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Abstract

This paper clarifies an effect of policy on the development of charging infra-
structure and subsidies for promoting electric vehicles (EVs). Due to the
long-term function of charging infrastructure, this paper constructs a mul-
tiple-period model to analyze policy effects on the diffusion of EVs from a
long-term perspective. This paper shows that charging infrastructure and
subsidy encourage innovation on increasing the battery capacity of EVs. Be-
cause intertemporal cost allocation can be executed in the development of a
charging infrastructure with a subsidy, a policy with a long-term perspective
can enhance the charging infrastructure and promote EVs effectively.
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1. Introduction

Due to growing concerns regarding automobile exhaust gas in local areas and
the issue of climate change on a global level, the development and implementa-
tion of more environmentally friendly vehicles have become urgent issues. Elec-
tric vehicles (EVs) are expected to have an excellent environmental performance
because they do not produce exhaust gas emissions. The move toward EVs is
now a global trend and some European and Asian countries are considering
policies to prohibit of the sales of gasoline vehicles (GVs) in the future. However,
because of the high price and short cruising range of EVs, these vehicles have
not prevailed in the current market'".

In this paper, we analyze a policy for promoting EVs in terms of two instru-

'EVs constituted about 1% of sales in major countries in 2016 (IEA, [1]). See Nieuwenhuis [2] for
more details.
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ments: 1) a subsidy for purchasing EVs (an economic instrument) and 2) devel-
oping charging infrastructure (an organizational instrument). Many empirical
studies on economic instruments have demonstrated a strong relationship be-
tween subsidies and diffusions of EVs. For example, Hidrue ef al [3] show that
consumers with EVs would pay an amount of money ten times larger than the
rest of consumers to avoid a one-dollar increase in the price of a gallon equiva-
lent of fuel. Krause et al. [4] find that consumers would like to consider buying
EVs if monetary incentives were made available to them?.

On the other hand, to the best of the author’s knowledge, there exist no ar-
ticles that explicate the theoretical aspects of economic instruments with the ex-
ception of Arakawa [8]. Arakawa [8] analyzes the effect of a subsidy for pur-
chasing EVs on an automobile company’s strategy on EVs and on consumer be-
havior, and finds that both subsidies and increased battery capacity promote the
diffusion of EV's with practically adequate performances.

To minimize the disadvantage of EVs’ short cruising ranges, the development
of charging infrastructure is critical. Many studies on charging infrastructure as
an organizational instrument concern the profitability of charging stations. For
example, Schroeder and Traber [9] find that an investment in charging stations
is hardly profitable in the early stage of EV diffusion due to low uptake rates and
high uncertainty. They insist that giving charging operators a grid tariff exemp-
tion could improve the environment for investment.

Peterson and Michalek [10] compare vehicle purchase subsidies linked to bat-
tery capacities and subsidies for installing charging stations. They find empiri-
cally that in terms of cost-effectiveness, subsidizing an EV is more advantageous
than charging infrastructure installation. Arakawa [11] analyzes subsidies for
purchasing EVs and developing charging infrastructure from a theoretical as-
pect. He finds that an effective policy for promoting EVs aims first at expanding
the EV market by developing charging infrastructure followed by improving EV
performance.

Based on an awareness of the issues described above, we analyze the effects of
two policy instruments, developing charging infrastructure and granting subsi-
dies for purchasing EVs, on the diffusion of EVs by constructing a multi-period
model of EV market. The results of this paper are as follows. Social welfare can
be improved by a policy that combines the development of charging infrastruc-
ture and purchase subsidy where the amount of which depends on the purchase
price of the EV. Further, developing charging infrastructure can increase inno-
vation on battery capacity. Therefore, a policy for promoting EVs with a
long-term perspective allows for the intertemporal allocation of development
costs and promotes the diffusion of EVs.

This paper is organized as follows. The next section models the EV market

*Additional examples in the literature focused on hybrid vehicles. Gallagher and Muehlegger [5]
show that the state tax incentive has a significant impact on consumer adoption of HVs. Jenn ef al
[6] find that the tax credit has a highly positive effect on sales of HVs. Beresteanu and Li [7] find that
income tax incentives, as well as gasoline prices, have a significant positive impact on the HV sales.
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based on vertical product differentiation. Section 3 analyzes the effect of charg-
ing infrastructure and the purchase subsidy on EV market under the one-period
model. In Section 4, we analyze a two-period model and then conduct numerical

analyses for three-, four-, and five-period models. Section 5 concludes the paper.

2. Model for the EV Market

Let us model the EV market. Because this market is extremely small compared
with the market for GVs, we assume that EV market does not affect the GV
market. Further, we assume that a potential consumer considering buying an EV
does not make comparisons with GVs. Thus, the GV market also does not affect
the EV market. That is, the EV market is a niche and is established indepen-
dently from the GV market. We also assume that the EV market consists of a
monopolistic automobile company that supplies only one kind of EV°. Because
the basic running performance of EVs is fulfilled, a consumer considering buy-
ing an EV is assumed to be concerned only with the vehicle’s battery capacity.
Generally, large battery capacity is preferable because it is directly related to the
cruising range of the EV. However, because a rechargeable battery is expensive
and heavier, the price of an EV that mounts a battery with large capacity is also
expensive. Therefore, there exists a trade-off relation between a size of battery
capacity and the price of an EV. The indirect utility of a consumer considering
buying EV is defined as u=0s—p+S§, where @ is the marginal willingness to
pay, sis a quality of EV, and §is the amount of subsidy. A continuum of con-
sumers of mass @ is uniformly distributed over the interval [0, 6 J with den-
sity equal to unity. The total market size is 6 which is assumed to be large
enough. We assume that consumers with @ larger than 6 do not buy EVs,
though their willingness to pay for EVs is high. It is highly possible that they
have deep interests in factors such as comfortability and running performance of
a vehicle. In such cases, they choose luxury GVs that attach great importance to
such factors.

Let us define a quality of EV as follows. Though consumer utility decreases
with an increasing number of charging times, increasing the battery capacity
improves consumer utility because large battery capacity reduces the number of
charging times. Thus, EV quality improves with increasing battery capacity.
However, insufficient charging infrastructure reduces consumer utility due to a
disruption of comfortability for long-distance driving. Furthermore, insufficien-
cy of charging infrastructure will be further exacerbated when EVs become pop-
ular. That is, consumer utility is affected by the status of charging infrastructure
and the number of EVs owned. Therefore, EV quality is determined not only by
battery capacity, but also by the available charging infrastructure; i.e., charging
infrastructure per EV. Based on the concept described above, EV quality is de-

fined as e=kv/h, where k is a quantity of charging infrastructure, Ze., the

For example, as of 2017 in Japan, only Nissan Leaf and Mitsubishi i-MiEV are commercially availa-
ble as mass-produced EVs. This assumption is appropriate because their vehicle sizes and battery
capacities are different and their competitive relationship can be assumed not to be fierce.
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number of charging facilities, v is battery capacity, and 4 is the number of EVs
owned.

We assume here that all traveling distances of consumers are the same; there-
fore, the electric power demands are also same. That is, even though battery ca-
pacity increases and the number of charging events decreases, the total charging
time required does not change. In a multi-period model, though EVs with dif-
ferent battery capacities intermingle, this assumption enables us to treat EVs in
all periods the same, regardless of differences in their battery capacities when the
quantity of charging infrastructure per EV is calculated.

Here, we assume that when a consumer considers buying an EV, though the
number of EVs owned 4 is not determined, he treats 4 as exogenous and does
not consider the effect of his purchase on A. This is a reasonable assumption be-
cause the number of EVs demanded ¢ and the number of EVs owned 4 will
coincide if all consumers decide whether or not to buy EVs at the same time.
Thus, we obtain equilibrium 4 by first obtaining g given A, and then solving
h=gq.

A consumer buys an EV if he obtains a positive net surplus; that is,
u=0kv/h—p+S=0.Thus, the demand for EVs is obtained as

— ( p-S ) h

q:@——kv . (1)

A consumer does not buy an EV otherwise. A consumer who does not buy an
EV is assumed to use public transportation. We do not set further assumptions
on their behavior.

The manufacturer of EVs determines the EV price and battery capacity so as
to maximize his profit. For simplicity, we assume that EV production costs de-
pend only on the battery capacity, which is represented as c/’. Because we do not
consider quality factors other than battery capacity, the costs of those factors
become fixed values. Thus, considering these costs does not affect results mea-
ningfully. That is, to increase battery capacity, the cost grows exponentially.

Therefore, the profit of the manufacturer is defined as
ﬂzq(p—cvz). 2)

In this paper, the government develops charging infrastructure. In reality,
however, private business operators basically install charging facilities based on
their own judgment. Thus, normally, the development of charging infrastructure
by private business operators should be modeled. However, it is difficult for pri-
vate operators managing a charging station to earn a profit in the short-run [12]
[13]. This is the reason why large amounts of subsidy are granted for installing
charging facilities. In other words, the installation of charging infrastructure is
under strong control of the government subsidy. Thus, for simplicity, this paper
assumes that the government develops the charging infrastructure. It needs to be
complexified the model for considering a service provider of charging facility
that survives under the existence of a subsidy. It seems not to be meaningful to

include the service provider into the model because the final decision for instal-
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ling a charging facility made by the service provider is strongly affected by the
amount of subsidy.

Because our aim is to obtain optimal values for the charging infrastructure
and subsidy rate, we have to define social surplus. Consumer surplus is defined
as

cs:j(‘;s)h(@—pw)de.
o\ h

Social surplus is defined as the sum of consumer surplus, profit, cost of de-
veloping charging infrastructure, and cost of granting subsidy ¢S. Thus, social
surplus is written as SS=CS + 7 —bk’ —gS . Note that the cost of developing
charging infrastructure is assumed to increase exponentially with the quantity of
infrastructure and is defined as b&. In a multi-period model, the cost of devel-
oping charging infrastructure is assumed to start from zero every period. There-
fore, for example, when a certain amount of infrastructure is to be developed,
the cost for completion within one period is larger than that within two periods.
The reason for the assumption is as follow. In the short term, the more charging
infrastructure that is developed the higher the costs because finding preferable
places for installing charging facilities becomes more difficult. However, devel-
opment costs may decrease as time passes because preferable places for chargers
are supplied periodically from, for example, changes of locational use. Thus, it is
reasonable to assume for simplicity that the development costs of charging in-
frastructure start from zero in each period.

In this paper, we analyze two types of purchase subsidy for EVs: 1) an ad va-
lorem subsidy whose amount depends on the EV purchase price and 2) a specific
subsidy whose amount depends on the battery capacity. For example, the cur-
rent purchase subsidy for EVs in Japan is regarded as a specific subsidy because
the subsidy amount is calculated basically by a travel distance per charge, which
is closely related to battery capacity. However, prior to 2015, the purchase sub-
sidy for EVs was regarded as an ad valorem subsidy because the subsidy amount
was calculated basically by the EV purchase price. Thus, because the subsidy
calculation methods have been altered often, it is an important problem to clari-
fy the differences in these two types of EV purchase subsidies.

The EV market is modeled as follows. First, the government determines policy
for developing charging infrastructure and granting subsidies for the entire
planning period; that is, it adopts a long-term perspective. Given the policy, the
manufacturer determines the EV price and battery capacity, and consumers
consider buying EVs every period. We do not consider uncertainty in the model.

In the following section, we analyze the effect of charging infrastructure and
the purchase subsidy on EV market under the one-period model as a bench-

mark.

3. One-Period Model Analysis

In this section, we clarify an effect of the two policy instruments on the diffusion
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of EVs by analyzing the EV market established for one period as a benchmark. In
the following, we analyze three cases: 1) no subsidy; 2) ad valorem subsidy; and (3)
specific subsidy.

3.1. No Subsidy

No subsidy implies that = 0. By plugging Equation (1) into Equation (2) and
maximizing profit with respect to p and v, the following solutions are ob-
tained:
p=£(@J2; v=ﬁ (3)
9c\ h 3ch

Thus, maximized profitis 7 = k2§3/(27ch2).

By plugging Equation (3) into Equation (1), the demand for EVs is ob-
tained as q:§/3. This equation shows that the demand for EVs is deter-
mined by the maximum willingness to pay for an EV 6 and is independent
of quantity of charging infrastructure & and the number of EVs owned A
Further, because the number of EVs owned equals to demand for EVs, by
solving A = ¢, we obtain the number of EV owned as & =8/3. Therefore, we

have following equilibrium:

Both EV price and battery capacity increase with the number of charging
facilities. Because improving charging infrastructure increases willingness to
pay for EVs, the manufacturer can raise the EV price without extending the
battery capacity. However, the above result shows that in that case the manu-
facturer loads battery with enlarged capacity on EVs to raise EV price. This
implies that the development of charging infrastructure has an effect of in-
ducing innovation to extend the battery capacity. In a similar way, the devel-
opment of charging infrastructure increases profit.

According to the above results, the development of charging infrastructure
increases the price of EVs, battery capacity, and profit. However, the number
of EVs owned is independent of the number of charging facilities. Although
the number of EVs owned is determined by a consumer with & who obtains
zero utility from purchasing an EV, the development of charging infrastruc-
ture does not affect the purchase decision of such a consumer. That is because
u=k (39 - 29_)/(05) ; though k affects absolute level of the utility, it does not
affect € that equalizes the utility to be zero.

Here, consumer and social surplus are written, respectively, as follows:

7 (Okv k0
CS =l —=p|do= )
I( w7’ j 6c

K (—2bck +0 )

SS=CS+rx—bk’—qyp=
2c
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The quantity of charging infrastructure maximizing social surplus is ob-

tained as

0

- (4)
3bc

Thus, in this case, social surplus is obtained as

9°

SS=—>7>—. 5

54b%¢? ®)

3.2. Ad Valorem Subsidy

The amount of ad valorem subsidy is represented as S'=yp, where y isthe ad
valorem subsidy rate; that is, the ratio of the amount of subsidy to the EV pur-

chase price. By a similar procedure, the equilibrium is obtained as follows:

Y O N ) ©
P2\ =p)n ) T 3e(=p)n

We find that both the EV price and the battery capacity increase along with the

quantity of charging infrastructure and the subsidy rate. In this case, the max-
imized profit is 7 = k20_3/ (270(1—7/)2 hz). Further, plugging Equation (6) into
Equation (1), demand for EVs is obtained as ¢ =§/3. Thus, we find that de-
mand for EVs is independent of the ad valorem subsidy rate. By solving 4= g, the
number of EVs owned is obtained as /=6, / 3. Thus, equilibrium solutions are
obtained as follows:

2k ko K0

i S (o S

The results show that both the quantity of charging infrastructure and the sub-

(7)

sidy rate increase all equilibrium solutions. Thus, both policy instruments have
the power to induce innovation with respect to battery capacity.
Let us obtain optimal values of the two policy instruments. Consumer and so-

cial surplus are written, respectively, as follows:

7 Okv k0
CS = |- ——(1- dg=———.
.[(1 V)Ph( i ( 7/)pj 60(1—7)

K (~6be(1-7) k+(3-57)0 |
6c(1—7/)2 '

The quantity of charging infrastructure and rate of ad valorem subsidy that

SS=CS+m-bk>—qyp= (8)

maximizes Equation (8) are obtained as

250 1

= 7=z )
728c 75
Therefore, social surplus under the optimal promotion policy is
156256°
S§=r———. (10)
746496b°¢
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Let us compare these results with the no subsidy case. By comparing Equation
(4) and Equation (9), we find that the optimal ad valorem subsidy increases the
quantity of charging infrastructure. The reason is, Equation (7) shows that while
the ad valorem subsidy increases battery capacity it also increases the power of
charging infrastructure to increase social surplus. Further, comparing Equation (5)
and Equation (10), we find that an ad valorem subsidy improves social surplus.
Based on the above results, we obtain following proposition.

Proposition 1: An ad valorem subsidy, compared with the no subsidy case,
improves social surplus by increasing the quantity of charging infrastructure
through greater battery capacity.

An intuitive explanation of the proposition is as follows. Because granting an
ad valorem subsidy enables consumers to purchase EVs with larger battery capac-
ity, the manufacturer has an incentive to develop and sell such EVs. In this case,
the government can spread EVs equipped with a larger battery capacity further by

enhancing the charging infrastructure. This mechanism improves social welfare.

3.3. Specific Subsidy

The amount of a specific subsidy is represented as S = Av, where A is the spe-
cific subsidy rate; that is, the ratio of battery capacity to the amount of subsidy.
By a similar procedure to the ad valorem subsidy case, we obtain the following

equilibrium solutions:

2ah+kB)  apekg  (Ah+kB)

T =
9ch? 3ch 27ch’k

2

p= (11)

Plugging Equation (11) into Equation (1), we obtain ¢ = (/Ih + ké)/(?ak). By
solving h =g, we have £ =k§/ (3k—2). The result shows that unlike an ad
valorem subsidy, a specific subsidy enlarges the EV market. Further, we obtain
the following equilibrium values:

2k Ko

P=——3V="7

= - 12
c c 3ck—cA (12)

As with the previous two cases, both the EV price and battery capacity are in-
creasing with the quantity of charging infrastructure. However, unlike the ad
valorem subsidy, a tax rate of specific subsidy does not affect the EV price or
battery capacity: it only affects the profit. Differentiating Equation (12) by a
quantity of charging infrastructure, we have 97/0k =3(2k - 1)k*0 / (c (3k-2)’ ) :
Thus, when 2k > A4, ie, when the rate of specific subsidy is relatively small, de-
veloping charging infrastructure increases the profit.

Let us obtain a socially optimal rate of specific subsidy. Consumer and social
surplus are written, respectively, as

7 (kv Ko
cS :jW(T—pmvjde:—&k_Zd .
e (<2¢(A—3k) ke +(24-3k)0)

SS=CS+ 71— bk’ —giv=
o o 20(A-3k)
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Because 0SS/0A :—3k36’_/(2c(ﬂ—3k)2)<0, an increase in the amount of
specific subsidy reduces social surplus. Thus, we find that the socially optimal
rate of specific subsidyis A4 =0 and obtain following proposition.

Proposition 2: A specific subsidy does not improve social surplus.

Note that this proposition does not imply that a specific subsidy does not have
the power to improve consumer surplus and profit. Because

ocs_ Ko om_ KO
0h  2e(A-3k)  0h c(A-3k)

>0,

while specific subsidy has a power to improve both consumer surplus and profit,
social cost of specific subsidy is larger than social benefit of those improvements,
that is, the social cost exceeds the benefit. However, this model does not consider
environmental improvements through the diffusion of EVs. Therefore, by in-
corporating environmental improvement, the specific subsidy may contribute to
society.

The following is an intuitive explanation of the difference between an ad va-
lorem subsidy and a specific subsidy. Because the latter provides a subsidy ac-
cording to battery capacity, and since battery capacity is directly related to the
production cost of EVs (for a given subsidy rate), a manufacturer can effectively
maximize his profit by controlling battery capacity, meaning the cost of produc-
ing EVs. On the contrary, because an ad valorem subsidy is based on EV prices
rather than battery capacity, a manufacturer cannot maximize his profit effec-
tively compared to a specific subsidy. Rather, a manufacturer can discretionally
maximize his profit and obtain a large surplus under a specific subsidy. There-
fore, as in Proposition 2, a specific subsidy cannot improve social surplus*.

The result implies that an ad valorem subsidy is socially more preferable than
a specific subsidy®. However, the current actual purchase subsidy is equivalent to
the specific subsidy in this model. Thus, this result provides a suggestion that to
justify the specific subsidy, it is necessary to make a system that improves the

cost-effectiveness of the specific subsidy®.

4. Multi-Period Analysis

Charging infrastructure provides a long-term effect on the EV market. Specifi-

cally, by developing sufficient charging infrastructure in the primary period, EVs

*Arakawa [14] compares a specific and an ad valorem tax (subsidy) from the welfare perspective by
developing a vertically differentiated oligopoly model with endogenous product selection. A specific
tax adds marginal costs for firms and weakens price competition. As a result, he finds that an ad va-
lorem tax is better than a specific one. See Keen [15], Salanié [16], and Slemrod and Gillitzer [17] for
more details.

Arakawa [8] models the EV market where consumers with different driving distances coexist. He
clarifies theoretically that a specific subsidy is socially better than an ad valorem subsidy. The reason
is that a specific subsidy induces an automaker to supply EVs with greater battery capacity; consum-
ers with long-distance drive purchase EVs.

‘For example, a vehicle-to-grid system, where EV's are connected with the power grid, can accrue so-
cial benefits (Kempton and Letendre [18], and Liu et al, [19]). Because the benefit is increased
through increased battery capacity, the specific subsidy may be justified owing to its ability to affect
battery capacity directly.
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may be effectively diffused in the latter periods. Thus, in this section, an effect of
the two policy instruments on the diffusion of EVs is clarified by multi-period
analysis. Here we only analyze the ad valorem subsidy’.

The manufacturer is permanent, whereas consumers considering buying
EVs are exchanged every period. Because neither the EV price nor battery ca-
pacity is stock variables, the manufacturer determines those variables without a
long-term perspective. Thus, both consumers and the manufacturer maximize
utility and profit, respectively, within each period. Only the government makes
policy for promoting EVs from a long-term perspective.

A consumer who purchases an EV at some point will keep driving the EV
thereafter. Though a consumer who has already purchased EV is not affected by
the EV purchase subsidy, they are affected by the development of charging in-
frastructure through an improved charging environment. Thus, the surplus to
consumers that already have purchased an EV has to be included in the social
surplus.

In this section, we first analyze the two-period model. To clarify an effect of
policy with a long-term perspective, we compare analytically the result of policy
with short-term perspective, ie., policy determined every period. Then, we nu-
merically clarify an effect of a policy from the perspective of a 3 - 5-period. In

the following, let subscripts on the variables represent a period.

4.1. Two-Period Model Analysis

The equilibrium of consumers and the manufacturer in period 1 has been ob-
tained in the former section. We rewrite social surplus in period 1, 7e. Equation
(8), as
, _
k2 (~6be(1-7) & +(3-57)0)
SS, = 5 . (13)
6c(1 -7 )

In period 2, k, and v, are given. Indirect utility of a consumer considering

buyingan EV is u, =6s, —(1-7,) p, . EV quality is defined as

e, =(k +k2)v2/(h, +h,), where h is the number of EVs owned in period 1
(note that this is given in this period). This EV quality includes the quantity of
charging infrastructure and the number of EVs owned in period 1. Thus, EV
quality in period 2 increases with the quantity of charging infrastructure in pe-
riod 1 while it decreases with the number of EVs owned in that period.

By using a similar procedure, we have the following:

2[( (k +k,)0 Jz'  (h+k)0

“9c (1=7,)(h +hy) N

P2 T (Um ) (v hy)

Thus, the maximized profit in period 2 is obtained as
7=k +k) 53/(270(1 —7,) (h + hz)z) . Further, with 4 =0/3, we have

"Numerical analysis using Mathematica with same parameters used in the latter analysis shows that
an optimal specific subsidy rate of 3 - 5-period is zero. That is, the specific subsidy does not improve

social surplus under the long-term perspective.
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q,=h, = (14)

w|

We find that for period 1, the number of EVs owned depends only on the
maximum of willingness to pay for an EV. Thereby, we have the following equi-
librium:

_(htk)  k+k (k +k,)’

0
= LV, = LT, = . (15)
2(1-7,) 7 2c(1=15)" "7 12¢(1-p,)

2

Surplus of consumers that purchase EVs in period 2 is

5 &(k1+k2)v2 (k1+k2)2§
CS, = |(=r)mlishy) | —————— (1~ o=
e S e e =y

Moreover, surplus of consumers in period 2 that have already purchased an

EV in period 1 is obtained as

5 O(k +k,)v Sk (k +k,)0
CS, = fii-nm (hl SLUNPREU (R O
o 4 h, 12¢(1-7,)

Note that EV price in period 1 p, is given in this period. Thereby, social
surplus in period 2 is obtained as

SS, =CS, +CS, + 7, —bk; —q,7,p, - (16)

4.1.1. Short-Term Perspective

Here, we analyze policy with short-term perspective, where the two policy in-
struments are determined every period. The optimal policy in period 1 is ob-
tained by maximizing social surplus, ie. Equation (13). On the other hand, the
optimal policy in period 2 can be obtained by maximizing social surplus, e
Equation (16), given the optimal policy in period 1. Therefore, optimal policy is
obtained as follows:

250 1
k51=k52=72_ﬁc; y31=y52=§’ (17)

where subscript srepresents the policy with a short-term perspective.

The results show that in the short-term perspective, optimal policy instru-
ments are the same across two periods. Because both consumers and the manu-
facturer take maximizing behaviors every period, their decisions are also the
same across both periods. Thus, when the government takes maximizing beha-
vior every period, the optimal policy in each period becomes the same. Social

surplus, in this case, is

0.1674496°

SS,+S8S, =
sl 52 bzc3

(18)
4.1.2. Long-Term Perspective

Here, we analyze the optimal policy on developing charging infrastructure and
the EV subsidy across two periods; ie., the policy with a long-term perspective.

The government takes the long-term perspective and maximizes social surplus
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obtained by the sum of two periods; e, the sum of Equation (13) and Equation
(16). Note that here we do not discount social surplus because we regard two pe-
riods as a relatively short time span. We assume further that EVs owned and
charging infrastructure developed do not deteriorate within five periods.

Let us obtain the optimal policy under a long-term perspective. We have op-
timal policy instruments that maximize the sum of social surpluses within two
periods. Note that the subscript / represents the policy under a long-term pers-
pective:

Yn

The optimal quantities of charging infrastructure under Equation (19) are

1.093246 . 0.7090066

kll s klZ be

be (20)

We find that optimal quantity of charging infrastructure in period 2 is larger
than that in period 1. Plugging Equation (20) into Equation (19), we obtain the

optimal rates of subsidy as follows:

Y =0.561468; ,, = %

According to the above results, we have the following proposition.
Proposition 3: In the optimal policy with a two-period perspective, both the
quantity of charging infrastructure and the rates of subsidy decrease over time.

Under these optimal instruments, the sum of social surpluses is obtained as

0.8315136°

SS“ + SS[2 = T
Comparing this and Equation (18), we find that policy with a long-term pers-
pective improves social surplus more than that with a short-term perspective.

Moreover, because

1.107060° ., 1938576’

3 H 2 =
b*c b’

S8, =—

we find that social surplus in period 1 is negative while in period 2 it is positive.
This shows that the social cost of the two policy instruments is allocated inter-
temporally. That is, by incurring a large amount of social cost and developing
sufficient charging infrastructure in period 1, the government can induce the
manufacturer to innovate on battery capacity. In period 2, taking sufficient
charging infrastructure developed in period 1 for granted, and reducing social
cost by lowering development of charging infrastructure and subsidy amount,

government can largely improve social surplus.

4.2. Analysis of More than Three-Period Models

When a policy plan period exceeds three periods, we cannot obtain an analytical

result. Thus, we numerically analyze the three-to five-period models to clarify
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the policy effect under a long-term perspective. In numerical analyses, we solve
maximization problems numerically with Mathematica by using parameters as
6 =b=c=1 and discount rate as 0.05.

First, let us analyze the subsidy rate. Figure 1 shows that as the planning pe-
riod is prolonged, the subsidy rate in period 1 increases. This implies that as
policy extends, it is socially preferable to induce consumers to purchase EVs by
increasing the subsidy rate. Further, a subsidy rate decreases over time and, re-
gardless of a plan period, the subsidy rate in the final period becomes one-fifth,
which is the same as one-period analysis. The reason is that in the final period,
the government does not have to consider afterward, and benefit of subsidy is
obtained only by consumers purchasing EVs in the final period, the subsidy rate
of the final period coincides with that of the one-period model.

Improved battery capacity that results from innovation reflects the effect of
the purchase subsidy. Figure 2 shows that as the policy period extends, battery
capacity in period 1 is increased whereas battery capacity decreases over time.
Because the manufacturer can supply more expensive EVs as the subsidy rate
increases, they have an incentive to increase the battery capacity. Thus, changes
in battery capacity parallel changes in the subsidy rate.

Next, let us consider the charging infrastructure. Figure 3 shows that as the
plan period is extended, the quantity of charging infrastructure in period 1 in-
creases. That is, a government policy with a longer-term perspective promotes
the development of charging infrastructure and diffuses EVs more effectively.
The quantity of charging infrastructure decreases over time; however, unlike the
subsidy rate, as the policy period extends, the quantity of charging infrastructure
in the final period increases. As described above, the government diffuses EVs
by developing charging infrastructure sufficiently in spite of incurring large so-
cial cost with negative social surplus in the earlier period. After that, the gov-
ernment reduces social cost in order to recover incurred large social cost until
then, and controls the sum of social surpluses within the plan period to be a
large positive value. Because intertemporal cost allocation is more effective as a
policy period extends, the quantity of charging infrastructure in the final period

increases with a longer-term perspective.

1
0.8 -
° . .
3 Five-period
> 0.6 -
i)
S 04 A
2 Two-pexiod
0.2 ~ )
Three-period
0 T T T T
1 2 3 4 5
Period

Figure 1. Optimal subsidy rates.
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Figure 2. Battery capacity under the optimal policy.

Five-period

5 ,\\ Four-perio

Two-period Three-period

0 ; : : .

1 2 3 4 5
Period

Charging infrastructure

Figure 3. Optimal charging infrastructure.

The effect of intertemporal cost allocation can be seen by the change in social
surplus. Figure 4 shows the change in social surplus for each plan period, for
example, in five-period model. From the figures, we find that social surplus in
period 1 is negative, whereas social surplus increases over time to become posi-
tive in the later period. Figure 5 shows that as the policy period extends, the sum
of social surpluses within a plan period increases exponentially. It is evident that
compared with the short-term perspective, a policy that promotes EV's increases
its power with a longer-term perspective.

Existing owners of EVs must be considered in the multi-period model as they
benefit from newly developed charging infrastructure. As a policy extends and
because the existing owners of EVs also increase, government has a large incen-
tive to develop charging infrastructure. Further, a development of charging in-
frastructure induces innovation on battery capacity. That is, with a longer-term
perspective, both the quantity of charging infrastructure and battery capacity in-
crease.

In summary, we find that with a longer-term perspective, the subsidy rate,
quantity of charging infrastructure, and battery capacity in period 1 increase,
whereas they decrease over time. Further, we find that as a policy is extended,

the sum of social surpluses within the plan period increase exponentially.
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Figure 4. Social welfare under a five-period perspective.
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Figure 5. Social welfare under long- and short-term perspectives.

Though charging infrastructure increases as a plan period extends, the num-
ber of EVs owned also increases. Thus, the effect of policy cannot be understood
completely with the quantity of charging infrastructure. The purpose of devel-
oping charging infrastructure is to improve EV quality by providing a good
charging environment. Thus, the effect of policy on charging infrastructure can
be understood in detail by analyzing the effect of a prolonged plan period on EV
quality. Figure 6 shows that EV quality is the highest in period 1 then decreases
over time. Further, as the plan period is extended, EV quality in period 1 im-
proves. Thus, EV quality as determined by the quantity of charging infrastruc-
ture, battery capacity, and the number of EVs owned can be improved with a
longer-term perspective. The above is gathered into the following policy impli-
cation.

Policy implication: Under a longer-term perspective, the government can
improve significantly the sum of social surpluses within the plan period by im-
proving EV quality through increasing the subsidy rate, the quantity of charging

infrastructure, and battery capacity in the early periods.
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Figure 6. EV quality under the optimal policy.

5. Conclusions

The purpose of this paper is to clarify an effect of policy for promoting EVs on
social welfare. Thus, we construct multi-period model and analyze effect of de-
veloping charging infrastructure and subsidies for purchasing EVs on the diffu-
sion of EVs. The results obtained in this paper are as follows. Developing charg-
ing infrastructure by granting subsidies has an effect to induce innovation to
expand battery capacity. Further, because the government can allocate the cost
of developing charging infrastructure and subsidies intertemporally, it can dif-
fuse EVs effectively by prolonging the plan period, ie, by having a longer-term
perspective.

In this paper, we clarify that it is necessary for effective diffusion of EVs to
develop charging infrastructure under a long-term perspective. However, the
actual development of charging infrastructure may do not have such a long-term
perspective, hence, EVs have not been diffused sufficiently. It will be important
to develop policies that demonstrate effective effect of charging infrastructure to
promoting innovation on battery capacity. In this case, it is anticipated that the
effect is enhanced further when competition in research and development of
EVs among automobile companies intensifies. Thus, by extending the model in
this paper to an oligopolistic market, we can analyze the evolution of the EV
market. Further, by including mutual interaction with the GV market into the
model, we can clarify a policy that accomplishes an optimal transition from GVs

to EVs. These are future tasks.
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