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1. STOCKS' MODEL

In this section the car fleet model for Great Britain is described (section 1.1) and the initial stock
composition is characterised (section 1.2).

1.1. Modelling approach

The approach taken here is a cohort-lifetime-based, stock-driven dynamic material flow analysis. The
model uses a number of distinct layers to represent the various stocks and flows, these are the product
layer, the material layer and the energy and emissions layer. Figure 1 shows a simplified representation
of the model architecture with flows of product (black arrows) and materials (grey arrows) shown.
Energy and emissions are considered for the stage of “Stocks in use” and “Material Production” as
indicated by solid outlines in Figure 1. This basic structure of the model can be applied to other
products and materials. Scrap and primary resource use are not explicitly tracked in the current
contribution.

Different age cohorts, materials and product variants are explicitly modelled and tracked over the time
period of the study. The base year of the model is 2015 and results are reported to 2050.
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Figure 1. Generic model architecture, black arrows show product flows and grey arrows material flows. Dotted lines
indicate stages where the energy and emissions are not explicitly represented.

1.2. Initial stock

Data on the current stock of British passenger cars was extracted from statistics available from the
Department for Transport (2016b). This allowed the size of stock in each age cohort and for each drive
technology to be estimated for the base year, 2015. Only the stock that contributes to service provision
was included. Therefore, vehicles with a statutory off road notification (SORN) were not included.
Vehicles registered before-1970 and those of an unknown registration year (which includes imported
vehicles and pre-1970 vehicles subsequently re-registered) were discounted as without a year of
registration they couldn’t be included in the model. These comprise around 2% of the total stock. It is
also important to note when interpreting the statistics that not all vehicles counted as registered enter
the stock (Lewis, 2016) and relying solely on registration figures will overestimate historic stock
additions. Here historical stock age data was used to determine the vehicles entering stock in each
year.
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Figure 2. Composition of the car fleet in Great Britain in 2015.

1.3. Lifetime of stock

A Weibull distribution was used to estimate stock removals in each age cohort. Such a distribution is
found to be well suited to car lifetimes (Oguchi et al., 2015). The survival function of the stock in
vehicles is shown in Figure 3, comparing historic data (Department for Transport, 2016b) and the
modelling approach used here. For the Weibull distribution the shape and scale parameters were
estimated as 4.4 and 14.6, respectively. This results in an average lifetime of 13.3 years.
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Figure 3. Survival function of passenger cars, as calculated from data and modelled using the Weibull distribution.

2. DEMAND FOR TRANSPORTATION SERVICE

In this analysis, an estimate of future demand for car-use is required in order to estimate the required
number of cars in stock every year. This demand estimate was based on Schafer’s model (Schéfer et
al., 2000) that anticipates future demand by transport mode as a function of the GDP per capita, so
that future demand is constrained by the time and money travel budgets (these are detailed in Schafer
et al. (2009) and in section 3.1 of the article main text).

Three alternative scenarios for future GDP in the UK have been considered, all of them by applying
constant annual growth rates of 0.5%, 1.7% (the average growth rate considered by Schéfer et al.
(2000) for Western Europe), and 2.5% to current values. These three growth rates determined future
GDP and consequently three alternative scenarios of car-use demand shown in Table 1 and in Figure
2 of the article main text.

Table 1. Estimated demand for car-use in the UK.

Demand for car-use [passenger km per capita]

Year GDP growth rate = GDP growth rate = GDP growth rate =
0.5% per year 1.7% per year 2.5% per year
2015 9408 9303 9189
2016 9386 9175 8948
2017 9364 9046 8706
2018 9342 8915 8464
2019 9320 8783 8220
2020 9298 8651 7977
2021 9275 8517 7734
2022 9252 8382 7491
2023 9229 8246 7249
2024 9206 8110 7008
2025 9182 7972 6768
2026 9159 7835 6529
2027 9135 7696 6292
2028 9110 7557 6056
2029 9086 7418 5823
2030 9062 7279 5592
2031 9037 7139 5364
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Demand for car-use [passenger km per capita]

Year

GDP growth rate = GDP growth rate = GDP growth rate =
0.5% per year 1.7% per year 2.5% per year
2032 9012 6999 57138
2033 8987 6859 4915
2034 8961 6719 4695
2035 8936 6579 4478
2036 8910 6439 4265
2037 8884 6299 4055
2038 8858 6160 3849
2039 8832 6021 3648
2040 8805 5882 3450
2041 8779 5744 3257
2042 8752 5606 3068
2043 8725 5469 2883
2044 8698 5333 2704
2045 8670 5197 2529
2046 8643 5062 2359
2047 8615 4927 2195
2048 8587 4794 2035
2049 8559 4662 1881
2050 8531 4530 1733

3. MATERIAL COMPOSITION OF CARS

In this section the weight and material composition of the past, current, and future fleet is
characterised. The historical composition and average weight is characterised in sections 3.1 and 3.2.
The future material composition and weight of new car sales is addressed in section 3.3, based on the

scenarios defined by Modaresi et al. (2014).

3.1. Mass and material composition of the fleet in 2015

Mass and material composition in 2015 was estimated for each drivetrain technology with no split
between petrol and diesel variants. Therefore, values were calculated for internal combustion vehicles
(ICV), hybrid-electric vehicles (HEV), plug-in hybrid-electric vehicles (PHEV), electric vehicles (EV)
and fuel cell vehicles (FCV). The mass was split between various materials: mild and other steels, high
strength steel (HSS) and advanced high strength steel, cast iron, wrought aluminium, cast aluminium
and other. Mass and material composition was also defined for different vehicle subsystems: body
and closures; chassis and suspension; powertrain; and interior and misc. The baseline values
represent the average characteristics of a new car sold in Great Britain in 2015 for each drivetrain.

ICV mass was estimated based on historical data for the mass of new passenger cars sold in Great
Britain (GB) (ICCT, 2016). The split of this mass between materials and vehicle subsystems was based

on that reported by Modaresi et al. (2014). Data for other drivetrains has less availablity., thus the
GREET database (ANL, 2015) was used to estimate the mass and material composition of non-ICVs
(including a split by vehicle subsystem). The GREET database reports detailed data on mass and
material use for the drivetrains of interest. The database is specific to US vehicles, which on average
have a higher mass than those in GB. The mass of non-ICVs is therefore scaled to a GB equivalent,
based on their relative mass compared to an ICV as reported by the GREET database and the baseline
mass for an ICV. The split of the mass of non-ICVs between materials and vehicle subsystems was
estimated by combining information from the GREET database with the baseline specification of an
ICV. The specification of baseline vehicles is shown in Table 2 to Table 6.
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Table 2. Baseline mass of ICVs (values in kg).

Mild and
other QSHSSg Cast iron WroAulght Cast Al Other Total
steels
Body and closures 213 174 0 7 0 43 437
Chassis and 195 40 17 9 22 35 318
suspension
Powertrain 94 0 90 4 39 103 331
Interior and misc. 58 0 0 12 2 166 238
Total 560 213 107 32 64 347 1323
Table 3. Baseline mass of HEVs (values in kg).
Mild and
other QSHSSg Cast iron WroAulght Cast Al Other Total
steels
Body and closures 239 195 0 8 0 48 491
Chassis and 214 43 18 10 24 38 348
suspension
Powertrain 157 0 45 16 53 63 334
Interior and misc. 58 0 0 12 2 184 257
Total 668 239 63 46 80 334 1430
Table 4. Baseline mass of PHEVs (values in kg).
Mild and
other QSHSSg Cast iron WroAulght Cast Al Other Total
steels
Body and closures 219 179 0 7 0 44 450
Chassis and 202 41 17 10 23 36 330
suspension
Powertrain 143 0 37 15 46 57 298
Interior and misc. 58 0 0 12 2 319 392
Total 623 220 54 44 72 457 1470
Table 5. Baseline mass of EVs (values in kg).
Mild and
other QSHSSg Cast iron WroAulght Cast Al Other Total
steels
Body and closures 356 291 0 12 0 72 731
Chassis and 308 63 26 15 35 56 502
suspension
Powertrain 75 0 0 9 70 84 238
Interior and misc. 58 0 0 12 2 352 425
Total 797 354 26 48 108 563 1896
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Table 6. Baseline mass of FCVs (values in kg).

Mild and
other iSHSSg Cast iron Wr%ulght Cast Al Other Total
steels
Body and closures 282 230 0 10 0 57 579
Chassis and 229 46 19 11 26 41 373
suspension
Powertrain 114 0 0 59 38 194 404
Interior and misc. 58 0 0 12 2 184 256
Total 682 277 19 91 66 476 1612

3.2. Historic mass and material composition trends

99% of the current fleet in GB are ICVs. The average weight of new cars sold in 2001-2014 was
adapted from ICCT (2016). Longer term historic trends were based on extrapolating the trends seen
over this period back to 1990. The average weight of new sales in 1975 was estimated at 882 kg and
a constant growth rate assumed from 1975 to 1990. Previous to 1975 the average weight was assumed
constant. These longer-term trends were based on those seen in the EU over this time period
(Zachariadis, 2006). The split of different materials in comprising the mass of ICVs was based on data
from Modaresi et al. (2014) for the period 1980-2010. From 2010 to 2015 a linear interpolation to the
baseline values was assumed. Previous to 1980 the material split was assumed constant. A split
between wrought aluminium and cast aluminium was not available historically (a value for total
aluminium was available from Modaresi et al. (2014)), therefore the split between different grades of
aluminium was assumed the same as in the baseline case for all years. Historic average weight and
material composition of new sales of ICVs are shown in Figure 4. Previous to the base year (2015) it
was assumed that the total mass of non-ICVs followed the same trends as seen in ICVs, although these
cars accounted for less than 1% of the fleet. The material composition of non-ICVs was assumed
constant at baseline values.
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Figure 4. Average mass and material composition of new car sold in Great Britain, 1970-2015.
3.3. Material composition scenarios

Modaresi et al. (2014) have examined the effect of material substitution in reducing the average weight
of the global car fleet, testing the following alternative material compositions:

o Steel-intensive: 100% of mild steel in the body is replaced with high strength steel (HSS),
25% of mild steel in the chassis is replaced with HSS.
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e Aluminium-intensive: 100% of mild steel in the body is replaced with wrought aluminium,
25% of mild steel in the chassis is replaced with wrought aluminium.

e Aluminium-extreme: 100% of mild steel in the body is replaced with wrought aluminium,
25% of mild steel and 100% of cast iron in the chassis is replaced with wrought aluminium
and cast aluminium respectively. In the powertrain 50% of cast iron is replaced with cast
aluminium. In the interior 100% of mild steel is replaced with wrought aluminium.

The options above consider only material substitution, but additional weight reduction can be achieved
by reducing the average size of cars. Cheah (2008, 2010) estimates that it is possible to shift future
car sales to smaller size categories than today and that would result in a 10% mass reduction. Figure
5 shows the current and three alternative future material compositions of new car sales by drivetrain
technology, considering all the options above applied to the British fleet. These average compositions
of new car were assumed to be realised by 2030, plateauing thereafter (in line with assumptions by

Modaresi et al. (2014)).
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Figure 5. Material composition split by drivetrain technology and lightweighting scenario.

4. DRIVETRAIN TECHNOLOGIES

Three scenarios of future vehicle sales were included:

e aplateau at 2015 values,
e an electric dominant,
e and a balanced scenario.

Until 2030 the electric dominant and balanced scenarios are assumed to follow the same trajectory.
Future sales in 2020 and 2030 were based on the Central Scenario of the Fifth Carbon Budget of the
Committee on Climate Change (CCC, 2015). This estimated the proportion of new sales in 2030
comprising EV and PHEV at 25% and 35% respectively. No uptake of FCV was expected in this time
period. It was assumed that of the remainder of sales (ICV plus HEV) HEV increased to 5% of combined
ICV and HEV sales by 2020 and 10% of these from 2030 onwards (it was around 1.7% in 2015). The
rest of new vehicles sales comprise ICV. This approach estimates the proportion of sales as shown in
Figure 6 and Table 7.
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In 2050 under the electric dominant scenario all new cars are either EV or PHEV, with the split between
these technologies based on the CCC scenario for 2030. In 2050 this means new sales are 42% EV
and 58% PHEV. In the balanced scenario sales in 2050 are split across the range of technologies.
FCV sales are assumed to grow to 20% of total sales by 2050, whilst EV comprise 35%, PHEV 20%
and the remainder of sales are split between ICV and HEV (22.5% and 2.5% respectively). This
scenario builds on the trends seen to 2030 in the CCC Central Scenario (CCC, 2015), whilst
introducing FCV and retaining a level of ICV. The split of sales for both scenarios in 2050 can be seen
in Figure 6 and Table 7.

In between the periods shown in Table 7 relative sales of PHEV, EV, FCV and HEV are assumed to
grow at a constant annual rate, with the remainder of sales comprising ICV. ICV, HEV and PHEV are
further split into petrol and diesel variants of the drivetrain. These are assumed to stay at approximately
baseline levels throughout the period of analysis: in ICV petrol and diesel variants are split equally, in
HEV and PHEV petrol variants comprise 90% of sales.

When exploring the effect of different levels of alternative drivetrain uptake (see Figure 4 and Figure 5
in the main paper) the electric dominant scenario is scaled. An implementation level of 1.0 implies the
scenario is as discussed above and shown in Table 7, whilst an implementation level of 0.0 implies
that the BAU scenario is used. When the implementation level is between 0.0 and 1.0 the values for
EV and PHEV sales in 2020, 2030 and 2050 shown in Table 7 are scaled according to this factor and
ICV and HEV sales calculated as above. For example, with an implementation level of 0.5 EV/ PHEV
uptake in 2020, 2030 and 2050 are: 1.9%/2.7%, 12.5%/17.5% and 21.0%, 29.0% respectively (half the
values shown in Table 7). The remainder of sales are ICV and HEV, with HEV comprising 5% of these
in 2020 and 10% in 2030 and 2050. Other years sales are calculated based on constant growth rates
between these periods.

It should be noted that the scenarios discussed here are not predications of the future of vehicle sales,
but tools to explore the implications of different possibilities and explore general trends in sales rather
than year-to-year changes.

Table 7. Future passenger car sales split for electric dominant and balanced scenario, 2020, 2030 and 2050. 2015 sales

shown for comparison.

ICV HEV PHEV EV FCV
2015 97.2% 1.7% 0.7% 0.4% 0.0%
2020 86.5% 4.6% 5.3% 3.8% 0.0%
2030 36.0% 4.0% 35.0% 25.0% 0.0%
2050 Electric dominant 0.0% 0.0% 58.0% 42.0% 0.0%
2050 Balanced 22.5% 2.5% 20.0% 35.0% 20.0%
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Figure 6. Share of drivetrain technologies in car sales for the electric dominant and balanced scenarios.

5. FUEL ECONOMY AND CAR WEIGHT

The average fuel consumption of petrol and diesel cars sold in the UK is reported annually for the
baseline and historic years (DECC, 2015; Department for Transport, 2015). This reported consumption
is based on the New European Drive Cycle (NEDC). Real world fuel consumption differs from this
reported figure with the difference between NEDC and real-world figures seemingly growing over the

last decade (Mock et al., 2012; Mock et al., 2014). Such a gap between reported and real world

efficiency is a long recognised issue (Schipper et al., 1993). A realistic fuel consumption value was
adopted here. The correction factor between reported and real life fuel consumption was estimated

based on information from the International Council for Clean Transportation (Mock et al., 2014). The
ratio between real life and NEDC emissions is shown in Figure 7. Real world efficiency (¢') is estimated

from NEDC reported efficiency (g) as €' = (1 + f), where f is the correction factor according to
Figure 7.
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Figure 7. Correction factor applied to NEDC efficiencies. Plateaus pre-2000 and post-2015.
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The future efficiency of ICVs is estimated based on a linear progression from the baseline to EU targets
in 2021 (European Commission, 2015) (corrected for real world emissions). Further improvements are
estimated based on a linear improvement to the IEA Blue scenario in 2035 (IEA, 2010) (as reported by
Modaresi et al. (2014)) then following this scenario thereafter. The efficiency of non-ICVs (both past
and future) was assumed to follow the IEA-BLUE scenario. The IEA scenarios appear to follow real life
efficiencies more closely than historic NEDC values and so no correction is applied.

The fuel consumption scenario described above assumes a plateau in car mass. Reductions in car
mass decrease the fuel requirement of vehicles. Information used here is taken from Wohlecker et al.
(2007) as reported in Modaresi et al. (2014). The level of savings depends on the fuel and whether the
vehicle’s drivetrain is resized in-line with reductions in vehicle mass, in the current paper it is assumed
that the drivetrain is resized. The data used for estimating the variation of vehicle efficiency with mass
are shown in Table 8.

Table 8. Variation of vehicle efficiency with mass. Results shown include resizing of drivetrain.

. . : HEV- HEV- PHEV- PHEV-
Drivetrain Petrol Diesel Petrol Diesel Petrol Diesel EV FCV
% reduction in energy
demand per 10% reduction 6.8% 71% 5.7% 4.9% 5.7% 4.9% 3.1% 4.9%

in mass

6. EMISSIONS FACTORS FOR FUELS AND ELECTRICITY

Current and future emissions factors for fuels and electricity have been estimated from existing
literature. For fuel combustion, emissions factors were estimated for the UK, based on UK literature.
These factors can be found in Table 9. For electricity it is important to distinguish the UK grid used by
electric vehicles in the UK and the average global grid used to manufacture materials worldwide. Both
estimates of the UK and global electricity emissions factors have been based on the International
Energy Agency New Policies Scenario (IEA, 2015b). This scenario was used directly for the global
average grid, and the UK grid emissions were estimated by applying the same rate of improvement
of the IEA New Policies Scenario to the UK electricity emissions factor in 2015. These values are shown
in Table 10.

Table 9. Current emissions factors for fuel combustion.

Direct Indirect Total
Fuel emissions emissions emissions Comments
[kg CO2s/GJ]  [kg CO2¢/GJ]  [kg COze/GJ]

Direct and WTT factors for 2013, considering

Diesel 72.21 16.11 88.32 ‘(averag):je biofuel blend. Source: HM Government
2015).
Direct and WTT factors for 2013, considering
Petrol 68.12 13.75 81.87 ‘(averag):je biofuel blend. Source: HM Government
2015).

Factor for 2013. Includes all fossil fuel combustion
Electricity (UK) N/A 127.46 127.46  emissions for the total electricity generated.
Source: [EA (2015a).

Electricity Factor for 2013. Includes all fossil fuel combustion
(global average) N/A 146.78 146.78 emissions for the total electricity generated.
Source: [EA (2015a).

[kg CO2e/km] Considers 11888gC0O2e/kg H2
produced from natural gas steam reforming. This
is currently the most common production method
Hydrogen N/A 0.113 0.113  but others may be considered. An average
consumption of 0.9512 kgH2/100km was
considered from Hyundai (2016).This can be
highly variable. Source: Spath et al. (2001).
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Table 10. Emissions factors for electricity generation.

Emissions factor for the UK Emissions factor for an average
Year electricity grid global electricity grid
[kg CO2e,/GJ] [kg CO2e,/GJ]
2015 125.5 144.5
2016 124.5 143.4
2017 123.6 142.3
2018 122.6 141.2
2019 121.6 1401
2020 120.7 139.0
2021 118.7 136.7
2022 116.8 134.5
2023 114.8 132.2
2024 112.9 130.0
2025 110.9 127.7
2026 109.3 125.9
2027 107.7 124.0
2028 106.1 122.2
2029 104.5 120.4
2030 102.9 118.5
2031 101.7 1171
2032 100.5 115.8
2033 99.3 114.4
2034 98.1 113.0
2035 96.9 111.6
2036 95.9 110.5
2037 95.0 109.4
2038 94.0 108.3
2039 93.1 107.2
2040 92.1 106.1
2041 90.7 104.5
2042 89.7 103.3
2043 88.6 102.0
2044 87.5 100.8
2045 86.4 99.5
2046 85.3 98.3
2047 84.2 97.0
2048 83.2 95.8
2049 82.1 94.5
2050 81.0 93.3

7. DISTANCE TRAVELLED BY CAR AGE

The number of cars in the fleet obtained as described in section 1 is not enough to define its capacity
to deliver service. This could be either a uniform distribution, assuming that all cars in service would
travel on average the same distances each year, or a different distribution that takes car vintage into

account. We have opted by this second option, since Serrenho et al. (2016) verified that older cars
tend to travel less than young cars, so the influence of the composition of the fleet in their ability to
provide transportation service should be considered.

The National Travel Survey (Department for Transport, 2016a) provides historical data for car use, and
enabled the estimation a linear regression model to characterise the average distance travelled by a

car of age i (D; in thousand km)as a function of the overall distance travelled for the entire fleet (D in
thousand km). This model is defined as

Applying linear regression to the historical values of car use of the National Travel Survey between
2002 and 2014, the coefficients B; have been estimated for each car age cohort. Table 11 shows the

values obtained. k is a constant required to scale this relationship for all ages of cars in future time
periods and will vary due to the overall service demand and the age profile of the stock in a given
year.
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Table 11. Regression coefficients estimated for the linear regression model of car age and distance travelled.

Car age cohort B;
<la 1.301
1a 1.301
2a 1.203
3a 1.142
4a 1.059
5a 1.033
6a 0.966
7 a 0.931
8-9a 0.884
10-12a 0.804
13-17a 0.690
18+ a 0.396

This historical relation between car age and distance travelled was used for the period of this analysis
(2015—2050).
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8. ANNUAL COMPOSITION OF THE CAR FLEET

This section shows the annual composition of the car fleet for the following scenarios: reference, new
sales only comprised of EVs and PHEVs with steel-intensive material composition, and new sales only
comprised of EVs and PHEVs, steel-intensive material composition and +20% of occupancy and
intensity of use.

8.1. Reference scenario
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8.2. New sales only comprised of EVs and PHEVs with steel-intensive

material composition
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8.3. New sales only comprised of EVs and PHEVs with steel-intensive

material composition +20% of occupancy and intensity of use
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