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Abstract: To achieve the announced 2060 carbon neutrality goal, the government of China has
recently established its “1 + N” legal and policy framework. However, the emerging autonomous
vehicle technology, which is developing rapidly, is not included. Considering the significant potential
of autonomous vehicle technology in reducing carbon emissions from the transportation sector,
whether and how to integrate it into the current framework can be crucial for China. The existing
literature typically does not regard the emission reduction impacts of autonomous vehicles as a major
issue, and there are still few studies available aiming to ensure enhancement of emission reduction
induced by autonomous vehicle technology from a legal and policy perspective. This article attempts
to fill the above research gaps with a three-step research scheme. Specifically, this work begins
with a comprehensive and detailed analysis of the possible wide range of factors affecting energy
consumption and emissions of autonomous vehicles. Next, an in-depth discussion of the feasibility
of incorporating autonomous vehicle technology into the current “1 + N” legal and policy framework
is provided. Finally, several recommendations corresponding to these factors are proposed from legal
and policy perspectives: (i) adoption of industrial incentives to mitigate research and development
costs and risks at the production level and to expand market demand at the consumption level;
(ii) priority promotion of the commercialization of autonomous vehicles in the taxi market by filling
legal gaps and applying regulatory measures; (iii) development of efficient transportation policies and
land use policies. This article provides a systematic and practical scheme for inclusion of autonomous
vehicles in China’s legal and policy framework to realize the carbon neutrality goal. The proposed
recommendations can be referenced for other governments that may face similar challenges and
future development of possible uniform rules at the global level.
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1. Introduction

Climate change has and will increasingly have significant and detrimental effects on
human and natural systems [1]. Climate change is defined as “a change of climate which
is attributed directly or indirectly to human activity that alters the composition of the
global atmosphere and which is in addition to natural climate variability observed over
comparable time periods” [2]. To combat climate change, around 200 countries adopted
the Paris Agreement at the United Nations Climate Change Conference in 2015 [3]. The
Paris Agreement requires all parties to achieve carbon neutrality by the second half of this
century. Carbon neutrality is defined as a balance between anthropogenic emissions by
sources and removals by sinks of greenhouse gases (GHG) [3].

China, accounting for 27% of global GHG emissions [4], has pledged to reach the
carbon peak before 2030 and achieve carbon neutrality before 2060 as a State Party of the
Paris Agreement [5]. To achieve its 2060 goal, China has been undertaking several concrete
actions to reduce GHG emissions under relevant policies and laws. From 2005 to 2020,
China achieved a 48.4 percent reduction in carbon intensity and a total reduction of about
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5.8 billion tons of carbon dioxide (CO2) emissions, particularly in the fields of renewable
energy and forest carbon sinks [6].

Decarbonizing transportation is a climate imperative but also a challenging one as
current CO2 emissions from the transportation sector are not only huge but will grow
further in the coming years. The transportation sector accounts for about 22% of global CO2
emissions [7]. Without effective interventions in this sector, CO2 emissions are expected to
increase by 60% by 2050 [8], and most of these CO2 emissions come from road transport [9].
A similar situation occurs in China, where the transportation sector is responsible for around
9% of its total CO2 emissions [10], and road transport makes the largest contribution to
CO2 emissions, accounting for about 82.7% of total transportation emissions [11].

Although the current proportion of CO2 emissions from road transport in China is
lower than the world level, this proportion is likely to increase further soon consider-
ing that China’s motorization rate is yet to grow. The current number of vehicles per
1000 individuals in China is less than 200 in contrast to roughly 600 in the European Union
(EU) and over 800 in the United States (US) [12]. If China reaches the EU’s current motor-
ization rate by 2050, there will be more than 500 million vehicles, equivalent to the total
number of vehicles in the US and EU today [12]. As China’s motorization rate rises, the
share of road transport, as well as the transportation sector in overall CO2 emissions, is
expected to increase significantly. Therefore, any transportation policies and laws must
contribute to reducing emissions by promoting sustainable mobility. To this end, electric
vehicles (EVs), public transit (PT), sharing systems, and autonomous vehicles (AVs) are
possible solutions [13,14].

Vehicle electrification is the first promising way to reduce CO2 emissions from road
transport. Research has shown that EVs offer significant CO2 emission reductions compared
to conventional vehicles (CVs). This is because EVs do not produce tailpipe emissions
on the end-user side, and their overall emissions remain significantly lower due to use of
cleaner and more efficient power generators even when taking into account emissions from
the entire electricity supply chain [15,16]. However, there are also concerns about life-cycle
environmental impacts of EVs. Potentially negative environmental impacts may result
from externalities mainly related to battery material mining, battery assembly, and battery
recycling [13,17]. Therefore, these issues should be properly addressed by effective policies
and laws to ensure that adoption of EVs will have a positive impact on the environment. In
2021, global sales of EVs reached 6.6 million, accounting for nearly 9% of the overall vehicle
market, while China leads the global EV sales with 3.4 million sold [18]. Still, adoption
of EVs faces two major obstacles: on the one hand, the high manufacturing cost, limited
driving range, short range, and long recharging time, and, on the other hand, the lack of
available electric charging infrastructure, which directly increases users’ “range anxiety”
and reduces consumer demand [19]. Even if the above issues are largely addressed, with
an EV market share of over 80% and a complete transition to renewable energy by 2050,
soaring motorization rates will still keep China’s transportation emissions high [12]. This
suggests that achieving CO2 reductions in the transportation sector cannot rely solely on
vehicle electrification but also needs to address the inefficiencies of private vehicles.

PT is widely valued by the international community as an effective means to combat
climate change and private vehicle inefficiencies. This is because PT has a good energy and
emissions record [20]. However, PT still faces a chronic problem of low ridership, which
significantly reduces energy efficiency and increases CO2 emissions per passenger. Since
the COVID-19 pandemic in 2020, PT has experienced major disruptions in both operation
and demand [21]. However, PT demand had declined significantly in the years before the
pandemic. From 2014 to 2018, ridership by buses in China declined by 11.5% [22]. The main
factors responsible for the decline in public transport ridership include internal factors,
such as fares, service level, service frequency, transit modes, and network coverage, as well
as external factors, such as population, economic conditions, physical form of urban areas,
and transport infrastructures [23].



Sustainability 2023, 15, 5671 3 of 24

Carsharing offers a potential solution to address the inefficiencies of private vehicles
and mitigate climate change impacts. Research has found that, by adopting carsharing,
an average of 0.23 cars per household are reduced, and shared fleets are, on average,
10 miles per gallon more fuel-efficient than private cars [24]. Moreover, the underlying
infrastructure of shared mobility management can be improved with use of information
and communication technologies, which can reduce CO2 emissions by 70 to 190 million
metric tons [25]. It is worth noting that the combination of EVs and carsharing systems is
emerging globally as a feasible alternative to EV ownership for city residents [26]. However,
widespread use of carsharing continues to face several obstacles, such as long waiting delay
or a long way to walk to available vehicles, a lack of available dedicated parking spaces at
the destination, and imbalance in vehicle distributions [27]. Therefore, new technologies
are needed to further promote carsharing systems.

AV technology is receiving increasing attention as a potential way to reduce CO2
emissions. Society of Automotive Engineers International provides detailed definitions
for six levels of driving automation [28]. Among these six levels, Level 4 (high driving
automation) and Level 5 (full driving automation) are the main concern of this article, where
an automated driving system performs all dynamic tasks of driving [29]. Although studies
on the environmental impacts of AV technology are still relatively few, some studies have
found a positive effect of AV technology on emission reductions in the transportation sector.
For example, AVs can reduce emissions by up to 14% by improving driving efficiency in
single-vehicle driving scenarios [30,31]; by improving traffic conditions at intersections in
vehicle–infrastructure connection scenarios, AVs can reduce emissions by up to 59% [32];
and, by different cooperative models and speed strategies in multi-vehicle connection
scenarios, AVs can potentially reduce emissions by up to 44.62% [33,34]. It should be
noted, however, that AVs may also result in an increase in total vehicle miles traveled
(VMT), which could potentially have an adverse impact on the environment [13]. This
depends on various factors, such as increased demand induced by decreased travel costs
and congestion [35]; lower value of travel time due to increased travel comfort, travel time
reliability, and travel enrichment [36]; and increased mobility for the non-driving, elderly,
and people with travel-restrictive medical conditions [37].

Combination of AV technology with other technologies is also emerging as a promising
solution to environmental problems. Research has shown that AVs of Level 5, when
combined with connected vehicle technologies and EV technologies (i.e., autonomous
electric vehicles), can achieve even fewer air pollutants, energy consumption, and GHG
emissions than each technology separately [13,38]. Furthermore, AV technology provides
the potential to overcome the above-mentioned hindrances to diffusion of carsharing
systems [39,40]. Thus, shared autonomous electric vehicles offer significant potential to
further reduce GHG emissions and energy consumption [27,41,42]. In summary, if properly
utilized and regulated, AV technology by itself and in combination with other technologies
can play a key role in reducing emissions from China’s transportation sector and achieving
the 2060 carbon neutrality goal.

AV technology is developing rapidly at an impressive rate in China, and the Chinese
government is also moving toward adoption of AVs. From 2013 to date, numerous Chinese
corporations (such as Baidu, Pony.ai, and AutoX) have been in a race to implement AVs.
According to the 2021 Disengagement Reports from California, Pony.ai took the third spot with
305,617 miles driven with safety drivers in the vehicle; AutoX came out on top with 80,173 km per
disengagement; and Apollo achieved the most driverless trips with 9565 miles [43]. Meanwhile,
the Chinese government considers AV technology as a crucial strategy for future transition and
upgrading of the automotive industry [44] and further requires development of intelligent and
connected vehicles [45]. As a result, several plans for intelligent connected vehicles have been
formulated, including both standard technology and application planning [46–48]. Furthermore,
the 14th Five-Year Plan (2021–2025) calls for efforts to explore the possibility of creating a
regulatory framework for autonomous driving and improve relevant laws, regulations, and
ethical review rules [49].
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Public attitudes toward AVs may not be as positive as those of manufacturers and
policymakers. Many surveys have been conducted to assess public attitudes toward AVs
and the results have suggested that the public is not yet ready to embrace AVs. For
example, a survey conducted in Naples (Italy) observed an a priori reluctance of the
average transport user to use fully automated buses and taxis of −2.31 Euro/trip [50].
The survey also revealed gender differences, with males 18–40 years old (>40 years old)
having a reluctance in using driverless transit services, 53% (36%) lower than females [50].
Public acceptability of AVs is influenced by several factors, including safety, value of
travel time, mobility, performance-to-price value, environmental friendliness, and symbolic
value [51]. Many concerns have been raised regarding safety of AVs, particularly due to
fears of handing over control of a vehicle to a “robot” or due to perceived risks associated
with cyber-attacks and hacking of electronic systems [13]. These fears can be mitigated
and AVs will be better accepted if automated driving systems replicate human control as
closely as possible [52]. As AV technology continues to advance and gain wider use, public
attitudes may shift, but much will depend on how policies and laws address safety and
other concerns.

The current legal and policy framework developed for carbon neutrality has not
considered use and impact of AV technology. A “1 + N” legal and policy framework has
been established to achieve the 2060 carbon neutrality goal, and emissions reductions
from the transportation sector have been included as an important part of that framework.
However, the current carbon neutrality legal and policy framework takes little account of
the possible impact of AVs on CO2 emissions. As mentioned before, on the one hand, AV
technology has significant potential to reduce emissions, and this will become even more
important as AV technology is further developed. On the other hand, AVs may also have a
negative impact on the environment depending on various factors. Therefore, the potential
environmental impacts of AVs should be integrated into the current carbon neutrality
legal and policy framework to fully realize the emission reduction potential of AVs and
contribute to achievement of the 2060 goal.

The existing literature normally does not address the emission reduction impacts of
AVs as a major issue. Most of the articles address these issues as secondary outcomes. Their
results reveal the potential benefits of AVs on emissions due to an abundance of factors.
However, there are still few studies available aiming to ensure enhancement in emission
reduction induced by AV technology from a legal and policy perspective. This article aims
to study the following research questions:

• What are the impacts of AVs on carbon emissions and corresponding determinants?
• Can a legal and policy framework enhance the emission reduction induced by AV

technology?
• How should a legal and policy framework ensure enhancement in emission reduction

induced by AV technology?

This article attempts to fill the above research gaps with a three-step scheme, as shown
in Figure 1. Specifically, this work begins with a comprehensive and detailed analysis of
the wide range of possible factors affecting energy consumption and emissions of AVs.
Next, an in-depth discussion of the feasibility of incorporating AV technology into China’s
carbon neutrality legal and policy framework occurs. Finally, several recommendations
corresponding to these factors are proposed from legal and policy perspectives. The
proposed recommendations can be referenced for other governments that may face similar
challenges and future development of possible uniform rules at the global level.

The structure of this article is presented as follows. Section 1 provides an overview
of the background and defines key concepts and issues in order to establish a foundation
for the subsequent discussions in the following sections. Section 2 discusses the wide
range of possible factors affecting energy consumption and emissions of AVs, including
technological capabilities, market penetration, shared mobility, and city type; provides an
overview of China’s existing carbon neutrality legal and policy framework; and analyses the
feasibility of inclusion of AVs in it. Section 3 proposes some comprehensive and practical
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legal and policy recommendations based on the broad range of factors mentioned above
for integrating AVs into the current framework. Section 4 concludes the article.
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2. Materials and Methods

This legal and policy research on AVs employs a qualitative research design, specif-
ically document analysis and case study analysis. (1) A comprehensive and systematic
review of the academic literature related to the environmental impacts of AVs is conducted
to identify possible factors affecting energy consumption and emissions of AVs. The factors
are organized thematically and key themes are identified through a continuous comparison
process. (2) An in-depth case study of China is realized to analyze the state of relevant law
and policy in China, which includes a detailed review of the government policies and legal
documents underpinning China’s carbon neutrality framework. This study has chosen
China as the research country for three reasons: first, China is a major carbon-emitting
country in the world and is striving to achieve its 2060 carbon neutrality goal; second,
AV technology is developing rapidly in China and the government of China is moving
toward adoption of AVs; third, a legal and policy framework for carbon neutrality has been
established in China, which can serve as the research basis for this article. (3) A qualitative
approach is used to analyze the findings and highlight areas that require further attention.
This research aims to provide insights into the challenges and opportunities of integrating
AVs in a carbon neutrality legal and policy framework, as well as the role of law and policy
in shaping the development of AV technology.

2.1. Impacts of AVs on Carbon Emissions and Corresponding Determinants

Before inclusion of AVs in any carbon neutrality legal and policy framework, it is
necessary to fully understand how AVs can have both positive and negative impacts on
transportation emissions. As mentioned earlier, AVs can have significant potential to reduce
emissions, but their potential is largely determined by a wide range of factors. Therefore,
as demonstrated in Figure 2, this section will discuss the wide range of possible factors
affecting energy consumption and emissions of AVs to provide a basis for the analysis in
the following section. These factors have been grouped into four categories: technological
capabilities, market penetration, shared mobility, and city type.

2.1.1. Technological Capabilities

Among the factors that affect the energy consumption and emissions of AVs, we will
first consider those that stem from their inherent technical capabilities brought about by
the development of AV technology, mainly including the capability to improve driving
efficiency and the capability to enable cooperative connected mobility.

AV technology can improve driving efficiency, thereby reducing energy consumption
and producing emissions reductions. First, AV technology can significantly reduce the
number of traffic accidents by reducing risk of human error, considering that human error
causes the majority of crashes [53]. Lower accident rates allow automakers to design and
produce lighter vehicles as crashes are no longer an important consideration [54]. Studies
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have shown that an AV may weigh 20% less than a CV and that every 10% reduction in
weight will reduce fuel consumption by 6–7% [53]. It should be noted, however, that AV
technology may also introduce additional risks, such as hardware and software failures,
malicious hacking, over-trusting technology, human drivers attempting to join platoons,
difficulty detecting and accommodating non-auto travelers, etc. [13,55].
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Second, AVs can drive more smoothly with reduced headway, thereby increasing lane
capacity and reducing congestion. Studies have shown that AVs can increase effective
lane capacity by up to 80% if Adaptive Cruise Control is cooperatively deployed in most
vehicles [56]. Reducing congestion can reduce carbon emissions because a vehicle that is
caught in traffic releases a higher amount of GHG per mile when compared to a vehicle that
is operating at a moderate and consistent speed [57]. In addition, a reduction in the need
for new lanes or road construction can also lead to a reduction in carbon emissions. Third,
AVs can improve traffic flows by minimizing accelerating and braking, thus improving
fuel economy. Automatic braking and acceleration can effectively solve low fuel economy
caused by human drivers’ exaggerated braking and acceleration responses [53]. Studies
have shown that automatic braking and accelerating can reduce energy consumption by at
least 20–30% per VMT [58] and improve fuel economy by 23–39% [35].

AV technology can enable cooperative connected mobility, thereby reducing energy
consumption and producing emissions reductions. Especially, cooperative eco-driving at
intersections, cooperative adaptive cruise control, and platooning will yield the greatest
environmental benefits [59]. With vehicle–vehicle connections and vehicle–infrastructure
connections, use of AVs can improve traffic at intersections, resulting in emission reductions
ranging from 13.8% to 59% [32,60–68]. Cooperative adaptive cruise control and platooning
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allow AVs to form vehicle strings with reduced inter-vehicle distances, reducing energy
consumption by mitigating aerodynamic drag and unnecessary speed fluctuations [59].
Studies have been conducted to demonstrate that automated truck fleets can achieve
energy savings of 4.5% to 15% [69,70]. In addition, cooperative connected mobility can
reduce traffic congestion by improving traffic flow, increasing safety, and increasing road
capacity. Since congestion increases GHG emissions and fuel consumption, reducing traffic
congestion can reduce fuel consumption by 15–60% [35,56]. However, increased safety and
efficiency lead to lower driving costs, which may increase the total VMT and thus GHG
emissions due to the negative externalities of driving [53].

Summary: AVs can achieve carbon reductions with their inherent technological capa-
bilities, particularly in improving driving efficiency and enabling cooperative connected
mobility, but additional laws and policies are needed to effectively manage the increased
total VMT.

2.1.2. Market Penetration

The current level of vehicle automation is still in its infancy. The rollout of AV technol-
ogy will take place stage by stage and require a long time to reach a high market penetration
rate of fully automated vehicles [36,71,72]. Research has found that 90% market penetration
is not expected to be achieved until 2055 [71]. Many barriers in terms of technology, cost,
regulation, and public acceptance need to be overcome before widespread adoption of AVs
can occur [73]. Since the more common scenario for a long time in the future is coexistence
of CVs and AVs, it is necessary to determine the impacts of different market penetration
rates on the energy consumption and emissions of AVs.

Research has shown that market penetration is an important factor that affects emission
reductions in AVs. In closed-loop field experiments, the presence of even a low percentage
(5%) of AVs can reduce emissions of the entire fleet by between 15% (for CO2) and 73% (for
nitrogen oxides, NOx) because stop-and-go traffic waves can be reduced or eliminated due
to dampening action of AVs in the flow of CVs [74]. However, in real-world traffic models
that involve human drivers, introduction of AVs may not necessarily lead to improvement
in traffic conditions. Under high-density traffic conditions, unconnected AVs typically slow
down due to safety and comfort considerations and generate 11% additional emissions [75].
Connected AVs can reduce CO2 emissions by 3–18% and NOx emissions by 4–32% on
national road and motorway, but the specific effect on emission reductions shows a strong
linear relationship with market penetration rate [76].

Market penetration of AVs affects carbon emissions because the proportion of AVs in
the traffic flow has an impact on two fundamental parameters, namely road capacity and
speed limit. As the market penetration of AVs increases, road capacity increases and emis-
sions can be reduced by 30% as long as vehicle speeds do not exceed an optimal level [77].
Similar findings suggest that, at relatively high market penetration rates, introduction of
Avs can improve the overall performance of motorway infrastructure, prevent congestion,
improve safety, and significantly reduce emissions and fuel consumption [78]. However,
under congested conditions, connected Avs generate more emissions in absolute values
because of increased road capacity, which in turn increases traffic density [79]. This implies
that, in the future, as the market penetration of AVs increases, the increase in road capacity
may lead to an increase in the number of vehicles and total VMT, which may cause new
environmental problems.

Summary: Increased market penetration of AVs can improve traffic flow, improve
safety, increase road capacity, and reduce congestion. Emission reductions can be achieved
if the increased number of vehicles and total VMT are effectively managed by introduction
of effective laws and policies.
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2.1.3. Shared Mobility

Shared mobility is receiving attention as an effective way to reduce emissions in the
transportation sector. Shared mobility (including carsharing, on-demand ride services,
and other modes) can reduce vehicle ownership and transport more people per vehicle
per kilometer than private vehicles, leading to fewer total VMT, less traffic congestion,
and less parking demand [80]. In addition, shared mobility can promote use of non-
motorized transport modes, such as bicycling and walking. This is because shared mobility
allows households with private vehicles to acquire access to automobiles through shared
vehicles, thus reducing their reliance on private vehicles and promoting use of alternative
non-motorized modes [81,82]. All these factors mentioned above could have significant
environmental benefits.

However, widespread use of shared mobility still faces a series of obstacles. In the case
of carsharing, there are problems of poor user convenience and high operation costs. In
terms of user convenience, users need to wait a long time for an available vehicle or walk
a great distance to reach an available vehicle [39]. In terms of operation cost, due to the
inherent asymmetry in the distribution of travel demand, after the travel system has been
operating for some time, vehicles inevitably accumulate in some areas and become depleted
in others, so a good rebalancing strategy to relocate vehicles is needed or the whole system
will be paralyzed [83]. Although use of on-demand ride services can greatly improve
efficiency of passenger–vehicle matching, it is difficult to achieve optimal efficiency of
the whole travel system because drivers are self-organized and make decisions in their
individual interest, especially when large differences occur in system supply and demand,
such as during peak travel hours.

AV technology can effectively help to overcome the above-mentioned obstacles, thus
truly realizing the huge potential of shared mobility to reduce emissions. In terms of user
convenience, AV technology eliminates the need for users to personally search for and/or
walk to an available vehicle as a nearby vehicle can automatically drive to the user when
the user requests vehicle service [40]. In terms of operation cost, vehicle relocation can be
performed automatically. Especially when a vehicle is not in service, it can automatically
drive to a favorable area with many available parking spaces or with a large number of
travel demands [39]. In addition, the autonomous driving and highly collaborative natures
of AVs can be used to achieve global operational optimization of the whole shared mobility
system. Therefore, it is necessary to consider shared mobility as a factor when discussing
the impacts of AVs on energy consumption and emissions.

The results of numerous studies have shown that the combination of shared mobility
and AVs, namely shared autonomous vehicles (SAVs), also known as autonomous taxis
or RoboTaxi, has huge potential to reduce emissions. Each SAV can replace up to eleven
CVs and achieve significant emission reductions [39]. It is expected that, by 2030, each
autonomous taxi will reduce GHG emissions per mile by up to 87–94% compared to CVs
in the US [84]. A switch from traditional taxis to shared autonomous taxis can reduce
59% of the fleet size, 55% of the total travel distance, and up to 725 metric tons per day
of carbon emissions while maintaining the same level of service [85]. If prices are low
enough that more users will choose such services, emissions reductions of 16.8–42.7% can
be achieved [86]. The same positive impact has been found in European cities, for example,
in Lisbon, where SAVs can achieve up to 40% emission reductions [87].

Summary: The combination modes of shared mobility and AVs, such as SAVs, au-
tonomous taxis, or RoboTaxi, can significantly reduce the number of vehicles and thus
reduce carbon emissions. Therefore, effective laws and policies should be used to promote
commercial application of AV technology in shared mobility scenarios.
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2.1.4. City Type: Compatibility with Other Transport Modes and Land Use

While models based on specific real city networks typically yield positive impacts of
AVs regarding emission reduction, this conclusion cannot necessarily be extrapolated to all
types of cities as factors such as population, land use, demand, and supply in cities can
indirectly affect potential of AVs to reduce emissions. Therefore, it is necessary to integrate
these indirect effects into the analysis process when discussing impacts of AVs on emission
reductions in the transportation sector, especially compatibility of AVs with other modes of
transport and land use.

Compatibility with other transport modes. Adoption of AVs could offer a more
attractive transport alternative, leading many individuals to switch from low-carbon modes
of transport (such as walking, cycling, and PT) to AVs. Walking, cycling, and PT can reduce
emissions significantly compared to private cars for the following reasons: these modes
produce fewer emissions per person per mile than private cars [88], and private cars also
produce more emissions in their manufacturing process [89]. Even when considering the
emission reduction potential of AVs, walking, cycling, and PT are still more sustainable
options and, thus, will remain the prioritized modes of transport [90]. However, the
potential benefits (lower travel costs, lower value of travel time, lower parking costs, etc.)
brought about by introduction of AVs may attract more people to shift from these modes of
transport to AVs. Surveys and interviews have been conducted by some authors to consider
the possible shift in people’s transport behavior caused by AVs with different population
samples. The results show that a considerable proportion of respondents indicated that
they would be willing to switch from walking (18%), cycling (32%), and PT (48%) to use of
AVs [91]. Thus, with introduction of AVs, it is expected that, by 2050, car kilometers could
be more than 50% higher, PT use would decline by 18%, and walking and cycling would
decline by 13% [92].

AVs, as a complement to (rather than an alternative to) PT, can generate better results
in reducing total VMT and congestion, thereby reducing carbon emissions. Introduction
of AVs alone may cannibalize PT ridership and increase total VMT and congestion in
urban transport systems, thus increasing carbon emissions. For compact cities with well-
developed PT networks, the negative externalities induced by substantial substitution
of AVs for PT are significant considering the dominant position of the PT sector in the
urban transport system. In Toronto, Canada, for example, PT is responsible for 32% of
daily passenger kilometers traveled, but its carbon emissions account for only 4% of the
overall transportation sector. With introduction of AVs, 3.6–5.4% higher vehicle kilometers
traveled and 2.5% more GHG emissions are expected [93]. To address this issue, it has been
proposed that integration of AVs with PT can produce better results in terms of reduction
in vehicle kilometers traveled and congestion in compact cities with well-developed PT
networks [94].

Land use. Adoption of AVs may lead to urban sprawl. Deployment of AVs may cause
a shift in home location decision-making of commuters in the long term [95]. As AVs reduce
travel costs and the value of travel time, some commuters (to obtain lower land prices or
larger house sizes) may decide to move further away from urban centers, which may result
in urban sprawl [13,51,53,96]. Simply put, the economics and practicality of urban sprawl
become more apparent as AVs make travel more economical and convenient [97]. However,
urban sprawl will inhibit walking, cycling, and PT, making commuters more dependent on
private vehicles and thus leading to more GHG emissions [98].

Deployment of AVs can reduce the need for parking land. Given that AVs can be
geographically separated from their owners when not in use, increased AV penetration
reduces the need for parking lots near destinations, thereby reducing the total amount of
space required for parking (potentially by as much as 31% in urban areas) [13,55,97,99].
Even at a very low penetration rate (5%), AVs can still reduce parking land by 4.5% [100].
Adding to this, by optimizing layout design, AV car parks can reduce the need for parking
spaces by an average of 62% and a maximum of 87% [101]. The reduction in parking land
can generate significant environmental benefits as inclusion of parking lots in the overall
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life-cycle emissions increases energy consumption by 0.1–0.3 MJ and GHG emissions by
6–23 g CO2e per passenger kilometer traveled [102]. At the same time, promotion of AVs
helps to solve the insufficient supply of parking space and the resulting traffic congestion
and illegal parking, which are themselves important sources of carbon emissions [103].

Summary: Deployment of AVs will lead to more travelers switching from walking,
cycling, and PT to AVs, resulting in increased total VMT and congestion. However, in-
tegration of AVs and PT can produce better results in terms of reducing total VMT and
congestion. At the same time, deployment of AVs may lead to urban sprawl and a reduc-
tion in parking land, which can affect carbon emissions to varying degrees. Therefore,
additional laws and policies should be dedicated to mitigating the negative impacts of AVs
by guiding urban planning so that their emission reduction potential can be fully realized.

2.2. Analysis of the Current “1 + N” Carbon Neutrality Legal and Policy Framework

This section will provide an overview of China’s current carbon neutrality legal and
policy framework and analyze the feasibility of the inclusion of AVs in it. Reducing carbon
emissions from the transportation sector, as an important part of achieving the “2060 carbon
neutrality” goal, has been integrated into the current “1 + N” legal and policy framework.
In this “1 + N” framework, “1” refers to the Working Guidance [104], which presents the
long-term approach to combating climate change, and “N” stands for a combination of
new action plans, starting with the Action Plan [105]. As shown in Table 1, the “1 + N”
framework is composed of three-level documents: (1) top-level design documents, namely
the Working Guidance and the Action Plan, forming the core of the “1 + N” legal and policy
framework to guide the fight against climate change; (2) implementation plans issued for
key sectors according to the top-level design, including energy, transportation, industry,
rural and urban construction, etc.; and (3) supporting measures encompassing science
and technology, carbon sinks, statistical accounting, inspection, and assessment, as well as
safeguard measures relating to fiscal, financing, and pricing methods.

Top-level design documents. Currently, the two documents released in October
2021 together constitute the top-level design of the “1 + N” framework, namely the Working
Guidance and the Action Plan. To achieve the overall 2060 carbon neutrality goal, these
top-level documents set major targets by 2025, 2030, and 2060, respectively. Specifically,
the Working Guidance lays thirty-one key tasks in ten aspects, presenting the overarching
high-level strategies and principles of all forthcoming actions to set China on a path to
achieve its climate goals, and the Action Plan identifies ten concrete actions to reach carbon
peak, drawing a roadmap to achieve the carbon neutrality goal.

In the field of transportation, the Working Guidance requires accelerating the construc-
tion of a low-carbon transportation system and proposes three major initiatives: improving
the transportation structure, encouraging use of energy-conserving and low-carbon trans-
portation vehicles, and encouraging use of low-carbon transportation modes [104]. In
other words, low-carbon transportation should be established from three levels: mode,
technology, and consumption. The Action Plan, on the other hand, incorporates the action
for promoting green and low-carbon transportation into its ten actions and provides a set
of systematic, comprehensive, and quantitative targets to be achieved by 2030, such as
reaching a share of about 40% of incremental vehicles fueled by new and clean energy;
reducing the carbon emission intensity of commercial vehicles, when measured based on
a converted turnover, by around 9.5% compared to 2020; and, in cities with permanent
populations of one million or more, having no less than 70% of travels by environmentally
friendly modes [105].

Implementation plans. Concerning the action for promoting green and low-carbon
transportation, the most relevant implementation document available is Implementation
Opinions, released in June 2022 [106]. The Implementation Opinions put forward twelve
initiatives from four perspectives (transportation structure, transportation vehicles, trans-
portation modes, and green transformation), such as accelerating the construction of a
comprehensive three-dimensional transportation network, actively developing new energy
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and clean energy vehicles, promoting transportation electrification, improving energy
efficiency standards for fuel vehicles and vessels, comprehensively promoting the construc-
tion of a national public transport city, strengthening green and low-carbon development
planning, and enhancing transportation technology innovation capabilities [106].

Supporting measures and safeguard measures. In terms of transportation, China has
introduced multi-phase fuel standards and emission standards to promote green and low-
carbon transportation. Phase I and II fuel consumption standards for passenger vehicles
were first issued in 2004 and implemented in 2005 (National Standard GB 19578-2004),
requiring each vehicle model to meet specific fuel consumption regulations before entering
the market [107]. Phase III standards (GB 27999-2011), issued in 2011 and implemented
in 2012, introduced corporate average fuel consumption (CAFC) targets, establishing
average fleet targets in addition to the per-model standards [108]. Phase IV standards
(GB19578-2014, GB 27999-2014), released in 2014 and implemented in 2016, set a new
average fleet fuel consumption target of about 5.0 L/100 km for new passenger vehicles
in 2020 [109,110]. Currently, China has Phase V standards implemented in 2021, which
established new fleet average targets of 4.0 L/100 km (New European Driving Cycle) by
2025 and 3.2 L/100 km by 2030 [111,112].

The above discussion shows that, under the existing “1 + N” legal and policy frame-
work, the overall carbon neutrality goal has been refined into specific phased targets. This
framework is comprehensive and covers almost all key sectors and industries, including
the transportation sector. In terms of top-level design, the Working Guidance, when refer-
ring to “promoting energy-saving and low-carbon transportation vehicles”, puts forward
the requirement of promoting “intelligent transportation” from the technical level, which
leaves room for inclusion of AV technology. However, the Action Plan does not involve
any requirement regarding vehicle automation and only considers vehicle electrification
as the main requirement when referring to promotion of low-carbon transformation of
transportation vehicles. Therefore, the systematic, comprehensive, and quantifiable set of
targets established by the Action Plan does not include any automation-related targets. In
terms of implementation plans, supporting measures, and safeguard measures, the impacts
of AVs are not reflected in either the Implementation Opinions or the existing fuel standards
and emission standards.

In summary, the current carbon neutrality legal and policy framework takes little
account of use and impact of AVs on carbon emissions. As discussed in Section 1, AVs can
have huge potential to reduce emissions, and, as AV technology is further developed, its
impacts on overall transportation emissions will become more important in both positive
and negative terms. Therefore, use and possible impacts of AVs should be integrated
into the current “1 + N” legal and policy framework so that the positive impacts can
be brought into play and negative impacts can be suppressed, ensuring that AVs will
enhance the ongoing efforts to reduce emissions. Inclusion of AVs in the current legal and
policy framework is feasible because the Working Guidance, as the top-level design of the
framework, explicitly leaves room for intelligent transportation technologies. Therefore,
the inclusion of AVs in this framework does not require any substantial top-level design
reconstruction. However, goals and initiatives concerning vehicle automation should be
formulated in the coming implementation plans and supporting measures and safeguard
measures. When doing so, the existing parts about vehicle electrification in the framework
can provide useful and instructive references for inclusion of AVs.
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Table 1. Key policies and laws of the “1 + N” framework released in 2022.

Top-Level Design Implementation Plans Supporting and Safeguard Measures

“1”: Working Guidance for CO2 Peaking
and Carbon Neutrality in Full and
Faithful Implementation of the New
Development Philosophy

“N”: Action Plan for Carbon Peaking
Before 2030

Action 1: green and low-carbon energy transition
Opinions on Improving the Institutional Mechanism and
Policy Measures for Energy Green and Low-Carbon
Transformation; Plan for Modern Energy System during
the 14th Five-year Period; “14th Five-Year” Development
Plan for Renewable Energy.

Opinions on Financial Support for
Carbon Peaking and Carbon Neutrality;
Guidelines on Tax Incentives to Support
Green Development; Implementation
Plan for Establishing and Improving the
Measurement System for Carbon
Peaking and Carbon Neutrality
Standards.

Action 2: energy saving, carbon emission mitigation, and
efficiency improvement
Comprehensive Work Plan for Energy Conservation and
Emission Reduction for the “14th Five-Year Plan” Period;
Notice of Issuing the Advanced Level, Energy Saving Level,
and Access Level of Energy Efficiency of Key Energy-Using
Products and Equipment (2022 Version).

Action 3: peaking CO2 emissions in the industry sector
Notice of Issuing the Implementation Plan for Carbon
Peaking in the Industrial Sector.

Action 4: peaking CO2 emissions in the urban-rural
development area
Guideline on Promoting Green Development in Urban,
Rural Areas; Plan for Advancing Agricultural and Rural
Modernization during the 14th Five-Year Plan Period.

Action 5: promoting green and low-carbon transportation
Opinions on Implementing the Guidelines of the Central
Committee of the Communist Party and State Council on
Implementing the New Development Concept in a
Complete, Accurate and Comprehensive Manner to
Achieve Peak Carbon and Carbon Neutrality.

Action 6: promoting circular economy for carbon
mitigation purposes
Plan for Development of the Digital Economy During the
“14th Five-Year” Period; Notice of Further Effectively
Conducting the Work Concerning Non-inclusion of Newly
Added Renewable Energy Consumption in the Total
Energy Consumption Control.

Action 7: advancing green and low-carbon technology
innovation
Implementation Plan for Science and Technology Support
for CO2 Peaking and Carbon Neutrality (2022–2030);
Implementing Carbon Peaking and Carbon Neutrality
Targets and Promoting the Green and High-quality
Development of New Infrastructure such as Data Centers
and 5G.

Action 8: consolidating and enhancing carbon sink
Accounting Methods for Economic Value of Ocean Carbon
Sink.

Action 9: green and low-carbon society
Implementation Plan for the Construction of National
Education System for Green Low-carbon Development;
Implementation Plan for Promoting Green Consumption.

Action 10: promoting all regions to peak CO2 emissions
hierarchically and orderly
Implementation Plan of Carbon Peak of Beijing;
Implementation Plan of Carbon Peak of Shanghai.

3. Results and Discussion

In the previous section, a better understanding of how the wide range of factors determine
the emission reduction impacts of AVs has been achieved, and the “1 + N” carbon neutrality
legal and policy framework has been analyzed. The huge potential of AVs in emission
reduction has been recognized at the technical level, but the possible risks of AV technology
should also be considered, such as safety risks, cybersecurity risks, legal and regulatory risks,
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ethical risks, and social risks. If these risks are not properly addressed, the emission reduction
potential of AVs will not truly be realized. In a worst-case scenario, introduction of AVs
may even create new challenges and hinder the ongoing efforts to reduce GHG emissions.
Therefore, government agencies must prudently address the negative externalities associated
with adoption of AVs while promoting their diffusion to truly realize the emission reduction
potential of AVs. However, China’s existing “1 + N” legal and policy framework is not
sufficient to ensure that AVs will enhance ongoing efforts to reduce GHG emissions, so
additional laws and policies are needed. With this in mind, this section will propose several
legal and policy recommendations, corresponding to the wide range of factors analyzed in
Section 2, for the integration of AVs in the current ”1 + N” carbon neutrality legal and policy
framework. As shown in Figure 3, these recommendations aim to act on the extensive factors
affecting AVs emissions to leverage their positive impacts and dampen the negative ones.

3.1. Providing Industrial Incentives to Promote AVs

As discussed in Section 2, AVs can achieve carbon emission reduction through their
inherent technological capabilities, and an increase in their market penetration can further
reduce carbon emissions. Therefore, production and consumption of AVs should be
promoted to gradually increase their market penetration. However, the production of
AVs requires significant R&D investment. As an emerging industry, the corporations that
produce AVs inevitably face the dilemma of insufficient market demand, which in turn
leads to high risks regarding R&D investment.

To address the two major constraints for the AV industry, i.e., the high risks of R&D
investment and the lack of market demand, effective industrial incentives should be used
so that compensation is provided at the production level to mitigate the cost and revenue
risks associated with the strong externalities of R&D, and, at the consumption level, market
demand should be induced and expanded. Specifically, the Chinese government should
consider taxes, subsidies, performance standards, and other policy instruments in the
production and consumption chain, respectively. The financial incentives (subsidies and tax
incentives) can reduce the R&D costs in production and lower the market price, thus leading
to an increase in the production and consumption scale in the short term. Performance
standards and other policy instruments can promote AV enterprises to improve their
innovation capabilities and reduce their reliance on government financial incentives, thus
facilitating growth in AV production and consumption in the long run.

Subsidies. The Chinese government could subsidize purchase and lease of AVs,
thereby reducing R&D costs in production and promoting consumption of AVs. Specifically,
the central government can subsidize AV manufacturers, who sell AVs to private users
or leasing companies at a lower price net of subsidies; the central government can also
subsidize important upstream companies, which sell key components that affect the costs
of AVs, such as sensors and chips, at a lower price net of subsidies to AV manufacturers.
In addition, the central government should also dedicate appropriate funds to support
construction of new infrastructure to enable deployment of AVs. However, use of the above
financial incentives requires significant investments to achieve high market penetration
of AVs, so they may not be sustainable in the long run. Moreover, they do not help AV
manufacturers to improve their innovation capabilities. Therefore, the government should
implement a subsidy rollback mechanism and set a series of rollback targets depending on
the different development stages of the AV industry before use of subsidies.

Tax incentives. On the supply side, suppliers and manufacturers of AVs should be
provided with reductions or refunds in value-added tax, consumption tax, income tax,
and other taxes to compensate them for the upfront R&D investments. For example, new
pre-tax reduction policies could be adopted so that AV enterprises will be entitled to enjoy
a 100% deduction of R&D expenses amount before enterprise income tax. On the demand
side, to increase the market penetration of AVs, the government can provide tax refunds,
pre-tax reductions, or similar tax incentives to users of AVs. For example, AVs could be
exempt from a purchase tax.
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Performance standards. By setting mandatory fuel standards and AV production
percentages, the Chinese government can require and motivate AV manufacturers to in-
crease R&D investment. Specifically, the government can establish a “dual credit” policy
by adding a new AV credit performance standard to the existing CAFC credit performance
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standard for passenger vehicles. Under the existing CAFC regulation, each vehicle man-
ufacturer has a specific annual CAFC target. If its actual CAFC for a given year is lower
than its annual CAFC target, the manufacturer will produce CAFC credits. In contrast,
if its actual CAFC is higher than its target, the manufacturer will face a CAFC deficit.
Based on the existing CAFC regulation, a new AV credit performance standard could be
introduced. Specifically, a vehicle manufacturer must also meet a new annual AV target
score, i.e., a percentage of its total annual production or import of conventional fueled
passenger vehicles. The manufacturer generates an AV score by producing or importing
AVs. When the actual AV score of a manufacturer exceeds its target score, the manufacturer
acquires AV credits. Conversely, if the actual AV score is less than the target score, the
manufacturer must face an AV deficit. More importantly, AV credits can be traded and
used to offset CAFC deficits, while manufacturers with additional CAFC credits cannot
use those credits to offset AV deficits. By the establishment of this “dual credit” policy, AV
manufacturers will be required and motivated to increase R&D investment to meet CAFC
performance standards and AV performance standards and to trade the extra AV credits
for more revenue.

Other policy instruments. Infrastructure construction, priority rules, and multiple
policy instruments could also be used. Infrastructure construction, in particular, can
increase market demand for AVs by improving road conditions for potential AV users. In
this regard, the Chinese government has explicitly identified construction of an advanced
and complete infrastructure system for intelligent vehicles as an important strategy [113].
To further implement this strategy, the Ministry of Transport has made it a major task
to improve the level of road infrastructure intelligence [114]. In the next step, relevant
government agencies should develop guiding opinions and a series of specific action plans
to specifically address the infrastructure construction for AVs.

3.2. Promoting Commercial Application of AV in Taxi Scenarios

As discussed in Section 2, AVs can achieve carbon emission reduction through their
inherent technological capabilities, and an increase in their market penetration can further
reduce carbon emissions. Therefore, production and consumption of AVs should be
promoted to gradually increase their market penetration. However, increased market
penetration of AVs may result in an increase in the number of vehicles and total VMT. To
cope with this dilemma, development of a combined mode of shared mobility and AVs can
significantly reduce the number of vehicles and total VMT. To this end, this section proposes
that effective policy instruments should be used to promote commercial application of AVs
in taxi scenarios (i.e., RoboTaxi) as a priority to maximize emission reduction benefits by
leveraging the positive impacts and mitigating negative impacts of AVs.

The taxi market (including services through traditional taxis and ride-sourcing vehi-
cles) is one of the autonomous driving scenarios with the largest market potential. The
global RoboTaxi market was valued at approximately USD 240 million in 2021, but it is
expected to reach USD 30.81 billion by the end of 2031, with a compound annual growth
rate of up to 62.5% [115]. Considering the large population, high urban density, and robust
travel demand in the Chinese market, the growth rate of the Chinese RoboTaxi market
will be even higher than the global average. By 2030, in China, the RoboTaxi market is
expected to reach more than 60% of the total shared mobility market, with a market value
of more than CNY 1.3 trillion [116]. In 2020, China’s Ministry of Transportation explicitly
encouraged use of AVs for taxi services in scenarios with simple and relatively controllable
traffic conditions [117].

The cab market is suitable for the rollout of AVs for two main reasons: on the one
hand, taxi fleets are more receptive to new technologies. For example, to promote diffusion
of EVs, governments around the world adopted several incentives, but most of them failed
to achieve the expected results in social fleets. The government of China launched EV
demonstration projects in 2009 and 2012, respectively, but, by 2015, the EV market share
in China was still below 2% [118]. In contrast, the rollout of EVs in taxi fleets has been
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quite successful. Almost all the taxis (99.06%) in the Chinese city of Shenzhen had been
electrified by 2019 [119]. On the other hand, the taxi market is more receptive to the new
policies. This market is not a market with solid policies, and many governments have
implemented various regulatory measures for it, such as authorization fees, operating
fees, and commission caps. In this regard, the Chinese government has reformed the taxi
industry and laid down some important regulatory principles, such as that pricing for
ride-sourcing services shall be based on market prices in most cases while pricing for
traditional taxi services must be set by local governments [120].

However, the development of the RoboTaxi market in China is still constrained by
two major factors: laws and regulations and deployment costs. In terms of laws and
regulations, the relevant laws and regulations are seriously insufficient, although several
policies have been promulgated in the field of AVs. (1) Relevant laws and regulations are
all designed around CVs in terms of inspection, testing, classification, issuance of driving
licenses, etc. They do not apply to AVs as they do not consider the special characteristics
of AVs. (2) National legislation has yet to formally permit road testing and commercial
operation of AVs. Although local governments have taken the lead in enacting legislation
in this area, inconsistencies exist in different local legislations. This is detrimental to the
certainty and consistency of the road traffic legal system.

In terms of deployment costs, the cost of an autonomous driving solution may be
extremely high based on the current level of technologies. The cost of an entire AV will
increase significantly due to installation of advanced autonomous driving solutions, thus
affecting its market competitiveness. AVs rely on algorithms, sensor systems, machine
learning, artificial intelligence, and computers to accurately perceive and safely navigate
their environments. Especially, AVs have a higher demand for sensor systems and deep-
learning accelerator chips, i.e., multiple LIDARs (light detection and ranging) and cutting-
edge chips better suited for processing artificial intelligence applications.

To address these two major constraints, feasible solutions from legal and policy per-
spectives should be considered:

(1) The lack of relevant national legislation should be filled based on the characteristics
of AVs to pave the way for AVs to hit the road legally and safely. Relevant national
legislation should provide guidance to manufacturers, developers, and other stake-
holders on various aspects, including testing procedures, data recording and sharing
rules, cybersecurity requirements, incident reporting requirements, monitoring of
safety performance, etc., to promote safe design, testing, and deployment of AVs.
Specifically, several laws, such as the Road Traffic Safety Law and the Highway Law,
should be amended. New provisions regarding the safe testing and deployment of
L3-level AVs were considered in the revision process of the Road Traffic Safety Law,
which clarified for the first time the safety and legality of AVs before they hit the
road [121]. However, even with these new provisions, the testing and deployment of
L4- and L5-level AVs are still facing legal barriers, so the Road Traffic Safety Law, as
well as other laws, should be further amended to incorporate L4- and L5-level AVs.
In addition, the introduction of L4- and L5-level AVs will fundamentally change the
existing legal liability regime. Therefore, it is necessary to consider a separate law on
autonomous driving and comprehensively coordinate the new law with existing laws.

(2) Regulatory measures should be adopted to reduce deployment costs of AVs and
promote automation of the taxi market. Specifically, in addition to measures such as
providing direct subsidies or prohibiting CVs, the Chinese government should apply
effective regulatory policies to the taxi market, such as differential commission caps,
differential trip-based fees, and annual permit fees. In 2021, the Chinese government
explicitly required ride-sourcing platforms to set reasonable commission caps with
the participation of labor unions and industry associations [122]. For this purpose,
additional modeling and data analysis studies are needed to fully engage the role of
ride-sourcing platforms in the promotion of AVs. The purpose of these studies is to
determine how ride-sourcing platforms respond to a potential regulatory measure
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and how their responses further affect the functioning of the overall taxi market, as
well as income and social welfare of drivers.

3.3. Encouraging Efficient Transportation Policies and Land Use Policies

As discussed in Section 2, deployment of AVs can have an impact on transport modes
and land use patterns. On the one hand, deployment of AVs may lead to more travelers
switching from walking, cycling, and PT to AVs, resulting in increased total VMT and
congestion. On the other hand, deployment of AVs may lead to urban sprawl and a
reduction in parking land. These potential changes could affect carbon emissions to
varying degrees. To better address them, effective land use policies and transportation
policies can mitigate the negative impacts of AVs and leverage their positive effects by
guiding urban planning. While some basic policies aimed at promoting sustainable cities
can be applied to AVs, the characteristics of AVs should also be considered. Based on
the characteristics of AVs and the specific conditions in China, this section proposes two
feasible solutions in terms of transportation policy and land use policy, respectively, to
maximize the emission reduction potential of AVs.

In terms of transportation policy, the Chinese government should develop an inte-
grated transportation plan that allows AVs to complement PT to ensure that introduction
of AVs will not replace PT but rather promote its use. As discussed before, PT faces a
chronic problem of low ridership, which significantly reduces energy efficiency and in-
creases carbon emissions per passenger. In most communities, the majority of the total
population has the option of driving, while a relatively small portion relies on PT. Their
choices are influenced by several factors, such as price and quality of PT services and the
cost of driving [123]. Therefore, to increase PT ridership, in addition to increasing the cost
of driving, it is necessary to reduce its price and improve the quality of its services so that
more people would be attracted to choose PT over driving.

By replacing conventional buses with autonomous buses or using AV operations as a
supplement to conventional bus services, the price of PT can be significantly reduced and
its service quality can be improved. (1) Replacing conventional buses with autonomous
buses can overcome the limitation of the number of drivers and eliminate the manual
driving costs of PT services. In this case, only the purchase cost and operating cost of
vehicles need to be considered in pricing, thus significantly reducing the price of bus
services. Especially in the context of China, with an aging population, increasing age of
bus drivers, and rising labor costs in recent years, autonomous buses can be an effective
way to address this problem [124]. (2) Replacing conventional buses with autonomous
buses can break through the size limitation of buses and improve the adaptability of bus
route design and scheduling schemes. In this case, the operation cost can be reduced and
service quality can be improved. Specifically, by introducing right-sizing autonomous
buses, bus route design and scheduling schemes can be optimized based on passenger
demand to accommodate the uneven spatial–temporal distribution of bus travel demand,
thus achieving a spatial–temporal balance of supply and demand. (3) Use of AV operations
as a supplement to conventional bus services can improve service quality by providing
convenient “first and last mile” services to people traveling to and/or from bus stops to fill
gaps in PT services. To further enhance convenience, smartphone applications can be used
or created that allow those who have prepaid for PT to be given priority treatment when
booking or receiving AV service.

Although introduction of AVs can reduce the price and improve the quality of PT ser-
vice, a significant increase in ridership cannot be guaranteed. This is because PT demand is
also significantly affected by cost of driving. Therefore, it is also necessary to appropriately
increase the cost of driving. To achieve this, transportation planning regulations should
be adopted to discourage or prohibit use of private vehicles in certain areas and to charge
additional fees for vehicle users, thereby increasing the cost of driving and providing
conditions for maximum PT ridership. Specifically, chronically congested areas or areas
where roads are narrow and difficult to navigate could be zoned to discourage or prohibit
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use of private vehicles. Furthermore, congestion pricing mechanisms and priced parking
mechanisms could also be adopted. For example, private vehicles should be charged for
using roads in congested areas, and different parking fees should be charged by area and
time of day, i.e., higher fees in congested areas and during peak hours.

In terms of land use policies, parking land released by AVs should be fully reutilized
to create new zones for active transportation modes (walking and cycling) and urban green
space. As discussed in Section 2, AVs, with their inherent technological advantages, can
reduce the need for parking space; therefore the Chinese government should re-examine
and update parking requirements for development projects to reflect the potential reduction
in parking demand that could arise from use of AVs. These freed-up parking spaces could
be dedicated to creating urban zones suitable for walking and cycling or developing
safe and convenient facilities for bicycle and pedestrian travel, thereby contributing to
promotion of these active transportation modes. More importantly, these reduced parking
spaces can also be transformed into green spaces with high carbon sequestration capacity.
Urban green space refers to an area of soil surface that can support vegetation and the
vegetation that is supported, i.e., urban parks, nature reserves, green corridors, green belts,
etc. Green spaces can reduce CO2 in the atmosphere in three ways: (1) urban trees and
shrubs can sequester and accumulate carbon directly through photosynthesis as they grow;
(2) urban vegetation reduces cooling needs of buildings through shading and evaporation
and decreases heating needs by reducing wind speeds, thus reducing carbon emissions
from use of fossil fuels; and (3) urban soils can store organic carbon from waste until
they return to the atmosphere through decomposition [125]. With the growth in vehicle
ownership in China, the demand for parking is expected to reach 600 million by 2025, while
only 250 million parking spaces are currently available [126]. This suggests that a large
amount of potential parking land could be converted into green space, which can play a
significant role in achieving China’s 2060 carbon neutrality goal.

4. Conclusions

To achieve the announced 2060 carbon neutrality goal, the government of China has
recently established its “1 + N” legal and policy framework. Due to the huge carbon
emissions of the transportation sector, targets and initiatives to reduce carbon emissions
from it form a critical component of this overall framework. However, decarbonizing
transportation is a very challenging task as potential approaches (vehicle electrification, PT,
and carsharing) are difficult to achieve widespread adoption. The emerging AV technology
cannot only significantly improve the efficiency of the current transportation system but
also has significant potential to reduce carbon emissions. In addition, integration of
AV technology with other potential approaches can mitigate barriers to their diffusion.
Considering that the current legal and policy framework has not considered use and
impact of AV technology, this article intends to answer whether such integration could be
completed and how.

Specifically, this article begins with a detailed analysis of the factors affecting energy
consumption and emissions of AV technology, including technological capabilities, market
penetration, shared mobility, and city type. Next, an in-depth discussion of the feasibility
of incorporating AV technology into the current legal and policy framework is provided.
Through an analysis of the existing policies and laws underpinning the “1 + N” framework,
the integration will not require any substantial reconstruction of current policies and laws.
Moreover, the existing parts about vehicle electrification in the “1 + N” framework can
provide useful and instructive references for inclusion of AVs. Finally, several recommenda-
tions corresponding to these factors are proposed from legal and policy perspectives. These
recommendations aim to act on the extensive factors affecting AVs emissions to leverage
their positive impacts and dampen the negative ones.

To conclude, the proposed recommendations address three main areas, as shown below.
(i) Industrial incentives should be adopted to provide compensation at the production

level to mitigate the R&D expenses and revenue risks for AV enterprises and to induce
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and expand market demand at the consumption level. First, subsidies should be provided
for AV manufacturers and important upstream companies, as well as for construction
of AV infrastructure. In addition, the government should implement a subsidy rollback
mechanism. Second, tax incentives should be provided both on the supply side and on the
demand side. Third, a “dual credit” policy could be established by adding a new AV credit
performance standard to the existing CAFC credit performance standard.

(ii) Priority promotion of commercialization of AVs in the taxi market. In terms of laws,
the lack of relevant national legislation should be filled based on the characteristics of AVs.
Several laws, such as the Road Traffic Safety Law and Highway Law, should be amended,
and a separate law on autonomous driving could also be considered when introducing
L4- and L5-level AVs. In terms of deployment cost, regulatory policies should be adopted
to reduce deployment costs of AVs and promote automation of the taxi market, such as
differential commission caps, differential trip-based fees, and annual permit fees.

(iii) Efficient transportation policies and land use policies should be developed. In
terms of transportation policy, the Chinese government should develop an integrated
transportation plan that allows AVs to complement PT to ensure that introduction of AVs
will not replace PT but rather promote its use. In terms of land use policies, the parking
land released by AVs should be fully reused to create new zones for active transportation
modes (walking and cycling) and urban green space.

This article provides a systematic and practical scheme for inclusion of AVs in China’s
legal and policy framework to realize the carbon neutrality goal. The proposed recom-
mendations can be referenced for other governments that may face similar challenges and
future development of possible uniform rules at the global level.
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