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Abstract

Burgeoning demands for mobility and private vehicle ownership undermine global efforts to
reduce energy-related greenhouse gas emissions. Advanced vehicles powered by low-carbon
sources of electricity or hydrogen offer an alternative to conventional fossil-fuelled
technologies. Yet, despite ambitious pledges and investments by governments and automakers,
it is by no means clear that these vehicles will ultimately reach mass-market consumers. Here,
we develop state-of-the-art representations of consumer preferences in multiple, global energy-
economy models, specifically focusing on the non-financial preferences of individuals. We
employ these enhanced model formulations to analyse the potential for a low-carbon vehicle
revolution up to mid-century. Our analysis shows that a diverse set of measures targeting
vehicle buyers is necessary for driving widespread adoption of clean technologies. Carbon
pricing alone is insufficient for bringing low-carbon vehicles to mass market, though it can
certainly play a supporting role in ensuring a decarbonised energy supply.



Decarbonising transport is a major challenge for climate change mitigation.! The sector is
responsible for about one-quarter of all energy-related CO, emissions worldwide, with private
vehicles (namely passenger, or ‘light-duty’, cars and trucks) accounting for around half of
transport energy use and emissions.2 Oil products combusted in internal combustion engine
(ICE) vehicles dominate these emissions (>90%). Going forward, widespread substitution of
conventional (fossil fuel) vehicles with alternative fuel vehicles (AFVs) - such as ICEs running
on biofuels or natural gas, as well as battery-electric (BEVs), plug-in hybrid-electric (PHEVs)
and hydrogen fuel cell vehicles (FCVs) powered by low-carbon electricity and hydrogen - is
seen as an essential feature of most futures consistent 2 °C warming or below.3

Electric-drive vehicles (EDVs = PHEVs, BEVs, and FCVs) currently comprise around 0.3% of the
global private vehicle fleet (approximately 3.2 million EDVs by the end of 2017).45 Sales of EDVs
are growing quickly (1.2 million per year in 2017), and governments and automakers across the
world have set ambitious targets for EDVs.+6-10 Collectively, these targets would amount to
somewhere in the range of 40-70 million electric-drive vehicles on the world’s roads by 2025
(approximately 3-5% of the projected light-duty vehicle stock).4

Can these aspirational goals be achieved? One critical determinant of success will be the
heterogeneous preferences of consumers making decisions about which cars to buy and drive.
Widespread adoption of electric-drive vehicles, and AFVs more generally, implies consumers
actively choosing to purchase them over conventional vehicles. Like any other consumer
technology, vehicle adoption decisions are influenced by upfront (capital) costs and
expectations about future operating and fuel costs (affected by fuel efficiency).11-13 Broadly
speaking, these financial preferences are well understood and have already been incorporated
into vehicle choice models used to analyse AFV uptake under a range of assumptions. Yet, the
picture becomes more complex when considering the wide range of non-financial attributes
over which vehicle purchasers also express preferences. These include available models and
brands, perceived risks, comfort, acceleration, cargo and interior space, and towing capability.1*
16 Additional attributes specific to AFVs include vehicle range and refuelling station
availability.17.18Such attributes are often monetised in vehicle choice models as ‘intangible
costs’; they represent additional sources of utility or disutility contributing to consumers’
perceptions of beneficial or costly choice outcomes.1®

Critical dimensions of (dis)utility that have been identified by the empirical literature on vehicle
choices include, for example, aversion to the risk of a new and relatively unproven type of
vehicle, or its converse, attraction to novelty!529; consideration of the number and variety of
vehicle makes and models offered on the market?!.22; and concern for the availability of
refuelling stations (or lack thereof) and related anxieties about limited driving range.1823-25
While other factors have also been found to be somewhat important,26 consumer preferences
for these specific non-financial attributes seem to be particularly relevant for AFVs, since these
technologies are still relatively novel, limited in the variety of models offered, have a less dense
network of refuelling stations, and may also have limited range.2”

Consumer preferences are also markedly heterogeneous for individuals in varying geographies
and cultures: vehicle purchasers throughout the world have measurably different preferences
for both financial and non-financial vehicle attributes.2¢é As examples, consumers can be
differentiated according to their propensity to adopt new technologies (e.g., early vs. late
adopters), their location (e.g., urban vs. rural area), and their vehicle usage intensity (e.g.,
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modest vs. frequent drivers). This heterogeneity extends beyond local factors to include cultural
or national differences.28-30 A recent meta-analysis of over 20 studies of vehicle choice finds that
cultural differences between countries helps to explain the variation in consumer preferences
for non-financial vehicle attributes.31

These empirical findings represent a major challenge for the analytical tools currently used to
understand the dynamics of long-term energy transitions, including the class of global energy-
economy and integrated assessment models (IAMs) that regularly inform the assessment
reports of the Intergovernmental Panel on Climate Change.3 Energy-economy models are useful
for integrated energy-climate policy analysis because they have broad energy and emissions
coverage and capture many of the complex inter-relationships between different sectors of the
energy system over time and space (such as vehicle and fossil fuel markets as well as electricity
generation and other upstream fuel conversion activities). However, with respect to
representing heterogeneous consumer behaviour, specifically vehicle choice, these models are
limited in several important ways (see Supplementary Note 1). First, many models implicitly
capture only a single ‘representative’ consumer, with no heterogeneity between different types
of individuals. Second, models tend to represent vehicle purchase decisions purely as a function
of capital, fuel, and maintenance costs, with minimal (or no) representation of non-financial
preferences. An exception in some models is the use of generic preference factors to roughly
capture non-optimal choice or the inclusion of time budgets as a constraint on mobility-related
decisions. Technology-specific discount rates (‘hurdle rates’) have also been employed to
approximate aversion to delayed gains; however, this is not standard in global models. Third,
global energy-economy models generally do not differentiate how vehicle choices are
parameterised by country or region as a function of cultural or other specificities. Within the
global energy-economy systems modelling community, few attempts have been made to
address these important limitations, outside of a handful of studies (for example, see refs. 3240,
not all of which are global modelling implementations).

Here we show results from six modelling frameworks (GEM-E3T-ICCS, IMACLIM-R, IMAGE,
MESSAGE-Transport, TIAM-UCL, and WITCH) that have enhanced the behavioural-realism of
their tools, specifically in the area of private vehicle choice (see Table 1, Methods and
Supplementary Methods). These enhancements consider the relative importance of both
financial and non-financial preferences toward alternate vehicle technologies among a
heterogeneous set of consumer groups.#142 This approach builds on a proof-of-concept study
using MESSAGE-Transport33 and tests the robustness of those earlier insights by applying a
similar methodology to multiple models#344, each of which represents transport and other
sectors of the global energy-economy, along with other uncertainties in future socio-economic
development, in its own unique way. A key objective of the multi-model assessment exercise,
which is dedicated exclusively to realistically representing consumer behaviour in long-term
energy transitions, is to identify policy implications for alternative fuel vehicles that are robust
to model formulation. We find that strategies and policies explicitly targeting consumer
preferences toward alternative fuel vehicles are necessary for driving widespread adoption of
these advanced technologies; carbon pricing can help to ensure that the electricity and
hydrogen used to power these vehicles are derived from low-carbon sources. In other words,
the two classes of policies are found to be complementary in accelerating the transition to a
low-carbon vehicle fleet.

Model development and scenario design

The capacity of the six global models to provide policy-relevant insights has been strengthened
by enabling them to simulate the effects of a wide-range of transport strategies and policies for
encouraging the uptake of alternative fuel vehicles. The models now go beyond an exclusive
focus on technology-related costs (financial attributes such as capital, fuel, maintenance), in
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order to capture a subset of ‘intangible’ aspects (non-financial attributes) important to vehicle
purchase choices. The non-financial attributes represented in the models include perceived risk,
range anxiety, refuelling availability, and model variety, all of which are instrumental factors
influencing vehicle choice for which a robust evidence base is available for the estimation of
quantitative parameters.



Table 1. Key characteristics of global energy-economy models in this study. All models encompass all sectors of the energy-economy and have an explicit
representation of all countries/regions in the world, linked through trade.

GEM-E3T-ICCS IMACLIM-R IMAGE I TIAM-UCL WITCH
Transport
Home institution ICCS (Greece) CIRED (France) PBL (The Netherlands) IIASA (Austria) University College FEEM (Italy)
of model London (United
Kingdom)
Equilibrium Recursive-dynamic Recursive-dynamic Recursive-dynamic Inter-temporal Inter-temporal Inter-temporal
concept and (simulation), general- (simulation), general- (simulation), partial- optimisation (linear optimisation (linear optimisation (non-

solution method

equilibrium model;
solved with mixed

equilibrium model

equilibrium model

programming),
general-equilibrium

programming), partial-
equilibrium model

linear + game-
theoretic), general-

non-linear model [3] equilibrium model [?]
complementarity
Vehicle choice Discrete choice Discrete choice (logit)  Discrete choice (logit)  Least-cost Least-cost Least-cost
algorithm (Weibull) equations equations based on equations based on minimisation (full minimisation (full minimisation (full
based on vehicle stock  vehicle stock shares vehicle passenger-km lifecycle) lifecycle) lifecycle)
shares shares
Light-duty vehicle Gas./Diesel/Biofuel Gas./Diesel/Biofuel /F Gas./Diesel ICE (conv. Gas./Diesel ICE (low, Gas./Diesel/Biofuel /F Gas./Diesel/Biofuel
technology ICE ossil synfuel ICE and efficient) medium, and high ossil synfuel ICE ICE
coverage Gas./Diesel/Biofuel Gas./Diesel/Biofuel/F ~ Gas./Diesel HEV efficiency) Gas./Diesel/Biofuel /F  Gas./Diesel/Biofuel
HEV ossil synfuel HEV Biofuel ICE Gas./Diesel HEV ossil synfuel HEV HEV
Pure-electric BEV (250  Pure-electric BEV (150  Biofuel HEV Nat. gas ICE Nat. gas ICE Pure-electric BEV (250
mi) mi) Pure-electric BEV (93  Nat. gas HEV LPG ICE mi)
Gas./Diesel/Biofuel Gas./Diesel/Biofuel/F  and 150 mi) Biofuel ICE Ethanol ICE Gas./Diesel/Biofuel
PHEV (40 mi) ossil synfuel PHEV (20 ¢.¢ /piesel PHEV (10 Biofuel HEV Pure-electric BEV (100  PHEV (40 mi)
mi) and 30 mi) Fossil synfuel ICE mi)
Biofuel PHEV (10 and Fossil synfuel HEV Gas./Diesel/Biofuel /F
30 mi) Pure-electric BEV (100 os_sil synfuel PHEV (10
Hydrogen ICE mi) mi)
Hydrogen FCV Gas./Diesel PHEV (40 Hydrogen FCV[HEV
mi) and PHEV (10 mi)]
Hydrogen FCV
Further reading refs. 4546 ref. 47 ref. 48 ref. 33 ref. 49 refs. 50-52

a MESSAGE-Transport is a partial-equilibrium energy systems model coupled with a general-equilibrium macro-economic model.

b WITCH is a hybrid model that couples an economic growth model with a detailed energy system model.

# Specific model versions employed in this study: GEM-E3T-ICCS, IMACLIM V1.1, IMAGE 3.0, MESSAGE-Transport V.5a, TIAM-UCL 4.04, WITCH 2016.

* Abbreviations: ICE (internal combustion engine); HEV (hybrid-electric vehicle, w/ ICE); PHEV (plug-in hybrid-electric vehicle, w/ ICE; all-electric range specified); BEV (plug-in battery-
electric vehicle; all-electric range specified); FCV (fuel cell vehicle); Fossil synfuels: CTL (coal-to-liquids), GTL (natural gas-to-liquids)



Consumers' preferences for these attributes were monetised, drawing on the empirical data and
relationships embedded within a detailed transport sector model (MA3T).53 These 'intangible'
costs and benefits were then included alongside pure financial costs as extra parameters in the
models’ equations determining vehicle choice (see Methods and Supplementary Methods).
Importantly, these additional terms vary uniquely by consumer type, by region, and by vehicle
technology. This approach allows consumer heterogeneity and non-financial preferences to be
linked to (or derived from) specific scenarios so that narrative storylines, model set-up, and
model assumptions are all consistent. In this way, our scenario analysis goes substantially
beyond previous modelling studies on the topic of behaviour, which focus narrowly on the
price-responsiveness of the average consumer

Global modelling analyses of the mid-to-long-term typically assess the impacts of climate policy
using economy-wide carbon pricing as the principal lever to promote energy efficiency and low-
carbon energy. However, there are a number of known issues with (international) carbon
pricing, and as a sole policy instrument, it is particularly ill-suited for incentivising change in the
transport sector (see Supplementary Note 2).41425455 Consequently, sectoral actions tend to
dominate regulatory influences on vehicle choices; these encompass both financial incentives
such as fuel taxes, subsidies, fee-bates and non-financial levers such as efficiency standards,
vehicle mandates, refuelling infrastructure investments, and exclusive access to parking spaces
or roads. Additionally, a wide range of strategies involving not just policymakers but also
businesses and civil society, can effectively support the adoption and use of AFVs. Such
strategies include demonstration through car clubs or car-sharing networks, and information
and social marketing campaigns. See Supplementary Note 3 for a mapping between consumers’
financial and non-financial preferences and the main mechanisms currently being used to
support AFV adoption throughout the world today. The global models employed in this study
did not endogenously account for each and every one of these policy instruments; rather, our
objective was to develop internally-consistent scenario storylines depicting divergent futures
for the scale and scope of these actions. We were then interested in how successful the
measures could be at influencing consumer behaviour and, by extension, the potential impact
on global mitigation efforts. Importantly, by ‘influencing consumer behaviour’ we are not
referring to measures that in any way constrain people’s actions, but rather to those measures
that incentivise the consideration of alternative choice sets.

We tested different scenarios envisioning how consumer preferences for AFVs may change in
the future. 'AFV Push’, envisions a major shift in people’s views regarding the non-financial
attributes of alternative fuel vehicles (e.g., risk aversion declines, range anxiety concerns are
reduced). This storyline is consistent with the effect of a sustained set of behaviour-influencing
strategies and policies implemented globally to promote AFV uptake. The second scenario, 'No
AFV Action’, sees consumers’ current views toward AFVs persisting across the full range of non-
financial attributes. This storyline is consistent with an absence of any strategies or policies to
promote AFVs; in this sense, it serves as a counterfactual for assessing what levels of AFV
deployment might be achieved in a pessimistic scenario that assumes the numerous policies
observed today throughout the world are ineffective at stimulating the market for AFVs.

Both the 'AFV Push’ and 'No AFV Action’ scenarios are combined with climate policy in the form
of economy-wide carbon pricing. This feeds into vehicle purchase decisions through its effect on
fuel costs. We consider different levels of climate policy stringency, ranging from 0 to 100
US$2010/tCO,, starting immediately after 2020 and remaining constant in real terms
thereafter. The ‘No AFV Action’ scenario with a carbon price of zero is the most disadvantageous
for AFVs and thus serves as a useful reference point for assessing the impacts of the two classes
of policies (sectoral actions vs. economy-wide carbon pricing). A typology of all scenarios is
shown in Table 2; see Methods for further details about the AFV storylines.



Table 2. Typology of scenarios run in this study. The different climate policy cases are run for each of the
two AFV scenarios. Global economy-wide carbon pricing starts immediately after 2020 and is then held
constant to 2050. Note that a carbon price of 100 US$/tCO2 equates to approximately 45 US$/bbl of
crude oil (in terms of its carbon content), or 0.28 US$/litre (1.1 US$/gal). Such carbon pricing would add,
for example, approximately 500 US$ per year to the annual expenses of an average US driver operating a
typical new conventional gasoline ICE car in real-world conditions (21,000 km/yr and 13 km/litre; or
13,000 miles and 30 miles/gal).

Climate policy (economy-wide carbon pricing)
Transport AFV Push AFV Push AFV Push AFV Push
strategies and (+ 0 US$/tCO2) (+30 US$/tC02) (+ 50 US$/tC02) (+ 100 US$,/tCO2)
policies influencing
consumer No AFV Action No AFV Action No AFV Action No AFV Action
preferences (+ 0 US$/tCO2) (+ 30 US$/tC02) (+ 50 US$/tC02) (+ 100 US$,/tCO2)

Vehicle choice impacts of measures targeting preferences

As illustrated in Figure 1, the six global models find that a mixture of strong transport strategies
and policies (‘AFV Push’ scenario) can steer the market share of AFVs, particularly those
powered by electricity and hydrogen, toward substantially higher levels. By 2050, electric-drive
vehicles account for an average of 24% of global light-duty vehicle passenger-kilometres
travelled [model range: 15-34%; see Figure 1a]. In the absence of a concerted push (‘No AFV
Action’), electric-drive vehicle (EDV) shares are found to reach only 0 to 3% by mid-century
(average: 1%). Considering the high, economy-wide carbon price assumed in the two scenarios
shown in Figure 1, which intentionally focuses on the most extreme case of 100 US$/tCO- (see
Supplementary Figures 1-4 for results under other carbon pricing schedules), the low EDV
penetration exhibited in ‘No AFV Action’ is especially noteworthy. In other words, according to
the models, carbon pricing alone is not sufficient for driving the transition to EDVs, at least
when considering prices of 100 US$/tCO; or below (though this does not preclude the
possibility that much higher carbon pricing could have a more pronounced effect). And with
strong behaviour-influencing measures in place, it may not even be necessary: targeting
consumers’ non-financial preferences can potentially yield major benefits even if carbon prices
(or more generally, fossil fuel prices) remain relatively low for a sustained period of time. In
Supplementary Note 4, we explain the key differences in outcomes exhibited by individual
models. These differences are often driven by factors not specific to light-duty vehicles (e.g.,
electricity or biofuels prices, or competition for bioenergy from other sectors), thus highlighting
the value of conducting an analysis of low-carbon transport futures within the context of whole-
systems models, which simultaneously capture all parts of the global energy-economy.

Supplementary Figure 4 illustrates how EDV penetration compares across different consumer
groups for one model. As expected, earlier adopters exhibit greater uptake of these vehicles
than later adopters. Less obvious is the impact of annual driving intensity on vehicle
penetration: at lower mileage levels intangible considerations like range anxiety and
refuelling/recharging availability are less of a factor, meanwhile the fuel cost savings associated
with these more efficient vehicles are relatively small. It is the balance between these non-
financial and financial attributes that ultimately determines an individual’s purchasing decision.
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Figure 1. Shares of electric and fuel cell vehicles in 2050. Contribution of electric and fuel cell vehicles
to total light-duty vehicle passenger-kilometres in 2050, assuming strong behaviour-influencing
measures (‘AFV Push’) or no such measures (‘No AFV Action’), across six global energy-economy models
a) globally; b) in the OECD region, and c) in the Developing Asia region. Global, economy-wide carbon
pricing is assumed as climate policy in both scenarios after 2020 (100 US$/tCO2 held constant over time).
Note the different scaling used in the graphs. ‘EDV’ = electric-drive vehicles (PHEVs, BEVs, FCVs).

Figure 1b and Figure 1c show model results for the world’s two dominant auto markets, both
now and up through mid-century: the OECD group of countries (USA, Europe, Japan, and
Australia, among others) and those in Developing Asia (DevASIA; primarily including the
rapidly industrialising economies of Asia, notably India, China, and the countries of Southeast
Asia, among others). For the most part, the models indicate greater electric-drive vehicle
diffusion in the OECD compared to DevASIA (see Supplementary Note 5 for an explanation; see
Supplementary Figures 2 and 3 for additional scenario results for these two regions).



Table 3 provides another metric for assessing the scale and speed of future electric-drive
vehicle deployment as envisioned by the models: vehicle stock (number of light-duty cars and
trucks on the road). In the ‘AFV Push (+ 100 US$/tC0O;)’ scenario, the number of electric and
hydrogen vehicles averages 69 million in 2030 and 478 million in 2050 [ranges: 34-121 and
282-645 million, respectively]. Meanwhile, in the corresponding scenario relying solely on
economy-wide carbon pricing (‘No AFV Action (+ 100 US$/tC02)’), the average electric-drive
vehicle deployment levels are a much more meagre 10 million in 2030 and 27 million in 2050
[ranges: 0-19 and 0-57 million, respectively]. Battery-electric and plug-in hybrid-electric
vehicles dominate in nearly all cases, whereas hydrogen fuel cell vehicles are negligible or nil.

Table 3. Stocks of different vehicle technologies in 2030 and 2050. Stocks (millions of light-duty
vehicles in the fleet) of ICE, PHEV, BEV, and FCV in 2030 and 2050 (Global results), assuming strong
behaviour-influencing measures (‘AFV Push’) or no such measures (‘No AFV Action’), across five global
energy-economy models. (IMAGE model is excluded here because its algorithms track vehicle passenger-
km, not vehicle stock.) Global, economy-wide carbon pricing is assumed as climate policy in both
scenarios after 2020 (100 US$/tCOz held constant over time). Sources for 2010 data: refs. 5658, Note that
year-2010 estimate for ICEs is non-exact due to definitional issues in national-level statistics, namely the
distinction between light-, medium-, and heavy-duty trucks.

Stock AFV Push No AFV Action
2010 Stock (10° vehicles) | 2030 | 2050 2030 | 2050

ICE ~850) o ice 1124 1526 1237 2155
PHEV | 0.00 W | pHEY 788| 3816 155 46.0
BEV 0.01 é BEV 417| 2548 34 109
FCv 0.00 Fcv 0.0 0.0 0.0 0.0
s |icE 1115] 1422 1157 1678

S |PHEV a4 1360 134 324

g |ev 193] 1808 58 204

= |Fev 0.0 0.0 0.0 0.0

w |ICE oue| 1273 1012] 1546

< |pHEV 234 343 0.0 0.0

2 |ev 4s0| 2475 0.0 0.0

2 lrcv 0.0 0.0 0.0 0.0

g |ice 1355] 2252 1408] 2794

S |pHEV 507 6314 12 15.4

2 |Bev 0.6 5.3 0.0 0.1

F [Fev 0.0 8.1 0.0 0.0

ICE 1405] 1594 1428] 2097,

S |pHEV 158 416 10.2 7.8

S |sev 180  469.6 0.6 0.6

Fcv 0.0 0.0 0.0 0.0

Carbon emissions impacts of measures targeting preferences

Global cumulative carbon dioxide (CO2) emissions reductions over the period 2010-2050 are
estimated to be, on average, 33 GtCO; [range: 24-53 GtCO.] in the ‘AFV Push (+ 100 US$/tCO)’
scenario, whereas in the corresponding ‘No AFV Action (+ 100 US$/tCO2)’ variant they are only
17 GtCO; [range: 6-44 GtCO:]. Importantly, these estimates take into account both direct (end-
use combustion; ‘tank-to-wheel’) and indirect (upstream production; ‘well-to-tank’) emissions
of CO; over the full lifecycles of the various fuels consumed by all light-duty vehicles. Figure 2
shows these emissions reductions in the form of marginal abatement cost (MAC) curves for the
suite of carbon pricing schedules in the two AFV action storylines. In all instances, reductions
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are calculated relative to the counterfactual ‘No AFV Action (+ 0 US$/tCO2)’ scenario, total
emissions for which are presented by model and regional grouping in Supplementary Table 1.

While the dynamics exhibited by each model’s MAC curve are unique, certain trends are robust
across models. First, if behaviour-influencing measures supporting AFV deployment fail to
materialise, then the light-duty mitigation potential may be limited. This can be seen in the
fairly steep curves for ‘No AFV Action’ in Figure 2: emissions are somewhat ‘inelastic’ to
increasing carbon (i.e., fuel) prices in this scenario. The ‘AFV Push’ curves, on the other hand,
tend to be slightly more ‘elastic’. Moreover, the gap between the two curves generally grows as
carbon prices rise, indicating that while carbon pricing may not be sufficient on its own for
driving the transition to AFVs, such pricing can still serve as a helpful complement to targeted
sectoral actions if the ultimate goal is to ensure that the electricity and hydrogen used to power
vehicles is derived from low-carbon sources (see Supplementary Note 6). A second robust trend
shown in Figure 2 is that the strategies and policies envisioned in ‘AFV Push’ can lead to a
pronounced rightward shift of the MAC curve, relative to the more pessimistic future of ‘No AFV
Action’. For all models but one, the sector’s overall mitigation potential at least doubles or
triples. Finally, we note that the robustness of the above insights is confirmed by a sensitivity
analysis that makes alternative assumptions for the (uncertain) upstream carbon intensities of
the different fuels consumed in transport (see Supplementary Figures 5-7).
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Figure 2. Marginal abatement cost for COz emission reductions from light-duty vehicles. Marginal
abatement cost (MAC) curves for CO2 emissions (direct + indirect) reductions from the global light-duty
vehicle fleet, across six energy-economy models. Emissions reductions are cumulative (2010-2050) and
relative to the counterfactual ‘No AFV Action (+ 0 US$/tC0O2)’ scenario. Global economy-wide carbon
pricing starts immediately after 2020 and is then held constant to 2050. For calculating the upstream
(indirect) component of emissions, average fuel-specific carbon intensities are in most cases assumed
exogenously: +20 gC0z/M] for gasoline/diesel, +15 gCO2/M] for biofuels, +20 gC0O2/M] for natural gas,
+100 gCO2/M] for hydrogen, and +50 gCO2/M] for fossil synfuels (values based on refs. 59-63), Only for
electricity were model-specific carbon intensities estimated and applied. Comprehensive lifecycle
assessments based on model results were not conducted for the other fuels, due to insufficient
information; hence the exogenous assumptions. Because of vast uncertainties in the upstream carbon
intensities of these fuels, sensitivity analyses were also run using alternative assumptions; see
Supplementary Figure 5.
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At the regional level, the combined effect of the strategies and policies envisioned in ‘AFV Push’
is found to have a considerably larger CO, emissions reduction impact in the OECD than in
DevASIA (see Supplementary Figures 6-7). Specifically, the average cumulative emissions
reduction estimated by the models for the OECD is 17 GtCO; [range: 9-24 GtCO2] in the ‘AFV
Push (+ 100 US$/tCO;)’ scenario, but only 8 GtCO; [range: 1-22 GtCO-] in DevASIA.

Discussion

The first major insight deriving from the results described above is that concerted near-to-mid-
term actions on the part of governments, businesses and civil society to address non-financial
aspects of consumers’ preferences are critical to the ultimate success of alternative fuel vehicles,
in particular those powered by electricity and hydrogen. Financial incentives influencing fuel
prices (e.g., carbon pricing) can certainly play a supporting role, but they do not appear to be
sufficient for driving the AFV transition on their own. As previously mentioned, the global
models employed in this study did not attempt to endogenously account for each and every
transport policy instrument represented; they rather capture the combined effects of those
measures in their storylines; such is the nature of scenario-mapping in global energy-economy
models. We note, however, that between the years 2008 and 2014, government spending on
policies for electric vehicles totalled around 14 billion US$ globally®4, representing some 0.002
to 0.018% of national GDP in leading countries in 2014.65 The front-runners at the high end of
this range were Norway and the Netherlands; if all other countries in the world were to follow
those examples, which is what our ‘AFV Push’ scenario essentially envisions, then we might also
expect, by crude estimation, global policy expenditures to approach levels of around 0.02% of
GDP. Policy costs of this magnitude are relatively small in comparison to the total costs
estimated by global [AMs for decarbonising the entire energy-economy in line with the 2 °C
target (consumption losses of 1-4% in 2030 and 2-6% in 2050; see ref. 3). Also for comparison,
the models estimate that in the ‘AFV Push (+ 100 US$/tC02)’ scenario annual revenues
generated by pricing of emissions from the light-duty sector alone would globally amount to
165-507 billion US$2005/yr in 2030 and 71-662 billion US$2005/yr in 2050. Financial flows of
this magnitude should more than compensate for the policy expenditures needed to incentivise
AFV deployment, even if the expenditure levels of the past years scaled up by an order of
magnitude. Other studies have shown that a considerable amount of financial support may be
needed for a period of up to two decades to initiate the light-duty vehicle transition; though, in
the long term the benefits to society are likely to greatly outweigh the costs.¢6

Second, actions targeting consumers’ preferences toward alternative fuel vehicles can provide a
major boost to transport sector decarbonisation efforts. To be sure, light-duty vehicles can be
decarbonised without plug-in electric or hydrogen fuel cell technologies: low-carbon biofuels
can also play an important role.6” But given real constraints to the supply of bioenergy (and how
much of the total resource base the transport sector will be able to secure), as well as open
questions regarding the lifecycle carbon intensity of biofuels (in view of land use management
concerns and indirect land use change impacts)8, an arguably more robust strategy would be to
shift passenger vehicle transport away from liquid fuels altogether (whether fossil- or bio-
based) and more toward electricity and hydrogen produced from low-carbon sources.

Third, the finding that behaviour-influencing measures could have a considerably larger
transport CO; emissions reduction impact in the OECD than in DevASIA is insightful, especially
considering the relatively larger size of the latter in terms of population. Not all individuals in
China, India, and Southeast Asia are vehicle owners, however, and will not likely become so in
the near-to-mid-term, even if automobile ownership in these countries is growing rapidly. Until
the auto market of DevASIA matures, the OECD market will continue to dominate. Hence, one
conclusion from our analysis is that over the next few decades to 2050, strategies and policies
influencing consumer preferences in the realm of private vehicle choice can have a greater
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overall emissions benefit in OECD countries than elsewhere. This is primarily due to social
influence effects tending to be stronger, in aggregate, in OECD countries and annual average
driving distances generally being higher.31.33.69

Fourth, looking toward the feasibility of achieving international targets such as those put
forward in the “Paris Declaration on Electro-Mobility and Climate Change and Call to Action”,
with its goal of 100 million electric-drive vehicles on the world’s roads by 2030,1° or those
aimed for by the even more ambitious ‘EV30@30’ campaign,*? the model results summarised
herein (Table 3) indicate that these targets may indeed prove challenging to achieve, when
considering the diverse needs, considerations and preferences of the consumers relied upon to
purchase these vehicles.

Finally, from a modelling point of view, our analysis suggests that an enhanced treatment of
heterogeneous behavioural features in global energy-economy models lends them greater
explanatory power than when such features are not treated explicitly (see Supplementary Note
7), or are for the most part ignored, as is the case with essentially all previous global scenario
studies exploring the role of transport in a low-carbon future.50.5170-72 Storylines of this kind are
akin to assuming that consumer risk aversion and concerns over limited model variety, lack of
refuelling station availability, and range anxiety are non-issues from today onward (i.e., the
intangible costs are forever zero). In such an ‘AFV Ambition (+ 100 US$/tC0O;)’ scenario, which
we discuss further in Supplementary Note 8, the number of electric and hydrogen vehicles
globally averages 158 million in 2030 and 588 million in 2050 [ranges: 35-363 and 354-904
million, respectively]. Such deployment levels represent substantial increases beyond those
seen in the ‘AFV Push (+ 100 US$/tCO;)’ scenario.

In terms of this study’s limitations, the impacts of the individual transport strategies and
policies envisioned in our scenarios are not explicitly modelled, the costs of these actions are
not calculated, the future changes in consumer preferences are specified exogenously - via the
(dis)utility costs — as opposed to being endogenously dependent on other model parameters or
upon social interactions between individuals, and the focus here is on instrumental factors
influencing vehicle choice, as opposed to more overtly symbolic (e.g., model type) or
environmental (e.g., CO, emissions intensity) attributes. With respect to (dis)utility cost drivers,
we would hypothesise that if consumer preferences would be represented in a more
endogenous way by the models, then implementation of carbon pricing as the sole policy
measure may be somewhat more effective than we estimate here, particularly if such pricing
would lead to systematic changes within society that subsequently shift the underlying factors
responsible for perceived risk, range anxiety, refuelling availability, and model variety. For this
to happen though, carbon prices would likely need to be far higher than 100 US$/tCO..
Regarding the focus on instrumental factors, there is at present insufficient, globally-
differentiated evidence on the effect of symbolic and environmental attributes on vehicle choice
to warrant their representation within global models. If such attributes could be meaningfully
represented, then we surmise we would see that strategies and policies targeting consumers’
non-financial preferences would become an even more crucial driver for advanced vehicle
adoption.

Despite these caveats, our work clearly shows that by improving the representation of
heterogeneous behavioural features in global energy-economy models, these tools are better
able to assess a wider suite of policies than before. Enhancements of this type will become ever
more important as demand rises for these models to inform major international policy
processes, including implementation of the Paris Agreement and Sustainable Development
Goals (SDGs). In our view, more policy-specific and behaviourally-realistic modelling is
becoming possible as new empirical research and model development combine to push the
modelling frontier forward.”3 Our study is but one step along the path toward this longer-term
goal.
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Overview of the integrated modelling frameworks

Six global energy-economy modelling frameworks were employed in this study: GEM-E3T-ICCS,
IMACLIM-R, IMAGE, MESSAGE-Transport, TIAM-UCL, and WITCH. These were selected because
they represent state-of-the-art scenario development tools that are widely used to evaluate the
costs, potentials, and consequences of different energy, climate, and human development
futures over the medium-to-long term, and because they have different structures and solution
algorithms, spanning a range from least-cost optimisation to computable general equilibrium
models and from game-theoretic to recursive-dynamic simulation models (see Table 1). Brief
documentation for the models can be found in the Supplementary Methods. A more expansive
reference is The Common Integrated Assessment Model (CIAM) documentation website
developed within the context of the ADVANCE project74 This site allows for side-by-side
comparisons between different modelling frameworks.

Despite the many differences between these six complex models - which is a recognised
strength of multi-model assessment exercises - the models share one important trait in
common: each can be described as a ‘whole-systems’ framework, in the sense that all sectors of
the world’s energy-economy are captured and all countries/regions of the world are
represented. One of these sectors is transport, namely light-duty passenger vehicles, the focus of
this study. While there are certainly other models that have more detailed representations of
transport technologies, policies, and consumers than this class of tools (i.e., sector-specific
models), the marked advantage of energy-economy models is that they are able to link
developments in the transport sector to other parts of the energy system, and vice-versa. For
example, the models employed in this study explicitly represent the full fuel conversion chain of
all relevant energy carriers that could be used in transport and elsewhere (e.g., oil extraction
and refining operations; electricity generation activities from coal or wind; and so on). The
models therefore respect the limits of potentially constrained resources and can assess the
marginal value of supplying certain fuels to particular sectors, meaning that energy prices are
calculated endogenously. With regard to the transport sector in particular, the modelling of
vehicle/fuel choices is handled in one of two ways (broadly speaking) by the six models: either
via discrete choice (logit) equations or least-cost minimisation algorithms. This diversity also
contributes to the robustness of insights reached.

Model enhancements for representing heterogeneous behavioural features

Owing to their integrated, all-inclusive nature, global energy-economy models have been
regularly, and increasingly, used to inform energy-climate policy making over the past two to
three decades. Scenarios developed using these models have also been frequently assessed as
part of large-scale multi-model assessment exercises.37577 Yet, nearly all of these projects in
recent years have focused on the dynamics of the long-term energy system transition from the
lens of technology and policies. Human behaviour has largely been ignored. The current
exercise moves in an orthogonal direction. The task of including heterogeneous behavioural
features in the models of this study has necessitated the transfer of insights, data, and reduced-
form relationships from a more detailed transport sector model, MA3T (Market Acceptance of
Advanced Automotive Technologies), a nested multinomial logit vehicle choice that estimates
choice probabilities (considering a range of financial and non-financial attributes) for a variety
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of vehicle types by consumer segment, with a focus on the USA (see Supplementary Methods).53
This model is built upon empirically-derived data and relationships, which we then
supplemented with additional empirical evidence relevant for other parts of the world (see
below).

Representing heterogeneous behavioural features of vehicle choice in the models of this study
required the mean representative decision-agent of each model to be divided into distinct
consumer segments characterised by different preferences and vehicle use characteristics. This
implies a two-step methodology, as first illustrated in a test case by ref. 3439 using the TIMES
bottom-up modelling framework and then later in a proof-of-concept study by ref. 33 using the
MESSAGE-Transport global model. The first step was to disaggregate the single, homogenous
light-duty vehicle mode (both technologies and demands) along several different dimensions.

The second step was to add extra cost terms (so-called “(dis)utility costs”, “intangible costs”, or
“non-financial costs”) on top of the vehicle capital costs already assumed in the model.

In the most detailed formulation, consumers (potential vehicle buyers) within one of the
respective model’s native model regions are divided along three separate dimensions. These
dimensions are chosen because the empirical evidence base suggests they (or their derivatives)
are important behavioural features of vehicle choice (see refs. 263133 for reviews of the
literature).

1. Settlement pattern: Urban - Suburban - Rural

2. Attitude toward technology adoption: Early Adopter - Early Majority - Late Majority

3. Vehicle usage intensity: Modest Driver — Average Driver - Frequent Driver

The combinations possible in this 3x3x3 arrangement led to 27 unique consumer groups. All
members of the entire driving population (within a particular model region) fall into one of
these 27 groups. Division into groups is done with respect to service demands, i.e., passenger-
kilometres. Note that two of the models, IMACLIM-R and WITCH, implemented a 9-group
disaggregation, collapsing the settlement pattern dimension and thus distinguishing consumers
by technology attitude and vehicle usage intensity. (A sensitivity analysis with the (dis)utility
cost data indicated that such a simplification could be made for reasons of reducing
computational intensity but with a modest sacrifice in terms of representing behavioural
heterogeneity.) Apportionment of current and future vehicle demands by consumer group is
determined using base-year transport statistics (for vehicle usage intensity), population
projections (for settlement pattern), and diffusion theory (for technology adoption propensity);
see Supplementary Methods for further details.

We focus on five non-financial vehicle purchase attributes for implementation in the models of
this study (i.e., those comprising nearly the entirety of the total summed (dis)utility costs as
estimated by MAS3T; see Supplementary Figure 12). These (dis)utility cost sub-components are
listed below, with more detailed descriptions being given in Supplementary Table 3. The costs
link to the non-financial preferences found by empirical studies to be influential determinants
of AFV adoption (see ref. 33), and are specific to particular consumer groups and technologies.
They also vary by region and can decline over time, depending on the overarching scenario
storyline. Most costs are positive, but some may actually be negative for a time (e.g., risk
aversion costs, or rather intangible benefits, for early adopters of very new technologies). While
there is inherent uncertainty in the magnitude of any single cost component, of the five used
here, range anxiety, refuelling station availability, and model variety/availability tend to
dominate, depending on the particular vehicle technology, consumer group and region under
consideration.

1. Range anxiety (limited electric vehicle driving range)

2. Refuelling station availability, or lack thereof (for non-electric vehicles)

3. Risk premium (attitude toward new technologies)

4. Model variety/availability (diversity of vehicles on offer)
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5. Electric vehicle charger installation (home/work/public)

All of these non-financial attributes are instrumental factors influencing vehicle choice for
which a robust evidence base is available for the estimation of quantitative parameters. Some of
them are also perceived in symbolic and environmental terms?8-80, Other non-financial
attributes are more overtly symbolic (e.g., model type) or environmental (e.g., CO2 emissions
intensity); however, there is insufficient globally-differentiated evidence on the effect of these
symbolic and environmental attributes on vehicle choice to warrant representation
endogenously within global models. Nevertheless, our representation of a sub-set of non-
financial attributes represents a major extension of the common treatment of consumer
behaviour in global energy-economy models and thus improves the models’ collective ability to
explore and understand the challenge of mitigating emissions in the transport sector, while at
the same time taking into account developments in other sectors of the energy system, such as
fluctuations in oil prices and carbon pricing.

While MA3T was originally developed with empirical data specific to the USA light-duty vehicle
market, we have determined through our analysis that the (dis)utility costs generated by the
model for the USA can be extended to other countries and regions by applying simple “regional
multipliers.” These multipliers are based on relationships between the different (dis)utility
costs and selected, empirically-derived predictor variables that are globally available.
Specifically, we found that: cultural values predict differences in social influence effect sizes
between countries and that these can be applied to risk premium decline rates, and average
driving distances reasonably predict differences in willingness-to-pay estimates (WTPs) for
increased vehicle range and refuelling infrastructure availability. Once these country-level
estimates have been made, multipliers can be calculated that are based on the ratio between
each regionally aggregated value and the USA value.

Further details about our integrated approach to enhancing the vehicle choice representation of
energy systems models as we have applied it in the various modelling frameworks of this study
are given in the Supplementary Methods. For an extended discussion of the theoretical
underpinnings of the methodology, see ref. 34.
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Scenario storylines

The following text describes the narratives used to frame the scenarios run by the models in
this study. Note that the ‘view from the future’ introductions depict the long-term future
outcomes of each scenario while the subsequent text then sets out the details of the scenario
storyline and its model implementation.

AFV Push Storyline
The view from the future. Alternative fuel vehicles are no longer ‘alternative’ in the passenger car

and light-truck market. Fossil-dominated private vehicle transport is on its way to being phased
out: gasoline, diesel, and natural gas continue to power vehicles of ever-greater efficiency, but not
to the exclusion of other fuels. Diverse consumers enjoy access to a wide range of vehicle
technologies. Electric vehicles are common, but hydrogen fuel cells and biofuels also have distinct
market niches. Widely-available recharging and refuelling stations provide for these different
needs. Auto manufacturers have continued to innovate to improve vehicle performance and reduce
costs. Numerous new vehicle models are released onto the market each year, allowing consumers a
wide degree of choice. No-one can quite remember why consumers seemed so averse to non-fossil
fuelled vehicles when they first appeared on the market some decades ago.

The ‘AFV Push’ scenario sees consumer preferences shifting in favour of AFVs - over both
financial and non-financial vehicle attributes. In terms of financial attributes, manufacturing
scale economies and learning effects result in a steady decline in the upfront capital costs of
AFVs. However, the major feature of the ‘AFV Push’ scenario is that consumers are less and less
concerned by the non-financial attributes of AFVs: their novelty, limited model variety, lack of
refuelling/recharging infrastructure, and - for electric vehicles in particular - limited range. The
(dis)utilities associated with these non-financial attributes decline continuously over the next
two to three decades until they no longer factor into consumers’ vehicle purchase decisions. The
specific assumptions used to describe the declining (dis)utilities are illustrated with an example
in the Supplementary Methods. Complete information can be found in Supplementary Data 2,
along with the functional forms and rates of decline from the original MA3T vehicle choice
model that these numbers are based upon.

The declining importance of consumer concerns over the non-financial attributes of AFVs has
two broad interpretations. First, changing social norms and perceptions contribute to reducing
consumers’ perceived risks associated with novel technologies. Meanwhile, vehicle
manufacturers produce a wider variety of models, and governments and firms linked to
transportation invest in more refuelling and recharging infrastructure, reducing the time
needed by consumers to find suitable stations. Second, AFVs improve in performance. Range
anxiety in particular becomes ever less relevant with an increased prevalence of public rapid
charging stations.

Underlying these changing consumer preferences is a concerted and sustained push to promote
AFV uptake by governments, firms and civil society. The ‘AFV Push’ scenario is therefore
consistent with the types of strategies and policies outlined in Supplementary Table 2 being
implemented worldwide. Specific mixes of measures may vary locally, depending on local
circumstances and needs, but overall there is widespread, strong action - similar to that
observed today in lead markets like the USA (California), China, Netherlands, and Norway.

No AFV Action Storyline
The view from the future. Alternative fuel vehicles are a niche product and indeed remain

alternative. Although enthusiasts, low-carbon pioneers, and technophiles extol their virtues,
electric- and hydrogen-powered vehicles are seen as exotic by the vast majority of drivers. There is
simply nothing that can rival the internal combustion engine, tried and tested continuously for
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well over a century. Fossil-fuelled vehicles are cheap, efficient, easy-to-operate, and benefit from a
vast infrastructure of refuelling stations, maintenance workshops, and after-sales support.
Concerns about pollution and climate change, as well as steadily rising fuel costs, are secondary in
importance to potential vehicle buyers, who remain cautious about vehicles promising a brighter
alternative future but that do not even offer the same basic levels of performance as conventional
vehicles, in terms of range and the ability to refuel whenever, wherever. The alternative fuel
vehicles actually available to choose between are limited and constrain consumers’ abilities to
express their distinctive needs.

The ‘No AFV Action’ scenario sees the non-financial attributes of AFVs persist as sources of
(dis)utility for the majority of vehicle buyers. In terms of financial attributes, manufacturing
scale economies and learning effects result in a steady decline in the upfront costs of AFVs.
However, the major feature of the ‘No AFV Action’ scenario is that consumers remain concerned
by the novelty of AFVs, limited model variety, lack of refuelling/recharging infrastructure, and -
for electric vehicles in particular - limited range. The (dis)utilities associated with these non-
financial attributes are high and constant over time, acting as an important disincentive for AFV
purchase decisions. The specific input data assumptions used to describe these high and
constant (dis)utilities associated with non-financial AFV attributes are illustrated with a single
example in the Supplementary Methods. Complete information can be found in Supplementary
Data 2, along with the functional forms and rates of decline (or lack of decline in this case) from
the original MA3T vehicle choice model that these numbers are based upon.

This ‘No AFV Action’ scenario can be interpreted as an unfolding future in which AFV
manufacturing stagnates, little effort is put into promoting AFV uptake, and none of the
strategies and policies outlined in Supplementary Table 2 are implemented in countries
throughout the world. This is clearly a counterfactual in all these respects: the non-financial
attributes of AFVs have been improving recently (e.g., range is less limited) and will continue to
improve as manufacturing experience and market shares grow. Moreover, AFV-supporting
strategies and policies continue to proliferate in more and more jurisdictions. However, the ‘No
AFV Action’ scenario serves as a useful ‘what-if reference point against which the impacts of the
‘AFV Push’ scenario can be evaluated.

Data Availability Statement

The empirical data supporting this analysis are available to any interested parties as
Supplementary Data 1-3. These come in the form of Excel data files containing: model
assumptions for annual driving distances and consumer group splits by region (Supplementary
Data 1), (dis)utility costs by non-financial attribute, consumer group, vehicle technology, and
region (Supplementary Data 2), and capital costs for light-duty vehicles over time in each
model’s USA region (Supplementary Data 3). Other data can be made available upon reasonable
request; please contact the corresponding author.
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