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Supplementary Table 1: Definitions of policy instruments included in systematic review 

 

Policy Instrument Definition 

1. Regulatory Instruments  

1.1 Performance Standards  

Fuel Economy Standard (FES) 
Regulation setting minimum requirements for fuel 
efficiency of vehicles sold within a particular market, 
applied either to individual vehicles or to a fleet average 

Vehicle Emissions Standard (VES) 
Regulation limiting emissions of CO2 or air pollutants 
(e.g., NOx, CO, PM) from vehicles 

Low-Carbon Fuel Standard (LCFS) 

Regulation requiring reduction in carbon intensity of 
transportation fuels, setting a limit on the amount of CO2 
and other greenhouse gases that can be emitted during 
the production and use of fuels throughout its life cycle 

1.2 Technology Standards  

Zero-Emission Vehicle Mandate (ZEV) 
Requirement for vehicle manufacturers to sell a certain 
share of zero- or low-emission vehicles, typically battery 
electric vehicles or plug-in hybrids 

Biofuel Mandate (BM) 
Requirement for fuel suppliers to blend a specific share 
or volume of biofuels into transportation fuels 

2. Economic Instruments  

2.1 Taxes  

Vehicle Tax (VT) 

One-time fee paid at time of vehicle purchase or 
registration, often based on vehicle characteristics such 
as value, weight, horsepower, engine displacement, fuel 
efficiency, CO2 emissions, etc. 

Road Tax (RT) 

Fee paid annually by vehicle owners using public roads 
based on vehicle characteristics such as value, weight, 
horsepower, engine displacement, fuel efficiency, CO2 
emissions, etc. 

Fuel Tax (FT) 
Government-imposed charge on the sale of 
transportation fuel, usually calculated per liter or per 
gallon 

2.2 Subsidies  

Vehicle Subsidy (VS) 

Financial incentive provided by governments to reduce 
the cost of purchasing or operating low- or zero-emission 
vehicles, typically aimed at encouraging the adoption of 
battery electric, plug-in hybrid or other fuel-efficient 
vehicles; can take various forms, such as tax credits or 
exemptions, rebates, grants or discounts, with varying 
eligibility requirements 

Scrappage Incentive (SI) 

Government vehicle scrappage or trade-in program 
encouraging replacement of old, often less fuel-efficient 
vehicles with newer, more fuel-efficient or lower-
emissions models, typically involving financial incentives 
or discounts to vehicle owners who retire older vehicles 
and/or trade them in for new, more fuel-efficient models 
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Biofuel Subsidy (BS) 

Financial incentive provided by governments to fuel 
producers or blenders to promote production of biofuels; 
can take various forms, such as tax credits or exemptions, 
grants, etc. 

2.3 Technology Investment  

R&D Funding (RDF) 
Public funding, grants, subsidies for, or direct 
investments in emissions- or fuel-saving vehicle and fuel 
technology research and development 

Public Procurement and  
Demonstration (PP) 

Government purchase – or funding of projects to 
demonstrate viability – of vehicle and fuel technologies 
with reduced environmental impact (e.g. electric buses) 

2.4 Infrastructure Investment  

Charging Infrastructure (CI) 

Government grants, incentives, direct investments, or 
other programs to support the development, expansion, 
density, speed or accessibility of electric vehicle charging 
stations 

 

 

Supplementary Table 2: Definitions of indicators for policy instrument evaluation 

 

Indicator Definition 

1. Innovation Outcomes  

1.1 Inputs  

R&D Spending (RD) 

Financial resources allocated by organizations to conduct 
research and development aimed at advancing scientific 
knowledge, creating new technologies, or improving 
existing products, processes, or services related to 
reducing the energy consumption or environmental 
impact of vehicle and fuel technologies 

1.2 Outputs  

Patents, Publications, and Prototypes (PA) 

Number of patents granted, volume of research 
publications concerning, or development of functional 
prototypes of new fuel- or emissions-saving vehicle or 
fuel technologies or processes 

1.3 Outcomes  

Modular Improvements (MI) 

Additions of novel fuel- or emissions-saving components 
(e.g., catalytic converters) to or design changes and 
improvements in existing components (e.g., engine, 
transmission, sensors) of conventional (i.e., internal 
combustion engine) vehicles which do not require 
alternative vehicle architectures  

Fuel Economy (FE) 

A measure of the average distance traveled per unit of 
fuel consumed by a vehicle or fleet of vehicles (typically 
sales-weighted) for a manufacturer, group of 
manufacturers, or in a particular market area 

Vehicle Sales (SA) 
Number or share of low- or zero-emission vehicles sold in 
a market or region during a specified time period in ex 
post evaluations; the likelihood or intention of 



 4 

purchasing a low- or zero-emission vehicle in ex ante 
evaluations 

Biofuel Production (BP) 
Quantity of biofuels produced within a given time period 
and region 

Technology Transfer (TT) 
The sharing and disseminating of technology or 
knowledge as indicated by patents, exports, or 
technology adoption across countries  

Cost Reductions (CR) 

The decrease in the cost of a product, process, or 
technology over time, driven by learning, innovation, 
economies of scale, or productivity and efficiency 
improvements 

2. Environmental Outcomes  

Greenhouse Gas Emissions (GG) 

Level of greenhouse gas emissions in a given area or 
emissions performance of a fleet of vehicles (positive 
impacts denote a decrease in emissions or improved 
emissions performance, while negative impacts denote 
an increase in emissions or worse performance) 

Air Pollution (AP) 

Level of air pollutants such as particulate matter, 
nitrogen oxides, carbon monoxide, and volatile organic 
compounds in a given area or air pollutant emissions 
performance of a fleet of vehicles (positive impacts 
denote a decrease in air pollution or improved 
performance while negative impacts denote an increase 
in emissions or worse performance) 

Land Use (LU) 

Changes in the allocation and utilization of land resources 
related to the implementation of road transportation 
policies (positive impacts denote a decrease in land use, 
while negative impacts denote an increase) 

 

 

Supplementary Table 3: Screening results 
 

Screening Stage Number of Documents Methodological Step 

Initial Search 18,335 

Search conducted using Web of 
Science database according to 
inclusion criteria, returning 18,335 
records; 8 duplicate search records 
removed 

Titles 18,327 
18,327 titles screened for relevance, 
resulting in the removal of 14,577 
titles 

Abstracts 3,750 
2,797 abstracts removed due to 
conflicts with inclusion and 
exclusion criteria 

Full Text 953 
541 studies further excluded after 
full text screening 

Additional Studies 55 
55 additional studies satisfying 
inclusion and exclusion criteria but 
which did not appear in initial search 
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results identified from references in 
included articles 

Transportation Studies 1 
1 study identified from a second, 
targeted search of top 
transportation journals 

Final 468 

468 studies included in the final 
review, comprising over 1000 policy 
instrument evaluations and 
assessments 

 

 
Supplementary Table 4: List of transportation journals included in second search, ranked by 

2022 journal impact factor 

 
Rank Journal 

1 Analytic Methods in Accident Research 
2 Journal of Public Transportation 
3 Transportation Research Part E- Logistics and Transportation Review 
4 Transport Reviews 
5 Transportation Research Part D- Transport and Environment 
6 Transport Policy 
7 Transportation Research Part B- Methodological 
8 Transportation Research Part A- Policy and Practice        
9 Journal of Transport Geography 

10 Journal of Air Transport Management 
11 Accident Analysis and Prevention 
12 Travel Behaviour and Society 
13 Research in Transportation Business and Management 
14 Transportation Science 
15 Maritime Economics & Logistics 
16 Transportation 
17 European Transportation Research Review 
18 Journal of Safety Research 
19 Transportation Research Part F- Traffic Psychology and Behaviour 
20 International Journal of Sustainable Transportation 

 
 
Supplementary Table 5: Research method types, evidence strength levels, and number of 
studies in each category from final review sample 

 
Research Type Strength of Evidence Number of Papers 

Randomized Level 1 0 
Quasi-Experimental/Observational Level 2 187 

Qualitative Level 3 32 
Ex Ante/Theoretical Level 4 249 



 6 

Supplementary Fig. 2: Journals represented in final review sample with more than 10 studies 
 

 
 
Supplementary Fig. 3: Publication years of studies included in final review sample 
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SI.2: Supplementary Discussion 
 
Policy Instrument Design (continued) 
 

Various studies have raised concerns about the distributional impacts of vehicle purchase 
subsidies, finding that these subsidies favor high-income consumers who are more likely to 

purchase electric vehicles in the first place, regardless of whether a purchase incentive is 
available1–6. This can weaken the environmental effectiveness of the incentive as low-income 
consumers are more likely to retire older vehicles with worse emissions performance whereas 

high-income consumers are more likely to own multiple vehicles and thus purchase additional 
rather than replacement vehicles7,8. Capping the price of eligible vehicles, or the income of 

eligible consumers, and increasing the size of the incentive for low-income consumers could 
help improve equity and effectiveness2,6,8–10, although these caps should be tailored to the stage 
of market evolution, where early-stage niche markets are composed predominantly of high 

earners. 
 

Vehicle subsidies may take the form of direct rebates, discounts, tax credits, or tax exemptions. 
Different forms of subsidies can introduce greater complexity for consumers, which in turn 
reduces the value the consumer places on the subsidy in the present and weakens the subsidy’s 

overall effectiveness in stimulating vehicle purchases. Greater immediacy and simplicity in 
obtaining a subsidy substantially enhance the positive impact of the subsidy on low-emissions 

vehicle sales. Upfront rebates and subsidies applied at the point of sale have had a larger 
impact on consumer purchase decisions than tax credits, exemptions, and ownership cost 
reductions8,11–15. Sales tax waivers led to 10 times the volume of sales compared to tax credits 

for hybrid electric vehicle adoption in the US because the former was applied instantly rather 
than delayed to after the time of income tax filing11. To benefit from a tax credit, the buyer 

must possess a sufficiently large tax burden, which further excludes low-income consumers 
from eligibility. 
 

Subsidies that do not sufficiently lower the relative vehicle purchase price are not as effective 
in increasing sales of low-emissions vehicles. For example, monetary incentives for hybrid 

electric vehicles in the US only shifted consumer purchase decisions when the amount of the 
subsidy was greater than USD 100016.  
 

There is strong agreement that subsidies more effectively induce consumer uptake of EVs 
when given directly to the consumer rather than to manufacturers or car dealers3,8,12,17. 

However, even when the subsidy is given directly to the consumer, dealers may still be able 
to adjust the retail price of the vehicle in order to capture part or all of the subsidy8. 
 
Environmental Impacts and Rebound Effects of Road Transportation Policy Instruments 
 

Because biofuel mandates and subsidies have primarily supported the production and use of 
first-generation biofuels, they have in some cases resulted in increased greenhouse gas 

emissions18–20. First-generation biofuels use edible feedstocks such as corn, sugarcane, and soy 
and are associated with negative impacts on land use, water use, water quality, and soil 
quality21. Around half of ex ante evaluations and all ex post evaluations in our review identify 
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negative greenhouse gas emissions outcomes linked to biofuel mandates (Fig. 1e in the main 
text). Negative greenhouse gas emissions outcomes of biofuel mandates are driven by 

emissions from land use change and fertilizer application20, while the disagreement in the ex 
ante evidence on greenhouse gas emissions arises from uncertainties in modeling assumptions 

involving policy attribution, oil prices, technology costs, agricultural yields, indirect land use 
change, and fuel market rebound effects. For instance, some studies find that mandates could 
lower the cost of blended gasoline, leading to a rebound in global oil consumption that offsets 

or negates domestic emissions benefits22–24. Others predict positive greenhouse gas emissions 
outcomes by assuming that the net emissions from biofuel production are zero, neglecting 

land use change emissions25. Ex ante and ex post evidence for biofuel subsidies on greenhouse 
gas emissions was unanimously negative, with studies finding that biofuel subsidies in the 
United States effectively subsidized gasoline consumption when combined with a biofuel 

blend mandate and increased CO2 emissions26–28. Biofuel mandates and subsidies are both 
consistently associated with increased land use and land use change. In contrast to policy 

instruments promoting biofuels specifically, low-carbon fuel standards, e.g. in the EU, Brazil, 
California, Quebec, etc., incentivize a broad range of alternative transportation fuels, 

including renewable electricity, and have been associated with decreasing transportation fuel 
carbon intensity in some geographic regions29,30. Like other policy instruments that are 
efficiency-promoting or that apply to limited areas, low-carbon fuel standards are prone to 

rebound effects and leakage. Although fuel economy standards have increased the availability 
and adoption of vehicles with improved fuel performance, they have caused rebounds in fuel 

use and substitutions in spending towards other energy-intensive goods and services31–33. 
Similarly, purchase subsidies for fuel-efficient vehicles have in some cases stimulated 
additional overall vehicle purchases, partially offsetting gains made in pollution abatement, 

fuel savings, and emissions reductions34,35. Combining fuel economy standards with fuel taxes 
may have the potential to limit rebound effects by reducing the demand for driving while 

compelling further efficiency gains in the vehicle fleet36–39. 
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