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Accessibility of Electric Vehicle (EV) charging stations is an important factor for adoption of EV, which
is an effective green technology for reducing carbon emissions. Recognizing this, many governments are
contemplating ideas for achieving EV adoption targets, such as constructing extra EV charging stations
directly or offering subsidies to entice automakers to construct more EV charging stations. To achieve
these targets, governments need to coordinate with automakers to ensure that the total number of charging
stations is planned optimally. We study this coordination problem by considering the interactions among
the government, automakers, and consumers, our equilibrium analysis yields three major results. First, both
the government and the automaker should build extra EV charging stations when their construction costs
are independent. Simultaneously, the government should offer a per-station subsidy to the automaker only
when the adoption target and the construction cost are both high. However, when the construction costs
are dependent, the government should delegate the construction to the automaker by offering a per-station
subsidy. Second, when the government considers consumer purchase subsidy as an extra lever, we find
that the purchase subsidy for consumers is more cost-effective than offering a per-station subsidy to the
automaker. Third, the structure of the optimal government policy remains the same regardless of whether
the government’s goal is to improve EV adoption or consumer welfare. Our results can serve as guidelines for
governments when contemplating coordination with automakers for the construction of EV charging stations

to improve EV adoption as well as consumer welfare further.
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1 Introduction

The adoption of electric vehicles (EVs) is believed to be an effective way to reduce carbon emission.

However, getting consumers to adopt innovative products such as EVs requires some nudging. In
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addition to promoting the social and environmental benefits of using EVs, the governments of
different countries have developed different EV purchasing incentives. For example, to kick-start
and stimulate the growth of the EV market in China, the Chinese government has launched various
subsidy programs for encouraging EV purchases since 2009 (Tian and Xie 2019). In the U.S.,
federal and state-level governments offer different EV incentive programs, including tax deductions
and/or direct payments to encourage EV adoption (Bosworth et al. 2017). For example, the U.S.
federal government offers up to US$7,500 tax credit to consumers, while some state governments
offer subsidies for the construction and/or maintenance of EV charging stations (Bosworth et al.
2017).

Despite EV purchase subsidies, the adoption rate of EVs has been lower than expected partly
due to the paucity of EV charging stations. According to Mckinsey’s EV consumer survey con-
ducted in China, the U.S., and Europe (McKinsey 2017), consumers are reluctant to purchase EVs
unless there is easy access to charging stations.! Until the accessibility of EV charging stations
was established as an important determining factor for EV adoption (Deaton 2019), neither gov-
ernments nor automakers assumed responsibility for constructing new EV charging stations or for
ensuring an adequate number of EV charging stations in the market (Behrmann 2019). Realizing
the importance of the accessibility of EV charging stations has motivated governments to develop
more electric charging networks to achieve sustainable growth of the EV market. Mckinsey & Co
(Engel et al. 2018) reported that the EV industry would need an estimated US$50 billion of capital
investment to construct 40 million EV chargers in the U.S., Europe, and China by 2030. 2

Currently, both automakers and governments are planning to build extra charging stations. In
the U.S., some automakers are constructing new charging stations: Tesla installed 1,441 Super-
charger stations across North America, and Volkswagen pledged US$2 billion for building 4,800
new chargers (Eisenstein 2019, Deaton 2019). In addition to automakers, the Biden administra-
tion is proposing to build 500,000 new EV charging stations (Puko 2021). In China, the Chinese
government is investing in charging infrastructures instead of offering EV purchase subsidies (Li
2019). The State Grid Corporation of China, which is owned by the government, has built a total
of 93,700 expressway charging piles, covering 171 cities in 19 provinces by the end of 2019 (State
Grid Corporation of China 2019).

Given that automakers and governments are both planning to build extra EV charging stations,
there is a need to develop a coordinated plan to achieve a certain EV adoption target in the most

cost-effective manner. However, policy makers or researchers have not focused on this coordination

! Relatively speaking, consumers have easy access to gas stations. In the U.S., the ratio of gas stations to public
charging stations is 7:1; the former thus outnumbers the latter (Deaton 2019).

2The U.S. alone will need an investment of approximately US$10 billion.
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issue so far. This is because, in the past, governments were focused on offering a per-unit purchase
subsidy to entice consumers to purchase EVs, while automakers were focused on building charging
stations and arriving at the optimal selling price to encourage EV adoption. As shown in Figure 1,
the separate aims of governments (offering purchase subsidies) and automakers (building charging
stations and arriving at the optimal selling price) do not require explicit coordination. However,
when the government is committed to achieving a certain EV adoption target and it plans to
construct extra charging stations, the government must coordinate with automakers to ensure that
the total number of charging stations is planned optimally. Additionally, instead of building the
extra stations directly, the government may consider an alternative option of offering a per-station

subsidy to entice automakers to build these charging stations as shown in Figure 1.

Figure 1 Interactions among the government, firm and consumers in the ecosystem of the EV market
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The above observations give rise to the following research questions that must be addressed to
ensure optimal coordination between the government and the automaker:

1. Which entity (the government and/or the automaker) should be responsible for constructing
new EV charging stations?

2. Should the government construct new EV charging stations directly? Should the government
offer a per-station subsidy and delegate the construction to the automaker? In each situation, how
many new charging stations should the government/automaker build?

3. Should the government offer a per-unit purchase subsidy to consumers (in addition to the

construction subsidy offered to the automaker)?
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4. If the government’s goal is to improve consumer welfare instead of EV adoption, what is the
optimal government policy to adopt?

In this paper, we develop a game-theoretic model to capture the interactions among three parties:
the government, the automaker, and the consumers. Our equilibrium analysis yields the following
results. First, it is optimal for both the government and the automaker to build extra EV charging
stations when the construction costs of the government and the automaker are independent (i.e.,
the construction cost incurred by one party is independent of the number of charging stations
built by the other party). Simultaneously, the government should offer a per-station subsidy to the
automaker only when the adoption target and the construction cost are both high. The structural
results for the optimal government policy remain the same even when there are two automakers
competing in the EV market. However, when the construction cost incurred by the firm (hence-
forth, the terms “firm” and “automaker” are used interchangeably) is dependent on the number
of charging stations built by the government, we find that the government should only offer a
per-station subsidy and delegate the construction of EV charging stations to the automaker.

Second, when the government considers consumer purchase subsidy as an extra lever, we find that
offering a purchase subsidy to consumers is more cost-effective than offering the per-station subsidy
to the automaker. More importantly, the government can reduce its expenditure for achieving the
EV adoption target by offering a purchase subsidy to consumers without offering the per-station
subsidy to the automaker. Hence, it is optimal for the government to build extra charging stations
and offer a purchase subsidy without offering the per-station subsidy to the automaker when the
construction costs are independent. However, the government should offer a purchase subsidy only
when the construction cost incurred by the firm depends on the number of charging stations added
by the government.

Third, regardless of whether the government’s goal is to achieve a certain EV adoption target
or consumer welfare target, the structure of the optimal government policy remains the same.

This paper is organized as follows. In §2, we review the relevant literature. In §3, we describe our
model. In §4, we analyze the base model when the government does not offer a per-unit purchase
subsidy to consumers. In §5, we extend our base model to the case when the government offers a
per-unit purchase subsidy to consumers. §6 extends the base model by considering the case when
the construction costs of the government and the automaker are dependent. In §7, we extend our
base model by considering the case when the government’s goal is to improve consumer welfare.

88 concludes this paper. All proofs are provided in Appendix EC.3.

2 Literature Review

Our paper is situated in the research stream that deals with green technology product adoption.

Ma et al. (2019) examine both service infrastructure subsidy and product subsidy in improving the



Article submitted to:
Yu et al.: Coordinating Installation of EV Charging Stations 5

adoption of clean-technology products. By using a two-stage model, they show that governments
should be careful in designing incentives because both types of subsidies can be harmful under
certain conditions: the infrastructure subsidy may result in delayed purchases of early adopters
and the product subsidy may reduce the adoption by interfering with the firm’s investment in
infrastructures. Cohen et al. (2016) study the impact of demand uncertainty on the design of green
subsidies. By expanding the newsvendor model, they analyze the supplier’s production and pricing
decisions in response to government incentives. Cohen et al. (2018) examine the effect of sales
subsidies and research and development (R&D) support on the quality and pricing decisions of
competing firms. They find that R&D support does not always positively affect the environment,
whereas sales subsidies always have a positive effect. Alizamir et al. (2016) focus on the mecha-
nism design of feed-in tariff policies to promote renewable energy technologies. Krass et al. (2013)
examine the impact of environmental taxation on a firm’s choice of green technology and show
that higher taxes would motivate the firm’s switch to a dirtier technology. In terms of enhanc-
ing environmental sustainability, environmental legislation and regulations that improve the firm’s
recycling practice also play a key role. Recent literature has also examined the issue of environmen-
tal sustainability (Atasu et al. 2009, Atasu and Van Wassenhove 2012, Atasu and Subramanian
2012, Gui et al. 2016, 2018, Chen and Sheu 2009, Plambeck and Wang 2009, Murali et al. 2019).

In the context of the advantages of EV adoption such as the reduction of carbon dioxide emission,
it is important to note the findings of the transportation research community. Lim et al. (2015)
examine the impact of two types of consumer anxieties, i.e., range anxiety and resale anxiety, on
the mass adoption of EVs. By comparing different types of battery ownership and battery charging
options, they find that the combinations of battery owing/leasing with enhanced charging service
can increase EV adoption and social welfare. Avci et al. (2015) focus on a switching-station-based
EV system and find that this novel system can transfer the range risk from motorists to station
operators, which, in turn, further increase EV adoption. In a similar vein, Mak et al. (2013) develop
robust optimization models to study a battery-swapping infrastructure planning problem.

Unlike the above literature, our paper is closely related to the recent literature that examines
different government incentives aimed at sustaining the growth of the EV market. For example, Nie
et al. (2016) propose a modeling framework to optimize the design of government incentives in order
to evaluate the benefits of constructing extra charging stations. By examining both product subsidy
and infrastructure subsidy, Ma et al. (2019) show that it is optimal to offer a product subsidy only
when the infrastructure construction cost is sufficiently high or low; however, it is optimal to offer
both subsidies when this construction cost is moderate. Shao et al. (2017) study both per-unit

subsidy and price discount schemes under different EV market structures. By analyzing the vehicle
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purchase data from 2008-2016 in the U.S., Narassimhan and Johnson (2018) show that purchase
subsidy and the number of charging stations can affect EV sales significantly.

To the extent of our knowledge, none of these have studies examined which entity (government
or automakers) should be responsible for constructing charging stations to achieve a certain EV
adoption target in the most cost-effective manner. Unlike the existing literature, our paper analyzes
how the government should coordinate with the automaker to ensure that the total number of

charging stations is planned optimally when achieving a certain EV adoption target is the goal.

3 Model Preliminaries

Consider a situation in which a government is committed to achieving an exogenously given EV
adoption target 7 within a certain time frame.® To encourage more consumers to adopt EVs, the
government is interested in developing a policy aimed at increasing the total number of charging
stations. This policy has two components. The first component involves the government “building”
ng new charging stations directly by incurring a total cost knz. According to a study conducted by
Boston Consulting Group (Sahoo et al. 2019), the total costs of installing new charging stations
exhibit diseconomies of scale. This is because, as the number of charging stations increases, the
stations will be located farther away from the power grid, resulting in the infrastructure cost for
supporting the transmission and distribution of electricity increasing exponentially with the number
of stations. To capture the diseconomies of scale of the construction cost of EV charging stations,
we shall model this total cost as a quadratic function of the number of charging stations. The
second component involves a “per-station subsidy” F' for incentivizing the automaker to construct
ny new charging stations (In §5, we shall extend our base model to the case when the government
offers a per-unit purchase subsidy s to consumers). Hence, as shown in §1, the government, the
firm, and consumers interact under this policy as depicted in Figure 1.

1. Consumer demand d. For tractability, we assume that the consumer demand for EV d for
any given total number of charging stations (n, +n;) and any given selling price p, as depicted in

Figure 1, takes the following linear form:
d=a+p-(ng+ns)—=7-p, (1)

where « is the base demand and 8 and ~ are the demand sensitivity towards the total number of
extra charging stations to be built and the selling price, respectively (The linear demand assumption
appears to be reasonable because it captures the characteristics of the sales data of EVs in the
U.S. between 2012 and 2019 as summarized in Appendix EC.1).

8 Meeting a certain target is commonly used in public policy. For example, Siddiq et al. (2021) examine different
subsidy programs aimed at achieving a certain target of public transit ridership.
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We also calibrate our demand function d as follows. Before the construction of any extra EV

charging stations (i.e., when (n, +ny) =0), the “baseline demand” for EVs is dy =a —v-p. To
ensure dy > 0 for any price p > ¢ (¢ is the per-unit production cost) so that the EV market is viable,
we assume « > ~yc throughout this paper.
2. Firm’s decision (ns,p). Given the government’s decision (n4, F') and the demand function d
in (1), the firm will decide on the number of new charging stations to be built (i.e., n;) and the
selling price p for each EV. In our base model, we examine the setting in which the charging
station construction cost incurred by the firm is independent of the number of stations added by the
government. This setting captures the reality in China where the Chinese government constructs
charging stations in urban, suburban, and remote areas, whereas EV firms (e.g., Tesla) construct a
small number of charging stations in urban areas. This setting is also valid for the U.S., where the
city governments and the EV firms often construct charging stations by using different construction
firms and different processes (bidding and contracting). Thus, the cost incurred by the firm for the
EV charging station is independent of the number of charging stations developed by the government
(For completeness, in §6, we also extend the base model by considering the case when the firm’s
construction cost depends on the number of stations constructed by the government).

By noting that the per-unit production cost is ¢, the total charging station installation cost is
k‘n?p, and the per-unit construction subsidy offered by the government is F', the firm can determine
the optimal decision (n},p*) that maximizes its profit by solving the following:

I} = (rr?fe?;c) (p—c)-d—k-ni+F-n;, where d is given in (1). (2)
3. Government’s decision (n,, F'). The government’s goal is to develop the most cost-effective
incentive program (n,, F') to achieve the EV adoption target so that d > 7, with d given in (1).
By noting that the construction cost is k-n? and the per-station subsidy is F', the government can
determine the optimal decision by solving the following:

I} = min k-n§+F'nf, subject to d > T. (3)

(nQaF)

4. Sequence of events. The sequence of events and decisions associated with the different parties
is depicted in Figure 2. The government will first decide on the number of new charging stations
ng to be built directly and the per-station subsidy F to be offered to the firm for building each new
charging station (In §5, in addition to n, and F', the government will also decide on the per-unit
subsidy s for a customer who buys an EV). Next, upon observing the government’s decision n,
4Both the U.S. and Chinese governments have declared different EV adoption targets in recent years: President

Biden proposed a 50% EV penetration rate target by 2030 (Shepardson and Mason 2021), while Chinese government
declared an EV adoption target of 5 million EVs by 2020 (Li 2012).
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Figure 2 Sequence of events.

Government Firm decides
decides (ng, F) (ns,p)
Decisions I Time
Events I
Government Firm builds ng New Consumer demand
builds n, new charging stations and d is realized
charging stations received ny - F from
government

and F', the firm decides on the number of charging stations n; to be built and then decides on the
per-unit selling price p. Finally, once the total number of charging stations (n,+mn;) and the price

p are known, the consumer demand d is realized and all parties can retrieve their profits.

4 Base Model: No Purchase Subsidy

We now analyze the base model via backward induction for the case where no per-unit purchase
subsidy is offered to consumers. We also extend the base model by incorporating market com-
petition to show the robustness of our structural results. Due to page constraints, we provide the
details in Appendix EC.2. While we focus on the per-unit charging station subsidy F' in our base
model, we extend our model to incorporate the purchase subsidy in §5.

Firm’s decision (ny,p). As we can observe from Figure 2, knowing the demand function as stated
in (1) and observing the government’s decision (n,, F'), the firm’s effective total construction cost
is k-n} — I'-ny when the construction cost incurred by the firm is independent of n, in the base
model. Hence, for any given ny, the firm can first determine its selling price p by solving the

following;:
max (p—c)-[a+5~(ng+nf)—fy-p]—k-ni—i—F-nf (4)
P

It can be easily verified that (4) is concave in p, and by considering the first-order condition,

a+5(nf+ng)+'yc
2y

d(ng) = w By substituting p(n;) and d(n;) into the firm’s profit function in (4), the

—ycC 2 . .
= W —k- nfc + F -ny. As such, the firm can determine the optimal

the firm’s optimal price for any given ny is p(n;) = and the corresponding demand

firm’s profit I (ny)

number of stations to be built n; by solving the following:

e T () — 12 Bl ) e

o 4[}/ —knfc—i-an (5)
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By using the fact that the EV charging station construction cost factor k is high (Sahoo et al. 2019),
we shall assume that k& > % throughout the paper®. This assumption is reasonable, particularly
when consumers are more sensitive about price than the number of charging stations (i.e., when
~ > (8, which is consistent with our exploratory analysis of actual sales data about the EV market
in the U.S., as shown in Appendix EC.1). By solving the firm’s optimal construction problem as
given by (5), we arrive at the following proposition:

PROPOSITION 1. Given the government decision (ng, ') and the construction cost k-n3 where
2Fy+p(a+png—cy)

k> f—j, the optimal number of new charging stations to be built by the firm n} =

Tk — 2 ’
and the optimal selling price p* = B(F_ﬁc);r;icggﬁ"gﬂ”). Additionally, the corresponding consumer
2
demand d* = ’Y(Fﬂ+24kk(’(;‘j‘§2"g—c’ﬁ)} and the ﬁrm’s pT’Oﬁt H; — k(at+Bng—cy) z}f}ffg;ﬁ(a‘f‘ﬁ“g—c’ﬁ) )

By further checking the impact of the government policy (ny, F') on the firm’s decision, we get the

following corollary:

COROLLARY 1. The optimal number of new charging stations n; to be built by the firm and the
optimal EV selling price p* as stated in Proposition 1 are both increasing in the number of charging
stations to be built by the government n, and the per-station subsidy F'. As such, the corresponding
optimal consumer demand for EVs d* and the firm’s profit II}, as given by Proposition 1, are also

increasing in ng and F.

Corollary 1 implies that the government can entice the firm to build more new charging stations
by either providing a per-station subsidy F' for the firm or by building extra charging stations n,
directly. Intuitively, an increase in the per-station subsidy F' can entice the firm to increase the
number of new charging stations n;. However, it is interesting to note that, as the government
builds more charging stations n,, it can induce the firm to increase the number of new charging
stations ny. This result can be explained as follows. When n, increases, Proposition 1 reveals that
EV demand d* increases due to the increasing accessibility of the charging stations, making it
possible for the firm to afford to charge a higher price p*. Utilizing this logic, the firm can obtain
a higher profit by increasing the number of charging stations n} as the government increases n,.
As such, the firm’s optimal profit is increasing in both n, and F'. Corollary 1 reveals that the
government incentive (n,, F') will benefit the firm as well as increase consumer EV adoption.
Government’s decision (n,, ['). Anticipating the firm’s optimal decision (n},p*) as stated in
Proposition 1, to achieve the EV adoption target 7, the government determines its optimal (n;, F™*)
that minimizes its total cost IIy(ng, F') = k-n2 + F -n} by solving the following:

. 2Fy+ B(a+ fn, — c)
2 _ g
{Lnglg Hy(ng, F)=k-n, + F py—cE

5 2, . . . . . .. . . *
° In the event when k < %, it is easy to verify that the objective function Il is increasing in ny so that n} =oco. To

2
avoid this impractical case, we shall assume that k > % so that n} is bounded.
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V(FB+2k(a+ by —cy))
Aky — B2 =0
ng, F > 0. (6)

st. d*(ng, F)=

Baseline. Let us establish a baseline before we solve the government’s optimal decision problem.

Consider the base case when there is no government incentive (i.e., (ny, F') = (0,0)). In this case,

it is easy to verify from Proposition 1 that the consumer demand d*(0,0) = W. For ease
¥—8
of exposition, we denote 75 = d*(0,0) = W. Therefore, when the adoption target 7 < 7,

the government does not need to either build extra charging stations or provide any construction
subsidy to the firm.
To rule out this trite case, focusing on the case when 7 > 7y suffices. By solving the government’s

problem as given by (6), we find the government’s optimal decision (n*, F*) as stated in Proposition

ky(a—cy)
2ky—p2 °

2. For ease of exposition, we define another threshold for the adoption target 7 as 7, =

PROPOSITION 2. Given the consumer EV adoption target T > 19, the optimal number of charg-
ing stations to be built by the government n; and the optimal per-station subsidy F* satisfy the
following:

(a). If k> %, then there exists a threshold 1 so that:

Lif 7 > 7, then (n;,F*) = (W—%,W—%) so that the mini-

2
mum cost of the government II; = 5 (816(277;’3767)) +4T(°‘7?72T) — ﬁ;,;;); thus the firm will
set ny = 66% + %ﬂ_cw and p* = ¢ + z so that the corresponding firm’s profit I} =
1 [ 4k(a—cy—271)2 _ 58272 47 (20— 26’y+57’)
36 B2 k~2
2. if T € (70,m1), then (n} F*) = (k= & );kﬁf”(a ) 0) so that the minimum cost of the gov-
2
ernment 117 = (4ky—8 i;vfg;(a en)? ; thus the firm will set n} = fk—g and p* = c+ = so that the
2 2
corresponding ﬁrm s profit I, = %TB).
(b). If ke (4 ' 55 ] then (n}, F*) = (& ik );Mzk"’(o‘ <1 0) so that the minimum cost of the gov-
ernment 117 = (4ky -7 31;722;3(& 7)) ; thus the firm will set n} = ﬁ and p* = c—i—% so that the
2
corresponding firm’s profit II*. = %.

Figure 3 illustrates the optimal government decision (n;, F™*) as stated in Proposition 2. First, as
we can observe from Figure 3, as the construction cost factor k increases starting from a medium
level, it is more cost-effective for the government to build more charging stations directly instead of
providing a per-station subsidy F' to the firm. However, as the construction cost becomes sufficiently
high, it becomes more cost-effective for the government to provide a per-station subsidy to the firm
as well as build some extra charging stations to achieve a certain adoption target level.

To interpret Proposition 2, let us first consider the case when both the construction cost factor

k and adoption target 7 are high. In this case, Statement (a.1) of Proposition 2 reveals that it is
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Figure 3  Optimal government decision (nj, ™) to achieve EV adoption 7
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optimal for the government to both build some charging stations and provide a construction subsidy
to the firm (i.e., n; >0 and F* > 0). Next, let us consider the case when the construction cost is
medium (i.e., when k € (%, %D or when the construction cost is high while the adoption target 7 is
medium (i.e., when 7 € (19, 71)), Statements (a.2) and (b) of Proposition 2 imply that it is optimal
for the government to only build some charging stations without providing any construction subsidy
to the firm (i.e., n; >0 and F™* =0).

With the help of Propositions 2 and 1, we now examine the impact of adoption target 7 and
construction cost factor k on the equilibrium outcomes (i.e., the number of charging stations to be
built by the government nj, optimal subsidy F™, the number of stations to be built by the firm n},

the optimal selling price p*, etc.). The comparative statics are provided in Corollary 2 below.

COROLLARY 2. Given the consumer EV adoption target T > 19,

1. the optimal number of charging stations to be built by the government n and the optimal
per-station subsidy F* are both increasing in 7 and k;

2. the corresponding optimal number of charging stations to be built by the firm n} is increasing
i 7 and decreasing in k; and the corresponding optimal selling price of the EV p* decided by the
firm is increasing in T and independent of k; and

3. the total number of charging stations to be built by both the government and the firm n* is

w, which s increasing in T and independent of k.

First, when the adoption target 7 is high, the government will exert more efforts to achieve
the target by increasing both nj and F*. Recall from Corollary 1, enticed by a higher level of
government incentive, the firm can afford to set a higher price and also build more charging stations

to achieve a higher profit. This explains the results that both the government decisions n; and F™*
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and the firm’s decisions n} and p* are increasing in the adoption target level as given by Statements
1 and 2 of Corollary 2. Consequently, the total number of charging stations n* will also increase
when the adoption target is higher, as stated in Statement 3 of Corollary 2. Next, we can observe
from Corollary 2 that, for any given adoption target 7, the total number of charging stations n* is
independent of the construction cost k. This result is attributable to the fact that the government’s
focus is on ensuring that the adoption target is achieved so that d = a+ 3(n,+n;) —yp = 7. Hence,
ny and n, are “substitutes”, as exhibited in Proposition 2, where n} is decreasing in k and n; is
increasing in k. However, to achieve the adoption target 7, the perfect balance between n} and nj

can be achieved by ensuring that the total number of stations n* =n; +n} is independent of k.

5 Extension 1: Purchase Subsidy

Purchase subsidy has been identified as an effective mechanism to stimulate EV purchases in the
past (Narassimhan and Johnson 2018). To achieve a certain adoption target, the government should
consider offering purchase subsidies. To examine the role of purchase subsidy in the context of
charge station installation, we now expand our base model by incorporating an additional element
for the case when the government offers a per-unit purchase subsidy s to each consumer who
purchases a new EV. For any given per-unit purchase subsidy s, the effective purchase price of a
new EV is (p—s) so that the demand given in (1) is now obtained by d = a+ - (n,+ns)—7v-(p—Ss).
We now use the same approach presented in §4 to determine the optimal decisions for the firm and
the government.

Firm’s decision (n;,p). Analogous to the base model, for any given government decision (n,, F, s),

the firm determines the optimal price p(n;) for any given n; by solving the following:
mzz}x p—c)-la+pB-(ng+ns)—v-(p—9)] —k-n?—i—F-nf (7)

Similar to the base model, we can easily check that for any given ny, the optimal price set

atB(nyt+ng)+y(cts)
2y

at+B(ng+np)—y(c—s)
: :

by the firm p(n;) = and the corresponding demand d(n;) =

By substituting p(ny) and d(ny) into the firm’s profit function in (7), we obtain IIf(n;) =

[a+B(ng+ny)—y-(c—s)]
4y

2
—k- nfc + F'-ny. Therefore, the firm can arrive at the optimal n; by solving the

following;:

max Ilf(ns) = [+ B(ng+ns)—v-(c—s)]?

2
1 ™ —k-n;+F-ng (8)

Analogous to the base model, we find that when k& > f—j, the objective function II¢(n;) is a concave

function of ny, and the firm’s optimal decision (n},p*) is given by the following proposition.
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PROPOSITION 3. Given the government decision (ny,F,s), the optimal number of charg-

2P+ B(atBng—(c—s)7)
4k~y—p2

ing stations to be built by the firm n} =
B(F—Bc)+2k(atBng+(c+s)7)

4ky—pB2 ’
F k(a+pBng—(c—s * k(a+Bng—(c—s)y)2+F(F a+pPng—(c—s
UFBSRBng =0 g the firm's profit TT; = HetBna—(eo)® H Py thtatng—(e—sn))

and the optimal selling

price p* = Additionally, the corresponding consumer demand d* =

We can observe that Proposition 3 resembles Proposition 1 in the base model. Similar to Corollary
1, we use Corollary 3 to show the impact of the government policy (ny, F,s) on the firm’s optimal

decision.

COROLLARY 3. The firm’s optimal decision regarding the number of new charging stations ny and
the EV selling price p* as given by Proposition 3 are both increasing in the number of charging
stations to be built by the government n,, the per-station subsidy F', and the purchase subsidy s.
As such, the corresponding optimal consumer demand for EV d* and the firm’s profit II%;, as given

by Proposition 3, are increasing in ng, F', and s.

Analogous to Corollary 1, by using purchase subsidy s together with the per-station subsidy F
and building more stations n4, the government can entice the firm to build more charging stations.
In particular, the selling price set by the firm is also increasing in the purchase subsidy s, thereby
further motivating the firm to build more charging stations to earn more profit. Corollary 3 reveals
that, in addition to n, and F', consumer purchase subsidy s also increases both the firm’s profit as
well as the consumer EV adoption.

Government’s decision (n,, F,s). By anticipating the firm’s optimal decision (n},p*), as given
by Proposition 3, the government develops the most cost-effective program to achieve the adoption

target 7 by solving the following;:

2Py + Blat fng — (e =s)y) | AFB+2k(at fn, = (c=5)7))

. _ 2

751}1,153 Hg(ng,F,S) _k;-ng+F~ Ak — 32 8 4k~ — B2 ’
) Y(FB+2k(a+ Bng — (¢ — s)7))

st. d*(ng, Fs)= Toy— ="
ng, I, s > 0. (9>

Using the same argument as earlier, it can be easily established that the adoption target 7 will
always be achieved if 7 <7, even without any government incentive (i.e., (ny, F,s) = (0,0,0)). By
focusing on the case when 7 > 75, we observe that both II,(n,, F,s) and d*(n,, F,s) are increasing
in ng, F', and s. This observation allows us to determine the optimal government policy (nz, F* s*)

via the following proposition.

PROPOSITION 4. Given the consumer EV adoption target T > 7y, the optimal (n}, F'*,s*) set by the
government should satisfy the following:

(a). If k> §7 then there exists a threshold T, so that:
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L if 7> 1, then (n), F*,s*) = <BT 0, Fr@r—(e—ev)) =5 T) so that the minimum cost of the gov-

2k~ k2
ernment 1T = T(dky(@r= ES‘WW)) 36” ) thus the firm will set n; = % and p* = c+ 7 so that the
- T (4k %)
corresponding firm’s profit II*. = #.

2. if T € (79,71), then (n F*, *) ((4kv £2)r—2ky(a=ey) ,0,0) so that the minimum cost of the

2kyB
government IT; = ((4ky—p° jj,;vff’;;(“ " - thus the firm will set n; = ﬁ and p* =c+ = so that the
corresponding firm’s profit II% = %152)
(b). If ke (47, 2v) then (n;, F™*,s*) = (k= 52);]”2;7(@ 1) .0,0) so that the minimum cost of the
government 1T} = (4ky=F 31272;;’(6“ ) ; thus the firm will set n} = % and p* =c+ 2 so that the
corresponding firm’s profit II', = %1252).

We can observe that the optimal government decision (n;,F */s*) given in Proposition 4 has
a similar structure as the one described in Proposition 2. Specifically, when the government has
an extra lever (i.e., purchase subsidy s), the per-station subsidy F is not cost-effective and the
government should always set F™* = 0. Specifically, as stated in Statement (a.l) of Proposition
4, when the construction cost k& and the adoption target 7 are both high, it is optimal for the
government to build some charging stations and provide a purchase subsidy to consumers without
offering any per-station subsidy F to the firm. On the other hand, when the construction cost
is medium or when the construction cost is high and the adoption target is medium (Statements
(a.2) and (b) of Proposition 4), it is optimal for the government to build charging stations only,
and these two cases are the same as the base model.

To summarize the above discussion, we now use Figure 4 to illustrate the optimal government
incentive program (n}, F'*,s*) as stated in Proposition 4. Observing from Figures 3 and 4, we find
that given a certain level of adoption target, when the construction cost is medium, it is optimal
for the government to build some new charging stations without providing any purchase subsidy s
to the consumers or per-station subsidy F' to the firm, which is the same as the base case. However,
for a certain adoption target level, when the construction cost is high (i.e., k is large), providing
a per-station subsidy F' may not be cost-effective for the government when there is an alternative
option to offer purchase subsidy s. Specifically, it is optimal for the government to build some
charging stations and offer a purchase subsidy to consumers without providing any per-station
subsidy to the firm.

More formally, we use Corollary 4 to compare the minimum government expenditure required
to achieve a certain adoption target along with the corresponding optimal profit for the firm as

given by Propositions 2 and 4. For ease of exposition, we use II} and IT; ;o 1 € {9, f} to

i, without s

represent the optimal government expenditure (i = g) and the firm’s profit (¢ = f) under the base

case “without” purchase subsidy and the extension “with” purchase subsidy, respectively.
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Figure 4  Optimal government incentives (ny, F’*,s") to achieve EV adoption

T
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Build Stzjltions Only ng>0,F*=0,s">0
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n§=O,F*=O,s*=O§
B’ B’ k
4y 2y

COROLLARY 4. The impact of purchase subsidy s on the government’s expenditure and the firm’s
profit can be described as follows:

2
1. whenk>% and T > 1, 11

_ [kv(a—cy)—T(2ky—5%)]2

T _ 2lky(a—ey)—T(2ky—p2))?
g,with s — 3kB2~2

2 0 and H},without s

*
g,without s

H;,with s — 9kB22 > 0;
2 2 2
B * _TT* * —
2. when (CL) k > % and T € (TO’TI) or (b) k € (%’ 5)7 Hg,without s Hg,with s and Hf,without s
H},with s*

Corollary 4 implies that offering purchase subsidy s to the consumer instead of offering per-station
subsidy F' to the firm will benefit the government but not the automaker: compared with the base
case when the government offers a per-station subsidy to the firm, offering a purchase subsidy can
reduce the government’s expenditure even though it can reduce the firm’s profit. Combining the
results as stated in Corollary 4 and Proposition 4, we can arrive at the following conclusions. To
achieve the EV adoption target 7, the extra lever (i.e., purchase subsidy) can enable the government
to reduce its expenditure. This is intuitive because of the extra decision variable s. However, it is
interesting to note that, when the government offers a purchase subsidy s* > 0, it is unnecessary
for the government to offer a per-station subsidy, as F* =0 as stated in Proposition 4. Hence, it is
optimal for the government to build extra charging stations and offer a purchase subsidy without
offering any per-station subsidy.

Next, we can further calculate the total number of new charging stations to be built by the

— 87

under cases (a.2) and (b) of Proposition 4, and n* =}~

government and the firm n* = w

under case (a.1) of Proposition 4. Similar to Corollary 2, we use Corollary 5 to show the impact
of 7 and k on the government’s optimal decisions when there is an alternative option to offer the

consumer a purchase subsidy.

COROLLARY 5. Given the consumer EV adoption target T > 19,
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L. the optimal number of charging stations to be built by the government n} is increasing in T
and is first increasing and then decreasing in k, the optimal purchase subsidy s* is increasing in
both T and k, and the optimal per-station subsidy F* =0;

2. the corresponding optimal number of charging stations to be built by the firm n} is increasing
in 7 and decreasing in k, and the corresponding optimal selling price of the EV p* decided by the
firm is increasing in T and independent of k; and

3. the total number of charging stations to be built by both the government and the firm n* is

increasing in T and decreasing in k.

Analogous to the base model, Corollary 5 implies that when the consumer EV adoption target
is higher, both the government and the firm will build more new charging stations to meet the
adoption target. As a result, with a higher government incentive, the firm can afford to set a higher
selling price to make more profit. Additionally, as given by Statement 2, when the construction cost
is higher, the firm will always build fewer charging stations. Next, for a certain adoption target,
when the construction cost is medium such that the government will only build some new charging
stations without providing any purchase subsidy or per-station subsidy, then the optimal number
of charging stations to be built by the government n; will increase when the construction cost
factor k increase. However, the total number of charging stations n* to be built by both parties
will be independent of k, the results of which will be the same as the base model that does not
incorporate a purchase subsidy. Unlike the base case, when the construction cost is high such that
the government will also provide a consumer purchase subsidy, then when the construction cost
factor k increases further, the government will provide higher consumer purchase subsidy instead
of building more charging stations (that is, the new charging stations to be built by the government
n; will decrease and the purchase subsidy s* offered to consumers will increase). As such, the
total number of charging stations n* to be built by both parties will also decrease. This result
implies that when there is an alternative option to offer consumer purchase subsidies, it is more
cost-effective to offer such a subsidy than build more new charging stations when the construction
cost is high.

Model calibration. We now utilize actual U.S. EV sales data from 2012 to 2019 collected from
the public domain to estimate the parameters and calibrate the model (the details are included in
Appendix EC.1). Because different EVs have different ranges, we use the aggregate price per range
p/r instead of price in our multiple linear regression analysis®. Our regression model suggests that
annual sales in the current year = ag + 5 - (Nprev + Mnew) + Yo - /7, Where ag = 211544, = 1.53,

6 The price of the EV models is largely correlated to the range. To rule out the effect of the confounding factor (i.e.,
range) on price, we scale the price by range to indicate how expensive the EV model is.
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Yo = 828.96, nyre, is the number of charging stations at the end of the previous year, n,.,, is the
number of new charging stations constructed in the current year (so that (npc, + Npew) represents
the total number of charging stations available in the current year), and p/r is price per range. For
any given year, we can use the observed value of n,,., and r to retrieve the parameter values for
« and 7 stated in (1) by setting o = ag+ 3 - nprey, and y =70 /7. Additionally, based on the gross
margin of the EV automakers, we can compute the aggregate gross margin of EVs g to estimate
the aggregate cost of EV ¢=(1—g)-p.

By using these estimated parameter values of «, 3,7, ¢, we can determine the optimal policy of
the U.S. government for a given year. As an illustration, assume that, at the beginning of 2019, the
U.S. government needs to determine the most cost-effective policy to achieve a specific EV adoption

target 7. Utilizing our estimated parameter value, we can apply Proposition 4 to determine the

optimal policies (n*, F*,s*) for different values of k and 7 (Figure 5).

Figure 5 Optimal U.S. government incentives to achieve EV adoption 7 in 2019 when purchase subsidy is an

option
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As we can observe, Figure 5 resembles Figure 4 so it can be interpreted similarly. Additionally,

note that the average installation cost of a charging station k is around US$3,000 (Smith and
Castellano 2015). Hence, Figure 5 reveals that, when the government sets its adoption target T >
71(k), it is optimal for the government to set its optimal policy (n*, F*,s*) according to statement

(a.1) of Proposition 4 by building more charging stations directly and by offering a purchase subsidy

to consumers.
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6 Extension 2: Dependent Construction Cost

In this section, we extend the base model by considering the case when the construction costs of the
firm and the government are dependent. Specifically, after the government announces the policy
(ng, F') and builds n, new charging stations as shown in Figure 2, the construction cost incurred

by the firm will now depend on the number of stations constructed by the government.

6.1 No Purchase Subsidy

Analogous to the base model in §4, we first analyze the case without considering the per-unit
purchase subsidy for consumers.

Firm’s decision (n;,p). Similar to the base model, for any given n;, to maximize the profit

o¢+ﬁ(nf+ng)+'yc

by selling EVs, the firm’s optimal price p(n;) = on

and the corresponding demand
d(ng) = W However, unlike the base model, we now consider the situation when the
government and the firm construct charging stations by following the same process, making the
construction costs dependent. As such, the total construction cost of building n, + n; charging
stations is k(n, +ny)?. We can observe from Figure 2 that, by incorporating the per-station subsidy
F together with the n, charging stations that have already been constructed by the government (at
the cost of k-n?), the firm’s “effective total construction cost” now equals k(ny+nys)* —k-n2 —F-n;.
Hence, the firm determines the optimal number of stations to be built n; by solving the following:

2
max Hf(nf): [a—i_ﬁ(ng—i_nf) 76]
ng 4y

— [k(ng+ng)* —k-n2 — F -ny]. (10)

PROPOSITION 5. Given the government decision (ny, F') and given that the firm’s construction cost

is dependent on the number of new charging stations built by the government, the optimal number

_ BlatPBng—cy)+2Fy—4k-ngy
- 4k~y—B2

of new charging stations to be built by the firm n}

price p* = B(F_i?jfgéa“”

and the firm’s profit 11 =

and the optimal selling

Y(FB+2k(a—cy))
Ihy—p2

. Additionally, the corresponding consumer demand d* =

F(F'y+/3(a+67x,g—c'y))+4k2n§'y+k((a—0’y)2—62n§—4F'yng)
4kvy— B2 :

From Proposition 5, we can further derive the impact of government policy (n,, F') on the firm’s

decision:

COROLLARY 6. The optimal number of new charging stations n; to be built by the firm as stated in
Proposition 5 is increasing in the per-station subsidy F', while decreasing in the number of charging
stations built by the government n,. Also, the optimal EV selling price p* and the corresponding
optimal consumer demand for EV d* as given in Proposition 5 are both increasing in F, but

independent of n,.
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Unlike the base case presented in §4, Corollary 6 implies that only per-station subsidy can entice
the firm to build more extra charging stations so as to further improve the EV adoption when
the construction costs are dependent. However, by noting that n} is decreasing in n, when the
construction cost k > % as assumed in the base model, we can conclude that when the govern-
ment builds more new charging stations, the firm will build fewer charging stations, preventing
improvement in EV adoption. This is because, when the construction costs are dependent, the
extra charging stations built by the government will increase the marginal construction cost of the
firm, resulting in the firm building fewer stations.
Government’s decision (n,, I'). Anticipating the firm’s optimal decision (n},p*) as stated in
Proposition 5, to achieve the EV adoption target 7, the government determines its optimal (n;, F™*)
by solving the following;:

E},f? I, (ny, F) = k-n? 1 F- Bla+ Bn, —4%)4:;57—41@%97’

St d"(ng, F) = Y(FB+2k(a —cy))

dkry — 32 ="
ng, F > 0. (11)

We can observing from Corollary 6 that the consumer demand only increases in F', while indepen-
dent of n,; thus, it is optimal for the government to set n; = 0. More formally, by solving (11), we

get the following proposition:

PROPOSITION 6. Given the consumer EV adoption target T > 19 and given that the firm’s con-
struction cost is dependent on the number of charging stations built by the government, it is optimal

for the government to offer a per-station subsidy to the firm only without constructing any new

charging stations, i.e., (n}, F*) = (0, w - %) so that the minimum cost of the government

2
I = (27*(‘1*”))(2’“;%77(“*”))73 ™) ; thus, the firm will set n} = 727*(;‘707) and p* =c+ %

Unlike the base model in which the construction costs are independent, Proposition 6 implies that
the government should only offer a per-station subsidy F* > 0 to the firm without constructing any
new charging stations; thus, n; =0 for the case when the firm’s construction cost is dependent on
the number of charging stations built by the government. This is because, when the government
constructs extra charging stations, the marginal construction cost for the firm will increase, and
consequently, the firm will build fewer charging stations. As such, it is more cost-effective for the
government to offer a per-station subsidy to the firm so as to entice the firm to build more charging

stations, thereby increasing EV adoption.
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6.2 Purchase Subsidy

Similar to §5, we now analyze the case when the government considers an extra lever of offering a
purchase subsidy s to consumers and the firm’s construction cost is dependent on the number of
charging stations built by the government. We use the same approach as the one presented in §5
to determine the optimal decisions of the firm and the government.

Firm’s decision (n,p). Similar to the case with the independent construction cost, for any

at+pB(ngt+ng)+y(cts)
2y

given ny, the firm’s optimal price p(n;) = and the corresponding demand d(ny) =
atB(ng+nys)—vy(c—s)
2

can be easily obtained. Therefore, when the construction costs are dependent,
the firm can determine the optimal n; by solving the following:
_ _ 2
Ty (ny) = (280 1)~ 3(e =)
ny Y

By solving (12), we obtain Proposition 7, as indicated below.

—(k:-(ng+nf)2—kr-n?—F'nf) (12)

PROPOSITION 7. Given the government decision (ny, F,s) and given that the firm’s construction

cost is dependent on the mumber of new charging stations built by the government, the optimal

number of new charging stations to be built by the firm n’} = ﬂ(aw”g7(22)1;2“7%”97

mal selling price p* = B(Ffﬁcii’i(g;(cﬂ)”)

V(FﬁJri:EYO‘_;(ffs)”)) and the firm’s profit 1% =

and the opti-

. Additionally, the corresponding consumer demand d* =
F(Fy+B(atBng—(c—$)7) 4K 2y +k((a—(c—5)7)2 — 82n3 —4Fyng)
Thy—p2 :

Similar to Corollary 6, we use Corollary 7 to show the impact of the government policy (n,, F, s)

in the dependent construction cost case.

COROLLARY 7. The optimal number of new charging stations n; to be built by the firm, as stated in
Proposition 7, is increasing in the per-station subsidy F' and the purchase subsidy s, while decreasing
in the number of charging stations built by the government n,. Additionally, the optimal EV selling
price p* and the corresponding optimal consumer demand for EV d*, as given in Proposition 7, are

both increasing in F' and s, but independent of ng.

Corollary 7 resembles Corollary 6, and by using purchase s together with per-station subsidy F,
the government can entice the firm to build more charging stations. However, unlike Corollary 1,
when the firm’s construction cost is dependent on the number of charging stations built by the
government, the government cannot improve EV adoption by constructing extra charging stations.
This is because if the government constructs more charging stations, the firm will construct fewer
due to a higher marginal construction cost.

Government’s decision (n,, F, s). Anticipating the firm’s optimal decision as given in Proposition
7, the government can develop the most cost-effective program to achieve the adoption target 7 by

solving the following;:

. Bla+pBng—(c—s)y) +2Fy—4dk-nyy  y(FB+2k(a—(c—5)y))
min H(ng, Fr5) =k my+ F- QT T Ay — B ’
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s.t. d*(n,, F,s) = Y(FB+2k(a— (c—s)y))

>
Ay — 32 ="
ng, F,5 > 0. (13)

We can observing from Corollary 7 that the consumer adoption d* will only be affected by F' and

s. By solving (13), we get the optimal government policy (n;, F™*,s*), as given in Proposition 8.

PROPOSITION 8. Given the consumer EV adoption target T > 1y and given that the firm’s con-
struction cost is dependent on the number of charging stations built by the government, it is
optimal for the government to offer a purchase subsidy to consumers only, without construct-

ing any new charging stations or offering any per-station subsidy to the firm, i.e., (n}, F*, s*) =

T(4ky—B)—2ky(a—cy) .
2k~y?2 ’

(0,0, T(4ky—=p%)=2ky(a—cy)

%2 ), so that the minimum cost of the government II; =T -

thus, the firm will set n; = % and p* =c+ %

We can observe from Propositions 6 and 8 that when the construction costs are dependent, the
government should not construct extra charging stations, regardless of whether or not the govern-
ment has an extra lever to offer purchase subsidies. Moreover, similar to Proposition 4, Proposition
8 also implies that the purchase subsidy s is more cost-effective than the per-station subsidy F'
regardless of whether or not the construction costs are independent. To summarize, if the firm’s
construction cost is dependent on the number of charging stations built by the government and
the government has an extra lever of offering a purchase subsidy, it is optimal for the government

to only provide a purchase subsidy to consumers.

7 Extension 3: Consumer Welfare

Instead of focusing on meeting a certain EV adoption target 7, let us consider a setting in which
the government is interested in improving consumer welfare. Given the consumer EV demand
d=a+ f(n,+nys) —yp given in (1), the consumer welfare C'S is indicated in the shaded area in
Figure 6, where C'S = g.

7.1 The most cost-effective way to achieve a consumer welfare target

Similar to the base model, we first consider the case when the government develops an incentive
program (n,, ') aimed at achieving a given consumer welfare target W at a minimal cost. Hence,
the government can achieve this by solving the following:

2

min  Iy(ny, F)=k-n)+F-n;, subject to CS= ;17 >W. (14)

ng,F'>0

Note that we can transform the constraint C'S > W into d > 1/2yW because d > 0. Additionally,

recall from §4 that the optimal firm’s decision (n},p*) for any given government incentive (n,, F)
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Figure 6 Consumer Welfare
price

a+ B(ng +ng)
14

CcS
a+ﬁ(ng+nf)—d

14

p(d) =

demand
a+ B(ng +ny)

is given by Proposition 1. Therefore, by substituting the optimal n} and d* as given by Proposition

1 into (14), the government can arrive at the optimal policy by solving the following:

. 2Fy + B(a+ fng —cy)
2 _ g
{Lrgug Hy(ng, F)=k-n, + F py—cE ,
x V(FB+2k(a + fny — )
st. d*(ng, F)= 1y — 52 g 29W,
ng, F > 0. (15)

Hence, the optimal government’s problem to achieve the consumer welfare target, as given by (15),
is the same as the base model where the government intends to achieve the adoption target, as
given by (6). This observation allows us to determine the optimal government policy (n;, F*) a

given by Proposition 9, which is analogous to Proposition 2. Note that when W < , the consumer
welfare target can be easily achieved even without any government incentive. To rule out this trite

2
case, we focus on the case when W > %

PRrROPOSITION 9. Given that the consumer welfare target W > g, to minimize the total cost, the
optimal number of charging stations to be built by the government n; and the optimal per-station
subsidy F™* satisfy the following:

(a) If k> ﬁ then there exists a threshold g so that:

af W 71 , then (n;, F*) = (2(2@?&_”)) B/ W Qk(z‘/T (a—er) _ zﬁ\gm> so that the

6ky

minimum cost of the government 1T, = 5 8’“(2W (aey))® 4W(C’ ;7 2WIW) _ 26 W) and the
ﬁrm will set nf = 5%?4— QW (a D gnd p* = c+ W

2. if We (%7%) then (n; F*) = (= & )% ka(a ”7),0) so that the minimum cost of the
government 1T} = ((4hy—p* Nﬂﬁ 2k(a—ey))® , and the firm will set n; = ﬂW and p* =c+ W

(b). If k € (477 27] then (n}, F*) = (@ B2 I~ 2k (o~ <) 0) so that the minimum cost of the

2kvypB
2
((4ky=p? )VEZZ‘Q/;M(&*”)) , and the firm will set n} = L;] and p* =c+ VQW

*
government 117 =
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Proposition 9 resembles Proposition 2 in the following sense. Regardless of whether the govern-
ment’s goal is to achieve an EV adoption target or a consumer welfare target, the structure of the

most cost-effective government policy (n;, F*) exhibits the same characteristics as shown in Figure

3.

7.2 Maximizing consumer welfare subject to the budget constraint

We now consider the case in which the government wants to develop the most effective incentive
(n;, F*) that maximizes the consumer welfare C'S by allocating a limited budget B. More formally,

the government solves the following:

— (d(n ’F))Q : 2
Jnax CS(ng,F)zgify, subject to Iy(ng, F)=Fk-n; + F-n; < B. (16)
Clearly, maximizing C'S(ngy, F') is equivalent to maximizing d(n,, F') because C'S(n,, F) = W

is strictly increasing in d(n,, F'). As such, given a fixed amount of budget B, the government should
adopt the same optimal policy, regardless of whether the goal is to maximize the consumer welfare
CS or the consumer adoption d. Next, by also substituting the optimal firm decision (n},p*) as
given by Proposition 1 into (16), we can simplify the government problem as follows:
FpB+2k —

max d*(nng):ﬁy( /8+ (a+/8n9 C’Y))’

rig P Ak — 32
2By +Blat fng—cy) _ p

4k — B2 -

ng, ' > 0. (17)

st Iy(ng, F)=k-n2+F-

By noting that both consumer demand d*(n,, F') and government expenditure II,(n,,F') are
increasing in n, and F, the budget constraint should be binding for any optimal government policy
(n;, ™). This observation enables us to characterize the optimal government policy (n},F™) as

indicated in the following proposition.

PROPOSITION 10. Given a fized budget B, to maximize the consumer welfare or the EV adoption,
(a) If k> g, then there exists a threshold By such that:
L. of B> By, then it is optimal for the government to set both n; >0 and F* > 0; and
2. if B< By, then it is optimal for the government to set n, >0 and F* = 0;
(b) If k € (%, g], then it is optimal for the government to set nj; >0 and F* =0.
In particular, if the achieved optimal d*(ng, F') =7, then the optimal (n}, F*) is the same as the

one given by Proposition 2.

Proposition 10 implies that when the construction cost factor k is high and the budget B is

sufficiently large, Statement (a.1) reveals that it is optimal for the government to both build some
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new charging stations and provide a per-station subsidy to the firm (i.e., ny, >0, F* > 0). However,
when the construction cost is high and the budget is not sufficiently large, then it is optimal for
the government to only build some charging stations without providing any construction subsidy
to the firm (i.e., n} >0, F* =0), as stated in Statement (a.2) of Proposition 10. Next, when the
construction cost is medium, then it is always optimal for the government to build some charging
stations without providing the per-station subsidy regardless of the budget amount (i.e., n} >0,
F* =0), as as stated in Statement (b) of Proposition 10. To summarize, Proposition 10 reveals
that when the budget is tight or the construction cost is low, building more charging stations is a
more effective way for the government to increase consumer welfare or EV adoption than providing
a per-station subsidy.

Pareto Frontier: performance versus expenditure. We now consider the case when the
government has to evaluate the trade-off between the following: (1) performance in terms of EV
adoption (d) (or consumer welfare (C'S = %)), and (2) expenditure associated with the program
(I,). To do so, we can use the results of Proposition 2, 9 and 10 to depict the Pareto frontier for
the case when k > g, as illustrated in Figure 7.” We can observe from the left (right) panel of
Figure 7 that a higher EV adoption d (consumer welfare C'S) requires a higher expenditure II,. By

checking the increasing rates of II, with respect to d and C'S on the Pareto frontier, we can obtain

Olly _ 4 Ol
od — 4 0CS?

which suggests that when the adoption is higher, the increasing rate of expenditure

with respect to the EV adoption tends to grow at a faster rate than consumer welfare.

Figure 7  Pareto frontier when k > %

I1 g Hg
\ Pareto Pareto
R Frontier Feasible Frontier
B, , '
Infeasible Infeasible
By
0 0
CS
To T1 d - g T %
2y 14

B2 /32}

" We can use the same approach to show the Pareto frontier in the case when k € (H’ o
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8 Conclusion

In this paper, we have developed a parsimonious model to examine a coordination issue between
the government and the automaker arising from the constructions of new EV charging stations so
that the government can achieve a certain EV adoption target. Specifically, we consider the case
when the government can either build EV charging stations directly or offer a “per-station subsidy”
to entice automakers to build them. Additionally, to achieve a certain EV adoption target, the
government can also offer a “per-unit purchase subsidy” to consumers. By consider the interactions
among the government, the automaker, and consumers, our equilibrium analysis yields the following
results.

First, both the government and the automaker should always build extra EV charging stations
when the construction costs are independent. Simultaneously, the government should offer a per-
station subsidy to the automaker only when the adoption target and the construction cost are
both high. The structural results for the optimal government policy remain the same even when
there are two automakers competing in the EV market. However, when the construction cost
incurred by the firm is dependent on the number of charging stations built by the government,
then the government should delegate the construction to the firm by offering a per-station subsidy
only. Second, when the government considers consumer purchase subsidy as an extra lever, we
find that the purchase subsidy for consumers is more cost-effective than the per-station subsidy
for the automaker. More importantly, the government can reduce its expenditure to achieve the
EV adoption target by offering a purchase subsidy to consumers without offering any per-station
subsidy to the automaker. Third, the structure of the optimal government policy remains the same
regardless of whether the government’s goal is to improve EV adoption or consumer welfare. Our
results can be served as guidelines for governments for optimally coordinating the constructions of
EV charging stations with automakers so as to improve EV adoption as well as consumer welfare
further.

Our model represents an initial attempt to coordinate the government’s and the firm’s effort to
increase EV adoption. As such, our model has several limitations that deserve further examination
as future research. First, in addition to incentives, using regulations might also enable the gov-
ernment to achieve a certain carbon emission goal. Next, besides the accessibility of EV charging
stations, consumers may be reluctant to purchase EVs unless the driving range per charge is suf-
ficiently long. Therefore, to entice automakers to develop EVs with longer ranges, the government
may consider providing R&D subsidies as incentives for firms to develop EVs with longer ranges.
It is of interest to examine whether the government should subsidize R&D in battery technol-
ogy, hydrogen fuel cell technology, and/or different charging technologies in the future. Finally, in
addition to the number of the charging stations, future research can also attempt to improve coor-

dination between the relevant entities by examining the location problem of EV charging stations.
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Appendices

EC.1 Calibrating Parameter Values

In this section, we describe our data collection methods and then explain how we estimate the

parameter values for «, 3, for our linear demand function as stated in Equation (1).

EC.1.1 Data collection

We collected relevant data from the public domain about the EV market in the U.S. The original

sources for the different types of data are provided in Table EC.1.

Table EC.1 Data sources

Data category

Data source

(1) Manufacturer suggested retail price
of each battery electric vehicle (BEV)
model

(2) EV range of each BEV model

(3) Monthly sales of each BEV model
in the U.S.

(4) Gross margin of the BEV’s auto-
makers

(5) Number of public charging stations
in the U.S. in each month

(6) Vehicle identification number
(VIN) of the States of Washington
and New York

https://www.autotrader.com/model-information

https://evcompare.io
https://insideevs.com/news/343998 /monthly-plug-in-ev-sales-scorecard

https://insideevs.com/news/344007 /monthly-plug-in-ev-sales-scorecard-
historical-charts

The annual financial reports of the following firms: Audi, BMW, Daimler,
Fiat, Ford, GM, Honda, Hyundai, Jaguar, Kia, Mitsubishi, Nissan, Tesla,
Toyota, and Volkswagen

https://web.archive.org (website history snapshot)
https://afdc.energy.gov/afdc/fuels/stations_counts
https://afdc.energy.gov/fuels/stations_counts
https://afdc.energy.gov/stations/states

https://data.wa.gov/Transportation/Electric-Vehicle-Population-
Data/f6w7-q2d2

https://data.ny.gov/Transportation/Vehicle-Snowmobile-and-Boat-
Registrations/w4pv-hbkt

Our data include the price, range, and monthly sales of each BEV model available for sale in the
U.S. from 2012 to 2019, the gross margin of the corresponding BEV’s automakers in each year, as
well as the number of public charging stations (counted by the outlet) in each month. If a vehicle
model has more than one trim with various ranges (such as the 2019 Nissan Leaf ZE1 with a range
of 243 km and the 2019 Nissan Leaf Plus with a range of 360 km), we collect open VIN data from

two states (New York and Washington) to estimate the relative sales of each trim.
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EC.1.2 Exploratory data analysis

Before we estimate the consumer demand function as stated in (1), namely, d=a+ f-n—~v-p,
where n is the number of charging stations and p is the price, we aggregate the weighted average of
price per range (i.e. price/range) of all BEV models based on their sales to capture the association
between the total demand of the U.S. market and its price scaled by range. The scatter plots of the
number of charging stations and EV monthly sales and that of price per range and EV monthly
sales are illustrated in Figure EC.1. Based on these scatter plots, the monthly sales appear to

exhibit a linear relationship with both the number of charging stations and price per range.

Figure EC.1 (A) The scatter plot of the number of charging stations and EV monthly sales; (B) The scatter
plot of price per range and EV monthly sales

A o B 5
3 5
30000 - oG 30000- ° .
L] O O L]
. . : . °
= g =z %
£, 20000- . .': _2 20000- %4
£ £
c c
§ R ...: L] § L] . . L] ~ .
10000 - _ S . 10000- % s I
® oqe © ..: $ .'. 1 . e °* ..... .
o o oo . o® 02 o
-’ F) . s °® (1)
0- © w 0- Yoo
20000 40000 60000 80000 100 150 200 250 300
Number of charging stations Price per range ($/km)

We conduct multiple linear regression of EV monthly sales based on the number of charging
stations and price per range. The linear regression model is significant with F'(2,93) =110.4 (p <
.001) and has a very high R-squared value of 0.704. Therefore, we can conclude that our linear

demand assumption given in Equation (1) is a reasonable approximation.

EC.2 Market Competition

We now extend our base model presented in §4 to incorporate market competition. For ease of
exposition and tractability, we consider the case when two symmetric firms compete in the EV
market. To capture the competition effect, we assume that the consumer demand for firms A and

B (d4 and dp) take on the following linear form:®

da=a+p -(ng+nas+ng)—v-pa+0ops,

dg=a+p-(ng+na+ng)—7-ps+9pa, (EC.1)

8 This type of linear demand function is commonly used in the literature to capture price competition (Huang et al.
2013).
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where n4 and np are the numbers of charging stations built by the corresponding firms®, and pu
and pp are the EV prices set by A and B, respectively. To avoid the trivial case, we assume that
27> ¢ and a > ¢(y — ¢) throughout this section.
Firm’s decisions: (n;,p;),i € {A, B}. Given the demand function as stated in (EC.1) and the
government’s decision (ng4, F'), for any given (na,ng), each firm i, i € {A, B} can specify its profit
function by taking its effective total construction cost k-n? — F-n; into consideration. Additionally,
both A and B can determine their respective selling prices p, and pp simultaneously by solving
the following:

max (p; —c)-[a+B-(ng+nat+np)—y-pi+0-p;l—k-n;+F-n;, i,j€{A B}, j#i(EC.2)

P

By considering the best response price p;(p;) simultaneously, we can determine the prices in equilib-

rium as pa(na,ng) =pp(na,ng) = °‘+ﬁ(”AJ2r:f;"9)+m. By substituting pa(na,ng) and pg(na,ng)

into (EC.2), both firms can determine their optimal number of stations to be built simultaneously

by solving the following:

_ _ 2
max II;(n;) = Yl +Bln, +(ZA +g)32) =9)F _ k-n?+F-n;, whereic {A,B} (EC.3)

26%
(27—6)2

Similar to the base model, we assume k > in this extension. By solving the firm’s optimal

construction problem given by (EC.3) simultaneously, we get the following proposition:

ProprosITION EC.1. Given the government decision (n,,F) and the construction cost as k -

n? where k >

3

the optimal number of new charging stations to be built by the

F-(27=08)*+2yB(a+Bng—c(y—9))
2k(2y—6)2—4B2

28%y
(2v-0)27

* *
two firms n% = np =

k(a+5"9+Cvligzigifé§2'(57_é)_2705). Additionally, the corresponding consumer demand for two firms

d* = g% = 1Cr=OFB+k(a+fng—c(y=0))]
AT BT k(2y—0)2—2p%y '

and the optimal selling price p% = py =

Proof. By considering the first-order condition of each firm’s profit II;(n;) as given by (EC.3),
we obtain 6135'77:”) =F—-2k-n;+ QM(O‘W(?;;%‘;;”B iew) _ 22513 1. Therefore, we can obtain the optimal

F(2y=8)%+28~(at+Bng—c(y—4 an am .
il )2,:{2 f j{g);r_iﬂ%v (y=0) 7£52A) =0 and 755;3) = 0 simultaneously. As

nhy=ny= by solving
such, we can further obtain the corresponding optimal selling price p’ and pj;, together with the
corresponding consumer demand for two firms d% and d}; as given in Proposition EC.1. [ |

Proposition EC.1 resembles Proposition 1 in the base model; hence, Corollary 1 continues to
hold, such that the number of new charging stations to be built by the two firms n* and n}, and
the consumer demand for two firms d% and dj are increasing in both n, and F'.

9We consider the case when all the charging stations to be built by the government and the firms are “universal”
(i.e., each station can be used to charge EVs produced by both firms).
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Government’s decision (n,, F'). Anticipating the two firms’ optimal decision (n},p;), i € {A, B}
as stated in Proposition EC.1, to achieve the EV adoption target 7, the government determines
its optimal (n}, F*) that minimizes its total cost Ily(ny, F) = k- n_ + F - (n} +n}) by solving the

following;:

min 1, (ny, F) =k-n2+F- I (2’75);(;21?;()3j2ﬁ;g7 r=9)
2y(2y = O)[FB+k(a+fn, —c(y=0)] _ _
k(2y—0)? —28%y =0
ra 20 (EC.4)

st dy +dp =

Similar to the base model, we first establish a benchmark by considering the case when there is no
government incentive (i.e., (ny, F') = (0,0)). It can be easily verified from Proposition EC.1 that

the total consumer demand for EV d%(0,0) + d%(0,0) = 27’“((2277 62)(2? ;ég ) For ease of exposition,

we define a new threshold 75 = d*(0,0) + d5(0,0) = 27'1(2; ‘2)(? ;é; 9) for when the adoption target

is sufficiently low; thus, when 7 < 7,, government interventions are unnecessary so that n, = F' =0.
To rule out this trite case, focusing on the case when 7 > 7, suffices.
By solving the government’s problem as stated in (EC.4) for the case when 7 > 7, the govern-

ment’s optimal decision (n}, F'*) is stated in Proposition EC.2. To ease our exposition, we define

another threshold 7, = 2’“7((2;7 5(2)(? ;}; D) and get the following proposition:

ProrosiTioN EC.2. Suppose the consumer EV adoption target T > 7y. Then, the optimal number
of charging stations to be built by the government n; and the optimal per-station subsidy F* satisfy
the following:

(a) If k> < 35 ~ =352 then there exists a threshold 7y so that:

x e\ _ [ (2y=80)T—27(a—c(y=9)) BT k[(2y=8)T—2y(a—c(v=9))] 387
. if T > Ty, then (ng,F ) = < 13y ~ IRz =5)’ 1B~ - 4(2’y—5)) S0

Kl(2y=8)r=2y(a—cy=0)]® | drla—c(y=d) _2r2 %2 .
B2y? 2v-38 ¥ k(2v=6)2 )7

thus, both firms will set n*y =nj = == - (T(2 -4 L) —2(« —c(’y—é))) and py =pp =c+ 3.

that the minimum cost of the government IT; = % (

83 ¥ k(2y—9)
2 2
2. if T € (To,T1), then (n}, F*) = ( e 22;7(22]?(?)7 Ple—ch=) 0) so that the minimum cost
2 2 2
of the government IT; =k - [(k(%’_‘s) —28 ;L’g;é’:”_(zg_é)(a_c”_‘”)} ; thus, both firms will set n*y =n’y =

%(Sﬁ ande:p*B—c—i—%.
(b) If k G( 2/3 ¥ L] then (TL* F*) — ((k(2vf5)2,2ﬂ2'y).772k'y(2y75)(a7c('yf§)),0> so that the

(27=6)27 (2y—8)2 ) 2k (27—96)
2 2 2
minimum cost of the government 1T} =k - [(k(%_é) —28 ;L’;;é?_(g_‘s)(a_cw_é))} ; thus, both firms
will set n’y =nj = k(gg_é) and py =py —|-2L,

Proof. By checking the first-order derivatives of II,(n,,F') and d%(n,, F) + di(n,, F) with
respect to n, and F, we find that both the government expenditure II,(n,,F') and total con-

sumer demand for EV d%(n,, F') + di(n,, F) are increasing in n, and F. As such, the optimal
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(n;, F™*) should satisfy the binding constraint (i.e., d}(ng, F') + dj(ny, F') = 7). Therefore, simi-
lar to the proof of Proposition 2, by setting d%(n,, F') + di(ny, F') = 7, we can obtain the opti-
mal ny as a function of F', thus reformulating the government’s problem with only one decision

variable. By considering the first-order condition, we can obtain the optimal interior solution

* w\ _ [ (2y=08)T—2y(a—c(y—9)) BT k[(2y—8)T—2v(a—c(y—9))] 38T
(ng, F° )_( . AL SR Toras 6)) when k> 5

~ —6)(a—c(y— 2 82~
= 2’6”]6((22"’77‘;6))(273[(3% ) On the other hand, when k € ((;ﬁig)g, (2371375)2] or k> 7)2 and T € (T0,71),

- - o ey — (((B2y=8)2=26%) 7 2ky(2y=8)(a—c(y=5))
we obtain the boundary solution (n}, F*) = ( SR (Zy=5) O) Therefore, we

can further obtain the corresponding IT} and the firms’ decision (n;,p;) as given by Proposition

5)2 and 7 >

EC.2 via substitution. ]

Analogous to Proposition 2, Proposition EC.2 suggests that the structural results for the optimal
government policy remain the same even when there are two competing firms in the EV market.
Specifically, Statement (a.1) reveals that, when both the construction cost k& and adoption target
7 are high, it is optimal for the government to both build some charging stations and provide a
construction subsidy to the firm (i.e., n} >0 and F* > 0. However, Statements (b) and (a.2) imply
that, when the construction cost k is medium or when the construction cost is high while the
adoption target is medium, it is optimal for the government to only build some charging stations
without providing any construction subsidy to the firm (i.e., n; >0 and F* =0).

Next, we present the comparative statics in Corollary EC.1.

COROLLARY EC.1. Suppose the consumer EV adoption target T > 7y. Then,

1. the optimal number of charging stations to be built by the government n; and the optimal
per-station subsidy F* are both increasing in 7 and k;

2. the corresponding optimal number of charging stations to be built by each of the two firms n’
and ny 1s increasing in T and decreasing in k, and the corresponding optimal selling price set by
each of the two firms p* and p% is increasing in T and independent of k; and

3. the total number of charging stations to be built by the government and both firms n* =

(2y=8)T—27y(a—c(v=9))

* * * - . *
n, +ny +ny satisfies: n* = 26

, where n* is increasing in T and independent of k.

Proof. First, for case (a.l) as given by Proposition EC.2 (ie., k > 3% and T > T1),

(27-6)2
we can check that 8(;:; :%>0 83k" :m>0 G;T :%>O 6(;7: =
(2%6)771}3%“76(%6)) = % >0, 8"1 = m < 0. Next, for case (a.2) (i.e. k>
(2343 5z and 7 € (7o,71)) and (b) (Le., k€ ((227573)2, (2375?)2)) as given by Proposition EC.2 | F* =0
adan —%>0, d(;;f—m>0, - %>0, 8];: %<O.Also,from

Proposition EC.2, we can check that no matter which case it is, the optimal p; = c+ % and

_ (29=0)T—2v(a—c(v—9))
2B~y

n*=n;+ny+np= , both of which are increasing in 7 and independent of k. m
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We can observe that Corollary EC.1 resembles Corollary 2. Therefore, despite market competi-
tion, the construction cost factor k and the adoption target 7 have the same impact on the optimal
government decision (n;, F*) and the firms’ decision (n7,p;), i € {A, B}, as in the base case with

only one automaker.

EC.3 Proofs

Proof of Proposition 1 By checking both the first-order and the second-order conditions of

II;(ny) as given by (5), we obtain anfn("f) _ BlakBlnging)- Nt @F-thng)y o q Trinp) ﬁ2 -2k <

2y an?

s
0 when k > . As such, we obtain that II;(n;) is a concave function of n; and the optimal
nh = 2k 7+i§;‘tﬁﬁ;‘9 ) Hence, we can obtain the corresponding p* = 2&=2 C)ij((;;ﬁ 29t and dF =

via substitution.

Y(FB+2k(a+pBng—cy)) « _ k(atBng—cy)?+F(Fy+B(atfng—cy))
1ky—p2 ; and I} = Ik —p2

Proof of Corollary 1 By taking the first-order derivative of n} with respect to n, and F', we

f_

B2 2y
can obtam By = T2 >0 and

= > 0. Hence we can conclude that n} increases in both
F and n,. Similarly, we can check that the corresponding p*, d* and II} as given by Proposition 1
are all increasing in F' and ny. [ |

Proof of Proposition 2 By taking the first-order derivative of II,(n,, F') as given by (6) with
respect to n, and F, we can obtain that Hg =2kn, + B 5 >0 and ang = 4F7+i§€‘i?£g_w)

so that the government expenditure is increasing in both Ng and F. Next, recall from Corollary 2

>0

that d*(ng,, F') is also increasing in n, and F'. Hence, we can conclude that to minimize the total
expenditure, the government should set the optimal (n;,F*) that satisfies the binding adoption
target constraint (i.e., d*(n;, F"*) = 7) when 7 > 7y. By setting d*(n;, F"*) = 7, we can obtain that

_ 21—(a—cy)  Fy+B7
B 2k~

the optimal n; should satisfy n; = , which is a function of F' so that we denote

as n; (F). By substituting n ( ) into the II,, we can reformulate the government problem as given

by (6) as follows:

3F?3%y? + AFkBvy* (v — ¢y — 27) + AF B2y7 + (2ky(av — ¢y — 27) 4 5%7)?
4k 32~2

min II,(F) = (EC.5)

) 21 —(a—cy) Fy+p7
t. = - >
s.t. ni(F) 5 o >0

F>0

By taking the first- and second-order derivative of (EC.5), we obtain % =34 % - w
2

86?29 = 2> 0. As such, we know that II;(F) as given by (EC.5) is convex so that the interior

solution F* = —23’% + %(27;7(;‘7”)) when it is feasible. By checking the constraints that n; >0 and

F* >0, we obtain that the optimal solution (n;, [™*) = (%fw — 5{—;, %(27;7(;7”)) — %) when

k> B— and T > k”(a ;;Y =7;. On the other hand, when (1) k € (4j, gj] r (2)k> 5 2 and T <1, the

optlmal solution becomes the boundary (n;, [*) = ((4]”_6 );Mif”(a 1) (). We can then obtain the

corresponding II7, n}, p* and 1} via substitution. [ |

and
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Proof of Corollary 2 First, for case (a. 1) as given by Proposition 2 (i.e., k > % and T >

ky(a—c ong * 221 —(a—c
H), we can check that -2 = 8';;,” > 0, W = 6k2 >0, 881‘; = % > 0, S;k = % >
on’ 2 on’ oL .

0, 5L = % 0, 5 = Gkg < 0. Next, for case (a 2) and (b) as glven by Propos1t10n 2 (i.e.,
ke(h,h)0rk>6—and7‘€(7'0,7'1)) F*=0and 2 3 —422%7 >0’W_2k2 >O, 87’ 2M>O
on’ .
é)kf = —25277 < 0. Also, from Proposition 2, we can check that no matter which case it is, the opti-
mal p* =c+Z and n* =n; +n} = w, both of which are increasing in 7 and independent of
k. [

Proof of Proposition 3 By taking the second-order derivative of II;(ny) as given by (8) with

32nf(
on

respect to ny, we obtain —2k + ﬂ < 0 when k > . Therefore, II¢(n;) is a concave

function of n; so that we can obtain the optlmal ny = 2F7+B(a+’@"g =9 hased on the first-

4ky—B2
order condition. Hence, we can further obtain the corresponding p* = 2£=2 CH?f,fjjg; g (Cr)y) - gr —
2
UEBE ket g (o) gy Ty = Heckfng—(eo s PP Ak fng—(910) iy substitution.
y—B2 dky=5
Proof of Corollary § By taking the first-order derivative of n} as given by Proposition 3 with
on’ 2 on’ on’
respect to n,, F and s, we can obtain # = 4%537_/32 >0, 5 = 4]” 15 >0 and =L = 4k57ﬂ2 > 0.

Hence we can conclude that n} is increasing in ny, F' and s. Similarly, we can check that the

corresponding p*, d* and II} as given by Proposition 3 are both increasing in n,, F and s. [ |

Proof of Proposition 4 As both II,(n,, F,s) and d*(n,, F,s) are increasing in n,, F' and s, it

is optimal to set d*(ny, F,s) =7 so as to minimize Il (ny, F,s). By setting d*(ny, F,s) =T, we
27— (a+pBng—cy) B(Fy+BT7)

can obtain the optimal s*(ng, F) = - — =547 - By substituting s*(n,, F') into the

objective function II, and by considering s*(n,, F') > 0, we can rewrite the government problem

(9) as follows:

F
min I, (n,, F)=k-n>+ — —

ng,F 9 2k 2ky? ~y

ot 2r—latfng—cy) BEy+BT)

o 0% 2k~? -
ng, F'>0 (EC.6)
By checking the first-order condition, we obtain W = 2kn, — 57 and w = % >0. As

g Y
such, to minimize the objective function, the government should set ' =0 and n, = 2[% when
k> gj and 7 > M. When k < ’37 or k> [237 and 7 < Mz;’), to ensure s*(n,, F') >0, it is
2

optimal to set n; = (4]” b );MZM(“ <) and F* = 0. By substituting (ny, F™*) into s*(ny, F), we can

obtain the optimal government policy (n}, F'*,s*) as given by Proposition 4. We can then obtain
the corresponding II}, n}, p* and II} via substitution. [ |

Proof of Corollary 4 By comparing the optimal IT* as given by Proposition 2 and

g,without s

. . . . . 2
IT% ,itn o @s given by Proposition 4, it is easy to obtain that in case (a.1) when k > % and
* _ 2[ky(a—cy)—T(2ky=6*)) * _
T > T, We have Hg without s Hg with s — e c;k[g;—,YQ s > 0 and Hf without s Hf,wth s



ec8

[ky(a—cy)—T(2ky—B2)]
Qkﬂz 2

> 0; while in case (a.2) when k > % and 7 € (19, 71) and case (b) when k €
=1II*

(ﬁ2 g and IT; =13 |
g,with s fiwithout s — *+fwith s*

4 25), we have II7

g,without s

Proof of Corollary 5 First, for case (a.1) as given by Proposition 4 (i.e., k > % and 7 >

k — Bn* 877, [‘) 2k~y— B2 9s* 2
%), we can check that ¢ = ka >0, = 2k2 <0, & = fo >0, 55 = k%,;z >0,
o o L .
;Tf 2kv >0, nf = 25277 < 0. Also, in this case, the optimal p* =c+ % which is increasing in 7;
and the optimal n* = %, which is increasing in 7 and decreasing in k.

Next, for case (a.2) and (b) as glven by Proposition 4 (1 e, ke ( £ ) or k> 5— and 7 € (19, 71)),

47 2y
on¥ 4k on’
K ok g _ 4ky— g _ BT f_
F*=s*=0 and 5 = Qﬂk >O = 3y > 0, T_zk

5 > 0, 2k2 < 0. Also, from

Proposition 4, we can check that in these two cases, the optimal p* =c+ = z and n* =n; +nj =

27— (a—cvy)
B

Proof of Proposition 5 By checking the first- and second—order derivative of IIy(n;) as given

, both of which are increasing in 7 and independent of k. [ |

by (10) with respect to ny, we obtain that when k > £ Hf(nf) is concave in n; and the optimal

* Bla+Bng—cy)+2Fy—4kngy

ny = Pz . Hence, for any given (n,, F' ), we can further obtain the corresponding
p*, d* and II} as given in Proposition 5 via substitution. [ |

P'roof of Corollary 6 From Proposition 5, we can easily check that ﬁ <0, 88';{‘ >0, %’; >0,
T >0, and both p* and d* are independent of n,. [ |

Proof of Proposition 6 From Corollary 6, we have shown that d* is independent of n, and

increasing in F. Also, the government objective function in (11) is increasing in both n, and F.

2k(2T7—(a—c)) -
B

57 50 that the corresponding d*(0, F*) = 7. Also, we can easily obtain the optimal IT* and the
vy g

Hence, it is obvious that the government should set the optimal n; =0 and F* =

corresponding n}(n;, F™*) and p*(n}, F'*) as given in Proposition 6 via substitution. [
Proof of Proposition 7 By checking the first- and second-order derivative of I (ny) as given by

(12) with respect to ny, we obtain that when k > 2= Hf(nf) is concave in ny and the optimal n} =

Blatfng—(c—s)7)+2Fy—dkngy

. Hence, for any given (ng, F,s), we can further obtain the corresponding

4k~—pB2
p*, d* and II}; as given in Proposition 7 via substitution. [ |
Proof of C’orollary 7 From Proposition 7, we can easily check that —L < O, 6F > 0, f >0,
8” >0, dp >0, oL >0, 2C >0, and both p* and d* are independent of ng. [ ]

Proof of Proposition 8§ From Corollary 7, we have shown that d* is independent of n, and
increasing in F' and s. Also, the government objective function in (13) is increasing in both ng,

F, and s. Hence, it is obvious that the government should set the optimal ny =0, and set ™" and

BEy+7(4ky— 62) 2ky(a—cy)
%2 . By

s* satisfy d*(0, F*,s*) = 7. Hence, we can obtain the optimal s*(F™*) =

substituting s*(F') into the objective function II; as given in (13) and taking the first-order deriva-

tive of II,(F") with respect to F', we obtain oMy (F) £>0. As such, to minimize Iy, it is optimal

OF
(4ky—B%)—2ky(a—cy)
2k~y2 :

for the government to set the optimal F* =0 so that the corresponding s* =
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Hence, we can easily obtain the optimal II7 and the corresponding n} and p* as given in Proposition
8 via substitution. n

Proof of Proposition 9 By rewriting the government problem as
IT, :mig k-nz—l—F-nf,subject to d>+/29W,
ng,

we can use the same approach of the base model to show that the optimal government policy is as
given by Proposition 9. [

Proof of Proposition 10 As we have shown that d*(n,, F') and II;(n,, F') given in (17) are both
increasing in n, and F, it is optimal for the government to set the optimal policy that satisfies
the binding budget constraint. We assume (n}, F'*) is the optimal solution of (17) so that we have
Iy (n;, F*) = B. Now we define the achieved optimal demand d*(n;, F*) as 7 (i.e., 7 =d*(n;, [™)).

Now we consider the problem:

minll,(n,, F),
s.t. d*(ng, F)>71

ng, £ >0 (EC.7)

We now show that these two problems have the same solution by contradiction. First, we know
that (n;, F™*) is a feasible solution of (EC.7) as d*(n}, F"*) = 7. We assume that (n;,F™) is not
the optimal solution of (EC.7); therefore, there exists another solution (n[,F’) of (EC.7) that
satisfies d*(n,, [') > 7 and Il,(n, F") <Il,(n}, F*) = B. As such, we can obtain (n;, F”) is also a
feasible solution of (17) and d*(n}, F') > 7 = d*(n}, F"*). Hence, we find another solution (n,, ")
of (17), which is no worse than (n;, F”*). As Il,(n;, F') < B, we can further find another solution
(ny, F") that satisfies the binding budget constraint II,(n, F"’) = B and d*(ny, F") > d*(n;, F') >
d*(n, F*), which contradicts the original assumption. As such, we show that (17) and (EC.7) has
the same solution, and (EC.7) is the same problem as discussed in §4, and the solution of which
is as given by Proposition 2. Therefore, we can easily obtain the optimal solution of (17) as given

by Proposition 10 based on Proposition 2. [ |



