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Abstract

The road transport market has many market imperfections such as local and global
pollution, accidents, noise and road wear. Electric vehicles (EVs) avoid some of these
by not having any tailpipe CO2 emissions, but they still contribute to external costs
such as congestion. Our research questions are: What characterizes the set of second-
best road prices for internalizing external costs from driving EVs and ICEVs when
you also have distortionary labor taxes and binding government budget constraints?
How are these prices affected by distortions elsewhere in the economy? How does
this second-best pricing fit with government set goals of reducing CO2 emissions?

This paper further develops an analytical framework for assessing first- and second-
best road prices on vehicle kilometers, extending it to include EVs and externalities
that vary geographically and by time of day. Expressions for the optimal road prices
are derived analytically, and then solved numerically. We find that optimal road prices
largely vary with external cost, giving high prices for driving in cities during peak
hours, and relatively low prices for driving in rural areas. We also see that the road
prices’ interactions with the rest of the fiscal system have implications for
determining the optimal set of road prices. However, the optimal set of road prices
leads to little or no reductions in carbon emissions with the currently recommended
social cost of carbon estimates. This implies that any required reduction in CO2-
emissions will require a shadow price that exceeds the current social cost estimate.
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1 Introduction

The road transport market is associated with many market imperfections such as
local and global pollution, accidents, noise and road wear. Thune-Larsen et al (2014)
calculate external costs up to 30 billion NOK (Norwegian Kroner; 1 NOK = 0.11 €)
per year from road transport. This figure doesn’t even count the CO2-costs, even
though road transport in 2015 counted for 19% of national GHG-emissions
(Ministry of Finance, 2017). In addition to externalities from road transport,
inefficiencies in the economy also arise from distortionary taxes elsewhere in the
economy. Both the issues of externalities and inefficiencies in the tax system have
recently been put under new scrutiny by government assigned expert committees
publishing so-called Norwegian Official Reports (Norges Offentlige Utredinger —
NOU), with NOU 2014:13 - Capital Taxation in an International Economy and NOU
2105:15 — Green Tax Commission. Looking for ways to mitigate these inefficiencies
provide good motivation for this paper.

The “textbook economics” solution would be to find the set of taxes that provide
the optimal incentives for the economic agents in order to strike the appropriate
balance of costs and benefits in the affected markets. Several papers derive such
solutions by finding the optimal gasoline (or diesel) tax. It has for instance been done
for the cases UK and USA (Parry & Small, 2005), and Germany (T'scharaktschiew,
2014, 2015).

However, there are several shortcomings to correcting road transport market failures
through fuel taxation. First of all, the external costs of driving vary a lot according to
where and when the driving takes place. The fuel tax could perhaps internalize some
average external cost, but would severely underprice driving in dense cities during
peak hour, and overprice driving in rural areas. In addition to this lack of precision,
the fuel tax may incentivize more energy efficiency, which may be beneficial with
regards to carbon emissions and oil-reliance, but it may lead to higher external costs
as lower user costs per kilometer may induce more driving. This has been pointed
out in Parry and Small (2005) and Parry, Evans, and Oates (2014).

Second, the possibility for fuel taxes to (imprecisely) correct for externalities and
generate government revenue is reduced when EVs (electric vehicles) are introduced.
EVs have many of the same externalities as ICEVs (internal combustion engine
vehicles), but they cannot be captured by a gas tax, and it seems implausible that they
can tax EVs explicitly from their electricity charging.

So are there better taxing instruments than the fuel tax, that both internalize external
cost with more precision and allow for the taxation of all cars? We hypothesize that
well-designed road pricing scheme (e.g. through satellite-based road-charging) where
the external costs based on time, distance, place and vehicle characteristics will
approximate a first-best solution. Supportt for this can be found in the literature.
Modelling analysis in the Netherlands from Meurs, Haaijer, and Geurs (2013)
suggested that such a scheme can be revenue neutral and have significant
environmental benefits compared to the current tax system for car-use and car-
ownership. Furthermore, analysis from Parry and Small (2005) and May and Milne
(2004) show that distance-based road pricing can generate larger social benefits than



e.g. fuel taxation and cordon tolling. Small and Verhoef (2007) and de Palma and
Lindsey (2011) argue for the potential for high economic efficiency of distance-based
road pricing, and note that GPS technology is suitable for such a scheme. de Palma
and Lindsey (2011) argue that a satellite-based road pricing system also has
advantages over other technologies in terms of scale economies, potential for value
added services and revenue generation. A satellite based road pricing scheme is
underway in Singapore (Ong & Siong, 2016), which in time may provide experiences
that will bring us closer to confirm or reject our hypothesis.

This paper will investigate how to mitigate economic inefficiencies from transport
externalities and a distorted tax system elsewhere in the economy through road
pricing: We establish the following research questions: What characterizes the set of
second-best road prices for internalizing external costs from driving EVs and ICEVs
when you also have distortionary labor taxes and binding government budget
constraints? How are these prices affected by distortions elsewhere in the economy?
How does this second-best pricing fit with government set goals of reducing CO2-
emissions?

We build on analytical framework introduced in Parry and Small (2005). In Parry and
Small (2005) they apply this framework to derive the optimal First-Best Pigou-
Ramsey tax for gasoline in the UK and the USA. This model has also been used in
Lin and Prince (2009) and Antén-Sarabia and Hernandez-Trillo (2014) to calculate
the optimal gasoline tax in California and Mexico, respectively. A modified version of
the model is used in Parry (2009) and Tscharaktschiew (2015). Parry (2009) uses it to
calculate optimal gasoline and diesel taxes, and Tscharaktschiew (2015) uses it to
calculate optimal gasoline taxes in the presence of diesel cars and EVs. It is a fairly
simple model that generates insight and intuition. We will to a large degree build on
the version from Tscharaktschiew (2015), as it contains EV considerations. In this
paper, we extend these model exercises in several dimensions in order to assess the
optimal second-best tax for vehicle-kms (hereafter, road prices). First, we analyze
optimal road prices for both EVs and ICEVs, and not just a single policy instrument
like the gasoline tax, which is most common in this literature. Secondly, we model
how externalities vary geographically and by time of day, which gives us a set of
second-best road prices that will differ across four different stylized spatiotemporal
states, large cities during peak hours, large cities off-peak, small cities and in rural
areas. Third, we apply the model to analyze the shadow price for reaching a (sector-
specific) GHG emissions reductions target at least cost.

The Pigovian solution of setting the corrective tax equal to marginal external cost
(MEC) is well-known (see e.g., Perman, Ma, McGlivray, & Common, 2003). In this
paper we place ourselves in a second-best world with binding budget constraints and
distortionary labor taxes, so we want to find second-best road prices. This is related
to the debate on how to correctly assess optimal environmental taxation in the
presence of distortionary taxation elsewhere in the economy (see e.g., Bovenberg,
1999), and the marginal cost of public funds (MCF). The estimates of MCF vary
greatly between countries, and within a country the MCF will vary depending on
which source the government increases or decreases its revenue from. Parry (2009)
discusses how recycling gas tax revenues by lowering income taxes would have very
large gains and thus increasing the optimal gas tax, but it could be substantially lower



if the revenue would be spent on highway maintenance and expansion projects. In
Norway, Bjertnzs (2015) find the that the MCF is close to 1.05 from extracting
revenue from income tax and VAT, but close to 1.2 from extracting revenue from
capital tax and corporate tax. A review of the recent MCF literature can be found in
Holtsmark and Bjertnzs (2015). A review of more theoretical discussions about the
MCF can be found in Jacobs and de Mooij (2015). The authors here claim that the
reason for having distorting taxes in the first place, is for redistributive purposes,
stressing the importance of modelling this issue with heterogeneous agents. Hence,
the distortions from the non-lump-sum tax system are counteracted by the welfare
value of the distribution effects, which in optimum are equal on the margin, thus
implying a MCF of one. They further claim that applying a MCF higher than one
implicitly reveals a political preference for less income redistribution, since the MCF
is larger than one only if the government redistributes too much initially.

This paper does not take sides in this debate. Rather, it constructs a model that will
allow for analysis of optimal road prices in an economy with distortionary taxes. Any
analyst or decision-maker using the model, may choose to disallow marginal costs of
public funds above 1, perhaps as a part of a “moral sensitivity analysis” (see e.g.,
Mouter, 2016). The model can thus serve a purpose as a flexible and practical tool
for analyzing costs and benefits of road prices under varying assumptions.

The paper is constructed as follows. In section 2 we introduce the analytical
framework and derive expressions for optimal road prices. The numerical modelling,
with parameter values and scenarios, is explained in Section 3. The results from the
modelling exercise is given in Section 4, while Section 5 concludes.

2 Analytical framework

As explained above, an important goal of this paper is to emphasize the importance
of differentiating between spatiotemporal states, as the estimated value of the
externalities vary between these states. In order to avoid too cumbersome notation,
we intend to solve the model for a single state that contains all of the externalities.
Such a state can be thought of as a large city during peak hours. The numerical
model will calculate solutions for all of the considered states.

We will make the simplifying assumption that agents and their cars are constrained to
stay within one state only. While this constraint is fairly strict, it should still cover the
main purpose each agent has with her car.

We consider a static, closed economy model with many agents. The representative
agent has the following utility function:

(1) U =u(m,v, X,I,T,E)

All variables are in per household terms. The utility function u(.) is quasi-concave

and increasing in arguments M;, kilometers driven per vehicle i, which could be any



passenger car make of any energy source, be it gasoline, diesel or electricity V; ; the

vehicle stock of car type i°, general consumption X , and leisure | . In contrast, utility
is decreasing in arguments T , aggregate travel time spent in cars which, in addition
to being an activity with some disutility (possibly), it implicitly also lowers household
utility by reducing time available for work (and thus income for consumption) and
leisure. Utility is also decreasing in E, representing an index of environmental
externalities.

For modelling purposes, we will assume that there are two types of vehicles. These
are the average fossil-fueled car and the average electric car, with subscripts IFand P,
respectively. This gives us a slightly simpler utility function:

@) U=u(m.,v.,m,v,, X,I,T,E)

Total travel time for a household depends on aggregate vehicle kilometrage M in a
particular area. We use bar notation to note economy wide variables perceived as
exogenous by the travelers. Total travel time for a household per period is

3) T, =t(M)M

b

where t(l\/l ) is (average) travel time per kilometer depending on aggregate vehicle

kilometrage (t'> 0 implies time delays due to an increase in kilometrage, and in our
stylized model, we assume that such large traffic volumes in one area only occurs in
the state cities during rush hours) and

@ M =M, +Mg =m.V, + M.V,
is aggregate distance traveled (vehicle kilometrage) by the representative household.

The externality index E = { E- (E), E, (5), Ev, (M_F), Ev, (M_P)} covers traffic

externalities stemming from energy consumption Ep and E, (increasing in the use

of fossil fuels and electric power, F and P) and from vehicle kilometrage E,,

(increasing in M ). The partial derivatives of E then denote the various marginal
external damages (in units) related to energy consumption and vehicle kilometrage.
We assume in this paper that there are no externalities associated with producing and

consuming electricity for EVs E, (E) = 0. With regards to greenhouse gases

(GHGs), this assumption may hold for countries like Norway that are within the EU
ETS-market, as discussed in Bjertnas (2016). However, whether this assumption
holds for local pollution may deserve some closer discussion, as highlighted in
Holland, Mansur, Muller, and Yates (2016), but that will not take place in this paper.

2 Vehicle stock and corresponding vehicle choice per household is taken as a continuous variable
because we are averaging over a large number of households.



The assumption of no externalities associated with producing and consuming
electricity will in any case save space in this paper’.

The monetary budget constraint of the household — equating expenditures for travel
activities and general consumption with net income — can be written as follows:

O
[(PF f +cF)mF +7, Me +c(f)+1“F}vF +[(PP p+cF,)mP +7, Mp +c(p)+FP}vP
+P, X =(0—-7,)wL

where P =(p,+7,) denote the consumer price per unit of energy type 7 All

consumer prices contain the pure fixed producer energy supply price P; and the
energy tax 7;. Energy intensity for cars, expressed in units per kilometer, is denoted

f for ICEVs and p for EVs. The lower the energy intensity, the more energy
efficient is the car. The terms C- and C, denote the other distance dependent costs

(tepair, service etc.). Tolls are averaged to per-km road prices (7, and 7, ). The

terms C(f) and c(p) denote the other costs of owning a car, independent of

distance. This would mainly be an annuity of the pre-tax purchase cost. These costs
are assumed to depend on energy efficiency, so they capture how increasing energy
efficiency comes at a cost (otherwise everyone would choose the highest level of
energy efficiency). As we will see later, the model agent has an elasticity of fuel
efficiency, and can thus respond to changes in consumer fuel costs by choosing

higher or lower fuel intensity. I'; represents the sum the annual ownership tax and
the annuity of the purchase tax for the vehicle type. The consumer price of the
general consumption goods basket is P, X .

Monetary household net (labor) income is (1—7, )WL, where 7, is the labor tax rate.

Finally, W is the houtly gross wage and L is labor supply (hours per year). Total pre-
tax labor income is denoted W .

The relationship between fuel usage and energy intensity and km driven is given by:
(6) F=fMg =fm.v,

@ P=pM, =pm.v,

In addition to the monetary budget constraint the individual is also subject to the
following time constraint

®) L+1+t(M)M =L

3 A version of the derivation of optimal taxes where more parameters are included can be obtained
from the author on request.
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This shows that the total time endowment L can be spent on labor, leisure and
travel.

The following government budget constraint equates fixed public spending GO
with net tax revenue:

) GOV =7 F+7,P+7, Meve +7, MoV + 7, WL+ v + v

On the production side, it is assumed that goods are all produced under constant
returns to scale by competitive firms using labor as the only primary input.
Therefore, there are no pure economic profits, and producer prices are fixed. Firms
pay a gross wage of » equal to the constant value marginal product of labor.

Optimization
The household’s optimization program is to maximize the utility function Eq. (1)

with respect to the choice variables M, Vg, f ,M, V5, p, X and | subject to the

monetary budget constraint Eq. (5) and time constraint Eq. (8). The per kilometer
travel time, externalities, and taxes are treated as given by the household. We form
the Lagrangian — denoting s as the Lagrange multiplier of the household’s (full
economic) budget constraint (the marginal utility of income) and obtain the first-
order conditions (FOCs). We then use the FOCs to obtain the household’s indirect
utility function, that yields maximized utility given prices, taxes and income, but also
travel time and externalities that are determined by the aggregate level of driving.

The government’s optimization program then is to maximize the household’s
indirect utility function with respect to a set of parameters

Q= {T
variables and time and environmental externalities).

(10)

(79 79 I S i E} that are exogenous to the household (policy

me? “mp?

V(Q)= max u(mg,ve, mg, Ve, X,1,T,E)

me Ve, f.mp Ve, p,X |
[(PF f +c:F)mF +7, Me +c(f)+1“F}vF +[(PP p+cp)mp +7, Mp +c(p)+FP}vP
+P, X — (-7 )W(L—1+t(M)M)

—p

We will show the analytical exetcise of deriving the optimal tax on EV-km, 7. All

the steps of the analytical derivations are given in the appendix. Here in the main part
of the paper, we only show the most central equations before we get to the analytical
results. The analytical exercise starts by total differentiation of the household’s
indirect utility function with respect to 7, . After some algebra, and redefining the

externality terms we get the following expression for the marginal welfare effect of
the km-tax:



1 oV dF Y SO 1V I I (R [V
= = e - +er - +er - —F e -
U oty d T, d T, Flod T "1 d T,

energy related externalities ~ congestion externalities kilometrage related N
non—congestion externalities

an -z, _dM, T _dMg || - dF i, ]- dpP
1 d T Flod T d T, d T,

km—tax revenue energy tax revenue
dv dv dw
+D, —=+D — + 7, ——
dr dr dr
mp Mp Mp

direct/indirect tax revenue/cost from labor tax revenue
vehicle stock

The parameter €. represents the MEC stemming from the consumption of fossil
Cc nc
m > emF >

fuel. Similarly, the parameters € and e:fp represents the MEC from driving a

km, with regards to congestion, and km-based environmental externalities from
ICEVs and EVs respectively. The parameters Dy and D, represent the per vehicle
annual tax revenue 7, Mg +7¢ fm. +T- and T Mp + 75 fm, +1,. As we see, the

EV-km tax causes a number of different changes in Eq.(11), which shows that the
km-tax affects overall welfare through many different channels.

Derivation of the optimal km-tax

Setting the marginal welfare change as displayed in Eq.(11) to zero and solving for
7, yields

. dF/dz, o) dM/dz, | [dM/dz,
r =g {—L T tiecd L M (g "/ Mt g
b de/dTmp dMP/drmp F dMP/drmP b
av, oy dw 1
- —dM, /dz,,

(12)

T, dMF+rF dF +7, aP +Dpdi+D
fdr, dr,

F
) e d T, dr d T,

mp d Tmp

After more algebra, which is shown in the Appendix, we finally get the final
expression for the optimal km-tax

* _ C I _ _C RR T _ _C RR (T CF
(13) T, =T T, =T T 0 + Ty =T +Tp + 7, 7,

The first term is the corrective component

(14) o =€+ 77 (e T )+ xeer

m,

The parameters 7 and Y atre parameters for how consumption of ICEV-kms and

fossil fuel consumption react to the EV-km tax. Note that in our second-best world
we have to look at the total effect of the road price, and not simply equate the
corrective tax to MEC.



The second term in (13) is the revenue recycling component

(15) =0 ]

The term consists of the marginal cost of public funds, QTL , times the net tax

revenue from marginally increasing the EV-km tax. The parameter &y, is the own-

price elasticity of EV-kms.

The third component in (13) is the tax interaction component (not including the
congestion feedback component):

(16)

TL(PP p+Cp +Tmp)(5:/|| +é,)

(—gMP )(1—2’,_)

The fourth component is the congestion feedback component:

+ N6l + XeTe + PTp + Ko Do + 90 D;

Mp

M = —(l+ QTL )

m,

an o =(1+0, )

c C
(gu A-&w )gLL)emP [77F +1] >
(1-7,)
The previously unmentioned parameters in these expressions are &y, and &, , the
compensated and uncompensated income elasticities for vehicle kms, &, , the

income elasticity of labor supply, and &/, , the compensated elasticity of labor supply.

Q) represents the marginal cost of public funds, which is defined as

N

i

_ oL
TWor @Tofu

(18) T EW+ Wik _1 o
T Wor AT bu

It represents the efficiency cost of raising an extra NOK of revenue through labor
taxes (or the efficiency gain of recycling one NOK through cuts in labor taxes).

& >0 is the (uncompensated) labor supply elasticity. The numerator in Eq. (18)
reflects the efficiency cost from an incremental increase in the labor tax whereas the
denominator is the marginal change in tax revenue. We have that O, >0 asa

consequence of &, >0 and 1> (lf—;L) &, - The latter implies that 7| is not so large

that we find ourselves beyond the peak of the Laffer curve, i.e. marginal revenue is
positive.

The components of the optimal tax is thoroughly described in Tscharaktschiew
(2014, 2015), but we will give brief explanation here.

The corrective tax component accounts for the externalities associated with driving
an EV-km. It includes the km-related externalities related to congestion (same for all
vehicles), and other externalities like pollution, noise and accident risk (differs



between EVs and ICEVs). Note that the tax on EV-kms may induce more driving of
ICEVs, which contributes to reducing the level of the corrective component.

The second component is the revenue recycling effect. It represents the efficiency
gain from using additional EV-km tax revenue to cut the distortionary labor tax and
so to increase the efficiency of the tax system. The effect is equal to the marginal cost
of public funds times the marginal net EV-km tax revenue to the government from
raising the EV-km tax.

The third component is the tax interaction effect. It accounts for the efficiency loss
in the labor market from the higher tax on kms. On one hand, higher taxes reduce
the real household wage and has a discouraging effect on labor supply. On the other
hand, it also includes the income effect from a higher km-tax on labor supply. The
further terms reflect the interaction of the EV-km tax with the other (secondary) tax
distorted markets, e.g., the electricity market.

The fourth component is the congestion feedback effect. Raising the cost of travel
through km-taxes may reduce vehicle kilometrage and congestion. This induces a
feedback effect on labor supply, leading workers to allocate their time towards less
time spent on travel and more spent on labor or leisure. Because labor is taxed, this
feedback effect is welfare improving and cezeris paribus causes an upward adjustment
of the optimal km tax. When we present our numerical results, this component will
be included in the tax interaction component where relevant, i.e. in the state large
cities during peak hours.

We solve the model the exact same way for7,, , and obtain analogous expressions

that look like the following:
* _ C 1 _ ¢ RR T _ _C RR (Th CF
(19) T =T Tl =Ty T +Tp =Tp +7T,° 7, " +7

With the corrective component
(20) oo =€l vel +(f+op e+ (e +er)

Mg

the revenue recycling component

1) =0 -7

the tax interaction component (not including the congestion feedback component)*

4 This expression has a term that is not present for determining road prices for EVs, namely
df/dr,
F
dM /dz,

O = . This term is related to induced changes in fuel efficiency.
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rL(PF f+c. +TmF)(£,f,“ +é&,)

@ P =—(1+Q,) (~ew, )@-7) ,

1T + XpTp +(f +o-F)rF +x:Dp + 9, D,

and finally the congestion feedback component,
T
(23) Tncwf :(1+QTL)(1_—LZ_)(‘9L| (1_8MI)gEL)e:n [77F +1]=
L

The expressions for 7,, mirror those for 7, , and the applied parameters are given
F 3

the same symbol, but with subscript F, and illustrate the mechanisms for the agents’
responses to a change in the tax on ICEV-kms.

Functional relationships

. dM F /d Tm . .

Parameters like 77 = ————" quantify our assumptions on how households

dM, /dz,,

b
respond to changes in tax parameters. These parameters can be expressed in terms of
- M &y M . .
elasticities, e.g., 17 = v —, where &) is the cross-price elasticity for ICEV-km,
&
PEM,

with respect to price change for EV-km. Furthermore, the direct response in per-

vehicle-demand for vehicle-kms when the EV-km tax changes can be expressed

o Pa +7. | ol Pn +7, e

through m =m_| ——*| and m,=m | ———*| , where we assume

F PmP + T, P PrnP + T

constant elasticity of demand. This is common practice in these kinds of analyses of
optimal pricing in the transport sector, see e.g., Parry and Small (2005), Parry (2009)
and Tscharaktschiew (2014, 2015). We have similar expressions for responses in

vehicle stock. The parameter B, _is the pre-tax cost of a km, P, p+Cp, as seen in the

budget equation, Eq. (5). The parameters mf and mf are the per-vehicle
kilometrage in the initial equilibrium. The levels in the new equilibrium depends on

the road prices in the new equilibrium. If e.g. I;P does not differ from Tr?lp , then

there will be no change in the new equilibrium, as M, would equal mS .

As we see from the equations that comprise the optimal taxes, the tax levels are on
both the left-hand and the right-hand side of the equation, so we must solve it
numerically. In addition, we want to solve the model for road prices for both ICEV's
and EVs, and for all the stylized states simultaneously. The next step involves
inserting parameter values into the model and calculate the optimal tax rates.

11



3 Numerical model description and
parameter values

In this section, we explain the scenario for calculating optimal levels of taxes for EV-
kms and ICEV-kms. The thought experiment for the baseline calculation can be
summarized as: 1) We assume the optimal km taxes are implemented in the time of
writing in 2017. 2) There is a medium-run adjustment from agents towards 2020. 3)
Based on these medium-run adjustments, we get values for the optimal taxes in 2020.

Our calculations ignore dynamics in the adjustments, and we simply calculate the tax
rates for 2020 with 2020-values on externalities (i.e. values applied today are real-
price adjusted for future years, as is recommended practice in cost-benefit analysis
conducted in Norway, see e.g., NOU 2012:16 (2012)). All monetary values are given
in 2015-prices. Applied values for vehicle kms and levels of labor and electricity taxes
are also based on 2015 values.

Ideally, one would want to have individual tax levels for the hundreds of car types,
based on the car types’ individual characteristics. In our model, we make the drastic
simplification of working with two types of car, an ICEV and an EV. The numerical
values applied to the ICEVs are based on a weighted average of diesel and gasoline
powered vehicles, weighted by their estimated aggregate vehicle kms in 2015, based
on the BIG-model® at the Institute of Transport Economics.

In the theoretical framework we have taxes on labor, fossil fuel, electricity, vehicle
purchase and ownership taxes, ICEV-km and EV-km. In the numerical model, the
current tax on fossil fuels, along with average tolls in the various states, are converted
to a corresponding tax on ICEV-kms. When we optimize road prices, drivers will
face a price that strikes a balance between costs and benefits from mitigating
transport externalities and distortions in the labor market. That price will give the
drivers incentives to economize their kilometrage appropriately. However, in the
corrective component of the road prices we find both the distance dependent
external costs (e.g., accident risk, local pollution, noise etc.) and the external cost
from fuel usage, which in this analysis is derived from the social cost of COZ2. This
cost component gives not only incentives to economize kilometrage but also fuel use.
Changes in the external cost of fuel use would induce changes to both kilometers
driven and fuel efficiency. It can be thought of as if taxes on fuel have been removed
from the pump, but incorporated into the road price. Parts of the road price for a
particular car would then differ according to the fuel intensity of that car, and hence
contain an implicit fuel tax. This model technicality becomes apparently useful when
we calculate the shadow price of reaching a GHG emissions reduction target at least
cost using this road pricing scheme.

The government budget constraint must hold in equilibrium. The sum of changes
from optimized km-tax revenue (that in the initial condition contains current fuel
taxes and tolls), and subsequent changes in electricity, vehicle purchase and

5> Gasoline had 59 % of the ICEV kms travelled in 2015 and diesel had 41%
¢'The acronym is derived from “bilgenerasjonsmodell”’, meaning “car cohort model”

12



ownership taxes, must be offset by changes in the labor tax. This makes the
equilibrium labor tax rate endogenous.

The scenario can mimic a reform where fuel taxes and tolls are shifted over to road
prices, which then are optimized, taking into account that labor tax rates change to
maintain revenue neutrality. A situation where the optimal road prices lead to a
reduction in labor tax rates, corresponds to a net shift in tax burden from labor
income to transport.

With regards to transport variables, the representative household in the model is
considered as a weighted average of values for the three different geographical areas
we consider. The areas are large cities (larger than 100 000 inhabitants), small cities
(between 15 000 and 100 000 inhabitants) and rural areas (less than 15 000
inhabitants), which contains 28%, 32% and 40% of Norwegian households,
respectively. This classification of areas corresponds to the one done for external
costs of road transport in Thune-Larsen, Veisten, Redseth, and Kleboe (2014).

The applied parameter values for the model are given in Table 1.
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Table 1: Parameter values for baseline calenlations

Description Name of | Value | Dimension | Sources used
symbol
Transport and other data
Initial "fossil" fuel intensity f 0 0.079 1/km Institute of Transport Economics, BIG-model
EV el intensity (average of winter and summer) pO 0.25 kWh/km Institute of Transport Economics, BIG-model
Initial vehicle kilometrage per car (EV & ICEV), large cities, peak (Ip) m? 940 km Institute of Transport Economics, Thune-Larsen et al.
ilp (2014) and Statistics Norway (StatBank)

Initial vehicle kilometrage per car (EV & ICEV), large cities, off-peak m_(l) 10806 | km [Thesce1 kms per car Eer arefahnumk;erlsdare weighteﬁ
(lo) tlo according to areas share of households. In sum, this
— . . — results in a national average of 12 230 km per car]

Initial vehicle kilometrage per car (EV & ICEV), small cities (s) mO 12004 km
is
Initial vehicle kilometrage per car (EV & ICEV), rural (r) m?° 12761 km
ir
ICEVs per houscehold, large cities (Fl) VO 0.960 cars Statistics Norway (StatBank: link)
FI
[These cars per household per area numbers are
ICEVs per household, small cities (Fs) Ve 1.128 cars weighted according to areas share of households. In
Fs sum, this results in on average 1.112 ICEVs per
ICEVs per household, rural (Fr) 0 1123 cars household and 0.029 EVs per househqld, implying on
Ve, average 1.141 cars in total per Norwegian household]
EVs per household, large cities (P1) VO 0.046 cars
Pl
EVs per household, small cities (Ps) VO 0.033 cars
Ps
EVs per household, rural (Pr) V0 0.015 cars
Pr
Car life span 16.5 years Fridstrem, Ostli, and Johansen (2016)
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Prices and taxes

"Fossil fuel" producer price p 6.82 NOK/1 Statistics Norway (StatBank: link)
F
Corresponding initial fossil-km producer price p 0.54 NOK/km
Mg
Other private km costs for ICEVs C 1.32 NOK/km Vegdirektoratet (2015)
F
Electricity consumer price (includes VAT and electricity tax) P 0.81 NOK/kWh | Statistics Norway (StatBank: link)
P
Corresponding EV-km price (includes VAT and electricity tax) P 0.20 NOK/km
Mp
Other private km costs for EVs C 113 NOK/km Vegdirektoratet (2015), smartepenger.no
P
Initial fossil fuel tax 7° 6.58 NOK/1 Finansdepartementet (2016)
F
Corresponding initial fossil-km tax TO 0.52 NOK/km
Mg
Electricity tax per kWh T 0.18 NOK/kWh | Finansdepartementet (2016)
p
Corresponding electricity tax EVs pay per km 0.045 NOK/km
Average toll, large cities 0.47 NOK/km Calculated from National Public Road Administration’s
— toll statistics and Statistics Norway’s personal transport
Average toll, small cities 0.25 NOK/km statistics. Users pay per passing of tolling station, but
Average toll, rural 011 NOK/km the numbers have been normalized to per km.
Purchase tax + VAT for ICEV 164892 | NOK Based on disaggregate car sales data provided by
Norwegian Road federation (OVE).
Purchase tax + VAT for EV 0 NOK
Annual ownership tax for ICEV 3565 NOK Finansdepartementet (2016)
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Annual ownership tax for EV 435 NOK
Real discount rate for purchase tax annuity 2% Risk-free component in real discount rate applied in
CBA (NOU 2012:16, 2012). In addition, car loans are
usually given at 4%-5% and Norwegian inflation target
is 2.5%.
Average marginal labor tax rate (benchmark) r 40% Bjertnzs (2015)
L
Behavioral responses
Own-price elasticity of fossil intensity c -0.092 Norsk Petroleumsinstitutt (2011)
f
Own-price elasticity of ICEV kilometrage c -0.152 Steinsland, Ostli, and Fridstrem (20106)
Me
Own-price elasticity of EV kilometrage c -0.152 Steinsland et al. (2016)
Mp
Own-price elasticity of ICEV ownership wrt costs per km G -0.121 Boug, Dyvi, Johansen, and Naug (2002)
Mg
Own-price elasticity of EV ownership wrt costs per km G -0.121
Mp
Cross-price elasticity of EV kilometrage i.e. how ICEV ownership G 0.0015 Institute of Transport Economics, BIG-model
increases when the cost of EV- km increases Me
Cross-price elasticity of ICEV kilometrage i.e. how EV ownership gl 0.486 Institute of Transport Economics, BIG-model
increases when the cost of ICEV- km increases Me
Income elasticity of vehicle kilometrage e 0.185 Steinsland and Madslien (2007)
Ml
Compensated income elasticity of vehicle kilometrage P 0.151 Weighting estimates from West and Williams III (2007)
Mi on average Norwegian housechold demographics
Income elasticity of labor supply e -0.03 Correspondence with Thor-Olav Thoresen on LOTTE-
LI

model at Statistics Norway, documented in Dagsvik, Jia,
Kornstad, and Thoresen (2007)
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Labor supply elasticity (uncompensated) e 0.178 Dagsvik et al. (2007)
LL
Labor supply elasticity (compensated) gEL 0.208 SEL =g, —&,
External costs of cars
Kilometrage related external congestion costs, initially, large cities, peak ¢ 6.339 NOK/vkm
m
Calibrated congestion function parameter — marginal congestion cost 0.0237
per km as a linear function of total vehicle km driving in peak hours.
This can be considered a sub-component of efn
Kilometrage related external non-congestion costs ICEV, large cities, gne 0.958 NOK/vkm
peak (Ip) melp
Kilometrage related external non-congestion costs EV, large cities, peak gne 0.423 NOK/vkm
(Ip) Melp
Kilometrage related external non-congestion costs ICEV, large cities, gne 0.823 NOK/vkm
off-peak (lo) melo Thune-Larsen et al. (2014)
Kilometrage related external non-congestion costs EV, large cities, off- gne 0.423 NOK/vkm
peak (lo) mplo
Kilometrage related external non-congestion costs ICEV, small cities (s) ene 0.492 NOK/vkm
mes
Kilometrage related external non-congestion costs EV, small cities (s) gne 0.419 NOK/vkm
Mps
Kilometrage related external non-congestion costs fossil car, rural (t) gne 0.171 NOK/vkm
mer
Kilometrage related external non-congestion costs EV, rural (r) ene 0.161 NOK/vkm
Mpr
Fossil fuel related external costs e 1.034 NOK/1 Based on recommended social cost of carbon (420
F

NOK/ton) from NOU 2015:15 (2016)
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The values for the external costs from driving are all taken from Thune-Larsen et al. (2014). The external non-congestion costs consist of
external cost estimates for local pollution, noise, accident risk, road wear and winter management. In Table 1 it is clear to see that the
external costs vary significantly between the states city during peak hours, city in off-peak hours and rural areas.
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4 Model results

Here we present the calculations of the second-best distance-based road prices,

differentiated by vehicle and spatiotemporal state. Main results are given in Table 2.

Baseline second-best road pricing

The model calculates road prices that vary significantly between states, largely
reflecting the variation in external costs. This can be seen in Table 2. The highest
price is placed on driving an ICEV in a large city during peak hours, mainly because

of the relatively high external congestion costs. However, the marginal external

congestion costs are lower in the new equilibrium than in the initial situation, as the
transport volumes during peak hour have been reduced significantly, both for EVs

and ICEVs. It is still worth noting that the tax per km is more than five time higher
than the current sum of average toll and fuel tax per km during peak hour.

The lowest price is placed on driving an ICEV in rural areas. The tax per km is

actually 60% lower in the new equilibrium, than the sum of average toll and fuel tax
per km was initially. It is also worth noting that the optimal road price for ICEVs in
rural areas is actually lower than for EVs in the corresponding area. This is the case
for driving in small cities as well.

This brings us over to another important observation from Table 2. In all cases there
is a markup from the revenue recycling component, showing the efficiency gain from
replacing revenue from labor taxation with revenue from road pricing. We also see
that the tax interaction component lowers the final road prices. This is because of the
negative impact the total changes in road prices and labor taxes have on labor supply.
The impact on other tax revenue leads to higher total road price levels. The
exception is for ICEV driving in rural areas, small cities and cities off peak, as the
negative impact on other tax revenue becomes quite large. Incentivizing EV driving
over ICEV driving in these states will result in lower tax revenues from e.g. purchase
taxes, with inadequate substitution from EV road prices. This is why the impact on
other tax revenue drives the EV road price upwards. This shows some of the
endogeneity between the road prices, and how they affect the size of each other’s tax
interaction component which again will affect the revenue recycling component and
the total road price level. For all cases the final road price is larger than the corrective

component that targets the internalization of externalities, with the exception of

driving ICEV in rural areas. For this case the tax interaction component has a larger
impact on the final price than the revenue recycling component.

Table 2: Results from model calenlations of second-best road prices in 2020. Road prices are given in 2075-

NOK per km for a given state.

Vehicle
type and

state

Corrective
component
— own
vehicle

Corrective
component
—indirect
impact

Revenue
recycling
component

Tax
interaction
component —
labor market
and
congestion’

Tax
interaction
component
— other taxes

Total

Initial
(tolls
and
fuel tax

per
km)

7" Including congestion feedback where relevant, i.e. in the state City peak hours
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EV cities

peak hours 5.33 -0.89 6.66 -5.17 1.30 7.24 0.00
ICEV cities

peak hours 6.01 -1.10 7.68 -5.93 1.33 7.97 0.99
EV cities

off-peak 0.42 -0.13 1.93 -1.40 0.16 0.97 0.00
ICEV cities

off-peak 0.96 -0.09 2.65 -1.92 -0.28 1.31 0.99
EV small

cities 0.42 -0.22 1.85 -1.34 0.16 0.88 0.00
ICEV small

cities 0.63 -0.03 2.17 -1.54 -0.53 0.68 0.77
EV rural

areas 0.16 -0.25 1.64 -1.17 0.22 0.59 0.00
ICEV rural

areas 0.31 -0.01 1.83 -1.27 -0.61 0.23 0.63

In all the states, the optimal km-taxes are higher than their current levels for EVs.
However, for ICEVs the optimal km-taxes are lower than current levels of fuel taxes
and tolls, with the exception of large cities. It seems that ICEVs are taxed higher
than optimal in most parts of the country. Hence, the optimal car travel volumes are
higher than current volumes in these areas. This results in total 0.2% more vehicle
km travelled per household, from 14 129 to 14 150 km per year, in spite of a large
reduction in city driving. The model also finds 0.5% lower rates of average vehicle
ownership, from 1.152 to 1.146 cars per household. The impacts differ greatly
between states. In large cities, EV ownership rates increase by 36% as the cross-price
effect from the road price on ICEVs dominates the own-price effect for EVs. At the
same time ownership rates of ICEVs drop by 8% in large cities. For the rest of the
country, the effects go in the opposite direction. On average, EV ownership rates
increase by about 11%, but the corresponding rates for ICEVs fall by 0.8%.

Because the model results indicate over taxation of ICEVs in most parts of the
country in the initial situation, the net revenue from the road pricing scheme is lower
than the initial revenue. This indicates that in optimum, it is better with a slightly
higher labor tax burden than a higher tax burden from road pricing. The total
increase in labor taxes corresponds to an increase in the average marginal tax rate

from 40% to 40.1%.

In order to calculate the welfare effect of this road pricing scheme, we numerically
integrate the marginal welfare impact, shown in eq. (11) and rewritten in eq. (84).
When numerically integrating the marginal welfare effect for all the road prices, we
end up with an annual welfare gain of 255 NOK (or about 32 € per household). For
comparison, Tscharaktschiew (2014) finds a welfare gain of 13 € per household when
optimizing gasoline taxation.

What are the GHG emission implications when such values are applied in the model
and second-best road prices are calculated? As emphasized in Section 3, the applied
social cost of carbon (SCC) of 420 NOK per ton is a parameter in the corrective
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component in Eq. (20), that gives a direct incentive to economize fuel, while the road
price as a whole gives incentive to economize kilometrage. It is equivalent to moving
the fuel tax from the pump, but incorporating it into the road pricing that would
differ with the vehicle’s fuel intensity. The SCC is lower than the current tax on fuel,
so fuel efficiency incentives become weaker in the new optimized equilibrium. This
leads to agents choosing about 5% lower average fuel efficiency. With almost
unchanged travel demand in the nation as a whole, the annual GHG emissions from
transport increases by 5.1% in optimum. It is clear that reducing GHG emissions
through an optimal road pricing scheme, implies that the carbon price would have to
be higher than the recommended values.

Optimal road prices and a shadow price on CO.

The Norwegian government has a goal to reduce GHG-emissions from 1990-levels
by 40% within 2030. By 2016, annual emissions were about 3% higher than in 1990.
For the road transport sector, it was even worse, where the emissions were about
28% higher®. In our next modelling exercise, we consider a binding emission
reduction requirement for personal road transport from 2015 levels (the initial
situation in the model) to 2020, about when the new equilibrium following the policy
change would be reached. We consider a 15% reduction to be roughly in line with
the necessary trajectory in order to fulfill the emission reduction requirement.

For this exercise, we set a constraint on equilibrium emissions, and we allow the
carbon price component in the road price (in effect, the fuel tax) to vary freely, and
not be set equal to the recommended SCC. The model will solve for the optimal road
pricing scheme given constraints, where the carbon price component will serve as a
shadow price for the emission constraint. We then have the case of achieving the
emission reductions in the most efficient pricing scheme available, i.e. reducing
emissions at least cost. The results are given in Table 3.

Table 3: Results from model calenlations of second-best road prices in 2020 under a GHG emission
constraint of 15% reduction from 2015 levels. Road prices are given in 2015-INOK per ks for a given state.

Vehicle Corrective | Corrective | Revenue Tax interaction | Tax Total
type and component | component | recycling component — interaction
state —own — indirect component | labor market component

vehicle impact and congestion | — other taxes
EV cities
peak hours | 5.10 -0.82 5.39 -4.18 1.22 6.72
ICEV cities
peak hours | 7.72 -1.33 7.71 -5.99 1.56 9.65
EV cities
off-peak 0.42 -0.24 1.63 -1.18 0.30 0.94
ICEV cities
off-peak 291 -0.12 3.29 -2.46 -0.74 2.86
EV small
cities 0.42 -0.48 1.46 -1.04 0.32 0.67

8 Statistics Norway: StatBank: Table: 08940: Greenhouse gases, by source, energy product and
pollutant 1990 — 2016 (retrieved November 2017).
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ICEV small

cities 2.58 -0.05 2.71 -2.00 -1.25 1.97
EV rural

areas 0.16 -1.05 1.35 -0.96 1.00 0.50
ICEV rural

areas 2.26 -0.01 2.27 -1.65 -1.55 1.30

The most notable change in Table 3 compared to Table 2 is that the road price for
ICEVs increases for driving in all states. The increase is between 20%, for driving in
large cities during peak hours, and 550%, for driving in rural areas. The same
comparison for EVs results in reductions for all states. The reduction is between 7%,
for driving in large cities in off-peak hours, and 24%, for driving in small cities.
These road price changes in disfavor of the ICEV arise from a substantial increase in
the carbon price component, now the shadow price of the emission constraint. This
shadow price is shown in Table 4, alongside the SCC and the initial fuel tax (59%
gasoline, 41% diesel), measured in NOK per liter.

Table 4: Fuel taxes/ carbon cost component in road price. 2015-NOK per liter.

Initial fuel tax Social cost of Shadow price of

(including VAT) carbon (SCC) emission constraint
NOK per liter 6.58 1.034 17.37
fossil fuel

We see from Table 4 that the shadow price of the emission constraint is about 16
times the SCC. This cortesponds to a carbon price of 7057 NOK/ton. We also see
that carbon cost component surpasses the initial fuel tax, by about 150%. This means
that in order to achieve the emissions reductions target at least cost alongside an
optimized road pricing scheme it would not be a question of “shifting from fuel tax
and tolls to road price”. It would require increasing the tax burden bozh on fossil fuel
and on kilometers.

So how do the agents reduce their emissions at least cost? The agents can drive
ICEVs less and/or drive them more efficiently (or replacing them with more
efficient ICEVs). The results show an about 10.3% drop in total household driving
with ICEVs, and average fuel intensity drops by about 5.3%. Some of the reduction
in ICEV-kilometers materialize in a shift from ICEV ownership to EV ownership.
The results show that they drive about 9.6% fewer km in total, when EVs are
included. EV ownership has increased by about 33% nationwide (and even higher in
cities). On the ICEV side, ownership rates have dropped by about 5.5% nationwide.

The increase in road pricing in this scenario opens up for larger cuts in labor
taxation. The total reduction in labor taxes corresponds to a drop in the average
marginal tax rate from 40% to 37%. However, this is not enough to save the scenario
from substantially less welfare, compared to the initial situation. In this scenario each
household gets a welfare decrease of 219 NOK per year. This welfare calculation
assumes that the actual welfare cost of a ton of GHG is 420 NOK, the SCC, even

22



though a higher shadow price has been forced upon the transport sector. The high
shadow price for the emission constraint reflects high welfare costs from large-scale
CO2-abatement within the transport sector. For the Norwegian economy as a whole,
the shadow price of such a CO2-constraint would probably be lower. This is because
the existing emissions taxation is generally lower than in the transport sector (see e.g.,
NOU 2015:15, 2016), so cheaper abatement opportunities would be exploited.

Sensitivity analysis and alternative scenarios

The model results rely on the parameter values, which in some cases are derived
from fairly noisy and uncertain estimates (see e.g., Thune-Larsen et al., 2014). We
therefore provide sensitivity analysis to show how the uncertainty in the underlying
parameters reflect the uncertainty in the results. This applies for both estimates of
external costs and behavioral relationships, i.e. elasticities. We will mainly focus on
testing the sensitivity of the elasticity values. The implications for road price levels of
higher/lower external cost values ate easier to imagine, and we have already shown
the implications of higher carbon costs. It will also save space in the article.

There are many ways to do sensitivity analysis. A common practice is to vary the
central parameters one-by-one to show how changing one parameter affects the
result. We often find it more rewarding to vary a set of variables simultaneously in a
consistent scenario. This is often more suitable to show the range of outcomes, and
it helps the reader see the uncertainty in terms of different “stories”.

Two of our focus on the uncertainty on how the agents will respond in the transport
market, i.e. uncertainty in transport related elasticity parameters. In one of the
scenarios, the agents turn out to be less responsive to transport policies, and vice
versa for the other. The parameters we vary in the two scenarios are given in Table 5.

Table 5: Direction and relative change of parameter values in two scenarios for sensitivity analysis on
responsiveness in transport markets

Elasticity parameter More responsive | Less responsive
transport market | transport market
(MRTM) (LRTM)

Own-price elasticity of fossil intensity + 30% - 30%

Own-price elasticity of ICEV kilometrage + 30% - 30%

Own-price elasticity of EV kilometrage + 30% - 30%

Own-price elasticity of ICEV purchase + 30% - 30%

wrt ICEV km-cost

Own-price elasticity of EV purchase wrt. + 30% - 30%

EV km-cost

Cross-price elasticity of ICEV purchase + 30% - 30%

wrt. EV km-cost

Cross-price elasticity of EV purchase wrt. + 30% - 30%
ICEV km-cost
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The next two scenarios focus on the uncertainty on how the agents will respond in
the labor market. In one of the scenarios, we look at the case where agents’ behavior
in the labor market are less responsive to changes, and vice versa in the other
scenario. The parameters we vary in the two scenarios are given in Table 6.

Table 6: Direction and relative change of parameter values in two scenarios for sensitivity analysis on
responsiveness in labor marfkets

Elasticity parameter More responsive | Less responsive
labor market labor market
(MRLM) (LRLM)

Labor supply elasticity (uncompensated) + 30% - 30%

Income elasticity of labor + 30% - 30%

We further add two more scenarios. These scenarios test the implications of different
developments for EV purchases and EV purchase taxes. The first of these scenarios
considers the case where the stock of EVs has doubled at the expense of ICEVs, i.e.
a doubling of the EV-share under the same car fleet size. This is particularly relevant
since the growth of EV’s has been quite large since the 2015, the base year of the
analysis. This scenario is denoted 2X EV.

The last scenario considers the case where the government relaxes the largest
incentive for purchasing EVs, namely the exemption from VAT. A 25% VAT on the
average EV sold in Norway would correspond to a 91 558 NOK addition to the sales
price. This is implemented in the model as an increase in the purchase tax annuity for
EVs. In addition, EVs will pay the same annual ownership tax as ICEVs, which
corresponds to an increase from 455 NOK to 3 565 NOK per year. This scenario is
denoted EV VAT.

The resulting second-best road price levels in these scenarios are given in Table 7.

Table 7: Results from model calenlations of second-best road prices in 2020 under varions scenarios. Road
prices are given in 2015-INOK per km for a given state.

Vehicle type and Base- | MR- | LR- | MR- |LR- |2X EV
state line ™ |T™ |LM |LM |EV | VAT

EV cities peak hours 7.24 6.27 9.21 10.78 | 4.97 8.95 7.21
ICEV cities peak hours | 7.97 6.89 10.20 | 13.64 | 5.33 39.90 | 8.01

EV cities off-peak 0.97 078 (140 |219 |023 |0.62 |0.96
ICEV cities off-peak 1.31 1.08 | 1.79 |3.04 |044 |550 |1.35
EV small cities 0.88 0.67 132 206 |016 |0.72 |0.88
ICEV small cities 0.68 0.53 (100 |156 |0.10 |1.53 |0.70
EV rural areas 0.59 032 (116 |251 |-0.34 |0.50 |0.60

ICEV rural areas 0.23 013 (045 [0.83 |[-0.20 |0.21 |0.24
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The four scenarios that test the sensitivity to elasticity values show that relatively
moderate ranges (+/- 30%) for these values lead to relatively large ranges for optimal
taxes. 30% larger transport related elasticity values lead to 45% to 87% lower optimal
road prices compared to the baseline. The direction is not surprising, as more
responsiveness makes it a less attractive to tax, as the agents are more willing to
reduce kilometrage and ownership and/or switch to another vehicle in response to
prices. The absolute value of both the revenue recycling component and the tax
interaction component becomes smaller, but it is the reduced revenue recycling
component that dominates. The corresponding road prices in the LRTM-scenario
are 27% to 96% higher than the baseline.

The more responsive the agents are in the labor market, the higher the road price.
30% larger elasticities for own-price and income elasticity with respect to labor
supply, resulted in 49% to 320% higher road prices compared to the baseline. This is
because larger own-price elasticity of labor supply drives up the marginal cost of
public funds, which drives up the revenue recycling component, and the income
elasticity drives up the value of the tax interaction component (makes it less
negative). In the opposite end, the road prices in the LRLM-scenario are 31% to -
184% lower than the baseline. The labor elasticity and income elasticity of labor are
estimated to be relatively small in the Norwegian LOTTE-modelling system at
Statistics Norway (see e.g., Dagsvik et al., 2007), namely 0.178 and -0.03, respectively.
This makes the optimal prices quite sensitive to changes in these parameters.

In the 2X EV scenario we see that a doubled initial stock of EVs implies higher road
prices for ICEVs in large and small cities, but somewhat lower in rural areas. As for
EVs, the optimal road price becomes lower, with the exception of cities during peak
hour. This is mainly because for given elasticities’, the absolute changes related to EV
stock will be larger, and lower for the ICEV stock. This increases the absolute value
of parameters for household responses to shift to EV-km and EV-ownership when
ICEV road prices increase and reducing EV-ownership when EV-road prices

increase (parameters 77, , @p and k). Conversely, the corresponding parameters for

ICEVs decrease in absolute value. This will tend to lower road prices for EVs and
increase road prices for ICEVs.

In the EV VAT scenario we see that removing the VAT exemption for EVs would
imply a 1% to 4% higher road price for ICEVs. For EVs, there is hardly any change
(1% ot less). The changes are driven by the impact the annual tax revenue per vehicle
has on the tax interaction component of the road price. When there is a VAT on
EVs, a higher road price on ICEVs become, on the margin, less of a fiscal problem,
as the government revenue loss from a switch to EVs becomes smaller. This is
similar to the finding from Tscharaktschiew (2015), where he shows that introducing
EV purchase subsidies, reduces the optimal gasoline tax.

9 A large change in shares for the two car types would probably imply changes to their respective
cross-price elasticities, but this was not included in the sensitivity analysis
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5 Discussion and conclusion

We start this section by going through the research questions and how they have
been answered.

What characterizes the set of second-best road prices for internalizing external costs from driving
EV’s and ICEV s when you also have distortionary labor taxes and binding government budget

constraints?

The short answer to the question is that it is characterized by 1) large price
differences between states, 2) ICEVs face a higher cost in large cities, but lower costs
in most parts of the country compared to the initial situation and 3) EVs should not
go untaxed. The highest price, 7.97 NOK per km, is placed on driving an ICEV in
large cities during peak hours, while the lowest price, 0.23 NOK per km, is placed on
driving an ICEV in rural areas. Since we find that ICEVs are overtaxed in most parts
of the country in the initial situation, we find that in optimum it is better to have
slight increase in the labor tax rate, and allow for reduced tax burdens on ICEV's
outside large cities. In sum, the road pricing scheme leads to higher welfare.

It has been common to find that driving is undertaxed and that labor is overtaxed in
previous literature using the analytical framework developed by Parry and Small
(2005) and the other authors referenced in the introduction. In our paper, we find
that only driving in large cities is undertaxed, while driving in the rest of the country
is overtaxed. This demonstrates how analyzing a road pricing scheme that differs
over four spatiotemporal states, and over two car types adds more nuance and
insight than e.g., analyzing a single gasoline tax. It also takes the large differences in
external costs between spatiotemporal states seriously. The extended analytical
framework can serve as a tool for calculating second-best road prices in other
countries as well, but as the calculations and the sensitivity analysis show, using
parameters relevant for the national context is important.

How are these prices affected by distortions elsewhere in the economy?

We find that the interaction with the rest of the fiscal system leads generally to a
price markup on the external costs. The differences between states and car types
largely reflects the differences in external costs per km, the corrective component,
but also an interaction component that reflects how the km-tax in that given state
with that given car type interacts with the rest of the fiscal system. Within this
interaction component there are two opposing forces. The revenue recycling through
reducing labor taxation drives the road prices upwards, while the road prices’
interaction with the labor market and the rest of the tax system generally drives the
price downwards. We also see that VAT exemption for EVs drives the optimal road
price for ICEVs downwards in order to reduce the shift to EVs and the subsequent
loss of government revenue.

How does this second-best pricing fit with government set goals of reducing COZ2-emissions?

The second-best road pricing scheme applies the recommended social cost of carbon
of 420 NOK per ton, which in turn reflects the part of the road price that directly

concerns fossil fuel. Using the SCC, the direct tax on fuel becomes lower than in the
initial situation, giving less incentive to strive towards fuel efficiency. So even though
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the second-best road pricing scheme gives strong incentives to economize on travel
distance (depending on state), the net effect on carbon emissions is actually an
increase. The short answer to the research question is: as long as the optimal road
pricing scheme applies the recommended SCC, it will not contribute much to
reaching the government emission target. This means that the goal of reducing CO2-
emissions from personal road transport implies a higher carbon price than the
recommended SCC.

We run the model again with a 15% emission reduction requirement. In order to
reach this target at least cost, a shadow price of carbon 16 times the SCC is required.
This is reflected in road prices that are between 20% and 550% higher for ICEVs
and between 7% and 24% lower for EVs, compared to the second-best optimum.
The adaptation to these prices comes mainly through driving the ICEVs less, but
also through increased fuel efficiency. Some of the reduced driving of ICEVs is
reflected in a large increase in people driving EVs. The large-scale CO2-abatement
within the transport sector comes at a high welfare cost, but it is worth noting that
for the Norwegian economy as a whole, the cost would probably be lower as cheaper
abatement opportunities outside the transport sector would be exploited.

Concluding remarks

There are good efficiency reasons to look closer at road pricing as the future main
instrument for regulating transport. The fuel tax is imprecise for internalizing
externalities, its signals of external costs get weakened through more fuel efficiency,
and it provides no signals to people driving EVs. A satellite-based road pricing
system could bring precision to the regulation of transport demand, and provide
efficient price signals to all drivers. The modeling framework, that has been used by
several authors focusing on fuel taxes, has in this paper been reconfigured and
extended to mimic such a future road pricing system.

These results suggest that a satellite-based road pricing scheme is likely to be welfare
enhancing, as it improves both efficiency in the transport market, but it also could
alleviate some the burden of distortionary labor taxes. For the case of Norway, a
policy implication would be to start the formal process of investigating how to design
and implement such a road pricing scheme. This paper and the extended modelling
framework can serve as input for analysis in such a process.

There are some caveats worth mentioning. Even though the model expressions are a
bit messy and a bit tedious to derive, it is still a fairly simple, static model with one
representative household. Future extensions of the model could include
heterogeneous agents, public transport and the opportunity so substitute driving in
one state with another (in particular driving in peak and off-peak hours in large
cities), and the cost of establishing and running such a road pricing scheme. It can
also look closer at distributional impacts and political feasibility. The modelling
involves moving from one static equilibrium to another. The numerical modelling is
based on 2015 being an equilibrium situation, although in many respects it could be
considered a transitory situation, at least with regards to the EV stock. We try to
incorporate this into the analysis through the sensitivity testing.
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The numerical results also have their caveats as they are based on estimates obtained
from noisy data. We stress the uncertainty in how agents would respond to the road
pricing system, and our sensitivity analysis shows us that changes in these uncertain
behavioral parameters could imply a wide range of different optimal road prices. This
brings us to another policy implication: If a formal process of investigating satellite-
based road pricing is undertaken, the process should be very mindful of these
uncertainties with regards to design and implementation planning.

The development of satellite-based road pricing for personal transport in Singapore,
and the trials in Oregon and California are exciting developments in real-world
transport economics. Theory and numerical simulations make a good case for such a
scheme, but many steps need to be taken before it can be widely seen in the real
wortld. Citizens may be skeptical, for instance about privacy concerns (Duncan,
Nadella, Giroux, Bowers, & Graham, 2017). However, the Data Protection Agency
in Norway claim that a satellite-based road pricing scheme could be designed to
respect (and maybe even enhance) privacy protection'. Principles such as that
ownership of the data belongs to the car owner, and that the scheme cannot be used
for detailed tracking without informed consent, would to a large degree align such a
scheme with privacy concerns. Another important real-world factor is how the
scheme would take form after a political process. Politics and other constraints could
easily reduce the efficiency of its implantation (Anthoff & Hahn, 2010). We saw in
the case of the Dutch attempt to design a national road pricing scheme between 2007
and 2011, that politics was the main reason for the project to be stopped after years
of progress, seemingly close to the finish line (Geerlings, Shiftan, & Stead, 2012).

Attempts to develop satellite-based road pricing schemes may finally be successful,
or they could continue to fail. In any case it will offer valuable learning experiences.
And contributing to the body of knowledge on road pricing is a worthy pursuit of
any transport economist.
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Appendix

A1l Derivation of optimal tax

The household’s optimization program is to maximize the utility function Eq. (1)
with respect to the choice variables Mg, Ve, f ,M, V5, p, X and | subject to the
monetary budget constraint Eq. (5) and time constraint Eq. (8). The per kilometer
travel time, externalities, and government variables (taxes), are treated as given by the
household. We form the Lagrangian — denoting z as the Lagrange multiplier of the
household’s (full economic) budget constraint (the marginal utility of income) and
obtain the first-order conditions (FOCs). We then use the FOCs to obtain the
household’s indirect utility function, that yields maximized utility given prices, taxes
and income, but also travel time and externalities that are determined by the aggregaze
level of driving.

The government’s optimization program then is to maximize the household’s
indirect utility function with respect to a set of parameters

Q= {T
variables and time and environmental externalities).

(24

(79 79 I S i E} that are exogenous to the household (policy

me? “mp?

V(Q)= max u(mg,ve, mg, v, X,1,T,E)

me Ve, f.mp Ve, p, X
[(PF f +CF)mF +7, M +C(f)+rF:|VF +[(PP p+cp)mp +7, Mp +c(p)+1“,,}vp
+P, X — (-7, )W(L -1 +t(M)M)

~H

The policy instrument subject to change, i.e. adjusting the tax rate, is the km-tax for
EVs. At the same time, changes in governmental tax revenue, per kilometer travel
time, and external costs are explicitly considered.

The analytical exercise of deriving the optimal tax on EV-km, Ty, » Stafts by total

differentiation of the household’s indirect utility function with respect to 7, .

dv _ov oV dm, oV dr, @V dr, OV dI @V dr
25 dr, oz, Or, dr, Oz dr, Or,dr, ol dr, or dr,
ov dt oV dE
+— +—
ot dr,  OE dr,

where
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v dE vV GE.(F) dF LV OE,(P) dP
OE dr, OE.(F) OF dr, OE.(P) oP dr,
LV B, Medv, v 9, (Me)dw,
0E, (M;) oM. dz_ oE, (M,) oM, dr

Tm

(26)

P

represents the (dis-)utility stemming from a marginal change in aggregate externalities
via changes in cars’ energy consumption and kilometrage that are caused by a
marginal increase in the km-tax for EVs. We assume from here on out that there are
no externalities associated with producing and consuming electricity for EVs, i.e.

E. (E) =0. This is further discussed in section 2.
For the optimization of V (Q) through 7, , we can consider 7,, as exogenously

given, implying that o 4. =0. The same argument holds when we later show the

Tm
P

results of optimizing V (Q) through 7, where we can consider 7,, exogenous and

T
m

thus "/, =0.In the later expressions for optimal taxes, T;P will be a function of

E

Ty »and 7, will be a function of 7,,_, which will lead us to a set of two equations

me >

with two unknowns.

Since the policy instruments 7,7, and I' are held fixed in this exercise we can also

simplify our expressions with d%rmp = d%fm = d%,m =0. This gives
P P

oV oV oV dr, oV dt . dF
= + P TVe Er T
Jr, Or, oOr dr, ot dr, T dr,
(27> p p p
, d™M . dM
+VEMF E M, ﬁ—l—VEMP Mp dTm:’
Replacing partial derivative terms 2, &, 5 yields
dv dr, oV dt
=—umyV, — WL —=+—M ——— u(1-7 )wM
dr,, T A dz,, or dr, #l=n)
(28)
+V E': F +V. E', M, Ve E'y M,
F d - Me o TF dz‘mP Mpo TP dz‘mP

Dividing both sides by 4, the marginal utility of income, gives us the welfare change

in monetary terms
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1dv dr, 1oV . dt dt

-m,V, —wL +——M — (-7 )WM ——
pudr, Pr dz,, w0l dr, d=rw dz,,
(29)
+£VE E'. dF iVE E'y M +£VE " M,
S e 7 A

In order to derive d%,m we totally differentiate the government budget constraint
P

(remember W=l and that only electric cars get tax benefits)

dGOV oGOV +8GOV dM, oGOV dM. oGOV dF

= + +
dr,, 0Ty, oM, dr, oM. dr, oF dr,
30
G0 oGOV dP oGOV dv, oGOV dv. oGOV dr, oGOV dw
+ - - + +

oP dr,  ov, dr ov. dr or, dr, oW dr,

mp mp

yielding
(31)
dGOV dM, dM dF dpP
=M, +7, —+71, + 7 +75
dz,, " dz,, " dr, dr,, dz,,
v, dve dr, dw
+(rmpmp +7, pM, +Fp)ﬁ+(rmFmF +7. fm. +FF)dTmp +W dr,, +7, dr,,

We set the expressions 7, M, +7, pM, +I'; equal to D; for notational simplicity.
Equating dGOV/dz,,  to zero and solving for dz, /dz,,  yields

dM dM
M, +7 P47 :

mp dry, Me A7,

dF dP dvp dw
T Te 4, TP dr, +DP g + Dk g, T T 7L Ay,

dr
32) b —
()d

T,

W

Plugging Eq. (32) into Eq.(29), recalling M =myV, + MV (see Eq.(4)), gives

1 av o dMP+rm dMF+z-F dF +r dP +D, v, D, dv,
U drmp ) dz' F dz'mp drmp dz'mp drmp drmp
dw 10V dt dt
33) 47, —+——M —(1-7)wM
&) “dr, m M OT dr =) dz,,
Ly g Bty g OMe 1y g OMe
© dr, w ™ Fdr, u " Tdr,

We define the value of travel time as —ig—\T/ + (-7, )W=6 where & <0 is the

household’s disutility from aggregate travel time. We also have from (3) that

A =t" M When we replace both of these expressions in Eq. (33), we get
Mp
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34)

1 dv dM,, dM dF dP v, dve dw
— =7, +7, + 7 +7p +D; + D¢ +7,
7 drmp ) drmp F drmp drmp drmp drmp T, drmp
—6t'M am +£VE E' aF iVE "W dMF+£VE ‘W M,

de, w ° “dr, ™ “fdr, op v TTdr,

For notational simplicity we rewrite the expressions for marginal external costs
(marginal external damages expressed in monetary terms) stemming from the
consumption of fuel and kilometrage

65) e, =V, E,
u
(36) e-=6t'M
nc 1 1
@37 e E_VE,v| E Mg
ﬂ F
nc 1 1
38) € E_VEM E Mp
/j P

We also reorganize the expression to get a clearer expression of the marginal welfare
effect of the km-tax

1 oV dF ¢ | dM e | dMc e | dM,
— = e 14— + el 4— +er i ——Flyer -
u o, dz,, dz,, "| dr, " dz,,

energy related externalities ~ congestion externalities kilometrage related N
non—congestion externalities

o el ol [l )]
" dz,, "| dr, dz,, dz,,

km—tax revenue energy tax revenue
dv dv dw
+D,—%+D. —& + 7,
d dr dr
mp mp mp

direct/indirect tax revenue/cost from labor tax revenue
vehicle stock

As we see, the EV-km tax causes numerous different changes in Eq. (39), which
shows that the km-tax affects overall welfare through various channels.

Derivation of the optimal km-tax

Setting the marginal welfare change as displayed in Eq. (39) to zero and solving for
T, yields
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. dF/dz, dM/dz, dM_ /dz,
T, =€ —F 4 efn _—t +er?]c — P er?f
° dM, /dz, dM, /dz, " | dM;/dz, °

+[Tm dv,  dF o dp o odv, oodv dw} 1

" dr, dr,, dr,, T dr,, dz, |-dM,/dz,
(40)
dF/dz, ¢ ey |OMg/dT,
=e. < ——F+(e +e ) ——Lr+er +er
dM, /dz, " dM, /dz, °
" dMF+rF dF ir, dpP +DPdL+DF dv, i, dw 1
" dz, dz,, dr,. dr,, dr,, dz, |-dM,/dz,

We simplify the following expressions to reaction parameters.

" _dM /dr,,
( ) e = dMP/dTmP
” ~ dF/dz‘mP
“ F~am, Jdz,,
dv, /d
(43) K _ e/,
dM, /dz,
dve /dz,,
44 =l "M
( ) ¢F dMP/dTmP

The expression in (40) can be aggregated to the following expression for the optimal
km-tax.

*

(45) T, = rnfp + rr;P

. . : c
The optimal km-tax is here expressed by a corrective component, 7, , and a “fiscal

interaction” component Trlnp . We apply the definitions in (41) to (42) to the first part

of the expression in (40) and get the following expression for the corrective
component.

(40) z—r(n:p = Xr€r +7: (6 + e:wcF )+ errr]fp +ey

This component that accounts for traffic related externalities, both from EVs, but
also the impact the km-tax for EVs may have on externalities (through kms driven)
from ICEVs.

The remaining part of (42) is the fiscal interaction component.

35



7

| dM dF i dP +D, dv,

=7, ——+7p —
F
e " dr,, dr, dz,

+D dve iy dw 1
d “dr, |-dM,/dr,

T

d T T,

This component represents the interaction of the EV-km tax with the broader fiscal
system in the economy. The first, second and third term denotes how a change in

7. affects tax revenue from the ICEV km-tax, the fossil fuel tax and the electricity

Mp
tax respectively. The fourth and fifth term denotes how a change in 7, affects

revenue from annual ownership and purchase taxes. The sixth term denotes how a
change in 7, affects labor tax revenue.

We proceed in this exercise by totally differentiating the terms in brackets in (47):
dM. oM. +8|\/|F dr,

(48) =
dz,, oz, Or dr,
(49) dF _ oF +8F dr,
dz,, Oz, Or dr,
(50) dp_ op +6P dr,
dz,, Oz, Or dr,
1) dv, _ v +8VF, dr,
dz,, 0z, Or dr,
52) dve _ ove +8vF dr,
dz,, 0z, Or dr,
53) dw oW +8W dr, +8W dt W oL +6L dr, oL dt
dz, oz, Or dr, ot dr or, ~Or dr, ~ otdr,

Concerning the demand for vehicle kilometers, fossil fuels, electricity and car
ownership, it is assumed that zzdirect changes in labor taxation (through the
government budget constraint) have a small impact on corresponding demands
relative to the direct impact of the km-tax. This is a reasonable approximation since
Norwegian household income shares and income elasticities for operating costs and
purchase costs for own car are relatively small (Boug & Dyvi, 2008). This means that
the largest part of any compensation through revenue recycling will be spent on
other goods. This makes it reasonable to use uncompensated elasticities (see Willig,
1976) in order to parameterize demand elasticities for vehicle kms, transport related
energy and car ownership. The total differential of W =WL decomposes the change
in labor income (labor supply) into three effects: The first component arises from the
labor supply effect of raising the price of EV-kms relative to leisure which depends
on the degree of substitution or complementarity between EV-kms and leisure. The
second term is the effect of revenue recycling, i.e. using EV-km tax revenues to
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reduce 7, will increase labor supply. The third effect is the change in labor supply

due to a change in commuting travel time caused by a EV-km tax induced change in
vehicle kilometrage and, thus, congestion levels.

Plugging Eq.(53) into dz, /dz,  as displayed in Eq. (32) and grouping terms gives

(54) dr, __B
dz,, B,
where
B, =M, +7, dMP+rm M. + 7 dF +7p dp
"dr,, “dr, dr, dr,
(3
+(DP—F)di+ DF%+‘[LW o ok at
dz,, dz,, or, otdr,
and
(50) B, =W +T|_Wi

or,

The expression in (53) can be manipulated further by applying the following
expression for the marginal cost of public funds:

_ oL an
TWoar @

(57)

T = oL T

- W+ TLWH 1—7(17;) gL

It represents the efficiency cost of raising an extra Euro of revenue through labor
taxes (or the efficiency gain of recycling one Euro through cuts in labor taxes).
& >0 is the (uncompensated) labor supply elasticity. The numerator in Eq.(57)

reflects the efficiency cost from an incremental increase in the labor tax whereas the
denominator is the marginal change in tax revenue. We have that O, >0 asa

consequence of &, >0 and 1> (lf—;L) &, ,1.e. marginal revenue is positive. The latter

implies that 7 is not so large that we find ourselves beyond the peak of the Laffer
curve.
We the substitute dz, /dz, =-B,/B, into Eq.(53). Then we plug the resulting

expressions into Eq.(47), where we also regroup terms and use the definition of Q_
in Eq.(57). We then get

- dM. ‘. dF . dP +D, v, +D, dv,
F drmp dZ'mP drmp drmp drmp 1
(58) Ty, = —
i —dM, /d
+TLW(;L +(<33t_det ]+Q,LBl ¢/ d7n,
T To, |
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Multiplying each term by , and using the definitions of 77 (Eq.(41)), ¥¢

(Eq.(42)), k» (Eq.(43)) and ¢ (Eq.(44)) gives
TTI“P =TT, — XeTe — XpTp —KpDp — ¢ D¢

(9) oL oL dr, 1 1
+7, + +Q B ————
or, ~Or dr, )-dM,/dz b =dM, /dz,

The fiscal interaction component can be broken down into a revenue recycling
component and a tax-interaction component. To obtain a clear expression for the
former, we need to do some manipulations to Eq.(59). First we obtain the following
expressions from the own-price demand elasticity of EV-km.

_dMP(PPp+CP+TmP) M, _(Ppp+cp+rmp)

(60)

= =
Me dr,, M, dM; /dz,, Ey

p

The term B, p+C;, +7,, the private cost of a vehicle-km by electric car.

We multiply the expression Q. B, by and apply the definitions of 77,

(Bq.(41), 7¢ (Eq.(42), K» (Eq.(43)) and @ (Eq.(44)), and we get
0B+
© T =dM, /dr,

(Ppp+cp+rmp)
©1) Ty THETme T XETE T PTe —
_SMP
) oL oL dt 1
k.D,—p.D. -7, W +—
Prp PR TR {éfmp ﬁtdrmpj—dMP/drmp

We now can define the following expression for the revenue recycling effect of the
EV-km tax

(62) T = ]

We thus can rearrange Eq.(59) to

Tmp = Tr:E +(1+QTL )|:_77Fz-mp _ZFTF - pTP _KPDP _(DF DF:|
(63)
+(l+Q, ) era—L era_L dt 1
. or, ot dr,, —dMi/dTmi

From the Slutsky equation it follows
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oL o el
or. or. o "

mp mp

(©64)

where superscript ¢ indicates the compensated elasticity and 0L/dl is the income

effect on labor supply. From the Slutsky symmetry property and after some
manipulations we get

oL o oL oM, oL
= - M. = — V=
or, ~ or, ol o(1-z, )w ol
(I-z)w oL _(A-r)w oM (-7 )waL
©5 M, or, M, d(l-z)w M, a °©
. L{d-7 )woL .
==&y ——( 3 L) a=_5M| —&y
- oL e M; . M,
o, “l-r)w M (1-7)w

&w denotes the income elasticity for vehicle kms (alternatively the compensated

cross-price elasticity of leisure). &, denotes the income elasticity for labor.

Plugging Eq.(65) into Eq.(63) and using Eq.(60) gives
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(66)

T = rrfff +(1+QTL)[_77FTIT1F — XeTe — Pt — k- Dp — 9o DF}L

M M oL dt 1
1+ 0 _aC P _ P —
( - ,L)[er( Exn =z )w & (l_TL)W)+TLW P drmpj_dmp/drmp

RR

oL dt 1
140 P
+«+“{nwad%j4MMm%

L (PP mp T, )(glf/ll +é,)
(—gMP )(1—rL)

+(1+QTL)(TLW% d(:; ] 1

:TnF:PR_(l—'_QTL) Tl TXeTe T pry + ks Dp + ¢ Dp

—dM, /dz,,
=7 +rr§T')+(1+QT )TLW% at L
P e e e, —dM, dr,,

__ _RR Tl
=T o

TI T '
m. and 7™ are the tax components for revenue recycling and tax
P mp

RR

The terms 7, , T
P

interaction, and pure tax interaction, respectively.

dt _ ¢ dw oL _a - o :
Because Ton =t G and & = o 0 with B, as the full economic price (private

cost) of electric vehicle kilometrage, we can write

dM_ /dz
(67) (1+QT )era—L at ! :—(1+QT )TLW oL o' /9, +1
. ot dr, —dM,/dz, L Py, dM, /dz,
From the Slutsky equation applied to the demand function it follows
oL oL oL
(68 =M,
8Tmp OPMP ol

and from the Slutsky symmetry property for goods in the utility function

oL’ _ oM _ oM, (-7 )w oL’
6PMP or, or, or,

(69)

where (1-7, )WAL /07, is the change in disposable income following a compensated

increase in the labor tax. After some manipulations, we get
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(70)

(l—z'L)W oL :(1_TL)W6MP(1_T )W8L° _(1_TL)W% =—¢,& —¢&
MP aPMP Mp GTL ) az-L M al ] e ’
al_ c I\/IP MP

= — ==&y € — &
op, T er)w T (l-r)w
Plugging Eq. (70) into Eq. (67) gives

oL dt 1
ot dr, —dM,/dz,

. M M | dM¢/dz
(71 :_(1+QTL)TLW(_8M|8LL (1—TE)W_8LI (1—Z'LP)W]9t [dl\/l:,?dr +1:|

(1+ Q, )TLW

T dMF/d‘[m
=—(1+0 L (=g, &% —¢,)0U'M, | —L—" 11
( + TL)(].—TL)( EméL 8|_|) P[de/dTmP + :|
dM_ /dz,

Substituting &, =&, —& and €, =60t'M; and 7, = , after regrouping

dM, /dz,,
terms we obtain the congestion feedback effect

(72)

oL dt 1
ot dz, —dM,/dz,

& =(1+0, )rw =(1+Q, ) (e, A= )ef )€ [ +1]

(1-7.)

= (1+QTL ) F

We thus get the final expression for the optimal km-tax

* __C I __cC RR , _TI
; T, =T, T T, =T + T + T
(73) * _ C RR (T1) , _CF
Ty =Ty F T + 70 + 70
With the components
C nc C C nc
(74> Tmp :emp +em+77F (em+em,:)+ZFeF
P.p+c,+7 )
RR _ ( P P mp
(75) Tmp - QrL - z-mp
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(76)

TL(PP p+Cp +Tmp)(5fm +é,)

(—gMP )(1—2’,_)

TIE]TP') = —(l+ QTL )

+ N6l + XeTe + PTp + Ko Do + 9 D;

7 o =(1+Q, ) (e (—aw)er )& [ +1]

A2 Deriving the welfare measure

As seen in equation (39) we have the following marginal welfare effect of increasing
the road price:

1 0oV dF ¢ | dM e | dMp e | dM,
— = e - el - el ——F el
u ot dz,, dz,, "| dr, " dz,,

energy related externalities congestion externalities kilometrage related N
non—congestion externalities

(78) —|:Tm {—dMP}+z’m {—dMFH—{rF{— dF }+7P{— aP H
" dr,, "| dr, dz,, dz,,

km—tax revenue energy tax revenue
v, dve dw
+D, ——+ D¢ T,
dz,, dz,, dz,,
%/_/
direct/indirect tax revenue/cost from labor tax revenue
vehicle stock

The next step is to factor out ——— and rearrange. This gives us:

drmP
I dF/d dP/dz, ||
(e =7, )+ (e =7, ) _dF/dz, _z, _dp/dz,,
P dM, /dz, dM, /dz,
dMm. /d dMm/d
(79)1ﬂ: +(errr1]c _Tm) F/ T, +et /Tmp _dMP
u ot " dM, /e, dM, /dz, dr,,
dv dv dw 1
D P +D F
{ "dr, " dr, +TLdrmP]—dMP/drmp

Further rearranging gives:
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. dP/dz,, ]
€ ~Tme T Xe€r —Xe€ —Tp W
dM. /d
R B NP fuu Jhu: 3 - M
p 0T, i " | dM, /dz, dr,,.
+| D, av, +D, dve 7, dw 1
dr,. dr,, dz, |-dM,/dz,

Parts of this expression can be converted to the corrective component:

&1

. dF /dz,, dP/dz,, dM. /dz, ||
To — Ty —Tpy————— ¢ Tpy (T =
1 8V P dM, /dz, dM, /dz, " dM, /dz, {

;arm
" 14|, dv, +D, dve 7, dw 1
d dz, |J-dM;/dz, |

mp 2-m,,

Other parts can be converted into the interaction component (see eq.(47))

(82) 1o =[5 1, +10 ]{—dMP}
H 0T, P P P dz,

This gives us:

1 oV x M
(83) - g :|:Tm T ]{_d . }

p ot P dz,

. dMp | . _
We can rewrite “dr using eq. (60). This gives us:
T,

(84)

l oV :[ —T*il MngP
U oty P (Ppp+cp+rmp)

We numerically integrate this expression to find the change in welfare from a non-
marginal change in the km-tax.

A3 About the parameter values
Some of the parameter values in Table 1 requires further explanation.

Initial vehicle kilometrage per car (EV & ICEV): Statistics Norway provides data
average kilometers driven annually per car on municipal level. We aggregate these

M,

numbers to averages on the analysis area level, large cities, small cities and rural areas,
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according to definitions from Thune-Larsen et al. (2014). This report also finds that
8% of vehicle kilometers driven in large cities are spent in congested peak traffic,
which is used to divide between peak and off-peak kilometrage.

Car ownership per household: Statistics Norway provides data car ownership on
municipal level, and separates between ICEVs and EVs. We aggregate these numbers
to average car ownership per household on the analysis area level, large cities, small
cities and rural areas, according to definitions from Thune-Larsen et al. (2014). These
numbers are again weighted according to each area’s share of total households, so we
get the weighted average car ownership per household.

Average toll: Data on toll paid by personal cars to toll companies have been provided
by the National Public Road Administration’s toll statistics. Statistics Norway’s
StatBank provide statistics on passenger car traffic volumes (link). Users pay per
passing of tolling station, but the numbers have been normalized to per km, by
dividing passenger car toll revenue by passenger car traffic volumes on county level.
The national average was 0.31 NOK per km. The average tolls per km for large
cities, small cities and rural areas were then approximated by dividing toll revenue by
traffic volumes for counties where these area types dominate.

Purchase tax and VAT: The Norwegian Road federation (OVF) provides
disaggregate car sales data. From these data we can calculate the average price,
purchase tax and VAT for the average ICEV in any given year.

Own-price elasticity of car kilometrage. The newest estimates of elasticity values for
the National and Regional Transport Modelling system (NTM and RTM) in Norway
gives an own price elasticity wrt. all kilometer costs and tolls together of -0.152.

Cross-price elasticity of kilometer costs with respect to car ownership i.e. how
ownership of one car type increases when the kilometer costs of the other car type
increases. This is obtained by simulating the effect of increasing energy costs on new
car sales in the BIG-model for the simulation year 2015, which then gives us a
counterfactual change in the car stock. We extend this effect over 3 years, and
convert the implied elasticity measure for energy into an elasticity measure for
kilometer costs.
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