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Abstract

:

Over the last several decades, transportation scientists have made substantial progress in identifying and tackling transport-related problems by elaborating sophisticated policy instruments. Originally, the policy instruments were developed and designed to tackle inefficiencies caused by conventional (human-driven) vehicles. However, questions remain regarding transportation policies, especially pricing instruments, in the future. With the advent of fully autonomous vehicles (driverless or self-driving cars), many of potentially disruptive changes to our transportation system are projected to occur. This gives rise to the question of how to adapt the existing, well established, policy instruments to make them applicable to a world of self-driving cars. The present paper utilizes one of the most widely deployed, most important (in terms of tax revenue), and most effective (in terms of carbon dioxide mitigation) current price-based policy instruments in the transport sector (i.e., the energy tax) to show how one of the most innovative features associated with fully autonomous vehicles (i.e., driverless vehicle relocation) affects the optimal design of a transportation tax. We adopt a microeconomics optimization framework and analytically derive the optimal energy tax under the assumption that driverless vehicle relocation is possible. Our main finding is that in a world of self-driving cars, the energy tax (likewise, a second-best miles tax) as a price-based policy instrument becomes more difficult to evaluate. With the capability of fully autonomous vehicles to relocate without passengers inside, the (analytical) expression for the optimal energy tax becomes more complex, and its (numerical) determination becomes more difficult since the feature of driverless vehicle repositioning imposes counteracting welfare effects as a response to a tax change. Policymakers and researches are encouraged to take on the challenge of increasing complexity to tackle transport-related inefficiencies in the era of self-driving cars.
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1. Introduction


Over the last several decades, transportation scientists have made substantial progress in identifying and tackling transport-related problems (see, e.g., [1,2]). In fact, many of the proposals made by researchers have already been put into effect, or have at least contributed to a growing awareness and knowledge of transport-related problems and their long-term consequences. There are numerous examples, especially in regard to price-based measures, which are usually favored by economists: congestion pricing [3,4,5,6,7], energy/fuel taxation [8,9,10,11,12], parking pricing [13,14,15,16,17], and public transport subsidies [18,19,20,21], to name a few. To account for the complications associated with real-world problems, the methods and tools developed and applied by researchers have been continuously developed and improved. Examples include the heterogeneity of travelers, interactions with the broader fiscal system and the rest of the economy, and uncertainty (see [22]).



One area that requires further consideration is transportation policies, especially pricing instruments, in the future. Originally, they were developed and designed to tackle inefficiencies caused by conventional (human-driven) vehicles. With the advent of fully autonomous vehicles (also referred to as driverless or self-driving cars), however, many potentially disruptive changes to our transportation system are projected to occur [23,24,25,26]. The potential changes concern, for example, safety issues in terms of a predicted substantial reduction in road crashes, the way travelers may engage in more productive and more pleasant activities while driving (more precisely, while being driven), additional (induced) travel demand due to increased mobility of disabled and elderly people, and the generation of empty car trips as driverless vehicle repositioning allows the elimination of parking requirements at the traveler’s destination [27,28,29,30,31,32,33,34,35]. This gives rise to the question of how to adapt the existing, well-established, policy instruments to make them applicable to a world of self-driving cars. It is crucial that this question be answered, since poorly designed policy instruments might diminish the potential welfare gains from self-driving cars [36,37].



Research on the need for revising policy instruments owing to advanced automated vehicle technology is still in its infancy. A first study by Tscharaktschiew and Evangelinos [38] discusses how the structure of Pigouvian congestion tolls might change when time values go down due to in-vehicle time-use changes. The present paper utilizes one of the most widely deployed, most important (in terms of tax revenue), and most effective (in terms of carbon dioxide mitigation; see [39]) current price-based policy instruments in the transport sector (i.e., the energy tax) to show how one of the most innovative features associated with fully autonomous vehicles (i.e., driverless vehicle relocation) affects the optimal design of a transportation tax.



We adopt a microeconomics optimization framework in the tradition of [8], and follow-up studies like [9,40,41,42,43,44,45,46,47,48,49,50]. These studies have been used to provide comprehensive insights regarding the appropriateness of the level of the energy tax (in particular gasoline and diesel) currently levied in various countries. We apply the approach and analytically derive the optimal energy tax under the assumption that driverless vehicle relocation is possible. In the first part, to provide a starting point we reproduce the derivations of the existing literature, that is, assuming human-driven cars. We then extend the basic model to include parking and car ownership externalities but still abstracting from automated driving. Finally, we introduce empty vehicle mileage induced by driverless vehicle relocation and reinterpret the optimal energy tax.



Our main finding is that in a world of self-driving cars, the energy tax as a price-based policy instrument becomes more difficult to evaluate. With the capability of fully autonomous vehicles to relocate without passengers inside, the (analytical) expression for the optimal energy tax becomes more complex, and its (numerical) determination becomes more difficult since the feature of driverless vehicles relocation imposes counteracting welfare effects as a response to a tax change. Although we use the energy/fuel tax as an example, our findings can easily be transferred to the taxation of vehicles miles traveled (VMT tax) due to the structural similarity between (second-best) optimal energy and miles tax formulas (see [8,47]). Policymakers and researchers are encouraged to take on the challenge of increasing complexity to tackle transport-related inefficiencies in the era of self-driving cars.



The paper is organized as follows: Section 2 presents the analytical model and derives the formula for the corrective energy tax, assuming conventional cars. Section 3 sets the scene for studying transport pricing in the presence of self-driving cars by incorporating relevant issues such as car ownership and parking externalities into the basic approach. In Section 4 we derive the optimal energy tax formula in the presence of driverless vehicle relocation and discuss its components. Finally, Section 5 outlines the need for further research.




2. Optimal Transport Tax: Basic Model


There has been intense discussion about whether commercial car sharing will become more competitive in an era of fully autonomous vehicles; a number of studies cast doubt on a more widespread adoption. They argue that advanced automated vehicle technology could make private car ownership even more desirable [51,52,53,54]. Therefore, herein we focus on passenger travel by private car.



Before we add features related to self-driving cars to the approach, we start with the description of the basic model, as it is well-known from the literature providing analytical expressions for second-best optimal transport (energy/miles) taxes in a world of conventional (i.e., non-self-driving) cars. Our basic model is most similar to that of Parry [41], who develops and applies the model to calculate the optimal corrective gasoline tax in the US. Table 1 provides an overview of the most closely related literature. The most striking findings from these works can be summarized as follows: (i) in many countries current energy taxes are inefficiently low given pre-existing policies, thus higher energy taxes would increase welfare; (ii) the inefficiency gap is larger for diesel cars/fuel; (iii) a tax on vehicle miles rather than energy is preferable as it addresses mileage-related externalities more directly; (iv) using the transport tax (revenue) to enhance the efficiency of the tax system in general by reducing a distortive tax on, for example, labor income may raise the optimal tax level above its corrective Pigouvian level.



Table 2 provides an overview of the model’s main variables and parameters. To account for the possibility that in a future of fully autonomous vehicles car fleets will be dominated by electric vehicles rather than fuel-powered cars [55,56], the terms “energy” and “fuel” are used interchangeably throughout the paper.



2.1. The General Model Setup


Individuals maximize utility derived from general consumption (composite commodity) and traveling subject to a monetary budget and time constraint. However, they are adversely impacted by travel-related externalities stemming from energy consumption (e.g., local air pollution and global carbon dioxide emissions) and vehicle mileage (e.g., accidents and road congestion). The objective of the government is to maximize the (indirect) utility of households by setting an energy tax subject to a public budget constraint, where changes in tax revenues owing to a change in the level of the energy tax are balanced by lump-sum taxes/transfers. Despite its static nature, the model implicitly accounts for long-run policy-induced changes in vehicle energy intensity and miles traveled.



Let us generalize the representative household by positing the following utility function:


  U   =   u  m , v , X , L , T , E  .  



(1)







The utility function u is quasi-concave and increasing in arguments m, miles driven per vehicle; v, the vehicle stock of the household (vehicle stock is taken as a continuous variable because we are averaging over a large number of car owners);   X ,   general consumption; and leisure, L. In contrast, utility is decreasing in arguments   E ,   representing an index of non-congestion-related externalities (because T is an explicit argument in the utility function, congestion is modeled separately and so not included in E); and   T ,   total automobile travel time which implicitly lowers utility by reducing time available for work and leisure. Note that all variables are in per capita terms.



A household’s aggregate travel time per period is


  T   =   t  M  M ,  



(2)




where   t  M    is (average) travel time per mile depending on aggregate vehicle mileage (   t ′    >   0   meaning that time delays occur as a result of an increase in mileage), and


  M   =   v m  



(3)




is aggregate distance traveled (vehicle mileage) by the representative household.



The externality index   E ≡   E F    F ¯   ,  E M    M ¯      captures traffic externalities stemming from energy/fuel consumption (   E F    F ¯    ) and vehicle mileage (   E M    M ¯    ), where E is increasing in all its arguments, F and M (a bar denotes an economy-wide variable perceived as exogenous by individual travelers). Partially differentiating E with respect to F and M yields marginal external damages (in utils) related to energy consumption (e.g., pollution) and vehicle mileage (e.g., accidents), respectively.



The budget constraint of the household—equating monetary expenditures on general consumption and traveling with aggregate monetary income—can be written as follows:


    P F  f m   +   c  ( f )   v   +    p X  X   =   I   +   G O V ,  



(4)




where    P F    =     p F    +    τ F     denotes the full consumer price per unit of energy/fuel. The consumer price is composed of the pure fixed producer supply energy price (price net of taxes),    p F  ,   and the (current) energy tax    τ F  .   Energy intensity (energy consumption per mile) is denoted by f. Correspondingly, the inverse of energy intensity then gives us energy/fuel economy, that is, possible mileage per unit of energy. Clearly, a higher fuel economy means a vehicle is more fuel efficient. Other costs of car ownership,   c ( f ) ,   are a function of energy intensity. We assume    c ′   ( f )    <   0 ,   that is, c is higher for more energy-efficient vehicles, for example, due to the additional production costs of incorporating energy-saving technologies. The fixed price of the composite general consumption good is denoted    p X  .   Aggregate household income,   I   +   G O V ,   is composed of the given annual household labor income I and the endogenous tax/transfer   G O V  , capturing the recycling of government energy tax revenue. It can be either positive (transfer) or negative (tax) depending on whether the policy intervention (i.e., the change in the energy tax) increases or decreases aggregate public tax revenue (to the left or to the right of the maximum of the Laffer curve). Using   G O V   as a revenue recycling instrument implies that we neglect the potential of the transport tax to substitute a distorting tax on labor income (efficiency-neutral use of energy tax revenue).



The household’s time constraint allocates a time endowment left after working (labor supply is fixed),  Γ , to leisure L and traveling T:


  Γ   =   L   +   T .  



(5)







The government budget constraint is


   τ F  F   =   G O V ,  



(6)




where the energy tax base is


  F   =   f M   =   f   ×   m   ×   v .  



(7)








2.2. Optimization


2.2.1. Private Optimum


The optimization program of the household is to maximize the utility function Equation (1) with respect to choice variables   m , v , f ,   and X subject to the monetary budget constraint Equation (4) and time constraint Equation (5), where per mile travel time, externalities, and government variables (taxes) are treated as given by the household members. Setting up the Lagrangian yields the following private first-order conditions:


   1 λ    ∂ u   ∂ m     =     P F  f   +   θ t  v  



(8)






   c ′   ( f )    =   −  P F  m  



(9)






   1 λ    ∂ u   ∂ X     =    p X  ,  



(10)




where  λ  is the marginal utility of income (the Lagrange multiplier of the monetary budget constraint) and   θ   =     1 λ    ∂ u   ∂ L     −    1 λ    ∂ u   ∂ T      is the value of travel time (see [57] for an overview).



Equation (8) states that an individual chooses the amount of automobile travel in terms of vehicle mileage (  m *  ) such that the last mile worth driving equals generalized cost. Vehicle mileage beyond   m *   would not be privately optimal because for each mile   m   >    m *  ,   generalized cost falls short of the corresponding benefit. Equation (9) means that travelers choose vehicle fuel economy (either in the short run through adapting on-the-road driving styles or in the long run through switching to more energy-efficient cars) such that the additional investment and operating costs associated with more fuel-efficient vehicles are balanced by savings in the energy cost of driving. Equation (10) implies that the household equates the marginal benefit of consumption with the marginal cost (price of goods and services) to determine the optimal level of consumption. Note that the first-order condition with respect to v is not displayed due to its similarity with Equation (8).




2.2.2. Social Optimum


The optimization program of the government is to maximize the household’s indirect utility function (expressed as a set of parameters   Ω ≡   τ F  , G O V , t , E    perceived as exogenous by the household)


      max  τ F   W  Ω      ≡  U *   Ω    =    max  m , v , f , X   u  m , v , X , T , E      



(11)






        − λ    P F  f m   +   c  ( f )   v   +    p X  X   −   I   −   G O V      



(12)




by choice of the energy tax    τ F  ,   where at this stage changes in per-mile travel time, external costs, and governmental tax revenue are explicitly taken into account.



After totally differentiating the indirect utility function with respect to   τ F   one obtains the marginal welfare effect of the energy tax:


    d W   d  τ F      =     ∂ W   ∂  τ F      +     ∂ W   ∂ G o v     d G o v   d  τ F      +     ∂ W   ∂ t     d t   d  τ F      +     ∂ W   ∂ E     d E   d  τ F    ,  



(13)




where


    ∂ W   ∂ E     d E   d  τ F      =     ∂ W   ∂  E F    F ¯       ∂  E F    F ¯     ∂ F     d F   d  τ F      +     ∂ W   ∂  E M    M ¯       ∂  E M    M ¯     ∂ M     d M   d  τ F     



(14)




represents the energy-tax-induced welfare effect associated with energy consumption (  d F / d  τ F   )    and vehicle mileage (  d M / d  τ F   ) externalities.



Rewriting the terms in Equation (14) as    W  E F    E  F  ′    and    W  E M    E  M  ′    yields (see Appendix A):


   1 λ    d W   d  τ F      =        e F   −   d F   d  τ F      ︸    Energy - related   externalities        +        e  M   n c     +    e  M  c    −   d M   d  τ F      ︸     Mileage - related   externalities      −        τ F   −   d F   d  τ F      ︸   Energy  tax  revenue    



(15)




where


   e F    =   −  1 λ   W  E F    E  F  ′   



(16)






   e  M  c    =   θ  t ′  M  



(17)






   e  M   n c     =   −  1 λ   W  E M    E  M  ′   



(18)




characterize the marginal external costs stemming from energy consumption (  e F  ) and vehicle mileage (  e M  ), respectively. Marginal external costs related to vehicle mileage are differentiated according to their dependency on travel time, where   e  M  c   denotes congestion-related and   e  M   n c    non-congestion-related marginal external costs.



As Equation (15) shows, a (marginal) change in the energy tax affects welfare through three channels (Figure 1 provides an illustration of the equation and its components by adopting and reproducing the optimal gasoline tax calculation study by Parry [41]; note that in order to determine   d F / d  τ F    and   d M / d  τ F  ,   constant elasticity demand functions are applied):



First, there is an impact of the energy tax on energy-related external costs (green curve in Figure 1). Reasonably assuming that   d F / d  τ F    <   0 ,   an energy tax enhances welfare to the extent that a decline in energy consumption caused by a higher energy tax reduces energy-related external costs.



Second, in a similar way, welfare is affected by the impact of the energy tax on mileage-related external costs (red curve in Figure 1). Provided that changes in energy consumption and vehicle mileage due to a marginal change in   τ F   run in the same direction, a higher energy tax improves welfare as it reduces the mileage-related external costs of car driving.



Third, there is a direct effect of the change in the energy tax on corresponding tax revenue (blue curve in Figure 1). As   d F / d  τ F    <   0  , a reduction in energy tax revenue caused by a decline in energy consumption must be balanced by a reduction in government transfers (or higher taxes), which in turn makes households worse off.



Rewriting Equation (15) as


   1 λ    d W   d  τ F      =     e F    −    τ F    −   d F   d  τ F       +     e  M   n c     +    e  M  c    −   d M   d  τ F      



(19)




reveals further interesting relationships. As becomes clear, energy-related externalities   e F   do not affect welfare if external costs are fully covered (internalized) by corresponding energy taxes, regardless of the strength of the change in energy consumption/demand. In contrast, in the case of    e F    >    τ F    (i.e., when the traveler’s tax payment for the consumption of one unit of energy is lower than the corresponding energy-related external damage cost), an energy-tax-induced decline in energy consumption would increase welfare.




2.2.3. Optimal Energy Tax


Equating (19) to zero and solving for   τ F   gives us the optimal energy tax (see Appendix B).


   τ  F  *    =    e F    +   α   e  M   n c     +    e  M  c   / f ,  



(20)




where


  α   =     f × d M / d  τ F    d F / d  τ F     



(21)




is the fraction of the reduction in energy consumption that can be traced back to a decline in vehicle mileage, as opposed to improved fuel economy. A larger  α  implies a stronger contribution of mileage-related externalities to the optimal energy tax.



The optimal energy tax formula Equation (20) illustrates—similar to Equation (15)—the different effects influencing the optimal level of the energy tax.



First, the higher the energy-related external cost,   e F  , the higher the optimal energy tax in order to account for the damages associated with energy consumption. Second, the optimal energy tax increases with an increase in mileage-related externalities,   e M  , where dividing by f [liter or kwh per vkm] converts the marginal external cost expressed in USD per mile into USD per unit of energy. The factor  α  corrects for the importance of household responses with respect to mileage owing to a tax on energy.



The decomposition of the energy tax into its different components shows the various opposing forces affecting its optimal level. It depends on economic and transport-related data such as the level of pre-exiting taxes and energy prices as well as initial (average) fuel economy of the current car fleet; on the behavioral responses of travelers, in particular price elasticities of fuel and travel demand; and on the marginal external cost associated with energy consumption and vehicle mileage. Having the relevant data available, the optimal tax level can be quantified (see Table 1). In Figure 1, it is found at the intersection of the marginal welfare curve (black line) with the horizontal axis (     1 / λ   d W / d  τ F     τ  F  *     =   0  ).






3. Optimal Transport Tax: Extended Model


Before we come to our focal point of interest—the impact of an empty self-driving car’s ability to relocate (e.g., in the form of ‘return home’) on optimal transport taxes—we extend the basic model to include the direct and indirect impacts associated with vehicle ownership.



It is well known that the production, maintenance and disposal of vehicles cause the emission of (global) greenhouse gases, (local) air pollutants, and other pollutants [58,59]. Moreover, higher car ownership rates are found to substantially reduce urban density. Low urban density in turn discourages positive agglomeration economies, reinforces public transport inefficiency, and contributes to urban sprawl [60]. Reducing car ownership would thus help to mitigate the external costs related to the environment, to foster productivity, to make public transport more efficient, and to make urban form more compact.



Furthermore, it is also well established that parking—a complement to car ownership in a world of conventional cars—is associated with substantial external costs [13]. On the supply side, it is the pure amount of parking spaces in a geographical area that causes a number of adverse effects, as the land devoted to parking cannot be used for other purposes such as office buildings, residential housing, parks, and amenities. This in turn discourages positive agglomeration externalities [61], limits economic output by depressing commercial/industrial densities [62], causes environmental disamenities such as the urban-heat-island effect [63], and makes urban areas less vibrant [64]. On the demand side, travelers parking their cars impose a cruising-for-parking externality through making it more difficult for other travelers to find a vacant parking spot. While cruising, other travelers have to bear the additional opportunity cost of travel time and cause congestion for travelers in transit [65,66,67,68].



In the light of this, let index E now additionally comprise the adverse transport externalities stemming from car ownership (as apposed to car use),   V ,   and parking,   P :    E ≡  ⋯ ,  E V    V ¯   ,  E P   P   V ¯     .   We reasonably assume that   V   =   v ( m )   with   ∂ v / ∂ m ≥ 0   and that   P   =   ϕ V   with   ϕ   ≥   1 .   The parameter  ϕ  indicates the relationship between car ownership and the number of parking spaces. Naturally,  ϕ  has one as a lower bound, but in practice it may well exceed unity (e.g.,   ϕ ≈ 3   in Los Angeles County, California; see [69]).



Expanding the externality index as displayed by Equation (14) to account for the tax-induced welfare effects of car ownership and parking yields


    ∂ W   ∂ E     d E   d  τ F      =   ⋯   +     ∂ W   ∂  E V    V ¯       ∂  E V    V ¯     ∂ V     ∂ V   ∂ m     d m   d  τ F      +     ∂ W   ∂  E P   P   V ¯        ∂  E P   P   V ¯      ∂ P     ∂ P   ∂ V     ∂ V   ∂ m     d m   d  τ F     



(22)




which is equivalent to


   1 λ    ∂ W   ∂ E     d E   d  τ F      =   ⋯   +    e V    ∂ V   ∂ m    −   d m   d  τ F       +    e P    ∂ P   ∂ V     ∂ V   ∂ m    −   d m   d  τ F      



(23)




with


   e V    =   −  1 λ   W  E V    E  V  ′    >   0  



(24)






   e P    =   −  1 λ   W  E P    E  P  ′    >   0  



(25)




representing the marginal external cost of car ownership and parking, respectively.



Following the same procedure for the derivation of the optimal energy tax as shown in the previous section, we obtain


   τ  F   * *   =  τ  F  *    +    1 f   β  e V    ∂ V   ∂ m     +   β  e P   P ′    ∂ V   ∂ m    ,  



(26)




where   τ  F  *   is given by Equation (20) and


  β   =     f   ×   d m / d  τ F    d F / d  τ F    .  



(27)







Multiplying   ∂ V / ∂ m   by    m / V    ×    V / m    =   1   allows us to rewrite Equation (26) as


   τ  F   * *     =    τ  F  *    +    1 f      β  e V   ϵ  m  V   V m   ︸     ≥   0   +    β  e P  ϕ  ϵ  m  V   V m   ︸     ≥   0    ,  



(28)




where


   ϵ  m  V    =     ∂ V   ∂ m    m V    ≥   0  



(29)




is the elasticity of household car ownership with respect to individual distance traveled.



Equation (28) makes clear that with the consideration of the adverse societal effects stemming from vehicle ownership and parking, the analytical expression for the optimal energy tax becomes more complicated. On the one side, the second term on the right-hand side of the optimal tax formula makes it more difficult to determine the optimal level of the tax. On the other side, the good news is that the direction of the term is unambiguous. Both car ownership and parking externalities raise the optimal tax, which is unsurprising given that the tax serves as an indicator for the marginal external cost of driving and related issues.



Figure 2 supports the line of reasoning: Suppose that   τ  F  0   is the initial level of the tax and that    τ  F  0    <    τ  F  *   , that is, the current tax level is inefficiently low. A higher transport tax would reduce vehicle mileage and energy consumption, and therefore the corresponding external cost. The result would be a welfare improvement up to the tax level   τ  F  *   that maximizes social welfare   W  m a x  *   (green curve). Because externalities related to car ownership and parking are not considered in calculating the optimal tax level   τ  F  *  , at the initial tax level   τ  F  0   the truth welfare curve (blue curve) is below the welfare curve yielding   τ  F  *   as optimal tax. Now suppose the truth (blue) welfare curve is our basis. Again, a higher transport tax would reduce vehicle mileage. This, in turn, would reduce a household’s car dependence, and the required amount of parking associated with it. The result would also be a welfare improvement, but in this case up to the tax level    τ  F   * *     >    τ  F  *    that maximizes social welfare   W  m a x   * *    (blue curve). In other words, with some externalities left unconsidered, increasing the tax level from   τ  F  0   to   τ  F  *   enhances welfare compared to the status quo, but the true welfare maximum cannot be reached because the true socially optimal tax is   τ  F   * *    rather than   τ  F  *   and    τ  F   * *     >    τ  F  *  .  




4. Optimal Transport Tax: Extended Model with Driverless Vehicle Relocation


Now consider a world with fully autonomous vehicles where driverless vehicle relocation is possible. Different forms of vehicle repositioning are conceivable [31]: after dropping off the passengers at their destination, the empty driverless vehicle returns home, searches for a cheaper parking spot at a remote parking area, or just cruises (circles around). All forms of vehicle relocation have in common that they induce additional empty vehicle miles traveled, while removing the need for parking at the traveler’s destination. Cruising even removes the need for parking in principle, and so makes it possible to eliminate the parking spot or to make it available to other potential users (e.g., visitors) [70]. However, one of the most essential differences among the relocation strategies lies in the availability of the car to other household members. While return to home allows for intra-household vehicle sharing [71,72], thereby providing the unprecedented opportunity to reduce household car ownership without compromising overall individual mobility, the other options obviously do not entail this opportunity.



Let us denote empty vehicle mileage (per vehicle) by n and define aggregate driverless mileage as


  N   =   n v .  



(30)







Intra-household vehicle sharing and its impact on car ownership can then be formalized by defining   V   =   v ( m , n ) ,   where   ∂ v / ∂ n   ≤   0 .   The direct effect of vehicle relocation on the amount of parking spaces is captured by defining  ϕ  as a function on   n .   The relationship   ϕ  n    with   ∂ ϕ / ∂ n   ≤   0   implies that vehicle relocation may or may not reduce the amount of parking. Whether   ∂ ϕ / ∂ n   ≤   0   holds as an inequality or an equality depends on the specific form of vehicle repositioning.



Similar to Equation (22), we decompose the externality index   E ≡  ⋯ ,  E N    N ¯      to account for the adverse welfare effects of driverless vehicle mileage owing to a change in the transport tax:


       ∂ W   ∂ E     d E   d  τ F        = ⋯   +     ∂ W   ∂  E N    N ¯       ∂  E N    N ¯     ∂ N     d N   d  τ F      +     ∂ W   ∂  E V    V ¯       ∂  E V    V ¯     ∂ V     ∂ V   ∂ n     d n   d  τ F             +   ∂ W   ∂  E P   P   V ¯        ∂  E P   P   V ¯      ∂ P     ∂ P   ∂ V     ∂ V   ∂ n     d n   d  τ F      +     ∂ W   ∂  E P   P   V ¯        ∂  E P   P   V ¯      ∂ P     ∂ P   ∂ n     d n   d  τ F        



(31)




which is equivalent to


   1 λ    ∂ W   ∂ E     d E   d  τ F      =   ⋯   +    e N   −   d N   d  τ F     +  e V    ∂ V   ∂ n    −   d n   d  τ F       +    e P    ∂ P   ∂ V     ∂ V   ∂ n    −   d n   d  τ F       +    e P    ∂ P   ∂ n    −   d n   d  τ F      



(32)




with


   e N    =   −  1 λ   W  E N    E  N  ′    >   0 ,  



(33)




representing the marginal external cost of empty vehicle mileage.



The optimal energy tax in the presence of driverless vehicle relocating can then be expressed as


   τ  F   * * *     =    τ  F   * *     +    1 f      γ  e N   ︸    1  :    >   0   +    δ  e V   ϵ  n  V   V n   ︸    2  :    ≤   0     +      δ  e P  ϕ  ϵ  n  V   V n   ︸    3  :    ≤   0   +    δ  e P   ϵ  n  P   P n   ︸    4  :    ≤   0     



(34)




with


  γ   =     f   ×   d N / d  τ F    d F / d  τ F     



(35)






  δ   =     f   ×   d n / d  τ F    d F / d  τ F    ,  



(36)




and


   ϵ  n  V    =     ∂ V   ∂ n    n V    ≤   0  



(37)






   ϵ  n  P    =     ∂ P   ∂ n    n P    ≤   0  



(38)




as the elasticities of household car ownership and parking demand with respect to individual empty (driverless) vehicle miles traveled. The elasticity   ϵ  n  V   can reasonably be assumed to be approximately zero when vehicle relocation takes place in the form of cruising or parking elsewhere, but significantly smaller than zero when unoccupied vehicles return home after dropping off passengers at their destination, thereby enabling intra-household car sharing. The elasticity   ϵ  n  P   can be viewed as being negative when empty vehicles cruise or return to home, and zero otherwise (note that both cruising and return to home avoid parking at the traveler’s destination).



As Equation (34) makes clear, the empty vehicle relocation of driverless cars complicates the optimal tax formula and consequently makes the determination of socially optimal transport pricing more difficult. Four additional effects enter into the optimal tax formula, as follows.



The first term in brackets in Equation (34) captures the adverse impacts resulting from empty vehicle mileage per se, irrespective of the specific form of vehicle relocation (return to home vs. self-parking elsewhere vs. cruising). Here one can think of the classical externalities which are well-known from the world of conventional cars, notably congestion, accidents, pollution, noise, road damage, etc. It can be expected that due to technological innovation and because of the merits of autonomous vehicle technology in terms of road capacity improvement, in-vehicle time use, crash reduction, etc. [23], the marginal external cost of driverless vehicle mileage will be smaller than that of the mileage of occupied vehicles (i.e.,    e N    <    e M   ) .    However, it is essential to recognize that vehicle relocation means that   e N   comes on top of    e M  .   So, ceteris paribus, the first term causes an upward adjustment of the optimal transport tax.



The second term in brackets in Equation (34) reflects the relationship between empty vehicle relocation and car ownership externalities. If vehicle relocation enables households to reduce car ownership (this is projected for the return-to-home option as it opens up the possibility for intra-household car sharing (see above)), empty vehicle miles, with all other things being equal, would bring a welfare improvement through a reduction of car ownership externalities. However, because a transport tax increases the cost of travel regardless of whether the car is empty or occupied, ultimately it discourages vehicle relocation and so the potential of intra-household car sharing. To this end, a lower tax would be warranted on efficiency grounds to provide an incentive for vehicle relocation in the form of return to home. Hence, the second term, ceteris paribus, causes a downward adjustment of the optimal transport tax, provided that the vehicle relocates with the return-to-home option.



The intuition for third term in brackets in Equation (34) is similar to the second term, but goes one step further. On account of the relationship between empty vehicle relocation and car ownership as just described, there is a further impact on parking externalities. As car ownership declines, parking requirements shrink on average, and so the external cost associated with parking decreases as well. A lower transport tax would stimulate this, provided that    ϵ  n  V    <   0 ,   so, the third term, ceteris paribus, also causes a downward adjustment of the optimal transport tax.



The fourth term in brackets in Equation (34) reflects the direct effect of empty vehicle mileage on parking externalities. In contrast to the third term, it does not work through car ownership. Whenever vehicle relocation enables travelers to avoid parking at their destination or at any other location that is not their residence, parking demand declines    ϵ  n  P    <   0   and therefore also the adverse effects associated with parking. Hence, even without any change in car ownership, driverless vehicle relocation would increase social welfare through this channel. However, because a higher tax discourages vehicle relocation, a downward adjustment of the optimal transport tax would, ceteris paribus, increase social welfare.



Interestingly, empty vehicle relocation makes the determination of the (second-best) socially optimal transport tax not only more difficult as additional information and data are needed (e.g.,   e N  ,   e V  ,   e P  ,   ϵ  n  V  ,   ϵ  n  P  ), but also less predictable. The reason for this is that the first term in the extended optimal transport tax formula (Equation (34)) is positive, whereas the others are negative (if    ϵ  n  V    <   0 ,  ϵ  n  P    <   0  ). Put differently, the first term and the combined second, third, and fourth terms run in opposite directions.



The implication of this finding is essential. Suppose that the current level of the transport tax (e.g., energy tax as here or miles tax) is at its socially optimal level. Our findings then suggest that with the emergence of self-driving cars, it is not unequivocally clear how to adjust—upward or downward—the tax to maintain economic efficiency (see Figure 2). An in-depth elaboration of the net effect is needed.




5. Final Remarks


In the present paper we have shown that the emergence of driverless cars is likely to make the design and evaluation of optimal transport taxes more complex. We adopted the famous Parry/Small framework to develop analytical expressions of second-best optimal transport taxes and discuss their optimal level. The original framework was designed to capture conventional cars, and we augmented it to include fully autonomous vehicles. Figure 3 merges our stepwise model extensions, capturing driverless vehicle relocation as the final step. Starting with the standard approach that accounts for energy- and mileage-related externalities, we integrated car ownership and parking externalities to pave the way for considering self-driving cars. While purely adding car ownership and parking externalities (in a world of conventional cars) unambiguously increases the optimal tax (see impact (2) in Figure 3), the possibility of driverless vehicle relocation may further increase or decrease the optimal tax level (see impacts (3a) and (3b) in Figure 3). When mileage-related externalities owing to empty trips dominate, the result will be a further increase of the tax. In contrast, when driverless vehicle relocation reduces car ownership as it opens up the opportunity for intra-household car sharing and reduces the need for parking, and when these beneficial effects dominate, the result will be a decrease of the tax. Depending on the strength of the latter relationship, the optimal tax could even fall short of the current level of the tax (see impact (3b-3) in Figure 3). In light of this, it is likely that researchers and policymakers will be confronted with an increase in complexity and forced to reevaluate well-established transportation research knowledge and policy. We expect both to take on this challenge.



There are several avenues for further research: Using an energy tax as an example, we focused on a second-best (nationwide) pricing instrument in the transport sector. Our analysis of the need for restructuring optimal second-best pricing instruments should carry over to more sophisticated first-best instruments that may vary by time of day or location [73]. Regarding autonomous vehicle features, we focused on the impact of driverless vehicle relocation on transport pricing. However, repositioning driverless cars (e.g., in the form of ‘return to home’) is just one channel through which autonomous vehicle technology will affect travel decisions and behavior as well as pricing instruments. In addition to pricing instruments, numerous non-price-based policies (regulations) exist in the transport sector and related fields (see, e.g., [74,75,76,77,78,79]). It would be interesting to see whether regulatory measures also require a reassessment against the backdrop of an emerging advanced autonomous vehicle technology. How to implement transport taxes specifically designed for self-driving cars could become an important research topic in the future. The reason is that public entities might have difficulties in distinguishing between human-driven and driverless cars [80]. Our findings could also shed new light on research about acceptability. Recent studies dealing with the acceptability of autonomous vehicles (see, e.g., [81,82,83,84,85,86,87,88,89,90]) have revealed a significant willingness to pay either for autonomous driving in general or certain features of autonomous vehicle technology, especially for those having positive attitudes toward the technology. However, many studies also find that a non-negligible fraction of current car users are reluctant and currently unwilling to pay anything for advanced vehicle automation, highlighting the potential role of psychological factors. It would then be interesting to reanalyze acceptability under the premise that potential users of autonomous vehicle technology are at the same time confronted with adjusted transportation policies (e.g., higher tolls or taxes). Finally, by gathering relevant data, the optimal tax level could be calculated empirically, thereby offering information on the sign and size of the tax adjustment the present paper has identified theoretically. In order to do so, the contribution of car ownership taxes and parking charges to internalize the respective externalities should be taken into account.
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Appendix A. Derivation of the Marginal Welfare Change


The total differential of the household’s indirect utility function, as indicated by Equation (13), is


    d W   d  τ F      =     ∂ W   ∂  τ F      +     ∂ W   ∂ G o v     d G o v   d  τ F      +     ∂ W   ∂ t     d t   d  τ F      +     ∂ W   ∂ E     d E   d  τ F     



(A1)







Decomposing and rewriting the externality term gives


    d W   d  τ F      =     ∂ W   ∂  τ F      +     ∂ W   ∂ G o v     d G o v   d  τ F      +     ∂ W   ∂ t     d t   d  τ F      +    W  E F    E  F  ′    d F   d  τ F      +    W  E M    E  M  ′    d M   d  τ F     



(A2)







Replacing terms     ∂ W   ∂  τ F    ,   ∂ W   ∂ G o v   ,   ∂ W   ∂ t     yields


    d W   d  τ F      =   − λ f m v   +   λ   d G o v   d  τ F      −      ∂ W   ∂ L   −   ∂ W   ∂ T    M   d t   d  τ F      +    W  E F    E  F  ′    d F   d  τ F      +    W  E M    E  M  ′    d M   d  τ F     



(A3)







Dividing both sides by   λ ,   the marginal utility of income, gives us the welfare change in monetary terms


   1 λ    d W   d  τ F      =   − f m v   +     d G o v   d  τ F      −    1 λ     ∂ W   ∂ L     −     ∂ W   ∂ T    M   d t   d  τ F      +    1 λ   W  E F    E  F  ′    d F   d  τ F      +    1 λ   W  E M    E  M  ′    d M   d  τ F     



(A4)







Next we totally differentiate the government budget constraint


    d G o v   d  τ F      =     ∂ G o v   ∂  τ F      +     ∂ G o v   ∂ F     d F   d  τ F     



(A5)




giving us


    d G o v   d  τ F      =   F   +    τ F    d F   d  τ F     



(A6)







Plugging Equation (A6) into Equation (A4), recalling   F   =   f m v   (see Equation (7)), gives us


   1 λ    d W   d  τ F      =    τ F    d F   d  τ F      −    1 λ     ∂ W   ∂ L     −     ∂ W   ∂ T    M   d t   d  τ F      +    1 λ   W  E F    E  F  ′    d F   d  τ F      +    1 λ   W  E M    E  M  ′    d M   d  τ F     



(A7)







Using   θ   =    1 λ    ∂ u   ∂ L     −    1 λ    ∂ u   ∂ T     and     d t   d  τ F      =    t ′    d M   d  τ F      yields


   1 λ    d W   d  τ F      =    τ F    d F   d  τ F      −   θ  t ′  M   d M   d  τ F      +    1 λ   W  E F    E  F  ′    d F   d  τ F      +    1 λ   W  E M    E  M  ′    d M   d  τ F     



(A8)







After using the definition of the marginal external damages (expressed in monetary terms) as displayed in Equations (16)–(18), we arrive at Equation (15).




Appendix B. Derivation of the Optimal Energy Tax


Setting the marginal welfare change as displayed in Equation (15) or Equation (19) to zero


   1 λ    d W   d  τ F      =   0   =     e F    −    τ F    −   d F   d  τ F       +     e  M   n c     +    e  M  c    −   d M   d  τ F      



(A9)




and solving for   τ F   yields


   τ F    =    e F    +     e  M   n c     +    e  M  c      d M / d  τ F    d F / d  τ F      



(A10)







From using Equation (21) we obtain the optimal energy/fuel tax as displayed in Equation (20).
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Figure 1. Example of the marginal welfare effect of the gasoline tax and optimal gasoline tax (reproduced from [41]). 
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Figure 2. Optimal transport tax. 
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Figure 3. Stepwise change in optimal transport taxes owing to self-driving cars. 
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Table 1. Related Literature.






Table 1. Related Literature.





	Study
	Instrument
	Region





	Parry and Small (2005) [8]
	Gasoline tax, Miles tax
	US, UK



	Santos (2017) [9]
	Gasoline tax, Diesel tax
	Various European countries



	Parry and Timilsina (2010) [40]
	Gasoline tax, Miles tax
	Mexico City



	Parry (2011) [41]
	Gasoline tax, Diesel tax (heavy-duty trucks)
	US



	Tscharaktschiew (2014) [42]
	Gasoline tax
	Germany



	Tscharaktschiew (2015) [43]
	Gasoline tax (with EV substitution)
	Germany



	Lin and Prince (2009) [44]
	Gasoline tax
	California



	Wangsness (2018) [45]
	Kilometer tax (peak, off-peak)
	Norway (urban, rural)



	West and Williams (2007) [46]
	Gasoline tax    1  
	US



	Hirte and Tscharaktschiew (2020) [47]
	Gasoline tax, Miles tax    1  
	US, UK



	Parry (2008) [48]
	Diesel tax (heavy-duty trucks)
	US



	Parry and Strand (2012) [49]
	Gasoline tax, Diesel tax (commercial trucks)
	Chile



	Antón-Sarabia and Hernández-Trillo (2014) [50]
	Gasoline tax
	Mexico







1 Focus on the role of labor supply.
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Table 2. Notational glossary.






Table 2. Notational glossary.





	Notation
	Description





	U
	Utility



	X
	General consumption



	L
	Leisure



	v
	Vehicle stock of the household



	m
	Vehicle mileage per traveler (occupied trips)



	M
	Vehicle mileage per household (occupied trips)



	t
	Travel time per mile



	T
	Aggregate travel time of the household



	f
	Fuel/energy consumption per mile



	F
	Aggregate fuel/energy consumption of the household



	E
	Externality index



	   p F   
	Fuel/energy price



	   p X   
	Price of the composite commodity



	   τ F   
	Fuel/energy tax



	   c ( f )   
	Costs of car ownership not related to energy consumption



	I
	Household labor income



	   G O V   
	Revenue recycling instrument of the government (tax or transfer)



	  Γ  
	Total time endowment of the household



	  λ  
	Marginal utility of monetary household income



	  θ  
	Value of travel time



	   e F   
	Marginal external cost of fuel/energy consumption



	   e M   
	Marginal external cost of vehicle mileage



	W
	Welfare



	  Ω  
	Set of parameters exogenous to the household



	  ϕ  
	Parking requirement per vehicle



	P
	Parking requirement per household



	n
	Driverless vehicle mileage per traveler (unoccupied trips)



	N
	Driverless vehicle mileage per household (unoccupied trips)
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