
Transition to Electric Mobility: An Optimal
Price Subsidy Rule

René Aïd and Imen Ben Tahar

Abstract Many public policies declare electric mobility as a key lever for insuring
the carbon emission target and attaining the objectives of oil-dependence reduction.
However, the cost of an electric vehicle (ev) is still way too expensive compared to
the conventional fuel-powered vehicle (fv) and constitutes a serious barrier against
its diffusion. In this note we formulate a tractable model to analyse the dynamics
of the adoption of ev’s. The dynamic is driven by increasing marginal production
returns and consumer’s willingness to pay. We define the social benefit of replacing
an fv by an ev as the fuel-economy it allows to realize, and solve for the optimal
subsidy rule. We show that in a context of expensive fuel price, a voluntary policy
of subsidy can transform the present fuel-powered fleet into an electric one.

1 Introduction

As highlighted in [7, 8], the last decade is marked by new socio-technical devel-
opments which have the potential to trigger the emergence of a viable trajectory
for electric mobility. These new developments are mainly led by: (i) Progress in
battery technology: where significant achievements in terms of performance and
range have already been realized making ev a more viable product. (ii) Public
policies: the last decade witnessed greater concerns about climate change. Many
governments are committed to binding green-house-gas (GHG) emission reduction
targets and number of public policies support electric mobility, declaring it as
a key lever for insuring the sustainability of the transport sector while attaining
the objectives of GHG limitation and oil-dependence reduction. For instance, the
European Commission states a set of objectives among which halving the use of
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‘conventionally-fuelled’ cars in urban transport by 2030 and phasing them out in
cities by 2050 [9].

Alongside these favorable elements, there are however important obstacles
hindering the deployment of evs. A major one is the high cost of the battery. Surveys
about Consumers Willingness to pay for ev reveal that, in spite of the high premium
some consumers are willing to pay, ‘battery cost need to drop considerably if ev
are to be competitive without subsidy at current gasoline prices’ [10]. A critical
question is to understand how subsidy policies combine with potential battery-cost
reduction via technological learning (learning-by-doing and increasing returns to
scale effects) so that the ev becomes economic.

We formulate a tractable model allowing to quantify the effect of purchase
subsidy on the dynamics of ev’s adoption. Here, we assimilate the benefit of
substituting an fv by an ev to the realized fuel economy over the lifetime of the
vehicle. Indeed, while the individual consumer has a short-term view, the public
authority has a long-term policy, which gives, from a social perspective, advantage
to ev’s future fuel economy over present battery expenses. In this note, we stick to a
simple deterministic setting where the fv’s purchase price and the energy costs for
both vehicles are assumed to be constant over time. It constitutes a reference case
for a more involved stochastic model which is the object of an upcoming paper.

In Sect. 2 we present the basic hypothesis of our model and introduce the
dynamics of the ev adoption. This dynamics is inspired from Brian Arthur [1]
seminal paper analyzing competing technologies with increasing returns. It captures
the fact that the cost of ev is experiencing a learning curve where the speed at which
learning occurs, is spurred by the number of new ev adopters. It implies that the
post-subsidy purchase price spread between ev and fv , denoted by x.t/, evolves
according to

Px.t/ D �˛�x.t/˚.x.t/ � s.t//

where s is the subsidy rule, and ˚ is the complementary cumulative distribution
function for the consumers’ willingness to pay for evs. In Sect. 3, we justify the
social benefit of subsidizing ev purchases, then we formulate and solve the problem
of optimal purchase subsidy rule allowing to maximize the social benefit. We show
that the optimal subsidy rule consists in guaranteeing a relatively low net purchase
price P� which is constant (up to the interest rate). The value of the subsidy vanishes
as the pre-subsidy price of the ev tends to P?. We show that using this optimal
subsidy rule in a context of hugh fuel price, the fuel-powered vehicle fleet can
be transform into an electric one in a few decades. Finally, Sect. 4 is dedicated to
concluding remarks.
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2 Modeling the Dynamics of Electric Vehicle Adoption

Analyzing the potential demand for ev is crucial to model or forecast how
manufactures strategies and public policy incentives may influence the deployment
of electric mobility. Several studies addressed the demand side, in particular
consumers willingness to pay for an electric car compared the reference gasoline
powered vehicle, see for example [5, 10]. For our model, we retain two important
observations which are often reported:

(i) significant preference (willingness to pay) heterogeneity across the population,
(ii) required substantial battery price reduction if evs are to meet target volume.

These facts are illustrated on Fig. 1 with a sample of data extracted from [5] on
willingness-to-pay of European consumers. We will use these data for the numerical
application in Sect. 3.3.

As for battery technology, there is an on-going intense R&D activity where
close collaborations between automakers and manufacturers are observed [8].
As shown in Fig. 2, the industry projects better performances as well as cost
reductions to follow through learning-by-doing and increasing returns to scale
effects: production costs for the not yet mature battery technology shall decline as
production cumulates.

2.1 Basic Hypothesis and Notations

For the sake of tractability, we make some simplifying assumptions on the market
of new personal vehicles:

Potential Market We assume a constant annual rate of new car purchases, denoted
by �. We suppose that consumers have the choice between two types of standard
vehicles, either an electric vehicle (ev) or a fossil-fuel powered car (fv). The
hypothesis for standard vehicle we consider are given in Table 1 and correspond
to genuine data, except for the gasoline price for which a high price scenario is
considered.

Fig. 1 Willingness-to-pay
for ev for European
consumers according to [5]
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Fig. 2 Battery learning curve: LI-ION battery pack cost and production 2010–2030—Source:
Bloomberg new energy finance

Purchase Price and the Battery Learning Curve The purchase price of the
conventional fv, p, is supposed to be constant over time. Whereas, accounting for
potential technological learning, the purchase price of the ev, pe

t , is supposed to
vary (possibly decline) in the future. We denote by xt the purchase price spread:

xt WD pe
t � p : (1)

We assume that this spread is essentially explained by the battery cost. Indeed,
relevant literature report that the cost of batteries is the critical factor within the
investment cost for electric vehicle [4, 6, 11, 12]. As it is explained in the French
Green Book on non-emissive vehicles [12, p. 42] fv and ev share most of their
costs (body work, passenger space, communication to drive wheels. . . ) and the only
differences come for the battery. Following [2], we assume that the battery costs,
and consequently the spread xt, decreases at a learning rate proportional to the
number of new ev adopters.

Energy Cost We denote, respectively, by f and e the annual energy cost of an fv
and an ev. They are assumed to be constant over time. Hence, in our model we do
not take into account possible future energy cost reduction. We also do not take into
account uncertainty regarding oil prices. Indeed, we intend to isolate the effect of
battery technological learning.

2.2 Dynamics of Electric Vehicle Adoption

To model the dynamics of ev deployment, we adapt the framework of Brian
Arthur [1] who proposed a simple and insightful model of explore the dynamics
of allocation between competing technologies with increasing returns.
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Sequentially arriving consumers, indexed by i, choose between the competing ev
and fv technologies each agent i is characterized by his willingness-to-pay for the
ev, denoted by ! i. Let ti denote the date at which consumer i makes his purchase
decision. The consumer i chooses an ev if and only if

xti � ! i :

where xti is the purchase price spread defined in (1). The sequence .! i/i�1

is assumed to be a sequence of i.i.d. random variables. We denote by ˚ the
complementary cumulative distribution function of ! i:

˚.x/ WD P.! i � x/ : (2)

As explained in the previous subsection, we aim to capture the fact that the spread
xt decreases because the cost of ev is experiencing a learning curve where the speed
at which learning occurs, is spurred by the number of new ev adopters. For now on,
we fix a time step ıt, and assume the following dynamics:

xtCıt D xt � ˛ xt nev
t : (3)

Here, nev
t is number of new ev adopters between the dates t and t C ıt, and ˛

represents the learning rate.

A Limiting o.d.e. It can be shown that the stochastic system (3) can be approxi-
mated by the solution of ordinary differential equation (o.d.e.)

P�t D �˛��t˚.�t/ ; �0 D x0 ; (4)

where � is the annual rate of new vehicle purchases.

Proposition 2.1. Define the piecewise continuous linear interpolation Nx by

Nx.tk/ D xtk and Nx.t/ D xtk C .xtkC1
� xtk /

.t � tk/

.tkC1 � tk/
; t 2 Œtk; tkC1� ; tk WD kıt :

Then, for any T > 0

e

"
sup

t2Œ0;T�

jNxt � �tj2
#

D O.ıt/ :

Proof. This result follows from a direct application of Lemma 9.2.1 in [3]. �
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3 Social Benefit and Optimal Subsidy Rule

3.1 Social Benefit of the Electric Vehicle

In our analysis, we identify the social benefit of the electric mobility with the fuel
economy realized by substituting ev to fv. When estimating the lifecycle cost to
energy, a key issue is the discount rate at which future consumption is valued today.
The individual consumers has a short-term view, reflected by a relative high discount
rate. On the other hand, the public authority has a long-term policy reflected by a
relatively low discount rate. Considering our standard vehicles data, Table 1, this
difference in the discount rate is sufficient to justify from the social perspective the
energy-economy benefits resulting from substituting an ev to an fv ; a collective
benefit which is not perceived at the individual level.

In order to formalize this discussion, we introduce the social cost, P, of a single
fv

P D p C
Z 1

0

e��tf dt D p C f =� ; (5)

and the social cost, Pe
t , of a single ev

Pe
t D pe

t C
Z 1

0

e��tedt D pe
t C e=� ; (6)

Here, �, is the social discount rate supposed to be constant over time. We consider
the lifetime of the vehicle to be sufficiently long to make the approximation of an
infinite time horizon. There is a social benefit to the ev if Pe

0 � P. Consider the cost
difference:

P � Pe
t D p � pe

t C .f � e/=� D b � xt

Table 1 Cost and fuel economy for the electric vehicle

fv ev

Energy consumption 5 l/100 km 20 kWh/100 km

Fuel price 1,5 e/l 0,9 e/kWh

Km/year 15.000 15.000

Energy cost/year (e) 1.125 270

Vehicle price (e) 15.000 30.000

Individual discount rate 16 % 16 %

Individual cost 22.000 31.700

Individual benefit of the ev(e) �9:700

Social discount rate 4 % 4 %

Social cost (e) 43.125 36.750

Social benefit of the ev(e) 6.375
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where b WD .f � e/=� is, from the social perspective, the fuel economy resulting
from substituting an ev to an fv.

Table 1 summarizes the various costs for the standard vehicles. Energy consump-
tion, fuel price, km per year and vehicle price are taken from the French Green Book
on non-emissive vehicle [12, p. 42] . These data corresponds to a urban use of the
vehicle. The electricity price is an off-peak price, considering that the vehicles will
charge during the night or on non-peaking hours. The hypothesis for the fuel price is
high. It corresponds to a situation where the oil would be around 200 USD per baril.
The individual discount rate (16 %) is sensibly higher then the social rate (4 %). It
reflects the individual’s ‘impatience’ when arbitrating between immediate costs and
future benefits. From the social perspective, substituting an fv by an ev results in
a benefit of e6;000: a fuel economy of b D e21;000, minus the initial battery cost
x0 D e15;000.

3.2 Optimal Purchase Subsidy

A purchase subsidy is used as a public policy to stimulate the number of ev
adopters. We denote by st the value of the purchase subsidy at time t, and by xs

the price spread resulting from applying the subsidy rule s D fst; t � 0g. Here we
shall work directly with the approximating dynamics (4). Then, the rate of new ev
adopters, when applying the subsidy rule s, is approximated by

� ˚.xs
t � st/ ; (7)

the resulting price-spread dynamics is given by

Pxs
t D �˛�˚.xs

t � st/ xs
t with xs

0 D x0 : (8)

Hence, from the social perspective, the subsidy rule s D fst; t � 0g leads to an
energy-economy evaluated by

Z 1

0

�˚.xs
t � st/

�
P � Pe

t

�
dt D

Z 1

0

�˚.xs
t � st/

�
b � xs

t

�
dt :

Here the objective of the public authority is to maximise over a fixed time horizon
T the social surplus defined as the social energy-economy minus the subvention
amount:

max
s

Z T

0

� ˚.xs
t � st/

�
b � xs

t � st
�

dt: (9)

The question of financing this subsidy policy is left aside here.
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It turns out that is possible to characterize explicitly the optimal subsidy rule. We
shall assume the complementary distribution function ˚ satisfies:

˚ has a bounded support Œxmin; xmax� (10)

˚ 0 > 0 on �xmin; xmax� (11)

h W z 7! z C ˚.z/=˚ 0.z/ is non-decreasing on Œxmin; xmax� (12)

and consider as a canonical example the truncated Pareto distribution function:

˚p.z/ WD
�

xmax � z

xmax � xmin

�p

1Œxmin;xmax�.z/ with p > 0 : (13)

Proposition 3.1. Assume (10)–(12) hold. Let x0 < b be the initial spread value. If
s? is an optimal subsidy strategy, then s? consists in having the consumer pay for
the ev a post subsidy price which is constant equal to p C xs?

t � s?
t D p C z? where:

8<
:

z? D xmin if 2x0e�˛�T � b � h.xmin/;

z? D xmax if 2x0 � b � h.xmax/;

and h.z?/ D 2x0e�˛�˚.z?/T � b otherwise :

(14)

Proof. Let H be the Hamiltonian function for the control problem (9)–(8):

H W .x; p/ 7! sup
s�0

�˚.x � s/ fb C x � s � x.2 C ˛p/g

Assume that s? WD fs?
t ; t 2 Œ0; T�g is an optimal subsidy strategy. Denote by x? WD

xs?
the associated price spread and let z? WD x? �s?. Then, by Pontryagin Maximum

principle, there exists an absolutely continuous map p? W Œ0; T� ! R such that
.x?; p?/ satisfies the Hamiltonian system

� Px?.t/ D rpH.x?.t/; p?.t// D �˛x?�˚.z?.t//; x.0/ D x0

Pp?.t/ D �rxH.x?.t/; p?.t// D .2 C ˛p?.t//�˚.z?.t//; p.T/ D 0 :
(15)

and the condition

H.x?; p?/ D �˚.z?/ fb C z? � x?.2 C ˛p?/g : (16)

From (15) we get

d

dt
.x?.2 C ˛p?// D 0 :

Then, by (16), z? is constant on Œ0; T� with: z?Dargmax ˚.z?/ fbCz?�x?.2 C ˛p?/g,
and from conditions (10)–(12) we get (14). �



Transition to Electric Mobility: An Optimal Price Subsidy Rule 309

In the case where the willingness to pay follows a truncated Pareto distribution
function ˚ D ˚p, then (14) fully characterizes the subsidy policy:

Proposition 3.2. Let ˚ D ˚p, and assume that

either (i): p � 1 or (ii): p > 1 and .xmax � xmin/ <
p

1 C p
.xmax C b/

Let x0 < b be the initial spread value. An optimal subsidy strategy s? consists in
having the consumer pay for the ev a post subsidy price which is constant equal to
p C z?.x0/ where z?.x0/ is defined by

(i) z?.x0/ D xmin if 2x0e�˛�T � b � h.xmin/;

(ii) z?.x0/ is the unique solution in Œxmin; xmax� to W
h.z/ D 2x0e�˛�˚.z/T � b otherwise:

Proof. Let � W .�; x; z/ 7! h.z/ C b � 2xe�˛��˚.z/, and denote by U the set:

U WD f.�; x/ W x < b and �.�; x; xmin/ < 0g :

Notice that for all .�; x/ 2 U, �.�; x; xmax/ D xmax C b � 2x0 > 0. If either (i) or
(ii) is satisfied, then a straightforward, but rather lengthy, analysis of the variations
of the function z ! �.�; x; z/ shows that for all .�; x/ 2 U there exists a unique
z?.�; x/ 2�xmin; xmaxŒ such that

�.�; x; z?.�; x// D 0 with
@�

@z
.�; x; z?.�; x// > 0:

Then .�; x/ 2 U 7! z?.�; x/ is C1 on U��xmin; xmaxŒ with

@z?

@�
.�; x/ D �@� �.�; x; z?.�; x//

@z�.�; x; z?.�; x//
and

@z?

@x
.�; x/ D �@x�.�; x; z?.�; x//

@z�.�; x; z?.�; x//

For .�; x/ … U we set z?.�; x/ D xmin.
To verify that s? is indeed the optimal strategy rule, we consider the function:

w.t; x/ D
Z T

t
�˚.z?.T � t; x//

n
b C z?.T � t; x/ � 2xe�˛�˚.z?.T�t;x//.u�t/

o
du

D �˚.z?.T � t; x//.b C z?.T � t; x//.T � t/ � 2x

˛
.1 � e�˛�˚.z?.T�t;x//.T�t//

A direct calculation shows that w solves the Hamilton-Jacobi-Bellman-Equation
associated to our problem:
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Fig. 3 Complementary cumulative distribution function ˚ fitted to the panel data of European
consumers from [5]

@w

@t0
C H.x0;

@w

@x0

/ D 0 ; w.T; �/ D 0 :

and we conclude by standard verification argument that s? is optimal. �

3.3 Numerical Experiments

First, we fitted the willing-to-pay function ˚ with the data provided by [5] and
presented in Sect. 2 on European consumers. Although the sample is very sparse,
Fig. 3 shows that the approximation captures the threshold effect around a null value
of the spread.

Now we illustrate and compare the evolution of ev adoption over a time horizon
of 50 years for three policies:

• the zero purchase subsidy case,
• with the optimal subsidy rule solving (9),
• and with a subsidy capped at e7;000 as it is the case for the current French policy.

The evolution of the price spread x and of the number of ev annual purchases are
reported in Fig. 4. We see that the optimal subsidy rule leads to a relatively rapid
decrease in the price spread. The optimal policy itself, illustrated in Fig. 5, decreases
at the same rate as the price of the ev: it ensures a constant ‘post-subsidy’ price for
the ev which, approximatively exceeds the price of the fv by e1;000.
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Fig. 5 Optimal subsidy policy and of the ‘post-subsidy’ purchase price

When applying the optimal subsidy policy, the evolution of ev adoption is
immediate and corresponds to a constant annual number of 800,000 ev purchases.
Indeed, from the social perspective, there is an immediate social benefit to replacing
fvs by evs, and it is optimal to ensure a very rapid transition. Notice that the amount
of the optimal subsidy at the initial date is significantly larger than the e7;000 of
the current French subsidy policy.

Observe, as it is illustrated in Fig. 4, that the effect current subsidy policy of
e7;000 is not significantly different from the no-subsidy case during the first 25
years. It appears that this current subsidy amount is not sufficient—with regard to
consumers willingness-to-pay—to insure a rapid transition to the electric mobility.
This relatively negligible effect during decades may quickly discourage the public
decision-maker to persevere in this policy.

The effect of the optimal subsidy policy is illustrated in Fig. 6. It appears that the
optimal policy induces at first losses due to substantial subsidies, before insuring
large gains from future fuel-economy. In the first 5 years the cumulated amount of
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subsidies is of e 35 billion, whereas the social surplus is negative. Yet, after 10
years, le social surplus is about e 25 billion for a total amount of subsidy equal to
e 50 billion. These short term losses may explain the reluctance of current public
policies to put in place the important subsidies needed for massive ev adoption.

4 Conclusion

Motivated by the tractability of the qualitative analysis of the optimal subsidy for ev
market, we adopted a quite simple and stylized model for the transition to electric
mobility. Hence, the numerical experiments presented here are intended to be
illustrative and do not pretend to be accurate. Nevertheless, this model allows to have
important insights about the nature of the optimal subsidy rule which may allow a
rapid adoption of evs.The optimal subsidy rule derived here, consists in insuring a
constant ‘post-subsidy’ purchase price for the consumer. This result does not depend
on the form of the cumulative distribution function of consumers willingness to pay.
However, a precise knowledge of the willingness-to-pay distribution is crucial in
determining the amount of the subsidy and reveals to be more important that the
battery learning rate. The findings of our model allow, also, to question the efficiency
of the current subsidy policy, and the modalities with which subsidy amounts are
decided.

Perspectives However, in this state of development, this model can not escape
certain criticisms. In particular, the fact that the gasoline price is constant and high
makes the transition to electric mobility quite natural whereas one main problem is
the uncertainty on the oil price. Thanks to the fact that the present model is simple,
we have good confidence in our capacity to deal with the introduction of various
forms of oil price uncertainty in the same kind of dynamic.



Transition to Electric Mobility: An Optimal Price Subsidy Rule 313

References

1. Arthur, W.B.: Competing technologies, increasing returns and lock-in by historical events.
Econ. J. 99, 116–131 (1989)

2. Bonnel, P., Grootveld, G.V., Junginger, M., Patel, M., Perujo, A., Weiss, M.: On the electrifica-
tion of road transport - Learning rates and price forecasts for hybrid-electric and battery-electric
vehicles. Energy Pol. 48, 374–393 (2012)

3. Borkar, V.S.: Stochastic Approximation A dynamical Systems Viewpoint. Cambridge Univer-
sity Press, New Delhi (2008)

4. Chalk, S.G., Miller, J.F.: Key challenges and recent progress in batteries, fuel cells, and
hydrogen storage for clean energy systems. J. Power Sourc. 159, 73–80 (2006)

5. Deloitte: Unplugged: Electric Vehicle Realities Versus Consumers Expectations. Deloitte
Touche Tohmatsu, London (2011)

6. Delucchi, M., Lipman, T.E.: An analysis of the retail and lifecycle cost of battery-powered
electric vehicles. Transp. Res. D 6, 371–404 (2001)

7. Dijk, M., Orsato, R.J., Kemp, R.: The emergence of an electric mobility trajectory. Energy Pol.
52, 135–145 (2013)

8. Dijk, M., Yarime, M.: The emergence of hybrid-electric cars: Innovation and path creation
through co-evolution of supply and demand. Tech. Forcasting Soc. Chang. 77, 1371–1390
(2010)

9. European Commission: White paper: roadmap to a single European transport area—towards a
competitive and resource efficient transport system, COM(2011) 144 final (2011)

10. Hidrue, M., Parsons, G., Kempton, W., Gardner, M.: Willingness to pay for electric vehicles
and their attributes. Resour. Energy Econ. 33, 686–705 (2011)

11. Matheys, J., Van Autenboer, W., Van den Bossche, P., Van Mierlo, J., Vergels, F.: SUB AT: an
assessment of sustainable battery technology. J. Power Sources 162, 913–919 (2006)

12. Nègre, L.: Livre Vert sur les infrastructures de recharge ouvertes au public pour les véhicules
décarbonés, (Green book on charging infrastructure open to public for no-emissive vehicule).
Report for the French Ministry of Industry (2011)


	Transition to Electric Mobility: An Optimal Price Subsidy Rule
	1 Introduction
	2 Modeling the Dynamics of Electric Vehicle Adoption
	2.1 Basic Hypothesis and Notations
	2.2 Dynamics of Electric Vehicle Adoption

	3 Social Benefit and Optimal Subsidy Rule
	3.1 Social Benefit of the Electric Vehicle
	3.2 Optimal Purchase Subsidy
	3.3 Numerical Experiments

	4 Conclusion
	References


