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Abstract—A two-sided market model is developed for the makes EV more attractive to consumers. Similarly, the ldck o
diffusion of electric vehicles and charging facilities. Tk model EVCSs limits the growth of EV market share, which in turns

includes the consumers on the one side and investors of ch&mg ;1 hibits new investments essential to the healthy growtth an
facilities on the other. The consumers’ decisions are eithe .
stability of the EV market.

to choose a type of vehicles (electric vehicle(EV) or gasoé ) . . .
vehicle(GV)) or to wait for more tractable options. Among the This paper focuses on the interactions between the two sides

factors that influence their decisions are the price of charing of EV-EVCS markets: the EV consumer on the one side and
service and the availability of charging stations. The invstors, on  the investor of EVCS on the other. In particular, we formalat
the other hand, decide whether to invest in additional char\g 5 gequential game model for the two-sided EV-EVCS market,
facilities and how to operate them after the facilities are Hilt. hich all to add vticall d icall
Their decisions are based on the expected profit of investmén which a OWS_ us ,0 adadress analytically and numerica ygom
or delay investments at a more profitable time. The dynamicsfo Of the following issues: how does the consumers decision of
the number of EVs in the market is therefore intertwined with  EV purchase interacting with that of the investor of EVCS
that of the number of charging stations, and they are modeled facilities? How is the EV market share affected by the price
as a discrete time Markov decision process. An analytic and ot pyv/ the cost of EV charging, and the size of EVCS market?
simulation studies on the equilibrium of the two-sided marlet . N - .
dynamics is presented. How does the EVCS investor maximize its profit by choosing
Index Terms—Two-Sided Market; PHEV: Price Equilibrium;  Sites of EVCS from a list of candidate locations? Are there
Social Welfare differences between the market solution to EVCS investment
and that by a social planner?

I. INTRODUCTION

A. Summary of results
The market share of electric vehicles (EV) has grown y

steadily in recent years, increasing almost 800% since 2011 Th€ main contribution of this work is an analytical study
Despite of the growth, the overall EV market share remaigdout the indirect network effects between the EV consumer

less than 1% as in July 2014. The reason behind the grov#fd the EVCS investor. To this end, we introduce a complete
of EV, or the lack of it, is multifaceted. The growth is driverotackelberg game model for the two-sided EV-EVCS market
in part by the increasing awareness of environmental inspatyith the investor as the leader and the consumer the follower
of fossil fuel vehicles, the superior design and perforneaoic 1 Nrough profit maximization, the investor decides whetloer t
some EVs, and, by no small measure, the tax credit providegld €Ss chosen (optimally) from a list of candidate CSssite
by the federal and state governments. On the other hand, @iedefer its investment. The candidate CS sites are hetero-

EV industry still faces strong skepticism due to the hightco§€neous; each CS site may have different favorable rating
of EV, the limited driving range, and the lack of adequat%”d different operation and building costs. The consumer, o
public charging facilities. the other hand, observes investors decision that defines the

A similar trend exists in the deployment of public chargin{;ocation of CSs and the cost of charging and decides whether
facilities. Since the first quarter of 2011, the number ofljub ©© Purchase an EV or a gasoline alternative. _
charging stations in US has grown 700% by the end of 2013 We provide the solution of the Stackleberg game that in-
due in part to the direct and indirect investments of federaiudes the optimal decision for the consumer and the investo
and local governments. The Department of Energy (DoE) bnder & random utility maximization (RUM) model of the
the United States, for example, has provided $230 in 20§gnsumer, we show that the optimal policy is a threshold pc_)l-
to establish 13,000 charging stations [1] It is hoped thahsul®Y N the consumer preference. The closed form expression
investments will stimulate the EV market, driving its markefor the decision thresholtt is obtained which is a function of,
share on a path toward long term growth and stability. TH¥NONg others, the price of EV and the investors decisionen th
growth trends of EV and EV charging station (EVCS) hav@umber/loc_atlon of charg.mg stations and the chargmgaprax
strong temporal and geographical couplings. This is dubéo ihose Iopaﬂon;. The optimal decision threshold of*pumfgas
so-called two-sided market effects; the growth of EV atgac® EV gives directly the EV market sharesps- 1 —*, from

investments on EVCS, and the increasing presence of EvVC4ach we examine how the investors decision and EV price
affect the overall EV market share.
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profits generated from these sites are equal. We show furtf@mmulated as a linear combination of utilities, prior pef

that the optimal pricing converges to a constant mark-upef tence, and prices. The consumer discrete choice model leads
operating cost as the number of EV charging sites increasesa mutinormial logistic model of market share of charging
which is the result of the monopolistic competition of EVCStations and a threshold policy in vehicle decisions. These
market. results give a explicit form of EV market and the relatiomshi

The optimal decision in choosing which CS site to build (doetween the market share and the scale of EVCS. Our study
defer investment) is more complicated and is combinatoristhows the successful launch of EV not only depends on the
in nature. We provide a greedy heuristic and show that tlbaracteristic of EV but also highly relies on the developme
heuristic is asymptotically optimal as the number of CSssit®f charging stations.
to build increase. On the EVCS investor’'s decision, an asymptotic optimal

Finally, we examine the difference between the social wedtrategy of building stations are proposed under the mdgopo
fare optimizing solution and that of the market solution. Wassumption. First, we formulate a constrained optimizatio
show that, when the number of charging stations is large, tiMbere the profit of building charging stations is maximized.
market solution gives smaller number of CS sites than thahe optimization is subject to budget constraint with given
from social welfare optimization. location candidates set. Second, the optimal charginge pric
structure is derived, which yield to a uniform profit over
B. Related work different charging stations. Then a simple ranking helarist

There is an extensive literature on the two-sided market aaffjorithm is proposed for station location selection ane th
cross network effects for various products; sap, [2] on the asymptotic optimality is shown, which significantly redsce
CD player and CD title market, the video console and videmmputation complexity from exhaustive searching for all
game market [3], [4], [5], the hardware and software markpbssible combination.

[6], and the yellow page and advertisement market [7]. Rbche In the end, the social welfare optimization is considered.
and Tirole in [8] proposed a restrictive definition of twalsd The result suggests at the social welfare optimal point,emor
market. Caillaud and Jullien pointed out in [9] that, oneesidcharging service is needed than the investor optimal point.
of the market always waits for the action from the other sid&@he relationship between the EV market share and the size of
So it is critical for players to take right move, especiallgeam EVCS justifies the subsidy policy to both EV purchase and
the platform launches. [10] considered the market of creditation building.

cards and analyzed the competition strategy. The work ef Li

al. [11] and the current paper represent the first analyzing the Related work

two-sided EV and EVCS market and related indirect network The EV and charging station problem is considered in this
effects. The work in [11] focuses on the empirical study gfaper under the setting of two-sided market, which is uguall
indirect network effects whereas the current paper focosesused to study the indirect network effect between two psirtie
the theoretical analysis. interact through a "platform”. In a two-sided market, thédip

There is a growing literature on the EVCS investmeriorm” connects two sides of agents (typically consumers and
from the operation research and engineering perspecffoes. producers) and the decisions of each side affect the outobme
example, the charging station deployment has been foretllathe other. A typical example of two-sided market is the smart
as an optimization problem from the social planner’s point @hone. The smart-phones with different operation systes)(O
view in [12], [13], [14]. A location competition of charging such as iPhone and Android phone, connect consumers and
stations is considered in [15], where the discrete decisisnftware companies. Consumers observe the characteristic
model are used in consumers’ choice. phones and APPs attached to each OS and make their purchase
decision. Meanwhile, the software company choose which OS
to write APPs for based on the population of users.

This paper is organized as follows: the structure of the two- There are increasing literatures on indirect network eéffec
sided market and a Stackleberg game model are descrilbed two-sided market. Rochet and Tirole in [8] proposed a
in Sec. Il. The solution of the game is obtained through rastrictive definition of two-sided market. Caillaud andlién
backward induction. In Sec. lll, the consumers’ model ared thpointed out in [9] that, one side of the market always waits
optimal decision are stated. The investor's model and agtinfor the action from the other side. So it is critical for playe
strategy are presented in Sec. IV. In Sec. V, we consideakodd take right move, especially when the platform launches.
welfare optimization in choosing sites of EVCS investmenfl0] considered the market of credit cards and analyzed the
Sec. VI concludes the paper. competition strategy. [16] estimated a discrete choice ehod
of dynamic consumer demand in video game console two-
sided market, where the consumer discrete choice model is

This paper is an first analytical study about the interastiosimilar to the model used in this work.
between the two sides of the EV market: the EV and the The moltunomial logit (MNL) model is used to model the
EV charging services (EVCS). On modeling, the consumersdnsumer behavior, which is firstly introduced by McFadden i
surplus from charging service and purchasing vehicles dfif] to model the action of consumers facing discrete clmice

C. Organization

D. Summary of results



McFadden showed the extreme value type one distribution ine EUg(EU¢) is the expected maximum charging (refuel-

consumer’s preference leads to logistic probability iniceo ing) utility;
Following that, the MNL model is widely used in discrete « pg(ps) is the vehicle price of EV(GV);
choice model [16], [18]. o & is the utility of owing a vehicle;

o e¢g(eq) is the prior preference of vehicles;

The decision of a consumer on vehicles is to given by:
This paper is organized as follows: the structure of the two-

sided market and the game are described in Sec. II. In Sec. IlI verma) Ve, Va} ®)

the consumers’ model and the optimal decision are statesl. Th

investor's model and optimal strategy are presented inlSec.

The social welfare of the market is discussed in Sec. V an

Sec. VI concludes the paper.

F. Organization

After vehicle purchase, the EV owner need to optimally
sglect charging stations to maximize the charging surglhs.
consumer surplus at statians assumed as:
U=afi—pite,i=0,...,Ng (4)
Il. TwO-SIDED MARKET MODEL AND THE STRUCTURE OF
THE GAME where
« f; the favorability rating;

We formulate the two-sided market as a two-player Stackel- . :
« p; the charging price;

berg (sequential) game with complete information. The @lay h ‘ ¢ stati
are the EVCS investor as the leader and the EV consumef ¢ \N€ prior preference of stations;

the follower. We define the investor and consumer models® i = 0 indicates charge at home.
separately next. Given the realization of = (e, ..., en,)", the EV owner

chooses charging statioi(j € {0,1,..., Ng}) to maximize
A. The investor his charging utility. The maximum charging utility can be

Let C = {s; = (fi,c1),i = 1,---,Ni} be the set of Stated as
potential sites for charging stations known to the investmre Ug(e) = Uj(&) = max U;(e) (5)
fi is the favorability rating anc:; the marginal operation i€{0,....Np}
cost’ Given the candidates s&t and the utility function It is assumed that there are already enough gas stations such
of the consumers, the investors’ action space is defined that the investor will not consider to build new gas stations
{RNt x RNt . € x p}, whereC C C is the set of charging Instead, the investor will put the rest of money in the bantk an
stations selected to be built aitd= (p1,--- ,pc|) € RI°l is  earn a interest at rate. Thus, the utility of fueling will not
the charging prices vector. The investor predicts the aalio change as the decisions of investor change. So we can treat
consumers and by choosiqg x p} to maximizes the invest- the maximized fueling utilityl/;, as a constant.
ment profit within the budget B. The investment optimization L
is stated as C. Game Description
il The structure of the two-sided EV Market can be illustrated
maxe 5 (C, p) = 3252, F(si) (1) as following:
such that z‘cl F( )< B

where I is the charging profit collected from consumers, Censumers Piatform Producers
. . . . S e A
F(s;) is the building cost of station. |
Platform A: Hardware HP\atformA Software
|§
B. The consumer | Producer 2
Platform B: Hardware Platform B: Software
Observing the charging stations and charging pri€€sg}, ' H |
the consumers optimally make the vehicle purchase and thenmsuers]~J J/

charging choice. The action space of consumers are defined b N
as{V,j}, whereV € {E,G} is the vehicle choice from EV
and GV;{j € {1,--- , Ng(N¢g)}} is the charging(gas) station
choice. The consumers optimally chooSE j} to maximize ,
the vehicle surplus and charging(refueling) surplus. « Investors’ Stage:
The consumers surplus model of purchasing a vehicle is ~— Givenlocationg’, determing, or just put the money
assumed as follows: in the bank;
— After building (Ng £ |C|) charging stations, the
Ve =PEUp —pp + @ +ep 2) investor determines the charging prige
Va = PEUG —pa +® +eq « Consumers’ Stage:
where — Observing{C, p}, determineV’ € {E,G};
*The marginal cost ($/mile) here is the locational marginatep of — After purchased vehicles, choose charging station

wholesale electricity ($/kWh) normalized by EV efficienayiles/kWh). j €{0,---,Ng} to charge .



During this game, we are interested in the optimal strategyy non-decreasing iNEUg, which implies more charging
of both the consumers and the investor. To answer thestations increase the overall consumers surplus.
questions, we will analysis the game backwards. We first Assuming the consumers’ preference of vehicles lying on
consider the charging utility model and charging decisiohs a unit line, we can derive consumers’ optimal decision on
consumers. After that, the consumers’ decision on vehicleshicles. A typetz consumer purchases EV if
and market share of EV are discussed. In Sec. 1V, the optimal
charging prices and strategy of building charging statiares Ve(C,p,tg) > Val(ta)

presented.
which indicates

IIl. CONSUMERDECISIONS

: . : . BIn(33 % exp(afs — pr)) —pe | BUG — 1
In this section, the optimal decisions of consumers arete = — (2o (2¢ k=) ~pe + 5 qub Pe B

presented. The optimal decision on charging station is lgimp
pick the one with maximum surplus. The decision on vehicl@enote the right hand side a$. Provided0 < t* < 1,
is in a threshold form. As a result, the market share of tfe@l consumers lying in[t*, 1] will purchase EV, and other

charging station is a multinomial logit model. consumers will purchase gas vehicles. Indeéd; the location
) of the indifferent consumers such that the vehicle utita#
A. Assumptions EV and gas vehicle are the same. Thus we have the following
Before we look into the decisions of consumers, let ubeorem:
summarize the assumptions of consumers as follows: Theorem 1 (Consumer choice): The optimal consumer de-
. Consumers are 1.1.D.. cision is a threshold policy on the consumer preference
« Number of consumers is normalized 1o tg ~U(0,1)
o The average charging demand is normalized.to . . .
« The prior preference of statio e;, is i.i.d and follows { bp =" purchase electric vehicle
the extreme value type one distribution with the pdf: ty <1 purchase gasoline vehicle
fle)=e e " where
« The prior preference of vehiclesg(ec), follows the [ BUG —pe 1 BIn(XN% explafi — pi)) — pi 1
uniform distribution: = 35
2¢ 2 20 .
€g = ¢tp,tp ~ U(O, 1) (6) . . . .
g = dta,ta=1—1tg The EV market share for the optimal consumer choice is given
n=(1-t).

The extreme value type one distribution model is widely us o
in the discrete choice model in two-sided market. McFadden
first introduced the extreme value distribution in the diser exp(af; — pi)
choice model and showed it leads to the multinomial logit i SNE oxp(afe — pr)
model. By assuming the vehicle preference follows the uni- k=0 CXPAATE = Pk
form distribution, we assume the consumers are lying on athe EV market share) is increasing in the number of
unit line. charging stationV and favorability ratingf;, decreasing in
EV price pr and and charging pricg;, provided0 <n < 1.
More attractive charging stations and cheaper prices raetiv
By assuming the preference of stations the extreme valgre use of EV. This justifies the tax credit subsidy to
type one distribution, we can derive the expected maximizg/ purchase and the charging station. The market share

e charging station market share is given by

s i
q

B. Consumer Decision and EV Market Share

charging utility of consumers as follows: of charging stationi, P;, is indeed the probability that the
s = o
= hl(zkfo exp(afy — pk)) (7) yp P '

N hl(ZNE ) = In(q) .The. EV market _shar_e versus_number of charging sta.tions
k=0 Ik 4 with different EV prices is plotted in Fig. 1. When the EV p#ic
where € = (eg,--- ,en,) is the preference vector, = is lower, the critical number of charging stations to make EV
exp(afi — px) is the exponential utility of théth station. has a non-zero market share is smaller. With the same number
Clearly the expected maximized charging utilif{/z, is of stations, cheaper EV price also accelerates the markesd sh
increasing inf; and Nz and decreasing ip;, which indicates faster.
more attractive charging stations with cheaper chargimgepr  The critical number of charging stations versus the chagrgin
benefit consumers moré&Uy is also an concave function,price p; is plotted in Fig. 2. The critical number increases
which implies the marginal utility of new charging statiolss exponentially in charging price, which indicates the lower
decreasing. Note the consumer vehicle surplas{Vg, Vz} charging price is one key to help EV launch successfully.



The total profit collected from charging is given by

J Ng Ng
p—p I=Y 1L =77 Y Pi(C.5)pi - ci)
=1 =1

—— p=520000

2) Assumptions. Here the assumptions about the investor
are summarized:
o There is only one investor. There is ho competition among
the charging stations.
« The building cost of a charging station is a constéaht;
~v)Fy, where~ is the interest rate of bank.
o The investor knows the utility function of consumers.
‘ ‘ ‘ ‘ Since the game of investor is assumed to be monopoly, the
0 20 #;OChargmgStaﬁgns 80 100 investor can control all the charging prices to maximize his
profit. The building cost is assumed constant and indepénden
from the location choices;. The investor knows the utility
function of consumers and can predict their decisions. By
taking this advantage, the investor can optimally chooge th
location setC and the charging price.

o
)
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o o
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w
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N
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Fig. 1: EV Market Share Vs. # of Charging Station

B. Investor Decision

sol- | For the decisions of investor, we also apply backward
analysis. Firstly, assuming the number and locations ¢bsts
are given, we derive the optimal charging price. Followimatt
we discuss the optimal strategy to choose locations given th
station number. Then the optimal invest strategy is coredlet
by analysis on how many stations to build.

1) Charging Price: Assume the locatior€ is given, the
investor determines the optimal charging price® maximize
the total profit

~
o
T

Critical # of Charging Stations
o (o2} (o2}
a o o
T T

3
=]
T

I
[

IN
o

i i i i i 4 Ng
o2 Charging prise o (s o o maXH maxn (p) ZP (P)(pi — ¢;)
=1

Solving the optimization problem, the optimal chargingcpri
pi is given by

Theorem 2 (optimal charging price): For fixed set of
charging station€ = {(fi,¢),i = 1,---, Ng}, the optimal
charging pricep; generates uniform profit across charging
In this section, the investor model on charging prices argdations. In particular,

o
N

Fig. 2: Critical # of stations Vs. charging price

IV. INVESTORDECISIONS

station building will be analyzed. The structure of the oyti . 1

charing price is presented. A heuristic algorithm of chogsi Pi =G = Bas Po(p )4 p (7%) (8)

charging station sef is proposed, which is asymptotically 2ém(p” Y

optimal. where Py(p*) = % is the probability con-
sumers charge at home gpgflsp%e cost charging at home.

A. Investor Decision Model and Assumptions Note the right hand side of (8) is the same for anyrhe

rofit of each station from single consumer is the same. Since

o > 0, the revenue is strict positive. A — oo, the EV
I’narket share; — 1 and Py — 0, we have the limit of the
revenue as follows:

1) Investor Model: Theorem 1 gives the market share o
charging station as P;. Thus given the charging station se
C = {si = (fi,ci),i = 1,---,Ng}, the profit of charging

station: can be stated as Remark 1: 2
I1; = 1(C, ) P;(C. 7) (pi — c:) pima— g
asNg — oo.
where When consumers care more about the charging utility and less
« 7(C, p) the fraction of consumers who own EV; about the vehicle itself, which indicates is large while ¢
o P;(C,p) the market share of statian is small, the investor need to lower the price and charging

« ¢; the marginal operation cost of station stations earn less profit from each consumer.



2) Strategy of building stations: After obtaining the optimal JrEls .
charging price, the investor need to decide the set of chgrg
locations to invest. The optimal investment problem isestat
as: given the location candidat€s = {s; = (fi,c;), i =
1,---, Nz},

Dollar

Profit of Investor
Market Share of EV

Market Share of EV

maxece  { 1(C,7%) — S Fs;) = 1(C, 5*) — (1 + )N '

such that NgFy < B of- Ho2

Clearly, the optimal charging price is a function of statiol )
numberNy and station sef. But the lack of close form of;} 1 %m0  am  s w70 s s 1
brings difficulty in discussing building strategy. But theofit Fetsatens
converges to a constant and charging station number ireseas
Based on this, a heuristic greedy algorithm is proposed in Fig. 3: No subsidize]N}, = 60, n < 1;
Algorithm 1.

Algorithm 1 Greedy Investment Algorithm (110’ .

1. Compute the exponential utilities = exp(a.f; —¢;) and
sorted list{v(;};
2. SetN =1;
while N < Ny, do
ComputePy 2 Il(cy, - - ,en) — Son, Fisi);

Profit of Investor
Market Share of EV

Dollar
=)
o
Market Share of EV

if Py < Py_y or Y%, Fi(s;) > B then
STOP;

else oF 1
N« (N +1);

end if 0 10 2 Y 20 %0 Sy 70 % %0 100

. # of stations
end while

In principle, the optimal investment decision need to eshau  T19- 41 Subsidy to Charging Stations/; = 85, 7 = 1;

tively search for all possible combination of charging libwas
and compare the profit. The fact of uniform profit converges
to a constant makes it possible to separate the price decCisiQestor is60 and the market share of EY, is smaller than
and the location choice. Indeed, we have 1
Theorem 3 (Asymptotic optimality): If the cost of charging

stations is constant, then the greedy algorithm is asyraptot T the government subsidizes charging stations, the iovest
cally optimal (asN — o). is motivated to build more charging stations and more con-

Proof: See Sec. VII. m sSumers tend to purchase EV with more charging facilities. In

The greedy algorithm suggests that the investor shodTif- 4, each station receives a0 subsidy and the optimal

choose first to build charging stations at more attractiji!Mmper of stations grows tb, with EV market share equals
locations such as residential community or work places. to 1. The consumers’ vehicle surplus increases because of

If the maximized prOfi(H(Qﬁ*)—Zﬁl F(s;)) is positive, More charging facilities. The subsidy deficits both sides of
then investor will decide to invest. Otherwise, no invegime e market.
will be made and the money will go to the bank. This requires Instead, if the subsidy goes to the consumer side, more
the EV pricepg and building costF, small enough, which consumers will choose to own EVs and the market share of
justifies the subsidies to EV purchase and building stationsEV grows. Observing the population of EV, the investor is
3) Government Subsidize: The optimal strategies of stationmotivated to build more charging stations. In Fig. 5, indte&
investment and vehicle choice have been established abmwhsidizing investor, each EV purchase receive$@® tax
The results suggests it is needed to keep the price of EV arédit, which drives the EV market share 1o The optimal
building cost of charging station cheap enough to ensure thember of charging stations also grows Ag; = 65. Note
successful launch of EV. An example of different governmettie investor does not need to build as many stations as the
subsidize is discussed in this section. previous case because the market share of EV is driven
In Fig. 3, there is neither subsidy to EV purchase nor oy the government subsidy. The investor benefits from the
charging stations. The optimal charging station number gbvernment action as well.



§X10° . fact justifies the regulation of Beijing government, reqgr
at least18% of the parking spots need to have charger in all
the new invested residential communities.

Profitof Investor VI. CONCLUSION

The two-sided market of EV is considered in this work.
A sequential Stackelberg game is formulated to analyze the
indirect network effect between investor and consumerg. Th
optimal operation decision of charging stations is shown as
o / 1 locational equal profit pricing. An asymptotic optimal al-

/ gorithm of investment decision is proposed which reduces

h e s m & W w1 the computation complexity significantly. The social wedfa
ot optimization is discussed and it is shown that the social

welfare optimizer requires more charging stations tharstor
Fig. 5: Subsidy to Consumerd/}, = 65, n = 1; optimizer.

These results give the relationship between the EV market
share and the size of EVCS. This paper justifies the subsidy
V. SociAL WELFARE to EV purchase and charging station building, as well as

As a social planner, the government wants to maximizB€ regulation on number of new built charging stations,
the social welfare, which is the sum of consumers’ ar@f® necessary to help EV launch successfully in the very
investor's surplus. Denote the consumers’ surplusSpyand beginning.

Market Share of EV

0.5

Dollar
Market Share of EV

the investor's byS;. We have In this paper, the game is formulated as one shot. It will be
. . interested to reformulate the market behavior as a repeated

Sc(C,p") :E(maX{VE(C"Cpl tB), Va(te)}) game. In the repeated game, the investor will observe the
SiC,p)  =1(C,p*) — >z, Files) consequence of his action and adjust it in the next stage.

where the consumers’ surplus is the expected maximized e2nSUmers’ can also predict the trend of the charging sstio
hicle surplus. The investor’s surplus is the differenceveen @nd determine the optimal time to purchase vehicles. Based
the charging profit and the station building cost. on the_ repeated game setting, a model fitting can be car_rled

Assume the social planner can not determine the chargfgt USing the sale data. After that, a set of quantified qoesti
price or the vehicle price, it can only determine the set AN P& answered, such as what is the optimal way to spend
charging stations. The investor's decision is stated as: ~ the government budget to help EV market.

VII. APPENDIX
max Sc(C, p*) + S1(C, p*)

cce A. Proof of Theorem 3
The investor’s surplus has been derived in Sec. IV. TheAs Ng — oo, (p; — s;) converges to a constant. So in
consumers’ surplus§c, can be stated as: the analysis of building strategy, the optimal charging@iis

Lemma 1: Provided0 < < 1, the consumers’ surplus is approximated by; ~ c¢; + 2/5—(/)-
Firstly, fixing the number of stations to built 8¢z, let us
Sc(C,7*) = [p(n((C, 7)) + (BUG — pc) + @ — ?] examine where to build these stations. Denote the expaienti
_ . _ _ ~utility from station asq; = exp(af; —p}) ~ exp(af; — (ci+
It is shown in equation (8) that, the investor optlmalé_f)) and the sum of utility ag = > % ;. The charging
charging price generates uniform profit across stationseWhy,fit of the investor can be re-written as
the number of charging stations is large, the profit can be

approximated by a constant. Following a similar process, th (q) =n(a) X% Pi(asa)(pf — ci) ©)
social planner’s strategy can be shown as also a ranking = z—f’n(q) Z-Afl %

strategy. The station number of social optimizer is largant
the investor optimal number:

Theorem 4 (Social Welfare): Let C* be the optimal set of
charging stations determined by the investor, &g > 1.

Take partial derivative of the revenue with respeciipwe
have
Lemma 2: The revenue of the investor is strictly increasing

Let C** be the optimal charging locations determined by the - oIl
- - (9)
social planner. ThefC**| > |C*|. 90 0
Proof: See Sec. VII. [ | ai

When the investor wants to enter the charging station ma€emma 2 implies that, if given two station candidateand
ket, as the social planner, the government can set a miniméindixing the other( N — 1) stations, the one with largef =
number of stations the investor needs to build to drive titep(af; — (ci + %¢)),i € {j, k} should be built. So we have
charging station number to the social welfare optimizeisThthe optimal strategy about where to build stations:



Lemma 3: Fixing the number of stations to built a¥g,
the optimal strategy of building is to pickg candidates with
largestv; = exp(af; — ¢;) to build.

Lemma 3 shows the location decision of stations need tq
include both of the operation costand the favorability rating
fi- When the operation cost; are the same, the locations
where consumers visit more should be given priority. This
justifies the charging stations should be built at the aitrac
locations such as work places and the residential comnegniti

Before the optimal number of charging stations is consid-
ered, we can first sort th&;, candidate locations by;. Now
instead of Nz, we can present the coB{ Ng) £ (1+v)FyNg
as a function ofg = Zf\f{) q;- Sinceq; > ¢;+1, the cost
F(Ng(q)) is a piece wise linear concave function @f The
partial derivative is piece wise constant and increasing.in

—

And we know the revenuH(q) is increasing in;. By looking
into the second order derivative, we have

]
I
I
I
I
I
I
1

Lemma 4: As q increases]I(q) is first a convex function,
then a concave function.

The curve ofll(q), F(¢q) and the derivative are plotted as
follows:

2¢N¢ @ —F—— - — — —_—
sy

F(q)

\
\
\
\
\
\
\
g +q1 QO+Q1+Q2+q§
qo +q1 +q2

Fig. 6: Profit and Cost of stations

In Fig. 6, ¢* is the optimal point to maximize the prof-
it (II(q) — F(q)). Fig. 7 shows the derivative of'(q) is
increasing and the marginal profﬂ% is first increasing

qo + q1 q
qo + q1 + g2

Fig. 7: Profit and Cost Derivative

I

]

qo +q1 + q2

Fig. 8: Social Welfare

then decreasing. There are at most two cross points in #@ximizing (Sw(q) — F(q)).
derivative and the latter one is the optimal point. Comi@nin Clearly, the consumers’ surplus is increasisg(q), in q.

Lemma 2, 3, 4, we have the asymptotic optimality. So
To make building charging stations attractivE({*) —
F(q*) > 0), the building costFy and the EV pricepr need

9Sw(q) _ 9Sc(a) n oll(q) - oll(q)

dq dq dq dq

to be small enough. This justifies that the government need\is piot the derivative of the social welfare as well as the
subsidize the price of EV and the cost of building charging,estor surplus in Fig 8. Clearly, the optimal social wegfa

stations.

point ¢** is also the cross point o?’;(q) and asg](‘]). Since

q

B. Proof of Lemma 4 %{f") > 28U itis always true thag™ > ¢*, which implies
Denote the sum of consumers’ surplus and investor’s rethe social optimal point requires more charging stations to

enue asSw(q) = Sc(q) + I(g), the social planner is build.
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