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Abstract

We present a stock-and-flow model that describes the growth in the fuel consumption of the
Australian car fleet despite persistent policy intervention by government, compliance and
technology innovation by automakers, and shifts in transportation preferences by travellers.
To this model, we add processes that describe the adoption by automakers of aluminium
bodies-in-white (BIWs) and battery-electric (BE) powertrains, and the competition between
automakers of these next-generation technologies and conventional technologies.

The model shows that, in the future, growing congestion and declining oil security could
cause the fuel consumption of the car fleet to decline, despite growth in the size of the car
fleet. Under these conditions, the adoption of aluminium BIWs could cause fuel consumption
to decline further. Also, the adoption of BE powertrains could cause energy (fuel and
electricity) consumption to decline faster, down to a point, but then increase the long-term
transportation energy consumption by encouraging travellers to continue to drive cars rather
than shift to public transportation.

These results suggest that congestion, the price of fuel, and the security of fuel supply have
high leverage for influencing car-fleet fuel consumption. Also, next-generation technologies
have lower leverage, but this leverage could be enhanced by a competitive market
environment.
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1. Introduction

1.1. The problem

Car use is a major source of oil consumption and greenhouse gas (GHG) emissions in
Australia. The earliest available data shows that the fuel consumption of the Australian car
fleet, of which about 90% is petrol consumption, has been generally growing since at least
1998 (Australian Bureau of Statistics 1998-2007). Since fuel is a product of crude oil, a non-
renewable resource, any rate of consumption is unsustainable. Recent rates of oil extraction
are high, such that they have already peaked for many countries and, if sustained, are forecast
to cause currently-known oil reserves to run out within a few decades (Schindler & Zittel
2008).

In response to growth in fuel consumption, GHG emissions, and the price of fuel, the
Australian government has implemented policy interventions for new cars, many of which
have been resisted in the wider system. Interventions include a series of gradually-declining,
voluntary targets for the rated fuel consumption between 1978 and 2005, and for GHG
emissions since 2005 (Clerides & Zachariadis 2008; Federal Chamber of Automotive
Industries 2010); and the mandatory introduction of fuel consumption labels since 2001 and
GHG emissions labels since 2003 (Office of Legislative Drafting and Publishing 2008).
Despite compliance by automakers since the early 1980s and a rapid, market-driven decline
in the sale of new large cars since 2000 (Australian Automotive Intelligence 2010, p. 28), the
fuel consumption of the car fleet continued to grow until 2005. The latest available data
shows that this fuel consumption remained stable until at least 2007.

1.2. Why does the problem need a system dynamics approach?

Car-fleet fuel consumption depends not only on the size of the car fleet, but also on the mass
of cars, the energy conversion efficiency of powertrains, the driving intensity of cars, and the
congestion on the road. These are all factors in accumulations and feedback mechanisms that
may have caused the fuel consumption of the average car to remain stable despite the average
rated fuel consumption of new cars declining (Australian Bureau of Statistics 1963-2011;
Bureau of Infrastructure, Transport and Regional Economics 2009). The effects of
accumulation and feedback may have gone unnoticed by policy makers, who seem to persist
with similar policies despite limited results.

1.3. Our approach

In this paper, we aim to highlight the dynamical processes that are likely to resist the effects
of fuel-efficient car innovations. We explain the growth in car-fleet fuel consumption using a
system dynamics model, and investigate the potential effects of wide adoption of lightweight
materials and electric powertrains in everyday cars*. We focus on the Australian context, but,
given the appropriate data, our model may be adapted to describe a similar problem in other
car-dependent countries. Our review of literature did not uncover any investigations of
similar problems that consider the Australian context or that consider future scenarios.

First, we present our dynamic hypothesis in the form of a simplified stock-and-flow model,
highlighting our approach, main assumptions, and sources of data; and showing how our

! “Everyday’ cars, as opposed to exotic cars (some of which already comprise a relatively high proportion of
lightweight materials) or specialised electric cars (which have driving ranges comparable to internal combustion
engine cars), both of which are currently priced above the price range of everyday cars.
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simulation model fits reference data. Next, we expand our dynamic hypothesis with emerging
and potential future processes, and investigate various future scenarios of next-generation
technology adoption. Finally, we discuss the implications of our results for policy, identifying
high-leverage parameters.

2. Growth in the fuel consumption of the car fleet

2.1. Dynamic hypothesis

We propose a dynamic hypothesis that comprises three interrelated sub-models, described in
the following subsections. Our dynamic hypothesis focuses on car transportation, but
includes the exchange of travellers between car transportation and public transportation. We
developed our dynamic hypothesis using documented relationships, probable values of
variables, and reference data.

2.2. Demand sub-model

The ‘demand’ sub-model is shown in Figure 1. It allows cars with various rates of fuel
consumption to accumulate into and drain out of the fleet. Since the rate of car production is
greater than the rate of car retirement, the car fleet grows. The draining of cars out of the fleet
is a source of a significant delay.
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Figure 1. A simplified stock-and-flow diagram of the demand sub-model.

2.3.  Fuel sub-model

The “fuel’ sub-model is shown in Figure 2. It assumes that (1) travellers will drive cars up to
the maximum desired distance, until the travel budget is exhausted, or until a proportion of
the saved travel costs is exhausted; (2) travellers all over the world have the same behaviour
as Australian travellers such that the share of ‘Proven Oil Reserves’ for each region is
constant; and (3) the proportion of all oil consumption by cars is constant.

We include this sub-model in our hypothesis because (1) some evidence is in support of the
Jevons Paradox (rebound effect)—a decline in the rated fuel consumption of cars may increase
driving in many countries (Hymel et al. 2010; Matiaske et al. 2012; Mizobuchi 2008; Néassén
& Holmberg 2009; Small & Van Dender 2007; Su 2011; Wang et al. 2012a; Wang et al.
2012b); and (2) passenger vehicle use and public transportation use have changed inversely
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to each other for 25 of the 30 years since 1971 (excluding the period between 1984 and 1991,
when the price of oil rapidly declined and then rapidly grew) (Bureau of Infrastructure,
Transport and Regional Economics 2011, p. 59).
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Figure 2. A simplified stock-and-flow diagram of the fuel sub-model.

2.4. Congestion sub-model

The ‘congestion’ sub-model is shown in Figure 3. It assumes that (1) roads are initially
congested; (2) growth in population causes growth in the car fleet; (3) travellers respond to
decongestion by increasing driving intensity; (4) some people prefer to live on the fringe of
the region; (5) governments respond to congestion by building roads; and (6) ‘Road
Capacity’ is equal to road length, a statistic for which we found data. The “Fractional Rate of
Road Building’ is a source of a significant delay.

We include this sub-model in our hypothesis because (1) some evidence suggests that the
construction of a few roads in Sydney (Mewton 2005; Zeibots 2003; Zeibots & Petocz 2005),
and many roads in the UK and US (Cervero 2001; Goodwin 1996; Graham & Glaister 2002;
Hymel et al. 2010; Litman 2003; Noland & Lem 2000; The Standing Advisory Committee on
Trunk Road Assessment 1994), may have induced traffic by shifting people from public
transportation and generating new car trips; (2) new high-speed roads are currently being
constructed in most Australian capital cities, where 64% of the Australians live (Australian
Bureau of Statistic 2011); (3) Australian cities, together with North American cities, have the
world’s lowest urban densities and the world’s highest proportions of trips made by private
motorised vehicles (Kenworthy & Laube 2001), two conditions that suggest that wide urban
expansion has occurred; and (4) most Australian cities have reached a travel time budget limit
of one hour (Newman & Kenworthy 2011). Similar models of urban expansion and induced
traffic are centred on variables such as ‘travel time” (Sterman 2000). Since Australian data for
such variables are unavailable, we centre our sub-model on the variable ‘Congestion’.
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Figure 3. A simplified stock-and-flow diagram of the congestion sub-model.

2.5. Exogenous variables
The following variables are exogenous to our model:

Demand for new cars, assumed to be such that the car fleet grows in proportion with the
projected population growth (Australian Bureau of Statistics 2008)

Life of car, assumed to be the average life of cars in Australian during the period 1998-
2007 (Australian Automotive Intelligence 2010, pp. 28, 44) and independent of changes
in driving intensity

Maximum prices of fuel and electricity

Initial volume of oil reserves, assumed to be share of the current estimated global volume
of oil reserves, proportionally allocated to Australia by population, used by cars

Available travel budget of travellers

Maximum congestion (Bureau of Infrastructure, Transport and Regional Economics
2011, pp. 44, 76)

Acceptable congestion, assumed to reflect the earliest available data (Bureau of
Infrastructure, Transport and Regional Economics 2011, pp. 44, 76)

Maximum Urban Area (estimated from Australian Bureau of Statistics)

2.6. Ignored processes
Our model ignores the following processes:

Change in the demand for new cars due to a change in the strength of the economy
Diversity and variation in the rated fuel consumption of cars

Changes in spending of other goods and services to accommodate changes in spending on
driving (Binswanger 2001; Finnveden et al. 2009; Greening et al. 2000; Mizobuchi 2008;
Néassén & Holmberg 2009; Thiesen et al. 2008)

Travellers acclimatising to high prices of energy sources, similar to a ‘drift to low
performance’ or ‘eroding goals’ system archetype (Meadows 2009)

Travel time budget (Ausubel et al., 1998; Marchetti, 1994)

Changes in the preferences of public transportation mode

Production and retirement of public transportation vehicles
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e Introduction of fast transportation modes, such as high-speed trains, which could allow
the urban area to expand (Ausubel et al., 1998; Marchetti, 1994)

e Change in the price of internal combustion engine (ICE) cars due to declining security of
fuel supply

2.7. Reference data

The car fleet has operated under a relatively stable set of conditions for most of the last 30
years. Figure 4 compares the behaviour of our simulation model, constructed using the
modelling software STELLA™ (version 9.1.2), to reference data sourced from Australian
Government statistics. We consider the timeframe 1981-2010, during which we treat the size
of the car fleet and the price of fuel as exogenous driving variables. We generate the value of
the demand for new car production such that the car fleet grows as in Figure 4(b). We also
use actual values of the price of fuel, which has varied considerably for political reasons
exogenous to our model, enabling us to calibrate our model.

In 1981, driving intensity is slightly below the maximum level, fuel is plentiful, the fuel
consumption rate of cars is high, roads are somewhat congested, and urban areas have room
in which to grow. The combination of a growing car fleet and stable driving intensity cause
fuel consumption to grow and congestion to grow faster than sufficient new road capacity can
be built. From 2005, high fuel prices and maximal congestion encourage travellers to shift to
public transportation, car pool, or forego some car trips. These behaviours cause public
transportation intensity to grow, driving intensity to decline, and fuel consumption to
stabilise.

The behaviours of our simulation model differ from the reference data in two ways. First, in
Figure 4(c)-Figure 4(f), our model lags behind the reference data by one year due to our use
of stocks to represent the mass of cars, the energy conversion efficiency of powertrains, and
the driving intensity of cars, all of which vary in rough proportion with the price of fuel; the
stock requires one year to take its intended value. Second, in Figure 4(f), our model does not
reproduce the large trough and peak in the reference data (our dynamic hypothesis does not
explain these features), but it does reproduce the small variations (which are opposite to the
variations in driving intensity) as the price of fuel becomes high.
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Figure 4. A comparison of the behaviours of the simulation model and the reference data,
1980-2010, for (a) car-fleet fuel consumption (Australian Bureau of Statistics 1998-2007), (b)
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car fleet (Australian Bureau of Statistics 1995-2011; Bureau of Infrastructure, Transport and
Regional Economics 2011, p. 81), (c) average new car fuel consumption (Bureau of

Infrastructure, Transport and Regional Economics 2009), (d) average car fuel consumption

(Australian Bureau of Statistics 1998-2007; Bureau of Infrastructure, Transport and Regional
Economics 2011, p. 76), (e) driving intensity (Australian Bureau of Statistics 1995-2011,
Bureau of Infrastructure, Transport and Regional Economics 2011, pp. 76, 81), (f) public
transportation intensity (Bureau of Infrastructure, Transport and Regional Economics 2011,

p. 59), (g) congestion (Bureau of Infrastructure, Transport and Regional Economics 2011, pp.
44, 76), and (h) road capacity (Bureau of Infrastructure, Transport and Regional Economics

2011, p. 44).

3. Intervention with lightweight materials and electric powertrains

3.1. The interventions

We investigate the potential effects of wide adoption of aluminium bodies-in-white (BIWSs)
and battery-electric (BE) powertrains in cars, and the influence of competition between
manufacturers of current technologies and these new technologies. We consider the following
scenarios:

1. No dynamical processes

2. Baseline: no intervention

3. Body-in-white: Aluminium BIW adoption with competition from steel BIWs

4. Powertrain: BE powertrain adoption with competition from internal combustion

engine powertrains
5. Full intervention: scenarios 3 and 4, together

Steel has been the dominant material in car body-in-white (BIW) technology since the 1930s
(Nieuwenhuis & Wells, 2007). We consider the aluminium BIW because aluminium has
greater potential than steel to meet Australians’ preferences of for large cars that are cheap to
use. The decline in the average rated fuel consumption of new cars since 2005 is largely due
to the decline in sales of large cars and the corresponding growth in the sales of small cars
(Australian Automotive Intelligence, 2010, p. 28). This shift, however, is counter to the
preference of many Australians for large cars. Australians compromised style and size for
fuel economy. Aluminium, being less dense than steel, has greater potential for the
production of a fuel-efficient, large car.

The internal combustion engine has been the dominant powertrain technology for cars since
1905 (Orsato & Wells, 2007). We consider the BE powertrain because the entry of BE cars
into the Australian market is imminent, with automakers having already planned to release
BE cars in the next few years and governments having deployed public car charging
infrastructure.

3.2. Expanded dynamic hypothesis

In order to accommodate the interventions, we expand two sub-models and introduce a new
sub-model, all described in the following subsections. Our expanded dynamic hypothesis is
similar to a structural sensitivity analysis. Since reference data are unavailable, we expand
our dynamic hypothesis using only documented relationships and probable values of
variables.
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3.3. Body-in-white sub-model

The ‘body-in-white’ (BIW) sub-model is shown in Figure 5. This sub-model, taken from
Stasinopoulos et al. (2012b), expands the demand sub-model. It assumes that (1) all pre-
existing BIWs are made from steel and that aluminium BIWs will phase into production over
time; and (2) once the ‘Adoption Time of Aluminium BIWSs’ has passed, the level of adoption
of each material is proportional to the total cost of ownership of each type of car.

We include this sub-model in our hypothesis as a structure with which to investigate the
proposed intervention of adopting of aluminium BIWSs. We consider an aluminium BIW as
the only alternative to a steel BIW because other commercialised alternatives, such as
composite materials BIWS, are currently too costly for use in everyday cars.
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Figure 5. A simplified stock-and-flow diagram of the body-in-white sub-model.
Interconnections with the fuel and congestion sub-models (shown in Figure 1) are not shown.

3.4. Powertrain sub-model

The ‘powertrain’ sub-model is shown in Figure 6. This sub-model, similar to the BIW sub-
model, also expands the demand sub-model. It assumes that (1) all pre-existing powertrains
are ICEs and that BE powertrains will phase into production over time; and (2) once the
‘Adoption Time of BE Powertrains’ has passed, the level of adoption of each powertrain is
proportional to the total cost of ownership of each type of car. This sub-model differs from
the BIW sub-model by allowing ICE cars to be retired early and replaced by BE cars.

We include this sub-model in our hypothesis as a structure with which to investigate the
proposed intervention of adopting of BE powertrains. We consider a BE powertrain as the
only alternative to an ICE powertrain because hybrid-electric technologies are a transition
technology between ICE and BE technologies, and because we didn’t find any evidence of
the Australian market pursuing hydrogen-powered technologies.
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Figure 6. A simplified stock-and-flow diagram of the powertrain sub-model. Interconnections
with the fuel and congestion sub-models (shown in Figure 1) are not shown.

3.5. Market competition sub-model

The ‘market competition” sub-model, shown in Figure 7, is taken from Stasinopoulos et al.
(2012a). It assumes that (1) manufacturers of steel BIWs and ICE powertrains will innovate
to retain market share, and manufacturers of aluminium BIWs and BE powertrains will
innovate to gain market share; and (2) manufacturers of BIWs maximise secondary
lightweighting opportunities in other car components.

We include this sub-model in our hypothesis because (1) the steel industry has already
initiated many projects to develop lightweight steel car components, including two projects
on BIWSs, in response to competition from aluminium car components (Carle & Blount 1999;
FutureSteelVehicle 2011); and (2) with manufacturers having similarly large investments into
ICE powertrain technology, we expect a similar response to competition from BE powertrain
technology.

10



Policy resistance to fuel efficient cars and the adoption of next-generation technologies
Stasinopoulos, P, Compston, P & Jones, HM (2012)

Mininmum Mass of ~ == Steel BIW
Steel Car + Lightweighting
Steel Car Mass|

Fraction of Secondary

Response Time of

Lightweighting BIW Manufacturers

Mininum Mass of

._ i
Alminimm Car

\ fuminfum BIW
Lightweighting

ICE Powertrain
Innovation

ICE Powertrain Energy
Consumption Rate

Mininum Energy
Consumption Rate of ICE
Powertrain

Response Time of
Powertrain
Mamifacturers

Mininum Energy
Consumption Rate of BE
Powertrain

BE Powertrain Energy| “—
Consumption Rate

BE Powertrain
Innovation

Figure 7. A simplified stock-and-flow diagram of the market competition sub-model.

3.6. Fuel sub-model

The expanded ‘fuel’ sub-model is shown in Figure 8. It assumes similar processes for ICE
cars and BE cars, with the exception of the energy source and the security of fuel supply,
which is does not influence the driving intensity of BE cars.

We include this sub-model in our hypothesis because (1) in Australia, since 2005, the “Price
of Fuel” has rapidly grown (Bureau of Infrastructure, Transport and Regional Economics
2009), while, for first time since the data shows, the ‘Driving Intensity of ICE Cars’ declined
(Australian Bureau of Statistics 1963-2011; Bureau of Infrastructure, Transport and Regional
Economics 2011, p. 76, 81) and the sales of petrol declined (Bureau of Infrastructure,
Transport and Regional Economics 2011, p. 135) despite growth in the ‘ICE Car Fleet’
(Australian Bureau of Statistics 1995-2011; Bureau of Infrastructure, Transport and Regional
Economics 2011, p. 81); (2) passenger vehicle use and public transportation use have
changed inversely to each other for 25 of the 30 years since 1971 (excluding the period
between 1984 and 1991, when the price of oil rapidly declined and then rapidly grew)
(Bureau of Infrastructure, Transport and Regional Economics 2011, p. 59); (3) the price of
electricity in Australia is expected to grow, partly due to a price on carbon emissions; and (4)
with the supply-and-demand market mechanism affecting many consumer goods, we expect
the price of electricity to grow with the demand for electricity.
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Figure 8. A simplified stock-and-flow diagram of the expanded fuel sub-model.
Interconnections with the demand and congestion sub-models (shown in Figure 2) are not
shown.

3.7. Exogenous variables

The following variables are exogenous to our model:

e Minimum masses of steel (FutureSteelVVehicle 2011) and aluminium (Kelkar et al. 2001,
Bertram et al. 2007, p. 29; Schéper 2006) BIWSs

e Minimum energy consumption rates of ICE and BE powertrains, assumed to match the
maximum practical energy conversion efficiency of the technologies

e Fraction of secondary lightweighting (Bjelkengren 2008)

e Minimum adoption time of aluminium BIWs and BE powertrains, assumed to be similar
to the adoption time of other car technologies (Gribler 1991)

e Prices of steel and aluminium, variables not shown in the simplified stock and flow
diagrams, vary with fuel price and are used to compute the variables “Total Cost of
Ownership of...”

e Prices of BE and ICE powertrains (Mock et al. 2007)

3.8. Ignored processes

Our model ignores the following processes:

e Diversity and variation in the mass and rated fuel consumption of each type of car
(Walther et al. 2010)

e Introduction of alternative lightweight materials, such as fibre-reinforced polymer
composites

e The occurrence or introduction of alternative powertrains, such as hybrid-electric and any
hydrogen-powered technology

e Travellers postponing retiring their cars until manufacturers have the capacity to
manufacture the type of car they desire

e Differences in the masses of ICE and BE powertrains

e Changes in the mass of cars for reasons other than competition

e Changes in the energy consumption rate of powertrain technologies for reasons other than
competition
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3.9. The future of transportation energy consumption

The effects of accumulation and feedback cause many variables of our model to exhibit non-
linear behaviour after 2010. Figure 9 compares the behaviour of our simulation model under
the five scenarios, as well as a reference curve, which assumes that the sub-models do not
operate. The distinct downturn in energy consumption makes all scenarios appear similar and
makes the effects of the interventions appear relatively small. We consider the timeframe
2010-2081, during which we can observe the effects of the dynamical processes, and during
which we continue to treat the size of the car fleet as an exogenous driving variable but now
treat the price of fuel as an endogenous variable. We approximate the price of fuel as the
long-term average value that varies inversely with the security of oil supply.

e No sub-models: This curve shows the projected transportation energy consumption with
all of the sub-models ‘turned off’. It reflects a world view that lacks an appreciation of the
potential influence of accumulation and feedback processes. Its numerical value is the
product of the use-energy consumption of a current steel ICE car and the size of the car
fleet, which grows over time. Use-energy consumption is always growing. Its growth rate
slows slightly as population growth slows.

e Baseline: This curve shows the projected transportation energy consumption of our
original dynamic hypothesis (82). From 2010, the growth of the car fleet under persistent
maximal congestion encourages travellers to shift away from driving, causing the
transportation energy consumption to stabilise at a level that reflects the maximum
passenger-kilometres that all travellers, collectively, can drive. From 2015, the decline in
the security of fuel supply encourages more travellers to shift away from driving, causing
the car-fleet energy consumption to decline faster than the public-transportation energy
consumption grows. From 2060, the driving intensity approaches a level that enables oil
extraction to match oil discovery, causing the security of fuel supply and the driving
intensity to stabilise. A portion of the growth of the car fleet shifts to public
transportation, causing the transportation energy consumption to grow slowly, as shown
in Figure 10(a).

e Body-in-white: This curve shows the projected transportation energy consumption with
the adoption of aluminium BIWSs. The intervention causes car-fleet energy consumption
to decline gradually over time, leading to lower transport energy consumption. The
influence of the intervention is delayed by the adoption rate and, more significantly, steel
cars draining out of the fleet.

e Powertrain: This curve shows the projected transportation energy consumption with the
adoption of BE powertrains. Initially, the intervention causes car-fleet energy
consumption to decline over time, leading to lower transport energy consumption. From
2040, the intervention causes car-fleet energy consumption to stabilise by providing
travellers with an alternative to ICE cars, discouraging travellers from public
transportation, as shown in Figure 10(b). The influence of the intervention is delayed by
the adoption rate and, more significantly, ICE cars draining out of the fleet. The adoption
rate of BE cars is faster than the adoption rate of aluminium cars because the low energy
costs for BE powertrains are more effective at decreasing total cost of ownership. Market
competition enhances the effect of the intervention.

e Full intervention: This curve shows the projected transportation energy consumption with
both interventions implemented. It is similar to the mean of the BIW and powertrain
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curves because the interconnection between the two interventions is small. Initially, the
curve is similar to the powertrain curve. From 2040, the curve sits in between the BIW
and powertrain curves, similar to the baseline curve. Even without the effects of our
original dynamic hypothesis (82), the adoption of both technologies in a competitive
market could halt the growth of car-feet energy consumption for a few decades before the
growth in cars regains dominance.
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the simulation model.
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3.10. Parametric sensitivity analysis

We explore the uncertainty in our model using a parametric sensitivity analysis. Specifically,
we explore the best and worst case values of “Car fleet” and ‘Driving intensity of cars’—the
two parameters used to calculate the car-fleet energy—by adjusting all exogenous variables.
We consider only the baseline scenario, the results of which suggest the range in which the
results for the other scenarios lie.

Figure 11 shows the results of the parametric sensitivity analysis. ‘Car fleet’ and ‘Driving
intensity of cars’ will always decline. The onset of the declines, however, may be advanced
or delayed depending on the conditions—particularly the available oil volume (‘Proven oil
reserves’, ‘Unproven oil reserves’) and the available driving space (‘Maximum congestion’,
‘Maximum urban area’).
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Figure 11. The best and worst case values of (a) ‘Car fleet’ and (b) ‘Driving intensity of cars’,
computed by the simulation model.

4. Implications for policy

The simulation model of our original dynamic hypothesis (82) indicates that, for
transportation energy consumption, the price of fuel has been the most influential variable for
the last 30 years; congestion and the price of fuel may be the most influential variables in the
short-term future; and congestion and the security of fuel supply may be the most influential
variable in the long-term future. The simulation model of our expanded dynamic hypothesis
(83) indicates that, compared to the adoption of aluminium BIWSs, the adoption of BE
powertrains (even in steel cars) is much more effective at decreasing car energy consumption
but less effective at decreasing car-fleet energy consumption after 2040. It also indicates that
market competition may at least double the direct effect of the technological interventions on
car energy consumption.

The results suggest where high-leverage policies may lie. In the short-term, governments
could implement a carbon price or similar policies that may shift some travellers away from
cars, decreasing car-fleet energy consumption and delaying the conditions of maximum
congestion. They could also shift their focus from the fuel consumption of new cars to the
driving intensity of the car fleet, further delaying the conditions of maximum congestion and
avoiding the delay of inefficient cars draining out of the fleet. Alternatively, governments
could cease road building and implement policies that encourage higher urban densities,
advancing conditions of maximum congestion and discouraging urban expansion. The money
acquired or saved from these types of interventions could be used to support the growth in
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public transportation use. Looking toward the long-term, in anticipation of fuel scarcity,
governments could focus on policies that create a competitive market environment such that
relatively small investments in energy efficient technologies could induce parallel
investments by manufacturers of competing technologies. Manufacturers could intensify
development of energy efficient technologies, with a focus on non-oil-dependent
technologies, securing their ability to compete in an oil-constrained industry.

The results suggest that the conditions for urgent policy intervention could lapse. Current
policies for decreasing the resource consumption of cars focus on fuel consumption because
the use-energy consumption can comprise more than 90% of the life-cycle energy
consumption (Puri et al. 2009). This focus may diminish as use-energy comes into the range
of production-energy, leading to lenient requirements for the energy efficiency of next-
generation technologies. Without persistent attention, there is a risk that next-generation
technologies could not only discourage public transportation use, but could also allow for
energy-intensive cars through a relaxed regulatory environment.

5. Summary

The recent strengthening of dynamical processes that involve congestion and oil production
could resist the growth of the Australian car-fleet fuel consumption, despite the growth of the
car fleet. Many urban areas are approaching conditions of maximum congestion, which
imposes a limit on the maximum passenger-kilometres that all travellers, collectively, can
drive. Oil production may be declining, increasing the price of fuel and discouraging
travellers from driving. Car-fleet fuel consumption may decline under the influence of these
two processes in the future. Under this scenario, the adoption of aluminium BIWSs could
cause car-fleet energy consumption to decline by slightly more, whereas the adoption of BE
powertrains could cause car-fleet energy consumption to decline faster down to a point. The
adoption of BE powertrains has the counterintuitive effect of increasing the long-term
transportation energy consumption by encouraging travellers to continue to drive cars rather
than shift to public transportation.

These results suggest that changes in congestion, the price of fuel, and the security of fuel
supply have high leverage for influencing car-fleet fuel consumption. Technology
substitutions have lower leverage, but this leverage might be enhanced by a competitive
market environment.
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