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While present transport systems provide numerous  
benefits, the negative societal impacts are enormous. In 
particular, the global transportation sector is respon-

sible for almost one-quarter of greenhouse gas (GHG) emissions 
(mostly CO2), with about 72% thereof from road transport1. Despite 
decades of progress for alternative and low-carbon fuels and tech-
nologies, most developed countries remain locked-in to the domi-
nance of privately owned, fossil fuel-powered vehicles2,3. Transport 
emissions are expected to grow further in scenarios produced by the 
International Energy Agency (IEA), even if currently announced 
policies are implemented (Fig. 1)4–6.

This Perspective summarizes available evidence for which  
policy mixes can be highly effective in reducing GHG emissions 
within road transport in the long-term while pointing out directions 
for further policy and research development. Clearly the transpor-
tation sector needs to carry its weight in meeting deep decarbon-
ization goals. Compared to 2019, both the 1.5 °C and 2.0 °C Paris 
Agreement scenarios require global GHG reductions of about 
30–40% by 2030, 60–80% by 2050 and likely close to 100% (or zero 
net emissions) thereafter5,7. GHG mitigation ambitions are higher 
in Organisation for Economic Co-operation and Development 
(OECD) countries because they are the source of most historical 
emissions and are thought to have more flexibility for large-scale 
investment in low-carbon technologies8. Because expected miti-
gation costs are lower in road transport than in aviation or ship-
ping9–11, we start with the assumption that road transport should at 
least proportionally fulfil the ambition of the total mitigation tar-
gets noted above. That said, emissions from aviation and shipping 
are growing more quickly and require additional GHG mitigation 
policies2.

We focus on national and regional policymaking. Cities are 
important in the transition towards more sustainable transport, 
but their scope for governmental climate change action tends  
to be smaller than on the national level12. While we identify insights 
with global relevance, most of the available literature analyses  
developed countries, mainly in Europe and North America— 
pointing to a clear research need to better understand climate  
policy design for developing countries. Further, our analysis  
focuses more on passenger travel which is responsible for most 
GHG emissions in transport, though we call for more attention to 
road freight.

The importance and complexity of policy mixes
A single policy instrument (simply referred to as a policy) is not 
likely to be enough to realistically achieve climate targets. Rather, 
evidence suggests that an integrative mix of strong policies is 
needed to induce a low-carbon transition, likely a combination 
of pricing mechanisms, subsidies, regulations and infrastructure 
implementation13–19. Transport researchers have understudied ratio-
nales and approaches for policy mixes as well as the complexities of 
policy interactions19,20. We presently define policy mix simply as the 
presence of multiple policies implemented in the same country or 
region, during the same time period, relating to the same societal 
objective—in this case, deep GHG mitigation. Other literatures pro-
vide more nuanced definitions of policy mixes, which can include 
policy process, objectives and strategies16.

The design of an effective and integrated policy mix requires sophis-
ticated understanding of policy interactions. The goal of an ‘integrated’ 
policy mix is set as having both cohesiveness across policy goals (for 
example, GHG mitigation as well as other desirable co-benefits) and 
consistency across specific policies21. Complementarity across policies 
is ideal, especially ‘synergy’ if possible, where the presence of two (or 
more) policies gives a greater social benefit than the sum of benefits 
from each policy alone22. Our consideration of policy interactions 
is guided by an interdisciplinary policy mix evaluation framework 
(Table 1)19, where the addition of a given policy to a policy mix can 
incrementally impact (negatively or positively):

•	 Effectiveness, or the net impact on GHG mitigation (our present 
priority)

•	 Cost-effectiveness, meaning impacts on general social welfare 
(say, per tonne of CO2e mitigated), as well as sub-components 
such as consumer utility, industry profits and government 
expenditure

•	 Political acceptability, which includes perceptions among the 
public or voters (in democratic countries) and stakeholders 
(especially industries with political clout)

•	 Transformative signal, which describes support for a long-term 
societal and technical push towards low-carbon systems (tech-
nology and practices)23

In the effort to have cohesion across policy goals, we add consid-
eration of ‘co-benefits’ that may be supported (or negated) by par-
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ticular climate policies—such as improving public health (through 
reduced pollution or increased physical activity), equity or eco-
nomic activity—or reducing congestion. Such co-benefits might 
also improve the cost-effectiveness or political acceptability of the 
policy mix.

A wide range of policies can potentially reduce GHG emis-
sions in the transport sector. Here we consider the identity used 
by policymakers in California and elsewhere14, which breaks down 
total transportation GHGs into three mitigation measures (top 
of Fig. 2): (i) switching to low-carbon fuels (reducing grams of 
CO2-equivalent, or gCO2e MJ–1), (ii) improving vehicle efficiency 
(reducing MJ km–1) and (iii) reducing vehicle travel (fewer vehicle 
km, either from mode switching or reduced travel activity). This 
framework allows comparison of the focus and comprehensiveness 
of the policies we consider, namely: pricing mechanisms (which 
can induce a wide variety of mitigation actions), regulations that 
target specific pathways (low-carbon fuels, zero-emissions vehicles 
(ZEVs) or more efficient vehicles) and other policies aiming to 
reduce vehicle travel (including incentives and infrastructure relat-
ing to the built environment, active travel and public transit). We do 
not explore research and development (R&D) subsidies and infor-
mation provision programmes, as these are unlikely to deliver deep 
GHG mitigation alone, though they might play complementary 
roles in a strong, integrated policy mix.

Pricing as the complement, not the Silver Bullet
Pricing is considered by many economists to be the ideal climate 
policy mechanism due to potential effectiveness and efficiency. A 
carbon price is technology-neutral, allowing each rational con-
sumer or firm to choose the lowest-cost mitigation option, be 
it low-carbon fuels, efficiency or reduced travel, or simply to pay 
the tax and continue with the status quo24. Among pricing mecha-
nisms, more research has focused on carbon taxes for the case of 
road transport, though there are some proposals and explorations 
of cap-and-trade systems, another form of pricing with the potential 
for similar efficiency benefits15,25,26.

Pricing can indeed play a strong role in deep GHG targets—if 
the price is high enough. The High-Level Commission on Carbon 
Prices indicates that Paris Agreement goals require carbon pricing in 
the range of US$40–80 per tonne CO2 by 2020, and US$50–100 per 

tonne CO2 by 2030 (ref. 27). Modelling suggests that a price-based 
mitigation strategy may need to reach well over these ranges by 
2040 and 2050 (refs. 28,29). Further, while carbon and fuel pricing can 
help to modestly increase the fuel efficiency of the light-duty vehicle 
fleet30,31, consumers are found to systematically underestimate fuel 
savings when making a vehicle purchase and tend to have an inelas-
tic response fuel price changes32. That said, consumer response is 
particularly uncertain in the long-term33, where responses to taxes 
may be stronger (more elastic) than responses to changes in fuel 
prices through other means34–36.

In any case, pricing mechanisms presently exist in regions that 
account for only 20% of global GHG emissions37. Examples of strin-
gent pricing are scarcer still—less than 5% of those priced emissions 
are at levels consistent with Paris Agreement goals, with the few 
examples being Sweden (US$127 per tonne), Switzerland (US$96), 
Finland (US$70), Norway (US$59) and France (US$50)37. About 
half of pricing initiatives are below US$10 per tonne37.

The concept of road (or mobility) pricing is related and can  
include carbon pricing and fuel taxes, but more often refers to cor-
don pricing (a charge to drive into a particular area), congestion- 
based pricing (higher prices at peak times), distance-based pric-
ing (such as ‘pay as you go’ insurance plans) and parking prices. 
Although road pricing policies are often focused on congestion 
reduction or raising funds for transportation management, they 
can also cut CO2 emissions by 2–13%38 and vehicle travel by 4–22% 
if implemented over decades39. Across the different design types, 
road pricing schemes are most effective at CO2 mitigation if based 
on travel or fuel consumption rather than congestion reduction or 
other goals38,39.

Although pricing mechanisms can have a substantial impact on 
GHG mitigation, we argue they are not likely to take the lead in suc-
cessful policy mixes for two main reasons. First is the challenge of 
political acceptability, where pricing evokes more public debate and 
opposition than other climate policies40–43. While there is evidence 
that opposition can be somewhat overcome through careful design 
(such as revenue recycling)44,45 and through clear, positive framing 
about the price’s goals and potential benefits46,47, it seems that strong 
taxes will remain a political challenge. Second, carbon pricing alone 
does not address other market or ‘system transformation’ failures 
that prevent transitions to low-carbon technologies, such as knowl-
edge spillover effects and infrastructural failures23,29.

Thus, pricing is better thought of as a complement to other 
strong climate policies. Studies show that the addition of pricing to 
efficiency regulation in a policy mix can help to reduce mitigation 
costs, in part due to co-benefits such as reduced congestion, acci-
dents and air pollution as well as lessening rebound effects from 
efficiency improvements15,16,48. Thinking more long-term, pric-
ing can mitigate the anticipated rebound effects from cheap travel 
offered by future transport innovations, namely electrification, 
automation49 and ride-hailing50. We also note the potential for fur-
ther exploration of cap-and-trade systems for road transport due 
to the potential for such a mechanism to have the effectiveness of 
a carbon price25 while being more publicly acceptable41; however, 
proposed systems to date seem unrealistic due to administrative 
complexity.

Fuel-switching regulations can lead the mix
Turning to more technology-specific policies, we start with the 
broad category of low-carbon fuels and vehicles. ‘Fuel-switching’ 
is the goal of moving away from the dominant fossil fuels used in 
transportation (gasoline and diesel) to lower-carbon replacements, 
namely electricity, hydrogen and biofuels (each from low-carbon 
sources). Policies in this category can target changes to the fuel 
directly or support or require the uptake of vehicle drivetrains that 
use low-carbon fuels, namely plug-in hybrid vehicles, battery electric 
vehicles or hydrogen fuel-cell vehicles—often collectively referred 
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Fig. 1 | historical and future global ghg emissions from transport. Lines 
represent global emissions from all transport modes (solid lines) and road 
transport only (dashed line). Historical values are indicated in blue and 
black, as well as the 2018 legislated policies (red), additional announced 
policies (orange) and well-below 2 °C scenarios (green) of the IEA. 
Small boxes show ranges of transport emissions compatible with 1.5 °C 
overshoot scenarios for all transport (green boxes) and road transport only 
(dark-green boxes). Figure based on data from refs. 4–6.
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to as ZEVs. From a well-to-wheels perspective, ZEVs reduce GHG 
emissions compared to conventional and hybrid vehicles in many 
present and future scenarios in most regions globally51–54. For this 
reason, the IEA organized the Clean Energy Ministerial’s EV30@30 
campaign to promote the goal of ZEVs accounting for at least 30% 
of new light-duty vehicle sales by 2030 (ref. 55).

We consider several regulatory approaches that support ZEVs in 
addition to incentive-based approaches. Most of the ZEV literature 
focuses on four-wheelers for developed countries, though in some 
developing countries, electric two-wheeler vehicles in particular 
might be more appropriate and affordable56.

Low-carbon fuel standard. This policy focuses on reducing the 
carbon content of the fuels used to power transportation (gCO2e 
MJ–1). In response to concerns about ‘renewable’ fuel requirements 
leading to higher GHG emissions, California pioneered and imple-
mented the first low-carbon fuel standard (LCFS) in 2007, requiring 
fuel suppliers to reduce the lifecycle carbon intensity of transpor-
tation fuels sold in the state by 10% by 2020 (ref. 57). The policy 
assigns well-to-wheel emissions factors for each fuel type (includ-
ing ethanol, biodiesel, electricity and hydrogen) made from differ-
ent feedstocks or sources. Compliance credits are tradeable among 
fuel suppliers (including electric utilities), which aims to improve 
the economic efficiency of compliance57. Versions have since been 
implemented elsewhere in the USA, the EU and Canada, and there 
seems to be a high level of public support in at least some regions58. 
The most stringent version is in British Columbia, Canada, requir-
ing a 20% reduction in carbon intensity of all fuels sold by 2030 
relative to 2007 levels.

To date, such policies have been shown to successfully send a 
substantial transformative signal, driving innovation activities for 
low-carbon fuels and increasing the market share of low-carbon 
alternative fuels57. Model simulations suggest that an LCFS could 
play a large role in GHG mitigation if implemented to require (well- 
to-wheel) carbon intensity reductions of 40–75% or even greater by 
2050 (refs. 59,60). Though, as will be noted further, an LCFS can have 
important interactions with electric vehicle-focused policies.

ZEV mandate. A ZEV mandate targets automakers by requiring 
sales of a certain amount (or market share) of ZEVs. Pioneered by 
California in 1990, versions have since been adopted in ten other US 
states, two Canadian provinces and China as a nation. Most versions 
require around 15% ZEV new market share by 2025. Compliance 

Table 1 | Framework for evaluation of climate policy interactions in road transportation

Policy interaction criterion explanation Quantitative measure Sub-components

Effectiveness at GHG 
mitigation

Does the policy lead to 
additional GHG mitigation?

tonnes of CO2e abated in a given year; for 
example, 2030 or 2050 (ideally well-to-wheel 
or full Life Cycle Analysis).

Can be evaluated in aggregate or split by:
1. Carbon intensity of fuel (gCO2e MJ–1)
2. Vehicle efficiency (MJ km–1)
3. Vehicle usage (VKt)

Cost-effective Does the policy help the 
policy mix to achieve the 
GHG target at the least 
cost to society?

US$ per tonne of CO2e abated, or welfare. Can be evaluated in aggregate (total social 
welfare) or broken down; for example, by:
1. Consumer utility
2. Industry profit
3. Government expenditure
4. General equilibrium impacts

Political acceptability Does the policy improve 
(or worsen) the political 
acceptability of the policy 
mix?

Not as clear. Percentage of citizens or 
stakeholders that support or oppose the 
policy? Directly ask the perceptions of the 
policymaker?

Can be split between citizens and special 
interest groups. May need to focus on 
interest groups with particular clout in a 
particular context (for example, automakers 
in a region with more auto-related 
manufacturing).

transformational signal Aside from the above 
factors, does the policy 
provide an added ‘push’ 
in transition towards the 
low-carbon goal?

Unclear. Specific measures could be US$ 
invested in R&D activity or number of patents 
or prototypes per year. Infrastructure can be 
measured by density (relative to gasoline 
or diesel equivalent). Requires qualitative 
measures to provide a complete picture.

Can draw from Weber and Rohrachers’s 
qualitative framework23, including:
1) Signal for R&D investment
2) Provision of physical infrastructure
3) Break ‘lock-in’
4) Pathway directionality

Adapted from ref. 19.
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is enforced with a strong financial penalty, and, like the LCFS, effi-
ciency is somewhat improved through the trading of compliance 
credits among automakers. British Columbia’s version has the high-
est stringency and longest time horizon, requiring 30% ZEV sales by 
2030 and 100% sales by 2040.

California’s ZEV mandate (which has the longest history and 
thus is the best source of data) has been shown to send a strong 
transformative signal, effectively channelling innovation activities 
towards ZEV development61,62 and increasing the availability of 
ZEVs for sale63, where supply constraints have proven to be a major 
barrier to widespread uptake64–67. Several forward-looking model-
ling studies indicate that a stringent ZEV mandate can play a strong 
role in GHG mitigation in the USA68–70, Canada60,71 and China72. To 
do so, it would likely need a requirement of at least 30% ZEV sales 
by 2030, and 50% or greater by 2040 (ref. 71). Notably, a ZEV man-
date can have strong interactions with other regulations, potentially 
reducing the additive mitigation impact of a low-carbon fuel stan-
dard60 or vehicle emissions standard (noted below).

Internal combustion engine car bans. Relatedly, car bans prohibit 
the sale or use of conventional internal combustion engine (ICE) 
vehicles in a given region—thus allowing only ZEVs for sale or 
use73. Although more than a dozen regions have announced some 
sort of ICE car ban over the past few years, we caution that most 
merely state targets without mechanisms of enforcement73. To be 
effective in GHG mitigation, such a ban would need to: (i) apply to 
the sale of gasoline, diesel and conventional hybrid (non-plug-in) 
vehicles; (ii) specify a start year; and (iii) include strong financial 
penalties for noncompliance. As an example, British Columbia’s leg-
islated ZEV mandate (noted above) provides one of the only true 
ICE bans, as it requires 100% ZEV sales by 2040 with large financial 
penalties for non-compliance. There has been comparatively little 
research on ICE bans, though we suspect that such policies will tend 
to score lower on cost-effectiveness and political acceptability in 
most regions.

ZEV incentives (financial and non-financial). There are a wide 
variety of other policies that can induce ZEV uptake and GHG 
mitigation. Most common are those that incentivize ZEV sales 
through purchase subsidies (or exemptions from taxes), exemp-
tions from tolls, access to high-occupancy vehicle lanes or bus lanes, 
or improved charging infrastructure74,75. Generally speaking, such 
incentives tend to have high public acceptability41,76,77. ZEV purchase 
subsidies can range from US$2,500–20,000 per vehicle, where larger 
incentives can indeed boost ZEV sales66,78–81. However, such incen-
tives need to be in places for a long duration to have sustained GHG 
impacts78,82, potentially for a decade or longer66. Purchase incen-
tives are generally found to be a less cost-effective and potentially 
inequitable policy, though such impacts can be improved through 
various design principles, such as putting caps on retail prices for 
eligible ZEVs and caps on household incomes for those receiving 
the subsidy80.

‘Non-financial’ incentives, such as access to high-occupancy 
vehicle lanes for ZEVs (regardless of vehicle occupancy), are typi-
cally found to have a weak impact on long-term ZEV adoption75,76. 
The rollout of charging infrastructure can also weakly support the 
adoption of electric-powered vehicles, where improved home charg-
ing opportunities in particular have a larger impact than increased 
public- or work-based charging75,83–85.

As one particular exception, Norway currently achieves the 
highest ZEV new market share in the world (more than 50% of 
sales) using a variety of incentives (with many in place for over a 
decade), including what amounts to an enormous purchase incen-
tive (exemptions from taxes of €10,000–15,000 per vehicle), toll 
exemptions and bus lane access, along with the carbon tax noted 
above86. Of these measures, the purchase tax exemption has had a 

particularly large impact due to its uniquely high value and long 
duration87,77. To date, Norway is unique in having the capital and 
political will to sustain such a policy mix.

Strengthen vehicle emissions standards, cut the loopholes
Vehicle emissions standards set a minimum performance require-
ment on fuel consumption and/or tail-pipe CO2 emissions for newly 
sold vehicles (gCO2e km–1). For example, in 2009, the USA amended 
its vehicle emissions standards to require GHG reductions in new 
vehicles of about 5% per year from 2017 to 2025 (ref. 88). Many 
other countries and regions have implemented their own versions 
for light-duty vehicles, including Brazil, Canada, China and the EU 
(Fig. 3)89. Design features tend to be similar across countries, with 
strong penalties for non-compliance and variations in requirements 
by vehicle size based on mass or footprint.

Many of the current emission standard designs are helping to 
reduce GHG emissions and will continue to do so in the future. 
Most ambitious is the EU 2030 requirement of 59 gCO2 km–1, which 
is expected to lower well-to-wheel GHG emissions from cars by 40% 
in 2030 compared to 2010 (ref. 90). A more stringent version could 
cut GHG emissions by 88% by 2050 (ref. 91). Canada’s current 2025 
emission requirements can reduce 2030 GHG emissions from each 
light-duty vehicle (on average) by up to 35% compared to 2015, and 
a more stringent design could cut 2030 emissions by 50% and 2050 
emissions by 60%71. Unfortunately, both the USA and Canada have 
recently considered freezing their emission requirements at 2020 
levels, which could increase light-duty vehicle emissions by about 
20% in 2030 (compared to ‘holding firm’ to the current policy) and 
by 45% in 2050 (ref. 92). Due to long time lags of vehicle stock turn-
over (with vehicles lasting 15–25 years), the impacts of a freeze are 
especially detrimental in the long-run93.

Despite the relative success of vehicle emissions standards to 
date, they come with a number of drawbacks. To start, the focus on 
improving vehicle efficiency (rather than usage) can lower opera-
tion costs and induce rebound effects (increased usage, in terms of 
vehicle km travelled (VKT)) that could cancel out a proportion of 
GHG benefits94. In most versions, there are also a number of design 
‘loopholes’—that is, compliance mechanisms or strategies that ulti-
mately reduce policy effectiveness89, including various ‘gaming’ 
tactics95. One well-known problem is that these standards are more 
relaxed for larger vehicle classes, which may incentivize automak-
ers to put more effort into marketing and selling such vehicles—for 
example, the emergence and dominance of sport utility vehicles and 
‘crossovers’ in many developed countries96. Second, in current stan-
dards, credits are also earned through sales of ZEVs and other alter-
native fuel vehicles, typically favouring ZEVs beyond their actual 
well-to-wheel GHG benefit. Third, relatedly, there can be general 
overlap between emissions standards and a ZEV mandate, where 
compliance with a mandate may reduce the overall effectiveness of 
a vehicle emissions standard that offers extra compliance credits for 
ZEV sales97,98. Fourth, measurement protocols for tail-pipe emis-
sions are often inaccurate, where the difference between test cycle 
and actual emissions can be up to 40%99,100. Finally, ramping up 
emissions standards can increase the cost of future vehicles, encour-
aging consumers to hold on to used, less-efficient vehicles for lon-
ger, potentially eliminating 13–16% of the expected fuel savings101.

However, vehicle emissions standards can play a key role in a 
successful policy mix due mainly to their demonstrated effective-
ness, public acceptability41 and ability to channel innovation into 
low-carbon technologies102. We advise that current vehicle emis-
sion standards be strengthened with schedules for more ambitious 
reductions beyond 2030. Each of the above noted drawbacks can 
be mitigated through careful design of the regulation itself as well 
as other policies in the mix. Rebound effects can be at least par-
tially addressed through carbon or road pricing15,41. Emissions test 
protocols can be improved in accuracy, and credit systems can be 
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altered to avoid unduly favouring ZEVs, larger vehicles or other 
technologies that diminish GHG effectiveness. Further, policymak-
ers that implement multiple regulations in the same region will need 
to carefully consider interaction effects, especially relating to a ZEV 
mandate and LCFS. Finally, developing countries that implement 
standards will want to carefully adapt such policies to their own 
context rather than uncritically borrowing features from developed 
countries103.

The complementary benefits of travel reduction
We consider four sub-categories of travel reduction policies: (i) 
support of active travel (cycling and walking), (ii) improvement 
of public transit, (iii) changes to the built environment (or com-
pact development) and (iv) reducing the need for travel. The  
literature on long-term GHG impacts from VKT policy is relatively 
under-developed, making it difficult to directly compare with effi-
ciency and low-carbon fuels policies.

Our interpretation of the available literature is that such measures 
are not likely to achieve deep GHG mitigation targets on their own, 
though effectiveness can be boosted if the policy mix includes strin-
gent road pricing39,104–106. Travel reduction policies can play impor-
tant, complementary roles in an integrated policy mix, including 
provision of numerous co-benefits and mitigation of rebound107,108 
effects from efficiency policies and low-carbon technologies. Further, 
GHG benefits may be greater in growing cities in the developing 
world, where investment in travel reduction can help to attenuate the 
expected growth in vehicle ownership and usage109,110.

The first subcategory, ‘active travel’, offers substantial health 
benefits to most populations111. Among developed countries, active 
travel can account for as few as 12% of trips (in the USA), and up 
to 44% (in the Netherlands)111. In some cities, the mode share of 
bikes can be increased through a mix of policies, including infra-
structure improvements, safety measures and information cam-
paigns112–114. Yet, other contextual factors can limit the potential 
for active travel, including climate, altitude and city size115. Several 
North America-based studies indicate that strong active travel mea-
sures could serve to offset expected growth in emissions rather 
than yielding a net decrease116–118. On the other hand, a modelling 
study of Albuquerque, New Mexico, suggests that increasing cycling 
mode share to 20% can play a substantial role in a land-use policy 
mix that would achieve 40% GHG reductions; however, the authors 
admit that such a mode share might not be achievable106. The 
rapid emergence of electric bikes, as well as bike and scooter share  

programs, might change the potential for GHG reductions from 
active travel119, though the magnitude of impact is unclear.

Second is public transit development, which in practice tends to 
be motivated by a variety of goals, including: alleviating traffic and 
parking congestion; enhancing mobility options, access or equity; 
reducing traffic accidents; reducing energy use and air pollution; 
and, often of lower priority, GHG mitigation120. Depending on the 
goals of transit agencies, improved transit holds the potential to 
reduce vehicle ownership and vehicle travel, and transit-oriented 
development has the potential to reduce VKT in auto-oriented 
regions121–123. Other studies indicate that the GHG impacts from 
public transit investment alone tend to be weak39,108,124,125. Though, 
from an interaction perspective, transit is likely to complement road 
pricing, enhancing its ability to reduce vehicle travel126,127.

Third, improvements to the built environment (also known 
as compact development, smart development and smart growth) 
shape the energy use and transportation patterns of inhabitants. 
Although denser neighbourhoods are associated with fewer vehi-
cle kilometres, it is difficult to tease out cause and effect. Trying 
to account for such endogenous factors (for example, residential 
self-selection and demographic characteristics), one study indicates 
that the built environment can explain 12% of variance in household 
vehicle travel128. Systematic reviews indicate that built environment 
strategies can impact vehicle travel in the long-term, though these 
impacts tend to be weak individually39,129,130. Vehicle travel reduction 
potential is low when population density and destination diversity 
are increased, and relatively larger (but still low) when destina-
tion accessibility is improved (shorter distance to downtown and 
improved job accessibility)114. As with public transit, the long-term 
impacts of increased urban densification are unlikely to offset the 
expected increase in GHG emissions by 2050, let alone contribute 
to a net reduction; however, the inclusion of pricing policies could 
improve the impact105. More research is needed to better understand 
interactions among numerous VKT-impacting policies131. Other 
studies point to the complexity of impacts, which can vary strongly 
by type of neighborhood119,122,132 and can be non-linear—in some 
cases only being effective in VKT reductions once certain thresh-
olds are reached133,123.

The final category is reducing the need for travel via fewer and 
shorter journeys. In addition to the mode switching and built envi-
ronment strategies noted above, travel reduction can be achieved 
through increased uptake of home-based working and education as 
well as online deliveries that replace shopping trips. There has been 
extensive work on telecommuting or teleworking in particular, where 
a recent systematic review finds at best ‘modest’ net energy sav-
ings134. While telecommuting could cut the number of work-based 
trips, it could also lead to increases in acceptable commute distances 
(living further from the workplace), other vehicle travel and home 
energy consumption135. Online shopping also has mixed potential, 
as it can help to reduce vehicle travel but also may increase air pol-
lution from the diesel vehicles used for delivery136. Some see hope in 
the extreme travel reductions induced by recent COVID-19 physi-
cal distancing protocols, which have led to increased home-based 
work and education while reducing demand for extraneous trips 
(for example, holiday travel). However, even in these extreme (and 
temporary) lockdown situations, overall transport activity fell only 
by about 50% in the most restricted regions137. While it is unclear 
if efforts to reduce travel activity will have long-term effectiveness 
in GHG mitigation, it seems likely that such measures would prove 
complementary to road pricing initiatives in particular.

In summary, active travel, public transit, changes in the built 
environment and reducing the need for travel can contribute to 
deep GHG mitigation in transport, as well as reducing vehicle own-
ership and usage. The impacts of individual policies and strategies 
seem to be modest, though particularly strong policies might be 
more effective, and integrated policy mixes even more so. In any 
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vehicles in several major countries. Lines represent authors’ calculation 
based on the ICCt154.
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case, VKT reduction measures are not substitutes for strong regula-
tions or pricing mechanisms.

Don’t forget road freight
Relative to passenger travel, there is much less research and policy 
focus on freight, though it accounts for about 40% of CO2 emissions 
from road transport globally138 and can be a major contributor to 
urban air pollution due to its reliance on diesel139. Mitigation path-
ways for freight can be conceptualized in a similar way to passenger 
travel, including switching to low-carbon fuels, improved vehicle 
efficiency and mode switching (from trucks to rail or to marine). 
Reductions in freight activity would also be effective, though this 
is especially controversial due to the apparently tight coupling of 
road freight and economic growth140,141. Freight may also be more 
complicated than passenger vehicles (and thus more difficult to 
regulate) as there is a wider range of vehicle types, loads and usage 
profiles (for example, short-haul versus long-haul freight and vari-
ous vocational uses for trucks). Relatedly, the most viable options 
for low-carbon fuels and vehicles in the freight sector seem to vary 
widely by usage142–144. Examples include: heavy-duty battery electric 
vehicles (>3.5 tonnes gross vehicle weight) may be better for shorter 
distance vehicles (delivery vans and trucks, and refuse trucks) and 
regional delivery; electric catenary vehicles might work better for 
medium- to heavy-duty trucks and drayage trucks; and hydrogen 
might be better for long-haul operation138,142,143.

Current freight mitigation policies in most regions are relatively 
weak103,138,145, including many voluntary information provision pro-
grams146 as well as R&D subsidies, and some deployment of charg-
ing and fuelling infrastructure138. There is more promise in recent 
heavy-duty vehicle emissions standards introduced in several mar-
kets, including the EU, the USA, Canada, China, Japan and India 
(Fig. 4)147,148. Required reductions range from 5–30% tailpipe GHG 
reductions in newly sold vehicles over 5–20 years, with around a 5% 
reduction per year in the most ambitious cases. We calculate that the 
more stringent standards (in the USA and EU) can reduce tail-pipe 
emissions by about 10–20% by 2030. However, due to the limited cov-
erage of these policies (applying to only certain types of heavy-duty 
vehicles) and large variations in stock turnover of heavy-duty vehi-
cles, these standards are likely to be less effective than the more com-
prehensive passenger vehicle emissions standards.

Many of the policy mix principles identified for passenger trans-
port apply similarly to road freight. First, carbon or road pricing 

could efficiently incentivize a range of freight mitigation actions 
if the price is high enough. Second, the LCFS policies in place in 
North America apply to fuels used by freight vehicles, and mod-
elling suggests that a stringent LCFS might have an even larger 
mitigation impact in the freight sector than for passenger vehicles60. 
Third, modelling suggests that a ZEV mandate for heavy-duty 
vehicles could play a strong role in freight mitigation144. California 
has recently implemented the first such policy, requiring 40–75% 
of new truck sales to be ZEVs by 2035 (requirements vary by vehi-
cle class)149. Fourth, the vehicle emissions standards noted above 
could be strengthened, mainly by covering more vehicle types with 
more stringent reductions, requiring at least 5% annual reduction. 
Taken together, as with passenger vehicles, an integrated policy 
mix is required to reach mitigation targets for freight. For example, 
one study demonstrates that even with a doubling of freight activ-
ity, GHG emissions can by reduced by 60% from current levels 
through a stringent policy mix with mechanisms to increase vehicle 
efficiency, optimize operations and support various low-carbon 
fuels145. However, because an effective policy mix will inevitably 
increase the cost of freight activity and potentially limit growth in 
economic activity, there is likely to be continued political opposition 
in many regions.

Crafting effective policy mixes in the real world
We do not see evidence that any single policy alone can (or should) 
achieve 2030 or 2050 mitigation targets for road transport. Strong, 
integrated policy mixes are needed, not just to reduce GHG emis-
sions, but also to optimize other, often more difficult to quantify, 
attributes, namely co-benefits, cost-effectiveness, political accept-
ability and transformative signal. Given the importance of such 
mixes, more policy discussion and research needs to consider such 
interactions, in particular the optimal combining of regulations, 
pricing mechanisms and VKT reduction strategies. Such a mix 
needs to be effective with reasonably low costs while maintaining 
enough political acceptability to be implemented in the first place, 
and maintained in the long-term. Further, there is need for explora-
tion of the subtleties of policy design, such as what design features 
can avoid unintentional side effects or negative interactions across 
policy mixes.

We emphasize several regulations that can play lead roles in 
policy mixes for many countries and regions due to their poten-
tial effectiveness and political acceptability. First, an LCFS can 
send the transformative signal to switch to alternative fuels that 
effectively reduce well-to-wheel emissions for both passenger and 
freight vehicles. Second, a ZEV mandate can push the uptake of 
electric-powered passenger vehicles; British Columbia (Canada) 
provides the strongest example. ZEV mandates should also be more 
actively considered for freight, drawing inspiration from California’s 
recent policy. Third, current vehicle emissions standards for pas-
senger vehicles in several countries (including the EU and Canada) 
are likely to produce substantial GHG mitigation. These standards 
provide a platform for even stronger reductions in the future, and, 
at the very least, existing standards should be maintained at their 
current level (avoiding the ‘rollback’ occurring in the USA). Taken 
together, these three regulations need to be carefully designed to 
avoid loopholes such as undue favouritism for ZEVs or larger vehi-
cles while avoiding negative interactions across policies.

We argue that pricing mechanisms are best viewed as playing a 
complementary role in an integrated policy mix. In particular, the 
addition of carbon taxation has been shown to improve the effi-
ciency of a regulation, especially by mitigating rebound effects from 
reduced travel costs induced by a vehicle emissions standard or ZEV 
mandate. Further, pricing can greatly improve the effectiveness of 
other VKT reduction policies relating to mode switching and the 
built environment while producing valuable co-benefits, such as 
reducing congestion and improving public health. Of course, the 
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stringency of pricing is more likely to be limited by political accept-
ability rather than any calculation of optimality.

Similar to pricing, we view the other VKT reduction policies as 
complementary measures. There is considerable uncertainty about 
the long-term impacts of such policies, though GHG mitigation is 
likely to be relatively low unless stringent pricing is included104,105. 
But the co-benefits of VKT reduction are quite compelling: 
increased active travel offers clear health benefits, improved public 
transport can improve access and equity, and improvements to the 
built environment can support both (albeit at a typically slow rate).

Another important theme is that transport policies vary widely 
by country or region; even those with some mitigation success have 
followed quite different approaches. Norway has developed a unique 
and powerful strategy to support ZEVs through a combination of 
incentives and tax exemptions complemented by a high carbon tax. 
California has pioneered a very different policy mix driven largely 
by regulations (LCFS, ZEV mandate and vehicle emissions stan-
dard) and complemented by financial and non-financial incentives 
for ZEVs. Either approach can be effective—both regions have had 
success in stabilizing transport emissions. Though, different strate-
gies may better suit a particular regional and technical context. For 
example, simulation modelling indicates that a ‘Norway-like’ strat-
egy would not be as effective if replicated in North America due 
differences in baseline vehicle demand67. Relatedly, stronger car-
bon pricing might be more politically acceptable in some regions, 
such as some Nordic countries, and less acceptable in others, such 
as North America—suggesting that each region may have different 
levels of ‘political allowance’ for pricing. There are likely to be even 
more striking differences in how a successful, integrated policy mix 
should look in a developing country—this is an area needing sub-
stantially more research.

While this Perspective takes a long-term focus, it has omitted 
explicit mention of several ‘new mobility’ innovations that may 
become even more prominent in the coming decades, including 
ride-hailing and shared vehicle systems (for cars, bikes or scoot-
ers), as well as the potential for vehicle automation150. Several mod-
elling studies demonstrate the potential for dramatic energy and 
GHG reductions from a fleet of shared, automated electric vehicles, 
albeit under idealized conditions151–153. More helpfully, a boundary 
analysis shows the enormous uncertainty, where, depending on 
assumptions, impacts could range from a doubling to a halving of 
GHG emissions49. Despite these uncertainties, we believe our policy 
recommendations remain valid. In fact, a strong, integrated policy 
mix may be the best way to improve certainty regarding net GHG 
impacts. Requirements to improve efficiency, switch to low-carbon 
fuels and improve the built environment and support VKT reduc-
tion will still produce benefits in scenarios with widespread shared 
and/or automated mobility, and pricing mechanisms will remain 
as the most direct way to disincentivize GHG emissions. Particular 
VKT reduction strategies may become even more important in such 
scenarios; for example, where improving the built environment 
might be necessary to avoid exacerbating suburban sprawl in a sce-
nario of widespread vehicle automation.

Our Perspective is shaped by numerous research gaps, including 
the already noted limitations in policy interaction research. We have 
omitted explicit consideration of city-level planning and policy, and 
more research is needed to understand interactions between the 
different levels of policy (regional, national, sub-national and city). 
Further, we did not explore the potential complementary role of 
information provision, behaviour change programs and R&D sub-
sidies in a policy mix, where, again, more research is needed.

While numerous uncertainties remain, there is sufficient evi-
dence to state that for most countries, deep GHG mitigation in the 
road transport sector requires implementation of strong, integrated 
policy mixes. We believe that efficiency and low-carbon fuel regula-
tions are most likely to be successful in leading such policy mixes, 

where some forms of pricing and VKT reduction provide needed 
complementary benefits. Exceptions may exist, such as Norway’s 
success to date in relying on the combination of strong pricing and 
incentive-based strategies for ZEVs. Moving forward, the task is 
inevitably challenging and needs regular review, consultation and 
updating over time (especially in the face of technical change). 
Future research can help to improve this process by helping to fill in 
many of the gaps identified.

Received: 30 August 2019; Accepted: 17 July 2020;  
Published online: 24 August 2020

references
 1. IPCC Climate Change 2014: Synthesis Report (eds Core Writing Team, 

Pachauri, R. K. & Meyer L. A.) (IPCC, 2014).
 2. Tracking Transport (IEA, 2019).
 3. Melton, N., Axsen, J. & Sperling, D. Moving beyond alternative fuel hype to 

decarbonize transportation. Nat. Energy 1, 16013 (2016).
 4. World Energy Outlook, 2018 (IEA, 2018).
 5. IPCC Special Report on Global Warming of 1.5 °C (eds Masson-Delmotte, V. 

et al.) (WMO, 2018).
 6. Emission Database for Global Atmospheric Research (EDGAR) Version 4.3.1 

(European Comission, 2016).
 7. UNFCCC Synthesis Report on the Aggregate Effect of Intended Nationally 

Determined Contributions (UNFCCC, 2016).
 8. Fulton, L., Mejia, A., Arioli, M., Dematera, K. & Lah, O. Climate change 

mitigation pathways for Southeast Asia: CO2 emissions reduction policies 
for the energy and transport sectors. Sustainability 9, 1160 (2017).

 9. Rogelj, J. et al. Energy system transformations for limiting end-of-century 
warming to below 1.5 °C. Nat. Clim. Change 5, 519–527 (2015).

 10. Rogelj, J. et al. Scenarios towards limiting global mean temperature increase 
below 1.5 °C. Nat. Clim. Change 8, 325–332 (2018).

 11. Tanaka, K. & O’Neill, B. C. The Paris Agreement zero-emissions goal is not 
always consistent with the 1.5 °C and 2 °C temperature targets. Nat. Clim. 
Change 8, 319–324 (2018).

 12. Jaccard, M., Murphy, R., Zuehlke, B. & Braglewicz, M. Cities and 
greenhouse gas reduction: policy makers or policy takers? Energ. Policy 134, 
110875 (2019).

 13. Rogge, K. S., Kern, F. & Howlett, M. Conceptual and empirical advances  
in analysing policy mixes for energy transitions. Energy Res. Soc. Sci. 33, 
1–10 (2017).

 14. Sperling, D. & Eggert, A. California’s climate and energy policy for 
transportation. Energy Strateg. Rev. 5, 88–94 (2014).

 15. Creutzig, F., McGlynn, E., Minx, J. & Edenhofer, O. Climate policies for 
road transport revisited (I): evaluation of the current framework. Energ. 
Policy 39, 2396–2406 (2011).

 16. Rogge, K. S. & Reichardt, K. Policy mixes for sustainability transitions: An 
extended concept and framework for analysis. Res. Policy 45,  
1620–1635 (2016).

 17. Kivimaa, P. & Kern, F. Creative destruction or mere niche support? 
Innovation policy mixes for sustainability transitions. Res. Policy 45, 
205–217 (2016).

 18. Markard, J., Raven, R. & Truffer, B. Sustainability transitions: an emerging 
field of research and its prospects. Res. Policy 41, 955–967 (2012).

 19. Bhardwaj, C., Axsen, J., Kern, F. & McCollum, D. Why have multiple 
climate policies for light-duty vehicles? Policy mix rationales, interactions 
and research gaps. Transport. Res. A–Pol. 135, 309–326 (2020).

 20. Givoni, M., Macmillen, J., Banister, D. & Feitelson, E. From policy measures 
to policy packages. Transport Rev. 33, 1–20 (2013).

 21. Howlett, M. & Rayner, J. Design principles for policy mixes: cohesion and 
coherence in ‘new governance arrangements’. Policy Soc. 26, 1–18 (2007).

 22. May, A. D., Kelly, C. & Shepherd, S. The principles of integration in urban 
transport strategies. Transport Pol. 13, 319–327 (2006).

 23. Weber, K. M. & Rohracher, H. Legitimizing research, technology and 
innovation policies for transformative change: combining insights from 
innovation systems and multi-level perspective in a comprehensive ‘failures’ 
framework. Res. Policy 41, 1037–1047 (2012).

 24. Azar, C. & Sandén, B. A. The elusive quest for technology-neutral policies. 
Environ. Innov. Soc. Tr. 1, 135–139 (2011).

 25. Flachsland, C., Brunner, S., Edenhofer, O. & Creutzig, F. Climate policies 
for road transport revisited (II): closing the policy gap with cap-and-trade. 
Energ. Policy 39, 2100–2110 (2011).

 26. Verhoef, E., Nijkamp, P. & Rietveld, P. Tradeable permits: their potential  
in the regulation of road transport externalities. Environ. Plann. B 24, 
527–548 (1997).

 27. High-Level Commission on Carbon Prices. Report of the High-Level 
Commission on Carbon Prices (The World Bank, 2017).

NATure CliMATe ChANge | VOL 10 | SEPtEMBER 2020 | 809–818 | www.nature.com/natureclimatechange 815

http://www.nature.com/natureclimatechange


PersPective NATure ClImATe ChANge

 28. Guivarch, C. & Rogelj, J. Carbon Price Variations in 2°C Scenarios Explored 
(Carbon Price Leadership Coalition, 2017).

 29. Bataille, C., Guivarch, C., Hallegatte, S., Rogelj, J. & Waisman, H. Carbon 
prices across countries. Nat. Clim. Change 8, 648–650 (2018).

 30. Klier, T. & Linn, J. The price of gasoline and new vehicle fuel economy: 
evidence from monthly sales data. Am. Econ. J.—Econ. Polic. 2,  
134–153 (2010).

 31. Busse, M. R., Knittel, C. R. & Zettelmeyer, F. Are consumers myopic? Evidence 
from new and used car purchases. Am. Econ. Rev. 103, 220–256 (2013).

 32. Allcott, H. & Wozny, N. Gasoline prices, fuel economy, and the energy 
paradox. Rev. Econ. Stat. 96, 779–795 (2013).

 33. Sterner, T. Fuel taxes: an important instrument for climate policy. Energ. 
Policy 35, 3194–3202 (2007).

 34. Zimmer, A. & Koch, N. Fuel consumption dynamics in Europe: tax reform 
implications for air pollution and carbon emissions. Transport. Res. A–Pol. 
106, 22–50 (2017).

 35. Rivers, N. & Schaufele, B. Salience of carbon taxes in the gasoline market.  
J. Environ. Econ. Manag. 74, 23–36 (2015).

 36. Andersson, J. J. Carbon taxes and CO2 emissions: Sweden as a case study. 
Am. Econ. J.—Econ. Polic. 11, 1–30 (2019).

 37. State and Trends of Carbon Pricing 2019 (World Bank, 2019).
 38. Cavallaro, F., Giaretta, F. & Nocera, S. The potential of road ricing schemes 

to reduce carbon emissions. Transp. Policy 67, 85–92 (2018).
 39. Rodier, C. Review of international modeling literature: transit, landuse, and 

auto pricing strategies to reduce vehicle miles traveled and greenhouse gas 
emissions. Transp. Res. Record 2132, 1–12 (2009).

 40. Dreyer, S. J., Walker, I., McCoy, S. K. & Teisl, M. F. Australians’ views on 
carbon pricing before and after the 2013 federal election. Nat. Clim. Change 
5, 1064–1067 (2015).

 41. Rhodes, E., Axsen, J. & Jaccard, M. Exploring citizen support for different 
types of climate policy. Ecol. Econom. 137, 56–69 (2017).

 42. Ardıç, Ö., Annema, J. A., Molin, E. & van Wee, B. The association between 
news and attitudes towards a Dutch road pricing proposal. Transportation 
45, 827–848 (2018).

 43. Klenert, D. et al. Making carbon pricing work for citizens. Nat. Clim. 
Change 8, 669–677 (2018).

 44. Carattini, S., Kallbekken, S. & Orlov, A. How to win public support for a 
global carbon tax. Nature 565, 289–291 (2019).

 45. Baranzini, A. & Carattini, S. Effectiveness, earmarking and labeling: testing 
the acceptability of carbon taxes with survey data. Environ. Econ. Policy 
Stud. 19, 197–227 (2017).

 46. Balbontin, C., Hensher, D. A. & Collins, A. T. Do familiarity and awareness 
influence voting intention: the case of road pricing reform? J. Choice Model. 
25, 11–27 (2017).

 47. Nikitas, A., Avineri, E. & Parkhurst, G. Understanding the public 
acceptability of road pricing and the roles of older age, social norms, 
pro-social values and trust for urban policy-making: the case of Bristol. 
Cities 79, 78–91 (2018).

 48. Small, K. A. Energy policies for passenger motor vehicles. Transport. Res. 
A–Pol. 46, 874–889 (2012).

 49. Wadud, Z., MacKenzie, D. & Leiby, P. Help or hindrance? The travel, energy 
and carbon impacts of highly automated vehicles. Transport. Res. A–Pol. 86, 
1–18 (2016).

 50. Coulombel, N., Boutueil, V., Liu, L., Viguie, V. & Yin, B. Urban ridesharing’s 
substantial rebound effects: Simulating travel decisions in Paris, France. 
Transport. Res. D—Tr. E. 71, 110–126 (2019).

 51. Global EV Outlook 2019 (IEA, 2019).
 52. Moro, A. & Lonza, L. Electricity carbon intensity in European Member 

States: impacts on GHG emissions of electric vehicles. Transport. Res. 
D—Tr. E. 64, 5–14 (2018).

 53. Ambrose, H., Kendall, A., Lozano, M., Wachche, S. & Fulton, L. Trends in 
life cycle greenhouse gas emissions of future light duty electric vehicles. 
Transport. Res. D—Tr. E. 81, 102287 (2020).

 54. Kamiya, G., Axsen, J. & Crawford, C. Modeling the GHG emissions 
intensity of plug-in electric vehicles using short-term and long-term 
perspectives. Transport. Res. D—Tr. E. 69, 209–223 (2019).

 55. New CEM Campaign aims for Goal of 30% new Electric Vehicle Sales by 
2030 (IEA, 2017); https://www.iea.org/newsroom/news/2017/june/new-cem- 
campaign-aims-for-goal-of-30-new-electric-vehicle-sales-by-2030.html

 56. Rajper, Z. S. & Albrecht, J. Prospects of electric vehicles in the developing 
countries: a literature review. Sustainability 12, 1906 (2020).

 57. Yeh, S., Witcover, J., Lade, G. E. & Sperling, D. A review of low carbon fuel 
policies: principles, program status and future directions. Energ. Policy 97, 
220–234 (2016).

 58. Rhodes, E., Axsen, J. & Jaccard, M. Gauging citizen support for a low 
carbon fuel standard. Energ. Policy 79, 104–114 (2015).

 59. Vass, T. & Jaccard, M. Driving Decarbonization: Pathways and Policies for 
Canadian Transport (Energy and Materials Research Group, Simon Fraser 
University, 2017).

 60. Lepitzki, J. & Axsen, J. The role of a low carbon fuel standard in achieving 
long-term GHG reduction targets. Energ. Policy 119, 423–440 (2018).

 61. Sierzchula, W. & Nemet, G. Using patents and prototypes for preliminary 
evaluation of technology-forcing policies: lessons from California’s Zero 
Emission Vehicle regulations. Technol. Forecast. Soc. 100, 213–224 (2015).

 62. Wesseling, J. H., Farla, J. C. M. & Hekkert, M. P. Exploring car 
manufacturers’ responses to technology-forcing regulation: the case of 
California’s ZEV mandate. Environ. Innov. Soc. Tr. 16, 87–105 (2015).

 63. Slowik, S. & Lutsey, N. The Continued Transition to Electric Vehicles in U. S. 
Cities (The International Council on Clean Transportation (ICCT), 2018).

 64. Matthews, L., Lynes, J., Riemer, M., Del Matto, T. & Cloet, N. Do we have a 
car for you? Encouraging the uptake of electric vehicles at point of sale. 
Energ. Policy 100, 79–88 (2017).

 65. Zarazua de Rubens, G., Noel, L. & Sovacool, B. K. Dismissive and deceptive 
car dealerships create barriers to electric vehicle adoption at the point of 
sale. Nat. Energy 3, 501–507 (2018).

 66. Axsen, J. & Wolinetz, M. Reaching 30% plug-in vehicle sales by 2030: 
modeling incentive and sales mandate strategies in Canada. Transport. Res. 
D—Tr. E. 65, 596–617 (2018).

 67. Wolinetz, M. & Axsen, J. How policy can build the plug-in electric vehicle 
market: Insights from the respondent-based preference and constraints 
(REPAC) model. Technol. Forecast. Soc. 117, 238–250 (2017).

 68. Greenblatt, J. B. Modeling California policy impacts on greenhouse gas 
emissions. Energ. Policy 78, 158–172 (2015).

 69. Greene, D. L., Park, S. & Liu, C. Public policy and the transition to electric 
drive vehicles in the U. S.: the role of the zero emission vehicles mandates. 
Energy Strateg. Rev. 5, 66–77 (2014).

 70. Greene, D. L., Park, S. & Liu, C. Analyzing the transition to electric drive 
vehicles in the U. S. Futures 58, 34–52 (2014).

 71. Sykes, M. & Axsen, J. No free ride to zero-emissions: simulating a region’s 
need to implement its own zero-emissions vehicle (ZEV) mandate to 
achieve 2050 GHG targets. Energ. Policy 110, 447–460 (2017).

 72. Zhao, F., Chen, K., Hao, H., Wang, S. & Liu, Z. Technology development for 
electric vehicles under new energy vehicle credit regulation in China: 
scenarios through 2030. Clean Technol. Envir. 21, 275–289 (2019).

 73. Plötz, P., Axsen, J., Funke, S. A. & Gnann, T. Designing car bans for 
sustainable transportation. Nat. Sustain. 2, 534–536 (2019).

 74. Melton, N., Axsen, J., Goldberg, S., Moawad, B. & Wolinetz, M. Canada’s 
ZEV Policy Handbook (Sustainable Transportation Action Research Team 
(START), Simon Fraser University, 2017).

 75. Melton, N., Axsen, J. & Goldberg, S. Evaluating plug-in electric vehicle 
policies in the context of long-term greenhouse gas reduction goals: 
comparing 10 Canadian provinces using the “PEV policy report card”. 
Energ. Policy 107, 381–393 (2017).

 76. Melton, N., Axsen, J. & Moawad, B. Which plug-in electric vehicle policies 
are best? A multi-criteria evaluation framework applied to Canada. Energy 
Res. Soc. Sci. 64, 101411 (2020).

 77. Bjerkan, K. Y., Nørbech, T. E. & Nordtømme, M. E. Incentives for 
promoting battery electric vehicle (BEV) adoption in Norway. Transport. 
Res. D—Tr. E. 43, 169–180 (2016).

 78. Hardman, S., Chandan, A., Tal, G. & Turrentine, T. The effectiveness of 
financial purchase incentives for battery electric vehicles – a review of the 
evidence. Renew. Sust. Energ. Rev. 80, 1100–1111 (2017).

 79. Kurani, K. S., Caperello, N., TyreeHageman, J. & Davies, J. Symbolism, 
signs, and accounts of electric vehicles in California. Energy Res. Soc. Sci. 
46, 345–355 (2018).

 80. DeShazo, J. R., Sheldon, T. L. & Carson, R. T. Designing policy incentives 
for cleaner technologies: Lessons from California’s plug-in electric vehicle 
rebate program. J. Environ. Econ. Manage. 84, 18–43 (2017).

 81. Wee, S., Coffman, M. & La Croix, S. Do electric vehicle incentives matter? 
Evidence from the 50 U. S. states. Res. Policy 47, 1601–1610 (2018).

 82. Münzel, C., Plötz, P., Sprei, F. & Gnann, T. How large is the effect of 
financial incentives on electric vehicle sales? – A global review and 
European analysis. Energ. Econ. 84, 104493 (2019).

 83. Miele, A., Axsen, J., Wolinetz, M., Maine, E. & Long, Z. The role of 
charging and refuelling infrastructure in supporting zero-emission vehicle 
sales. Transport. Res. D—Tr. E. 81, 102275 (2020).

 84. Kormos, C., Axsen, J., Long, Z. & Goldberg, S. Latent demand for 
zero-emissions vehicles in Canada (Part 2): Insights from a stated choice 
experiment. Transport. Res. D—Tr. E. 67, 685–702 (2019).

 85. Hardman, S. et al. A review of consumer preferences of and interactions 
with electric vehicle charging infrastructure. Transport. Res. D—Tr. E. 62, 
508–523 (2018).

 86. Fridstrom, L. Electrifying the Vehicle Fleet: Projections for Norway 
2018–2050 (Institute for Transport Economics, Norwegian Centre for 
Transport Research, 2019).

 87. Mersky, A. C., Sprei, F., Samaras, C. & Qian, Z. Effectiveness of incentives 
on electric vehicle adoption in Norway. Transport. Res. D—Tr. E. 46,  
56–68 (2016).

NATure CliMATe ChANge | VOL 10 | SEPtEMBER 2020 | 809–818 | www.nature.com/natureclimatechange816

https://www.iea.org/newsroom/news/2017/june/new-cem-campaign-aims-for-goal-of-30-new-electric-vehicle-sales-by-2030.html
https://www.iea.org/newsroom/news/2017/june/new-cem-campaign-aims-for-goal-of-30-new-electric-vehicle-sales-by-2030.html
http://www.nature.com/natureclimatechange


PersPectiveNATure ClImATe ChANge

 88. Yang, Z. & Bandivadekar, A. Light-duty Vehicle Greenhouse Gas and Fuel 
Economy Standards (The International Council for Clean Transportation 
(ICCT), 2017).

 89. Lipman, T. E. Emerging technologies for higher fuel economy automobile 
standards. Annu. Rev. Environ. Resour. 42, 267–288 (2018).

 90. Thiel, C. et al. The impact of the EU car CO2 regulation on the energy 
system and the role of electro-mobility to achieve transport 
decarbonisation. Energ. Policy 96, 153–166 (2016).

 91. Siskos, P., Capros, P. & De Vita, A. CO2 and energy efficiency car standards 
in the EU in the context of a decarbonisation strategy: a model-based 
policy assessment. Energ. Policy 84, 22–34 (2015).

 92. Posada, F., Isenstadt, A., Sharpe, B. & German, J. Assessing Canada’s 2025 
Passenger Vehicle Greenhouse gas Standards: Benefits Analysis (International 
Council for Clean Transportation (ICCT), 2018).

 93. Keith, D. R., Houston, S. & Naumov, S. Vehicle fleet turnover and the future 
of fuel economy. Environ. Res. Lett. 14, 021001 (2019).

 94. Moshiri, S. & Aliyev, K. Rebound effect of efficiency improvement in 
passenger cars on gasoline consumption in Canada. Ecol. Econ. 131, 
330–341 (2017).

 95. Reynaert, M. Abatement Strategies and the Cost of Environmental 
Regulation: Emission Standards on the European Car Market CEPR 
Discussion Paper No. DP13756 (CEPR, 2019).

 96. Ito, K. & Sallee, J. M. The economics of attribute-based regulation:  
theory and evidence from fuel economy standards. Rev. Econ. Stat. 100, 
319–336 (2017).

 97. Jenn, A., Azevedo, I. L. & Michalek, J. J. Alternative-fuel-vehicle policy 
interactions increase U. S. greenhouse gas emissions. Transport. Res. A–Pol. 
124, 396–407 (2019).

 98. Jenn, A. et al. Cost implications for automaker compliance of zero 
emissions vehicle requirements. Environ. Sci. Technol. 53, 564–574 (2019).

 99. Tietge, U., Mock, P., Franco, V. & Zacharof, N. From laboratory to road: 
modeling the divergence between official and real-world fuel consumption 
and CO2 emission values in the German passenger car market for the years 
2001–2014. Energ. Policy 103, 212–222 (2017).

 100. Tsiakmakis, S. et al. From lab-to-road & vice-versa: using a 
simulation-based approach for predicting real-world CO2 emissions. Energy 
169, 1153–1165 (2019).

 101. Jacobsen, M. R. & van Benthem, A. A. Vehicle scrappage and gasoline 
policy. Am. Econ. Rev. 105, 1312–1338 (2015).

 102. Lutsey, N. & Sperling, D. Energy efficiency, fuel economy, and policy 
Implications. Transp. Res. Record 1941, 8–17 (2005).

 103. Hao, H., Liu, Z. & Zhao, F. An overview of energy efficiency standards in 
China’s transport sector. Renew. Sust. Energ. Rev. 67, 246–256 (2017).

 104. Manville, M. Travel and the built environment: time for change. J. Am. 
Plan. Assoc. 83, 29–32 (2017).

 105. Kay, A. I., Noland, R. B. & Rodier, C. J. Achieving reductions in greenhouse 
gases in the US road transportation sector. Energ. Policy 69, 536–545 (2014).

 106. Tayarani, M., Poorfakhraei, A., Nadafianshahamabadi, R. & Rowangould, G. 
Can regional transportation and land-use planning achieve deep reductions in 
GHG emissions from vehicles? Transport. Res. D—Tr. E. 63, 222–235 (2018).

 107. Brand, C., Anable, J., Ketsopoulou, I. & Watson, J. Road to zero or road to 
nowhere? Disrupting transport and energy in a zero carbon world. Energ. 
Policy 139, 111334 (2020).

 108. McIntosh, J., Trubka, R., Kenworthy, J. & Newman, P. The role of urban 
form and transit in city car dependence: Analysis of 26 global cities from 
1960 to 2000. Transport. Res. D—Tr. E. 33, 95–110 (2014).

 109. Lee, S. Transport policies, induced traffic and their influence on vehicle 
emissions in developed and developing countries. Energ. Policy 121, 
264–274 (2018).

 110. Chen, F., Wu, J., Chen, X. & Wang, J. Vehicle kilometers traveled reduction 
impacts of transit-oriented development: evidence from Shanghai City. 
Transport. Res. D—Tr. E. 55, 227–245 (2017).

 111. Buehler, R., Gotschi, T. & Winters, M. Moving Toward Active 
Transportation: How Policies Can Encourage Walking and Bicycling (Active 
Living Research, 2016).

 112. Gössling, S. Urban transport transitions: Copenhagen, city of cyclists.  
J. Transp. Geogr. 33, 196–206 (2013).

 113. Aldred, R. & Jungnickel, K. Why culture matters for transport policy: the 
case of cycling in the UK. J. Transp. Geogr. 34, 78–87 (2014).

 114. Lanzendorf, M. & Busch-Geertsema, A. The cycling boom in large German 
cities—empirical evidence for successful cycling campaigns. Transp. Policy 
36, 26–33 (2014).

 115. Rietveld, P. & Daniel, V. Determinants of bicycle use: do municipal policies 
matter? Transport. Res. A–Pol. 38, 531–550 (2004).

 116. Zuehlke, B. Vancouver’s renewable city strategy: economic and policy 
analysis. MSc thesis, Simon Fraser Univ. (2017).

 117. Maizlish, N., Linesch, N. J. & Woodcock, J. Health and greenhouse gas 
mitigation benefits of ambitious expansion of cycling, walking, and transit 
in California. J. Transp. Health 6, 490–500 (2017).

 118. Zahabi, S. A. H., Chang, A., Miranda-Moreno, L. F. & Patterson, Z. 
Exploring the link between the neighborhood typologies, bicycle 
infrastructure and commuting cycling over time and the potential impact 
on commuter GHG emissions. Transport. Res. D—Tr. E. 47, 89–103 (2016).

 119. Bucher, D., Buffat, R., Froemelt, A. & Raubal, M. Energy and greenhouse 
gas emission reduction potentials resulting from different commuter electric 
bicycle adoption scenarios in Switzerland. Renew. Sust. Energ. Rev. 114, 
109298 (2019).

 120. Litman, T. Evaluating Public Transit Benefits and Costs: Best Practices 
Guidebook (Victoria Transport Policy Institute, 2019).

 121. Duncan, M. Would the replacement of park-and-ride facilities with 
transit-oriented development reduce vehicle kilometers traveled in an 
auto-oriented US region? Transp. Policy 81, 293–301 (2019).

 122. Choi, K. The influence of the built environment on household vehicle travel 
by the urban typology in Calgary, Canada. Cities 75, 101–110 (2018).

 123. Hong, J. Non-linear influences of the built environment on transportation 
emissions: focusing on densities. J. Transp. Land Use 10, 229–240 (2015).

 124. Liddle, B. Urban density and climate change: a STIRPAT analysis using 
city-level data. J. Transp. Geogr. 28, 22–29 (2013).

 125. Carroll, P., Caulfield, B. & Ahern, A. Measuring the potential emission 
reductions from a shift towards public transport. Transport. Res. D—Tr. E. 
73, 338–351 (2019).

 126. Gibson, M. & Carnovale, M. The effects of road pricing on driver behavior 
and air pollution. J. Urban Econ. 89, 62–73 (2015).

 127. Gillingham, K. & Munk-Nielsen, A. A tale of two tails: commuting and the 
fuel price response in driving. J. Urban Econ. 109, 27–40 (2019).

 128. Singh, A. C. et al. Quantifying the relative contribution of factors to 
household vehicle miles of travel. Transport. Res. D—Tr. E. 63, 23–36 (2018).

 129. Ewing, R. & Cervero, R. Travel and the built environment. J. Am. Plan. 
Assoc. 76, 265–294 (2010).

 130. Stevens, M. R. Does compact development make people drive less? J. Am. 
Plan. Assoc. 83, 7–18 (2017).

 131. Choi, K. & Paterson, R. Examining interaction effects among land-use 
policies to reduce household vehicle travel: An exploratory analysis. Journal 
Transp. Land Use 12, 839–851 (2019).

 132. Choi, K. & Zhang, M. The net effects of the built environment on 
household vehicle emissions: a case study of Austin, TX.Transport. Res. 
D—Tr. E. 50, 254–268 (2017).

 133. Wu, X., Tao, T., Cao, J., Fan, Y. & Ramaswami, A. Examining threshold 
effects of built environment elements on travel-related carbon-dioxide 
emissions. Transport. Res. D—Tr. E. 75, 1–12 (2019).

 134. Andrew, H., Victor, C., Benjamin, S. & Steven, S. A systematic review of the 
energy and climate impacts of teleworking. Environ. Res. Lett. (in the press).

 135. Kim, S.-N. Is telecommuting sustainable? An alternative approach to 
estimating the impact of home-based telecommuting on household travel. 
Int. J. Sustain. Transp. 11, 72–85 (2017).

 136. Jaller, M. & Pahwa, A. Evaluating the environmental impacts of online 
shopping: a behavioral and transportation approach. Transport. Res. D—Tr. 
E. 80, 102223 (2020).

 137. Le Quéré, C. et al. Temporary reduction in daily global CO2 emissions during 
the COVID-19 forced confinement. Nat. Clim. Change 10, 647–653 (2020).

 138. The Future of Trucks: Implications for Energy and the Environment  
(IEA, 2017).

 139. Coulombel, N., Dablanc, L., Gardrat, M. & Koning, M. The environmental 
social cost of urban road freight: Evidence from the Paris region. Transport. 
Res. D—Tr. E. 63, 514–532 (2018).

 140. Sorrell, S., Lehtonen, M., Stapleton, L., Pujol, J. & Toby, C. Decoupling of 
road freight energy use from economic growth in the United Kingdom. 
Energ. Policy 41, 84–97 (2012).

 141. Eom, J., Schipper, L. & Thompson, L. We keep on truckin’: trends in freight 
energy use and carbon emissions in 11 IEA countries. Energ. Policy 45, 
327–341 (2012).

 142. Liimatainen, H., van Vliet, O. & Aplyn, D. The potential of electric trucks –  
an international commodity-level analysis. Appl. Energ. 236, 804–814 (2019).

 143. Moultak, M., Lutsey, N. & Hall, D. Transitioning to Zero-emission 
Heavy-duty Freight Vehicles (The International Council on Clean 
Transportation (ICCT), 2017).

 144. Hammond, W., Axsen, J. & Kjeang, E. How to slash greenhouse gas 
emissions in the freight sector: Policy insights from a technology-adoption 
model of Canada. Energ. Policy 137, 111093 (2019).

 145. Mulholland, E., Teter, J., Cazzola, P., McDonald, Z. & Gallachóir, Ó. B. P. 
The long haul towards decarbonising road freight – A global assessment to 
2050. Appl. Energ. 216, 678–693 (2018).

 146. Plumptre, B., Angen, E. & Zimmerman, D. The State of Freight: 
Understanding Greenhouse gas Emissions From Goods Movement in Canada 
(Pembina Foundation, 2017).

 147. Kluschke, P., Gnann, T., Plötz, P. & Wietschel, M. Market diffusion of 
alternative fuels and powertrains in heavy-duty vehicles: a literature review. 
Energy Rep. 5, 1010–1024 (2019).

NATure CliMATe ChANge | VOL 10 | SEPtEMBER 2020 | 809–818 | www.nature.com/natureclimatechange 817

http://www.nature.com/natureclimatechange


PersPective NATure ClImATe ChANge

 148. Delgado, O. & Gonzalez, F. CO2 Emissions and Fuel Consumption Standards 
for Heavy-duty Vehicles in the European Union (The International Council 
for Clean Transportation (ICCT), 2018).

 149. Advanced Clean Trucks Fact Sheet: Accelerating Zero-Emission Truck Markets 
(California Air Resources Board, 2020).

 150. Sperling, D. Three Revolutions: Steering Automated, Shared, and Electric 
Vehicles to a Better Future (Island Press, 2018).

 151. Greenblatt, J. B. & Saxena, S. Autonomous taxis could greatly reduce 
greenhouse-gas emissions of US light-duty vehicles. Nat. Clim. Change 5, 
860 (2015).

 152. Viegas, J., Martinez, L. M. & Crist, P. Shared Mobility: Innovation for 
Liveable Cities (OECD International Transport Forum Corporate 
Partnership Board, 2016).

 153. Alonso-Mora, J., Samaranayake, S., Wallar, A., Frazzoli, E. & Rus, D. 
On-demand high-capacity ride-sharing via dynamic trip-vehicle 
assignment. Proc. Natl Acad. Sci. USA 114, 462 (2017).

 154. Data for ICCT Global Fuel Efficiency Comparison Charts (International 
Council on Clean Transportation (ICCT), 2019).

 155. Rodriguez, F. CO2 Standards for Heavy-Duty Vehicles in the European Union: 
ICCT Policy Update (The International Council on Clean Transportation 
(ICCT), 2019).

Acknowledgements
J.A. and M.W. acknowledge support for an earlier version of this review by the 
David Suzuki Foundation, as well as the Pacific Institute for Climate Solutions 

(PICS). P.P. acknowledges support from the Profilregion Mobilitätssysteme 
Karlsruhe, which is funded by the Ministry of Economic Affairs, Labour and 
Housing in Baden-Württemberg, and as a national High Performance Center by the 
Fraunhofer-Gesellschaft.

Author contributions
J.A., P.P. and M.W. designed and conducted the analysis. J.A. and P.P wrote the 
manuscript with contributions from M.W.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence should be addressed to J.A.

Peer review information Nature Climate Change thanks Ashish Verma and  
the other, anonymous, reviewer(s) for their contribution to the peer review of  
this work.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© Springer Nature Limited 2020

NATure CliMATe ChANge | VOL 10 | SEPtEMBER 2020 | 809–818 | www.nature.com/natureclimatechange818

http://www.nature.com/reprints
http://www.nature.com/natureclimatechange

	Crafting strong, integrated policy mixes for deep CO2 mitigation in road transport
	The importance and complexity of policy mixes
	Pricing as the complement, not the Silver Bullet
	Fuel-switching regulations can lead the mix
	Low-carbon fuel standard. 
	ZEV mandate. 
	Internal combustion engine car bans. 
	ZEV incentives (financial and non-financial). 

	Strengthen vehicle emissions standards, cut the loopholes
	The complementary benefits of travel reduction
	Don’t forget road freight
	Crafting effective policy mixes in the real world
	Acknowledgements
	Fig. 1 Historical and future global GHG emissions from transport.
	Fig. 2 Categorization of road transport policies summarized in this paper.
	Fig. 3 Tail-pipe CO2 reductions from emission standards for passenger vehicles in several major countries.
	Fig. 4 Tail-pipe CO2 reduction required by heavy-duty vehicle emission standards relative to baseline in several major countries.
	Table 1 Framework for evaluation of climate policy interactions in road transportation.




