting in the shafts. Due to the layout of the rear suspension in the
dune buggy a direct drive system is not possible. Several other alternatives will be briefly
explored to determine the most effective power transfer system.
A belt/pulley drive would allow for the transmission of power between the ICE and
generator. Similarly, a chain/sprocket system would allow for the generator to be securely
fastened to the frame of the vehicle away from the suspension. Finally, a gear train could be
designed to transfer power. For this application a gear train is not suitable due to the minimum
center distance between the input and output shafts. When comparing a belt and chain system a
number of design tradeoffs exist. Chains are typically made of steel, whereas belts are made of
rubber. Thus, belts are lighter. Chains tend to slip less than belts and tend to last longer. Chains
also have the advantage of being repairable whereas an endless belt must be replaced. Belts and
pulleys are generally cheaper than a chain drive, but tend to wear quicker than a lubricated chain
system. Belt drives require a more adept tensioning mechanism as belts can only be purchased in
preset lengths, whereas chains can be modified by adding or removing links. The efficiency of a
chain drive can be upwards of 98% whereas a belt drive will typically operate around 95% [78].
As can be seen the tradeoffs are numerous and the design decision depends on the
application. For the dune buggy a chain drive system will be used due to its high efficiency and
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prolonged service life. Furthermore, the chain drive is less adverse to severe operating conditions
which are typical of dune buggy operation.

4.4.1 – Sprocket Selection
Figure 4.14 illustrates the free body diagram of the generator system. The generator is attached
to the ICE by way of a chain drive with sprockets mounted to the shaft of the generator and ICE.
The known inputs into the system are the angular speed of the ICE in RPM (ωICE) and the torque
produced by the motor (τICE). Additionally, the performance of generator is known and is defined
in Figure 4.15 for a 48 [V] system. To fully design and build the system the sprocket gear ratio
must be calculated. Once the gear ratio has been determined suitably sized gears can be selected.
With the gear ratios and velocity of the generator (ωGEN) the correct chain can be selected using
Figure 4.16. The optimal output velocity of the ICE was previously calculated in Section 4.3.2 of
this chapter.

Figure 4.14 - Chain Drive Free Body Diagram

With a known rotational velocity output from the ICE and the required rotational velocity

of the generator the sprocket gear ratio can be determined. If uvwx = 2200 [RPM], and uyzw =

4800 [RPM] then the sprocket ratio required can be determined. As previously noted, uvwx was

determined by performing energy analysis on the ICE and determining the peak operating speed

for minimizing fuel consumption and mechanical/thermal losses. uyzw was found using the

performance chart for the Etek-R motor which is being used as a generator. In order to produce
~48 [V] for charging the battery pack the generator must be turned at a rate of 4800 [RPM].
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Figure 4.15 - Etek-R Performance Curve [79]

Running the generator at 4800 [RPM] produces the following results:
•

48 [V]

•

192 [A]

•

0.98 Efficiency

•

10 [kW]

Solving for the required sprocket gear ratio using input and output speeds to the system,
uvwx

uyzw · jg4SQ!53 R32S

jg4SQ!53 R32S

4800
2200

2.18

(4.38)
(4.39)

Using the equation for the sprocket ratio yields,
jg4SQ!53 R32S
where,
2.18

U \54 S[ 3553' S[ kP jg4SQ!53
U \54 S[ 3553' S[ |. jg4SQ!53

U \54 S[ 3553' S[ kP jg4SQ!53
U \54 S[ 3553' S[ |. jg4SQ!53

(4.40)

(4.41)
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Thus, by selecting an arbitrary ICE sprocket (40 teeth) which was determined based on
the geometric constraints of the vehicle the respective number of teeth required for the generator
sprocket can be calculated using:
40
U \54 S[ 3553' S[ |. jg4SQ!53

2.18

40
2.18

U \54 S[ 3553' S[ |. jg4SQ!53

(4.42)

18

(4.43)

4.4.2 – Chain Selection
The next step in the design process is to select an appropriately sized chain which will be capable
of handling the load. When selecting a chain the following considerations must be made:
•

Source Machine

•

Driven Machine

•

Transmitted HP

•

RPM

•

Diameter of shafts

•

Center distance of shafts

In order to determine the rated horsepower the service factor must be inferred by using Table
4.16. Thus, for a system with “some impact” which could be expected in a motor vehicle, whose
source of power is an “internal combustion engine, without a hydraulic drive” we could select a
service factor of 1.4. Using this value we can find the transmitted horsepower to be [80]:
}

j54~2Q5 bRQ3S4  

(4.44)

Table 4.16 - Chain Drive Service Factors [80]

Type of
Impact

Smooth

Machines

Belt conveyors with small load
fluctuations, chain conveyors, centrifugal

Source of Power
Internal Combustion
Engine
Electric
Motor of
With
Without
Turbine Hydraulic Hydraulic
Drive
Drive
1.0

1.0

1.2
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Some
Impact

Large
Impact

blowers, general textile machines,
machines with small load fluctuations
Centrifugal compressors, marine engines,
conveyors with some load fluctuation,
automatic furnaces, dryers, pulverizes,
general machine tools, compressors,
general work machines, general paper
mills
Press, construction or mining machines,
vibration machines, oil well rigs, rubber
mixers, rolls, general machines with
reverse or large impact loads

1.3

1.2

1.4

1.5

1.4

1.7

The speed of the chain can be found using the chain pitch (P), the number of teeth of the
sprocket (N) and rotation speed in RPMs of the drive shaft, (n) [80].
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The tension in the chain can then be found using the operating horsepower, which has been
corrected using the service factor (} ) and the chain speed (S) [80].
P'R2T 5T62ST, 

33,000 · }
1\6. 
j

(4.48)

33,000 · 8.4
(4.49)
1\6.  75.6 1\6. 
336 
3666
Finally, number of pitches in the chain can be calculated using the number of teeth on the driver


(N1), the number of teeth on the driven sprocket (N2) and the center distance between the two
drive shafts (C) [80].
U \54 P'R2T 23Q'56,
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 2P 
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(4.50)
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Figure 4.16 - ANSI Chain Selection [80]

Using Figure 4.16 we can select an ANSI RS40 chain to link the generator and internal
combustion engine. Finally we can determine the efficiency and power loss of the chain. The
efficiency of the chain drive can be calculated using the power output (Po), the number of teeth
on the driven sprocket (No), the speed of the driven sprocket (u+ ) and the work done on the chain

(W) [81].

l

l

+
+  + u+ 

12,000
12,000  ^18_ · ^83.3_ · ^4.1085_

(4.53)
66%

(4.54)

where W is the work done on the chain at the points of articulation. W is expressed by Equation
4.55. Since we already have an approximation for the total chain tension (T) let bs  bsq
 [81].



bz  bsq
1  

 4 

(4.55)
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75.6

√1  0.11

· 0.11 · 0.0166 · 30

4.1085 $

(4.56)

where (bs ) is the force on the chain due to the drive torque and (bsq ) is the force on the chain due

to the centripetal acceleration experienced as the chain passes around the sprocket. Additionally,
(4 ) is the pitch radius of the driving sprocket, ^u _ is the rotation speed of the driving sprocket,

( ) is the mass per unit length of the chain, ( ) is the maximum articulation angle of the chain,

( ) is the coefficient of friction, and (4 ) is the diameter of the chain bushing.
bsq

bs


4

(4.57)

· 4 · u

(4.58)

Finally the power loss of the chain drive can be calculated using Equation 4.59 [81]:





+ u+ ^1  l_

27.11  83 ^1  .66_

(4.59)
742 

(4.60)

4.5 – Battery System
4.5.1 – Battery Chemistries
A number of different battery chemistries have been used for motor vehicle applications. The
most common type of automotive batteries are deep cycle lead-acid, which are found in
conventional vehicles and are used to power accessories, lights, and electrical components at 12
[VDC]. More recently Nickel Metal Hydride (NiMh), Nickel Cadmium (NiCd), Lithium-Ion (LiIon), and Lithium Iron Phosphate (LiFePO4) chemistries have been used in hybrid and pure
electric vehicles.
Table 4.17 - Battery Chemistry Comparison [82]

Chemistry/
Parameter
Thermal
Runaway
Cycle Life

LiFePO4

Li-Ion

Lead Acid

NiMh

NiCd

High temp.

Fire

Melts

Explosion

Explosion

2000

800

600

500

2800

70
(80% DOD)
Max.
Operating

50

50

60

60

50

Deep as

Deep as

possible, due

possible, due

to memory

to memory

Temp. (ºC)
Min.
Discharge

0%

0%

>20%

Depth
Max
Discharge

100%

100%

<80%

100%

100%

Wh/kg

100

130

25

90

60

Wh/litre

170

300

40

100

150

Depth

The data presented in Table 4.17 is representative of the current battery market for
vehicular applications. Based on this data the LiFePO4 battery chemistry emerges as a superior
battery based upon its safety under thermal run-away, its high cycle life, comparable maximum
operating temperature and energy densities as well as its excellent min. and max discharge
depths. The closest competitors to the LiFePO4 chemistry are Lithium-Ion and Ni based cells. LiIon cells fall short because of their limited cycle life and safety concerns during thermal
runaway. Ni based cells such as NiMh and NiCd are affected by “memory effects” which hinder
a cells ability to be partially discharged and subsequently recharged. Furthermore, they suffer
from lower energy densities then LiFePO4 batteries.

4.5.2 – Battery Specifications
The battery pack is integral to the operation of the vehicle. The voltage, current and subsequent
power output is responsible in a large part for the vehicles performance characteristics. If it is
assumed that the battery acts as the limiting source in the power supply chain then the following
estimates can be made with regards to the vehicles all-electric range, top speed, and consumption
rate. First the range can be calculated using [83]:
RT5

250  PRgRQ23W
.

(4.61)
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65.3 ! 

(4.62)

Using the all-electric range, calculated above, and the known name plate capacity of the batteries
the consumption rate in [Wh/km] can be determined. Like [MPG] or [litres/100km] the [Wh/km]
is an all encompassing measure of electric vehicle efficiency and performance [83].

PST6U g32ST R35

PST6U g32ST R35
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PRgRQ23W
RT5
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'
%
!

(4.63)
295 "

'
%
215

(4.64)

In order to compare this to conventional ICE vehicles the MPG equivalent can be calculated by
comparing the consumption rate to the energy in a gallon of gasoline [83].
#| iU2~.

'
36,650 

R11ST
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1
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(4.65)

The top speed of the vehicle can be calculated using the battery system voltage and efficiency as
well as weight, rolling resistance, aerodynamic drag [84], and area [85].
Sg jg55Z

  ^ _  2.586 · ^h]_ · ^o  5[[. _
1.293h]

Sg jg55Z
1144 · 9.8 · 0.02 ^224.2_  2.586 · ^0.45  2.25_ · ^24000  0.9_
1.293  0.45  2.25
Sg jg55Z

224.2√50266  56556
1.309
!
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'

78.4  g'

(4.66)

(4.67)

(4.68)

In addition to the performance characteristics of the entire vehicle a number of supplementary
calculations can be performed to help exhibit the potential of the battery array. The peak power
is thus [83]:
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(4.69)

(4.70)

The continuous power of the batteries can be found using the same method and instead
substituting the continuous amperage rating in place of the peak amperage rating [83].
PST3. So54

QST3. R g6  ^TS 2TR1 ~S13R5  QST3. R g6
 2T354TR1 456263RTQ5_

PST3. So54

600  ^48  600  0.002_

28 !

(4.71)

(4.72)

Furthermore the pack weight and pack volume can be calculated and used to determine the
volumetric and gravimetric energy densities of the batteries.
RQ! 52'3

RQ! 52'3

Q511 o52'3  # P5116

3.5 !  32 P5116

112 !

(4.73)

(4.74)

The pack volume is found by calculating the cell volume in litres and multiplying by the number
of cells in the pack.
P511 S1U 5

1o' 0.0508 · 0.16002 · 0.28194
0.002919    2.92 123456

RQ! S1U 5

RQ! S1U 5

Q511 ~S1U 5  # P5116

2.92 123456   32 Q5116

93.44 123456

(4.75)

(4.76)

(4.77)

The gravimetric and volumetric energy densities of the LiFePO4 battery pack can now be
calculated.
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Finally the useable energy of the battery pack can be calculated by considering Peukert’s
Effect and the Depth of Discharge (DOD) [83]. To maintain the longevity of a LiFePO4 battery it
should not be discharged below 20%, thus there is an 80% DOD. The Peukert Effect states that
the faster you use the energy in the batteries the less energy will be available. Lithium ion
batteries are well suited to an EV as they are most resistant to the Peukert Effect. Adjusting the
Ah rating by a factor of 1.05 will compensate for the Peukert Effect [83].
PS445Q3 ]' R32T
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4.5.3 – Battery Charging
The necessary charging time can be calculated by considering the actual useable power of the
battery and the power produced by the charger and generator respectively. If the battery charger
produces 18 [A] at 58.4 [V] then the power produced by the charger is calculated by multiplying
the two values together.
sn)(/

sn)(/

k ] ·  

18 ]  58.4 

1051 

(4.84)
(4.85)

Additionally the power of the generator can be calculated using a similar formula.
(/./)m+

k ] ·  
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Thus, if the useable energy rating of the battery is 7300 [W/h] then the total charging time for the
battery charger is:
P'R42T 2 5zn)(/
P'R42T 2 5zn)(/

65R\15 T54W
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(4.88)
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Finally, the charge time for the generator can be determined using the same method and by
substituting the generator power, which yields,
P'R42T 2 5v/./)m+
P'R42T 2 5zn)(/

65R\15 T54W
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7.3 !'
10 !
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(4.90)

(4.91)

4.6 – Battery Management
The battery system is comprised of sixteen 3.0 [V] nominal LiFePO4 cells. The nominal voltage
of the entire battery pack is 48 [V] and an actual voltage of 60.8 [V]. In order to maintain the
integrity of the battery pack the voltage of each cell should be maintained between 2.5 [V] and
4.2 [V]. Furthermore the charging and discharging current should be monitored to ensure that
the cells stay balanced during charge, discharge, and idle. An active battery management system
has been employed in order to maintain the integrity of the battery pack and control the
connection to the charger. The BMS must not limit current into or out of the batteries due to the
high charge and discharge currents which are a primary benefit of LiFePO4 cells. A major design
flaw of many traditional BMS’ is that they route current through the equalizer itself, limiting
input and/or output to roughly 30 [A]. The BMS employed does not, which will allow for the
200 [A] charging current and 400 [A] draw current.
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Figure 4.17 - BMS Schematic [86]

The battery management system, charger, and battery array is shown in Figure 4.17. Each
200 [Ah] module is equipped with a remote battery management unit which is connected across
the batteries poles. The unit then feeds data back to the main BM unit. The individual battery
management units incorporate a low and high voltage detection circuit. The low voltage
detection logic is shown in Figure 4.18. Each parallel module is monitored individually. The
BMS is connected to the motor controllers brake inhibit line. In the event that the battery voltage
drops below a safe operating point of 2.5 [V] the optocouplers LED will turn on which causes
the output to become low. Since the motor controllers brake inhibit line is connected to the
optocouplers output this will in turn cause the load to be removed from the battery pack to ensure
the battery pack is not damaged [87].
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Figure 4.18 - Low Voltage Circuit [87]

The batteries’ logic circuit is shown in Figure 4.19 for one of the systems sixteen
channels. Some elements shown are shared across the sixteen elements with all 100-series
components (components in Figure 4.19 beginning with a “1”) repeated. When the cell voltage
reaches the cutoff limit the linear regulator will start to conduct causing the shunt resistor to
begin conducting causing the channel LED to come on. When the LED comes fully on then the
channels optocoupler will come on causing the gate driver to change state, thus turning off the
FET (Field Effect Transistor, an electric field controls the conductivity of a channel). This will
cause the cells voltage to drop slightly below the threshold, turning off the optocoupler, changing
the state of the gate driver and turning the FET back on allowing for the charge current to
continue. The cell will then charge to the threshold again and the same process will repeat. The
oscillation is intended to keep the shunts at full bypass without causing them to overheat, which
could cause them to fail or damage the circuit board. There is a multicolored LED which is
connected directly to the gate driver. When the FET is off the LED is green and when it is on it is
RED. When the channels begin to oscillate both the red and green will be on. Thus, during the
initial charge phase the LED will be mainly red with a hue of green, but as more channels come
on it will progress to mainly green.
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Figure 4.19 - BMS Logic Circuit [86]
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4.7 –Electronics
In addition to the 48 [V] power supply used by the vehicles electric motors to move the vehicle
two additional electrical systems exist. The first, rated at 12 [VDC] is used to power accessories,
lights, and various electrical systems. The second, rated at 5 [VDC] is used to power a number of
sensitive electronics and microprocessors. Furthermore, the battery charger allows for input of
either 120/230 [VAC] to recharge the batteries. The electrical schematic is shown in Figure 4.20.

Table 4.18 - Wire Gauge Selection Chart [88]

Current

Power

Wire Gauge (m)

5V

12V

5V

12V

1

2

3

5

6

8

0-2.5

0-5

12.5

30

18

18

18

18

18

18

3

6

15

36

18

18

18

18

18

16

4

8

20

48

18

18

18

18

16

16

5

10

25

60

18

18

18

16

16

16

6

12

30

72

18

18

18

16

16

14

9

18

45

108

18

16

16

14

14

12

10

20

50

120

18

16

16

14

12

10

12

24

60

144

18

16

16

12

12

10

15

30

75

180

18

16

14

10

10

10

20

40

100

240

18

14

12

10

10

8

Using the data presented in Table 4.18 the appropriate gauge wire can be selected for the
5 [V] and 12 [V] systems based upon the circuit amperage, power and wire length. For the 12
[V] circuitry the most common wire used was the 18 [Ga.] wire which allowed for up to 3 [m] in
length if necessary at 5 [A]. For the 5 [V] circuitry 18 [Ga.] wire was also used allowing for
greater than 8 [m] distance at 2 [A]. For the connection between the 12 [V] fuse box and the 12-5
[V] DC/DC converter a 16 [Ga.] wire was used due to the increase in distance between the
components. For the 48 [V] circuitry flexible 4 [Ga.] welding cable was used to connect leads
between the battery pack and the motor controller system.
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Figure 4.20 - Electronic Diagram
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4.8 – Weight
ght Distribution
An important consideration when retrofitting a vehicle is the distribution of mass across the
chassis. The distribution of mass can affect the handling, performance, and fuel economy of the
vehicle. In order to maintain the current perform
performance
ance and handling characteristics of the vehicle
the initial weight distribution will be maintained as closely as possible.
The major components of the vehicle and their resulting weights and positions are shown
in Table 4.19; containing the mass of each component in [kg] as well as the coordinates of the
objects Center of Mass
ass (COM) in [mm].. The location of each component is measured using a
combination of 3D modeling in SolidWorks
Solid
and actual measurements.

Table 4.19 - Vehicle Mass Distribution
Dist

736
736
443
150

14720
10010
47667
150

y
[mm]
2056
2282
1168
922

2

395

790

1557

3114

266

532

100
6

1009
314

100900
1884

1619
1250

161900
7500

465
576

46500
3456

8

Electric
Motor Ass.
(x2)

31.8

395/1090

12561/
34662

2550

81090

354

11257

9
10

Chassis
Gas Tank

220
10

736
736

161920
7360

1660
2159

365200
21590

332
775

73040
7750

11

H2 Tank

45.4

736

33414

2221

100833

1041

47261

12

Regulator

1

443

443

1885

1885

554

554

TOTAL

590.2

-

426481

-

941866

-

249239

Component
1
2
3
4

ICE
Generator
Batteries
Charger
DC/DC
Converter
Driver
Electronics

5
6
7

Mass
[
[kg]
20
13.6
107.6
1

x [mm]

41120
31035
125677
922

z
[mm]
465
465
399
332

9300
6324
42932
332

The origin of the coordinate system is located at the lowest point on the front left corner
of the vehicle.
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Figure 4.21 - Vehicle Side View Point Masses

P5T354 S[ #R66, z
P5T354 S[ #R66, z

∑ - ∑ -

249239
590.2

422 

(4.92)


(4.93)

The center of mass and the weight distribution will be calculated based on the data in
Table 4.19, which is also visually represented as point masses in Figure 4.21 to 4.23. The figures
represent the three principle views of the vehicle and are used to illustrate the distribution of
point masses in the X, Y, Z spatial frame. The Center of Mass in three dimensions can be
calculated using:
z

∑ - V∑ -

,

z

∑ - W∑ -

, z

∑ - ∑ -

(4.94)

The weight distribution will be calculated by summing the masses on the respective half
of the vehicle for the front/rear, and left/right weight ratios.
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Figure 4.22 - Vehicle Top View Point Masses

P5T354 S[ #R66, z
P5T354 S[ #R66, z

∑ - W∑ -

941886
590.2

1596 

(4.95)


(4.96)

The weight distribution front to back can be calculated by taking the ratio of point masses
on the front half of the vehicle to those on the back half.
52'3 h26342\U32ST
52'3 h26342\U32ST

b4ST3 #R66
5R4 #R66

107.6  1  2  6  0.4  220
20  13.6  31.8  2  10  45.4  0.6  220
204.6
4258
284.6

(4.97)

(4.98)
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Figure 4.23 - Vehicle Front View Point Masses

P5T354 S[ #R66, z
P5T354 S[ #R66, z

∑ - V∑ -

426481
590.2

723 

(4.99)


(4.100)

The weight distribution front to back can be calculated by taking the ratio of point masses
on the front half of the vehicle to those on the back half.
52'3 h26342\U32ST
52'3 h26342\U32ST ^ :  _
5347

5[3 #R66
2'3 #R66

107.6  1  2  6  1  31.8
31.8  100

(4.101)
149.4
131.8

(4.102)
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4.9- Simulation
Upon completion of the initial vehicle design a virtual simulation was utilized in an attempt to
understand how the various vehicle components would interact and what effects modifying
various parameters would have on the overall performance of the vehicle. The goal of
developing a virtual simulation is to optimize the vehicle components in order to produce the
most ideal vehicle characteristics for this application in terms of:
•

Power

•

Range

•

Cost

•

Fuel Efficiency

•

Emissions

•

Drivability

A number of simulation packages are currently available for our application. The Mathworks
Matlab and Simulink modeling packages were chosen due to their ease of use, high degree of
customization, and large library of pre-built functions. A suitable simulation library called QSS
was developed by the Swiss Federal Institute of Technology Zurich [89]. The model of a series
hybrid can be easily designed using the simulation library. Figure 4.24 shows the configuration
of the series hybrid simulation. The model of the vehicle is comprised of a number of key
elements including:
•

A Variety of Standard Driving Cycles

•

Physical Vehicle Envelope

•

Transmission + Electric Motor

•

Electric Generator + Transmission

•

Battery + Battery Controller

•

Combustion Engine + Fuel Tank

The output of the simulation is the fuel economy of the vehicle in [l/100 km] and US Miles per
Gallon (MPG) as well as the range of the vehicle based on the mass of fuel on-board the vehicle,
which can be modified by the user.
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Figure 4.24 - Matlab Simulation
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As a result of completing the simulation the following data was obtained for gasoline and
hydrogen internal combustion engines
engines operating on the Otto cycle. General specifications used in
defining the vehicle are illustrated first in Table 4.20,, followed by the resulting fuel consumption
and range data.
Table 4.20 - Simulation Parameters

Parameter

Value

Parameter

Vehicle Parameters

Value

Efficiencies

Mass

530 [kg]

Gearboxes (3:1)

90%

Frontal Area

2.25 [m2]

Belt Drive (1:2)

90%

Engine

Drag Coefficient

0.525

Rolling Resistance

0.0225

Displacement

250 cc

Wheel Diameter

0.5 [m]

Speed at idle

105 [rad/s]

Tank Volume (H2)

Batteries

11 [l]

Gas. Volume

50 [l] @ 200 [Bar]
USA: FTP-75

Driving Cycle

(Standard)

Capacity
Initial Charge

200 [Ah]
80%

The results of the simulation are shown for gasoline, hydrogen, and diesel fuel as a
comparison. The fuel economies of the resulting series hybrid (E-REV)
(E REV) vehicles are illustrated in
Figure 4.25 and Figure 4.26.
4.26

MPG
220.00
200.00
180.00
160.00
H2

Gasoline

Diesel

Figure 4.25 – Simulation Results for Fuel Economy [MPG
MPG]
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The hydrogen fuel economy has been calculated as being comparable to gasoline and
diesel fuel.. Due to the gaseous nature of hydrogen energy equivalences were made to determine
the amount of energy per unit volume and mass of fuel. The resulting [MPG] calculation for
hydrogen could also be written as [miles per kg] without altering the results significantly.
sign

litres/100km
1.4
1.2
1
H2

Gasoline

Diesel

Figure 4.26 - Simulation Results for Fuel Economy [l/100km
l/100km]

The projected fuel economy of the simulated Dune Buggy represents a tremendous
improvement when compared to traditional ICE vehicles, which tend to be around six times
higher (7.2 [l/100km]) on average.
average Although a direct comparison could be misleading due to the
low weight of the Dune Buggy its high drag coefficient and rolling resistance make it a sort of
worst case scenario for vehicle design.
design It is expected that if a more aerodynamic
aerodyna
commercial
vehicle were simulated even greater relative improvement could be seen with respect to a
traditional ICE vehicle. This helps to exemplify the enormous potential of the E-REV
E
architecture and the potential to reduce fossil fuel consumption while
while reducing net emissions.
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Figure 4.27 - Simulated Battery Parameters
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The simulated operation of the battery is shown Figure 4.27 for the driving cycle.
Included are: the battery charge ratio, the battery voltage, the battery current output, and the
power in the battery, respectively.
The electric motor map shown in Figure 4.28 illustrates the efficiencies of the motor
under various operating conditions. From the plot it can be seen that the optimal efficiency is
obtained at low RPM (less than 100 [rad/s]) and high torque. The recapturing of energy through
regenerative braking also yields excellent efficiencies. During regenerative braking or periods of
negative torque the greatest efficiencies are achieved by high speed (>200 [rad/s]) operation. The
torque required to maintain efficiency decreases with increasing speed.
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Using the results of the simulated efficiency maps in Figure 4.28 to 4.30 the optimal
operating conditions and resulting efficiencies can be verified prior to construction. For the
simulated electric generator a peak efficiency of 85% can be reached by running the generator
between 300-400 [rad/s] (~3000-4000 [RPM]) and a torque between 15 and 35 [Nm]. Similarly,
for the operating speed determined in Section 4.4.1 of 5000 [RPM] which is required to achieve
the correct output voltage and current we could expect an efficiency of 83%. If the torque
exceeds 20 [Nm] then efficiency drops to 80%.
With regards to the simulated ICE efficiency map the results indicate that higher thermal
efficiencies are achieved as the torque increases and when the motor output is approximately 240
rad/s (~2300 [RPM]). This is very close to the 2200 [RPM] value that was calculated in Section
4.3.
The simulated model was built using the QSS toolbox, an aftermarket Simulink Add-on
for Matlab. It is expected that the results of the simulation will represent fairly closely the actual
results obtained from building and running the prototype. The major assumption being made is
that all of the values entered into the simulation are correct. Future work should be performed to
verify the drag coefficient and the rolling resistance of the vehicle as these values will have a
significant impact on the results of the simulation. This will help to validate the model against
test data when appropriate empirical testing reveals the actual rolling resistance, drag coefficient
and fuel economy. This study will not be performed as a part of this thesis as it is beyond the
scope of the initial design and development of the E-REV Dune Buggy Conversion.
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Chapter 5 – Results and Discussion
5.1 – Power System Architecture
The architecture of the dual-fuel E-REV power generation system is shown in Figure 5.1. The
flow of energy is identified by type in the legend. The various electrical systems (120 [VAC]/48
[VDC]/12 [VDC]) are shown while the 5 [VDC] system is not included as it does not control any
fueling components. Current to the vehicle’s accessories and electronics are limited via a fuse
box which accurately matches each system which the desired amperage to ensure that electrical
surges do not damage sensitive equipment.
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Figure 5.1 - Dual Fuel E-REV Power System Architecture
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Gaseous fuel is comprised solely of compressed hydrogen which is stored in the steel
tank at high pressure and reduced to near atmospheric pressure before it is mixed with oxygen
and injected into the engine. The hydrogen storage tank is equipped with a high pressure relief
valve which vents gas to the atmosphere if the pressure increases beyond a safe operating
threshold for which the tank was designed. The tank is also equipped with a master manual
shutoff valve which can be used to turn off the flow of gas to the engine. Inline between the
storage vessel and the regulator is a high pressure fill valve, which allows for hydrogen
refueling. The regulator acts in three stages to reduce the pressure of the hydrogen from 200
[bar] to atmospheric pressure. The regulator is heated by the engine coolant in order to
counteract the cooling which occurs in the first stage of the regulator when the gas pressure is
reduced. The regulator has a built-in needle valve to distribute a sufficient amount of gas during
idle. Additionally the regulator is equipped with a manometer for detecting gas pressure
remaining in the system and an electro-valve to stop the flow of the gas to the motor. The
reading from the manometer is displayed in the driver’s gauges showing the volume of hydrogen
left in the system. Finally the hydrogen enters the intake manifold and is passed through the
carburetor into the engine.
Liquid fuel delivery occurs between the gasoline reservoir and the carburetor. The
gasoline passes through an electro-valve to control the flow and enters the engine through the
carburetor without modification. The fuel management is controlled via a fuel selector switch
and two electro-valves as previously described.
Mechanical power is generated by the vehicles ICE and translated through a chain drive
to the electric generator. The ICE is throttled to a point of peak efficiency and the ratio of the
sprocket teeth are used to step-up the speed to create the necessary voltage and current output
from the generator. The ICE is operated at approximately 2500 [RPM] and through a 2:1 drive
ratio the generator is turned at 5000 [RPM]. The generator outputs approximately 50 [VDC] at
200 [A]. Using Ohm’s law, the generator is able to produce 10 [kW] and is able to charge the
battery pack from 40% SOC to 80% SOC in less than 30 minutes.
The battery is comprised of sixteen series, 3.2 [VDC] 200 [Ah] cells which are actually
two 3.0 [VDC] 100 [Ah] cells configured in parallel to increase system amperage. The batteries
are protected against under and over voltage, which is set to 2.5 [VDC] and 3.8 [VDC] per cell
respectively. These cell voltages are equivalent to pack voltages of 40 [V] and 60.8 [V]. The C3
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continuous rating of the batteries is 600 [A] and the C11 peak rating is 2200 [A], which is
significantly higher than the draw of both motors combined. Voltage and State of Charge (SOC)
(% battery energy remaining) are displayed for the driver in the vehicle gauge cluster. The
batteries can be recharged by the on-board generator as well as by a connection to a 120 or 240
[VAC] power outlet. The total charge time is approximately 6 hours at either inlet voltage.
A 12 [V] lead-acid battery is used to start the IC engine and power the fueling system
electronics in order to keep them isolated from the high current battery pack. The lead-acid
battery is recharged by a DC/DC battery charger which is powered through the vehicles DC/DC
converter from the 48 [V] battery pack. The battery charger is left on 100% of the time and
constantly tops off the lead-acid battery.
The operation of the system during a typical extended range (>65 [km]) trip is detailed in
the following steps:
•

Vehicle receives full electrical charge overnight, the driver refills the hydrogen tank from
their in home electrolyzer prior to leaving

•

The vehicle travels, depleting its initial electrical charge, until it reaches 40% SOC

•

The hydrogen system is initiated manually restoring the batteries SOC to 80% during
which the vehicle may continue to drive (40-80% SOC = 4.8 [kW])

•

The process continues until the hydrogen supply is too low at which point the gasoline
system is initiated automatically by the fuel controller

•

The process continues until the gasoline supply is too low and the driver must refuel the
vehicle either by charging the batteries or by refueling with hydrogen and/or gasoline.

•

Finally, the vehicle returns home, where it can be plugged-in and recharged overnight

5.2 – Prototype
The prototype of the power generation system and E-REV architecture will be retrofitted to suit a
250cc Sand Rail Dune Buggy Chassis. As previously discussed in the introduction, the Dune
Buggy offered an excellent open pallet for conversion. A CAD model of the Dune Buggy is
shown in Figure 5.2. Supplementary CAD system and sub-system drawings can be found in
Appendix B. A number of original buggy components were removed in order to make room for
new parts such as: the passenger seat, rear differential, transmission, drive shafts, throttle cables,
and the gear shifter. The batteries and electronics were placed in the passenger compartment and
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the hydrogen tank was mounted over the gas tank in the rear of the vehicle. In a parallel project
electric motors were mated to the rear wheels, and an electronic control system was developed
[2]. The electronic control system included: by-wire braking and acceleration, motor controllers,
fuses, a master shut-off to the battery, and contactors.

Figure 5.2 - CAD Model of Vehicle Prototype

The specifications for the vehicle are given in Table 5.1. Items relevant to the parallel
project [2] are denoted by a “*” in the parameter column.
Table 5.1 - Vehicle Specifications

Parameter

Specification

Displacement

250cc, Single Cylinder

Engine

4-stroke, Water Cooled

Rated Power

10.5 [kW]/7000 [RPM]

Max Torque

17.6 [Nm]/5500 [RPM]

Gas Tank Capacity

11L/Unleaded gasoline above 90 Oct.

Starter

Electric

Aux. Battery

12 [V] – 0.9 [Ah]
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Front/Rear Wheel

1425/1130 [mm]

Front/Rear Tyre

21x7-10/22x11-10

Wheelbase

2020 [mm]

Battery Array

48 [V]-200 [Ah], 9.6 [kWh], Cont. C3 600
[A], Peak C11 2200 [A], ~2000 cycles

Hydrogen Storage

50 [litres], 200 [Bar]

Regulator

3-Stage, 200 [Bar] to Atmospheric, heated

Charger

120-240 [VAC], Charge Time: 6 Hours
Brushed DC, 12-48 [V], Continuous 100 [A],

Generator/Electric Motors*

Peak 330 [A] 2 [min], 11.2 [kW] Peak, 6 [kw]
Continuous

Controllers*

Gauges/Display

Electronics

24-72 [V], 400 [A], Battery Protection,
Regen.
Hydrogen Pressure, Gas Level, Battery
Status, Speed, Range
48-12 [VDC] Converter, 12-5 [VDC]
Converter, Contactors, Reverse contactors

The vehicle specification is intended to be unique to this vehicle. In Chapter 7
modifications to the current specification are discussed for scaling the architecture to a
commercial vehicle. A number of key improvements can be made to positively affect
performance, emissions, and fuel economy.

5.3– Benchmark Testing
Initial performance testing was performed on the vehicle in order to create a benchmark and a
means for comparison after completing the conversion. The initial performance testing was
carried out over the course of a day in the university campus parking lot. The testing area was
over 200 [m] long and had a negligible change in elevation. The average temperature during the
day was 8.3 [ºC] at 140 [m] above sea level. Three tests were performed to determine several
unique characteristics of the vehicle. The first test was designed to gauge straight line
acceleration. From stop the vehicle was to accelerate up to 60 [km/h]. The resulting times were
recorded. The second test was to estimate the braking ability of the vehicle. From 60 [km/h] the
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driver initiated a controlled brake to find the minimum stopping distance. Finally, a slalom
course was setup to evaluate the handling characteristics of the vehicle. Further information
regarding each test, including test results are explored in the following sub-sections.

5.3.1 – Acceleration Testing
The acceleration testing was completed over a 200 [m] stretch of approximately leveled asphalt.
The vehicle was started from rest and timed until it was able to reach 60 [km/h]. In order to
counteract the effects of wind and slope one trial consisted of two runs in opposite directions.
The time for the trial was the average of the two times. The data accumulated during the
acceleration testing is shown in Table 5.2.
Table 5.2 - Acceleration Benchmark 0-60 [km/h]

Trial #

East Time [s]

West Time [s]

Avg. Time [s]

1

13.65

12.76

13.21

2

13.42

12.88

13.15

3

13.33

12.25

12.79

4

13.80

12.45

13.13

5

13.12

12.91

13.02

Average [s]

13.46

12.65

13.06

The result of the acceleration testing is an average acceleration of the vehicle from 0-60
[km/h] in 13.06 [seconds]. During testing it was found that faster times could be obtained by
revving the vehicle and depressing the brake. Once the timer started the brake was released and
the vehicle was able to reach speed sooner as a result of the engine being launched at a higher
RPM. East runs tended to be significantly slower then west which is possibly due to a mild slope
on the test track. Furthermore, it was found that the tires made significant noise at high speeds.
The tires exhibit a significant amount of treading which is designed for off-road travel. However,
on asphalt they limit the acceleration of the vehicle by increasing the rolling resistance.
Significant improvements could be possible by replacing the tires with a harder, smoother tire
which would help to reduce the vehicles rolling resistance.

5.3.2 – Brake Testing
The braking test was performed by accelerating the vehicle to a speed of 40 [km/h] then
initiating a controlled brake until the vehicle came to rest. The goal of the test was to determine

97
the capabilities of the vehicles disc brake system. The stopping distance was measured in meters
and is shown in Table 5.3.
Table 5.3 - Braking Benchmark 40-0 [km/h]

Trial #

Stopping Distance [m]

1

12.0

2

11.3

3

14.7

4

10.0

5

14.0

Average

12.4 [m] (40.7 [ft])

The average stopping distance of the vehicle was found to be 12.4 [m]. During the
conversion phase the rear disk brakes will be removed and replaced with the regenerative
braking provided by the electric motors. The majority of the braking will be handled by the
vehicles front disk brakes. Although the off-road tires hindered acceleration, they aided in the
braking of the vehicle by providing a higher friction force between the road and vehicle causing
the tires to retain traction during heavy braking.

5.3.3 – Handling/Slalom Test
Finally the slalom was used to gauge the handling of the vehicle at high speed. The layout of the
slalom course is detailed in Figure 5.3. The goal for the driver is to zigzag as quickly as possible
through a series of evenly spaced cones. The time taken to complete the course is taken as a
measurement of vehicle handling performance. The slalom is designed to measure the vehicles
transient response. That is, the vehicles ability to make a turn then setup for the next turn. Prior
to entering the course, the vehicle is allowed to run up to a speed of 30 [km/h]. Timing begins
when the vehicle passes the first cone and ends when it passes the last cone.
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Figure 5.3 - Slalom Setup

The results of the slalom test are shown in Table 5.4. The average speed was
approximated by taking the total length of the associated spline curve and dividing it by the time
required to complete the course. The approximated travel distance was taken to be 115 [m].
Table 5.4 - Slalom Benchmark @ 30 [km/h] Entry

Trial #
1
2
3
4
5
Average

Time
12.78 [s]
13.95 [s]
12.98 [s]
13.25 [s]
13.45 [s]
13.28 [s]

Average Speed
9 [m/s] = 32.4 [km/h]
8.24 [m/s] = 29.7 [km/h]
8.86 [m/s] = 31.9 [km/h]
8.68 [m/s] = 31.3 [km/h]
8.55 [m/s] = 30.8 [km/h]
31.2 [km/h]

The results of the slalom test show that the average time required to complete the course
was 13.28 [seconds] and the average speed was 31.2 [km/h]. The vehicle handled well, but
turning was limited by the stiff steering linkages and sticky tires.

5.4 – Vehicle Conversion
The conversion of the vehicle relating to Figure 5.1 will be explored in greater detail throughout
this Section. The vehicle conversion involved a series of steps previously outlined in this text.
The result of extensive design work is best illustrated by highlighting the features of the final
prototype in Figure 5.4 to Figure 5.17

5.4.1 – Fuel Delivery System
The fuel delivery system was purchased as a kit from Omnitek Engineering (USA). Although
originally designed for CNG and gasoline operation it was found that it could also be used for
hydrogen operation. Figure 5.4 to Figure 5.9 show the various components and the configuration
of the fuel delivery and storage systems adapted to suit the dune buggy.
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Figure 5.4 - Fuel Delivery System 1

The hydrogen storage tank was mounted high above the motor and gasoline storage tank.
The location for mounting the tank was chosen due to space availability and for safety reasons.
The major point of failure for the tank is at the relief valve and main tank valve. In the event of a
failure in this location the hydrogen gas w
will
ill escape to the atmosphere away from the driver.
Since hydrogen is lighter than air it will quickly dissipate upwards and will be less likely to come
in contact with the driver. The tank is secured using two sets of heavy duty tank bracket sets,
which utilize
ilize M12 hardware. The mounting brackets are connected directly to a 3/16” steel plate
which has been welded along four lines to the vehicle chassis. The mounting plate was
performance tested and was deemed to be able to withstand weights and forces in ex
excess of the
static hydrogen tank.
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Figure 5.5 - Fuel Storage

The fuel delivery system is one of the most complex and involved systems on the vehicle.
The master control unit was placed at the front of the vehicle and wired into the ignition switches
12 [VDC] power. Placing the control unit at the front of the vehicle would allow the driver or
tester to easily switch between gasoline and hydrogen combustion with the flip of a switch. The
master control unit also acts as a fuel gauge for the hydrogen reser
reservoir
voir displaying the amount of
fuel remaining in the system based on the system pressure. The wiring is insulated and routed
along the chassis of the vehicle using tie-wraps
tie wraps in order to secure it in place and reduces the risk
of a cut or damaged wire leading
leading to a short circuit. The wiring front the control unit is harnessed
to the rear electrical system using Anderson Powerpole 15 [A] connectors which allows for easy
connect/disconnecting.
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Figure 5.6 - Fuel Delivery System

The regulator is mounted firmly to the tubular chassis via two M8 bolts which are
connected to a welded steel plate. The regulator contains a number of diaphragms which require
the unit to be mounted vertically and perpendicular to the vehicles direction of travel. This is
shown in Figure 5.6.. The regulator requires electrical connections for the hydrogen electroelectro
pneumatic flow valve and the manometer. The regulator also requires input from the coolant
system and a return line to the radiator. In order to accommodate the regulator into the
t coolant
system the existing coolant and coolant return lines were spliced and a T
T-Joint was inserted. New
hose was then run from the T-Joint
T Joint to the regulator. It was also necessary to mount the regulator
below the lower limit of the coolant overflow res
reservoir
ervoir which is located on the rear driver side
corner of the vehicle. From the regulator to the engine is a low pressure gas line which is made
of fiber reinforced rubber and shielded with a corrugated plastic tube to protect it from heat
damage.
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Figure 5.7 - Fuel Delivery System 2

Inline between the regulator and the engine is a manual flow control valve which can be
used to adjust the flow rate of hydrogen into the engine. The high pressure piping is used
between the regulator and fill valve as well as between the fill valve and the hydrogen storage
tank. The piping is rated to withstand pressures in excess of 300 [Bar], which greatly exceeds the
maximum pressure of the system. The tubing is fastened securely to the body of the vehicle
using a number of welded metal connectors in order to reduce the movement of the tubing due to
vibration during vehicle travel. The fill valve, which is located on the exterior of the vehicle is
connected by way of a welded steel plate with a custom drilled hole and moun
mounting hardware. The
fill valve must remain secure during filling and use. It is important to note the loops that exist in
the piping between the components. The loops were purposely designed into the system any time
the piping changed direction, the purpose of which is to not block or inhibit the flow of gas
through the piping which could occur with a sharp bend or kink.
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Figure 5.8 - Fuel Delivery System 3

The gasoline fuel delivery system has not been significantly modified from stock. The air
intake system was modified to accommodate for the hydrogen injection and to remove the air
box by replacing it with a high flow air filter. This served to reduce weight, save space, and
improve vehicle performance. Furthermore, an electro
electro-pneumatic
pneumatic flow valve was installed in the
existing gasoline fuel line in order to stop the flow of gasoline if the system is operating in
hydrogen combustion mode. The electro
electro-pneumatic
pneumatic flow valve is controlled by the master fuel
control unit, which accommodates for an automatic transition between hydrogen and gasoline
combustion when the hydrogen pressure becomes too low to sustain combustion.
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Figure 5.9 - Fuel Delivery System 4

5.4.2 – Generator Setup
The ICE which came with the original dune buggy came with a connected CVT transmission.
The transmission housing was cut from the engine and the drive shaft used to mount the drive
pulley. The cast iron pulleys are geared at a ratio of 1:2 (driver:driven) in order to increase the
speed of the motor from 2500 to 5000 [RPM].. As a result of turning the generator at 5000 [RPM]
it is able to produce approximately 50 [VDC] and 200 [A]. The pulley is designed to be used
with an AX fiber reinforced drive belt.

105

Figure 5.10 - Generator Drive Pulley

The larger drive pulley which is shown in Figure 5.10 was mated to the original female
spline shaft from the disassembled transmission. This allowed for a perfect fit. The female spline
shaft was cooled and press fit into
into the pulley. A set screw was also added to make sure that there
was no slippage between the components. The drive pulley is held in place by a nut that has been
threaded onto the output shaft of the motor and held in place with lock-tite.
lock
No wobble or
movement
vement was exhibited during testing with engine speeds up to 6000 [RPM].
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Figure 5.11 - Generator Belt Drive

Figure 5.11 shows the completed belt drive attaching the output shaft of the ICE with the
drive shaft of the electric generator. The belt is manually tensioned with a 2 [cm] take up
designed into the motor mount. The pulley’s are approximately 24.13 [cm] (9.5 [inches]) apart
and thus a 33 [inch] belt was used to connect them. The calculation for determining the belt
length (BL) is shown below, where (D1) is the diameter of the driver pulley, (D2) is the diameter
of the driven pulley and (C
C1) is the center distance between pulley 1 and 2.
BL= (2 x SQRT(C12 + (.5 * D1 - .5 * D2))) + (0.5 x 3.1415 x (D1+D2))

(5.1)

The electric generator is mounted to a custom designed aluminum mounting plate. It is
connected with eight hex bolts. The mounting plate is then secured to the vehicle by way of three
custom designed mounting brackets which hold the motor securely in place.
place The mounting
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brackets were welded to the existing frame of the vehicle and must be robust enough to
withstand the vibration of the ICE while in operation. Figure 5.12 shows the driven pulley which
is secured to the input shaft of the electric motor. The pulley is secured to the motor shaft with a
3/16 [inch] keyway which locks the pulley to turn with the keyway. The pulley is welded to the
keyway to ensure that it does not slip along the shaft of the motor causing the belt to become out
of alignment. The entire assembly is then secured to the motor by a bolt and washer assembly
mounted to the end of the motor shaft.

Figure 5.12 - Generator Output Pulley

Figure 5.12 shows the mounting of the generator from the rear of the vehicle. The
generator is carefully integrated into the vehicle chassis and is located between the rear
shock/spring, the electric box, the radiator, the ICE, and the coolant reservoir (not shown).
Originally only two brackets were used to secure the electric motor to the vehicle. However,
during testing it was found that vibration from the ICE caused the electric generator to rock and
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make contact with the vehicle chassis. In order to reduce noise and prevent future damage to the
electric motor a third bracket was installed. This upper mounting bracket removed the vibration
and stopped the motor from moving.

Figure 5.13 - Generator Mounting Location

Not shown in the pictures are the electrical po
posts
sts of the motor which are mounted on top
and to the front side of the electric motor. To connect the generator to the batteries a 4 [Ga.]
welding cable is used and connected with 4-2
4 [Ga.] copper cable lugs. The lugs are press fit onto
the wire using a pneumatic
eumatic tool.

4.3 – Battery System
The batteries were purchased in the United States and originally manufactured in China. They
are high output LiFePO4 prismatic cells, similar to those sold by Thundersky in China. The
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battery pack is shown in Figure 5.14. The battery management system was a standard setup
designed for various sizes of prismatic LiFePO4 cells. It was purchased from a company called
EVPower in Australia and was designed for use on Thundersky and similar sized cells. Every
two cells are assembled
bled in parallel in order to increase the system Ah rating from 100 [Ah] to
200 [Ah] and at the same time increase the nominal current output from 300 [A] to 600 [A]. The
battery pack consists of 16 such modules which provide a total nominal voltage (3.0 [V] per cell)
of 48 [V] and an actual voltage of 58.4 [V] (3.65 [V] per cell). The batteries are contained within
a ventilated and carpeted wooden box. The cells are secured at the base and with heavy duty
nylon straps to prevent them from moving while the vehicle is in operation. Custom copper bus
bars were machined to complete the connections between each of the parallel modules.

Figure 5.14 - Assembled Battery Array
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5.4.4 - Electronics
The vehicle electronics relating to the power generation system are illustrated in Figure 5.15 to
Figure 5.17. The battery charger and 48
48-12 [V] DC/DC converter are mounted on the side of the
electronics/battery box. A second DC/DC converter is also installed on the vehicle to reduce
voltages to 5 [V] for microprocessors. The battery charger is mounted on the exterior of the
vehicle to allow for easy access for charging using the supplied extension cord. The vehicles
electrical accessories are controlled by two modules. The first is the existing vehicle accessory
controls which still provide power for starting the vehicle, running lights, and the vehicle horn.
The second is the fuel control module, which monitors fuel levels and changes fuel modes. Most
importantly the safety stop button is located nearest the driver to allow for quick and easy
disconnect of the batteries from the rest of the syste
system
m in the event of a problem.

Figure 5.15 - Electrical Components
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Figure 5.16 - Electrical Components 2

Figure 5.17 - Electronics Box/Mounting
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5.5 – Emissions
The resulting vehicle emissions will be explored in this section. The emissions data will be
calculated using a variety of methods and empirical constants. The vehicle emissions can be
broken down into two cycles and three modes of operation. In terms of the cycles, there are the
emissions produced to refine, manufacture and deliver the fuel, which will be known as the “well
to tank” emissions. The second cycle is the resulting tailpipe emissions as a result of using the
fuel to produce energy, which are the “tank to wheel” emissions. Combined the two cycles make
the “well to wheel” emissions lifecycle for the vehicle. The three modes of operation thus depend
on the type of fuel being used in the vehicle. In this case the three fuel modes are hydrogen,
electricity, and gasoline.

5.5.1 – Theoretical Results
The theoretical emission data can be calculated based on empirical testing and formulae which
illustrate the emissions per unit of fuel consumed. Several different production methods for
electricity and hydrogen will be examined to determine their emissions footprint. For electricity,
the average Ontario power distribution will be compared with a utopian green electricity mix
consisting of nuclear, solar, and wind. For the production of hydrogen, two in home production
methods will be examined. This includes electrolysis from the previously mentioned Ontario
power grid and a renewable source as well as methane reforming. Large scale hydrogen
production systems will not be considered at this time. Because this vehicle architecture has been
defined as a transition to help promote accelerated research into the development of a hydrogen
infrastructure it is assumed that the hydrogen infrastructure will not be in place during the
lifetime of this vehicle. As such, distributed refueling (i.e. in home) will allow for the growth and
use of hydrogen until such time as an infrastructure can be developed. Table 5.5 illustrates the
results of various production methods and usage of the fuels to power the vehicle. The emissions
data will be comprised of CO2 and NOx emissions and are based on a per km rate.
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Table 5.5 - Theoretical Vehicle Emissions per km

Fuel

Electricity
Hydrogen

Gasoline

Production
Method
Green Power
Ontario Grid.

Well-toTank (CO2)
0
40.3 [g]

Well-toTank (NOx)
0
0.29 [g]

Tank-toWheel (CO2)
0
0

Tank-toWheel (NOx)
0
0

Electrolysis
(Green)

0

0

0

0.07 [g]

Electrolysis
(Ontario)

241.6 [g]

1.71 [g]

0

0.07 [g]

Methane
Reforming

897 [g]

0.498 [g]

0

0.07 [g]

Crude Oil
Reforming

13.72 [g]

0.23 [g]

216.7 [g]

0.23 [g]

The production of electricity from green sources such as solar, wind and nuclear do not
yield any CO2 or NOx emissions. Additionally, the use of electricity on-board the vehicle for the
generation of mechanical power is also zero. The “well-to-tank” emissions for Ontario electricity
can be calculated given constants [90]:
220 "
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(5.2)

The electric fuel economy of the vehicle was previously calculated in Section 4.5.2 to be
0.183 [kWh/km]. Thus, the emissions can be calculated by multiplying the energy consumption
by the emissions per unit energy.
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When hydrogen is combusted in an internal combustion engine it does not produce any
CO2 emissions. As well hydrogen from green electricity sources does not produce any “well-totank emissions”.

To produce 1 [kg] of hydrogen gas requires approximately 50 [kW] of

electricity. By using the values of 220 and 1.56 [g/kWh] for CO2 and NOx and the calculated
fuel economy for the hydrogen the resulting emissions per km becomes:
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Methane reforming is another potential source of hydrogen fuel. The total lifecycle
emissions for the methane reforming process can be seen in Table 5.6. The total CO2 emissions
per km are also the WTT CO2 emissions, since hydrogen produces no CO2 emissions. The total
“well-to-tank” CO2 emissions per km for methane reforming are 897 [g CO2]. Similarly, the NOx
emissions have been empirically found as being 0.568 [g/km] for the entire WTW lifecycle.

Table 5.6 – Exbodied emissions (per km) for hydrogen (from natural gas) [12-13]

WTW Lifecycle

Units

LS Diesel

Hydrogen from NG

CO2

kg CO2

0.925

0.897

HC

g HC

1.509

0.358

NOx

g NOx

11.25

0.568

CO

g CO

2.723

0.131

PM10

mg PM10

438.4

7.3

Energy Embodied

MJ LHV

12.7

15.2

115
The “tank-to-wheel” lifecycle for the combustion of hydrogen consist entirely of NOx
emissions. The production of NOx emissions can be estimated and later verified using emissions
analysis equipment. Previous data can be used to determine the potential emissions, which is
shown in Figure 5.18 for a variety of values for phi (φ), the equivalence ratio (a ratio of the
fuel:air mixture and the stoichiometric fuel:air mixture).

Figure 5.18 - TTW Emissions (Hydrogen) [91]

Using Figure 4.11, 4.12, and 5.18 an optimal value for phi can be assumed at ~0.58 which will
minimize emissions while preventing backfire, thus the TTW emissions become:
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The “well-to-wheel” emissions of gasoline are well defined. For the “tank-to-wheel”
portion of the fuel lifecycle we know that combusting 1 liter of gasoline produces:
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The “well-to-tank” emissions can then be estimated by substituting in the value for the
CO2/NOx [emissions per MJ] and the same conversion factors as shown above. This value is
obtained using the data in Figure 5.19.

Figure 5.19 - WTT Emissions (Gasoline) [12-13]
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When compared to gasoline usage in the vehicle, three alternatives offer a significant
0.9 `

improvement in overall emissions. This includes: electricity from green power, electricity from
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the Ontario grid and hydrogen from green power. Hydrogen from methane and the Ontario grid
does not yield an improvement in emissions over pure unleaded petroleum.
This emissions data is best summarized in Figure 5.20 to 5.21 illustrating the various
lifecycle emissions based on a number of different fuel production methods [12-13, 89-92].

g CO2 per km

Vehicle Emissions - g CO2 per km
1000
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TTW CO2
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Electrolysis Electrolysis Reforming
Oil
(Green)
(Ontario)
Reforming
Production Method

Figure 5.20 - Vehicle CO2 Emissions per km [12-13, 89-90]
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Figure 5.21 - Vehicle NOx Emissions per km [12-13, 89-90]

From Figure 5.20 and 5.21 the lowest emitting power sources are green electricity, and hydrogen
from green power sources. Hydrogen from the Ontario grid and hydrogen from methane actually
increase WTW emissions of both CO2 and NOx compared to gasoline. Standard electricity from
the Ontario grid offers a slight improvement over gasoline in terms of NOx emissions and a
significant CO2 reduction. The phasing out of coal from the Ontario grid will help to reduce
emissions for off-peak charging and hydrogen generation.
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5.6–Vehicle Performance
The performance of the vehicle is not directly related to the power system beyond the weight that
is added to the vehicle as a result of the power system, the change in the center of gravity, and
the current output from the batteries. These three criteria will be used to extrapolate future
performance of the vehicle as it is affected by the power generation system. Both quantitative
and qualitative predictions will be given for the new vehicle performance.

5.6.1 – Acceleration
Due to the conversion of the vehicle from an SI ICE to an E-REV the performance
characteristics of the vehicle will undoubtedly change. The mass of the vehicle has increased
from 378 [kg] to 590 [kg] and the means of propulsion has also increased from 12.5 [kW] peak
output to 30 [kW] peak output. In addition to the increase in power output the drive train losses
have also been reduced by removing the CVT transmission, rear differential and universal drive
shafts. If initial drive train losses were taken to be 20% then the base power rating of the vehicle
was 12 [kW]. Assuming the power transmission losses of the new drive train are closer to 5%,
which represents the rated efficiency of the gearbox currently used then the new power rating is
28.5 [kW]. This equates to a 285% increase over the base case.
The increase in the vehicle mass may be deceptively large. During the conversion process
the passenger seat was also removed from the vehicle. Since the seat is no longer installed the
vehicle is incapable of transporting a second occupant, thus the total weight of the vehicle with a
second occupant could potentially be nearly 100 [kg] higher:

Original Vehicle Mass = 378 [kg] + 100 [kg] Passenger = 478 [kg]

(5.13)

This assumption reduces the net increase in weight to 112 [kg] or 23.4%. Although still
considerably larger than the base weight of the vehicle the power increase should more than
compensate for it when travelling in a straight line.
Based on the assumption that the gross weight of the vehicle has increased by 23.4% in
addition to the power increase of 285% to the wheels acceleration is expected to increase
considerably over the benchmark. In addition the top speed of the vehicle has already been
shown to have increased from 85 [km/h] to 125 [km/h]. The factors of aerodynamics and rolling
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resistance will have increased slightly over the original vehicle due to the increase in the vehicles
mass and the addition of components into the vehicle such as the hydrogen tank and the battery
box. The drag coefficient and rolling resistance of the vehicle are both very poor to begin with.
As such a factor of the increase in drag and rolling resistance will be used as an approximation,
with FaDrag = FaRollingRes = 1 for the original model and 0.75 (representing a 25% increase in both
values) for the E-REV. The new acceleration of the vehicle can be found using Equation 5.14
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Where, the “Tire Radius” is constant, the gear ratio’s are 3:1 for the E-REV and 2.5:1 for the
ICE based on the transmission and gear boxes installed on the vehicles, and the torque has
increased from 13 [ft-lb] to 38 [ft-lb], an increase of 292%. The ratio of accelerations is found to
be 1:1.78, which implies that the E-REV will reach 60 [km/h], 1.78 times faster than the SI ICE
vehicle. Therefore, it is expected that the E-REV will accelerate from 0-60 [km/h] in
approximately 7.33 [seconds].
Since the battery system is more than capable of meeting the power requirements of the
electric motors the power generation system will not further inhibit the acceleration ability of the
vehicle.
The acceleration of the vehicle was tested empirically to verify the theoretical results.
The following data in Table 5.7 illustrates the acceleration capabilities of the vehicle after it was
converted to the E-REV architecture [2].

Table 5.7 – Acceleration 0-60 km/h E-REV

Trial #

East Time [s]

West Time [s]

Avg. Time [s]

1
2
3
4
5
Average [s]

11.3
11.45
11.28
11.29
11.34
11.332

11.01
10.9
10.95
10.88
10.89
10.926

11.16
11.18
11.12
11.09
11.12
11.13

120
Testing of the acceleration was performed using the same procedures as the benchmark testing in
which the vehicle was accelerated from rest to 60 [km/h]. The time required to reach 60 [km/h]
was then recorded. The speed of the vehicle was monitored using an on-board GPS unit. Tests
were performed in both directions and times were averaged to mitigate the effects of slope and
wind that may have been present.

5.6.2 – Handling
The handling of the vehicle has more than likely been negatively affected not only by the
additional weight that has been added to the vehicle, but also because of the added unsprung
weight of the electric motors and their housing as well as the weight distribution of the vehicle
(Section 4.8). The center of gravity has been raised 55 [mm] by the addition of the hydrogen tank
at the top of the vehicle and the vehicle is weighted 53:47 left to right. The electric motor
assemblies also add an additional 60 [kg] of unsprung weight that will significantly hinder the
dampening capabilities of the rear suspension system.

5.6.3 – Braking
The biggest concern in the current design of the vehicle is related to the braking. The vehicle
mass has been increased by 23.4% which means that the momentum of the vehicle given by
Equation 5.15, has increased proportionally for a deceleration from a constant speed of 60
[km/h]. In addition, the rear disk brakes have also been removed which will further reduce the
braking ability of the vehicle. In place of the rear brakes are the regenerative braking abilities of
the electric motors, which will harness some of the energy required to brake the vehicle and
return it to the battery array:

g

~

(5.15)

As a result of the adding the power generation system the vehicle will require an
additional 23.4% braking force when compared to the baseline vehicle with 2 occupants or 56%
additional braking force when compared to the baseline vehicle with 1 occupant. Empirical
testing will

be

performed

to

better

regenerative/mechanical braking setup.

understand

the

capabilities

of

the

vehicles
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The braking performance of the vehicle was tested empirically to verify the theoretical
results. The following data presented in Table 5.8 to 5.11 illustrates the braking capabilities of
the vehicle after it was converted to the E-REV architecture [2].

Table 5.8 – Braking 40-0 [km/h] (Coasting)

Table 5.10 – Braking 40-0 [km/h] (100% Regen.)

Trial #

Stopping Distance [m]

Trial #

Stopping Distance [m]

1
2
3
4
5
Average

40.5
44.2
42.5
45.1
42.4
42.9 [m] (140.7 [ft])

1
2
3
4
5
Average

15.8
15.7
15.7
15.9
15.95
15.8 [m] (51.8 [ft])

Table 5.9 – Braking 40-0 [km/h] (50% Regen.)

Trial #

Stopping Distance [m]

1
2
3
4
5
Average

21.8
20.9
22.2
23.4
24.1
22.5 [m] (73.8 [ft])

Table 5.11 – Braking 40-0 [km/h] (100% Regen.
+ Front Disk Brakes)

Trial #

Stopping Distance [m]

1
2
3
4
5
Average

11.6
11.8
12
12.2
12.4
12.0 [m] (39.4 [ft])

The braking tests were performed in the same manner as the original tests in which the vehicle
was accelerated to 40 [km/h] before bringing it to a controlled stop. The distance required to
slow the vehicle from 40 [km/h] to rest was then measured in meters. Four separate tests were
conducted with a series of five trials for each test. The tests were designed to gauge the
contribution of the generative and mechanical braking systems to the overall braking of the
vehicle. The first test involved coasting the vehicle from 40 km/h to rest. The second test utilized
50% of the regenerative braking capabilities of the vehicle. This parameter is controlled using
the motor controllers and acts by limiting the amount of the current produced by regenerative
braking. Third, the current limit was removed and 100% regenerative braking was employed.
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Finally, the front disk brakes were reconnected and used in conjunction with the regenerative
braking.

5.6.4 – Comparison to Benchmark
The acceleration
celeration and the braking capabilities of the vehicle after the conversion to the E-REV
E
architecture have been determined using both empirical testing and theoretical analysis.
Empirically the acceleration of the vehicle has increased by 17.4% from 1.28 [m/s]
[
to 1.50 [m/s].
The time required to accelerate the vehicle from 00-60
60 [km/h] has decreased from 13.06 [s] to
11.13 [s]. The results are illustrated in Figure 5.22. At the time of testing the vehicle was only
capable
apable of 80% throttle due to a hardware fault in the electronic throttle, which requires the
entire unit to be replaced for a new one. As such, it is expected that when the throttle is replaced
a more substantial improvement in the acceleration of the vehicle will be seen. Although a
significant power
ower increase was made in the conversion to the E
E-REV
REV the additional weight of the
vehicle and poorer aerodynamic properties have limited the expected increase in acceleration.
Aerodynamic body panels and road tires should significantly improve the obtained
obtaine results.

Acceleration Rate (m/s/s)

1.5
1.45
1.4
1.35
1.3
1.25
1.2
1.15
Baseline

E-REV

Figure 5.22 – Acceleration Comparison (Baseline to E-REV)
REV)

The braking capabilities of the vehicle, which were measured from 40
40-0 [km/h] have improved
slightly when 100% regenerative braking and the front disk brakes are used. The average braking
distance has in fact decreased from 12.4 [m] to 12.0 [m]. Although the weight of the vehicle
increased during the conversion process the braking performance has improved
improve due in part to the
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forward bias of the mechanical brakes (account for 90% of the original braking) and the high
current capabilities of the regenerative braking system. The results of the brake testing are
illustrated in Figure 5.23.

Braking Distance (40-0 km/h)

45
40
35

Baseline

30

Coasting

25

50% Regen.

20

100% Regen.

15

Regen. + F. Disks

10
5
0
Figure 5.23 – Acceleration Comparison (Baseline to E-REV)
REV)

Dual
E-REV
REV has had the following
The conversion of the dune buggy from an SI ICE to a Dual-Fuel
effects on the acceleration, handling and braking.
•

Acceleration has increased due to more power/torque suppl
supplied by the dual electric
motors; the full effects of the power increase have not been realized due to the mass
increase and poorer aerodynamics.

•

Decreased handling due to the increased mass off the vehicle,
vehicle modified weight
distribution and increase in unsprung mass.

•

Increased braking capabilities due to the forward bias of the mechanical braking system
and the high current regenerative braking system.

5.7 – Range
An important characteristic of any vehicle is the total vehicle range. One of the benefits of the EE
REV architecture is the extended vehicle range. Further to that, dual fuel capabilities allow for
greater fuelling flexibility. The theoretical range will be estimated in the first section and then
empirical tests will reveal the actual vehicle range.

124

5.7.1 – Theoretical Range Results
An approximation for the range of the vehicle can be calculated using the calculated energy
consumption and electric range data from Chapter 4. If the all-electric range of the vehicle is 65
[km] then the hydrogen extended range and gasoline extended range can be found using
Equation 5.16. The hydrogen range is equal to the amount of energy stored within the hydrogen
gas less any inefficiencies (ICE (30%), charging (86%)) which can then be used to calculate how
many times the battery pack can be completely charged multiplied by 65 [km] per charge. The
same applies for the gasoline range approximation.
The second method of finding the total vehicle range is to calculate individual ranges
based on the energy contained in the fuel and sum them to get the total range.
S3R1 RT5
S3R1 RT5

 RT5  |R6S12T5 RT5  ]11 15Q342Q RT5

^33.3 !o'  0.86_
¡
 0.3  65¢
12

^9.7 !o'  11_
¡
 0.3  65¢  65 ! 
12

285 ! 

(5.16)

(5.17)

If it is assumed that the gasoline range has remained relatively unchanged from the initial SI ICE
vehicle to the E-REV than the total range of the vehicle has increased by more than 60% from
173 [km] to 285 [km].

5.7.1 – Empirical Range Results
In order to verify the theoretical range results empirical testing was performed to determine the
actual range of the vehicle. The first step was to calculate the electric range of the vehicle by
driving the vehicle around a flat course at a constant speed. Due to the amount of time required
to fully drain the battery pack a series of shorter tests were used to extrapolate the necessary data.
The vehicle was driven at a constant speed of 40 [km/h] for periods of 15 minutes at which point
the change in the state of charge was recorded and the test continued. This interval was
completed four times for which the following results were obtained.

125
The second step was to verify the additional range supplied by both the gasoline and hydrogen
range extension systems. Due to time constraints caused by the adherence to safety procedures
hydrogen was not combusted in the engine and data from the gasoline combustion will be used
instead to extrapolate for the range extension potential of hydrogen. Since there was a significant
amount of welding and soldering work performed on the vehicle the hydrogen system could not
be filled until after all such work had been completed and the engine was once again running,
which did not leave enough time to perform the required safety testing. The results of the allelectric range are shown in Table 5.12.
Table 5.12 – All-Electric Range Testing

Trial
#1
#2
#3
#4
#5
AVG.

Initial Conditions
Voltage Power SOC
In
In
In %
53.3
10660 90.03
48.6
9720 82.09
43.6
8720 73.65
53.6
10720 90.54
48.8
9760 82.43
-

Test
Time Speed
[m]
[km/h]
15
45
15
45
15
45
15
45
15
45
-

Final Conditions
Voltage Power
SOC
Out
Out
Out %
48.6
9720
82.09
43.6
8720
73.65
38.7
7740
65.37
48.8
9760
82.43
43.8
8760
73.99
-

Result
Range
(km)
85.0
79.9
81.6
83.3
79.9
81.9

After completing five trials the average all-electric range was determined to be 82 [km].
This is significantly higher than the theoretical estimate of 65 [km]. During testing the current
draw of the motors was less than 100 [A] while the vehicle was travelling at a constant speed of
45 [km/h]. The highest current draw observed during testing was during periods of acceleration
and never exceeded 150 [A]. The initial estimate of 65 [km] may be a realistic range for the
vehicle when it is involved in city (stop/start) driving as opposed to highway (constant
speed/load) operation where the range will be closer to 82 [km].
The results of the range extension capabilities of the gasoline combustion system are
shown in Table 5.13.
Table 5.13 – Gasoline Extended Range Testing

Initial Conditions
Trial

[V]
In

[W]
In

SOC
In %

#1
#2
AVG.

38.7
43.8
-

7740
8760
-

65.37
73.99
-

Test
Gas
Vol.
[L]

Final Conditions
SOC
[V]
[W]
Out
Out
Out
%

1.5
1.5
-

53.6
56.8
-

10720
11360
-

90.54
95.95
-

Result
W/l

Eff.
%

Range
[km]

1987
1733
1860

20.5
17.9
19.2

168
147
157
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Empirical testing has shown that the gasoline extended range of the vehicle is on average 157
[km]. This value is close to the theoretical estimate of 173 [km]. The difference between the two
values is a result of the actual brake thermal efficiency being lower than the theoretical.
Applying the observed engine efficiency of the gasoline combustion to hydrogen would yield
5460 [W] of power per tank and an extended range of 63 [km]. Thus, the new total range of the
E-REV conversion becomes 302 [km], representing a 75% increase over the benchmark SI ICE.

5.8 – Feasibility Analysis
Although technically feasible there are a number of hurdles which must first be overcome in
order for the Dual-Fuel E-REV to become capable for mass production. By examining the results
of this study it is clear that there are a number of technological improvements that would help
improve the performance and overall feasibility of the architecture. Hydrogen as an ICE fuel has
potential to replace gasoline or at least offset the consumption of gasoline in the intermediate
term. However, the production, distribution and storage methods of hydrogen need to be
improved. Batteries, coupled with clean renewable sources of electricity, provide one of the
lowest emitting vehicle energy systems currently available. However, batteries possess extremely
low energy densities when compared to conventional motor fuels. As such, performance
characteristics such as handling and range tend to be compromised.
When compared with gasoline and diesel fuels hydrogen possesses a number of
advantages that make it particularly attractive in an ICE and E-REV. The superior emissions of
hydrogen and excellent gravimetric energy density make it an ideal candidate for supplementing
fossil fuels. That being said hydrogen still lags behind fossil fuels in terms of its ability to be
produced in large quantities and delivered efficiently to vehicles for refueling. Furthermore, the
high gravimetric energy density value that was previously quoted does not take into
consideration the weight of the storage tank or the extremely poor volumetric energy density.
For hydrogen to be considered as a replacement for fossil fuels clean renewable
production methods must be harnessed for producing large quantities of hydrogen. Two methods
in particular have shown the potential to generate a sustainable long-term supply of hydrogen.
This includes electrolysis of water using solar/wind energy and processes using waste heat
energy from a variety of sources such as a nuclear power plant. If the costs and “well-to-pump”
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emissions can be reduced then a hydrogen fuelled ICE vehicle will become increasingly
plausible for commercial production.
Once the production methods for hydrogen have been improved the distribution of the
fuel must be developed in order to rival the flexibility of fossil fuel stations. A number of options
exist for developing a hydrogen infrastructure. First, distributed fuelling, which could include inhome electrolysis and methane reformers would aid consumers in filling up their vehicles before
leaving for the day. Centralized distribution, such as the current gasoline/diesel infrastructure
would require gasoline stations to be retooled to store and distribute hydrogen. Currently, neither
system exists to the point that a hydrogen fuel car could be considered feasible.
Finally, once the hydrogen has been produced and distributed it must be stored on-board
the vehicle in an efficient manner in order to reduce the associated weight and volume required
for storage. Current on-board systems store hydrogen as a liquid, a gas, and as a hydride. The
result is a gravimetric fuel density of 6 [wt%] and a volumetric fuel density of 40 [g/litre]. This is
extremely low when compared to gasoline and diesel. As a result of the low fuel densities larger
fuel tanks must be designed to allow for a sufficient range to be obtained. In order to make
hydrogen vehicles more feasible storage densities must be raised, not to the point of being
competitive with gasoline, but to make a significant improvement on today’s values.
The battery systems associated with electric vehicles produce zero tailpipe emissions
during use and their total “well-to-wheel” emissions are dependent upon the source of electricity
used to recharge them. Thus, the first step to improving the effectiveness of battery use in
vehicles is to transition dirty coal, gasoline, and natural gas power plants to clean renewable
sources of energy such as hydrogen and wind. The next step is to improve energy storage
densities. Like hydrogen, batteries have extremely low energy densities, both gravimetric and
volumetric. In recent commercial electric vehicles, such as the Tesla Roadster, more than 500
[kg] of batteries are used to produce a range of only 200 [km]. When this is compared to a
gasoline vehicle that can travel 800 [km] on less than 50 [kg] of gas the disparity is quite
apparent. Batteries and their associated electric drive/control systems are also several times more
expensive than a gasoline ICE and balance of plant. Finally, the reliability of batteries compared
to a gasoline engine is also questionable. A typical LiFePO4 battery will last for as much as 2000
cycles as stated by battery manufacturers. Thus, it becomes apparent that a battery based system
will not likely outlast an equivalently sized ICE. As such, in order for batteries to effectively
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challenge fossil fuels for mainstream supremacy they must be able to store more energy, be more
reliable, and cost less.

5.9 – Safety Analysis
There are a number of potentially hazardous components being used in this project. As such
detailed safety analysis was conducted prior to, during, and after all stages of the design process.
The first step in the safety analysis was to conduct a Failure Modes and Effects Analysis
(FMEA). The purpose of the FMEA study is to identify potential failure modes of the vehicle
architecture and its components and to assess each failure mode based upon its causes, likelihood
of failure, severity of failure and possible safeguards. Prior to performing the FMEA the project
scope was re-defined in order to affectively evaluate components whose failures could contribute
to the failure or safety of the vehicle and its occupants. This information is available in Appendix
A1. In addition, a brief summary of hydrogen safety standards is provided in Appendix A3.
A summary of the FMEA results is presented in this section with the complete FMEA
tables in Appendix A1. The hazards have been subdivided into three categories for easier
identification (likelihood, severity, criticality (likelihood x severity)). The most likely hazards to
occur have been identified as:
•

Fuse Panel – Blown Fuse (3)

•

Battery – Low Voltage (3)

•

Electrical Wiring – Bad Connection (3)

The most severe hazards to occur have also been identified and include:
•

Exhaust System – Blocked Flow (4)

•

Storage Vessel – Rupture (4)

•

Relief Valve – Open (4)

•

Relief Valve – Closed (4)

•

High Pressure Piping – Rupture (4)

As such the most critical hazards affecting the safe operation of the hydrogen fuelling subsystem are:
•

High Pressure Piping – Rupture (8)

•

ICE – Backfire (6)

•

Fill Valve – Open (4)
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•

Relief Valve – Open (4)

•

Relief Valve – Closed (4)

•

Storage Vessel – Rupture (4)

While the least significant hazards include non critical components and outcomes such as:
•

EGR Valve – Open (1)

•

Battery – Over Voltage (1)

The results of the FMEA indicate two critical failure modes: hydrogen leaks, hydrogen and
backfire in the IC Engine as well as one reoccurring cause: hydrogen embrittlement. A number
of previous attempts have been made at examining the risks associated with the three failure
modes in hydrogen combustion based vehicles. Several engineering controls have been proposed
to deal with the problems of hydrogen use in vehicles.
These problems have been chosen for further examination due to their severity and
likelihood of occurrence which has created elevated criticality levels (Appendix A2). They are
particularly important not only because of their likelihood and severity, but also because they are
difficult to control and safeguard against. Considerable efforts have been made in the attempt of
mitigating and preventing such effects from occurring in a vehicle. The problems are often
further compacted by the wide range of operating conditions that vehicles are subjected to. From
varying temperatures and road conditions to weather and driver input; no two vehicles are ever
driven the same way or subject to the exact same set of conditions. As such, robust methods must
encompass a wide variety of scenarios including the conditions described above as well as other
less common situations such as collisions.
Pre-ignition in a spark-ignition (SI) Internal Combustion Engine (ICE) is when the fuel
begins to combust before the spark plug is lit. This is undesirable because the piston is still
moving up when the fuel begins doing work on it. Thus, the work being done by the fuel
becomes counterproductive and in many cases damaging to the engine. In some cases, if the
intake valve is not closed early enough the flame from the combustion chamber may expand into
the intake tract. This is potentially hazardous as the flame could travel all the way back to the
tank if the correct conditions exist and no flame retardant systems are in place. A number of
safeguards and engineering controls can be used to mitigate the effects of hydrogen
embrittlement.
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Hydrogen embrittlement occurs in metals that are not protected against the impregnation
of hydrogen atoms. Special materials and coatings must be used in order to prevent the tiny
hydrogen atoms from bonding amongst the metal atoms causing them to become brittle.
Hydrogen embrittlement is one cause of hydrogen leaks, although other reasons for a leak
can be found. Additional examples of failure causes for hydrogen leaks include:
•

Faulty Manufacturing

•

Damaged Seals

•

Impact damage from Collisions

•

Vibration damage from general wear and tear

•

Corrosion

After completing the FMEA the next step was to study previous work to find engineering
controls and safety integrated systems that had been designed to combat each of the problems
described above. Significant literature is available dealing with this topic. The literature survey
revealed a number of solutions for each of the described problems and presented appropriate
advantages and disadvantages of each method. This data is included in Chapter 4 – Design
Analysis in Sections 4.1.2, 4.1.3 and 4.3.4.
Finally, based on the three major failure modes a fault tree was created in order to better
understand the failure scenarios which must take place in order for the top event to occur. Using
logic gates (AND/OR) fault trees help to better depict a series of events which must occur for a
failure to occur. The fault trees are useful for designing safety systems to help prevent top level
failures (i.e. backfire, hydrogen leaks, and loss of engine power) from occurring. The FTA tables
are available for reference in Appendix A3.
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Chapter 6 – Conclusions
Urban air pollution is a major issue of concern today. A major source is attributed to vehicle
exhaust emissions, including carbon dioxide (CO2), hydrocarbon s (HC), and nitrogen oxides
(NOx). Growing global concerns over the warming of the earth’s atmosphere, air quality, and the
rise of global water levels has reinvigorated efforts regarding sustainable mobility and the future
of the automobile. With crude oil supplies expected to peak around 2010 and demand expected
to continue to increase there is a need to reduce global reliance on fossil fuels and develop
cleaner, renewable fuel sources and power generation technologies for vehicle applications.
Many experts have predicted that the hydrogen economy will one day replace the fossil
fuel infrastructure of the present. Hydrogen is a renewable energy source that can be harvested
from a number of naturally occurring sources such as water and natural gas. Hydrogen can be
used in a fuel cell or ICE to produce energy. Hydrogen can be stored on-board the vehicle as a
gas, liquid or as a hydride. A number of challenges exist in the implementation of a hydrogen
infrastructure and the mass production of hydrogen powered vehicles.
A unique power generation system has been developed for use in an extended range
electric vehicle. The system offers dual-fuel capabilities by facilitating the on-board combustion
of pressurized hydrogen gas and standard pure unleaded petroleum fuel. The vehicle’s ICE is
mated to an electric generator which is capable of recharging the vehicles battery array and
extending the range of the vehicle beyond the 65 [km] all-electric range. The benefits of dualfuel operation are numerous and present an ideal technological bridge between the
gasoline/diesel ICE vehicles of the present and hydrogen fuel cell vehicles of the future. Various
systems have been explored and implemented to protect the integrity of the battery array and
ensure that the batteries are not damaged by overcharging, low voltages, or high current draw.
The power generation architecture features a 12 [kWh] battery array rated at 48 [V],
which is capable of producing up to 2200 [A] for 20 seconds and 600 [A] of continuous power.
The battery pack can be recharged overnight via a plug-in charger rated at either 120/240 [VAC]
which will recharge the battery pack in 6.95 [h]. During travel the battery pack is recharged by
an on-board generator at 200 [A], which takes 0.73 [h] for a full charge (0-100% SOC). The
generator is a 15 [kW] peak brushed DC electric motor which is mated via a chain drive to a
250cc internal combustion engine. The ICE can be run on either gasoline or compressed
hydrogen gas. The extended range capabilities of the architecture can provide 200 [km] of
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additional travel. The hydrogen gas is stored in a Type I Stainless Steel tank with a liquid volume
of 50 [litres]. The tank can store approximately 850 [g] of hydrogen at 200 [Bar]. The gasoline is
stored in a steel storage vessel capable of storing 11 [liters] of gasoline. The final vehicle build
is illustrated in Figure 6.1. The build represents a culmination of two graduate thesis projects and
one undergraduate level project in mechanical design [2].

Figure 6.1 - Final Vehicle Build

The E-REV architecture is ideally suited for reducing global reliance and consumption of
fossil fuels. The E-REV is advantageous when compared to other vehicle architectures due to its
excellent range, emissions, and performance. Pure electric vehicles may offer better overall
emissions, but this comes at the expense of added costs due to larger more expensive battery
packs, reduced range due to limited battery capacity and poor handling due to the immense
weight of batteries. The E-REV improves on the BEV by reducing the size of the battery pack
and providing a mechanism to recharge the batteries while driving by way of an internal
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combustion engine using a high energy density fuel. When compared to a standard ICE vehicle
the E-REV architecture is able to provide a significantly higher range, comparable performance,
and reduced emissions, all at a marginally increased cost when mass production is considered.
More specifically, the Dual-Fuel E-REV Power system offers a number of unique
benefits when compared to a gasoline ICE. Exact benefits of the vehicle developed during the
course of this thesis include:
•

Overall reduced reliance on fossil fuels

•

Zero Emissions for trips less than 65 [km]

•

Zero gasoline consumption for trips less than 100 [km]

•

Reduced vehicular emissions for entire driving cycle

•

Replacement of inefficient mechanical components

•

Greater driver control

Furthermore, this research has paved the way for future work in the design and
development and conversion of a 2006 Pontiac Solstice production model.
There are a number of hurdles that must still be overcome in order to improve the
technical feasibility and cost effectiveness. First, new practices must be created in order to
develop cleaner, more cost effective and efficient methods for the generation of hydrogen. Next,
there is a need to develop better storage technologies for highly compressed hydrogen while
reducing the weight and cost of the units. Once hydrogen can be stored in sufficient energies on a
vehicle there must be a means for refueling the vehicle. An infrastructure for hydrogen
distribution must be developed to rival the flexibility of gasoline and diesel fuel. Finally, new
motors must be designed to burn hydrogen more efficiently by utilizing direct injection, piezo
electric injection, and Homogenous Charge Compression Ignition (HCCI) technology. In terms
of the batteries, improved storage densities and cycle lives will be required to improve reliability
and increase vehicle range.

6.1 - Recommendations for Future Work
When scaling the Dual Fuel extended range electric vehicle architecture for a commercial
vehicle such as the Pontiac Solstice a number of key design iterations and improvements will
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have to be made. These improvements are necessary for increasing the viability and performance
of the Solstice so that it is competitive with common gasoline ICE and hybrid ICE vehicles.

1) The first major iteration will be to replace the carbureted internal combustion engine with a
direct injection ICE. The current engine is not optimized for use with hydrogen fuel, nor does it
provide the same amount of power per volume of fuel when compared with gasoline. As can be
seen in Figure 7.1 the different options for Hydrogen Injection are compared to a standard
carbureted gasoline engine. Based on this data the high pressure direct injection system is
capable of producing 20% more power than the carbureted ICE on gasoline and 35% more
power than the gaseous pre-mixed hydrogen configuration which is currently being used.

Figure 7.1 - Hydrogen Injection Methods and Energy Comparison [90]

Additionally, hydrogen engines are said to undergo even greater performance
improvements when the system is subject to forced induction by way of turbo charging or
supercharging. In order to reduce the weight of the vehicle relative to the base model it will be
necessary to reduce the size of the ICE. Reducing the ICE’s displacement will also serve to free
up valuable space within the engine compartment and reduce thermal emissions in the engine
compartment.

2) The second major improvement that will be required when re-designing the system is to
utilize a higher voltage battery pack. The current battery system is designed to operate at a peak
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voltage output of 60 [VDC]. This voltage was selected as it matched the input of the DC motors
and was able to provide sufficient power for the vehicle to reach highway speeds in excess of
100 [km/h]. For a heavier vehicle the motors will require a significantly higher operating voltage.
High voltage systems introduce a number of unique issues not seen in lower voltage
architectures. One such issue is the introduction of harmonics caused by high voltage sources
which can introduce gains in electrical equipment in the vicinity of the battery pack and high
voltage wires. This issue must be carefully resolved by properly positioning, insulating, and
wiring components within the framework of the Pontiac Solstice (GM).

3) The third design change will be to replace the current brushed permanent Magnet DC Etek-R
motor of the generator with a brushless DC motor (BLDC). BLDC motors are advantageous as
they are typically more efficient and reliable then BDC motors. BLDC motors also have the
advantage of producing less electromagnetic interference, which is extremely important in an
electric vehicle. BLDC motors have also been shown to have a longer cycle life then BDC
motors. The main disadvantage of using a BLDC motor when compared to the Brushed
Permanent Magnet motor is the cost.

4) Finally, the gaseous hydrogen storage tank should be upgraded from the current Type I
pressure vessel to a Type IV tank. By moving from a Type I to a Type IV tank the operating
pressure of the system is increased from 206 [Bar] (3000 [PSI]) to 690 [Bar] (10000 [psi]). For a
tank with a fixed volume, changing the operating pressure from 206 to 690 [Bar] will result in an
increase in the mass of hydrogen by a factor of 3.35 as shown in Equation 7.1 to 7.6.



where,

P = 20600 [KPa]/69000 [KPa]
V = 0.05 [m3] (50 [L])
R = 8.31 [J/mol K]

(7.1)
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T = 298 [K]
WH = 2.016 [g/mol]
Thus @ 206 [Bar],
mH = [((20600000) * (0.05))/((8.31) * (298))] * 2.016

(7.2)

mH = 839 [g]

(7.3)

mH = [((69000000) * (0.05))/((8.31) * (298))] * 2.016

(7.4)

mH = 2810 [g]

(7.5)

And @ 690 [Bar],

According to,



 

(7.6)

The amount of energy stored within the hydrogen will also increase by a factor of 3.35 with the
implementation of a Type IV tank.

5) Furthermore, it will prove advantageous to select more permanent materials for the creation of
a commercial prototype. For example, the battery/electronics box was created using ½” plywood
because it was easy to work with and relatively cheap. In the next design iteration the wooden
box should be replaced with a lightweight, heat resistant composite case which will help to
reduce the storage space required for the electronics and improve cooling throughout the system.

6) In addition to technical changes additional research should be done to evaluate more
thoroughly the cost consequences of hydrogen embrittlement as an engineering problem in the
context of the hydrogen vehicle economy. Vehicles are subject to a variety of
weather/temperature conditions which may facilitate embrittlement as such a study should be
performed to examine the exact effects of temperatures ranging from -40ºC to 140ºC. This
represents the range of temperatures that the vehicle may be subject to.

137
7) Another interesting point of research would be to expand the current fault tree analysis
applying probabilities to each of the events to better understand the risk associated with events
such as hydrogen embrittlement, hydrogen leaks, and backfire especially as they relate to
passenger and public health and safety. Quantitative analysis would provide a more reliable
feedback on the problems of hydrogen vehicle systems and allow for more suitable safety
systems design.

138

References
[1] International Energy Network. (2009) Demand for Oil and Gas,
http://ieneurope.com/eng/oil-and-gas-investing.html. Last Accessed March 1, 2009.

Available:

[2] Bernacki, M. Design and development of an extended range electric by-wire/wireless hybrid
vehicle with a near wheel motor drivetrain. M.ASc Thesis, UOIT, Accepted: June 2009.
[3]
Giovanni
Motorsports.
(2009)
250cc
Dune
Buggy.
Available:
http://www.giovannibikes.com/Dune-Buggies-23783/3700543-New-250cc-4-StrokeDune/ProductInfo.aspx. Last Accessed 8 January 2009.
[4] Mildenberger, U., and Khare, A. 2000. Planning for an environmentally friendly car.
Technovation, 2: 205–214.
[5] Wikipedia contributors, Hydrogen, Wikipedia, The Free Encyclopedia, (2008) Available:
http://en.wikipedia.org/w/index.php?title=Hydrogen&oldid=222454840. Last accessed 30 June
2008.
[6] Department of Energy USA. Hydrogen posture plan: an integrated research, development and
demonstration
plan,
(2004).
Available:
www.eere.energy.gov\hydrogenandfuelcells\posture_plan04.html. Last Accessed: 12 Dec 2008.
[7] Schlapbach, L., Zuttel, A., Hydrogen Storage Materials for Mobile Applications. NATURE
Insight Review Articles. Vol 414, 15 November 2001, pp. 353-358.
[8] Thomas C.E. et. Al., Fuel options for the fuel cell vehicle: hydrogen, methanol, or gasoline?
Int. J. of Hydrogen Energy 25 (2000) pp. 551-567.
[9] Bossel U., Eliasson B., Taylor G., The future of the hydrogen economy: Bright or Bleak?
Journal of Kones International Combustion Engines 2004 vol. 11 No. 1-2.
[10] Lashof, B.A., and D. R. Ahuja. 1990. Relative contributions of greenhouse gas emissions to
global warming. Nature 344:529-531.
[11]
Brittanica Student Encyclopaedia. (2006) internal combustion engine. Available:
http://student.britannica.com/comptons/art/print?id=66070&articleTypeId=0. Last accessed 19
Dec 2007.
[12]
Lave L, MacLean H, Hendrickson C, Lankey R. Life-cycle analysis of alternative
automobile fuel/propulsion technologies. Environ Sci Technol 2000;34(17):3598–605.
[13] MacLean, H. L. and Lave, L. B., “Evaluating Automobile Fuel/Propulsion System
Technologies”, Prog. Energy Combust. Sci., 29, (2003), pp. 1-69.

139
[14] Wikipedia contributors, Compressed natural gas," Wikipedia, The Free Encyclopedia,
http://en.wikipedia.org/w/index.php?title=Compressed_natural_gas&oldid=288601654
Last
Accessed May 9, 2009.
[15] Allen, M. How far can you drive on a bushel of corn? Crunching the numbers on alternative
fuels. Popular Mechanics, May 2006 Issue.
[16] Meng Ni, Dennis Y.C. Leung, Michael K.H. Leung, K. Sumathy. An overview of hydrogen
production from biomass. Fuel Processing Technology 87 (2006), pp. 461-472.
[17] Siuru, Bill. Today’s Improved Diesel Engine Technology. (10/01/2007) Available:
http://www.greencar.com/articles/todays-improved-diesel-engine-technology.php. Last accessed
19 Dec 2007.
[18] U.S. Department of Energy. Appendix B – Transportation Energy Data Book. (2009),
Available: http://cta.ornl.gov/data/appendix_b.shtml. Last Accessed 2 Mar 2009.
[19] Beer, T. et. al. Comparison of Transport Fuels: Final Report to the Australian Greenhouse
Office. (2001) Available: http://www.cmar.csiro.au/e-print/open/beer_2001a.pdf. Last Accessed:
2 Mar 2009.
[20] Markel, T. et. al. Plug-in HEV’s: A near-term option to reduce petroleum consumption from
FY05 Milestone Report. (2005) National Renewable Energy Laboratory. Available:
http://www.nrel.gov/docs/fy06osti/39415.pdf. Last Accessed: 18 Jan 2009.
[21]
Rutman,
J.
Hybrid
Car
Proposal.
(2005)
http://physics.technion.ac.il/~rutman/proposal.htm. Last Accessed: 8 Dec 2008.

Available:

[22] Stewart, Ben. Chevy Volt Plug-in Car’s Batteries Ready for 2010. Popular Mechanics.
(2008) Available: http://www.popularmechanics.com/automotive/new_cars/4257460.html. Last
Accessed: 3 Jan 2009.
[23] Aceves, S.M. et. al., Optimization of a CNG Series Hybrid Concept Vehicle. International
congress and exposition of the Society of Automotive Engineers (SAE), Detroit, MI (United
States), 26-29 Feb 1996.
[24] Di Wu, Williamson S.S., A novel design and feasibility analysis of a fuel cell plug-in hybrid
electric vehicle. Proceedings 2008 IEEE Vehicle Power and Propulsion Conference, VPPC
2008, Harbin, China, ISBN: 978-1-4244-1848-0, 2008.
[25] He, X. et. al.: Development of a Hybrid Electric Vehicle with a Hydrogen-Fueled IC
Engine. IEEE Transactions on Vehicular Technology, Vol. 55, No. 6, November 2006.
[26] Markel, T., Simpson, A. Plug-in Hybrid Electric Vehicle Energy Storage Design. National
Renewable Energy Laboratory. (2006) Available: http://www.nrel.gov/docs/fy06osti/39614.pdf.
Last Accessed: 14 Oct 2008.

140

[27] Berdichevsky, G., Kelty, K., Straubel, JB. and Toomre, E. The Tesla Roadster Battery
System.
Tesla
Motors.
(2006)
Available:
http://www.teslamotors.com/display_data/TeslaRoadsterBatterySystem.pdf. Last Accessed: 8
Nov 2008.
[28]
Unknown.
(2007).
The
electric
Tesla
Roadster.
Available:
http://marketplace.publicradio.org/i/slides/2006/tesla/tesla_stock.jpg. Last accessed 24 Nov
2007.
[29] Lovgren, Stefan. (2005). Spray-on Solar-Power Cells are True Breakthrough, National
Geographic
News.
Available:
http://news.nationalgeographic.com/news/2005/01/0114_050114_solarplastic.html.
Last
Accessed: 2 May 2009.
[30] Caltech. (2007). Fuel Cells for Sustainable Energy. California Institute of Technology,
Available: http://addis.caltech.edu/images/oxide%20ion%20%20fuel%20cell.png. Last accessed
4 Dec 2007.
[31] NREL. (2009). What is a fuel cell vehicle? National Renewable Energy Laboratory,
Available: http://www.nrel.gov/vehiclesandfuels/whatis_fuelcell.html. Last Accessed: 6 January
2009.
[32] Zero Pollution Motors. How the CAE Engine Works.
http://zeropollutionmotors.us/?page_id=64. Last Accessed: 21 Jan 2009.

(2008)

Available:

[33] Huang, K.D. et. al., Hybrid pneumatic-power system which recycles exhaust gas of an
internal-combustion engine. Applied Energy 82 (2005), pp. 117-132.
[34] Cengel Y. and Boles M. Thermodynamics: An Engineering Approach, 4/e. (2006) USA,
Section 4-3, 4-4.
[35] Edmunds.com, 2009 Honda Civic Review and Specs. (2008) Available:
http://www.edmunds.com/honda/civic/2009/review.html. Last Accessed: 2 Jan 2009.
[36] Wilson, Greg. First Drive: 2009 Volkswagon Jetta TDI, Canadian Driver. (2008) Available:
http://www.canadiandriver.com/2007/12/07/first-drive-2009-volkswagen-jetta-tdi.htm.
Last
Accessed: 2 Jan 2009.
[37] CarandDriver.com. 2009 Honda Civic Hybrid –Review. (2008)
http://www.caranddriver.com/blog/2008/08/2009-honda-civic-hybrid-review.html.
Accessed: 2 Jan 2009.

Available:
Last

[38] Brown, Joe. Hydrogen Bombing down the Track. Cnn.com. (2007) Available:
http://www.cnn.com/2007/TECH/03/09/cars.hydrogen.popsci/index.html. Last Accessed: 2 Jan
2009.

141

[39] Blanco, Sebastian. Miles EV CEO talks about highway speed electric sedan, company's
future. (2008) Available: http://www.autobloggreen.com/2008/12/05/miles-ev-ceo-talks-abouthighway-speed-electric-sedan-companys/. Last Accessed: 4 Jan 2009.
[40] Hekkert, M.P. et. al., Natural gas as an alternative to crude oil in automotive fuel chains
well-to-wheel analysis and transition strategy development. Energy Policy 33, (2005) pp. 579594.
[41] Weiss MA, Heywood JB, Drake EM, Schafer A, AuYeung FF. On the road in 2020: a lifecycle analysis of new automobile technologies. Energy Laboratory Report MIT EL00-003,
Cambridge, MA: Energy Laboratory, Massachusetts Institute of Technology; October 2000.
[42] General Motors Corporation, Argonne National Laboratory, BP, Exxon Mobil and Shell,
vol. 1. Well-to-wheel energy use and greenhouse gas emissions of advanced fuel/vehicle
systems—North American Analysis. Executive Summary
Report; April 2001.
[43] United States Environmental Protection Agency, Office of Transportation and Air Quality.
Greenhouse Gas Impacts of Expanded Renewable and Alternative Fuels Use. EPA420-F-07-035,
April 2007.
[44] Brekken M, Durbin E. An analysis of the true efficiency of alternative vehicle powerplants
and alternative fuels. SAE 981399; 1998.
[45] Ogden JM, Steinbugler MM, Kreutz TG. A comparison of hydrogen, methanol, and
gasoline as fuels for fuel cell vehicles: implications for vehicle design and infrastructure
development. J Power Sources 1999;79:143–68.
[46] Delucchi MA. A lifecycle emissions analysis: urban air pollutants and greenhouse-gases
from petroleum, natural gas, LPG, and other fuels for highway vehicles, forklifts, and household
heating in the US. World Res Rev 2001;13(1): 25–51.
[47] Levelton Engineering Ltd. Alternative and future fuels and energy sources for road vehicle.
Prepared for Transportation Issue Table. National Climate Change Process, Canada.
[48] US Fire Administration. Highway Vehicle Fires. Topical Fire Report Series Volume 9, Issue
1 / September 2008, pp. 1-11.
[49] Winter, C. J. & Nitsch, J. Hydrogen as an Energy Carrier: Technologies, Systems, Economy
(Springer, 1988).
[50] Granovskii, Mikhail et al. Economic and environmental comparison of conventional,
hybrid, electric and hydrogen fuel cell vehicles. Journal of Power Sources, Volume 159, Issue 2,
22 September 2006, pp. 1186-1193.

142
[51] Wood, J. and Long, G. Long Term World Oil Supply (A Resource Base/Production Path
Analysis). Energy Information Administration US Government. (2000) Available:
http://www.eia.doe.gov/pub/oil_gas/petroleum/presentations/2000/long_term_supply/index.htm.
Last Accessed: 19 Nov 2008.
[52] Energy Information Administration (EIA). World Proved Reserves of Oil and Natural Gas,
Most
Recent
Estimates.
(2009)
Available:
http://www.eia.doe.gov/emeu/international/reserves.html. Last Accessed: 27 Nov 2009.
[53] Kelkar, M. Natural Gas Production Engineering. Pennwell Corporation (2008), USA.
[54] Jenkins, B.M. et al. Combustion properties of biomass. Fuel Processing Technology 57.
(1998) pp. 17-46.
[55] Tarascon, J.M. and Armand, M. Issues and challenges facing rechargeable lithium ion
batteries. Nature Vol. 414, (2001) pp. 359-367.
[56] Wikipedia contributors, Energy Density, Wikipedia, The Free Encyclopedia, (2008)
Available: http://en.wikipedia.org/wiki/Energy_density. Last accessed 28 Oct 2008.
[57] Wright,M.C.H. List of Common Conversion Factors (Engineering Conversion Factors).
Berkeley
Astronomy
Department.
(2008)
Available:
http://astro.berkeley.edu/~wright/fuel_energy.html. Last Accessed: 29 Oct 2008.
[58] Karim, G.A.: Hydrogen as a spark ignition engine fuel, International Journal of Hydrogen
Energy 28, (2003), 569 – 577.
[59] Diel Electronica, Change Over Switch for fuel change of Gasoline to CNG / Injection Carburetor
Programmable
/
CNG
Level
Indicator.
(2009)
Available:
http://electronicadiel.com/component/page,shop.product_details/flypage,shop.flypage_new/prod
uct_id,1/category_id,1/manufacturer_id,0/option,com_virtuemart/Itemid,50/. Last Accessed: 3
May 2009.
[60] P. Barnoush., Hydrogen Embrittlement, Universitat Des Saarlandes, [Last visited: Feb 27,
2009], Available:
http://www.uni-saarland.de/fak8/wwm/research/phd_barnoush/hydrogen.pdf
[61] Hydrogen embrittlement. (2009, February 25). In Wikipedia, The Free Encyclopedia, [Last
visited:
Feb
27,
2009],
Available:
http://en.wikipedia.org/w/index.php?title=Hydrogen_embrittlement&oldid=273262080
[62] Hydrogen embrittlement. (2007). Plating Systems & Technologies, [Last visited: Feb 27,
2009], Available: http://mechanicalplating.com/hydrogen.htm
[63] J. G. Nelson and G. T. Murray. Prevention of hydrogen embrittlement by a TiO2 surface
layer, Metallurgical and Materials Transactions A Volume 15, Number 3 / March, 1984, 597600.

143

[64] Fuelcellsensor.com. (2009) Hydrogen Sensor for Automotive Fuel Cells from the Argus
Group, [Last visited: Feb 27, 2009], Available: http://www.fuelcellsensor.com.
[65] Thomas, C.E. et. al. Affordable hydrogen supply pathways for fuel cell vehicles. Int. Journal
of Hydrogen Energy, Vol 23, No. 6, (1998) pp. 507-516.
[66] Gambone, L., CNG Cylinders 101, NG Transit Users Group Meeting, Clean Vehicle
Education
Foundation
(2005)
Available:
http://www.cleanvehicle.org/technology/CNGCylinderDesignandSafety.pdf. Last Accessed: 4
Mar 2009.
[67] Zuttel, A. Hydrogen Storage Methods. Naturwissenschaften (2004) 91:157–172
[68] U.S. Department of Energy Efficiency and Renewable Energy. Status of Hydrogen Storage
Technologies.
(2007)
Available:
http://www1.eere.energy.gov/hydrogenandfuelcells/storage/tech_status.html. Last Accessed: 16
Nov 2008.
[69] M. Ehsani, et al.: Modern Electric, Hybrid Electric and Fuel Cell Vehicles: Fundamentals,
CRC Press, (2004).
[70] CFMoto, CFMoto 172mm Engine Service Manual. (2008).
[71] Kates, E.J., Diesel and High-Compression Gas Engines Fundamentals 2nd Ed. American
Technical Society. (1965). Chicago, USA.
[72] Engines Only., Dyno Charts, (2006) Available: http://www.xr100.com/dyno.htm, Last
Accessed: 10 May 2009.
[73] Helmut Buchner, Trends in the development of hydrogen-powered vehicles using hydride
storage, Hydrogen: Energy Vector of the Future (Conference held on 24-25 March 1981, Essen,
Germany), pp. 127-148, Graham and Trotman, (1983).
[74] F. E. Lynch, Parallel induction: a simple fuel control method for hydrogen engines,
Hydrogen Energy Progress IV. Prec. 4th Worm Hydrogen Energy (Conf, Pasadena, California,
13-17 June, pp. 1033 1051, Pergamon Press, New York (1982).
[75] Walter Peschka and W. Nieratschker, Experience and special aspects of mixture formation
of an Otto engine converted for hydrogen operation. Int. J. Hydrogen Energy 11. 653-659.
(1986).
[76] Li Jing-ding, Lu Ying-qing and Du Tian-shen. Improvement on the combustion of a
hydrogen-fuelled engine, Int. J. Hydrogen Energy 11,661~-168 (1986).

144
[77] Erol Kahramana, S. Cihangir Ozcanlı, Baris Ozerdem. An experimental study on
performance and emission characteristics of a hydrogen fuelled spark ignition engine, Int. J.
Hydrogen Energy 32, 2066~-2072 (2007).
[78] Emerson Power Transmission., Belt and Chain Drives, 1997 Power Transmission Design,
pp. A105-A120
[79] Etek, Etek-R Motor Curve and Drawing, (2009) Available: http://www.thunderstruckev.com/etek_curve.htm. Last Accessed: 19 Dec 2008.
[80] U.S. Tsubaki, RS Roller Chain Selection Guide. (2009) Available:
http://www.ustsubaki.com/pdf/gen_catalog/gen_a21-a24.pdf. Last Accessed: 8 Mar 2009.
[81] Lodge, C.J.: A model of the tension and transmission efficiency of a bush roller chain, J
Mechanical Engineering Science Vol 216 Part C, (2002), 385-394.
[82] Kiehne, H.A., Battery Technology Handbook Second Edition. Expert Verlag (2003). New
York, USA.
[83] Matt
W.:
Sizing
your
battery
pack,
(2008) Available:
http://www.diyelectriccar.com/forums/showthread.php?t=11709. Last Accessed: 15 Feb 2009.
[84] Bastian, A. et al., Racecar Aerodynamics… Baja Beetle. 2009. Available:
http://antipasto.union.edu/~bonom/BajaPresentation.ppt. Last Accessed: 20 June 2009.
[85] Brant, B.: Build your own electric vehicle, McGraw-Hill, New York, USA, (1994).
[86] Dilkes, R. TS90 Battery Management System Connections. EV Power Australia. (2009)
Available: http://www.evpower.com.au/-Thundersky-Battery-Balancing-System-.html. Last
Accessed: 8 Mar 2009.
[87] Goodridge, G. 16 – Cell Battery Management System. Tppacks.com, (2008) Available:
http://www.tppacks.com/products.asp?cat=26. Last Accessed: 19 Sep 2008.
[88] RBE Electronics. (2009) Wire Gauge Tables. http://www.rbeelectronics.com/wtable.htm
Last Accessed on: 18 December 2008.
[89] Guzzella, L. y Amstutz, A.: QSS-Toolbox Manual, Engine Systems Lab, Institute of Energy
Technology,
Eidgenössiche
Tecnische
Hochschule,
Zurich,
(1999)
Available:
http://www.imrt.ethz.ch/research/qss. Last Accessed: 6 Mar 2009.
[90] Clean Air Alliance, Electricity Choices – Calculate your air quality impact, (2009)
Available: http://www.cleanairalliance.org/choices/calculate.html, Last Accessed: 16 Mar 2009.
[91] College of the Desert Hydrogen Fuel Cell Engines and Related Technologies Rev 0,
December 2001,” unpublished.

145

[92] NASA, Ideal Otto Cycle, (2009) Available: http://www.grc.nasa.gov/WWW/K12/airplane/otto.html, Last Accessed: 19 Mar 2009.
[93] Fuelcellstandards.com, Hydrogen and Fuel Cell Vehicle Standards (2009). Available:
http://www.fuelcellstandards.com/vehicle_apps.html, Last Accessed: 21 June 2009.
[94] IPHE, Int’l Partnership for a Hydrogen Economy,
http://www.iphe.net/index.html, Last Accessed: 21 June 2009.

(2009).

Available:

[95] Bernacki, M. and Pop-Iliev, R., “Design and Development of an Independent Hub Motor Rear
Drive Electric Vehicle with Electronic Differential”, EVS-24, The 24th International Battery,
Hybrid and Fuel Cell EV Symposium and Exhibition, May 13-16, 2009, Stavanger, Norway,
Accepted (2009)
[96] Van Wieringen, M. and Pop-Iliev, R. “Design and Development of a Dual-Fuel (Hydrogen +
Gasoline) Propulsion System for an Extended Range Electric Vehicle”, EVS-24, The 24th
International Battery, Hybrid and Fuel Cell EV Symposium and Exhibition, May 13-16, 2009,
Stavanger, Norway, Accepted (2009)
[97] Van Wieringen, M. and Pop-Iliev, R., “Technical Analysis of a Dual-Fuel (Hydrogen and
Gasoline) Extended Range Electric Vehicle for Component Selection and Design”, The Clean
Technology Conference and Expo, May 3-7, 2009, Houston, Texas (2009)
[98] Van Wieringen, M., Bernacki, M. and Pop-Iliev, R., “Design and Development of a Plug-In
By-Wire(less) H-ICE E-REV”, Proceedings 2008 IEEE Vehicle Power and Propulsion
Conference, VPPC 2008, Harbin, China, Paper ID: H08418, IEEE Catalog Number: CFP08VPPPRT, ISBN: 978-1-4244-1848-0, pp. 29 (2008)
[99] Van Wieringen, M., Bernacki, M. and Pop-Iliev, R., “A Customized Sustainable Mobility
Conversion Concept”, Proceedings (on a CD ROM) of the 3rd European Ele-Drive Transportation
Conference (EET-2008), International Advanced Mobility Forum (IAMF), March 11-13, 2008,
Geneva, Switzerland (2008)

146

Appendix A1 – Safety Analysis
A1.1 - Target System Definition
The hydrogen fuelled series hybrid electric vehicle (HEV) is equipped with a hydrogen storage
reservoir, hydrogen fuel system, and internal combustion engine (ICE), in addition the wide
array of standard vehicle components. The vehicle is fuelled with high pressure compressed
hydrogen gas at pressures up to 700 [Bar]. The hydrogen storage vessel can be comprised of a
number of different materials based upon the operating pressure of the system. The tanks are
rated from 1-4 and for pressures up to 700 [Bar] will always be a Type IV tank composed of a
polymer liner fully wrapped with a carbon/glass fiber shell. Hydrogen tanks must be certified by
a number of organizations in order for them to be considered road worthy. Organizations such as
ISO, ASME, and the Department of Transportation all maintain their own standards for high
pressure storage vessels.
The operation of the ICE is essentially the same as a gasoline ICE and the combustion
process follows the Otto Cycle. Spark Ignition (SI) ICE’s use a spark plug to ignite pre-mixed
fuel and air. SI ICE’s operate on either a four or two stroke cycle. The four stroke Otto Cycle is
illustrated in Figure A1.1 and follows these steps.
•

Adiabatic compression

•

Heat addition at a constant volume

•

Adiabatic expansion

•

Rejection of heat at a constant volume

Figure A1.1 - Standard Otto Cycle [92]
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The ICE can be run on hydrogen fuel in a number of different forms and iterations. For example,
hydrogen can be supplied as either gaseous or liquid fuel and can be combusted in any variety of
engine types including: Carbureted, fuel injected, direct injection, and homogenous charge
compression ignition. For simplicity the ICE in this system will be an SI Carbureted engine.
A hydrogen series HEV can be equipped with the same standard safety systems as a
conventional gasoline or diesel vehicle such as: anti-lock brakes, air bags, traction control, seat
belts, lights, and a horn. A basic schematic of the hydrogen fuelling and management system is
shown in Figure A1.2. Contained within the system are five sub-systems arranged based on the
type of energy/matter that is being transferred.
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Shutoff
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Figure A1.2 - Hydrogen Fuelling System

The system functionality although complex in nature can be simplified tremendously to
aide in the FMEA process. Essentially, hydrogen enters the system through the fill valve where it
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is directed to enter the hydrogen storage tank via a high pressure line. The pressure of the tank is
monitored continuously and is equipped with a high pressure relief valve and a manual shut-off
valve which can be used to stop the flow of hydrogen entirely. When the vehicle is started
hydrogen is pulled from the storage reservoir where it is in 4 stages reduced to near atmospheric
pressure so that it can be mixed with air prior to entering the engine. The reduction is
accomplished with two unique devices, one a high pressure regulator, reducing the pressure from
10000 [psi] to 3000 [psi], and the other a 3-stage heated regulator reducing the pressure from
3000 [psi] to 40 [psi]. Once the hydrogen pressure has been reduced it is mixed with air through
the mixer and enters the engine via the carburetor. The carburetor can be removed if gasoline is
no longer used in the vehicle, but will remain in dual-fuel configurations. In order to reduce the
likelihood of backfire in the engine and exhaust gas recirculation circuit is put in place to mix
exhaust gas with the air/fuel mixture in an attempt to reduce the combustion temperature. A
knock sensor is used in conjunction with the EGR circuit in order to regulate the amount of
exhaust gas entering the system. Electricity is supplied to the various components from the
vehicles 12 [VDC] lead-acid battery, which is recharged from the motor via the alternator. The
fuse panel is integrated into the electrical system between the battery and the electrical
components in order to protect the components from damage in the event poor power
distribution. The engine control unit (ECU) is the master computer, or the brain of the vehicle,
and it controls all facets of data intake and transfer. The ECU takes input from all sensors and is
capable of controlling the engine operation, spark advance, air-to-fuel ratio, EGR circuit, and
knock.

A1.2 – FMEA Resolution
The resolution of the FMEA analysis will be at the sub-system level when we consider an entire
vehicle: as such the hydrogen fuelling system is a sub-system within the body of the vehicle. The
sub-system is responsible for safely storing and providing power on demand to the vehicles
wheels and accessories through the conversion of chemical energy to mechanical energy and the
conversion of mechanical energy to electrical energy. Contained within the hydrogen fuelling
system are a number of sub-systems such as:
•

Mechanical

•

12 [VDC] Electrical
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•

Gaseous Fuel Transfer

•

Liquids

•

Data/Information

Each sub-sub-system will be examined in greater detail as part of the FMEA analysis and as it
relates to the overall functionality of the hydrogen fuelling sub-system.

A1.3 – FMEA Focus
The focus of the FMEA analysis will be two-fold. The primary importance is as always the
safety of the vehicles driver and passengers as well as pedestrians and the general public. This is
inclusive of all vehicle operation modes including: storage, refueling and driving. The secondary
focus will be with regards to the longevity and cost of repairing/replacing components in the
event of a failure or fault. It is important that components are designed to meet the rigors of
varying driving styles as well as weather and roadway conditions.

150

A1.4 - FMEA Analysis

Item

Failure
Mode

Failure
Causes

Open

- Broken Seal
- Broken Ball
valve
-Embrittlement

Closed

- Broken Ball
valve
- Corrosion
- Faulty
manufacturing

Rupture

- Corrosion
- Impact
- Faulty
Manufacturing
Embrittlement
- High pressure

No Flow

- Corrosion
- Mechanical
Blockage

Fill
Valve

High
Pressure
Piping

Failure
Effects

- Leakage
- Loss of
hydrogen
pressure
- Vehicle
becomes
inoperable

S
e
v
e
r
i
t
y

P
r
o
b
a
b
i
l
i
t
y

C
r
i
t
i
c
a
l
i
t
y

Counter
Measures/Remarks

- Robust design
- Use coated material
resistant to hydrogen
embrittlement
2 2 4 - High-quality
design/manufacturing
- Design for repeated use
- Fill valve vents to
atmosphere

- Robust design
- Design for repeated use
- Vehicle
- Corrosion resistant
cannot be
1 2 2
materials
refueled
- High-quality
design/manufacturing
- Leakage
- Corrosion Resistant
- Loss of
- Insulated and protect
hydrogen
piping to reduce chances of
pressure
impact
- Vehicle
- Do not route through
4 2 8
becomes
passenger compartment
inoperable
- High-quality
- Potential for
- Use coated material
fire/asphyxiat
resistant to hydrogen
ion
embrittlement
- Engine
- Corrosion Resistant
loses power
2 1 2 - Insulated and protect
- Vehicle
piping to reduce chances of
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- Impact

becomes
impact
inoperable
- Leakage
- High Quality
- Loss of
- Over-engineer components
hydrogen
to withstand pressures/wear
pressure
4 1 4
- Use coated material
- Potential for
resistant to hydrogen
fire/asphyxiat
embrittlement
ion
- High
pressure
build-up
- Corrosion resistant
4 1 4 materials
- Rupture
- Potential for
- High quality
fire/asphyxiat
ion

Open

- Broken Valve
Spring
Embrittlement
- Broken Seal

Closed

- Corrosion
- Faulty
manufacturing

Open

- Broken Seal
- Broken valve
Embrittlement

- Loss of
- Use coated material
system
resistant to hydrogen
control in
2 1 2
embrittlement
event of other
- Robust high quality design
failure

Closed

- Faulty
manufacturing
- Corrosion
- Crossthreaded

- Engine
loses power
- Vehicle
becomes
inoperable

Storage
Vessel

Rupture

- High Pressure
- Faulty
Manufacturing
- Impact
- Corrosion
Embrittlement

Reducer

No Flow

- Mechanical
Blockage
- Corrosion

Relief
Valve

Shut-off
Valve

- Corrosion resistant
materials
- High quality robust design
2 1 2
- Select materials that are
suitable for long term use in
a vehicle
- Use coated material
- Leakage
resistant to hydrogen
- Loss of
embrittlement
hydrogen
- Corrosion resistant
pressure
materials
- Vehicle
- High quality robust design
4 1 4
becomes
- Store outside of the
inoperable
passenger compartment
- Potential for
- Mount tank in such a
fire/asphyxiat
manner that it is less likely
ion
to be damaged in an
accident
- Engine
- Corrosion resistant
loses power
materials
- Vehicle
2 1 2 - High quality materials and
becomes
simplified design
inoperable
- Shield from the elements
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- Loss of
Improper coolant
- Faulty
Red.
manufacturing

Mixer

Embrittlement
- Corrosion
Improper
- Mechanical
Mixing
Blockage
- Faulty
manufacturing

- Leakage on
low pressure
side
Backfire/expl
osion in
engine
- No
combustion
(too lean)
Backfire/expl
osion (too
rich)

- High quality robust design
- Ensure adequate sealing
2 1 2
methods are used during
assembly

- Use coated material
resistant to hydrogen
embrittlement
3 1 3 - Corrosion resistant
materials
- High quality robust design
- Shield from the elements

Backfire

- Too much
fuel
- High
Temperature
- Clogged
valves
- Sediment
build up
- Improper
timing
- Improper
compression

- Damage
- Appropriate design for
ancillary
hydrogen use
components
- Initiate preventive
- Engine
maintenance program on
3 2 6
Damage
behalf of the user (i.e
- Potential for
regular oil changes etc.)
explosion
- Redundant electrical
- Reduced
connections
engine power

Blocked
Flow

- Sediment
build-up
Environmental
blockage (rock
etc.)

- Pressure
- Proper design, eliminate
build-up
bottle necks and collection
- Leakage
points
inside car
- Corrosion resistant
4 1 4
- Potential for
materials
asphyxiation
- Design to avoid entry of
- Engine
foreign objects (rocks,
damage
leaves etc.)

ECU

Logic
Error

- Short Circuit
- Bad
component
- Programming
Error
- Sensor error

- Redundant processor and
- Bad data
electrical connections
sent to
supplementar 2 2 4 - Well protected from debris
and the elements
y components
- Error handling routines

Elec.
Wiring

Short
Circuit

- Impact/cut in
insulation
- Corrosion

- Loss of data
to ECU
- Component

ICE

Exhaust
System

- Corrosion resistant
1 2 2 materials
- Proper
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damaged

- Corrosion
- Vibration

- Loss of
power to
component
- Loss of data
to ECU

Low
Voltage

- Bad Battery
- Alternator not
charging
- Bad
connection
- Corrosion

- Engine
loses power
- Vehicle
won’t start
- Vehicle
inoperable

Over
Voltage

- Blown fuses
- Bad battery
- Fuses are there for a
- Melted
1 1 1
- Bad alternator
reason
wires

Blown
Fuse

- Bad battery
- Short Circuit

- Loss of
functionality
from
component

- Faulty
manufacturing
Improper
- Leak
Red.
- Improper
installation

Leakage/rupt
ure on low
pressure side
- Damaged
reducer

Bad
Conn.

Battery

Fuse
Panel

High
Pressure
Reg.

No Flow

Knock
Sensor

insulation/protection used to
avoid damage to wires
- Corrosion resistant
materials
1 3 3 - Properly attach
wires/harnesses and secure
firmly to vehicle body

- Corrosion
- Faulty
manufacturing
- Damaged
components

- Shorted
Component
Improper
- Bad
Rep.
connection

- Protect battery from
vibration, water damage
1 3 3
- Use corrosion resistant
material for connectors

- Well insulated
1 3 3 - Protect from water damage
and overheating

- High quality robust design
- Proper connections used
3 1 3 - Must be properly set and
tamper proof

- Engine
loses power
- Vehicle
becomes
inoperable

- Corrosion resistant
2 1 2 materials
- High quality robust design

Backfire/expl
osion
- Improper
mixing
- Loss of
engine power

- Ensure sensor can
withstand the high
temperatures and varied
2 2 4
operational conditions
- Properly insulated and
sized wiring used
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A/F
Sensor

- Shorted
Improper Component
Rep.
- Bad
connection

Open

- Improper
input from
ECU
- Broken Valve
- Bad electrical
connection

Closed

- Corrosion
- Improper
input from
ECU
- Faulty
Manufacturing
- Broken Valve
- Bad electrical
connection

EGR
Valve

Radiator

Pressure
Sensor

Loss of
Coolant

- Coolant leak
- High
Temperature
- System
Blockage

- Faulty
Manufacturing
Improper
- Corrosion
Reading
Embrittlement

- Improper
mixing
Backfire/expl
osion
- Loss of
engine power

- Ensure sensor can
withstand the high
temperatures and varied
2 2 4
operational conditions
- Properly insulated and
sized wiring used

- Reduced
engine power
- Engine may
not run

- High quality valve
- Must withstand heat,
1 1 1
vibration
- Proper insulation

- Increased
engine
temperatures
- Pre-ignition
- Backfire

- Corrosion resistant
materials
2 1 2
- High quality robust design

- Reducer
fails
- Engine
overheats
- Pre-ignition

- Properly sized for vehicle
engine
- Coolant level indicator for
driver to refill system when
2 1 2 its low
- Proper routing of coolant
lines
- Protected from high heat
sources

- Vehicle
runs out of
fuel without
driver
knowing
- High
pressure
- Rupture

- Use coated material
resistant to hydrogen
embrittlement
2 2 4
- High quality robust design
- Corrosion resistant
materials
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Carb.

No Flow

- Corrosion
- Faulty
Manufacturing
- Sediment
Build-up

- Engine
loses power
- Vehicle
becomes
inoperable

- Corrosion resistant
materials
1 2 2 - High quality robust design
- Preventative maintenance
program
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Appendix A2 – Fault Tree Analysis
A2.1 – FTA Introduction
As seen below in Table A the risk matrix has been tabulated based on the frequency and severity
of the events. The risk matrix is useful in that it defines the risk of a particular event or failure
mode using common FMEA parameters.
Table A2.1 - Risk Matrix

Frequent
Probable
Occasional
Remote
Improbable

Insignificant
Moderate
Moderate
Low
Low
Low

Marginal
High
High
Moderate
Low
Low

Critical
Extreme
Extreme
High
Moderate
Moderate

Catastrophic
Extreme
Extreme
Extreme
High
Moderate

The severity is defined in four levels; insignificant being the least severe and catastrophic
being the most severe. In order to apply the severity to real situations the following guidelines
have been used:
Table A2.2 - Severity Ratings

Severity
Insignificant
Marginal
Critical
Catastrophic

Definition
May cause component to fail or reduce system performance
Component will fail, system performance is reduced or inoperable, minor
injuries
Component fails, system inoperable, serious injuries possible
Critical system failure, loss of life

The frequency of an event occurring is defined in five levels with improbable being the
least likely to occur and frequent occurring most often. In order to quantify frequency the
following guidelines have been used:
Table A2.3 - Frequency Ratings

Frequency
Improbable
Remote
Occasional
Probable
Frequent

Definition
Will occur in 1/100 systems produced
Will occur in 1/10 systems produced
Likely to occur once over the lifetime of the vehicle
Will occur several times over the life of the vehicle
Will occur several times per year

Using the definitions presented in Table A2.2 to A2.3 will provide a better understanding
of the FMEA results as well as the risk associated with each of the described failure modes. The
risk matrix will help to better define which failures must be addressed using SIS systems and
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which can be solved using non-SIS methods. SIS methods will be allocated to events with a
significant risk rating, i.e. High and Extreme while non-SIS methods can be used for Low and
Moderate risk events.

A2.2 - Back Fire FTA
Based upon the previously completed FMEA analysis a number of critical events have been
identified and will be examined in greater detail using Event Tree Analysis techniques. These
events represent High and Extreme risks based on the data contained in Table A2.1.

Backfire

OR

Too much
fuel

High engine
Temp.

Clogged
Valves

Improper
Timing

Low
Compress.

OR

OR

OR

OR

OR

Broken
ElectroVa.
Short
Circuit
Broken
Venturi

Sediment
Build-up
EGR
Blocked
Broken
Thermostat

Sediment
Build-up

Corrosion

Broken
Valve

Short
Circuit
Logic
Error
Time Mech.
Damaged

Damaged
H. Gasket
Damaged
Valves
Damaged
P. Seals
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A2.3 - Loss of Engine Power FTA

Loss of Engine
Power

OR

No Spark

No Air

Too hi/low
Fuel

Engine
Damage

OR

OR

OR

OR

Broken
Coil

Clogged
Intake

Broken
Spark Plug

Broken
I. Valve

Dead
Battery

OR

Alternator

Broken
Camshaft

OR

Sediment
Buildup

Won't hold
charge

Broken
Electrov.
Short
Circuit

Blocked
Hose
Broken
Venturi

Broken
Valves
Head
Gasket
Piston
Damage

Corrosion
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A2.4 - Hydrogen Leak FTA

Hydrogen Leak
(General)

OR

Damaged
Component

Damaged
Connection

OR

OR

Embrittlement

High Pressure

Impact

AND

Vibration

AND

AND

No
PM
Poor
Mounting

Improper
Material

Vibration

No
PM

Poor
Mounting

AND

No
PM

Improper
Material

AND
Broken
Regulator

Corrosion

AND

Improper
Material

High Pressure

Impact

Broken
Regulator

Corrosion
Improper
Material

Embrittlement

No
PM
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Appendix A3 –Safety Standards
Currently there are a number of international efforts to develop suitable safety standards for
hydrogen based vehicles and new hydrogen technologies such as high pressure hydrogen storage
tanks, fuel cells, ICEs, regulators etc. Several major efforts are underway by the International
Safety Organization (ISO), the International Partnership for the Hydrogen Economy (IPHE), and
the Society of Automotive Engineers. In addition, a number of organizations have taken to
writing their own hydrogen safety standards depending upon their specific application of
hydrogen technology. Organizations include NASA, hydrogen distributors, and automotive
OEMs. A list of international standards documents and their scope is outlined in this section
[93-94].
Vehicle Safety

ISO 23273-1, Vehicle functional Safety
ISO 23273-2, Protection against hydrogen hazards for gaseous hydrogen vehicles
ISO 23273-3, Protection against electric shock

Vehicle Emissions and Durability

SAE J2572, Practices for measuring range, emissions, and fuel economy
ISO 23828:2008, Energy consumption for gaseous hydrogen vehicles
ISO/TR 11954, Measuring maximum speed

Vehicle Fuel Systems

CGA PS31, Cleanliness for hydrogen piping and components

Fuel Tanks

ISO TC/197, Land based vehicle gaseous hydrogen tanks
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Appendix B – CAD Documentation

Full Vehicle – Top View

Full Vehicle – Side View
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Full Vehicle – Front View
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Full Vehicle – Rear View

Full Vehicle – Isometric View
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Power System – Top View
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Power System – Side View
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168

Power System – Front View

169

Power System – Rear View

Power System – Isometric View Left
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Power System – Isometric View Right
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