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Abstract

This paper investigates household behaviour wigane to vehicle fuel efficiency. We
propose to approach the Willingness to Pay (WTR)bietter fuel efficiency through the
Hicksian compensating variation in income. Spealfic we distinguish the Willingness to
Pay or to Accept (WTA) buying a more fuel-efficiecdr from the theoretical WTP for a
reduction in fuel consumption without changing en€ar. Then by assuming that the
household has to replace its car, we estimate a WiTiRe cleanest car

We also analyse what effect a fuel tax and/or d&dee scheme (e.g. a bonus-malus
scheme) have on the WTP for the cleanest car antieodriven mileage. We find that the
WTP for the cleanest car decreases following thplementation of a fuel tax. To the
contrary, a feebate system leads to an increabesiWwTP. But we also find that reducing the
market price of the new vehicle (i.e. through aug)ns not worthwhile in the light of the
rebound effect. However, a fuel tax — as soon agdeeds a certain level — is able to nullify
the rebound effect.

Key words: fuel efficiency, willingness to pay, fuel taxeleate scheme, rebound effect.

Résumé

Le comportement des ménages au regard de I'efficéciergétique de leur véhicule est
examiné dans ce papier. Nous proposons d’apprdeh@onsentement a Payer (CAP) pour
une meilleure efficacité énergétique du veéhicule |pavariation de revenu compensatoire.
Plus précisément, nous distinguons le consentempayer ou a recevoir (CAR) pour I'achat
d’'un véhicule moins consommateur de carburant dé @#orique pour une réduction de la
consommation de carburant sans devoir changertdewe. Puis, en assumant que le ménage
est contraint de changer de véhicule, nous estifeo@AP pour I'achat du véhicule le plus
efficient.

Les impacts d’'une taxe sur le carburant et/ou dysteme de bonus-malus sur le CAP
pour I'achat du véhicule le plus efficient et ses Histances parcourues en véhicule particulier
sont également discutés. Nous trouvons que le GAP [achat du veéhicule le plus efficient
diminue avec l'instauration de la taxe. Au congaifinstauration d’'un systeme de bonus-
malus conduit & une hausse du CAP pour I'achat éhicule le plus efficient. Toutefois,
diminuer le prix de marché d’'un véhicule (i.e. awat bonus) augmente le risque d’effet
rebond. Cependant, une taxe sur le carburant, paurielle soit suffisamment élevée, permet
d’annuler 'effet rebond.

Mots clés efficacité énergétique, consentement a payeg $ax le carburant, bonus-malus,
effet rebond.



1 Introduction

There is a common understanding that climate changee of the main global challenges
of the 21st century and that its impacts will berenserious than previously thought (Wang
and al 2009). Specifically, it is broadly admittéet such impacts are threatening the welfare
of human beings (Shi and Lai, 2012).

Rapidly increasing traffic and a high dependencyfassil fuels have made transport a
crucial issue with regard to the action requiredigbt climate change. Indeed, the transport
sector is the second largest source — after theep®actor — of global carbon dioxide
emissions, with nearly a quarter of the total amdiBA, 2010). Moreover, emissions due to
transport have increased by 1.7% per year on agesagce 2000, with fuel for road
transportation predominating (IEA, 2013). Passengdricles play a significant role, since
they account for around 12% of man-made,@@ission in Europe (GMID, 2010), 20% in
the United States (EPA, 2010) and 5% worldwide (IE®10). The relative weight of
passenger vehicles is likely to continue. The IEX11) expects the number of cars
worldwide to have doubled, to almost 1.7 billiory, 2035, and Schafer and Victor (2000)
predict that absolute mobility by car will incredse260% by 2050.

With reference to Schipper’s ASIF scheme, GHG eimissof transport can be tackled
through four main levers: transport Activity, mod&lare, the energy Intensity and the carbon
intensity of Fuel (Schipper and al., 2000). Foaugsin passenger vehicles on the one hand,
and on household’s behaviour on the other, corsiiders with respect to modal share and
carbon intensity do not enter the scope of thisaesh work.

With regard to capital goods (e.g. vehicles, apgks, and so on) a standard approach
used in a lot of papers consists in investigatimgreplacement decision. Papers that address
the vehicle replacement decision from a fleet mangagint of view argue that due to recently
implemented emissions standards, new diesel vehioke cleaner than the existing ones (“I”
in ASIF), so that replacement can be cost effectwen before the end of the car lifespan
(Gao and Stasko, 2009). The idea for this artidkea from the need to study the replacement
decision from the household’s point of view, th&to say starting with a utility-maximizing
framework, rather than a cost-minimizing framew(rk. used in the literature dealing with
the fleet manager point of view). Such analysisissified since the purchase of a new vehicle
by households — what we are actually interested ¢onsists in most cases of a replacement
decision rather than an investment decision. Tarekusion is based on the high average age
of a new vehicle purchaser (around 50 years in gr@®bservatoire Cetelem, 2014) which
makes us believe that these purchasers have algeadysecond-hand vehicle.

Another important consideration is car use (“A”ABIF). Actually, as well as the choice
of transport mode (“S” in ASIF), car purchase bebaw (e.g. vehicle size and performance
choices) and car use are decisive factors in raguenergy consumption (Schipper, 2011).
The emphasis on demand-side phenomena is alsdigdshy the fact that transportation
accounts for a significant proportion of househstgenditure — more than 10% on average in
Europe in 2010 — within which vehicle purchase ars# play a large part (European
Commission, 2012). The figure is even higher in theited States, where the average
household spends about 10% of its annual incomeebitle transport alone (BEA, 2012).

In this paper we conduct a static-comparative amalpf a basic model of consumer
behaviour: a representative agent makes optimailsidas on driving (i.e. a continuous
choice) and vehicle ownership (i.e. a discrete ajoin a one-period utility-maximizing
framework. Actually, the decision of owning a vdbaiand that of using a vehicle are
interrelated (West, 2004) and have to be jointlydeied under an integrated framework to
estimate reductions in fuel consumption due toeeitbhanges in fleet composition or



reductions in vehicle miles travelled (Bento and 2006). Train (1985) provides an early
application of the indirect utility approach — iated by Dubin and McFadden (1984) who
study the residential electric appliance holdingd aonsumption — on car ownership study.
But, by solely considering households that alreashyn a vehicle, we only address the
‘replacement decision’ (i.e. to purchase or nobheav car? And, if so, which vehicle to
purchase?) and we do not explain the choice of mgvai vehicle. This way, we differ from
existing works.

Specifically, we approach household’'s Willingnes#ay (WTP) for a vehicle with better
fuel efficiency using compensating variation, amaist starting from a utility-maximising
framework. Then we analyse the impacts of two daffié pricing regulation tools on the WTP
and on the rebound effect. They are a fuel tax afeebate scheme. While the first policy
tool consists of an immediate cost when facing & trgp, and thus affects the decision on
driving, the second one consists either of a lopachase price (e.g. bonus) or of a higher
purchase price (ie.g. malus), and thus affectptinehase decision.

The remainder of the paper is organized as folld®extion 2 presents the model and
gives the results. Section 3 discusses their poiioplications. Section 4 offers our
conclusions.

2. The model

Consider a household owning only one vehicle (“gleha”), with a corresponding average
fuel consumption per kilometre ok,. The household has two options: keeping theirecurr
car or buying a new one. Now consider two carsséde of a given modelvehicleb with a
fuel consumption otk,; and vehiclec with a fuel consumption afk. . The fuel consumption
figures are such thatk, < ck, < ck,. A further assumption is that vehiadgthe most fuel
efficient) has a higher purchase price than vehiclePc > PVp), implying that a more
efficient vehicle generally embodies more expensazhnology.

Consider a utility function with the following attutes: first, the mileage travelled by
passenger car) and, second, a composite go&d*((Muthukrishnan, 2010; Wei, 2013, Zhu
and al, 2013). We use the following utility funeti# = v/C + 6+/m with 6 a preference
parameterd > 0). Taking the square root function allows the WTkgealependent on the
fuel pric€. Yet, in line with intuition, the WTP varies wittar use (Mandell, 2009), and the
latter depends on transportation cost (includirg ftrel cost).U’. andU’,,, are positive and
U" . andU",, are negative, as stated in consumer theory.

Variables fn, C and! that denotes the household’s income) are speatined single period.
The duration of the latter period correspondshpayback period required by car buyers of
a vehicle with better fuel efficiency. This periarelatively short (around three years, ITF,
2010), what allows us to assume that fuel priceoisstant. Things being what they are, a
dynamic model would not have brought things anthier. All the more so because car is paid
cash here.

Then letp; denote the fuel price, anB*» and P'c the market prices of vehicldsandc. The
composite good’s market price is normalized tof thé motorist buys a new car, we assume

! Vehiclesb andc are new. We do not address the second-market (Esui@stance Gavazza and al. investigate trezallve and welfare
effects of second-hand car markets. They firsbeate their model using first American data andhtheing French data).

% Note that the composite good includes transpovices, thus assuming that the motorist has alteesato using his own car.

® This is not the case using the functidr= InC + 6 Inm



that he simultaneously sells his current vehiabethsit he always owns only one vehicle. The
resale value is P¥« (with § the depreciation rate). Thus the budget constraird:

If the motorist keeps his car (situatiap I = mpsck, + C. (By assuming that the payback
period is over, the purchase expenditure no loagpears in the budget constraint),

If the motorist buys vehicle (situationb): I — PY» + §PYe = mpsck;, + C,

If the motorist buys vehicle (situationc): I — P + §P% = mpsck. + C.

Given this, the motorist chooses the mileagg &nd the consumption of other goods and
services () that maximise his utility, under the constraihaitt such expenditures cannot
exceed his disposable income (cf. Table 1).

Table 1: Expressions of the optimal mileage ankityifunction: comparison of the three

situations
Mileage (n*) Utility (U)
Situation a: 167 92
Keeps his ck-(peck. + 02 I <1 + )
vehiclea Prcka(preka + 87 Prckq
Situation b: (I — P 4 §P¥a)p? 92
Buys vehicleb pscky (prcky +62) (I — PY» + §Pva) <1 + prkb>
Situation c: (I — P¥ 4 §PVa)H? 92
Buys vehiclec pscke(psck, + 62) (I — PYc + §Pva) <1 + prck )
c

From Table 1, it can be seen that the mileage ltesl/by passenger car is — as expected — a
decreasing function both of the fuel consumptionkdlemetre and of the fuel price. Actually,
the role played by the producp/ck” in this approach is particularly noteworthy. kmicts
the price of one kilometre travelled by passenger ar the transportation cost per kilometre.
This implicitly means that the transportation csstissumed to be limited to the short-run
variable transport cost, i.e. the fuel cost, siitagides consumer decisions (De Borger and
Mayeres, 2007). Indeed, other costs associateddniithng a car (parking fees, road tolls, and
so on) do not affect the choice of vehicle (Mand@009). The fuel price and fuel
consumption per kilometre are two independent patars, though their variations modify
the price per kilometre travelled by car. That sdltt Hicksian compensating variation
method — estimating the change in income consdotbgl a consumer in order not to give up
the idea of a price change — clearly fits to estamtae WTP for a reduction of the fuel
consumption per kilometre. Moreover, it followsfidhe quasi-linear property of our utility
function that using either the compensating vasratr the equivalent variation leads to the
same results.

Two questions are addressed in the two followirtgseations. We first wonder if the motorist
is willing to pay to benefit from better fuel efgmcy (cf. subsection 2.1.). If this is not the
case, and by considering the purchase decisiomnasxagenous constraint — that is not
explained by the model — we wonder how much a ngites ready to pay for the least
consuming vehicle (cf. subsection 2.2.).



2.1.To benefit — or not — from better fuel efficiency

Here we only consider the situatioasandb. The question addressed here is whether the
motorist is — or is not — willing to pay for the phase of a less consuming car. The answer
depends on the comparison of the utility of keegiigycurrent vehicle and that of buying a
new vehicle (De Palma and Kilani, 2008). The WTPRicks the amount the motorist accepts
to pay when keeping his current car in order toieaeh the utility he would have in the
situation with the reduced cost per kilometre (hwser fuel consumption per kilometre) on
the one hand and the car purchase expenditurecanthler. The WTA depicts the amount the
motorist claims when purchasing a new vehicle —thng benefitting from a lower price per
kilometre but bearing the car purchase expendiune order to keep his utility unchanged
compared to that with his current car. It is tardant to saying that the answer is given by the
sign of the Hicksian Compensating Variation (HCK)imcome. Taking the initial utility as a
reference, if the HCV is positive, it consists oMéllingness to Pay (WTP), and if it is
negative, it consists of a Willingness to Accepfl(AY.

| Proposition 1. The Hicksian Compensating Variation in incometfa purchase of the
vehicle b, termed¥«~"» is given by:
ck,— ck, 167

Xva~vh = — PYb 4 §PVa 1
ck,  psck, + 62 * (1)

Proof. See Appendix.

Yet, the first term consists of the WTP for a reeucin fuel consumption frontk, to ck,,
without buying vehicle b.

Proof. The compensating variation for the reduction inl faensumption from ck,
to cky, termedX*a” kv is such that: V(I, ckq,ps,0) = V(I — Xk kb cky,pe,0). OF:

62 62
I <1 + > = |(I — X¢ka=ckp) <1 + >
12 ck, 12 cky,

2
§Cham ckp _ ck, — ck, 16 >0 )
ck,  psck, + 62

We obtain:




It follows that the motorist is not willing to pay for the purchasfea less consuming vehicle
(XVe=p < 0) if the net car purchase expenditure exceedsrtimat (see eg. 2) he is willing
to pay to benefit from the reduction in fuel constion per kilometreln that case, the
motorist does express a Willingness to Accept (WTA) purchasing vehicle b. For the sake of
simplifying interpretations, we use the absolute value of the HCV when it consists of a WTA.
Acting this way enables to opt for reasoning in terms of amount of money expressed in euros.
We thus have:

ck,— ck, 167
ck,  psck, + 62

WTAYa>% = pVs — §PVa — (3)

Figure 1 below illustrates this situation.

Figure 1: Graphical representation of the WTA fog purchase of a less consuming vehicle
C
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The straight lines are the budget constraints. Tist line refers to a budget constraint with tharrent

vehicle and a fuel consumption equatkq. The dashed line illustrates a budget constraiith whe new

fuel consumption ¢k;) but without the purchase of vehicle b. The dotire refers to a situation with

both the new fuel consumptioni(,) and the net purchase car expendituP&s(— §Pa).

Since the amount the motorist is willing to pay lenefit from the reduction in fuel
consumption per kilometre (see eq. 2) is functibrihe household’s income, we have the
following Proposition.

Proposition 2. The motorist does express a WTP for the purchaseless consuming
vehicle as soon as his incomegigimes higher than the net car purchase expenditure
with:

B cka(pf cky + 6?)

" (cky — cky)B? (4)

Proof. See Appendix.

2.2.To pay — or not — for the least consuming vehicle

In this section, we focus on the situation where ikt car purchase expenditure exceeds the
WTP for a theoretical reduction of fuel consumptper kilometre so that the motorist is not



willing to pay for the purchase of a less consumiegicle. Indeed, households are more
likely to keep their current car than to chang@#rkovec and Rust, 1984).

This said, we assume that the motorist is obligecttiange car and thus consider only
situationsb andc. This constraint is considered exogenous andtiexglained by the model.
Only the choice amongst the two vehicles offeradstde is thus addressed. Here we are able
to determine his WTP for vehicte- the least consuming vehicle.

Since the consumer purchases only one vehiclensse demand function is a single point
(i.e. his WTP for the first unit). Consequently theusehold’s WTP for vehicle(WTPVa~"¢)

is exactly the maximum market price of the vehiclgP,¢,). We will break down the
maximum market price of vehictein what follows.

When the market prices of the two vehicles aresdrae — remember that we assuttie <

P?c -, the purchase of vehicle produces greater utility than when purchasing ctehp,
which is less efficient. Hence the WTA purchasinghicle c is lower than the WTA
purchasing vehiclé. Moreover, by using (3), the WTA for the purchaseamew car is an
increasing function of the market price of thatieehand is independent of the market price
of the other vehicle for sale. Thus in the Cartesiaordinate systenP{c, WTAVa""¢), the
WTA for the purchase of vehicle (WTAY2"c) is an increasing straight line (with slope
equal to 1) and the WTA for the purchase of vehicl®/ TA2~"p) is a horizontal straight
line such that the WTA for vehicle is lower than for the vehicle, when the two market
prices are equal (see Figure 2).

That said, and given th#&"» < PV¢, the difference between the two WTA&TA v —
WTAvY2~"c) decreases with an increase of vehicle market price. In other words, the
difference between the two WTASs is maximum whenrttagket prices are the same.

The difference between the two WTAs shows the amthenmotorist does not receive when
purchasing vehicle rather than vehicl®. Hence it could be considered as an amount the
motorist is willing to pay for the purchase of veRic in place of vehiclé. In other words,

the motorist is indifferent as to whether he pusasavehicld at its market price or purchases
vehiclec at a price equal to the market price of vehixlgdus the difference between the two
WTASs (see Figure 2). To go further, the differerimstween the two WTAs can also be
interpreted as the households’ WTP for improved &®nomy. Studies of the latter WTP
(i.e. in most cases discrete choice models or hedeagressions) are reviewed in Greene
(2010).

Vehicle c's market price such that the motorist is indiffardetween the two vehicles is
vehiclec's market price above which the motorist prefergitg vehicleb rather than vehicle
¢, in other words the maximum market price of thkigie c.

4 Common to the WTP for improved fuel economy on ¢he hand and the difference between the two WTAsherother is that both
amounts result from a comparison of how many hoeldshare willing to pay for different new vehiclgdn the contrary théheoretical
WTP for a reduction in fuel consumption (calculaledubsection 2.1. above) results from a comparisween the current vehicle and a
new one.



Figure 2:Breakdown of the maximum market price of vehicle
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Given that the household’s WTP for vehicdWTPV~"¢) is exactly the maximum market
price of the vehicle cA¢,,), we have the following Proposition.
Proposition 3. The WTP for vehicle’ds given by:
WTPYa™Ve = PVb 4 (WTAVa~Yb — WTAVa™Y<) b, _poc (5)

Using the expressions #fTAY~"» andWTAV«""c and sincePV> = PY¢, it can be rewritten
as follows:

WTPVa~Ve = P¥b + |

py ckq + 62 < cky, cke >

ckg s ck, + 62 B ps ck. + 62 (5 bis)

This WTP could be interpreted as the amount of maihe motorist accepts to pay to
purchase vehicle so that his utility loss — compared to the utiltith his current vehicle —is
the same as when purchasing vehlwldaying more than this amount for the purchase of
vehiclec would make the motorist lose more utility than whmirchasing vehiclé. In that
case, his utility loss is not minimized. With thismind, it is clear that obliging the motorist
to purchase a new car makes him try to minimizeuhilgy loss (while he tries to maximize
his utility in the absence of this exogenous camstr, see subsection 2.1. above).

We now address how the different variables of sgeaffect the WTP for vehicle In this
regard, Figure 3 below represents the directioveoftion of the WTP following a change of
one of the variables of interest by highlighting tvay the two WTAs for the purchase of
vehiclesb andc evolve. Note that the impact of the fuel pricetlbe WTP for the purchase of
vehiclec is examined through the analysis of the implenterteof a fuel tax (see section 3).

® If other vehicles are offered for sale with loweelf consumption per kilometre than that of vehiclg.e. .. < ck, <..< ck. < ck, <
ckg), and using the same approach as previously étvtb vehicles, the WTP for each vehicle woulddBBPYa~"n = P¥b + (WTAYa>"b —
WTAYa"0) vy _pon.



Figure 3: Direction of variation of the WTP for vele c following changes in the fuel
consumptiondk,, cky, ck.) and relative preference for mobility by passercger@)
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The mains results are summarized in Propositioeldvn

Proposition 4. The WTP for vehicle c is:

i) a decreasing function of the fuel consumption bfcle a,

i) an increasing function of the fuel consumptionedfigle b,

i) a decreasing function of the fuel consumption bfale c,

iv) under the assumption thatc, + ck. > ck,, an increasing function of the relative
preference for mobility by passenger car.

Proof. See Appendix.

Intuitively, the WTP to purchase vehicke decreases as its fuel consumptiocreases,
resulting in a higher cost per kilometre when driyivehiclec (proposition 4ii). Indeed, the
utility loss in situationc — compared to the utility with the current vehielaises with an
increase in the fuel consumption of vehiclérhat said, the amount the motorist would claim
for the purchase of vehiclein order to make up for this utility losg/{Av«~"¢) is higher.
Besides, his utility when purchasing vehiddeand thus his WTA purchasing vehicke
(wTAv==?p) are invariant with an increase in the fuel congtiom of vehiclec. Hence, it is
clear from equation (5) that the WTP to purchaskicke ¢ (WTPV«~"¢) is a decreasing
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function of the fuel consumption of vehicte Similarly, the WTA purchasing vehicle
(WTAva=?p) increases whereas the WTA purchasing velu¢l¢TA"«>vc) remains unchanged
as the fuel consumption of vehideincreases (propositioniiy. Given that, and based on
equation (5), the increase of the WTP for the pasehof vehicle (WTPVa~"<) following an
increase of the fuel consumption of vehiblis straightforward.

The two other directions of WTP variation (propmsis 4i and 4v) can be explained by the
decreasing marginal utility. For instance, an iaseein the fuel consumption of the current
vehicle (proposition ¥ results in a lower utility in the baseline sifoat and thus in lower
losses of utility in situatioty andc. That said, the amounts of money required to nugkéor
those utility lossesWTAa>"» andWTA"«""¢) are less important. What remains unclear is the
relative order of magnitude of these two reduction8VTA. Actually, the reductions of the
WTA are different even if the variation of the iilloss is the same. Given that the marginal
utility is decreasing, and since the utility inusition b is lower than that in situation
(provided that the motorist does not pay more thianWTP for the purchase of vehiag
making up for the utility loss in situatidmrequires more money than in situatont means
that the WTA purchasing vehickedecreases more than the WTA purchasing vebicldat
said, it can be easily understood that the WTRHempurchase of vehictedecreases with the
increase in fuel consumption of vehiele

Note that the condition that fuel consumption iststhatck,+ ck. > ck, is sufficient but
not necessary. However, by considering homogene@iscles and given the rate of
technological progress on the one hand and theagedength of car ownership on the other,
we may assume that this condition is met.

3. Policy implications

In this section, we consider only pricing tools. lspecifically, we will here analyse the
impact of a fuel tax (expressed in euros and terfheth the one hand, and a feeBateheme
(e.g. a bonus-malus scheme) on the other. Spdbifidat BV denote the bonus amount
(expressed in euros) that is granted when purchashiclec, and M*» the malus amount
(i.e. the penalty expressed in euros) that is @tvghen purchasing vehidie

We can already emphasize that a feebate scheme consists of change in purchasspHence,

it has a direct impact on the purchase decisian (he discrete choice). And, although
automobile purchase pricing schemes are claimedanptesent the driver with the correct
incentive for mileage choice (Santos and al, 2019y make the household’s disposable
income (i.e. after the car purchase) increasettireugh a bonus) or decrease (i.e. through a
malus) and thus are expected here to also havepact on the mileage (i.e. the continuous
choice).

As for a fuel tax, it consists of an immediate ca$ten facing a new trip. Hence, it both
affects the decision on driving, and influencesielehchoice (Jacobsen, 2012). The fact that
the purchase decision varies with a fuel tax caexmained by the dependency of the WTP
on car use (Mandell, 2009).

Before going any further, one should note thatddremanufacturer’'s behaviour is assumed to
remain unchanged in the short term whether onbeobove policy tools is implemented.

® It combines fees and rebates.
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Impacts both on the WTA of households that are witliing to purchase a new car (see
subsection 3.1.) and on WTP for the least consumilgcle of households that have to
purchase a new car (see subsection 3.2.) are adalgswhat follows. Then the risk of
rebound effect is addressed in subsection 3.4.e8ablbelow list the budget constraints and
corresponding optimal mileages and utilities in tber following situations: without policy
tools, with a fuel tax, with a feebate scheme, anith a combination “fuel tax + feebate
scheme”.

Table 2aComparison of the four possible situations invavanfuel tax and a feebate
scheme: expressions of the budget constraint

Budget constraints
Situationa Situationb Situationc

Without

policy I'=mpsck, +C I —P% 4 §P% = mpck, + C I — PV + 6P% =mpeck,+C
tools
With a
fuel tax
With a
feebate I'=mpeck, +C I —P¥ + §P% — MY = mpgck, + C I = P% + §PYa + B" = mpck, + C
scheme

With a

fuel tax

and a I=m(ps +1)ckq + C I —P" + §P% — M" =m(ps +T)ck, +C [ —P" + 8PV + B" = m(ps + t)ck. + C
feebate

scheme

I=m(ps +1)ckq + C I — P+ 8P =m(ps + T)ck, + C I —P¥ + §P% =m(ps + )ck, + C

Table 2b: Comparison of the four possible situaimvolving a fuel tax and a feebate
scheme: expressions of the optimal mileage

Optimal mileage

Situationa Situationb Situationc

Without 162 (I — P" + 8P%)g? (I = P% + 6P"a)02
policy tools Prcka(prcka + 02) prcky (prck, + 62) prcke(prck: +6°)
With a fuel 162 (I = P¥ + §P")f? (I — PV + §P¥a) 62
tax (pf + t)cka[(pf +17)ck, + 62] (ps + ‘r)ckb[(pf + 17)ck, + 92] (pf + ‘r)ckc[(pf + 1)ck. + 92]
]\c/é/lettl’)laat.e 162 (I = P¥ + §PVa — M¥b)Q?2 (I = P¥c + §PVe + B%)p?

ck ck, + 62 ck cky, + 62 ck ck. + 62
scheme Pr a(pf a ) pr b(Pf b ) Pr c(pf ¢ )
With a fuel
tax and a 162 (I — P" + §PYa — M) 62 (I — P + §PVa 4 B%)02
feebate (pr + T)Cka[(pf +7)ck, + 62] (pr + T)ck,,[(pf + 7)ck, + 92] (s + T)Ckc[(pf + 17)ck, + 92]
scheme

Table 2c: Comparison of the four possible situaimvolving a fuel tax and a feebate
scheme: expressions of the utility function

Utility functions

| Situationa Situationb Situationc
Wit.hout 02 02 02
policy I (1 o ) (I — Pv» 4 §Pva) (1 o ) (I — Pvc 4 Pva) (1 R )
tools Prtta ) prck.
With a 62 02 92
fuel tax \/1 <1 +7(pf+T)Cka> j(l—P b + §PVa) <1 +7(pf+t)ckb> j(l—P c + §Pva) <1 +7(pf+T)Ckc>
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Wlth a 02 02 92
feebate I (1 + ) (I — Pv» + §Pva — Mvb) (1 + ) (I — Pvc + §P?a + Bvc) (1 + )
scheme Prckq prcky prcke
With a

fuel tax 02 o p”
and a 1(1 + —) (I = P¥ + §Pva — M) (1 + —) (I — P¥e + §Pva + Bvc) <1 + —)
feebate (py +1)ckq (py +1)ck, 7y + D)k,

scheme

Note that there are two ways of writing conditigrestaining to the policy tools to make the
WTA decrease, to make the WTP increase, or to aksérthe rebound effect. Either we

consider a given feebate scheme, and we determiehiuel tax is needed, or — what we
propose to do — we consider a given fuel tax, aeddetermine which feebate scheme is
required. Our choice can be explained by the reddtexibility of a feebate scheme. In fact,

an appealing feature of a feebate scheme is i@npal neutrality on government finances
that is achievable provided that the feebate scheiftexible enough (Santos and al, 2010).

3.1. Analysis of WTA

When a motorist is not willing to pay for the puaske of a less consuming car (i.e. he does
express a willingness to accept), and is not obligechange car, the policy tool the public
authorities have to set up to induce him to pureheasiew car is such that his WTA taking
into account the policy tool becomes zero.

In view of this discussion, what remains uncleawlether the WTA for the purchase of a

less consuming vehicle is reduced when there e fuel tax or a feebate scheme. The
impacts on the WTA with regard to a fuel tax, atmmra malus, and a combination “fuel tax +

bonus” or “fuel tax + malus” are summarized in Rrsigons 5 and 6 below.

Proposition 5.Compared to a situation without policy tool, the Aér the purchase of
vehicle b,

i) Is higher when fuel is taxed,
i) Is higher when a malus is charged,
iii) Is higher when fuel is taxed and a malus is charged

Proof. See Appendix.

Proposition 6. Compared to a situation without policy tool, th&Mfor the purchase of
vehicle c,

i) Is higher when fuel is taxed,
i) Is lower when a bonus is granted,
iii) Is lower when fuel is taxed and a bonus is graifted
B > I ck.t (cky — ck,)6? ®)

cka|(ps +7) cke + 02](psck. + 62)

Proof. See Appendix.
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3.2. Analysis of WTP

In the same way, — and now considering a motortsd Wwas to purchase a new car — the
guestion is whether public decision-makers can nila&&VTP for the cleanest car increase.

The impacts on the WTP of a fuel tax, a feebate®e) and a combination “fuel tax +
feebate scheme” are summarized in Propositionabahd discussed in what follows.

Proposition 7.Compared to a situation without policy tools, th&R\for vehicle c:

)] Under the condition that ck, + ck. > ck,, decreases following the
implementation of a fuel tax,
i) Increases following the implementation of a feebatheme (the increases
amountsB¥e + MVp),
iii) Increases .following the simultaneous implementadiba fuel tax and of a feebate
scheme if:
BYe + M'b > 167
ck,
4Gl = 7
(che = pfck +62 (p; +1)ck, + 02 (")

1
— (ckq — ckyp) [p ck, + 62 (pf +7)cky + 92]}
Proof. See Appendix.

The condition pertaining to the amounts of bonud aralus to make the WTP increase
following the simultaneous implementation of a fuek and a feebate scheme can be
explained as follows. As previously said (cf. Prsitions 5 and 6), the WTA for the purchase
of vehicleb increases with a malus whereas the WTA for thehlmsge of vehicle decreases
with a bonus. That said, it can be easily demotedtritom (5bis) that the WTP for vehiate
increases following the implementation of a bonwdus scheme. The increase equals the
sum of the bonus and malus amounts (cf. Figurd@w)eActually, since the motorist has to
purchase either a vehickeor a vehiclec, the bonus-malus scheme allows two benefits for a
vehiclec purchaser: a direct benefit through the bonusamithdirect benefit avoiding paying
the malus.

Figure 4: Variation of the WTP for vehiatefollowing the implementation of feebate scheme

WTA¥a=vs, WT A% Wram

Lwrazr

MU _____-____________:/_/_ ‘[’w‘qw‘mu_s
H - - — WTAY""r

(WTAYe=Ys — WTA=Y) oy o = 27
./.
e
s o
P M
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.I.
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.".
_/
.
,
~
o~
-~
Bve -
Pvs —‘:' Pve
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However, the implementation of a fuel tax makesWAEP decrease since the tax’s effect on
the continuous choice (i.e. the reduction in mikeagvelled by passenger vehicle) prevails
over the tax’s effect on the discrete choice the.car purchase decision). Hence, the sum of
the bonus and malus amounts must equal the decoédbke WTP due to the fuel tax (cf.
right-hand term in inequality (7) above) so thad WTP increases when a fuel tax and a
feebate scheme are simultaneously implemented.

In view of this discussion, we can emphasize thateasing either the bonus or the malus has
the same impact on the WTP for the purchase ofcleeki But, taking into account the
normative component of a bonus-malus scheme (shtat say the psychological connotation
of punishments and incentives, with the partichigher sensitiveness to losses when facing
losses and gains of the same magnitude, see De atahal., 2009) would not have led to the
same conclusion.

However, even when the WTP increases, as long rasniains below the vehiclés market
price, the motorist still purchases vehibleThe impact of the combination “fuel tax + feebate
scheme” on the car purchase decision is addresgbe following subsection.

3.3. Household's purchase decision analysis

To be consistent with Proposition 7, we proposddtermine — at a given fuel tax — which
feebate scheme makes the WTP for the purchasehafle#e exceed the vehicle's market
price.

Proposition 8. When a fuel tax and a feebate scheme are simolisheimplemented, the
WTP for the purchase of vehicle c is higher thauehicle c’'s market price if:
; (pf +17) cky + 62 cky ck,

BYe + MVb > PVc — PV — -
g ckq (pf +T)cky + 62 (pf +71) ck, + 62

(8)

Proof. See Appendix.

This threshold is exactly the difference betweenwuéhiclec's market price and the WTP for
the purchase of vehictetaking into account a fuel tax (by analogy with Bdpis).

But bearing in mind that the public authorities aommreduce C@emissions, the question is
whether implementing simultaneously a fuel tax anéeebate scheme makes households
really consume less fuel (see the rebound effeadysis below).

3.4. Rebound effect analysis

The potential change of the mileage travelled by passenger car following the purchase of a
new car depends on the balance between two opposing tendencies: higher efficiency on the
one hand, which tends to increase the mileage, and net purchase expenditure on the other,
which tends to decrease the mileage due to the reduction in the household’s disposable
income. Thus the so-called rebound effects; i.e. increases in demand induced by efficiency
gains, can be taken into account (see Proposition 9).

Proposition 9. At a given difference between the fuel consumptidhe current and the

new vehicle &, for instance with ck, = ck, — Ap), the rebound effect is observed only
when:
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Aplps

PV — §pva < —T _
prckq + 62

(9)

Since both a fuel tax and a feebate scheme affect the optimal mileage (see Table 2b above),
the question is whether they can neutralise the rebound effect. The conditions under which the
rebound effect is cancelled are summarized through Proposition 10 below and discussed in
what follows.

Proposition 10.The rebound effect is neutralised:
i) when purchasing vehicle b and:
» solely a fuel tax is implemented, if the tax exsdbd following threshold:
6? (I — P% + 8Pva)(psck, + 62)ps 64
b _ _ - - 1
Fmin (pf 2k, - Ab)> +J I(ckq — Ap) * 4(ck, — 1,2 (10)
» solely a feebate scheme is implemented, if the snafoount exceeds the
following threshold:

1A, Py
prckq + 02
* both a fuel tax and a feebate scheme are implemeift¢the malus amount
exceeds the following threshold:

1Byt ke =8B ] e (12)

_ oo spo (11)

v, —
M bmin -

M;];xmin - 2
pf(pfcka +6 )

i) when purchasing vehicle ¢ and:
» solely a fuel tax is implemented, if the tax exsdhd following threshold:
. 6? (I — P + §Pva)(psck, + 62)py 64 13

Fmin =~ (pf T 2k, - Ac)> * J 1(ckq — ) ti sy B

* both a fuel tax and a feebate scheme are implemeiitéhe bonus does not
exceed the following threshold:
I [Ab ps? —10% — (ckg — Ac)(Z‘rpf + TZ)]
pr(preky + 62) (14)

= P% — §PVa —

B’

taxmax

Proof. See Appendix.

Taxing fuel makes the cost per kilometre increda$en the tendency to increase the mileage
owning a less consuming vehicle is reduced. Heackiel tax can neutralise the rebound

effect. (see? ;. in Figure 5 below).
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Figure 5: Conditions for the existence of the retzbaffect

v, Y
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(PYb—8PYa)(pfckqa+6?)
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Note:A,= ck, — ck;; A=
Since, for each situation, the tax threshold depends on the difference between the fuel

consumption of the current and the new vehicle on the one hand and on the vehicle’s market
price on the other, we have the following Proposition.

Proposition 11 As long as the vehicle c’'s market price remaingelothan the threshold

below, the fuel tax required to nullify the rebouefiect is higher in situation ¢ than in
situation b.

4ps(cky — Dy)(prckq + 62)(I + 8PYa — P¥b) + 16*
2|p2 _ f a b fca
160262 + (ck, Ab)J G
pve’ =
2p;(psckq + 62)(cky — Ap)? (15)
(U +8P" = P)(A = 8p) | o,
(Cka - Ab)

Proof. See Appendix.

Such a result highlights the need for public policies to varycaling to technological
progress. In other words, the greater the techmmbgrogress, the more stringent the tax
policies have to be, because of such rebound sffEctr instance, in response to an increase
by 20% in energy efficiency, Brannlund et al. (2P0id that it is necessary to “increase the
CO, tax by 36% to achieve the same level of,@mnissions as before the increase in energy
efficiency”. Furthermore, it is worth noting thdtet need for a fuel tax to be introduced
alongside an increase in energy efficiency is widkscussed in the empirical literature on

the ‘fuel intensity standards vs. fuel taxes’ del@ee for instance Ajanovic and Haas, 2011;
Clerides and Zachariadis, 2008).
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Besides, charging a malus when purchasing vehickn neutralise the rebound effect; i.e. as
soon as the amount of the malus is high enoughakerthe tendency to decrease the mileage
due to the reduction in the disposable income prexger the tendency to increase the
mileage due to higher efficiency. This minimum ggnaquals the difference between the net
car purchase expenditure above which the reboufettes neutralised in the absence of
policy tools (see eq. 9) and the real-world oneaddition, when fuel is taxed (resulting in a
higher cost per kilometre), the tendency to incedr® mileage due to higher efficiency is
reduced so that the malus required to neutralsedhound effect is lower. Indeed, the net car
purchase expenditure above which the rebound eifentutralised is lower when fuel is
taxed (see Appendix).

Finally, still considering the two tendencies tlla@termine the direction of variation of the
mileage, it is straightforward that granting a b®rfor the purchase of vehicle cannot
neutralise the rebound effect. However, when fgeltaxed, granting a bonus does not
necessarily mean that the rebound effect cannaebgalised. Actually, the rebound effect is
still neutralised as long as the amount the houddias really to pay (i.e. the net car purchase
expenditure minus the bonus) remains higher thannet car purchase expenditure below
which a rebound effect occurs when fuel is taxedother words, the bonus has to be such
that the tendency to decrease the mileage dueedntirease in the cost per kilometre
(through the fuel tax) still prevails over the oppe but reduced (thanks to the bonus)
tendency to decrease the mileage due to a loweoskble income.

4. Conclusion

This research examines households’ willingnessaio(VTP) for an improvement in the
fuel efficiency of their vehicle, along with the ract of public policies on this WTP, the car
purchase decision, and the rebound effect. Toahis we construct a microeconomic model
based on a compensating variation method.

The net car purchase expenditure weighs heavithemousehold’s budgetary constraint;
hence the variation in income that leaves the Hmldés utility unchanged after the purchase
of a more efficient vehicle is in fact negativee(ias soon as the net car purchase expenditure
exceeds a certain percentage of the household@sni@g In this case, households express a
willingness to accept (WTA) instead of a WTP. TWg A therefore appears as a difference
to be made good by public policies aiming to previdcentives to purchase more energy-
efficient vehicles. With regard to public policiesemerges that the implementation of a fuel
tax as well as of a malus system leads to an isereahousehold’'s WTA, whereas a bonus
system makes the WTA decrease.

In addition, although a household expresses a Wiléhainge car, we are able to define a
WTP for the least fuel-consuming vehicle offered $ale under the assumption that the
household has to purchase a new car. We find hieW¥ TP is the maximum market price of
the vehicle. This price is equal to the market gorid¢ the more energy consuming vehicle
offered for sale plus the difference between theANGr the purchase of this latter vehicle
and the WTA for the purchase of the least fuel nariag vehicle when the two market prices
are the same. Note that a fuel tax leads to a deer@ this WTP and thus cannot lead to the
purchase of a more efficient vehicle. This is douehie fact that the reduction in mileage by
private car following the implementation of a fuak is so important that the tax’s effect on
the continuous choice (i.e. the driven mileage)\aits over the tax’s effect on the discrete
choice (i.e. the car purchase decision). To thdraoyn a feebate system (e.g. a bonus-malus
scheme) leads to an increase in this WTP. Theretammbining a fuel tax with a feebate
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scheme can eventually make the WTP increase, amdrésult in a change in the car purchase
decision.

But we also find that reducing the market pricéhef new vehicle (i.e. through a bonus) is
not worthwhile in the light of the rebound effece( increases in fuel demand induced by
efficiency gains). However, a fuel tax — as soort agceeds a certain level — is able to nullify
the rebound effect. Hence, considering the cominnaif these two pricing tools, the order of
magnitude of the fuel tax on the one hand anddhetther the bonus or the malus amount on
the other determine whether the household consumes, or less, fuel.

Way of improving the model so that it better migrdhe real life situation could be to
introduce a pure present preference rate — thetlfathouseholds tend to give more weight to
net expenditure at the moment of the purchasetthdéime gains over the period of use of the
vehicle. It could also be worthwhile to introduteeshold effects between the fuel price and
the mileage travelled by car — the fact that amease in fuel price leads to a reduction in
mileage travelled by car is realistic only for kietres that exceed a certain number of
kilometres that consist of travels without alteivatransport modes. In that light, distinguish
transport services from the other goods or serwicasenter the utility function would be of
great interest. Actually, depending on whether wasaer an urban area or a rural one,
public transport may or not constitute an altexeato car use, and impact the constraint on
car mobility.

Appendixes.
Proof of Proposition 1. The Hicksian compensating variation in incometfer purchase

of vehicleb, termedX?«~"s  is such that:
V(1, ckq,pp,0) = V(I — P¥ + §PYa — XY™, cky,,p,0)

62 62
11+ = | = P¥ + §PYa — Xva~vb) <1 + )
< pbr Cka) pr ckp

cky — ck, 162
Xva~Vb = —2 — PV + §PVa
ck,  pscky + 62

Or:

We obtain:

Proof of Proposition 2. The WTP for the reduction in fuel consumption piorketre is
an increasing function of the household’s inconee(eq. 2). Therefore, there is an income
threshold (termed*) above which the WTP for the reduction in fuel smmption per
kilometre is higher than the net car purchase edipgre. This income threshold is such that:

WTPCka=kb ([*) > PV — §PYa
From (2) it can be rewritten as follows:
cky— ck, 162

> PYb — §PVa
ckq  pyckp + 672

We obtain:
ckq(ps ckp +67)
(cky — cky)6?

I* > (P¥b — §Pva)
Or:
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I* > u(P% — §P%a)
cka(ps ckp+6?)

With H= (ckq— ckp)B?

andu > 1.

Proofs of Proposition 4.

i) From (3), we obtain:
OWTAYa™"> 162 ck, <0
dcka  cky?(ps cky + 62)
OWTAYave 162 ck, -0
dcka  cky*(py cke + 62)
OWTAYa>Yb)  |gWTAVa™ve 10%(ck, — ck,)
| - =— >0
0 ckq 0 ckg cko*(ps cky + 62)(ps * ck. + 62)

Using (5), we find:
OWTPVa~vc

<0
dck,

i) From (3), we obtain:
OWTAY"  16%(py ckq + 62) N

dck, cka(pf cky + 92)2

OWTAVa~Yc
0 Ckb

0

Using (5), we have:
OWTPVa~ve

>0
aCkb

i) From (3), we obtain:
OWTAVa™Yb

dck,

OWTA e 10%(pys ckq + 6?) .

0
d cke ckq(py cke + 92)2

Using (5), we have:
OWTPVa=Ye

d ck,
iv) From (3), we obtain:

OWTAY™"b  210pr(cky — ckp) ckyp

a6 cka(pf cky + 92)2

OWTAYe™ve  210ps(cky — ck.) ck, <0
a6 cka(pf ck, + 92)2
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‘GWTA"“_”’D

|6WTA"‘1_’”C
00

a0
_ 2IppO(cky — ckc)|2pp02 + ckockyckeps® + (cky+ cke — ckg)0*] <0

- cka(pf cky, + Bz)z(pf ck. + 92)2

Using (5), andck,+ ck. > ck, we have:
OWTPVa~Ve >0

a0

Proof of Proposition 5.

i) When fuel is taxed, the WTA for the purchase oficlerb termedWTA/%™" is
such that:
V(1, ckqps +7,0) = V(I — P + 85PVa + WTA2™, cky,pr +7,6)

tax

By analogy with (3), we obtain:

2
WTava v — pvo _ gpra - Ko~ Kb 16
tax ckq  (pr + 1) ck, + 62
ii) When a malus is charged, the WTA terriéfA’> *" is such that:

malus

> WTAVa~vb

' v(1, Cka,pf,.e) = V(I — P" + 8P¥a — M" + WTA% b, cky, Dy, 0).
By analogy with (3), we obtain:

cky— ck, 162

WTAYS VD = pYb — §PYa + MY — > WTA">"
malus ckg  pgckp + 672
i)~ When fuel is taxed and a malus is charged , the WeFfedWTA[% g . o is
such that:
V(I, ckq,ps +7,0) = V(I — P" + 8PVa — M¥b + WTA ¢E s » €k, s +7,0).

By analogy with (3), we obtain:

_ 2
WTAJe ¢ = pu — 5pva  pro — Ko Kb 10

> WTAVa™vp
tax & malus Cka (pf + ‘L') Ckb + 62

Proof of Proposition 6.

i) When fuel is taxed, the WTA for the purchase oficlehc termedWTA;%. " is
such that:

tax

V(1, ckqps +7,0) = V(I — P% + §P% + WTA[2", cke,ps +7,0)

By analogy with (3), we obtain:

2
WTaa v = pre _ gpra - Ko~ Ke 16

> WTAVa>ve
tax ckq  (pf+ 1) ck. + 62

i) When a bonus is granted, the WTA terni@iA}% "¢ is such that:

bonus
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V(I, ckq,pp,0) = V(I — PY + 8P% + B¥e + WTA® "', cke,py, 0).

bonus’

By analogy with (3), we obtain:

WTAY2Yc — pvc _ §PVa — BVc — Cka — cke 16% < WTAYa>Ve
bonus ck, pf ck. + 02
VgV,

i) When fuel is taxed and a bonus is granted, the MarAedWTA,. ¢ onus 1S
such that:

V(I, ckq,ps +7,0) = V(I — P% + §P% + B% + WTA% ¢, cke,ps +1,0).

bonus’

By analogy with (3), we obtain:

WTAva—n}C — PV _ §pYa _ BVc _ Cka — CkC 192
tax & bonus Cka (pf + ‘L’) Ckc + 92

The difference between the WTAs with and withotdel tax coupled with a bonus is
negative if:

WTAYe Ve < WTAVa=ve

tax & bonus

Or,

cky — ck, 162 cky, — ck. 167
PVe — §P¥a — BV — < PYe — §PVa —
ck, (pf + T) ck. + 62 ck, prcke + 62

We obtain:

ck.t (cky, — ck.)I6?

BYc 0
> cka[(pf + T) ck. + 92](pfckc + 92) >

Proof of Proposition 7.

) By analogy with (5 bis), the WTP for the purchasesehicle c with a fuel tax is

given by:
N +1)ck, + 6% ck ck
WTP " = P +1 (py +7) cha d - < ]
ckq (pr +7)cky + 62 (ps + 1) ck. + 62
The difference between the WTPs for a vehickgith and without a tax is:
Vg =V N 192
WTRgs " — WTPPe™%e = ——»

a
(ck k)[ ! L ] (ck k)[ ! L ]
ck,—c - —(ckqg—c -
© T prcky +6% (py+1)cky + 62 © T prcke + 62 (pr +T)ck, + 62

The quantity is zero when no tax is implemented (r = 0). Hence if the difference between the
WTPs decreases when a fuel tax is implemented, the difference is necessarily negative.
Accordingly, we look at the derivative of the difference with respect to the fuel tax amount:

d(WTPLe ™" — WTPVa=vc) _ 1% ckg—cky  ckq—ck. ]
ot cka|(ps +7)cky + 6% (pf +7)ck. + 62
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Usingcky, + ck. > cky:
d(WTPLe ™" — WTPVa~vc)

tax
<0
ot

i) By analogy with (5), the WTP for the purchase ofiigke ¢ with a bonus-malus
scheme is given by:
WTP e % = pvb 4 (WTA"® "0 — WTA Y ) by _pve

bonus malus bonus

Or, using expressions from proof of Propositioras8 6:
cky— ck, 162

ck,  prck, + 92]
cky— ck., 162

ckq  pgcke+ 92]

WTP,& " = PVb + |PVb — §PVa + MVb —

bonus

— I:va — §PVa — BYc —
We obtain:

. ckq + 62
WTRJa e s = P+ MV + BVe 4 [ L0

bonus—malus Cka

cky ck,
pr ck, + 6% prck. + 62

The difference between the WTPs for a vehickgth and without a bonus-malus scheme is:
WTP,8 "¢ ius — WTAVe™Ye = MV + BV >
iii) By analogy with (5), the WTP for the purchase difigke c with a fuel tax coupled
with a bonus-malus scheme is:
WTP e e = P% + (WTA% & — WTA € bonus) PPb=pve

tax & bonus—malus tax & malus tax & bonus

Or, using expressions from proof of Propositioras8 6:

WTP2 o5

tax & bonus—malus

[ cky — cky 16% ]
= PY 4 |PYb — §PYa + MY —

cka  (py+7)cky + 62

ck, — ck, 162
— |pY» — §PVa — BV —
cka  (ps+71)ck. + 62
We obtain:
WTP e ve

tax & bonus—malus

= PY + BV + MV
+1)ck, + 6%
+1(pf ) a
ck,

cky, B ck, ]
(pf +7)cky + 62 (pf +17) ck, + 62

The difference between the WTPs for a vehaoldth and without policy tools is:

I 2
VoV Sy
WTPta‘zc&zonus—malus — WTA%a”Y = BY% + M"> + E *

1 1 1 1
ck, —ck - — (ck, —ck -
{( * ) [prkb + 62 (pf + ‘L')Ckb + 92] (cka ) [prkc + 62 (pf +7)ck. + 92]}

The WTP with policy tools is higher than without if
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2

16
BVe + M"» > —
ck,

1 1
k, —ck —
*{(C a—C c) [prkc+92 (pf+T)Ckc+92]

1 1
—(ck, — ck —
(cka = cky) [prkb +02  (pp+1)cky + 92]}

Proof of Proposition 8. The WTP for the purchase of vehidevhen a fuel tax and a
bonus-malus scheme are simultaneously implemergednies higher than the vehids
market price if:

WTPtI;%c_ggonus—malus > Pve
PYb + BV + M + | (py +7) cka + 67 Ckp _ cke ] v
ckq (pf +7)cky, + 62 (ps+71) ko + 62
We obtain:
B% + MY > pYe _ pvs _ | (pr +17) ckq + 62 [ cky, B cke ]
ck, (pf + ‘L')Ckb + 62 (pf + ‘L') ck, + 62

Or (by analogy with (5bis)):
BV + M > PYc — WTP,% "

tax

Proof of Proposition 9. Considering for instance situatidn(i.e. purchase of vehicle
with ck, = ck, — Ap), a rebound effect exists whehe household’s fuel consumption in
situation b is higher than in situation a (i.e. keeping their current vehicle a). It can be written
as follows:

mYack, — mp(ck, —A,) <0

162 " (I — P¥b 4+ §PYa)p? (cka— A,) <0
C - C — b
prcka(prcky +602) % pr(cky — Ap)|ps(cka — Bp) +62] ¢
We obtain:
Apl
PVb — §PVa < b—pfz
prckq + 6

Proof of Proposition 10.
) Considering the purchase of vehicle b

* With a fuel tax.
Considering for instance situatidn) a rebound effect still exists when the householdéd
consumption in situatiob following the implementation of a fuel tax remaimgher than in
situationa. Note that in order to find the amount of the thattkeeps fuel consumption
unchanged despite the greater fuel efficiency ef new vehicle, the baseline situation in
which the motorist keeps his current car is considl@vithout a fuel taxit can be written as
follows:

v, Vb
ckom¥a — ckym,;,. <0
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162 " (I — PP + §PV2)f? (cky —A,) <0
C - C J—
prckq(prck, + 62) ¢ (pr + 1) (ckq — A)[(pf +1)(ck, — A) + 92] “ b

T21ckq02(ckq — Ap)? + T[2py (kg — Ap)? + (ckq — Ap)OZ] + py(ckq — B)[py (ckq — Ap) + 62]
Py(cka = 8p)(pycke +6)I — P + 6P™) _
I

It can been written ast 72 + Bt + ¥ < 0. The two roots of the polynomial are:

K [ — PYb 4+ §P%a ck, + 62 04
Soll = — pf +—F] - ( )(pf = )pf
2(ckq — Ap) I(ckq — Ap) 4(cky — Ap)?

K [ — PYb 4+ §PVa ck, +02) x 04
Sol2=—|ps+575——|+ ( )(prcka ) pf+ 5
2(ckq — Ap) I(ckq — Dp) 4(cky — Ap)

Sollis negative; onlyol2 can take positive values.

In addition,Sol2 is an increasing function of the fuel efficien@irgA — what makes the fuel
efficiency gain increase when moving to the righFigure 5.

Proof:
dSol2 S
aA,
(I —pP¥p + 5P”a)(pfcka + Bz)pf 4 1 g4
I(ckq — Bp)’ 2 (cky — Ap)? 0?
"2k, =,y 0
4(I — Pv» + 8Pva)(ppck, + 6%)py % @ 7P
I(ck, — Ap) " (ke — By )2
(I = P¥ + 6P")(pscka + 6%)py 1 6*P?
I(Cka - Ab)z 2 (Cka - Ab)?;
. 62 4(I — P + 8P%)(pscky + 62)ps 64
2(ckq — Ap)? I(ckq — Ap) (ckq — Ap)?

Multiplying this inequality first by(ck, — A,)3 and then b%% , We obtain:
2(1 — P" + §PV)(prcky + 6%)ps(cky — Ap) 1

164
4(1 — PYp + 5P”a)(pfcka + Bz)pf(cka —Ap)

> +1

164
Let x andk denote:
x = (ckq — Ap)

2(1 — P¥b + 6PYa)(pscky + 6%)ps

= 16

Then the inequality can be rewrittérx + 1 > vV2kx + 1
Raising it to the power of 2, we obtaitfx? > 0. This is always true.

0Sol2
In the end: ” >0
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Since a is positive, the quantityt? + 7 + y is negative between the roots, and positive
outside. Hence:

- If Sol2 <0, thenV 1, at? + Bt + y > 0: the fuel consumed by the household with
vehicleb following the implementation of the fuel tax isMerthan the fuel consumed
by the household with vehicke there is no rebound effect.

Yet, by resolvingSol2 = 0, we find thatSol2 < 0 as long as Ap:

(P — §PYa)(ppcky + 6%) _

This result is consistent with the rebound effewlgsis above (cf. Proposition 9).

A*

Ap<

- If Sol2 > 0 (A,> A*) then:

o if 0 <1< Sol2, thenat? + Bt + y < 0: the fuel consumed by the household
with vehicle b following the implementation of the fuel tax remsihigher
than the fuel consumed by the household with veladwithout a fuel tax).
The rebound effect still exists.

o if 0 <Sol2 <, thenat? + Bz +y > 0: the fuel consumed by the household
with vehicle b following the implementation of the fuel tax beassnlower
than the fuel consumed by the household with veldaqwithout a fuel tax).
The amount of the tax is high enough to nullify tabound effect.

ThusSol2 represents the minimum required tax to nullify tilevanted rebound effect. Then:

b N 62 N (I — Pv» + 8Pva)(prcky + 62)py 64
fmin = Z\Pr T 5 (kg — Bp) I(ckq — Ap) 4(ckq — Ap)?

* With a feebate scheme.
In the same way, the rebound effect is neutralgeen:

mYack, —myb . (ckg—Ap) >0

167 " (I — PY» + §P%a — MVb)H? (chy— 1) > 0
C - C —_
pfcka(pfcka + 62) @ pr(ckq — Ab)[pf(cka —Ap) + 92] @ b
We obtain:
IA
a

In other words, the malus has to equal the diflezebetween the car net purchase
expenditure above which there is no rebound eff@@¢ Proposition)9and the real-world
car net purchase expenditure.

* With the combination “fuel tax + feebate scheme”
The rebound effect is neutralised when:

Vg _ Vb
m Cka mtax&malus

(ckg —Ap) >0

162 (I — P¥b + §PVa — MVb)02
5 ck, — >
prckq(prcky + 607) (pr +7)(ckq — D) [(pf + 7)(ckq — Bp) + 62]

(cky —Ap) >0

We obtain:
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oo [Ab (pr + T)Z —16% — ckq(2tps + TZ)]
b > -
pf(pfcka +62)

The first part of the right-hand term consists loé thet car purchase expenditure above
which there is no rebound effect when fuel is ta&dof:
mPack, —m>, (ckg —Ap) >0

M (P¥» — §PYa) = M;?

taxmin

162 (I — P + §Pva)g?

k. —
prckq(prcky + 02) ¥a (pf + r)(cka - Ab)[(pf + T)(Cka —Ap) + 62]
>0

(Cka - Ab)

We obtain:
I [Ab (pr + 1)2 — 1602 — cko(2tps + 1:2)]
pr(prcky +62)

PYb + §PVa >

In addition, this malus threshold/lljfxmin) is lower than that above which the rebound
effect is neutralised when there is solely the méile.M"?,,,;,,). Proof:

M;J;xmin < vamin
d
2 _ 2 _ 2
|8y (py +7)° =702 = chg(27p; +7%)] (P — vy < —O0PI (pvy _ spvay
pr(pycka +67) Preka +6°
Ud
By (py + 2" = 6% — ok, (2rpy +7) < gy
Ud

(2tps + %) (A — ckg) — T2 <0
This is always true (with A, — ck, < 0).

i) Considering the purchase of vehicle ¢

* With a fuel tax
By analogy with the minimum tax that neutralise teleound effect when purchasing vehicle
b, we have:

. N 62 N (I — PYe + 6Pva)(prcky + 62)ps N 64
fmin = 7 \Pr T (kg — A) I(ckq — Ac) 4(ckq — A,)?

* With a feebate scheme
The rebound effect is neutralised when:
mYack, —m,S  (ckq—A) >0

162 . (I — PYc + §PVa + BYc)f? (cha—0)> 0
C - C —
PrckaDpcka + 602 % pr(cky — A)[ps(cky — D) +62] ¢ °°
We obtain:
IA
BVc < (Pvc — 6Pva) — ;pfz
prckq + 6
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IAcpf
pfckq+62
9). Yet the amount of a bonus is necessarily positive (BY¢ >0). Hence, the condition is never
met, and a bonus cannot neutralise the rebouncteffe

When there is a rebound effect we have(P¥c — §PVa) — < 0 (by analogy with eq.

« With a combination “fuel tax + feebate scheme”
The rebound effect is neutralised when:
meckq — mit;(;x&bonus(Cka —A0)>0

162 (I — P% + §PVa 4+ BVc)H?

k —
Prcka(prcka +62) % (py + 7)(cka — 8)[(pf + 7)(cka — ) + 67
We obtain:

(cky —A.) >0

I [AC (pf + T)Z —160% — Cka(Z‘L'pf + Tz)] o

BVe < (PVe — §P%a) — =
( ) pf(prka + 92) taxmax

It can be rewritten as:
1 [AC (pr + 1:)2 — 162 — ckq(2tps + 1'2)]
pf(pfcka + 92)

The rebound effect is still neutralised as longttes bonus does not make the amount the
household has really to pay (the net car purchapengliture minus the bonus; i.e. the left-
hand term) becomes lower than the net car purcbagenditure below which there is a
rebound effect when fuel is taxed (i.e. the righundh term; see proof just below)
Proof: The right-hand term consists of the netmarchase expenditure above which
there is no rebound effect when fuel is taxed.
mYack, —myS, (ckq —Ac) >0

PVe — §PVa — B¢ >

162 (I — PV + §5PVa)p2

k —_
Prcka(prcka +62) % (py + 7)(cka — A)[(pf + 7)(cka — ) + 62
>0

(Cka - Ac)

We obtain:
I [AC (pr + 1)2 — 102 — ckqo(2tps + 1'2)]
pr(prcky +62)

P¥ 4 §P% >

Proof of Proposition 11.The vehiclec's market price that equals the tax levels required
to nullify the rebound effect in situatidm on the one hand and in situatioron the other

(termedP?¢") is such that

b _ ,C
Tmin = Tmin

62 I — P + §PVa)(psck, + 62 64
_<pf+ )-l—\/( )(pf a )pf+

2(ckq — Ay) I(ckq — Ap) 4(ckq — D)2
B N 62 N (I — Pve* + 8Pva)(psck, + 62)py 64
~ T\ T 2k, — ) I(ckq — Ac) 4(ckq — A,)?

We obtain:
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4ps(cky — Ap)(prcky + 62)(I + 6PV — PYb) 4 [6*
2 _ f a b ft"a
6 + (Cka Ab)\/ I(Cka — Ab)

pr(pfcka + 92)(cka —Ap)?
(I + §PYa — P¥p) (A, — Ap)

162

+ PVb
(Cka - Ab)
Moreover, we have:
aTrcnin _ (prka + gz)pf <0
aPve
(I = PV + §PVa)(psck, + 62)p 04
21(cka = Ac) T(ck Ei - )f+4 Ty — B0)?
(C a C) (C a C)

It follows that, as long as the vehicle c’s market price remains lower than PV<”, the fuel tax
required to nullify the rebound effect is higher in situation ¢ than in situation b.
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