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Abstract

Demand for reductions in greenhouse gas (GHG) emissions is leading automakers to develop various types of low-emission vehicles, including electric vehicles and efficient combustion vehicles. Although electric vehicles avoid tailpipe GHG emissions, their use results in only small net life-cycle benefits in countries where electricity generation is GHG intensive. In the near future, this benefit might reduce to a net cost as automakers aim to achieve strict vehicle emission targets for combustion vehicles. Demand for reductions in GHG emissions is, however, also driving some shift towards low-GHG electricity generation such that the net emissions of electric vehicles would decrease.

The present study explores the effect of these changes in GHG intensities of vehicles and electricity generation. It quantifies and compares the GHG emissions of two functionally-similar vehicles, an electric vehicle (EV) and a conventional combustion vehicle (CV), driven in Australia. The results suggest that an EV will have fewer GHG emissions than a CV from driving but the benefit declines steadily with later models. Therefore, to maintain the net life-cycle GHG emissions benefits of EVs, EV automakers may still include some GHG-intensive processes and components during manufacture, but they should plan to improve or replace such processes and components. A detailed model that accounts for further variations in influential parameters would help to increase the accuracy of the calculations.

1. Introduction
Road vehicles are the source of considerable fuel consumption and greenhouse gas (GHG) emissions, contributing to the global problem of climate change. In 2012 in Australia, the driving of road vehicles contributed about 14% of all GHG emissions, with light vehicles contributing the majority, at 9% (Climate Change Authority 2014). These emissions are expected to grow with the growth in total annual driving distance (Reedman & Graham 2013).
The Australian government has implemented policies that aim to reduce the fuel consumption and tailpipe GHG emissions of new cars. Interventions include a series of gradually-declining, voluntary targets for (a) rated fuel consumption between 1978 and 2005, and (b) GHG emissions since 2005 (Clerides & Zachariadis 2008; Federal Chamber of Automotive Industries 2010). Such policies, together with consumer demand for cheap-to-run vehicles, have led automakers to develop smaller conventional vehicles (CVs) as well as various types of electric vehicles (EVs), especially battery-electric vehicles (BEVs) and hybrid-electric vehicles (HEVs). The appeal of electrification comes from the reduction or elimination of tailpipe emissions, and from the efficient energy conversion. Electric cars transfer 59%-62% of input electricity to propulsion, whereas petrol cars transfer only 17%-21% of the fuel to propulsion (U.S. Department of Energy n.d.).

Calculation models show that an extension of the voluntary target with a mandatory target into the future could reduce Australia’s transport sector emissions (tailpipe emissions), largely due to a deeper penetration of EVs into the light vehicle fleet (Climate Change Authority 2014; Reedman & Graham 2013). The models, however, attribute the emissions of electricity generation to the electricity sector and the emissions of biofuel production to the agriculture or industry sectors. The attribution of these emissions to the transport sector would reduce the benefit of EVs.
The benefit of EVs depends on the electricity generation technology, the mix of which is continuously varying and is expected to increasingly favour renewable and low-carbon technologies. Given that road vehicles are used for many years and that driving contributes the majority of the life-cycle GHG emissions (Chester et al. 2010; Chester & Horvath 2009; Hawkins et al. 2013; Puri et al. 2009; Sharma et al. 2013), accounting for the long-term change in GHG intensity of electricity generation would increase the accuracy of the EV benefit estimates. Methods for these calculations have been captured in life cycle assessment (LCA) studies.

LCA is a technique that quantifies the environmental impacts, including climate change, of products and services (Standards Australia, Standards New Zealand 1998). LCA studies of vehicles account for GHG emissions from driving along with those from resource extraction and processing, vehicle development and production, component and product transportation, vehicle maintenance, and vehicle end-of-life processing. LCA studies may be put into three categories. In static studies, which make up the majority, parameters are assumed to be constant. Examples of such studies include comparisons of various CVs and EVs (e.g., Hawkins et al. 2013; Sharma et al. 2013) and comparisons of various vehicle components (e.g., Puri et al. 2009). In time-resolved studies, some parameters are assumed to be fixed functions of time. Examples of such studies include comparisons of CVs and EVs that account for changes in the electricity mix and for reductions in vehicle emission from new vehicles (e.g., Crossin & Doherty 2016; Girardi et al. 2015; Zimmermann et al. 2015). In dynamical studies, some parameters values are calculated by a dynamical model and then input into the LCA model. Examples of such studies include comparisons of CVs, EVs, steel vehicles, and aluminium vehicles that calculate the diffusion of low-emission vehicles into the fleet and the driving intensity (e.g., Field et al., 2000; Stasinopoulos et al., 2012a; Stasinopoulos et al., 2012b).
The aim of this paper is to quantify the use-stage benefits of EVs over CVs in Australia. Calculations include the projected changes in the electricity mix and reductions in vehicle emission from new vehicles. Australia was chosen for analysis due to the relative rarity of such comparative studies of vehicles in Australia.

The next section explains the methods and data used. The subsequent sections present and discuss the results and study limitations. The final section summarises the main findings and offers suggestions for future work.

2. Method
The methods used in the present study are based on the time-resolved LCA technique, but the study focuses on only the use stage of the life cycle. The EV is modelled as the 2012 Nissan Leaf, and the CV is modelled as the 2014 Toyota Corolla. These vehicles are selected for being the most common in their class for their energy source. The following subsections explain the data sources, model assumptions and scenarios.
2.1 GHG intensity for CV driving

Figure 1 shows two of the scenarios of GHG intensity for CV driving. The values are calculated as the sum of the well-to-tank GHG intensity taken from the AusLCI datasets and the declining tank-to-wheel (tailpipe) GHG intensity calculated from Reedman & Graham (2013). The initial well-to-tank GHG intensity of 0.042 kgCO2‑e/km is equivalent to 17.3 gCO2-e/MJ, consistent with the range 6.7-27 gCO2-e/MJ reported for other world regions (Eriksson & Ahlgren 2013). The well-to-tank GHG intensity declines in proportion to the tank-to-wheel GHG intensity. The tank-to-wheel GHG intensity is scaled such that the initial value is equal to the product of the 0.166 kgCO2-e/km GHG intensity taken from Green Vehicle Guide (n.d.) and a scaling factor of 1.15 as observed for vehicles driven by Australians (Bureau of Infrastructure, Transport and Regional Economics 2009).
Reedman & Graham (2013) projects the GHG intensity of driving for a mixed car fleet under a Business as Usual scenario and under six GHG Target scenarios. Business as Usual assumes no departure from the historic decline in the values. GHG Target assumes that the value declines at 3.5%/year, 5%/year, or 6.5%/year starting in 2018 or 2025. The present study considers all scenarios but reports the results of Business as Usual and GHG Target High (or 6.5%/year starting in 2018). GHG Target High is consistent with the target considered in Climate Change Authority (2014) and is assumed to align with the Carbon Price Base scenario for electricity generation, described below.
Figure 1: GHG emissions intensity of conventional vehicle driving
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2.2 GHG intensity for EV driving

Figure 2 shows six of the scenarios of GHG intensity for EV driving. The study considers the Average Mix and TOC & Marginal Mix scenarios, where TOC is time of charge. In the Average Mix scenario, the values are the declining electricity generation GHG intensity calculated from Acil Allen Consulting (2013), scaled such that the initial value of 0.151 kgCO2‑e/km is equivalent to the product of the 0.173 kWh/km electricity intensity taken from Green Vehicle Guide (n.d.) and a scaling factor of 1.15. The electricity intensity of the EV is assumed to remain constant because improvements in technology are likely to help increase driving range rather than decrease EV mass. For example, with increases in battery energy density, automakers are likely to add batteries rather than retain the mass savings. In the TOC & Marginal Mix scenario, the values are calculated as the product of the Average Mix GHG intensity and a scaling factor of 0.78 taken from Crossin and Doherty (2016).
Acil Allen Consulting (2013) projects the electricity generated and GHG emissions under a Business and Usual scenario and under three Carbon Price scenarios. Business as Usual assumes demand growth and ongoing use of coal-fired generation. Carbon Price assumes slower demand growth and a shift towards lower-emissions generation as driven by base, low, and high carbon prices. The present study considers all scenarios but reports the results of Business as Usual and Carbon Price Base. Carbon Price Base is similar to Carbon Price Low and is assumed to align with the GHG Target High scenario for CV driving, described above. The present study also reports some results of Carbon Price High to show the range of plausible results.
Crossin and Doherty (2016) study the effect of vehicle charging on GHG and other emissions. Their study acknowledges that, in Australia, charging is most common between the late afternoon and night (Khool et al. 2014). Compared to the GHG emissions calculated when ignoring the time of charge, those calculated are 0.7% lower when assuming that charging is by the average electricity mix for the period and 22% lower when assuming that charging is by the marginal electricity mix for the period. The TOC & Marginal Mix scenario assumes that charging is by the marginal electricity mix. It also assumes that the time of charge remains constant because night-time charging is cheaper (Graham & Reedman 2014).
Figure 2: GHG emissions intensity of electricity vehicle driving
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2.3 Driving intensity
Figure 3 shows the three scenarios of driving intensity. The driving intensity of 14,000 km/year is approximately that of the average Australian light vehicle since 1997 (Australian Bureau of Statistics 1998-2015). The declining driving intensity is a pattern, scaled from Das (2000) and Ungureanu et al. (2007), that has new cars driving at above-average intensity, old cars driving at below-average intensity, and an average driving intensity of 14,000 km/year over a 20 year useful lifetime. The driving intensity of 10,000 km/year represents a plausible lower in a scenario of high traffic congestion, high urbanisation, and low car ownership. The driving cycles of both vehicles are assumed to be identical, despite the EV’s driving range being five times shorter than that of the CV.
Figure 3: Driving intensities of a conventional vehicle and an electric vehicle
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2.4 Useful lifetime
The study considers two scenarios of useful lifetime. The useful lifetime of 20 years is that of the average Australian light vehicle (Climate Change Authority 2014). The useful lifetime of 10.7 years is the value that, at a driving intensity of 14,000 km/year, gives the 150,000 km useful distance assumed by Hawkins et al. (2013) and Sharma et al. (2013).
3. Results
Figures 4-6 show the total use-stage GHG emissions of the CV and EV under selected scenarios. Figure 7-9 show the total use-stage GHG emissions benefit of the EV over the CV under the scenarios. CV (Business as Usual) and EV (Business as Usual) have consistent assumptions, CV (GHG Target High) and EV (Carbon Price Base) have consistent assumptions, and EV (Carbon Price High) is an outlying but plausible result.

In Figures 4-9, data is represented as a line for clarity, but each year’s results should be considered columns because the data represent discrete values rather than continuous values. For example, Figure 4 shows that, over its 20-year useful lifetime, a 2010 CV is responsible for 67 tonnes CO2-e and a 2015 CV is responsible for 60 tonnes CO2-e.

The results show that, under all scenarios, an EV manufactured in any year from 2010-2030 will be responsible for fewer GHG emissions than the equivalent CV from driving. The benefit declines steadily with later models because improvements in CV aim to decrease fuel consumption whereas improvements in EVs aim to increase driving range.
The results also show that the driving intensity and useful lifetime affect the EV benefit. A decrease in driving intensity causes a proportional decrease in benefit. A change in driving intensity from a constant value to a declining value causes a small decrease in benefit because the EV is driven more intensively while the GHG intensity of electricity generation is higher. A decrease in useful lifetime causes a near-proportional decrease in benefit, but there is a small increase in benefit due to an individual EV’s GHG intensity declining while the comparable CV’s GHG intensity remains constant.
Figure 4: Total use-stage GHG emissions of a conventional vehicle and an electric vehicle driven 14,000 km/year for 20 years
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Figure 5: Total use-stage GHG emissions of a conventional vehicle and an electric vehicle driven 10,000 km/year for 20 years
[image: image5.png]Total use-statge GHG emissions of a CV & an EV

(tonnes CO2-e)

70

60

o
<)

IS
S}

w
S)

N
S)

10

0 T T T
2010 2015 2020 2025 2030
Year of manufacture

CV (Business as Usual)

====CV (GHG Target High)

EV (Business as Usual) -
average mix

=EV (Carbon Price Base) -
average mix

«+e+22« EV (Carbon Price High) -
average mix

EV (Business as Usual) - TOC
& marginal mix

=EV (Carbon Price Base) - TOC
& marginal mix

«+«+-<« EV (Carbon Price High) - TOC
& marginal mix




Figure 6: Total use-stage GHG emissions of a conventional vehicle and an electric vehicle driven 14,000 km/year for 10.7 years

[image: image6.png]Total use-statge GHG emissions of a CV & an EV

(tonnes CO2-e)

70

60

o
<)

IS
S}

w
S)

N
S)

10

0 T T T
2010 2015 2020 2025 2030
Year of manufacture

CV (Business as Usual)

====CV (GHG Target High)

EV (Business as Usual) -
average mix

=EV (Carbon Price Base) -
average mix

«+e+22« EV (Carbon Price High) -
average mix

EV (Business as Usual) - TOC
& marginal mix

=EV (Carbon Price Base) - TOC
& marginal mix

«+«+-<« EV (Carbon Price High) - TOC
& marginal mix




Figure 7: Total use-stage GHG emissions benefits of an electric vehicle over a conventional vehicle under the Business as Usual scenario
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Figure 8: Total use-stage GHG emissions benefits of an electric vehicle over a conventional vehicle under the GHG Target High/Carbon Price Base (Average Mix) scenario
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Figure 9: Total use-stage GHG emissions benefits of an electric vehicle over a conventional vehicle under the GHG Target High/Carbon Price Base (TOC & Marginal Mix) scenario
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4. Discussion
The results have two implications for the manufacture of EVs with life-cycle GHG emissions benefits. First, given that EVs have a use-stage benefit, automakers may still include some GHG-intensive processes and components, such as batteries, during manufacture. Second, given that the benefit declines with later models, automakers should plan to improve or replace such processes and components. Batteries offer great potential because their expected increase in energy density might decrease the GHG intensity of manufacture as well as decrease the GHG intensity of use through mass reduction.
Compared with the use-stage GHG emissions calculated in other Australian studies (Crossin & Doherty 2016; Sharma et al. 2013), the 2010 results of the present study are 17% lower for the CV and 16% lower for the EV. The differences are mainly due to the lower energy consumption of the smaller vehicles and partly due to the exclusion of maintenance materials in the present study. Australian studies report relatively high use-stage emissions for EVs due to 73% of electricity being generated in coal-fired power stations (Acil Allen Consulting 2013).

The method of the study can be applied to LCA studies that assume constant emission intensities of electricity generation. The results can directly replace the use-stage data of some LCA studies of EVs used in Australia. The method can also be applied to the modelling of the production and end-of-life stages, but the extra complication of addressing multiple material supply chains might outweigh the benefits, especially since the LCA technique is intended to simplify environmental impact estimation.
Interpretation of the results should consider the wider system beyond the scope of the study. A mandatory target can help to decrease tailpipe GHG emissions from CVs, as estimated by Reedman & Graham (2013). Dynamic LCA studies, however, suggest long delays before significant benefits emerge in the light vehicle fleet, even in the studies that assume that low-emission vehicles attain 100% of the market share within 20 years (Stasinopoulos et al., 2012b). This is one of many ways that parameter values could change over time, as explained by Laurenti et al. (2014).

The present study has limitations that could be addressed in future work. The long useful lifetime leads to uncertainty in many parameters. The GHG intensity is assumed to be unaffected by wear, but it actually increases. The GHG intensity is assumed to be constant for a CV manufactured in a particular year, but it might change as the quality of available raw material and well-to-tank GHG intensity change over time (Dale et al. 2011; Hall et al. 2014; Heun & de Wit 2012). Furthermore, the future driving intensity is uncertain. It might decrease with not only age but increasing traffic congestion, increasing urbanisation, and decreasing car ownership; but it might increase with urban expansion (Stasinopoulos et al. 2012a).
5. Conclusion

The present study quantified and compared the GHG emissions of two functionally-similar cars, a CV and an EV, used in Australia under multiple scenarios of energy supply, vehicle efficiency, driving intensity, and useful lifetime. The method was based on the time-resolved LCA technique, but analysed only the GHG emissions of driving. The results suggest that an EV will have fewer GHG emissions than a CV from driving but that the benefit declines steadily with later models. Therefore, to maintain the net life-cycle GHG emissions benefits of EVs, EV automakers may still include some GHG-intensive processes and components during manufacture, but they should plan to improve or replace such processes and components. A detailed model that accounts for further variations in influential parameters would help to increase the accuracy of the calculations.
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