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Unit 7

Worked Example 2 – Passenger Vehicles
Significance of the Automotive Industry and Vehicle Design 

Few industries in the manufacturing sector are under more pressure at present than the automotive industry. Companies are not only having to remain competitive in what many consider an over-mature market, but are also pushed by government legislation and consumer demand for vehicles that pollute less and use fuel alternatives. 

Australia’s appetite for petrol-fuelled, family-sized sedans is a primary cause of substantial greenhouse emissions for the nation. In 2002 the Australian transport sector was responsible for 79 million tonnes of greenhouse gas emissions, comprising 13% of Australia’s total emissions. Around 88% of these emissions came from road transport, such as cars, buses and trucks.
 This figure is expected to increase by 42% above 1990 emissions by 2010.
 Escalating petrol prices are further exacerbating the demand for technological change in the industry to more fuel-efficient or fuel-alternative vehicles.  

The reluctance for change from the automotive industry is a result of adopting traditional economic theory; assuming that a major improvement in fuel efficiency or emissions reduction must be traded off against cost, performance, or safety – thereby making it an unattractive option for both the manufacturer and the consumer.
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A number of technological innovations like the Prius have emerged over the last decade that fly in the face of the environment vs. economy trade-off and have challenged the conventional approach to automobile design and manufacture. One of the most impressive innovations is the Hypercar Revolution concept, conceived by the team from Rocky Mountain Institute and its partners, lead by Amory B. Lovins. The Revolution vehicle uses existing technologies with Whole System Design to show that:

· Very large improvements in fuel economy and carbon emissions may be easier and cheaper than small ones, and may not conflict with existing performance objectives.

· These improvements may bring about competitive advantage to manufacturers by reducing costs and requirements associated with capital, assembly, space, parts, and product takeback.

· A business model based on value to the customer is an advantage to manufacturers.

· Vehicle production and use will become less susceptible to fuel price, government policy, and other variable pressures.
Worked example overview

Recall the 10 Elements of applying a Whole System Design approach discussed in Unit 4 and Unit 5:

1. Ask the right questions

2. Benchmark against the optimal system

3. Design and optimise the whole system

4. Account for all measurable impacts

5. Design and optimise subsystems in the right sequence

6. Design and optimise subsystems to achieve compounding resource savings
7. Review the system for potential improvements

8. Model the system

9. Track technology innovation

10. Design to create future options 

The following worked example will demonstrate how the Elements can be applied to passenger vehicles using two contrasting examples: a conventional passenger vehicle versus the Hypercar Revolution concept. The main focus is on Elements 3, 4, and 5. The application of the other Elements will be indicated with a blue box. 
Primarily, the following vehicle subsystems will be considered:
· Structure

· Propulsion

· Chassis

· Electrical

· Trim
· Fluids
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Vehicle Design
Conventional vehicle design

The lack of variation in vehicle subsystems over the last 70 years is an indication that the conceptual design phase of producing passenger vehicles has involved little more than simply copying a previous design. 

The subsystems of almost every passenger vehicle produced in the last 70 years have the following characteristics and components:

· Structure: Made from steel due to low cost and high stiffness and durability; expensive to produce due to high tooling costs; components designed for manufacturability. 

· Propulsion: Components include internal combustion engine (ICE), starter motor, alternator, radiator, transmission, driveshaft, differential, axles and fuel tank; mostly mechanical power transmission; no energy recovery; mostly made from steel due to high strength and ductility; expensive to produce due to high tooling costs; fuel source is usually petroleum, sometimes diesel or LPG.

· Chassis: Components include suspension, braking, wheels, steering systems; mechanical function; no energy recovery; sized to support structure and propulsion systems.

· Electrical: Components include heating, venting and air conditioning (HVAC), lighting and audio systems; most components are linked with designated point-to-point wiring.

· Trim: Fabrics cover the entire structure in the passenger cabin; style based on ergonomics, fashion and safety.
· Fluids: Components include a water system for the HVAC and cooling the ICE; fuel in fuel lines; transmission fluid; brake fluid; oil and grease for lubrication of mechanical moving parts.
The subsystems are integrated to produce a passenger vehicle only after the decisions are made as to their general component composition, as in Figure 7.1.


[image: image3]
Figure 7.1. The component design strategy of conventional vehicle design
Source: The Natural Edge Project (2008)
Whole System Design
Element 3 – Design and optimise the whole system
In designing the vehicle, Element 3, ‘Design and optimise the whole system’, can be interpreted as ‘Design the system as a whole’ by considering the effect of each subsystem on every other subsystem in an integrated manner, as in Figure 7.2.


[image: image4]
Figure 7.2. The system design strategy of Whole System vehicle design 
Source: The Natural Edge Project (2008)
To explore the potential technological options, the Hypercar team started the design process with a clean sheet.
 They removed almost all constraints (political and material) associated with conventional passenger vehicle design and focussed on designing the Revolution as a whole system. This process - known as clean sheet design - provides scope for emphasis on two key features of the conceptual design phase:

1. Designing the future into the system using a process known as backcasting, which makes the benefits of the system more attractive with technological and political progress.

2. Designing components to provide multiple services, hence introducing system synergies that help overcome conventional compromises and lead to multiple, compounding benefits.

Backcasting

Several features of the Revolution, including the use of advanced composite materials, hydrogen fuel cells, the Fiberforge™ manufacturing process, and extensive electronic and software control, are a result of backcasting, as in Figure 7.3. These features were selected because they are currently viable steps on the path to a sustainable vehicle.


[image: image5]
Figure 7.3. Selecting vehicle components after backcasting from an ideal, sustainable vehicle
Source: The Natural Edge Project (2008)
The Revolution was designed to accommodate technological and political progress. As a result, the backcast upgrades to the Revolution, unlike the forecast upgrades to a conventional vehicle, are cheap and easy, and are subject to expanding returns instead of diminishing returns. 

Designing for multiple services

Generally, conventional cars are either ‘small, light, clean and efficient’ or ‘large, powerful, comfortable and safe’ – anything else involves compromise. However, these compromises do not exist until they are designed into the vehicle. The Hypercar team used clean sheet design and Whole System Design to create a vehicle that is light, clean, efficient, spacious, well-performing, comfortable, and safe.  Many conventional compromises were avoided by:

1. Designing components for multiple purposes, which results in compounding benefits throughout the Revolution.
2. Employing several advanced technologies that are currently not cost effective on their own but become cost effective when combined.
Every vehicle subsystem comes into direct physical contact with the structure subsystem.  Thus there is an opportunity to eliminate some complexity in the other dynamic subsystems by simplifying their integration with the structure or by transferring some of their functions and services to the structure.  For example, the Revolution’s structure includes suspension system mounts, cooling lines, electrical conduits and trim features,
 which lead to compounding benefits with the corresponding subsystems:

· The cooling lines are part of a single circuit, cooling system that moderates the temperature of several components.
 In contrast, conventional vehicles usually have dedicated cooling circuits for each component, which are heavier, more complex and more expensive.

· The electrical conduits are part of a network-based, electronic control system that replaces conventional, dedicated, point-to-point wiring and control. This all-in-one system reduces cost, complexity, failure modes and diagnostic problems.

· The structure’s trim features are exposed to some parts of the passenger cabin where they double as cosmetic trim.
 The trim features simplify and reduce the cost of the remaining trim.

The front end of the structure is made from mostly aluminium and provides two services to reduce complexity, mass and cost. The first service is crash resistance through energy absorption. The second service is as housing for the front end components of the propulsion system, but without the complexity of conventional, add-on, mounting structures.

The rest of the Revolution’s structure is primarily made from advanced composite materials.  The advantages of the composite materials, from which several compounding benefits are initiated, are that they are lightweight, stiff, have a low thermal mass, and provide acoustic insulation:

· The low weight and high stiffness of the composite structure make the hydrogen fuel cell-based propulsion system cost effective - which is quiet, energy efficient and virtually emissions free. Fuel cells typically require a radiator about twice the size of equivalent conventional internal combustion engines when retrofitted into existing cars. However, the low mass of the Revolution’s structure can lead to a reduction in required propulsion power by a factor of up to five, reducing the size of the fuel cell, which means that overall the radiator is smaller than that of a conventional vehicle.
  

· The fuel cell power is supplemented with battery power which is used to meet peak loads, such as during acceleration, towing and driving up an incline. The batteries are partly charged by the braking system, which captures braking energy. Since passenger vehicles usually brake as much as they accelerate, the batteries rarely need charging.

· The low thermal mass of the structure also provides a thermal insulation service, which, with the integrated cooling lines, helps simplify and quieten the climate control system. The Revolution’s windows also assist with climate control. The windows employ spectrally selective glazing, which reduces infrared (heat) gain in the passenger cabin.

· The quiet fuel cell-electric system and climate control system, coupled with acoustic insulation provided by the composite structure, make for a more comfortable ride.

Only about 7.5% of the mass of a conventional vehicle is from composite or plastic materials, most of which are for non-structural components.
  The conventional opinion is that producing composite components involves high labour and hence high cost.  However, the Hypercar team used ‘clean sheet’ design to devise a method of cost effectively producing the Revolution’s extensive catalogue of composite parts. In fact, the set up costs are a fraction of tooling costs for conventional, steel vehicles.
 

The advantages of the production method are a result of multiple benefits and synergies between material selection, subsystem design, and a production process called Fiberforge™:

· The composite materials produced for the Revolution contain about 55%-65% fibre material, compared with 20%-30% for conventional composite materials.
 The fibre material is responsible for most of the strength and stiffness of the composite, which means that the Revolution’s composite can get the same performance with less mass and cost than the conventional composite. The Revolution’s composite uses long discontinuous fibre (LDF) carbon, which - when compared to using continuous fibres - improves stretchability, processability and formability with very little loss in strength and stiffness.

· The Revolution’s structure subsystem consists of only 14 major parts - about 65% fewer than that of a conventional structure, and only 62 total parts – about 77% fewer than that of a conventional structure,
 which simplifies assembly and reduces effort by about 80%-90%.
  Although some parts have complex surface geometry, all are shallow and few require sharp bends or deep draws, which increases repeatability and eliminates the need for additional clean up steps.

· Fiberforge™ is a flexible, software intensive production process that incorporates relatively few steps and tailored blanks. Tailored blanks are composite sheets that are roughly the desired shape and have the correct fibre alignment, angle and thickness for the final component. They eliminate the need for additional assembly and processing steps.  The use of tailored blanks also results in simpler assembly and only 15% material scrap,
 compared with about 30%-40% for conventional stamped steel processing
 - saving on both material and clean up costs.

The Revolution’s bare exterior panels also provide multiple services. Aside from providing protection and aerodynamic streamlining, they also provide aesthetic appeal. Panel production for the Revolution includes in-mould colouring, which eliminates the need for extra preparation and painting steps.

Vehicle Optimisation
Conventional vehicle optimisation
Conventional vehicle design uses incremental product refinement for each subsystem in isolation to improve component quality, introduce features and enhance manufacturing efficiency with current production systems, as in Figure 7.4.


[image: image6]
Figure 7.4. The component optimisation strategy of conventional vehicle design
Source: The Natural Edge Project (2008)
The following incremental improvements are typically made to subsystems:

· Structure: Incremental improvements made to structure without having to significantly modify tooling (as changing the tooling is often too expensive to a justify change, hence the previous model structure is used).

· Propulsion: Minor adjustments such as: valve timing, improving small components and tolerances, adding components such as cams, improving power output from the engine (5-10% more), and increasing fuel consumption through power improvements or a bigger engine.

· Chassis: Adjust the suspension to accommodate larger engine mass; larger brakes to accommodate faster speed and acceleration; steering and wheel systems are unaffected; use previous model steering and wheel systems.
· Electrical: Adjust electrical and electronic systems corresponding to modifications made to other subsystems such as propulsion and chassis.
· Trim: Select a new colour scheme based on popular fashion trends.
· Fluids: Larger water hoses to cool a more powerful engine; larger fuel lines to feed a more powerful engine; larger fuel tank for higher fuel consumption; larger brake fluid tank and lines for larger brakes.
Result: 

1) Vehicle is slightly faster, more powerful, and more attractive to forecasted market trends; 

2) Vehicle mass is variant – slightly lighter, heavier, or negligible; and 

3) Vehicle fuel consumption is variant – slightly less, more, or negligible.
Whole System Design optimisation

Element 5 - Design and optimise subsystems in the right sequence

A Whole System Design approach to optimisation involves taking advantage of synergies between components and measuring modifications with respect to the whole system.

A primary performance factor of vehicle design is fuel consumption per unit of distance, Be, and can be calculated using the Equation 7.1 and Table 7.1.










Equation 7.1. Fuel consumption per unit of distance for road vehicles
Source: Robert Bosch GmbH (2004)

Table 7.1: Symbol nomenclature

	Quantity
	Unit
	Quantity
	Unit

	Be   Consumption per unit of distance
	g/m
	Cd   Coefficient of aerodynamic drag 
	-

	ηü   Transmission efficiency of drivetrain
	-
	A    Frontal area
	m2

	m   Vehicle mass
	kg
	v    Vehicle speed
	m/s

	Cr  Coefficient of rolling resistance
	-
	a    Acceleration
	m/s2

	g    Gravitational acceleration
	m/s2
	Br   Braking resistance
	N
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   Angle of ascent
	o
	t     Time 
	s

	ρ    Air density
	kg/m3
	be   Specific fuel consumption
	g/kWh


Source: Robert Bosch GmbH (2004)

The above equation suggests that fuel consumption is most influenced by engine efficiency (be) and drivetrain efficiency (ηü). Hence the emphasis has been on technologies such as fuel cells and hybrid drives as key to improving fuel efficiency. While this relationship may be true in the case of incremental product refinement, it does not take into account the benefits of ‘mass decompounding’ or other subsystem improvements. As the equation above suggests, there are a number of additional factors to consider in improving fuel economy: rolling resistance, aerodynamic drag, acceleration resistance, climbing resistance, and breaking resistance.  

Mass Decompounding – Reducing Mass First

Mass (m) is directly proportional to rolling resistance, acceleration resistance, and climbing resistance, which are all used to determine required peak power of vehicles. Reducing platform mass means reducing fuel-cell size and cost. ‘Mass decompounding’ is the term used to describe the snowballing of weight savings, or a ‘beneficial mass spiral’. A lighter vehicle body requires a lighter chassis and smaller powertrain, which further reduces mass. A number of mass reduction iterations can lead to much lighter components, or even the elimination of some components. For example, installing a hybrid-electric system would remove the need for a transmission, clutch, flywheel, starter motor and alternator, among other components. Although the new system would require the installation of a battery, power electronics and driver motor, the result may be a net reduction in mass and cost. Irrespective of the net change, any powertrain will be smaller and more cost-effective in a lighter vehicle platform than a heavier one.

Figure 7.5 indicates the synergies between components in the Revolution with respect to mass. We can use the synergies to our advantage by applying Element 5, ‘Design and optimise subsystems in the right sequence’.  From Figure 7.5 we can see that the mass of the structure should be minimised first.  Doing so reduces the need for a large propulsion system and large amounts of trim. A lighter structure and smaller propulsion system means that the chassis can also be made lighter. Similarly, a smaller propulsion system and lighter chassis means that the electrical systems can be made lighter. Finally, a smaller propulsion system requires a smaller volume of fluids. This strategy for optimising the Revolution will maximise the mass reductions for the least amount of effort.


[image: image8]
Figure 7.5. The flow of compounding mass reduction in the system design strategy of Whole System vehicle design
Source: The Natural Edge Project (2008)
Structure

In order to make a component lighter, it makes sense to investigate lighter materials.  Designers are conventionally encouraged to optimise component functionality for minimum cost, and so steel is usually selected. However, a comparably priced automobile structure can be created using advanced composite materials (primarily carbon/epoxy) and light weight metals such as aluminium and magnesium alloys
:

1. The advanced composite has a much higher stiffness-to-density ratio than steel so less mass is required for the same stiffness.

2. The advanced composite can be processed and assembled more easily, with low scrap (15% compared to 30-40% for steel)
 and at a fraction of the cost of steel.
 

3. The advanced composite and alloys can be recycled with negligible loss to integrity, and therefore has a high salvage value.
 

Using mostly advanced composite materials and some aluminium, the Revolution’s complete structure has a mass of only 187kg (57% less than that of a conventional steel structure), and it also includes features such as integrated suspension mounting, cooling lines, electrical conduits and trim features, which result in compounding mass savings with the corresponding subsystems.
 The composite materials have a low thermal mass, which makes them good insulators and reduces the need for additional insulating materials.

Propulsion

By optimising the structure first, the mass reductions can be carried over to the propulsion system. The reduction would normally lead to a roughly 57% reduction in power required to move the structure. Assuming that the conventional propulsion system generates 180kW of output power, which is typical of a modern 6 cylinder sedan, we would expect the Revolution to require a 75-80kW propulsion system. The low power requirement makes some currently expensive technologies viable. A particularly favourable option is a hydrogen fuel cell. In fact, the fuel cell powered Revolution requires only 35kW for cruising and up to 70kW during peak loads,
 such as during acceleration, towing and driving up an incline. 

The lower than expected power output is attributable to four factors:

1. Not only is the structure lighter, but the propulsion system is lighter too. The fuel cell system has a mass of only 288kg, 38% lower than a conventional propulsion system.
  There is less of its own mass to move.

2. The hydrogen fuel cell system is more fuel efficient (29%) than the conventional internal combustion engine (15-20%).
  Therefore more fuel is used to move the vehicle and less is being lost through friction and heat.

3. The design of the structure and propulsion systems result in 55% lower aerodynamic drag.
 

4. The design of the propulsion and chassis systems result in 65% lower rolling resistance.
 
Chassis

The lighter structure and propulsion systems reduce the suspension, braking and steering loads, which leads to reduced chassis mass. The chassis mass is reduced further through features integrated into the structure and electrical propulsion systems, and through integrated software control, which eliminates the need for several mechanical components:
  

· The suspension system in the Revolution is lighter than that of a conventional vehicle since it does not need to support as much mass.  

· The braking system in the Revolution is also lighter than that of a conventional car since it does not need to decelerate as much mass.  

· The PAX run-flat tyre system was developed for the Revolution. The system exhibits a 15% lower rolling resistance than conventional tyre system.
  

The steering mechanism in the Revolution is electrically actuated and lighter than the conventional steering column. 
Electrical

The Revolution’s electrical and electronic control system is a low cost, network based, shared data system.
 The network structure eliminates the need for designated, point-to-point wiring as in a conventional vehicle. As a result, the mass of the system is reduced. The electrical accessories, including heating, venting and air conditioning (HVAC), lighting and audio systems, are four times more energy efficient than the conventional systems,
 which means that they emit less heat and thus reduce the required load on the HVAC system.  

Trim

Since the trim features of the Revolution’s structure double as interior surfaces for many parts of the passenger cabin, the need for conventional cosmetic trim is reduced.

Fluids

The intensive electrical integration in the Revolution, particularly in the propulsion system, eliminates the need for many of the fluids that the conventional mechanical system requires for cooling and lubrication. The Revolution does not require transmission fluid, brake fluid or oil for engine lubrication, and requires less water for cooling and less grease for lubrication.
 In addition to the reduced fluids requirement, the Revolution also needs to carry far less fuel than a conventional vehicle. The Revolution has a range of 530km on 3.4kg of hydrogen,
 whereas a conventional car has a range of about 450km on 53kg, or 72L, of petrol. This difference equates to a 95% improvement in mass efficiency in favour of the Revolution.
Result: The total mass of the vehicle is only 857kg (52% less than a conventional vehicle) and it is roughly the same size and price as a conventional vehicle (Figure 7.6 shows the subsystem breakdown). Furthermore, the Hypercar Revolution emits zero emissions with equal or better performance than a conventional vehicle.
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Figure 7.6. Mass comparison between the conventional passenger vehicle and the Whole System Design vehicle, by subsystem
Source: The Natural Edge Project (2008)
Cost Analysis

Conventional cost analysis
The price of a conventional, business class sedan is usually US$50,000-$70,000, which does not include regular servicing and replacement parts. In fact, some vehicles are sold at an initial loss with the expectation that a profit will be made through aftermarket servicing and the sale of replacement parts, as in Table 7.2, over the roughly 15 year, 300,000km life of the vehicle. However, not included in Table 7.2 are the unserviceable components that usually fail before the end of the vehicle’s life, such as the clutch, ball joints, muffler and gaskets. These components are generally more expensive than the serviceable components in Table 7.2.

Table 7.2: Average life of some serviceable components in a conventional passenger vehicle
	Component
	Average Life
	Component
	Average Life

	Oil
	6 months
	Brake fluid
	5 years

	Oil filter
	6 month
	Brake components
	15 000 km

	Spark plugs
	10 000 km
	Tires
	50 000 km

	Coolant
	2 years
	Water
	6 months

	Transmission fluid
	30 000 km
	
	


A conventional, business class, passenger vehicle has a fuel economy of about 8km/litre. At 2005 petrol prices of about $1.30/litre at the pump, fuel costs for that vehicle are about 16c/km. It is likely that this figure will only climb with rising petrol prices.

Whole System Design cost analysis

Element 4 – Account for all measurable impacts
The total ongoing production cost of the Revolution is similar to that of a conventional vehicle. However, the cost of some technologies, such as fuel cell technology, is falling. Although upfront design effort for the Revolution is greater, the overall capital investment is several times smaller than that of a conventional vehicle, which is dominated by tooling costs.
 Tooling for conventional vehicles usually involves designated dyes and moulds for each of many components, whereas the Revolution’s Fiberforge™ system requires relatively few tools to make all of its advanced composite components.
  Therefore the Revolution can be sold at a similar price as the conventional vehicle, but at a profit. Furthermore, economic justification need not depend on aftermarket sales.

Aside from owning a better vehicle, the customer also enjoys lower aftermarket costs:

· Fewer components require replacement during the Revolution’s 300,000+ km service life.
 Extensive electronic control has eliminated the need for many mechanical components that usually wear out.  Even the components that are similar to that of a conventional vehicle, such as brake callipers and rotors,
 should last the life of the Revolution. Fewer mechanical parts means less and cleaner fluids, so fluid replacement and service cost is reduced.

· The Revolution has a fuel economy of about 156km/kg.
  At 2003 hydrogen prices of $3.51/kg,
 fuel costs are about 2c/km. It is likely that this figure will only fall with the development of hydrogen-extraction technologies.

By applying the Element 4, ‘Account for all measureable impacts’, we uncover even more benefits that are usually overlooked:

· Governments may offer financial incentives for purchasing a Revolution such as a rebate on purchase cost or it can be built into other taxes such as lower vehicle registration costs.

· The Revolution may be cheaper than a conventional vehicle to insure, as its panels are resistant to minor dents and scratches,
 it is safer so the likelihood of passenger harm is lower, and its low mass will inflict less damage on another car during a collision.

· In a future hydrogen economy, a parked Revolution can be used to generate electricity for other purposes. Plug in systems, similar but with opposite flow to those used to charge the batteries of electric vehicles, can transfer electricity from the Revolution to local buildings to help meet energy demands. Electricity can be sold to the grid, generating income for the owner.
 

The Revolution also boasts some impressive environmental benefits that are generally not counted by OEMs or customers:

· The Revolution generates zero emissions.
  The only by-product from the fuel cell is heat and pure water, which can be collected and put to use elsewhere. Zero emissions also means cleaner air and buildings, reduced health risks for people, fewer regulatory restrictions, and simplified testing for OEMs.

· The quiet operation of the fuel cell-electric propulsion system reduces noise pollution.

· The Revolution also has a high salvage value since it is almost fully recyclable.
  Even the valuable carbon fibre material, which conventionally would be land filled, can be recovered profitably with negligible degradation. The true value of recovering the materials emerges when we investigate the hidden costs of the materials. For example the production of 1kg of aluminium requires 19kg of other abiotic materials and 539kg of water.
  Although aluminium and the advanced composite (carbon fibre and epoxy resin) of the Revolution have a greater environmental impact per unit mass than the steel of the conventional vehicle, they are recovered and reused so that their environmental impact is compensated by providing more services throughout their life. On the other hand, the roughly 25% conventional vehicle mass that is land filled is mainly comprised of the non-metallic components – glass, plastic (such as nylon, polypropylene and polyvinyl chloride), and rubber.
 The environmental impact from the loss of these single-use materials puts the Revolution at an even greater environmental advantage. Table 7.3 compares the environmental impact of the scrap material generated when building the vehicles’ structures, and the impact of the non-recycled materials that are land filled at the end of the vehicles’ lives. Comparing just the structure scrap, the Hypercar Revolution performs worse than the conventional vehicle. However, through careful selection of the Hypercar’s materials and processing techniques, some of which are more expensive than those of the conventional vehicle, the Hypercar is almost fully recyclable. Many of the Hypercar’s more expensive options, like the use of carbon fibre for the structure, resulted in increased recyclability and hence overall smaller environmental impact when compared to the conventional vehicle.

Table 7.3: Some environmental impacts of a conventional vehicle and Hypercar Revolution
	Waste
	Mass (kg)
	Waste fraction
	Material
	Direct waste (kg)
	Hidden abiotic waste (kg)
	Hidden water waste (t)

	Conventional
	
	
	
	
	
	

	Structure scrap
	430
	35%
	Steel

	151
	1279
	11.3

	Non-recycled
	1800
	25%
	Glass, plastic, rubber

	450
	1800
	127.8

	Total
	601
	3079
	139.1

	Hypercar
	
	
	
	
	
	

	Structure scrap
	187
	15%
	Carbon fibre

	28
	1629
	50.5

	Non-recycled
	857
	0%
	n/a
	0
	0
	0

	Total
	28
	1629
	50.3
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8. Model the system





6. Design and optimise subsystems to achieve compounding resource savings





7. Review the system for potential improvements





Distance





� EMBED Equation.3  ���





Braking resistance





Engine





Rolling resistance





Aerodynamic drag





Climbing resistance





Acceleration resistance





Drivetrain





Running resistance





Fuel consumption





Consumption (g/m)





5. Design and optimise subsystems in the right sequence
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10. Design to create future options
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3. Design and optimise the whole system
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Design Challenge: Design a passenger vehicle.  Make it better than the previous model.


Design Process: Both the conventional vehicle and Whole System Design Hypercar Revolution examples will consider the following steps with respect to the development process, each of which is correlated with an Element of Whole System Design, first introduce by Rocky Mountain Institute�:


Design: Determining the general component composition for each subsystem. (Element 3)


Optimisation: Making the vehicle the best it can be based on the general component composition. (Element 5)


Cost analysis: Comparison of the economic and environmental costs and benefits (Element4)








Question: Is it technically possible and economically advantageous to both the manufacturer and the consumer to design high-performance vehicles that produce less toxic emissions, use clean or existing fuels more efficiently, and deliver more value?


Answer: Yes. A case in point is the Toyota Prius. Since its launch in Australia in October 2003 the hybrid has proved a hot item among private and business owners. With fuel economy at 4.4L/100km and a suite of new technologies, the Prius is a prime example of the change that is needed – and is now happening – in the automotive industry.








This Course was developed under a grant from the Australian Government Department of the Environment and Water Resources as part of the 2005/06 Environmental Education Grants Program.  


(The views expressed herein are not necessarily the views of the Commonwealth, and the Commonwealth does not accept the responsibility for any information or advice contained herein.)
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