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Abstract

A breakeven analysis of low carbon vehicle/fuel systems is conducted for the US for the year
2020, taking into consideration both private and external costs. All comparisons are made
with respect to the conventional gasoline car as the baseline. Interestingly, the social cost of
carbon prevailing in the literature is not high enough to justify the prioritization of low carbon
vehicle/fuel technologies and the only way forward if such a track were to be chosen would
be a political decision not necessarily grounded on economic principles. Nonetheless potential

policies for the most financially viable alternative vehicle/fuel systems are considered.



1. Introduction

Transport currently accounts for 14% of total global greenhouse gas (GHG) emissions,
to which road transport alone contributes 45% (HM Treasury, 2007a, p.10). In most
OECD countries, transport even makes up more than 25% of all GHG emissions and
the relative share is estimated to increase further in the future (Albrecht, 2001). Under
the scenario of business-as-usual, road transport emissions will be doubled by 2050
(HM Treasury, 2007a, p. 3). Global temperature could raise 2-3°C by 2050
(Intergovernmental Panel on Climate Change, 2001, p.398), which in turn, would very
probably result in various negative environmental effects, such as extreme weather
events, sea level rise, floods, droughts, population displacement, ecosystem

destruction and malnutrition (Lee, 2007).

A number of policies and policy packages with the aim of reducing CO2 emissions
from road transport have been suggested both in the academic literature and in the real
world. These range from economic instruments such as vehicle ownership and usage
taxes and cap-and-trade systems, to changes in public transport provision, land use
and urban design, cycling and walking facilities and new technologies which rely on

low-carbon fuels.!

Although there are already a number of low emission vehicle technologies and

! Santos et al. (2010a,b) provide an overview of such policies both in theory and practice,
with a summary of the experience to date and some failures and successes. Cambridge
Systematics, Inc. (2009) assesses the potential effectiveness of individual and combined
strategies to reduce GHG emissions in the US. The US Department of Transportation (2010)
also estimates the impact of a number of policies, individually and combined. Similarly,
Akkermans et al. (2010) assess the GHG emissions reduction potential and feasibility of a
number transport policies in Europe and aim, under the project GHG-transpord, to develop an
integrated European strategy. At the time of revising the present paper, the integrated

European strategy had not been published yet.



alternative fuels, most of them with some shortcoming to one extent or other, some
likely to be solved in the short-term whilst others only likely to be solved in a much
more distant future (three or more decades), none have yet penetrated the market
massively.? In any case, they are all substantially more expensive to produce than the
standard fossil-fuel car and therefore even if they were ready for mass use, their
production costs and market prices would be very high. Except for motorists who
cared so much about their personal CO, emissions that were prepared to incur in such
higher costs, the majority would probably remain unconvinced and would need some
persuasion in order to change their behaviour.®> Caulfield et al. (2010), for example,
conduct a survey of car buyers in Ireland and find that respondents do not rate GHG
emissions as an important point to take into account when buying a car. Turrentine
and Kurani (2007) interview 57 households in California and find that although some
appear to have ‘longer-term commitments to environmental and social issues’ the most
important attributes for at least one household vehicle are its size (should
accommodate children, pets, holiday luggage and shopping), four-wheel or all-wheel
drive for access to difficult terrains, and, for those with young children, safety

(p.1218).

This paper aims to compare various vehicle/fuel systems in terms of their private and

COye costs for the US case in 2020. It also aims to assess whether there is an

2 Inderwildi et al. (2010), Schafer et al. (2011) and Andress et al. (2012) provide an excellent
review of current road vehicle technology and the potential for a number of alternative
vehicle/fuel technologies.

8 If the utility a consumer derived from using alternative fuels (and caring for the
environment) were high enough to make marginal benefit equal to marginal cost she would be
prepared to pay a higher price for alternative fuels and vehicle technologies, subject to her
budget constraint. In that sense, there may be scope for advertising and information
campaigns aimed at changing consumers’ preferences. Budget constraints, however, are likely

to cap the potential market to only high income segments.



economic case for favouring some vehicle/fuel types and regardless of whether there
is one or not, how this can be achieved by the government. Even when there is not an

economic case for favouring cleaner technologies there may be a political case.

For the CO.e costs we conduct a full life cycle emissions analysis for both vehicles
and fuels. We then use break-even analysis to compare the full costs of each
vehicle/fuel system and complement it with the calculation of the Present Value of
costs (PVC), which summarizes in just one number, the present costs of each

vehicle/fuel system.

Interestingly, we find that the social cost of carbon prevailing in the literature, even at
its highest end, is not high enough to justify the prioritization of low carbon
vehicle/fuel technologies and the only way forward if such a track were to be chosen

would be a political decision not necessarily grounded on economic principles.

This is, to our knowledge, the first study that pulls together private and external costs
for such a large number of alternative vehicle/fuel systems, estimates breakeven
points with conventional gasoline cars, calculates present values of costs and
entertains possible financial incentives that could change relative private costs,
looking at a short-term horizon like 2020. The literature is vast but previous studies
differ from the current one in that they focus on fewer vehicle/fuel systems (Schafer
and Jacoby, 2006; de Haan et al., 2007; McKinsey & Company, 2009, 2010; van Vliet
et al.,, 2010; Lee and Lovellette, 2011), do not discuss policies that could change
consumers’ choices (Schifer and Jacoby, 2006; Lee and Lovellette, 2011), do not
conduct a full vehicle and fuel lifecycle analysis (Morrow et al., 2010), focus on
Europe instead of the US (Akkermans et al., 2010; McKinsey & Company, 2010; van
Vliet et al., 2010; Schafer et al., 2011; Pasaoglu et al., 2012) or focus on a longer time
horizon where much more technological progress can be reasonably expected
(McCollum and Yang, 2009; Andress et al., 2011). Some even only focus on one

alternative vehicle/fuel technology (Bradley and Frank, 2009) or completely oppose to



favouring one or more vehicle/fuel technologies and argue for a technology-neutral

policy package (Bandivadekar et al., 2008).

2. Technologies

There are a number of promising vehicle/fuel systems which are either already in the
US market, at least to some extent, or will probably be in the market in the near future
and the not so near future. All comparisons in this paper are made against the spark
ignition internal combustion engine (ICE) conventional vehicles on gasoline (SICEG).
This is taken as the baseline as gasoline cars with ICEs are by far the dominating
vehicle/fuel system in the US. We use the average US passenger car as the benchmark
and improvements are assumed in this benchmark technology (and in other
technologies) between 2010 and 2020. For instance, the fuel economy of the
benchmark vehicle is improved from 22.4 miles per gallon (mpg) in 2010 to 23.2 mpg
in 2020.

The technologies we consider are the spark ignition direct injection vehicles on
gasoline (SIDIG), compression ignition ICE vehicles on diesel (CICED), which have
already penetrated many markets worldwide,®> are more fuel efficient and produce
less carbon emissions, compression ignition ICE vehicles on biodiesel (20% biodiesel
and 80% diesel blend) (CICEBD), spark ignition flexible fuel ICE vehicles on E85
(15% gasoline and 85% ethanol blend) (SFFICEV), spark ignition dedicated ethanol
ICE vehicles E90 (10% gasoline and 90% ethanol blend) (SDEICEV), spark ignition
ICE on compressed natural gas (SICECNG), fuel cell vehicles (FCV) on hydrogen
(FCVH) and on methane (FCVM), and hybrid and pure electric vehicles. The
electricity used by pure electric vehicles always comes from the grid but the

electricity used by hybrid electric vehicles can either be sourced from the grid (grid

* Only passenger cars are modelled.
5 Although almost half of the European car fleet runs on diesel, diesel vehicles represent less

than 1% of vehicle sales in the US (Canis, 2012, p. 1).



connected) or independently (grid-independent). Thus, we have grid-connected hybrid
electric vehicles (GCHEV), grid-independent hybrid electric vehicles (GIHEV),® and
pure electric vehicles (EV). These three technologies are slowly penetrating the US
market. GIHEVs have been on the market for a while and due to their compatibility
with current refuelling stations, they have been gradually accepted by the motoring
public. In fact they represented 3% of all new car sales in the US in the period
January-July 2012, whereas GCHEVs and EVs only represented 0.18% and 0.06%,
respectively, during that same period (Electric Drive Transportation Association, 2012;

HybridCars.com, 2012).

The main reason for including biomass-based fuel vehicles in this analysis is that
biomass-based fuels are renewable resources which have the potential of alleviating
energy dependence on fossil fuels. According to the US Department of Energy (US
DOE), corn has and will continue to have the largest share of bio-ethanol feedstock in
the US by 2050 (Ward, 2008). This, however, is a fairly strong assumption, especially
given the recent debate on net lifecycle CO2 emissions savings of corn-based ethanol
over conventional gasoline, with some arguing that instead of producing savings, it
would double GHG emissions (Searchinger et al., 2008). In addition to that, biodiesel
and ethanol would compete with food and livestock for agricultural and farming land

(Ou et al., 2010; Timilsina and Shrestha, 2011).

Both grid-independent and grid-connected HEVs are expected to achieve significant
CO2 emission reductions owing to their improved fuel economy, expressed as miles

per gallon (MPG).’

® In the US the GCHEV is also known as Plug-in HEV (PHEV) and the GIHEV is also
known as HEV.
" In this paper, gallon refers to a US gallon, which is different from a UK gallon (1 US gallon

= 0.833 UK gallon = 3.7854 litres).



Because of the technological challenges and high costs involved, the massive
penetration of both pure EVs and FCVs can only be seen as long-term options.
However, this study still includes them. Due to the fact that lifecycle CO, emissions
of EVs and FCVs are concentrated during their well-to-pump process, the emissions
can be relatively straightforward to collect by methods such as carbon capture and

storage (CCS) and the potential for CO. emission reduction is large.

Table 1 summarizes the vehicle/fuel systems considered in this study.

TABLE 1 ABOUT HERE

3. The GREET Model

To fully evaluate energy and emission impacts of alternative vehicle technologies and
fuels, the whole fuel cycle from well to wheel (WTW) and the whole vehicle cycle

need to be considered.

In this study, CO2 emissions are estimated for each vehicle/fuel system using the
‘Greenhouse Gas, Regulated Emissions and Energy Use in Transport’ (GREET)
Model, which is funded by the US DOE and developed and updated by the Argonne
National Laboratory (ANL).

For the fuel emissions lifecycle assessment we use GREET 1.8b, that covers the fuel
lifecycle emissions from feedstock recovery and transport; fuel production,
distribution and final consumption in vehicle engines. We estimate energy
consumption and emissions from passenger cars in the US for different vehicle/fuel
systems. We assume that all gasoline (for ICE or blended in bio-fuels) is ‘standard US

conventional reformulated gasoline’.

The fuel lifecycle emissions assessment in GREET contains two parts: the



well-to-pump (WTP) process and the pump-to-wheel (PTW) process.

The WTP process is further subdivided into feedstock recovery from wells or fields,
transport to refineries and storage for use; fuel production, transport to storage
terminals and distribution to refuelling stations. For the feedstock recovery and fuel
production, GREET applies the “process fuel” method, which estimates emissions
based on the process fuel consumption.® Essentially, since during the very recovery
process there is fuel consumption and energy loss, the fuel feedstock that needs to be

recovered in the first place is more than the fuel that will be ultimately produced.

The obtained process fuels are integrated by GREET with emission factors (provided
by the US DOE and embedded in the default parameters that GREET uses) to
estimate CO> emissions. The WTP processes of all alternative vehicle fuels are
estimated in the same way. The energy efficiency data plays a significant role in the
lifecycle assessment. GREET 1.8b uses estimates of fuel efficiency produced by the
ANL, in the context of the US energy industry. Since this study uses GREET 1.8b, it

automatically adopts the ANL estimates as well.

For the PTW process, GREET simply adopts the vehicle operation simulation results
from the MOBILE6 model® for benchmark ICE gasoline vehicles and the US
Environmental Protection Agency’s (EPA) fuel economy predictions for alternative
vehicle/fuel systems. In other words, GREET does not produce any new numbers for

PTW but rather, takes the results from MOBILEG6 and EPA (entered into the database

& Details of how GREET does this are provided in Appendix 1.

® The MOBILES, produced by the EPA National Vehicle and Fuel Emissions Laboratory, is
an emission factor model for predicting grams per mile emissions of hydrocarbons, carbon
monoxide, nitrogen oxides, carbon dioxide, particulate matter, and toxics from cars, trucks,
and motorcycles under various conditions and taking into account any predicted changes in

vehicle, engine and emission control system technologies (US EPA, 2003).



of GREET) and combines these with WTP emissions in order to estimate fuel

lifecycle emissions.

For vehicle lifecycle emissions from production, maintenance and disposal we use the
database from GREET 2, a newer version of the GREET model, because GREET 1.8b

does not have that information.

4. Lifecycle CO2e Emissions Assessment for US 2020

4.1 Fuel Lifecycle Assessment

All GREET 1.8b outputs are expressed in grams of CO2e emitted per mile for a typical

passenger car within each of the categories listed in Table 1.

The results are described below.

4.1.1 WTP Emissions

Figure 1 shows the WTP results.

FIGURE 1 ABOUT HERE

From Figure 1, it can be observed that EV has the highest WTP COze emissions
among all vehicle/fuel systems. This is mainly due to the electricity generation
pathways simulated by the GREET model, which assumes that 48.6% and 24.3% of
electricity for transport use are generated from coal-fired power plants and natural
gas-fired power plants, respectively. Both types of power plants burn a large amount
of fossil fuel while generating electricity. Low carbon technologies, such as nuclear,
water and wind, have a combined share of only 25.1% of electricity generation used
for transport. On the other hand, the feedstock recovery and fuel refinery of fossil
fuels only involves the combustion of a small amount of process fuels. The

combustion of fossil fuel products, which produces considerable emissions, only

10



occurs during vehicle operation.

CO2e emissions from land use change by corn farming are assumed to be 195
grams/bushel but because GREET 1.8b accounts for carbon absorption during
biomass growing, the WTP net carbon emissions from bio-fuels are very low and for
corn-ethanol and biodiesel, they are actually negative. Thus, WTP COze emissions for

SFFICEV, SDEICEV and CICEBD are all negative on Figure 1.

For GCHEVs, the WTP carbon emissions are highly dependent on the share of
electricity and gasoline. In order to simplify the assessment, GREET 1.8b assumes a
2:1 ICE mode and electric mode for GCHEVs in terms of the vehicle travelled
mileage. An interesting finding is that the WTP emissions of GCHEVs are
significantly higher than those from conventional gasoline, owing to the high WTP
emissions from electricity generation. For GIHEVs, the WTP carbon emissions are
about 25% lower than those for baseline SICEGs. This is not surprising given that the
electricity in GIHEVs is generated in the vehicle itself'® and the demand for gasoline

by these vehicles is much lower than the demand for gasoline by SICEGs.

The WTP CO.e emissions from SICECNG are around 30% lower than those from the
baseline SICEG. Also, as it can be seen from Figure 1, WTP CO.e emissions from

SIDIG and CICED are only marginally lower than those from baseline SICEG.

Finally, WTP CO.e emissions from fuel cell vehicles vary. Those from FCVH are
relatively high, and only lower than those from EV. The reason for this is that the

production of hydrogen entails high CO2e emissions, under the assumption of a 100%

10 There are a number of technologies to achieve this, including regenerative braking, which
converts the vehicle’s kinetic energy into battery-replenishing electric energy, and motor
electricity generation, which consists in the internal combustion engine generating electricity

by spinning an electrical generator.
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natural gas feedstock share for hydrogen production, which involves a steam methane

reforming process. This steam methane reforming process causes extra emissions.

WTP CO2e emissions from FCVM are around 30% lower than those from baseline
SICEG and 71% lower than those from FCVH. This is because the fuel production of
methane involves a significant lower volume of process energy consumption than the

production of hydrogen.

4.1.2 PTW Emissions

Forthe PTW assessment, GREET 1.8b relies on the modelling results of
benchmarking SICEG’s emissions through EPA’s vehicle emission modelling software,
MOBILES, and their “emission changing ratio” for various alternative fuel vehicles.
The emission changing ratio is the ratio of the CO2e emissions of alternative fuel

vehicles to those of the baseline SICEG.

It should be highlighted that the GREET model assumes a changing fleet of cars to
more efficient cars. For example, for the year 2010 the fuel efficiency of a standard
ICE vehicle on gasoline (SICEG) is 22.4 miles per gallon, that of a GIHEV is 30.8
miles per gallon and an EV is assumed to use 82.5 mile per gallon equivalent. For the
year 2020 the numbers change to 23.2 miles per gallon for SICEG, 32.5 miles per
gallon for a GIHEV and 92.8 mile per gallon equivalent for an EV. All the vehicle

technologies modelled by GREET have an annual efficiency improvement.

Figure 2 shows the PTW COze emissions for the US 2020 for the different

fuel/vehicle technologies listed on Table 1.

FIGURE 2 ABOUT HERE

Figure 2 shows that the PTW COze emissions from various vehicle/fuel systems

12



almost follow an inverse profile to that of the WTP process. Obviously, EVs and
FCVHs produce zero CO2e emissions during vehicle operation. Just like in the WTP
process, SICECNG can also effectively reduce COze emissions in the PTW process.
Bio-fuel vehicles have a comparable CO2e emission level to that of fossil fuel vehicles.
In particular, SFFICEV (which run on E85 produced from corn), cause PTW CO2e
emissions close to those from baseline SICEG. Both GCHEV and GIHEV cause
significantly lower emissions than those from fossil fuel vehicles, mainly due to the

improved MPG and electric driving.

FCVM produces significant CO2e emissions during vehicle operation. In contrast with
hydrogen, fuel cell vehicles running on other fuels need an additional fuel process,
which converts the fuels chemically to hydrogen, and this involves intensive COe
emissions. Then the cleaned up hydrogen is transmitted to a fuel cell stack which
converts hydrogen electrochemically to electric power as hydrogen. Therefore,
although the hydrogen reaction in a fuel cell stack only generates electric power and
water, the fuel processing prior to the hydrogen reaction produces a considerable
amount of COze emissions, which are generally somewhere in between the emission

levels of GIHEVs and GCHEVs.

4.1.3 WTW Emissions

After obtaining emission estimates from WTP and PTW processes, the total net CO.e
emissions of the various vehicle/fuel systems can be compared in terms of their full
WTW cycle. It should be noted that the WTP emissions for a vehicle/fuel system also
depend on MPG. GREET 1.8b firstly converts the WTP emissions to the unit of grams
per km based on vehicle MPG and then combines the WTP and PTW results to

produce the final output. Figure 3 shows the final output for each vehicle/fuel system.

FIGURE 3 ABOUT HERE
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Throughout the whole WTW cycle, the conventional SICEG produces the greatest
amount of COze emissions. SIDIG, CICED and SICECNG achieve modest but
welcome emission reductions, and since they are already in the market they could be

considered feasible short term alternatives to SICEG.

Although biomass-based fuels produce the greatest levels of CO2e emissions in the
refinery and vehicle operation process, their carbon absorption during photosynthesis
when they are being grown largely reduces their overall emission level. Thus, COe
emissions from SFFICEV, SDEICEV and CICEBD are approximately equal to those
from GCHEV.

GCHEVs, GIHEVS, EVs, FCVMs, and FCVHSs yield very low COe emissions in the
LCA. HEVs are already penetrating the market and EVs are a realistic option in the
short and medium term. FCVHSs, on the other hand, still face challenges related to the

storage and transport of hydrogen in the vehicle.

FCVMs yield relatively low CO.e emissions but they also pose problems. FCVMs
rely on biomass, and there is simply not enough capacity on the planet at the moment

for mass production of methane in that way.

The main (and expected) result of conventional SICEG causing the highest COe
emissions is in line with previous LCA estimates, like for example those by Weiss et
al. (2000), van Vliet et al. (2010), Thiel et al. (2010) and Safarianova et al. (2011).
The actual precise estimates for WTW emissions for different vehicle/fuel systems,
however, are different. van Vliet et al. (2010), Thiel et al. (2010) and Safarianova et al.
(2011) focus on Europe, where the electricity mix in 2020 is assumed to be different
to that in the US, and the distances and modes of transport from transporting
conventional and alternative fuels are also different. Safarianova et al. (2011) assume
that ethanol is produced from wheat and wood, not from corn as is the case in the US.

Weiss et al. (2000) focus on the US but the study is over 12 years old, and a number

14



of assumptions have been superseded. On top of all that, the specific characteristics of
each vehicle/fuel system vary across studies. To cite just one example, GCHEVs in
our study are assumed to have a battery range of 32 km in 2020, whereas Safarianova
et al. (2011) assume 40 km. Even WTW emissions from SICEG differ amongst
studies. However, it is important to highlight that emissions from alternative fuel
vehicles relative to SICEG in those studies are similar to ours, which only validates

our results.

4.2 Vehicle Lifecycle Assessment

This paper uses the vehicle lifecycle emission assessment from GREET 2 database,
released in 2012. We include the energy required and consequent emissions for
vehicle component production, battery production and disposal, fluid production and

use, and vehicle assembly, disposal, and recycling.
For vehicle lifecycle emission analysis, the different vehicle types presented in Table
1 can be grouped in five different classes, as shown on the last two columns in Table

1.

Figure 4 shows vehicle lifecycle CO.e emissions, as estimated by GREET2 for the

vehicle groups from Table 1.

FIGURE 4 ABOUT HERE

Assembly, disposal and recycling are identical for all vehicle types. Unsurprisingly,

batteries from EVs cause relatively high CO2e emissions, followed by those from

GCHEVs.

FCVs and EVs cause the lowest fluid production and use CO2e emissions from all

vehicle groups because of two reasons: (a) they are transitioning to a fluid-less electric

15



power assist steering system, which requires fewer parts, no maintenance and weighs
less (Bohn, 2005; Sullivan et al., 1998), and (b) transmission fluid is used
significantly less in FCVs and EVs compared with ICE vehicles because of
differences in the gearboxes in the vehicles compared with the automatic transmission

in conventional vehicles (Bohn, 2005; Royal Purple, 2006).

All in all, FCV have significantly higher CO2e lifecycle emissions. As it can be seen
on Figure 4 the production of vehicle materials represents the most carbon-intensive
activity in the vehicle cycle. The CO2e emissions from vehicle materials production is
lowest for the spark ignition and compression ignition vehicles (SCEV) group, and
highest for the fuel cell vehicles (FCV) group. This difference is attributable to the
energy-intensive materials in the fuel cell stack and auxiliaries, such as graphite
composite for the bipolar plates, aluminium for the current collector, and carbon paper
for the electrode’s gas diffusion layers (Burnham, A., Wang, M. and Y. Wu, 2006 , p.
75).

With the estimated fuel WTW cycle and vehicle lifecycle emissions, the integrated
emission evaluation for the various vehicle/fuel systems can be made. Figure 5 shows

this integrated result.

FIGURE 5 ABOUT HERE

The intercept in Figure 5 is the vehicle lifecycle CO2e emissions, which range
between 7.63 and 10.05 tonnes of COze/vehicle. Fuel cycle COze emissions are
significantly greater than vehicle cycle COe emissions for all vehicle/fuel systems. In
all cases 10,000 km of travelled distance generates more COze emissions than vehicle
component production, battery production, fluid production and use, and vehicle

assembly, disposal, and recycling.
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5. Break-Even Analysis

Having ranked all vehicle/fuel technologies according to their lifecycle CO.e
emissions, it is interesting to ask why the low carbon ones are not yet widely being

chosen by producers and consumers.

It is reasonable to argue that the answer is two-fold. First, not all alternative
vehicle/fuel systems can provide performance, range, maximum speed, engine size,
and other characteristics to comparable levels to those of conventional gasoline
vehicles. Second, the costs of alternative fuel/vehicle systems may be high relative to

those of conventional gasoline vehicles.

The first potential reason should not be underestimated. The range and reliability of
EVs and GCHEVs are perceived as lower than those of conventional gasoline
vehicles (Lee and Lovellette, 2011, p. 19). In general, consumers expect driving range
and performance similar to the conventional gasoline car before they are prepared to
consider switching to an alternative vehicle/fuel system (Dagsvik et al., 2002;
Backhaus et al., 2010; Caulfield et al., 2010). The only answer to this problem lies in
technological advances, which are not the focus of the present study. We therefore
devote the rest of the paper to the second reason why consumers may not be choosing

alternative vehicle/fuel systems: relative costs.

Two further points then need to be considered. First, is there a breakeven point where
consumers are indifferent between choosing cleaner cars with higher initial costs but
lower operating costs and less environmentally friendly cars with lower initial costs
but higher operating costs? Second, would relative costs change if the environmental
damage caused by the different vehicle/fuel technologies (often not fully paid for by
consumers) were taken into account? We conduct a break-even point analysis in order
to determine the number of kilometres (or years, if we assume an average annual

distance driven) at which consumers would be indifferent in terms of costs between

17



paying a higher vehicle price but lower operating costs and paying a lower vehicle

price but higher operating costs.

We conduct the analysis taking into account private costs only and also private plus

external costs.

5.1 External Costs

An external cost exists when the following two conditions prevail: (a) an activity by
one agent causes a loss of welfare to another agent and (b) the loss of welfare is

uncompensated (Pearce and Turner, 1990, p.61).

In order to estimate the external costs of the different vehicle/fuel systems, two pieces
of information are needed. First, the total carbon emissions resulting from each
vehicle/fuel system, including both the vehicle and fuel life cycle, which were

presented in Section 4 above, and second, the social cost of carbon (SCC).

The SCC measures the full global cost today of emitting an additional tonne of carbon
now and sums the full global cost of the damage it imposes over the whole of its time
in the atmosphere (UK Department of the Environment, Food and Rural Affairs,
DEFRA, 2007, p.1). Importantly, ‘the SCC varies depending on which emissions and

concentration trajectory the world is on’ (DEFRA, 2007, p.1).

In recent years there have been a number of studies attempting to estimate the SCC
(Nordhaus, 1991, 1994; Cline, 1992; Fankhauser, 1994; Tol, 1999; Tol and Downing,
2000) as well as a number of reviews (Clarkson and Deyes, 2002, Tol, 2005, 2008),
including a couple of reviews by the UK government (UK Department of Energy and
Climate Change, DECC, 2011) and by the US government (US Interagency Working
Group on Social Cost of Carbon, IAWG, 2010). Estimates differ greatly: Tol (2005,
2008) finds that estimates of the SCC are driven to a large extent by the choice of the

18



discount rate (the lower the discount rate the higher the SCC estimated) and equity
weights (when a higher weight is assigned to developing countries the final aggregate
impacts tend to be higher because developing countries are expected to suffer the
worst impacts). He also finds that the more pessimistic estimates, which correspond to

pessimistic scenarios, have not been subject to peer review.

Since this is a study for the US 2020 we use the SCC figures from IAWG (2010) for a
social discount rate of 3%. This is $22.09/tCO; for the year 2010 and $27.17/tCO;the

year 2020, expressed, like all monetary values in this study, in 2009 prices.

As we show further down, the results are not sensitive to the SCC chosen, unless we use

numbers out of the range of values suggested in the literature.

Non-CO; emissions, such as CO, CH4 and NOxy, are converted by GREET 1.8b to CO»
equivalent (CO2e) under a 100-year scale according to the Intergovernmental Panel on
Climate Change (IPCC) suggested rates (IPCC, 2007). Once converted to COze we
use the same SCC to value their damage, although this ignores other externalities,

such as air pollution and health effects.

5.2 Private costs

Private costs are simply the costs actually faced by consumers. They include the
purchase cost, maintenance cost and operating costs of the vehicle. Federal and state
taxes are excluded at the initial comparison stage because they only distort relative
prices!! and are precisely the subject of discussion in the policy recommendations

section.

11 For example, if the pre-tax price of good x is $5 and the pre-tax price of good y is $10, the
ratio of the prices is 0.5. That ratio changes to 0.6 if the government introduces a tax of 20%

on good X but not on good y.
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The different vehicle post-tax prices as well as bio-diesel and hydrogen post-tax
prices for the US 2020 were taken from the VISION model'? database spreadsheets.
Since not all the vehicles considered in this study were included in the VISION
spreadsheets, the data was complemented with data from Weiss et al. (2000). Petrol,
diesel, natural gas, LPG, E85 and electricity prices (both for commercial and
residential purposes) were taken from the US Energy Information Administration
(EIA), which provides official energy statistics.®> For example, the gasoline price,
excluding taxes, is $2.05 per litre and $2.74 per litre in 2010 and 2020, respectively,
expressed in 2009 prices. The data on fuel taxes and subsidies (which had to be
subtracted from the figures we had) was taken from the US Internal Revenue Service
(IRS) Form 720.%* We also subject the model to a sensitivity test for gasoline and

diesel prices.

Commercial and residential electricity prices are different. Charging points at work or
shopping centres do and will continue to pay a commercial tariff, whereas those
charging at home would pay domestic tariffs. We think that 2/3 to 1/3 domestic to

commercial might make most sense as a rule of thumb for EV in the US 2020.%°

12 The VISION model was developed by the Argonne National Laboratory to ‘provide
estimates of the potential energy use, oil use and carbon emission impacts of advanced light and
heavy- duty vehicle technologies and alternative fuels through the year 2050°, later extended to
2100 (ANL, 2011).
Bwww.eia.gov/oiaf/aeo/tablebrowser/#release=AE02011&subject=3-AE02011&table=3-AE
02011&region=1-0&cases=ref2011-d120810c

14 www.irs.gov/publirs-pdf/f720.pdf

15 Electricity for EV charging is a fairly new market and there is no much previous
experience on how the charging rate should be formulated. We assumed that EV charging
would be classified as household usage. However, there is also the possibility that an
‘operator’ could charge batteries for consumers to swap them quickly, and in that case the rate

would be commercial.

20



5.3 Payback periods

The most controversial issue when estimating payback periods is the discount rate
assumed. There is evidence that suggests that consumers do not even analyse their
fuel costs in a systematic way in their vehicle or fuel purchases (Turrentine and
Kurani, 2007). Even if they did, not much is known about how consumers estimate
the value of improved fuel economy and factor it in the purchasing decisions (Greene et
al., 2005, p.758; Greene, 2010, p. vi). Allcott and Wozny (2010), for example, find that
consumers are willing to pay only $0.61 up front to reduce discounted gasoline costs

by $1.

Hausman (1979) analyses the trade-off between capital costs and operating costs of
more energy efficient air conditioners for 46 households and finds that they trade off
capital costs and expected operating costs with an implicit discount rate of about 20%,
although this discount rate can vary widely with income (from 5% for high income
groups to 89% for low income groups). It should be highlighted that these results, as

Hausman himself warns, may not apply to other appliances, let alone cars.

Gallagher and Muehlegger (2011) compare consumer response to purchase tax credits
and estimated future fuel savings and estimate an implicit discount rate of 14.6% on
future fuel savings. Greene et al. (2005, p.758) cite a number of studies with
conclusions and assumptions that include payback periods of 2.8 years, 3 years, 4 years
and annual discount rates of 10% and 30%. Furthermore, and to make the range wider,
Greene (2010, p. xi) reviews 27 studies and reports implicit annual discount rates of
0.2%, 37% and 60%. More importantly, he highlights the fact that the ‘consistency with
which the literature has yielded widely varying, inconsistent estimates over a period of
more than three decades suggests that there is either a fundamental empirical problem
in estimating the value consumers place on fuel economy, or that the presumed theory

of consumer behaviour is incorrect, or both’ (p. vii).
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With this inconsistency problem in mind, we aim at estimating payback periods using
the spark ignition ICE conventional vehicle running on gasoline (SICEG) as the
baseline and assuming discount rates of 0%, 6%, 30% and 60% including and
excluding external costs, and including and excluding current fuel and vehicle taxes
and subsidies in the US. We assume an average annual distance driven of 20,000 km?®
and annual vehicle maintenance cost of 3% of the purchase cost, increasing 5% per

year (although we do sensitivity analysis of this assumption in Section 6.1).

We conduct this exercise for all the vehicle/fuel systems included in Table 1. When no
taxes or subsidies are considered and costs and prices are free from any corrective or
distortive instruments, the spark ignition ICE conventional vehicle running on
gasoline (SICEG) constitutes the undisputedly cheapest vehicle/fuel technology, for
all discount rates and all years. With a 6% discount rate, the only vehicle/fuel
technology that breaks even with SICEG is compression ignition ICE vehicles
running on diesel (CICED), and it only does so after nine years (if environmental
damage is included) or ten years (if only private costs are included in the calculations).
With a 0% discount rate, which would imply that consumers put as much weight to
future operating costs as to year 0 initial vehicle purchase costs, CICED breaks even
with SICEG after six years (if environmental damage is included) or seven years (if
only private costs are included in the calculations). With a 0% discount rate, spark
ignition direct injection (SIDIG) vehicles and grid independent hybrid electric
vehicles (GIHEV) break even with SICEG after nine years if environmental costs are

included in the calculations.

For the higher discount rates used none of the alternative fuel/vehicle technologies

breaks even with SICEG.

16 This is roughly the average distance driven by passenger cars in the USA. In 2009 the
annual vehicle distance travelled was 16,608 km (US Department of Transportation, 2009). In

2020 this distance can reasonably be assumed to be 20,000 km.
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If the average annual distance driven were assumed to be higher, the payback period
would be shorter. For example, if average annual distance were 40,000 km, the cost
line for CICED would intersect the one for SICEG in the fifth year, regardless of

whether environmental costs were included in the calculations or not.t’

Also, if consumers put more weight on operating costs than on capital costs (in other
words, if they put more weight on future than present costs) the discount rate would
be negative. With a high enough absolute value for the negative rate all alternative
vehicle/fuel systems eventually break even with SICEG, except for the spark ignition
flexible fuel ICE vehicle running on 85% ethanol and 15% gasoline (SFFICEV), the
spark ignition dedicated ethanol ICE vehicle running on 90% ethanol and 10%
gasoline (SDEICEV), the compression ignition ICE vehicle running on 20% biodiesel
and 80% diesel blend (CICEBD) and the fuel cell vehicles (FCVH and FCVM). When
no taxes or subsidies are included in the calculations all these vehicles have higher
operating costs in the first year and from then onwards their cost trajectories only
diverge from that for SICEG. Also, fuel cell vehicles have an initial (capital) cost
which is almost two and a half times that of a conventional SICEG. For this reason it
would be virtually impossible for these vehicles to be commercially viable, at least
until a breakthrough to reduce costs is made. This finding is in line with van Vliet et al.
(2010), who argue that the fuel cell car remains uncompetitive even if production

costs of fuel cells come down by 90%.

Figures 6 and 7 illustrate cost trajectories for a 6% discount rate, excluding fuel cell
vehicles, whose costs are much higher and would make visual interpretation of the
figure difficult. Figure 6 includes both private and external costs, while Figure 7

includes private costs only. As it can be seen, the figures are very similar, i.e. external

7 This is because the environmental cost is very small in relative terms. If it is included the

breakeven point occurs slightly earlier but still within the fifth year.
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costs are small relative to vehicle and operating costs.®

The points of intersection between lines show breakeven points. As already advanced
above, the only vehicle/fuel system that breaks even with SICEG is CICED. The other
points of intersection are breakeven points between alternative vehicle/fuel systems,
which are not our baseline. For example, the cost line for CICEBD intersects the one
for GIHEV around 2012 and the one for GCHEYV, around 2018. In other words, whilst
compression ignition ICE vehicles that run on 20% biodiesel and 80% diesel blend
may be cheaper than hybrid electric vehicles to start with, within two years, the lower
operating costs of grid independent hybrid electric vehicles make up for the initial
vehicle price difference and within eight years, grid connected hybrid electric vehicles

do the same.

The two questions we asked at the beginning of this section can now be answered.
First, in most cases there is no reasonable payback period and consumers are unlikely
to tilt towards other vehicle/fuel systems on the basis of costs. Second, the picture
does not change much when the environmental costs of carbon emissions are included

in the calculations.

The immediate conclusion from these calculations is that without tax or subsidy
incentives it will be fairly difficult to persuade consumers to switch from SICEG to

other more environmentally friendly vehicle/fuel technologies.'® Another important

8 For example, the social cost of carbon emissions for a spark ignition ICE conventional
vehicle running on gasoline is $126 in the first year, whereas fuel costs are $1,036 and
maintenance costs are $665.

% In economics it is standard to assume that a consumer maximises her utility function
subject to a budget constraint. If one of the arguments of her utility function were ‘concern for
the environment’, a consumer would probably choose a more expensive vehicle/fuel system,

even one that never paid back, only because doing so would increase her marginal utility.
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conclusion is that a tax or subsidy computed on the basis of environmental costs will
not be enough to change consumers’ choices. Taxes or subsidies favouring cleaner

vehicle/fuel systems will need to be political and will have no economic grounding.

FIGURE 6 ABOUT HERE

FIGURE 7 ABOUT HERE

6. Present Value of costs and discussion

The Present Value of costs (PVC), calculated in this section, summarizes in just one
number, the present value of all the costs, private and external, for each vehicle/fuel
system over ten years, for discount rates of 0%, 6%, 30% and 60%.%° Like in the
Breakeven Analysis, costs include vehicle purchase, vehicle operating costs, annual
depreciation and maintenance costs, and damage from CO2e emissions. Table 2 shows
the results of these calculations. The different vehicle/fuel systems are ranked by
ascending private cost, the factor most likely to influence consumers’ choice in the

first instance. This is done for each of the four discount rates assumed.

TABLE 2 ABOUT HERE

The signs and trends of the results on Table 2 are in line with those from Schafer and
Jacoby (2006, Table 4, p.980) and Lee and Lovellette (2011, p.16). The magnitudes are

different because a number of assumptions are different.

The lower the discount rate used the higher the potential savings from diesel vehicles
(CICED), which can be computed as the difference between the PVC of CICED and the
PVC of SICEG. Also, the lower the discount rate the lower the difference in PVC of

alternative vehicle/fuel technologies and SICEG, except for the spark ignition flexible

20 The equation used is shown in Appendix 2.
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fuel ICE vehicle running on 85% ethanol and 15% gasoline (SFFICEV), the spark
ignition dedicated ethanol ICE vehicle running on 90% ethanol and 10% gasoline
(SDEICEV), the compression ignition ICE vehicle running on 20% biodiesel and 80%
diesel blend (CICEBD) and the fuel cell vehicles (FCVH and FCVM). For these
alternative fuel vehicles, the lower the discount rate used, the higher the difference in
PVC relative to the PVC of SICEG. As already explained in Section 5.3, all these
vehicle/fuel technologies have higher operating costs than SICEG in the first year and
they continue to diverge from then onwards. If these higher operating costs are given
almost the same or even the same weight as the initial vehicle purchase cost, the

difference in PVVC becomes bigger.

It should be noted that if gasoline and diesel taxes in the US are included in the
calculations, SDEICEV and CICEBD have lower operating costs than SICEG in the
first year, although they do not manage to break even before year 10. For this,
additional taxes and subsidies would be needed, as we discuss in Section 7. Also, as we
discuss in Section 6.1, SFFICEV breaks even with SICEG if gasoline prices, inclusive

of taxes, are assumed to be twice as high.

The present value of the cost of environmental damage produced by the carbon
emissions from the different vehicle/fuel systems, depicted on the column entitled
‘External costs’ is lowest (in line with Figure 5 in Section 4) for fuel cell vehicles
(FCVM and FCVH), spark ignition dedicated ethanol ICE vehicles E90 (SDEICEV)
and electric vehicles (EV), obviously under all interest rates. Apart from fuel cell
vehicles having higher operating costs in the first year and only diverging indefinitely
from those of SICEG, they are not available for mass production yet, and they have a
very high initial price, so consumers would be unlikely to choose them. It would be
virtually impossible for the US government to introduce tax or subsidies to match the

PVC of fuel cell vehicles with those of SICEG.

SDEICEV, on the other hand, would be more plausible. With enough financial
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incentives, there might be room for making this vehicle/fuel system an attractive
technology for consumers. The problem with SDEICEV for mass penetration is that

the production of ethanol poses important challenges.?

Over a ten-year period the external cost savings from EVs are 37% and 28%, with
discount rates of 0% and 60%, respectively. The private PVC is 1.2 and 1.5 times that
of SICEG, for a 0% and a 60% discount rate respectively, which makes this a
relatively expensive, although not completely impossible, option for the government

to subsidize.

Other vehicle/fuel systems that would achieve savings in environmental costs of
between 29% and 32% (for a 0% discount rate) or 24% and 27% (for a 60% discount
rate) include grid-connected and grid-independent hybrid electric vehicles (GCHEV
and GIHEV), compression ignition ICE vehicles running on biodiesel (CICEBD), and
spark ignition flexible fuel ICE vehicles (SFFICEV). SFFICEV, however, never
breaks even with SICEG, because the operating costs in the first year are higher and
continue to diverge from then onwards, as already highlighted in Section 5.3. In
contrast with SDEICEV and CICEBD this cannot be reverted with policies, unless
some politically unacceptable increase in gasoline prices or taxes is assumed, as we

discuss in Section 6.1.

GCHEYV, GIHEV and CICEBD have PVC which are higher than the PVC for SICEG
but not impossible to match with fiscal incentives. CICEBD, however, could face

problems for large scale market penetration, as it relies on biodiesel.?

2L An important barrier would be the competition for livestock feed (Ou et al., 2010, p. 3952),
since ethanol is produced mainly from grain and sugar crops on agricultural land (Inderwildi
etal., 2010, p.18).

22 Biodiesel faces the problem of food versus fuel competition (Timilsina and Shrestha, 2011,

p.2067) and the issue of agricultural land remains, just like in the case of SDEICEV.
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Leaving to one side the political (and perhaps ethical) problems of ethanol and
biodiesel production for road transport use, the five alternative vehicle/fuel systems
that stand out from this analysis as potential ways forward due to their relatively low
environmental costs and private PVC, are SDEICEV, CICEBD, EV, GCHEV and
GIHEV.

As stated in Section 2, the shares of EV, GCHEV and GIHEV in total new car sales in
the US in the period January-July 2012 were 0.06%, 0.18% and 3%. GIHEV is a
fairly mature technology which achieved this 3% share without any car purchase

subsidy or tax break.

In Section 7 we discuss some financial incentives that could potentially help change

consumers’ choices in favour of SDEICEV, CICEBD, EV, GCHEV and GIHEV.

6.1 Sensitivity analysis

We test sensitivity of our results to three assumptions: fuel prices, maintenance costs

and the SCC.

If gasoline and diesel prices (including taxes) are assumed to be twice as high and all
remaining current policies remain in place then all alternative vehicle/fuel systems
break even with SICEG, often well before year 10, under 0% and 6% discount rates,
except for fuel cell vehicles. Under 30% and 60% discount rates, only SFFICEV and
SDEICEV break even with SICEG, from year 1 onwards, and EV, in year 10, under a
30% discount rate. Given that we are assuming that gasoline and diesel become

relatively more expensive than other types of fuel, this is not a surprising result.

Although it is common and reasonable to assume annual maintenance costs of 3% of

the purchase cost, increasing 5% per year, this has an unusual high weight on fuel

cells, given their high initial cost. However, even if we assume zero maintenance costs
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for fuel cells, these do not break even, under any discount rate.

As for the SCC, if we assume SCC ten times higher than those assumed for the period

2010-2020, then:

(@) Under a 0% discount rate SIDIG, CICED, SFFICEV, SDEICEV, GIHEV and
GCHEV all break even with SICEG by years five, five, seven, two, five and

nine, respectively.

(b) Under a 6% discount rate SIDIG, CICED, SFFICEV, SDEICEV and GIHEV

all break even with SICEG by years six, six, eight, two, and six respectively.

(c) Under discount rates of 30% and 60% only SDEICEV breaks even with

SICEG by years 3 and 4 respectively.

A SCC ten times higher would in general not be acceptable in the academic
community or in policy circles. This sensitivity analysis with respect to the SCC only
confirms our previous conclusion that alternative fuel/vehicle systems are not viable

on economic grounds, but rather on environmental or political grounds.

7. Financial incentives

A number of policy options could be implemented to encourage adoption of low
carbon fuels, including fuel standards, market incentives, such as pricing and tax
policies, and additional funding for research and development (US Department of
Transportation, 2010, p.3-7). In this section, we present some examples of fiscal
policies that might help change consumers’ decisions. We do not assess the effects that
these measures would have on the US Budget or the US economy as a whole, nor on
its social welfare. That analysis exceeds the scope of this paper. Also, all pending or

proposed legislation, regulations and standards in the US, not yet currently in place,
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are ignored.

Since we have already concluded that there is no economic justification for favouring
lower carbon vehicle/fuel systems, these measures would not be ‘corrective’. They
would only be intended to change payback periods (i.e. breakeven distances) and

PVC.

Before we venture into proposing any policy, we present on Figure 8 the breakeven
points of the different vehicle/fuel technologies, including current taxes and tax
credits in the US as of 2011. These reflect all the taxes and tax credits in place in the
US, which are summarized on Table 3. We assume a discount rate of 6% so that the

curves can be compared with those in Figures 6 and 7.

TABLE 3 ABOUT HERE

FIGURE 8 ABOUT HERE

The feature that stands out of Figure 8 is that the cost trajectories for GCHEV and EV
have changed their relative positions when compared to Figures 6 and 7. This is
thanks to the federal tax credit of up to $2,500 and $7,500 that GCHEVs and EVs
receive, respectively. A number of intersection points have also moved forward and

backward, according to the different taxes and subsidies.

The cost trajectory for GCHEV now intersects that for SICEG vehicles, although it
does so at a very late stage, towards the end of the ten-year period in question. The
cost trajectory for GIHEV still does not intersect that of SICEG. Also, before any
policy the cost trajectory for GCHEV was always above and never intersected that of

GIHEV, whereas now they do break even in 2018.

The policies currently in place in the US do not yield payback periods that encourage
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motorists to purchase and use SDEICEV, CICEBD, EV, GCHEV or GIHEV. If
anything, it is surprising that GIHEV achieved a 3% share of all new car sales in
January-July 2012. In order to boost the sale of any of these vehicle/fuel technologies
the options can be many. The idea is essentially to change payback periods and

relative PVVCs over the lifetime of the vehicle.

Table 4 summarizes some combinations of taxes and subsidies that make the PVVC of
these vehicle/fuel technologies equal to that of SICEG. We only present the numbers
for two of our discount rates: 60% and 6%, to show a range of possible values. The
first three columns show the vehicle taxes and subsidies needed in order to equate
PVC after 10, 6 and 2 years. The second three columns show the vehicle taxes and
subsidies needed in order to equate PVC after 10, 6 and 2 years when combined with
an increase in gasoline and diesel taxes to bring both to the 1$/gallon mark.? All
other current taxes and tax credits, summarized in Table 3, stay the same. We do not
include external costs in the calculations for two reasons: first, consumers do not
include them and most importantly, we have already showed that these are negligible

in any case.

With an increase in fuel taxes, the subsidies needed are obviously lower. Also, the
shorter the payback period, the higher the subsidy needed. It should be noted that
SDEICEV can actually be taxed when combined with an increase in fuel taxes in all
cases except when the required payback period is 2 years under a 60% discount rate. It
can also be taxed under a 6% discount rate if the payback period is 6 or 10 years. This
makes SDEICEYV an attractive option from a fiscal point of view. Sadly, as highlighted
above, the problem with this vehicle/fuel technology is that the mass production of

ethanol for fuel is controversial.

23 Although this is an arbitrary choice it may be just about politically acceptable and is also
close to the efficient tax. Parry and Small (2005) suggest that the efficient gasoline tax for the

US for the year 2000 was just over $1/gallon.
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It should also be noted that, given that GIHEVs rely on gasoline and CICEBDs rely on
diesel, the impact of the tax increase is greater on these vehicles and for a payback

period of 10 years they can actually be taxed.

Although it would be politically difficult to implement such an increase in gasoline and
diesel taxes in the US, it could potentially help fund the vehicle purchase tax credits,
which in any case, would be smaller, if not negative, depending on the required
payback period. CICEBD, however, faces the same constraints as SDEICEYV, regarding

the competition for land for fuel vs. food production.

These are examples of plausible policies. Many other combinations can be thought of
and before any decision was taken, a thorough general equilibrium analysis would need

to be carried out.

More importantly, further research is needed on payback periods, discount rates and
consumers’ purchasing decisions. Greene (2010, p.vii) suggests investigating the
reasons behind such a great variation in estimates from the literature and also
investigating the very applicability of Homo Economicus assumptions to this type of

problem.

8. Conclusions

This paper has conducted a breakeven analysis of low carbon vehicle/fuel
technologies for the US for the year 2020, taking into consideration both private and
external costs as well as calculated the present value of the costs of the different

options.
Not even the highest estimates of the social cost of carbon prevailing in the literature
justify the mass introduction of low or zero carbon vehicle/fuel technologies. If this

were to be done, it would be a political decision rather than one based on economic
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principles.

Potential fiscal measures are entertained with a view to changing consumers’ choices
to favour green technologies. We shortlist SDEICEV, CICEBD, EV, GCHEV and
GIHEV as potential candidates, although SDEICEV and CICEBD are controversial

because of the fuel vs. food competition for agricultural land.

All five vehicle/fuel systems are initially more expensive than spark ignition internal
combustion engine (ICE) conventional vehicles on gasoline (SICEG). Their running
costs, however, are much lower. In order to persuade consumers to buy any of these
vehicles, a number of subsidies could be implemented and potentially combined with
an increase in gasoline and diesel taxes. The magnitude of these financial incentives
depends on the discount rate and acceptable payback period assumed as well as on
whether the subsidy is implemented on its own or accompanied with an increase in
taxes. In any case, a general equilibrium analysis of the implications of alternative

policy packages would be in order before deciding on a particular one.

Although we do not find an economic justification for favouring cleaner fuel/vehicle
systems, we do not discard the possibility that these could be justified if the social
cost of carbon were revised upwards by the academic community or more importantly,
if other externalities were also taken into account, including non-GHG emissions and
oil dependence. The inclusion of these in our breakeven analysis falls outside the

remit of the present paper but are postulated here as future lines of research.

Finally, consumers’ acceptable payback periods, implicit discount rates and car
purchasing decisions do not seem to be well understood, a fact that questions the very
assumption of the Homo Economicus model. This area needs further research, which

could benefit from behavioural economics and psychology.
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Appendix 1

Wang (1999, pp.19-20) summarizes GREET’s “process fuel” calculation procedure as
follows. To obtain 10° BTU fuel feedstock out of well, the total required process fuel

is given by Equation (1):

1
eff|C|enCy crude recovery

Process fuels = [ —1} x10°BTU (1)

where efficiencycrude recovery = €nergy output/energy input. For instance, according to
estimates produced by the Wang et al. (2007), recovering 106 BTU fuel feedstock
requires 20,400 BTU process fuels, which comprise 204 BTU crude oil, 204 BTU
residual oil, 3,057 BTU diesel, 408 BTU gasoline, 12,635 BTU natural gas and 3,872
BTU electricity. As 20,400 BTU fuel are consumed during the recovery process, the
fuel feedstock that needs to be recovered in the first place is much more, coming to a
total of 1,020,400 BTU. This is to cover the process fuel consumption and energy loss

during the whole pathway. However, to recover 1,020,400 BTU feedstock, additional

20,400

process fuel [20 400 BTU X ) is required again. GREET in this case applies

a circular calculation until the difference between successive results is less than 0.001

BTU.

Appendix 2

The PVC is calculated using the following equation:

n=10
PVC = Z C,+ S ~ .. S —
(1+ r) @+r) @+rn (1+ r)

where C is cost and includes the costs described in Section 6, t indicates the year and
varies from year 0 (2010) to year 10 (2020) and r is the discount rate, for which we

assume four different values (0%, 6%, 30% and 60%).
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Table 1: Vehicle/fuel systems considered in this study

Vehicle Energy Acronym Vehicle group for vehicle lifecycle | Acronym for vehicle lifecycle
emissions emissions
Spark ignition ICE Gasoline SICEG Spark ignition and compression SCEV
conventional vehicle ignition vehicles
Spark ignition direct injection | Gasoline SIDIG
vehicle
Compression ignition ICE Diesel CICED
vehicle
Spark ignition ICE on Compressed natural SICECNG
compressed natural gas gas
Spark ignition flexible fuel ICE | E85 (85% ethanol and | SFFICEV
vehicle 15% gasoline)
Spark ignition dedicated E90 (10% gasoline SDEICEV
ethanol ICE vehicles and 90% ethanol
blend)
Compression ignition ICE Biodiesel (20% CICEBD
vehicle biodiesel and 80%
diesel blend)
Grid independent hybrid Gasoline and GIHEV Grid independent hybrid electric GIHEV
electric vehicle electricity vehicle
Grid connected hybrid electric | Gasoline and GCHEV Grid connected hybrid electric GCHEV
vehicle electricity vehicle
Pure electric vehicle Electricity EV Pure electric vehicle EV
Fuel cell vehicle Hydrogen FCVH Fuel cell vehicles FCV
Fuel cell vehicle Methane FCVM

Note: Both GIHEVs and GCHEVs in this study are assumed to run on a combination of electricity and gasoline.




Table 2: PVC of Alternative Vehicle/Fuel Systems in the US 2020

Private and
External external
Private costs Ccosts Ccosts

0%
CICED 42,626 1,213 43,839
SICEG 43,462 1,425 44,888
GIHEV 43,560 966 44,526
SIDIG 43,602 1,247 44,849
SDEICEV 45,185 831 46,016
GCHEV 46,216 1,011 47,227
SFFICEV 47,269 985 48,254
CICEBD 49,421 1,001 50,422
SICECNG 50,106 1,053 51,159
EV 53,877 905 54,782
FCVM 79,181 868 80,049
FCVH 104,943 720 105,662

6%0
CICED 37,520 894 38,414
SICEG 37,565 1,049 38,614
SIDIG 38,029 919 38,947
GIHEV 38,481 715 39,195
SDEICEV 39,012 616 39,627
SFFICEV 40,532 728 41,260
GCHEV 41,374 748 42,121
CICEBD 42,462 739 43,202
SICECNG 44,702 777 45,479
EV 48,802 673 49,475
FCVM 72,158 645 72,803
FCVH 91,254 538 91,792

30%

SICEG 28,279 449 28,728
SDEICEV 29,243 273 29,516
SIDIG 29,259 396 29,655
CICED 29,490 386 29,876
SFFICEV 29,865 318 30,183
GIHEV 30,498 314 30,813
CICEBD 31,477 323 31,799
GCHEV 33,774 329 34,103
SICECNG 36,148 338 36,487
EV 40,803 303 41,107
FCVM 61,126 292 61,418

FCVH 69,322 248 69,569



60%

SICEG 25,308 253 25,561
SDEICEV 26,077 160 26,237
SFFICEV 26,403 184 26,587
SIDIG 26,456 225 26,681
CICED 26,918 220 27,138
CICEBD 27,941 187 28,127
GIHEV 27,953 183 28,136
GCHEV 31,358 191 31,549
SICECNG 33,379 195 33,573
EV 38,234 182 38,416
FCVM 57,607 176 57,783
FCVH 62,047 153 62,200

Note: All figures are in 2009 US dollars and 2010 values. The fuel cell options are presented in a
lighter colour font because they are substantially more expensive, and therefore, do not seem to be
financially viable in the short and medium run.



Table 3: Summary of taxes and tax credits in road transport in the US as of 2011

Energy and Vehicle | Tax, tax rebate and/or subsidy

Petrol The average tax, which includes the federal and state
taxes, is $0.47 per gallon.
Diesel The average tax, which includes the federal and state

taxes, is $0.51 per gallon.

Compressed natural | The average tax, which includes the federal and state
gas taxes, is $0.42 per Gasoline Gallon Equivalent (GGE).
There is also a tax credit of $0.5 per GGE.

E85 (15% gasoline | The average tax, which includes the federal and state

and 85% ethanol taxes, is $0.42 per GGE. There is also a tax credit of

blend) $0.45 per GGE.

E90 (10% gasoline | The average tax, which includes the federal and state

and 90% ethanol taxes, is $0.42 per GGE. There is also a tax credit of

blend) $0.45 per GGE.

Biodiesel (20% The average tax, which includes the federal and state

biodiesel and 80% taxes, is $0.51 per GGE. There is also a tax credit of $1

diesel blend) per GGE.

Electricity Electricity is subject to a (state) sales tax, which is, on
average, 6% of the pre-tax price.

Hydrogen The average tax, which includes the federal and state
taxes, is $0.42 per GGE. There is also a tax credit of
$0.50 per GGE.

GCHEVs and EVs | Consumers receive federal vehicle purchase tax credits
ranging from $2,500 to $7,500 ($417 per kWh)
according to the battery size (from 6kWh onwards). We
assume GCHEVs receive a purchase tax credit of
$2,500 and EVs receive a purchase tax credit of
$7,500.

Source: US Department of Energy, Federal and State Incentives and Laws
(http://www.afdc.energy.gov/afdc/laws/matrix/incentive) and IRS 720 form
(http://mwww.irs.gov/pub/irs-pdf/f720.pdf)

Note: Gasoline Gallon Equivalent is essentially the amount of compressed natural gas, E85, E90 or
any alternative fuel it takes to have the energy content of one gallon of gasoline.


https://nexus.ox.ac.uk/owa/redir.aspx?C=76a861bf3f894e76a7f1fe53f428b7ae&URL=http%3a%2f%2fwww.afdc.energy.gov%2fafdc%2flaws%2fmatrix%2fincentive

Table 4: Possible policies under a 6% and 60% discount rates

No tax change Gasoline and diesel tax increases to $1
PVC breaks even in PVC breaks even in
10 years 6years 2years 10 years 6 years 2 years
60%
GIHEV 2,569 2,609 2,853 2,425 2,472 2,763
GCHEV 5,945 6,006 6,381 5,724 5,796 6,242
EV 12,719 12,803 13,289 12,274 12,380 13,009
CICEBD 1,884 1,894.5 1,970 1,439 1471 1,691
SDEICEV 343 358 449 -102 -65 169
6%
GIHEV 435 1,296 2,515 -96.5 909 2,356
GCHEV 2,672 3,993 5,863 1,856 3,398.5 5,618
EV 8,355 10,1955 12,650 6,712 4,9760 12,157
CICEBD 1,258 1,482 1,858 -385 285 1,365
SDEICEV -362.5 -30 432.5 -2,005.5 -1,227 -60

Note: Positive numbers are subsidies. Negative humbers are taxes. All current taxes and tax credits,
summarised in Table 4, stay the same except for the vehicle subsidies proposed here and the gasoline
and diesel taxes, which are increased to 1$/gallon. We do not include external costs in the calculations
for two reasons: first, consumers do not include them and most importantly, we have already showed
that these are negligible in any case.



Figure 1: Well-to-Pump CO2e emissions in the US for 2020
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Figure 2: Pump-to-Wheel CO2e emissions in the US for 2020
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Figure 3 Well-to-Wheel CO2e emissions in the US for 2020
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Figure 4: Vehicle lifecycle CO2e emissions in the US for 2020
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Figure 5: Integrated CO2e emissions from different vehicle/fuel systems in the US for 2020 (including both vehicle and fuel lifecycles)
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Figure 6: Breakeven points including private and environmental costs (excluding all taxes and subsidies)
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Figure 7: Breakeven points including private costs only (excluding all taxes and subsidies)
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Figure 8: Breakeven points including private costs only (and including taxes and subsidies from Table 3)
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